a9y United States
a12) Patent Application Publication o) Pub. No.: US 2019/0312259 Al

Baek et al.

US 20190312259A1

43) Pub. Date: Oct. 10, 2019

(54)

(71)
(72)

(73)
(21)
(22)

(86)

(30)

POSITIVE ELECTRODE FOR LITHIUM
SECONDARY BATTERY AND METHOD FOR
MANUFACTURING THE SAME

Applicant: LG Chem, Ltd., Seoul (KR)

Inventors: Joo-Yul Baek, Daejeon (KR);
Jong-Heon Seol, Daejeon (KR); Ye-Lin
Kim, Daejeon (KR); Je-Young Kim,

Daejeon (KR); Jung-Keun Yoo,
Daejeon (KR)

Assignee: LG Chem, Ltd., Seoul (KR)
Appl. No.: 16/470,820
PCT Filed: Jun. 26, 2018

PCT No.: PCT/KR2018/007233

§ 371 (c)(1),
(2) Date: Jun. 18, 2019

Foreign Application Priority Data

Jun. 27, 2017  (KR) .cooeeieriiriiinnee, 10-2017-0081351

&

Publication Classification

(51) Int. Cl.
HOIM 4/139 (2006.01)
HOIM 10/052 (2006.01)
HOIM 4/62 (2006.01)
HOIM 4/36 (2006.01)
(52) U.S. CL
CPC ... HOIM 4/139 (2013.01); HOIM 10/052

(2013.01); HOIM 2004/028 (2013.01); HOIM
4/366 (2013.01); HOIM 4/625 (2013.01)

(57) ABSTRACT

A positive electrode for a lithium secondary battery includes
a positive electrode current collector; a lower positive elec-
trode active material layer disposed on at least one surface
of the positive electrode current collector; and an upper
positive electrode active material layer disposed on the
lower positive electrode active material layer, wherein the
lower positive electrode active material layer includes 90%
or more of a sphere-type carbonaceous conductive material
as a conductive material, the upper positive electrode active
material layer includes 90% or more of a needle-type
carbonaceous conductive material as a conductive material,
and the content of the conductive material contained in the
lower positive electrode active material layer 1s larger than
the content of the conductive material contained 1n the upper
positive electrode active material layer.
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POSITIVE ELECTRODE FOR LITHIUM
SECONDARY BATTERY AND METHOD FOR
MANUFACTURING THE SAME

TECHNICAL FIELD

[0001] The present disclosure relates to a positive elec-
trode for a lithium secondary battery and a method for
manufacturing the same. More particularly, the present
disclosure relates to a positive electrode for a Ilithium
secondary battery which provides improved high-tempera-
ture storage performance, interface resistance and diffusion
resistance at the same time, and a method for manufacturing
the same.

[0002] The present application claims priority to Korean
Patent Application No. 10-2017-0081351 filed on Jun. 27,
2017 1n the Republic of Korea, the disclosures of which are
incorporated herein by reference.

BACKGROUND ART

[0003] Recently, energy storage technology has been
given increasing attentions. Efforts into research and devel-
opment for electrochemical devices have been actualized
more and more, as the application of energy storage tech-
nology has been extended to energy for cellular phones,
camcorders and notebook PC and even to energy for electric
vehicles.

[0004] In this context, electrochemical devices have been
most spotlighted. Among such electrochemical devices,
development of rechargeable secondary batteries has been
focused. Recently, when developing such batteries, research
and development for designing novel electrodes and batter-
ies have been conducted in order to improve capacity
density and specific energy.

[0005] Among the commercially available secondary bat-
teries, lithium secondary batteries developed in the early
1990’s have been spotlighted, since they have a higher
operating voltage and significantly higher energy density as
compared to conventional batteries, such as Ni-MH batter-
1es, N—Cd batteries and sulfuric acid-lead batteries using an
aqueous electrolyte.

[0006] FIG. 1 1illustrates an embodiment of the electrode
used for a lithium secondary battery. As shown 1n FIG. 1, a
positive electrode active material layer 20 including a posi-
tive electrode active material, conductive material and a
binder polymer i1s formed on a positive electrode current
collector 10 to provide a positive electrode.

[0007] Many studies have been conducted to improve the
performance of such a lithium secondary battery. However,
it 1s difhicult to satisty diffusion resistance and interface
resistance at the same time, while satisifying the high-
temperature storage performance of a battery.

DISCLOSURE

Technical Problem

[0008] The present disclosure i1s directed to providing a
positive electrode for a lithium secondary battery which
provides improved high-temperature storage performance,
diffusion resistance and interface resistance at the same time
to a satisfactory level.

[0009] The present disclosure 1s also directed to providing
a method for manufacturing the positive electrode for a
lithium secondary battery.
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Technical Solution

[0010] In one aspect of the present disclosure, there is
provided a positive electrode for a lithium secondary battery
including: a positive electrode current collector; a lower
positive electrode active material layer disposed on at least
one surface of the positive electrode current collector; and
an upper positive electrode active material layer disposed on
the lower positive electrode active matenial layer, wherein
the lower positive electrode active material layer includes
90% or more of a sphere-type carbonaceous conductive
material as a conductive material, the upper positive elec-
trode active material layer includes 90% or more of a
needle-type carbonaceous conductive material as a conduc-
tive material, and the content of the conductive material
contained in the lower positive electrode active material
layer 1s larger than the content of the conductive material
contained 1n the upper positive electrode active material
layer.

[0011] The sphere-type carbonaceous conductive material
may be present in an amount of 1.0-3.0 wt % based on the
total weight of the lower positive electrode active material
layer. The needle-type carbonaceous conductive material
may be present 1n an amount of 0.2-1.0 wt % based on the
total weight of the upper positive electrode active material
layer.

[0012] The sphere-type carbonaceous conductive material
may include carbon black, and the needle-type carbonaceous
conductive material may include carbon nanotubes (CNT),
vapor-grown carbon fibers (VGCF), carbon nanofibers
(CNF) or a combination of two or more of them.

[0013] The upper positive electrode active material layer

and the lower positive electrode active material layer may
have a thickness ratio of 90:10-50:50.

[0014] In another aspect of the present disclosure, there 1s
also provided a method for manufacturing a positive elec-
trode for a lithium secondary battery, the method including;:
dispersing a first positive electrode active material, a first
conductive material and a first binder polymer into a solvent
to prepare slurry for a lower positive electrode active mate-
rial layer, and dispersing a second positive electrode active
material, a second conductive material and a second binder
polymer 1nto a solvent to prepare slurry for an upper positive
clectrode active material layer; applying the slurry for a
lower positive electrode active material layer to at least one
surface of a positive electrode current collector; and further
applying the slurry for an upper positive electrode active
material layer thereto, before or after the slurry for a lower
positive electrode active material layer 1s dried, wherein the
slurry for lower positive electrode active material layer
includes 90% or more of a sphere-type carbonaceous con-
ductive material as a conductive material, the slurry for the
upper positive electrode active material layer includes 90%
or more of a needle-type carbonaceous conductive material
as a conductive material, and the content of the conductive
material contained in the slurry for the lower positive
clectrode active material layer 1s larger than the content of
the conductive material contained 1n the slurry for the upper
positive electrode active material layer.

[0015] In still another aspect of the present disclosure,
there 1s provided a lithium secondary battery including the
positive electrode for a lithium secondary battery.
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Advantageous Effects

[0016] According to an embodiment of the present disclo-
sure, there 1s provided a positive electrode for a lithium
secondary battery which provides improved high-tempera-
ture storage performance, diffusion resistance and interface
resistance at the same time to a satisfactory degree.

DESCRIPTION OF DRAWINGS

[0017] The accompanying drawings illustrate a preferred
embodiment of the present disclosure and together with the
foregoing disclosure, serve to provide further understanding
of the technical features of the present disclosure, and thus,
the present disclosure 1s not construed as being limited to the
drawing.

[0018] FIG. 1 1s a sectional view illustrating the positive
electrode according to the related art.

[0019] FIG. 2 1s a sectional view illustrating the positive
clectrode according to an embodiment of the present dis-
closure.

[0020] FIG. 3 1s a scanning electron microscopic (SEM)
image of the section of the positive electrode according to
Example 1-1.

[0021] FIG. 4 1s a scanning electron microscopic (SEM)
image ol the section of the positive electrode according to
Example 2-1.

[0022] FIG. 5 1s a graph illustrating the results of evalu-
ation of adhesion for the positive electrodes according to
Examples and Comparative Examples.

[0023] FIG. 6 1s a graph illustrating the results of evalu-
ation of binder migration for the positive electrodes accord-
ing to Examples and Comparative Examples.

[0024] FIG. 7 1s a graph illustrating the results of evalu-
ation of resistance for the positive electrodes according to
Examples and Comparative Examples.

[0025] FIG. 8 1s a graph illustrating the results of evalu-
ation of high-temperature storage performance for the posi-
tive electrodes according to Examples and Comparative
Examples.

BEST MODE

[0026] Hereinaftter, preferred embodiments of the present
disclosure will be described in detail with reference to the
accompanying drawings. Prior to the description, 1t should
be understood that the terms used in the specification and the
appended claims should not be construed as limited to
general and dictionary meanings, but interpreted based on
the meanings and concepts corresponding to technical
aspects of the present disclosure on the basis of the principle
that the inventor 1s allowed to define terms appropriately for
the best explanation.

[0027] Therefore, the description proposed herein 1s just a
preferable example for the purpose of illustrations only, not
intended to limit the scope of the disclosure, so 1t should be
understood that other equivalents and modifications could be
made thereto without departing from the scope of the
disclosure.

[0028] In one aspect of the present disclosure, there is
provided a positive electrode for a lithium secondary battery
including: a positive electrode current collector; a lower
positive electrode active material layer disposed on at least
one surface of the positive electrode current collector; and
an upper positive electrode active material layer disposed on
the lower positive electrode active material layer, wherein

Oct. 10, 2019

the lower positive electrode active material layer includes a
larger amount of conductive material as compared to the
upper positive electrode active material layer.

[0029] In the positive electrode according to an embodi-
ment of the present disclosure, the conductive material of the
lower positive electrode active material layer adjacent to the
current collector substantially includes a sphere-type con-
ductive material. In other words, the lower positive electrode
active material layer includes, as a conductive material, a
sphere-type carbonaceous conductive material in an amount
of 90% or more, particularly 95% or more, and more
particularly 98% or more. Herein, ‘sphere-type’ means a

spherical particle shape whose average diameter (D50) 1s
10-500 nm, particularly 15-100 nm, or 15-40 nm.

[0030] The sphere-type carbonaceous conductive material
fills up the pores, 1.e. vacant spaces, among the active
material particles in combination with the binder to improve
the physical contact among the active material particles,
resulting 1n a drop 1n interface resistance and improvement
of the adhesion between the lower active material layer and
the current collector.

[0031] Thus, 1t 1s possible to solve the problems of an
increase 1n resistance and degradation of high-temperature
storage performance caused by the interface resistance
between the current collector and the active material layer,
and an increase 1n resistance caused by separation between
the current collector and the active material layer resulting
from 1nsufficient adhesion caused by binder migration
occurring at the interface between the current collector and
the active material layer (1.e. at the region where adhesion 1s
realized between the current collector and the active material
layer).

[0032] The sphere-type carbonaceous conductive material
may be present 1n the lower positive active material layer in
an amount of 1.0-3.0 wt %. When the content of the
sphere-type carbonaceous conductive maternial 1s less than
1.0 wt %, 1t 1s not possible to perform a main function of the
conductive material, 1.e., formation of a conductive network.
Thus, 1t 1s diflicult to impart sutlicient conductivity. When
the content of the sphere-type carbonaceous conductive
material 1s larger than 3.0 wt %, the pores of the active
material layer are blocked to cause an increase in diffusion
resistance. In addition, the conductive material 1s used 1n an
unnecessarily large amount, which 1s a waste. Further, the
content of the active material 1s reduced, which may result
in degradation of the capacity of a battery cell.

[0033] The sphere-type carbonaceous conductive material
may be carbon black, including Denka black, and particular
examples thereol include FX35 (available from Denka),

SB50L (available from Denka), Super-P, or the like, but are
not limited thereto.

[0034] In the positive electrode according to an embodi-
ment of the present disclosure, the upper positive electrode
active material layer 1s disposed on the lower positive
clectrode active material layer as described above, and 1s
characterized in that the conductive material substantially
includes a needle-type carbonaceous conductive material. In
other words, the upper positive electrode active material
layer includes, as a conductive material, a needle-type
carbonaceous conductive material in an amount of 90% or
more, particularly 95% or more, and more particularly 98%
or more. Herein, ‘needle-type” means a needle-like particle
shape whose aspect ratio (ratio of length/diameter) 1s

50-6350, particularly 60-300, or 100-300.
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[0035] When such a sphere-type carbonaceous conductive
material 1s used for the upper positive electrode active
material layer, there 1s an advantage in that dispersion 1s
facilitated as compared to the needle-type conductive mate-
rial. However, electroconductivity 1s decreased as compared
to the needle-type carbonaceous conductive maternial to
cause an increase 1n resistance, and there 1s a disadvantage
in that improvement of diffusion resistance 1s less effective
as compared to the needle-type carbonaceous conductive
material.

[0036] The needle-type carbonaceous conductive material
1s distributed while surrounding the surface of the active
material between the active material particles in the active
material layer. Thus, it 1s possible to facilitate formation of
a conductive network and to reduce the amount of the
conductive material. In addition, the pores of the active
material particles (vacant spaces between the active material
particles) are not blocked to facilitate formation of pores,
which allows smooth diffusion of lithium 1ons and results in
a decrease 1n diffusion resistance.

[0037] The needle-type carbonaceous conductive material
may be used 1n the upper positive electrode active material
layer 1n an amount of 0.2-1.0 wt %, or 0.4-0.8 wt %. When
the content of the needle-type carbonaceous conductive
material 1s less than 0.2 wt %, 1t 1s not possible to perform
a main function of the conductive material, 1.e., formation of
a conductive network. When the content of the needle-type
carbonaceous conductive material 1s larger than 1.0 wt %,
there are disadvantages 1n that 1t 1s not possible to improve
interface resistance and 1t 1s not possible to facilitate dis-
persion. Additionally, 1n this case, the conductive material 1s
used 1n an unnecessarily large amount, which 1s a waste.
Further, the content of the active material 1s reduced, which
may result in degradation of the capacity of a battery cell.

[0038] The needle-type carbonaceous conductive material
may include carbon nanotubes (CNT), vapor-grown carbon
fibers (VGCF), carbon nanofibers (CNF) or a combination

of two or more of them.

[0039] In the positive electrode according to an embodi-
ment of the present disclosure, the total thickness including
the upper positive electrode active material layer and the
lower positive electrode active material layer may be 50-180
um based on the pre-pressing thickness, or 30-120 um based
on the post-pressing thickness. The upper positive electrode
active material layer may have a thickness which 1s the same
as or larger than the thickness of the lower positive electrode
active material layer. For example, the upper positive elec-
trode active material layer and the lower positive electrode
active maternial layer may have a thickness ratio of 90:10-
50:50. For example, the upper positive electrode active
material layer and the lower positive electrode active mate-
rial layer may be formed to have a thickness ratio of 90:10,
70:30, or 50:50, but are not limited thereto. When the upper
positive electrode active material layer 1s formed to have a
smaller thickness as compared to the lower positive elec-
trode active material layer, one of the main effects of the
present disclosure 1.e., the effect of improving diffusion
resistance through the upper positive electrode active mate-
rial layer, 1s degraded. When the lower positive electrode
active material layer has a thickness less than Vio of the
thickness of the positive electrode active material layer, 1t 1s
not possible to obtain a suflicient eflect of improving inter-
face resistance through the lower positive electrode active
material layer.
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[0040] According to an embodiment of the present disclo-
sure, besides the conductive material, each of the upper
positive electrode active material layer and the lower posi-
tive electrode active material layer includes an active mate-
rial and a binder polymer, and may further include additive
for a positive electrode used conventionally 1n the art, 1f
desired.

[0041] The positive electrode active material that may be
used for the upper positive electrode active material layer
and the lower positive electrode active material layer may
independently include a lithium-containing oxide and may
be the same or different. Preferably, the lithium-containing
oxide includes a lithium-contaiming transition metal oxide.
Particular examples of the lithium-containing transition
metal oxide include any one selected from the group con-
sisting of L1, Co0,(0.5<x<1.3), L1 N10,(0.5<x<1.3), L1,
MnO,(0.5<x<1.3), L1, Mn,0,(0.5<x<1.3), L1, (N1 _Co,Mn )
0,(0.5<x<1.3, O<a<l, 0<b<l, 0<c<l, a+b+c=1), L1 Ni,_
#£0,0,(0.5<x<1.3, O<y<l), L1,Co, Mn0,(0.5<x<1.3,
O<y<1), L1, Ni;_Mn 0O,(0.5<x<1.3, O=y<l), Li(N1,Co,-
Mn_)O,(0.5<x<1.3, 0O<a<2, 0<b<2, 0<c<2, a+b+c=2),
LiMn, N10O,(0.5<x<1.3, 0<z<2), LiMn, Co O,(0.
S<x<1.3, 0<z<2), L1, CoPO,(0.5<x<1.3) and Li, FePO(O.
5<x<1.3), or a combination of two or more of them. The
lithtum-containing transition metal oxide may be coated
with a metal, such as aluminum (Al) or metal oxide. In
addition to the lithium-containing transition metal oxide,
sulfide, selemide or halide may be used.

[0042] The current collector used for the positive electrode
1s a metal having high conductivity, and any metal may be
used without particular limitation, as long as 1t allows easy
adhesion of the positive electrode active material and binder
polymer and has no reactivity in the voltage range of an
electrochemical device. Particular examples of the positive
electrode current collector include foil made of aluminum,
nickel or a combination thereof.

[0043] The positive electrode active material may be used
in the positive electrode active material layer in an amount
of 94.0-98.5 wt %. When the content of the positive elec-
trode active material satisfies the above-defined range, 1t 1s
possible to manufacture a high-capacity battery, to provide
a positive electrode with suflicient conductivity and to
impart adhesion between materials of the electrode.

[0044] Any binder polymer used conventionally in the art
may be used without particular limitation for each of the
upper positive electrode active material layer and the lower
positive electrode active material layer. For examples, vari-
ous types of binder polymers, such as polyvinylidene fluo-
ride-co-hexafluoro propylene (PVDF-co-HFP), polyvi-
nylidene fluoride (PVDF), polyacrylonitrile, polymethyl
methacrylate, styrene-butadiene rubber (SBR) or carboxym-
ethyl cellulose (CMC), etc. may be used.

[0045] The content of the binder polymer 1s in proportion
to the content of the conductive material contained 1n each
of the upper positive electrode active material layer and the
lower positive electrode active material layer. This 1s
intended to impart adhesion to the conductive material
having a significantly smaller particle size as compared to
the active material. When the content of the conductive
material 1s increased, an additional amount of binder poly-
mer 1s required. When the content of the conductive material
1s decreased, a smaller amount of binder polymer may be
used.
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[0046] In the positive electrode according to an embodi-
ment of the present disclosure, 180-380 parts by weight of
the binder polymer may be used based on 100 parts by
weight of the needle-type carbonaceous conductive material,
in the upper positive electrode active material layer. In the
lower positive electrode active material layer, 50-200 parts
by weight of the binder polymer may be used based on 100
parts by weight of the sphere-type carbonaceous conductive
material. For example, when using a polyvinylidene fluoride
binder polymer (KF9700, available from Kureha) having a
molecular weight of 880,000 g/mol, the lower positive
clectrode active material layer may include 1.5 wt % of
carbon black and 2.25 wt % of the binder polymer, and the
upper positive electrode active material layer may include
0.6 wt % of carbon nanotubes and 1.7 wt % of the binder
polymer. When the molecular weight of the binder polymer
1s relatively low, 1t 1s required to increase the content of the
binder polymer to ensure suflicient adhesion to a positive
clectrode. When the molecular weight of the binder polymer
1s relatively high, 1t 1s possible to reduce the content of the
binder polymer.

[0047] In another aspect of the present disclosure, there 1s
provided a method for manufacturing a positive electrode
for a Iithium secondary battery, the method including the
steps of:

[0048] dispersing a first positive electrode active material,
a first conductive material and a first binder polymer 1nto a
solvent to prepare slurry for a lower positive electrode active
material layer, and dispersing a second positive electrode
active material, a second conductive material and a second
binder polymer into a solvent to prepare slurry for an upper
positive electrode active material layer;

[0049] applying the slurry for a lower positive electrode
active material layer to at least one surface of a positive
electrode current collector; and

[0050] {further applying the slurry for an upper positive
electrode active material layer thereto, before or after the
slurry for a lower positive electrode active material layer 1s

dried.

[0051] Herein, the content of the first conductive material
contained 1n the slurry for the lower positive electrode active
material layer 1s larger than the content of the second
conductive material contained in the slurry for the upper
positive electrode active material layer.

[0052] In the method according to an embodiment of the
present disclosure, the slurry for the lower positive electrode
active material layer includes 90% or more of a sphere-type
carbonaceous conductive material as a conductive material,
and the slurry for the upper positive electrode active material
layer includes 90% or more of a needle-type carbonaceous
conductive material as a conductive material.

[0053] In addition, the sphere-type carbonaceous conduc-
tive material 1s used in an amount of 1.0-3.0 wt % based on
the solid content of the slurry for a lower positive electrode
active material layer. The needle-type carbonaceous conduc-
tive material 1s used in an amount of 0.2-1.0 wt % based on
the solid content of the slurry for an upper positive electrode
active material layer. This 1s because of the reasons as
described herein above with reference to the positive elec-
trode.

[0054] Meanwhile, in the specification, the process for
applying the slurry for an upper positive electrode active
material layer before the slurry for a lower positive electrode
active material layer i1s dried 1s referred to as ‘wet-on-wet’
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process, while the process for applying the slurry for an
upper positive electrode active material layer after the slurry
for a lower positive electrode active maternial layer 1s dried
1s referred to as ‘wet-on-dry’ process.

[0055] FEach of the slurry for an upper positive electrode
active material layer and the lower positive electrode active
material layer may be applied independently by using a
coating system, such as a slot-die coater, roll-coater, knife
coater or extrusion coater, used conventionally in the art,
successively. Otherwise, the two layers may be applied
substantially at the same time by using a single coating head
having two outlets or an extrusion coater or 2-slot die having
a back-up roll.

[0056] When using the wet-on-wet process, the slurry for
an upper positive electrode active material layer 1s applied
betore the slurry for a lower positive electrode active mate-
rial layer 1s dried completely, while the slurry includes a
solvent 1n an amount of 10-40 wt %. Then, the method may
further 1include a step of drying the upper slurry and lower
slurry at a temperature of about 100-150° C. for 5 minutes
to 1 hour.

[0057] When using the wet-on-dry process, the slurry for
an upper positive electrode active material layer 1s applied
after the slurry for a lower positive electrode active material
layer 1s dried completely. The method may further include a
step of drying the lower slurry at a temperature of about
100-150° C. for 5 minutes to 1 hour, and successively drying
the upper slurry at a temperature of about 100-150° C. for 5
minutes to 1 hour.

[0058] The section of the positive electrode obtained as
described above according to an embodiment of the present
disclosure 1s shown in FIG. 2 schematically. A lower posi-
tive electrode active material layer 20 using a sphere-type
carbonaceous conductive material 1s formed on a positive
clectrode current collector 10, and an upper positive elec-
trode active material layer 30 using a needle-type carbona-
ceous conductive material 1s formed thereon.

[0059] In still another aspect, there 1s provided an elec-
trochemical device which includes: an electrode assembly
including the positive electrode as described above, a nega-
tive electrode and a separator interposed between the posi-
tive electrode and the negative electrode; a nonaqueous
clectrolyte mjected to the electrode assembly; and a battery
casing receiving the electrode assembly and the nonaqueous
electrolyte.

[0060] The negative electrode may include, as a negative
electrode active material, a carbonaceous material, lithium
metal, silicon or tin. When a carbonaceous material 1s used
as a negative electrode active material, both low crystalline
carbon and high crystalline carbon may be used. Typical
examples of low crystalline carbon 1nclude soft carbon and
hard carbon. Typical examples of high crystalline carbon
include Kish graphite, pyrolytic carbon, mesophase pitch
based carbon fibers, meso-carbon microbeads, mesophase
pitches, and high-temperature baked carbon, such as petro-
leum or coal tar pitch-derived cokes.

[0061] Non-limiting examples of the current collector for
the negative electrode include foil made of copper, gold,
nickel, copper alloy or a combination thereof. In addition,
substrates including the above-mentioned materials may be
stacked and used as the current collector.

[0062] The negative electrode may further include a con-
ductive material and a binder used conventionally in the art.
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[0063] According to the present disclosure, the separator
may be any porous substrate used for an electrochemical
device. Particular examples of the porous substrate may
include a polyolefin-based porous membrane or nonwoven
web, but are not limited thereto.

[0064] Particular examples of the polyolefin-based porous
membrane include a membrane formed of a polymer 1nclud-
ing a polyolefin-based polymer, such as polyethylene (e.g.
high density polyethylene, linear low density polyethylene,
low density polyethylene or ultrahigh molecular weight
polyethylene), polypropylene, polybutyelene or polypen-
tene, alone or 1n combination.

[0065] In addition to the polyolefin-based nonwoven web,
particular examples of the nonwoven web include a nonwo-
ven web formed of a polymer including polyethylene
terephthalate, polybutylene terephthalate, polyester, polyac-
etal, polyamide, polycarbonate, polyimide, polyetherether-
ketone, polyethersulfone, polyphenylene oxide, polyphe-
nylene sulfide or polyethylene naphthalene, alone or in
combination. The structure of the nonwoven web may be a
spunbond nonwoven web or melt blown nonwoven web
including long fibers.

[0066] There 1s no particular limitation in thickness of the
porous substrate. The porous substrate may have a thickness
of 5-50 um. In addition, the size of pores present in the
porous substrate and the porosity are not particularly lim-
ited. However, the pore size and porosity may be 0.01-50 um
and 10-95%, respectively.

[0067] Meanwhile, the porous substrate may further
include a porous coating layer including inorganic particles
and a binder polymer, on at least one surface thereotf, 1n
order to improve the mechanical strength of the separator
including the porous substrate and to inhibit a short-circuit
between the positive electrode and the negative electrode.

[0068] Meanwhile, the non-aqueous electrolyte may
include an organic solvent and an electrolyte salt. The
clectrolyte salt 1s a lithhum salt. Any lithium salt used
conventionally for a nonaqueous electrolyte for a lithium
secondary battery may be used without particular limitation.
For example, the anion of the lithium salt may be any one
selected from the group consisting of F, C17, Br™, I", NO,~,
N(CN),”, BF,”, ClO,”, PF.", (CF,),PF,”, (CF;),PF;,
(CF,),PF,~, (CF,).PF~, (CF,).,P~, CF,SO,~, CF,CF,SO,",
(CF;S0,),N", (FSO,),N™, CF;CF,(CF,),CO™, (CF;S0,)
,CH™, (SF;),C", (CF3S0,),C~, CF,;(CF,),SO;~, CF;CO,",
CH,CO,, SCN™ and (CF;CF,S0O,),N7, or a combination of
two or more of them.

[0069] Particular examples of the organic solvent that may
be contained in the non-aqueous electrolyte may include
those used conventionally for an electrolyte for a lithium
secondary battery with no particular limitation. For example,
it 1s possible to use ethers, esters, amides, linear carbonates
or cyclic carbonates alone or in combination. Typical
examples of the organic solvent may include carbonate
compounds such as cyclic carbonates, linear carbonates or
mixtures thereof.

[0070] Particular examples of the cyclic carbonate com-
pounds include any one selected from the group consisting
of ethylene carbonate (EC), propylene carbonate (PC), 1,2-
butylene carbonate, 2,3-butylene carbonate, 1,2-pentylene
carbonate, 2,3-pentylene carbonate, vinylene carbonate and
halides thereof, or a combination of two or more of them.
Particular examples of such halides include fluoroethylene
carbonate (FEC) but are not limited thereto.
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[0071] In addition, particular examples of the linear car-
bonate compounds include any one selected from the group
consisting of dimethyl carbonate (DMC), diethyl carbonate
(DEC), dipropyl carbonate, ethyl methyl carbonate (EMC),
methyl propyl carbonate and ethyl propyl carbonate, or a
combination of two or more of them, but are not limited
thereto.

[0072] Particularly, ethylene carbonate and propylene car-
bonate, which are cyclic carbonates among the carbonate
organic solvents, have a high dielectric constant and disso-
ciate the lithium salt 1n an electrolyte well. In addition, 1t 1s
possible to prepare an electrolyte having high electrocon-
ductivity when using such cyclic carbonates in combination
with low-viscosity low-dielectric constant linear carbonates,
such as dimethyl carbonate and diethyl carbonate, at an
adequate ratio.

[0073] Further, among the organic solvents, particular
examples of the ethers may include any one selected from
the group consisting of dimethyl ether, diethyl ether, dipro-
pyl ether, methyl ethyl ether, methyl propyl ether and ethyl
propyl ether, or a combination of two or more of them, but
are not limited thereto.

[0074] Among the organic solvents, particular examples
of the esters include any one selected from the group
consisting of methyl acetate, ethyl acetate, propyl acetate,
methyl propionate, ethyl propionate, vy-butyrolactone,
v-valerolactone, vy-caprolactone, o-valerolactone and
g-caprolactone, or a combination of two or more of them, but
are not limited thereto.

[0075] Inmjection of the electrolyte may be carried out in an
adequate step during the process for manufacturing a battery
depending on the manufacturing process of a final product
and properties required for a final product. In other words,
injection of the electrolyte may be carried out betfore the
assemblage of a battery or 1n the final step of the assemblage
of a battery.

[0076] Herein, the electrochemical device includes any
device which carries out electrochemical reaction, and par-
ticular examples thereof include all types of primary batter-
1es, secondary batteries, fuel cells, solar cells or capacitors
such as super capacitor devices. Particularly, the secondary
batteries may include lithium secondary batteries, including
lithium metal secondary batteries, lithium 1on secondary
batteries, lithium polymer secondary batteries or lithium 10on
polymer 1on batteries.

MODE FOR DISCLOSURE

[0077] Examples will be described more fully heremafter
so that the present disclosure can be understood with ease.
The following examples may, however, be embodied 1n
many different forms and should not be construed as limited
to the exemplary embodiments set forth therein. Rather,
these exemplary embodiments are provided so that the
present disclosure will be thorough and complete, and will
fully convey the scope of the present disclosure to those
skilled 1n the art.

Example 1

[0078] First, 96.25 wt % of NCM (LiNi, .Co, ,Mn, ,O,)
as a positive electrode active material, 1.5 wt % of carbon
black (FX35, Denka, Sphere type, average diameter (ID50)
15-40 nm) as a conductive material and 2.25 wt % of
polyvinylidene fluoride (KF9700, Kureha) as a binder poly-
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mer were added to N-methyl-2-pyrrolidone (NMP) as a
solvent to form slurry for a lower positive electrode active
material layer.

[0079] In addition, 97.7 wt % of NCM (LiNi, (Co, ,Mn,
>0,) as a positive electrode active material, 0.6 wt % of
carbon nanotubes (LUCAN-BT1001M, LG Chem., aspect
ratio 100-300) as a conductive material and 1.7 wt % of
KF9700 (Kurecha) as a binder polymer were added to
N-methyl-2-pyrrolidone (NMP) as a solvent to form slurry
for an upper positive electrode active material layer.

[0080] The slurry for a lower positive electrode active
material layer was coated on aluminum foil 1n a loading
amount of 320 mg/25 cm” (coating thickness: 50 um), and
the slurry for an upper positive electrode active matenal
layer was further coated thereon 1n a loading amount of 320
mg/25 cm” (coating thickness: 50 um) so that the thickness
rat10 of the lower positive electrode active material layer and
the upper positive electrode active material layer might be
50:50. Then, vacuum drying was carried out to obtain a
positive electrode.

Example 2

[0081] A positive electrode was obtained in the same
manner as described in Example 1, except that the upper
positive electrode active material layer was coated to a
thickness of 70 um and the lower positive electrode active
material layer was coated to a thickness of 30 um (thickness

ratio 70:30).

Example 3

[0082] A positive electrode was obtained in the same
manner as described in Example 1, except that the upper
positive electrode active material layer was coated to a
thickness of 90 um and the lower positive electrode active

material layer was coated to a thickness of 10 um (thickness
ratio 90:10).

Comparative Example 1

[0083] First, 96.25 wt % of NCM (LiNi, (Co, ,Mn, ,0,)
as a positive electrode active material, 1.5 wt % of carbon
black (FX35, Denka, Sphere type, average diameter (ID50)
15-40 nm) as a conductive material and 2.25 wt % of
polyvinylidene fluoride (KF9700, Kureha) as a binder poly-
mer were added to N-methyl-2-pyrrolidone (NMP) as a
solvent to form slurry for a positive electrode active material
layer.

[0084] The slurry for a positive electrode active material
layer was coated on aluminum foil 1n a loading amount of
640 mg/25 cm?, and then vacuum drying was carried out to
obtain a positive electrode.

Comparative Example 2

[0085] A positive electrode was obtained in the same
manner as described in Comparative Example 1, except that
97.7 wt % of NCM (LiNi, (Co, ,Mn, ,O,) was used as a
positive electrode active material, 0.6 wt % of carbon
nanotubes was used as a positive electrode conductive
material, and 1.7 wt % of polyvinylidene fluoride (KF9700,
Kureha) was used as a binder polymer.
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Comparative Example 3

[0086] A positive electrode was obtained in the same
manner as described in Example 1, except that carbon black
(FX335, Denka) was used 1n an amount of 0.6 wt % to obtain
slurry for a lower positive electrode active material layer,
and carbon nanotubes were used 1n an amount of 1.5 wt %
to obtain slurry for an upper positive electrode active
material layer.

Test Example: Scanning Electron Microscopic
(SEM) Images

[0087] The section of each of the positive electrodes
according to Example 1 and 2 was observed by SEM
(S-4800, Hitachi). The results are shown 1n FIG. 3 and FIG.
4

[0088] It can be seen from FIG. 3 and FIG. 4 that each of

the positive electrodes according to Examples 1 and 2 has
dual layers.

Test Example: Adhesion

[0089] To evaluate the adhesion between an aluminum
current collector and a lower positive electrode active mate-
rial layer, each of the positive electrodes according to
Examples and Comparative Examples was cut into a pre-
determined size and fixed to a slide glass. Then, the current
collector was peeled ofl to measure 90° peel strength. In this
manner, adhesion was evaluated. Herein, the peel strength
was measured by using a universal test machine (UTM). The
results are shown 1n Table 1 and FIG. S.

Test Example: Binder Migration

[0090] During the drying step carried out after applying
the positive electrode slurry 1n a coating process, solvent
evaporation occurs and binder polymers migrates to the top
end of the electrode together with solvents. Such a phenom-
enon 1s called migration. As binder migration becomes
severe, binder polymers grow apart from the bottom current
collector and adhesion to the electrode 1s degraded. As
binder migration 1s inhibited, adhesion to the electrode 1s
improved. Therefore, a test was carried out so that binder
migration was inhibited during the manufacture of an elec-
trode.

[0091] In this test, each of the positive electrodes accord-
ing to Examples and Comparative Examples was determined
for 1ts adhesion continuously to analyze binder distribution.
From the analysis, binder position was digitized and the
degree of binder migration was digitized based on this. The
results are shown 1n Table 1 and FIG. 6. Herein, Compara-
tive Example 1 was taken as 100, and a binder migration
degree smaller than 100 means that binder migration 1is
inhibited and a binder migration degree larger than 100
means that binder migration i1s not inhibited.

[0092] Meanwhile, to perform an additional test, lithium
secondary batteries including each of the positive electrodes
according to Examples and Comparative Examples were
manufactured.

[0093] To obtain the lithium secondary batteries, a nega-
tive electrode was obtained as follows. First, 96.1 wt % of
artificial graphite (G'T, Zichen (China)) as a negative elec-
trode active material, 1.0 wt % of carbon black (Super-P) as
a conductive material, 2.2 wt % of styrene-butadiene rubber
and 0.7 wt % of carboxymethyl cellulose were added to
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water as a solvent to form slurry for a negative electrode shown 1n Table 1 and FIG. 8 (conditions: SOC 100, 60° C.).
active ni}ajtler}alnlayeg gh?’ Fhe slucll'ry was cogted OLee ol [0098] Particularly, each battery cell was fully charged
coppet 1011, 10Lowed by diylllg dld COmpression. under a condition of SOC 100 after 1t was manufactured.
[0094] Meanwhile, polypropylene was oriented uniaxially Then, the battery cell was allowed to stand 1n an oven at 60°
by using a dry process to obtain a microporous separator C. After 6 weeks, the resistance at the 6” week was com-
having a width of 200 mm at one side. The separator was pared with the 1nitial resistance before standing to calculate
interposed between each positive electrode and the negative an increase (%) 1n resistance of the battery cell after 1t was
electrode to provide an electrode assembly, which, 1n turn, stored at high temperature. In this manner, high-temperature
was recei1ved 1n a pouch type battery casing. Then, 1M LiPF, storage performance was evaluated.
TABLE 1
Comp. Comp. Comp.
Ex. 1 Ex. 2 Ex. 3 Ex. 1 Ex. 2 Ex. 3
Positive Single Single Upper Upper Upper Upper
electrode active layer layer layer layer layer layer
material layer (carbon  (CNT> 0.6 (CNT> 1.5 (CNT»0.6 (CNT>0.6 (CNT>0.6
(Type and black 1.5 wt %) wt %) wt %) wt %) wt %)
content of wt %) Lower Lower Lower Lower
conductive layer layer layer layer
material) (carbon (carbon (carbon (carbon
black 0.6 black 1.5 black 1.5 black 1.5
wt %) wt %) wt %) wt %)
Adhesion 77.8 36.4 51.2 163.7 102.5 92.5
(90° peel
strength,
of/20 mm)
Binder 100 195 67 51 80 82
migration® (%)
Initial resistance 1.18 1.19 1.62 1.09 1.11 1.12
(2.5 C, 10 sec,
SOC50, Q)
R, +R_* 0.78 0.81 1.08 0.75 0.77 0.77
R g 0.40 0.39 0.54 0.34 0.35 0.36
Increase 1n 62.3 59.5 84.6 52.6 54.5 53.2
resistance

(6 week, %)

l)Cc)lrnparati‘i.fe Example 1 1s taken as 100%.
2)R0hm + R_;: Related with interface resistance

)CNT: Carbon nanotubes

carbonate-based electrolyte solution was injected to the
clectrode assembly to finish a battery.

Test Example: Resistance

[0095] Compositional resistance (£2) of the secondary
battery, particularly initial resistance (€2), R_, ~(ohmic resis-
tance), R, (charge transfer resistance) and R, - (diffusion
resistance) were determined. The results are shown 1n Table
1 and FIG. 7 (conditions: state of charge (SOC) 50 and 25°

C.). Herein, a smaller resistance value 1s better.

[0096] Particularly, the compositional resistance was
determined through electrochemical impedance spectros-
copy (EIS) wherein a weak alternating signal having a
different frequency was imparted to a battery cell to measure
the impedance so that the compositional resistance of a
secondary battery might be differentiated. Since the EIS test
was sensitive to temperature, the test was carried out at 25°
C. similar to room temperature so that errors might be
mimmized.

Test Example: High-Temperature Storage
Performance

[0097] Each of the secondary batteries was evaluated for
high-temperature storage performance. The results are

[0099] As can be seen from Table 1 and FIG. 5 to FIG. 8,

in the secondary batteries according to examples 1-3, the
lower positive electrode active material layer adjacent to the
current collector includes carbon black which 1s a sphere-
type carbonaceous conductive material favorable to
improvement of adhesion and decrease 1n interface resis-
tance 1 an amount of 1.0-3.0 wt % based on the solid
content of the corresponding active material layer, and the
upper positive electrode active material layer includes car-
bon nanotubes which are a needle-type carbonaceous con-
ductive material favorable to pore formation in an amount of
0.2-1.0 wt % based on the solid content of the corresponding
active material layer. Each of the secondary batteries accord-
ing to Examples 1-3 shows higher battery performance, as
compared to the secondary batteries which use a single-layer
positive electrode according to Comparative Examples 1 and
2 and the secondary battery which uses a dual layer positive
clectrode but the content of the conductive materials 1s not
within the above-defined range according to Comparative
Example 3. Particularly, in the case of Comparative
Example 3, since the lower positive electrode layer includes
an absolutely insuflicient amount of sphere-type carbona-
ceous conductive material, 1t 1s not possible to impart
conductivity sufliciently, and thus the ‘R_, +R_° wvalue
related with the interface resistance of the lower layer 1s the
highest. In addition, the secondary battery according to
Comparative Example 3 undergoes degradation of adhesion
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to cause an increase 1n resistance after it 1s stored at 60° C.,
thereby providing poor high-temperature storage perior-
mance. Further, the upper positive electrode active material
uses an excessive amount ol sphere-type carbonaceous
conductive material, and thus pore formation 1s inhibited,
resulting 1n an increase in R ;.

[0100] It should be understood that the detailed descrip-
tion are given by way of illustration only and various
changes and modifications may be made without departing
from the scope of the invention as defined 1n the following
claims. Theretore, the embodiments disclosed herein are not
intended to limit the scope of the present disclosure but are
for illustrative purposes only, and the scope of the present
disclosure 1s not limited thereto. It should be also understood
that the scope of the present disclosure 1s defined by the
following claims and all equivalents thereof are also
included in the scope of the present disclosure.

1. A positive electrode for a lithium secondary battery
comprising: a positive electrode current collector; a lower
positive electrode active material layer disposed on at least
one surface of the positive electrode current collector; and
an upper positive electrode active material layer disposed on
the lower positive electrode active material layer,

wherein the lower positive electrode active material layer

comprises 90% or more of a sphere-type carbonaceous
conductive material as a conductive material,

the upper positive electrode active material layer com-

prises 90% or more of a needle-type carbonaceous
conductive material as a conductive material, and

a content of the conductive material contained in the

lower positive electrode active material layer 1s larger
than a content of the conductive material contained 1n
the upper positive electrode active material layer.

2. The positive electrode for a lithium secondary battery
according to claim 1, wherein the sphere-type carbonaceous
conductive maternal 1s present 1n an amount of 1.0-3.0 wt %
based on a total weight of the lower positive electrode active
material layer.

3. The positive electrode for a lithium secondary battery
according to claim 1, wherein the needle-type carbonaceous
conductive maternal 1s present 1n an amount of 0.2-1.0 wt %
based on a total weight of the upper positive electrode active
material layer.

4. The positive electrode for a lithium secondary battery
according to claim 1, wherein the sphere-type carbonaceous
conductive material 1s carbon black.

5. The positive electrode for a lithium secondary battery
according to claim 1, wherein the needle-type carbonaceous
conductive material 1s carbon nanotubes (CNT), vapor-
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grown carbon fibers (VGCF), carbon nanofibers (CNF) or a
combination of two or more of them.

6. The positive electrode for a lithium secondary battery
according to claim 1, wherein the upper positive electrode
active material layer and the lower positive electrode active
material layer have a thickness ratio of 90:10-50:350.

7. A method for manufacturing a positive electrode for a
lithium secondary battery, comprising;

dispersing a first positive electrode active material, a first

conductive material and a first binder polymer 1nto a
solvent to prepare a slurry for a lower positive electrode
active material layer;

dispersing a second positive electrode active material, a

second conductive material and a second binder poly-
mer 1nto a solvent to prepare a slurry for an upper
positive electrode active material layer;

applying the slurry for a lower positive electrode active

material layer to at least one surface of a positive
electrode current collector; and

turther applying the slurry for an upper positive electrode

active material layer thereto, before or after the slurry
for a lower positive electrode active material layer 1s
dried,

wherein the slurry for the lower positive electrode active

material layer comprises 90% or more of a sphere-type
carbonaceous conductive material as a conductive
material,

the slurry for upper positive electrode active material

layer comprises 90% or more of a needle-type carbo-
naceous conductive material as a conductive material,
and

a content of the conductive material contained in the

slurry for the lower positive electrode active material
layer 1s larger than a content of the conductive material
contained 1n the slurry for the upper positive electrode
active material layer.

8. A lithum secondary battery comprising the positive
electrode for a lithium secondary battery as defined in claim
1.

9. The positive electrode of claim 1, wherein the sphere-
type carbonaceous conductive material has an average diam-

eter (D50) of 15-40 nm.

10. The positive electrode of claim 9, wherein the needle-
type carbonaceous conductive material has an aspect ratio of

100-300.

11. The positive electrode of claim 6, wherein the thick-
ness ratio 1s 90:10-70:30.

e e e e e
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