US 20230352651A1

a2 Patent Application Publication o) Pub. No.: US 2023/0352651 A1

asy United States

LEE et al.

43) Pub. Date: Nov. 2, 2023

(54) RECHARGEABLE ELECTRODE FOR
RECHARGEABLE LITHIUM BATTERY AND
RECHARGEABLE LITHIUM BATTERY
INCLUDING THE SAME

(71) Applicant: SAMSUNG SDI CO., LTD., Yongin-si
(KR)

(72) Inventors: Jinhyon LEE, Suwon-si (KR); Bokhyun
KA, Suwon-si (KR); Kyeuyoon
SHEEM, Suwon-si (KR); Soonho AHN,
Suwon-si (KR); Junkyu LEE, Suwon-si
(KR)

(21) Appl. No.: 18/198,505
(22) Filed: May 17, 2023
Related U.S. Application Data

(63) Continuation-in-part of application No. 17/498,861,
filed on Oct. 12, 2021, which is a continuation of
application No. 16/394,077, filed on Apr. 25, 2019,
now Pat. No. 11,152,607.

(30) Foreign Application Priority Data

Apr. 27,2018 (KR) .o 10-2018-0049447

Publication Classification

(51) Int. CL
HOIM 4/1393 (2006.01)
HOIM 4/133 (2006.01)

e
e

N SN N AW |
—

N N NN 7
SN

N NN NN
=
=

=

\Y/\ N S

HOIM 10/0525 (2006.01)
HOIM 4/58 (2006.01)

(52) US.CL
CPC ........... HOIM 4/133 (2013.01); HOIM 4/1393

(2013.01); HOIM 4/58 (2013.01); HOIM
1070525 (2013.01); HOIM 2004/027 (2013.01)

(57) ABSTRACT

A negative electrode and a rechargeable lithium battery, the
negative electrode including a current collector; and a nega-
tive active material layer on at least one surface of the cur-
rent collector, the negative active material layer including a
carbon negative active material and a conductive agent,
wherein the conductive agent includes at least one of a
fiber-shaped conductive agent having a average length of
about 1 pum to about 200 um and a particle-shaped conduc-
tive agent having a average long diameter of about 1 pm to
about 20 um, and a DD (Degree of Divergence) value
defined by Equation 1 is about 24 or greater:

[Equation 1]
DD(Degree of Divergence) = (Ia/Itotal ) *100

wherein, in Equation 1, Ia is a sum of peak intensities at non-
planar angles measured by XRD using a CuKa ray, and Ito-
tal is a sum of peak intensity at all angles measured by XRD
using a CuKa ray.
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FIG. 2

Negative electrode

Positive electrode
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RECHARGEABLE ELECTRODE FOR
RECHARGEABLE LITHIUM BATTERY AND
RECHARGEABLE LITHIUM BATTERY
INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation-in-part application based on
pending Application No. 17/498,861, filed Oct. 12, 2021,
which in turn is a continuation of Application No. 16/
394,077, filed Apr. 25, 2019, now Patent No. 11,152,607
B2, issued Oct. 19, 2021, the entire contents of both being
hereby incorporated by reference.

[0002] Korean Pat. Application No. 10-2018-0049447,
filed on Apr. 27, 2018, in the Korean Intellectual Property
Office, and entitled: “Negative Electrode for Rechargeable
Lithium Battery, and Rechargeable Lithium Battery Includ-
ing Same,” is incorporated by reference herein in its entirety.

BACKGROUND

1. Field

[0003] Embodiments relate to a negative electrode for a
rechargeable lithium battery and a rechargeable lithium bat-
tery including the same.

2. Description of the Related Art

[0004] A rechargeable lithium battery has recently drawn
attention as a power source for small portable electronic
devices. The rechargeable lithium battery uses an organic
electrolyte solution and thereby, have twice as high a dis-
charge voltage as a conventional battery using an alkali aqu-
eous solution and accordingly, high energy density.

[0005] As for a positive active material of a rechargeable
lithium battery, a lithium-transition metal oxide having a
structure capable of intercalating lithium ions, such as
LiCo0,, LiMn,0,, LiNi;_Co,0, (0 < x < 1), and the like
may be used.

SUMMARY

[0006] The embodiments may be realized by providing a
negative electrode for a rechargeable lithium battery, the
negative electrode including a current collector; and a nega-
tive active material layer on at least one surface of the cur-
rent collector, the negative active material layer including a
carbon negative active material and a conductive agent,
wherein the conductive agent includes at least one of a
fiber-shaped conductive agent having a average length of
about 1 um to about 200 um and a particle-shaped conduc-
tive agent having a average long diameter of about 1 um to
about 20 um, and a DD (Degree of Divergence) value
defined by Equation 1 is about 24 or greater:

[Equation 1]
D (Degree of Divergence) = (I,ﬂ1 JLiotal ) *100

[0007] wherein, in Equation 1, I, is a sum of peak inten-
sities at non-planar angles measured by XRD using a CuKa
ray, and L,,,,; is a sum of peak intensity at all angles mea-
sured by XRD using a CuKa ray.
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[0008] The negative electrode may have a DD value of
about 24 to about 70.

[0009] The conductive agent may include at least one of a
fiber-shaped conductive agent having an average length of
about 5 pm to about 50 pm and a particle-shaped conductive
agent having an average long diameter of about 5 pm to
about 10 um.

[0010] The conductive agent may have a specific external
surface area of about 4 m2?/g to about 1,500 m?2/g.

[0011] The conductive agent may have an aspect ratio of
about 10 to about 3,000.

[0012] The conductive agent may have an area ratio, based
on a surface area, relative to the carbon negative active
material of about 50% to about 300%.

[0013] The conductive agent may have a volume ratio of
the conductive agent relative to the carbon negative active
material of about 1.5 % or less.

[0014] The specific external surface area of the conductive
agent may be about 100 m?/g to about 1,400 m2/g.

[0015] The aspect ratio may be about 10 to about 2,500.
[0016] The area ratio, based on a surface area, of the con-
ductive agent relative to the carbon negative active material
may be about 80% to about 260%.

[0017] The volume ratio of the conductive agent relative
to the carbon negative active material may be about 0.005%
to about 1.5%.

[0018] The negative electrode may have a single surface
loading level (I/L) of about 6 mg/cm? to about 65 mg/cm?2.
[0019] The I, may be a sum of peak intensities at 26 =42.4
+0.2 °,43.4+0.2 °, 44.6+0.2 °, and 77.5+0.2 ° measured by
XRD using a CuKa ray, and the I,,,,; may be a sum of peak
intensities at 20=26.5+0.2 °, 42.4+0.2 °, 43.4+£0.2 °, 44.6
+02 °, 54.740.2 °, and 77.5+0.2 ° measured by XRD
using a CuKa ray.

[0020] The peak intensities may be peak integral area
values.

[0021] The negative electrode may have a peak intensity
ratio at a (004) plane relative to a (002) plane of about 0.04
or greater when XRD is measured by using a CuKa ray.
[0022] The negative electrode may have a peak intensity
ratio at a (004) plane relative to a (002) plane of about 0.04
to about 0.07 when XRD is measured by using a CuKa ray.
[0023] The carbon negative active material may be artifi-
cial graphite or a mixture of artificial graphite and natural
graphite.

[0024] The negative active material layer may further
include a Si negative active material, a Sn negative active
material, a lithium vanadium oxide, or a combination
thereof.

[0025] The negative electrode may have an active region
facing a positive electrode and an inactive region not facing
the positive electrode, and a DD value of the inactive region
may be about 24 or greater.

[0026] The embodiments may be realized by providing a
rechargeable lithium battery including the negative elec-
trode according to an embodiment; a positive electrode;
and an electrolyte.

[0027] The rechargeable lithium battery may be a high
power battery.

>

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Features will be apparent to those of skill in the art
by describing in detail exemplary embodiments with refer-
ence to the attached drawings in which:
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[0029] FIG. 1 illustrates a schematic view showing orien-
tations of negative active materials.

[0030] FIG. 2 illustrates a view showing active and inac-
tive regions of a negative electrode of a rechargeable lithium
battery.

[0031] FIG. 3 illustrates a schematic view showing the
structure of a rechargeable lithium battery.

[0032] FIG. 4 illustrates a graph showing XRD peaks of
the negative electrode according to Example 1-1 measured
using a CuKa ray.

[0033] FIG. 5 illustrates a graph showing XRD peaks of
the negative electrode according to Comparative Example
1-1 measured using a CuKa ray.

[0034] FIG. 6 illustrates a graph showing DC internal
resistance (DC-IR) of rechargeable lithium battery cells
according to Example 1-1, Example 1-2, Example 1-3,
Comparative Example 1-1, Comparative Example 1-2, and
Reference Example 1.

[0035] FIG. 7 illustrates a graph showing high-rate cycle-
life maintenance rate of the rechargeable lithium battery
cells manufactured according to Example 1-1, Comparative
Example 1-1, and Reference Example 1.

DETAILED DESCRIPTION

[0036] Example embodiments will now be described more
fully hereinafter with reference to the accompanying draw-
ings; however, they may be embodied in different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully
convey exemplary implementations to those skilled in the
art.

[0037] In the drawing figures, the dimensions of layers
and regions may be exaggerated for clarity of illustration.
It will also be understood that when a layer or element is
referred to as being “on” another layer or element, it can
be directly on the other layer or element, or intervening
layers may also be present. In addition, it will also be under-
stood that when an element is referred to as being “between”
two elements, it can be the only element between the two
elements, or one or more intervening elements may also be
present. Like reference numerals refer to like elements
throughout.

[0038] A negative electrode for a rechargeable lithium
battery according to an embodiment may include a current
collector and a negative active material layer on the current
collector and including a carbon negative active material
and a conductive agent. The conductive agent may include,
e.g., a fiber-shaped conductive agent having an average
length of about 1 pm to about 200 um or a particle-shaped
conductive agent having an average size (long diameter or
maximum dimension) of about 1 pm to about 20 um. A DD
(Degree of Divergence) value of the negative electrode, as
defined by Equation 1, may be about 24 or greater.

[Equation 1]
DD (Degree of Divergence ) = (Ia Jiotal ) *100

[0039] In Equation 1,
[0040] I, is a sum of peak intensities at non-planar
angles measured by XRD using a CuKa ray, and
[0041] 1, is a sum of peak intensities at all angles
measured by XRD using a CuKa ray.
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[0042] In an implementation, the non-planar angles denote
20 = 42.4+0.2°, 43.440.2°, 44.6+0.2°, and 77.5+0.2° when
measured by XRD using a CuKa ray, that is, a (100) plane, a
(10DR plane, a (101)H plane, and a (110) plane. In general,
graphite has a structure classified into a hexagonal structure
and a thombohedral structure having an ABAB type stack-
ing sequence of stacking graphene layers, and the R plane
denotes the rhombohedral structure, while the H plane
denotes the hexagonal structure.

[0043] In an implementation, all the angles denote 26 =
26.5+0.2 °, 42.4+0.2 °, 43.440.2 °, 44.620.2 °, 54.7+02 °,
and 77.5+0.2 © when measured by XRD using a CuKa ray,
that is, a (002) plane, a (100) plane, a (101)R plane, a (101)H
plane, a (004) plane, and a (110) plane. In an implementa-
tion, a peak at 20 = 43.4+0.2 ° may appear when a peak of a
(I0DR plane of a carbon negative active material is over-
lapped with another peak of a (111) plane of a current col-
lector, for example, Cu.

[0044] In an implementation, peak intensity indicates a
height of a peak or an integral area of the peak. In an imple-
mentation, the peak intensity indicates the integral area of a
peak.

[0045] In an implementation, the XRD is measured under
a measurement condition of 26 = 10° to 80 °, a scan rate
(°/S) of 0.044 to 0.089, and a step size (°/step) of 0.013 to
0.039 by using a CuKa ray as a target ray but removing a
monochromator to improve a peak intensity resolution.
[0046] In an implementation, the DD value of the negative
electrode may be about 24 or greater, for example about 24
to about 70 or about 24 to about 60.

[0047] The DD value within the above ranges means that
the negative active material is not sufficiently or completely
laid horizontally within the current collector but may be suf-
ficiently oriented to facilitate movement of Li ions in the
negative electrode, e.g., control of random orientation.
Maintaining the DD value at 24 or greater may help prevent
an increase in the DC internal resistance, thereby preventing
a deterioration in rate capability, particularly high-rate
cycle-life characteristics.

[0048] In an implementation, within the ranges of the DD
value, it is possible to suppress an increase in resistance at
the discharge end, to minimize a DC internal resistance
(DC-IR), and to exhibit improved cycle life characteristics.
In addition, electrode expansion may be suppressed during
charge and discharge to improve energy density.

[0049] In addition, within the ranges of the DD value, it
means that the carbon negative active material is oriented at
a specific angle with respect to the current collector, and
heat generated during charge and discharge of the battery
using the negative electrode including the carbon negative
active material and heat generated by short-circuiting during
penetration or collision may be vertically diffused and may
be easily released outside. This may help suppress ignition
caused by thermal runaway and may help suppress an inter-
nal temperature increase of the battery, and thus battery
characteristics may be improved. If the DD value were to
be less than 24, it indicates that the carbon negative active
material is arranged substantially horizontally in the current
collector. In this case, generated heat is horizontally dif-
fused, so that it is not easily released outside.

[0050] The DD value of the negative electrode within the
ranges means that a negative active material included in a
negative active material layer is oriented at a predetermined
angle, and this DD value is maintained after charges and
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discharges. In general, in order to orient a negative active
material included in a negative active material layer at a
predetermined angle, a magnetic field may be applied,
while a negative active material composition is coated on a
current collector.

[0051] In an implementation, the negative electrode satis-
fying the DD value may be manufactured by adjusting an
intensity of the magnetic field, a time of exposure to the
magnetic field, or an electrode plate density during compres-
sion of the negative electrode.

[0052] Hereinafter, a method of manufacturing the nega-
tive electrode is described. As shown in FIG. 1, the negative
electrode is manufactured by placing a current collector on
and/or under a magnet, and then applying a negative active
material composition including a negative active material on
a current collector, exposing it to a magnetic field, and then
drying and compressing.

[0053] In an implementation, the magnet may have an
intensity of a magnetic field in a range of about
1,000 Gauss to about 10,000 Gauss. In an implementation,
the negative active material composition is coated on the
current collector and maintained for about 2 seconds to
about 9 seconds, e.g., may be exposed to the magnetic
field for about 2 seconds to about 9 seconds. After the com-
pressing, an electrode plate density of the negative electrode
may be about 1.4 g/cc to about 1.6 g/cc. As used herein, the
electrode plate density refers to a density calculated by
dividing a loading amount of a measured electrode plate
by a thickness of the electrode plate during compression.
As described above, the DD value may be adjusted within
the ranges by controlling an intensity of the magnetic field, a
time of exposure to the magnetic field, or an electrode plate
density during compression of the negative electrode.
[0054] For example, when the coating process is per-
formed while the current collector is moved, the magnetic
field (magnetic flux) by the magnet may be formed verti-
cally with the current collector, but since the magnetic
field according to a coating speed (a speed of moving the
current collector) is formed at a predetermined angle as a
vector function, the negative active material included in
the negative active material composition may stand, e.g.,
may be oriented at the predetermined angle on the surface
of the current collector.

[0055] The negative electrode may have a peak intensity
ratio at a (004) plane relative to a (002) plane, that is, Ioo4y/
Loo2) of about 0.04 or greater, e.g., about 0.04 to about 0.07
when XRD is measured by using a CuKa ray. When the
negative electrode has ILipo4)/Ii002) 0f about 0.04 or greater,
DC internal resistance may not be increased, but rate cap-
abilities and particularly, high rate capability may be
improved, and cycle-life characteristics may also be
improved.

[0056] In an implementation, the negative electrode may
have a peak intensity ratio at a (110) plane relative to a (004)
plane, that is, I¢110)/I(004) of about 0.3 or greater, about 0.1 or
greater, about 0.2 or greater, about 0.3 or greater, and/or less
about 0.8 and about 0.7 or less when XRD is measured by
using a CuKo ray. When the negative electrode has I(10y/
Ligoay of about 0.1 or greater, DC internal resistance may
not be increased and rate capabilities and particularly, high
rate cycle-life characteristics may be improved. In an imple-
mentation, since the DD value is a peak value at a non-plane
angle relative to a peak value at all the angles and thus not
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interlocked with I(110y/I(004), the I10y/I004y Of about 0.1 or
greater does not mean the DD value of about 24 or greater.
[0057] The negative electrode may have a peak intensity
ratio, that is I101ya/li004y Of (101)H plane relative to (004)
plane of about 0.4 or greater, e.g., about 0.4 to about 3.0
when XRD is measured by using a CuKua ray. When I41)
#1004y 0f the negative electrode is about 0.4 or greater, DC
internal resistance may not be increased and rate capability,
particularly high-rate cycle-life characteristics may be
improved.

[0058] In an implementation, the DD value is a value
obtained by charging/discharging a rechargeable lithium
battery including the negative electrode, dissembling the
battery in a fully discharged state, and then measuring an
XRD of the negative electrode. Herein, the charge and dis-
charge is performed once to twice at 0.1 C to 0.2 C.

[0059] A BET specific surface area of the carbon negative
active material may be less than about 5.0 m2/g, or about
0.6 m2?/g to about 2.0 m2/g. When the BET specific surface
area of the carbon negative active material is less than about
5.0 m?/g, electrochemical cycle-life characteristics of a bat-
tery may be improved. In an implementation, the BET may
be measured by charging and discharging a lithium
rechargeable battery including the carbon negative active
material, completely discharging the battery down to less
than or equal to about 3 V, disassembling the battery to
obtain the negative electrode, cutting the negative electrode
into a predetermined size, and putting the cut negative elec-
trode in a BET sample holder in a nitrogen gas adsorption
method.

[0060] The negative electrode may have a single surface
loading level (I/L) of about 6 mg/cm? to about 65 mg/cm?2.
[0061] The carbon negative active material may be artifi-
cial graphite or a mixture of artificial graphite and natural
graphite. When the carbon negative active material is a crys-
talline carbon material obtained by mixing natural graphite
with artificial graphite or artificial graphite, the crystalline
carbon material may have more developed crystalline char-
acteristics than an amorphous carbon negative active mate-
rial and thus may further improve orientation characteristics
of the carbon negative active material in an electrode plate
about an external magnetic field. The artificial graphite or
natural graphite may be, e.g., non-shaped, sheet-shaped,
flake-shaped, spherically-shaped, fiber-shaped, or a combi-
nation thereof. In an implementation, the artificial graphite
may be mixed with the natural graphite in a ratio of about
5:95 to about 95:5, e.g. about 30:70 to about 70:30.

[0062] In an implementation, the negative active material
layer may further include a Si negative active material, a Sn
negative active material, or a lithium vanadium oxide nega-
tive active material. When the negative active material layer
further includes these materials, e.g., the carbon negative
active material as a first negative active material and the
negative active material as a second negative active mate-
rial, the first and second negative active materials may be
mixed in a weight ratio of about 50:50 to about 99:1.
[0063] The Si negative active material may be Si, a Si-C
composite, SiO, (0 <x <2), and a Si-Q alloy (wherein Q is
an element selected from an alkali metal, an alkaline-earth
metal, a Group 13 element, a Group 14 element, a Group 15
element, a Group 16 element, a transition metal, a rare earth
element, and a combination thereof but not Si), and the Sn
negative active material is selected from Sn, SnO,, a Sn-R
alloy (wherein R is an element selected from an alkali metal,
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an alkaline-earth metal, a Group 13 element, a Group 14
element, a Group 15 element, a Group 16 element, a transi-
tion metal, a rare earth element, and a combination thereof
but not Sn), and the like and also, a mixture of at least one
thereof with SiO,. The elements Q and R may be selected
from Mg, Ca, St, Ba, Ra, Sc, Y, Ti, Zr, Hf, Rf, V, Nb, Ta, Db,
Cr, Mo, W, Sg, Tc, Re, Bh, Fe, Pb, Ru, Os, Hs, Rh, Ir, Pd, Pt,
Cu, Ag, Au, 7n, Cd, B, Al, Ga, Sn, In, Tl, Ge, P, As, Sb, Bi,
S, Se, Te, Po, and a combination thereof.

[0064] The conductive agent may include, e.g., at least
one of a fiber-shaped conductive agent having an average
length of about 1 pum to about 200 um and a particle-shaped
conductive agent having an average size (long diameter) of
about 1 pm to about 20 um. In an implementation, the con-
ductive agent may include, e.g., at least one of a fiber-
shaped conductive agent having an average length of about
5 um to about 50 pum and a particle-shaped conductive agent
having an average size (long diameter) of about 5 um to
about 10 um.

[0065] Examples of the fiber-shaped conductive agent
may include a carbon nanotube, a vapor grown carbon
fiber, a single-walled carbon nanotube (SWCNT), and a
multi-walled carbon nanotube (MWCNT).

[0066] The particle-shaped conductive agent may have a
shape such as a spherical shape, an elliptical shape, a flake
shape, and the like. Examples thereof may include flake gra-
phite such as SFG series (for example, SFG6, SFG10,
SFGI1S5, etc., manufactured by TIMCAL TIMREX).

[0067] In the negative electrode having the DD value of
about 24 or greater, high-rate cycle-life characteristics may
be improved when graphite is oriented (the effect of improv-
ing resistance characteristics of the ion movement according
to the orientation), but the cycle-life may be lowered at low
rates. This may be because of a large electronic resistance
due to influence of a conductive network between particles
at low rates. The conductive agent satisfying the length and/
or the size according to an embodiment may be added to the
negative active material layer in which the negative active
material is oriented, thereby effectively improving a con-
ductive network and improving electrical conductivity of
the electrode plate, and thus a cycle-life maintenance rate
at a low rate as well as high-rate cycle-life characteristics
may be improved.

[0068] A specific surface area based on a surface area of
the conductive agent may be about 4 m2/g to about
1,500 m?/g, e.g., about 50 m2/g to about 1,400 m?/g, or
about 100 m2/g to about 1,400 m2/g.

[0069] The specific surface area refers to a specific surface
area of the conductive agent based on the surface area, and
unlike a conventional BET specific surface area, it refers toa
specific surface area of the (e.g., externally exposed portions
of the) surface not including the surface area of an internal
pore. The specific surface area based on the surface area is a
value calculated based on only the surface area that is actu-
ally in contact (e.g., or exposed). For example, the specific
surface area based on a surface area may be referred to as the
specific external surface area.

[0070] The specific surface area based on a surface area
may be calculated according to Equation 2.

[Equation 2]
Specific surface area based on a surface area = Surface area per one

(e.g., particle of)conductive agent/mass per one (e.g., particle of)

conductive agent
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[0071] In Equation 2, the mass of one conductive agent
may be calculated according to Equation 3.

[Equation 3]
Mass per one conductive agent = volume of one (e.g., particle of)

conductive agent x true density

[0072] In Equation 2, each surface area per one conductive
agent may be calculated assuming that the fiber-shaped con-
ductive agent is a circular cylinder and the particle-shaped
conductive agent is a sphere.

[0073] When the negative active material layer includes a
conductive agent having the specific surface area based on a
surface area of about 4 m2/g to about 1,500 m2%/g, contact
areas between the conductive agent and the negative active
material may be increased and a conductive network may be
effectively improved, and thereby improving electrical con-
ductivity of the electrode plate and cycle-life characteristics
of a rechargeable battery.

[0074] In an implementation, the conductive agent may
have an aspect ratio of about 10 to about 3,000, e.g., about
10 or greater, about 20 or greater, or about 30 or greater and
about 2,600 or less, about 2,500 or less, about 2,400 or less,
or about 2,300 or less. The aspect ratio may be calculated as
a length/a diameter in the case of the fiber-shaped conduc-
tive agent and may be calculated as a major axis length /a
minor axis length in the case of the particle-shaped conduc-
tive agent. When the particle-shaped conductive agent has a
flake shape, the aspect ratio may be calculated as a length/a
thickness in the case of the flake-shaped conductive agent.
[0075] When the negative active material layer includes a
conductive agent satisfying the aspect ratio, an area in con-
tact with the negative active material may be sufficiently
secured, and a conductive network may be effectively
improved, thereby improving electrical conductivity of the
electrode plate and cycle-life characteristics of a recharge-
able battery.

[0076] In an implementation, the conductive agent may
have an area ratio based on a surface area relative to the
carbon negative active material of about 50% to about
300%, e.g., about 55% or greater, about 60% or greater,
about 70% or greater, or about 80% or greater, and about
280% or less, about 270% or less, about 260% or less,
about 250% or less, or about 240% or less. When the area
ratios are satisfied, an area in contact with the negative
active material may be increased, a conductive network
may be effectively improved and thereby improving electri-
cal conductivity of the electrode plate and cycle-life charac-
teristics of a rechargeable battery. For example, an area ratio
of conductive agent to carbon negative active material at the
surface of the negative electrode may be about 1:2 to about
3:1.

[0077] In an implementation, the conductive agent may
have a volume ratio of the conductive agent relative to the
carbon negative active material of about 1.5% or less, e.g.,
about 0.005% or greater, about 0.01% or greater, or about
0.02% or greater and about 1.4% or less, about 1.3% or less,
or about 1.2% or less. When the volume ratios are satisfied,
it is possible to help suppress the clogging of the channel in
the electrode plate due to the conductive agent and to pre-
vent a reduction of ion conductivity.

[0078] In an implementation, the negative active material
layer may further include a binder in addition to the carbon
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negative active material and the conductive agent. In this
case, the negative active material layer may include about
90 wt% to about 98 wt% of the carbon negative active mate-
rial, about 1 wt% to about 5 wt% of the binder, and about
1 wt% to about 5 wt% of the conductive agent.

[0079] The binder improves binding properties of nega-
tive active material particles with one another and with a
current collector. The binder may be a non-aqueous binder,
an aqueous binder, or a combination thereof.

[0080] The non-aqueous binder may include polyvinyl
chloride, carboxylated polyvinyl chloride, polyvinylfluor-
ide, an ethylene oxide-containing polymer, polyvinylpyrro-
lidone, polyurethane, polytetrafluoroethylene, polyvinyli-
dene fluoride, polyethylene, polypropylene,
polyamideimide, polyimide, or a combination thereof.
[0081] The aqueous binder may include a styrene-buta-
diene rubber, an acrylated styrene-butadiene rubber (SBR),
an acrylonitrile-butadiene rubber, an acrylic rubber, butyl
rubber, an ethylenepropylene copolymer, polyepichlorohy-
drine, polyphosphazene, polyacrylonitrile, polystyrene, an
ethylenepropylenediene  copolymer, polyvinylpyridine,
chlorosulfonated polyethylene, latex, polyester resin, an
acrylic resin, a phenolic resin, an epoxy resin, polyvinyl
alcohol, an acrylate resin, or a combination thereof.

[0082] When the aqueous binder is used as a negative
electrode binder, a cellulose compound may be further
used to provide viscosity as a thickener. The cellulose com-
pound may include carboxymethyl cellulose, hydroxypro-
pylmethyl cellulose, methyl cellulose, or alkali metal salts
thereof. The alkali metal may be Na, K, or Li. The thickener
may be included in an amount of about 0.1 to about 3 parts
by weight based on 100 parts by weight of the negative
active material.

[0083] The current collector may include, e.g., a copper
foil, a nickel foil, a stainless steel foil, a titanium foil, a
nickel foam, a copper foam, a polymer substrate coated
with a conductive metal, or a combination thereof.

[0084] According to another embodiment, the negative
electrode may have an active region facing or overlapping
a positive electrode and an inactive region not facing or not
overlapping the positive electrode. For example, as shown
in FIG. 2, a region (A) of the negative electrode facing the
positive electrode is the active region, and another region
(B) of the negative electrode not facing or overlapping the
positive electrode is the inactive region. The reason is that
the inactive region where the negative electrode does not
face the positive electrode is formed, since the negative
electrode is manufactured to be larger than the positive elec-
trode to improve battery safety. However, as the inactive
region is generated, safety regarding a short circuit between
the positive and negative electrodes due to lithium deposi-
tion on the surface of the negative electrode which may
occur during charging may be improved, the inactive region
may have relatively larger resistance of lithium ions than the
active region facing the positive electrode due to a long
moving path of lithium ions transmitted from the positive
electrode and is present as a non-buffering region. However,
the DD value of the inactive region may be increased up to
24, lithium may be easily diffused, and capacity may be
increased due to decrease of the non-buffering region.
[0085] In an implementation, the DD values of the active
region and the inactive region may be about 24 or greater,
e.g., about 24 to about 70. In an implementation, the DD
value of the only inactive region may be about 24 or greater,
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e.g., about 24 to about 60. When the DD value of the only
inactive region is about 24 or greater, the DD value of the
active region may have a suitable value.

[0086] A rechargeable lithium battery according to
another embodiment includes the negative electrode, a posi-
tive electrode, and an electrolyte.

[0087] The rechargeable lithium battery may be a high
power battery. For example, the rechargeable lithium battery
may be usefully applied to an electronic device requiring
high power such as a power tool, an electric vehicle, a
vacuum cleaner, and the like. The reason is that the
rechargeable lithium battery including the negative elec-
trode according to an embodiment may easily release heat
generated during the charge and discharge and particularly,
when applied to a high-capacity battery and an electronic
device for high power and thus may be suppressed from
deterioration due to the heat and effectively used as a high
power battery. In addition, the rechargeable lithium battery
may easily release heat according to the charge and dis-
charge and be effectively suppressed from a battery tem-
perature increase and thus effectively improve cycle-life
characteristics and particularly, cycle-life characteristics at
a high rate.

[0088] This high power battery may be a cylindrical bat-
tery, a prismatic battery, or a pouch-type battery.

[0089] The positive electrode may include a positive cur-
rent collector and a positive active material layer formed on
the positive current collector. The positive active material
may include lithiated intercalation compounds that reversi-
bly intercalate and deintercalate lithium ions. For example,
one or more composite oxides of a metal selected from
cobalt, manganese, nickel, and a combination thereof, and
lithium may be used. For exmaple, the compounds repre-
sented by one of the following chemical formulae may be
used. LiA1XpD; (090 <a<138,0=<b<05); Li,A.
2Xp02..D. (090 <a<18,0<b=<05 0=<c=<005;
LiE1.6Xp02..D: (090 <a <18, 0<b=<05 0=<c<
0.05); Li,E, ;X;0,..D. (090<a<18,0<b=<05,0<c¢
<0.05); Li,Nij_5 .CopX. D, (0.90<a<1.8,0<b<05,0<c
<0.5,0<a<2); Li,Ni; 5. L0, X 0,1, (0.90<a<18,0<
b<05,0=<c=<0.05 0=<a<2); LiNi;5.C0,X.0,,T
090<a=<18,0<b=<050<c=<005 0<a<?2)
LigNij5 MnpX. Dy (090 <a<18,0<b<050<c<
0.05, 0 < 0 £2); Li,Ni; 5 M1 X, 05 ,T, (0.90<a<18,0
<b<0.5,0<c¢<0.05,0<a<2); Li,Nij 5 MnX.0,. 415 (
090<a<18,0<b<050=<c=<0.05 0<a<2); Li,
Ni;E.G;0, (0.90<a<1.8,0<b<09,0<¢=<0.5,0.001<d
<0.1); Li,Ni;CoMn,G, 0, (0.90<a<1.8,0<b=<09,0<c
<0.5,0=<d=<05, 0001 <e=<0.1); Li,NiG,0, (0.90 <a <
1.8,0.001 <b<0.1) Li,CoG;0, (0.90<a<1.8,0.001 <b <
0.1); Li,Mn; ,G0, (0.90 < a <18, 0.001 <b < 0.1);
Li,Mn,G;0, (0.90 <a < 1.8, 0.001 <b < 0.1); Li,Mn;.
2G,PO, (090 <a <138, 0= g<0.5); QO3 QSs; LiQSs;
2); Lig.pFe;(POy4); (0 <1< 2); or Li FePO4 (0.90<a<1.8).
[0090] In the above chemical formulae, A may be selected
from Ni, Co, Mn, and a combination thereof, X may be
selected from Al, Ni, Co, Mn, Cr, Fe, Mg, Sr, V, a rare
earth element, and a combination thereof; D may be selected
from O, F, S, P, and a combination thereof, E may be
selected from Co, Mn, and a combination thereof; T may
be selected from F, S, P, and a combination thereof; G may
be selected from Al, Cr, Mn, Fe, Mg, La, Ce, Sr, V, and a
combination thereof, Q may be selected from Ti, Mo, Mn,
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and a combination thereof; Z may be selected from Cr, V,
Fe, Sc, Y, and a combination thereof; and J may be selected
from V, Cr, Mn, Co, Ni, Cu, and a combination thereof.
[0091] The compounds may have a coating layer on the
surface, or may be mixed with another compound having a
coating layer. The coating layer may include an oxide of a
coating element, a hydroxide of a coating element, an oxy-
hydroxide of a coating element, an oxycarbonate of a coat-
ing element, and a hydroxyl carbonate of a coating element.
The compound for the coating layer may be amorphous or
crystalline. The coating element included in the coating
layer may include Mg, Al, Co, K, Na, Ca, Si, Ti, V, Sn,
Ge, Ga, B, As, Zr, or a mixture thereof. The coating layer
may be disposed in a method having no adverse influence on
properties of a positive active material by using these ele-
ments in the compound. For example, the method may
include any coating method, which is known in the related
field of the present invention and may be appropriately
selected so long as they do not deviate from the scope of
the present invention.

[0092] In the positive electrode, a content of the positive
active material may be about 90 wt% to about 98 wt% based
on a total weight of the positive active material layer.
[0093] In an implementation, the positive active material
layer may further include a binder and a conductive agent.
Herein, the binder and the conductive agent may be included
in an amount of about 1 wt% to about 5 wt%, respectively
based on the total amount of the positive active material
layer.

[0094] The binder improves binding properties of positive
active material particles with one another and with a current
collector. Examples thereof may include polyvinyl alcohol,
carboxymethyl cellulose, hydroxypropyl cellulose, diacetyl
cellulose, polyvinylchloride, carboxylated polyvinylchlor-
ide, polyvinylfluoride, an ethylene oxide-containing poly-
mer, polyvinylpyrrolidone, polyurethane, polytetrafluor-
octhylene,  polyvinylidene  fluoride,  polyethylene,
polypropylene, a styrene butadiene rubber, an acrylated
styrene butadiene rubber, an epoxy resin, nylon, and the
like.

[0095] The conductive agent may be included to provide
electrode conductivity. Any electrically conductive agent
may be used as a conductive material unless it causes a che-
mical change. Examples of the conductive agent include a
carbon material such as natural graphite, artificial graphite,
carbon black, acetylene black, ketjen black, a carbon fiber
and the like; a metal material of a metal powder or a metal
fiber including copper, nickel, aluminum, silver, and the
like; a conductive polymer such as a polyphenylene deriva-
tive; or a mixture thereof.

[0096] In an implementation, the current collector may
use, e.g., AL

[0097] The electrolyte includes a non-aqueous organic
solvent and a lithium salt.

[0098] The non-aqueous organic solvent serves as a med-
ium for transmitting ions taking part in the electrochemical
reaction of a battery.

[0099] The non-aqueous organic solvent may include a
carbonate, ester, ether, ketone, alcohol, or aprotic solvent.
[0100] The carbonate solvent may include dimethyl carbo-
nate (DMC), diethyl carbonate (DEC), dipropyl carbonate
(DPC), methylpropyl carbonate (MPC), ethylpropyl carbo-
nate (EPC), methylethyl carbonate (MEC), ethylene carbo-
nate (EC), propylene carbonate (PC), butylene carbonate
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(BC), and the like. The ester solvent may include methyl
acetate, ethyl acetate, n-propyl acetate, dimethylacetate,
methylpropionate, ethylpropionate, decanolide, mevalono-
lactone, caprolactone, and the like. The ether solvent may
include dibutyl ether, tetraglyme, diglyme, dimethox-
yethane, 2-methyltetrahydrofuran, tetrahydrofuran, and the
like. The ketone solvent includes cyclohexanone, and the
like. The alcohol solvent include ethyl alcohol, isopropyl
alcohol, and the like, and examples of the aprotic solvent
include nitriles such as R-CN (where R is a C2 to C20 linear,
branched, or cyclic hydrocarbon, a double bond, an aromatic
ring, or an ether bond), amides such as dimethylformamide,
dioxolanes such as 1,3-dioxolane, sulfolanes, and the like.
[0101] The organic solvent may be used alone or in com-
bination of two or more. When a plurality of organic sol-
vents are used, a mixing ratio may be appropriately adjusted
according to performance of a desired battery, which is well
known in the technical field of the present invention.
[0102] The carbonate solvent may include a mixture with
a cyclic carbonate and a chain carbonate. The cyclic carbo-
nate and chain carbonate may be mixed together in a volume
ratio of about 1:1 to about 1:9. When the mixture is used as
an electrolyte, it may have enhanced performance.

[0103] The organic solvent may further include an aro-
matic hydrocarbon solvent as well as the carbonate solvent.
The carbonate solvent and aromatic hydrocarbon solvent
may be mixed together in a volume ratio of about 1:1 to
about 30:1.

[0104] The aromatic hydrocarbon organic solvent may be
an aromatic hydrocarbon compound represented by Chemi-
cal Formula 1.

R, [Chemical Formula 1]
R R,

R,

[0105] In Chemical Formula 1, Ry to R4 are the same or
different and are selected from hydrogen, a halogen, a C1 to
C10 alkyl group, a haloalkyl group, and a combination
thereof.

[0106] Examples of the aromatic hydrocarbon organic sol-
vent may include benzene, fluorobenzene, 1,2-difluoroben-
zene, 1,3-difluorobenzene, 1,4-difluorobenzene, 1,2,3-tri-
fluorobenzene, 1,2 4-trifluorobenzene, chlorobenzene, 1,2-
dichlorobenzene, 1,3-dichlorobenzene, 1,4-dichloroben-
zene, 1,2 3-trichlorobenzene, 1,2 4-trichlorobenzene, iodo-
benzene, 1,2-diiodobenzene, 1,3-diiodobenzene, 1,4-diiodo-
benzene, 1,2,3-triiodobenzene, 1,2.4-triiodobenzene,
toluene, fluorotoluene, 2,3-difluorotoluene, 2,4-difluoroto-
luene, 2,5-difluorotoluene, 2,3,4-trifluorotoluene, 2,3,5-tri-
fluorotoluene, chlorotoluene, 2,3-dichlorotoluene, 2.4-
dichlorotoluene,  2,5-dichlorotoluene, 2,3,4-trichloroto-
luene, 2,3,5-trichlorotoluene, iodotoluene, 2,3-diiodoto-
luene, 2,4-diiodotoluene, 2,5-diiodotoluene, 2,3 ,4-triiodoto-
luene, 2,3,5-triiodotoluene, xylene, and a combination
thereof.

[0107] The electrolyte may further include an additive of
vinylene carbonate, an ethylene carbonate compound repre-
sented by Chemical Formula 2, or propanesultone to
improve a cycle life.



US 2023/0352651 Al

O [Chemical Formula 2]

o o
8 Ry

[0108] In Chemical Formula 2, R; and Rg are the same or
different and may be each independently hydrogen, a halo-
gen, a cyano group (CN), a nitro group (NO,), or a C1 to C5
fluoroalkyl group, provided that at least one of R; and Rg is
a halogen, a cyano group (CN), a nitro group (NO,), or a C1
to C5 fluoroalkyl group, and R; and Rg are not simulta-
neously hydrogen.

[0109] Examples of the ethylene carbonate compound
may include difluoro ethylenecarbonate, chloroethylene car-
bonate, dichloroethylene carbonate, bromoethylene carbo-
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bly including a positive electrode 2; a negative electrode 4;
and a separator 3 disposed between the positive electrode 2
and the negative electrode 4; an electrolyte solution (not
shown) impregnated in the electrode assembly; a battery
case 5 housing the electrode assembly; and a sealing mem-
ber 6 sealing the battery case 5.

[0114] The following Examples and Comparative Exam-
ples are provided in order to highlight characteristics of one
or more embodiments, but it will be understood that the
Examples and Comparative Examples are not to be con-
strued as limiting the scope of the embodiments, nor are
the Comparative Examples to be construed as being outside
the scope of the embodiments. Further, it will be understood
that the embodiments are not limited to the particular details
described in the Examples and Comparative Examples.
[0115] Conductive agents used in Examples, Comparative
Examples, and Reference Examples are shown in Table 1.

TABLE 1

Types of conductive

Specific surface Surface area ratio

agent Length (um) area (m?/g) Aspect ratio (%) Volume ratio (%)
SWCNT 5 1,333.60.00 2,500 257 % 0.02%
MWCNT 5 133.36 250 103 % 0.06%
SFG6 5 421 10 78 % 1.16%
DB 0.035 89.87 1 349 % 0.26%

nate, dibromoethylene carbonate, nitroethylene carbonate,
cyanoethylene carbonate, or fluoroethylene carbonate. The
amount of the additive for improving cycle life may be flex-
ibly used within an appropriate range.

[0110] The lithium salt dissolved in an organic solvent
supplies a battery with lithium ions, basically operates the
rechargeable lithium battery, and improves transportation of
the lithium ions between positive and negative electrodes.
Examples of the lithium salt may include LiPFg, LiBF,,
LiSbFs, LiAsFs, LiN(SO,C,Fs);,  Li(CF5SO,),N,
LiN(SOsC,Fs),, LiC4FgSO;, LiClO,, LiAlO,, LiAlCl,,
LiN(C,F2,4180,)(C,F2,1180,) (where x and y are natural
numbers, for example integers of 1 to 20), LiCl, Lil, and
LiB(C,0,), (lithium bis(oxalato) borate; LiBOB). A con-
centration of the lithium salt may range from about 0.1 M
to about 2.0 M. When the lithium salt is included at the
above concentration range, an electrolyte may have excel-
lent performance and lithium ion mobility due to optimal
electrolyte conductivity and viscosity.

[0111] A separator may be included between the positive
electrode and the negative electrode depending on types of
the rechargeable lithium battery. Examples of a suitable
separator material include polyethylene, polypropylene,
polyvinylidene fluoride, and multi-layers thereof such as a
polyethylene/polypropylene double-layered separator, a
polyethylene/polypropylene/polyethylene triple-layered
separator, and a polypropylene/polyethylene/polypropylene
triple-layered separator.

[0112] FIG. 3 illustrates an exploded perspective view of a
rechargeable lithium battery according to an embodiment.
The rechargeable lithium battery shown in FIG. 3 is a
cylindrical battery. In an implementation, the rechargeable
lithium battery may be a prismatic battery or a pouch
battery.

[0113] Referring to FIG. 3, a rechargeable lithium battery
1 according to an embodiment includes an electrode assem-

Example 1-1

[0116] 97.45 wt% of artificial graphite, 1.5 wt% of styrene
butadiene rubber, 0.05 wt% of an SWCNT conductive agent
of Table 1, and 1 wt% of carboxymethyl cellulose were
mixed in water to prepare negative active material slurry.
[0117] After disposing a Cu foil on a magnet having an
intensity of a magnetic field of 3,000 Gauss, the negative
active material slurry was coated on the Cu foil, exposed
to the magnetic field for 9 seconds, while the Cu foil was
being moved, and then, dried and compressed to manufac-
ture a negative electrode having electrode plate density of
1.45 g/cc and a single surface loading level (L/L) of 6.2 mg/
cm2.

[0118] A positive active material slurry was prepared by
mixing 96 wt% of a LiCoO, positive active material, 2 wt%
of a carbon black conductive agent, and 2 wt% of a polyvi-
nylidene fluoride binder in an N-methylpyrrolidone solvent.
The slurry was coated on an Al substrate and then, dried and
compressed to manufacture a positive electrode.

[0119] The negative electrode, the positive electrode, and
an electrolyte were used to manufacture a pouch-type
rechargeable lithium battery cell having cell capacity of
550 mAh and current density of 2.63 mAh/cm?2. Herein,
the electrolyte was prepared as a 1 M LiPF; solution in a
mixed solvent of ethylene carbonate and diethyl carbonate
(volume ratio of 50:50).

Example 1-2

[0120] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-1 except that 97.3 wt%
of artificial graphite, 1.5 wt% of styrene butadiene rubber,
0.2 wt% of an MWCNT conductive agent shown in Table 1,
and 1 wt% of carboxymethyl cellulose were mixed in water.
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Example 1-3

[0121] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-1 except that 92.9 wt%
of artificial graphite, 1.5 wt% of styrene butadiene rubber,
4.6 wt% of an SFG6 conductive agent (TIMCAL TIMREXx)
shown in Table 1, and 1 wt% of carboxymethyl cellulose
were mixed in water.

Example 2-1

[0122] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-1 except that the electrode
plate density was 1.4 g/cc.

Example 2-2

[0123] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-2 except that the electrode
plate density was 1.4 g/cc.

Example 2-3

[0124] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-3 except that the electrode
plate density was 1.4 g/cc.

Example 3-1

[0125] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-1 except that the electrode
plate density was 1.6 g/cc.

Example 3-2

[0126] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-2 except that the electrode
plate density was 1.6 g/cc.

Example 3-3

[0127] A negative electrode and a rechargeable lithium
battery cell using the same were manufactured according
to the same method as Example 1-3 except that the electrode
plate density was 1.6 g/cc.

Example 4-1

[0128] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Example 1-1 except that
the exposure time to the magnetic field was changed from
9 seconds to 5 seconds.

Example 4-2

[0129] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Example 1-2 except that
the exposure time to the magnetic field was changed from
9 seconds to 5 seconds.
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Example 4-3

[0130] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Example 1-3 except that
the exposure time to the magnetic field was changed from
9 seconds to 5 seconds.

Comparative Example 1-1

[0131] A negative active material slurry was prepared by
mixing 96.5 wt% of artificial graphite, 1.5 wt% of styrene
butadiene rubber, 1 wt% of a DB conductive agent Denka
Black, manufactured by Denka korea) shown in Table 1, and
1 wt% of carboxymethyl cellulose in water.

[0132] The negative active material slurry was coated on a
Cu foil and then, dried and compressed to manufacture a
negative electrode having electrode plate density of 1.45 g/
cc and a single surface loading level (L/L) of 6.2 mg/cm?.
[0133] The negative electrode was used along with the
positive electrode and the electrolyte used in Example 1-1
to manufacture a pouch-type rechargeable lithium battery
cell.

Comparative Example 1-2

[0134] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Comparative Example 1-1
except that 97.45 wt% of artificial graphite, 1.5 wt% of styr-
ene butadiene rubber, 0.05 wt% of an SWCNT conductive
agent shown in Table 1, and 1 wt% of carboxymethyl cellu-
lose were mixed in water.

Comparative Example 2

[0135] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Example 1-1 except that
the negative active material slurry was prepared by mixing
97.5 wt% of artificial graphite, 1.5 wt% of styrene butadiene
rubber, and 1 wt% of carboxymethyl cellulose in water, and
the exposure time to the magnetic field was changed from
9 seconds to 2 seconds.

Comparative Example 3

[0136] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Comparative Example 2
except that the exposure time to the magnetic field was
changed from 2 seconds to 4 seconds, and the electrode
plate density was 1.79 g/cc.

Reference Example 1

[0137] A negative electrode and a pouch-type recharge-
able lithium battery cell using the same were manufactured
according to the same method as Example 1-1 except that
96.5 wt% of artificial graphite, 1.5 wt% of styrene butadiene
rubber, 1 wt% of a DB conductive agent shown in Table 1,
and 1 wt% of carboxymethyl cellulose were mixed in water.
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Measurement of X-Ray Diffraction Characteristics

[0138] The rechargeable lithium battery cells according to
Examples 1-1, 2-1, 3-1, and 4-1 and Comparative Examples
1-1, 2, and 3 were twice charged and discharged at 0.1 C and
then completely discharged down to 2.75 V at 0.1 C. The
completely-discharged battery cells were disassembled to
obtain negative electrodes. As for these negative electrodes,
an X'Pert (PANalytical B.V.) XRD equipment using a CuKa
ray as a target ray was used, and a monochromator was
removed in order to improve a peak intensity resolution.
Herein, the measurement was performed under a condition
of 26 = 10° to 80°, a scan rate (°/S) = 0.06436, and a step
size of 0.026°/step.

[0139] The measured XRD results are shown in FIG. 4
(Example 1-1) and FIG. § (Comparative Example 1-1). As
shown in FIGS. 4 and 5, the negative electrode of Compara-
tive Example 1-1 showed a higher peak at 20 = 26.5+0.2°
than the negative electrode of Example 1-1. In addition, as
shown in FIGS. 4 and §, the negative electrodes of Example
1-1 and Comparative Example 1-1 showed peaks at 26 =
26.5£0.2° ((002) plane), 42.4+02° ((100) plane), 43.4
+0.2 ° ((10D)R plane), 44.6£0.2 ° ((101)H plane), 54.7
+0.2° ((004) plane), and 77.5+0.2 ° ((110) plane).

[0140] As shown in FIG. 4 and FIG. §, the areas of the
peaks shown at 20 = 26.5+0.2° ((002) plane), 42.4+0.2°
((100) plane), 43.4+£0.2° ((101)R plane), 44.6+0.2° ((101)
H plane), 54.7+0.2° ((004) plane), and 77.5£0.2° ((110)
plane) were measured, and the results are shown in Table
2. In addition, the area sum of peaks shown at 26= 42.4
+0.2° ((100) plane), 43.4£0.2° ((101)R plane), 44.6+£0.2°
((10DH plane), 77.5£0.2° ((110) plane) as I, the area sum
of peaks shown at 20=26.5£0.2°((002) plane), 42.4
+0.2°((100) plane), 43.4+02°((101)R plane), 44.6
+0.2°((101)H plane), 54.7£0.2°((004) plane), and 77.5
+0.2°((110) plane) as I,,,,; are shown in Table 2, and DD
values ((I/1;,:7)*100) were calculated therefrom and are
shown in Table 2. Furthermore, Ioo4y/Ii002), Li110/ 004y, and
Liio1ya/loosy were calculated and are shown in Table 2. In
particular, peaks corresponding to the (101)R plane of gra-
phite and the (111) plane of a Cu current collector at 43.4
+0.2° were overlapped.

TABLE 2
Peak plane Peak area
26 (peak index) Comparative Example 1-1  Example 1-1

26.5+0.2° 002) 213953.00 48241.35
42.440.2° (100) 444.15 884.48
43.440.2° (101R) 38786.60 37534.77
44.6+0.2° (101H) 1143.22 3961.18
54.7+£0.2° (004) 6737.48 213552
77.5£0.2° (110) 317.47 830.47
Liotar 261381.90 93587.77
L 40691.41 43210.90
DD 15.60 46.20
LooayTiooz) 0.03 0.04

L1101 004y 0.047 0.389

TaonaTwosy 0.169 1.855

[0141] XRD of the rechargeable lithium battery cells
according to Examples 2-1, 3-1, and 4-1 and Comparative
Examples 2 and 3 were measured according to the same
method as those of Examples 1-1 and Comparative Example
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1-1 and used to calculate a DD value, IpoayIi002). La1oy
Lwoay, and I101y2/1(004), and the results are shown in Table
3. The DD Value, 1(004)/1(002), 1(110)/1(004), and I(lOl)H/I(004) of
the rechargeable lithium battery cells of Example 1-1 and
Comparative Example 1-1 also are shown in Table 3 for
comparison with the above results.

TABLE 3
ooy Ta1yT Taona'l
DD value (002) (004) (004)

Example 1-1 46.20 0.04 0.389 1.855
Example 2-1 52 0.041 0.6 2.76
Example 3-1 40 0.058 0.387 1.99
Example 4-1 24.6 0.0459  0.144 0.425
Comparative Example 1-1 15.60 0.03 0.047 0.169
Comparative Example 2 20.8 0.051 0.08 0.21
Comparative Example 3 23.0 0.025 0.122 0.085

[0142] Referring to Table 3, the negative electrodes
according to Examples 1-1, 2-1, 3-1, and 4-1 satisfied a
DD value of 24 or greater (24.6 to 52), Lioo4y/Ii002) of 0.04
or greatet, I110y/I(ooay of 0.1 or greater, and Io1y2/1(004) OF
0.4 or greater. In addition, the negative electrode of Com-
parative Example 3 showed a DD value of 23 which is less
than 24 but I119y/Ii04) 0f 0.122 which is 0.1 or greater, and
accordingly, the DD value and the I(1,0y/T(004) Were not inter-
locked each other.

Measurement of Direct Current Internal Resistance (DC-IR)

[0143] The rechargeable lithium battery cells according to
Examples 1-1, 1-2, and 1-3, Comparative Examples 1-1 and
1-2, and Reference Example 1 were evaluated undera 0.1 C
charge and discharge condition, and their discharge capaci-
ties were first measured and regarded as a 1 C reference.

[0144] After measuring discharge capacity, the battery
cells were constant current/constant voltage charged under
a 0.7 C, 425V, and 0.025 C cut-off condition and then,
constant current discharged under a 0.1 C and 2.8 V cut-
off condition. Herein, DC internal resistance (DC-IR) was
calculated by measuring a voltage drop (V) generated when
a current was made to flow at 1 C for 1 second under an SOC
condition such as SOC70 (a state that a battery cell was
charged to have charge capacity of 70 % based on 100 %
of the entire charge capacity of the battery cell and in terms
of a discharge state, the state that the battery cell was 30 %
discharged), SOC20 (a state that a battery cell was charged
to have charge capacity of 20 % based on 100 % of the entire
charge capacity of the battery cell and in terms of a dis-
charge state, the state that the battery cell was 80 % dis-
charged), and SOC10 (a state that a battery cell was charged
to have charge capacity of 10 % based on 100 % of the entire
charge capacity of the battery cell and in terms of a dis-
charge state, the state that the battery cell was 90 % dis-
charged). The results of Examples 1-1, 1-2, and 1-3, Com-
parative Examples 1-1 and 1-2, and Reference Example 1
are respectively shown in FIG. 6. As shown in FIG. 6, the
rechargeable lithium battery cells of Examples 1-1, 1-2, and
1-3 having a DD value of 24 or greater and using a conduc-
tive agent having an average length of 1 um or greater main-
tained DC internal resistance in a range of 1.2 (mQ2-m?2) to
1.3 (mQ-m?2). On the contrary, that of Reference Example 1
having a DD value of 24 or greater and using a conductive
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agent having an average length of less than 1 um had a DC
internal resistance in a range of 1.3 (mQ-m2) to 1.35
(mQ-m2), that of Comparative Example 1-2 having a DD
value of less than 24 and using a conductive agent having
an average length of 1 pm or greater had a DC internal resis-
tance of 1.4 or greater (m€)-m?2), and that of Comparative
Example 1-1 having a DD value of less than 24 and using
a conductive agent having a length of less than 1 um had a
DC internal resistance of 1.6 or greater (mQ)-m?2).

Evaluation of Cycle-Life Characteristics

[0145] The rechargeable lithium battery cells according to
Examples, Comparative Examples, and Reference Exam-
ples were constant current/constant voltage charged under
a 1.8 C, 425V, and 0.025 C cut-off condition, paused for
10 minutes, constant current discharged under a 1.0 C and
3.0 V cut-off condition, and paused again for 10 minutes,
which is considered as one charge and discharge cycle,
and herein, 200 charge and discharge cycles in total were
performed. Subsequently, capacity retentions depending on
these charge and discharge cycles were obtained by calcu-
lating a ratio of discharge capacity at each cycle relative to
discharge capacity at the 157 cycle, and the results of Exam-
ple 1-1, Comparative Example 1-1, and Reference Example
1 are shown in FIG. 7. As shown in FIG. 7, the rechargeable
lithium battery cell of Example 1-1 having a DD value of 24
to 60 maintained a capacity retention of 84% or greater even
at the 2007 cycle, but the rechargeable lithium battery cell
of Reference Example 1 having a DD value of 24 to 60 (the
same as the DD value of Example 1-1) and using a conduc-
tive agent having an average length of less than 1 pm main-
tained a capacity retention of less than or equal to 82% at the
2007 cycle, and the rechargeable lithium battery cell of
Comparative Example 1-1 having a DD value of less than
24 and using a conductive agent having an average length of
less than 1 pm showed a sharply decreased capacity reten-
tion of less than 65% at the 2007 cycle.

[0146] By way of summation and review, negative active
materials may include various carbon materials such as arti-
ficial graphite, natural graphite, hard carbon, and the like.
Recently, a non-carbon negative active material such as sili-
con or tin has been considered in order to obtain high
capacity.

[0147] One or more embodiments may provide a negative
electrode for a rechargeable lithium battery having
improved electrochemical characteristics.

[0148] A negative electrode for a rechargeable lithium
battery according to an embodiment may provide a
rechargeable lithium battery having improved battery
characteristics.

<Description of Symbols>

[0149] 1: rechargeable lithium battery

[0150] 2: positive electrode

[0151] 3: separator

[0152] 4: negative electrode

[0153] 5: battery case

[0154] 6: sealing member

[0155] Example embodiments have been disclosed herein,

and although specific terms are employed, they are used and
are to be interpreted in a generic and descriptive sense only
and not for purpose of limitation. In some instances, as
would be apparent to one of ordinary skill in the art as of
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the filing of the present application, features, characteristics,
and/or elements described in connection with a particular
embodiment may be used singly or in combination with fea-
tures, characteristics, and/or elements described in connec-
tion with other embodiments unless otherwise specifically
indicated. Accordingly, it will be understood by those of
skill in the art that various changes in form and details
may be made without departing from the spirit and scope
of the present invention as set forth in the following claims.

What is claimed is:
1. A negative electrode for a battery, the negative electrode
comprising:
a current collector; and
anegative active material layer on at least one surface of the
current collector, the negative active material layer
including a negative active material and a conductive
agent, wherein:
the negative active material includes a carbon negative
active material and a SiC composite negative active
material,
the conductive agent includes a fiber-shaped conductive
agent having a length of about 1 pm to about 200 um,
a DD (Degree of Divergence) value defined by Equation
1 is about 24 or greater:

DD (Degree of Divergence] = [I 1 ] m [Equation 1]

a4 total

in Equation 1,
I, is a sum of peak intensities at non-planar angles
measured by XRD using a CuKa ray, and
L0 18 @ sum of peak intensity at all angles measured
by XRD using a CuKa ray.

2. The negative electrode for a battery as claimed in claim 1,
wherein the negative electrode has a DD value of about 24 to
about 70.

3. The negative electrode for a battery as claimed in claim 1,
wherein the fiber-shaped conductive agent has a length of
about 5 um to about 50 pm.

4. The negative electrode for a battery as claimed in claim 1,
wherein the conductive agent has a specific external surface
area of about 4 m2/g to about 1,500 m2/g.

5. The negative electrode for a battery as claimed in claim 1,
wherein the conductive agenthas an aspectratio of about 10 to
about 3,000.

6. The negative electrode for a battery as claimed in claim 1,
wherein the fiber-shaped conductive agent includes a carbon
nanotube, a vapor grown carbon fiber, a single-walled carbon
nanotube, or a multi-walled carbon nanotube.

7. The negative electrode for a battery as claimed in claim 1,
wherein the negative electrode has a single surface loading
level (/L) of about 6 mg/cm? to about 65 mg/cm?2.

8. The negative electrode for a battery as claimed in claim 1,
wherein:

the I, is a sum of peak intensities at 20 = 42.4+£0.2 °, 43 .4

+0.2 °, 44.6+0.2 °, and 77.5+0.2 ° measured by XRD
using a CuKa ray, and

the I,,z,71s a sum of peak intensities at 26=26.5+0.2 °, 42.4

+0.2°,43.4£0.2°,44.6+0.2°,54.7+£0.2°,and 77.5+0.2 °
measured by XRD using a CuKa ray.

9. The negative electrode for a battery as claimed in claim 1,
wherein the peak intensities are peak integral area values.
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10. The negative electrode for a battery as claimed in
claim 1, wherein the negative electrode has a peak intensity
ratio at a (004) plane relative to a (002) plane of about 0.04 or
greater when XRD is measured by using a CuKa ray.

11. The negative electrode for a battery as claimed in
claim 1, wherein the negative electrode has a peak intensity
ratio at a (004) plane relative to a (002) plane of about 0.04 to
about 0.07 when XRD is measured by using a CuKa ray.

12. The negative electrode for a battery as claimed in
claim 1, wherein the carbon negative active material is artifi-
cial graphite or a mixture of artificial graphite and natural
graphite.

13. The negative electrode for a battery as claimed in
claim 1, wherein:

the negative electrode has an active region facing a positive

electrode and an inactive region not facing the positive
electrode, and

a DD value of the inactive region is about 24 or greater.

14. The negative electrode for a battery as claimed in
claim 1, wherein the battery is an all-solid battery.

15. The negative electrode for a battery as claimed in
claim 1, wherein the negative electrode is a dry electrode.

16. A battery, comprising:

the negative electrode as claimed in claim 1;

a positive electrode; and

an electrolyte.
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