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(54) [Title of the Invention]
Lithium Secondary Battery
(57) [Abstract]

[Problem]

To provide a lithium secondary battery with high energy density and excellent cycle
characteristics.

[Solution]

A lithium secondary battery having a positive electrode 1 containing a Co-based oxide
including Li and Co as a positive electrode active material and a conductive material whose
main component is carbon, a negative electrode 2, and an organic electrolytic solution 4,
the lithium secondary battery characterized in that the Co-based oxide contains at least one
element selected from Mg, Al, Mn, Ti, and Sr, and at least the surface layer of the
conductive material has an amorphous carbonaceous material.
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1: Positive electrode; 2: Negative electrode; 3: Separator; 4: Organic
electrolytic solution; 5: Battery case; 6: Sealing plate; 7: Packing;
14: Al foil sheet
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[Claims]
[Claim 1]

A lithium secondary battery having a positive electrode containing a Co-based oxide
including Li and Co as a positive electrode active material and a conductive material whose
main component is carbon, a negative electrode, and an organic electrolytic solution, the
lithium secondary battery characterized in that the Co-based oxide contains at least one
element selected from Mg, Al, Mn, Ti, and Sr, and at least the surface layer of the
conductive material has an amorphous carbonaceous material.

[Claim 2]

The lithium secondary battery according to claim 1, wherein the Co-based oxide is
represented by the general formula LixCoyA:O2 (where A is at least one element selected
from Mg, Al, Mn, Ti and Sr, and x, y, and z satisfy 0.9 < x<1.1,0.97 <y <1.00,0.01 =z
< 0.03).

[Claim 3]

The lithium secondary battery according to claim 1 or 2, wherein the conductive material
has a peak half width of 100 cm™ or more in the Raman spectrum range of 1,540 cm™ to
1,600 cm™.

[Claim 4]

The lithium secondary battery according to any of claims 1 to 3, wherein the discharge
capacity of the positive electrode active material is 160 mAh/g or more and the capacity
retention rate is 80% or more when charging and discharging are repeated 10 times.
[Detailed Description of the Invention]

[0001]

[Technical Field of the Invention]

The present invention relates to a lithium secondary battery, and more specifically to a
lithium secondary battery with high energy density and excellent cycle characteristics.

[0002]
[Prior Art]

There is increasing demand for lithium secondary batteries using a Co-based oxide including
lithium (Li) and cobalt (Co) as the active material for the positive electrode due to their high
voltage and high capacity.

[0003]

In lithium secondary batteries of the prior art using Co-based oxides, lithium cobalt oxide
(LiCo02) is used as the positive electrode active material, the negative electrode contains a
carbon material such as graphite into which Li has been inserted, and a porous film of a
polymer such as polyethylene used to separate the positive electrode and the negative
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electrode is impregnated with an organic electrolytic solution obtained by dissolving a
lithium salt in an organic solvent.

[0004]

In particularly wide use is a high-capacity organic electrolyte obtained by dissolving a
lithium salt such as LiClO4 or LiPFs in @ mixed solvent of carbonate esters such as ethylene
carbonate (“"EC"” below) or dimethyl carbonate (*DMC” below).

[0005]

When a Co-based oxide is used as a positive electrode active material, a conductive material
is added to the positive electrode in order to reduce the electrical resistance of the positive
electrode, and highly crystalline carbon materials such as graphite have been used from the
standpoint of chemical stability and electrical conductivity.

[0006]

However, in lithium secondary batteries of the prior art that use LiCoO2 as the positive
electrode active material, the maximum potential of the positive electrode during charging is
set to about 4.3 V in terms of metallic Li, and the discharge capacity of LiCoO: in the battery
is limited to 160 mAh/g or less.

[0007]

Theoretically, all of the Li in the LiCoOz: is released and the theoretical capacity reaches
about 274 mAh/g when charging to about 4.8 V in terms of metallic Li. However, raising the
charging potential to increase the energy density causes what is called cycle deterioration,
in which the reversibility of charging and discharging declines markedly as the charging and
discharging cycles are performed.

[0008]

A factor in cycle deterioration is that when the potential of the positive electrode exceeds
4.3 V relative to metallic Li, the crystal structure of the LiCoO2 undergoes a rhombohedral-
to-monoclinic phase transition, impairing the reversibility of Li ion insertion and ejection.

[0009]

Another factor is that oxidative decomposition of the organic solvent and lithium salt
constituting the organic electrolyte occurs on the surface of the highly crystalline carbon
material serving as the positive electrode conductive material when it has reached a high
potential due to charging. This does not impede the practical use of lithium secondary
batteries of the prior art at a charge potential of 4.3 V in terms of metallic Li, but charge-
discharge efficiency drops significantly when the charge potential is raised.

[0010]
[Problem to Be Solved by the Invention]
The addition of various elements has been proposed in order to improve the cycle

characteristics of a Co-based oxide used in a positive electrode (see, for example, JP HO8-
031408 A and JP H06-044973 A).
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[0011]

Also, use of a sulfide-based lithium ion conductive solid electrolyte instead of an organic
electrolyte has been proposed in order to solve the problem of organic electrolyte
decomposition at high potentials (see JP H11-021803 A), but deterioration over repeated
charge-discharge cycles has not yet been studied.

[0012]

It is an object of the present invention to solve this problem by providing a lithium
secondary battery with high energy density and excellent cycle characteristics by specifying
a Co-based oxide to be used as the positive electrode active material and a conductive
material to be used in the positive electrode.

[0013]
[Means for Solving the Problem]

In order to achieve this object, the present invention is a lithium secondary battery having a
positive electrode containing a Co-based oxide including Li and Co as a positive electrode
active material and a conductive material whose main component is carbon, a negative
electrode, and an organic electrolytic solution, the lithium secondary battery characterized
in that the Co-based oxide contains at least one element selected from Mg, Al, Mn, Ti, and
Sr, and at least the surface layer of the conductive material has an amorphous
carbonaceous material.

[0014]

When such a battery configuration is used, the maximum potential of the positive electrode
during charging can be from 4.4 V to 4.8 V in terms of metallic Li while also suppressing
deterioration in the reversibility of charging and discharging as more charging and
discharging cycles are performed.

[0015]

In other words, the discharge capacity of the positive electrode active material can be
improved by setting the maximum potential of the positive electrode during charging to 4.4
V or more in terms of metallic Li. As a result, the amount of positive electrode active
material in the battery can be reduced, and the amount of negative electrode active
material can be increased. Therefore, a lithium secondary battery with a higher energy
density can be obtained in a limited battery volume.

[0016]

The energy density increases as the charge potential of the positive electrode increases, and
a potential of up to 4.8 V is theoretically possible. However, from the standpoint of cycle
deterioration, the upper limit on the highest potential of the positive electrode in the present
invention is preferably 4.6 V or less in terms of metallic Li. The positive electrode potential
is specified in terms of the physical properties of the Co-based oxide serving as the positive
electrode active material, and therefore is specified independently of the type of negative
electrode being used in the battery.
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[0017]

The maximum potential of the positive electrode during charging corresponds to the
potential in constant voltage charging or constant current charging normally required to
bring the secondary battery to a fully charged state. However, because the voltage of the
battery is controlled by the charger during charging, the maximum potential of the positive
electrode during charging may be defined in the present invention based on the set charging
voltage of the charger.

[0018]
[Embodiment of the Invention]

The Co-based oxide in the present invention contains at least one element selected from
Mg, Al, Mn, Ti and Sr, because the metal has the effect of suppressing deterioration in the
reversibility of charging and discharging due to a phase transition occurring in the Co-based
oxide as charging and discharging cycles continued to be performed.

[0019]

This is because the added element is believed to replace Co or Li or form a solid solution in
the crystal structure of the Co-based oxide, slightly distorting the ideal layered crystal
structure of the rhombohedral LiCoO2, and acting as points of inhibition in the phase
transition. This is not limited to one added element, and a plurality elements may be added.

[0020]

The Co-based oxide serving as the positive electrode active material in the present invention
can be represented by the general formula LixCoyA:O2 (where A is at least one element
selected from Mg, Al, Mn, Ti and Sr, and X, y, and z satisfy 0.9 < x < 1.1, 0.97 <y < 1.00,
0.01 £z <0.03).

[0021]

The value of x indicates the deviation from the stoichiometric composition in the production
stage of the Co-based oxide, and should normally be in the range of 0.9 < x < 1.1.

[0022]

The value of y is y = 1 in conventional LiCoO2. There are no particular restrictions on the
value of y, but a value closer to y = 1 yields a higher discharge capacity, and the desirable
value is 0.97 <y < 1.00.

[0023]

Also, the added element indicated by A does not have to be one type of element, and may
be a plurality of elements, and the value of z is preferably 0.01 < z < 0.03. When the value
is 0.01 < z, the effect of the added element on the reversibility of inserting and ejecting Li
ions is more fully obtained, and when the value is z < 0.03, a higher discharge capacity is
obtained.

[0024]
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In the present invention, the conductive material used in the positive electrode is
amorphous carbon or at least a material whose main component is carbon with amorphous
carbon in the surface layer. This can suppress the oxidative decomposition of the organic
electrolyte even at a high charging potential.

[0025]

As for the structure of the conductive material, the conductive material may be formed
entirely of amorphous carbon, but an amorphous carbon layer on the surface of a highly
crystalline carbon material with high electrical conductivity such as graphite is preferred
from the standpoint of conductivity. A preferred conductive material is one in which the half-
value width of the peak present in the Raman spectrum range of 1,540 cm™ to 1,600 cm™ is
100 cm™ or more, and in which amorphous carbonaceous material sufficiently covers the
surface of the highly crystalline carbonaceous material.

[0026]

In the present invention, the half-width of the peak of the Raman spectrum is defined as the
width of the peak at half the peak height relative to a baseline that is a straight line
connecting the signal intensities at 1,800 cm™ and 1,000 cm as shown in Fig. 1.

[0027]

In the present invention, a carbon conductive material having an amorphous carbonaceous
layer on the surface can be obtained, for example, by immersing a carbon material such as
artificial graphite in a liquid resin, pitch, or tar, followed by firing. Alternatively, the vapor
phase method can be used to carbonize a hydrocarbon gas such as propane or acetylene by
thermal decomposition, and deposit the product on the surface of a carbon material.

[0028]

A characteristic of the lithium secondary battery in the present invention is using a Co-
based oxide containing at least one element selected from Mg, Al, Mn, Ti and Sr as a
positive electrode active material and a carbon conductive material having amorphous
carbon in at least the surface layer, and setting the highest potential of the positive
electrode during charging to 4.4 V to 4.8 V, preferably 4.4 V to 4.6 V, in terms of metallic Li
to obtain a battery with an initial discharge capacity for the positive electrode active
material of 160 mAh/g or more, and a capacity retention rate of 80% or more when
charging and discharging have been repeated 10 times.

[0029]

The positive electrode used in the battery of the present invention is prepared based on a
mixture obtained by adding a binder such as polyvinylidene fluoride to a Co-based oxide and
a conductive material. For example, a molded product with a current collecting material
such as aluminum foil serving as the core material can be used.

[0030]
The negative electrode used in the battery of the present invention is prepared based on a

mixture obtained by adding a binder to a carbon material or a material capable of
intercalating Li or forming a compound. For example, the mixture can be dispersed in a



JP 2001-167763 A

solvent, applied to a collector material such as a copper foil, dried, and finished to obtain a
molded product.

[0031]

The carbon material can be, for example, natural graphite, artificial graphite, or a carbon
material obtained by heat-treating heavy oil, coal tar, or pitch-based fibers before being
carbonized and pulverized. Materials capable of intercalating Li or forming compounds
include metals such as aluminum, metal oxides including silicon, and composites of these
materials including carbon materials.

[0032]

A porous film made of an organic polymer material such as polyethylene or polypropylene,
or a gel organic polymer compound is interposed between the positive electrode and the
negative electrode to provide insulation and then impregnated with an injected organic
electrolyte.

[0033]

An organic electrolyte common in the art can be used, for example, such as a lithium salt
dissolved in an organic solvent. Examples of organic solvents include carbonates such as
ethylene carbonate (EC), propylene carbonate (PC), butylene carbonate (BC), dimethyl
carbonate (DMC), methylethyl carbonate (MEC) and diethyl carbonate (DEC), esters such as
y-butyrolactone (y-BL) and methyl acetate (EA), and ethers such as 1,3-dioxolane and 1,2-
dimethoxyethane.

[0034]

Other examples of organic solvents include sulfur compounds such as sulfolane, nitrogen-
containing compounds, silicon-containing compounds, fluorine-containing compounds, and
phosphorus-containing compounds. These can be used alone or in combinations of two or
more.

[0035]

Lithium salts dissolved in the organic solvent include LiClO4, LiCF3SOs3, LiPFe, LiBF4, LiASFs,
etc., which are dissolved in the solvent at 0.1 to 2 mol/liter. The present invention will now
be described in greater detail with reference to examples.

[0036]

(Example 1)

The battery of the present invention can assume various forms such as that of a cylindrical,
button, coin, or square battery. In this example, a button battery was used.

[0037]

First, an organic electrolytic solution was prepared by adding 1.4 mol/liter of LiPFe to a
mixed solvent of EC and MEC (EC/MEC = 1/2) and mixing the components together.

[0038]
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The conductive material was a lumpy carbon material (A) with an average particle size of 5
pMm that contained graphite and that had an amorphous carbonaceous layer on the surface.
When the Raman spectrum of this conductive material was measured, the half width of the
peak at 1,585 cm™ was 104 cm™.

[0039]

An Al-containing Co-based oxide (LiCo0o0.97Al0.0302) with an average particle size of 7 pm was
used as the positive electrode active material, and 4.5% by weight of the carbon material
(A) serving as the conductive material was added to 91.5% by weight of the active material.
After mixing the components together, they were dispersed in a solution prepared
beforehand by dissolving 4% by weight of the polyvinylidene fluoride serving as the binder
in N-methylpyrrolidone to obtain a slurry.

[0040]

This positive electrode mixture slurry was evenly applied to one side of the aluminum foil
(with a thickness of 20 um) serving as the positive electrode current collector in an amount
of 24.0 mg/cm?, and then dried. This was subjected to compression molding using a roller
press so that the density of the positive electrode mixture was 3.2 g/cm?3, and punched to a
predetermined size to obtain a disk-shaped positive electrode.

[0041]

Separately, 92% by weight of flaky graphite with an average particle size of 20 ym was
dispersed in a solution obtained beforehand by dissolving 8 parts by weight of
polyvinylidene fluoride serving as the binder in N-methylpyrrolidone to form a slurry. This
negative electrode mixture slurry was evenly applied to one side of the copper foil (with a
thickness of 20 pm) serving as the negative electrode current collector in an amount of 16.5
mg/cm?, and then dried. This was subjected to compression molding using a roller press so
that the density of the negative electrode mixture was 1.5 g/cm?3, and punched to a
predetermined size to obtain a disk-shaped negative electrode.

[0042]

Next, the positive electrode 1, the negative electrode 2, and the separator 3 were housed in
order inside a battery case 5. The separator was a microporous polyethylene film with a
thickness of 25 um and a porosity of 38%.

[0043]

An Al foil sheet 14 was also arranged on the inner surface of the battery case 5. The organic
electrolytic solution 4 described was injected and sealed with a gasket 7 made of
polypropylene to produce the button-type lithium secondary battery shown in Fig. 2.

[0044]

Fig. 3 is an enlarged schematic cross-sectional view of the positive electrode 1 observed
under a SEM microscope. The Co-based oxide 9 and the conductive material 10 with an
amorphous carbon layer 12 on the surface are bonded to the positive electrode current
collector 8 by the binder 13. The gaps are permeated with the organic electrolyte injected
into the battery.

10
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[0045]
(Example 2)
A button-type lithium secondary battery was produced in the same manner as in Example 1,

except that a Co-based oxide (LiCoo.99Al0.0102) with a different amount of Al than Example 1
was used as the positive electrode active material.

[0046]

(Example 3-8)

Button-type lithium secondary batteries were produced in the same manner as in Example
1, except that a Mg-containing Co-based oxide (LiCoMgo.0302), Mn-containing Co-based
oxide (LiC00.97Mno.0302), Sr-containing Co-based oxide (LiC00.99Sr0.0102), Al and Mn-
containing Co-based oxide (LiC00.97Al0.02Mno.0102), Ti- and Mg-containing Co-based oxide

(LiCo0o0.98Ti0.02Mgo.0102), and Al-, Ti-, and Mn-containing Co-based oxide
(LiCoo.97Al0.01Tio.01Mno.0102) were used, respectively, as the positive electrode active material.

[0047]

(Example 9)

A button-type lithium secondary battery was produced in the same manner as in Example 1
by preparing electrodes in which coating on the positive electrode was 25.5 mg/cm? and the
coating on the negative electrode was 15.7 mg/cm?.

[0048]

(Example 10)

A button-type lithium secondary battery was produced in the same manner as in Example 1
by preparing electrodes in which coating on the positive electrode was 21.7 mg/cm? and the
coating on the negative electrode was 17.5 mg/cm?.

[0049]

(Comparative Example 1)

The conductive material was a lumpy carbon material (B) with an average particle size of 5

Mm that contained graphite and that had an amorphous carbonaceous layer on the surface.

When the Raman spectrum of this conductive material was measured, the half width of the

peak at 1,585 cm™ was 66 cm™.

[0050]

A button-type secondary battery was produced using a conventional additional element-free
Co-based oxide (LiCo0O2) with an average particle size of 7 ym as the positive electrode

active material and the carbon material (B) as the conductive material.

[0051]

11
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(Comparative Example 2)

A button-type lithium secondary battery was produced in the same manner as in
Comparative Example 1 by preparing electrodes in which coating on the positive electrode
was 26.5 mg/cm? and the coating on the negative electrode was 15.3 mg/cm?.

[0052]

The button-type lithium secondary batteries in Examples 1 to 8 and Comparative Example 1
were subjected to a charge/discharge test using a repeated cycle in which the charging
current was 0.5mA, the charging positive electrode potential was 4.5V in terms of metallic
Li, the constant voltage was kept at 4.5V for two hours after reaching 4.5 V, and discharging
was performed to 3.0V at 0.5mA.

[0053]

The button-type lithium secondary batteries in Example 9 was subjected to a
charge/discharge test identical to the one above except that the charging positive electrode
potential was 4.4 V in terms of metallic Li.

[0054]

The button-type lithium secondary batteries in Example 10 was subjected to a
charge/discharge test identical to the one above except that the charging positive electrode
potential was 4.6 V in terms of metallic Li.

[0055]

The button-type lithium secondary batteries in Comparative Example 2 was subjected to a
charge/discharge test identical to the one above except that the charging positive electrode
potential was set to 4.3 V in terms of metallic Li, which is the same as that for conventional
lithium secondary batteries.

[0056]
Table 1 shows the initial battery capacities, the initial discharge capacities of the positive

electrode active materials, and the capacity retention of the batteries after 10 cycles of the
charge-discharge test.

12
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[0057]
[Table 1]
Table 1
Positive Electrode Active Conductive Charged Initial Initial Capacity
Material Material Positive Battery Discharge Retention
Electrode Capacity Capacity of After 10
Potential (V: (mAh) Positive Cycles (%)
Metal Li Electrode
Reference) Material
(mAh/g)
Ex. 1 LiC00.97Al0.0302 (A) 4.5 3.99 182 95
Ex. 2 LiC00.99Al0.0102 (A) 4.5 4.12 188 94
Ex. 3 LiCoMgo.0302 (A) 4.5 4.17 190 98
Ex. 4 LiC00.97MNo0.0302 (A) 4.5 4.05 184 97
Ex. 5 LiC00.995r0.0102 (A) 4.5 4.24 193 93
Ex. 6 LiC00.97Al0.02MnNo.0102 (A) 4.5 4.00 182 95
Ex. 7 LiC00.98Ti0.02MQg0.0102 (A) 4.5 4.07 184 95
Ex. 8 LiC00.97Al0.01Ti0.01MnNo0.0102 (A) 4.5 4.00 182 93
Ex. 9 LiC00.97Al0.0302 (A) 4.4 3.86 165 97
Ex. 10 LiC00.57Al0.0302 (A) 4.6 4.19 211 89
C.Ex. 1 LiCoO> (B) 4.5 4.15 189 75
C.Ex. 2 LiCoO2 (B) 4.3 3.82 157 95
[0058]

In the configuration of the lithium secondary battery of the prior art shown in Comparative
Example 1, setting the charge potential to 4.5 V resulted in low capacity retention and poor
cycle characteristics even though the positive electrode active material had a high initial
discharge capacity. As shown in Comparative Example 2, the charge potential must be 4.3 V
and the initial discharge capacity of the positive electrode active material must be kept low
in order to maintain the cycle characteristics.

[0059]

However, in Examples 1 to 10, the initial discharge capacity of the positive electrode active
material was 160 mAh/g or more, and the discharge capacity of the battery was high. In
addition, the cycle characteristics were excellent with a capacity retention rate of 80% or
higher.

[0060]

[Effects of the Invention]

The present invention is able to provide a lithium secondary battery with high energy
density and excellent cycle characteristics by using a Co-based oxide containing at least one
element selected from Mg, Al, Mn, Ti and Sr as the positive electrode active material, and
using a carbon conductive material having at least a surface layer of amorphous
carbonaceous material.

[Brief Description of the Drawings]

[Fig. 1]

13
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Fig. 1 is a Raman spectrum graph of a carbon material whose surface layer is amorphous
carbon.

[Fig. 2]

Fig. 2 is a vertical cross-sectional view of a button-type lithium secondary battery that
shows an example of the configuration of the lithium secondary battery in the present
invention.

[Fig. 3]

Fig. 3 is an enlarged schematic cross-sectional view of a positive electrode that shows an
example of the configuration of the lithium secondary battery in the present invention.

[Key to the Drawings]

Positive electrode

Negative electrode
Separator

Organic electrolytic solution
Battery case

Sealing plate

Gasket

Positive electrode current collector
Co-based oxide

10: Conductive material

11: Graphite

12: Amorphous carbon layer
13: Binder

14: Al foil sheet
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[Fig. 1]
=
=)
=
o
a
i i| i | | i _-l
2000 1800 1600 1400 1200 1000 800
Raman Shift (cm1)
[Fig. 2]
[ 2 3 4
o ] N
AL SRl
g% R O
Z Z
7 NN\ %
e e e e
\
7 14 1 5

1: Positive electrode; 2: Negative electrode; 3: Separator; 4: Organic electrolytic solution;
5: Battery case; 6: Sealing plate; 7: Packing; 14: Al foil sheet
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[Fig. 3]

8: Positive electrode current collector; 9: Co-based oxide; 10: Conductive material; 11:
Graphite;
12: Amorphous carbon layer; 13: Binder
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