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(43) Publication date: July 21, 1998

(31) Int.C1.6 Identitication Code FI
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Examination Request: Not requested Number of Claims: 7 OL (total of 11 pages)

(21) Application No. H8[1996]-343403 (71) Applicant 000226242
Nikkiso Co., Ltd.
(22) Application Date December 24, 1996 3-43-2 Ebisu, Shibuya-ku, Tokyo
(72) Inventor Hiroshi Abe
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(72) Inventor Takeshi Murai

498-1 Shizutani, Haibara-cho,

Haibara-gun, Shizuoka Prefecture

Shizuoka Plant, Nikkiso Co., Ltd.
(72) Inventor Takashi Osaki

498-1 Shizutani, Haibara-cho,

Haibara-gun, Shizuoka Prefecture

Shizuoka Plant, Nikkiso Co., Ltd.
(74) Representative  Patent Attomey Naoki Fukumura

(54) [Title of Invention] NON-AQUEOUS ELECTROLYTE-BASED SECONDARY BATTERY

(57) {Abstract]

[Problem] Provide non-aqueous electrolyte-based
secondary batteries with no risk of rupture and ignition,
excellent cycle characteristics, and good stability against
¢ higher loads.

[Solution] A non-aqueous electrolytic secondary batiery
comprising a negative electrode having a pressurized
molding with a specific filling density, a positive electrode
having a lithium-containing composite oxide, and an
electrolyte obtained by dissolving a lithium salt in a
carbonate mixture solvent formed by pressurized molding a
graphitized vapor-phase-grown carbon fiber having a
specific surface area of at most 5 m*/g and an average aspect
ratio of 2 to 30;
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[SCOPE OF THE PATENT CLAIMS]

[Claim 1] A non-aqueous electrolyte-based secondary battery comprising a negative electrode having a
pressurized molding so as to obtain a graphitized vapor-phase-grown carbon fiber having a specific surface
area of at most 5 m%g and an average aspect ratio of 2 to 30, and having a pressurized molding so that the
filling density is 1.2-2.0 g/cm?, a cathode having a lithium-containing composite oxide, and an electrolyte
obtained by dissolving a lithium salt in a mixed solvent of a cyclic carbonate and a chain carbonate.
[Claim 2] The non-aqueous electrolyte secondary battery according to Claim I, wherein the lithium-
containing composite oxide is a composite oxide having lithium and at least one metal selected from the
group consisting of a Group 3B metal, a Group 6A metal, a Group 7A metal, and a Group 8 metal.

[Claim 3] The non-aqueous electrolyte secondary battery of Claim 1, wherein the lithium-containing
complex oxide is at least one selected from the group consisting of lithium-complex oxide and LiMn>Os
represented by the following general formula (I).

LINLoxM O o (1D

(However, in the above formula, M indicates aluminum, manganese, chromium, cobalt, and iron, and X
indicates any number between 0, 1,and O to 1.)

[Claim 4] A non-aqueous electrolytic secondary battery comprising a negative electrode formed by a
graphitized vapor-phase-grown carbon fiber having a specific surface area of at least 5 m*/g and an average
aspect ratio of 2 to 30, a positive electrode having a lithium-containing composite oxide, and an electrolyte
solution obtained by dissolving a lithium salt in a mixed solvent of cyclic carbonate and chain carbonate,
wherein the design capacity of the negative electrode is greater than the design capacity of the positive
electrode.

[Claim 5] The non-aqueous clectrolyte-based secondary battery of Claim 4, wherein the design capacity of
the negative electrode relative to the design capacity of the positive electrode is greater than 1 and less than
or equal to 1.6.

[Claim 6] The non-aqueous electrolyte secondary battery of Claim 4, wherein the lithium-containing
composite oxide is a composite oxide having lithium and at least one metal selected from the group
consisting of a Group 3B metal, a Group 6A metal, a Group 7A metal, and a Group 8 metal.

[Claim 7] The non-aqueous electrolyte secondary battery according to Claim 4, wherein the lithium-
containing complex oxide is at least one selected from the group consisting of lithium-complex oxide and
LiMn»O, represented by the following general formula (I).

LiNLiMO: -« (DD

(However, in the above formula, M indicates aluminum, manganese, chromium, cobalt, and iron, and X
indicates any number between 0, 1, and 0 to 1.)

[DETAILED DESCRIPTION OF THE INVENTION]

[0001]

[Field of the Invention] The present invention relates to non-aqueous electrolyte system secondary batteries,
and more particularly to non-aqueous electrolyte system secondary batteries with improved safety and load
characteristics.
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[0002]

[Conventional Technology] Vapor-phase-grown carbon fibers can be produced by thermally decomposing
carbon compounds by heating ultrafine particulate metals such as iron and nickel to 800 to 1,300°C as a
catalyst. This vapor-phase-grown carbon fiber has the characteristic of being easily converted to a graphite
structure by heat treatment. For example, graphitized vapor-phase-grown carbon fibers heated at or above
2,800°C have fewer crystal defects, and the mesh surface of the carbon hexagonal lattice develops in a
tubular shape around the fiber shaft, and the outer surface of the carbon hexagonal lattice develops
concentrically, like rings on a tree, with similar mesh layers. Therefore, this graphitized vapor-phase-grown
carbon fiber has high strength and elasticity, and also has high thermal and electrical conductivity.

[0003] Examples of applications that utilize the properties of this graphitized vapor-phase-grown carbon
fiber include a non-aqueous electrolyte-based secondary battery using the graphitized vapor-phase-grown
carbon fiber as an electrode active material.

[0004] Typically, the non-aqueous electrolyte-based secondary battery will have a negative electrode, a
separator, a positive electrode, and an electrolyte solution.

[0005] Materials used in negative electrodes can include carbonaceous materials such as natural graphite,
artificial graphite, refractory carbon, also called hard carbon, MesoCarbon MicroBeads, pitch-based carbon
fibers, vapor-phase-grown carbon fibers, etc.

[0006] Substances used in the positive electrode can include lithium-containing composite oxides, such as
lithium cobaltate (LiCoOs), lithium manganate (LiMn1Os, LiMnQO>), lithium nickelate (LiNiO»), etc.
[0007] Examples of the substance used in the electrolyte include a non-aqueous electrolyte solution
obtained by mixing a lithium salt and an organic solvent. The lithium salts can include LiClOs, LiPFs,
LiBF,, LiAsFs, LiCF;SOs, etc. Examples of the organic solvent include ethylene carbonate (hereinafter
sometimes referred to as EC), propylene carbonate (hereinafter sometimes referred to as PC), dimethyl
carbonate (hereinafter sometimes referred to as DMC), diethyl carbonate (hereinafter sometimes referred
to as DEC), and methyl ethyl carbonate (hereinafter sometimes referred to as MEC).

[0008]

[Problems to be Solved by the Invention] In recent years, non-aqueous electrolyte-based secondary batteries
with high energy density and excellent cycle characteristics have attracted attention as large-scale batteries,
such as batteries for electric vehicles and household power storage systems.

[0009] Incidentally, in general, in the case of overcharging lithium-ion secondary batteries or when the
charging current is increased, etc., needle-like lithium may be precipitated on the surface of the negative
electrode, interposed between the positive electrode and the negative electrode, making it easier to break
through the separator and short out. As a result, lithium-ion secondary batteries may also explode and ignite.
In the case where the electrolyte has broken down due to overcharging, the cycle life of the lithium-ion
secondary battery is reduced. Conversely, when over-discharging, the current collector coated with the
electrode active material dissolves, resulting in a significant decrease in the cycle life of the lithium-ion
secondary battery. To avoid such problems, the lithium-ion secondary battery is supplied with a safety
device to prevent overcharging or over-discharging.

[0010] In addition, for the purpose of enhancing the low-temperature properties and cycle characteristics
of lithium-ion secondary batteries, organic solvents having low viscosity chain carbonate have been adopted
as the organic solvent, and mixed solvents such as ethylene carbonate, cyclic carbonate fixes such as
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propylene carbonate, and chain carbonate have been adopted, but there are safety problems. The safety
problem described above is, for example, a problem in which a large current flows and the temperature of
the lithium-ion secondary battery increases, and the solvent decomposes, produces gas, and the battery
bursts, and even ignites, in the case of the short circuit described above or in the case of a short circuit such
as a nail penetration test. The causes of the problem include a low boiling point of the chain carbonate, a
high vapor pressure of the chain carbonate, and factors such as the fact that the portion of the graphite
crystal in the negative electrode having the graphite that is exposed (the fault activity reaction portion)
promotes the decomposition reaction of the solvent, in particular the gas-generating electrolysis reaction of
the propylene carbonate fix, that the fault activity reaction portion has a catalytic effect on the
decomposition reaction of the solvent, and that lithium precipitates on the negative electrode side when the
design capacity of the negative electrode is insufficient.

[0011] Furthermore, conventional lithium-ion secondary batteries do not fully satisfy not only cycle
characteristics, but also electrode conductivity, and it is desirable for secondary batteries to have excellent
cycle characteristics and good stability against higher loads, 1.e., secondary batteries that exhibit high
capacity in charging and discharging at high current values.

[0012] In order to improve the conductivity of the electrode, especially the negative electrode, a small
amount of a conductive auxiliary material, such as acetylene black, has been added to the electrode in the
past, but the addition of a conductive auxiliary material reduces the active material ratio in the electrode,
causing a decrease in capacity. Moreover, according to the inventors of the present application, adding
conductive auxiliary materials to the electrodes themselves increased the insecurity of the batteries. The
reason for this is that the specific surface area of the conductive auxiliary material is very large compared
to the specific surface area of the vapor-phase-grown carbon fiber. Therefore, even if a very small amount
of conductive auxiliary material is added, the average specific surface area of the active material in the
electrode is increased.

[0013] The object of the present invention is to solve the safety problems that may arise when using a chain
carbonate such as dimethyl carbonate (abbreviation; DMC) and diethyl carbonate (abbreviation 1; DEC)
with a low boiling point as the mixed solvent, and to provide a non-aqueous electrolyte-based secondary
battery with excellent safety and load characteristics.

[0014] Another object of the invention is to provide a long-life non-aqueous electrolyte-based secondary
battery.

[0015] The object of the invention is to provide a safe non-aqueous electrolyte-based secondary battery by
suppressing the decomposition reaction of the solvent.

[0016] The purpose of the invention is to provide a safe, non-aqueous electrolyte-based secondary battery
that is not in danger of bursting and igniting the battery.

[0017] The object of the present invention is to provide a non-aqueous electrolyte-based secondary battery
having a high electrical conductivity of the electrode itself, excellent cycle characteristics, and good
stability against higher loads, that is, a non-aqueous electrolyte-based secondary battery having a high
capacity even with charging and discharging at a high current value.

[0018]

[Means for Solving the Problems] The non-aqueous electrolyte-based secondary battery aimed at solving
the above problems has (1) a negative electrode having a pressurized molding that is obtained by
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pressurizing a graphitized vapor-phase-grown carbon fiber having a large specific surface area of 5 m%/g
and an average aspect ratio of 2 to 30, and having a filling density of 1.2 to 2.0 g/cm?, and (2) a non-aqueous
electrolyte-based secondary battery according to (1) having a positive electrode having a lithium-containing
composite oxide and an electrolyte solution obtained by dissolving a lithium salt in a mixed solvent of
cyclic carbonate and chain carbonate, wherein the lithium-containing composite oxide according to (1) is
selected from the group consisting of Group 3B metals, Group 6A metals, Group 7A metals, and Group 8
metals. The non-aqueous electrolyte system secondary battery according to (1), wherein the non-aqueous
electrolyte system secondary battery having at least one metal and lithium, (3) the lithium-containing
complex oxide according to (1) is at least one selected from the group consisting of lithium-composite oxide
and LiMn;Os represented by the following general formula (I), the non-aqueous electrolyte system
secondary battery according to (1),

LiNfox M Q== (1)

(wherein M denotes aluminum, manganese, chromium, cobalt, and iron, and X denotes any number between
0,1,and0to 1.)

(4) A negative electrode formed by a graphitized vapor-phase-grown carbon fiber having a specific surface
area of 5 m%*g and an average aspect ratio of 2 to 30, a cathode having a lithium-containing composite
oxide, and an electrolyte solution obtained by dissolving a lithium salt in a mixed solvent of cyclic carbonate
and chain carbonate, wherein the design capacity of the negative electrode is a non-aqueous electrolyte-
based secondary battery having a design capacity greater than that of the positive electrode, (5) a non-
aqueous electrolyte-based secondary battery according to (4) having a design capacity of more than 1 and
less than or equal to 1.6 for the design capacity of the positive electrode described m (4), (6) a lithium-
containing composite oxide described in (4) comprising a Group 3B metal, a Group 6A metal, a Group 7A
metal, and a Group 8 metal. The non-aqueous electrolyte system secondary battery according to (4),
wherein the composite oxide having at least one metal selected from the group and lithium, and (7) the
lithium-containing composite oxide according to (4) is at least one non-aqueous electrolyte system
secondary battery according to (4), wherein the lithium-containing composite oxide is selected from the
group consisting of lithium composite oxide represented by the following general formula (I) and LiMnyO.
[0019] L iNi.e My O: o =« (1

(wherein M denotes aluminum, manganese, chromium, cobalt, and iron, and X denotes any number between
0,1,and 0O to 1.)

[0020]

[Embodiments of the Invention]

(1) Negative electrode

Preferred negative electrode in a non-aqueous electrolyte-based secondary battery according to the present
invention has a pressurized molding formed using a graphitized vapor-phase-grown carbon fiber.

[0021] The negative electrode in the non-aqueous electrolyte-based secondary battery according to the
present invention has a graphitized vapor-phase-grown carbon fiber. Preferred negative electrodes are
obtained from a pressurized molding coated with an active material on the surface of the current collector,
said active material being laminated on the surface of the current collector to form an active material layer.
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The active material comprises graphitized vapor-phase-grown carbon fibers bonded to each other by a
binder.

[0022] (1-1) Graphitized vapor-phase-grown carbon fiber

The graphitized vapor-phase-grown carbon fiber used for the negative electrode of the non-aqueous
electrolytic secondary battery of the present invention has a large specific surface area of 5 m?/g, preferably
3 m?/g, and even more preferably 2 m*/g. When the specific surface area of the graphitized vapor-phase-
grown carbon fiber exceeds 5 m?*/g, the object of the present invention cannot be achieved, and the charging
and discharging efficiency is reduced to such an extent that it is not suitable for practical use, and the cycle
life is also shortened. In other words, when the specific surface area of the graphitized vapor-phase-grown
carbon fiber is smaller than the above-mentioned value, it is advantageous compared to spherical graphite
and mesocarbon carbon fiber such as plate graphite, MesoCarbon MicroBeads, etc., for the following
reasons. Namely, the graphitized vapor-phase-grown carbon fiber has a tubular mesh surface of a carbon
hexagonal lattice stacked annually in a ring shape around the fiber axis, so in a graphitized vapor-phase-
grown carbon fiber with an aspect ratio cut from 2 to 30, the exposed portion of the graphite crystal cross-
section is only the two-ended cut surface, which causes a reduction in the electrolytic catalysis of the
solvent. On the other hand, both sides of plate graphite, and most of the surface in other graphites, become
an exposed surface, so it 1s less safe.

[0023] Furthermore, if the specific surface area of the graphitized vapor-phase-grown carbon fiber is as
large as 5 m?/g, it is possible to significantly suppress the degradation reaction of the solvent by the portion
of the negative electrode where the fault of the graphite crystal is exposed (the fault activity reaction
portion), that is, the catalytic reaction of the fault activity reaction portion against the decomposition
reaction of the solvent.

[0024] When the specific surface area exceeds 5 m*/g, if both poles of the battery are short-circuited (when
an external short-circuit occurs), a large amount of white smoke may be emitted from the battery, and the
cathode cap of the battery may burst.

[0025] Conversely, if the specific surface area is as large as 5 m*/g, the amount of smoke can be significantly
suppressed, and the rupture can be prevented. Using electrodes thus formed with graphitized vapor-phase-
grown carbon fibers having a specific surface arca, a non-aqueous electrolyte-based secondary battery can
significantly improve battery safety.

[0026] The lower limit of the specific surface area is determined by the shape of the fiber. Assuming that
the fibers are ideally cylindrical, the theoretical values can be calculated from their average diameter, length,
and density. Either diameter or length can be calculated even if it is changed to aspect ratio. If there are
trregularities or holes in the fiber, or if the fiber is mixed with crushed debris or fine powder, the value is
greater than the theoretical surface area. It can be readily understood that it is theoretically impossible to
make this specific surface area smaller than this theoretical surface area.

[0027] Furthermore, when graphitized vapor-phase-grown carbon fiber 1s used, the electrical conductivity
or conductivity of the negative electrode is high at a specific filling density, and it is not necessary to add a
highly conductive carbon black, such as acetylene black, with a significantly higher specific surface area,
to the negative electrode, so the safety of the battery can be significantly improved.

[0028] Note that the specific surface area can be measured by the BET method.
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[0029] The graphitized vapor-phase-grown carbon fibers of the present invention have an average aspect
ratio of 2 to 30, preferably 3 to 20, and further preferably 5 to 15. The objective of the present invention
can be better achieved if the average aspect ratio of the graphitized vapor-phase-grown carbon fiber is 2 to
30. In other words, if the average aspect ratio exceeds 30, it becomes inconvenient that it cannot be molded
into a sheet-shaped electrode, resulting in a lower filling density of the negative electrode, and problems
with load characteristics and safety. In addition, if the average aspect ratio is less than 2, the specific surface
area will be greater than 5 m*/g.

[0030] When the average aspect ratio is 2 to 30, the graphitized vapor-phase-grown carbon fibers are in
good contact with each other, and the conductivity of the electrodes themselves is increased. When the
conductivity increases, even if a large current flows due to a large load, the potential difference between
the current collector of the electrode and the surface of the electrode does not become large, that is, it
becomes possible to charge and discharge uniformly from the core of the electrode to the surface of the
electrode, and the charge and discharge capacity increases. Accordingly, a non-aqueous electrolyte-based
secondary battery having a high capacity can be provided even during charging and discharging at a high
current value.

[0031] When the average aspect ratio is less than 2, the contact resistance increases and the conductivity
decreases. Furthermore, when the average aspect ratio exceeds 30, the filling density in the electrode
decreases and the conductivity decreases. In the case where the average aspect ratio is less than 2 or more
than 30, the conductivity is reduced, and thus the battery performance is reduced. Conventionally, in order
to increase conductivity, a conductive auxiliary material has to be added, but since the conductivity of the
electrode itself is higher if the average aspect ratio is 2 to 30, there is no need to add a conductive auxiliary
material, and a safer non-aqueous electrolyte-based secondary battery can be provided.

[0032] Graphitized vapor-phase-grown carbon fibers typically have an average diameter of 1 to 10 pm,
preferably 2 to 5 pm. If the average diameter of the graphitized vapor-phase-grown carbon fiber is 1 to
10 um, when the graphitized vapor-phase-grown carbon fiber is dispersed into an organic solvent with a
binder to form a negative electrode, its dispersion is easily realized, and contact between the fibers is also
facilitated. By facilitating contact between the fibers, the electrical conductivity or conductivity of the
negative electrode formed at a specific filling density is increased, and not only is there no need to add
conductive auxiliary materials such as carbon black, acetylene black, etc., but also conductivity is higher
than that of other graphite materials in which conductive auxiliary materials are added, and there is no
increase in the specific surface area due to the addition of conductive auxiliaries, and both effects can
provide a safer non-aqueous electrolyte-based secondary battery.

[0033] Note that the average aspect ratio of the graphitized vapor-phase-grown carbon fibers is determined
by taking an electron micrographs of the graphitized vapor-phase-grown carbon fibers, examining the
electron micrographs, and randomly selecting 1,000 samples from the graphitized vapor-phase-grown
carbon fibers shown in the electron micrographs, while assuming that the selected graphitized vapor-phase-
grown carbon fibers have a tubular form. Determining the length and diameter of the selected graphitized
vapor-phase-grown carbon fibers and using the length and diameter as an aspect ratio for each graphitized
vapor-phase-grown carbon fiber and averaging the aspect ratio for 1,000 samples, the average diameter of
the graphitized vapor-phase-grown carbon fibers is determined by measuring the diameter of the selected
graphitized vapor-phase-grown carbon fibers and averaging the diameter for 1,000 samples.
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[0034] The graphitized vapor-phase-grown carbon fiber of the present invention has a highly developed
graphite structure. In terms of the degree of development of the graphite mesh surface of a large number of
six-membered ring patterns, the distance between graphite mesh surfaces (doo2) or the distance between
adjacent mesh surfaces is usually 0.338 nm at most, preferably 0.337 nm at most, and even more preferably
0.3355 to 0.3365 nm.

[0035] In addition, the graphitized vapor-phase-grown carbon fiber of the present invention has a thickness
in which the graphite mesh surface is stacked, that is, the thickness (Lc) of the graphite crystals is usually
as small as 40 nm, preferably as small as 60 nm, and even more preferably as small as 80 nm.

[0036] The measurement of L. by X-ray diffraction is said to be unreliable if the value is more than 100
nm, and since there are no other commonly used measurement methods, the upper limit value cannot be
determined. However, it is readily understood that the value does not exceed the size of a single carbon of
interest, and that in the case of vapor-phase-grown carbon fibers of an annual nong structure, it is unlikely
to exceed the radius of the fibers.

[0037] Among the graphitized vapor-phase-grown carbon fibers, if the distance between the graphite mesh
surfaces exceeds 0.338 nm, or the thickness of the graphite crystals is less than 40 nm, in the case of lithium
lon secondary batteries, the intercalation of lithium cations is not sufficient, and it may be inappropriate to
use it as a negative electrode for lithium ion secondary batteries.

{0038] Note that the distance between graphite mesh surfaces and the thickness of graphite crystals can be
measured by the Gakushin method defined by the Japan Society for the Promotion of Science, as described
on page 55 of "Carbon Technology I" (published by Science and Technology, 1970).

[0039] The graphitized vapor-phase-grown carbon fiber of the invention has a preferred spin density
measured by electron spin resonance absorption method of up to 8x10'® spins/g, and more preferably up to
7x10'® spins/g.

[0040] This spin density can be measured by electron spin resonance absorption.

[0041] The graphitized vapor-phase-grown carbon fibers of the present invention can be suitably produced
as follows.

[0042] Namely, the graphitized vapor-phase-grown carbon fiber of the present invention can be
manufactured by breaking the graphitized vapor-phase-grown carbon fiber having a predetermined form
with a high impact force using an apparatus such as a hybridizer, or compressing it using a hydrostatic
isotropic pressurization apparatus, or similar apparatus.

[0043] Here, a graphitized vapor-phase-grown carbon fiber having the predetermined form can be obtained
by graphitizing the vapor-phase-grown carbon fiber.

[0044] The vapor-phase-grown carbon fiber can be produced by a vapor-phase-grown method.

[0045] Specifically, the vapor-phase-grown carbon fibers can be manufactured by the methods described
in the publications of Japanese Patent Laid Open No. 52-107320, Japanese Patent Laid Open No. 57-
117622, Japanese Patent Laid Open No. 58-156512, Japanese Patent Laid Open No. 58-180615, Japanese
Patent Laid Open No. 60-185818, Japanese Patent Laid Open No. 60-224815, Japanese Patent Laid Open
No. 60-231821, Japanese Patent Laid Open No. 61-132630, Japanese Patent Laid Open No. 61-132600,
Japanese Patent Laid Open No. 61-132663, Japanese Patent Laid Open No. 61-225319, Japanese Patent
Laid Open No. 61-225322, Japanese Patent Laid Open No. 61-225325, Japanese Patent Laid Open No. 61-
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225327, Japanese Patent Laid Open No. 61-225328, Japanese Patent Laid Open No. 61-275425, Japanese
Patent Laid Open No. 61-282427, and Japanese Patent Laid Open No. 5-222619.

[0046] The graphitizing treatment is carried out by heating the vapor-phase-grown carbon fiber to 2,000°C
or more, preferably in the range of 2,000°C to 3,000°C.

[0047] However, the vapor-phase-grown carbon fiber having a diameter of 70 nm or less may be sufficiently
graphitized at the stage of generation under the above conditions, and in such a case, the vapor-phase-grown
carbon fiber can be employed as a graphitized vapor-phase-grown carbon fiber at the negative electrode
without undergoing a heating treatment that is the graphitization treatment.

[0048] An inert gas atmosphere is usually employed as the atmosphere of the heating treatment. The heat
treatment time 1s usually more than 5 minutes.

[0049] (1-2) Binder

The binder can include fluorinated resins such as polyvinylidene fluoride and polytetrafluoroethylene,
polyolefins such as polyethylene and polypropylene, or copolymers thereof.

[0050] (1-3) Current collector

The current collector is preferably made of a material having the functions of a battery electrode as a
support, chemical resistance, electrochemical stability, and conductivity, and is usually formed of a metal
such as copper, aluminum, iron, etc. Preferred metals as current collectors are copper and aluminum.
Generally, the more preferred metal as the current collector of the negative electrode is copper, and the
more preferred metal as the current collector of the positive electrode is aluminum. Although the form of
the current collector is appropriately determined depending on the form of the secondary battery, it is
usually a thin sheet.

[0051] (1-4) Method of manufacturing negative electrode

The method for producing a negative electrode in a non-aqueous electrolyte-based secondary battery
according to the present invention first disperses a graphitized vapor-phase-grown carbon fiber as a negative
electrode active material into a solvent along with the binder. The dispersion is then applied to the surface
of the current collector. After this is dried, it is pressurized. In this manner, a molding formed by forming
a negative electrode active material layer on the surface of the current collector, that is, a pressurized
molding obtained by pressurizing a graphitized vapor-phase-grown carbon fiber, is used as the negative
electrode.

[0052] As the solvent, polar organic solvents, especially non-aqueous polar solvents are suitable, for
example, N-Methyl-2-pyrrolidone is suitable. The solvent adjusts the viscosity of the dispersion to be 20—
70 dPa-s, preferably 25-60 dPa-s, and even more preferably 35-50 dPa-s.

[0053] When applying the dispersion to the current collector, the thickness and application area of the active
material layer are appropriately determined according to the scale of the secondary battery, and appropriate
means such as brush coating, dipping, coater coating, and spray coating are employed for the method of
applying the dispersion.

[0054] After applying the dispersion to the current collector, the application surface is dried. In this drying,
it is preferred that the drying atmosphere is adjusted to a deoxygenated atmosphere with an oxygen
concentration of at most 100 ppm, preferably at most 80 ppm, and further preferably at most 50 ppm. In the
above deoxidizing atmosphere, it is preferable that the oxidation of the current collector can be suppressed
even under high temperature drying. The drying time under the aforementioned deoxygenated atmosphere
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is usually 3 to 60 minutes, and preferably 10 to 40 minutes. Also, the drying temperature is usually 100-
180°C, preferably 120-160°C.

[0055] The dispersion is applied and the dried current collector is further pressurized. As a pressure
processing apparatus, an apparatus such as a press machine or a roll press machine, for example, is used.
When a roll press machine is used as the pressure treatment apparatus, it is preferable to press with a
clearance that decreases by 40-60% relative to the thickness of the negative electrode active material layer
formed on the surface of the current collector.

[0056] The filling density of the pressurized molding is 1.2 to 2.0 g/cm’*, and the preferred filling density is
1.4 to 2.0 g/cm’, and further preferably 1.5 to 1.8 g/cm®. When the filling density of the pressurized molding
falls below 1.2 g/cm’, the conductivity of the electrode decreases, and the effect of the load characteristics
and safety in the secondary battery of the present invention cannot be fully exerted. On the other hand, 1.2
to 2.0 g/cm® can better achieve the purpose of this invention.

[0057] The negative electrode active material layer in the present invention contains the graphitized vapor-
phase-grown carbon fiber bonded to each other by the binder. The content of the graphitized vapor-phase-
grown carbon fiber in the negative electrode active material layer is usually 85-97 wt%, preferably 87—
95 wt%, taking the total weight of the negative electrode active material layer as 100.

[0058] (2) Positive

The positive electrode in the non-aqueous electrolyte-based secondary battery according to the present
invention has a lithium-containing composite oxide. Preferred positive electrodes are formed by coating the
surface of the current collector with an active material layer that disperses a lithium-containing complex
oxide and a conductive inorganic material into a binder.

[0059] The lithium-containing composite oxide can include a lithium-containing composite oxide having
at least one metal selected from the group consisting of Group 3B metal, Group 6A metal, Group 7A metal
and Group 8 metal. Suitable lithium-containing composite oxides can include at least one selected from the
group consisting of lithium-composite oxides and LiMn,O, represented by the following general formula:

[0060] LiN1;<MxO;

(However, in the above formula, M indicates aluminum, manganese, chromium, cobalt, and iron, and X
indicates any value between 0, 1, and O to 1.)

More preferred lithium-containing composite oxides include, for example, lithium cobaltate (LiCoO-),
lithium manganate (LiMn»O,), lithium nickelate (LiNiO), etc. The lithium-containing composite oxide can
also be used alone or in combinations of two or more.

[0061] The conductive inorganic material can include, for example, acetylene black, artificial graphite, the
carbon black called Ketjenblack manufactured by Ketjen Black International, vapor-phase-grown carbon
fiber, etc.

[0062] The binder and the current collector can include those materials similar to those used when forming
a negative electrode. Note that the materials used for the positive electrode and those used for the negative
electrode may differ from each other or be the same.

[0063] The method of producing the cathode of the non-aqueous electrolytic secondary battery of the
present invention first disperses the lithium-containing composite oxide and the conductive inorganic
material as the cathode active material into a solvent together with a binder. The dispersion is then applied

Samsung Ex. 1005, Page 24 of 31
Samsung Electronics Co., Ltd. v. RJ Technology, LLC
IPR2023-01183



(11) Patent Application No. H10[1998]-189052

to the surface of the current collector. After this is dried, it is pressurized. There is no particular limitation
on the shape of the positive electrode.

[0064] The solvents can include those that are similar to those used when forming a negative electrode. For
example, N-methyl-2-pyrrolidone is preferred. In dispersing the lithium-containing composite oxide in such
a solvent, the ratio of the lithium-containing composite oxide to the solvent is usually 50-70 wt%,
preferably 55-65%. Note that the materials used for the positive electrode and those used for the negative
electrode may differ from each other or be the same.

[0065] When applying the dispersion to the current collector, the thickness and application area of the active
material layer, the method for applying the dispersion, the drying method after application, the pressure
treatment method, etc., are the same as when forming a negative electrode.

[0066] The active material layer of the positive electrode in the present invention contains the lithium-
containing composite oxide and the conductive inorganic material and the binder. Then, taking the total
weight of the active material layer of the positive electrode as 100, the lithium-containing composite oxide
content is usually 80 to 95 wt%, preferably 85 to 92 wi%, and the conducting inorganic material content is
usually 15 to 3 wt%, preferably 8 to 4 wt%.

[0067] The current collector to which the dispersion is applied is usually a metal sheet, preferably an
aluminum sheet.

[0068] The drying method is not particularly limited, and appropriate methods can be employed according
to the circumstances.

[0069] It is desirable that the filling density in the pressurization treatment of the positive electrode of the
present invention is 2.2 to 3.5 g/cm’, preferably 2.5 to 3.3 g/em’.

[0070] (3) Method of manufacturing secondary batteries

The non-aqueous electrolyte-based secondary batteries according to the present invention can be
manufactured using a negative electrode, a cathode, and a non-aqueous electrolyte solution.

[0071] The non-aqueous electrolyte solution contains a lithium salt. The concentration of the lithium salt is
typically 0.8 to 2.0 mol/L, preferably 1 to 1.8 mol/L, and further preferably 1 to 1.6 mol/L. If the
concentration of the lithium salt is within the above range, the object of the present invention can be better
achieved, resulting in an advantage in superior cycle characteristics at high or low temperatures.

[0072] The lithium salt can include LiClOs, LiPFs, LiBF,, LiAsFg, LiCF3;SOs3, etc., and these can be used
alone or in combination with two or more of these. Of these, LiPFs is preferred.

[0073] The solvent of the non-aqueous electrolyte solution is a mixed solvent of cyclic carbonate and chain
carbonate.

[0074] The cyclic carbonate includes ethylene carbonate, propylene carbonate, butylene carbonate, etc.,
and can be used alone or in combination of two or more. In addition, the chain carbonate includes dimethyl
carbonate, diethyl carbonate, methyl ethyl carbonate, etc., and can be used alone or in combination of two
or more. Examples of combinations of two or more carbonates include ethylene carbonate and dimethyl
carbonate, ethylene carbonate and diethyl carbonate, ethylene carbonate and dimethyl carbonate and diethyl
carbonalte, ethylene carbonate and propylene carbonate and dimethyl carbonate, ethylene carbonate and
propylene carbonate and diethyl! carbonate, etc.

[0075] It should be noted that other additives may be added to these mixed solvents to the extent that they
do not inhibit the purpose of the present invention.
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[0076] When a three-way mixed solvent consisting of ethylene carbonate, propylene carbonate, and diethyl
carbonate is employed, the mixed ratio is preferably ethylene carbonate: propylene carbonate: diethyl
carbonate = 2 to 5:0.5 to 3.0:2.5 to 7.5 (volume ratio). When a three-way mixed solvent consisting of
ethylene carbonate, propylene carbonate, and dimethyl carbonate is employed, the mixed ratio is preferably
ethylene carbonate: propylene carbonate: dimethyl carbonate = 2 to 5:1 to 3:2 to 7 (volume ratio).

[0077] In the case where the solvent components of the non-aqueous electrolyte solution are three or more,
the object of the present invention can be well achieved, and the advantage of high ionic conductivity even
at low temperatures arises.

[0078] In a non-aqueous electrolyte-based secondary battery according to the present invention, the design
capacity of the negative electrode is adjusted so that the design capacity of the negative electrode is greater
than the design capacity of the cathode. The design capacity is determined, for example, from the initial
charge capacity per unit weight of the active material in a predetermined charging voltage range and the
amount of active material coated on the current collector. The charging capacity can be obtained, for
example, by continuously recording a voltage that changes over time by applying a constant current using
a three-electrode cell in which both the counter and the reference pole are made of metal lithium. The charge
capacity is the amount of charge until a predetermined voltage is reached. In the triode cell, the starting
voltage when using a vapor-phase-grown carbon fiber negative electrode as the working electrode is 3 V,
and the charge (applying current from the working electrode to the counter electrode) proceeds and
decreases toward 0 V. When a positive electrode is used for the working electrode, the voltage at the start
is the potential difference between the metal lithium and the positive electrode material, and the voltage
rises with charging (applying current from the counter electrode to the working electrode). The
predetermined voltage is 0 V at the vapor-phase-grown carbon fiber negative electrode, and at the positive
electrode, the voltage is set to a range in which no electrolyte decomposition occurs, and no irreversible
structural breakdown of the positive electrode active material occurs. For example, LiMn>Q; is 4.2-4.3 V,
preferably 4.2 V, and LiCoO, and LiNiO; are 4.1-4.2 V, preferably 4.1 V. The design capacity of the
negative electrode active material can be the theoretical capacity indicated by the capacity per unit weight
of carbon in the negative electrode, or 372 mA/g, 1if the graphitization of the negative electrode active
material is complete; however, if the graphitization of the negative electrode active material is not complete,
the design capacity of the negative electrode is determined by measuring the capacity at a low current of
10 mA/g or less and at a predetermined cut-off voltage.

[0079] Note that when lithium nickelate (LiNiO-) is employed as the positive electrode active material, the
solvent of the non-aqueous clectrolyte solution is a mixed solvent of cyclic carbonate and chain carbonate,
thereby suppressing the charge-discharge efficiency of the first cycle to 50~70% and making it a non-
aqueous electrolyte-based secondary battery with less degradation of the discharge capacity.

[0080] Furthermore, in this non-aqueous electrolyte-based secondary battery, if the cut-off voltage at the
time of charging is limited to 4.1 V, a longer-lived non-aqueous electrolyte-based secondary battery can
also be obtained. The cut-off voltage at the time of charging is the upper limit value of the voltage at the
time of charging.

[0081] Examples of the non-aqueous electrolyte-based secondary battery according to the present invention
include a button-type secondary battery, a cylindrical-type secondary battery, a square-type secondary
battery, a coin-type secondary battery, etc.
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[0082] The cylindrical secondary battery is made as follows.

[0083] The negative electrodes and cathodes are wound into a roll via a porous polypropylene sheet
separator. Place this rolled roll in a cylindrical battery can and weld the negative electrode lead wire to the
bottom of the can. The positive electrode lead wire is then welded to a positive electrode cap having a
rupture disc, an occlusion lid, and a gasket. Insert the electrolyte solution into the battery can and secure
the positive electrode cap to the opening in the negative electrode can. This provides a cylindrical secondary
battery.

[0084] The square-type secondary battery can be made by flattening the roll-shaped roll, similar to the
cylindrical secondary battery, housing the flattened object in a square can, or housing the laminate formed
by stacking the combined positive and negative electrodes of the lead wires in a sandwich form through a
separator in a square can, and so on.

[0085]

[Embodiment]

(Embodiment 1)

(1) Production of graphitized vapor-phase-grown carbon fiber for the negative electrode

Graphitized vaporized carbon fibers were produced by graphitizing vaporized carbon fibers with an average
diameter of 2 pm and an average length of 50 um over a period of 30 minutes at 2,800°C under an argon
gas atmosphere.

[0086] 40 g of this graphitized vapor-phase-grown carbon fiber was loaded into a hybridizer (NHS-1,
manufactured by Nara Machinery Co., Ltd.) and treated with high impact at 4,000 rpm (peripheral speed
50 m/s) for 2 minutes. After cutting, the graphitized vapor-phase-grown carbon fiber had a specific surface
area of 1.4 m%*/g, a mean aspect ratio of 12, an average diameter of 2 pm, a distance between graphite mesh
surfaces (dooz2) of 0.3361 nm, and a thickness (L.) of its graphite crystals of 130 nm. The graphitized vapor-
phase-grown carbon fiber after this cutting is a graphitized vapor-phase-grown carbon fiber for the negative
electrode of the present invention, and its specific surface area and aspect ratio are shown in Table 1.
[0087] (2) Cylindrical Battery

The negative electrode was made as follows. That is, 30 g of polyvinylidene fluoride (PVDF) was dissolved
in 420 mL of N-methyl-2-pyrrolidone. To the obtained solution, 270 g of the graphitized vaporized carbon
fiber for the negative electrode (1) was added, and it was sufficiently dispersed by an ultrasonic disperser.
The obtained dispersion was applied to a copper sheet (thickness 10 um, length 3 m, width 200 mm), and
after drying, the electrodes were press molded. After molding, it was cut to a width of 39 mm and a length
of 450 mm, and the filling density of the electrode was measured by measuring the thickness and weight to
find it was 1.60 g/cm?®. This was used as the negative electrode. The filling density of this negative electrode
1s shown in Table 1.

[0088] The positive electrode was made as follows. That is, 20 g of PVDF was dissolved in 350 mL of N-
methyl-2-pyrrolidone to give a solution.

[0089] Next, 445 g of LiCo0O, 20 g of artificial graphite, and 15 g of acetylene black were put into a ball
mill and mixed to obtain the mixture.

[0090] The mixture and the solution were mixed and sufficiently dispersed by an ultrasonic disperser to
obtain a dispersion.
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[0091] The dispersion was applied to an aluminum sheet (20 um thick). The application area at this time
was 300x15 cm.

[0092] After application, the electrode was press molded by a pressing machine to obtain a press molding.
After molding, it was cut to a width of 38 mm and a length of 430 mm, and the filling density of the
electrode was measured by measuring the thickness and weight to find it was 3.1 g/cm’. This was used as
the positive pole.

[0093] A non-aqueous electrolyte-based secondary battery was made as follows. The positive electrode and
the negative electrode were wound into a roll via a porous polypropylene sheet separator. This roll-shaped
roll was placed in a cylindrical battery can with a diameter of 16 mm and a height of 50 mm, and the
negative electrode lead wire was welded to the bottom of the can. The positive electrode lead wire was then
welded to a positive electrode cap having a rupture disc, an occlusion lid, and a gasket. The electrolyte
solution was prepared by dissolving LiPFs in a mixed solvent (volume ratio; EC/PC/DEC=2/1/2)of
industrial ethylene carbonate (EC) and propylene carbonate (PC) and diethyl carbonate (DEC) to a
concentration of 1.2 mole, and the positive electrode cap was placed in the opening of the negative electrode
can. As a result, a cylindrical non-aqueous electrolyte-based secondary battery was obtained. The values
(negative electrode design capacity/positive electrode design capacity) of this non-aqueous electrolyte
secondary battery were adjusted to 1.2, and the values are shown in Table 1.

[0094]
[Table 1]
Specific Negative electrode Negative
surface area | Aspect ratio filling density electrode/cathode
m?/g g/em’ design capacity ratio

Embodiment 1 1.4 12 1.6 1.2
Embodiment 2 24 8 1.8 1.1
Comparative Example 1 7.0 1.2 1.1 1.1
Comparative Example 2 7.0 1.2 0.9 0.6
Comparative Example 3 6.0 — 1.1 0.8

[0095] (3) Cylindrical secondary battery nail penetration test
Nails 35 mm long and 3 mm in diameter were pierced through the side of the cylindrical secondary battery
charged to 4.1 V at 800 mA current at a speed of 50 mm/min. The results are shown in Table 2.
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[0096]
[Table 2]
Presence or absence
. Presence or absence | Presence or absence
of positive electrode .
of ignition of smoke
cap rupture
Embodiment 1 No rupture No ignition No smoke
Embodiment 2 No rupture No ignition No smoke
Comparative Example 1 Rupture No ignition No smoke
Comparative Example 2 Rupture Ignition Smoke
Comparative Example 3 Rupture No ignition Smoke

[0097] (4) Charge/discharge test at different current values

Charge and discharge tests were carried out at current values of 800 mA, 1,600 mA, 2,400 mA, and 3,200
mA in the range of charge and discharge voltages of 2.5 to 4.1 V for each current value. The results are
shown in Table 3 and Figure 1.

[0098]
[Table 3]
Discharge capacity at 50th cycle [mAh]
Current 800 1600 2400 3200
{mA] [mA] [mA] [mA]
Embodiment 1 790 780 770 755
Embodiment 2 780 770 760 750
Comparative Example 1 760 740 700 620
Comparative Example 4 730 700 600 420

[0099] (Embodiment 2)

(1) Production of graphitized vapor-phase-grown carbon fiber for the negative electrode

The 30 g of graphitized vapor-phase-grown carbon fiber prior to cutting, as used in Embodiment 1, was
pressurized with a hydrostatic isotropic pressurizer at a pressure of 1,000 kgf/em’.

[0100] After pressurization, the graphitized vapor-phase-grown carbon fiber had a specific surface area of
2.4 m%g, an average aspect ratio of 8, an average diameter of 2 pum, a distance between graphite mesh
surfaces (doo2) of 0.3361 nm, and a thickness (L) of its graphite crystals of 130 nm. The graphitized vapor-
phase-grown carbon fiber after this pressure is a graphitized vapor-phase-grown carbon fiber for the
negative electrode of the present invention, and its specific surface area and aspect ratio are shown in
Table 1.

[0101] (2) Cylindrical Battery

The negative electrode was made in much the same way as in Embodiment 1. The filling density of the
negative electrode was 1.80 g/cm’®. The filling density of this negative electrode is shown in Table 1.
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[0102] LiMnxO4 was used instead of LiCoO», and the positive electrode was made in the same manner as
in Embodiment 1, except that the filling density was set to 2.9 g/cm’.

[0103] A cylindrical non-aqueous electrolyte-based secondary battery was made in the same manner as in
Embodiment | using a negative electrode, a cathode, and electrolyte solution similar to that in
Embodiment 1. The (negative electrode design capacity/positive electrode design capacity) value of this
non-aqueous electrolyte secondary battery was adjusted to 1.1, and the value is shown in Table 1.

[0104] A nail penetration test and a charge-discharge test were performed in the same manner as in
Embodiment 1. The results are shown in Table 2, Table 3, and Figure 1.

[0105] (Comparative Example 1)

(1) Production of graphitized vapor-phase-grown carbon fiber for the negative electrode

Graphitized vaporized carbon fibers were produced by graphitizing vaporized carbon fibers with an average
diameter of 4 um and an average length of 50 pm over a period of 30 minutes at 2,800°C under an argon
gas atmosphere.

[0106] 40 g of this graphitized vapor-phase-grown carbon fiber was loaded into a hybridizer (NHS-1,
manufactured by Nara Machinery Works, Ltd.) and treated with high impact at 8,000 rpm (peripheral speed
100 mv/s) for 10 minutes.

[0107] After cutting, the graphitized vapor-phase-grown carbon fiber had a specific surface area of 7.0 m%g,
a mean aspect ratio of 1.2, an average diameter of 4 pm, a graphite mesh-to-mesh distance (doo2) of
0.3370 nm, and a thickness (L.) of its graphite crystals of 60 nm. The specific surface area and aspect ratio
of graphitized vapor-phase-grown carbon fibers after this cleavage are shown in Table 1.

[0108] (2) Cylindrical battery

The negative electrode was made in much the same way as in Embodiment 1. The filling density of the
negative electrode was 1.1 g/cm’. The filling density of this negative electrode is shown in Table 1.

[0109] A cylindrical non-aqueous electrolyte-based secondary battery was made in the same manner as in
Embodiment 1 using the same negative electrode and the positive electrode and electrolyte solution in
Embodiment 1. The (negative electrode design capacity/positive electrode design capacity) value of this
non-aqueous electrolyte secondary battery was adjusted to 1.1, and the value is shown in Table 1.

[0110] A nail penetration test and a charge-discharge test were performed in the same manner as in
Embodiment 1. The results are shown in Table 2, Table 3, and Ficure 1.

[0111] (Comparative Example 2) The filling density of the negative electrode in Comparative Example 1
was set to 0.9 g/cm®, and the (negative electrode design capacity/positive electrode design capacity) value
of the non-aqueous electrolyte secondary battery was adjusted to 0.6, and a cylindrical non-aqueous
electrolyte secondary battery was made as in Comparative Example 1.

[0112] The specific surface area and aspect ratio of graphitized vapor-phase-grown carbon fiber after
cutting in Comparative Example 2 are shown in Table 1.

[0113] The negative electrode filling density and (negative electrode design capacity/positive electrode
design capacity) values in Comparative Example 2 are shown in Table 1.

[0114] A nail penetration test was performed in the same manner as in Comparative Example 1. The results
are shown in Table 2.

[0115] (Comparative Example 3) A cylindrical non-aqueous electrolyte-based secondary battery was made
in the same manner as in Embodiment 1, except that a mixture of graphitized MesoCarbon MicroBeads
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(hereinafter sometimes referred to as MCMB) and acetylene black (hereinafter sometimes referred to as
AB) (MCMB: AB = 80:10 ratio by weight) having an average particle size of 6 pm was used instead of the
araphitized vapor-phase-grown carbon fiber in Embodiment 1. The specific surface area of the mixture was
6.0 m*/g, the filling density of the negative electrode was 1.1 g/cm?, and the (negative electrode design
capacity/cathode design capacity) value of the non-aqueous electrolyte secondary battery was 0.8.

[0116] The specific surface area of the mixture, the filling density of the negative electrode, and the
(negative electrode design capacity/positive electrode design capacity) value in Comparative Example 3
are shown in Table 1.

[0117] A nail penetration test was performed in the same manner as in Embodiment 1. The results are
shown in Table 2.

[0118] (Comparative Example 4) In place of the graphitized vapor-phase-grown carbon fiber in
Embodiment 1, a cylindrical non-aqueous electrolyte-based secondary battery was made in the same
manner as in Embodiment 1, except that graphitized MesoCarbon MicroBeads with an average particle size
of 6 um were used.

[0119] A charge-discharge test was carried out in the same manner as in Embodiment 1. The results are
shown in Table 3 and Figure 1.

[0120]

[Effect of the Invention] According to the present invention, a safe non-aqueous clectrolyte-based

secondary battery is provided in which there is no risk that the battery will rupture and ignite, because the
decomposition reaction of the solvent that may occur is suppressed when using a chain carbonate such as
low boiling point dimethyl carbonate (abbreviation: DMC) and diethyl carbonate (abbreviation 1; DEC),
etc.

[0121] In addition, the non-aqueous electrolyte-based secondary batteries of the present invention have
high electrical conductivity of the electrodes themselves, excellent cycle characteristics, and exhibit a high
capacity even in charging and discharging at higher current values and have a long service life.

[BRIEF DESCRIPTION OF THE DRAWINGS]

[Figure 1] Figure 1 is a graph that depicts the relationship between current value and discharge capacity in

charge-discharge tests obtained in Examples 1, 2, 3, and 6;
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