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Abstract

There is provided a method for producing an electrode material for a lithium-ion secondary
battery. The method comprises the following steps: (a) mixing, in an aqueous solution,
components of an active substance of electrode material and a conductive carbon material,
supplying the solution to a chamber, and a hydrothermal reaction is carried out in the
chamber to obtain a conductive carbon material-composited material, wherein the
conductive carbon material is a combination of carbon black and at least two types of fibrous
carbon material, and wherein the types of fibrous carbon material are of different sizes; (b)
mixing the conductive carbon material-composited material and a surface layer-forming
material; an (c) burning the mixture obtained at step (b) to obtain the electrode material.
Also, there is provided a lithium-ion secondary battery comprising an electrode which

comprises the material according to the invention.
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METHOD OF PRODUCING ELECTRODE MATERIAL FOR LITHIUM-ION SECONDARY
BATTERY AND LITHIUM-ION BATTERY USING SUCH ELECTRODE MATERIAL

Cross-Referenced to Related Application
This application claims the benefit of priority Canadian Application No. 2,794,290 filed

October 22, 2012.

Field of the Invention

[0001] The present invention relates to a method of producing an electrode material for a
lithium-ion secondary battery. The invention also relates to a lithium-ion secondary battery
comprising the electrode material produced by the method of the invention.

Background of the Invention

[0002] It is highly desirable for a lithium-ion secondary battery, to improve its energy density
and performance when the battery is charged and discharged when a high electric current
flows therethrough. Such improvement leads to optimization of the battery cycling
characteristics. The cycles of the battery can be increased by as many as several tens of
thousands. This allows for the battery to have a longer life.

[0003] Improving the performance of a lithium-ion secondary battery can be made by
various ways. For example: (a) batteries having high charge capacities have been obtained
by using a cathode material made of a lithium metal oxide and an anode material made of
carbon; (b) by decreasing the particles size of the electrode materials, the specific surface
areas of reacting particles is increased leading to a decrease of the electric resistance of the
battery; (c) using a separator that is thin leads to a decrease of the liquid diffusion

resistance.

[0004] When the particles of the electrode materials of the lithium-ion secondary battery are
set small in the diameters, the reacting materials have an action of weakening the binding
among particles, which has an impact on the electric resistance and life of the lithium-ion
battery. It thus becomes necessary to increase the amount of binder in the materials. As a
result, it is difficuit to allow the battery to have a high charge capacity. A method has been
suggested, which consists of forming secondary particles by aggregation of the small-
diameter primary particles aggregated with one another, and enlarging the reaction area
while keeping an apparent particle diameter. Such method is described for example in
Japanese Patent Application Laid-Open No. 2012-79464.

CA 2888561 2020-03-27
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[0005] Another difficulty encountered in attempting to improve the performance of lithium-ion
secondary batteries is that the cathode and anode materials may peel or drop from the metal
foil (electricity collector) on which they are deposited. This may lead to a short circuit inside
the battery. In such situations, the safety of the battery is compromised due to a decrease in
the voltage and a thermal runaway.

[0006] It is highly desirable to develop electrode materials that are thermally stable and that
allow for the lithium-ion secondary battery to have a high capacity when it is charged and
discharged at a high electric current. The use of a carbon conductive material to decrease
the electric resistance of the electrode is known. This is described for example in Japanese
Patent Application Laid-Open No. 2005-19399, Japanese Patent Application Laid-Open No.
2001-126733 and Japanese Patent Application Laid-Open No. 2003-168429.

[0007] In recent years, the use of a lithium-containing metal phosphate compound such as
an olivine-type lithium iron phosphate as the active substance of the cathode has attracted
rising attention. Such use is described for example in Japanese Patent Application Laid-
Open No. 2000-509193 and Japanese Patent Application Laid-Open No. 9-134724. The
olivine-type lithium iron phosphate as the active substance of the cathode allows for the
improvement of the safety of the battery and for the decrease of the production cost.
However, this active substance presents a problem in that it results in a cathode material

which has a high electric resistance.

[0008] The present inventors have previously developed a method of compositing a
conductive carbon material with the olivine-type lithium iron phosphate coated with carbon
by burning. The method is described in Japanese Patent Application Laid-Open No. 2011-
108522.

[0009] However, the method requires the olivine-type lithium iron phosphate to be
purchased, and the conductive material to be composited therewith. This leads to an
additional processing cost, since a secondary burning is performed to composite the
conductive material with the olivine-type lithium iron phosphate. Also, the method presents a
problem in that the conductive material is generally not sufficiently composited with the
olivine-type lithium iron phosphate.

Date Regue/Date Received 2020-12-01
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[0010] There is still a need for improved methods for the preparation of electrode materials

that are stable and that allow for a battery to have a high charge capacity.

Summary of the Invention

[0011] The inventors have designed a method of producing electrode material in which the
configuration of the components is controlled. The method is cost-efficient and allows for the
preparation of electrode material having a low electric resistance. The electrode material
can be used as cathode material or as anode material. A lithium-ion secondary battery
using a cathode or anode comprising the material according to the invention presents high

charge capacity and good cycling characteristics.
[0012] The invention thus provides the following according to aspects thereof:

1. A method for producing an electrode material for a lithium-ion secondary battery,

comprising:

(a) mixing componcnts of a basic ingredicnt or active substance of clcctrode
material and a conductive carbon material to obtain a conductive carbon

material-composited material,

(b} mixing the conductive carbon material-composited material and a surface layer-

forming material; and
(c) burning the mixture obtained at step (b) to obtain the electrode material.
2. A method according to 1, wherein a hydrothermal reaction occurs during step (a).

3. A method according to 2, wherein the hydrothermal reaction is performed at a
temperature of about 100 to 350°C, preferably about 180 to 220°C for a period of
less than about 24 hours, preferably about 3 to 5 hours.

4. A method according to 1, wherein a solid-phase reaction occurs during step (a).

5. A method according to 1, wherein step (b) comprises immersing the conductive
carbon material-composited material into a water solution including the surface layer-

forming material, and removing the water by drying.

6. A method according to 1, wherein step (c) is performed under inert atmosphere, at a

temperature that is lower than a temperature at which the carbon material-
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composited material decomposes and that is higher than a temperature at which the
surface layer-forming material forms activated covalent bonds with carbon atoms of
the conductive material, for a period of about 3 to 12 hours, preferably about 3 to 5

hours.

A method according to 6, wherein the temperature at step (c) is about 500 to 800°C,
preferably about 650 to 750°C.

A method according to 6, wherein the inert atmosphere is argon or nitrogen

atmosphere.

A method according to 1, wherein the components of a basic ingredient or active
substance of electrode material are a lithium-containing compound, a phosphorus-
containing compound and a transition metal-containing compound.

A method of 9, wherein the basic ingredient or active substance of electrode material
is an olivine-type lithium-containing transition metal phosphate compound such as
LiFePO,, LiCoPOy,, or LIMnPO,.

A method of 9, wherein the basic ingredient or active substance of electrode material
is LiFePO,.

A method according to 1, wherein the conductive carbon material is carbon black, at

least one type of fibrous carbon material, or a combination thereof.

A method according to 12, wherein the types of fibrous carbon material are of

different sizes.

A method according to 12, wherein two types of fibrous material are used, a first type
having a length of about 1000 to 3000 nm, preferably about 3000 nm and a diameter
of about 5 to 15 nm, preferably about 10 nm; and a second type having a length of
about 5000 to 10000 nm, preferably about 5000 nm and a diameter of about 70 to
150 nm, preferably about 100 nm.

A method according to 12, wherein a mass ratio of carbon black / fibrous carbon

material is about 1-8 / 1-3.

A method according to 1, wherein the surface layer-forming material is an organic

substance.
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17. A method according to 16, wherein the organic substance is a sugar, preferably

polysaccharide or lactose.
18. A method according to 1, wherein the electrode material is a cathode material.

19. A method according to 18, wherein a total content of carbon material in the cathode

material is higher than about 2 mass%, preferably between about 5 to 15 mass%.
20. A method according to 1, wherein the electrode material is an anode material.

21. A method according to 20, wherein a total content of carbon material in the anode

material is higher than about 1 mass%, preferably between about 2 to 5 mass%.

22. A method according to 20, wherein a coating layer of carbon material is formed on
the basic ingredient or active substance, and a thickness of the layer is about 1 to 10

nm, preferably about 2 to 5 nm.
23. A method according to 20, wherein the anode material contains titanium.

24. An electrode material for a lithium-ion secondary battery obtained by a method as

defined in any one of 1 to 23.

25. An electrode material for a lithium-ion secondary battery, comprising a basic
ingredient or active substance of electrode material and at least two types of carbon
material, wherein a first type of carbon material is a conductive carbon material and a
second type of carbon material is provided as a coating on a surface of the basic

ingredient.

26. An electrode material according to 25, wherein the conductive carbon material is

carbon black, at least one type of fibrous carbon black, or a combination thereof.

27. An electrode material for a lithium-ion secondary battery according to 25, wherein the

types of fibrous carbon material are of different sizes.

28. An electrode material for a lithium-ion secondary battery according to 25, wherein the
fibrous material is of two types, a first type having a length of about 1000 to 3000 nm,
preferably about 3000 nm and a diameter of about 5 to 15 nm, preferably about 10
nm; and a second type having a length of about 5000 to 10000 nm, preferably about
5000 nm and a diameter of about 70 to 150 nm, preferably about 100 nm.
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29. An electrode material for a lithium-ion secondary battery according to 25, wherein the
basic ingredient or active substance of electrode material is an olivine-type lithium-
containing transition metal phosphate compound such as LiFePQs, LiCoPO4, or
LIMnPQ4.

30. An electrode material for a lithium-ion secondary battery according to 25, wherein the

basic ingredient or active substance of electrode material is LiFePOa.

31. An electrode comprising a material obtained by a method as defined in any one of 1
to 23.

32. A lithium-ion secondary battery, wherein a cathode and/or an anode comprises an
electrode material obtained by the method as defined in any one of 1 to 23.

33. A lithium-ion secondary battery, comprising an electrode comprising a material as
defined in any one of 1 to 23.

[0012a] According to a further aspect, the invention provides for a method for producing an
electrode material for a lithium-ion secondary battery, comprising: (a) mixing, in an aqueous
solution, components of an active substance of electrode material and a conductive carbon
material, supplying the solution to a chamber, and a hydrothermal reaction is carried out in
the chamber to obtain a conductive carbon material-composited material, wherein the
conductive carbon material is a combination of carbon black and at least two types of fibrous
carbon material, and wherein the types of fibrous carbon material are of different sizes; (b)
mixing the conductive carbon material-composited material and a surface layer-forming
material; and (c) burning the mixture obtained at step (b) to obtain the electrode material.

The hydrothermal reaction at step (a) is carried out at a temperature of 180 to 220°C.

[0012b] According to yet a further aspect, the invention provides for an electrode material for
a lithium-ion secondary battery, comprising a basic ingredient or active substance of
electrode material and at least two types of carbon material, wherein a first type of carbon
material is a conductive carbon material and a second type of carbon material is provided as
a coating on a surface of the basic ingredient, wherein the types of fibrous carbon material

are of different sizes.

Date Regue/Date Received 2022-01-04
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[0012c] According to yet a further aspect, the invention provides for a method for producing
an electrode material for a lithium-ion secondary battery, comprising: (a) mixing, in an
aqueous solution, components of an active substance of electrode material and a conductive
carbon material, supplying the solution to a chamber, and a hydrothermal reaction is carried
out in the chamber to obtain a conductive carbon material-composited material, wherein the
conductive carbon material is a combination of carbon black and at least two types of fibrous
carbon material, and wherein the types of carbon material are of different sizes; (b) mixing
the conductive carbon material-composited material and a surface layer-forming material;
and (c) burning the mixture obtained at step (b) to obtain the electrode material. The
hydrothermal reaction at step (a) is carried out at a temperature of 180 to 220°C, for a time
period of 3 to 5 hours.

Brief Description of the Drawings
[0013] Figure 1 is a pattern diagram of a cathode material for a lithium-ion secondary

battery.

[0014] Figure 2 shows a photograph of the surface of the cathode material taken by a
scanning-type and a transmission-type electron microscope.

[0015] Figure 3 shows a photograph of a lithium-containing metal phosphate compounds

taken by a transmission-type electron microscope.

Description of Preferred Embodiments

[0016] In order to provide a clear and consistent understanding of the terms used in the
present specification, a number of definitions are provided below. Moreover, unless defined
otherwise, all technical and scientific terms as used herein have the same meaning as

commonly understood to one of ordinary skill in the art to which this disclosure pertains.

[0017] As used herein, the word "a" or "an" when used in conjunction with the term
"comprising” in the claims and/or the specification may mean "one”, but it is also consistent

with the meaning of "one or more", "at least one”, and "one or more than one".

Date Regue/Date Received 2022-01-04
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[0018] As used herein, the words "comprising” (and any form of comprising, such as
"comprise” and "comprises"), "having" (and any form of having, such as "have" and "has"),
"including” (and any form of including, such as "include” and "includes") or "containing” (and
any form of containing, such as "contain" and "contains"), are inclusive or open-ended and

do not exclude additional, unrecited elements or process steps.

[0019] As used herein, the term "about" is used to indicate that a value includes an inherent

variation of error for the device or the method being employed to determine the value.

[0020] As used herein, the term “graphene phase” means one layer of a plain six-membered

ring structure of sp>~connected carbon atoms.

[0021] As used herein, the term “amorphous layer” means a three-dimensional six-
membered ring structure.

[0022] As used herein, phrase “carbon atoms form an activated covalent bond” means that
electronic conduction is made owing to the bonding between the carbon atoms caused by

turbulence of the graphene phase and/or the amorphous phase.

[0023] The inventors have designed a method for producing an electrode material for a
lithium-ion battery, wherein components of a basic ingredient of electrode material are mixed
with a conductive carbon material to obtain a conductive carbon material-composited
material, which is then mixed with a surface layer-forming or coating material. The mixture is
further burned to obtain the electrode material, which can be used either as cathode material

or anode material.

[0024] Turning to the figures, the electrode material for a lithium-ion secondary battery 1 is
illustrated in Figure 1. The material 1 comprises an active substance (basic ingredient of the
electrode material), which can be an olivine-type lithium-containing transition metal
phosphate compound 2. The material also comprises a carbon material 3 which can be a
graphene phase, and a conductive carbon black 4. The material further comprises a
conductive fibrous carbon material-containing material 5. The carbon material 3 forms a
coating on the surface of the conductive fibrous carbon material-containing material 5. The
lithium-containing transition metal phosphate compound 2 is composited with the conductive

carbon black 4 and the conductive fibrous carbon material-containing material 5.

[0025] In embodiments of the invention, the fibrous carbon material-containing material 5 is

a mixture of fibrous carbon materials 5a and 5b of different size. As illustrated on Figure 1,
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each fibrous carbon material 5a has a small diameter and a short length, and each fibrous
carbon material 5b has a large diameter and a long length. The fibrous carbon material 5a is
disposed in the vicinity of the surface of the lithium-containing metal phosphate compound 2
and contributes to the bonding between portions of the compound 2, and the fibrous carbon

material St contributes to the bonding between the compounds 2.

[0026] In embodiments of the invention, a cathode material is a lithium-containing metal

compound.

[0027] As the lithium-containing metal, a lithium-containing metal oxide shown by LiIMO,
(M: at least one element of Co, Mn, Ni, and Al), a solid solution lithium-containing metal
oxide shown by Li,MnO; ¢ LIMO, (M: at least one element of Co, Ni, Mn), a lithium-containing
metal phosphate compound shown by LIMPO, (M: at least one element of Fe, Co, and Mn),
and a lithium-containing metal silicate compound shown by LiMSiO. (M: at least one element

of Fe, Co, and Mn). Sulfur compounds can be also used as cathode material.

[0028] Examples of lithium-containing metal compounds include LiFePO,, LiCoPO,4, and
LiMnPO,.

[0029] In embodiments of the invention, the active substance of the cathode material is an
olivine-type lithium-containing transition metal phosphate compound. For example, the
olivine-type lithium iron phosphate shown by LiFePQ, is effective in its electrochemical

property, safety, and cost.

[0030] In embodiments of the invention, anode material may comprise artificial or natural
graphite, materials containing metal silicon or silicon oxide, and materials such as lithium
titanate containing titanium. It is effective to form the layer of the carbon material on a
surface layer of the anode material as a method of adding a carbon conductive material to
the surface layer. The carbon conductive material improves the charge and discharge

properties of the battery and the durability thereof.

[0031] In embodiments of the invention, the average diameter of the particles of the cathode
material and the anode material is between about 50 and 30000 nm. When the average of
the particle diameters of the cathode material is less than about 50 nm, an amorphous
phase is generated, making it difficult to composite the cathode material with the conductive
material. When the average diameter of the particle of the anode material exceeds a value

of about 30000 nm, the number of contact points between particles becomes small, making
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ineffective the addition of conductive material to the electrode material. In preferred
embodiments, the average diameter of the particle of the cathode material is between about
50 and 20000 nm and that the average of the particle diameters of the anode material is
between about 4000 and 30000 nm.

[0032] The surface of each of the above-described electrode material is coated with the
layer of the carbon material. At least one phase selected from among the graphene phase

and the amorphous phase is formed on the surface of the layer of the carbon material.

[0033] There are various methods of forming the surface layer or coating of carbon
materials. The following methods (a) through (d) of forming a thin film are known: (a)
modifying the surfaces of particles of the electrodes by using an organic substance-
containing solution as a surface layer-forming material and thereafter thermally decomposing
the surface layer-forming material in a reducing atmosphere, (b) dispersing conductive
carbon black such as acetylene black, Ketchen Black or graphite crystal in a solvent to form
a slurry solution, dispersing particles of the electrode material in the slurry solution, and
thereafter drying and removing the solvent; (c) an ion deposit method; and (d) a chemical

evaporation method (CVD) and/or a physical evaporation method (PVD).

[0034] In embodiments of the invention, the production method relates to method (a) above.
As described later, the surface layer is formed at the same time when components of the

electrode material are synthesized into the electrode material.

[0035] In the present invention, the term “graphene phase” means one layer of a plain six-
membered ring structure of sp’~connected carbon atoms. The term “amorphous layer”
means a three-dimensional six-membered ring structure. The phrase “carbon atoms form an
activated covalent bond” means that electronic conduction is made owing to the bonding
between the carbon atoms caused by turbulence of the graphene phase and/or the
amorphous phase.

[0036] The carbon material coating the surface of the basic ingredient of the electrode
material closely contacts the surface of each basic ingredient of electrode material. At least
one phase selected from among the graphene phase and the amorphous phase is formed

on the surface of the carbon material.

[0037] In embodiments of the invention, the thickness of the coating layer of the carbon

material is between about 1 and 10 nm. When the thickness of the coating layer is less than
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about 1 nm, it is difficult to accomplish electronic conduction to be performed by the bonding
of the carbon atoms. When the thickness of the coating layer is more than about 10 nm, the
diffusion performance of lithium ions to the surface of the active substance responsible for
the reaction of the battery becomes low. Therefore the output performance of the battery
deteriorates. In preferred embodiments, the thickness of the coating layer is between about

2and 5 nm.

[0038] In embodiments of the invention, the conductive material which is the carbon black
and/or the fibrous carbon material. Conductive carbon black such as the acetylene black,
the Ketchen black, and furnace black are can be used. The specific surface area of the

conductive carbon black is between about 20 and 400 m%/g.

[0039] The fibrous carbon material which can be used in the present invention is at least
one selected from among a carbon nanotube and a carbon nanofiber. The term “carbon
nanotube means” a tube consisting of a single-walled ring. The term “carbon nanofiber”

means a tube consisting of a multi-walled ring.

[0040] In embodiments of the invention, the fibrous carbon material consisting of the carbon
nanotube and the carbon nanofiber can be used. In preferred embodiments, at least two
kinds of the fibrous carbon materials different in the fiber diameters and fiber lengths are
used. Thatis, it is possible to use (a) the fibrous carbon materials different in both the fiber
diameters and fiber lengths, (b) the fibrous carbon materials equal in the fiber diameters
thereof and different in the fiber lengths, and (c) the fibrous carbon materials different in the
fiber diameters and equal in the fiber lengths. Also, in more preferred embodiments, the
fibrous carbon material having a small fiber diameter and a short fiber length and the fibrous
carbon material having a large fiber diameter and a long fiber length in combination are

used.

[0041] In embodiment of the invention, the diameter of the fibrous carbon material is
between about 10 and 100 nm. In preferred embodiments, the fiber length is between about
100 and 10000 nm. It is difficult to carry out distributed production of the fibrous carbon
material whose diameter is less than about 10 nm. The fibrous carbon material whose
diameter exceeds about 100 nm contacts the electrode material at a small number of points
and thus has a low effect. When the fibrous carbon material having a fiber length less than
about 100 nm is used, it is difficult to dispersingly praduce the fibrous carbon material and in
addition fibrous carbon material contacts the electrode material at a small number of points.

The fibrous carbon material having a fiber length exceeding about 10000 nm is broken a lot
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at a dispersion time, and few of them maintain the original fiber length. In preferred
embodiments, the fibrous carbon material having the fiber length less than about 10000 nm

is used in the present invention.

[0042] When a plurality of the fibrous carbon materials is used, the diameter of one type of
the fibrous carbon materials is between about 5 and 15 nm, and the diameter of the other
type is between about 70 and 150 nm. In preferred embodiments, the diameter of one type

of fibrous material is about 10 nm, and the diameter of the other type is about 100 nm.

[0043] The fiber length of the fibrous carbon material having the diameter between about 5
and 15 nm is between about 1000 to 3000 nm, preferably about 3000 nm. The fiber length
of the fibrous carbon material having the diameter between about 70 and 150 nm is in the

range from about 5000 to 10000 nm, preferably about 5000 nm.

[0044] In the case of the cathode material, it is preferable that the fotal of the content of the
cathode material, the carbon black, the fibrous carbon material, and the layer of the carbon
material coating the surface of the fibrous carbon material is not less than about 2 mass%,

and preferably in the range from about 5 to 15 mass%.

[0045] In preferred embodiments, the mixing ratio between the carbon black and the fibrous
carbon material is: carbon black/fibrous carbon material = (about 2 to 8)/(about 1 to 3) in a
mass ratio. In the case of the anode material, the total content of the carbon material is not

less than about 1 mass%, preferably between about 2 to 5 mass%.

[0046] The method of producing basic ingredient of the electrode material for the lithium-ion
secondary battery of the present invention by using the above-described materials is
described below. The method of producing the cathode material consisting of the olivine-
type lithium iron phosphate is described in detail below. The cathode material of the present
invention consisting of the olivine-type lithium iron phosphate is synthesized through the

following steps.

[0047] A first step of synthesizing a conductive material-composited material by adding the
above-described conductive material to a water solution containing a lithium-containing
compound, a phosphorous-containing compound, and a transition metal-containing

compound and allowing them to hydrothermally react with one another:

[0048] A water solution of iron sulfate to which lithium hydroxide and citric acid, both of

which are the materials of the olivine-type lithium iron phosphate are added and a water
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solution of phosphoric acid are prepared. The fibrous carbon material dispersed in water or
ethanol and the carbon black are added to the mixed solution of the above-described
componenis to hydrothermally synthesize them into the conductive material-composited
material containing the olivine-type lithium iron phosphate, the conductive carbon black, and

the conductive fibrous carbon material.

[0049] In preferred embodiments, the hydrothermal reaction is performed in a closed
atmosphere at temperatures of about 100 to 350°C, preferably about 180 to 220°C; for a

time period of not more than about 24 hours, preferably about 3 to 5 hours.

[0050] The step of preparing the conductive composite material can be performed by a
solid-phase reaction or any suitable reaction. In the solid-phase reaction, the conductive
material, a lithium-containing compound, a phosphorus-containing compound, and a
transition metal-containing compound are allowed to react together. As will be understood
by a skilled person, reaction conditions of such solid-phase reaction can vary depending on

the application.

[0051] A second step is performed, which consists of mixing the conductive material-
composited material and the surface layer-forming material with each other to form a

mixture.

[0052] As the surface layer-forming material which can be used in the present invention, it is
possible to use any carbon source material capable of forming the activated covalent bond in
combination with the carbon atoms of the conductive material. In embodiments of the
invention, sugars are used as surface layer-forming material. Such sugars include

polysaccharide and lactose.

[0053] By immersing the conductive material-composited material in a water solution of the
lactose and thereafter drying and removing water, the conductive material-composited

material having the surface thereof coated with the carbon source material is obtained.

[0054] A third step of burning the conductive material-composited material having the

surface thereof coated with the carbon source material is performed.

[0055] The conductive material-composited material is burned in an inert atmosphere at a
temperature that is not more than a temperature at which the conductive material-
composited material is thermally decomposed and that is not less than a temperature at

which the surface layer-forming material forms the activated covalent bond in combination
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with the carbon atoms of the conductive material. By burning the conductive material-
composited material in the above-described condition, the surface layer-forming material is
thermally decomposed. Thereby a composite cathode material having its surface coated
with the surface layer having at least one phase selected from among the graphene phase
and the amorphous phase is obtained. In preferred embodiments, the conductive material-
composited material consisting of the olivine-type lithium iron phosphate is burned in a
nitrogen atmosphere at a burning temperature of about 500 to 800°C, preferably about 650
to 750°C; for a period of about 2 to 12 hours, preferably about 3 to 5 hours.

[0056] The method of producing the cathode material consisting of the olivine-type lithium
iron phosphate has been described above. But it is possible to produce cathode materials
consisting of other lithium-containing metal compounds by adding the carbon black and the
conductive fibrous carbon material having a solution state to the cathode material at the
cathode material synthesis step, thereafter mixing the surface layer-forming material with the
above-described components, and thereafter performing one-time burning to composite the

above-described components with one another.

[0057] In the case of the anode material, it is possible to generate the layer of the carbon
material composited with the conductive carbon material on the surface of the graphite by
adding the carbon black and the conductive fibrous carbon material having a solution state
to the anode material consisting of graphite or the like, thereafter immersing the mixture of
the above-described components in a water solution of the surface layer-forming material,

and thereafter drying and burning the mixture.

[0058] Typically, the lithium-ion battery has a construction in which an electrolyte is
penetrated into a group of electrodes wound or layered one upon another with a separator
being interposed between a cathode plate and an anode plate or the group of electrodes is

immersed in the electrolyte to repeatingly absorb and release lithium ions.

[0059] The cathode and anode plates are formed by applying paste containing the cathode
material and a binding agent and paste containing the anode material and the binding agent

to a respective electricity collection foil.

[0060] In embodiments of the invention, binding agents such as polyvinylidene fluoride
(PVDF), carboxymethylcellulose (CMC), emulsion of styrene butadiene copolymer (SBR),

polyvinyl alcohol (PVA), polyacrylic emulsion, and silicone emulsion are used.
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[0061] In consideration of the binding property of the binding agent and the conductive
property of the active substance, the amount of the binding agent is about 0.5 to 10 parts by

mass for about 100 parts by mass of the active substance or basic ingredient.

[0062] In embodiments of the invention, in forming an electrode paste by using a water
solution or a water dispersion of a water-soluble or water-dispersible resin as a binding
agent, a dispersant and/or a surface-active agent to the binding agent are added at a mixing
time. Dispersants such as cellulose derivatives can be used. The cellulose derivatives can

be carboxymethylcellulose (CMC). Pyrrolidone derivatives can also be used.

[0063] The separator which can be used for the lithium-ion battery holds an electrolyte by

electrically insulating the cathode and anode from each other.

[0064] The separator is made of a synthetic resin film or fibrous woven and nonwoven
cloths. It is possible to use a single layer or a double layer of a film of olefin resin such as
polyethylene, polypropylene or the like, a film having ceramic particles which coat the above-
described films, and woven and nonwoven cloths of cellulose fiber, polyimide fiber,

polyamide fiber, and glass fiber.

[0065] As electrolytes of the lithium-ion battery in which the group of electrodes is
immersed, non-aqueous electrolytes containing lithium salts, ion-conducting polymers, and

an ionic liquid are used.

[0066] As non-aqueous solvents in the non-aqueous electrolytes containing the lithium salts,
ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), methyl ethyl carbonate (MEC), organic dinitrile, organic sulfone,
fluorinated carbonate ester, borate ester, and ester derivatives of these substance are listed.
As the lithium salis which can be dissolved in the non-aqueous solvents, lithium
hexafluorophosphate (LiPFsg), lithium boron tetrafluoride (LiBFy), lithium

trifluoromethanesulfonate (LiSO;CF,) are listed.

[0067] The cathode and anode materials for the lithium-ion secondary battery are formed by
layering the cathode and anode materials on the surface of the cathode plate and that of
anode plate respectively serving as electricity collectors. A metal thin film can be
exemplified as the cathode plate. An aluminum foil can be exemplified as the electricity
collector of the cathode. A copper foil and the aluminum foil can be exemplified as the

electricity collector of the anode.
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Examples

[0068] The synthesis of the cathode material of the present invention is described in detail
below by way of examples and comparative examples. As an example, the synthesis of the
cathode material consisting of the olivine-type lithium iron phosphate is described in detail
below. The lithium-ion secondary battery using the cathode material consisting of the
olivine-type lithium iron phosphate is described in detail below. But the present invention is

not limited to the examples described below.

Svynthesis of cathode material consisting of olivine-type lithium iron phosphate composited

with conductive carbon material

[0069] In an atmosphere of an inert gas such as argon or nitrogen, by using distilled water in
which dissolved oxygen and residual ions were removed in advance, a 0.4M water solution
of iron sulfate to which lithium hydroxide and citric acid which are the material of the olivine-
type lithium iron phosphate were added and a 0.4M water solution of phosphaoric acid were
prepared. After the above-described components were mixed with one another such that
the mole ratio among lithium, iron, and phosphorous contained in the total amount of the
mixed solution was 3, 1, 1, pH of the mixed solution was adjusted to 8.5 to 8.8 by using

appropriate ammonia water to prepare a suspension liquid.

[0070] The fibrous carbon material (diameter: 15 nm, fiber length: 10000 nm) dispersed at
5 mass% in water and the carbon black (specific surface area: 40 m?/g) were added to the
suspension liquid to prepare a slurry mixed solution. The mixed solution was supplied to a
chamber dedicated to carrying out a hydrothermal synthesis reaction and heated at 200°C
for two hours to perform hydrothermal synthesis. Thereby the conductive carbon material-
composited material composed of the olivine-type lithium iron phosphate composited with

the conductive carbon material and the conductive fibrous carbon material was synthesized.

[0071] After the obtained composite material is filtered, cleaned, and dried, a lactose water
solution adjusted to 10wt% in advance was added to the conductive carbon material-
composited material such that lactose was 10 wit% for the olivine-type lithium iron phosphate
of the composite material. The dried conductive carbon material-composited material was
thermally decomposed in a nitrogen atmosphere at 700°C to obtain the cathode material in
which the surface of the conductive carbon material-composited material was coated with at

least one phase selected from among the graphene phase and the amorphous phase.
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[0072] According to identification performed by means of an X-ray diffraction pattern, no by-
products were found in the obtained cathode material, but it was confirmed that the obtained
cathode material was in a crystalline state similar to that of the olivine-type lithium iron

phosphate to be obtained by a normal hydrothermal synthesis method.

[0073] The average of the particle diameters of the cathode material measured by a light
scattering method was 6000 nm. The thickness of the surface-coating layer measured by
the electron microscopic photograph was 3 nm. The total of the content of the cathode
material, that of the carbon black, that of the fibrous carbon material, and that of the layer of

the carbon material coating the surface of the fibrous carbon material was 10 mass%.

[0074] Figure 2 shows an electron microscopic photograph of the cathode material

synthesized by using the production method of the present invention.

[0075] A secondary eleciron image (SE) shows that an olivine-type lithium iron phosphate 2
is composited with a conductive carbon black 4 and a conductive fibrous carbon material 5.
A bright-field image (TE: transmission electron) shows that the surface of the olivine-type

lithium iron phosphate 2 is coated with the carbon material 3 such as the graphene phase.

[0076] Thereby electrons are conducted among the olivine-type lithium iron phosphate, the
conductive carbon black, and the conductive fibrous carbon material not only by physical
contact among them but also by bond among carbon atoms. Therefore it is possible for the
lithium-ion secondary battery to obtain a low electric resistance. Thus the lithium-ion
secondary battery is capable of having a high capacity when it is charged and discharged at
a high electric current and maintaining this performance for a long time. That is, the battery

obtains a long life.

[0077] Figure 3 shows an electron microscopic photograph of the configuration of the
cathode material consisting of the olivine-type lithium iron phosphate synthesized by the

production method of the present invention.

[0078] The secondary electron image (SE) shows that the surfaces of particles are
depressed. A dark-field image (DF) shows that pores are present inside the olivine-type

lithium iron phosphate.

[0079] Particles of the olivine-type lithium iron phosphate produced by the hydrothermal
synthesis method take a spherical shape, a rod shape, an elliptic shape, and the like in

dependence on a synthesis condition. In any shape, the particles of the olivine-type lithium
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iron phosphate of any of the above-described configurations had a comparatively flat
configuration and not in contact with each other, i.e., were independent from each other.
Secondary particles were formed owing to aggregation of particles caused by the presence
of water. To increase the reaction area, heretofore, the size of particles of reacting
substances is decreased and the surfaces thereof were flattened and smoothened. As a
result, conventional particles have a problem that they had a high degree of independence

and a low degree of binding performance.

[0080] On the other hand, the olivine-type lithium iron phosphate synthesized by the
production method of the present invention had particle surfaces having pores and

depressed surfaces.

[0081] In this case, there is an increase in contact points among the particles. Thus the
technique of compositing the conductive material with the electrode material is capable of
overcoming the conventional problem of a decrease of the number of contact points in the
synthesis to be carried out by using the hydrothermal synthesis method by increasing the

specific surface area of the particles and keeping the degree of independence thereof.

Production of cathode

[0082] A cathode material in which various kinds of the olivine-type lithium iron phosphates
were used and polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone (NMP)

used as a binding agent were kneaded to obtain a cathode mixed agent (slurry).

[0083] As the solid content ratio between the materials constituting the cathode respectively,
the ratio of basic ingredient of the electrode material to the PVDF was set to 94:6 mass%.
The cathode mixed agent (slurry) was applied in an amount of 140 g/m? to an aluminum foil
having a thickness of 20 ym and dried. Thereafter the slurry-applied aluminum foil was

pressed and cut to obtain the cathode for the lithium-ion secondary battery.

[0084] In Example 1, at synthesis and burning steps, the olivine-type lithium iron phosphates
and conductive materials were composited with each other. In a comparative example, the
olivine-type lithium iron phosphate not subjected to compositing treatment at a synthesizing
time, namely, the olivine-type lithium iron phosphate, synthesized by using a hydrothermal
method, whose surface was coated with at least one phase selected from among the
graphene phase and the amorphous phase was initially produced. Thereafter the
conductive materials, namely, the conductive carbon black and the conductive fibrous
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carbon material were mixed with each other by using a kneading machine. In this manner, a

cathode was produced (Comparative example 1).

[0085] By using the olivine-type lithium iron phosphate of the Comparative Example 1 before
the conductive materials were mixed with each other, the cathode composed of the olivine-
type lithium iron phosphate composited with the conductive materials was produced by a

second-time burning (Comparative example 2).

[0100] In any of the electrodes, the content of the conductive carbon black, that of the
conductive fibrous carbon material, and that of the surface-coating carbon phase were equal
to each other.

Production of anode

[0101] A mixture of a graphite carbon material and a carbon nanotube were kneaded by
using a water based binder consisting of a water dispersion of styrene butadiene rubber and

a water solution of CMC to produce an anode slurry.

[0102] The composition ratio among the graphite, the carbon nanotube, the SBR, and the
CMC were set to 96/1/2/1 in mass%. The prepared slurry was applied in an amount of
80 g/m” to a copper foil having a thickness of 10 ym and dried. Thereafter the slurry-applied

copper foil was pressed until it had a predetermined thickness to produce an anode plate.
[0103] Laminate type batteries each having 500 mAh were produced.

[0104] As a separator electrically partitioning the cathode plate and the anode plate from

each other, nonwoven cloth made of cellulose fibers was used.

[0105] An electrolyte was prepared by dissolving 1 mol/l of lithium hexafluorophosphate
(LiPFg) in a solution containing EC and DEC mixed with each other at 30:70 at a volume

ratio.

[0106] In a discharge performance test of the batteries, after each battery was initially
charged, it was confirmed that the charge and discharge efficiency reached the
neighborhood of 100%. Thereafter the discharge capacity of each battery measured when
the battery was discharged up to 2.0V at a constant electric current of 100 mA was set as

the capacity thereof.
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[0107] By using a battery whose depth of discharge was adjusted to 50% (DOD: 50%) with
respect to the capacity, a voltage change in the case where electric current flowed
therethrough for three seconds in a current range of 100 to 1500 mA was measured to

compute the DC resistance of each battery.

[0108] In a discharge performance test, the discharge capacity of each battery when it was
discharged at electric current of 5000 mA flowed therethrough was compared with the
discharge capacity thereof when it was discharged at the electric current of 100mA and set

as the discharge capacity maintenance ratio (%) thereof.

[0109] In a cycle performance test, the battery was charged at a constant electric current
and a constant voltage (finished at 25 mA) of 4.0V (limited current of 1500 mA) and
discharged up to 2.0V at a constant electric current of 1500 mA. The test was suspended
for 10 minutes during each of the charge and discharge. This operation was repeated 1000
cycles. The ratio of the capacity of the battery at the 1000th cycle to the discharge capacity
at the first cycle is set as the capacily maintenance ratio (%) at the 1000th cycle. The

capacity maintenance ratio (%) is shown in Table 1.

Table 1
Table 1. Test result of various charges and discharges
) Discharge capacity Capacity maintenance
DC resistance B K
maintenance ratio ratio at 1000th cycle
mQ % %
Material of present
Example 1 . A 56 95 90
invention
Comparative
p Mixed material 83 79 75
example 1
Comparative Conventional
58 82 92

exanple 2 composite material

[0110] From the test results shown in Table 1, it was confirmed that the cathode material
(Example 1) synthesized by the production method of the present invention had performance
equivalent to that of the cathode material of the Comparative example 2 with which the

conductive material was secondarily composited.

[0111] This shows that the synthesis method of the present invention is capable of
producing the composite material composed of the olivine-type lithium iron phosphate having
the intended structure, namely, the composite material composed of the olivine-type lithium

iron phosphate in which through at least one phase selected from among the graphene
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phase and the amorphous phase, the surface of the conductive carbon black and that of the
fibrous carbon material are composited with each other owing to conduction of electrons
caused by the bonding between the carbon atoms. To composite the conductive materials
with the olivine-type lithium iron phosphate by burning in synthesizing the olivine-type lithium

iron phosphate is advantageous in the cost.

[0112] It was confirmed that the electrode material of Comparative example 1 in which the
conductive materials were not composited with the electrode material, but were mixed with
each other has a lower performance than the electrode materials of the Comparative
example 2 and the Example 1 in which the conductive materials were composited with the
electrode material by burning. The burning is effective in the cathode synthesis method of

the example 1 and that of the Comparative example 2.

[0113] Comparison among the cathode materials of the Example 1, Comparative example 1,
and the Comparative example 2 indicates that basic ingredient of the electrode material
synthesized at one-time burning by the present invention has a property equivalent to the

electrode materials of the comparative examples.

[0114] That is, the number of the heat treatment steps to be performed in the synthesis
method of the present invention is smaller than that to be performed in the synthesis method
of the conventional art and yet the electrode material of the present invention is allowed to
have a property equivalent to that of the conventional electrode material. Therefore the
production method of the present invention has a great superiority over the conventional

production method in the production cost.

[0115] The above-described effect to be obtained was similar to that to be obtained in
compositing the conductive material with cathode materials composed of other materials
such as LiMO, (M:at least one of Co, Mn, Ni) and anode materials composed of graphite,
lithium titanate, and the like by burning in synthesizing materials.

[0116] Regarding the addition amount of the conductive material, as examined in
Comparative example 2 in which the electrode material and the conductive materials were
composited with each other by carrying out two-time burning, when the addition amount of

the conductive material was less than 2 mass%, the addition-caused effect became smaller.

[0117] Owing to the compositing technique, basic ingredient of the electrode material of the

present invention for the lithium-ion secondary battery allows the lithium-ion secondary
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battery to have a high capacitance when it is charged and discharged while a high electric

current is flowing therethrough and to be repeatingly charged and discharged stably for a
very long time while a high electric current is flowing therethrough. Further it is possible to
synthesize the olivine-type lithium iron phosphate and composite the conductive carbon
material with the electrode material at the same time by carrying out the hydrothermal
method. Therefore the lithium-ion secondary battery of the present invention can be
preferably utilized for uses in which batteries are demanded to be charged and discharged at
a high current, travel a long distance, and consume a large amount of fuel. Thus the lithium-
ion secondary battery of the present invention can be utilized for electric vehicles and hybrid
cars which are demanded to be produced at a low cost and durable and for a large-scale
electric power storage stationary-type power source.

[0118] It is understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the present discovery
and scope of the appended claims.

CA 2888561 2020-03-27



22

Claims:

1. A method for producing an electrode material for a lithium-ion secondary battery,
comprising:

(&) mixing, in an aqueous solution, components of an active substance of electrode
material and a conductive carbon material, supplying the solution to a chamber,
and a hydrothermal reaction is carried out in the chamber to obtain a
conductive carbon material-composited material, wherein the conductive
carbon material is a combination of carbon black and at least two types of
fibrous carbon material, and wherein the types of fibrous carbon material are of
different sizes;

{b) mixing the conductive carbon material-composited material and a surface layer-
forming material; and

{c) burning the mixture obtained at step (b) to obtain the electrode material,

wherein the hydrothermal reaction at step (a) is carried out at a temperature of 180 to 220°C
and for a time period of not more than 24 hours.

2. A method according to claim 1, wherein step (b) comprises immersing the conductive
carbon material-composited material into a water solution including the surface layer-forming
material, and removing the water by drying.

3. A method according to claim 1 or 2, wherein step (c) is performed under inert atmosphere,
at a temperature that is lower than a temperature at which the carbon material-composited
material decomposes and that is higher than a temperature at which the surface layer-
forming material forms activated covalent bonds with carbon atoms of the conductive carbon
material, for a time period of 3 to 12 hours.

4. A method according to claim 3, wherein the time period is 3 to 5 hours.
5. A method according to claim 3 or 4, wherein the temperature at step (c) is 500 to 800°C.
8. A method according to claim 3 or 4, wherein the temperature at step (c) is 650 to 750°C.

7. A method according to claim 3 or 4, wherein the inert atmosphere is argon or nitrogen
atmosphere.
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8. A method according to any one of claims 1 to 7, wherein the components of an active
substance of electrode material are a lithium-containing compound, a phosphorus-containing
compound and a transition metal-containing compound.

9. A method of claim 8, wherein the active substance of electrode material is an olivine-type
lithium-containing transition metal phosphate compound.

10. A method according to claim 9, wherein the olivine-type lithium-containing transition
metal phosphate compound is LiFePOy4, LiCoPQy, or LiIMNPO,.

11. A method of claim 8, wherein the active substance of electrode material is LiFePOs4.

12. A method according to any one of claims 1 to 11, wherein two types of fibrous carbon
material are used, a first type having a length of 1000 to 3000 nm and a diameter of 5 to 15
nm; and a second type having a length of 5000 to 10000 nm and a diameter of 70 to 150
nm.

13. A method according to claim 12, wherein the first type of fibrous carbon material has a
length of 3000 nm and a diameter of about 10 nm.

14. A method according to claim 12 or 13, wherein the second type of fibrous carbon
material has a length of 5000 nm and a diameter of about 100 nm.

15. A method according to any one of claims 1 to 14, wherein a mass ratio of carbon black /
total fibrous carbon material is 1-8 / 1-3.

16. A method according to any one of claims 1 to 15, wherein the surface layer-forming
material is an organic substance.

17. A method according to claim 16, wherein the organic substance is a sugar.

18. A method according to claim 16, wherein the organic substance is polysaccharide or
lactose.

19. A method according to any one of claims 1 to 7, wherein the electrode material is
a cathode material.

20. A method according to any one of claims 8 to 11 and 19, wherein a content of the
conductive carbon material in the cathode material is higher than 2 mass%.
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21. A method according to any one of claims 8 to 11 and 19, wherein a content of the
conductive carbon material in the cathode material is between 5 to 15 mass%.

22. A method according to any one of claims 1 to 7, wherein the electrode material is an
anode material.

23. A method according to claim 22, wherein a content of the conductive carbon material in
the anode material is higher than 1 mass%.

24. A method according to claim 22, wherein a content of the conductive carbon material in
the anode material is between 2 to 5 mass%.

25. A method according to any one of claims 1 to 24, wherein, subsequent to step (c), a
coating layer of carbon material is formed on the conductive carbon material-composited
material, and a thickness of the layer is 1 to 10 nm.

26. A method according to any one of claims 1 to 24, wherein, subsequent to step (¢), a
coating layer of carbon material is formed on the conductive carbon material-composited
material, and a thickness of the layer is 20 5 nm.

27. A method according to any one of claims 22 to 24, wherein the anode material contains
titanium.

28. A method according to any one of claims 1 to 27, wherein the hydrothermal reaction is
carried out for a time period of 3 to 5 hours.

29. An electrode material for a lithium-ion secondary battery obtained by the method as
defined in any one of claims 1 to 28.

30. An electrode comprising the material obtained by the method as defined in any one of
claims 1 to 28.

31. A lithium-ion secondary battery, wherein a cathode and/or an anode comprises the
electrode material obtained by the method as defined in any one of claims 1 to 28.
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Fig. 1
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Fig. 2
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