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DESCRIPTION

COMPOSITE PARTICLES, MANUFACTURING METHOD THEREOF,
ELECTRODE MATERIAL FOR SECONDARY BATTERY, AND SECONDARY
BATTERY

Technical Field

The present invention relates to electrode materials for a lithium-ion
secondary battery.

Background Art

In a lithium-ion secondary battery, a negative electrode may be formed
using material capable of storing and releasing a lithium ion. The lhithium-ion
secondary battery may have less precipitation of dendrites than a lithium
secondary battery having a negative electrode made of metal lithium. Because of
this, the lithium-ion secondary battery has advantages that a high-capacity battery
with an increased energy density can be provided while a short circuit in the
battery is prevented to increase its safety.

Recently, a much higher capacity of this lithium-ion secondary battery has
been sought. At the same time, it is required for a cell for high-power usage that
cell resistance is reduced to increase performance of charging and discharging a
large current. In this respect, the following considerations have been
conventionally given: to increase a capacity of carbon-based negative electrode
material and/or positive electrode material made of lithium metal oxide, a cell
reactant: to miniaturize reactant particles; to increase an electrode surface area by
increasing a specific surface area of the particles and/or by designing a cell; and to
reduce liquid diffusion resistance by making a separator thinner, etc. However, In
one hand, the particles are made smaller and the specific surface area is increased,
which causes an increase in an amount of a binder. On the other hand, this
increase is inconsistent with making the capacity higher. Further, positive and
negative electrode materials are peeled and detached from a metal foil, which 1s a
collector. This results in a short circuit inside a cell. Consequently, cell voltage
is lowered and uncontrolled heating occurs, etc., so that the lithium-ion secondary
battery sometimes becomes unsafe. Then, consideration has been made to modify
a type of the binder so as to increase adhesion to the foil (see Patent Literature 1).

However, the modification of the type of the binder may increase the
cell capacity, but insufficiently 1mproves characteristics of charging and
discharging a large current by decreasing its resistance. When the lithium-ion
secondary batteries are compared with secondary batteries such as a
nickel-cadmium battery and a nickel-hydrogen battery, it is difficult to develop
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application to an electric tool and a hybrid car. This is because in the application,
a large current should be charged and discharged in a long period of time, which
provides a big performance barrier for the lithium-ion secondary batteries.

In view of charging and discharging a large current in the lithium-ion
secondary battery, a carbon conductive material has been devised so as to decrease
its electrode resistance (see Patent Literatures 2 to 4). Unfortunately, when a
large current is used to repeat a cycle of charge and discharge, positive and
negative electrode materials are subject to expansion and contraction, which
damages a conductive path of particles between positive and negative electrodes.
As a result, a large current cannot be made to flow after a short period of time.

Meanwhile, metal oxide such as LiCoOz, LiNiOg, Li12MnQO4, or LiCoxNiyMn,O2
(x + v + z = 1) has been conventionally used as a positive electrode active substance
for the lithium-ion secondary battery. Recently, much attention has been paid to
lithium-containing phosphate such as LiFePO4, LIMnPOas, LiMnxFe(1-xPOa, LiCoPOa,
or LiaV2(PO4)s.

The first feature of the lithium-containing phosphate is that its anion 1s a
polyanion (a phosphate ion: PO4%), which 1s more stable than an oxide ion (O%).
Differing from metal oxide, the lithium-containing phosphate generates no oxygen
(O2), which is a combustion-supporting substance, after decomposition.
Accordingly, use of the lithium-containing phosphate as a positive electrode active
substance can increase safety of the lithium-ion secondary battery.

The second feature of the lithium-containing phosphate is that resistance of
the material itself is large. Consequently, it is a big issue to make the battery
highly conductive (see Patent Literatures S and 6). In order to provide possible
solutions, various considerations have been made: to coat the surface of particles
of the lithium-containing phosphate with carbon, a conductive material, to prepare
positive electrode material; or to make a composite of the lithium-containing
phosphate and carbon, etc., (see Patent Literatures 7 to 13). These considerations

have improved performance of the positive electrode material using phosphate.
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SUMMARY OF INVENTION
Technical Problem

The above carbon coating of the positive electrode active substance may
enhance electron conductivity. However, when contraction and expansion of the
positive electrode active substance are repeated during cycles of charge and
discharge, an electrical contact between the carbon coating and its surrounding
conduction aid gradually deteriorates inside the positive electrode material. This
likely causes a voltage drop and capacity reduction of a cell during a long period of
the cycles. Accordingly, the above carbon coating has not radically improved the
long-term cycle characteristics. Also, the above problems have not been resolved
by a conventional technology in which lithium-containing phosphate and carbon
are used to form a composite.

The present invention has been made to address the foregoing issues on
positive electrode material for a lithium-ion secondary battery. It 1s an object of
the present invention to provide positive electrode material for a lithium-ion
secondary battery in which stable charge and discharge characteristics can be

maintained over a long period of service life of the battery.

Solution to Problem
Specifically, in order to solve the above problems, the present invention has

the following aspect (1):

(1) Composite particles comprising: particles of lithium-containing
phosphate; and carbon coating comprising at least one carbon material selected
from the group consisting of (i) fibrous carbon material, (i) chain-like carbon
material, and (iii) carbon material produced by linking together fibrous carbon
material and chain-like carbon material, wherein each particle is coated with the
carbon coating.

In addition, the present invention preferably provides the following aspects:

(2) The composite particles according to the aspect (1), wherein the fibrous
carbon material is a carbon nanotube with an average fiber size of 5 to 200 nm,;

(3) The composite particles according to the aspect (1) or (2), wherein the
chain-like carbon material is carbon black produced by linking, like a chain,
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primary particles with an average particle size of 10 to 100 nm;

(4) The composite particles according to any one of the aspects (1) to (3),
wherein the lithium-containing phosphate is LiFePOa4, LiMnPO4, LiMnxFe(1.xPOa4,
LiCoPOa4, or LizV2(PO4)s3;

(5) The composite particles according to any one of the aspects (1) to (4),
wherein primary particles have an average size of 0.02 to 20 pm;

(6) A process for producing the composite particles according to any one of
the aspects (1) to (5), the process comprising: a first step of subjecting to surtace
treatment at least one carbon material selected from the group consisting of (i)
fibrous carbon material, (ii) chain-like carbon material, and (i) carbon material
produced by linking together fibrous carbon material and chain-like carbon
material: a second step of dispersing and mixing the at least one surface-treated
carbon material in a solution having dissolved in a solvent a lithium ion (L1*), a
phosphate ion (PO4%), and a metal lon other than from lithium, and a
heat-degradable carbon source compound; a third step of heating the mixture as a
solution state; and a fourth step of drying and further heating the mixture to form
composite particles, wherein each particle of lithium-containing phosphate 1is
coated with carbon coating comprising the at least one carbon material;

(7) A process for producing the composite particles according to any one of
the aspects (1) to (5), the process comprising: a first step of subjecting to surface
freatment at least one carbon material selected from the group consisting of (1)
fibrous carbon material, (i) chain-like carbon material, and (iii) carbon material
produced by linking together fibrous carbon material and chain-like carbon
material; a second step of heating a solution having dissolved in a solvent a lithium
ion (Li*), a phosphate ion (PO4%), and a metal ion other than from lithium as a
solution state to form particles of lithium-containing phosphate and/or particles ot
a precursor thereof; a third step of mixing the at least one surface-treated carbon
material obtained in the first step, the particles obtained in the second step, and a

heat-degradable carbon source compound; and a fourth step of heating the

mixture to form composite particles, wherein each particle of lithium-containing

phosphate is coated with carbon coating comprising the at least one carbon

material;
(8) The process for producing composite particles according to the aspect (0)

or (7), wherein the solvent 1s water, alcohol, or a mixed solvent of water and alcohol;

(9) The process for producing composite particles according to any one of
the aspects (6) to (8), wherein a method using a pressured and heated solvent 1S
used for the third step of the aspect (6) or the second step of the aspect (7);

(10) A process for producing the composite particles according to any one of
the aspects (1) to (5), the process comprising: a first step ot subjecting to surface
freatment at least one carbon material selected from the group consisting of (1)

4



CA 02859121 2014-06-12

fibrous carbon material, (i1) chain-like carbon material, and (i1} carbon material
produced by linking together fibrous carbon material and chain-like carbon
material; a second step of mixing the at least one surface-treated carbon matenal,
particles of lithium-containing phosphate, and a heat-degradable carbon source
compound; and a third step of heating the mixture to form composite particles,
wherein each particle of lithium-containing phosphate is coated with carbon
coating comprising the at least one carbon material;

(11) The process for producing composite particles according to any one of
the aspects (6) to (10), wherein oxidation treatment is used for the surtace
treatment of the at least one carbon material;

(12) The process for producing composite particles according to any one ot
the aspects (6) to (10), wherein a method using a surfactant is used for the surface
treatment of the at least one carbon material;

(13) The process for producing composite particles according to any one of
the aspects (6) to (10), wherein a method using a polymer dispersant is used for the
surface treatment of the at least one carbon material;

(14) Electrode material for a lithium-ion secondary battery, comprising 60
to 95% by mass of the composite particles according to any one of the aspects (1) to
(5) and the remainder consisting of an conduction aid and a binder; and

(15) A lithium-ion secondary battery comprising: a positive electrode
produced using the electrode material according to the aspect (14); a negative
electrode: an electrolytic solution; and a separator that electrically insulates the
positive electrode from the negative electrode and helps retain the electrolytic

solution.

Advantageous Effects of Invention

In use of electrode material for a lithium-ion secondary battery according to
the present invention, particles of a positive electrode active substance contain at
least one carbon material selected from the group consisting of (1) fibrous carbon
material, (ii) chain-like carbon material, and (i) carbon material produced by
linking together fibrous carbon material and chain-like carbon material. As the
first effect, this carbon material can enhance an electron conduction network, so
that electrons can be smoothly transferred between lithium-containing phosphate
particles and a conduction aid. Further, the at least one carbon material 1s
included in the carbon coating of the particles ot lithium-containing phosphate of
the positive electrode active substance. AS the second effect, this inclusion helps
retain an electric contact between the at least one carbon material and the positive
electrode active substance. Consequently, repeating contraction and expansion of
the positive electrode active substance during cycles of charge and discharge fails
to deteriorate the contact. These two effects help enhance cycle characteristics of
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the battery and enable stable charge and discharge characteristics to be
maintained over a long period of service life of the battery.

Description of Embodiments

The following details embodiments of the present invention.

In an embodiment of the present invention, composite particles comprise:
particles of lithium-containing phosphate; and carbon coating comprising at least
one carbon material selected from the group consisting of (i) fibrous carbon
material, {ii) chain-like carbon material, and (iii) carbon material produced by
linking together fibrous carbon material and chain-like carbon material, wherein
each particle is coated with the carbon coating.

In an embodiment of the present invention, carbon material is (i) fibrous
carbon material, (i) chain-like carbon material, (iii) carbon material produced by
linking together fibrous carbon material and chain-like carbon material, or a
mixture thereol.

Examples of the fibrous carbon material include a carbon nanotube, carbon
nanofiber, vapor-grown carbon fiber, polyacrylonitrile (PAN)-based carbon fiber,
and pitch-based carbon fiber. Among them, a carbon nanotube with an average
fiber size of 5 to 200 nm is preferable.

Examples of the chain-like carbon material include carbon black such as
acetylene black (e.g., DENKA BLACK manufactured by DENKI KAGAKU KOGYO
KABUSHIKI KAISHA) or furnace black (e.g., SUPER-P manufactured by TIMCAL
GRAPHITE & CARBON, Inc.; Ketjenblack manufactured by Ketjen Black
International Company). Among them, carbon black whose primary particles
have an average size of 10 to 100 nm is preferable. Among the carbon black,
particularly preferred is acetylene black.

Examples of a method for linking fibrous carbon material and chain-like
carbon material include: but are not particularly limited to, a method for injecting
fibrous carbon material during thermolysis of hydrocarbon to link the material and
carbon black generated; a method for supplying and linking hydrocarbon
containing a fibrous carbon-forming catalyst during thermolysis of acetylene gas
and/or while acetylene gas is subjected to thermolysis (see Patent Literature 14); a
method for dispersing fibrous carbon and carbon black into a liquid carbonization
source such as hydrocarbon and alcohol to carbonize the liquid carbonization
source by heating, etc., while keeping it 1n a liquid or gas phase; a method
including: mixing beforehand a fibrous carbon-forming catalyst and carbon black;
causing them to contact source gas for fibrous carbon; and linking the carbon
black and the fibrous carbon while generating the fibrous carbon; and a method for
linking fibrous carbon and carbon black by a mechanochemical process using a
solid medium. Examples of the linking using a mechanochemical process include

6
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linking using a media mixing mill such as a bead mill, a vibrating mill, or a ball mill.
For example, an SEM image can be examined to calculate an average fiber size of
fibrous carbon material and an average particle size of primary particles of
chain-like carbon material, which sizes may be a number average fiber size and a
number average particle size, respectively. The average fiber size may be, for
example, 5, 10, 15, 20, 30, 50, 100, 150, or 200 nm. The size may be between any
two of the above values. The average particle size of primary particles of chain-like
carbon material may be, for example, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 nm.
The size may be between any two of the above values.

In an embodiment of the present invention, lithium-containing phosphate
may be phosphate capable of storing and releasing a lithium ion. Specific
examples of the lithium-containing phosphate include LiFePOs4, LiMnPOsa,
LiMnxFe-xPO4, LiCoPOs4, and LizV2(PO4)s. Particularly preferred are LiFePO4 and
LiMnxFe(1-x)POas.

In an embodiment of the present invention, the composite particles have an
average primary particle size of preferably 0.02 to 20 ym and more preferably 0.05
to 5 um. When the particle size is smaller than the above, it is difficult to coat the
lithium-containing phosphate with the carbon coating containing the above carbon
material because the particles are too small. When the particle size is larger than
that, the positive electrode material has a reduced number of the particles. Also,
the positive electrode active substance and the conduction aid have a reduced
number of their contacts. Accordingly, the advantageous effects of the present
invention as described in paragraph (0011) cannot be sufficiently achieved. The
average particle size may be, for example, 0.02, 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 10, 15,
or 20 um. The size may be between any two of the above values. This average
particle size can be calculated by examining, for example, an SEM image and may
be a number average particle size. In an embodiment of the present invention, the
coating includes a state in which the entire surface of the coated particles is coated.
This coating may be carried out using carbon coating to cover 90, 99, 98, 99, 99.5,
99.9, or 100% of the particle surface. This ratio may be between any two of the

above values. The coating of the particles may be observed with an SEM.
Composite particles produced by coating particles of lithium-containing

phosphate with carbon coating containing the above carbon material may be
prepared by any of the following methods: (a) a method for mixing and heating the
above surface-treated carbon material, source material for lithium-containing
phosphate, and a heat-degradable carbon source compound; (b) a method for
mixing and heating the above surface-treated carbon material, particles of
lithium-containing phosphate as obtained by heating source material for the
lithium-containing phosphate and/or particles of a precursor thereof, and a
heat-degradable carbon source compound; and (c] a method for mixing and heating

7
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the above surface-treated carbon material, particles of lithium-containing
phosphate, and a heat—degradable carbon source compound. Note that in the
method (c), commercially available particles of lithium-containing phosphate
(including carbon-coated particles) may be used.

The carbon material is subjected to surface treatment. This process is, for
example, oxidation treatment or treatment using a surfactant or a polymer
dispersant. Carbon material without surface treatment is unsuitable for the
present invention because the material 1s unlikely to be incorporated in carbon
coating during formation of the coating. In the oxidation treatment, an oxidizer is
used on a surface of the above carbon material to introduce a hydroxyl group (-OH),
a carbonyl group (>C=0), a carboxyl group (-COOH), or a functional group
containing an ether bond or an ester bond. Specific examples of the oxidation
treatment include: (i) heating the carbon material under an oxygen-containing
atmosphere (gas phase oxidation); (ii) retaining the carbon material under an
ozone-containing atmosphere or in an ozone-containing solution (ozone oxidation);
(iii) heating the carbon material in a solution containing an oxidizing compound
(e.g., sulfuric acid, nitric acid, perchloric acid, hydrogen peroxide, potassium
permanganate, osmic acid); and(iv) subjecting the carbon material to treatment
using a wet jet mill in water, an organic solvent containing a functional group such
as a hydroxy group (-OH) or a carbonyl group (>C=0) (e.g., ethanol, isopropyl
alcohol, methyl ethyl ketone, methyl isobutyl ketone), or a mixed solution thereof.
For example, a Star Burst manufactured by SUGINO MACHINE LIMITED, a Nano
Jet Pal manufactured by JOKOH, Inc., a Nano Maker manufactured by Advanced
Nano Technology Co., Ltd., or a microfluidizer manufactured by Powrex Corp. 1s
suitable for the wet jet mill processor. Note that an SEM may be used to examine
whether or not the carbon material is present in the carbon coating. In a surtace
image of the composite particles observed using the SEM, each composite particle
may have, for example, 5, 10, 20, 30, or 50 pieces of the carbon material or a part
thereof in its carbon coating. This number may be any one of the above values or
higher, or may be between any two of the above values.

The treatment using a surfactant refers to a method for mixing the above
carbon material and a surfactant in a polar solvent such as water or alcohol.
Examples of the surfactant ‘nclude: anionic surfactants such as sodium dodecyl
sulfate (SDS); cationic surfactants such as dodecyltrimethylammonium chloride
(C12TAC) or hexadecyltrimethylammonium bromide (Ci16TAB); amphoteric
surfactants such as cocamidopropyl betaine or cocamidopropyl hydroxybetaine;
and nonionic surfactants such as polyvinyl alcohol or polyoxyethylene
octylphenylether (product name: Triton X-100). Note that paragraphs (0015) and
(0028) of Patent Literature 10 (JP2005-123107A) disclose acetone as an example of
o surfactant. When acetone is used as the surfactant, however, an object of the

8
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present invention cannot be achieved because of its volatile nature. Thus, acetone
is excluded from the surfactant of the present invention.

The treatment using a polymer dispersant refers to a method for mixing the
above carbon material and a polymer dispersant in water or an organic solvent.
Examples of the polymer dispersant include polyvinylpyrrolidone (PVP) and
poly(allylamine hydrochloride) (PAH).

Examples of the source material for lithium-containing phosphate include:
lithium carbonate (LioCO3), lithium hydroxide monohydrate (LiOH-H20), lithium
sulfate monohydrate (Li2SO4-H20), lithium formate monohydrate (Li(HCOO)-H20),
and /or lithium nitrate (LiNOg); ferric phosphate dihydrate (FePO4-:2H20), ferrous
oxalate dihydrate (FeC204-2H20), ferric sulfate heptahydrate (FeSO4-7H20), and/or
ferrous chloride tetrahydrate (FeClz-4H20); and phosphoric acid (HsPOa4),
ammonium dihydrogen phosphate ((NHs)H2PO4) or ammonium monohydrogen
phosphate ((NHa)2HPO4), and/or ammonium phosphate ((NH4)3PO4).

In addition, lithium manganese phosphate (LiMnPO4) may be produced. In
this case, as source material, manganese carbonate (MnCOz3), manganese dioxide
(MnO2), manganese sulfate monohydrate (MnSO4-H20), manganese nitrate
tetrahydrate (Mn(NOas)2-4H20), and/or manganese acetate tetrahydrate
((CH3COO)2Mn-4H20), for example, may be used to substitute the iron compound
such as ferrous oxalate dihydrate, ferric phosphate dihydrate, ferric sulfate
heptahydrate, and/or ferrous chloride tetrahydrate in the case of the lithium iron
phosphate. Further, lithium manganese iron phosphate (LiMnxFe1-xPO4) may be
produced. In this case, source material for the lithium iron phosphate and source
material for the lithium manganese phosphate may be used at the same time.

Furthermore, lithium cobalt phosphate (LiCoPO4) may be produced. In
this case, as source material, cobalt suliate heptahydrate (CoSOa4-7H20), for
example, may be used to substitute the iron compound in the case of the lithium
iron phosphate. Moreover, lithium vanadium phosphate (LizV2(PO4)3) may be
produced. In this case, as source material, divanadium pentoxide (V2Os) and/or
vanadium oxide sulfate hydride (VOSO4-xH20)(x = 3 to 4), for example, may be used
to substitute the iron compound in the case of the lithium iron phosphate.

In an embodiment of the present invention, examples of the
heat-degradable carbon source compound include glucose (CeH1206), sucrose
(C12H22011), dextrin ((CeH120s)n), ascorbic acid (CeHgOs), carboxymethyl cellulose,
and coal pitch.

In an embodiment of the present invention, a mixer may be used for the
mixing. Examples of the mixer include a tank with a mixer, a sonicator, and a
homogenizer. In this case, water, alcohol, or a mixed solvent of water and alcohol
's suitable for the solvent. Note that when a surfactant or a polymer dispersant 1S

used for surface treatment, pretreatment may be carried out before the source
9



CA 02859121 2014-06-12

material 1s mixed or treatment may be carried out at the same time when the
source material 1s mixed.

In an embodiment of the present invention, it is preferable to perform a
method for heating a solution having dissolved therein a lithium ion (L1*), a
phosphate ion (POs43), and a metal ion other than from hIthium, and/or a
heat-degradable carbon source compound, etc., as a solution state while stirring in
a tank with a mixer, etc. The heating temperature is preferably from 60 to 100°C.
In order to increase a reaction rate, however, it is preferable to use a method using
a pressured and heated solvent at from 100 to 250°C (i.e., a hydrothermal
synthesis method). In this case, the heating i1s carried out using a
pressure-resistant vessel such as an autoclave. This heating temperature may be,
for example, 60, 80, 100, 150, 200, or 250°C. The temperature may be between
any two of the above values. In this case, depending on the need, a pH modifier
such as ammonia (NH3s), phosphoric acid (H3POs), or sulfuric acid (H2SO4) may be
added to a solution having dissolved therein a lithium ion (Li*), a phosphate 1on
(PO437), and a metal ion other than from lithium, and/or a heat-degradable carbon
source compound, etc.

In an embodiment of the present invention, the final heating is preferably
carried out in vacuo under an inert atmosphere, reducing atmosphere, or mixed
atmosphere of an inert gas and a reducing gas to form composite particles coated
with carbon coating containing carbon material. Examples of the inert gas
include argon (Ar), helium (He), and nitrogen (N2). Examples of the reducing gas
include hydrogen (Hz) and ammonia (NHs). The heating temperature is preferably
from 400 to 900°C and more preferably from 500 to 800°C. This heating
temperature may be, for example, 400, 450, 500, 550, 600, 650, 700, 750, 300,
850, or 900°C. The temperature may be between any two of the above values.

Composite particles according to an embodiment of the present invention, a
conduction aid, and a binder may be mixed to form an electrode material for a
lithium-ion secondary battery. Examples of the conduction aid used include:
carbon black such as acetylene black or furnace black, and/or a carbon nanotube
or carbon nanofiber. Polyvinylidene fluoride (PVDF) may be used as the binder.
With regard to a mixing ratio in an embodiment of the present invention, the
composite particles have, for example, 60 to 95% by mass and the remainder
consists of the conduction aid and the binder. When the composite particles are
less than 60% by mass, the lithium-ion secondary battery has a reduced
charge /discharge capacity. In addition, when the composite particles are more
than 95% by mass, the amount of the conduction aid 1is insufficient. This
increases the electric resistance of a positive electrode. In addition, the
insufficient amount of the binder causes insufficient firmness of the positive
electrode. Unfortunately, this results in a problem that the positive electrode

10



CA 02859121 2014-06-12

material 1s likely to detach from a collector (mostly made of aluminum) during
charge and discharge.

In an embodiment of the present invention, a positive electrode material is
used for a positive electrode formed on a collector and the positive electrode may be
used for a lithium-ion secondary battery. Examples of other components used for
the lithium-ion secondary battery include a separator, an electrolytic solution, and
a negative electrode material. The separator electrically insulates the positive
electrode from the negative electrode and helps retain the electrolytic solution.
Separators made of synthetic resin such as polyethylene and polypropylene may be
used. In order to increase retention of the electrolytic solution, a porous film 1s
preferably used for the separators.

In addition, in a lithium secondary battery using a positive electrode
according to an embodiment of the present invention, a lithium salt-containing
nonagqueous electrolytic solution or ion conductive polymer may be preferably used
as an electrolytic solution in which a group of the electrodes is soaked. Examples
of a nonaqueous solvent for a nonaqueous electrolyte in the lithium salt-containing
nonaqueous electrolytic solution include ethylene carbonate (EC), propylene
carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), and
methylethyl carbonate (MEC). In addition, examples of the lithium salt capable of
being dissolved in the above nonaqueous solvent include lithium
hexafluorophosphate (LiPFe), lithium tetrafluoroborate (LiBF4), and lithium
trifluoromethanesulfonate (L1803CF3).

A preferable active substance of a negative electrode is a material that can
reversibly store and release a Li ion in the same manner as in the case of the
positive electrode, has poor reactivity with the electrolyte, and has a less redox
potential than the positive electrode material. Examples include graphite, lithium
titanate, silicon (Si), and tin (Sn). Two or more of them may be combined
depending on the need. These compounds may be combined with a conduction
2id and a binder in the same manner as in the case of the positive electrode, and
may be practically used as a negative electrode material formed on a collector (in
the case of the negative electrode, copper is mainly used).

The material members disclosed in paragraphs (0027) to (0029) are
combined. Then, in order to prevent damage, deformation, and contact with an
ambient air, the members are sealed in a container to form a lithium-ion secondary
battery. The shape and material of the container are appropriately selected
depending on its usage. For example, when charge and discharge characteristics,
for example, are tested in a simple way, it 1s preferable to form a coin cell using a
disk container made of metal such as stainless for sealing.

A high capacity and long service life may be required for industrial or
consumer use. In this case, a positive electrode material, a separator, and a

11
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negative electrode material are alternately wound to form a wound cell using a
metal cylinder-type or rectangular-type container for sealing. In the case of
intermediate usage, a positive electrode material, a separator, and a negative
electrode material are alternately stacked to form a laminated cell {aluminum
pouch cell) using an aluminum-laminated package, etc., for sealing.

Examples

The following details composite particles, a process for producing the same,
electrode material for a secondary battery and a secondary battery according to the
present invention by referring to Examples and Comparative Examples. The
present invention, however, is not limited to the following Examples without
departing from the scope of the present invention.

Examples 1 to 7
(Surface Treatment of Carbon Material)

Tables 1 and 2 list carbon materials used for treatment and treatment
methods. Note that organic functional groups introduced onto a surface of the
carbon  materials by oxidation treatment were  determined by
temperature-programmed desorption gas chromatography/mass spectrometry (a
TDS-GC/MS method) using a temperature-programmed desorption device
(Double-Shot Pyrolyzer 7683B manufactured by Agilent Technologies Inc.), gas
chromatography equipment (HP6390 manufactured by Hewlett-Packard
Development Company, L.P.), and a mass spectrometer (5973 manufactured by
Hewlett-Packard Development Company, L.P.). Qualitative analysis was
performed by examining whether or not there were mass spectral peaks of water
(mass number = 18), carbon monoxide (mass number = 28), and carbon dioxide
(mas number = 44). Note that a mass spectrum detected below 200°C was
considered to be due to detachment of adsorbed gas. Accordingly, the mass
spectrum was neglected. I[n addition, the same condition as of the

temperature-programmed desorption device (i.e., heating in vacuo at a temperature
increasing rate of 25°C/min from 200°C to 1000°C) was applied to heat 10 g of the

carbon materials in an electric furnace and to determine a change in mass before
and after the heating. The following equation was used to calculate an amount of
decrease in mass and the amount was defined as a content of the organic

functional groups.

(Organic functional group content (% by mass)] = [{(Mass of carbon material after
heating at 200°C) - (Mass of carbon material after heating at 1000°C)} / (Mass of

carbon material after heating at 200°C)} X 100

12
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Examples 8 to 10

(Mixing and Heating of Surface-treated Carbon Material, Source Material for

Lithium-containing Phosphate, and Heat-degradable Carbon Source Compound)
The surface-treated carbon material as prepared in Examples 1 to 3, source

material, and a carbon source compound were mixed and heated under conditions

designated in Table 3.
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Examples 11 to 13
(Method for Forming Particles of Lithium-containing Phosphate and/or Particles of
Precursor Thereof and Mixing of Surface-treated Carbon Material, Particles of
Lithium-containing Phosphate and/or Particles of Precursor Thereof, and Carbon
Source Compound)

Table 4 shows a method for forming particles of lithium-containing
phosphate and/or particles of a precursor thereof from source material. The
particles formed, the surface-treated carbon material, and a carbon source
compound were mixed under conditions designated in Table 4.

Example 14
(Mixing of Surface-treated Carbon Material, Particles of Lithium-containing
Phosphate, and Carbon Source Compound)

The surface-treated carbon material as prepared in Example 7, Particles of

lithium-containing phosphate, and a carbon source compound were mixed under

conditions designated in Table 4.
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Examples 15 to 21
(Further Heating)

The mixture containing the surface-treated carbon material, a
lithium-containing phosphate precursor and/or lithium-containing phosphate,
and a carbon source compound, which mixture was produced in Examples 8 to 14,
was further heated under conditions designated in Table 5 to prepare composite
particles according to an example of the present invention. The crystal phase of
the composite particles was identified by powder X - ray diffraction (using an X-ray
diffractometer RU-200A manufactured by Rigaku Corporation; an X-ray source:
Cu-Ka; a voltage: 40 kV; a current: 30 mA). In addition, a scanning electron
microscope (a scanning electron microscope (SEM) JSM-6301F manufactured by
JEOL Ltd.; an acceleration voltage: 1 kV; magnification: 10,000 to 50,000 x) was
used to measure an average primary particle size of the composite particles and to
inspect whether or not the carbon material was included in the carbon coating on

the particle surface.
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The carbon material was not subjected to surface treatment and the same

as of Examples 1 to 21 applied to the other processes to prepare particles of

Comparative Examples 1 to 21
Comparative Examples 15 to 21.

together.

‘Ajloanosadsal *sdnaib HOOD- pue ‘O=0< "'HO- 01 PaIngule 3G O} ponsasd asem poyIsu SW/O9-SA L AG pa1osiap “00 pue 'O ‘O%H 'sdnosb jeuonouny sluebio Jo sadA} Guipieboy,
— — — - - wiuOp oul IYONLL aawax@ MoR|q 20BuIN L
(az1s apolped VHSIY
Aewnd abeiaae}  DHHSNAYH OADOM
00 L-SHIWUQY MIVOYH IMN3A|  00L-SH o
Bi - 1eq FOYY 3oejq ausifjede
1) L ¢ jouey3 P17 oD pue Jeqloueu
. porad bog : 00L-SH | Bunelgia {az1s 19q) 8beleae SIEOILLIAYD) JIU0J108|] uocues dumuy
— - Buiy 60z : L-ND| 19M yum Buxin 1-4NOQ) WugG}| sjeLoei IySIGNSUN]  1-3IND| Aq paonpoud sejanied
(02735 ajoNtRd {(00L-SH)VHSIV
Arewnd sbesare|  PUHSNEYH OADOM
00 L-SH)WUQ3 NMVYOVYM IMNIQ{ 00L-SH
(L-4ND)' P 70D . G
6341 © 1Bq *O%Y (az1s 18q1; sbelaae SIRIHUSY ) J1UCKI08|3 L
71 jouewy3 1-4NDlwugy sieuaie IYSIGNSHIN 1-4NO ¥oejq sudkjade pue
iyl 60S - 00L-SH (Spun| omy) Jeqljoueut
: polad 66z - L-4ND pw Bunesging - (3218 Joqy abesoae (H-409A AWM uocHed Bupjuy
— - Bumi BGZ © H-30OA| 1M yim Buixiy H-30DANIUCG L OYNIA YMOHS| H-309A} Aq peonpoid sajonied
UL IR O - Sied
pasj (seb uoinip)°N
U190 9Jes pavy ¢y 30BUNS (GVIVHSIVH .
VWYL @RI P9 0D gV uo seqyoueul (9ZIs ajoied Aewud IMIHSNGYAH OADOM
51 : (sS9] 40 WuQG |uoques ajedioasd]  abesone gyIUUQY MNYOVM IMNIC s\
2ZIS BB d © SZ0/E9] ©) aus Bunessuab yoelq auajhleoe
uoLp)y-ewbig ispmod -jaquoueu {ozis 3BQqy : pue Jagyoueu
E 3PIX0 11egoD Loqsed ojul abeloAe Lquoueu| (seb 09 woly paleleush| 1eqijoueu uocued Bupul
— - 0,009 Boc - gy| pelo_lul sem gy uogied) W0 - Jeqiyoueu uoqueD)|  uoqued| Aq peonpold Sened|
1 T T
anepns! (az1s gponued Arwud {seb
U/00y - |l 1-4N9D Ue gy sbesoae ¥oejql ZHZD wolj paleteush 308
- pasy (seb uonnip)*N{ syendioaid 0} 8IS SUAIBIY JLUUQG L ORI AUdIAIBOY) 2usiAlady woelqg auajilaoe ¢
UIW/I0E ¢ 8tes pady D) Buieseusb-gy (L-4NDYPI1 78D pue Jagijoueu
L 1B00s! ol pa1odalul sem (o215 Jaqlj abeloae SIE2IWBYD) J1U0I109|7] uocueD Bumul|
— — 3.0007 . 91es pod) | -4ND|  L-dND BPMOd  1-4ND)wugl S[elsIe IUSIGNSHN 1-4ND1 AQ psonpoud seoned
YHSIYM
IIHSNEYY OADOM ¢
- — — — - wuQ9 AMYOYM IMN3Q]  001L-SH | ¥oB|q suali1edy
! N
PYT 00
SIEOILBYD) J1UO1091T |
- — = — - Wwugi sjielsiew IYsiansiy 1-4ND lagqyoueu udgQiE])
mﬂ”% POLIEW poyiaiy busjui 9ZIS 9plEd WeN aduwex3
o jainjoenue eLsjey uog.e
2UONOUN J Juswieas)  lsuonipuo) Bubjuin [BuSlEW uoqied LR UOQIED Alewlllg abeiaay injoeINue o [eLsie uogied oAneIBdI0N
ABLNG X0 9ZIg 1oq14 abeiaayy
aebiQ
g ||qe |

21



CA 02859121 2014-06-12

fip Aeidg :6unesy soye Bulip Joj poUisn,

., [~
| |
J1 - Jelem pajusig
B0z : (8968G] UdUPIV-eWwbIS) 8s0on|H
616 : (1185d UoLPIV-BWDIS) Od*H ol
601 : (966512 UoLPIV-BWBIS) OdH{"HN)
(Juauijeal} [eWlaylolpAy) Beyl : (P£SZIN Uoupiy-ewbIS)OH - "OSUN 601
zL 19X UM Buixiw Uy JoXiw| Beg : (Z86FY UoUPIV-ewWBIS)O%HZ-7OSed| © ¢ sjdwex3
0,06L| ©luym aAejooine Ui BullesH; 0,0¢ yim Buixiy 6ozl : (12620% UoLPIV-BWBIS)O%H - HOIT| dAjeedwod
1€°0 - joueyi3
| 1270 : Je1em pajinsia
| Boc : (‘'AId TIVOIW3HD S3IKHLSNANI
| | M3dVd NOddIN ‘Y opeisy) asoin|[90 AYIaWAXoqIeD 6
| B16 : (1185d Youpv-ewbIS) Od*H |
(uawIBal) |RWIDYIOIPAY) 601 : (966512 YOHPIV-BWBIS) OdH ("HN) 601
zL 19X1W Yim Buniw i Joxiul begl : (YEOLW youpy-ewbIS)OH - "OSUN Z d|dwex3
0,041 ®elym aaepoine ui buyesH 0,0€ UM BuiXiiy 6gz| : (v26207 UOHPIV-BWBIS)OPH -HO| eAgeledwod|
o ; P OUBEOH| : - : . SK
| 1) © Jolem pajisia
Bge : (1 185d UdUpIv-ewbIS) pioe 21qI00SY)
| 616 © (1185d UYoupIV-BwWBIS)*OdH S
(JusW)Ea} [eULIBYI0IPAY) 6oL - (966512 UoMPIV-BWBIS) OdH ("HN) 6001
nZ L JaxXIw Ypm Buixiw yl JaXIu| 69,27 : (286¥Y UOHPIV-BWOIS)OHL-YOS®| | 3ldwex3
0,061 eliym aaepojne ul buieay 0,0€ ypm Buixiy bozl : (y2620Y ,.t%_@-megmvof.:o: aAljeedWO)
SUOIpUO SUOIIpUO [BLISIEIN 924N0S UOGJIED -« JUBAIOS 119123 ajdwex3
| mc._M.meIO POUSIA @czme { OMM.V_W_.—Z 2 POUION @c_x__z . mamzawoca @C_EQCOU-EDEH_J 10} |eligie|\ 22IN0S uogqied ®>_Hmk_mQEOU
F ) R S : | .,

[ °Pl9eL

22



CA 02859121 2014-06-12

‘3,001 1B pajyesy anym ainssald
PaJNPBI 18pUN poLp sem X 8y ‘unu
0€ 404 (uotesodioD X1 yd Ag paimoesnuew
02 IBPOW Jax1y Oiny) seziusBowoy 4
bunejos e yim paums sem ainpowl
] 1Ally ‘PSpPE Sem asoidns Dlium Jlem) Bz (26008 Bot
POIRSIP JO W GOG Wi pasIadsip asem jeusiaw youpiy-ewibig ) | 1 ¢z sidwex]
uogqued pue Qa4 jo sejiued jo Boal 25010Ng wgﬁhmanOT ~ — — -~ — 6091 : (2d 0w wniyy UdB1soyd) "Ods41 B
T ‘3,001 e pajeay a)ym
2INSS8.d PBINP8J JBPUN PBLD Sem SUnPOLL
84} ‘urk 6 103 (008-0Z0% 19POW NOSNYHS)
i9Ziuabooy JUOSRIYN B Yim paLins
SEM BINXIW ay) Bl "Pappe Sem QWD 60z © (aQ |
QUM JOLBYIS 3O Jw OpZ pue sejem paysip IVIOIWIHD (Jusuneal “t
10 W QOE JO UORNIOS Paxiws & Ul PESIEASIP! ST 1SAANT ERLIBYIOIPAY) 1L - Jsiem pamsiqy
9Jam [E1SBJEUS UOGIED PUE PaISA0SS| NIV NODdIN (X 616 : (11854 Uoupiv-BLBIS) OdEH
iapmod ayy jo B g ‘usy] sepamod asnpoid 7 BpRICY) D01 Ui Buixiw JAXHL 6oL : {96651Z YLD -BWOIS P O A PHN)
O} ONJBA Ul pBUP pue 'PBYSEM ‘Pa.a)|l} Sem ASOIN|Id2| | 9 alduwiex3 IYZ | jBHUM DABIDOINE 4l LM bgsz ¢ (z86vy Youpy-ewdiS)OfH . - OS2 4
4 Z1 10} D06 1e Bunesy saye uonnjos vy | MyswiAxoqied) sapesedwos "Ode4 0.081 Ui mcmmm_u_ﬂ 2.08) Bupapy 6971 © (P/620F YUPIY-BWOIS)IOH - HON
0,001
1E pajeay sitym sunssasd paonpai sepun paLp
SEM SUNIXIW 3Y) "uiw O 10} (uonelodion
XIWIRAd AQ paumjoenuew gz 1epop Jaxipy
0iny) Jsziuaboluoy Bupeos e ym pais
SEM SUnpils ayl JaYy "pappe sem 3soon {Juswieal 1 - B1Em pagnsIq .
OFUM IB1EM PBJIRSID JO Jw (0S U pasiadsip [eULByI0pALY) BLOO ©  (1050ZEUoLPIY-BUWBIS) YOSTH
QISM |BLIOJB UOQIED PUE POIBACOS) JOXILU 6ZEL 1 (B6BS L ZUOLPNY-BWBIS) *OdH? (PHN!
Japmod au} Jo B 001 “usy) sapamod sonpoid] 6oz : (gageg) 6501 unm Bupaiu XL BLGL ©  (S10L0-LZZ SSUISNPU| [eoRUBUD
03 GN3EA U POUD pUB ‘DaysSem ‘pala)y sem YoLPy-BLubiS) ! § ajdwexg IYZ | i BIUM BARIDOINE Ji LI 9iNg OMBAN} {(p~g=u) O'HU.TOSOA
Y4 ¢4 40§ 0.061 1e Buneay saye vonnias v 8S0ONID|  aseredwod| {POgIeaT 3,061 ut buneai .06 Buxyn BZ61 © (60979 wupy-ewbisy O%H-"OSHT
UBAID ARidS B Lim palip sem
SIMXIU B "UILL DE JOJ JBXILL B UM MUER) B ) f
POLHIS SEM SINPAW BY | ‘PBPDE SEM 83010NS
QUM J91EM DS]NSIP JO W Q0S Ul PasIadsip _ 11> Jolem paisia bl
SIBM [ELBJEW UOGIBD PUB PIIAA0DDY 016 * (1185d YoUPIY-BWBISPOdH
sapmod a3 Jo B 00y ‘uey] “iepmod aonpoud] Bpz  (/E0pR BoLl  (91eIpAH) 1exIL J9XIW BOL - (966512 UOUPIV-BWBIS)*OdHAPHN)
©} ONDBA Ul PBLp pue ‘paysem ‘pasel| youpy-ewBIS) | ¢ b ojdwexzg]  1osunooud ez Wi Buw 4y m 0187 : (89290 WwupY-2WBISYOH, « 'OSO
SEM Y ¢ 10} D06 12 bunesy ssie uornios v IS0USNG  aAnereduion Q4O ooomT aliuym BunRay 2.0¢] bBuxiy 6921 : {v26201 udupy-ewbIS)OH . HOO
- b -
| PawLo SUQIHPUOD PO SUCHIPUOD | pOoLIBp [BUBIE 90INOG u0QieD .« JUSAIDS - ajeydsoyd
218 ‘POLISI U PIXIW punodwo | psxipy leusiew sSajoned Bupes Buyeay Suxing Buixipy Buisigjuod-wniyyny 1oy jeuaie iy aounog! sjdwex3g
i 90.N0g uogIe) uoglen) _} @Aneiedwio)
JOBIBY | 0SundaUd JO S3ORiRd J0/pue a1eydsoyd Burneiuoo-wniyn] o $8|atue bunwio g 10} poyen

8 9[de ]

23



CA 02859121 2014-06-12

The composite particles of Examples 15 to 21, carbon as a conduction aid,
and polyvinylidene fluoride (a KF polymer solution manufactured by KUREHA
CORPORATION) as a binder were combined at predetermined ratios designated 1n
Table 9. N-methylpyrrolidone (catalog No. 328634 manufactured by
Sigma-Aldrich Co. LLC.) was added thereto as a dispersion solvent. Then, the
mixture was kneaded to prepare a positive electrode combination (slurry). This
combination was used as positive electrode material to manufacture a laminated
cell. After that, its charge and discharge characteristics were evaluated. The
following shows an example of a method for manufacturing a positive electrode and
2 laminated cell. First, the composite particles of Examples 15 to 21 were used as
a positive electrode combination slurry. Next, an aluminum foil with a thickness
of 20 nm was coated with this slurry and dried. Then, the foil was pressed and cut
at 40 mm x 40 mm to prepare a positive electrode for a lithium secondary battery.
Graphite (synthetic graphite MCMB6-28 manufactured by OSAKA GAS CO., Ltd.)
was used for a negative electrode. Polyvinylidene fluoride as a binder was mixed
at a predetermined ratio. Then, a slurry was prepared in the same manner as in
the case of the positive electrode. Subsequently, a copper foil with a thickness of
10 nm was coated with this slurry and dried. After that, the foil was pressed and
cut at 45 mm x 45 mm to manufacture a negative electrode for a lithium secondary
battery. An olefin fiber nonwoven fabric with a size of 50 mm x 50 mm was used
as a separator that electrically separate the positive electrode from the negative
electrode. An electrolytic solution was a solution prepared by mixing EC (ethylene
carbonate manufactured by Aldrich Inc.) and MEC (methylethyl carbonate
manufactured by Aldrich Inc.) at a volume ratio of 30:70 and by dissolving lithium
hexafluorophosphate (LiPFe manufactured by Stella Chemifa Corporation) at 1
mol/L in the solution. After terminals were connected to the positive and negative
electrodes, the whole body was enclosed 1n an aluminum-laminated package to
form a laminated cell with a size of 60 mm x 60 mm.

Discharge performance of the cell was tested as follows. First, a cell was
initially charged. Next, its charge /discharge efficiency was verified to be at or near
100%. Then, a constant current was discharged at a current density of 0.7
mA /cm? until the voltage reached 2.1 V. At that time, the discharge capacity was
measured. After that, the discharge capacity was divided by an amount of positive
electrode active substance to calculate a capacity density (mAh/g). A current level
that can charge and discharge this capacity (mAh) in 1 hour was defined as "1C".

After the initial charge and discharge, its charge was conducted at 4.2V (4.8
V was used for Examples 25 and 26 and Comparative Examples 25 and 260){at a
constant current of 0.2C; terminated when a current was 0.05C). With regard to
the discharge, a current level in each cycle was gradually increased from 0.2C,
0.33C, 0.5C, 1C, to 3C (at a constant current; terminated when the voltage was 2.1
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V). A 10-min interval was placed between the cycles, and the cycle was then
repeated while keeping a current level of 3C. A cycle characteristic was defined as

a ratio of a charge/discharge capacity at cycle 1000 of 3C to a charge /discharge
capacity at the initial cycle (0.2C). Further, I-V characteristics at a SOC (charge
depth) of 50% were used to calculate direct current resistance (DCR) of the cell.
The direct current resistance during charge was defined as "charge DCR" and the
direct current resistance during discharge was defined as "discharge DCR". Table
O lists these results.
Comparative Examples 22 to 23

Except using the composite particles of Comparative Examples 15 to 21 as
alternatives for those of Examples 15 to 21, the same procedure as in Examples 22
to 28 was applied to form a laminated cell. Then, the discharge performance of the
cell was tested. Table 9 shows the results.
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positive electrode material of the present invention has resolved the drawback of
the lithium-containing phosphate. As a result, it is possible to manufacture a
highly safe lithium-ion secondary battery capable of maintaining stable charge and
discharge characteristics over a long period of service life. A lithium-ion
secondary battery using positive electrode material of the present invention can be
suitably used for application such as an electric tool and a hybrid car, which
require stable charge and discharge over a long period.
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Claims

1. Composite particles comprising:

particles of lithium-containing phosphate; and

carbon coating comprising at least one carbon material selected from the
group consisting of (1) fibrous carbon material, (11) chain-like carbon material, and

(i1) carbon material produced by linking together fibrous carbon material and
chain-like carbon material,

wherein each particle is coated with the carbon coating.

2. The composite particles according to Claim 1, wherein the fibrous carbon
material is a carbon nanotube with an average fiber size of 5 to 200 nm.

3. The composite particles according to Claim 1 or 2, wherein the chain-like carbon
material is carbon black produced by linking, like a chain, primary particles with
an average particle size of 10 to 100 nm.

4. The composite particles according to any one of Claims 1 to 3, wherein the
lithium-containing phosphate is LiFePO4, LiMnPO4, LiMnxFe(1-xPO4, LiCoPO4, or
Li13V2(PO4)s.

5. The composite particles according to any one of Claims 1 to 4, wherein primary

particles have an average size of 0.02 to 20 pm.

6. A process for producing the composite particles according to any one of Claims 1
to 5, the process comprising:

a first step of subjecting to surface treatment at least one carbon material
selected from the group consisting of (i) fibrous carbon material, (i) chain-like
carbon material, and (iii) carbon material produced by linking together fibrous

carbon material and chain-like carbon material;
a second step of dispersing and mixing the at least one surface-treated

carbon material in a solution having dissolved in a solvent a lithium 1on (L1%), a
phosphate ion (PO43), and a metal ion other than from lithium, and a

heat-degradable carbon source compound;
a third step of heating the mixture as a solution state; and

a fourth step of drying and further heating the mixture to form composite
particles, wherein each particle of lithium-containing phosphate is coated with
carbon coating comprising the at least one carbon material.

7. A process for producing the composite particles according to any one of Claims 1
28
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to 5, the process comprising:

a first step of subjecting to surface treatment at least one carbon material
selected from the group consisting of (i) fibrous carbon material, (1) chain-like

carbon material, and (ili) carbon material produced by linking together fibrous
carbon material and chain-like carbon matenal;

a second step of heating a solution having dissolved in a solvent a lithium
ion (Li*), a phosphate ion (PO43), and a metal ion other than from lithium as a
solution state to form particles of lithium-containing phosphate and/or particles of
a precursor thereof;

a third step of mixing the at least one surface-treated carbon material
obtained in the first step, the particles obtained in the second step, and a
heat-degradable carbon source compound; and

a fourth step of heating the mixture to form composite particles, wherein
each particle of lithium-containing phosphate is coated with carbon coating
comprising the at least one carbon material.

8. The process for producing composite particles according to Claim 6 or 7, wherein
the solvent is water, alcohol, or a mixed solvent of water and alcohol.

9. The process for producing composite particles according to any one of Claims ©
to 8, wherein a method using a pressured and heated solvent is used for the third

step of Claim 6 or the second step of Claim 7.

10. A process for producing the composite particles according to any one of Claims

1 to 5, the process comprising:
a first step of subjecting to surface treatment at least one carbon material

selected from the group consisting of (i) fibrous carbon material, (ii) chain-like
carbon material, and (iii) carbon material produced by linking together fibrous

carbon material and chain-like carbon material;
a second step of mixing the at least one surface-treated carbon matenal,
particles of lithium-containing phosphate, and a heat-degradable carbon source

compound; and
a third step of heating the mixture to form composite particles, wherein

each particle of lithium-containing phosphate is coated with carbon coating

comprising the at least one carbon material.

11. The process for producing composite particles according to any one of Claims 6
to 10, wherein oxidation treatment 1s used for the surface treatment of the at least

one carbon material.
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12. The process for producing composite particles according to any one of Claims 6
to 10, wherein a method using a surfactant is used for the surface treatment of the
at least one carbon material.

13. The process for producing composite particles according to any one of Claims 6
to 10, wherein a method using a polymer dispersant is used for the surface
treatment of the at least one carbon material.

14. Electrode material for a lithium-ion secondary battery, comprising 60 to 95%
by mass of the composite particles according to any one of Claims 1 to S and the
remainder consisting of an conduction aid and a binder.

15. A lithium-ion secondary battery comprising;:
a positive electrode produced using the electrode material according to

Claim 14;
a negative electrode;

an electrolytic solution; and
a separator that electrically insulates the positive electrode from the

negative electrode and helps retain the electrolytic solution.
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Abstract

Provided is positive electrode material for a highly safe lithium-ion
secondary battery that can charge and discharge a large current while having long
service life. Disclosed are composite particles comprising: particles of
lithium-containing phosphate; and carbon coating comprising at least one carbon
material selected from the group consisting of (i) fibrous carbon material, (1)
chain-like carbon material, and (iii) carbon material produced by linking together
fibrous carbon material and chain-like carbon material, wherein each particle is
coated with the carbon coating. The fibrous carbon material is preferably a
carbon nanotube with an average fiber size of 5 to 200 nm. The chain-like carbon
material is preferably carbon black produced by linking, like a chain, primary
particles with an average particle size of 10 to 100 nm. The lithium-containing
phosphate is preferably LiFePOs, LiMnPOs4, LiMnxFe.xPOa, LiCoPOg4, or
Li3V2(POa4)s.
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