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ABSTRACT

Provided is a positive electrode matenal for a safe, high capacity, long
lifetime lithium 1on secondary battery capable of large current charging and
discharging. The positive electrode material contains between 5% by mass or
more and 30% by mass or less of a carbon black composite formed by joining
together fibrous carbon and carbon black wherein ash is 1.0% or less by mass in
accordance with JIS K 1468and the remainder includes olivine-type lithium iran
phosphate, and volatile oxygen-containing functional groups which constitutes
1.0% or {ess by mass of the positive elecirode material The fibrous carbon is
preferably a nanotube having a fiber diameter of 5nm or more and 50nm or less

and a specific surface area between 50m?g or more and 400m?/g or less.
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POSITIVE-ELECTRODE MATERIAL FOR A LITHIUM ION SECONDARY
BATTERY AND MANUFACTURING METHOD OF THE SAME

5
10 FIELD
[0001]
The present invention is related to a positive-electrode material for a
lithium ion secondary battery.
15 BACKGROUND

[0002}
A lithium ion secondary battery which forms a negative electrode using a
material capable of lithium lon storage and discharge can control the deposition of
| dendrite compared to a lithium battery which forms a negative electrode using
20 metal lithium. As a result, it is possible to provide a battery which has a high
capacity and high density of energy which can prevent battery short and improve

safety.

[0003]
In recent years, while further high capacity is being demanded for lithium

25 ion secondary batteries, improvements in large current charging and discharging
capabilities due to a reduction in battery resistance are being demanded for a

batlery for use in power systems. Conventionally, efforts have been made io

achisva this by increasing high capacity of a lithium metal oxide positive electrode
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maternal or carbon group negative electrode material itself which are bafttery
reactive materials, a reduction in the particle diamefter of these reactive material
particles, an increase in electrode area using particle specific surface area or
battery design and further, a reduction in liquid diffusion resistance using thinner
separators. However, this leads to an increase in a binder due to small particle
diameter or an increase in specific surface area which adversely affacts high
capacity, and because positive/negative electrode materials peet from or fall off
metal fot, which is an electric collector, causing battery intemal shoris, and
safety of lithium ion secondary batteries is lost due to a drop in battery voltage
resistance or dramatic thermal runaway. Thus, changes in the type of binder
used In order to increase binding abilities with a foil were examined in Japanese
Laid Open Patent H5-226004.

[0004]

However, by changing the type of binder, capacity can be increased, but
Improvement of large current charging and discharging capabilies due to a
reduction in resistance of a binder is insufficient, and development for use in
eiectrical power tools or hybrid cars which require large current charging and
discharging which is a large function impairment in lithium ion secondary batteries

compared 10 secondary balteriss such as a nickel-cadmium battery or
nickel-hydride battery was difficutt.
[0005]

In addition, efforts have been made using carbon conductive materials
with the goal of reducing electrode resistance with respest to large current.
charging and discharging of lithium ion secondary batteries in Japanese Laid
Open Patent 2005-19329, Japanese Laid Open Patent 2001-126733 and
Japanese Laid Open Patent 2003-168429. However, when a charging and
discharging cycle using a large current is repeated, a conductivity pass of particles

between positive/negative electrodes is lost due to expansion and contraction of a
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positive/negative elsctrode material and as a result, a large curmrent rapidly no
longer flows which is a problem.
[0006]

' 'On the other hand, in recent years, olivine-type lithium iron phosphate
(LiIFePOC4) has been attracting atiention as a positive electrode material for a
Iithium ion battery considering the importance of safety and costs. However, this
material has a large resistance and reducing this resistance has become a large

problem in Japanese Translation of PCT Intemational Publication 2000-509193
and Japanese Laid Open Patent H9-134724,
(0007]

In order to solve the problem of olivine-type lithium iron phosphate
described above, various examinations have been performed to make a positive
electrode material by a composite of olivine-type lithium iron phosphate and black
carbon which is a conductive material in Japanese Laid Qpen Patent 2002-75364,
Japanese Laid Open Patent 2002-110162, Japanese Laid Open Patent
2004-63386, Japanese Laid Open Patent 2005-123107, Japanese Laid Open
Patent 2005-302671 and Japanese Laid Open Patent 2007-80652. The
capabilies of a positive electrode material have been improved using an
otiVine-—type ithium iron phosphate as a result of these examinations, however
high capabilities equal to or higher than already existing pesitive efectrode

materials for a fithium lon secondary battery have yet to be achieved. Japanese

Translation of PCT Internationai Publication 2009-503182 is also referred as a

pricr art document

SUMMARY
10008}

The present invention was invented in order to deal with the probiems

assoclated with a positive elecirode material for a lithium ion secondary battery
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and aims to provide a positive electrode material for a lithium ion secondary
battery which can maintain large current charging and discharging over a long
lifetime.
{0009]

That is, the present invention adopts the following means for solving the
probiems described above.
(1) A positive electrode material for a lithium ion secondary battery
comprising 8% by mass or more and 30% by mass or less of a carbon black
composite formed by joining together fibrous carbon and carbon black wherein
ash is 1.0% or less by mass in accordance with JIS K 1469 and the remainder
includes olivine-type lithium iron phosphate and wherein the material contains a
volatile oxygen-containing functional group which constitutes 1.0% or less by
mass of the positive electrode material.
(2) The positive electrode material for a lithium ion secondary battery
described in (1), wherein the fibrous carbon is a carbon nanotube having a fiber
diameter of Snm or more and 50nm or less and a specific surface area of 50m2/g
or more and 400m*/g or less.
(3) The positive electrode material for a lithium ion secondary battery
described in (1) or (2) wherein a specific surface area of the carbon black is less
than the specific surface area of the fibrous carbon and is 10m%g or more and
200m“/g or less.
(4) The positive electrode material for a lithium ion secandary battery
described in any one of (1) to (3), wherein a ratio of the carbon black with respect
to the contained fibrous carbon is a mass ratio of 30/70 or more and 95/5 or less.
(5) The posttive electrode material for a lithium jon secondary battery
described in any one of (1) to (4), wherein a primary particie diameter of the
olivine-type lithium iron phosphate is 10nm or more and 300nm or less.

(€) The positive electrode material for a lithium ion secondary battery

4
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described in any one of (1) to (4), wherein a primary particle diameter of the
olivine-type lithium iron phosphate is 50nm or more and 200nm or less.

{T} The positive electrode material for a lithium ion secondary baftery
described in any one of {1) to (6), wherein the contained amount of the carbon
black compaosite is 8% by mass or more and 20% by mass or less.

(8) The positive electrode materiat for a lithium jon secondary battery
described in (1), wherein the fibrous carbon is a carbon nanotube having a fiber
diameter of Snm or more and 30nm or less and a specific surface area of 100m*/g
or more and 300m®/g or less.

(9) The positive electrode material for a lithium ion secondary battery
described in any one of (1) to (8), wherein the carbon black is acetylene black.
(10)  Alithium ion secondary battery comprising a positive electrode formed by
using a positive eiectrode material for a lithium ion secondary battery which
includes 5% by mass or more and 30% by mass or less of a carbon black
composite formed by joining together fibrous carbon and carbon black wherein
ash s 1.0% by mass in accordance with JIS K 1488 and the remainder includes
olivine-type lithium iron phosphate and wherein the material contains a volatile
oxygen-containing functional group which constitutes 1.0% or less by mass of the
positive electrode material, a negative electrode; an electrolyte; and a separator
which insulates the positive electrode and the negative electrode and which
retains the electrolvte.

(11} The lithium ion secondary battery described in (10), wherein the separator
is a porous film shape.

{12) A method of manufacturing a positive electrode material for a lithium ion
secondary battery comprising mixing olivine-type lithiumn iron phosphate after or at
the same time as joining fibrous carbon and carbon black together; and heating at
a temperature of 200°C or more and 900°C or less under a vacuum or inactive

atmosphere.
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(13) The method of manufacturing a positive elactrode material for a lithium
ion secondary battery described in (12}, wherein the temperature is 400°C or

more and 800°C or less.

DESCRIPTION OF EMBODIMENTS
[0010]

The present invention is explained in detail befow.

The positive electrode material for a lithium ion secondary battery of the
present invention 18 arangsd with an electrode group formed by stacking or
winding negative electrode and positive electrodes via a separator, and an
electrolyte in which the electrode group is immersed, the positive electrode for a
ithium ion secondary baitery containing a carbon black composite and
olivine-type lithium iron phosphate where the carbon black composite contains
ash of 1.0% or less by mass in accerdance with JIS K 1469 and the positive
electrade matenial contains 5% or more and 30% or less by mass of the carbon
black composite in which fibrous carbon and carbon black are joined together, and
moreover, the material contains volatile oxygen-containing functional groups
which constitute 1.0% or less by mass of the positive electrode material.

[0011]

In the present invention, fibrous carbaon has a fibrous diameter of 5nm or
more and 20nm or less and is comprised of a carbon nanotube having a specific
surface area of 50m’/g or more and 400m?/q or less and the carbon black specific
surface area is smaller than the specific suiface area of the fibrous carbon and is
preferably 10m*/g or more and 200m&q or less.

[0012;
' The positive electrode material for the lithium ion secondary battery of the

present invention contains a carbon black composite as a conductive material.

The carbon black composite is comprised by fibrous carbon and carbon black
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being joined together and contains ash of 1.0% or less in accordance with JIS K
1469. The positive electrode materiat for a lithium ion secondary battery of the
present invention is formed by mixing a carbon black composite and olivine-type
ithium iron phosphate.  However, the material may be formed by a
simultaneously integrating the fibrous carbon, carbon black and olivine-type
lithium iron phosphate into a single compaosite unit. Furthermore, a binder for a
mold may also be added when forming the pesitive electrode material according
to necessity. The olivine-type lithium iron phosphate of the present invention is
not particularly limited. However, a primary particle diameter is 10nm or more
and 300 or less and more preferably 50nm or more and 200nm or less.

{0013]

A positive electrode material is mainly used as a battery structuraf
material which significantly contributes to resistance when charging and
discharging a battery, an electron conduction network within the positive electrode
s improved, positive electrode resistance can be reduced and large current
charging and discharging is possible using the positive electrode material of the
present invention.

In additton, a contact between positive electrode particles and a
conductive material is maintained, the positive electrode material prevents rapid
reduction in capacity or output even if the positive electrode material expands and
contracts during charging and discharging.

Furthermore, an electrode resistance of the olivine-type lithium iron
phosphate particle can be reduced by coating with a particle carbon layer.

[0014]

The carbon black composite is comprised by joining together fibrous
carbon and carbon black. The joining together of the fibrous carbon and carbon
black is not merely a contact but means physically fusing using a carbon material

and cannot be easily separated by a usual mechanical operation whereby there Is
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no contact resistance between the joined fibrous carbon and carbon black and
electrons can move freely. As a resuit, the material remains as a carbon black
composite even after mixing with an active materal, good dispersion properties
can be obtained, high conductivity can be maintained and stable and conductivity
with little variation can also be obtained.

[00195]

In a single fibrous fiber, Iin the case of mixing with an active material and a
different material, it is difficult to obtain good dispersion properties and variations
in conductivity are produced due to the arangement and entanglement between
fivers. On the other hand, in a single carbon black, positive electrode resistance
cannot be sufficiently reduced because conductivity is poor compared to fibrous
carbon. In addition, in the case of simply mixing fibrous carbon and carbon black,
the shape becomes significantly different and further larger variations are
produced. Therefore, this is not suitable for the prasent invertion.

[0016]

The carbon black compaosite of the present invention contains ash of 1.0%
by mass or less in accordance with JIS K 14609 The ash is comprised mainly of
a catalyst, metal impurities (for example, Fe, Ni etc) or an oxide thereof when
manufacturing the fibrous carbon. If the ash exceeds 1.0% by mass in the case
of a Li ion secondary battefy for example, deposition of metal onto the negative
electrode occurs when charging, causing a reduction in charging and discharging
capacity, the separator is broken and shorts leading to the danger of igniting which
1S not suitable for the present invention.

[0017]

’ The amount of carbon black composite contained in the positive electrode
matenal 1or a lithium ion secondary battery of the present invention is 5% or more
and 30% or less by mass. and more preferably 8% or more and 20% or less by

mass. When the contained amount is less than this, the resistance of the
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positive electrode can no longer be sufficiently reduced which leads to a reduction
in DCR, rate characteristics and or cycie maintenance rate etc when charging and
discharging a battery. When the contained amount exceeds this, improvement
effects of the characteristics are no longer recognized, and because only the
contained amount of the olivine-type lithium iron phosphate particles drops, the
charging and discharging capacity of the battery decreases which is not suitable
for this invention.

[0G18]

\n addition to the requirements described above, the inventors discovered
that the amount of volatile oxygen-containing functional groups contained in the
positive electrode material contributes significantly to charging and discharging
Characteristics. A volatile axygen-containing functional group is a functional
group which contains a hydroxyl group (-OH), carbonyl group (>C=0). carboxyl
grbup (-COCH), ether bond or ester bond on or near a terminal. and water (H0),
carbon monoxide (CO) or carbon dioxide (CO,) is released by heating. The
iInventors newly discovered that by controlling the amount of these volatile
oxygen-containing functional groups to 1.0% by mass with respect to the positive
electrode material, the conduction characteristics of the positive electrode
materai are improved and battery characteristics such as the DCR. rate
characteristics and/or cycle maintenance rate are significantly improved. It is
possible to confirm the existence of a volatile axygen-containing functional group
using a thermal desorption-gas chromatograph/mass spectrometry analysis
method (TDS-GC/MS method). When the positive electrode material was
analyzed using the TDS-GC/MS method, it is understood that a volatile
oxygen-c.ontain-ing functional group exists if a mass spectrum attributable to H.O
(mass number=18), carbon moenoxide (mass number=28) or carbon dioxide
(mass number=44) is detected when the temperature ig raised to 200°C or more.

The reason for raising the temperature to 200°C or more is because a volatile

9
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oxygen-cantaining functional group hardly becomes volatie when the temperature
Is below 200°C.
[0019]

The contained amount of a volatile oxygen-containing functional group is
calculated using the following formula from the mass of the positive electrode
matenal before and after a rise in temperature when the mass spectrum described
above is detected.

[contained amount of volatile oxygen-containing functional group (mass %)] =
[{{mass of positive electrode material before temperature rise) - (mass of paositive
electrode material after temperature rise)} -+ (mass of positive electrode material
before temperature rise)] x100

[0020]

The contained amount of the volatile oxygen-containing functional group
of the positive electrode material of the present invention is 1.0% or less by mass
as described above, or more preferably 0.5% or less by mass. When the
cortained amount exceeds 1.0% by mass, an increase in the resistance of the
positive electrode material becomes significant and the battery characteristics
such as DCR, rate characteristics and/or cycle maintenance rate etc decrease
which is not suitable for the present invention.

[0021]

The fibrous carbon used in the present invention is a carbon flber
vapor-grown carbon fiber, carbon nanotube or carbon nanofiber etc. 1t is
possible to appropriately select a fibrous carbon in the present invention.
Because the fibrous carbon effectively transfers electrons between an active
matenal it is preferred that the fiber diameter of the fibrous carbon is particularly
small, specifically, 5nm or more and 50nm or less and more preferably Snm or
more and 30nm orless. In order to further the effectiveness of electron transfer it

IS preferred that an appropriate amount of fine concave and convexes exist on the
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surface of the fibrous carbon. It is possible to express the size of the concave
and convexes as a specific surface area, and the more concave and convexes the
larger the specific surface area. The specific surface area of the fibrous carban
is preferred to be 50m%g or more and 400m®/g or less and more preferably
100m*/g or more and 300m?g or less.

[0022]

The carbon black used in the present invention performs the role of a
buffer material of expansion and contraction of an active material as well as
maintaining conduclivity of the entire electrode, specifically, thermal black, furmace
black, lamp black, channel black and acetylene black can be exemplified.
Among these, acetylene black has a high purity since acetylene gas is a raw
material and because acetylene gas thermal decomposition is produced by a
reaction under a reductive atmosphere, there is a small combustion loss in the
case of introducing fibrous carbon to an acetylene black production site tc form a
composite which is preferable.

{0023]

The inventors newly discovered that positive electrode resistance

decreases, and DCR, rate characteristics and/or cycle maintenance is improved

when charging and discharging a battery in the case where the specific surface
area of a carbon black included in a composite material is appropriately small,

moreover, smaller than the specific surface area value of a fibrous carbon. While

the reason for this is not clear, itis presumed that contact properties of the surface
of a carbon black which is a partner material of & fibrous carbon in which fine
concave and convexes exist on the surface as described above, improves when
the surface is somewhat smooth rather than having fine concave and convexes.
In the present invention, the specific surface are of the carbon black is smaller

than the specific surface are of the fibrous carbon and is preferably 10m%g or

more and 200m?/g or less.
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[0024)

' The ratio of fibrous carbon and carbon black included in the positive
electrode material of the present invention fs preferred to be 70:30 to 5:95 by
mass ratio (the ratio of carbon black with respect to fibrous carbon is 30/70 or
more and 85/0 or lesg). When the ratio of fibrous carbon increases, it is difficult
for the buffer material function of carbon black to be demonstrated, that is, buffer
of the expansion and contraction of an active material. On the other hand, when
the ratio of fibrous carbon decreases, effective transfer of electrons between the
active material and the fibrous carbon becomes difficult due to a lack of fibrous
carbon.

[0025]

A carbon black composite refers to the joining together of fibrous carbon
and carbon black. A manufacturing method of a carbon black composite is not
particularly fimited, for example, a method of forming a composite by introducing
fibrous carbon during thermal decomposition of a hydrocarbon, a methad of
forming a composite by supplying a hydracarbon including fibrous carbonization
catalyst during thermal decomposition of acetylene gas and/or in a state where
the acefylene is thermally decomposed (Japanese Translation of PCT
International Application 2009-503182), a method of dispersing fibrous carbon
and carbon black in a carbonization raw material solution such as a hydrocarbon
or alcohol and carbonizing by an operation such as heating when the
carbonization raw material solution is in a liquid or gas state, or a method of
forming a composite of fibrous carbon and carbon black by a mechanochemical
means using a solid medium. Forming a composite using a mechanochemical

means refers to the use of a medium blade type mixer such as a bead mill,

vibration mill or ball mill.
00263

Furthermore, a positive electrode material is formad using a carbon black
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composife and olivine-type lithium iron phosphate. Positive electrode formation
IS performed by mixing the carbon biack cbmposite and olivine-type lithium iron
phosphate using a mixer such as a Raikai mixer (stone mill), a universal mixer, a
Henschel mixer or ribbon blender or medium blade type mixer such as a bead mill,
vibration mill or ball mill. 1t is preferred to add a liquid medium to these
components and perform wet type mixing in order to form a state where the
carbon black composite and clivine-type lithium iron phosphate are well mixed
together. Furthermore, it is possible to simultaneously form the carbon black
composite and positive electrode material by adding while mixing olivine-type
ithium iron phosphate to the fibrous carbon and carbon black in the case of
adopting a mechanochemical means as a method of forming a carbon black
composite.

[0027]

Furthermore, following this, the contained amount of a volatile
oxygen-containing functonal group of the positive electrode material for a lithium
ion secondary battery is reduced to 1.0% or less by mass. A specific method of
this reduction includes heating the positive electrode material comprising the
carbon black composite and olivine-type lithium iron phosphate created in the
method described above at a temperature of 200°C or more and 900°C or less
under a vacuum or inactive atmosphere. Electric furnaces such as a pipe
shaped furnace, atmosphere furnace or muffle furnace can be used for heating.
When the atmosphere is a vacuum, the pressure of the interior of the electric
furnace may be maintained to about 10Pa or less using a general rotation type
vacuum pump.  When the atmosphere is an inactive atmosphere, the interior of
the electric furnace may be filled with an inactive gas such as nitrogen or argon
etc. The positive electrode material discharges the volatile oxygen-containing
functional group while being heated, however, when the interior of the electric

furnace is filled with a gas including a volatile dxyge-n-containmg functional group,
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discharge from the positive elactrode material following this is impaired. It is
preferred to exhaust a gas which includes a produced volatile oxygen-containing
functional group using a method of continuously aperating the vacuum pump until
neating is completed in the case of making the furnace interior a vacuum or a
method of continuously passing an thactive gas through the furnace until heating
Is completed when making the furnace interior an inactive atmosphere in order to
prevent filling the furnace interior.

[0028]

The heating temperature is preferred to be 200°C or more and 900°C or
less or more preferably 400°C or more and 800°C or less. When the heating
lemperature (5 less than 200°C the effects of the volatile oxygen-containing
tunctional group are hardly demonstrated since the temperature is too low.
When the temperature exceeds 800°C not only can the effects of volatility
acceleraiion by heating no longer be obtained but the clivine-type lithium fron
phosphate may be thermally decomposed which is not suitable for the present
invention. Furthermore, although heating fime is not particularly limited, it is

preferred to be 30 minutes or more and 5 hours or less.
[0029]

The positive electrode material of the present invention is used in a lithium
lon secondary battery as a positive electrode molded on an electrode plate such
as aluminum. A separator, electrolyte or negative electrode material may be
used as an alternative material used for the lithium ion secondary battery, A
separator electricalty insulates the positiva and negative electrodes and maintains
an eleclrolyte and a synthetic resin such as polyethytene or polypropylene can be
used. A porous film shaped material is preferred to ba used for improving the
maintaining properties of the electrolyte.

{0030}

In addition, it is preferred that a non-agueous electrolyte which includes

14
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lithium sait or an ion conductor polymer is used as the electrolyte in which the
electrode group is immersed in the lithium secondary battery which uses the
positive electrode material of the present invention. Ethylene carbonhate (EC),
propylene carbonate (PC), diethyl carbenate (DEC), dimethyl carbonate (DMC),
methyl ethyl carbonate (MEC) etc can be used as a non-agueous solution of the
n-on-aqueous clectrolyte which includes lithium salt.  In addition, lithium
haxafluorophosphate {LiPFg), lithium tetrafluoroborate (LiBF,), or lithium
tnfluoromethanesuifonate (LiISO;CF3)} may be used as the lithium salt which is
dissolved in the non-aqueous solution.

[0031]

't is possible to reversibly absorb and discharge lithium ion the same as
the positive electrode as the negative electrode material, and a material which has
poor reactivity with an electrolyte and has a lower oxidation-reduction potential
than the positive electrode material is preferred, for example, graphite or lithium
titanate etc.

[0032]

EXAMPLES

The positive electrode material for a lithium secondary battery related to
the present invention is explained in detail below Using examples and comparative
examples. However, the present invention is not limited to the following

examples in as far as the idea of the invention is not exceeded.
[0033]

Example 1

An ethanol siurry containing 2% by mass of a carbon black (manufactured

by Showa Denko, VGCF-X, fiber diameter: 15nm, specific surface are; 260m3/g)

was sprayed into the interior of a high frequency heating furnace heated to 200°

C using nitrogen as a carrier gas while simultaneously introducing acetylene gas

to the furnace interior. At this time, the amount of acetylene introduced was

-
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adjusted so that the mass ratio of carbon nanotubes within the slury and carbon
particles (carbon black) produced by thermal decomposition of the ethanol and
acetylene pecame 10:90. Afier the product was cooled and collected, it was
subjected to observation using a transmission fype electron microscope {TEM).
The TEM observation was performed using a transmission type electran
microscope 2000FX manufactured by JEOL under conditions of an acceleration
voltage of 200kV and observation magnification of 200,000, It was confimed
that fiber shaped carbon nanotubes and the carhon black {particle diameter
50nm) produced by tharmal decomposition of the ethanol and acetylene mutually
and continuously existed and a composite was formed, The ash in the carbon
biack composite was measured at 0.1% by mass using a JIS K 1469 method.
The specific surface area of the composite was measured at 240m?%g using a
BET one point method using an automatic specific surface area measuring device
(manufactured by Microdata, Microsorp 423211). The specific surface area
value of the carbon biack was calculated at 60m?%g from the specific surface area
value between the carbon nanofubes and composite, and the mass ratic between
the carbon nanotubes and carbon black.

[0034]

209 of the carbon black composite and 80g of olivine-type lithium iron
phosphate (Manufactured by Mitsui Engineering and Shipbuilding, primary
particle diameter 85nm) were mixed for 8 hours using a Raikai mixer and a
positive electrode material mixture was formed. 50g of this mixture was filled
into a tube shaped furnace and heated at 300°C for 2 hours while maintaining the
furnace pressure at 1 to SPa using an oil rotation type vacuum pump and a

positive electrode material was formed. The positive electrode material was

collected after cooling and its weight was measured at 49.5g. A mass spectrum

of a volatile oxygen-containing functional group of the positive electrode material

attributabie to water (mass number=18) and carbon dioxide (mass number=44)
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was slightly detected using a thermal desorption-gas chromatograph/mass
spectromefry analysis method (TDC-GC/MS method) using a temperature
programmed desorption device (manufactured by Agilent Technologiaes, Double
Shot Pyrolyzer 78683B), gas chromatography (manufactured by Hewlett Packard,
HPG880) and mass spectrometer (manufactured by Hewlett Packard, 5973).
10@g of the positive electrode material was heated in an electric furnace under the
same conditions {(heated under a rising temperature speed of 25°C/minute up o
800°C under a vacuum) as the temperature programmed desorption device and
the weight change bsfore and after heating was measured, and the contained
amount of a volatile oxygen-containing functional group was measured at 6% by
mass by calculating a reduced weight amount using the formula;

[contained amount of volatile oxygen-containing functional group (mass %)] =
[{{mass of positive electrode material before temperature rise) — (mass of positive
electrode malterial after tamperature rise)} + (mass of positive electrode material
before temperature rise)] x100

The powder resistance value of the positive electrode material was measured at
2.510-cm using a JIS K 1469 method.

[0035]

Example 2

2g of carbon nanotubes {manufacturad by Mitsubishi Materials Electronic

Chemicals, CNF-T, fiber diameter: 20nm, specific surface are: 220m*/g, ash 0.6%

by mass), 8g of acetylene black {manufactured by DENKI KAGAKU KOGYO.
HS-100, specific surface are: 40m%g, ash: 0.01% by mass) and S0g of
olivine-type lithium iron phosphate (manufactured by PHOSTECH LITHIUM INC.,

primary particle diameter 200nm) were added to 1 liter of ethanol, and a

mechanochemical composite formation of carbon nanotubes and acetylene black
and a mixing with olivine-type lithium iron phosphate was simultaneously

performed by wet type stiring for 5 howss using a vibration milf using a blade
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medium comprised from an aluminum bail. After stirring, the ethanol was
removed using a filter, dried for 3 hours at 100°C using a drier, and cracked for 8
hours using a Raikai mixer to form a paositive electrode maienal mixture, 50g of
this mixture was filled into a muffle furnace and heated at 700°C for 1 hour while
passing a nitrogen gas and a positive electrode material was formed. The
positive electrode material was collected after cooling and its weight was
measured at 48.59. A significant mass spectrum of a volatile oxygen-containing
functional group of the positive electrode material was not detected using a
TDC-GC/MS method. 10g of the positive electrode material was heated in an
glectric furnace under the same conditions as the temperature programmed
desorplion device and the weight change before and after heating was measurad,
and the contained amount of a volatile oxygen-containing functional group was
measured at 0.05% by mass by calculating a reduced weight amount. The

powder resistance value of the positive electrode material was measured at
3.750-cm.

The ash amount in the carbon black composite, contained amount of
carbon black within the positive electrode material and mass ratic of carbon
nanotubes and acetylene black were each calculated from the compound ratios of

the initial raw materials at 0.13% by mass, 10% by mass and 20:80 respectively.
[0036]
Example 3

Apart from 10g of carbon nanctubes, 5g of acetylene and 35g of
olivine-type lithium iron phosphate, the positive electrode material mixture was
farmed exactly the same as in example 2. 50g of this mixture was filled into a
tube shaped furnace and heated at 500°C for 20 minutes while passing an argon
gas and a positive electrode material was formed. The positive electrode
material was collected after cooling and its weight was measured at49g. A mass

spectrum of a volatile oxygen-containing functional group attributable to carbon

18



10

19

20

25

CA 02781ll1le4d 2012-05-17

PCT/IP2010/068379

dioxide (mass number=44) of the positive electrode material was slightly detected
using a TDC-GC/MS method. 10g of the positive electrode material was heated
in an electric furnace under the same conditions as the temperature programmed
desorption device and the weight change before and after heating was measured,
and the contained amount of a volatile oxygen-containing functional group was
measured at 0.1% by mass by calculating a reduced weight amount. The
powder resistance value of the positive electrode material was measured at
3.18(2-cm.

The ash amount in the carbon black composite, contained amount of
carbon black within the positive electrode material and mass ratic of carbon
nanotubes and acetylene black were each calculated from the compound ratios of
the initial raw materials at 0.40% by mass, 30% by mass and 67:33 respectively.
[0037]

Example 4

Apart from using carbon nanctubes different to CNF-T (manufactured by
Showa Denko, VGCF-S, fiber diameter: 80nm, specific surface area: 43m*/g, ash:
0.7% by mass) the positive electrode material mixture was formed exactly the
same as in example 2. The positive electrode material was collected after
cooling and its weight was measured at 48.2g. A significant mass spectrum of a
volatile oxygen-containing functional group of the positive electroede material was
not detected using a TDC-GC/MS method.  10g of the positive electrode material
was neated in an electric furnace under the same conditions as the temperature
programmed desorption device and the weight change before and after heating
was measured, and the contained amount of a volatile oxygen-containing
functional group was measured at 0.8% by mass by calculating a reduced weight
amount. The powder resistance value of the positive electrode material was

measured at 3.680 cm.

The ash amount in the carbon black composite, contained amount of
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carbon black within the positive electrode material and mass ratio of carbon
nanotubes and acetyiene black were each calculated from the compound ratios of
the initial raw materials at 0.15% by mass, 10% by mass and 20:80 respectively.
[0038]
Example 5

The same as example 2, mechanochemical composite formation of
carbon nanotubes and acetylene black and a mixing with olivine-type lithium iron
phosphate were simultaneously performed, and after filtering and drying, the
positive electrode material was formed by cracking for 8 hours using a Raikai
mixer. Following this, unlike example 2, heating was performed in nitrogen for 30
minutes at 900°C and using the same following processes in example 2 and the
positive electrode material is obtained. A significant mass spectrum of a volatile
oxygen-containing functional group of the positive electrode material was not
detected using a TDC-GC/MS method. 10g of the positive electrode material
was heated in an electric furnace under the same conditions (heated under a
nsing temperature speed of 25°C/minute up to 800°C under a vacuum) as the
temperature programmed desorption device and the weight change before and
after heating was measured, and the contained amount of a volatile
Oxygen-containing functional group was measured at 0.5% by mass by calculating

a reduced weight amount. The powder resistance value of the positive elactrode

material was measured at 5.78Q0cm using a JIS K 1469 method. The ash
amount in the carben black composite, contained amount of carbon black within
the positive electrode material and mass ratio of carbon nanotubes and acetylene
black calculated from the compound ratios of the initial raw materials were the
same as [n exampig 2.
[0039]
Examples 6 to 10

A coin battery was created using the positive electrode material in
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examples 1 to 5 and charging and discharging characteristics were evaluated.
An example of the positive electrode and coin battery creation method i1s shown
below. The positive electrode matenal in examples 1 to 3 was used as a positive
electrode material using poly(vinylidene fluoride) (manufactured by KUREHA, KF
poiymer solution) as an adhesive. N-methylpyrrolidone (manufactured by
Aldrich) was added to this as a dispersion solution and a kneaded positive
electrode binder (slurry) was created. The positive slectrode binder slurry was
coated in a 20pum thick aluminum foil, dried, pressed and cut, and a2 positive
electrode for a Hthium secondary baftery was obtained. Metal lithium
(manufactured by Honjo Metal) was used for an opposite electrode and an olefin
ficer non-woven fabric was used as separator to electrically separate the
electrodes. A CR-2032 type coin battery was created using 1 mol/L of lithium
hexafluorophosphate (LiPFg) dissolved in a solution mixed with EC (ethylene
carbonate, manufactured by Aldrich) and MEC (methyl ethyl carbonate,
manufactured by Aldrich) at a volume ratio of 30:70 in an electrolyte.

As an experiment of the discharge capability of the battery, after initially
charging the battery and confirming that the charging and discharging efficiency
was close to 100%, discharge capacity was measured when a constant current
discharge of 2.1V was performed at a current density of 0.7mA/cm?, and capacity
density (mAh/g) was calculated by subtracting the positive electrode aclive mass.
The current value which this capacity (mAh) could be charged and discharged at
1 hour was set at [1C].

Following this, as a cycle capability experiment, in a cycle experiment
where cycles of charge 2C constant cumrent (after reaching 4.1V and when
Charging with a current of 0.05 is complete}, and discharge 2C constant current up
to 2.1V were performed with 10 minute rest intervals between each respectively
for 50 cycles, the capacity ratio (%) of the 50" cycle with respect to the discharge

capacity of the first cycle was defined as the discharge capacity maintenance ratio.
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in addition, following an initial charge and discharge, charging of 4.1V {0.2C
constant current, 0.05C curmrent is complete) and discharging at a current value
was increased gradually by 0.2C, 0.33C, 0.5C, 1.0C (constant current, compete at
2.1V) for each cycle with 10 minute rest intervals were performed respectively,
and a rate (%) of discharge capacity ratio 1.0C with respect to discharge capacity
(.2C was defined as a rate characteristic. Furthermore, direct current resistance
(DCR) of the battery was calculated from the |-V characteristics when SOC
(charge depth) was at 50%. The direct current resistance when charged was
defined as “charged DCR" and the direct current resistance when discharged was
defined as “discharged DCR”. These results are summarized in table 1.

[0040]

[TABLE 1}
Class Used positive , Rate - Discharge | Charged
electrode maintenance characteristic | d DCR (Q) | DCR (Q)
| material | ratio(%) (%)
Example 6 Example1 | 976 97.0 | 679 | 684
Example 7 Example2 | 983 93.1 01.4 87.3 i
Example 8 | Example 3 832 | 95 .4 789 812 |
| _Example9 | Example 4 943 906 1235 | 1168 |
| Example 10 | Example 5 928 900 | 1380 | 1312 |
| Comparative | Comparative 15.4 81.5 367.9 470.6 E
| exampie3 | examplet | 0 00 0000
| Comparative | Comparative 321 434  640.0 834.1 |
fmexampfe 4 exampleZ | )
{0041]

Comparative Example 1

The same in example 1, a composite of carbon nanotubes and carbon
biack and olivine-type lithium iron phosphate were mixed for 8 hours using a
Raikai mixer and a positive electrode material mixture was formed. Following
this, unlike example 1 the positive electrode material was obtained without
performing heating in a vacuum. A mass spectrum of a volatile
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oxygen-containing functional group of the positive electrote maienat attnbutablie
lo water (mass number=18) ana carbon dioxide {mass number=44) was
significanty defected using TDC-GC/MS method. 10g of the positive electrode
material was heated in an electric furnace under the same conditions (heated
under a rising temperature speed of 25°C/minute up to 800°C under a vacuum) as

the temperature prograrmed desomption device and the weight change before

and after heating was measured, and the contained amount of a volatile
oxygen-containing functional group was measured at 1.2% by mass by calculating
a reduced weight amount. The powder resistance value of the positive slectrode
matenal was measured at 10.86Q-cm using & JIS K 14563 method.
[0042]
Comparative Example 2

The same as example 2, mechanochemical composite formation of

carbon nanotubes and acetylene black and a mixing with clivine-type lithium iron

phosphate were simultaneously performed, and after fitering and drying, the

positive electrode material was formed by cracking for 8 hours uging 2 Raikai
mixer. Following this, unlike example 2, heating was performed in nitrogen for 1

hour at 150°C and using the same following processes in exampie 2 the positive
electrode material.

A mass spectrum of a volatile oxygen-containing functional group of the
positive electrode material altributable to water (mass number=18) and carbon
dioxide (mass number=44) was significantly detected using a TDC-GC/MS
methed.  10g of the positive slectrode material was heated in an electric fumace
under the same conditions (heated under a rising temperature speed of
25°Ciminute up to 800°C under a vacuum) as the temperature programmed
desorplion device and the weight change before and after heating was measured,

and the contained amount of a volatile oxygen-containing functional group was

measured at 1.9% by mass by calculating a reduced weight amount. The
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powder resistance value of the positive electrode material was measured at
23.860)-cm using a JIS K 1469 method.
[0043]
Comparative Examples 3 to 4

A coin battery was created the same as in examples & to 10 using the
positive electrode material in comparative examples 1 to 2 and its charging and
discharging characteristics were evaluated and the results are shown in table1.
[0044]
Comparative Example 5

2g of carbon nanotubes (manufactured by ILJIN, CM-95, fiber diameter:
20nm, specific surface area: 170m%g, ash: 4.1% by mass) and 8q of carbon black
(manufactured by Tokai Carbon, SEAST NH, specific surface area: 74m?/g, ash:
0.3% by mass) instead of acetylene black were mixed using a mortar and the ash
was measured at 1.1% by mass using a JIS K 1469 method.
[0045]

2g the carbon nanotubes, 8g of carbon black and 980g of ofivine-type
lithium iron phosphate (manufactured by PHOSTECH LITHIUM INC., primary
particle diameter 200nm) were added to 1 liter of ethanol, and a positive electrode
material was created exactly the same as in example 2. Following this, a coin
b.aiﬂery was formed the same as in examples 4 to 8,' and the charging and
discharging characteristics were evaluated. In a 2C charge/2C discharge cycle
capability experiment, capacity decreased rapidly from the 20" cycie and charging
and discharging became impossible. When the battery was taken apart, lithium
gendntic crystals were growing from opposite electrode surfaces and it was
observed that the separator was broken.
[0046]

The same as example 2, mechanochemical composite formation of

carbon nanctubes and acelylene black and a mixing with olivine-type lithium iron
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phosphate were simulianeously performed, and after filtering and drying, the
positive electrode material mixture was formed by cracking for B hours using a
Raikai mixer. Following this, unlike exampie 2, heating was performed In
nitrogen for 1 hour at 1000°C, and it was observed in a powder X ray difiraction
measurement that the olivine-type lithium tron phosphate was significantly broken

down and ron phosphide (Fe»P) was produced. Fe;P does not have a functicn

as a positive electrode active material for a lithium ion secoendary battery.
{0047]

While the positive electrode material for a lithium ion secondary battery of
the present invention is expected to be thermally stable and have a high level of
safety, it is possible to provide the positive electrode malerial with excellent
conduction properties not present in the conventional technology while using
olivine-type [ithium iron phosphate which has the demerit of a high resistance
value as a positive electrode active material. Using the positive electrode
matenial of the present invention, the demarit of olivine-type lithium iron phosphate
IS solved and as a result, it is possible to repeat large current charging and
discharging at a high capacity, and moreover, realize a lithium ion secondary
battery having a high level of safety. The lithium ion secondary battery which
uses the positive electrode material of the present invention can be favorably
used for purposes where farge current charging and discharging is required such
as electric power fools or hybrid cars.

[0048}

An electron conduction network is improved by using a positive electrode

material for a lithium ion secondary battery of the present invention and moreover

it is possible to reduce positive electrode resistance and large current charging
and discharging becomes possible by smooth reception of electrons between an
olivine-type lithium iron phosphate and a carbon black composite which is 2

conductive material, and reception of electrons between the carbon black
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composite and a metal electric collector.

In addition, a positive electrode material for a lithium ion secondary
battery of the present invention can improve and maintain a contact between
positive electrode particles and a conductive material, prevent rapid reduction in

capacity or output even if positive electrode particles {olivine-type lithium iron

phosphate particles) expand and contract during charging and discharging.
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What is claimed is:

1. Apositive electrode material for a lithium ion secondary battery comprising:
5% by mass or more and 30% by mass or less of a carbon black composite
5 formed by physically fusing a carbon nanotube énd carbon black wherein
“ash is 1.0% or less by mass in accordance with JIS K ;I469;
olivine—tybe lithium iron phosphate; and
a volatile oxygen-containing functional group, wherein the vo|atile oxygen-

containing functional'group is present and constitutes at most 1.0% by

10 - mass of the positive electrode material.

2. The positi’ve electrode material for a lithium ion secondary battery according to

“claim 1, wherein the carbon nanotube has a fiber diameter of 5Snm or more arid

50nm or less and a specific surface area of 50m?/g or more and 400m?/g or less.

15
3. The positive electrode material for a lithium ion secondary battery according to
claim 1, wherein a specific surface area of the carbon black is less than the
specific surface area of the carbon nanotube and is 10m?/g or more and 200m?/g
or less.
20

4. The positive electrode matenal for a lithium ion secondary battery according to

claim 1, wherein a ratio of the carbon black with respect to the contained carbon

nanotube is a mass ratio of 30/70 or more and 95/5 or less.

25 ' 5 The positive electrode material for a lithium ion secondary battery according to

claim 1, wherein a primary particle diameter of the olivine-type lithium iron

-27-
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phosphate is 10nm or more and 300nm or less.

6. The positive electrode material for a lithium ion secondary battery according to
claim 1,‘ wherein a primary particle diameter of the olivine-type lithium iron

5 °  phosphate is 50nm or more and 200nm or less.

/. The positive electrode material for a lithium ion secondarybéttery according to
claim 1, 'wherein the contained amount of the carbon black composite is 8% by
_ mass or more and 20% by mass or less.
10
8. The positive electrode material for a lithium ion secondary battery according to
claim 1, wherein the carbon nanotube has a fiber diameter of 5nm or rﬁore énd

30nm or less and a specific surface area of 100m?/g or more and 300m?#/g or

less.

15

0. The positive electrode material for a lithium ion secondary 'battery according to

claim 1, wherein the carbon black is acetylene black.

10. A lithium ion secondary battery comprising:
20 ' a pOsitive electrodé formed by using a positive electrode material for a lithium
ion secondary battery comprisingﬁ
2% by mass or more and 30% by mass or less of a carbon black composite |
formed by physically fusing a carbon nanotube and carbon black wherein -
ash is 1.0% by mass in accordance with JIS K 1469;
25 olivine-type lithium iron phosphate; and

a volatile oxygen-containing functional group, wherein the volatile oxygen-

.28.
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containing functional group is present and constitutes at most 1.0% by
mass of the positive electrode material;

a negativé electrode;

an electrolyte; and

a separator which insulates the pcesitive electrode and the negative electrode

and which retains the eiectrblyte.

11. The lithium ion secondary battery according to claim 10, wherein the separator is

a porous film shape.

12. A method of manufacturing a positive electrode material for a lithium ion
secohdary battery comprising:
mixing olivine-type lithium iron phosphate after or at the same time- as
physically fusing a carbon nanotube and carbon black; and
heating at a temperature of 200°C or more and 900°C or less under a |
vacuum or inactive atmosphere, ' '
wherein the carbon nanotube includes ash of 1.0% or less by mass in

accordance with JIS K 1469..

13. The method of manufacturing a positive electrode material for a lithium ion
secondary battery according to claim 12, wherein the temperature is 400°C or

more and 800°C or less.

.29..
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