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(57) ABSTRACT

A positive electrode for a non-aqueous electrolyte secondary
battery, includes a current collector and an active material
layer. The positive electrode active material layer includes an
olivine-type lithium phosphate with a volume mean particle
size of 2 nm to 300 nm, a fluorocarbon resin with a cross-
linkable functional group, and a conductive agent. The fluo-
rine atom concentration of the positive electrode active mate-
rial layer decreases from the outer surface of the positive
electrode active material layer toward the interface between
the positive electrode active material layer and the positive
electrode current collector. The fluorocarbon resin with the
cross-linkable functional group is in an area from the inter-
face up to 10 um toward the outer surface.
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POSITIVE ELECTRODE FOR NON-AQUEOUS
ELECTROLYTE SECONDARY BATTERY,
METHOD FOR PRODUCING THE SAME,

AND NON-AQUEOUS ELECTROLYTE
SECONDARY BATTERY

TECHNICAL FIELD

[0001] The invention relates to a positive electrode for a
non-aqueous electrolyte secondary battery, a method for pro-
ducing the same, and a non-aqueous electrolyte secondary
battery. More particularly, the invention relates to an
improvement in a positive electrode for a non-aqueous elec-
trolyte secondary battery using a lithium phosphate with an
olivine structure as a positive electrode active material.

BACKGROUND ART

[0002] Non-aqueous electrolyte secondary batteries, which
have high capacity and high energy density and can be easily
made compact and light-weight, are widely used as the power
source for electronic devices. Also, the use of non-aqueous
electrolyte secondary batteries as the power source for trans-
port devices such as electric vehicles is extensively examined,
and some are being put to practical use. Representative non-
aqueous electrolyte secondary batteries have a positive elec-
trode including lithium cobaltate, a negative electrode includ-
ing graphite, and a polyolefin porous film (separator).
[0003] Lithium cobaltate has been conventionally used as a
positive electrode active material. However, since cobalt is a
rare metal, stable supply of lithium cobaltate is difficult and
the cost is high. Also, since cobalt is highly reactive, lithium
cobaltate may further promote heat generation inside the
battery due to overcharge or a short circuit.

[0004] As an alternative positive electrode active material
to lithium cobaltate, lithium phosphates with an olivine struc-
ture are receiving attention. Olivine-type lithium phosphates
can be stably supplied relatively easily at low costs, since
many of other metals than lithium used as raw materials are
abundant on the Earth. Also, olivine-type lithium phosphates
are less likely to promote heat generation inside the battery
than lithium cobaltate, since the metals contained therein
have a lower reactivity than cobalt. Therefore, non-aqueous
electrolyte secondary batteries including olivine-type lithium
phosphates are believed to have higher safety than non-aque-
ous electrolyte secondary batteries including lithium cobal-
tate. Representative examples of olivine-type lithium phos-
phates include lithium iron phosphate.

[0005] Non-aqueous electrolyte secondary Dbatteries
including olivine-type lithium phosphates have a problem in
that the battery performance such as cycle characteristics and
output characteristics tends to deteriorate due to an increase
in charge/discharge cycles. Also, when such non-aqueous
electrolyte secondary batteries are mass produced, the battery
performance tends to vary.

[0006] PTL 1 discloses a positive electrode including
lithium iron phosphate and polyvinylidene fluoride with a
mass mean molecular weight of 37,000 to 1,000,000. PTL 2
discloses a positive electrode including an olivine-type
lithium phosphate and a vinylidene fluoride-tetrafluoroethyl-
ene-hexafluoropropylene copolymer. PTL 3 discloses a posi-
tive electrode including lithium iron phosphate with a mean
particle size of 500 nm or less.

[0007] However, the use of the positive electrodes dis-
closed in PTLs 1 to 3 cannot sufficiently prevent significant
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deterioration of battery performance due to an increase in
charge/discharge cycles and variation of battery performance
in mass production.

[0008] PTL 4 relates to a method of applying a positive
electrode mixture slurry containing a positive electrode active
material and a fluorocarbon resin onto a current collector and
drying the resultant coating film. In this method, the drying
temperature is selected according to the fluorine concentra-
tion of the surface of the coating film being dried, thereby
adjusting the fluorine concentration of the surface of the dried
coating film to 1.0 to 1.5 times the fluorine concentration of
the positive electrode mixture slurry. PTL 5 discloses the use
of'alithium manganate containing fluorine atoms as a positive
electrode active material wherein the fluorine atom concen-
tration decreases from the particle surface toward the inside.
[0009] Both PTLs 4 and 5 use positive electrode active
materials which are not olivine-type lithium phosphates.

[Citation List]
[Patent Literatures]

[0010] [PTL 1]Japanese Laid-Open Patent Publication No.
2005-302300
[0011] [PTL 2] Japanese Laid-Open Patent Publication No.
2006-032144
[0012] [PTL 3] Japanese Laid-Open Patent Publication No.
2009-029670
[0013] [PTL 4] Japanese Laid-Open Patent Publication No.
2003-249212
[0014] [PTL 5] Japanese Laid-Open Patent Publication No.
2000-149925

SUMMARY OF INVENTION

[Technical Problem]

[0015] A conventional positive electrode active material
layer containing an olivine-type lithium phosphate and a fluo-
rocarbon resin has poor adhesion to a positive electrode cur-
rent collector. In particular, in the process of rolling the dried
positive electrode active material layer, the positive electrode
active material layer may separate from the positive electrode
current collector. This is believed to result in variation in
battery performance in mass production. Further, the area
having separated in the rolling process increases as the num-
ber of charge/discharge cycles increases. This is believed to
result in deterioration of the current collecting performance
of'the positive electrode current collector and significant dete-
rioration of battery performance. In particular, it was found
that when an olivine-type lithium phosphate with a nano-
order particle size was used as in PTL 3, the adhesion of the
positive electrode active material layer to the positive elec-
trode current collector further deteriorated.

[0016] To address this problem, the present inventors
examined the combined use of an olivine-type lithium phos-
phate with a nano-order particle size (hereinafter may be
referred to as a “nano-order olivine-type lithium phosphate”)
and a fluorocarbon resin with a cross-linkable functional
group (hereinafter may be referred to as a “cross-linkable-
group containing fluorocarbon resin”). However, they found
that even when a positive electrode including such a positive
electrode active material layer was used, the adhesion of the
positive electrode active material layer to the positive elec-
trode current collector deteriorated due to charge/discharge at
high temperatures.
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[0017] The present inventors studied the cause of the prob-
lem of the positive electrode active material layer including a
nano-order olivine-type lithium phosphate and a cross-link-
able-group containing fluorocarbon resin. As a result, they
found that the fluorine atom concentration of the area of the
positive electrode active material layer from the interface
between the positive electrode current collector and the posi-
tive electrode active material layer up to 10 um toward the
outer surface of the positive electrode active material layer
was 0.2 mass % or less. From this, they found that the positive
electrode active material layer contained almost no cross-
linkable-group containing fluorocarbon resin near the inter-
face with the positive electrode current collector. Based on the
finding, the present inventors thought as follows.

[0018] Fine inorganic particles such as nano-order olivine-
type lithium phosphates have poor adhesion to other inor-
ganic particles and current collectors. However, since the
operations of applying a positive electrode mixture slurry
onto a positive electrode current collector surface, drying the
resultant coating film, and rolling it are performed, the posi-
tive electrode active material layer appears to adhere closely
to the positive electrode current collector at room tempera-
tures. However, at high temperatures, the adhesion of the
positive electrode active material layer to the positive elec-
trode current collector cannot be retained, since there is
almost no cross-linkable-group containing fluorocarbon resin
near the interface between the positive electrode active mate-
rial layer and the positive electrode current collector, and the
positive electrode active material layer becomes softened. As
a result, the positive electrode active material layer easily
separates from the positive electrode current collector, and
the battery performance deteriorates significantly.

[0019] An object of the invention is to provide a positive
electrode for a non-aqueous electrolyte secondary battery
including an olivine-type lithium phosphate with a nano-
order particle size, a method for producing such a positive
electrode, and a non-aqueous electrolyte secondary battery
including such a positive electrode and having good battery
performance even after an increased number of charge/dis-
charge cycles.

[Solution to Problem]

[0020] The present inventors conducted further studies
based on the above findings. As a result, they have arrived at
the idea of controlling the method of preparing a positive
electrode mixture slurry used to form a positive electrode
active material layer including a nano-order olivine-type
lithium phosphate and a cross-linkable-group containing
fluorocarbon resin. They have found that in the case of using
a positive electrode mixture slurry prepared by mixing a
predetermined amount of a nano-order olivine-type lithium
phosphate into an organic solvent containing a cross-link-
able-group containing fluorocarbon resin in a plurality of
times, the resultant positive electrode active material layer
contains a sufficient amount of the cross-linkable-group con-
taining fluorocarbon resin for retaining the adhesion between
the positive electrode active material layer and a positive
electrode current collector, in the area from the interface
between the positive electrode active material layer and the
positive electrode current collector up to 10 um toward the
outer surface, although the fluorine atom concentration
decreases from the outer surface of the positive electrode
active material layer toward the interface therebetween.
Based on this finding, they have completed the invention.
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[0021] The positive electrode for a non-aqueous electrolyte
secondary battery according to the invention includes: a posi-
tive electrode current collector; and a positive electrode active
material layer supported on a surface of the positive electrode
current collector, the positive electrode active material layer
including an olivine-type lithium phosphate as a positive
electrode active material, a binder, and a conductive agent.
The olivine-type lithium phosphate is fine particles with a
volume mean particle size of 2 nm to 300 nm. The binder
comprises a fluorocarbon resin with a cross-linkable func-
tional group. The fluorine atom concentration of the positive
electrode active material layer decreases from an outer sur-
face of' the positive electrode active material layer toward the
interface between the positive electrode active material layer
and the positive electrode current collector. The fluorocarbon
resin with the cross-linkable functional group is present in the
area of the positive electrode active material layer from the
interface up to 10 um toward the outer surface.

[0022] The method for producing a positive electrode for a
non-aqueous electrolyte secondary battery according to the
invention is directed to a method for producing a positive
electrode for a non-aqueous electrolyte secondary battery
which includes an olivine-type lithium phosphate as a posi-
tive electrode active material. This method includes the steps
of: preparing a positive electrode mixture slurry by mixing a
predetermined amount of an olivine-type lithium phosphate
with a volume mean particle size of 2 nm to 300 nm, in a
plurality of times, into an organic solvent in which a fluoro-
carbon resin with a cross-linkable functional group is dis-
solved or dispersed, and mixing a conductive agent thereinto;
and forming a positive electrode active material layer by
applying the positive electrode mixture slurry onto a surface
of'a positive electrode current collector to form a coating film,
drying the coating film, and rolling the coating film.

[0023] The non-aqueous eclectrolyte secondary battery
according to the invention includes: a positive electrode
capable of absorbing and desorbing lithium ions; a negative
electrode capable of absorbing and desorbing lithium ions; a
separator interposed between the positive electrode and the
negative electrode; and a lithium-ion conductive non-aque-
ous electrolyte, wherein the positive electrode is the above-
mentioned positive electrode for a non-aqueous electrolyte
secondary battery.

ADVANTAGEOUS EFFECTS OF INVENTION

[0024] The non-aqueous electrolyte secondary battery of
the invention has good battery performance such as cycle
characteristics, and the battery performance hardly deterio-
rates due to an increase in charge/discharge cycles and
charge/discharge at high temperatures. Further, even when
the non-aqueous electrolyte secondary battery of the inven-
tion is mass produced, there is little variation in battery per-
formance.

[0025] While the novel features of the invention are set
forth particularly in the appended claims, the invention, both
as to organization and content, will be better understood and
appreciated, along with other objects and features thereof,
from the following detailed description taken in conjunction
with the drawings.

BRIEF DESCRIPTION OF DRAWING

[0026] FIG. 1 is a schematic perspective view of the struc-
ture of a non-aqueous electrolyte secondary battery in a first
embodiment of the invention.

DESCRIPTION OF EMBODIMENTS

[0027] The non-aqueous eclectrolyte secondary battery
according to the invention includes a positive electrode
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including a positive electrode active material layer and a
positive electrode current collector, a negative electrode
including a negative electrode active material layer and a
negative electrode current collector, a separator interposed
between the positive electrode and the negative electrode, and
alithium ion conductive non-aqueous electrolyte, and is char-
acterized by the positive electrode. The non-aqueous electro-
lyte secondary battery according to the invention can have the
same structure as conventional non-aqueous electrolyte sec-
ondary batteries except for the positive electrode.

[0028] In the positive electrode of the invention, the posi-
tive electrode active material layer has the following charac-
teristics (1) and (2).

[0029] (1) The positive electrode active material layer con-
tains an olivine-type lithium phosphate with a volume mean
particle size of 2 nm to 300 nm and a cross-linkable-group
containing fluorocarbon resin. The use of an olivine-type
lithium phosphate as a positive electrode active material
enhances the safety of the resultant non-aqueous electrolyte
secondary battery.

[0030] (2) The fluorine atom concentration of the positive
electrode active material layer decreases from the outer sur-
face of the positive electrode active material layer toward the
interface between the positive electrode active material layer
and the positive electrode current collector (hereinafter may
be referred to as simply “the interface” unless otherwise
specified) in the thickness direction of the positive electrode
active material layer, and the cross-linkable-group containing
fluorocarbon resin is present in the area of the positive elec-
trode active material layer from the interface up to 10 pm
toward the outer surface. The fluorine atom concentration is
in a substantial agreement with the content of the cross-
linkable-group containing fluorocarbon resin. The outer sur-
face of the positive electrode active material layer faces the
negative electrode active material layer with the separator
therebetween.

[0031] In the positive electrode active material layer of the
positive electrode of the invention, the fluorine atom concen-
tration decreases from the outer surface toward the interface.
However, since the cross-linkable-group containing fluoro-
carbon resin is present in the area from the interface up to 10
um toward the outer surface, the fluorine atom concentration
near the interface is not “0”. That is, the cross-linkable-group
containing fluorocarbon resin is present not only on the outer
surface of the positive electrode active material layer but also
near the interface.

[0032] As such, the adhesion of the positive electrode
active material layer to the positive electrode current collector
is significantly improved despite the inclusion of the nano-
order olivine-type lithium phosphate. As a result, deteriora-
tion of battery performance due to an increase in charge/
discharge cycles and charge/discharge at high temperatures is
suppressed. Also, variation of battery performance in mass
production is suppressed, and non-aqueous electrolyte sec-
ondary batteries having almost the same battery performance
can be efficiently produced.

[0033] In order to form the positive electrode active mate-
rial layer of the present invention, itis necessary to control the
method of preparing a positive electrode mixture slurry.
According to conventional techniques, a positive electrode
mixture slurry is prepared by adding and mixing a mixture of
a positive electrode active material and a conductive agent
into an organic solvent containing a binder at a time. When a
positive electrode mixture slurry is prepared by a conven-
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tional technique by using a nano-order olvine-type lithium
phosphate as a positive electrode active material and a cross-
linkable-group containing fluorocarbon resin as a binder, the
resultant positive electrode active material layer contains the
cross-linkable-group containing fluorocarbon resin only on
the outer surface and does not contain it near the interface.
[0034] On the other hand, according to the invention, a
positive electrode mixture slurry is prepared by mixing a
nano-order olivine-type lithium phosphate into an organic
solvent containing a cross-linkable-group containing fluoro-
carbon resin in a plurality of times. The use of this positive
electrode mixture slurry enables formation of a positive elec-
trode active material layer which contains the cross-linkable-
group containing fluorocarbon resin not only on the outer
surface but also near the interface, although the fluorine atom
concentration decreases from the outer surface toward the
interface.

[0035] The reason why the use of such a positive electrode
mixture slurry enables formation of a positive electrode active
material layer having the above-mentioned characteristics is
not yet clear at present, but it is probably because the disper-
sion of the nano-order olivine-type lithium phosphate in the
positive electrode mixture slurry is improved and the cross-
linkable functional group of the cross-linkable-group con-
taining fluorocarbon resin and the nano-order olivine-type
lithium phosphate attract each other.

[0036] The cross-linkable-group containing fluorocarbon
resin tends to gather toward the outer surface of the coating
film of'the slurry due to convection of the solvent contained in
the positive electrode mixture slurry. The tendency of the
cross-linkable-group containing fluorocarbon resin to gather
toward the outer surface of the coating film of the slurry is
stronger than the mutual attraction of the nano-order olivine-
type lithium phosphate and the cross-linkable functional
group of the cross-linkable-group containing fluorocarbon
resin. However, since the nano-order olivine-type lithium
phosphate is evenly dispersed in the slurry, part of the cross-
linkable-group containing fluorocarbon resin attracts a large
number of the adjacent nano-order olivine-type lithium phos-
phate particles. As a result, the movement of the cross-link-
able-group containing fluorocarbon resin toward the outer
surface of the coating film of the slurry is suppressed. Prob-
ably for this reason, a positive electrode active material layer
with the above-mentioned characteristics is formed.

[0037] The characteristics of the invention are hereinafter
described in more detail.

[0038] FIG. 1 is a schematic perspective view of the struc-
ture of a non-aqueous electrolyte secondary battery 1 accord-
ing to a first embodiment of the invention. In FIG. 1, the
non-aqueous electrolyte secondary battery 1 is partially cut
out to show the structure of the main part thereof.

[0039] The non-aqueous electrolyte secondary battery 1
includes: a flat electrode assembly 10 produced by winding a
positive electrode, a negative electrode, and a separator inter-
posed between the positive and negative electrodes and form-
ing them into a flat shape; a prismatic battery case 11 having
an opening at one end in the longitudinal direction and con-
taining the flat electrode assembly 10, a non-aqueous electro-
lyte (not shown), and the like; a seal plate 14 sealing the
prismatic battery case 11 and serving as a positive electrode
terminal; a negative electrode terminal 15 supported on the
seal plate 14; a positive electrode lead 12 connecting a posi-
tive electrode current collector and the seal plate 14; a nega-
tive electrode lead 13 connecting a negative electrode current
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collector and the negative electrode terminal 15; a gasket 16
insulating the seal plate 14 from the negative electrode termi-
nal 15; and a seal stopper 17 closing the injection hole of the
seal plate 14 after the non-aqueous electrolyte is injected into
the prismatic battery case 11.

[0040] The fiat electrode assembly 10 can be produced by
winding a positive electrode, a negative electrode, and a sepa-
rator interposed therebetween and forming the resultant
wound electrode assembly into a flat shape by a process such
as pressing. Each of the positive electrode, the negative elec-
trode, and the separator is shaped like a strip. The flat elec-
trode assembly 10 can also be produced by winding a strip-
like laminate of a positive electrode, a negative electrode, and
a separator interposed therebetween around a rectangular
plate.

[0041] The positive electrode includes a positive electrode
current collector and a positive electrode active material
layer.

[0042] The positive electrode current collector is shaped
like a strip. The positive electrode current collector can be, for
example, a metal foil or a porous metal sheet made of a metal
material such as stainless steel, aluminum, an aluminum
alloy, or titanium. The porous metal sheet can be a woven
fabric, a non-woven fabric, a perforated sheet, or the like. The
thickness of the positive electrode current collector is prefer-
ably 1 to 500 um, and more preferably 5 to 20 pm.

[0043] The positive eclectrode active material layer is
formed on both faces of the positive electrode current collec-
tor in the thickness direction in this embodiment, but there is
no limitation thereto. It may be formed on only one face
thereof.

[0044] The positive electrode active material layer includes
a nano-order olivine-type lithium phosphate (positive elec-
trode active material), a cross-linkable-group containing
fluorocarbon resin (binder), and a conductive agent. The fluo-
rine atom concentration of the positive electrode active mate-
rial layer decreases from the outer surface toward the inter-
face, and the cross-linkable-group containing fluorocarbon
resin is present in the area from the interface up to 10 um
toward the outer surface. The fluorine atom concentration of
the positive electrode active material layer can be determined
by elemental mapping of a section of the positive electrode
active material layer in the thickness direction using an X-ray
micro analyzer (XMA).

[0045] The fluorine atom concentration of the positive elec-
trode active material layer preferably decreases continuously
or stepwise from the outer surface of the positive electrode
active material layer toward the interface in the thickness
direction of the positive electrode active material layer. As
used herein, a continuous decrease refers to a decrease of the
fluorine atom concentration with a constant gradient. In the
case of a stepwise decrease, a positive electrode active mate-
rial layer is composed of a plurality of thin layers having
different fluorine atom concentrations in the thickness direc-
tion, and the fluorine atom concentrations of the thin layers
decrease toward the interface. A continuous decrease or a
stepwise decrease may be hereinafter referred to as a “regular
decrease”.

[0046] Due to the regular decrease of the fluorine atom
concentration, the dispersion of the cross-linkable-group
containing fluorocarbon resin in the coating film of the posi-
tive electrode mixture slurry is further improved, and the
adhesion between the positive electrode active material layer
and the positive electrode current collector is further
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increased. Also, at a high output, the voltage tends to become
locally uneven in the positive electrode active material layer,
but there is an advantage in that such voltage unevenness is
prevented.

[0047] A method for continuously decreasing the fluorine
atom concentration of the positive electrode active material
layer is, for example, to increase the drying temperature with
apredetermined gradient when the coating film of'the positive
electrode mixture slurry applied to the surface of the positive
electrode current collector is dried. Also, a method for
decreasing the fluorine atom concentration of the positive
elect ode active material layer stepwise is, for example, to
increase the drying temperature every given period of time
when the coating film of the positive electrode mixture slurry
applied to the surface of the positive electrode current collec-
tor is dried.

[0048] Also, the fluorine atom concentration of the area of
the positive electrode active material layer from the outer
surface of the positive electrode active material layerup to 10
um (this area is hereinafter referred to as the “surface layer”)
in the thickness direction of the positive electrode active
material layer is preferably 3 mass % to 9 mass % of the whole
amount of the surface layer. That is, the content of the cross-
linkable-group containing fluorocarbon resin in the surface
layer is preferably such that the fluorine atom concentration is
3 mass % to 9 mass %. If the fluorine atom concentration of
the surface layer is too low, the ability of the surface layer to
hold the positive electrode active material becomes weak, so
the positive electrode active material may separate from the
positive electrode active material layer, thereby resulting in a
decrease in battery capacity and battery performance. If the
fluorine atom concentration of the surface layer is too high,
the fluorine atom concentration on the interface side
decreases relatively. This means that the amount of the cross-
linkable-group containing fluorocarbon resin decreases on
the interface side. As a result, the adhesion between the posi-
tive electrode active material layer and the positive electrode
current collector may lower.

[0049] Also, the fluorine atom concentration of the area of
the positive electrode active material layer from the interface
up to 10 um (this area is hereinafter referred to as the “inter-
face layer”) in the thickness direction of the positive electrode
active material layer is preferably 0.5 mass % to 3 mass % of
the whole amount of the interface layer. That is, the content of
the cross-linkable-group containing fluorocarbon resin in the
interface layer is preferably such that the fluorine atom con-
centration is 0.5 mass % to 3 mass %. If the fluorine atom
concentration of the interface layer is too low, the amount of
the cross-linkable-group containing fluorocarbon resin in the
interface layer decreases, so the adhesion between the posi-
tive electrode active material layer and the positive electrode
current collector may lower. If the fluorine atom concentra-
tion of the interface layer is too high, the amount of the
cross-linkable-group containing fluorocarbon resin in the sur-
face layer may decrease relatively. As a result, the binding
ability of the surface layer decreases, so the positive electrode
active material may separate from the positive electrode
active material layer, thereby resulting in a decrease in battery
capacity and battery performance.

[0050] Thenano-order olivine-type lithium phosphate used
as the positive electrode active material has a volume mean
particle size of 2 nm to 300 nm, and preferably 10 nm to 200
nm. [fthe volume mean particle size is less than 2 nm or more
than 300 nm, the dispersion of the nano-order olivine-type
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lithium phosphate in the positive electrode mixture slurry
may become poor, so the resultant positive electrode active
material layer may tend to contain the cross-linkable-group
containing fluorocarbon resin only on the outer surface.
[0051] The volume mean particle size is measured as fol-
lows. A test sample is prepared by adding 20 mg of a sample
and 1 ml of sodium alkyl ether sulfate to 50 ml of a dispersion
medium (trade name: ISOTON-II, available from Beckman
Coulter, Inc.) and dispersing them with a ultrasonic dispers-
ing device (trade name: UH-50, available from STM Corpo-
ration) at a ultrasonic frequency of 20 kHz for 3 minutes. The
test sample is measured with a particle size distribution ana-
lyzer (trade name: Multisizer 2, available from Beckman
Coulter, Inc.). Therein, the aperture diameter is set to 100 pm,
and the number of particles measured is set to 50,000 counts.
The volume mean particle size is calculated from the volume
particle size distribution of the sample particles.

[0052] Examples of nano-order olivine-type lithium phos-
phates include: olivine-type lithium phosphates which are
represented by the formula: LiXPO, (where X is at least one
selected from the group consisting of Cr, Cu, Ni, Mn, Fe, Zn,
and Al) and have a volume mean particle size of 2 nm to 300
nm; and olivine-type lithium phosphates which are repre-
sented by the formula: Li,XPO,F (where X is as defined
above) and have a volume mean particle size of 2 nm to 300
nm. Among the elements represented by X in the above
respective formulae, Ni, Mn, and Fe are preferable, and Fe is
particularly preferable.

[0053] Lithium iron phosphate with Fe as X is particularly
superior in terms of, for example, stable supply and safety.
Lithium iron phosphate may also be referred to as iron lithium
phosphate or LFP. The iron contained in lithium iron phos-
phate may be partially replaced with one or more different
metals A. The different metals A are metals other than iron
and lithium, and examples include Mn, Cr, Cu, Ni, Zn, and Al.
While the amount of the different metal(s) A substituted is not
particularly limited, the amount of the different metal(s) A is
preferably 1 mol % to 50 mol % of the total amount of iron and
the different metal(s) A.

[0054] Such nano-order olivine-type lithium phosphates
can be used singly or in combination. Also, nano-order oliv-
ine-type lithium phosphates may be used in combination with
other known positive electrode active materials unless the
preferable characteristics of the invention are impaired.
[0055] Examples of fluorocarbon resins for the cross-link-
able-group containing fluorocarbon resin used as the binder
include polytetrafluoroethylene, an ethylene-tetrafluoroeth-
ylene copolymer, a tetrafluoroethylene-hexafluoropropylene
copolymer, a tetrafluoroethylene-vinylidene fluoride copoly-
mer, a hexafluoropropylene-vinylidene fluoride copolymer,
and polyvinylidene fluoride.

[0056] Amongthem, in consideration of the continuance of
the adhesion between the positive electrode current collector
and the positive electrode active material layer, for example,
a tetrafluoroethylene-vinylidene fluoride copolymer, a
hexafluoropropylene-vinylidene fluoride copolymer, and
polyvinylidene fluoride are preferable, and polyvinylidene
fluoride is particularly preferable. While the molecular
weight of the fluorocarbon resin is not particularly limited,
the preferable mass mean molecular weight is 200,000 to
1,500,000.

[0057] The cross-linkable functional group used for the
cross-linkable-group containing fluorocarbon resin can be a
cross-linkable functional group which can be substituted for
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hydrogen or fluorine atoms contained in the fluorocarbon
resin, and examples include a carboxyl group, a hydroxyl
group, a carbonyl group, an acid anhydride group, an amino
group, a cyano group, and a silanol group. Among them, in
consideration of stability in a high voltage range, for example,
a carboxyl group, a hydroxyl group, and a silanol group are
preferable, and a carboxyl group is particularly preferable.
One or more of such cross-linkable functional groups are
substituted in the cross-linkable-group containing fluorocar-
bon resin.

[0058] While the amount of the cross-linkable functional
group substituted in the fluorocarbon resin (amount of sub-
stitution) is not particularly limited, it is preferably 0.1 mmol
to 100 mmol per 1 g of the fluorocarbon resin, and more
preferably 0.5 mmol to 10 mmol per 1 g of the fluorocarbon
resin. If the amount of the cross-linkable functional group is
too small, the adhesion between the positive electrode current
collector and the positive electrode active material layer may
become insufficient. If the amount of the cross-linkable func-
tional group is excessive, a large number of cross-links are
formed in the positive electrode active material layer, so the
lithium ion conductivity of the positive electrode active mate-
rial layer may lower.

[0059] The cross-linkable-group containing fluorocarbon
resin can be synthesized by, for example, copolymerizing a
fluorocarbon resin monomer with a cross-linkable functional
group and a fluorocarbon resin monomer without a cross-
linkable functional group. Examples of fluorocarbon resin
monomers include tetrafluoroethylene, hexafluoropropylene,
and vinylidene fluoride. Also, commercially available cross-
linkable-group containing fluorocarbon resins can be used in
the invention, and an example is KF polymer 9210 (trade
name, available from Kureha Corporation).

[0060] Such cross-linkable-group containing fluorocarbon
resins can be used singly or in combination. Further, a cross-
linkable-group containing fluorocarbon resin and a conven-
tional binder for active material layers can be used in combi-
nation unless the preferable characteristics of the invention
are impaired.

[0061] Examples of conductive agents are carbon materials
including graphites such as natural graphite and artificial
graphite, and carbon blacks such as acetylene black, ketjen
black, channel black, furnace black, lamp black, and thermal
black. These conductive agents can be used singly or in com-
bination.

[0062] The positive electrode of the invention can be pro-
duced by a production method including, for example, a step
of preparing a positive electrode mixture slurry and a step of
forming a positive electrode active material layer to obtain a
positive electrode. In the step of preparing a positive electrode
mixture slurry, specifically, a nano-order olivine-type lithium
phosphate is mixed into an organic solvent in which a cross-
linkable-group containing fluorocarbon resin is dissolved or
dispersed (hereinafter referred to as a “fluorocarbon resin
liquid”) in two or more times, and a conductive agent is
further mixed to prepare a positive electrode mixture slurry.
The timing of mixing the conductive agent is not particularly
limited, and the conductive agent may be mixed before or
after the nano-order olivine-type lithium phosphate is mixed,
or between the plurality of times it is mixed (e.g., between the
first mixing and the second mixing). The conductive agent
can also be mixed in two or more times.

[0063] The number of times the nano-order olivine-type
lithium phosphate is mixed is preferably two to five times, and
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more preferably three to five times. If it is mixed at a time, a
positive electrode active material layer with the desired char-
acteristics cannot be formed. Also, if the number of times
exceeds five times, a positive electrode active material layer
with the desired characteristics can be formed, but mixing
requires a long time, which is industrially disadvantageous.

[0064] When the nano-order olivine-type lithium phos-
phate and the conductive agent are mixed into the fluorocar-
bon resin liquid, the temperature of the fluorocarbon resin
liquid is preferably about 20° C. to 60° C.

[0065] When the nano-order olivine-type lithium phos-
phate is mixed in a plurality of times, the amount mixed at
each one of the plurality of times is not particularly limited.
The total mixing amount may be divided evenly. Alterna-
tively, a large amount may be mixed at the first time, and the
amount mixed at the second time onward may be gradually
decreased. For example, taking an example of mixing in three
times, 30 mass % to 50 mass % of the total mixing amount can
be mixed at the first time. At the second time, the mixing
amount can be decreased from the first time, and the mixing
amount can be selected from the range of 20 mass % to 40
mass % of the total mixing amount. At the third time, the
mixing amount can be decreased from the second time, and
the mixing amount can be selected from the range of 5 mass
% to 25 mass % of the total mixing amount.

[0066] The organic solvent in which the cross-linkable-
group containing fluorocarbon resin is to be dissolved or
dispersed can be, for example, N-methyl-2-pyrrolidone, tet-
rahydrofuran, or dimethylformamide.

[0067] The positive electrode mixture slurry prepared in
this step contains a nano-order olivine-type lithium phos-
phate, a cross-linkable-group containing fluorocarbon resin,
and a conductive agent as solid contents. The total amount of
these solid contents in the positive electrode mixture slurry is
designated as the total solid content. The content of the nano-
order olivine-type lithium phosphate in the positive electrode
mixture slurry is preferably 80 mass % to 97 mass % of the
total solid content. The content of the cross-linkable-group
containing fluorocarbon resin is preferably 2 mass % to 10
mass % of the total solid content. The content of the conduc-
tive agent is the remainder, which is obtained by subtracting
the content of the nano-order olivine-type lithium phosphate
and the content of the cross-linkable-group containing fluo-
rocarbon resin from the total solid content.

[0068] It is preferable to select the solid content composi-
tion of the positive electrode mixture slurry from the above-
mentioned range and add the nano-order olivine-type lithium
phosphate in a plurality of times. This ensures formation of a
positive electrode active material layer in which the fluorine
atom concentration tends to decrease as described above and
a sufficient amount of the cross-linkable-group containing
fluorocarbon resin for retaining the adhesion between the
positive electrode active material layer and the positive elec-
trode current collector is present near the interface.

[0069] Inthe nextstep, using the positive electrode mixture
slurry prepared in the above-described step, a positive elec-
trode active material layer is formed on a surface of a positive
electrode current collector to produce a positive electrode of
the invention. Specifically, the positive electrode mixture
slurry is applied onto one or both surfaces of a positive elec-
trode current collector in the thickness direction, and the
resultant coating film of the positive electrode mixture slurry
is dried and rolled.
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[0070] The positive electrode mixture slurry can be applied
onto the positive electrode current collector by a known appli-
cation method such as dip coating, roller coating, or gravure
coating. The coating film of the positive electrode mixture
slurry applied to the positive electrode current collector sur-
face is preferably dried at a temperature of 60° C. to 110° C.
in 1 to 10 minutes. If the drying temperature is too low, the
resultant positive electrode active material layer may contain
the cross-linkable-group containing fluorocarbon resin only
on the outer surface. Also, drying requires a long time, which
is industrially disadvantageous. If the drying temperature is
too high, the nano-order olivine-type lithium phosphate and
the like may deteriorate. Also, the drying time may exceed 10
minutes, but it is desirably within 10 minutes in consideration
of the production efficiency, the deterioration of the nano-
order olivine-type lithium phosphate, etc.

[0071] When a predetermined temperature increase gradi-
ent or a stepwise temperature increase is set in the above-
mentioned ranges for the drying temperature and the drying
time, a positive electrode active material layer in which the
fluorine atom concentration changes continuously or step-
wise can be formed.

[0072] The negative electrode includes a negative electrode
current collector and a negative electrode active material
layer.

[0073] The negative electrode current collector is also
shaped like a strip in the same manner as the positive elec-
trode current collector. The negative electrode current collec-
tor can be a metal foil or a porous metal sheet made of a meal
material such as stainless steel, nickel, copper, or a copper
alloy. The porous metal sheet can be a woven fabric, a non
oven fabric, a perforated sheet, or the like. While the thickness
of the negative electrode current collector is not particularly
limited, it is preferably 1 to 500 um, and more preferably 5 to
20 um.

[0074] The negative electrode active material layer is
formed on both faces of the negative electrode current collec-
tor in the thickness direction in this embodiment, but there is
no limitation thereto. It may be formed on only one face
thereof. The negative electrode active material layer includes
anegative electrode active material, and if necessary, includes
a binder, a conductive agent, a thickener, etc.

[0075] The negative electrode active material can be, for
example, a carbon material, an alloyable active material, or a
lithium alloy. Examples of carbon materials include natural
graphites, artificial graphites, coke, partially graphitized car-
bon, carbon fibers, spherical carbon, and amorphous carbon.
Alloyable active materials refer to substances which are
alloyed with lithium to absorb lithium ions and which absorb
and release lithium ions reversibly at the potential of the
negative electrode. Examples of alloyable active materials
include silicon-based active materials and tin-based active
materials. Examples of silicon-based active materials include
silicon, silicon oxides, silicon nitrides, silicon alloys, and
silicon compounds. Examples of tin-based active materials
include tin, tin oxides, tin alloys, and tin compounds. These
negative electrode active materials can be used singly or in
combination.

[0076] Thebinder canbe a resin material, a rubber material,
or the like. Examples of resin materials include polyethylene,
polypropylene, polyvinyl acetate, polymethyl methacrylate,
nitrocellulose, and fluorocarbon resins. Among them, fluoro-
carbon resins are preferable. Examples of fluorocarbon resins
include polytetrafiuoroethylene, polyvinylidene fluoride, a
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tetrafluoroethylene-hexafluoropropylene copolymer, and a
vinylidene fluoride-hexafluoropropylene copolymer. These
are fluorocarbon resins having no cross-linkable functional
group. Examples of rubber materials include styrene-butadi-
ene rubber particles and acrylonitrile rubber particles. These
binders can be used singly or in combination. Examples of
thickeners include carboxymethyl cellulose.

[0077] The negative electrode active material layer can be
formed by, for example, applying a negative electrode mix-
ture slurry onto a surface of a negative electrode current
collector, drying the resultant coating film, and rolling it The
negative electrode mixture slurry can be prepared by, for
example, mixing a negative electrode active material,
optional components such as a binder, a conductive agent, and
a thickener, and a solvent. Examples of solvents which may
be used include organic solvents such as N-methyl-2-pyrroli-
done, tetrahydrofuran, and dimethylformamide, and water.
Also, a negative electrode active material layer comprising an
alloyable active material can also be formed by, for example,
avapor deposition method such as vacuum deposition. While
the thickness of the negative electrode active material layer is
not particularly limited, it is preferably 10 um to 200 pum.
[0078] The separator is interposed between the positive
electrode and the negative electrode so as to insulate the
positive electrode from the negative electrode while allowing
lithium ions to pass through. The separator can be a porous
sheet with pores, a non-woven fabric made of resin fibers, a
woven fabric, or the like. The porous sheet and the resin fibers
are made of a resin material. Examples of resin materials
include polyolefins such as polyethylene and polypropylene,
polyamides, and polyamide-imides. Among them, the porous
sheet is preferable. The pore size of the porous sheet is pref-
erably 0.05 um to 0.15 pm. The thickness of the porous sheet
is preferably 5 um to 40 pm.

[0079] The flat electrode assembly 10 is impregnated with
a non-aqueous electrolyte. The non-aqueous electrolyte of
this embodiment includes a lithium salt and a non-aqueous
solvent, and may further contain additives.

[0080] Examples of lithium salts include LiClO,, LiBF,,
LiPF,, LiAICl,, LiSbF,, LiSCN, LiCF;SO;, LiCF,CO,,
LiAsF,, LiB,,Cl,,, lithium lower aliphatic carboxylates,
LiCl, LiBr, Lil, chloroborane lithium, borates, and imide
salts. While the concentration of the lithium salt is not par-
ticularly limited, preferably 0.5 mol to 2 mol per 1 liter of the
non-aqueous solvent.

[0081] Examples of non-aqueous solvents include cyclic
carbonic acid esters such as propylene carbonate and ethylene
carbonate, chain carbonic acid esters such as diethyl carbon-
ate, ethyl methyl carbonate, and dimethyl carbonate, and
cyclic carboxylic acid esters such as y-butyrolactone and
y-valerolactone. These non-aqueous solvents can be used sin-
gly or in combination.

[0082] Examples of additives which may be used include
vinylene carbonate compounds (hereinafter referred to as
“VC compounds”) and benzene compounds. Examples of VC
compound include vinylene carbonate, vinyl ethylene car-
bonate, and divinyl ethylene carbonate. Examples of benzene
compounds include cyclohexyl benzene, biphenyl, and
dipheny] ether.

[0083] In this embodiment, the non-aqueous electrolyte
secondary battery 1 having a prismatic shape has been
described. However, the non-aqueous electrolyte secondary
battery of the invention is not limited to prismatic batteries.
The non-aqueous electrolyte secondary battery of the inven-
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tion is applicable to various types of batteries, such as cylin-
drical batteries including wound electrode assemblies, lami-
nate-packed batteries including wound, flat, or layered
electrode assemblies, and coin batteries including layered
electrode assemblies.

EXAMPLES

[0084] The invention is hereinafter described specifically
by way of Examples and Comparative Examples.

Example 1

(1) Preparation of Positive Electrode

[0085] A fluorocarbon resin liquid was prepared by dis-
solving 10 parts by mass of polyvinylidene fluoride with a
carboxyl group (trade name: KF polymer 9210, available
from Kureha Corporation; hereinafter referred to as “COOH-
PVDEF”) in 100 parts by mass of N-methyl-2-pyrrolidone.
[0086] Using a double arm kneader, 100 parts by mass of
lithium iron phosphate (LiFePO,, positive electrode active
material, volume mean particle size 100 nm) was added and
mixed into the fluorocarbon resin liquid in four times. At this
time, the amount of the lithium iron phosphate added at the
first time was set to 30 parts by mass, the amount added at the
second time was set to 30 parts by mass, the amount added at
the third time was set to 20 parts by mass, and the amount
added at the fourth time was set to 20 parts by mass. Every
time it was added, it was fully mixed. Thereafter, 2 parts by
mass of acetylene black (conductive agent) was added and
mixed. A positive electrode mixture slurry was prepared in
this manner.

[0087] This positive electrode mixture slurry was applied
onto both faces of a 15-um thick, strip-like aluminum foil
(positive electrode current collector, 35 mmx400 mm). The
coating films of the positive electrode mixture slurry on both
faces of the strip-like aluminum foil were dried at 80° C. for
10 minutes to form positive electrode active material layers.
The positive electrode active material layers were then rolled
to produce a positive electrode. The total thickness of the
positive electrode active material layers on both faces and the
positive electrode current collector was 150 um. Thereafter,
the positive electrode was cut to predetermined dimensions to
obtain a strip-like positive electrode plate.

[0088] The cut section of the positive electrode was
observed with a scanning electron microscope. As a result,
there was no sign of separation of each positive electrode
active material layer between the aluminum foil and the posi-
tive electrode active material layer.

[0089] The section of each positive electrode active mate-
rial layer obtained in the above manner was subjected to a line
analysis by an X-ray microanalyzer (hereinafter referred to as
an “XMA”, trade name: EPMA-1610, available from Shi-
madzu Corporation), to determine the fluorine atom concen-
tration. As a result, it was confirmed that the fluorine atoms
were present over the whole section of the positive electrode
active material layer, that the fluorine atom concentration
decreased from the outer surface of the positive electrode
active material layer toward the interface, and that the fluorine
atoms were present in the interface layer from the interface up
to 10 um. This clearly indicates that in Example 1, COOH-
PVDF is present not only on the outer surface of the positive
electrode active material layer but also in the interface layer.
[0090] Also, the fluorine atom concentration of the inter-
face layer was 1 mass %, and the fluorine atom concentration
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of the surface layer from the outer surface of the positive
electrode active material layer up to 10 um was 7 mass %.
These fluorine atom concentrations were determined based
on the calibration curve obtained by using a plurality of
standard samples with different concentrations.

(2) Preparation of Negative Electrode

[0091] Flake artificial graphite was ground and classified to
adjust the volume mean particle size to 20 um, to prepare a
negative electrode active material. A negative electrode mix-
ture slurry was prepared by mixing 100 parts by mass of the
negative electrode active material, 1 part by mass of styrene
butadiene rubber (binder), and 100 parts by mass of a 1-mass
% aqueous solution of carboxymethyl cellulose with a double
arm kneader. The negative electrode mixture slurry was
applied onto both faces of a 10-um thick copper foil (negative
electrode current collector), dried, and rolled to prepare a
negative electrode. The total thickness of the negative elec-
trode active material layers on both faces and the negative
electrode current collector was 155 um. Thereafter, the nega-
tive electrode was cut to predetermined dimensions to obtain
a strip-like negative electrode plate.

(3) Preparation of Non-Aqueous Electrolyte

[0092] A mixed solution was prepared by adding 1 part by
mass of vinylene carbonate to 99 parts by mass of a solvent
mixture of ethylene carbonate and ethyl methyl carbonate in
a volume ratio of 1:3. Thereafter, LiPF, was dissolved in the
mixed solution at a concentration of 1.0 mol/L, to prepare a
non-aqueous electrolyte.

(4) Fabrication of Battery

[0093] Using the positive electrode plate, the negative elec-
trode plate, and the non-aqueous electrolyte prepared in the
above manner, a non-aqueous electrolyte secondary battery
was produced as follows.

[0094] One end of an aluminum positive electrode lead was
connected to the positive electrode current collector. One end
of a nickel negative electrode lead was connected to the
negative electrode current collector. A 16-um thick polyeth-
ylene porous sheet (separator, trade name: Hipore, available
from Asahi Kasei Corporation) was interposed between the
positive electrode plate and the negative electrode plate, and
they were wound. The resultant wound electrode assembly
was pressed in an environment of 25° C., to prepare a flat
electrode assembly (hereinafter referred to as simply an
“electrode assembly”). The pressing pressure was set to 0.5
MPa.

[0095] The electrode assembly was inserted into a pris-
matic battery case made of iron. A polypropylene frame was
fitted to the upper part of the electrode assembly. The frame
separates the electrode assembly from a stainless steel seal
plate and prevents the positive electrode lead or negative
electrode lead from coming into contact with the prismatic
battery case. The other end of the positive electrode lead was
connected to the lower face of the seal plate. The other end of
the negative electrode lead was connected to a negative elec-
trode terminal. The negative electrode terminal was attached
to the seal plate with a resin gasket therebetween. The seal
plate was fitted to the opening of the prismatic battery case
and welded thereto. A predetermined amount of the non-
aqueous electrolyte was injected into the prismatic battery
case from the injection hole of the seal plate. Thereafter, the
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injection hole was closed with a seal stopper, to produce a
non-aqueous electrolyte secondary battery.

Example 2

[0096] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of lithium iron phosphate with a volume mean particle
size of 3 nm. The section of each positive electrode active
material layer obtained was analyzed in the same manner as in
Example 1. As a result, it was confirmed that the fluorine
atoms were present over the whole section of the positive
electrode active material layer, that the fluorine atoms were
present in the interface layer, and that the fluorine atom con-
centration decreased from the outer surface of the positive
electrode active material layer toward the interface. Also, the
fluorine atom concentration of the interface layer was 0.5
mass %, and the fluorine atom concentration of the surface
layer was 9 mass %.

Example 3

[0097] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of lithium iron phosphate with a volume mean particle
size of 300 nm. The section of each positive electrode active
material layer obtained was analyzed in the same manner as in
Example 1. As a result, it was confirmed that the fluorine
atoms were present over the whole section of the positive
electrode active material layer, that the fluorine atoms were
present in the interface layer, and that the fluorine atom con-
centration decreased from the outer surface of the positive
electrode active material layer toward the interface. Also, the
fluorine atom concentration of the interface layer was 3 mass
%, and the fluorine atom concentration of the surface layer
was 5 mass%o.

Example 4

[0098] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1, except that the
coating film of the positive electrode mixture slurry on the
surface of the strip-like aluminum foil was dried for 20 min-
utes by increasing the temperature at a gradient of 5° C./min
from a drying start temperature of 60° C. The section of each
positive electrode active material layer obtained was ana-
lyzed in the same mariner as in Example 1. As a result, it was
confirmed that the fluorine atoms were present over the whole
section of the positive electrode active material layer, that the
fluorine atoms were present in the interface layer, and that the
fluorine atom concentration decreased continuously from the
outer surface of the positive electrode active material layer
toward the interface. Also, the fluorine atom concentration of
the interface layer was 3 mass %, and the fluorine atom
concentration of the surface layer was 6 mass %.

Example 5

[0099] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1, except that the
coating film of the positive electrode mixture slurry on the
surface of the strip-Like aluminum foil was dried for 20
minutes by increasing the drying temperature by 2° C. every
2 minutes from a drying start temperature of 60° C. The
section of each positive electrode active material layer
obtained was analyzed in the same manner as in Example 1.
As a result, it was confirmed that the fluorine atoms were
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present over the whole section of the positive electrode active
material layer, that the fluorine atoms were present in the
interface layer, and that the fluorine atom concentration
decreased stepwise from the outer surface of the positive
electrode active material layer toward the interface. Also, the
fluorine atom concentration of the interface layer was 2 mass
%, and the fluorine atom concentration of the surface layer
was 6 mass %.

Example 6

[0100] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of polyvinylidene fluoride having a carboxyl group con-
tent of 1 mmol/g. The section of each positive electrode active
material layer obtained was analyzed in the same manner as
Example 1. As a result, it was confirmed that the fluorine
atoms were present over the whole section of the positive
electrode active material layer, that the fluorine atoms were
present in the interface layer, and that the fluorine atom con-
centration decreased from the outer surface of the positive
electrode active material layer toward the interface. Also, the
fluorine atom concentration of the interface layer was 0.6
mass %, and the fluorine atom concentration of the surface
layer was 8.5 mass %.

Example 7

[0101] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of polyvinylidene fluoride having a carboxyl group con-
tent of 90 mmol/g. The section of each positive electrode
active material layer obtained was analyzed in the same man-
ner as in Example 1. As a result, it was confirmed that the
fluorine atoms were present over the whole section of the
positive electrode active material layer, that the fluorine
atoms were present in the interface layer, and that the fluorine
atom concentration decreased from the outer surface of the
positive electrode active material layer toward the interface.
Also, the fluorine atom concentration of the interface layer
was 3 mass %, and the fluorine atom concentration of the
surface layer was 5 mass %.

Example 8

[0102] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of polyvinylidene fluoride having a carboxyl group con-
tent of 120 mmol/g. The section of each positive electrode
active material layer obtained was analyzed in the same man-
ner as in Example 1. As a result, it was confirmed that the
fluorine atoms were present over the whole section of the
positive electrode active material layer, that the fluorine
atoms were present in the interface layer, and that the fluorine
atom concentration decreased from the outer surface of the
positive electrode active material layer toward the interface.
Also, the fluorine atom concentration of the interface layer
was 0.5 mass %, and the fluorine atom concentration of the
surface layer was 9 mass %.

Comparative Example 1

[0103] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1, except that a
positive electrode mixture slurry was prepared by mixing
lithium iron phosphate (LiFePO,, positive electrode active
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material, volume mean particle size 100 nm) and acetylene
black, and adding and mixing this mixture into the fluorocar-
bon resin liquid at a time.

[0104] The cut section of the positive electrode was
observed with a scanning electron microscope. As a result,
there was no sign of separation of each positive electrode
active material layer between the aluminum foil and the posi-
tive electrode active material layer.

[0105] The section of each positive electrode active mate-
rial layer obtained was analyzed in the same manner as in
Example 1. As a result, it was confirmed that the fluorine atom
concentration was very high on the outer surface of the posi-
tive electrode active material layer and that almost no fluorine
atoms were present at the interface. This clearly indicates that
the positive electrode active material layer of Comparative
Example 1 contains COOH-PVDF only on the surface of the
positive electrode active material layer and contains almost
no COOH-PVDF at the interface.

Comparative Example 2

[0106] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of polyvinylidene fluoride having no carboxyl group
instead of COOH-PVDF.

[0107] The cut section of the positive electrode was
observed with a scanning electron microscope. As a result,
there were signs of separation of each positive electrode
active material layer between the aluminum foil and the posi-
tive electrode active material layer.

Comparative Example 3

[0108] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of lithium iron phosphate with a volume mean particle
size of 0.5 nm. The section of each positive electrode active
material layer obtained was analyzed in the same manner as in
Example 1. As a result, it was confirmed that the fluorine atom
concentration was very high on the outer surface of the posi-
tive electrode active material layer, and that almost no fluo-
rine atoms were present at the interface. The fluorine atom
concentration of the interface layer was 0.2 mass %.

Comparative Example 4

[0109] A non-aqueous electrolyte secondary battery was
produced in the same manner as in Example 1 except for the
use of lithium iron phosphate with a volume mean particle
size of 350 nm. The section of each positive electrode active
material layer obtained was analyzed in the same manner as in
Example 1. As a result, it was confirmed that the fluorine atom
concentration was very high on the outer surface of the posi-
tive electrode active material layer, and that almost no fluo-
rine atoms were present at the interface. The fluorine atom
concentration of the interface layer was 0.3 mass %.

[0110] The non-aqueous electrolyte secondary batteries
produced in Examples 1 to 8 and Comparative Examples 1 to
were evaluated as follows. Table 1 shows the results.

[Evaluation of Battery Capacity]

[0111] The respective batteries were charged and dis-
charged three times under the following conditions, and the
discharge capacity at the third cycle obtained was used as
battery capacity. Table 1 shows the results.
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[0112] Constant current charge: current 200 mA, cut-off
voltage 4.2 V.
[0113] Constant voltage charge: voltage 4.2 V, cut-off cur-

rent 20 mA, stand-by time 20 minutes.
[0114] Constant current discharge: current 200 mA, cut-oft
voltage 2.5V, stand-by time 20 minutes.

[Evaluation of Cycle Life]

[0115] The respective batteries were repeatedly charged
and discharged at 20° C. under the following conditions to
determine their cycle life. The cycle life refers to the number
of cycles at which the discharge capacity of the battery has
decreased to half the discharge capacity at the first cycle.
Table 1 shows the results.

[0116] Constant current charge: current 500 mA, cut-off
voltage 4.2 V.

[0117] Constant voltage charge: voltage 4.2 V, cut-off cur-
rent 100 mA.

[0118] Constant current discharge: current 500 mA, cut-oft
voltage 3 V.

[Evaluation of Cycle Life at High Temperature]|

[0119] An evaluation was made in the same manner as in
the above-mentioned cycle life evaluation, except that the
temperature during the evaluation was changed from 20° C. to
45° C., in order to determine high temperature cycle life. The
high temperature cycle life refers to the number of cycles at
which the discharge capacity of the battery has decreased to
half'the discharge capacity at the first cycle. Table 1 shows the
results.

TABLE 1
Battery Cycle life High temperature
capacity (number of cycle life
(mAh) cycles) (number of cycles)

Example 1 2,008 1,000 800
Example 2 2,007 1,010 780
Example 3 2,006 1,000 770
Example 4 2,008 1,010 810
Example 5 2,007 1,005 800
Example 6 2,009 1,000 820
Example 7 2,010 1,010 810
Example 8 2,005 900 520
Comparative 2,010 800 300
Example 1

Comparative 2,000 750 200
Example 2

Comparative 2,005 700 250
Example 3

Comparative 2,002 700 220
Example 4

[0120] Table 1 clearly indicates that the batteries of

Examples 1 to 8 have a small discharge capacity loss even
when the charge/discharge is repeated at room temperature
(20° C.) and high temperature (45° C.), thus being capable of
maintaining high battery performance over a long period of
time. This is probably because the positive electrode current
collector and the positive electrode active material layer had
good adhesion, and the adhesion was retained even at the high
temperature.

[0121] The battery of Example 8 exhibited a lower value of
high temperature cycle life than the batteries of Examples 1 to
7.This is probably because the use of COOH-PVDF having a
relatively high carboxyl-group content of 120 mmol/g
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increased the cross-links in the positive electrode active mate-
rial layer, thereby lowering the lithium ion conductivity of the
positive electrode active material layer.

[0122] The battery of Comparative Example 1 was almost
equivalent to the battery of Example 1 in the cycle life evalu-
ation, but was significantly inferior to the battery of Example
1 in the high temperature cycle life evaluation. This is prob-
ably because the repetition of the charge/discharge cycles at
the high temperature facilitated the separation of the positive
electrode active material layer from the positive electrode
current collector.

[0123] The battery of Comparative Example 2 was signifi-
cantly inferior to the battery of Example 1 in both cycle life
evaluation and high temperature cycle life evaluation. This is
probably due to the combined use of the nano-order lithium
iron phosphate and PVDF having no carboxyl group. As a
result, the adhesion between the positive electrode active
material and the positive electrode current collector became
insufficient, and the positive electrode active material layer
partially separated from the positive electrode current collec-
tor during the formation of the positive electrode active mate-
rial layer.

[0124] Inthecaseofthe batteries of Comparative Examples
3 and 4, the volume mean particle size of the nano-order
lithium iron phosphate was too small or too large. Probably
for this reason, the dispersion of the nano-order lithium iron
phosphate in the positive electrode mixture slurry became
poor, and the resultant positive electrode active material layer
contained COOH-PVDF only on the outer surface. As a
result, the high temperature cycle life significantly decreased.

INDUSTRIAL APPLICABILITY

[0125] The non-aqueous electrolyte secondary battery of
the invention can be used in the same applications as those of
conventional non-aqueous electrolyte secondary batteries,
and is particularly useful as the main power source or auxil-
iary power source for electronic devices, electrical appli-
ances, machine tools, transport devices, power storage
devices, etc. Examples of electronic devices include personal
computers, cellular phones, mobile devices, personal digital
assistants, and portable game machines. Examples of electric
appliances include vacuum cleaners and video cameras.
Examples of machine tools include power tools and robots
Examples of transport devices include electric vehicles,
hybrid electric vehicles, plug-in hybrid electric vehicles, and
fuel cell cars. Examples of power storage devices include
uninterruptible power supplies.
1. A positive electrode for a non-aqueous electrolyte sec-
ondary battery, comprising:
a positive electrode current collector; and
a positive electrode active material layer supported on a
surface of the positive electrode current collector, the
positive electrode active material layer including an oli-
vine-type lithium phosphate as a positive electrode
active material, a binder, and a conductive agent,
wherein the olivine-type lithium phosphate is fine particles
with a volume mean particle size of 2 nm to 300 nm,
the binder comprises a fluorocarbon resin with a cross-
linkable functional group,
the fluorine atom concentration of the positive electrode
active material layer decreases from an outer surface of
the positive electrode active material layer toward the
interface between the positive electrode active material
layer and the positive electrode current collector, and
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the fluorocarbon resin with the cross-linkable functional vine-type lithium phosphate as a positive electrode active
group is present in an area of the positive electrode active material, the method comprising the steps of:
material layer from the interface up to 10 um toward the preparing a positive electrode mixture slurry by mixing a
outer surface. predetermined amount of an olivine-type lithium phos-

2. The positive electrode for a non-aqueous electrolyte phate with a volume mean particle size of 2 nm to 300
secondary battery in accordance with claim 1, wherein the nm, in a plurality of times, into an organic solvent in
fluorine atom concentration of the positive electrode active which a fluorocarbon resin with a cross-linkable func-
material layer decreases continuously or stepwise from the tional group is dissolved or dispersed, and mixing a
outer surface of the positive electrode active material layer conductive agent thereinto; and
toward the interface between the positive electrode current forming a positive electrode active material layer by apply-
collector and the positive electrode active material layer. ing the positive electrode mixture slurry onto a surface

3. The positive electrode for a non-aqueous electrolyte of a positive electrode current collector to form a coating
secondary battery in accordance with claim 1, wherein the film, drying the coating film, and rolling the coating film.
fluorine atom concentration of an area of the positive elec- 9. The method for producing a positive electrode for a
trode active material layer from the outer surface of the posi- non-aqueous electrolyte secondary battery in accordance
tive electrode active material layer up to 10 um toward the with claim 8, wherein in the step of preparing the positive
interface between the positive electrode current collector and electrode mixture slurry, the predetermined amount of the
the positive electrode active material layer is 3 mass % to 9 olivine-type lithium phosphate is mixed into the organic sol-
mass %. vent in two to five times.

4. The positive electrode for a non-aqueous electrolyte 10. The method for producing a positive electrode for a
secondary battery in accordance with claim 1, wherein the non-aqueous electrolyte secondary battery in accordance
fluorine atom concentration of the area of the positive elec- with claim 8,
trode active material layer from the interface between the wherein the content of the olivine-type lithium phosphate
positive electrode current collector and the positive electrode in the positive electrode mixture slurry is 80 mass % to
active material layer up to 10 pm toward the outer surface of 97 mass % of the total amount of the olivine-type lithium
the positive electrode active material layer is 0.5 mass % to 3 phosphate, the fluorocarbon resin, and the conductive
mass %. agent,

5. The positive electrode for a non-aqueous electrolyte the content of the fluorocarbon resin is 2 mass % to 10 mass
secondary battery in accordance with claim 1, wherein the % of the total amount, and
olivine-type lithium phosphate is lithium iron phosphate. the remainder is the conductive agent.

6. The positive electrode for a non-aqueous electrolyte 11. The method for producing a positive electrode for a
secondary battery in accordance with claim 1, wherein the non-aqueous electrolyte secondary battery in accordance
content of the cross-linkable functional group 0.1 mmol to with claim 8, wherein in the step of forming the positive
100 mmol per 1 g of the fluorocarbon resin with the cross- electrode active material layer, the coating film is dried at a
linkable functional group. temperature of 60 to 110° C. for 1 to 10 minutes.

7. The positive electrode for a non-aqueous electrolyte 12. A non-aqueous electrolyte secondary battery compris-
secondary battery in accordance with claim 1, wherein in the ing:
fluorocarbon resin with the cross-linkable functional group, a positive electrode capable of absorbing and desorbing
the cross-linkable functional group is a carboxyl group, and lithium ions;
the fluorocarbon resin is at least one fluorocarbon resin a negative electrode capable of absorbing and desorbing
selected from the group consisting of polytetrafluoroethyl- lithium ions;
ene, an ethylene-tetrafluoroethylene copolymer, a tetrafluo- a separator interposed between the positive electrode and
roethylene-hexafluoropropylene copolymer, a tetrafluoroet- the negative electrode; and
hylene-vinylidene fluoride copolymer, a a lithium-ion conductive non-aqueous electrolyte,
hexafluoropropylene-vinylidene fluoride copolymer, and wherein the positive electrode is the positive electrode of
polyvinylidene fluoride. claim 1 for a non-aqueous electrolyte secondary battery.

8. A method for producing a positive electrode for a non-

aqueous electrolyte secondary battery which includes an oli- ok Rk ok
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