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SEALED NONAQUEOUS ELECTROLYTE SECONDARY BATTERY
" AND METHOD OF PRODUCING SAME -

BACKGROUND OF THE INVENTION

1. Field of the Invention

{0001] The invention reiatésvto a nonaqueous electrolyte secondary battery and to
a method of producihg the same. More particularly, the invention rélétes to a sealed -
nonaqueous electrolyte secondary battery that is provided with a current interrupt device
that operates by a rise in internal pressure and also relates to a method of producing this’

battery.

2. Description of Related Art
[0002]  Lithium ion secondary batteries and other secondary batteries are smaller,

lighter, and have higher energy densities than older batteries and exhibit better output

‘densities. As a consequence, they have in recent years entered into preferential use as

so-called portable power sources for, e.g., personal computers and portab'le terminals, and
as vehicle drive power sources.

[0003] - One embodiment of these batteries is the sealed nonaqueous electrolyte

secondary battery. This battery is typically fabricated by inserting an electrode assémbly

containing positive and negétivé electrodes into a battery case along with a nonaqueous
electrolyte (typically a nonaqueous electfolyte solutioh) and then applying a lid and closing
off (seﬂaling) the opening. The positive electrode in a sealed nonaqueous ele’ctrolyté
secondary béttéry has a structure in which an ¢lectrod¢ material ~— which is composéd
mainly of a material (the 4posvitive electrode active material) that can reversibly engage 1n
the insertion and extraction of the chemiéal species (fdr example, the lithium ion) that
constitutes the charge carrier — is formed as a la\yer on an electroconductive member (the
positivé electrode current collector); this layer-formed' material is referred to below as the

\

"positive electrode mixture layer". One examplé of this positive electrode active material

CONFIRMATION COPY
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is a complex oxide that contains at least nickel, cObalt; and manganese as transition metal

~elements (for example, a lithium complex oxide). Such a compléx oxide is a positive

electrode active material that exhibits a high capacity and an excellent therr_nal‘ stability.
[0004] The electroconductivity of the positive electrode may be reduced (the
battery resistance may be increased) depending on'tfle positive electrgde active material
present in the positive electrode mixture layer. The electroconductivity of the positive
electrode undergoes a decline when a positive elecfrodc active material is used that itself
has a low electroconductivity, such as complex oxides that contain at least nickel, cobalt,

and manganese as transition metal elements ("NCM complex oxides" below). When the

- proportion of the conductive agent present in the positive electrode mixture layer is raised

in order to raise the electrocondﬁctivity of the positive electrdde, the battery capaéity is
then impaired due to the decline in the proportion.of the posi‘tive electrode écti_ve material.
As a consequence, pressing the positive electrode mixture layer at high pressures (raising
the density of thé positive electrode' mixture) during formation of the positive electrode
mixture layer can be considered for‘ the purpose of raising the electroconductivity of the
positive electrode. - This improves the electroconductivity of the positive electrode by
raiéing the intimacy of contact (increasing the contact area) between the positive electrode
active material and the conductive agent.

[0005] Sealed nonaqueous electrolyte secondary battefies are generally used
under controlled conditions in which the voltage resides in a prescribed rangé (for example,
from 3.0 V to not more than 4.2 V); however, oVerchar’ging can occur when the prescribed
voltage is exceeded when a greater than normal current is supplied to the battery. Current
interrupt devices (CIDs) — which interrupt the charging current when the voltage in the

battery case reaches or exceeds a prescribed value — are widely used as an overcharge

countermeasure. When the battery assumes an overcharged.- state, for example, the

nonaqueous solvent in the nonaqueous electrolyte typically undergoes electrolysis with the

generation of a gas.  The current interrupt device cuts the charging circuit for the battery

based on the gas generation and can thereby prevent further overcharging. With regard to

the use of this current interrupt device, a method is available in which a compound having



10

15

20

25

WO 2014/064499 PCT/1IB2013/002300

3

a lo'Wer oxidation potential (i.e.; a lower voltage at which oxidative deco'mpo‘sition begins)
than the nonaqueous solvent in the nonaqueous. electrolyte is incorporated in the
nonaqueous electrolyte in advance (such a compound is referred to below as a "gas
generator"). When the battery enters an overcharged state, the gas generator rapidly
undérgoes oxidative decomposition at the surface of the positive electrode with the
préduction of the hydrogen ion (H"). The hydrogen ion diffuses in the nonaqueous
electrolyte and is reduced on the negative electrode to produce hydrogen gas (H,). The
current interrupt device can be rapidly bperated due to thé rise in pressure within the
battery case brought ébou't by this gas geheration. | |

[0006] When, as noted above, the positive electrode mixture layer is subjected to
high-pressureﬂ pressing (raising the density of the positive electrode mixture) in order to
raise fhe electroconductivity of a positive electrode that contains a relatively weékly
electroconductive NCM complex oxide, the pores (voids) in the posiitive electrode mixture
iayer are reduced (in particular there is a tendency for the relatively large pores to be
diminished). Since a film originating from the gas generator may block the pores in the
positive electrode mixture layer when the gas genera.tor.under'goes'\d_ecomposition, the

failure to achieve a satisfactory pore formation in the positive electrode mixture layer can

result in a decline in the amount of gas that can be 'generate'd within the battery case during

a pressure rise within the battery case and the current interrupt device may then be unable

to undergo rapid operation.

SUMMARY OF THE INVENTION
[0007]  The invention provides a sealed nonaqueous electrolyte secondary battery
that realizes a reduced battery resistance and a high reliability in terms of ensuring the
generation of an adequate aniount of gas during a pressure rise within the battery case.
[0008] The inventor discovered that .this~ object could be realized by the additional
incorporation of an expanded graphité having a prescribed average pore diameter in a
positive electrode mixture layer that contains electroconductive carbon particles, and

achieved the invention based on this-discovery.



10

15

20

25

WO 2014/064499 PCT/1IB2013/002300

4

[0009] A first aspect of the invention relates to a sealed nonaqueoﬁs electrolyte -
secondary battery provided with an electrode assembly having a positive electrode and a
negative electrode, a nonaqueous electrolyte, and a battery case that houses this electrode
assembly and nonaqueous electrolyte. This nonaqueous electrolyte contains a gas
generator that is decomposed to g@nératé a gas when a prescribed battery voltage is
exceeded. The batfery case includes a current interrupt device that operates when the
pressure within the battery case rises. accompanying the gas generation. The positive
electrode here is provided with a positive electrode current collector and a positive

electrode mixture layer containing at least a positive electrode active material and formed

on the positive electrode current collector. The positive electrode mixture layer contains,

as conductive agents, electroconductive carbon particles and an expanded graphite having
an average pore diameter of 0.2 um to 0.5 pum. | |

[0010] The incorporation of an expanded. graphite in a positive electrode mixture
layér is present in Japanese Patent Application Publication No. 2003-203636 (Jp
2003-203636 A), but the technicél concept (problem) described in JP 2003-203636 A s
different from that in the invention énd neither suggests nor provides motivation for the
structure of the invention. |

[0011]  The positive electrode mixture layer in the herein described'secon‘dary
battery contains a positive electrode active material and, as conductive agents,
electroconductive carbon particles and an expanded gréphite that has an average pore
diameter of 0.2 um to 0.5 um. Because the pdsitive electrqde mixture layer contains this
cexpanded graphite with an avérage pore diameter_of 0.2 pm to 0.5 um in addition to the
electroconductive  carbon particles, a satisfactoryv intimacy of contact (contact érea)
between the positive éiectrode active material and the electroconductive carbon particles
and expanded graphite can be ensured evén without increasing the pressing pressure (evén
‘without increasing the density of the positive electrode mixture) during formation of the
positive elecﬁode mixture layer. That is, since, with regard to its properties, expanded

graphite forms conductive pathways within the positive electrode active material more

~ readily than does the other electroconductive carbon particles, conductive pathways can be
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satisfactorily formed even without raising the intimacy of cohtag:t (increéSing the contact
area) between the positive electrode active material and the conductive agent by increasing

the pressure for pressing the positive electrode mixture layer. This makes it possible to

realize a reduction in battery resistance (improvement in electroconductivity) even with a

positive electrode that uses a positive electrode active material that has a relatively low
electroconductivity. In addition, since less pressing pressure on the positive electrode
mixture layer is needed than in the absence of the expanded graphite in the positive
electrode mixture layer, numerous pores having rélatively large pore diameters (for
example, 0.5 urﬁ to 1 pum) is formed in the positive electrode mixture layer. In addition,
since pores are also formed in the expanded grdphite itself, pores are formed in a
satisfacfory ambunt in the positive electrode mixture layer while ensuring the
éleCtroéonductiVity. As a consequence, the amount of gas that can be generéted within
.the battery case during a pressure rise within the battéry case can be increased and a very
rapid operatipn of the current intercept device is then made possible. Based on these
features, a sealed noniaqueous electrolyte secondary battery (for ‘exba'rnple,i a-sealed lithium
ion secondary battery) can be provided that realizes a low battery resistance and that is
highly reliable in terms of ensuring the genération of an adequate amount of gas duﬁﬁg a
pressure rise within the battery case.

[0012] - The above-described positive electrode active material may be a complex
oxide that contains at least nickel, cobalt, and manganese as transition metal elements.
NCM conﬁplex oxides are favorably used as a positive electrode active material because
they exhibit a high thermal stability and also a high energy dénsity, but due to their
relatively low electrocondﬁctivities fhe electroconductivity of the positive electrode tends
to decline. However, the decline in the electroconductivity of thé' positive electrode can
be suppressed through the incorporation of the electroconducﬁve carbon particles and the

expanded graphite with an average pore diameter of 0.2 pm to 0.5 um as conductive

~ agents.

[0013]  The molar ratio between the nickel and mangénese (Ni/Mn) in the

complex oxide may be equal to or smaller than'1.5. A complex oxide with a molar ratio
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between the mckel and manganese of not more than 1.5 (preferably not more than 1.26)
exh1b1ts a high thermal stablhty and also a hrgh energy density, but does exh1b1t a dechmng
trend for the electroconductivity. However, the decline in the electroconductivity of the
pos1t1ve electrode can be suppressed through the incorporation of the electroconductive
carbon particles and the expanded graphite with an 'average pore diarneter of 0.2 um to 0:5
um as-conductive agents. '

[0014] At least 50 mass% of the expanded graphite in the positive electrode
mixture layer may be disposed in a state in which the angle formed between the (002)
plane (basal plane) of the expanded graphite and the surface of the positive electrode

current collector is at least 60°. In such a case, the pores formed between the (002) planes,

in the expanded graphite are disposed within the expanded graphite in a perpendicular

direction with respect to the positive electrode current collector (for example the d1rect10n
orthogonal to the pos1t1ve electrode current collector), and as a consequence gas generator
decompos1t10n proceeds well when overcharging occurs and the generatlon of an adequate
amount of gas can be reallzed In this Spec1ﬁcat1on the "(002) plane of the. expanded
graphite" refers to the plane that is the layer plane (plane parallel to the graphite layers) of
the layer—structured expanded graphite and that is parallel to the carbon network of the
graphene sheet that constitutes the expanded graphite

. _[0015] - The amount of addition of the expanded graphlte in the positive electrode
mlxture layer may be larger than the amount of addition of the carbon part1cles in the
positive electrode mixture layer. In such a case, a sealed nonaqueous electrolyte
secondary battery can be prepared that is provided with a p‘ositive electrode in which pores
having larger pore diameters are formed, while at the same time the battery resistance ._is
lowered. Asa conseduence, gas generator decomposition proceeds well during a pressure

rise within the battery case and'the'generation of an adequate amount of ‘gas can be

~ realized.

[0016] The carbon particles may be an acetylene black that has an average

 primary particle diameter of 10 nm to 100 nm and an average secondary particle diameter

of 0.1 pmto 5 um. Such a construction makes it possible to reduce the battery resistance
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of the positive electrode and to also form numerous micropores in the positive electrode
mixture layer. |
| [0017] The gas generator may include cyclohexylbenzene and biphenyl, and a
mass ratio between the cyclohexylbenzene and the biphenyl may be 1 to 4. Such a
construction makes it péssible when the pressure within the battery case rises to bring
about a Very rapid operation by the ’cur'rent 'intercep_t device through an excellent gas
generation based on the decomposition of ‘the cyclohexy]behzene and biphenyl.

[0018] A second aspect of the invention relates to a method of producing a sealed

nonaqueous electrolyte secondary battery that is provided with an electrode assembly that

~ includes a positive electrode having a positive electrode mixture layer formed on a positive

electrode current collector, and a negative electrode having a negativé electrode mixture
layer formed on a negative electrode current collector; a nonaqueous electrolyte; a battery
case -that‘ houses the eieqtrode assembly and the nonaqueous electrolyte; and a current
interrupt device that operates when the pressure within the battery4case rises. This
production method includes preparing a paste-form ,compoéition for forming the positive
electrode mixture layer, the \éomposition containing at least a positive electrode active
material, a conductive agent, and a prescribed solvent, the conductive agent containing
electroconductive carb‘o.n particles and anl éxpanded graphite having an average pore |
diameter of 0.2 um to 0.5 um; cbaﬁng the prepéred composition on a surface of the

pdsitive electrode current collector; drying the coated composition to fabricate a positive

electrode having the positive electrode mixture layer formed on the positive electrode

current collector; fabricaﬁng the electrode assembly having the thusly fabricated positive
electrode; and housing, within the battery case, the thusly fabricated electrode assembly ,
and the nonaqueoué electrolyte containing a gas generator that is decomposed to generate a
gas when a préscribed battery voltage is exceeded. ‘ |

[0019] In this production method, the prepared composition for forming a
positive electrode mixture layer contains a positive electrode active material ahd, as
conduct_ive agents, electroconductive carbon particles and an expanded graphite having an

average pore diameter of 0.2 um to 0.5 pm. As a consequénce, the intimacy of contact
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between the positive electrode active material and the electroconductivc carbon particles
and expanded graphite in the positive electrode mixture layer formed by drying this
composition is satisfactorily ensured through the presence of the expanded graphite.
Furthermore, because the positive electrode mixture layer contains the expanded graphite
having an average pore diameter of 0.2 um to 0.5 pm, numerous pores having relatively
large pore diameters is formed in the positive electrode mixture layer. These features
make possible the productlon of a sealed nonaqueous electrolyte secondary battery (for
example a sealed lithium ion secondary battery) that realizes a reduced battery resistance
and a high reliability in terms of ensuring the generation of an adequate amount of gas
during a pressure rise within the battery case. 'k

[0020] A complex oxide containing at least nickel, cobalt, and manganese’ as
transition rhetal elements may be used as the positive electrode active material. A molar

ratio (Ni/Mn) between the nickel and manganese in the complex oxide may be equal to or

™~

“smaller than 1.5.

[0021] This production method may be including applying, prior to the drying of

the coated composition, a magnetic field to the composition coated on the surface of the

positive electrode current collector, in a direction orthogonal to the surface of the positive

electrode current collector. .| By do1ng this, the pores formed between the (002) planes of
the expanded graphite can be disposed in a perpendicular direction with respect to the
positive electrode current collector (for example, in the direction orthogonal to the positive
electrode current collector), and as a consequence gas ge'nerator decomposition proceeds
well when _overcharging occurs and the ‘generation of an adequate amount of gas can be -
brought about. |

| [0022] The composmon may be prepared to prov1de an amount of addition of the
expanded graphite in the composition. that is larger than the amount of addition of the
carbon particles in the composition. By d01ng this, numerous pores having larger pore
diameters can be formed in the positive electrode mixture layer, while at the same time
reducing the battery resistance. |

| [0023]  An acetylene black having an average primary particle diameter of 10 nm
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_to IOQ nm and an average secondary particle diameter 'of 0.1 pm to 5 um may be used for
the carbon particles. By doing this, numerous micropores can be additionally formed in
the positive electrode mixture layer while also reducing the battery resistance of the
positive eleotrode.

1 [0024] The invention also provides a battery pack as a vehicle drive power source

formed by electrically interconnecting a plurality of single cells. In this battery pack, the

- above-described sealed nonaqueous electrolyte secondary battery 1s used as the single cell,

or a sealed nonaqueous electrolyté secondary battery obtained by the above-described
production method is used as the single cell. As has been described in the preceding, the
sealed nonaqueous electrolyte secondary battery realizes a reduction in the battery '
resistance and also very reliably ensures the generation of a satisfactory amount of gas
during a pressure rise within the battery cas¢. As a result, a battery pack in which a
plurality (for example, at least IO)and preferably about 40 to 80) of these Secondary
batteries are electrically interconnected can be advantageously used as a drive power
source (for example, a power source for motor operation) in vehicles '(typically plug-in

hybrid vehicles (PHV), hybrid vehicles (HV), and electric vehicles (EV)).

BRIEF DESCRIPTION OF THE DRAWINGS
[0025] Features, advantages, and technical and industrial significance of

exemplary embodiments of the invention will be described below with reference to the

- accompanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a perspective drawing that schematically shows the outer shape o_f a sealed

nonaqueous electrolyte secondary battery according to an embodiment of the invention; -
- FIG. 2 is a cross-sectional diagrarn on the II-II line in FIG. 1;

FIG. 3 is a schematic diagram that shows the structure of a wound electrode assembly
for a sealed nonaqueous electrolyte secondary battery according to an embodiment of the |
invention; | |

FIG. 4 is a schematic drawing that shows the structure of the positive electrode in a

sealed nonaqueous electrolyte secondary battery according to an embodiment of the
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invention;

FIG. 5 is a flow chart describing the method of produci‘nvg a.,se'aled nonaqueous
electrolyte secondary battery according to an embodiment of the invention;

FIG. 6 is a perspective drawing that schematically shows a battery pack in which a
plurahty of sealed nonaqueous electrolyte secondary batterles according to an embodlment
of the invention are combmed

FIG. 7 is a drawing in side view that shows a vehicle (an éutomobile) that has been
provided with a sealed nonaqueous electrolyte seconc_iary battery according to an
embodiment of the ’inventioﬁ; | |

FIG 8 is a graph that compares the IV resistance of each battery from Examples 1to
10; |

FIG 9isa gfaph that compares fhe amount of gas generation for gach of Examples 1
to 10; and | |

- FIG. 10 ié a graph that shows the relationship between the ‘peak pore diameter in the

positive electrode mixture layer and the amount of gas generation.

| DETAILED DESCRIPTION OF EMBODIMENTS

.[0026] Matter_é required for the execution of ‘an embodiment of the invéntion, but
not included iﬁ the matters particularly described in this Speciﬁcation, can be understood
as design matters for the individual skilled in the ért based on the conventional art in the
pertinent field. An embodiment of the invention can b¢ implemented based on the -
contents disclosed in this Specification and the chflmon general technical knowledge in
the pertinent field. While a lithium ion_secondary battery is more particularly described
below as a typical example, this should not be construed as limiting the applications of the
invention to this battery. |

[0027] In this Specification, a "nonaqueous electrolyte secondary battery" referé
to a battery that has a nonaqueous electrolyte (typically a nonaqueous electrolyfe solution
that contains a supporting electrolyte in a nonaqueous solvent). A "lithium ion secondary

battery" refers to a secondary battery that uses the lithium ion as the electrolyte ion and



10

15

20

25

WO 2014/064499 PCT/1IB2013/002300

11
that realizes charge/discharge by the lithium ion-mediated movement of charge between
the positive and negative ‘electrode}s The secondary batterres generally called as hthium |
ion batteries, lithium ion capacrtors and so forth, are typical examples encompassed by
lithium ion secondary batteries in this Specification. In addition, the "active material” is a
material (compound) at ‘the positive electrode and negative electrode that can engage in the
reversible insertion. and extraction of a chemical species that is the charge carrier (the
lithium ion in a lithinm ion secondary battery). In this Speciﬁca‘iion an "overcharged
state" refers to a state in which the state of charge (SOC) exceeds 100%. With reference

to the operating voltage range for reversible charge/discharge, this SOC indicates the

‘charge state where 100% isthe charge state when the upper limit voltage is obtained (that

is, the ‘fnliy charged state) and 0% is the charge state when the lower limit voltage is
obtained (fhat is, the uncharged sfate).

[0028] “As shown in FIG. 5, the method of producing the sealed nonaqueous
electrolyte secondaryi battery (lithium ion secondary batiery) of this embodiment '
encompasses a step of preparing a composition for forming “a positive electrode mixture
layer S10, a coating step S20, a positive electrode fabrication step S30, an electrode
assembly fabrication ‘siep S40,‘and a housing step S50. A preferred embodiment
'addrtronally includes. a magnetic field application step S25 between the coating step S20

and the positive electrode fabrication step S30.

<< The step of preparing a composition for forming a positive electrode mixture layer >>

[0029] The step of _preparing a composition for forming a positive electrode

“mixture layer S10 is described first. In this step, a paste-form composition for forrning

.the positive electrode - mixture layer (referred to below as the "positive electrode
composition") and containing at least a positive electrode active material and a‘conductive
agent is prepared. Besides the positive electrode active material and conductive agent,
the positive electrode composition may as necessary coniain optional components such as,
for'example, a binder. ~ The paste-form positive electrode composition also encompasses
shurry-form positive electrode cornpositions and ink-form positive electrode compositions.

[0030] The positive active material here is a material that can engage in the
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insertion and extraction of the lithium ion and can be exemplified by lithium complex
oxides that contain the element lithium and one br two or more transition metal _eleméﬁts.
The lithium complex oxides can be exémpliﬁed by complex oxides that contain at least
‘1"1iCkél (Ni1), cobalt (Co), andvmanganese (Mn) aé the transition métal elements (NCM
complex oxides). NCM complex oxides have a relatively low electroconductivity and as
a consequence the positive electrode can have a reduced electroconductivity.

[0031] The NCM complex oxide can be exemplified by LiaNixCOYMnZM.bOz

’ \(Whereinlfskas2,01<x,<l,0<y<1,0<z<1,0Sb<1,x+y+z+b»= 1, and M is at

least one el‘ement selected‘ from F, B, Al; W, Mo, Cr, Ta, Nb, V, Zr, Ti, and Y (M is
typicalfy a transition metal  element)). Speéiﬁc examples are LiNig33C0033:Mng330; -
(LiN113C013Mn;30,), LiNig sCo2Mng 30,, and LiNio_4Co'0‘3Mn0,3(52. Another example is
an NCM complex oxide 1n which th_e molar ratio between the nickel, coBalt, and
ménganese is 38 :32:30. The molar ratio between the nickel and manganese (Ni/Mn) in
fhié NCM complex oxide can be equal to or smaller than 1.5 (preférably not more than
1.26, for example, 1 to 1.26). When the molar ratio between the nickel and manganese is
not more than 1.5, the electroconductivity of the NCM complex oxide tends to‘be low and
as a consequeﬁce the élecf[roconductivity of the positive electrode tends ‘to, decline. The
;[hennal stability is excellent and the energy density'is also high, and, iﬁ the case of use of
LiNio‘3‘3CooA33Mn0‘33Oz with .its relatively ‘low eléctroédnductivity, the decline in the
electroconductiv‘ity of the positive electrode can be suppressed when the electroconductive -
carbon particles and expanded graphite having an average pore diameper of 0.2 um to 0.5
um are incorporated as conductive agents.in the positive electrode mixture 1ayer (also
referred to as a positive electrode active material layer). ‘A-polyanion-type COmpoufld as
indicated by the general formulas LIMPOy, LiMVOy, and Li;MSiO4 (M in the formulas is
at least one element se-lected from Co, Ni, Mn, and Fe) (for example, LiFePOy,, LiMnPO4;
LiFeVO,, LiMnVOQy, LizFeSiO4, Li;MnSiO4, and LiCoSiO4) may also be used as the
positive electrode active Iﬁa’terial. ' '

- [0032]  The lithium complex oxide can take the form of seéondary. particles

provided by the aggregation of primary particles, and the average particle diameter of these
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secondary particles is, for example, not more than 20 um (typically from at least 0.1 um to
not more than 20 pm, for example, from at least 0.5 wm to not more than 15 um and

preferably from at least 1 pm to not more than 10 pm). When the form of the lithium

complex oxide is in the indicated range, a fine and dense positive electrode mixture layer

having a high electroconductivity can be fabricated. ‘In addition, because suitable voids
can be maintained within ‘the positive electrode mixture layer, perrﬁeation by the
nonaqueous é€lectrolyte is facilitated and a brolad reaction field With the gas-generating
additive during overcharging can thus be secured. The average particle diameter here
refers to the median diameter (D50: 50% volumetric average particle diameter) derived
from the particle size distribution measured using any of variousicommerc'ially available
particle size distribution analyzers that are based on laser diffraction - scéttering ‘methods.
The proportion of the positive electrode active material (lithium complex oxide) in the
positive electrode mixture layer as a whoié is not particularly limited, but is preferably at
least 80 mass% (typically from at least 80 mass% to lgss than 100 mass%, for example,
from at least 90 mass% to not more than 95 mass%). |

[0033] Electroconductive carbon particles and expanded gfaphit'e are incorporated
as the aforementioned cbﬁductive“agent in the positive electrode 'composition in this
-embodim‘ent. The electroconductive carbon particles may be any electrocondu;:tive
carbon particle heretofore used in lithium ién secondary batteries of this type and there is
no limitation to a particular conductive agent. For example, carbon materials, e.g., a |

carbon powder and 'sd forth, can be used. Various carbon blacks, e.g., acetylehe_ black

(AB), furnace black, Ketjen black, and so forvth,‘ can be used as the carbon powder.

Among these, AB is an example of a preferred carbon particle. A single one of these

conductive agents may be used alone or suitable combinations of two or more may be used.
With regard to the averagevparticle diametér of the electroconductive carbon particle, for
example, the average prima_ry paniclé diameter is 10 nm to 100 nm and the average
secondary particle diameter is 0.1 um to- 5 pm I(preferably 0.5 pfn to 2 um). The
proportioﬁ of the electroconductive carbon particles 13 the pdsitive electrode mixture layer

as a whole is not particularly limited, but, for example, from at least 0.1 mass% to not .
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~ more than 5 mass% (typically from at. least 1 mass% to not more than 3 mass%) is

prefetred. | _
[0034] The average pore diameter of the expanded graphite is 0.2 pm to. 0.5 um
(for example, 0.2 um to 0.4 pm and‘preferably 0.3 um to 035 um). An expanded
graphite with an average pore diameter in this range has both an excellent
electroconductivity and a satisfactory amount of pores. When the average pore diameter
is smaller than 0.2 pm, adequate pore formation does not occur in the expanded graphite
itself, and asa consequence a sufficient amount of bore formation may not occur in the
positive electro.de mixture layer that uses such an expanded graphite. When the average
pore diameter is larger than 0.5 pm, the electronic conductivity of the expanded graphite
may end up declining and tlle battery resistance may undergo an increase. The proportion’
of the expanded graphite in the positive electrode lnixture'layer 1s not particularly limited,

but, for example, is preferably from at least 0.1 mass% to not more than 5 mdss%

| (typically from at least 1 mass% to not more than 3 mass%). The proportion of the -

- expanded graphite in the positive electrode mixture layer as a whole is preferably larger

than the proportion of the electroconductive carbon particles That is, the pos1t1ve

electrode composmon is prepared to provide a quantity of -added expanded graphite in the

positive electrode composition that is larger than the quantity of added electroconductive:

carbon particle in the positive electrode c‘omposition. By doing this, numerous pores
having larger pore diameters ean be formed in the ‘positive_electrode mixture layer While at
the same tlme the battery resistance is reduced. The expanded graphite can be produced

by conventional methods by inserting an ion or dtller molecule between the layers of a |

natural graphite (between the graphene sheets) and carrying out a heat treatment on the

~ product. In this Specification, the "average pore diameter" refers to the value obtained

based on measurement by an ordinary mercury porosimetric method.
[0035] The same binders as used in the positive electrodes of common lithium ion
secondary batteries can be used as appropnate as the binder referenced above. For

example when a solvent based paste-form composmon is used as the positive electrode

- composition, polymers that are soluble in organic solvent (nonaqueous solvents), e.g.,
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polyvinylidene fluoride (PVDF), polyvinylidene chloride (PVDC), and so forth, can be
used. Or, when a water-based paste-form composition is used, a water-soluble (clissolves
in water) polymer or a water-dispersible (disperses in vvater) polymer can preferably be

used. Examples are polytetrafluoroethylene (PTFE), carboxymethyl cellulose (CMC),

and styrene butad1ene rubber (SBR). In addition to their use as binders, the polymers

prov1ded as examples here can also be used as thickeners for the positive electrode
composition and as other additives. The proportion of the binder in the positive electrode

mixture layer as a whole is not particularly limited, but, for example, can be from at least

- 0.1 mass% to not more than 10 mass% (preferably from at least 1 mass% to not more than

7 mass%). |

| [0036] The "solvent-based paste-form composition" referenced here denotes a
compos1t10n in which the dispersion medium for the positive electrode active material is
pr1nc1pally an organic solvent (nonaqueous solvent). The nonaqueous solvent can be
exemplified by amide solvents alcohol solvents, ketone solvents, ester solVents amine
solvents ether solvents, nitrile solvents cyclic ether solvents and aromatic hydrocarbon
solvents. It can be more specifically exemplified by N-methyl-2-pyrrolidone (NMP)
N,N-dimethylformamide, N,N-d1methylaceta_m1de, 2-propanol, ethanol, methanol, acetone,
methyl ethyl ketone, methyl. propanoate, oyclohexanone, methyl acetate, ethyl acetate, -
methyl acrylate, diethyltriamine, N,N-dimethylaminonropylamine, acetonitrile, cthylene
oxide, tetrahydrofuran, dioxane, benzene, toluene, ethylbenzene, xylene, climethyl
sulfoxide, dichloromethane, trichloromethane, and dichloroethane, while NMP can
typically be used. The "water-based paste-form composition" denotes a composition in
which water or a mixed solvent composed mainly of water (for example, at least 80 mass%
of the mixed solvent is water) is used as the dispersion medium for the positive electrode
active material. The solvent other than water in such a mixecl solvent can be one or two

or more selections as appropriate from organic solvents that are uniformly miscible with

~ water (lower alcohols, lower ketones, and so forth).

- [0037] The process of miking (mixing/kneading) the positive electrode active

material, electroconductive carbon particles, expanded graphite, and so forth, in the solvent
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can be carried out using, for example, a suitable mixer/kneader (planetary mixer, HOMO
DISPER, CLEARMIX, FILMIX, and éo forth). T(; produce the positive electrode
composition, the positive électrode active material, carbon particles, and expanded graphite

are mixed/kneaded using a small amount of solvent. This ‘may be followed by dilution of

the obtained mixed/kneaded material with a suitable amount of solvent. The solids

fraction (nonvolatile fraction, i.e., the proportion of the components that will form the
positive electrode mixture layer) in the positive felect'rode composition will be about 30
mass% to 65 @asé% and is preferably about 40 mass% to 55 mass%.

<< The coating step >>

[0038] The coating step ‘S20 is described in the folloWing. In this embodiment,
the positive electrode composition prepared as described abové is coated bn a surface of
the positive electrode current collector. This coating of the thusly prepared positive
electrode composition on a surface of the positive electrode current collector may be
performed in the sﬁme manner as in the fabrication of electrodes (positive electrodes) for
ordinary conventional lithium ion secéndary batterieé. For example, a suitable existing
coating apparatus can be used, as typiﬁed by, for example, strip coaters, comma coaters,
and gravurevccl)aters.

[0039] ~ The same highly electroconductive metals as used for the positive
electrode current collectors in the positive electrodes of conventional lithium ion secondary
batteries are used for the positive electrode current collector here (for example, aluminum,
aluminum allbys‘_in which the main component is aluminum, nickel, titanium, stainless‘
steel, and vso‘forth). " The shape of the positive electrode current collector will vary in

conformity, for example,‘ to the shape of the lithium ion secondary battery and thus is not

particularly limited and can assume various configurations such as, for example, foils,

sheets, bars, and plates. When, for example, the posiﬁve electrode current collector is in

the shape of a sheet, the thickness of the positive electrode current collector will be about 5

um to 50 um (for ex‘ample, 8 um to 30 um).
<< The fhagnetic field application step >>

[0040]  The magnetic field application step S25 used in this embodiment will be
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explained in the following. In a magnetic field application step, before the drying of the \

previously described coated positive electrode composition, a magnetic field is applied to

the positive electrode composition coated on a surface of the positive electrode current

collector with the magnetic field being applied in the direction orthogonal to the surface of
the positive electrode current collector. While a magnetic field application step S25 is
provided in the lithium ion secondary battery (sealed nonaqueous electrolyte secondary
battery) production method according te this emBodiment, there is no limiiatien to this
configuration. That is, the positive electrode fabrication step S30 may be carried out after
the coating step S20 without executing a magnetic field application etep S25.

[0041] In the magnetic ﬁeld.application ‘step, a magnetic field is applied to the
positive electrode composition coated on a surface of theﬂpositive electrode current
collector by vdisposing a pair of magnetic field generators in proximity to the positive.
electrode current collector so fhaf the lines of magnetic force Wﬂl run in the direction
orthogonal to the surface of the positive electrode current collector (i.e., the width face).
By disposing a pair of magnetic field generators in the indicated manner, a magnetic field
in which the lines of magnetic force are generated in the direction orthogonal to the
positive electrode current collector sufface cén» be applied to the expanded graphite present

in the positive electrode composition coated on the surface of the positive electrode current’

“collector.  The magnetie field generator can be any magnetic field generator and is not

particularly limited; examples are a permanent magnet and an electromaghetic coil..
[0042]  The strength of the magnetic field that acts in the magnetic field
application step on the positive electrode composition coeted on the positive electrode
current cdllector surface is, for example, approximately 0.08 T to 1 T and is ordinarily
approximately 0.4 T to .0.6 T. In addition, the'tim‘e of application of the magnetic field to
the positive electrode composition is approximately 1 second to 120 seconds. The
expénded graphite in the positive electrode composition coa_ted on the positive electfode

current collector tends to be oriented so that the (002) plane (basal plane) of the expand‘ed

_ graphite becomes approximately parallel to the surface (width face) of the positive .

electrode current collector (oriented, for example, so the angle On formed between the
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(002) plane of the expanded graphite and the surface of-the positive electrode current

collector is 0° < On < 30°). The (002) plane of the expanded graphite’in the positive
electrode composition can be oriented to stand perpendieularly (oriented, for example, so
that the angle On formed between the (002) plane of the expanded graphite and the surface
of the positive electrode current collector is 60° < 6n < 90°) to the positive electrode
current collector by the application to the positive electrode composition of the magnetic
field in which the lines of magnetic force are generated in the direction orthogonal to the

surface of the positive electrode current collector.

- << The positive electrode fabrication step >>

[0043] The positive electrode fabrication step S30 is described in the following.

- In this embociiment, the coated positive electrode composition is dried to fabricate a

positive electrode in whi_ch a positive electrode mixture layer is formed on the positive
electrode current collector.
[0044]  The solvent present in the positive electrode composition coated on the

positive electrode current collector surface is removed by a suitable drying procedure in

_ the positive electrode fabrication step. This procedure can be a single selection or a

combination of selections from drying by natural drying, a hot gas current, a low-humidity
gas current,. a vacuum, infrared radiation, far infrared radiation, an electron beam,} and so
forth. A positive eleetrocie in which a positive electrode mixture layer is formed on the
positive electrode current collector surface is fabricated by removal of the solvent (for
example, NMP) frOm the pbsitive electrode composition. In add‘ition the thickness and
den51ty of the positive electrode mixture layer can be adjusted by the executlon of a
sultable pressing treatment on the thusly fabricated positive electrode This pressing

treatment can use any of various conventional pressing methods, for example, roll pressing

- methods, platen pressing methods, and so forth. The density of the positive electrode

mixture layer after the pressing treatment is not particularly limited and can be, for
example, at least 2.1 g/cm’ but not more than 3.0 g/em’.
.[0045] As shown in FIG. 4, the positive electrode sheet (positive electrode) 10

fabricated in the preceding step is provided with a positive electrode current collector 12
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and a positive electrode rnixture layer. 14 that is formed on the positive electrode current
collector 12 and that contains at least a. positive electrode active material 16. In addition
to the positive electrode active material 16, inter alia, an expanded graphite 17 having an
average pore diameter of 0.2 pm to 0.5 pm and electroconductive carbon particles 18 are
dispersed in the pOsitive—electrode mixture layer 14. While a positive electrode active
material 16 having a relatively low electroconductivity is used in the positi\re electrode
sheet 10 according to .this embodiment, the incorporation as conductive agents of the
electroconductive carbon particles 18 and the expanded graphite 17 having an average pore
diameter of O 2 pm to 0.5 um makes it possible to realize a reduced battery resistance and

to also form numerous pores having relatrvely large pore diameters (for example, 0.5 um to

l pm) in the positive electrode mixture layer 14.

[0046] In addition, due to the execution in this embodiment of the magnetic field
application step S25 after the coating step S20, at least 50 mass% of the expanded graphlt,e -
17 in the positive electrode mixture layer 14 is disposed in a state in which the angle On
formed between the (002) plane of the enpanded graphite 17 and the surface of the positive
electrode current collector 12 is at least 60° (for example, On is 60-o to 90° and On is

preferably 90°). As a consequence, the pores formed between the (002) planes of the

| expanded graphlte 17 are disposed so as to run within the expanded graphlte 17 in the

perpendlcular dlrectlon with respect to the posmve electrode current collector 12 (for

example, are disposed so the angle formed between the pore central axis and the surface of

‘the positive electrode current collector 12 is 60° to 90°), and as a result gas generator

decomposition proce'eds well during a pressure rise wi.thin. the battery case and the
generation of an adequate amount of gas can be realized. An indication of components
other than the positive electrode active material 16, expanded graphite 17, and carbon
part1cles 18 for example, the brnder and so forth, has been omitted from FIG. 4 ,

[0047] The peak pore diameter of the p051t1ve electrode mixture layer in this

embodiment is 0.5 pm to 1.5 pm (for example, 0.5 pm to 1 pm). In this Specification, |

the "peak pore dlameter of the positive electrode mixture layer" refers to the pore diameter

that exhibits the maximum frequency in the pore diameter d1str1but10n of the microholes
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(voids) present in the positive electrode mixture layer. To measure the peak pore

diameter of the positivé electrode mixture layer, the pore diameter distribution between

0.01 ym and 10 vpm in the ;p_ositive electrode mixture ‘layer is measured by mercury

porosimetry using a mercury porosimeter (for example, an Autopore IV9500 from
Shimadzu Corporation) and the maximum -frequency ‘pore diameter therein can - be
determined to give the peak pore diameter.
<< The electrode assembly fabrication step >> _ |

[0048] The electrode assembly fabrication step S40 is described in the following.
In this embodiment, an electrode assembly is fabricated that has the positive electrode
fabricated in the positive eléctrode fabrication step $30 and a negative electrode containing
at least a negative electrode ac;[ive material. The electrode assembly in the lithium ion
secondary battery of this embodirﬁent (for example, a stacked electrode assembly or a
wound electrode assembly) is provided With a positive electrode; a negétive electrod‘e, and
a separator interposed between the positivé electrode and negative electrode. A
wbtind-_type electrode assembly (wéund electrode assembly) provided with the previously
described positive electrode formed into a sheet, a. negative electrodg, infra, formed into a
sheet, and a sepafator sheet is describéd'here by way of example, but this ‘should not be
taken to imply a limitation to this configuration. o

[0049]  The negative electrode in the lithium ion secondary battery (sealed
nonaqueous electrolyte secondary battery) is provided with a negative eiéctrode current
colleqtor and a negative electrode mixture layer"that contains at\ least a negafi{/e electrode

active material and that is formed on the negative electrode current collector. The method

for fabricating this negative electrode is not particularly limited, and, for example,

fabrication can be carried out by preparing a paste-form composition (referred to below as
the "negative electrode compdsitio_n”) by mixing the ne'gatiye electrode active material, a
binder, and so forth, in a suitable solvent and applying this negative electrode composition
on a negative electrode current collector to form a negative‘ electrode mixture layer (also
referred to as a negative electrode active material léyer). The method of producing the -

negative electrode composition and so forth can be the same procedure as described above
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for the positive electrode. The solids fraction in the riegative eleétrode compbsitfon is not
particularly limited and can be brought té), for example, 40 mass% to 65 mass% (preferably
45 maés% to 55 mass% and more preferably 45 mass% to 50 mass%). The same
procedures as described above for the positive electrode can also be used to form the
negative electrode mixture layer and for the drying method.

[0050] The thickness aﬁd density of the negative electrode mixture layer can be
adjusted by execuﬁng a suitable pressing treatment on the negative electrode. The density
of the negétive electrode mixture layer after the pressing treatment is not particularly
limited, but, for example, can Be brought to at least 1.1 g/cm’ (typicall_y af least 1.2 g/em’,
for example, at least 1.3 g/cm’ ),. but not more than 2.0 g/cm’ (typjcally not niore than 1.8
g/em’). |

[0051] A conductive member composed of a metal with a good

electroconductivity (for example, copper, nickel, titanium, stainless steel, and so forth) is

~ preferably used as-the negative electrode current collector. The negative electrode current

collector can assume the same shapes as indicated for the positive electrode current
“collector. | ’

| [0052] A single material or two or more materials selected from the substances
used in conventional lithium jon secondary batteries (sealed nonaqueous electrolyte
secondary batteries) can be used without particular limitation as the negative electrode
='a.ctive material. Examples are carbon materials such as ﬁatur’al graphite, artificial
graphités produced from petroleum or coal and modiﬁcétions of these artiﬁcial graphites,
hard carbon‘ (graphitization-resisfant carbon), soft carbon (easily graphitizable carbon),
carbon nanotubes, and so forth; metal oxide materials such as lithium titanium corﬁplex
oxides, iron ‘oxides, and so forth; and mefal materials such as metals such as tin (Sn), -
silicon (Si), aluminum (Al), zinc (Zn), lithium (Li), and so forth, and metal alloys
composed mainly of these metal elements. Among these, the use of gr.aphite is _preferred

because it'provides a high energy density. . The proportion of the negative electrode active

material in the negative electrode mixture layer as a whole is not particularly limited, -but

generally is suitably brought to about at least 50 mass% and is preferably from at least 90
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mass% to not more than-99.5 mass% (for example, from at least 95 mass% to not more
than 99 mass%).

[0053]  The binder can be a suitable selection from the pol}imers provided above
as examples of the binder for use in the positive electrode mixture layeri Speciﬁc
examples are SBR, PVDF, and PTFE. The proportion of the binder in the negative
electrode mixture layer as a whole is not particularly limited, find can be, for example,

from.at least 0.5 mass% to not more than 10 mass% (preferably from at_least"2"mass% to

- not more than 5 mass%). In addition, the various additives (for example, CMC as a

dispersant), conductive agents, and so forth, already described above can also be used as
appropriate. |

| [0054] Existing sepai‘ators can be used without particular limitation as the
separator in the lithium ion ‘secondar‘y battery (sealed‘ noriaqueous electrolyte secondary
battery). '~ For example, a porous resin sheet (microporous resin sheet) is preferably used. -
A porous polyolefin resin sheet of, for example, polyethylene (PE) or polypropylene (PP), |
is preferred. For example, a PE sheet, PP sheet, ora sheet having a three- 1ayer structure
(PP/PE/PP structure) in which a PP layer is lamlnated on both sides of a PE layer is
preferably used. \

[0055] The thickness of the separator is not particularly limited, but can be for
example, from at least 10 um to not more than 50 ttm (typically from at least 10 pm to not
more than 40 uym). The propertles of the separator (typlcally a porous resm sheet) are
also not particularly limited, and, fo_r example, a separator havmg a pore diameter of
approximately 0.001 pm to 30 um (typicaily 0.01 um to 20 pm, for example, 0.1 um to 10
um) can be used. In addition, for example, a separator having a porosity (void ratio)
approxirriately from at least 20 volume% to not more than 90 volume% (typically from at
least 30 volume% to not more than 80 volume%, for example, from at lleast 35 volume% t(.)
not more than 70 volume%) can be used. In this Specification, the "pore diameter" refers
to the value- obtained. based on ‘measurement by an vordineiry mercury porqsimetric
procedure. In addition, the "porosity" denotes the value calculated by dividing the pore ’

volume (Vb (cm®)) measured by mercury porosimetry by the apparent volume (Va (cm?))
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and multiplying by 100. |
[0056] FIG. .3 is a wound electrode assembly 80 according to this embodiment.
The Wound electrode assembly 80 is a flat wound electrovde assembly 80 fabricated by
winding a sheet-form positive ‘eﬂleétrode 10 and a sheet-form negative electrode 20 with a
total of two long strip-shaped separator sheets 40A, 40B interposed therebetween in their

length direction and then flattening the obtained winding by piessing from the side

~direction. When the stacking is carried out, it is done with the positive electrode 10 and

the negative electrode 20 shifted somewhat in the width direction so a positive electrode

mixture layer-free region (i.e., a reginn.where the positive electrode current collector 12

-lacking the positive electrode mixture layer 14 is exposed) 13 on the positive electrode 10

and a negative electrode mixture layer-free region (i.e., a region where the negative

-electrode current collector 22 lacking the negative electrode mixture layer 24 is exposed)
23 on the negative electrode 20 extend, respectively, from the two sides, considered in the
" width direction, of the separator sheets 40A, 40B. As a result, and as shown in FIG. 2, the

“electrode mixture layer-free regions 13, 23 on the positive electrode 10 and the negative

electrode 20 then each extend to the outside, considered in the direction transverse to the

winding direction of the wound electrode assembly 80, from the wound core région ‘(i.e.,‘

.the region where the positive electrode mixture layer 14 of the positive electrode 10, the

negative electrode mixture layer 24 of the negative electrode 20, and the two separator

sheets 40A, 40B are densely wound). As described below, .a positive electrode current
collector plate 74, which is ’electrically conn'ectnd to a positive electrode terminal 70 (for
example, of aluminum), is‘ joined to this positive electrode mixture layer-free region 13,
thereby electrically connecting the positive electrode terminal 70 to the positive electrode
10 of the flattened wound electrode assembly 80. Similarly, a negative electrode current
collecfor plate 76, which is electrically connected to a negative electrode terminal 72 (for

iexample, of nickel), is joined to the negative electrode mixture layer-free region 23,

‘thereby electrically connecting the negative electrode terminal 72 to the negative electrode

20. The positive and negative electrode current collector plates 74, 76 can be joined,

respectively, to the positive and negative electrode current collectors 12, 22 by, for
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example, ultrasonic welding, resistance welding, and so forth.
<< The housing step - >> |

[0057] The housing step S50 is described in the following. In this embodiment,
the following are housed. in a battery case: the electr_ode assembly fabricated in the
electrode _assembly fabrication step S40 described above and a nonaqueous electrolyte
containing a gas generator capable of a gas-generating de'composition when a prescribed
battery voltage is exceeded. |

[0058] As shown in FIG. 1 and FIG. 2, the battery case (outer container) 50 in this

A embodiment i1s a metal battery case (for example, of aluminum a resin or laminate film

construction is -also suitable) ‘and is provrded with a ﬂat rectangular (rectangular
parallelepiped) battery case main body 52 that has a bottom and is open at its upper end
and with a lid 54 that closes this opening. The upper side of the battery case 50 (i.e., the
lid 54) is provided with a positive electrode terminal 70 that electrically connects to the
positive - electrode sheet 10 of the wound electrode assembly 80 and with a negative
electrode terminal 72 that electrically connects with the negative electrode eheet 20 of this

electrode assembly 80. ln addition, in the same fashion as for the battery case of a -

conventional lithlum ion secondary battery (sealed nonaqueous electrolyte secondary

battery), the lid 54 is prov1ded with a safety valve 55 for dlscharging gas generated within
the battery case to outside the case. This safety valve 55 is typically set to open at or
above the pressure that operates a current interrupt device 30.  Also formed in the lid 54 1s
an injection port (not shown) for injecting the nonaqueous electrolyte, infra, into the
wound electrode assembly 80 housed in the battery case main body 52. The inj ection port
is sealed with a plug after the nonaqueous electrolyte has been injected. |

[0059]' | -A‘,current interrupt device 30 that operates when the pressure yvithin the
battery case 50 becomes equal to or than a predetermined pressure is disposed in the

interior of the 'battery case 50. This current interrupt device 30 should be structured to

- break a conduction pathway (for example, the charging pathway) to the electrode assembly

80 from at least one of the electrode terminals when the internal pressure in the battery -

case 50 rises, but is not limited to a particular configuration. In the embodiment shown in |
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FIG. 2, the current interrupt device 30 is placed between the positive electrode terminal 70
that is fixed in the lid 54 and the electrode asserhbly 80 and is constructed to break the
conduction pathway to the electrode assembly 80 from the positive electrode terminal 70
when the internal pressure in the battery case 50 rises.

[0060] More specifically, this current interrupt device 30 can contain, for example,
a ﬁrSt'memb’er 32 and a second member 34. In addition, it is structured such that, when
the internal pressure in the battery case SO‘rises, the first member 32 and/or the second
member 34 undergoes deforrﬁation and the aforementioned conduction pafhway is broken
by a separation from the other member; vIn. the embodiment shewn in FIG. 2, the first

.member 32 is a metal deformatlon plate and the second member 34 is a metal connectlon

~ plate that joins to the metal deformation plate 32. The metal deformation plate (first .

member) 32 has an arch shape in which the central regioh is curved downward, while at its
edge region it is connected through a current collector lead terminai 35 to the bottom ef the
positive electrode terminal 70. In addition, the tip of a curved portion 33 of the metal
deformation plate 32 i‘s joined to the upper side of ‘ghe metal connection plate 34. The
positive electrode.current collector plate 74 is joined to the lower surface (back side) of the
metal connection plate ‘34, and this positive electrode current collector plate 74 is

connected to the positive electrode 10 (positive electrode current collector 12) of 'the

. electrode assembly 80. A conduction pathway is formed in this manner from the positive

electrode terminal 70 to the electrode assembly 80.

[0061] The current interrupt device 30 is also provided with an insulating case 38
formed of, for example, a plastic. This insulating case 38 is disposed so as to enclose the
metal deformatlon plate 32 and to thereby provide a gastight enclosure of the upper surface
of the metal deformatlon plate 32. The inner pressure of the battery case 50 does not act |

on this gastight-enclosed upper surface of the curved portion 33. The insulating case 38

~ also has an opening that is traversed by the curved portion 33 of the metal deformation
- plate 32, and the lower surface of the curved portion 33 is exposed from this opening to the

‘interior of the battery case 50. The interior pressure in the battery case 50 acts on this

lower surface of the curved portion 33 that 1s exposed to the interior of the battery case 50.
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In the thuéfy structured current interrupt device 30, when the internal pressure in the
battery case 50 rises, this internal pressure acts on the lower surface of the curved portion
33 of the metal deformation plafe 32 and the curved portion 33, which is curved downward,
is pressed upward. This upward pressing on fhfc curved portion 33 increases as - the
internal pressure in the battery case 50 rises. In addition, when the internal pressure in the

battery case 50 exceeds a set pressure, the curved portion 33 is deflected perpendicularly

backward and is deformed by bending upward.' The connection point 36 between the

metai deformation plate 32 and the metal connection plate 34 is broken by this deformation
of the curved portion 33.. The conduction pathway frofn the positive. electrode terminal
70 to the electrode assembly 80 is broken as a result and the overcharging cﬁrrent is then
shut off. | | |

10062] The current interru_i)t device 30 is not limited to'. the positive’ electrode
terminal 70 side and may Be dispbsed on the negative electrode terminal 72 side. In. :
additioh, the current interrupt device 30 is not limited to a mechanical ‘interrupti()n
associated with the deformation of the metal deformatidn plate 32 as described above, and,
for example, the internal pressure in the baﬁery case 50 can be detected by a sensor and the
current’ inteﬁupt device can take the form of an external circuit that will interrupt the
charging current when the internal pressure detected by this sensor exceeds a 'set pressure.

[0063] The nonaqueous electrolyte here can be a singllé nonaqueous electrolyte or
two or more nonaquéous eiectrélytes selected without particular limitation from the same
nonaqueous electrolytes aé used in conventional lithium ion secondary batteries (sealed
nonaqueous electrolyte seéondary ‘batteries).  The electrolyte here typically has a
éomposition' that contains a suﬁporting electrolyte (typically a ljthium salt) in a'éu_itable
nonaqueous solvent. |

[0064] An aprotic solvent such aé, for eXample,‘a carbonaté, ester, ether, nitrile, '
sulfone, or .llactone, can be used as this nonaqueous solvent (organic solvent). Examples
are ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimefhyl
carbonate ‘ (DMC), ethyl methyl carbonate (EMC), 1,2-dimethoxyethane,

1,2-diethoxyethane, tétrahydrofuran, 2-methyltetrahydrofuran, diokane, | 1,3-dioxolane,
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diethylene -glycol, dimethyl ether, ethylene glycol, diethyl ether, acetonitrile, propionitrile,
nitromethane, N,N-dimethylformamide,v dimethyl sulfoxide, sulfolane, and y-butyrolactone.
Only a single one of these nonaqueous solvents may be used by itself or two or more may
be used in combination.

[0065] The conrentional various materials capable of functioning as supporting
electrolytes in lithium ion secondary batteries (sealed nonadueous electrolyte secondary
batteries) can be used as the supporting electrolyte. For example, a single selection or
two or ‘more‘ selections from various lithium salts, e.g., LiPF¢, LiBF4, LiClOs, |
LiN(802CF3)2, Lil\l(SOngFs)z, LiCF3S0s, LiC4FsSO3, LiC(802CF3)3, and LiClOy, can be
used. Among these, the use of LiPFs is preferred. The concentration of the supporting |
electrolyte is not particularly limited; however, the amount of charge carrier (typically the
lithium ion) present in the‘ 'electrolyte will be deficient when this concentration is very low . ‘
Therefore, the ionic conductivity will tend to decline. When this concentration is very
high, the electrolyte will have a high v1sc051ty in the temperature range at and below room |
temperature (for example 0°C to 30°C) and the ionic conductivity will tend to decline.

As a consequence, the concentration of the supporting electrolyte is preferably from at

least 0.1 mol/L to not more than 2 mol/L (preferably from at least 0.8 mol/L to not more

than 1.5 mol/L).

[0066] The gas generator can be one or two or more selections, without part1cular
limitation, from among compounds that are capable of undergorng a gas-generating
decomposrtron when a prescrlbed battery voltage is exceeded (i.e., compounds that have an
oxidation potential at least as high as the operating voltage of the lithium ion seco.ndary
hattery (sealed Enonaqueous electrolyte secondary battery) and that undergo a
gas-generating decompos1t10n when the battery enters an overcharged state) and that are
used for this same service. Spec1ﬁc examples are aromat1c compounds such as b1phenyl

compounds, alkylbiphenyl -compounds, cycloalkylbenzene compounds, alkylbenzene

- compounds, organophesphorus compounds, fluorine-substituted aromatic compoUnds,

carbonate compounds, cyclic carbamate compounds, and alicyclic hydrocarbons. These

compounds can be more specifically exemplified (with the oxidation potential (vs. L1/L1 )



10

15

20

25

WO 2014/064499 PCT/1IB2013/002300

28

of the - compound) by biphgnyl (4.5 V), cyclohexylbenzene (4.6 V),
1-fluoro-2-cyclohexylbenzene (4.8 V), ‘1-fluoro-3-cyclohexylbenzene - (4.8 V),
1-fluoro-4-cyclohexylbenzene (4.8 V), 1-bromo-4-cyclohexylbenzene (4.8 V),
trans-butylcyclohexylbenzene (4.6 V), cyclopentylbenzene, tert-but&lbenzene 4.9 V),
tert-pentylbenzene = (4.8 V), 1-fluoro-4-tert-butylbenzene (4.9 V),
1-chlor0-4-tert-butylbenzene (49 V), l-bromo-4-tert-butylbenzene (4.9 V),
1-fluoro-4-tert-pentylbenzene (4.8 V), 1-chl0ro-4-tert-penfylbenzene 4.8 V),
1-bromo-4-tert-pentylbenzene (4.8 V), tert-aminobenzene, terphenyl, 2-/ﬂuor.obiphenyl,
3-ﬂu0r6biphenyl, 4-fluorobiphenyl, 4,4'-difluorobiphenyl, o-cy_clohexylﬂuorob‘enzené,
p—cyclohexylﬂuofobenzene, tris(t-butylphenyl) phos_phate‘ (4.8 V), phenyl fluoride (4.9 V),
;l—ﬂuorophenyl aéetaté (4.7 V.), diphenyl carbonate 49 V), methyl_phenyl carbonate (4.8
V), bis-tertiary-butylphenyl carbonate (4.7 V), dipheny! ether, and dibenzofuran. Among
the preceding, the use is preferred of cyclohexylbénzene and biphenyl.

- [0067] The amount of addition of the gas generator is not particularly lilﬁited;
however, when this amount of addition is very low, little gas will be generated 'Vd‘uring
overcharging and the 'cun‘\ent interrupt device may not operafe properly. When added in a
substantial excess in order to focus on reliability, the battery performanpe may be reduced.
Accordin'gly, the amount of 'gaé generator addition, expressed with reference to 100 mass%
for the nonaqueous electrolyte, is preferably from at leaét 0.1 mass% (typi_cally at least 0.5
mass%, for example, at least 1 masS%) to not more than 10 mass% (typically not more
than 5 mass%, for example, not more than 4 mass%, preferably not more than 3 mass%,
‘and more preferably not more than 2 fnass%). Bringing the amount of ga.s generator
addition into this range makes it possible to have a high reliability co-exiét in balance with
an excellent‘bat-tery performance. When cyclohexylbenzene and biphenyl are used as the
gas generator, the ratio A/B is preférably 1 to 4 (for example, A/B = 3) where A is the
ambunt of addition [mass%] of the cycl’ohexylbenzene with reference to the nonaqueoué
electrolyte and B is the amount of additiﬁn [mass%] of the biphenyl with reference to the

nonaqueous electrolyte. When A/B is in this range, when the pressure in the battery case

- rises the current interrupt device can then operate very rapidly due to the excellent gas
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generation based on the decomposition of the cyclohexylbenzene and biphenyl.

[0068] 'A.s shown in FIG. 2, a lithium iot1 secondary battery (sealed nonaqueous
electrolyte secondary ’battery). 100 can be fabricated by housing the wound electrode
assembly 80 fabricated in the previously described electrode assembly fabncatlon step S40
in a battery case 50 along with a nonaqueous electrolyte that contains a gas generator
capable of a gas-generating decomposition when a prescribed battery vo’ltage‘is exceeded
and by carrying out a prescﬁbed charge/discharge treatment -

[0069] " The lithium ion secondary battery 100 accordlng to this embodlment is
pro.v1ded as shown in FIG. 2, with a wound electrode assembly 80 havmg a positive
electrode sheet le and a negative electrode sheet 20, a nonaqueous electrolyte, and a
battery case 50 that houees the wound electrode assembly 80 and the nonaqaeoas

electrolyte. The nonaqueous electrolyte in this embodiment contains a gas generator that

“can undergo a gas-generating decomposition when a preseribed battery voltage is exceeded,

and the battery case 50 is provided with a current interrupt device 30 that operates when

the pressure in the battery case 50 rises accompanying the gas generation. As shown in
FIG. 4, the positive electrode sheet 10 is provided with a positive electrode current
collector 12 and a positive electrode mixture layer 14 formed on the positive electrode
current-collector 12. The positive electrode mixture layer 14 contains at least a positive

electrode active material 16 having a complex oxide containing at'least nickel, cobalt, and

- manganese as transition metal elements and, as conductlve agents, electroconductlve

carbon particles 18 and expanded graphite 17 havmg an average pore diameter of 0.2 pm
to 0.5 um. Thus, while the lithium ion secondary battery 100 accordlng to this
embodiment uses a positive electrode active material 16 that has a relatively low
electroconductivity, due to the incorporation of the eleetroconducti‘ve carbon particles 18
and the expanded graphite 17 with an_average pore diameter of 0.2 prrt to 05 pm as

conductive agents, a reduction in the resistance of the positive electrode sheet can bé

 realized and at the same time numerous pores having relatively large pore diameters (fof

example, 0.5 pm to 1 pm) can be formed in the positive electrode mixture layer 14 of the

positive. electrode sheet 10. As-a consequence, the lithium ion secondary battery
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according to this embodiment realizes a reduction in the battgry resistance and at the same
time provides a high reliability in terms of ensuring the generation of an adequate amount
of gas during a pressure rise within the battery case 50.

[0070] FIG. 6 shows an ex>ample of a b‘_attery pack 200 in which lithium ion
secondary batteries (single cells) 100 are connected in series and/or parallel. .The lithtum
ion secondary battery (single cell) 100 is a lithium ion secondary battery that realizes a.
redu.ced battery resistance and a high reliability )in terms of ensuring the generation of an
adequate amount of gas during a pfessure rise within the battery case. As a consequence,

for a battery pack in which a plurality of these single cells are interconnected (typically in

~ series), the battery performance is excellent (low battery resistance) and the current

interfupt device in.each battery case can undergo very rapid operation upon a pressure rise
therein in the event of a variation in the SOC anibng the inaividual single cells. In the
battery pack 200 in the configuration shown in FIG. 6, a plﬁralify (typically at least 10 and
preferably appr_oximately 40 to 80) of the sealed nonaqueous electrolyte sécondary _
batteries (single cells) 100 are arrayed in a direction ivn which the wide sides of the battery
cases 50 face each other (stacking direction), while being reve.rsed from one to another
such that their respective positive electfode terminals 70 and*negati\}e electrode terminals
72 alternate. Cooling plates 110 with a prescribed shape are sandwiched between the
thusly arrayed single cells 100. These cooling plates 110 function as heat-radiating
members in order ‘to efficiently diffuse the heat generated within the individual single cellé
100 during use and preferably have a shape that enables the introduction of a cooling fluid
(typically air) between the single cells 100 (for example, a shapé in which a blurality of -
parallel ‘grooves are disposed in the surface of a rectangular cooling platé aﬁd run
perpendicularly from one edge thereof to .the opposite edge). The cboling plate is
advantageously made of a metal Having an excéllent thermal conductivity or a light, hard
synthetic resin such as polypropylene and so forth. - | | |

[0071] A pair of end plates (retaining plates) 120 are disposed at the two ends 0f
the thusly arrayed single cells 100 and cooling plates 110. In addition, one or a plurality

of sheet-shaped spacer members 150 may be sandwiched as length adjustment means



10

15

20

25

WO 2014/064499 PCT/1IB2013/002300

31
between the cooling plates 110 and the end plates 120. The thusly arrayed single cells
100, cooling plates 110, and spacer members 150 are retained by the application of a

prescribed retaining pressure in the stackihg direction by a tightening retaining band 130

- that is installed to run between the two end plates. More particularly, the single cells and

so forth are retained by the application of a prescribed retaining pressure in their array
direction by fastening and fixing the end of the retaining Band 130 to the end plate 120
using a screW 155. This also functions to apply the retaining pressure to the wound
electrode assembly 80 housed within the battery case 50A of each single cell 100. In
addiﬁon, the positive eléctrode terminal 70 of one single cell 100 is electrically connected
by a connection member (a bus bar) 140 to the négative electrode terminal 72 of another
adjacent single cell 100. A bkattery pack 200 having a desired Voitage is constructed by
this serial interconnection of the individual single cells 100.

[0072] Examples of the invention are described in the foHowing, but this should

not be construed to imply that the invention is limited to what is shown in these examples.

“[Lithium ion secondary battery (sealed nonaqueous electrolyte secondary battery)

fabrication]
< Example 1 >

[0073] LiNi;5Co13Mn; 30, as the positive electrode active material, AB with an

* average particle diameter (average secondary particle diameter) of 0.2 um as a conductive

lagent, an expanded graphite A having an average pore diameter of 0.21 pum as a conductive
agent, and PVDF as the binder were weighed out to provide a mass ratio thereamong of

91 : 3 : 3 : 3, and these materials were then dispersed in NMP to preparé a paste-form

‘positive electrode composition according to Example 1. This composition was coated on

the surface of a 15 um-thick positive electrode current collector (aluminum foil). This
was followed by drying the composition for 6 hours in a vacuum at 120°C and a rolling

treatment using a roll press machine to produce a positive electrode sheet having a positive

- electrode mixture layer with a mixture density: of 2.8 g/em® formed on the positive

electrode current collector. The composition was applied at a rate of 30 mg/cm®. The

length of the positive electrode sheet in its long direction was 300 cm_énd it had a width of
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9.5 cm. The expanded graphite A was a graphite (expanded graphite) provided by
expanding "KS-15" (trade name) graphite from TIMCAL Lirhited by subjecting it to a
sulfuric acid t.reatment‘ and then a heat treafment at 800°C. '

[0074] The pore diameter distribution between 0.01 um and 10 um in the positive
electrode mixture layer acclording to Example 1 Was measured by m'er_cury porosimetry
using a mercury porosimeter (Autopore IVQSOO from Shimadzu Corporation), and the
highest frequency pore diameter therein was determined to give the peak pore diameter of -
the positive electrode mixture layer. The peak.pore diameter of the positive electrode -
mixture layer according to Example ‘1 was 0.55 pm. /

[0075] Then, graphite as the negative electrod¢ active material, SBR as a binder, -
and CMC as a thickener were weighed hut to provide a massréti'o thereamong of 98 : 1 : 1,

and these materials were then dispersed in water to prepare a paste-form composition for

. forming a negative electrode mixture layer. This composition was coated on the surface

ofal0 pm-thfck negative electrode current collector (éhpper foil). This was followed by
drying the composition for 6 hours in.a vacuum at 120°C and a rolling treatment using a |
roll press machine to produce a negativé electrode sheet having a hegative eléctrode
mixture layer with a mixture density of 1.4 g/em’ formed on the negative electrode current
collector. The coating quantity for this composition was adjﬁsted to pr(;vide. a ratio -

between the theoretical capacity of the positive electrode and the theoretical capacity of the

-negative electrode of 1 (positive electrode) : 1.4 (negative electrode). - The length of the

negative electrode sheet in its long direction was 320 ¢cm, and its width was 10.5 cm.
[0076] . A wound electrode” assembly was fabricated by winding the thusly
fabricated poéitive electrode sheet and vnegative electrode sheet with two prepared

separator sheets (20 pm-thick microporous polyethylene resin sheets) interposed

therebetween. This electrode assembly was housed in a rectangular battery case; a

pressure-actuated current interrupt device was disposed in proximity to the opening in the
battery case; and closure was effected by welding. A nonaqueous electrolyte was injected
through an injection port in the battery case; an aluminum plate was then placed over the

injection ‘port; and joining was performed by laser welding to fabricate a lithium ion
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secondary | battery according to Example 1. . The nonaqueous electrolyte was a
nonaqueous electrolyte prepared by dissolving LiPFs as the suppbrting electrolyte at a
concentration of 1.0 mol/L in a mixed solvent containing EC and DEC at an EC : DEC =
3 : 7 volumetric ratio and additionally incomoratiné therein cyclohexylbpnzene (CHB) asa .

gaé generator in a ‘proportion' of .3 mass% and biphéhyl (BP) as a gas generator in a

~ proportion of 1 mass%.

< Example 2 > _

[0077] The lithium ion secondary battery according tol Example 2 was fabricated
proqe'eding as in Example 1, with the exception that, after the positive electrode
composition according to Example 1 had been coated on lthe surface of the positive
electrode current collector, a magnetic field was applied to thé coated bositive electrode
compo-sition-, in the direction orthogonal to the surface of the positive electrode current
collector. The strength of the magnetic field was 0.7 T and the magnetic field was appliéd
for 3 _secOnds. The positive electrode mixture layer accordihg to Example 2 'had a‘peak
pofe diarﬁeter of 0.58 pm. - | |
< Example 3 >

'[0078] LiNi1,5C015Mn;30,, AB with ‘an avérage particle diameter (average

- secondary particle diameter) of 0.2 um, expanded graphite A having an average pore

‘diameter of ’0.21.-um, and PVDF were weighed"out to provide a mass ratio thereamong of

91 :2:3 :3, and these materials were then dispersed in NMP to prepare a paste-form

positive electrode éomposition according to Example 3. The lithium ion secondary

battery accbrding to Example 3 was fabricated proceeding as in Example 1, but using the

composition accérding to Example 3. The positive electrode mixture layer éccording to
Examplle 3 ﬁad a peak pore diameter 0of 0.71 pm. |
[0079] < Example 4> |
‘The lithium ion secondary battery accqrding to Example 4 was fabricated pcheeding
as in Example 2, but coating the surface of the positive eléctfode current collector with the
positive electrod,e\ coniposition according to Example 3. The positive electrode mixture

1ayer according' to Example 4 had a peak pore diameter of 0.7 pm.
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< Example 5 >

[0080] LiNi;3CoisMn;50,, AB with an average particle diameter (average
secoﬁdary particlé diameter) of 0.2 um, an expanded graphit.e B'having an average pore
diameter of 0.35 pum, and PVDF were weighed out to provide a mass ratio thereamong of -
91:2:3 :.3, and these mate‘rieils were then dispersed in NMP. to preparé a paste-form
positive electrode composition according to Example 5. The lithium ion secondary
battery according to Example 5 was fabricated proceeding as in Example 1, but using the
.composition according to Example 5. The expanded graphite B was a graphite (expanded
graphite)_ provided By expanding "KS-1 5"' (trade name) graphite from TIMCAL Limited by
subjécting it to a sulfuric acid treatment and 'then'a/‘heat treatment at 1200°C. The
positive electrode mixture layer according to Example 5 had a peak pore diameter df 0.92
pm.
< Example 6>

[0081] Thé lithium ion secondary battery according to Example 6 was fabricated
proceeding as'in Example 2, but coating the surface of the positive electrode current
collector with the positive electrodé composition aécording to Example 5. The positive
electrode mixture layef accordipg to Example 6 had a peak pore diameter of 0.96 pm.
< Exaﬁple 7> | ‘ |

- [0082] LiNi;3Co13Mn;30,, AB with an average particle diameter (average

sé‘condary parﬁcle diameter) of 0.2 um, an expancied graphite C having an average pore
diameter of 0.52.:um,7 and PVDF were weighed out to provide a mass ratio thereamong of
91 : 3 : 3 : 3, and these materials were then dispersed in NMP to prepare a paste-form
positive electrode composition' according to E‘xample 7. The lit.hiur_n ion secondary
battery according té Example 7 was fabricated proceeding as in,Example 1, but using the
composition accordihg to Example 7. The expanded graphite C was a graphite (expande‘d‘
graphité) provided By expanding "KS-15" (tréde name) graphite from TIMCAL Limited by |
subjecting it ;to a sulfuric acid treatment and then a heat treatment at 2000°C. The -
positive electrode mixture layer according to Example 7 héd a peak pore diamefer of 0.64

pm.
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[0083] < Example 8 >
LiNi1/3C01/3Mn1/302, AB with an average particle diametér (average secondary

particle diameter) of 0.2 um, a graphite D having an average particle diameter of 8§ pum

~ (trade name: "KS-15", from TIMCAL Limited) as a conductive agent, and PVDF were

weighed out to provide a mass ratid thereamong of 91 : 3 : 3 : 3, and these materials were
then\dispersed in NMP to prepare a paste-form positive electrode composition according to
Example 8>. The lithium ion secondary battery accérding to Example 8 was fabricated
proceeding as in Exémple 1, but uSing the composition according to Exar.nple(& The |
positive electrode mixture layer according to Example 8 had a peak pore diameter of 0.52
pm. | | |
< Example 9 > .

[0084]  LiNi;;5Co13Mn;30,, AB .. With an average partig:ie “diameter (average

secondary particle diameter) of 0.2 um, a graphite E having an average particle diameter of

4 pm (trade name: "KS-6", from TIMCAL Limited) as a conductive agent, and PVDF

were weighed out to provide a mass ratio thereamong of 91 : 3 : 3 : 3, and these materials
were then dispersed iﬁ NMP to pfepare a paste-form positive electrode composition
according to Example 9. The lithium ion secondary battery according to Example 9 was
fabricated proceeding as in Example 1, but using the composition according to Example 9.
The positive el_ectrdde mixture layer according to Example 9 had a peak pbre diameter of
0.24 pm. |
< Example 10 >

[0085] LiNi;3C0;sMn;30,, AB with an average particle diameter (average

, secondary_paﬁicle diameter) of 0.2 um, a graphite E having an average particle diameter of

4 um (tradé name: "KS-6"., from TIMCAL Limited) as a conductive agent, and PVDF

were weighed out to provide a mass ratio thereamohg of 91 : 2 : 3 : 3, and these materials

were then dispersed in NMP to prepare a paste-form positive electrode composition
according to Example 10. - The lithium ion secondary battery according to Example 10
was fabricated proceeding as in Exarhple 1, but using the composition accordihg to

Example 10. The positive electrode mixture layer according to Example 10 had ‘a peak
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fabricated as described above are shown in Table 1.

PCT/1IB2013/002300

+ pore diameter of 0.24 um. The characteristics of the lithium ion secondary batteries

[Measurement of the battery IV resistance]

~Table 1.
peak pore
tof average pore licati tdhlameu.etr.:/n'
1 :}gn O(lilg.t.o type of diameter in apfp tea 10? -(; p (t)SI(i ¢
example a (1) ion graphite the graphite of magne electrode
[mass%] field? mixture
[1m] layer
[um]
i expanded
Example 1 3 araphite A 0.21 no 0.55
expanded '
Example 2 3 graphite A 0.21. yes 0.58
' expanded
Example 3 2 araphite A 0.21 | no 0.71
‘ expanded '
Example4 2 graphite A 0.21 yes 0.7
, _ ' expanded L ,
Example 5 2 graphite B ,0'35 ‘ no 0.92
expanded v
Example 6 2 ' graphite B .0.3‘5 yes 0.96
:  expanded
Example 7 3 graphite C 0.52 no 0.64
Example 8 3 graphite D — no 0.52
Example 9 3 graphite E = no 0.24
Example 10 2 graphite E - no 0.38

[0086] The battery IV resistance was measured on the chium ion _secondary
batteries according to Examples 1 to 10 fabricated as descrjbed in the preceding. Thus,
each battery was adjusted to a 20% SOC by carrying out CC discharge (constant-current
discharge) - at " a 'discharge ratte of 1 C (1 A) and by CC-CV charging -
(constanf—cufrent/éonstant-voltage charging) at a charging fate of 1 C. Then, diécharge
was carried out for 10 seconds at a 10 C discharge rate (amount of current X) at a

temperature of 25°C, and the battery IV resistance [mQ] was calculated from the Voltage

drop AV at 10 seconds after the start of the discharge (that is, battery IV resistance =
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voltage drop AV/amount of current X). The results of these measurements are given in

Table 2 and FIG. 8. Here, "1 C" denotes the amount of current at whi_ch the battery

capacity' (Ah) predicted from the theoretical capacity of the positive electrode can be

discharged in 1 hour.
[Overcharge testing (measurement of the amount of gas generation)]

[0087]  An appropriate conditioning treatment was performed ata temperature of

25°C on the lithium ion secondary batteries fabricated according to Examples 1 to 10 (1n

this case, an initial charge/discharge treatment was run by performing the following twice:
a process of constant-current charging to 41V at a 0.3 C charging rate, a process of
constant-current drschargrng t0 3.0 V at a 0.3 C d1scharge rate). Each of the thusly

conditioned 11th1um ion secondary batteries was then adjusted to a fully charged state of

- 100% SOC by CC-CV charging atalC chargmg rate. The battery volume was measured

by an Arch1medean procedure for each of these fully charged lithium ion secondary

,batterres. After this, each of these lithium ion secondary batteries was constant-current

charged at 60°C from the fully charged state to an overcharged state (state with an SOC of
l45% in this example) at a 0. 5 C rate and the battery volume was re- measured by the
Archimedean procedure. The volume (B (cm )) of the battery when fully charged was
subtracted from the volume (A cm %)) of the battery after overcharging to calculate the
amount of gas generation (A-B (cm’)) when overcharged. The results (A-B (cm3/Ah))
provided by d1v1d1ng this value by the battery capacrty (Ah) are shown in Table 2 and FIG
9. An Arch1medean procedure is a procedure-in which the volume of a measurement
target is determined by immersing the measurement target (a rectangular battery in this

example) in a fluid (for example, distilled water or an alcohol) and measuring the buoyant

force acting on the measurement target. FIG. 10 shows the relationship between the

amount of gas generation [cm3/Ah] at 60°C and the peak pore diameter [um] of the

positive electrode mixture layer.
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Table 2.
application of battery IV resistance amou'nt of gas
example magnetic field? (MmO generatlcgn at 60°C
, [cm’/Ah]
Example I no 543 35
Example 2 . yes o 52.4 ' 37
Example 3 no : 55.6 -39
Example 4 . yes ‘ o 54.8 43
Example 5 no , - 521 42
Example 6 yes ‘ 50.3 46
Example 7 "no 61.1 38
- Example 8 no ' 634 32
Example 9 no '. 60.3 : 18
Example 10 no 65.8 29

[0088]  As shown in FIG. 10, the amount of gas generation at 60°C was observed
to exhibit a stable increase in the region where the peak pore diameter of the positive
electrode mixture layer exceeded 0.5 um. However, as shown in Table 1, Table 2, and

FIG. 8, the battery IV resistance was observed to undergo a large increase in the lithium ion

- secondary Battery according to Example 7, which had a peak pore diameter for the positive

electrode mixture layer in excess of 0.5 um but also an average poré diameter for the

expanded graphite in the positive electrode mixture layer in excess of 0.5 nm, and for the
lithium ion secondary batteries according to Examples 8 to 10, which contained an
ordinary graphite in the poéitive electrode mixture layer. Based on this, it was determined
that there is an optimal average pore diameter (0.2 ‘um to 0.5 pm) for the expanded
graphite in the positive electrode mixture layer in order to reduce the battéry IV resistance
and ensure a satisfactory amount of gas generation. It was further determined that a -
reduction in the amount of AB contained in the positive electrode mixture layer, while
resulting in some increase (an Iapproximately 4% increase) in the béttery IV resistance, also
resulted in a lafge in_crease (an increase of about at least 10%) in the amount of gas
generation at 60°C due to an increase in the peak pore diameter in the positive electfode
mixture .le.lyer (refer to Examples 1 and 3 and Examples 2 arid 4). In addition, as shown in

Table 2, FIG. 8, and FIG. 9, the lithium ion secondary batteries according to Examples 2','4,




10

15

WO 2014/064499 PCT/1IB2013/002300

39
and 6, in which a magnetic field was applied after the positive electrode composition had

been coated on the surface of the positive electrode current collector, were confirmed to

- have a lower battery IV resistance and also an increased amount of gas generation at 60°C

in comparison to, respectively, the lithium ion secondary batteries according to Examples 1,
3, and 5, in which the magnetic field was not applied. ‘ |

[0089] While specific examples of the invention have been described in detail in
the preceding, these should be_consideréd as nothing more than illustrative in na'turel.

[0090] The sealed nonéqueous elect‘rolyte secbndary battery according to the
ernbbvédiment of the invention — because it realizes a reduced battery resistance and a high
reliability in terms of ensuriﬁg ‘the generation of an adequate' amount of gas during a
pressure rise within the battery case — ‘céﬁ be favorably used in particular as a drive power
source mounted in a vehicle, for example, an automobile. Accordingly, and as shown
schematically in FIG. 7, the embodi_meﬁt»of the invention provides a vehicle (typically an
automobile and particularly an automobile provided with an electric motor, sﬁch_as a
hybrid automobile, an electric automobile, or a fuel cell automobile) 1 equipped with this |

sealed nonaqueous electrolyte secondary b_attery‘ 100 (typically a battery pack 200 in which

“a plurality of these batteries 100 are connected in series) as a power source.
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'CLAIMS:

" 1. A sealed nonaqueous electrolyte secondary battery comprising:

an electrode assembly having a positive electrode and a negative electrode'

a nonaqueous electrolyte contalmng a gas generator that is decomposed to generate a
gas when a prescribed battery voltage is exceeded and

a battery case that houses the electrode assembly and the nonaqueous electrolyte and
that comprises a current interrupt device that operates when a pressure within the battery
case rises accompanying the gas generatlon ‘

wherein the positive electrode is prov1ded w1th a posmve electrode current collector
and a posmve electrode mixture layer containing at least a  positive electrode active
material and formed on tlle positive electrode cnrrent collectorj and . |

the positive elect’rode. mixture layer contains, as conductive agents, electroconductive.
carbon particles and an expanded graphite havi_ng'—an average pore diameter of 0.2 um to

0.5 pm.

2. The secondary battery according to claim 1, wherein the positive electrode active
material includes a complex oxide that contalns at least nickel, cobalt, and ‘manganese- as

transition metal elements.

3. The secondary battery according to claim 2, wherein a molar ratio between the

nickel and manganese in the c‘omplex oxide is eqnal to or smaller than 1.5.

4. The secondary battery according to any one of claims 1 to 3, wherein at least 50
mass% of the expanded graphite in the positive electrode mlxture layer is disposed in a
state in which an angle formed between the (002) plane of the. expanded graphite and a

surface of the positive electrode current collector is at least 60°. -

5. The secondary battery according to any one of claims 1 to 4, wherein an amount of ‘
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addition of the expanded graphite in the positive electrode mixture layer is larger than an

amount of addition of the carbon particles in the positive electrode mixture layer.

6. The secondary battery according to any one of claims 1 to 5, wherein the carbon

particles are an acetylene black having an average particle diameter of 0.1 um to 5 pm.

7. The secondary battery according to any one _of claims 1 to 6, wherein the gas
generator includes cyclohexylbenzene and biphenyl, and .a mass ratio between the
cyclohexylbenzene and the biphenyl is 1 to 4. |
o £

8. A method of producing a sealed nnnaqueous electrolyte secondary battery, the.
secondary battery including: an electrode assembly that includes a 'positive electrode
having a positive electrode mixture layer formed on a positive electrode current collector,
and a negative électrode having a negative electrode mixtlire layer f(irmed on a negative
electrode current collector, a nonaqueous‘ electrolyte, a battery case that houses the
electrode assembly and the nonaquedus electrolyte, and a current interrupt device that
’ operatés when a pressure within the battery case ‘rises, |

‘the method comprising:

preparing a paste-form composition for forming the positive electrode mixvture layer,
the composition containing at least a positive électrode active material, a conductive agent,
and a prescribed solvent, the conductive agent containing electroconductive carbon
particles and an expanded graphite having an average pore diameter of 0.2 um to 0.5 um;

-coating the prepared composition on a surface. of the ppsitive' electrode current
collector; | |

drying the coated composition to fabricate a positive electrode having the positive
electrode mixture- layer formed on the positive electrode current colléctor;

fabricating the electrocie assernbly having the fabricated positive electrode; and

housing,” within the battery case, the fabricated electrode assembly and the

nonaqueous electrolyte containing a gas generator that is decomposed to generate a gas
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when a prescribed battery voltage is exceeded.
9. The production method according to claim 8, wherein a complex oxide containing
at least nickel, cobalt, and manganese as transition metal elements is used as the positive

o

electrode active material.

10. The production method according to. claim 9‘,_wherein a molar ratio between the

nickel and manganese in the complex oxide is equal to or smaller than 1.5.

11. The production method according to any one of claims 8 to 10, further
‘ c.omprising:

prior to drying the coated composition, applying a magnetic .ﬁeld to the composition
coated on the surface of the poéitive electrode current collector, in a direction 6rth0g0nal to

the surface of the positive electrode current collector.

12. The production method according to any one of clajxhs 8 to 11, wherein the
composition is prepared to provide an amount of addition of the expanded graphite in the
composition that is larger than an amount of addition of the carbon particles in the

composition.

13. The production method according to any one of claims 8 to 12, wherein an
acetylene black having an average particle diameter of 0.1 um to 5 um is used for the

carbon particles.

14. A ‘battery paék as a vehicle drive poWer source formed | by electrically
interconnecting a plurality of single cells, éomprising: |

| thé sealed nonaqueous electrolyte Secondary battery according to anly one of claims 1

to 7 as the single cell, or a sealed nonaqueous electrolyte secondary battéry obtained by the

prodﬁct"ion method aCCOrding to any one of claims 8 to 13 as the single cell.

N
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