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FIG.DS

(57) Abstract: A nonaqueous electrolyte sec-
ondary battery includes a wound electrode body
housed in a battery case. The wound electrode
body is positioned to the battery case with a pos-
itioning member. Among a spatial volume ex-
cluding the wound electrode body in the battery
case, in a direction of a winding axis of the
wound electrode body, a spatial volume X on a
negative electrode side of the battery case is lar-
ger than a spatial volume Y on a positive elec-
trode side of the battery case. Here, the spatial
volume X and the spatial volume Y satisfy 2.1 <
(XY)<5.7.
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NONAQUEOUS ELECTROLYTE SECONDARY BATTERY AND PACK BATTERY

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The pr_esént invention relates to a nonaqueous electrolyte secondary
battery and a pack .battery. In the present specification, the “secondary battery”
generally means a battery that can be repeatedly used. The “nonaqueous electrolyte
secondary battery” means a secondary battery that uses a nonaqueous electrolyte made of
a nonaqueous solvent in which an electrolyte salt is dissolved. Further, a “lithium ion
secondary battery” that is one kind of the “nonaqueous electrolyte secondary battery”
means a secondary battery that makes use of a lithium ion as an electrolyte ion and
realizes charging and discharging by a movement of electric charges accompanying
lithium ions between a positive electrode and a hegative electrode. In general, a battery
called such as a “lithium secondary battery” can be contained in the lithium ion

secondary battery in the present specification.

2. Description of Related Art
[0002]  Japanese Patent Application Publication No. 2011-243527 (JP
2011-243527 A), for example, discloses a secondary battery in which a wounded

electrode body is housed in a battery case. JP 2011-243527 A proposes such that, in a

- width direction of a positive electrode sheet, a positive electrode current collector has a

distance A from an edge of a positive electrode active material layer on an uncoated side
to an inner wall of the battery case longer than a distance B from an edge of the positive
electrode active material layer on a side opposite to the uncoated side to an inner wall of
the battery case (A >B). Specifically, JP 2011-243527 A discloses a lithium ion
secondary battery in which the wound electrode body is slightly displaced toward the
negative electrode side with respect to the battery case and fixed. Thus, the distance A

described above can be secured longer. Further, on the positive electrode side of the
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battery case and thé wound electrode body of the lithium ion secondary battery propqsed
in JP 2011-243527 A, a degassing path is expanded and a gas discharged in gaps on the
positive electrode side can smoothly be discharged. From what was described above, it

is said that, at the end of overcharging, safeness when short-circuiting occurred can be

~ improved.

|
\
[0003] The secondary battery disclosed in JP 2011-243527 A proposes a mode

SUMMARY OF THE INVENTION

by which the safeness particularly to the short-circuiting at the end of the overcharging
can be improved. By contrast, the present invention provides a nonaqueous electrolyte
secondary battery and a pack battery that are suitable in a viewpoint that local heat

generation of the battery during overcharging can be suppressed to a small level and the

~ battery performance in applications where charging and discharging are repeated at a

high rate can be maintained at a high level.

[0004] = A nonaqueous electrolyte secondary battery according to a first aspect of
the present invention includes: a wound electrode body wound along one plane including
a winding axis; a battery case housing the wound e_lectrode body such that fhe winding
axis and a sidewall of the battery case intersect, a spatial volume eicluding the wound
electrode body in the battery case including a first spatial volume on a negative electrode
side of the battery case and a second spatial vblume on a positive electrode side of the
battery case, the first spatial volume being larger than the second spatial volume in a
direction of the winding axis of the wound electrode body, a first value being obtained by
dividing the first spatial volume by the second spatial volume, and the first value being
equal to or larger than 2..1 and equal to or smaller than 5.7; and a positioning member
positioned the wound electrode body to the battery case. According to such a
nonaqueous electrolyte secondary battery, in particular, the local heat generation during
ove'rcharging can be suppressed to a small level. Further, in applications where
charging and discharging are repeated at a high rate, an increase in a resistance of the

nonaqueous electrolyte secondary battery can be suppressed to a low level.
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[0005]  In the above aspect, the first spatial volume may be a spatial volume
between an end on an uncoated section side of a negative electrode sheet and a sidewall
of the battery case, and the second spatial volume may be a sf)atial volume between an
end on an uncoated section side of a positive electrode sheet and the sidewall of the
battery case. In the above aspect, the battery case may be a rectangular parallelepiped,
the wound electrode body may include a belt positive electrode sheet and a belt negative
electrode sheet, the belt positive electrode sheet and the belt negative electrode sheet are
superposed with a belt separator interposed between the belt positive electrode sheet and
the belt negative electrode sheet, and the wound electrode body being wound, the positive
electrode sheet may include a belt positive electrode current collector, a first uncoated
section disposed on the positive electrode current collector along‘an edge in a direction of
a winding axis of the positive electrode current collector, and a positive electrode active
material layer containing a positive electrode active material and held on both sides of the
positive electrode current collector excluding the first uncoated section, the negative
electrode sheet may include a belt negative electrode current collector having thermal
conductivity higher than that of the positive electrode current collector, a second
uncoated section disposed on the negative electrode curtent collector along an edge in a
direction of a winding axis of the negative electrode current collector, and a negative
electrode active material layer containing a negativé electrode active material and held on
both sides of the negative electrode current collector.excluding the second uncoated
section, a length of the negative electrode active material layer may be longer than a
length of the positive electrode active material layer in a direction of the winding axis,
and the posttive electrode sheet and the negative electrode sheet may be superposed
such that the positive electrode active material layer is covered with the negative
electrode active material layer and the first uncoated section and the second uncoated

section are positioned on opposite sides each other in a width direction of the winding

axis. Here, for example, the positive electrode current collector may be aluminum, and

the negative electrode current collector may be copper.
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[0006] In the aspect described above, a pack battery includes a plurality of
the nonaqueous electrolyte secondary batteries described above are assembled. Here,
the nonaqueous electrolyte secondary batteries are faced with surfaces having a larger
width of the battery case and superposed the surfaces. The adjacent wound electrode
bodies may be offset each other in the direction of the winding axis. In this case, the
nonaqueous electrolyte secondary batteries may be adjacently assembled, the nonaqueous
electrolyte secondary batteries may have an offset rate equal to or larger than 1.3 and
equal to or smaller than 6.0, the offset rate is defined with a width in the direction of the
winding axis of the wound electrode body and an amount of offset in the direction of the |
winding axis of the adjacent wound electrode bodies, and the offset rate being obtained '
by multiplying a second value, which is obtained by dividing the amount of offset by the
width, by 100. |

[0007]. A second aspect of the present invention includes a pack battery. The
pack battery includes a plurality of nonaqueous electrolyte secondary batteries
superposed and assembled, the nonaqueous electrolyte secondary batteries including a
rectangular parallelepiped battery case and a wound electrode body including a belt
positive electrode ' sheet énd a belt negative electrode sheet superposed with a belt
separator interposed between the belt positive electrode sheet and the belt negative
electrode sheet, the wound electrode body being wound along one plane surface
including a winding axis, the wound electrode body being housed in the battery case such
that the wiﬁding axis and a sidewall of the battery case intersect, the nonaqueous
electrolyte secondary batteries being faced surfaces having a larger width of the battery
case and being superposed, the nonaqueous electrolyte secondary batteries being offset
each other in a direction of the winding axis. The wound electrode body may be located

at a nearly center of the battery case.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] - Features, advantages, and technical and industrial significance of

exemplary embodiments of the invention will be described below with reference to the
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accompanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a partial cross-sectional view that shows a lithium ion secondary battery;

- FIG. 2 is a diagram that shows an electrode body incdrporated in the lithium ion

secondary battery;

FIG. 3 is a schematic view that shows a state of the lithium ion secondary battery
during discharging;

FIG. 4 is a schematic view that shows a state of the lithium ion secondary battery
during charging;

FIG. 5 is a partial cross-sectional view that shows a lithium ion secondary battery
proposed herein;

FIG. 6 is a perspective view of an evaluation cell;

FIG. 7 is a graph that shows an evaluation of the evaluation cell;

FIG.8isa perspective view that schematically shows a structure of a pack battery;

FIG. 9 is a schematic view of the pack battery;

FIG. 10 is a graph that shows evaluation of a pack battery for evaluaﬁon;

FIG. 11 is a schematic view that shows another form of the pack battery; and

FIG. 12 is a diagram that shows a vehicle on which the secondary battery (paék

battery) is mounted.

DETAILED DESCRIPTION OF EMBODIMENTS

[0009]  Hereinafter, a nonaqueous electrolyte secondary battery according to one
embodiment of the present invention will be described. The embodiment described
herein is not naturally intended to particularly limit the present invention. Fuﬁher, the
respective drawings are schematically depicted, and dimensional relationship (length,
width, thickness and so on) in the respeciive drawings does not reflect actual dimensional
felationship. Further, like numerals denote like members and sites and duplicated
description‘thereof will be omitted or simplified.

[0010]  Herein, as an example of a structure of a nonaqueous electrolyte

secondary battery that can be applied, a lithium ion secondary battery 10 is first described,
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and, after that, based thereon, a nonaqueous electrolyte secondary battery proposed here
will be described.

[0011])  FIG. 1 is a cross-sectional view that shows the lithium ion secondary
Battery 10. FIG. 2 is a diagram that shows an electrode body 40 incorporated in the
lithium ion secondary battery 10. The lithium ion secondary battery 10 showﬁ in FIG. 1
and FIG. 2 is only one example of lithium ion secondary batteries to which the present
invention can be applied and does not particularly limit the lithium ion secondary battery
to which the present invention can be applied.

[0012] The lithium ion secondary battery 10 includes, as shown in FIG. 1, a
battery case 20 and an electrode body 40 (a wound electrode body in FIG. 1).

[0013] The battery case 20 includes a case body 21 and a sealing plate 22. The
case body 21 has a box shape that has an opening section at one end. Herein, the case
body 21 has a bottomed rectangular parallélepiped shape in which one surface
corresponding to an upper surface in a usual use state of the lithium ion secondary battery
10 is opened. In the present embodiment, the case body 21 is provided with a
rectangular opening. The sealing plate 22 is a member that seals the opening of the case
body 21. . The sealing plate 22 is formed‘ in a roughly rectangular plate. By welding
such sealing plate 22 to a periphery of the opening of the case body 21, a nearly
hexahedron shaped battery case 20 is formed. |

[0014] As a material of the battery case 20, for example, a material that is
mainly formed with a metal material that is light and excellent in the thermal conductivity
can preferably be used.  As such metal materials, for example, aluminum, stainless steel,
nickel-plated steel and the like can be illustrated. The battery case 20 (case body 21 and
sealing plate 22) according to the present embodiment is formed with aluminum or an
alloy mainly made of aluminum.

[0015]  In an example shown in FIG. 1, a positive electrode terminal 23 (external
terminal) and a negative electrode terminal 24 (external terminal), which are used for use
in external connection are attached to the sealing plate 22. A safety valve 30 and a

liquid injection port 32 are formed in the sealing plate 22. The safety valve 30 is formed
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such that when an internal pressure of the battery case 20 rises to a level equal to or more

than a predetermined level, the internal pressure is released. The predetermined level is

~a set valve opening pressure of about 0.3 MPa to 1.0 MPa, for example. Further, in FIG.

1, a state in which after an electrolytic solutioh is injected in the battery case 20, the
liquid injection port 32 is sealed with a sealing member 33 is illustrated. In such battery
case 20, the electrode body 40 is housed.

[0016]  The electrode body 40 includes, as shown in FIG 2, a belt positive
electrode (positive electrode sheet 50), a belt negative electrode (negative eléctrode sheet
60), and belt separators (separators 72 and 74).

[0017] The positive electrode sheet 50 includes a belt positive electrode current
collector foil 51 and a positive electrode active material layer 53. A metal foil suitable
for a positive electrode can preferably be used as the positive electrode current collector
foil 51. For example, a belt aluminum foil having a predetermined width and a
thickness of about 15 um can be used in the positive electrode current collector foil 51.
An uncoated section 52 is disposed along an edge on one side in a width direction of the
positive electrode current collector foil 51. In an illustrated example, the positive
electrode active material layer 53 is formed on both sides of the positive electrode current
collector foil 51 excluding the_ uncoated section 52 disposed on the positive electrode
current collector foil 51. Here, the positive electrode active material layer 53 is held By
the positive electrode current colleétor foil 51 and contains at least a positive electrode
active material. In the present embodiment, the positive electrode active material layer
53 is formed by coating a positive electrode mixture containing a positive electrode
active material on the positive electrode current collector foil 51.  Further, the “uncoated
section 52” means a site in which the positive electrode active material layer 53 is not
held (coated, formed) on the positive electrode current collector foil 51.

[0018]  As the positive electrode active‘material, one or two or more kinds of
substances that have been used in the lithium ion batteries can be used without particular
restriction. As preferable examples, oxides that contain lithium and a transition metal

element as constituent metal elements (lithium transition metal oxides) such as lithium
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nickel oxide (LiNiO,, for example), lithtum cobalt oxide (LiCoO,, for example), and

.lithium manganese oxide (LiMn,O4, for example) can be used. Further, phosphates that

contain lithium and a transition metal element as constituent metal elements such as
lithium manganese phosphate (LiMnPO,) and lithium iron phosphate (LiFePOy) can be
used. |

[0019] As a conductive material, for example, carbon materials such as carbon
powder and carbon fiber can be used. One kind selected from such conductive materials
may be used alone or two or more kinds thereof may be used together.. As the carbon
powder, carbon powders such as various carbon blacks (for example, acetylene black, oil
furnace black, graphitized carbon black, carbon black, graphite, and Ketjen Black) and
graphite powder can be used.

[0020] A binder binds the respective particles of the positive electrode active
material and the conductive material that are contained in the positive electrode active
material layer 53, and binds these particles with the positive electrode current collector
foil 51. As such a binder, a polymer that can be dissolved or dispersed in a solvent to be
used can be used. For example, in a positive electrode mixture composition that uses an
aqueous solvent, aqueous or water dispersible polymers such as cellulose-based polthers
(for example, carBoxymethyl cellulose (CMC), hydroxypropyl methyléellulose (HPMC)),
fluororesins (for example, polyvinyl alcohol (PVA), polytetrafluoroethylene (PTFE), and
tetraﬂuoroethyleﬁe-hexaﬂuoropropylene copolymer (FEP)), and rubbers (vinyl acetate
copolymer, styrene-butadiene copolymer (SBR), and acrylic aéid-modiﬁed SBR resin
(SBR-based latex)) can preferably be used. In the positive electrode mixture
composition that uses a nonaqueous solvent, a polymer (polyvinylidene fluoride (PVDF),
polyvinylidene chloride (PVDC), and polyacrylonitrile (PAN)) can preferably be used.

[0021]  The negative electrbde sheet 60 includes, as shown in FIG. 2, a belt
negative electrode current collector foil 61 and a negative electrode active material layer
63. A metal foil suitable for the negative electrode can preferably be used in the
negative electrode current collector foil 61. A belt copper foil having a predetermined

width and a thickness of about 10 pum is used in the negative electrode current collector
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foil 61. An uncoated section 62 is disposed along an edge on one side in a width
direction of the negative electrode current collector. foil 61. The negative electrode
active material layer 63 is formed on both sides of the negative electrode current collector
foil 61 excluding the unc;oated section 62 disposed on the negative electrode current
collector foil 61. The negative electrode active material layer 63 is held by the negative
electrode current collector foil 61 and contains at least a negative electrode active
material. In the present embodiment, the negative electrode active material layer 63 is
formed by coating a negative electrode mixture containing a negative electrode aétive
material on the negative electrode current collector foil 61. Further, the “uncoated
section 62” means a site in which the negative electrode active material layer 63 is not
held (coated, formed) on the negative electrode current collector foil 61.

[0022] As the negative electrode lactive material, one or two or more kinds of
substances that have been used in the lithium ion batteries can be used without particular
restriction. Preferable examples iﬁclude carbonaceous méterials such as graphite carbon
and amorphous carbon, lithium transition metal oxides, and lithium transition metal
nitrides.

[0023] The separators 72 and 74 are, as shown in FIG. 2, a member that
separates the positive electrode sheet 50 and the negative electrode sheet 60. In the
embodiment, the separators 72 and 74 are formed of a belt sheet material that has a |
plurality of fine pores and a predetermined width. As the seia,arators 72 and 74, a
separator of a single layer structure or a separator of a laminate structure formed of a
resinous porous film, for example, a porous‘ polyolefin-based resin can be used. In the
embodiment, as shown in FIG. 2, a width (a length of the negative electrode active
material layer in the direction of the winding axis) bl of the negative electrode active
material layef 63 is slightly larger (longer) than a width (a length of the positive electrode
active material layer in the direction of the winding axis) al of the positive electrode
active material layer 53. Further, widths of the separators 72 and 74 (lengths of the
separators 72 and 74 in the direction of the winding axis) cl and c2 are slightly larger

(longer) than the width (length of the negative electrode active material layer in the
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direction of the winding axis) bl of the negative electrode active matgﬁal layer 63 (cl, c2
> bl > al).

[0024] Further, the separators 72 and 74 insulate between the positive electrode
active material layer 53 and the negative electrode active material layer 63 and allow the
electrolyte to migrate. The separators 72 and 74 may have a heat-resistant layer formed
on a surface of a base material made of ‘a plastic porous film. The heat-resistant layer
includes a filler and a binder. The heat-resistant layer is also called as a heat resistance
layer (HRL).

[0025]  In the present embodiment, the electrode body 40 is, as shown in FIG. 2,
pushed and bent flatly along one plane containing the winding axis WL. The electrode
body 40 is wound along one plane containing the winding axis WL. In an embodiment
shown in FIG. 2, the uncoated section 52 of the positive electrode current collector foil’51
and the uncoated section 62 of the negative electrode current collector foil 61
respectively are spirally exposed on both sides of the separators 72 and 74. The_
uncoated section 52 and the uncoated section 62 are superposed so as to locate on
opposite sides from each other in a width direction of the winding axis. In the
embodiment, as shown in FIG. 1, in the electrode body 40, intermediate sections of the
positive uncoated section 52 and negative uncoated sections 62 exposed from the
separators 72 and 74 respectively are welded to tip ends 23a and 24a of positive and
negative internal terminals 23 and 24 disposed in the inside of the battery case 20.

[0026] The electfode body 40 is, as shown in FIG. 1, housed in the battery case
2‘0. In the battery case 20, an electrolytic solution is further injected. The electrolytic
solution infiltrates into the inside of the electrode body 40 from both sides of an axial
direction of the winding axis WL (see FIG. 2).

[0027]  As the electrolytic solution, the electrolytic solutions the same as the
nonaqueous electrolytic solutions that have been conventionally used in the lithium ion
batteries can be used without particular restriction. Such nonaqueous electrolytic
solution typically has a composition in which a supporting salt (supporting clectrolyte) is

contained in a proper nonaqueous solvent. As the nonaqueous solvent, one or two or
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more kinds selected from ‘the group consisting of, for example, ethylene carbbnate,
propylene carbonate, dimethyl carbonate, diethyl carbonate, ethylmethyl carbonate,
1,2-dimethoxyethane, 1,2-diethoxyethane, tetrahydrofuran, and 1,3-dioxolan can be used.
Further, as the supporting salts described above, for example, lithium salts such as LiPFs,
LiBF,, LiAsFs, LiCF;S0;, LiC4F¢SO;, LiN(CF3SOg)2, and LiC(CF3S0;); can be used.
As an example, a nonaqueous electrolytic solution in which in a mixed solvent of .
ethylene carbonate and diethyl carbonate (mass ratio: 1:1, for example), LiPFg is
contained at a concentration of about 1 mol/L can be used.

[0028] The positivé electrode current collector foil 51 and negative electrode
current collector foil 61 of such lithium ion secondary battery 10 are electrically
éonnected via electrode terminals 23 and 24 penetrated through the battery case 20 to an
external device. Hereinafter, operations of the lithium ion secondary battery 10 during
charging and during discharging will be described.

[0029] FIG. 3 schematically shows a state during discharging of such lithium
ion secondary battery 10. During discharging, electrode terminals 23 and 24 (see FIG.
1) of the lithium ion secondary battery 10 become, as shown in FIG. 3, a state connected
to a resistance 94 by a switch 92. In this case, due to a potential difference of the
negative electrode sheet 60 and the positive‘electrode sheet 50, electric charges are
delivered from the negative electrode sheet 60 to the positive electrode sheet 50 via the
resistance 94 and lithium ions stored in the negative electrode active material layer 63 are
emitted into an electrolytic solution 80. Further, in the positive electrode, lithium ions
in the electrolytic solution 80 are incorporated in the positive electrode active material in
the positive electrode active material layer 53.

[0030] FIG. 4 schematically shows a state of such lithium ion secondary battery
10 during charging. During chargihg, electrode terminals 23 and 24 of the lithium ion
secondary battery 10 (see FIG. 1) become, as shown in FIG. 4, a state that is connected to
a battery charger 90 by the switch 92. In this case, due to an action of the battery
charger 90, é voltage is applied between the positive electrode sheet 50 and the negative

electrode sheet 60, lithium ions (Li) are emitted from the positive electrode active
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material in the positive electrode active material layer 53 into the electrolytic éolution 80,
and electric charges are emitted from the positive electrode active material layer 53.
The emitted electric charges are trénsported to the positive electrode current collector foil
51 and transported to the negative electrode sheet 60 via the battery charger 90.  Further,
in the negative electrode sheet 60, the electric charges are stored, and the lithium ions
(Li) in.the electrolytic solution 80 are absorbed by the negative electrode active material
in the negative electrode active material layer 63 and stored therein. Thus, a potential
difference is generated between the negative electrode sheet 60 and the positive electrode
sheet 50. |
[0031] Thus, in the charging and discharging of t'he lithium ion secondary
battery ‘10, the lithium ions are stored in or emitted from the positive electrode active -
material in the positive electrode active material layer 53 and the negative electrode
active material in the negative electrode active material layer 63. Thus, via the
electrolytic solution 80, the lithium ions are interchanged between the positive electrode
active material layer 53 and the negative electrode active material layer 63.
| [0032] Now, the lithium ion secondary battery 10 like this can realize such a
high output that exceeds 4 V, for example. Therefore, it can preferably be used as a
driving power source of an electric vehicle and a hybrid vehicle, in which a high output is

required, in particular during a start and an acceleration. Further, the lithium ion

| secondary battery 10 is high in a charging efficiency and can be applied also to rapid

charging. For example, the lithium ion secondary battery 10 can be applied also to an
energy-regenerating system that regenerates a kinetic energy as an electric energy during
a deceleration (during braking) of a vehicle and charges. Further, in use for vehicle, in
particular, when driving in town, acceleration and deceleration are repeated. |
Accompanying this, when the lithium ion secondary battery 10 is used as a driving power
source in an electric vehicle or a hybrid vehicle, high-output discharging and rapid
charging are repeated. Further, it is desirable that even when a system trouble occurred
in an electric vehicle or a hybrid vehicle, and the lithium ion secondary battery 10 is put

into an overcharged state, necessary safeness is secured.
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[0033] According to the knowledge of the present inventors, when the lithium
ion secondary battery 10 such as described above is charged up to a high-potential of, for
example, about 4.8 V, the electrolytic solution is gradually decomposed due to the
high-potential and a temperature increases due to heat of decomposition thereof. At this
time, in’ particular, a temperature of a side surface 20A on the negative electrode side of
the battery case 20 tends to rise locally. Regarding a tendency for a temperature of the
side surface 20A on the negative electrode side of the battery case 20 to rise locally, the
present inventors infer as shown below. That is, the lithium ion secondary battery,
when charged up to a high-potential of, for example, about 4.8 V, becomes a so-called
overcharged state and generates heat. At this time, in particular, on the negative
electrode side, the electrolytic solution tends to be decomposed and the temperature tends

to rise. In the proximity where a path for releasing the heat is blocked, a temperature

‘increase is inferred to be larger than other than the proximity thereof.

[0034] A copper foil that is used in the negative electrode current collector foil
61 that is a base material of the negative electrode has thermal conductivity larger than
that of an aluminum foil used in the positive electrode current collector foil 51 that is a
base material of the positive electrode. The heat in the wound electrode body 40 is
transmitted through the negative electrode current collector foil 61 to the negative
electrode terminal 24. In particular, when charged to a high-potential of about 4.8 V, in
the wound electrode body 40, many lithium ions are contained in the negative electrode
active material in the negative electrode active material layer .63. Therefore, the
electrolytic solution tends to be decomposed in the negative electrode. active material
layer 63 and in the neighborhood thereof. The heat generated accompanying the
decomposition of the electrolytic solution in the negative electrode active material layer
63 and in the neighborhood thereof tends to be transmitted much to the negative electrode
terminal 24 via the negative electrode current collector foil 61. These are assumed to be
associated with the tendency that the negative electrode side is likely to be a high
temperature. For example, the heat generated on the negative electrodé side can

externally be emitted via the negative electrode terminal. At this time, in the uncoated
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section 62 ‘of the negative electrode sheet 60 and the proximity site of the negative
electrode terminal 24, a temperature of the battery case 20 becomes locally higher. The
present inventors consider, based on the knowledge like this, that it is desirable to
suppress the local temperature increase to a low level in the overcharging state in the
lithium ion secondary battery 10 used in a driving power source of an electric vehicle or a
hybrid vehicle.

[0035] Further, according to the knowledge of the present inventors, after a
high-rate cycle test where high-output discharging and a rapid charging are repeated, a
resistance of the lithium ion secondary battery 10 tends to increase. Such resistance
increase in the lithium ion secondary battery 10 can cause a decrease in output or
charging efficiency of the lithium ion secondary battery 10. The present inventors
consider that it is desirable to suppress a degree of an increase in the resistance of the
lithium ion secondary battery 10 after the high-rate cycle test to a low level in the lithium
ion secondary battery 10 used as a driving power source of an electric vehicle or a hybrid
vehicle. |

[0036]  Further, when the high-output discharging and the rapid charging are

repeated, the lithium ions vigorously move in the lithium ion secondary battery 10. In

this case, a part of the lithium ions precipitates in some cases on a surface of the negative
electrode as metallic lithium. A part of the chium ions precipitated on the surface of
the negative electrode can be lithium ions again and contribute to a battery reaction.
However, the metallic lithium precipitated on the surface of the negative electrode, in
some cases, remains in a state precipitated as the metallic lithium and does not contribute
to the battery reaction. When an amount of precipitates of the metallic lithium that does
not contribute to the battery reaction increases on the negative electrode surface of the
lithium ion secondary battery 10, there is a tendency that a capacity of the lithium ion
secondary battery 10 decreases or the resistance of the lithium ion secondary battery 10
increases.

[0037] The present inventors propose, in a viewpoint like this, a novel structure

of the lithium ion secondary battery 10 and the pack battery.
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[0038] FIG. 5 is a partial cross-sectional view that shows a lithium ion
secondary battery 10A that is proposed here. Specifically, the lithium ion secondary
battery 10A that is proposed here includes, as shown in FIG. 5, the wound electrode body
40, thé battery case 20, and a positioning member 35.

[0039] The wound electrode body 40 shown in FIG. 5 has a structure similar to
that of the wound electrode body 40 of the lithium ion secondary battery 10 in FIG. 1
described above, and duplicated descriptions thereof are omitted. Here, in the wound
electrode body 40, the belt positive electrode sheet 50 and the belt negative electrode
sheet 60 are superposed with the belt separators 72 and 74 interposed therebetween and
wound. Here, in the present embodiment, an aluminum foil is used as the positive
electrode current collector foil 51. Further, a copper foil is used as the negative
electrode current collector foil 61. In the battery case 20, the wound electrode body 40
is disposed by displacing toward a side where the uncoated section 52 of the positive
electrode sheet 50 is disposed. |

[0040] Thus, among a spatial volume excluding the wound electrode body 40 in
the battery case 20, a spatial volume X on the negative electrode side of the battery case
in the direction of the winding axis WL of the wound electrode body 40 is set larger than
a spatial volume Y on the positive electrode side of the battery case. Here, the “spatial
volume X on the negative electrode side” is a spatial volume on a side where the
uﬁcoated section 62 of the negative electrode sheet 60 of the wound electrode body 40 is
disposed in the direction of the winding axis WL of the wound electrode body 40.
Herein, the “spatial volume on the negative electrode side” is a spatial volume that is
partitioned by a virtual plane V1 set in an end on the uncoatéd section 62 side of the
negative electrode sheet 60 among the spatial volume excluding the wound electrode
body 40 in the battery case 20. The “spétial volume on the negative electrode side* may
be a spatial volume between an end on the uncoated section 62 side of the negative
electrode sheet 60 and a sidewall of the battery case 20 among the spatial volume

excluding the wound electrode body 40 in the battery case 20. The “spatial volume X
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on the negative electrode side* is the spatial volume partitioned by a virtual plane V1 set
in an end on the uncoated section 62 side of the negative electrode sheet 60.
[0041]  Further, the “spatial volume Y on the positive electrode side” is a spatial
volume on a side where the uncoated section 52 of the positive electrode sheet 50 of the

wound electrode body 40 is disposed in the direction of the winding axis WL of the

wound electrode body 40. Herein, a “spatial volume on the positive electrode side” is a

spatial volume that is partitioned by a virtual plane V2 set in an end on the uncoated
section 52 side of the positive electrode sheet 50 among the spatial volume excluding the
wound electrode body 40 in the battery case 20. The “spatial volume on the positive
electrode side” may be a spatial volume between an edge on the uncoated section 52 side
of the positive electrode sheet 50 and a sidewall of the battery case 20 among the spatial
volume excluding the wound electrode body 40 in the battery case 20. The “spatial
volume Y on the positive elecfrode side® is the spatial volume partitioned by the virtual
plane V2 set in an end on the uncoated section 52 side of the positive electrode sheet 50.

[0042]  Here, the positioning member 35 is a member for positioning the wound
electrode body 40 to the battery case 20. In the present embodiment, the positive
electrode terminal 23 and the negative electrode terminal 24 that are attached to the
sealing plate 22 and to which the wound electrode body 40 is attached in the battery case
20 function as the positioning member 35.

[0043] In the lithium ion secondary battery 10A, the electrolytic solution is
gradually decomposed during overcharging and a temperature thereof can rise due to the
heat of decomposition. In this lithium ion secondary battery 10A, the spatial volume X
on the negative electrode side is set larger than the spatial volume Y on the positive
electrode side. Thus, in the lithium ion secondary battery 10A, the heat is difficult to
accumulate on the negative electrode side. Therefore, a temperature increase in the
corresponding site can be slowed down. Accordingly, in the lithium ion secondary
battery 10A like this, a local temperature increase on the negative electrode side of the
battery case 20 can be suppressed to a smaller level during overchérging.

[0044]  Here, in the lithium ion secondary battery 10, the spatial volume X oh
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the negative electrode side and the spatial volume Y on the positive electrode side may be,
for example, about 2.1 <(X/Y). When the (X/Y) is excessively large, for example, the
resistance increase after the high-rate cycle test becomes larger in some cases.
Therefore, the spatial volume X on the negative electrode side and the spatial volume Y
on the positive electrode side may be, for example, about (X/Y) <5.7. Further, for
example, the positive electrode current collector foil 51 may be aluminum and the
negative electrode current collector foil 61 may be copper. Further, like the embodiment
described above, the battery case 20 may have a rectangular housing space, and the
wound electrode body 40 may be housed in a flat state along one plane containing the
winding axis WL. The wound electrode body 40 may be wound along one plane
containing the winding axis WL and housed such that the winding axis and a sidewall of
the batteryb case 20 intersect each other.

[0045] Here, regafding the lithium ion secondary battery 10A shown in FIG. 5,
evaluation cells in which a ratio (X/Y) of the spatial volume X on the negative electrode
side and the spatial volume Y on the positive electrode side was varied were prepared.
Then, temperatures measured when the evaluation cells were charged up to 4.~8 V and the
resistance increase rates after the high-rate cycle test were investigated.

[0046] Herein, first, the evaluation cells prepared in test examples of Table 1
will be described. A positive electrode mixture was prepared for forming a positive
electrode active material layer in a positive electrode. Here, the positive‘ electrode
mixture used a ternary lithium transition metal oxide (LiNi;;3Coj3Mn;30,) as the .

positive electrode active material, acetylene black (AB) as the conductive material, and

‘polyvinylidene fluoride (PVDF) as the binder, respectively. = A mass ratio of the positive

electrode active material, the conductive material, and the binder was set to positive
electrode active material: conductive material: binder = 90:8:2. These positive electrode
active material, conductive material and binder were mixed \;vith ion exchanged water,
and the positive électrode mixture was prepared thereby. Then, the positive electrode
mixture was sequentially coated on each of sides of a positive electrode current collector

foil and dried, and a positive electrode (positive electrode sheet) in which the positive
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electrode active material layer is coated on each of both sides of the positive electrode
current collector foil was prepared thereby.

[0047]  Herein, an aluminum foil (thickness: 15 pum) was used as the positive
electrode current collector foil. A coating amount of the positive électrode mixture on
the positive electrode current collector foil was set to be substantially the same on both
sides of the positive electrode current collector foil, and, to be 9.8 mg/cm2 or more and
15.2 mg/em® or less per one side of the positive electrode current collector foil after the
positive electrode mixture was dried. Further, a mixture density of the positive
electrode active material layer was set to 1.8 g/em® or more and 2.8 g/em® or less by
rolling with a roller press machine after drying. In the evaluation cell illustrated here,
the coating amount of the positive electrode mixture was set to be 11 mg/cm? per one side
of the positive electrode current collector foil. ~ The 'mixture density of the positive
electrode active material layer after rolling was set to 2.2 g/em’.

[0048] A negative electrode mixture was prepared for forming a negative
electrode active material layer in a negative electrode. Here, the negative electrode
mixture used amorphous coat | graphite as the negative electrodé active material,
carboxymethylcellulose (CMC) as a thickener, and the binder, respectively. As the
binder, styrene-butadiene rubber (SBR) that is a rubber-based binder was used. A mass
ratio of the negative electrode active material, the thickener (CMC), and the binder (SBR)
was set to negative electrode active material: CMC: SBR = 98:1:1." These negative
electrode active material, CMC and SBR were mixed with ion exchanged water, and the
negative electrode mixture was prepared thereby. Then, the negative electrode mixture
was sequentially coated on each of sides of a negative electrode current collector foil and
dried, and a negative electrode (negative electrode sheet) in which the negative electrode
active material layer is coated on each of both sides of the negative electrode current
collector foil was prepared thereby.

- [0049]  Herein, a copper foil (thickness: 10 um) was used as the negative
electrode current collector foil. A coating amount of the negative electrode mixture on

the negative electrode current collector foil was set to be substantially the same on both
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sides of the negative electrode current collector foil, and, to be 4.8 mg/cm2 or more and
10.2 mg/cm’ or less per one side of the negative electrode current éollector foil after the
negative electrode mixture was dried. Further, a mixture density of the negative
electrode active material layer was set to 0.8 g/cm® or more and 1.4 g/cm® or less by
rolling with a roller press machine after drying. In the evaluation cell illustrated here,
the coating amount of the negative electrode mixture was set to be 7.2 mg/cm’ per one
side of the negative electrode current collector foil.  Further, the mixture density of the
negative electrode active material layer after rolling was set to 1.1 g/cm”.

[0050] As a base material of the separator, a porous sheet having a three-layer
structure (PP/PE/PP) of polypropylene (PP) and polyethylene (PE) was properly selected.

[0051] As the evaluation cell, a flat rectangular evaluation cell was prepared.
That is, the wound electrode body prepared with the positive electrode sheet, the negative
electrode sheet and the separator was flatly pushed and bent and housed in a rectangular
battery case, a nonaqueous electrolytic solution was injected therein and the battery case
was sealed, and a flat rectangular evaluation cell was formed.

[0052] Further, except conditions that are specifically defined herein, the
conditions of the wound electrode body (see FIG. 2) were set the same between the
respective samples. For example, herein, the wound electrode body in a state of being
flatly pushed and bent and being housed in the battery case 20 was set to have nearly a
dimension as shown below. Here, the wound electrode body was set to have a width

(L1): 125 mm, a height (L2): 55 mm, and a thickness (maximum thickness in a state of

being flatly pushed and bent): 12 mm. Further, the positive electrode sheet was set to

have the mixture density: 2.2 g/cm’, a thickness: 65 um (foil: 15 pm), a length: 3 m, a
width: 115 mm (a2) and a coated width: 98 mm (al). Further, the negative electrode
sheet was set to have the mixture density: 1.1 g/cm’, a thickness: 77 um (foil: 10 pm), a
length: 3 m, a width: 117 mm (b2) and a coated width: 102 mm (bl).

[0053] FIG. 6 is a perspective view of an evaluatibn cell 10B. Here, the
battery case 20 is made of aluminum. The battery case 20 roughly has a dimension such

as shown below. Here, an external dimension of the battery case 20 had a length of a
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longer side (M1): 137 mm, a length of a shorter side (M2): 63.1 mm, and a thickness
(M3): 13.3 mm. Further, an internal dimension of the battery case 20 had a length of a
longer side: 135.6 mm, a length of a shorter side: 62.4 mm, and a thickness: 12.5 mm.
Further, the evalﬁation cell here was formed in such a manner that a resinous plate was
applied to each of two flat surfaces surrounded by the longer side (M1) and the shorter
side (M2) of the battery case 20, and a metal plate was further applied from the above of
the resinous plate. Then, on the outside of the battery case 20, a bolt was inserted in the
metal plate and tightened with a nut. ‘Here, in a state of 25°C and SOC 60%, the
surfaces concerned of the battery case 20 are restrained under pressure of 23 kgf/cm®.

[0054] As the nonaqueous electrolytic solution, an electrolytic solution obtained
by dissolving LiPFg as a lithium salt at 1.1 mol/L in a solvent in which ethylene carbonate
(EC), dimethyl carbonate (DMC) and ethylmethyl carbonate (EMC) were mixed at a
predetermined volume ratio (EC:DMC:EMC - 3:4':3)' was used.

[0055]  Here, the prepared evaluation cell was subjected to, for example,‘ a
predetermined conditioning step, and the temperature increase rate when charged to 4.8 V
and the resistance increase rate after thé high-rate cycle test were evaluated.

[0056]  Next, the evaluation cell formed as descﬁbed above was, after injection
of the electrolytic solution, left for about 10 hours, and initial charging was performed.
The conditioning step is performed according to the following procedures 1 and 2.
Procedure 1: After constant current charging is performed at 1.5C up to 4 V, the operation
is suspended for 5 minutes. Procedure 2: After the procedure 1, when charging is.
performed for 1.5 hours at a constant voltage or a charging current becomes 0.1 A,
charging is stopped and the operation is suspended for 5 minutes.

[0057]  Next, a rated capacity of the evaluation cell after the conditioning step
described above is measured according to the following procedures 1 to 3 at 25°C in a
voltage range of 3.0 Vto 4.1 V. Procedure 1: After reaching 3.0 V by a constant current
discharging at 1C, a constant voltage discharging is performed for two hours and, after
that, the operation is suspended for 10 seconds. Procedure 2: After reaching 4.1 V by a

constant current charging at 1C, a constant voltage charging is performed for 2.5 hours
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and, after that, the opere;tion is suspended for 10 seconds. Procedure 3: After reaching
3.0 V by a constant current discharging at 0.5C, a constant volfage discharging is
performed for 2 hours and, after that, the operation is stopped for 10 seconds. Rated
capacity: a discharge capacity (CCCV discharge capacity) in the discharging from the
constant current discharging to the constant voltage discharging in the Procedure 3 is
taken as the rated capacity. Iﬁ this evaluation cell, the rated capacity becomes about 4.0
Ah.

[0058]  An SOC adjustment is performed according to the following procedures
| and 2. Here, the SOC adjustment may be performed after the conditioning step and
measurement of the rated capacity, which were described above. Further, herein, in
order to make an influence due to the temperature constént, the SOC adjustment is
performed under a temperature environment of 25°C. For example, when the SOC is
adjusted to 60%, the following procétdure is used. Procedure 1: A constant current
charging at 1C is performed from 3 V, and a state of charge of about 60% (SOC 60%:
3.73 V) of the rated capacity is achieved. Procedure 2: After the Procedure 1, a constant
voltage charging is performed for 2.5 hours. Thus, the evaluation cell can be adjusted to
a state of charge of SOC 60%. Herein, a case where the SOC 1is adjusted to 60% was
described. By varying the state of charge. in the Procedure 1, the evaluation cell can be
adjusted to an optional state of charge. For example, when the SOC is adjusted to 79%,
in the Procedure 1, the evaluation cell may be set to a state of charge of 79% of the rated
capacity.

[0059] Herein, an evaluation cell in which the SOC was adjusted to 60% after

conditioning under a temperature environmental atmosphere of 25°C was prepared.

.Then, according to the following procedures I. to III. , a temperature during 4.8 V

charging was measured. 1. A temperature sensor is attached. II. The evaluation cell is

set to a state of charge of 4.8 V. IIl. A temperature duririg 4.8 V charging is measured.
[0060]  Here, a temperature sensor is attached to a predetermined temperature

sensor attachment position F (see FIG. 5) of a side surface on the negative electrode side

of the battery case 20 of the evaluation cell (procedure I.). Then, under an atmospheric
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environment of 25°C, a cbnstant current charging (CC charging) at 1/3C is performed
until a voltage‘ between positive electrode and negative electrode terminals of the
evaluation cell becomes 4.8 V, subsequently a constant voltage charging (CV charge) is
performed until a total charging time becomes 1.5 hours (Procedure II.). After one
minute suspension, a temperature of the temperature sensor attachment position F is
measured with the temperature sensor (procedure III.). The temperature (°C) measured
according to such procedure III is-taken as “a temperature during 4.8 V charging”.

[0061] Here, the high-rate resistance increase rate (%) in Table 1 is an IV
resistance increase rate before and after the high-rate cycle test such as shown below.
High-load characteristics of the evaluation cell are evaluated by such IV resistance
increase rate.

[0062] Here, for the high-rate cycle test, an evaluation cell of which SOC was
adjusted to 60% after conditioning under a temperature environmental atmosphere of
25°C was prepared. Then, the high-rate cycle test where the following procedures I to

IV are repeated a predetermined number of times (herein, 4000 cycles) was performed.

1. A constant current discharging at 75 A for 40 seconds (CC discharge). II. A

suspension for 5 minutes. IIl. A constant current charging at 10 A for 300 seconds (CC
charge). 1V. A suspension for 5 seconds (procedures of I to IV are repeated at 4000
cycles.)

[0063] Herein, before and 'after the high-rate cycle test described above, an IV
resistance of the evaluation cell in a state of charge of SOC 60% under an environment of
25°C was measured.

[0064] Accbrding to the high-rate cycle test described above, the IV resistance
of the evaluation cell increases. = A resistance increase rate Z (%) is evaluated by Z(%) =
{Zb/Za}x100 with an IV resist(ance Za measured before the high-rate cycle test and an [V
resistance Zb measured after the high-rate cycle test described above. That is, herein, a
magnitude of the IV resistance ‘Zb measured after the high-rate cycle test with resf)ect to

the IV resistance Za measured before the high-rate cycle test is evaluated.
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[0065]  Regarding the IV resistance, an IV resistance of the evaluation cell in a
state of charge of SOC 60% under an environment of 25°C was measured. Here, the IV

resistance is obtained in such a manner that a constant current discharging is performed at

~ a predetermined current value (I) for 10 seconds, a voltage (V) after the discharging is

measured, respectively. Then, after the discharging, the predetermined current values
(I) and the voltages (V)are plotted with I in an X axis and with V in a Y axis. Then,

based on the plot obtained by the respective dischargings, an approximate linear line is

drawn, and a gradient thereof is taken as the IV resistance. Herein, based on the

voltages (V)‘ after the respective dischargings where constant current dischargings were
performed at current values of 0.3C, 1C and 3C, the I'V resistance (m{2) was obtained.
[0066]  The respective evaluation cells and evaluations thereof are as shown in
Table 1 and FIG. 7.
[0067] [Table 1]

Ratio (X/Y) Temperature after | High-rate Resistance
4.8V (°C) Increase Rate (%)
Sample 1 1.00 83.6 109.7
Sample 2 1.56 ‘ 82.7 108.8
Sample 3 2.12 72.5 108.3
Sample 4 2.54 68.3 108.0
Sample 5 3.67 64.5 106.2
Sample 6 4.93 62.2 105.7
Sample 7 5.62 61.9 107.9
Sample 8 6.79 60.6 132.8

[0068]  Herein, evaluation cells that are different in a ratio (X/Y) of the spatial
volume X on the negative electrode side and the spatial volume Y on the positive
electrode side were prepéred. Sample 1 to Sample 8 shown in Table 1 are evaluation
cells that are different in a ratio (X/Y) of the spatial volume X on the negative electrode
side and the spatial volume Y on the positive electrode side, respectively. The ratio
(X/Y) is a value obtained by dividing the spatial volume X on the negative electrode side
by the spatial volume Y on the positive electrode side.

[0069]  Here, the evaluation cell of Sample 1 has the wound electrode body 40
disposed at the center of the battery case 20. In Sample 2 to Sample 8, a position of the

wound electrode body 40 housed in the battery case 20 is gradually displaced toward
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(offset to) the positive electrode side and the spatial volume X on the negative electrode
side is gradually increased with respect to the spatial volume Y on the positive electrode
side thereby (see FIG. 5).

[0070]  As shown in Table 1, herein, for example, in Sample 1, the spatial
volume X on the negative electrode side and the spatial volume Y on the positive
electrode side are the same ((X/Y) = 1). In Sample 2, the spatial volume X on the
negative electrode side is slightly larger than the spatial volume Y on the positive
electrode side ((X/Y) = 1.56). Thus, when the ratio (X/Y) is about 1 to 1.56, a tendency
that the local temperature increase during overcharging is large such as 80°C or more
during 4.8 V charging was found. Now, in Sample 1, a temperature during 4.8 V
charging was 83.6°C. In Sample 2, a temperature during 4.8 V charging was 82.7°C.

[0071] | Further, for example, like Sample 3, when the spatial volume X on the
negative electrode side becomes larger than the spatial volume Y on the positive electrode
side, a temperature duﬁng 4.8 V charging decreases to about-70°C-(72.5°C in Sample 3),
that is, a tendency that the local temperature increase during overcharging becomes
smaller Was found. Further, like Samples 4 to 7, when the ~spatial.volume X on the
negative electrode side becomes further larger than the spatial volume Y on the positive
electrode side, a temperature during 4.8 V charging becomes less than 70°C, that is, a
tendency that the local temperature increase during overcharging becomes further smaller
was found.

[0072] Here, in Sample 4, the ratio (X/Y) was 2.54 and the temperature during
4.8 V charging was 68.3°C. In Sample 5, the ratio (X/Y) was 3.67 and the temperature
during 4.8 V‘charging was 64.5°C. In Sample 6, the ratio (X/Y) was 4.93 and the
temperature during 4.8 V charging was 62.2°C. In Sample 7, the ratio (X/Y) was 5.62
and the temperature during‘4.8 V charging was 61.9°C.

| [0073]) By contrast, when the ratio (X/Y) is made excessively large, a tendency
that the resistance increase rate (%) before and after high-rate cycle test becomes larger is
found. For example, in Samples 1 to 7, the resistance increase rate (%) before and after

the high-rate cycle test is less than about 110%. On the other hand, in Sample 8, the
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ratio (X/Y). is such high as 6.79, and the resistance increase rate (%) before and after the
high-rate cycle test becomes remarkably high such as 132.8%.

[0074]  Thus, in the lithium ion secondary battery 104, it is desirable to make
the spatial volume X on the negative electrode side larger than the spatial volume Y on
the positive electrode side, as shown in FIG. 5, from the viewpoint of suppressing the
local temperature increase during overcharging, in particular, on the negative electrode
side to a low level. Here, the ratio (X/Y) of the spatial volume X on the negative
electrode side and the spati.al volume Y on the positive électrode side may be preferably,
for example, about 2.1 < (X/Y), and more preferably about 2.5 < (X/Y). Still further, |
from the viewpoint of suppressing the resistance increase rate (%) before and after the
high-rate cycle test to a low level, the ratio (X/Y) of the spatial volume X on the negative
electrode side and the spatial volume Y on the positive electrode side may be, for
example, about (X/Y) < 5.7.

[0075]  Further, here, the lithium ion secondary battery 10A has the positive
electrode current collector foil 51 made of aluminum and the negative electrode current
collector foil 61 made of copper, that is, the thermal conductivity is larger in the negative |

electrode current collector foil 61 than that of the positive electrode current collector foil

. 51. When the thermal conductivity of the negative electrode current collector foil 61 is

larger than that of the positive electrode current collector foil 51, a tendency that a
temperature on the negative electrode side locally increases during overcharging becomes
remarkable. In particular, when the charging is performed up to a high potential of
about 4.8 V, in the wound electrode body 40, a state where many lithium ions are
contained in the negative electrode active material in the negative electrode active
material layer 63 is generated. Therefore, decomposition of the electrolytic solution
tends to proceed in the negative electrode active material layer 63 and in the proximity
thereof. Then, the heat generated accompanying the decomposition of the electrolytic
solution in the negative electrode active material layer 63 and in the proximity thereof
tends to be transmitted much to the negative electrode terminal 24 via the negative

electrode current collector foil 61. Therefore, a structure of the nonaqueous electrolyte
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secondary battery according to the present invention is particularly suitable for the
lithium ion secondary battery 10A in which the thermal conductivity of the negative
electrode current collector foil 61 is larger than that of the positive electrode current
collector foil 51.  Further, here, the lithium ion secondary battery 10A was illustrated as
a nonaqueous eléctrolyte secondary battery. The tendenéy that the temperature on the
negative electrode side locally increases is induced by the heat generation accompanying
the decomposition of the electrolyte during overcharging. Therefore, the nonaqueous
electrolyte secondary battery according to the present invention is not, unless clearly
stated otherwise, limited to the lithium ion secondary battery 10A. As the lithium ion
secondary battery according to the present invention, for example, a sodium ion
secondary battery or a lithium ion polymer secondary battery may be used.

[0076] Next, when a pack battery is assembled by using the lithium ion
secondary batteries 10A described above, among the pack battery, in the lithium ion
secondary batteries 10A that are adjacently assembled, the wound electrode bodies 40
housed in the battery case 20 may be offset each other along the direction of the winding
axis WL. For example, FIG. 8 is a perspective view that schemat.ically -shows a
structure of a pack battery 1000. Specifically, in the pack battery 1000 shown in FIG. 8,
with the lithium ion secondary battery 10A shown in FIG. 5 as a unit cell, a plurality
thereof is assembled.

[0077]  For example, as shown in the drawing, the respective unit cells 10A are
electrically connected in series. Specifically, on a top surface (that is, the sealing plate
22) of the battery case 20 of each of the unit cells 10A, the positive electrode terminal 23
electrically connected with the positive electrode of the electrode body housed in the
battery case 20 and the negative electrode terminal 24 electrically connected with the
negative electrode of the electrode body are disposed. ‘Between adjacent unit cells 10A,
one positive electrode terminal 23 and the other negative electrode terminal 24 are
electrically connected with a proper connector 102.

[0078]  On both external sides of a unit cell group including a plurality pieces of

the unit cells 10A arranged as described above, end plates 106 are disposed, respectively,
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and beam materials 108 are attached on both side surfaces of the unit cell group along an
arrangement direction thereof so as to crosslink the pair of the end plates 106 and 106.
Each end of the beam materials 108 is tightened and fixed to the end plate 106 by a screw
109. Such unit cells 10A are connected in series and constrained (fixed). Herein, in a
state of 25°C and 60% SOC, the battery case 20 is constrained under pressure of 23
kgf/cm?.

[0079] In one preferable aspect of the pack battery 1000, as shown in FIG. 8,
between each of a plurality of the unit cells 10A arranged in a predetermined direction, an
interval holding sheet 104 having a predetermined shape is disposed. Such interval
holding sheet 104 is preferable to be a material (for example, made of a metal having
excellent thermal conductivity or a light and hard synthetic resin such as polypropylene
and the like) and/or a shape that can function as a heat dissipation member for dissipating
heat generated in each of the unit cells 10A during use.

[0080]  According to the present embodiment, in the lithium ion secondary
battery 10A, the wound electrode body 40 housed in the battery case 20 is positionally
offset toward the positive electrode side. Therefore, the spatial volume X on the
negative electrode side is larger than the spatial volume Y on the positive electrode side.
Here, FIG. 9 is a schematic view of the pack battery 1000. As shown in FIG 9, the
lithium ion secondary batteries 10A are superposed with surfaces having a larger width of
the battery case 20 faced with each other. Here, the surface having a larger width of the
battery case 20 is a surface surrounded by a long side (M1) and a short side (M2) of the
rectangular battery case 20 (see FIG. 6). .

[0081] Here, in the lithium ion secondary batteries 10A that are adjacently
assembled, as shown in FIG. 9, adjacent wound electrode bodies 40 housed in the battery
case 20 are offset each other in the direction of the winding axis WL. Each of the
lithium ion secondary batteries 10A of the pack battery 1000 has the spatial volume X on
the negative electrode side larger than the spatial volume Y on the positive electrode side.

Each of the lithium ion secondary batteries 10A of the pack battery 1000 is assembled
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such that the spatial volume X on the negative electrode side abuts the spatial volume Y
on the positive electrode side in adjacent lithium ion secondary batteries 10A.

[0082]  Each of the lithium ion secondary batteries 10A of this pack battery 1000
has the spatial volume X on the negative electrode side larger than the spatial volume Y
on the positive electrode side. Therefore, in each of the lithium ion secondary batteries
10A, local heat generatioh in an overcharging state of, for example, about 4.8 V can be
suppressed to a low level. Therefore, also as the entire pack battery 1000, the local heat
generation in an overcharging state of, for example, about 4.8 V can be suppressed to a
low level.

[0083] Further, in this pack battery 1000, the wound electrode bodies 40 of
adjacently assembled lithium ion secondary batteries 10A are offset in the direction of the
winding axis WL. According to the knowledge of the present inventors, when the

wound electrode bodies 40 of the adjacently assembled lithium ion secondary batteries

10A are offset in the direction of the winding axis WL, there is a tendency that the

capacity retention rate of the pack battery 1000 is maintained at a high level.

[0084]  Here, the present inventors prepared the pack batteries 1000 in which an
offset rate A defined by a width B in the direction of the winding axis of the wound
electrode body 40 of the lithium ion secondary battery 10A that is adjacently assembled
and an amount of offset o in the direction of the winding axis of the adjacent wound
electrod_e' bodies (A = o/f x 100) is variously changed and evaluated performances
thereof.

[0085)  FIG. 10 shows evaluations of the respective evaluation pack batteries.
Here, the “offset rate A =0 ‘means that the wound electrode bodies 40 of the lithium ion
secondary battery 10A that are adjacently aséembled are not offset in the direction of the
winding axis WL. Further, it means that the larger the offset rate A becomes, ‘the larger
the wound electrode bodies 40 of the lithium ion secondary batteries 10A that are
adjacéntly assembled are offset in the direction of the winding axis WL.

[0086] With the evaluation pack batteries that have different offset rates A, the

capacity retention rates were measured. Specifically, herein, the high-rate cycle test was
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performed under a temperature environment of -30°C, and the capacity retention rate (%)
between before and after the high-rate cycle test was evaluated.

[0087]  Here, the reason why the test was performed under a temperature
environment of -30°C is because the lower the temperature is set, the more the metallic
lithium tends to precipitat_e in the high-rate cycle test and the more the capacity tends to
decrease by the high-rate cycle test. That is, the decrease in the capacity retention rate
(%) here is considered caused by precipitation of the metallic lithium.

[0088] Here, the capacity retention rate (the capacity retention rate after cycle
test) is obtained as a ratio (capacity after cycle test)/(initial capacity) of an initial capacity
of an evaluation pack battery that is adjusted to the predetermined state of charge and a
capacity of the evaluation pack battery-after the predetermined charging and discharging
cycle test (hereinafter, optionally referred to as “capacity after cycle test”).  The capacity
retention rate after cycle test is represented by “capacity retention rate after cycle test” =
(capacity after cycle test)/(initial capacity) x 100 (%).
| [0089]  Here, the initial capacity is measured, for example, in such a manner that
an evaluation pack battery that was adjusted to the predetermined state of charge is
charged at a constant current of 1C until a voltage between terminals becomes 4.1 V
under a temperature condition of 25°C, subseqﬁently a constant voltage charging is
performed until a total charging time becomes 2.5 hours (CC-CV charging), after 10
minute suspension after completion of the charging, at 25°C, a constant current
discharging at 0.33C (1/3C) is performed from 4.1 V to 3.0 V, subsequently, a constant
voltage discharging is performed until a total discharging time becomes 4 hours. The
discharging capacity at this time was taken as an initial capacity Q1 [Ah] of each of the
batteries.

[0090] The “capacity after cycle test” is measured in such a manner that the
evaluation cell is subjected to the predetermined charging/discharging cycle test under the
predetermined temperature environment, then, based on the evaluation cell after
charging/discharging cycle test, according to the measurement of the “initial capacity”

described above, a charging capacity is measured under a temperature environment of
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25°C. Here, the measured “discharge capacity” is taken as the “capacity after cycle
test”.

[0091]  As the capacity retention rate here, in particular, a capacity retention rate
after charging/discharging cycle test under a low temperaturé environment of about -30°C
is considered important. Therefore, specifically, the “capacity after cycle test” was
measured after the predetermined charging/discharging cycle was performed the
predetermined number of cycles (herein, 6000 cycles) under the temperature environment
of -30°C.

[0092]  Here, the high-rate cycle test was performed as shown below. An
evaluation cell of which SOC was adjusted to 79% was prepared after conditioning under
a temperature environmental atmosphere of 25°C. Then, the high-rate cycle test in
which the following procedures I to III are repeated the predetermined number of cycles
(herein, 6000 cycles) under a temperature environment atmosphere of -30°C was
performed. [. A constant current discharging at 40C for 0.1 seconds (CC discharging), II.
A constant current charging at 0.4C for 10 seconds (CC charge) (that is, charging an
amount of capacity discharged in I.), III. A suspension for 29 seconds (Procedures of [ to
[II are repeated 6000 cycles.) |

[0093] With such capacity retention rate (capacity retention rate after
charging/discharging cycle test under a low temperature environment), the relationship
between the offset rates A and the capacity retention rates under a low temperature
environment of the evaluation pack batteries 1000 having different offset rate A was
evaluated.

[0094] As a result thereof, as shown in FIG. 10, in comparison with the case
where the offset rate A is zero, the larger the offset rate A becomes, the higher the
capacity of the pack battery is maintained. That is, a tendency that in comparison with
the case where the offset rate A is zero, when the offset rate A becomes larger, the
capacity retention rate after charging/discharging cycle test under a low temperature

environment is improved was found. Further, there was a tendency that when the offset
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rate A was excessively large, the capacity retention rate after charging/discharging cycle
test under a low temperature environment decreased.

[0095] The present inventors consider the reason of the tendency described
above as follows. In the high-rate charging/discharging cycle test, a phenomenon in
which the wound electrode body 40 repeats expansion and contraction occurs. When
the phenomenon in which the wound electrode body 40 repeats the expansion and
contraction occurs, the wound electrode body 40 works like a pump and the electrolytic
solution in the wound eléctrode body 40 decreases thereby. |

[0096]  That is, each of the unit cells of the pack battery 1000 is restrained by the
end plates 106 and 106 and interval holdihg sheéts 104. At this time, regarding the
high-rate charging/discharging cycle test, when the wound electrode body 40 expands in
the battery case 20, pressure of the electrolytic solution in the wound electrode body 40
increases, and the electrolytic solution in the wound electrode body 40 is ejected. On
the other hand, when the wound electrode body 40 contracts, the pressure of the
electrolytic solution in the wound electrode body 40 is alleviated, the electrolytic solution
intrudes into the wound electrode body 40, and the electrolytic solution returns into the
wound electrode body 40. However, when the pressure of the electrolytic solution in
the wound electrode body 40 becomes excessively high at the time when the wound
electrode body 40 expands, the electrolytic solution in the wound electrode bbdy 40 is
strongly ejected, and the electrolytic solution in the wound electrode body 40 remarkably
decreases thereby. In some cases, even when the wound electrode body 40 contracts,
the electrolytic solution does not sufficiently return into the wound electrode body 40.

[0097]  In particular, under a low temperature environment of about -30°C, in
the lithium ion secondary battery 10A, a migration speed (reaction speed) of the lithium
ion decreases and lithium ions tend to precipitate as metallic lithium. Further, the more
the metallic lithium precipitates, the larger a degree of capacity degradation of the pack
battery 1000 becomes. Therefore, when the high-rate charging/discharging cycle test is

performed under a low temperature environment of about -30°C and the capacity
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degradation (capacity retention rate) is evaluated, characteristics of the high-rate
charging/discharging cycle test can more remarkably be evaluated.

[0098] Here, as shown in FIG. 10, when the offset rate A is zero, in the
high-rate cycle test at -30°C described above, the capacity retention rate of the pack
battery 1000 became 90%, that is, the capacity decrease was about 10%. Further, at this
ﬁme, in the lithium ion secondary batteries 10A of the pack battery 1000, precipitation of
metallic lithium was found in the wound electrode body 40. In particular, at this time,
the metallic lithium remarkably precipitated on a flat surface of the wound ‘electr(')de body
40. Regarding such a phenomenon, the present inventors consider that since the wound
electrode bodies 40 of adjacently assembled lithium ion secondary batteries 10A are not
moderately offset in the direction of the winding axis, and, in the expansion and
contraction of the wound electrode bodies 40 in the high-rate cycle test, the pressure
acting on the electrolytic solution in the wound electrode body 40 could not be alleviated.

[0099] Further, in comparison with the case where the offset rate A is zero,
when the offset rate A becomes larger, in the high-rate cycle test of -30°C described
above, the capacity. retention rate of the pack battery 1000 becomes about 97%, that is,
the capacity was substantially maintained.

[0100] Hefe, when the offset rate A becomes larger, the amount of offset « in
the direction of the winding axis of the wound electrode body 40 of the lithium ion
secondary battery 10A that is adjacently assembled becomes larger. That is, when the
offset rate A becomes larger, the wound electrode body 40 of the lithium ion secondary
battery 10A that is adjacently assembled is moderately displaced in the direction of the
winding axis. When the wound electrode body 40 of the lithium ion secondary battery
10A that is adjacently assembled is moderately displaced in the direction of the winding
axis, the restraint of the wound electrode body 40 is moderately alleviated in each of
batteries of the pack battery 1000. Therefore, in the high-rate cycle test at -30°C, the
capacity retention rate of the pack battery 1000 can be maintained higher than about 97%.

[0101] When the offset rate A becomes excessively larger, in the high-rate cycle

test at -30°C described above, the capacity retention rate of the pack battery 1000
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decreases to about 95%. In this case, in the lithium ion secondary batteries 10A that are |
adjacently assembled, it was found that, in particular in sites where the wound electrode
bodies 40 are displaced, the metallic lithium precipitated. |

[0102]  In the phenomenon like this, when the offset rate A becomes excessively
large, the amount of offset o in the direction of the winding axis of the wound electrode
bodies 40 of the lithium ion secondary batteries 10A that are adjacently assembled
becomes larger. In this case, in sites where the wound electrode bodies 40 are largely
offset, the wound electrode bodies 40 become a state where the restraint is excessively

alleviated. In the site where the restraint of the wound electrode body 40 is excessively

~alleviated, an interval between the positive electrode sheet and the negative electrode

sheet of the wound electrode body 40 becomes larger, and the resistance of the lithium

.ion secondary battery 10A becomes larger thereby. The present inventors consider that

this induces the precipitation of lithium.

[0103]  From the inference like this, in the pack battery 1000, in the lithium ion
secondary batteries 10A that are adjacently assembled, the offset rate A (A = a/B x 100)
defined with a width f in the direction of the winding axis of the‘wound electrode body
40 and an amount of offset a in the direction of the winding axis of the wound electrode
body 40 may be about 1.3 < A <6.0.

[0104]  Like this, in the pack battery 1000 proposed here, in the lithium ion
secondary batteries 10A as a unit battery, the wound electrode bodies 40 housed in the
battery case 20 are offset each other in the difection of the winding axis WL. Each of
the lithium ion secondary batteries 10A of the pack battery 1000 has the spatial volume X

on the negative electrode side larger than the spatial volume Y on the positive electrode

side. In each of the lithium ion secondary batteries 10A, the local heat generation in an

overcharging state of about 4.8 V, for example, can be suppressed to a low level.
Therefore, also as the pack battery 1000 as a whole, the local heat generation in an
overcharging state of about 4.8 V, for example, can be suppréssed to a low level.

[0105]  Further, each of the lithium ion secondary batteries 10A of the pack

battery 1000 is assembled such that the spatial volume X on the negative electrode side
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abuts the spatial volume Y on the positive electrode side in an adjacent lithium ion
secondary battery 10A. The wound electrode bodies 40 of the lithium ion secondary
batteries 10A that are adjacently assembled are moderately offset in the direction 6f the
winding axis WL. According to the knowledge which the present inventors acquired, in
such pack battery 1000, there is a tendency that the local heat generation on the negati\;e
electrode side in an overcharging state can be suppressed to a low level and the capacity
retention rate of the pack battery 1000 can be maintained at a high level.

[0106] '~ In the above, herein, a pack battery that uses the lithium ion secondary

" battery 10A as a unit cell, which has the spatial volume X on the negative electrode side

larger than the spatial volume Y in the positive electrode side was described.

[0107] As described above, in the pack battery 1000, by moderately offsetting
the wound electrode bodies 40 of the lithium ion secondary batteries 10A that are
adjacently assembled in the direction of the winding axis WL, the capacity retention rate
of the pack battery 1000 tends to be maintained ata high level. When an attention is
paid to such tendency, the unit cell of the pack battery may not have the spatial volume X
onl the negative electrode side larger than the spatial volume Y on the positive electrode
side.

[0108] A graphical representation from the viewpoint that the capacity retention
rate of the pack battery 1000 can be maintained at a high level is omitted. For example,
in the unit cell of the pack battery, the spatial volume Y on the positive electrode side
may be larger than the spatial volume X on the negative electrode side. That is, in a
lithium ion secondary battery that forms a unit cell of the pack battery 1000, a wound
electrode body 40 may be disposed by biasing toward one side in the direction of the
winding axis in the battery case. In this case, a plurality of the lithium ion secondary
batteries may be superposed such that a direction in which the wound electrode body 40
is offset in the battefy case may alternately changé.

[0109]  Further, FIG. 11 schematically shows another mode of the pack battery
1000. Here, in a unit cell 10 of a pack battery, as shown in FIG. 11, the wound

electrode body 40 is disposed in a predetermined position of the battery case 20. Here,
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the wound electrdde body 40 is disposed at a nearly center of the rectangular battery case
20 in the direction of the winding axis WL. In a mode shown in FIG. 11, in the pack
battery 1000, the battery cases 20 of the lithium ion secondary batteries 10 that are
adjacently assembled are offset in the direction of the winding axis WL of the wound
electrode body 40 housed in the battery case 20. Thus, in the pack battery 1000, the
wound électrode bodies 40 of the lithium ion secondary batteries 10 that are adjacently
assembled are moderately offset in the direction of the winding axis WL. The lithium
ion secondary batteries 10 that are adjacently assembled may be moderately offset in the
direction of the winding axis WL. Also in the pack battery 1000 having such structure,
the capacity retention rate tends to be maintained at a high level.

[0110] According to the knowledge of the present inventors, also in such
structure, in the pack battery 1000, the lithium ion secondary batteries 10 that are
adjacently assembled may have the offset rate A (A = o/f x 100) defined with a width B
in the direction of the winding axis of the wound electrode body 40 and an amount of
offset o in the direction of the winding axis of the adjacent wound electrode bodies 40 of
about 1.3 < A <6.0.

[0111] In the above, the lithium ion secondary battery and the pack battery
according to one embodiment of the present invention were described. The present
invention is not restricted to any one of the embodiments described above and can be
variously modified.

[0112] For example, the lithium ion secondary battéry disclosed here can
suppress the temperature increase rate particularly during overcharging to a low level.
Thus, the lithium ion secondary battery having high safeness and stable performance can
be provided. Therefore, for example, as shown in FIG. 12, the lithium ion secondary
battery disclosed here is particularly suitable as the vehicle driving battery 1000 for
which high safeness and stable performance are required. Here, the vehicle driving
battery 1000 can have a form of a pack battery that is formed by connecting a plurality of
the lithium ion secbndary batteries 10 described above in series. In a vehicle 1 having

such vehicle driving battery 1000 as a power source includes typically an automobile, in



10

15

WO 2015/008142 PCT/IB2014/001640

36
particular, an automobile provided with a motor such as a hybrid vehicle (including a
plug-in hybrid vehicle) énd an electric vehicle.

[0113] Further, herein, the lithium ion secondary battery and the pack battery
that includes the lithium ion secondary battery as a unit cell were illustrated. The
structure of the lithium ion secondary battery proposed here can be applied also to other
nonaqueous electrolyte secondary batteries that have the same inner structure. Further,
the structure regarding the‘paék battery proposed here can be applied also to a pack
battery that has similarly a nonaqueous electrolyte secondary battery as a unit cell as long
as a structure as the unit cell is the same. Here, as the other nonaqueous electrolyte
secondary battery, for example, a sodium ion secondary battery or a lithium ion polymer
secondary battery can be used.

[0114] In the above, specific embodiments of the present invention were
described in detail. These are only illustrations and do not limit claims. The
technologies described in claims include various modifications and alterations of the

illustrated specific embodiments.
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CLAIMS

1..A nonaqueous electrolyte secondary battery comprising:

a wound electrode body wound along one plane including a winding axis;

é battery case housing the wound electrode body sucﬁ that the winding axis and a
sidewall of the battery case intersect, a spatial volume excluding the wound electrode
body in the battery case including a first spatial volume on a negative electrqde side of
the battery case and a second spatial volume on a positive electrode side of the battery
case, the first spatial volume being larger than the second spatial volume in a direction of
the winding axis of the wound electrode Sody, a first value being obtained by dividing the
first spatial volume ‘by the second spatial volume, and the first value being equal to or
larger than 2.1 and equal to or smaller than 5.7; and

a positioning member positioned the wound electrode body to the battery case.

2. The nonaqueous electrolyte secondary battery according to claim 1, wherein

the first spatial volume is a spatial volume between an end on an uncoated section
side of a negative electrode sheet and a sidewall of the battery case, and

the second spatial volume is a spatial volume between an end on an uncoated

section side of a positive electrode sheet and the sidewall of the battery case.

3. The nonaqueous electrolyte secondary battery according to claim 1 or 2, wherein

the battery case is a rectangular parallelepiped,

the wound electrode body includes a belt positive electrode sheet and a belt negative
electrode sheet, |

the belt positive electrode sheet and the belt negative electrode sheet are superposed
with a belt separator interposed between the belt positive electrode sheet and the belt
negati\)e electrode sheet, and the wound electrode body being wound,

‘the positive electrode sheet includes a belt positive electrode current collector, a

first uncoated section disposed on the positive electrode current collector along an edge
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in a direction of a winding axis of the positive electrode current collector, and a positive
electrode active material layer containing a positive electrode active material and held on
both sides of the positive electrode current collector excluding the first uncoated section,

the negative electrode sheet includes a belt negative electrode current collector
having thermal conductivity higher than that of the positive electrode current collector, a
second uncoated section disposed on the negative electrode current collector along an
edge in a direction of a winding axis of the negative electrode current collector, and a
negative electrode active material layer containing a negative electrode active material
and held on both sides of the negative electrbde current collector excluding the second
uncoated section,

a length of the negative electrode active material layer is longer than a length of the
positive electrode active material layer in a direction of the winding axis, and

the positive electrode sheet and the negative electrode sheet are superposed such
that the positive electrode active material layer is covered with the negative electrode
active material layer and the first uncoated section and the second uncoated section are

positioned on opposite sides each other in a width direction of the winding axis.

4. The nonaqueous electrolyte secondary battery according to claim 3, wherein
the positive electrode current collector is made of aluminum, and

the negative electrode current collector is made of copper.

5. A pack battery comprising:

a plurality of the nonaqueoﬁs electrolyte secondary batteries, the plurality of the
nonaqueous electrolyte secondary batteries according to any one of claims 1 to 4 being
assembled, the nonaqueous electrolyte secondary batteries being faced with surfaces
having a larger width of the battery case and superposed the surfaces and adjacent wound

electrode bodies are offset with each other in the direction of the winding axis.

6. The pack battery according to claim 5, wherein
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‘the nonaqueous electrolyte secondary batteries are adjacently assembled,

the nonaqheous electrolyte secondary batteries have an offset rate equal to or larger
than 1.3 and equal to or smaller than 6.0,

the offset rate is defined with a width in the direction of the winding axis of the
wound electrode body and an amount of offset in the direction of the winding axis of the
adjacent wound electrode bodies, and

the offset rate being obtained by multiplying a second value, which is obtained by

dividing the amount of offset by the width, by 100.

7. A pack battery comprising:

a plurality of nonaqueous electlrolyte secondary batteries superposed and assembled,
the nonaqueous electrolyte secondéry batteries including a rectangular parallelepiped
battery case and a wound electrode body including a belt positive electrode ’sheet and a
belt negative electrode sheet superposed with a belt separator interposed between the belt
positive electrode sheet and the belt negative electrode sheet, the wound electrode body
being wound along one plane surface including a winding axis, and the wound electrode
body being housed in the battery case such that the winding axis and a sidewall of the
battery case intersect,

the nonaqueous electrolyte secondary batteries being faced surfaces having a larger
width of the battery case and being superposed, the nonaqueous electrolyte secondary

batteries being offset each other in a direction of the winding axis.

8. The pack battery according to claim 7, wherein

the wound electrode body is disposed at a nearly center of the battery case.
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