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FIG. 7
TABLE 1
POSITIVE ELECTRODE MIXTURE LAYER
% LAYER CONFIGURATION F\{ETLl%EF S?IIFOR%WZSS% OIT:ALT"__IICJ) % %/I(;)L\TSASL —
E | FRST | SECOND |FIRSTLAYER| 2FFOSITVE |MASS OF POSITIVE | vy
< | LAYER LAYER | TH(T1+T2) | ocTivE MATERIAL | 2 ERECTRODE
(UPPER | (LOWER RFIRSTLAVSR" | ACTIVE MATERIAL
LAYER) | LAYER)
Vol% mass% mass% glem?

BT | NCM SINGLE LAYER - - 0 27
B2 | NCM SINGLE LAYER ~ - 0 3.0
B3 [(LFP+NCM) SINGLE LAYER - - 10 3.0
B4 |(LFP+NCM) SINGLE LAYER - - 20 3.0
B5 |(LFP+NCM) SINGLE LAYER - - 50 27
B6 | LFP+NCM |  NCM 75 6.7 5 3.0
At | LFP+NCM |  NCM 75 13.3 10 3.0
A2 | LFP+NCM| NCM 75 26.6 20 3.0
B7 | LFP+NCM |  NCM 75 33.3 25 3.0
B8 | LFP+NCM | NCM 50 10 5 3.0
A3 | LFP+NCM |  NCM 50 15 75 3.0
A4 | LFP+NCM| NCM 50 30 15 3.0
A5 | LFP+NCM|  NCM 50 40 20 3.0
B9 | LFP+NCM |  NCM 50 50 25 3.0
A6 | LFP+NCM| NCM 25 40 10 3.0
A7 | LFP+NCM |  NCM 25 80 20 3.0
B10 | LFP+NCM |  NCM 20 25 5 3.0
A8 | LFP+NCM | NCM 20 50 10 3.0
A9 | LFP+NCM |  NCM 20 80 16 3.0
B11 LFP NCM 20 100 20 29
B12 [ LFP+NCM [  NCM 15 66.6 10 3.0
B13 [ LFP+NCM |  NCM 12,5 80 10 3.0
B14| LFP NCM 10 100 10 3.0
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FIG. 8
TABLE 2
POSITIVE ELECTRODE MIXTURE LAYER EVALUATION
RATIO OF
VOLUME LF“AATSOSI\(/I)XSS ME@QISFOLFFP

> TO TOTAL CAPACITY | AMOUNT  |CONSTANT
B | RO (OFFOSITIVE | MASSOF | MIXTURE IRETENTION | OF GAS | " POVER
E | LAVER [T ACTVE | e | PN Boee | T OURING | VALUE I
< ELECTRODE oy

@ |TI(T1+T2)] MATERIAL |~ ACTIVE OVERCHARGE | LOW SOC

MERST | MATERIAL
Vol% mass% mass% g/em? % cm3/Ah W

B1] NCM SINGLE LAYER 0 2.7 82 18 280
B2{ NCMSINGLE LAYER 0 3.0 81 15 280
B3 { (LFP+NCM) SINGLE LAYER 10 3.0 77 16 320
B4 | (LFP+NCM) SINGLE LAYER 20 3.0 75 17 345
B5 | (LFP+NCM) SINGLE LAYER 50 2.7 68 19 400
B6| 75 6.7 5 3.0 79 16.5 310
Al 75 13.3 10 3.0 80 20 330
a2l 75 266 20 3.0 75 21 345
B7| 75 333 25 3.0 71 16.5 355
B8| 50 10 5 3.0 81 17 305
A3 50 15 75 3.0 81 2 320
Ad| 50 30 15 3.0 82 27 350
A5| 50 40 20 3.0 79 29 380
BO| 50 50 25 3.0 72 21 355
I ES 40 10 3.0 80 24 320
ATl 25 80 20 3.0 76 3 400
B10[ 20 25 5 3.0 82 19 300
A8 20 50 10 3.0 78 22 330
Al 20 80 16 3.0 78 32 380
B11| 20 100 20 2.9 70 20 420
B12| 15 66.6 10 3.0 78 20 300
B13[ 125 80 10 3.0 74 25 320
B14| 10 100 10 3.0 72 25 320
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FIG. 9
TABLE 3
PARTICLE SIZE DISTRIBUTION BET SPECIEIC
PHOSPHATE D10 | D50 e | SURFACEAREA
(LiFePO4) POWDER

um um um m2/g
LFP(a) 1.8 7.5 21.0 13.2
LFP(b) 2.1 8.4 22.3 11.6
LFP(c) 43 9.5 16.3 9.5
LFP(d) 4.4 12.9 17.4 8.6
LFP(e) 45 14.0 20.5 6.8
LFP() 07 | 55 17.2 14.6
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TABLE 4
POSITIVE ELECTRODE MIXTURE LAYER
ey | e
LAYE
2 | BET | conmorerion | VOLUME [LFPTOMASS| LFPTO
”E SPECIFIC RATIO JOFPOSITIVE | TOTAL |MIXTURE [MAXIMUM
SURFACE OF FIRST |ELECTRODE | MASS OF |DENSITY| PORE
<
o LAYER | ACTIVE | POSITIVE SIZE
FIRST = 1SECOND| 1971572)] MATERIAL |ELECTRODE
LAYER | LAYER INFIRST | ACTIVE
(H:YF’EEI§ (tg%ERR LAYER | MATERIAL
m2/g ) ) Vol% mass% mass% glem?® um
A0 | 235 |LFP@)+NCM| NCM 50 20 10 2.8 0.50
A11| 219 |LFP(B)+NCM| NCM 50 20 10 2.8 0.53
A12| 198 [LFP(Q)+NCM| NCM 50 20 10 2.8 0.64
A3 | 1.89  |LFP(d)+NCM| NCM 25 40 10 2.8 0.70
A4 171 [LFP(e)*NCM| NCM 50 20 10 2.8 0.75
A5 | 249  |LFP{@+NCM | NCM 50 20 10 3.0 0.53
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TABLE 5
POSITIVE ELECTRODE MIXTURE LAYER . EVALUATION
RATIO OF
Z | . BET | vOLUME LA“éAng ﬁ;ss
& CAPACITY | AMOUNT |CONSTANT
E 355‘;}\%‘; RATIO | OF POSITIVE |MIXTURE |MAXIMUM|RETENTION| OF GAS | POWER
< |"AREA OF |OF FIRST| ELECTRODE | DENSITY( PORE | AFTER [PRODUCED| OUTPUT
o LAYER | ACTIVE 500cyc | DURING | VALUE IN
LAP SIZE v
T1(T1+T2)] MATERIAL OVER- | LOWSOC
IN FIRST CHARGE
LAYER
mélg Vol% mass% glem? um % cm3/Ah w
A0 132 50 20 28 0.50 80 18 320
A1) 116 50 20 2.8 0.53 81 20 320
A12 9.5 50 20 28 0.64 82 24 320
A13 8.6 25 40 2.8 0.70 84 25 320
Al4 6.8 50 20 2.8 0.75 84 26 280
A5 | 146 50 20 30 0.53 78 15 320




Patent Application Publication  Sep. 7,2017 Sheet 12 of 12 US 2017/0256776 A1

TABLE S
POSITIVE ELECTRODE MIXTURE LAYER - EVALUATION
RATIO OF
= | BET |voLume | LiPYo MAss
& i | YOLUME | LEPTO M/ CAPACITY | AMOUNT |CONSTANT
= [STECEIC | RATIO |OF POSITIVE |MIXTURE |MAXIMUMIRETENTION, ‘OF GAS | POVER
% | anes oF (OF FIRSTYELECTRODE | DENSITY| PORE | AFTER |PRODUCED, OUTPUT
=S LAYER | AGTIVE SIZE 500cyc | DURING | VALUEIN
ST ITH(THT2), MATERIAL OVER. | LOWSOC
INFIRST CHARGE
LAYER
mélg Vol mass% glom® um % crm/Al W
AID] 132 | 50 20 28 | 050 80 18 320
At 115 | 80 20 28 | 053 81 20 320
Azl 85 50 20 28 | 084 82 24 320
A3 L 86 25 40 28 | 070 84 25 320
A4} 68 50 20 28| 075 84 28 280
AMEL 148 | 80 2 30 | 083 78 15 320
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NONAQUEOUS ELECTROLYTE
SECONDARY BATTERY

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a nonaqueous
electrolyte secondary battery.

[0003] 2. Description of Related Art

[0004] In order to improve output characteristics of a
nonaqueous electrolyte secondary battery in a low state of
charge (hereinafter, referred to as “SOC”), various studies
have been made. For example, Japanese Patent Application
Publication No. 2008-235150 (JP 2008-235150 A) discloses
a nonaqueous electrolyte secondary battery in which a
positive electrode active material contains: a lithium-con-
taining metal oxide containing at least Co; and Li,FePO,
(wherein b satisfies a condition of O<b<1).

[0005] According to JP 2008-235150 A, for example, the
positive electrode active material such as LiNij g;Cog ;5Al,.
050, is mixed with 10 mass % or less of lithium iron
phosphate having a lower action potential than LiNi, 3,Co,
15Al, 15sO,. As a result, an abrupt increase in the resistance
of the positive electrode active material at a late stage of
discharge (that is, low SOC) can be suppressed, and high
output can be obtained over a wide range of SOC. However,
in consideration of the behavior of a battery during over-
charge, there is room for further improvement in such a
technique.

[0006] For example, as a countermeasure against the over-
charge of a battery, a large-sized battery for a vehicle may
include a pressure-operated current interrupt device (here-
inafter, referred to as “CID”) that physically interrupts a
conductive path when an internal pressure of the battery
during overcharge exceeds a predetermined pressure (also
referred to as “working pressure”). In this case, a positive
electrode is required to have a function of causing a reaction
with a gas producing agent (also referred to as “overcharge
additive”), which is contained in an electrolytic solution or
the like, to produce gas such that the CID is rapidly operated
during overcharge.

[0007] However, in JP 2008-235150 A, lithium iron phos-
phate which is used as the positive electrode active material
having a low action potential has significantly low conduc-
tivity. Therefore, this low conductivity is compensated for
by coating surfaces of lithium iron phosphate particles with
carbon. Further, in order to secure a predetermined battery
output, it is necessary to increase a ratio of a conductive
material in a positive electrode mixture into which lithium
iron phosphate is mixed. Moreover, lithium iron phosphate
has low capacity per volume. Therefore, the positive elec-
trode capacity per volume decreases depending on the
mixing amount of lithium iron phosphate. Accordingly, in
order to maintain the battery capacity, it is necessary to
improve the filling factor, that is, the mixture density of a
positive electrode mixture layer depending on the mixing
amount of lithium iron phosphate.

[0008] However, when the mixture density increases, the
area of pores in the layer decreases, and the amount of an
electrolytic solution which can be stored in the positive
electrode mixture layer decreases. As a result, a contact ratio
between the positive electrode active material and the gas
producing agent contained in the electrolytic solution
decreases, and the amount of gas produced during over-
charge decreases. Further, there is a possibility in that the
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internal pressure cannot be efficiently increased due to a
decrease in the area of a discharge path for the produced gas.

SUMMARY OF THE INVENTION

[0009] The present invention provides a nonaqueous elec-
trolyte secondary battery in which the output in a low SOC
is high, and the amount of gas produced during overcharge
is large.

[0010] [1] According to an aspect of the invention, a
nonaqueous electrolyte secondary battery including: a pres-
sure-operated current interrupt device; a nonaqueous elec-
trolytic solution containing a gas producing agent; and an
electrode group in which a positive electrode and a negative
electrode are arranged to face each other with a separator
interposed between the positive electrode and the negative
electrode. The positive electrode includes a positive elec-
trode current collector and a positive electrode mixture layer
that has a main surface and is formed on the positive
electrode current collector. The positive electrode mixture
layer includes a first layer that includes the main surface and
a second layer that is formed closer to the positive electrode
current collector side than the first layer. A ratio of the
volume of the first layer to the volume of the positive
electrode mixture layer is 20 vol % to 75 vol %. The first
layer contains lithium iron phosphate and lithium nickel
cobalt manganese composite oxide. A ratio of the mass of
the lithium iron phosphate to the total mass of the lithium
iron phosphate and the lithium nickel cobalt manganese
composite oxide in the first layer is more than 0 mass % and
80 mass % or less. The second layer contains lithium nickel
cobalt manganese composite oxide. A ratio of the mass of
the lithium iron phosphate to the total mass of the positive
electrode active material in the positive electrode mixture
layer is 7.5 mass % to 20 mass %. A maximum pore size of
the first layer is 0.50 pm to 0.70 pum.

[0011] In the nonaqueous electrolyte secondary battery
having the above-described configuration, high output is
obtained even in a low SOC, and a large amount of gas is
produced during overcharge such that the CID can be rapidly
operated. The reason is presumed to be as follows. In the
following description, “lithium iron phosphate” will also be
abbreviated as “LFP”, and “lithium nickel cobalt manganese
composite oxide” will also be abbreviated as “NCM”.
[0012] In the above-described configuration, the positive
electrode mixture layer has a two-layer structure including:
a second layer (lower layer) containing NCM; and a first
layer (upper layer) containing LFP and NCM. That is, LFP
is biasedly distributed on the surface of the positive elec-
trode mixture layer.

[0013] In the positive electrode mixture layer during
charging, a reaction of releasing lithium ions (Li") is initi-
ated from the surface portion close to the negative electrode.
Therefore, in the positive electrode mixture layer during
charging, a Li* concentration gradient is generated in a
thickness direction thereof, and thus concentration polariza-
tion occurs in the vicinity of the surface. In the above-
described nonaqueous electrolyte secondary battery, the first
layer containing LFP is formed on the surface portion. Since
LFP is a positive electrode active material having low
conductivity (that is, high resistance) as described above,
resistance polarization is likely to occur in the first layer. A
combination of these polarizations causes a increase of
positive electrode potential in a local portion of the first
layer. Therefore, in the first layer, in order to alleviate the
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increase in the local portion of positive electrode potential,
a reaction between the positive electrode active material and
the gas producing agent is significantly accelerated. In the
above-described nonaqueous electrolyte secondary battery,
the positive electrode mixture layer contains LFP. As a
result, it is considered that, even when the mixture density
of the positive electrode mixture layer is somewhat high, it
is difficult to decrease the amount of gas produced.

[0014] Further, in the above-described nonaqueous elec-
trolyte secondary battery, the first layer includes the main
surface of the positive electrode mixture layer. Therefore,
the first layer is in contact with the separator. In general, the
separator has a higher porosity than the positive electrode
mixture layer. Therefore, an abundant amount of the non-
aqueous electrolytic solution containing the gas producing
agent is stored in the separator. Therefore, even when the gas
producing agent is consumed due to the gas production
reaction in the first layer, the gas producing agent is supplied
from the separator to the first layer along with the nonaque-
ous electrolytic solution, and the gas production reaction can
be continued without the depletion of the gas producing
agent in the first layer. In this way, in the above-described
nonaqueous electrolyte secondary battery, a predetermined
amount of gas can be secured early during overcharge.
[0015] According to the research by the present inventors,
when the ratio of the mass of LFP to the total mass of the
positive electrode active material in the entire positive
electrode mixture layer is less than 7.5 mass %, a desired
output may not be obtained in a low SOC. When the mass
ratio of LFP is more than 20 mass %, a balance between the
output in a low SOC and the other characteristics (for
example, charging-discharging cycle characteristics) may
not be maintained. Accordingly, in the above-described
nonaqueous electrolyte secondary battery, the ratio of the
mass of LFP to the total mass of the positive electrode active
material is limited to be 7.5 mass % to 20 mass %.

[0016] In the above-described nonaqueous electrolyte sec-
ondary battery, the ratio of the volume of the first layer to the
volume of the positive electrode mixture layer is limited to
be 20 vol % to 75 vol %. The reason why the volume ratio
of the first layer is adjusted to be 20 vol % or more is as
follows: when the volume ratio of the first layer, which is a
main reaction field of the gas production reaction, is less
than 20 vol %, the amount of gas produced may decrease.
The reason why the volume ratio of the first layer is adjusted
to be 75 vol % or less is as follows: when the volume ratio
of the first layer is more than 75 vol %, a difference from a
state where LFP is uniformly distributed over the entire
positive electrode mixture layer (related art) can be reduced.
That is, by widely distributing LFP having high resistance in
a thickness direction of the positive electrode mixture layer,
an increase in resistance becomes significant even in a
region close to the positive electrode current collector. As a
result, resistance polarization on the surface is reduced, and
the amount of gas produced is reduced.

[0017] By adopting the above-described two-layer struc-
ture including the first layer and the second layer, the output
in a low SOC and the amount of gas produced during
overcharge can be simultaneously increased. However, a
new possibility was found in that charging-discharging cycle
characteristics may decrease under only the above-described
conditions. That is, since there is a difference in the com-
position of the positive electrode active material between the
first layer and the second layer, there is a difference in, for
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example, expansion or shrinkage amount or voltage behav-
ior, which varies depending on charging-discharging cycles,
therebetween. As a result, strain increases at an interface
between both the layers, and interfacial peeling or the like
partially occurs, which leads to a decrease in capacity. In
order to prevent the possibilityies, a configuration of
increasing the mixing amount of a binder into the positive
electrode mixture can be considered. However, the binder is
a resistance component, which may cause a decrease in
output. Therefore, in the above-described nonaqueous elec-
trolyte secondary battery, the ratio of the mass of LFP to the
total mass of LFP and NCM in the first layer is limited to be
80 mass % or less. As a result, the generation of strain can
be prevented, and a decrease in capacity caused by charging-
discharging cycles can be prevented.

[0018] Further, a maximum pore size of the first layer is
0.50 um to 0.70 pm. As a result, gas produced from the first
layer can be easily discharged, and the internal pressure can
be efficiently increased.

[0019] In the nonaqueous electrolyte secondary battery, a
BET specific surface area of the lithium iron phosphate may
be 8.6 m*/g to 13.2 m*/g. By adjusting the BET specific
surface area of LFP to be 8.6 m*/g or more, the output in a
low SOC can be improved. By adjusting the BET specific
surface area of LFP to be 13.2 m%/g or less, the maximum
pore size of the first layer can be easily controlled to be 0.50
um or more.

[0020] “BET specific surface area” described herein refers
to the specific surface area measured using a BET method.
The BET specific surface area can be measured using a
general specific surface area measuring device (for example,
“Macsorb HM model-1201” manufactured by Mountech
Co., Ltd.). The maximum pore size of the positive electrode
mixture layer (first layer) can be measured by mercury
intrusion porosimetry using a pore distribution measuring
device (for example, “Autopore IV 9500” manufactured by
Shimadzu Corporation).

[0021] In the nonaqueous electrolyte secondary battery, a
ratio of the mass of a conductive material to the mass of the
first layer may be 5 mass % to 15 mass %.

[0022] In the nonaqueous electrolyte secondary battery, a
ratio of the mass of a conductive material to the mass of the
second layer may be 3 mass % to 11 mass %.

[0023] In the nonaqueous electrolyte secondary battery, a
mixture density of the positive electrode mixture layer may
be 2.5 g/cm? to 3.5 g/em>.

[0024] According to the above-described aspect of the
invention, a nonaqueous electrolyte secondary battery can
be provided in which the output in a low SOC is high, and
the amount of gas produced during overcharge is large.

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:

[0026] FIG. 1 is a schematic diagram showing a configu-
ration example of a nonaqueous electrolyte secondary bat-
tery according to an embodiment of the invention;

[0027] FIG. 2 is a schematic cross-sectional view taken
along line II-1I of FIG. 1;
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[0028] FIG. 3 is a schematic diagram showing a configu-
ration example of an electrode group according to the
embodiment of the invention;

[0029] FIG. 4 is a schematic diagram showing a configu-
ration example of a positive electrode according to the
embodiment of the invention;

[0030] FIG. 5 is a schematic cross-sectional view taken
along line V-V of FIG. 4; and

[0031] FIG. 6 is a schematic diagram showing a configu-
ration example of a negative electrode according to the
embodiment of the invention.

[0032] FIG. 7 is a table showing properties of positive
electrode active material according to the embodiment of the
invention and properties of positive electrode active material
according to the comparative example.

[0033] FIG. 8 is a table showing evaluation of the respec-
tive batteries and the respective positive electrodes accord-
ing to the embodiment of the invention and evaluation of the
respective batteries and the respective positive electrodes
according to the comparative example.

[0034] FIG. 9 is a table showing physical properties of
each LFP powder according to the embodiment of the
invention.

[0035] FIG. 10 is a table showing the configurations of the
positive electrode mixture layers in the batteries A10 to A15
according to the embodiment of the invention.

[0036] FIG. 11 is atable showing the output in a low SOC,
the amount of gas produced during overcharge, and charg-
ing-discharging cycle characteristics of the batteries A10 to
A15 according to the embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0037] Hereinafter, an embodiment of the invention (here-
inafter, referred to as “the embodiment™) will be described
in detail. However, the embodiment is not limited to the
following description.

[0038] <Nonaqueous Electrolyte Secondary Battery>
[0039] FIG. 1 is a schematic diagram showing a configu-
ration example of a nonaqueous electrolyte secondary bat-
tery according to the embodiment. Referring to FIG. 1, the
battery 100 is a sealed battery and includes a square external
body 50. The external body 50 includes a bottomed square
case 52 and a lid 54. The external body 50 is formed of, for
example, an aluminum (Al) alloy. The case 52 and the lid 54
are joined to each other by, for example, laser welding. A
positive electrode terminal 70 and a negative electrode
terminal 72 are provided on the lid 54. A safety valve 55 is
adjusted to be opened under a higher pressure than a
working pressure of a CID 30 described below.

[0040] Next, an internal structure of the battery 100 will be
described. FIG. 2 is a schematic cross-sectional view show-
ing the battery 100 taken along line II-IT of FIG. 1. Referring
to FIG. 2, the battery 100 includes an electrode group 80 and
a nonaqueous electrolytic solution (not shown). The inside
of the battery 100 is not completely filled with the above
components, and a space volume is present therein. Here,
“space volume” refers to the volume obtained by subtracting
the volume of the components (the electrode group 80, the
nonaqueous electrolytic solution, and the like) from the
internal volume of the external body 50. The embodiment is
particularly effective for a large-sized battery having a large
space volume therein. This is because, as the space volume
increases, the amount of gas required to operate the CID 30
increases. Examples of the large-sized battery include bat-
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teries (having a rated capacity of about 20 Ah or higher)
which are used in a hybrid vehicle (HV), an electric vehicle
(EV), and the like.

[0041] [Current Interrupt Device (CID)]

[0042] The pressure-operated CID 30 is arranged on a
conductive path on the positive electrode side of the battery
100. The CID 30 includes a deformed metal plate 32, a
connection metal plate 34, and an insulating case 38. The
connection metal plate 34 is electrically connected to a
positive electrode current collector plate 74. The deformed
metal plate 32 has a curved portion 33 whose center is
curved downward and is joined to the connection metal plate
34 at a tip end (junction 36) of the curved portion 33. The
deformed metal plate 32 is electrically connected to the
positive electrode terminal 70 through a current collector
lead 35. In this way, a conductive path which connects the
positive electrode terminal 70 and the positive electrode
current collector plate 74 to each other is formed.

[0043] The insulating case 38 is formed of, for example, a
resin, is arranged to surround the deformed metal plate 32,
seals a space surrounded by the deformed metal plate 32, the
insulating case 38, and the external body 50, and separates
the above space from the other spaces inside the external
body 50.

[0044] When the internal pressure of the external body 50
increases, the internal pressure acts on a bottom surface of
the curved portion 33 of the deformed metal plate 32 such
that the curved portion 33 is pushed up. When the internal
pressure exceeds the working pressure, the curved portion
33 is flipped upside down, the junction 36 is disconnected
from the positive electrode current collector plate 74, and the
conductive path which connects the positive electrode ter-
minal 70 and the positive electrode current collector plate 74
to each other is interrupted.

[0045] InFIG. 2, the CID 30 is provided on the conductive
path on the positive electrode side. However, the CID may
be provided on a conductive path on the negative electrode
side or on both the conductive paths. In addition, the CID is
not limited to the above-described configuration and may
have any configuration as long as the CID operates in
response to an increase in the internal pressure. For example,
when a value of the internal pressure detected by a sensor
exceeds a set value, an external circuit which interrupts the
current may be set as the CID.

[0046] [Electrode Group]

[0047] FIG. 3 is a schematic diagram showing a configu-
ration example of the electrode group. Referring to FIG. 3,
the electrode group 80 is a wound electrode group. A
positive electrode 10, a negative electrode 20, and separators
40 constituting the electrode group 80 are elongated belt-
shaped sheet members. In the electrode group 80, the
positive electrode 10 and the negative electrode 20 are
arranged to face each other with the separators 40 interposed
therebetween, and the electrode group 80 is wound in a
longitudinal direction of the respective members.

[0048] Each of the positive electrode 10 and the negative
electrode 20 has an exposure portion EP where a current
collector (typically, metal foil) is exposed at an end portion
on one side in a width direction (transverse direction). In the
electrode group 80, the positive electrode 10 and the nega-
tive electrode 20 are arranged to face each other such that the
exposure portions EP protrude in different directions on a
winding axis AW.
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[0049] Referring to FIG. 2, the exposure portions EP of the
electrode group 80 are welded to the positive electrode
current collector plate 74 and the negative electrode current
collector plate 76, respectively. As described above, the
positive electrode current collector plate 74 is connected to
the positive electrode terminal 70 through the CID 30, and
the negative electrode current collector plate 76 is connected
to the negative electrode terminal 72. In the battery 100, as
described below, a positive electrode mixture layer 12
includes a first layer 12a and a second layer 125. As a result,
a large amount of gas is produced during overcharge, and the
CID 30 can be operated early.

[0050] [Positive Electrode]

[0051] FIG. 4 is a schematic diagram showing a configu-
ration example of the positive electrode 10. Referring to
FIG. 4, the positive electrode 10 includes an elongated
belt-shaped positive electrode current collector 11 and an
elongated belt-shaped positive electrode mixture layer 12
that is formed on opposite main surfaces of the positive
electrode current collector 11. The positive electrode current
collector 11 is formed of, for example, Al foil. The positive
electrode 10 can be manufactured using a method of the
related art. For example, using a die coater, a positive
electrode mixture paste obtained by dispersing a positive
electrode mixture in a predetermined solvent is applied to
the opposite main surfaces of the positive electrode current
collector 11 and is dried. As a result, the positive electrode
10 can be manufactured. At this time, as the solvent, for
example, N-methyl-2-pyrrolidone (NMP) can be used. In
addition, the dried positive electrode mixture layer 12 may
be pressed using a rolling mill or the like to adjust the
thickness and the mixture density thereof. The mixture
density of the positive electrode mixture layer 12 is, for
example, 2.5 g/cm® to 3.5 g/em®.

[0052] [Positive Electrode Mixture Layer]

[0053] The positive electrode mixture layer 12 includes a
main surface MS. FIG. 5 is a schematic cross-sectional view
taken along line V-V of FIG. 4. Referring to FIG. 5, the
positive electrode mixture layer 12 includes: the first layer
124 that includes the main surface MS; and the second layer
125 that is formed closer to the positive electrode current
collector 11 side than the first layer 12a. The first layer 12a
contains LFP 1 and NCM 2, and the second layer 124
contains the NCM 2. This two-layer structure can be formed,
for example, using a method including: applying a positive
electrode mixture paste for forming the second layer 124 to
the main surface of the positive electrode current collector
11 and drying the positive electrode mixture paste; and
applying a positive electrode mixture paste for forming the
first layer 12a to the second layer 125 and drying the positive
electrode mixture paste.

[0054] Inthe embodiment, it is preferable that the positive
electrode mixture layer 12 consists of only the first layer 12a
and the second layer 125. However, the positive electrode
mixture layer 12 may further include another layer within a
range where the amount of gas produced during overcharge
and the output in a low SOC are not excessively decreased.
For example, a conductive layer containing a conductive
material and a binder may be formed between the first layer
124 and the second layer 125 or between the second layer
125 and the positive electrode current collector 11.

[0055] [First Layer]

[0056] The first layer 12a contains the LFP 1 and the NCM
2 as the positive electrode active material and further
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contains a conductive material and a binder (both of which
are not shown). A ratio of the mass of the positive electrode
active material to the mass of the first layer 12a is, for
example, 80 mass % to 95 mass %, preferably 80 mass % to
90 mass %, and more preferably 85 mass % to 90 mass %.
[0057] [Volume Ratio of First Layer]

[0058] A ratio (volume ratio) of the volume of the first
layer 12a to the volume of the positive electrode mixture
layer 12 is 20 vol % to 75 vol %. When the volume ratio of
the first layer 12a is less than 20 vol %, portions where the
polarizations occur cannot be sufficiently secured, and the
amount of gas produced may decrease. When the volume
ratio of the first layer 12a is more than 75 vol %, resistance
polarization decreases, and the amount of gas produced may
decrease. From the viewpoints of further increasing the
amount of gas produced and further improving the output in
a low SOC, the volume ratio of the first layer 12a is
preferably 20 vol % to 50 vol % and more preferably 25 vol
% to 50 vol %.

[0059] In the embodiment, it is preferable that the appli-
cation area of the first layer 12a (the area of the main surface
MS) is substantially the same as the application area of the
second layer 125. The reason is as follows. When these areas
are significantly different from each other, the mixture
density may be non-uniform in a portion of the positive
electrode mixture layer 12, which may decrease charging-
discharging cycle characteristics. Here, “the application
areas are substantially the same” implies that the application
area of the first layer 12a is 0.97 times to 1.03 times the
application area of the second layer 125. When the appli-
cation areas are substantially the same, the above-described
ratio of the volume of the first layer 12a to the volume of the
positive electrode mixture layer 12 can be calculated based
on a thickness T1 of the first layer 12a and a thickness T2
of the second layer 124. That is, the ratio of the volume of
the first layer 12a to the volume of the positive electrode
mixture layer 12 can be calculated in a percentage from
T1/(T1+T2). Here, the thickness (T1+T2) of the positive
electrode mixture layer 12 is, for example, 40 um to 100 um.
[0060] [Maximum Pore Size]

[0061] The maximum pore size of the first layer 12a is 0.5
pum or more. As a result, gas produced from the first layer
124 can be easily discharged, and the internal pressure can
be efficiently increased during overcharge. According to
experiment results described below, the maximum pore size
of'the first layer 12a is more preferably 0.53 pm or more and
still more preferably 0.64 pm or more. As described below,
the maximum pore size of the first layer 12a can be
controlled, for example, by adjusting the BET specific
surface area of the LFP 1 contained in the first layer 12a.
That is, as the BET specific surface area of LFP powder is
decreased, the size of pores contained in the first layer 12a
can be increased. However, when the BET specific surface
area is excessively small, the intercalation reaction of Li* is
less likely to occur, and output characteristics may decrease.
From this point of view, the maximum pore size is 0.70 pm
or less.

[0062] [Lithium Iron Phosphate]

[0063] The first layer 12a contains particulate lithium iron
phosphate (LFP 1). LFP is a complex phosphate represented
by the chemical formula LiFePO, and has an olivine type
crystal structure. LFP is capable of intercalation and deinter-
calation of Li+ at 3.3 Vto 3.4 V (vs. Li*/Li). Here, when the
mixing ratio of LFP and NCM is set such that the battery
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capacity is the same as that of a battery in which a positive
electrode active material is formed of only NCM, the
above-described value of 3.3 V to 3.4 V corresponds to
about 20% (low SOC) in terms of the SOC of the battery.
Accordingly, in the embodiment, even when the SOC of the
battery is low, the Li* concentration in LFP is still low, and
LFP can intercalate Li*. Further, in the embodiment, LFP is
present in the surface (that is, the first layer 124 including the
main surface MS) of the positive electrode mixture layer 12.
Therefore, Li* supplied from the outside of the positive
electrode mixture layer 12 can easily reach LFP. In this way,
it is considered that high output can be exhibited in a low
SOC.

[0064] In the chemical formula LiFePO4 representing
LFP, a portion of Fe may be substituted with another element
(for example, Co, Ni, or Mn) within a range where an
increase in potential during overcharge and the output in a
low SOC do not excessively deteriorate. In addition, LFP
may be doped with a small amount of different element.
Examples of the different element include magnesium (Mg),
silicon (Si), calcium (Ca), titanium (Ti), vanadium (V),
chromium (Cr), zinc (Zn), gallium (Ga), zirconium (Zr),
niobium (Nb), molybdenum (Mo), tin (Sn), hafnium (Hf),
and tungsten (W).

[0065] It is preferable that the surface of LFP is coated
with carbon or the like because the conductivity of LFP is
compensated for and output characteristics are further
improved. For example, a carbon source (for example, a
heavy aromatic residue (pitch) obtained from petrochemical
process or a carbohydrate) is added to a precursor of LFP
and is fired at a predetermined temperature. As a result,
primary crystal grains formed of LFP are coated with carbon
and aggregate each other to obtain powder of secondary
particles. At this time, the coating amount of carbon is not
particularly limited. For example, a mass ratio (LFP:C) of
the matrix (LFP) to carbon (C) is 98:2 to 99:1.

[0066] The BET specific surface area of LFP (powder of
secondary particles) is preferably 8.6 m*/g to 13.2 m%g. By
adjusting the BET specific surface area to be 8.6 m*/g or
more, the intercalation reaction of Li* is likely to occur
during discharge, and the output in a low SOC is further
improved. In addition, by adjusting the BET specific surface
area to be 13.2 m?/g or less, the maximum pore size of the
first layer 12a can be easily controlled to be 0.5 pm or more.
The BET specific surface area of the LFP powder is more
preferably 8.6 m*/g to 11.6 m*/g and still more preferably
8.6 m?/g to 9.5 m*/g. The BET specific surface area of LFP
can be adjusted, for example, by adjusting temperature
conditions during the firing of the precursor of LFP.
[0067] From the viewpoint of realizing the above-de-
scribed range of the BET specific surface area, D50 of LFP
(powder of secondary particles) is, for example, 5.0 um to
15.0 pm, preferably 7.5 pm to 14.0 um, more preferably 8.4
um to 12.9 pum, and still more preferably 8.4 um to 9.5 pm.
Here, “D50” refers to a particle size corresponding to an
cumulative value of 50% in a particle size distribution
obtained using a laser diffraction scattering method. Like-
wise, “D10” and “D90” refer to particle sizes corresponding
to a cumulative value of 10% and a cumulative value of 90%
in the same particle size distribution, respectively.

[0068] [Lithium Nickel Cobalt Manganese Composite
Oxide]
[0069] The first layer 12a contains particulate lithium

nickel cobalt manganese composite oxide (NCM 2). NCM is
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a compound represented by the formula LiNi,Co,Mn_O,
(wherein, O<a<l, 0<b<1, 0<c<l1, and a+b+c=1 are satisfied).
NCM has high energy density per volume and superior heat
stability.

[0070] In the formula LiNi,Co,Mn_O,, it is more prefer-
able that a, b, and ¢ satisfy 0.2<a<0.4, 0.2<b<0.4, and
0.2<¢c<0.4, and it is still more preferable that a, b, and ¢
satisfy 0.3<a<0.35, 0.3<b<0.35, and 0.3<c<0.35. By a com-
position ratio of Ni, Co, and Mn satisfying the above-
described relationship, a balance between energy density
and heat stability is further improved. Here, NCM may be
doped with a small amount of the above-described different
element (for example, Mg).

[0071] In consideration of dispersibility during mixing,
the D50 of NCM (powder of secondary particles) is, for
example, 1 pm to 20 pm, preferably 3 um to 15 pm, and
more preferably 5 um to 10 pum.

[0072] [Ratio of Mass of Lithium Iron Phosphate to Mass
of Positive Electrode Active Material in First Layer]
[0073] A ratio of the mass of LFP to the total mass of LFP
and NCM in the first layer 12a is more than 0 mass % to 80
mass %. When the mass ratio of LFP is more than 80 mass
%, strain is generated between the first layer 12a and the
second layer 125, which may decrease charging-discharging
cycle characteristics. From the viewpoint of further reducing
the strain, the ratio of the mass of LFP to the total mass of
LFP and NCM in the first layer 12a is preferably 50 mass %
or less, more preferably 40 mass % or less, and still more
preferably 30 mass % or less. On the other hand, in con-
sideration of the output in a low SOC, the ratio of the mass
of LFP to the total mass of LFP and NCM in the first layer
12a is preferably 5 mass % or more, more preferably 10
mass % or more, and still more preferably 15 mass % or
more.

[0074] [Conductive Material]

[0075] As the conductive material, a material of the related
art can be used. For example, one or more materials selected
from acetylene black (AB), Ketjen black (registered trade
name), flaky graphite, lump graphite, amorphous graphite,
and vapor-grown carbon fiber (VGCF) can be used. In the
first layer 12a containing the LFP 1, in order to secure
conductivity, it is preferable that the mass ratio of the
conductive material is set to be high. A ratio of the mass of
the conductive material to the mass of the first layer 12a is,
for example, 5 mass % to 15 mass %, preferably 7 mass %
to 13 mass %, and more preferably 9 mass % to 11 mass %.
[0076] [Binder]

[0077] As the binder, a material of the related art can be
used. For example, polyvinylidene fluoride (PVdF) or poly-
tetrafluoroethylene (PTFE) can be used. A ratio of the mass
of the binder to the mass of the first layer 12a is, for
example, 1 mass % to 7 mass % and preferably 2 mass % to
6 mass %.

[0078] [Second Layer]

[0079] The second layer 126 is formed closer to the
positive electrode current collector 11 side than the first
layer 12a. The second layer 125 contains NCM as the
positive electrode active material and further contains a
conductive material and a binder. The second layer 125 may
contain a smaller amount of LFP than the first layer 12a.
However, it is preferable that the second layer 125 contains
only NCM as the positive electrode active material because
resistance polarization is efficiently caused to occur and the
output in a low SOC is improved. In addition, NCM con-
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tained in the first layer 12a is not necessarily the same as
NCM contained in the second layer 1256. For example, there
may be a difference in a, b, and C in the formula LiNi,Co,-
Mn_O, between NCM contained in the first layer 12a and
NCM contained in the second layer 12b. However, in
consideration of productivity (for example, the number of
components), it is preferable that the same NCM is used in
the first layer 12a and the second layer 12b. A ratio of the
mass of the positive electrode active material to the mass of
the second layer 125 is, for example, 85 mass % to 95 mass
%, preferably 87 mass % to 93 mass %, and more preferably
88 mass % to 92 mass %.

[0080] As in the case of the first layer 12a, the second
layer 124 also contains the conductive material and the
binder described above in addition to the positive electrode
active material (NCM). The second layer 126 does not
contain LFP or contains a smaller amount of LFP than the
first layer 12a. Therefore, in the second layer 125, the mass
ratio of the conductive material can be set to be low. A ratio
of the mass of the conductive material to the mass of the
second layer 125 is, for example, 3 mass % to 11 mass %,
preferably 4 mass % to 10 mass %, and more preferably 5
mass % to 9 mass %. A ratio of the mass of the binder to the
mass of the second layer 125 is, for example, 1 mass % to
5 mass % and preferably 2 mass % to 4 mass %.

[0081] [Ratio of Mass of Lithium Iron Phosphate to Total
Mass of Positive Electrode Active Material]

[0082] A ratio of the mass of LFP to the total mass of the
positive electrode active material in the entire positive
electrode mixture layer 12 is 7.5 mass % to 20 mass %.
When the mass ratio of LFP is less than 7.5 mass %, a
desired output may not be obtained in a low SOC. When the
mass ratio of LFP is more than 20 mass %, a balance
between the output in a low SOC and charging-discharging
cycle characteristics may not be maintained. From this point
of view, the mass ratio of LFP is preferably 7.5 mass % to
15 mass % and more preferably 10 mass % to 15 mass %.
[0083] The positive electrode mixture layer 12 may further
contain another positive electrode active material (for
example, LiCoO,, LiNiO,, or LiMn,0O,) in addition to LFP
and NCM. However, in this case, it is preferable that a ratio
of the mass of the other positive electrode active material to
the total mass of the positive electrode active materials is set
to be less than 50 mass % because a balance between the
output in a low SOC and the amount of gas produced during
overcharge can be maintained. Due to the same reason, the
mass ratio of the other positive electrode active material is
set to be more preferably less than 30 mass %, still more
preferably less than 10 mass %, and most preferably 0 mass
%.

[0084] [Negative Electrode]

[0085] FIG. 6 is a schematic diagram showing a configu-
ration example of the negative electrode 20. Referring to
FIG. 6, the negative electrode 20 includes an elongated
belt-shaped negative electrode current collector 21 and an
elongated belt-shaped negative electrode mixture layer 22
that is formed on opposite main surfaces of the negative
electrode current collector 21. The negative electrode cur-
rent collector 21 is formed of, for example, Cu foil. The
negative electrode 20 can be manufactured using a method
of the related art. For example, using a die coater, a negative
electrode mixture paste obtained by dispersing a negative
electrode mixture in a predetermined solvent is applied to
the opposite main surfaces of the negative electrode current
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collector 21 and is dried. As a result, the negative electrode
20 can be manufactured. At this time, as the solvent, for
example, water (including ion exchange water) can be used.
In addition, the dried negative electrode mixture layer 22
may be pressed using a rolling mill or the like to adjust the
thickness and the mixture density thereof. The mixture
density of the negative electrode mixture layer 22 is, for
example, 0.5 g/cm? to 2.0 g/cm’.

[0086] The negative electrode mixture layer 22 is formed
by attaching a negative electrode mixture containing a
negative electrode active material, a thickener, and a binder
to the main surfaces of the negative electrode current col-
lector 21. The negative electrode active material is not
particularly limited, and any material which can function as
a negative electrode active material of a nonaqueous elec-
trolyte secondary battery can be used. For example, a carbon
negative electrode active material such as graphite or coke,
or an alloy negative electrode active material of Si, Sn, and
the like can be used. A ratio of the mass of the negative
electrode active material to the mass of the negative elec-
trode mixture layer 22 is, for example, 90 mass % to 99 mass
%.

[0087] As the thickener and the binder, a material of the
related art can be used. As the thickener, for example,
carboxymethyl cellulose (CMC) or polyvinyl alcohol (PVA)
can be used. As the binder, for example, styrene-butadiene
rubber (SRB) or PTFE can be used. A ratio of the mass of
the thickener and the binder to the mass of the negative
electrode mixture layer 22 is, for example, 1 mass % to 10
mass %.

[0088] [Separator]

[0089] The separator 40 prevents electrical contact
between the positive electrode 10 and the negative electrode
20 while allowing penetration of Li*. As the separator 40, a
microporous membrane formed of a polyolefin material is
preferable from the viewpoints of mechanical strength and
chemical stability. For example, a microporous membrane
formed of polyethylene (PE), polypropylene (PP), or the like
is preferable.

[0090] In the separator 40, plural microporous membranes
may be laminated, or a heat resistance layer containing an
inorganic filler (for example, alumina particles) may be
formed on the surface thereof. The thickness of the separator
40 is, for example, 5 um to 40 pm. The pore size and porosity
of the separator 40 may be appropriately adjusted such that
the air permeability is a desired value.

[0091] [Nonaqueous Electrolytic Solution]

[0092] The nonaqueous electrolytic solution is obtained
by dissolving a Li salt in an aprotic solvent. Examples of the
aprotic solvent which can be used include cyclic carbonates
such as ethylene carbonate (EC), propylene carbonate (PC),
butylene carbonate (BC), vy-butyrolactone (yBL), and
vinylene carbonate (VC); and chain carbonates such as
dimethyl carbonate (DMC), ethyl methy] carbonate (EMC),
and diethyl carbonate (DEC). Among these aprotic solvents,
a combination of two or more kinds is preferable from the
viewpoints of electrical conductivity and electrochemical
stability. In particular, a mixture of a cyclic carbonate and a
chain carbonate is preferably used. At this time, a volume
ratio of the cyclic carbonate to the chain carbonate is
preferably 1:9 to 5:5.

[0093] As the Li salt, for example, lithium hexafluoro-
phosphate (LiPFy), lithium tetrafluoroborate (LiBF,),
lithium perchlorate (LiClO4), lithium hexafluoroarsenate
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(LiAsF), lithium bis(trifluoromethanesulfonyl)imide (Li
(CF;80,),N), or lithium trifluvoromethanesulfonate
(LiCF4S0;) can be used. Among these Li salts, a combina-
tion of two or more kinds may be used. The concentration of
the Li salt in the nonaqueous electrolytic solution is not
particularly limited and is preferably 0.5 mol/L to 2.0 mol/L.
from the viewpoint of improving output characteristics,
charging-discharging cycle characteristics, and the like.
[0094] [Gas Producing Agent]

[0095] The nonaqueous electrolytic solution contains a
gas producing agent. The gas producing agent is a com-
pound having an oxidation potential in a charge region
(hereinafter, referred to as “overcharge region”) where the
SOC of the battery exceeds 100%. For example, when the
upper limit charge voltage of the battery is 4.0 V to 4.2 V,
a compound having an oxidation potential of about 4.5 V or
higher (vs. Li*/Li) can be used as the gas producing agent.
Specifically, for example, an aromatic compound such as
cyclohexylbenzene (CHB), biphenyl (BP), biphenyl ether
(BPE), tert-butylbenzene (TBB), or tert-amylbenzene
(TAB), or a derivative thereof can function as the gas
producing agent. Among these, CHB and BP are particularly
preferable because the amount of gas produced is large.
[0096] These compounds starts electrolytic polymeriza-
tion to produce a polymerization product when the positive
electrode potential exceeds the oxidation potential thereof.
This polymerization product increases the battery resistance
and produces gas such that an increase in the internal
pressure is accelerated. The mechanism of the gas produc-
tion is not limited to the above configuration. As long as gas
is produced in the overcharge region, any mechanism may
be used to produce gas.

[0097] As the gas producing agent, not only one kind but
also a combination of two or more kinds may be used.
However, from the viewpoint of increasing the amount of
gas produced, it is preferable that the gas producing agent
contains CHB. Therefore, when a combination of two or
more kinds is used, it is preferable that the composition
thereof is selected such that a ratio of the mass of CHB to
the total mass of the gas producing agent is 50 mass % or
more. For example, CHB and BP having the same mass can
be added to the nonaqueous electrolytic solution to function
as the gas producing agent. The ratio of the mass of CHB to
the total mass of the gas producing agent is more preferably
70 mass % or more and still more preferably 90 mass % or
more.

[0098] The content of the gas producing agent in the
nonaqueous electrolytic solution (that is, the addition
amount of the gas producing agent to the nonaqueous
electrolytic solution) is preferably 1 mass % to 7 mass %.
When the content of the gas producing agent is less than 1
mass %, the desired amount of gas produced may not be
secured. On the other hand, even when the content of the gas
producing agent is more than 7 mass %, the amount of gas
produced does not significantly increase, which is not eco-
nomical. The content of the gas producing agent is more
preferably 2 mass % to 5 mass % because the production
cost can be reduced while securing a large amount of gas
produced.

[0099] Hereinabove, the embodiment has been described
using the square battery as an example. However, the
embodiment is not limited to the square battery and may be
applied to a cylindrical battery or a laminate battery (also
referred to as “pouch type battery”). In the embodiment, the
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configuration of the electrode group is not limited to the
wound type and may be a laminate type (also referred to as
“stack type”).

[0100] Hereinafter, the embodiment will be described in
more detail using Examples. However, the embodiment is
not limited to the following Examples.

Experiment 1. Examination on Positive Electrode
Mixture Layer

[0101] In Experiment 1, the effects of the layer configu-
ration of the positive electrode mixture layer, the mixing
ratio of LFP, and the like on battery performance were
examined. Specifically, the following batteries Al to A9 and
batteries B1 to B14 were prepared to evaluate the output in
a low SOC, the amount of gas produced during overcharge,
and charging-discharging cycle characteristics thereof.
Here, the batteries A1 to A9 correspond to Examples, and the
batteries B1 to B14 correspond to Comparative Examples.

[0102] [Battery Al]
[0103] 1. Preparation of Lithium Iron Phosphate
[0104] Powder of lithium phosphate monohydrate, pow-

der of lithium ferrous dihydrate, and powder of ammonium
dihydrogen phosphate were prepared. These powders were
mixed with each other in the same molar amount to prepare
a precursor of LFP. Further, a carbon source (glucose) was
added to the precursor, was fired at 800° C. for 12 hours, and
was crushed to obtain LFP powder. Hereinafter, this LFP
powder will be referred to as “LFP (d)”.

[0105] 2. Preparation of Positive Electrode

[0106] Referring to FIG. 4, the positive electrode 10 was
manufactured which was a sheet member having an elon-
gated belt shape and had the exposure portion EP at an end
portion on one side in the width direction. In this experi-
ment, the length Lc of the positive electrode 10 in FIG. 4 was
6150 mm, the width We of the positive electrode mixture
layer 12 was 117 mm, and the electrode thickness was 120
um. Here, “electrode thickness” refers to the sum of the
thickness of the positive electrode current collector 11 and
the thickness of the positive electrode mixture layer 12 that
is formed on opposite main surfaces of the positive electrode
current collector 11.

[0107] Powder of a positive electrode active material
(NCM), powder of a conductive material (AB), and powder
of a binder (PVdF) were kneaded with a solvent (NMP) to
obtain a positive electrode mixture paste (hereinafter,
referred to as “NCM-only paste”) for forming the second
layer 12b. In this NCM-only paste, a mixing ratio (positive
electrode active material:conductive material:binder; mass
ratio) of the positive electrode mixture (solid content) was
90:7:3.

[0108] Powder of a positive electrode active material (LFP
and NCM), powder of a conductive material (AB), and
powder of a binder (PVdF) were kneaded with a solvent
(NMP) to obtain a positive electrode mixture paste (herein-
after, referred to as “mixed paste”) for forming the first layer
124. In the mixed paste, a mixing ratio (positive electrode
active material:conductive material:binder; mass ratio) of
the positive electrode mixture was 86:10:4, and a ratio of the
mass of LFP to the total mass of LFP and NCM was 13.3
mass %.

[0109] The NCM-only paste was applied to the opposite
main surfaces of the positive electrode current collector 11
(Al foil having a thickness of 15 pm) to have a predeter-
mined coating weight (application mass per unit area) and
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was dried with hot air. As a result, the second layer 126 was
formed. Further, the mixed paste was applied to the second
layer 124 to have a predetermined coating weight and was
dried with hot air. As a result, the first layer 12a was formed.
In this way, the positive electrode mixture layer 12 was
formed. Next, the positive electrode mixture layer 12 was
pressed such that the mixture density thereof was 3.0 g/cm®
to obtain the positive electrode 10.

[0110] Here, the coating weights of the first layer 12a and
the second layer 125 were adjusted such that: in the pressed
positive electrode mixture layer 12, the volume ratio of the
first layer 12a (T1/(T1+T2), which was calculated from the
thickness T1 ofthe first layer 12a and the thickness T2 of the
second layer 125, was the value shown in Table 1 of FIG. 7,
and the ratio of the mass of LFP to the total mass of the
positive electrode active material in the positive electrode
mixture layer 12 was the value shown in Table 1 of FIG. 7.
[0111] 3. Preparation of Negative Electrode

[0112] Referring to FIG. 6, the negative electrode 20 was
manufactured which was a sheet member having an elon-
gated belt shape and had the exposure portion EP at an end
portion on one side in the width direction. In this experi-
ment, the length La of the negative electrode 20 in FIG. 6
was 6300 mm, the width Wa of the negative electrode
mixture layer 22 was 122 mm, and the electrode thickness
was 130 um.

[0113] Powder of a negative electrode active material
(graphite), powder of a binder (SBR), and powder of a
thickener (CMC) were kneaded with a solvent (water) to
obtain a negative electrode mixture paste. In this negative
electrode mixture paste, a mixing ratio (negative electrode
active material:binder:thickener; mass ratio) of the negative
electrode mixture (solid content) was 98:1:1.

[0114] The negative electrode mixture paste was applied
to the opposite main surfaces of the negative electrode
current collector 21 and was dried with hot air to form the
negative electrode mixture layer 22. As a result, the negative
electrode 20 was obtained.

[0115] 4. Preparation of Nonaqueous Electrolytic Solution
[0116] LiPF6 (1.0 mol/L) was dissolved in a mixed sol-
vent containing EC, DMC, and EMC at a volume ratio
(EC:DMC:EMC) of 3:3:4, and CHB (2 mass %) and BP (2
mass %) were further added thereto. As a result, a nonaque-
ous electrolytic solution was prepared.

[0117] 5. Assembly

[0118] The separators 40 having a thickness of 24 um and
a three-layer structure in which a PP layer, a PE layer, and
a PP layer were laminated in this order were prepared.
Referring to FIG. 3, the positive electrode 10 and the
negative electrode 20 were wound such that they faced each
other with the separators 40 interposed therebetween. As a
result, an elliptical electrode group was obtained. Further,
the electrode group was pressed in a flat shape to obtain the
wound type electrode group 80.

[0119] Referring to FIG. 2, the case 52 and the lid 54 were
prepared, in which the positive electrode terminal 70, the
positive electrode current collector plate 74, the negative
electrode terminal 72, and the negative electrode current
collector plate 76 were provided on the lid 54 in advance.
After the positive electrode current collector plate 74 and the
negative electrode current collector plate 76 were connected
to the electrode group 80, the electrode group 80 was
inserted into the case 52, and the case 52 and the lid 54 were
joined to each other by welding.
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[0120] A predetermined amount of nonaqueous electro-
lytic solution was injected through a liquid injection hole
(not shown) provided on the lid 54, and a sealing screw was
fastened to the liquid injection hole to seal the inside of the
case 52. In this way, a nonaqueous electrolyte secondary
battery (battery Al) having a rated capacity (design capac-
ity) of 25 Ah was obtained.

[0121] [Batteries A2 to A9 and Batteries B12 and B13]
[0122] The batteries A2 to A9 and the batteries B12 and
B13 were obtained using the same method as that of the
battery Al, except that the ratio of the volume of the first
layer 12a to the volume of the positive electrode mixture
layer 12, the ratio of the mass of LFP to the total mass of the
positive electrode active material in the first layer 12a, and
the ratio of the mass of LFP to the total mass of the positive
electrode active material in the positive electrode mixture
layer 12 were changed as shown in Table 1 of FIG. 7.
[0123] [Batteries B1 and B2]

[0124] The batteries B1 and B2 were obtained using the
same method as that of the battery Al, except that the
NCM-only paste was used, a single-layer positive electrode
mixture layer was formed by changing the coating weight
such that the battery capacity was the same as that of the
battery Al, and the mixture density of the positive electrode
mixture layer was adjusted to be the value shown in Table
1 of FIG. 7. In Table 1, the above layer configuration of the
positive electrode mixture layer is shown as “NCM Single
Layer”.

[0125] [Battery B3]

[0126] The battery B3 was obtained using the same
method as that of the battery Al, except that a positive
electrode mixture paste having a mixing ratio (LFP:NCM:
conductive material:binder; mass ratio) of the positive elec-
trode mixture of 9:81:7:3 was used, and a single-layer
positive electrode mixture layer was formed by changing the
coating weight such that the battery capacity was the same
as that of the battery Al. In Table 1 of FIG. 7, the above layer
configuration of the positive electrode mixture layer is
shown as “(LFP+NCM) Single-Layer”. The (LFP+NCM)
single-layer was made assuming a technique of the related
art in which LFP was uniformly distributed over the entire
positive electrode mixture layer.

[0127] [Batteries B4 and B5]

[0128] The batteries B4 and BS were obtained using the
same method as that of the battery B3, except that the ratio
of the mass of LFP to the total mass of the positive electrode
active material was changed as shown in Table 1 of FIG. 7.
[0129] [Batteries B6 to B10]

[0130] The batteries B6 to B10 were obtained using the
same method as that of the batteries A2 to A9, except that the
ratio of the mass of LFP to the mass of the positive electrode
active material in the first layer 124, and the ratio of the mass
of LFP to the total mass of the positive electrode active
material in the positive electrode mixture layer 12 were
changed as shown in Table 1 of FIG. 7.

[0131] [Batteries B11 and B14]

[0132] The batteries B11 and B14 were obtained using the
same method as that of the batteries A2 to A9, except that a
positive electrode mixture paste having a mixing ratio
(LFP:conductive material:binder; mass ratio) of the positive
electrode mixture of 85:10:5 was used as the positive
electrode mixture paste for forming the first layer, and the
mixture density of the positive electrode mixture layer was
adjusted to be the value shown in Table 1 of FIG. 7.
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[0133] [Evaluation]

[0134] The respective batteries and the respective positive
electrodes were evaluated using the following method. In
the following description, the unit “C” for the current value
refers to the current value at which the rated capacity of a
battery is completely discharged in 1 hour. “CC” refers to the
constant current, “CV” refers to the constant voltage, and
“CP” refers to the constant power.

[0135] 1. Evaluation of Output in Low SOC

[0136] First, in a thermostatic chamber set at 25° C., each
battery was initially charged and discharged at a current
value of 0.2 C in a voltage range of 4.1 V to 3.0 V to obtain
the initial capacity of the battery. Next, in the same thermo-
static chamber, an amount of electricity corresponding to
SOC 20% was applied to the battery based on the initial
capacity.

[0137] Next, the battery was left to stand in a thermostatic
chamber set at —15° C. for 4 hours, and level 3 CP discharg-
ing was performed thereon in the same environment for 8
seconds to 12 seconds. Then, a constant power output value
at which the voltage reached 2.5 V in 10 seconds was
obtained based on a relationship between the discharging
time and the electric power. The results are shown in the
item “Constant Power Output Value in Low SOC” of Table
2 of FIG. 8.

[0138] 2. Evaluation of Amount of Gas Produced During
Overcharge
[0139] A laminate battery was separately prepared accord-

ing to the following steps [a] to [e] and was evaluated. The
results are shown in Table 2 of FIG. 8. [a] A measurement
positive electrode having a size of 35 mmx35 mm was cut
out from the above-obtained positive electrode. Likewise, a
measurement negative electrode having a size of 36 mmx36
mm was cut out from the above-obtained negative electrode.
The measurement positive electrode and the measurement
negative electrode were laminated with a separator inter-
posed therebetween to prepare an electrode group. This
electrode group was inserted into a laminate external body,
and the nonaqueous electrolytic solution was injected there-
into. Next, an opening was sealed by thermal welding. As a
result, a laminate battery having a rated capacity of 20 mAh
was prepared.[b] The SOC of the laminate battery was
adjusted to 100% (full charge) by CC-CV charging (CC
current value: 1 C, CV voltage: 4.1 V, end current value: 0.1
C).[c] The volume of the laminate battery before the test was
measured using Archimedes’ principle.[d] In an environ-
ment of 60° C., the laminate battery was CC-charged at a
constant value of 1 C until the SOC thereof reached 140%.
Next, the volume of the laminate battery after the test was
measured using Archimedes’ principle.[e] The volume
(cm?) before the test was subtracted from the volume (cm?®)
after the test to obtain the amount of gas produced. Further,
the obtained value was divided by the battery capacity (20
mAh) to obtain a value (cm®/Ah). Using this value, the
amount of gas produced was evaluated.

[0140] 3. Evaluation of Charging-Discharging Cycle
Characteristics
[0141] In an environment of 60° C., CC charging (current

value: 2 C, end voltage: 4.1 V) and CC discharging (current
value: 2 C, end voltage: 3.0 V) were set as one cycle. This
charging-discharging cycle was performed 500 times. The
capacity after the cycles was measured using the same
method as in the measurement of the initial capacity. The
capacity after the cycles was divided by the initial capacity
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to obtain a value. This value was expressed in a percentage
as the capacity retention after 500 cycles. The results are
shown in Table 2 of FIG. 8. In Table 2, the capacity retention
after 500 cycles is shown as “Capacity Retention after 500
cyc”.

[0142] [Results and Discussion]

[0143] 1. Batteries Al to A9 (Examples) and Batteries Bl
to B14 (Comparative Examples)

[0144] As clearly seen from Tables 1 and 2, in the batteries
Al to A9 (Examples), the positive electrode mixture layer
contained the first layer (upper layer) and the second layer
(lower layer); the ratio of the volume of the first layer to the
volume of the positive electrode mixture layer was 20 vol %
to 75 vol %; the first layer contained LFP and NCM; the ratio
of the mass of LFP to the total mass of LFP and NCM in the
first layer was more than 0 mass % and 80 mass % or less;
the second layer contained NCM; and the ratio of the mass
of LFP to the total mass of the positive electrode active
material in the positive electrode mixture layer was 7.5 mass
% to 20 mass %. When the batteries Al to A9 (Examples)
were compared to the batteries B1 to B14 (Comparative
Examples) which did not satisfy the above-described con-
ditions, the output in a low SOC was high, and the amount
of gas produced during overcharge increased.

[0145] 2. Batteries Bl and B2 (Comparative Examples)
[0146] In the batteries Bl and B2 in which the entire
positive electrode mixture layer was configured as the NCM
single layer, the output in a low SOC was not sufficient. In
addition, the amount of gas produced during overcharge was
small. Further, it was found from the results of the battery B2
that, in the NCM single layer, when the mixture density
increases, the amount of gas produced during overcharge
decreases.

[0147] 3. Batteries B3 to BS (Comparative Examples)
[0148] In the battery B3 in which the entire positive
electrode mixture layer was configured as the mixed layer
(single layer) containing LFP and NCM, the output in a low
SOC was improved by the mixing of LFP. However, there
was no significant difference in the amount of gas produced
during overcharge between the batteries B1 and B2. The
reason is presumed to be that the filling factor of the positive
electrode mixture layer was improved by the mixing of LFP.
[0149] It was found from the results of the batteries B4 and
BS that, in a case where the entire positive electrode mixture
layer is configured as the mixed layer containing LFP and
NCM, when the mass ratio of LFP increases, the output in
a low SOC is improved; however, the amount of gas
produced during overcharge barely increases, and the capac-
ity retention after the cycles decreases.

[0150] 4. When Volume Ratio of First Layer was 75 Vol %
(Batteries Al, A2, B6, and B7)

[0151] When the batteries B3 was compared to the bat-
teries Al and A2, the ratios of the mass of LFP to the total
mass of the positive electrode active material were the same.
However, the amounts of gas produced during overcharge
were significantly different from each other. That is, in the
batteries Al and A2 in which LFP was biasedly present in
the upper layer (first layer) of the positive electrode mixture
layer, the amount of gas produced significantly increased.
The reason is presumed to be that, since LFP having high
resistance was biasedly present in the upper layer, the
polarizations were likely to occur, an increase in the poten-
tial of the upper layer became significant, and the gas
production reaction was accelerated.
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[0152] However, in the battery B6 in which the volume
ratio of the first layer was 75 vol % and the ratio of the mass
of LFP to the total mass of the positive electrode active
material was 5 mass % (less than 7.5 mass %), the amount
of gas produced was not sufficient. In the battery B7 in
which the ratio of the mass of LFP to the total mass of the
positive electrode active material was 25 mass % (more than
20 mass %), the amount of gas produced decreased. Further,
in the battery B7, it was also found that the capacity
retention after the cycles decreased.

[0153] 5. When Volume Ratio of First Layer was 50 Vol %
(Batteries A3 to AS, B8, and B9)

[0154] It was found that, as in the case where the volume
ratio of the first layer was 75 vol %, when the ratio of the
mass of LFP to the total mass of the positive electrode active
material was in a range of 7.5 mass % to 20 mass %, the
output in a low SOC was high, the amount of gas produced
during overcharge was large, and the capacity retention after
the cycles was high.

[0155] As compared to the case where the volume ratio of
the first layer was 75 vol %, the output in a low SOC and the
amount of gas produced were further improved. The reason
is presumed to be as follows. Since the volume ratio of the
first layer decreased, the localization of LFP in the entire
positive electrode mixture layer was relatively high, the
occurrence of the polarizations was accelerated, and the
reaction efliciency between LFP and the nonaqueous elec-
trolytic solution was improved.

[0156] 6. When Volume Ratio of First Layer was 20 Vol %
or More and Less than 50 Vol % (Batteries A6 to A9, B10,
and B11)

[0157] It was found that, even when the volume ratio of
the first layer was further decreased, as long as the ratio of
the mass of LFP to the total mass of the positive electrode
active material was 7.5 mass % to 20 mass %, the output in
a low SOC was high, and the amount of gas produced during
overcharge was large. However, in the battery B11 in which
the first layer was configured as a LFP single layer (when the
ratio of the mass of LFP to the mass of the positive electrode
active material in the first layer was 100 mass %), charging-
discharging cycle characteristics decreased. The reason is
presumed to be that there was a significant difference in
expansion or shrinkage amount between the first layer and
the second layer. In the battery A9 in which the ratio of the
mass of LFP to the mass of the positive electrode active
material in the first layer was 80 mass %, superior battery
performance was obtained. However, when the mass ratio of
LFP in the first layer was increased to be more than 80 mass
%, the same results as those of the battery B11 may be
triggered. Accordingly, the ratio of the mass of LFP to the
mass of the positive electrode active material in the first
layer is required to be 80 mass % or less.

[0158] 7. When Volume Ratio of First Layer was Less than
20 Vol % (Batteries B12 and B13)

[0159] When the volume ratio of the first layer was less
than 20 vol %, the amount of gas produced during over-
charge decreased. The reason is presumed to be that portions
where the polarizations occurred were not able to be suffi-
ciently secured. Accordingly, the volume ratio of the first
layer is required to be 20 vol % or more.

[0160] 8. When First Layer was Configured as LFP Single
Layer (Batteries B11 and B14)

[0161] When the first layer was configured as the LFP
single layer, the output in a low SOC was improved;
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however, the amount of gas produced during overcharge was
not improved to a degree which was expected from the
localization of LFP. In these batteries, charging-discharging
cycle characteristics significantly decreased. The reason is
presumed to be that, since there was a significant difference
in, for example, expansion or shrinkage amount or voltage
behavior between the first layer and the second layer, strain
was generated therebetween. Accordingly, it is important to
configure the first layer as the mixed layer containing LFP
and NCM such that strain generated between the first layer
and the second layer is alleviated.

Experiment 2. Examination on LFP

[0162] In Experiment 2, the effects of the physical prop-
erties of lithium iron phosphate powder on battery perfor-
mance were examined. Specifically, the following batteries
A10 to A15 were prepared to evaluate the output in a low
SOC, the amount of gas produced during overcharge, and
charging-discharging cycle characteristics thereof using the
same method as described above. Here, the batteries A10 to
A13, and A15 correspond to Examples.

[0163] 1. Preparation of Lithium Iron Phosphate

[0164] Iron powder, phosphoric acid, and lithium hydrox-
ide were caused to react with each other in water, and oxalic
acid was added thereto dropwise, followed by drying. As a
result, a precursor of LFP was obtained. This precursor was
added to a carbon source (glucose), was fired at 550° C. for
12 hours, and was crushed. As a result, LFP (a) was
obtained.

[0165] LFP (b) was obtained using the same method as
that of LFP (a), except that the firing temperature was
changed to 600° C.

[0166] LFP (c) was obtained using the same method as
that of LFP (d), except that the firing temperature was
changed to 550° C.

[0167] LFP (e) was obtained using the same method as
that of LFP (d), except that the firing temperature was
changed to 650° C.

[0168] LFP (f) was obtained using the same method as that
of LFP (d), except that the firing temperature was changed
to 500° C. The physical properties of each LFP powder
obtained as described above were measured using a laser
diffraction scattering particle size distribution analyzer
“Microtorac MT 3000 II” (manufactured by Nikkiso Co.,
Ltd.) and “Macsorb HM model-1201” (manufactured by
Mountech Co., Ltd.) The results are shown in Table 3 of
FIG. 9.

[0169] 2. Preparation of Batteries

[0170] Using the above-described LFP (a) to LFP (1),
batteries A10 to A15 were prepared with the same method as
that of the above-described battery Al. In the batteries A10
to A1S5, the configurations of the positive electrode mixture
layers are shown in Table 4 of FIG. 10. The numeral values
shown in the item “BET Specific Surface Area” of Table 4
of FIG. 10 are the BET specific surface areas of the positive
electrode mixture used for forming the first layer.

[0171] The numerical values shown in the item *“Maxi-
mum Pore Size” were measured as follows. First, three
measurement samples having a size of 200 mmx55 mm
were cut out from the positive electrode used in each battery.
In order to collect the measurement samples, the positive
electrode was equally divided into three regions having the
same area in the longitudinal direction, and one measure-
ment sample was collected from each region. Next, using a
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pore distribution measuring device (for example, “Autopore
IV 9500” manufactured by Shimadzu Corporation), the
maximum pore sizes of the respective measurement samples
were measured. The numerical values shown in Table 4 of
FIG. 10 were obtained based on the arithmetic average of the
maximum pore sizes. It was found from Table 4 of FIG. 10
that, since the kind of LFP contained in the first layer was
changed, the maximum pore size of the positive electrode
mixture layer was changed. Accordingly, it can be said that
the maximum pore size measured as described reflects the
pore distribution of the first layer, that is, the maximum pore
size of the first layer. In the above-described batteries Al to
A9, the maximum pore sizes measured using the same
method were 0.5 um to 0.7 pum.

[0172] [Evaluation]

[0173] The output in a low SOC, the amount of gas
produced during overcharge, and charging-discharging
cycle characteristics of the batteries A10 to AlS5 were
evaluated using the same method as described above. The
results are shown in Table 5 of FIG. 11.

[0174] [Results and Discussion]
[0175] 1. Regarding Maximum Pore Size
[0176] It was found from Table 5 of FIG. 11 that, as the

maximum pore size increases, the amount of gas produced
during overcharge increases. As described above, it is con-
sidered that the maximum pore size reflects the pore distri-
bution of the first layer. Accordingly, it is estimated that the
amount of gas produced increased because the nonaqueous
electrolytic solution easily penetrated into the first layer
through pores, and the produced gas were easily discharged
through the pores.

[0177] In consideration of only the amount of gas pro-
duced during overcharge, it can be said that, the larger the
maximum pore size, the better. However, when the maxi-
mum pore size was 0.75 pm, the output in a low SOC
decreased (battery A14). The reason is presumed to be that,
since the BET specific surface area of LFP (e) used in the
battery A14 was excessively small, the intercalation reaction
of Li* during overcharge was less likely to occur. Accord-
ingly, the maximum pore size of the positive electrode
mixture layer (first layer) is required to be 0.70 um or less.
[0178] 2. Regarding BET Specific Surface Area of
Lithium Iron Phosphate

[0179] As shown in Table 5 of FIG. 11, the BET specific
surface area of LFP (e) in which a decrease in output in a low
SOC was verified is 6.8 m?*/g. When the BET specific
surface area of LFP was in a range of 8.6 m*/g to 13.2 m*/g,
a balance between the output in a low SOC; and the amount
of gas produced during overcharge and charging-discharg-
ing cycle characteristics was superior. However, it was
found that, when the BET specific surface area of LFP is
14.6 m2/g, the amount of gas produced decreases (battery
A15). The reason is not clear at the moment, but is presumed
to be as follows: when the BET specific surface area of LFP
is excessively large, the pore size of the powder increases,
the pores are likely to be collapsed during the pressing of the
positive electrode mixture layer, and the pore size of the
positive electrode mixture layer is small.

[0180] It can be said from the above results that the BET
specific surface area of LFP is preferably 8.6 m*g to 13.2
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m?/g, more preferably 8.6 m*/g to 11.6 m*/g and still more
preferably 8.6 m*/g to 9.5 m*/g.

[0181] Hereinabove, the embodiment and Examples of the
invention have been described. However, the embodiment
and Examples disclosed herein are merely exemplary in all
respects and are not particularly limited. The scope of the
invention is defined not by the above description but by
claims, and equivalent meanings to claims and all the
changes within claims are intended to be embraced therein.

What is claimed is:

1. A nonaqueous electrolyte secondary battery compris-

ing:

a pressure-operated current interrupt device;

a nonaqueous electrolytic solution containing a gas pro-
ducing agent; and

an electrode group in which a positive electrode and a
negative electrode are arranged to face each other with
a separator interposed between the positive electrode
and the negative electrode, wherein

the positive electrode includes a positive electrode current
collector and a positive electrode mixture layer that has
a main surface and is formed on the positive electrode
current collector,

the positive electrode mixture layer includes a first layer
that includes the main surface and a second layer that
is formed closer to the positive electrode current col-
lector side than the first layer,

a ratio of a volume of the first layer to a volume of the
positive electrode mixture layer is 20 vol % to 75 vol
%3

the first layer contains lithium iron phosphate and lithium
nickel cobalt manganese composite oxide,

a ratio of a mass of the lithium iron phosphate to a total
mass of the lithium iron phosphate and the lithium
nickel cobalt manganese composite oxide in the first
layer is more than 0 mass % and 80 mass % or less,

the second layer contains lithium nickel cobalt manganese
composite oxide,

a ratio of the mass of the lithium iron phosphate to a total
mass of a positive electrode active material in the
positive electrode mixture layer is 7.5 mass % to 20
mass %, and

a maximum pore size of the first layer is 0.50 pm to 0.70
pm.

2. The nonaqueous electrolyte secondary battery accord-

ing to claim 1, wherein

a BET specific surface area of the lithium iron phosphate
is 8.6 m%/g to 13.2 m*/g.

3. The nonaqueous electrolyte secondary battery accord-

ing to claim 1, wherein

a ratio of a mass of a conductive material to a mass of the
first layer is 5 mass % to 15 mass %.

4. The nonaqueous electrolyte secondary battery accord-

ing to claim 1, wherein

a ratio of the mass of a conductive material to a mass of
the second layer is 3 mass % to 11 mass %.

5. The nonaqueous electrolyte secondary battery accord-

ing to claim 1, wherein

a mixture density of the positive electrode mixture layer
is 2.5 g/em? to 3.5 g/em®.
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