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NON-AQUEOUS ELETROLYTE SECONDARY
BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This nonprovisional application claims priority to
Japanese Patent Application No. 2017-219965 filed on Nov.
15, 2017 with the Japan Patent Office, the entire contents of
which are hereby incorporated by reference.

BACKGROUND

Field

[0002] The present disclosure relates to a non-aqueous
electrolyte secondary battery.

Description of the Background Art

[0003] Japanese Patent Laying-Open No. 2013-131486
discloses a negative electrode active material layer contain-
ing a graphite-based carbon material and silicon oxide.

SUMMARY

[0004] As negative electrode active materials of non-
aqueous electrolyte secondary batteries, a graphite-based
carbon material and silicon oxide are known. Silicon oxide
can have a specific capacity (capacity per unit mass) higher
than that of a graphite-based carbon material. When silicon
oxide is used alone, its initial capacity is high but its cycle
capacity retention is low. The reason is considered to be that
silicon oxide changes its volume drastically during charge
and discharge and, as a result, charge-discharge cycles
(repeated charge and discharge) cause splitting of silicon
oxide (particles) and deterioration of the electrode to pro-
ceed.

[0005] To solve this problem, research has been conducted
on the use of silicon oxide mixed with a graphite-based
carbon material in an attempt to attain initial capacity and
cycling performance both at appropriate levels. In such a
mixed system containing a graphite-based carbon material
and silicon oxide, however, there is still a tendency that the
degree of decrease in cycle capacity retention due to the
inclusion of silicon oxide is great. Because of this reason, it
is considered to be difficult to attain initial capacity and
cycling performance both at appropriate levels.

[0006] An object of the present disclosure is to provide a
non-aqueous electrolyte secondary battery that includes a
graphite-based carbon material and silicon oxide as negative
electrode active material. In this battery, the degree of
decrease in cycle capacity retention is small even though
silicon oxide is contained.

[0007] In the following, the technical structure and the
effects according to the present disclosure are described. It
should be noted that part of the action mechanism according
to the present disclosure is based on presumption. Therefore,
the scope of claims should not be limited by whether or not
the action mechanism is correct.

[0008] [1] A non-aqueous electrolyte secondary battery
according to the present disclosure includes at least a
positive electrode active material layer, a porous film, and a
negative electrode active material layer. The negative elec-
trode active material layer contains at least a graphite-based
carbon material and silicon oxide. The porous film is inter-
posed between the positive electrode active material layer
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and the negative electrode active material layer. The porous
film contains at least a ceramic material. The negative
electrode active material layer has a first spring constant.
The porous film has a second spring constant. A ratio of the
second spring constant to the first spring constant is higher
than 1.

[0009] FIG. 1 is a first conceptual view that illustrates an
action mechanism according to the present disclosure.
[0010] In the non-aqueous electrolyte secondary battery, a
positive electrode active material layer 12 and a negative
electrode active material layer 22 face each other with a
porous film 30 interposed therebetween. Typically, porous
film 30 consists of a polymer material (such as polyethyl-
ene). Porous film 30 is also called “separator”.

[0011] Negative electrode active material layer 22 con-
tains a graphite-based carbon material 1 and a silicon oxide
2. It is considered that in such a mixed system containing
graphite-based carbon material 1 and silicon oxide 2, the
degree of decrease in cycle capacity retention is great
because silicon oxide 2 is contained, in which the decrease
is attributable to the mechanism described below.

[0012] A first state in FIG. 1 refers to a discharged state.
In the first state, graphite-based carbon material 1 and silicon
oxide 2 are in electrical contact with each other. A second
state in FIG. 1 refers to a charged state. Charge causes a
drastic expansion of silicon oxide 2. The volume of silicon
oxide 2 in the charged state can be about 2.5 times the
volume of silicon oxide 2 in the discharged state. It is
considered that the expansion of silicon oxide 2 causes an
increase in the thickness of negative electrode active mate-
rial layer 22. Porous film 30 in FIG. 1 consists of a polymer
material, which is relatively soft. It is considered that
because the porous film is relatively soft, the thickness of
porous film 30 decreases as the thickness of negative elec-
trode active material layer 22 increases.

[0013] A third state in FIG. 1 refers to a discharged state.
Discharge causes a drastic shrinkage of silicon oxide 2.
Here, it is considered that the once-increased thickness of
negative electrode active material layer 22 does not return to
the original thickness. It is considered that this phenomenon
leads to breakage of the electrical contact between graphite-
based carbon material 1 and silicon oxide 2. It is considered
that after the breakage of the electrical contact with graphite-
based carbon material 1, silicon oxide 2 can no longer be
involved in charge and discharge. It is considered that these
phenomena are responsible for a great degree of decrease in
cycle capacity retention due to the inclusion of silicon oxide.
[0014] FIG. 2 is a second conceptual view that illustrates
the action mechanism according to the present disclosure.
[0015] Porous film 30 in FIG. 2 contains at least a ceramic
material. By containing a ceramic material, porous film 30
can have a spring constant higher than that of a typical
porous film. It is considered that a porous film with a high
spring constant is less likely to be deformed by external
force. It is also considered that a porous film with a high
spring constant exerts a great restoring force when the
external force is withdrawn.

[0016] In the non-aqueous electrolyte secondary battery
according to the present disclosure, the ratio of a spring
constant (second spring constant) of porous film 30 to a
spring constant (first spring constant) of negative electrode
active material layer 22 is higher than 1. In other words, the
spring constant of porous film 30 is higher than the spring
constant of negative electrode active material layer 22.
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[0017] A first state in FIG. 2 refers to a discharged state.
In the first state, graphite-based carbon material 1 and silicon
oxide 2 are in electrical contact with each other. A second
state in FIG. 2 refers to a charged state. Charge causes a
drastic expansion of silicon oxide 2. It is considered that
because porous film 30 is less likely to be deformed, the
thickness of negative electrode active material layer 22 does
not increase drastically.

[0018] A third state in FIG. 2 refers to a discharged state.
Discharge causes a drastic shrinkage of silicon oxide 2. It is
considered that in the present disclosure, porous film 30 has
a great restoring force, and negative electrode active mate-
rial layer 22 is more likely to be deformed by external force
than porous film 30 is. It is considered that because of these
properties, porous film 30 pushes negative electrode active
material layer 22 back in a thickness direction (the Y-axis
direction in FIG. 2). It is considered that because of this
phenomenon, the electrical contact between graphite-based
carbon material 1 and silicon oxide 2 is likely to be retained.

[0019] Thus, according to the present disclosure, the fol-
lowing is expected: in a mixed system containing graphite-
based carbon material 1 and silicon oxide 2, the degree of
decrease in cycle capacity retention is small even though
silicon oxide 2 is contained.

[0020] [2] The ratio of the second spring constant to the
first spring constant may be not lower than 1.25.

[0021] Hereinafter, the ratio of the second spring constant
to the first spring constant is also called “spring constant
ratio”. It is expected that when the spring constant ratio is
not lower than 1.25, the degree of decrease in cycle capacity
retention is small even though silicon oxide 2 is contained.

[0022] [3] The ratio of the second spring constant to the
first spring constant may be not lower than 1.60.

[0023] Tt is expected that when the spring constant ratio is
not lower than 1.60, the degree of decrease in cycle capacity
retention is small even though silicon oxide 2 is contained.

[0024] [4] Assilicon oxide content in the negative electrode
active material layer may be not lower than 2 mass % and
not higher than 10 mass % of a total content of the
graphite-based carbon material and the silicon oxide.

[0025] When the silicon oxide content is within this range,
an excellent balance is expected to be obtained between the
initial capacity and the cycle capacity retention.

[0026] The foregoing and other objects, features, aspects
and advantages of the present disclosure will become more
apparent from the following detailed description of the
present disclosure when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 is a first conceptual view that illustrates the
action mechanism according to the present disclosure.
[0028] FIG. 2 is a second conceptual view that illustrates
the action mechanism according to the present disclosure.
[0029] FIG. 3 is a schematic view illustrating the structure
of a non-aqueous electrolyte secondary battery according to
the present embodiment.

[0030] FIG. 4 is a conceptual cross-sectional view illus-
trating the structure of an electrode array according to the
present embodiment.
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DESCRIPTION OF THE EMBODIMENTS

[0031] In the following, embodiments according to the
present disclosure (herein called “present embodiment”) are
described. The scope of claims is not limited to the following
description. Hereinafter, a non-aqueous electrolyte second-
ary battery is sometimes abbreviated as “battery”.

[0032] <Non-Aqueous Electrolyte Secondary Battery>
[0033] FIG. 3 is a schematic view illustrating the structure
of a non-aqueous electrolyte secondary battery according to
the present embodiment.

[0034] A Battery 100 includes a casing 50. Casing 50 is
hermetically sealed. Casing 50 is equipped with a positive
electrode terminal 51 and a negative electrode terminal 52.
Casing 50 may be made of aluminum (Al) alloy, for
example. Casing 50 accommodates an electrode array 40
and an electrolyte solution (not shown).

[0035] Casing 50 is prismatic (a flat, rectangular parallel-
epiped). The shape of casing 50 is not limited to prismatic.
Casing 50 may be cylindrical, for example. Casing 50 may
be, for example, a pouch made of an Al-laminated film or the
like. In other words, battery 100 may be a laminate-type
battery. Casing 50 may be equipped with a gas-discharge
valve, a liquid inlet, and a current interrupt device (CID), for
example.

[0036] FIG. 4 is a conceptual cross-sectional view illus-
trating the structure of an electrode array according to the
present embodiment.

[0037] Electrode array 40 is a stack-type one. Electrode
array 40 is formed by alternately stacking a positive elec-
trode 10 and a negative electrode 20. Positive electrode 10
includes at least a positive electrode active material layer 12.
Negative electrode 20 includes at least a negative electrode
active material layer 22. In the space between positive
electrode active material layer 12 and negative electrode
active material layer 22, a porous film 30 is interposed. In
other words, battery 100 includes at least positive electrode
active material layer 12, porous film 30, and negative
electrode active material layer 22.

[0038] Electrode array 40 may be a wound-type one. More
specifically, electrode array 40 may be formed by stacking
positive electrode 10, porous film 30, and negative electrode
20 in this order and then winding them in a spiral fashion.
Also in such a wound-type electrode array, porous film 30 is
interposed between positive electrode active material layer
12 and negative electrode active material layer 22.

[0039] Battery 100 may further include a restraint com-
ponent (not shown). The restraint component may be at least
one metal plate, for example. The restraint component may
be placed in such an arrangement that the restraint compo-
nent applies pressure to casing 50 on, for example, both
sides of the casing in the Y-axis direction shown in FIGS. 3
and 4. In this arrangement, negative electrode active mate-
rial layer 22 receives pressure to both sides thereof in the
Y-axis direction. When charge is carried out in this arrange-
ment, it is expected that expansion of negative electrode
active material layer 22 is inhibited and the degree of
decrease in cycle capacity retention is small.

[0040] <<Spring Constant Ratio>>

[0041] Negative electrode active material layer 22 has a
first spring constant. Porous film 30 has a second spring
constant. The ratio of the second spring constant to the first
spring constant is higher than 1. Therefore, in the present
embodiment, it is considered that the electrical contact
between a graphite-based carbon material 1 and a silicon
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oxide 2 is likely to be retained during charge-discharge
cycles. This ratio, which is called spring constant ratio, may
be not lower than 1.25. The spring constant ratio may be not
lower than 1.60. When the spring constant ratio is within
either range, it is expected that the degree of decrease in
cycle capacity retention is small. The upper limit to the
spring constant ratio is not particularly limited. The spring
constant ratio may be not higher than 1.86, for example.
[0042] The “first spring constant” is measured by the
following procedure.

[0043] Negative electrode 20 in a discharged state is
prepared. The “discharged state” refers to a state in which
the electric potential of negative electrode 20 is not lower
than 0.5 V (vs. Li/Li*). The electric potential in unit “V (vs.
Li/Li*)” refers to a value of electric potential relative to the
standard electric potential of the Li electrode. From negative
electrode 20, a specimen is cut in such a way that the
specimen includes a rectangular area (5 cmx5 cm) of nega-
tive electrode active material layer 22. Fifty specimens of
this type are prepared. These fifty specimens are stacked
atop one another in a thickness direction. The resulting stack
of these fifty specimens is interposed between two stainless
steel plates.

[0044] A compression tester is prepared. As the compres-
sion tester, a precision universal tester “Autograph” manu-
factured by Shimadzu Corporation or a similar product may
be used, for example. Onto the platform of the compression
tester, the stack of fifty specimens interposed between the
stainless steel plates is placed.

[0045] The compression tester is operated to apply a load
to the stack of the specimens in the stacking direction. The
degree of displacement caused by the load application is
measured. On a two-dimensional coordinate system, the
degree of displacement (unit, mm) (abscissa) relative to the
amount of load (unit, kN) (ordinate) is plotted. Thus, a
“load-displacement curve” is obtained. In the resulting load-
displacement curve, the slopes of the area of elastic defor-
mation are averaged. The resulting average is multiplied by
the number of the specimens (which is 50), and thus the
value of spring constant per single specimen (unit, KN/mm)
is obtained. In the present embodiment, the resulting “spring
constant per single specimen” is defined as the “spring
constant of negative electrode active material layer 22”.
[0046] Negative electrode active material layer 22 may be
formed on a surface of a negative electrode current collector
21 (described below). In such a case, the specimen for use
in spring constant measurement may be a combination of
negative electrode active material layer 22 and negative
electrode current collector 21 (integrated piece). It is con-
sidered that displacement by load application occurs sub-
stantially only in negative electrode active material layer 22.
Therefore, it is considered that the spring constant of nega-
tive electrode active material layer 22 that is formed on a
surface of negative electrode current collector 21 is the same
as the spring constant measured by the above procedure.
[0047] The “second spring constant” is measured by the
following procedure.

[0048] In the case in which porous film 30 is a free-
standing film, the second spring constant is measured in the
same manner as for the measurement of the first spring
constant. The “free-standing film” refers to a film that retains
its shape on its own.

[0049] Alternatively, porous film 30 according to the pres-
ent embodiment can be a non-free-standing film. The “non-
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free-standing film” refers to a film that retains its shape by
being supported by a supporting component. The supporting
component may be negative electrode active material layer
22, for example. By the same measurement procedure as
above, a load-displacement curve for a combination of the
non-free-standing film and the supporting component (inte-
grated piece) is obtained. Also by the same measurement
procedure as above, a load-displacement curve for the
supporting component alone is obtained. Displacement
attributable to the supporting component is subtracted from
the load-displacement curve for a combination of the non-
free-standing film and the supporting component. Thus, a
load-displacement curve for the non-free-standing film
alone is obtained. By the same procedure as above, the value
of spring constant per single non-free-standing film is cal-
culated.

[0050] <<Negative Electrode>>

[0051] Negative electrode 20 includes at least negative
electrode active material layer 22. Negative electrode 20
may further include negative electrode current collector 21.
Negative electrode current collector 21 may be made of
copper (Cu) foil, for example. Negative electrode current
collector 21 may have a thickness not smaller than 5 pm and
not greater than 30 for example. The thickness of each
component herein is measured with a micrometer, for
example. The thickness of each component may be mea-
sured in, for example, a cross-sectional image observed with
a microscope. Thickness measurement is carried out at at
least three positions. The arithmetic mean of these at least
three measurements is used.

[0052] <<Negative Electrode Active Material Layer>>
[0053] Negative electrode active material layer 22 has the
first spring constant. The first spring constant can be
adjusted by changing, for example, the thickness, the den-
sity, and/or the composition of negative electrode active
material layer 22. In the present embodiment, the first spring
constant is adjusted so that the relationship “(first spring
constant)<(second spring constant)” is satisfied. The first
spring constant may be not higher than 7900 kN/mm, for
example. The first spring constant may be not higher than
6400 kN/mm, for example. The first spring constant may be
not higher than 5000 kN/mm, for example. The lower limit
to the first spring constant is not particularly limited. The
first spring constant may be not lower than 4300 kN/mm, for
example.

[0054] Negative electrode active material layer 22 may be
formed on a surface of negative electrode current collector
21, for example. Negative electrode active material layer 22
may be formed on both sides of negative electrode current
collector 21. Negative electrode active material layer 22 may
have a thickness not smaller than 50 um and not greater than
250 pm, for example. Negative electrode active material
layer 22 may have a thickness not smaller than 150 pm and
not greater than 200 um, for example. Negative electrode
active material layer 22 may have a thickness not smaller
than 176 pm and not greater than 197 um, for example.
[0055] Negative electrode active material layer 22 may
have a density not lower than 1.4 g/cm? and not higher than
1.6 g/cm?, for example. It is considered that the lower the
density is, the lower the first spring constant tends to be. The
density of negative electrode active material layer 22 is
calculated by dividing the mass of negative electrode active
material layer 22 by the apparent volume of negative elec-
trode active material layer 22. The apparent volume refers to
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a volume calculated from the outer dimensions (thicknessx
area) of negative electrode active material layer 22. Negative
electrode active material layer 22 may have a density not
lower than 1.4 g/cm® and not higher than 1.5 g/cm?, for
example.

[0056] Negative electrode active material layer 22 con-
tains at least a negative electrode active material. The
negative electrode active material is a combination of graph-
ite-based carbon material 1 and silicon oxide 2. In other
words, negative electrode active material layer 22 contains
at least graphite-based carbon material 1 and silicon oxide 2.
Negative electrode active material layer 22 may be a layer
substantially consisting of a negative electrode active mate-
rial. Negative electrode active material layer 22 may further
contain a conductive material and a binder, for example, in
addition to the negative electrode active material.

[0057] (Graphite-Based Carbon Material)

[0058] Graphite-based carbon material 1 refers to a carbon
material that includes a graphite crystal structure or a crystal
structure similar to a graphite crystal structure. The graphite
crystal structure or the crystal structure similar to a graphite
crystal structure refers to a crystal structure consisting of
carbon hexagonal net planes stacked atop one another.
Graphite-based carbon material 1 may be graphite, soft
carbon, and/or hard carbon, for example. The graphite may
be natural graphite. The graphite may be artificial graphite.
One type of graphite-based carbon material 1 may be used
alone. Two or more types of graphite-based carbon material
1 may be used in combination.
[0059] As long as graphite-based carbon material 1
includes a graphite crystal structure or a crystal structure
similar to a graphite crystal structure, the graphite-based
carbon material may also contain, for example, an amor-
phous carbon material. For example, graphite (particles)
coated with an amorphous carbon material on the surface
may be used.
[0060] Graphite-based carbon material 1 is typically in a
particulate form. Graphite-based carbon material 1 may
have a D50 not lower than 1 pm and not higher than 30 um,
for example. The “D50” herein is measured by laser dif-
fraction and scattering and refers to the particle size in
volume-based particle size distribution at which the cumu-
lative particle volume (accumulated from the side of small
sizes) reaches 50% of the total particle volume. Graphite-
based carbon material 1 may have a D50 not lower than 10
pm and not higher than 20 pm, for example.
[0061] (Silicon Oxide)
[0062] Silicon oxide 2 is a compound that contains silicon
(Si) and oxygen (O). Silicon oxide 2 may be a compound
substantially consisting of silicon and oxygen. Silicon oxide
2 may further contain an element other than silicon or
oxygen. For example, silicon oxide 2 may contain a trace
amount of an element that is inevitably entrapped during
production. For example, a coating of an element (such as
carbon) other than silicon or oxygen may be founed on a
surface of silicon oxide 2.
[0063] The ratio of silicon atom to oxygen atom in silicon
oxide 2 may be any conventionally known ratio. For
example, silicon oxide 2 may have the following composi-
tional formula:

SiO,

£3

(where, x satisfies 0<x<2).
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[0064] In the above compositional formula, x may satisfy
0.5=x=<1.5, or x may satisfy 1=x<1.5. When x satisfies either
relationship, an improved balance can be obtained between
the initial capacity and the cycle capacity retention.

[0065] Silicon oxide 2 is typically in a particulate form.
For example, silicon oxide 2 may have a D50 lower than the
D50 of graphite-based carbon material 1. When the silicon
oxide has such a D50, the filling factor of negative electrode
active material layer 22 can be improved. Silicon oxide 2
may have a D50 not lower than 1 pm and not higher than 20
um, for example. Silicon oxide 2 may have a D50 not lower
than 1 pm and lower than 10 um, for example.

[0066] The content of silicon oxide 2 in negative electrode
active material layer 22 may be not lower than 2 mass % and
not higher than 10 mass % of the total content of graphite-
based carbon material 1 and silicon oxide 2. When the
content is within this range, an excellent balance is expected
to be obtained between the initial capacity and the cycle
capacity retention. The higher the content of silicon oxide 2
is, the higher the first spring constant tends to be. The higher
the content of silicon oxide 2 is, the higher the initial
capacity tends to be. For example, the content of silicon
oxide 2 may be not lower than 3 mass % and not higher than
7 mass % of the total content of graphite-based carbon
material 1 and silicon oxide 2. When the content is within
this range, an improved balance is expected to be obtained
between the initial capacity and the cycle capacity retention.
[0067] (Other Components)

[0068] Negative electrode active material layer 22 may
further contain a conductive material. The content of the
conductive material in negative electrode active material
layer 22 may be, for example, not lower than 1 part by mass
and not higher than 10 parts by mass relative to 100 parts by
mass of the negative electrode active material. The conduc-
tive material is not particularly limited. The conductive
material may be a carbon black (such as acetylene black) or
carbon fiber, for example. One type of the conductive
material may be used alone. Two or more types of the
conductive material may be used in combination.

[0069] Negative electrode active material layer 22 may
further contain a binder. The content of the binder in
negative electrode active material layer 22 may be, for
example, not lower than 1 part by mass and not higher than
10 parts by mass relative to 100 parts by mass of the negative
electrode active material. The binder is not particularly
limited. The binder may be carboxymethylcellulose (CMC),
styrene-butadiene rubber (SBR), polytetrafluoroethylene
(PTFE), polyacrylic acid (PAA), polyacrylic acid ester,
polymethacrylic acid ester, and/or polyacrylonitrile (PAN),
for example. One type of the binder may be used alone. Two
or more types of the binder may be used in combination.
[0070] <<Porous Film>>

[0071] Porous film 30 has the second spring constant. The
second spring constant can be adjusted by changing, for
example, the thickness, the porosity, and/or the composition
of porous film 30. In the present embodiment, the second
spring constant is adjusted so that the relationship “(first
spring constant)<(second spring constant)” is satisfied. The
second spring constant may be not lower than 8000 kN/mm,
for example. The upper limit to the second spring constant
is not particularly limited. The second spring constant may
be not higher than 16000 kN/mm, for example.

[0072] Porous film 30 is interposed between positive elec-
trode 10 and negative electrode 20. By the presence of
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porous film 30, positive electrode 10 and negative electrode
20 are separated from each other. Porous film 30 may be a
free-standing film. The free-standing film may be a formed
article (a green sheet) containing a ceramic material, for
example.

[0073] Porous film 30 may be a non-free-standing film.
For example, porous film 30 may be formed on a surface of
positive electrode active material layer 12. For example,
porous film 30 may be formed on a surface of negative
electrode active material layer 22. Porous film 30 may be
formed on a surface of negative electrode active material
layer 22 by, for example, coating a surface of negative
electrode active material layer 22 with a slurry containing a
ceramic material and then carrying out drying.

[0074] When porous film 30 is formed on a surface of
negative electrode active material layer 22, it is expected
that the degree of decrease in cycle capacity retention is
small. It is considered that this phenomenon occurs because
the restoring force of porous film 30 is readily transmitted to
negative electrode active material layer 22.

[0075] Porous film 30 may have a thickness not smaller
than 10 pm and not greater than 50 pum, for example. Porous
film 30 may have a thickness not smaller than 20 pum and not
greater than 40 pum, for example. Porous film 30 may have
a thickness not smaller than 20 pm and not greater than 30
um, for example.

[0076] Porous film 30 allows an electrolyte solution to
pass therethrough. The higher the porosity of porous film 30
is, the higher the output tends to be. The higher the porosity
of porous film 30 is, the lower the second spring constant
tends to be. Porous film 30 may have a porosity not lower
than 30% and not higher than 60%, for example. The
porosity is measured by mercury porosimetry, for example.
The porosity is measured at least three times. The arithmetic
mean of these at least three measurements is used.

[0077] Porous film 30 contains at least a ceramic material.
Porous film 30 may be a film substantially consisting of the
ceramic material. Porous film 30 may further contain a
polymer material as a binder. For example, porous film 30
may contain the ceramic material in an amount not lower
than 70 mass % and not higher than 99 mass %, with the
remainder being made up of the binder. In the case in which
porous film 30 contains a material other than the ceramic
material, it is desirable that the ceramic material is contained
throughout porous film 30.

[0078] The ceramic material is typically in a particulate
form. The ceramic material may have a D50 not lower than
0.1 pm and not higher than 10 pum, for example. The ceramic
material is not particularly limited. The ceramic material
may be a metal oxide, for example. The ceramic material
may be alumina, boehmite, titania, magnesia, and/or zirco-
nia, for example. One type of the ceramic material may be
used alone. Two or more types of the ceramic material may
be used in combination.

[0079] The binder is not particularly limited. For example,
the binder may be polyvinylidene difluoride (PVdF),
vinylidene fluoride-hexafluoropropene copolymer (PVdF-
HFP), CMC, SBR, PTFE, polyacrylic acid ester, polymeth-
acrylic acid ester, PAN, and/or polyimide. One type of the
binder may be used alone. Two or more types of the binder
may be used in combination.

[0080] <<Positive Electrode>>

[0081] Positive electrode 10 includes at least positive
electrode active material layer 12. Positive electrode 10 may
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further include a positive electrode current collector 11.
Positive electrode current collector 11 may be made of Al
foil, for example. Positive electrode current collector 11 may
have a thickness not smaller than 5 um and not greater than
30 um, for example.

[0082] <<Positive Electrode Active Material Layer>>
[0083] Positive electrode active material layer 12 has a
third spring constant. The third spring constant is measured
in the same manner as for the above measurement of the first
spring constant, for example. The third spring constant can
be adjusted by changing, for example, the thickness, the
density, and/or the composition of positive electrode active
material layer 12. In the present embodiment, the third
spring constant may be adjusted so that the following
relationship, for example, is satisfied: “(first spring constant
(negative electrode active material layer 22))<(second
spring constant (porous film 30))<(third spring constant
(positive electrode active material layer 12))”. When this
relationship or the like is satisfied, it is expected that the
degree of decrease in cycle capacity retention is small. It is
considered that this phenomenon occurs because the restor-
ing force of porous film 30 is readily transmitted to negative
electrode active material layer 22. The third spring constant
may be not lower than 10000 kN/mm and not higher than
20000 kN/mm, for example.

[0084] Positive electrode active material layer 12 may be
formed on a surface of positive electrode current collector
11, for example. Positive electrode active material layer 12
may be formed on both sides of positive electrode current
collector 11. Positive electrode active material layer 12 may
have a thickness not smaller than 50 um and not greater than
250 for example. Positive electrode active material layer 12
may have a thickness not smaller than 100 wm and not
greater than 200 pm, for example.

[0085] Positive electrode active material layer 12 may
have a density not lower than 3.0 g/cm® and not higher than
4.0 g/em?®, for example. The density of positive electrode
active material layer 12 is calculated in the same manner as
for the measurement of the density of negative electrode
active material layer 22. Positive electrode active material
layer 12 may have a density not lower than 3.0 g/cm> and not
higher than 3.5 g/cm?, for example.

[0086] Positive electrode active material layer 12 contains
at least a positive electrode active material. Positive elec-
trode active material layer 12 may further contain a con-
ductive material and a binder. The positive electrode active
material is typically in a particulate form. The positive
electrode active material may have a D50 not lower than 1
um and not higher than 30 um, for example.

[0087] The positive electrode active material is not par-
ticularly limited. The positive electrode active material may
be LiCoO,, LiNiO,, LiMnO,, LiMn,0,, LiNi,,;Co,,;Mn,,
30, LiNi, 4,Coq ;5Al, 030,, and/or LiFePO,, for example.
One type of the positive electrode active material may be
used alone. Two or more types of the positive electrode
active material may be used in combination.

[0088] The content of the conductive material in positive
electrode active material layer 12 may be, for example, not
lower than 1 part by mass and not higher than 10 parts by
mass relative to 100 parts by mass of the positive electrode
active material. The conductive material is not particularly
limited. The conductive material may be acetylene black
(AB), for example. The content of the binder in positive
electrode active material layer 12 may be, for example, not
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lower than 1 part by mass and not higher than 10 parts by
mass relative to 100 parts by mass of the positive electrode
active material. The binder is not particularly limited either.
The binder may be PVdF, for example.

[0089]

[0090] Battery 100 includes an electrolyte solution. The
electrolyte solution contains a solvent and a supporting salt.
The electrolyte solution may contain the supporting salt in
an amount not lower than 0.5 mol/l and not higher than 2
enol/l, for example. The supporting salt may be LiPF,
LiBF,, Li[N(FSO,),], and/or Li[N(CF;S0,),], for example.
One type of the supporting salt may be used alone. Two or
more types of the supporting salt may be used in combina-
tion.

[0091] The solvent may be a mixture of a cyclic carbonate
and a chain carbonate, for example. The mixing ratio may be
“(cyclic carbonate)/(chain carbonate)=1/9 to 5/5 (volume
ratio)”, for example. The cyclic carbonate may be ethylene
carbonate (EC), propylene carbonate (PC), butylene carbon-
ate (BC), and/or fluoroethylene carbonate (FEC), for
example. One type of the cyclic carbonate may be used
alone. Two or more types of the cyclic carbonate may be
used in combination.

[0092] The chain carbonate may be dimethyl carbonate
(DMC), ethyl methyl carbonate (EMC), and/or diethyl car-
bonate (DEC), for example. One type of the chain carbonate
may be used alone. Two or more types of the chain carbonate
may be used in combination.

[0093] The solvent may include a lactone, a cyclic ether,
a chain ether, and/or a carboxylic acid ester, for example.
The lactone may be y-butyrolactone (GBL) and/or d-vale-
rolactone, for example. The cyclic ether may be tetrahydro-
furan (THF), 1,3-dioxolane, and/or 1,4-dioxane, for
example. The chain ether may be 1,2-dimethoxyethane
(DME), for example. The carboxylic acid ester may be
methyl formate (MF), methyl acetate (MA), and/or methyl
propionate (MP), for example.

[0094] The electrolyte solution may further contain vari-
ous additives in addition to the solvent and the supporting
salt. The electrolyte solution may contain the additive or
additives in an amount not lower than 0.005 mol/l and not
higher than 0.5 mol/l, for example. Examples of the addi-
tives include a gas generation agent (anti-overcharging
additive) and a solid electrolyte interface (SEI) film-forming
agent. The gas generation agent may be cyclohexylbenzene
(CHB) or biphenyl (BP), for example. The SEI film-forming
agent may be vinylene carbonate (VC), vinylethylene car-
bonate (VEC), Li[B(C,0,),], LiPO,F,, propane sultone
(PS), or ethylene sulfite (ES), for example. One type of the
additives may be used alone. Two or more types of the
additives may be used in combination.

<<Electrolyte Solution>>

EXAMPLES

[0095] In the following, examples according to the present
disclosure are described. The scope of claims is not limited
to the following description.
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Example 1
[0096] 1. Production of Positive Electrode
[0097] The following materials were prepared.
[0098] Positive electrode active material: LiNi, 5,Co,

15A5 0505 (D50=10 pm)

[0099] Conductive Material: AB
[0100] Binder: PVdF
[0101] Positive electrode current collector 11: Al foil

(thickness=15 pm)

[0102] Solvent: N-methyl-2-pyrrolidone (NMP)

[0103] The positive electrode active material, the conduc-
tive material, the binder, and the solvent were mixed to
prepare slurry. The mixing ratio of the solid contents was
“(positive electrode active material)/(conductive material)/
binder=95/2/3 (mass ratio)”. The resulting slurry was
applied to the surface (both sides) of positive electrode
current collector 11 and then dried to form positive electrode
active material layer 12. Positive electrode active material
layer 12 was compressed. Positive electrode active material
layer 12 after compression had a density of 3.4 g/cm®. Thus,
positive electrode 10 was produced.

[0104] 2. Production of Negative Electrode

[0105] The following materials were prepared.

[0106] Graphite-based carbon material 1: graphite
(D50=15 pm)

[0107] Silicon oxide 2: SiO (D50=5 pm)

[0108] Binder: CMC and SBR

[0109] Solvent: water

[0110] Negative electrode current collector 21: Cu foil
(thickness=10 pm)

[0111] The negative electrode active material, the binder,
and the solvent were mixed to prepare slurry. The mixing
ratio of the solid contents was “(negative electrode active
material)/binder=98/2 (mass ratio)”. The ratio of silicon
oxide 2 to the total of graphite-based carbon material 1 and
silicon oxide 2 was 2 mass %. The amount of CMC used was
the same as that of SBR used. The resulting slurry was
applied to the surface (both sides) of negative electrode
current collector 21 and then dried to form negative elec-
trode active material layer 22. Negative electrode active
material layer 22 was compressed. Negative electrode active
material layer 22 after compression had a density of 1.5

glem’.

[0112] 3. Formation of Porous Film

[0113] The following materials were prepared.

[0114] Ceramic material: alumina (D50=0.7 van)

[0115] Binder: PVdF

[0116] Solvent: NMP

[0117] The ceramic material, the binder, and the solvent

were mixed to prepare slurry. The mixing ratio of the solid
contents was “(ceramic material)/binder=90/10 (mass ratio)
. The resulting slurry was applied to the surface of negative
electrode active material layer 22 and then dried to form
porous film 30. Porous film 30 had a thickness of 25 um.
[0118] 4. Assembling

[0119] Negative electrode 20, which had porous film 30
formed on its surface, and positive electrode 10 were alter-
nately stacked to form electrode array 40. In electrode array
40, porous film 30 was interposed between positive elec-
trode active material layer 12 and negative electrode active
material layer 22. Electrode array 40 was placed in casing
50. Electrode array 40 was connected to positive electrode
terminal 51 and negative electrode terminal 52.
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[0120] An electrolyte solution was prepared. The electro-
lyte solution contained a solvent and a supporting salt
specified below.
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(PE) porous film, and a polypropylene (PP) porous film in
this order. In Table 1 below, the structure of the polymer-
material porous film is expressed as “PP/PE/PP”.

[0121] Solvent: [EC/EMC/DMC=1/1/1 (volume ratio)] [0132] Positive electrode 10 and negative electrode 20
[0122] Supporting salt: LiPF4 (1 mol/l) were alternately stacked to form electrode array 40. In the
[0123] The electrolyte solution was injected into casing space between positive electrode 10 and negative electrode

50. Casing 50 was hermetically sealed. Thus, battery 100
was assembled. A restraint component was attached to
battery 100 such that battery 100 received pressure on both
sides thereof in the Y-axis direction in FIG. 3. The restraint
component was stainless steel plates. The pressure applied
was 1 MPa.

[0124] 5. Measurement of Initial Capacity

[0125] Under an environment at a temperature of 25° C,,
battery 100 was charged to 4.2 V at a rate of C/5. The rate
“C/5” is such a rate at which discharge of battery 100 from
full charge capacity completes in 5 hours. After the charge,
battery 100 was left as it was for 10 hours under an
environment at a temperature of 60° C. Subsequently, bat-
tery 100 was discharged to 2.5 V at a rate of C/5 under an
environment at a temperature of 25° C.

[0126] The initial capacity (initial discharged capacity)
was measured by carrying out constant current constant
voltage mode charging (CCCV charging) and constant cur-
rent mode discharging (CC discharging) described below.
Results are shown in Table 1 below.

[0127] CCCV Charging: rate in constant-current

20, the polymer-material porous film was interposed. Except
for this configuration, the same manner as in Example 1 was
adopted and battery 100 was produced.

Comparative Examples 2 to 6

[0133] Battery 100 was produced in the same manner as in
Comparative Example 1 except that the content of silicon
oxide 2 was changed as specified in Table 1 below.

Comparative Example 7

[0134] Battery 100 was produced in the same manner as in
Example 1 except that the content of silicon oxide 2 was
changed as specified in Table 1 below.

Comparative Example 8

[0135] Battery 100 was produced in the same manner as in
Example 5 except that the density of negative electrode
active material layer 22 was changed as specified in Table 1
below.

charging=C/5, voltage in constant-voltage charging=4.2 V [0136] <Evaluation>
[0128] CC Discharging: rate=C/5, cut-off voltage=2.5 V [0137] 1. Measurement of Spring Constant
B [0138] By the measurement procedure described above,
xamples 2 to 5 . . .
the first spring constant (the spring constant of negative
[0129] Battery 100 was produced in the same manner as in electrode active material layer 22) and the second spring

Example 1 except that the content of silicon oxide 2 (SiO)
was changed as specified in Table 1 below.

Examples 6 and 7

[0130] Battery 100 was produced in the same manner as in
Example 5 except that the density of negative electrode
active material layer 22 was changed as specified in Table 1
below.

Comparative Example 1

[0131] As a porous film, a polymer-material porous film
(free-standing film) was prepared. The porous film had a
thickness of 25 pm. The porous film had a three-layer
structure. More specifically, the porous film was formed by
stacking a polypropylene (PP) porous film, a polyethylene

constant (the spring constant of porous film 30) were mea-
sured. Results are shown in Table 1 below.

[0139] 2. Measurement of Cycle Capacity Retention
[0140] Charge-discharge cycles were repeated 100 times
(100 cycles). In a single cycle, a single set of CCCV
charging and CC discharging described below was carried
out.

[0141] CCCV Charging: rate in constant-current
charging=C/5, voltage in constant-voltage charging=4.2 V
[0142] CC Discharging: rate=C/5, cut-off voltage=2.5 V
[0143] After 100 cycles, a post-cycle capacity was mea-
sured under the same conditions as those in the initial
capacity measurement. The resulting post-cycle capacity
was divided by the initial capacity, and thus a cycle capacity
retention was obtained. Results are shown in Table 1 below.

TABLE 1

List of Examples and Comparative Examples

Negative electrode active material layer Porous film
Negative electrode 1st 2nd Spring Evaluation
active material spring spring constant Cycle
Graphite SiOo constant constant  ratio Initial  capacity
cont. cont.  Thickness Density  (A) Thickness (B) (B/A) capacity retention
mass %  mass % Hm g/em®  kN/mm Structure pum kN/mm — Ah %
Comp. Ex. 1 98 2 197 1.5 4300 PP/PE/PP 25 3500 0.81 38.9 95
Comp. Ex. 2 97 3 194 15 4400 PP/PE/PP 25 3500 0.80 39.2 94
Comp. Ex. 3 95 5 189 1.5 4700 PP/PE/PP 25 3500 0.74 40.1 89
Comp. Ex. 4 93 7 183 15 5000 PP/PE/PP 25 3500 0.70 41.1 85
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TABLE 1-continued

List of Examples and Comparative Examples

Negative electrode active material layer Porous film
Negative electrode st 2nd Spring Evaluation
active material spring spring constant Cycle
Graphite SiO constant constant  ratio Initial  capacity
cont. cont.  Thickness Density (A) Thickness (B) (B/A) capacity retention
mass %  mass % pm g/em®  kN/mm Structure pm kN/mm — Ah %
Comp. Ex. 5 90 10 176 1.5 7000 PP/PE/PP 25 3500 0.50 42.3 65
Comp. Ex. 6 88 12 165 1.5 10400 PP/PE/PP 25 3500 0.34 43.9 45
Ex. 1 98 2 197 1.5 4300 Alumina + PVdF 25 8000 1.86 38.9 98
Ex. 2 97 3 194 1.5 4400 Alumina + PVdF 25 8000 1.82 39.2 97
Ex. 3 95 5 189 1.5 4700 Alumina + PVdF 25 8000 1.70 40.1 96
Ex. 4 93 7 183 1.5 5000 Alumina + PVdF 25 8000 1.60 41.1 94
Ex. 5 90 10 176 1.5 7000 Alumina + PVdF 25 8000 1.14 42.3 91
Comp. Ex. 7 88 12 165 1.5 10400 Alumina + PVdF 25 8000 0.77 43.9 75
Ex. 6 90 10 182 14 6400 Alumina + PVdF 25 8000 1.25 40.9 93
Ex. 7 90 10 170 1.6 7900 Alumina + PVdF 25 8000 1.01 43.7 90
Comp. Ex. 8 90 10 165 1.7 9200 Alumina + PVdF 25 8000 0.87 44.9 76
[0144] <Results> in cycle capacity retention in Comparative Example 7 is
[0145] In Comparative Examples 1 to 6, the spring con- greater than those in the examples. From these results, it is

stant (second spring constant) of porous film 30 is lower than
the spring constant (first spring constant) of negative elec-
trode active material layer 22. In Comparative Examples 1
to 6, a tendency is observed that the degree of decrease in
cycle capacity retention becomes greater as the content of
silicon oxide 2 increases. The reason is considered to be that
the degree of shrinkage of negative electrode active material
layer 22 during discharge is small compared to the degree of
expansion of negative electrode active material layer 22
during charge and therefore as more charge-discharge cycles
are repeated, the electrical contact between graphite-based
carbon material 1 and silicon oxide 2 is lost.

[0146] The content of silicon oxide 2 in Example 1 is the
same as the content of silicon oxide 2 in Comparative
Example 1. However, the cycle capacity retention in
Example 1 is higher than that in Comparative Example 1. In
other words, it is considered that the degree of decrease in
cycle capacity retention in Example 1, compared to Com-
parative Example 1, is small even though silicon oxide 2 is
contained. The same tendency is observed in the comparison
between Example 2 and Comparative Example 2, between
Example 3 and Comparative Example 3, between Example
4 and Comparative Example 4, and between Example 5 and
Comparative Example 5.

[0147] Tt is considered that in the examples, because the
spring constant (second spring constant) of porous film 30 is
higher than the spring constant (first spring constant) of
negative electrode active material layer 22, the degree of
shrinkage of negative electrode active material layer 22
during discharge is great. This is considered to be the reason
why the electrical contact between graphite-based carbon
material 1 and silicon oxide 2 is likely to be retained in the
examples.

[0148] The content of silicon oxide 2 in Comparative
Example 7 is the same as that in Comparative Example 6.
The cycle capacity retention in Comparative Example 7 is
higher than that in Comparative Example 6. The reason is
considered to be that the second spring constant in Com-
parative Example 7 is higher than the second spring constant
in Comparative Example 6. However, the degree of decrease

considered that it is not enough for porous film 30 to have
a high spring constant (second spring constant) but it is
necessary for the porous film to have a spring constant
(second spring constant) that is higher than the spring
constant (first spring constant) of negative electrode active
material layer 22.

[0149] In Examples 5 to 7 and Comparative Example 8,
the values of density of negative electrode active material
layer 22 are different from each other. The degree of
decrease in cycle capacity retention is remarkably great
when the spring constant (first spring constant) of negative
electrode active material layer 22 is higher than the spring
constant (second spring constant) of porous film 30.
[0150] A tendency is observed that the degree of decrease
in cycle capacity retention is small when the spring constant
ratio is not lower than 1.25.

[0151] A tendency is observed that the degree of decrease
in cycle capacity retention is small when the spring constant
ratio is not lower than 1.60.

[0152] A tendency is observed that when the content of
silicon oxide 2 is not lower than 2 mass % and not higher
than 10 mass %, a good balance is obtained between the
initial capacity and the cycle capacity retention. A tendency
is observed that when the content of silicon oxide 2 is not
lower than 3 mass % and not higher than 7 mass %, an
improved balance is obtained between the initial capacity
and the cycle capacity retention.

[0153] The embodiments and examples disclosed herein
are illustrative and non-restrictive in any respect. The tech-
nical scope indicated by the claims is intended to include any
modifications within the scope and meaning equivalent to
the terms of the claims.

What is claimed is:

1. A non-aqueous electrolyte secondary battery, compris-
ing at least a positive electrode active material layer, a
porous film, and a negative electrode active material layer,

the negative electrode active material layer containing at

least a graphite-based carbon material and silicon
oxide,
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the porous film being interposed between the positive
electrode active material layer and the negative elec-
trode active material layer,

the porous film containing at least a ceramic material,

the negative electrode active material layer having a first

spring constant,

the porous film having a second spring constant, and

a ratio of the second spring constant to the first spring

constant being higher than 1.

2. The non-aqueous electrolyte secondary battery accord-
ing to claim 1, wherein

the ratio of the second spring constant to the first spring

constant is not lower than 1.25.

3. The non-aqueous electrolyte secondary battery accord-
ing to claim 2, wherein the ratio of the second spring
constant to the first spring constant is not lower than 1.60.

4. The non-aqueous electrolyte secondary battery accord-
ing to claim 1, wherein a content of the silicon oxide in the
negative electrode active material layer is not lower than 2
mass % and not higher than 10 mass % of a total content of
the graphite-based carbon material and the silicon oxide.
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