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ELECTROLYTE SOLUTION,
ELECTROCHEMICAL DEVICE, LITHIUM
ION SECONDARY BATTERY, AND MODULE

TECHNICAL FIELD

[0001] The present invention relates to electrolyte solu-
tions, electrochemical devices, lithium ion secondary bat-
teries, and modules.

BACKGROUND ART

[0002] Current electric appliances demonstrate a tendency
to have a reduced weight and a smaller size, which leads to
development of lithium ion secondary batteries having a
high energy density. Further, lithium ion secondary batteries
are used in more various fields, and thus are desired to have
improved battery characteristics. In particular, the safety and
battery characteristics of lithium ion secondary batteries will
become more and more important factors when the batteries
are put in use for automobiles.

[0003] However, lithium ion secondary batteries are less
sufficiently safe when, for example, they are overcharged,
internally short-circuited, or penetrated by a nail. Thus,
much safer batteries are required for the use in automobiles.
In addition, the voltage of a battery needs to be much higher
so as to increase the capacity of the battery for the use in
automobiles.

[0004] When a lithium ion secondary battery is supplied
with a voltage, it may generate gas due to electrochemical
oxidation or reduction in some cases. When gas is generated,
it increases the pressure inside the battery, so that the battery
may burst or the charge and discharge efficiency may
deteriorate. Such generation of gas is likely to occur espe-
cially when the battery is overcharged or used under high
voltage.

[0005] In order to improve the safety, charge characteris-
tics, and electric properties of electrochemical devices, such
as lithium ion secondary batteries, various methods are
proposed.

[0006] Patent Literature 1 discloses that a non-aqueous
electrolyte solution secondary battery comprising a fluori-
nated acyclic carbonate suppresses generation of gas due to
electrolysis, and thus is highly safe.

CITATION LIST

Patent Literature

[0007] Patent Literature 1: JP H11-195429 A
SUMMARY OF INVENTION
Technical Problem
[0008] When the non-aqueous electrolyte solution second-

ary battery of Patent Literature 1 is left in high-temperature
environment or is repeatedly charged and discharged, the
discharge capacity thereof disadvantageously decreases. In
addition, batteries capable of exerting safe and stable battery
characteristics even in a higher voltage environment are
required.

[0009] The present invention is devised in consideration of
the above state of the art, and aims to provide an electrolyte
solution that is capable of providing electrochemical devices
or modules, such as lithium ion secondary batteries, excel-
lent in high-temperature storage characteristics.
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Solution to Problem

[0010] In order to solve the above problems, the inventors
have performed various studies, and thereby found an elec-
trolyte solution containing a specific amount of a specific
amine and/or specific amide can unexpectedly solve the
above problems. Finally, the inventors have completed the
present invention.

[0011] Specifically, the present invention relates to an
electrolyte solution comprising a solvent, an electrolyte salt,
and at least one compound (o) selected from the group
consisting of an amine (A) represented by the formula (A)

A
R!—N—ORf! W

Rr2

(wherein R? and R? may be the same as or different from
each other, and individually represent a C1-C7 alkyl group;
and Rf' represents a C1-C7 fluorinated alkyl group), and an
amide (B) represented by the formula (B):

®)

R3—I|\I—C—OR5

R4

(wherein R?, R*, and R may be the same as or different from
each other, and individually represent a C1-C7 alkyl group),
the electrolyte solution containing 0.001 to 20 ppm of the
compound (o).

[0012] The present invention also relates to an electro-
chemical device comprising the above electrolyte solution.
[0013] The present invention also relates to a lithium ion
secondary battery comprising the above electrolyte solution.
[0014] The present invention also relates to a module
comprising the above electrochemical device or the above
lithium ion secondary battery.

[0015] The present invention will be described in detail
below.

Advantageous Effects of Invention.
[0016] The present invention aims to provide an electro-

lyte solution that is capable of providing electrochemical
devices or modules excellent in high-temperature storage
characteristics.

DESCRIPTION OF EMBODIMENTS

[0017] The present invention relates to an electrolyte
solution comprising a solvent, an electrolyte salt, and at least
one compound (a) selected from the group consisting of an
amine (A) represented by the formula (A):

A
R!—N—ORf! W

Rr2
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(wherein R' and R* may be the same as or different from
each other, and individually represent a C1-C7 alkyl group;
and Rf' represents a C1-C7 fluorinated alkyl group), and an
amide (B) represented by the formula (B):

®)

R*P—N—C—OR’®

R4

(wherein. R®, R*, and R’ may be the same as or different
from each other, and individually represent a C1-C7 alkyl
group), the electrolyte solution containing 0.001 to 20 ppm
of the compound. ().

[0018] Thus, the electrolyte solution of the present inven-
tion is capable of providing electrochemical devices and
modules, such as lithium ion secondary batteries and electric
double-layer capacitors, excellent in high-temperature stor-
age characteristics.

[0019] The electrolyte solution of the present invention
comprises the compound (o). Containing the compound (o)
allows electrochemical devices comprising the electrolyte
solution of the present invention to have improved high-
temperature storage characteristics.

[0020] The compound () is at least one selected from the
group consisting of the amine (A) represented by the above
formula (A) and the amide (B) represented by the above
formula (B).

[0021] In the formula (A) for the amine (A), R' and R?
may be the same as or different from each other, and
individually represent a C1-C7 alkyl group. In order to
achieve a low molecular weight and a low viscosity, R' and
R? preferably have a carbon number of 1 to 4, more
preferably 1 to 3.

[0022] R®is specifically preferably —CH,—CH,, —CHj,
—CH,CH,CHj;, or —CH(CH,), because they have a low
molecular weight and a low viscosity.

[0023] R? is specifically preferably —CH,—CHj,
—CH,CH,CHj;, or —CH(CH,), because they have a low
molecular weight and a low viscosity.

[0024] In the formula (A), Rf* is a C1-C7 fluorinated alkyl
group. In order to maintain the compatibility, Rf* preferably
has a carbon number of 2 to 5, more preferably 2 to 4.
[0025] The term “fluorinated alkyl group” herein refers to
an alkyl group in which at least one hydrogen atom is
replaced by a fluorine atom.

[0026] Rf' is preferably CF,CH,—, CF,CF,CH,—, or
CF,HCF,CH,—.
[0027] The amine (A) preferably has a fluorine content of

15 to 65 mass %. The amine (A) having a fluorine content
within the above range may make it possible to maintain the
compatibility with the solvent and the solubility of the salt.
The fluorine content is more preferably 20 mass % or more,
still more preferably 30 mass % or more, whereas the
content is more preferably 50 mass % or less, still more
preferably 40 mass % or less.

[0028] The fluorine content in the present invention is a
value calculated based on the structural formula (A) by the
following formula:

{(Number of fluorine atomsx19)/(molecular weight
of formula (A))}x100(%).
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[0029] The amine (A) is preferably any of the following
compounds which are low-viscosity compounds.

H;CH,C —N—OCH,CF; H;C—N—OCH,CF;

CH,CH3 CH;
H;C—N—OCH,CF,CF; H;C— N—OCH,CF,CF,H

CH;3 CH;
H;CH,C—N—OCH,CF>CF;  H3;CH,C—N—OCH,CF,CFH

CH,CH; CH,CH;

[0030] In the formula (B) for the amide (B), R®, R* and
R® may be the same as or different from each other, and
individually represent a C1-C7 alkyl group. R*, R*, and R®
preferably have a carbon number of 2 to 5, more preferably
2 to 4.

[0031] In the formula (B), specifically, R® is preferably
—CH,, —CH,CH,, —CH,CH,CH,, or —CH(CH,),; R* is
preferably —CH,, —CH,CH,, —CH,CH,CH,, or —CH
(CH,),; and R® is preferably —CH,, —CH,CH,,
—CH,CH,CHj;, or —CH(CH,),.

[0032] In order to maintain the compatibility, the amide
(B) is preferably any of the following compounds.

0
H;CH,C—N—C—0—CH;

CH,CH;
0

H;CH,C —N—C—0—CH,CH;

CH,CH;
0

H3CH,C—N—C—0—CH,CH,CHj

CH,CH;
0

H;CH,C —N—C—0—CH(CHy),

CH,CH;
0

H;CH,CH,C—N—C—0—CH;

CH,CH,CH;

H;CH,CH,C—N—C—O0—CH,CH;

CH,CH,CH;
0

H;CH,CH,C—N—C—0—CIH,CH,CH;

CHL,CH,CH;
0

H;C—N—C—OCH;

CH;
0

H;CH,CH,C—N—C—O0—CH(CH,),

CH,CH,CH;
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-continued

(H3C),HC—N—C—0—CH;

CH(CHj),

(H3C),HC—N—C—O0—CH,CH;

CH(CHj),
(€]

(H3C),HHC—N —C—O0—CH,CH,CH;

CH(CHs)2

(H3C),HC—N—C—0—CH(CH;),

CH(CHjs)z

H;C—N—C—0—CH,CH;

CH;
0

H;C—N—C—0—CH,CH,CH;

CH;
0

H3C—N—C—0—CH,(CHj),

CH;

[0033] The amount of the compound () in the electrolyte
solution is 0.001 to 20 ppm. If the amount is within the
above range, an electrochemical device comprising the
electrolyte solution of the present invention is excellent in
high-temperature storage characteristics.

[0034] In order to further improve the high-temperature
storage characteristics, the amount of the compound (o) in
the electrolyte solution is preferably 0.01 ppm or more, more
preferably 0.05 ppm or more, whereas the amount thereof is
preferably 10 ppm or less, more preferably 5 ppm or less,
still more preferably 1 ppm or less.

[0035] The amount of the compound (o) can be deter-
mined by GC-MS analysis.

[0036] Ifboth the amine (A) and the amide (B) are used as
the compounds (), the amine (A) and the amide (B) each
preferably satisfy the above amount of the compound (o).

[0037] Ifboth the amine (A) and the amide (B) are used as
the compounds (ct), the amount of the amine (A) is prefer-
ably 0.01 to 10 ppm and the amount of the amide (B) is
preferably 0.001 to 10 ppm.

[0038] The amount of the amine (A) is more preferably 1
ppm or more and 5 ppm or less.

[0039] The amount of the amide (B) is more preferably
0.001 ppm or more and 5 ppm or less.

[0040] The electrolyte solution of the present invention
contains a solvent.

[0041] The amount of the solvent in the electrolyte solu-
tion of the present invention is preferably 70 to 95 mass %,
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more preferably 80 mass % or more, whereas the amount
thereof is more preferably 90 mass % or less.

[0042] The solvent preferably contains a carbonate.
[0043] The solvent preferably contains a cyclic carbonate
and an acyclic carbonate.

[0044] The cyclic carbonate may be a non-fluorinated
cyclic carbonate or may be a fluorinated cyclic carbonate.
[0045] The acyclic carbonate may be a non-fluorinated
acyclic carbonate or may be a fluorinated acyclic carbonate.
[0046] The solvent preferably contains at least one
selected from the group consisting of non-fluorinated satu-
rated cyclic carbonates, fluorinated saturated cyclic carbon-
ates, fluorinated acyclic carbonates, and non-fluorinated
acyclic carbonates. In particular, the solvent more preferably
contains at least one selected from the group consisting of
fluorinated saturated cyclic carbonates and fluorinated acy-
clic carbonates.

[0047] The solvent is preferably a non-aqueous solvent
and the electrolyte solution of the present invention is
preferably a non-aqueous electrolyte solution.

[0048] Examples of the non-fluorinated saturated cyclic
carbonates include ethylene carbonate (EC), propylene car-
bonate (PC), and butylene carbonate.

[0049] In order to achieve a high permittivity and a
suitable viscosity, the non-fluorinated saturated cyclic car-
bonate is preferably at least one compound selected from the
group consisting of ethylene carbonate, propylene carbon-
ate, and butylene carbonate.

[0050] The non-fluorinated saturated cyclic carbonate may
comprise one of the above compounds or may comprise two
or more thereof in combination.

[0051] The amount of the non-fluorinated saturated cyclic
carbonate in the solvent is preferably 0 to 99 vol %, more
preferably 1 vol % or more, whereas the amount thereof is
more preferably 90 vol % or less.

[0052] The fluorinated saturated cyclic carbonate is a
saturated cyclic carbonate with a fluorine atom attached
thereto. Specific examples thereof include compounds rep-
resented by the following formula (C):

©

o

o™ Yo

@]

X'xX2C oxX*xt

wherein X' to X* may be the same as or different from each
other, and individually represent a fluorinated alkyl group
which may optionally have —H, —CH;, —F, or an ether
bond, or represent a fluorinated alkoxy group which may
optionally have an ether bond; at least one of X' to X*is a
fluorinated alkyl group which may optionally have —F or an
ether bond, or a fluorinated alkoxy group which may option-
ally have an ether bond.

[0053] If the electrolyte solution of the present invention
contains a fluorinated saturated cyclic carbonate (C) and is
applied to a lithium ion secondary battery, a stable film is
formed on the negative electrode so that side reactions of the
electrolyte solution on the negative electrode may suffi-
ciently be suppressed. As a result, significantly stable, excel-
lent charge and discharge characteristics can be achieved.
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[0054] The term “ether bond” herein means a bond rep-
resented by —O—.

[0055] In order to achieve a good permittivity and oxida-
tion resistance, one or two of X' to X* in the formula (C)
is/fare preferably a fluorinated alkyl group which may
optionally have —F or an ether bond or a fluorinated alkoxy
group which may optionally have an ether bond.

[0056] In anticipation of a decrease in the viscosity at low
temperatures, an increase in the flash point, and improve-
ment in the solubility of the electrolyte salt, X' to X* in the
formula (C) each preferably represent —H, —F, a fluori-
nated alkyl group (a), a fluorinated alkyl group (b) having an
ether bond, or a fluorinated alkoxy group (c).

[0057] The fluorinated alkyl group (a) is an alkyl group in
which at least one hydrogen atom is replaced by a fluorine
atom. The fluorinated alkyl group (a) preferably has a carbon
number of 1 to 20, more preferably 2 to 17, still more
preferably 2 to 7, particularly preferably 2 to 5.

[0058] Ifthe carbon number is too large, the low-tempera-
ture characteristics may be poor and the solubility of the
electrolyte salt may be low. If the carbon number is too
small, the solubility of the electrolyte salt may be low, the
discharge efficiency may be low, and the viscosity may be
high, for example.

[0059] Examples of the fluorinated alkyl group (a) which
has a carbon number of 1 include CFH,—, CF,H—, and
CF,—.

[0060] In order to achieve a good solubility of the elec-

trolyte salt, preferred examples of the fluorinated alkyl
group (o) which has a carbon number of 2 or greater include
fluorinated alkyl groups represented by the following for-
mula (a-1):

R—R>— (a-1)

wherein R represents an alkyl group which may optionally
have a fluorine atom and which has a carbon number of 1 or
greater; R? represents a C1-C3 alkylene group which may
optionally have a fluorine atom; and at least one of R* and
R? has a fluorine atom.

[0061] R' and R* each may further have an atom other
than the carbon atom, hydrogen atom, and fluorine atom.
[0062] R'is an alkyl group which may optionally have a
fluorine atom and which has a carbon number of 1 or greater.
R! preferably represents a C1-C16 linear or branched alkyl
group. The carbon number of R is more preferably 1 to 6,
still more preferably 1 to 3.

[0063] Specifically, for example, CH;—, CH,;CH,—,
CH,CH,CH,—, CH;CH,CH,CH,—, and the groups rep-
resented by the following formulas:

CH; TH;
—CH;—CH—s ——CH;—(C——
CH;

may be mentioned as a linear or branched alkyl group for R'.
[0064] IfR!is a linear alkyl group having a fluorine atom,
examples thereof include CF;—, CF;CH,—, CF;CF,—,
CF,CH,CH,—, CF,CF,CH,—, CF,CF,CF,—,
CF,CH,CF,—, CF,CH,CH,CH,—, CF,CF,CH,CH,—,
CF,CH,CF,CH,—, CF,CF,CF,CH,—, CF,CF,CF,CF,—,
CF,CF,CH,CF,—, CF,CH,CH,CH,CH,—,
CF,CF,CH,CH,CH,—, CF,CH,CF,CH,CH,—,
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CF,CF,CF,CH,CH,—, CF,CF,CF,CF,CH,—,
CF,CF,CH,CF,CH,—, CF,CF,CH,CH,CH,CH,—,
CF,CF,CF,CF,CH,CH,—, CF,CF,CH,CF,CH,CH,—,
HCF,—, HCF,CH,—, HCF,CF,—, HCF,CH,CH,—,
HCF,CF,CH,—, HCF,CH,CF,—, HCF,CF,CH,CH,—,
HCF,CH,CF,CH,—, HCF,CF,CF,CF,—,
HCF,CF,CH,CH,CH,—, HCF,CH,CF,CH,CH,—,
HCF,CF,CF,CF,CH,—, HCF,CF,CF,CF,CH,CH,—,
FCH,—, FCH,CH,—, FCH,CF,—, FCH,CF,CH,—,
FCH,CF,CF,—, CH,CF,CH,—, CH,CF,CF,—,
CH,CF,CH,CF,—, CH,CF,CF,CF,—,
CH,CH,CF,CF,—, CH,CF,CH,CF,CH,—,
CH,CF,CF,CF,CH,—, CH,CF,CF,CH,CH,—,
CH,CH,CF,CF,CH,—, CH,CF,CH,CF,CH,—,
CH,CF,CH,CF,CH,CH,—, CH ;CF,CH,CF,CH,CH,—,
HCFCICF,CH,—, HCF,CFCICH,—,
HCF,CFCICF,CFCICH,—, and
HCFCICF,CFCICF,CH,—.
[0065] IfR!is a branched alkyl group having a fluorine

atom, those represented by the following formulas:

CF3 CH; CF3 CH;
CFCH—  CFCH— CF3CF——  CFCF—
CF3 CH; clH3
CFC—  CFC—  CFC—
| I I
CFs , CF; | CH;
CF3, CH3, CF;, CH;,
HCF,CH HCF,CH HCF,CF HCF,CF
CF3, CH;, CF;,
HCE,C HCF,C  HCFC
I I I
CF, CF3 CH;
CF3 CF;3
CH;—CFCH,—  CH;CH,—C—
CF;
CF; CF; CF3
HCFCF,CH,— | HCF,CFCH,— | CHi CFCh—,
CF3 CF;

CH,;CH,—CFCF;— | CH;CH,— CFCF,—

CFs CF3 CF3

HCFCH,—, HCFCF,—, HCF,CF—

CF; CF; CF; CF;

HCFCF,CFCF,CH,— | HCF,CFCF,CFCH,—
CFs

CH;—C—CH,—

CFs3

may be preferably mentioned. If the group has a branch
represented by CH;— or CF;—, for example, the viscosity
is likely to be high. Thus, the number of such branches is
more preferably small (one) or zero.

[0066] R?represents a. C1-C3 alkylene group which may
optionally have a fluorine atom. R* may be a linear or
branched group. Examples of a minimum structural unit
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constituting such a linear or branched alkylene group are

shown below. R? is constituted by one or combination of

these units.

[0067] (i) Linear minimum structural units

[0068] —CH,—, —CHF— —CF,—,
—CFCl—, —CCl,—

[0069] (ii) Branched minimum structural units

— CHCl—,

CH; CH, CF;3 CF;3

—+CH3—> —¢CFy—> —CH3—> —CFy—>
CH3 CH3 CF3 CH3

—('T‘)— —('T‘)— —('T‘)— —CCly—>

CH; CF; CF;
CF;

—¢CCl—

[0070] Preferred among these exemplified units are Cl-
free structural units because such units are not dehydrochlo-
rinated by a base, and thus are more stable.

[0071] If R?is a linear group, the group consists only of
any of the above linear minimum structural units, and it is
preferably —CH,—, —CH,CH,—, or CF,—. In order to
further improve the solubility of the electrolyte salt,
—CH,— or —CH,CH,— is more preferred.

[0072] If R?is a branched group, the group comprises at
least one of the above branched minimum structural units.
Preferred examples thereof include those represented by the
formula: —(CX“*X”)— (wherein X represents H, F, CH,, or
CF,; X” represents CH, or CF,; if X® is CF,, X% is H or
CH,). Such groups can further improve the solubility of the
electrolyte salt.

[0073] For example, CF,CF,—, HCF,CF,—,
H,CFCF,—, CH,CF,—, CF;CF,CF,—, HCF,CF,CF,—,
H,CFCF,CF,—, CH;CF,CF,—, and those represented by
the following formulas:

CF3 (|2H3 CH;3
CF;CH—>  CFCH—>  CF;CF—
CH; CH; CF3 CH;
CF;C—> CFC—-: HCF,CH— HCF,CH—:
| |
CF; CH;
CH; TH; CH;
HCF,CF—> HCF>,C—> HCF>,C—>
|
CF; CH;
CF; CF; CF;3
CF3—CF—- CFCEF,CF,—> CF3—T—a
CF;3 CF3

may be mentioned as a preferred fluorinated alkyl group (a).
[0074] The fluorinated alkyl group (b) having an ether
bond is an alkyl group which has an ether bond and in which
at least one hydrogen atom is replaced by a fluorine atom.
The fluorinated alkyl group (b) having an ether bond pref-
erably has a carbon number of 2 to 17. If the carbon number
is too large, the fluorinated saturated cyclic carbonate (C)
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may have a high viscosity, and also the number of fluorine-
containing groups increases. Thus, the solubility of the
electrolyte salt may be poor due to reduction in the permit-
tivity, and the compatibility with other solvents may be poor.
Accordingly, the carbon number of the fluorinated alkyl
group (b) having an ether bond is preferably 2 to 10, more
preferably 2 to 7.

[0075] The alkylene group which constitutes the ether
segment of the fluorinated alkyl group (b) having an ether
bond may be a linear or branched alkylene group. Examples
of a minimum structural unit constituting such a linear or
branched alkylene group are shown below.

[0076] (i) Linear minimum structural units
[o077] —CH,—, —CHF—, —CF,—, —CHCl—,
—CFCl—, —CCl,—
[0078] (ii) Branched minimum structural units
CHj; CH; CF3 CF3

| | | |
—¢CHy—, —¢CF3—, —¢CH3—, —¢CF—,
CH; CH, CF,; CH;

I
T T e, —eca

CH; CF; CF;3
CF;

—£CC1—

[0079] The alkylene group may be constituted by one of
these minimum structural units alone, or may be constituted
by a combination of linear units (i), of branched units (ii), or
of a linear unit (i) and a branched unit (ii). Preferred
examples will be mentioned in detail later.

[0080] Preferred among these exemplified units are Cl-
free structural units because such units are not dehydrochlo-
rinated by a base, and thus are more stable.

[0081] Still more preferred examples of the fluorinated
alkyl group (b) having an ether bond include those repre-
sented by the following formula (b-1):

R*—(ORY),— (b-1)

wherein R? represents a preferably C1-C6 alkyl group which
may optionally have a fluorine atom; R* represents a pref-
erably C1-C4 alkylene group which may optionally have a
fluorine atom; nl is an integer of 1 to 3; and at least one of
R* and R* has a fluorine atom.

[0082] Examples of the groups for R*> and R* include the
following, and any appropriate combination of these groups
can provide the fluorinated alkyl group (b) having an ether
bond represented by the formula (b-1). Still, the groups are
not limited thereto.

[0083] (1) R? is preferably an alkyl group represented by
the following formula: X°,C—(R?), ,— (wherein three X°’s
may be the same as or different from each other, and
individually represent H or F; R® represents a C1-C5 alky-
lene group which may optionally have a fluorine atom; and
n2is 0 or 1).

[0084] If n2 is O, may be CH;—, CF;—, HCF,—, or
H,CF—, for example.

[0085] Ifn2is 1, specific examples of a linear group for R?
include  CF,CH,—, CF,CF,—, CF,CH,CH,—,
CF,CF,CH,—, CF,CF,CF,—, CF,CH,CF,—,
CF,CH,CH,CH,—, CF,CF,CH,CH,—,

CF,CH,CF,CH,—, CF,CF,CF,CH,—, CF,CF,CF,CF,—,
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CF,CF,CH,CF,—, CF,CH,CH,CH,CH,—,
CF,CF,CH,CH,CH,—, CF,CH,CF,CH,CH,—,
CF,CF,CF,CH,CH, CF,CF,CF,CF,CH,—,
CF,CF,CH,CF,CH,—, CF,CF,CH,CH,CH,CH,—,
CF,CF,CF,CF,CH,CH,—, CF,CF,CH,CF,CH,CH,—,
HCF,CH,—, HCF,CF,—, HCF,CH,CH,—,
HCF,CF,CH,—, HCF,CH,CF,—, HCF,CF,CH,CH,—,
HCF,CH,CF,CH,—, HCF,CF,CF,CF,—,
HCF,CF,CH,CH,CH,—, HCF,CH,CF,CH,CH,—,
HCF,CF,CF,CF,CH,—,  HCF,CF,CF,CF,CH,CH,—,
FCH,CH,—, FCH,CF,—, FCH,CF,CH,—,
FCH,CF,CH,—, CH,CF,—, CH,CH,—, CH,CF,CH,—,
CH,CF,CF,—, CH,CH,CH,—, CH,CF,CH,CF,,
CH,CF,CF,CF,—, CH,CH,CF,CF,—,
CH,CH,CH,CH,—, CH,CF,CH,CF,CH,—,
CH,CF,CF,CF,CH,—, CH,CF,CF,CH,CH,—,
CH,CH,CF,CF,CH,—, CH,CF,CH,CF,CH,—,

CH,CF,CH,CF,CH,CH,—, CH,CH,CF,CF,CH,CH,—,
and CH,CF,CH,CF,CH,CH,—.

[0086] If n2 is 1, those represented by the following
formulas:
CF; CH; CF, TH3
CF;CH—>  CFCH—>  CFCF—>  CF;CF—-
CF;s TH3 TH3 TH3
CF;:C—> CFC—> CKC—:> CF—C—CH,—:>
| | |
CF;s CF; CH; CF;s
CF; CH; CF; CH;
HCF,CH—> HCF,CH—: HCF,CF— HCF,CF—
CF; CH; CH;
HCF,C—> HCF,C—> HCF,C—
| | |
CF3 CF3 CH;

may be mentioned as a branched group for R>.

[0087] If the group for R® has a branch such as CH,— or
CF;—, the viscosity is likely to be high. Thus, the group for
R? is more preferably a linear group.

[0088] (2) in the segment —(OR*) I— of the formula
(b-1), nl is an integer of 1 to 3, preferably 1 or 2. If nl is
2 or 3, R*’s may be the same as or different from each other.
[0089] Preferred specific examples of the group for R*
include the following linear or branched groups.

[0090] Examples of the linear groups include —CH,—,
—CHF—, —CF,—, —CH,CH,—, —CF,CH,—,
—CF,CF,—, CH,CF,—, —CH,CH,CH,—,
—CH,CH,CF,—, —CH,CF,CH,—, CH,CF,CF,—,

—CF,CH,CH,—, —CF,CF,CH,—, —CF,CH,CF,—, and
—CF,CF,CF,—.

[0091] Those represented by the following formulas:
CF3 CH; CFs CH;
—éH— —éH— —éF—’ —CF—>
CF3 CH; CH;
B S N
éF3 éF3 éHs
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CF3 CF3 CF3
—CFCF,—:  —CFCH,—>  ——CHCH,—>

CH; CH; CH;
—CHCH,—» ——CFCH,—> ——CFCF,—>

CH; CF;s
—CHCF,—>  ——CHCF,—

may be mentioned as branched groups.

[0092] The fluorinated alkoxy group (c) is an alkoxy group
in which at least one hydrogen atom is replaced by a fluorine
atom. The fluorinated alkoxy group (c) preferably has a
carbon number of 1 to 17. The carbon number is more
preferably 1 to 6.

[0093] The fluorinated alkoxy group (c) is particularly
preferably a fluorinated alkoxy group represented by the
formula: X4,C—(R®),,—O— (wherein three X*’s may be
the same as or different from each other, and individually
represent H or F; RS preferably represents a C1-C5 alkylene
group which may optionally have a fluorine atom; n3 is 0 or
1; and any of the three X*’s contain a fluorine atom).

[0094] Specific examples of the fluorinated alkoxy group
(c) include fluorinated alkoxy groups in which an oxygen
atom is bonded to an end of the alkyl group for R* in the
formula (a-1).

[0095] The fluorinated alkyl group (a), the fluorinated
alkyl group (b) having an ether bond, and the fluorinated
alkoxy group (c) in the fluorinated saturated cyclic carbonate
(C) each preferably have a fluorine content of 10 mass % or
more. If the fluorine content is too low, an effect of reducing
the viscosity at low temperatures and an effect of increasing
the flash point may not be achieved. Thus, the fluorine
content is more preferably 12 mass % or more, still more
preferably 15 mass % or more. The upper limit thereof is
usually 76 mass %.

[0096] The fluorine content of each of the fluorinated alkyl
group (a), the fluorinated alkyl group (b) having an ether
bond, and the fluorinated alkoxy group (c) is a value
calculated by the following formula:

{(Number of fluorine atomsx19)/(formula weight of
the formula)}x100(%)

based on the corresponding structural formula.

[0097] In order to achieve a good permittivity and oxida-
tion resistance, the fluorine content in the whole fluorinated
saturated cyclic carbonate (C) is preferably 10 mass % or
more, more preferably 15 mass % or more. The upper limit
thereof is usually 76 mass %.

[0098] The fluorine content in the whole fluorinated satu-
rated cyclic carbonate (C) is a value calculated based on the
structural formula of the fluorinated saturated cyclic carbon-
ate (C) by the following formula:

{(Number of fluorine atomsx19)/(molecular weight

of fluorinated saturated cyclic carbonate (C))}x
100(%).
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[0099] Specific examples of the fluorinated saturated
cyclic carbonate (C) include the following.

[0100] Those represented by the following formulas:

o
o
o

e}
O
O

o o o o o o
CF3—FC| lHZ, FHL lHZ, F2|C lHZ,
0
I
o~ C\o
FHC CHF,

may be mentioned as specific examples of the fluorinated
saturated cyclic carbonate (C) represented by the formula
(C) in which at least one of X' to X* is —F. These
compounds have a high withstand voltage and give a good
solubility of the electrolyte salt.

[0101] Alternatively, those represented by the following
formula:

o
o
o

O/\ N N

O
O
O

F,C CHF, FC CF,, F;C—TFC CFs,
I I
C C
o~ Do o7 Do
H;C—FC CF—CH;, H;C—HC CF—CH;

may also be used.
[0102] Those represented by the following formulas:

I I
C C
O/ \O O/ \O
H,C CH—CIH,CF,CF;, H,C CH—CH,CF(CF),,
I I
C C
O/ \O O/ \O
H,C CH—CF;, H,C CH—CH,F,
I I
C C
(l)/ \O O/ \O
H,C CH—CFH, HC C(CF3),
I I
C C
(l)/ \O O/ \O
H,C CH—CH,CF>,CF,CF,CF;, H,C CH—CH,CF;
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=0
=0

C C
O/ \O O/ \O

CF3CF,—CH——CH,, HCF,CF,—CH——CH,,
0 0
I I

C C
O/ \O O/ \O

H,CFCF,—CH——CH,, CH;CF,—CH——CI,,
0

Il |
AN AN
O O O O

o

9]

CF3CF,CF,——CH——CH,, CF;CF,CF;CF,— CH——CIH,,
I I
C C
o Do o Do
HCF,CF,CF,—CH——CH,, HCF,CF,CF,CF,— CH——CH,,
I I
C C
O/ \O O/ \O

H,CFCF,CF,——CH——CH,, CH;CF,CF,—CH——CH,,

may be mentioned as specific examples of the fluorinated
saturated cyclic carbonate (C) represented by the formula
(C) in which at least one of X' to X* is a fluorinated alkyl
group (a) and the others thereof are —H.

[0103] Those represented by the following formulas:

I I
C C
O/ \O O/ \O
CF,0—CH——CH,, CF,—OCH,—CH——CH,,
I I
C C
O/ \O O/ \O
HCF,—OCH,—CH——CH,, CF;CH,—OCH,— CH——CH,,
I
C
O/ \O

CF3CF,CHy— OCH,— CH——CH,,
0

C
o Do
CF3CF,CF,—OCH,—CH——CH,,
0

C
O/ \O

CF3(CF3)CH—OCH,— CH——CH,,
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-continued
I
C
O/ \O
(CF3);C—OCH,— CH——CT;,
I
C
O/ \O
CH;3(CF3),CCH,— OCH,— CH——CH,,
I
C
O/ \O
FCH,CF,CF,— OCH,—CH——CH,,
I
C
O/ \O
FCH,CF,CH,—OCH,—CH——CH,,
I
C
O/ \O
CF;CH,CHy;— OCH,—CH——CH,,
I
C
O/ \O
CF3CF,CH,CHy— OCH, —CH——C1,,
I
C
O/ \O

CH;CF,CH,CH,— OCH,—CH——CH,,

I
C
o Do
HCF,CF,CH, —OCH, —CH——CH,,
I
C
o Do
CF;CF,CF>CH,CH, —OCH, — CH——CI,
I
C
o~ Do
HCF>CF,CF,CF>CH;—OCH,— CH——CH,,
I
C
CFs o7 Do

CF;CF,CF3— OCFCH,—OCH,— CH——CHj,
I
C

CF3 o” Do

CF;CF,CFy——OCFCF,——OCH,—CH——CHj,
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O
ﬂ
CF, o” Do
CH;— OCFCF,— OCH,— CH——CHj,
O
!
CF; CF; o Do

CF3CF2CFy——OCFCF,—OCFCH,— OCH,—— CH——CH,,

I
C
o” No
FCH;CF,CF,— OCH,CF,CF,— OCH,— CH—— CH,,
I
C
o No
FCH,CF,CF— OCH,CF,CH,— OCH,— CH——CH,,
I
C
CF;s o~ No

HCF,CF,CH,—OCFCH,—OCH,—CH——CH,,
0

C
CF; o Do

HCF,CF,CHy—— OCFCF,—OCH,— CH——CHj,

I
C
CFs3 o7 Do
CF5CH(CF3)— OCFCH,—OCH,—CH——CH,,
0

C
CFs o Do

CF3CH(CF3)— OCFCF,— OCH,—CH——CH,,

I
C
CFs o” Do
CF3CF,CF,— OCFCH,—OCH,—CH——CH,,
0

C

O/ \(l)

CF3CF,CF;— OCFCF,—OCFCH,—CH——CH,,
0

C
O/ \O

CF3 CF3

FCH,CF,CF,— OCH,CF>CH,— CH——CH,,
0

C
O/ \O

HCF,CF,CH,—— OCF,CF,CH,— CH—— CH,,
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O
H
O/ \O
CF;CH(CF;)— OCF,CF,CHy,— CH——CH,,
O
H
O/ \O
CF;CHy——OCF,CF,CH,—CH——CH,,
O
ﬂ
O/ \O
CF;CF,CHy—— OCF,CF,CH,— CH——CH,,
O
ﬂ
O/ \O
CF3CF,CE,—— OCF,CF>CH,— CH——CH,,
O
ﬂ
O/ \O
CF;CH(CF;)=——OCF,CF>CH;— CH——CH,,
O
H
O/ \O
CF;— OCF,CF,CH,—CH——CI,,
O
H
O/ \O
CF;CF,CF,——OCF,CF,CH,— CH—— CH,,
O
ﬂ
O/ \O
HCF,— OCF,CF>CHy—CH——CH,,
O
H
CF; O/ \O

CF;CF,CF,—OCFCF,—OCF,CF,CH,—CH——CH,,

I
C
o Do
CF3CH,CHy— OCF,CF,CH,— CH——CH,,
I
C
o Do
CF3CF,CH,CHy— OCF,CF>,CH,— CH——CH,,
I
C
o’ Do

CF;CF,CF,CH,CHy— OCF,CF,CH,—CH——CH,,
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O

C
O/ \O

CH;— OCF,CF,CH,—CH——CI,,

may be mentioned as specific examples of the fluorinated
saturated cyclic carbonate (C) represented by the formula
(C) in which at least one of X' to X* is a fluorinated alkyl
group (b) having an ether bond or a fluorinated alkoxy group
(c) and the others thereof are —H.

[0104] In particular, the fluorinated saturated cyclic car-
bonate (C) is preferably any of the following compounds.

A A A
\_<F >_e iﬁcm
L L

o T T O

>:

Q
e}

L

A
= 4

C4Fo

CF,CF; \_L

s

e}
o

F3

C4Fs \_LOCHZCFZCFZH

e}

o)ko
OCH,CF,CF; \_LOCHZCI%

[0105] The fluorinated saturated cyclic carbonate (C) is
more preferably fluoroethylene carbonate or difluoroethyl-
ene carbonate.

[0106] The fluorinated saturated cyclic carbonate (C) is
not limited to the above specific examples. One of the above

e

>:

-

Q
e}

T
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fluorinated saturated cyclic carbonates (C) may be used
alone, or two or more thereof may be used in any combi-
nation at any ratio.

[0107] The amount of the fluorinated saturated cyclic
carbonate in the solvent is preferably 0 to 99 vol %, more
preferably 1 vol % or more, still more preferably 5 vol % or
more, whereas the amount thereof is more preferably 95 vol
% or less, still more preferably 90 volt or less.

[0108] The fluorinated acyclic carbonate may be a com-
pound represented by the following formula (D):

)
(€]

Rff —O0—C—0—R*

wherein Rf? represents a C1-C7 fluorinated alkyl group; and
R® represents a C1-C7 alkyl group which may optionally
have a fluorine atom.

[0109] In order to achieve suitable use under high voltage,
the electrolyte solution of the present invention preferably
contains a fluorinated acyclic carbonate represented by the
formula (D).

[0110] In the formula (D), Rf* is a C1-C7 fluorinated alkyl
group and R is a C1-C7 alkyl group which may optionally
have a fluorine atom.

[0111] The fluorinated alkyl group refers to an alkyl group
in which at least one hydrogen atom is replaced by a fluorine
atom. If R® is an alkyl group having a fluorine atom, it is a
fluorinated alkyl group.

[0112] Inorder to achieve a low viscosity, Rf* and R® each
preferably have a carbon number of 2 to 7, more preferably
2 to 4.

[0113] If'the carbon number is too large, the low-tempera-
ture characteristics may be poor or the solubility of the
electrolyte salt may be low. If the carbon number is too
small, the solubility of the electrolyte salt may low, the
discharge efficiency may be low, and the viscosity may be
high, for example.

[0114] Examples of the fluorinated alkyl group which has
a carbon number of 1 include CFH,—, CF,H—, and CF;—.
[0115] In order to achieve a good solubility of the elec-
trolyte salt, preferred examples of the fluorinated alkyl
group which has a carbon number of 2 or greater include
fluorinated alkyl groups represented by the following for-
mula. (d-1)

RLRZ— (d-1)

wherein R represents an alkyl group which may optionally
have a fluorine atom and which has a carbon number of 1 or
greater; R? represents a C1-C3 alkylene group which may
optionally have a fluorine atom; and at least one of R* and
R? has a fluorine atom.

[0116] R'and R? each may further have an atom other than
the carbon atom, hydrogen atom, and fluorine atom.
[0117] R'is an alkyl group which may optionally have a
fluorine atom and which has a carbon number of 1 or greater.
R! preferably represents a. C1-C6 linear or branched alkyl
group. The carbon number of R! is more preferably 1 to 6,
still more preferably 1 to 3.

[0118] Specifically, for example, CH;—, CH,;CH,—,
CH,CH,CH,—, CH;CH,CH,CH,—, and the groups rep-
resented by the following formulas:

Oct. 6, 2016

CH; CH;
CH;—CH— CH;—C——
CH;

may be mentioned as a linear or branched alkyl group for R'.

[0119] IfR®is a linear alkyl group having a fluorine atom,
examples thereof include CF;—, CF;CH,—, CF;CF,—,
CF,CH,CH,—, CF,CF,CH,—, CF,CF,CF,—,
CF,CH,CF,—, CF,CH,CH,CH,—, CF,CF,CH,CH,—,
CF,CH,CF,CH,—, CF,CF,CF,CH,—, CF,CF,CF,CF,—,

CF;CF,CH,CF,—, CF;CH,CH,CH,CH,—,
CF,CF,CH,CH,CH,—, CF,CH,CF,CH,CH,—,
CF°CF,CF,CH,CH,—, CF;CF,CF,CF,CH,—,
CF,CF,CH,CH,CF,CH,—, CF,CF,CH,CH,CH,CH,—,
CF,CF,CF,CF,CH,CH,—, CF,CF,CH,CF,CH,CH,—,
HCF,—, HCF,CH,—, HCF,CF,—, HCF,CH,CH,—,
HCF,CF,CH,—, HCF,CH,CF,—, HCF,CF,CH,CH,—,
HCF,CH,CF,CH,—, HCF,CF,CF,CF,—,
HCF,CF,CH,CH,CH,—, HCF,CH,CF,CH,CH,—,
HCF,CF,CF,CF,CH,—, HCF,CF,CF,CF,CH,CH,—,
FCH,—, FCH,CH,—, FCH,CF,—, FCH,CF,CH,—,
FCH,CF,CF,—, CH,CF,CH,—, CH,CF,CF,—,
CH;CF,CH,CF,—, CH,CF,CF,CF,—,
CH;CH,CF,CF,—, CH,CF,CH,CF,CH,—,
CH,CF,CF,CF,CH,—, CH,CF,CF,CH,CH,—,
CH,CH,CF,CF,CH,—, CH,CF,CH,CF,CH,—,
CH,CF,CH,CF,CH,CH,—, CH,CF,CH,CF,CH,CH,—,
HCFCICF,CH,—, HCF,CFCICH,,
HCF,CFCICF,CFCICH,—, and
HCFCICF,CFCICF,CH,—.

[0120] IfR!is a branched alkyl group having a fluorine

atom, those represented by the following formulas:

CF; TH; TF; CH;
CF,CH—>  CFCH—>  CFCF—->  CFCF—-
CF; C|H3 C|H3
CF;,C—> CF;,C—> CF;,C—>
| I I
CF; CF; CH;
CF3 CH3 CF3 CH3
HCF,CH, HCF,CH, HCF,CF , HCF,CF ,
CF; TH3 CH;
HCF>,C—> HCF>,C—> HCF>,C—>
I I I
CF; CF; CH;
CF; CF,
CH;— CFCH;—> CH3CH,—C—>
CF;
CF;s CF, CF;s
HCFCF;CHy—>  HCF;CFCHy—>  CH;—CFCF—>
CF, CF;s
CH;3CH,—CFCF,—> CH;3CH;— CFCH,—>
CF3 (|2F3 CF3
HCFCH,—> HCFCF,—> HCF>CF—>
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-continued
CF; CF3 CF; CFs
HCFCF,CFCF,CHy— HCF>CFCF>CFCH,—>

CF3
CH;—C—CH,—

CF;

may be preferably mentioned.

[0121] If the group has a branch represented by CH;— or
CF;—, for example, the viscosity is likely to be high. Thus,
the number of such branches is more preferably small (one)
or zero.

[0122] R? represents a C1-C3 alkylene group which may
optionally have a fluorine atom. R*> may be a linear or
branched group. Examples of a minimum structural unit
constituting such a linear or branched alkylene group are
shown below. R? is constituted by one or combination of
these units.

[0123] (i) Linear minimum structural units

[0124] —CH,—, —CHF—, —CF,—, —CHCl—,
—CFCl—, —CCl,—

[0125] (ii) Branched minimum structural units

CH; CH;

—CHy—, —¢CFy—, —FCHy—, —FCF—,
CH; CH; CF; CH;

CF;3 CF;

T e e e

CH; CFs CF3
CF3

—£CC1—

[0126] Preferred among these exemplified units are Cl-
free structural units because such units are not dehydrochlo-
rinated by a base, and thus are more stable.

[0127] If R?is a linear group, the group consists only of
any of the above linear minimum structural units, and it is
preferably —CH,—, —CH,CH,—, or CF,—. In order to
further improve the solubility of the electrolyte salt,
—CH,— or —CH,CH,— is more preferred.

[0128] If R? is a branched group, the group comprises at
least one of the above branched minimum structural units.
Preferred examples thereof include those represented by the
formula —(CX“X?)— (wherein X represents H, F, CH,, or
CF,; X” represents CH, or CF,; if X? is CF,, X“ is H or
CH,). Such groups can much further improve the solubility
of an electrolyte salt.

[0129] For example, CF,CF,—, HCF,CF,—,
H,CFCF,—, CH,CF>—, CF,CF,CF,—, HCF,CF,CF,—,
H,CFCF,CF,—, CH;CF,CF,—, and those represented by
the following formulas:

CH; CF;3

CF;

CF;CH— CF;CH— CF;CF—

11
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CF; TH3
CFC—  CFC— CFs, CH;
| I
CF; CH; , HCF,CH— HCF,CH—
CH; CF,
HCF,CF— CH;, CH;, CF—CF—
HCF,C HCF,C
I
CF; CH3
CF; CF3
CFCF,CF,— CFg—T—
CF3 CF;

may be specifically mentioned as a preferred fluorinated
alkyl group.

[0130] In particular, the fluorinated alkyl group for Rf* and
R® is preferably CF,—, CF,CF,—, (CF,),CH—,
CF,CH,—, C,F;CH,—, HCF,CF,CH,—, or

CF;CFHCF,CH,—. In order to achieve high incombusti-
bility and good rate characteristics and oxidation resistance,
the fluorinated alkyl group for Rf* and R is more preferably
CF,CH,—, CF,CF,CH,—, or HCF,CF,CH,—.

[0131] IfR®is an alkyl group free from a fluorine atom in
the formula (D), it is a C1-C7 alkyl group. In order to
achieve a low viscosity, RS preferably has a carbon number
of 1 to 4, more preferably 1 to 3.

[0132] Examples of the alkyl group free from a fluorine
atom include CH;—, CH;CH,—, (CH;),CH—, and
C;H,—. In order to achieve a low viscosity and good rate
characteristics, CH;— or CH,CH,— is preferred.

[0133] The fluorinated acyclic carbonate preferably has a
fluorine content of 20 to 70 mass %. The fluorinated acyclic
carbonate having a fluorine content within the above range
makes it possible to maintain the compatibility with a
solvent and the solubility of the salt. The fluorine content is
more preferably 30 mass % or more, still more preferably 35
mass % or more, whereas the content is more preferably 60
mass % or less, still more preferably 50 mass % or less.
[0134] The fluorine content in the present invention is a
value calculated based on the structural formula (D) by the
following formula:

{(Number of fluorine atomsx19)/molecular weight of
the formula (D)}x100(%).

[0135] The fluorinated acyclic carbonate is preferably any
of the following compounds because they have a low
viscosity.

F3CHC—0—C—0—CH;
0

F3CF,CH,C—0—C—0—CH;
0

F3CH,C—0—C—0—CH,CH;
0

HF,CF,CH,C—0—C—0—CH;
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-continued

F3CF>,CH,C—0—C—0—CH,CHj
0

HF,CF,CH,C—0—C—0—CF,CH;

F;CH,C—0—C—0—CH,CF;
0

F3CH,C—0—C—0—CH,CF,CF;
0

F3CF,CH,C—0—C—0—CH,CF,CF,H
0

F3CF>CH,C— 0 —C —0—CH,CF,CF;

HF,CF,CH,C—0—C —0—CH,CF,CF,H
0

F3CF,C—0—C—0—CH,CF,CF,H

[0136] The amount of the fluorinated acyclic carbonate is
preferably 1 to 90 vol % in the solvent. The fluorinated
acyclic carbonate in an amount within the above range
makes it possible to maintain the compatibility.

[0137] In order to maintain the solubility of the salt, the
amount of the fluorinated acyclic carbonate in the electrolyte
solution is more preferably 30 vol % or more, still more
preferably 40 vol % or more, whereas the amount thereof is
more preferably 85 vol % or less, still more preferably 80 vol
% or less.

[0138] Examples of the non-fluorinated acyclic carbonate
include hydrocarbon-type acyclic carbonates such as
CH,OCOOCH; (dimethyl carbonate, DMC),
CH;CH,OCOOCH,CH,; (diethyl carbonate, DEC),
CH,CH,OCOOCH; (ethyl methyl carbonate, EMC),
CH;0OCOOCH,CH,CH, (methyl propyl carbonate), methyl
butyl carbonate, ethyl propyl carbonate, and ethyl butyl
carbonate. In particular, the non-fluorinated acyclic carbon-
ate is preferably at least one selected from the group
consisting of ethyl methyl carbonate, diethyl carbonate, and
dimethyl carbonate.

[0139] The amount of the non-fluoridated ear carbonate in
the solvent is preferably 0 to 99 vol %, more preferably 1 vol
% or more, whereas the amount thereof is more preferably
90 vol % or less.

[0140] Ifthe solvent contains a fluorinated saturated cyclic
carbonate and a fluorinated acyclic carbonate, the volume
ratio between the fluorinated saturated cyclic carbonate and
the fluorinated acyclic carbonate is preferably (10 to 90)/(90
to 10), more preferably (20 to 80)/(80 to 20).

[0141] Ifthe solvent contains a fluorinated saturated cyclic
carbonate, a fluorinated acyclic carbonate, and a non-fluo-
rinated acyclic carbonate, the volume ratio among the fluo-
rinated saturated cyclic carbonate, the fluorinated acyclic
carbonate, and the non-fluorinated acyclic carbonate is pref-
erably (10 to 90)/(45 to 5)/(45 to 5), more preferably (20 to
80)/(40 to 10)/(40 to 10).

[0142] Ifthe solvent contains a fluorinated saturated cyclic
carbonate, a fluorinated acyclic carbonate, and a non-fluo-
rinated cyclic carbonate, the volume ratio among the fluo-
rinated saturated cyclic carbonate, the fluorinated acyclic
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carbonate, and the non-fluorinated cyclic carbonate is pref-
erably (10 to 90)/(5 to 80)/(5 to 85), more preferably (20 to
80)/(10 to 70)/(10 to 40).

[0143] Ifthe solvent contains a fluorinated saturated cyclic
carbonate, a fluorinated acyclic carbonate, a non-fluorinated
cyclic carbonate, and a non-fluorinated acyclic carbonate,
the volume ratio among the fluorinated saturated cyclic
carbonate, the fluorinated acyclic carbonate, the non-fluori-
nated cyclic carbonate, and the non-fluorinated acyclic car-
bonate is preferably (5 to 45)/(5 to 45)/(45 to 5)/(45 to 5),
more preferably (10 to 40)/(10 to 40)/(40 to 10)/(40 to 10).

[0144] The electrolyte solution of the present invention
contains an electrolyte salt.

[0145] The electrolyte salt may be any salt to be used in
the electrolyte solution, such as lithium salts, ammonium
salts, and metal salts, as well as liquid salts (ionic liquid),
inorganic polymeric salts, and organic polymeric salts.

[0146] The electrolyte salt of the electrolyte solution for
lithium ion secondary batteries is preferably a lithium salt.

[0147] Examples of the lithium salt include inorganic
lithium salts such as LiClO,, LiPF,, and LiBF,; and fluo-
roorganic acid lithium salts such as LiCF;SO;, LiN
(CF;580,),, LIN (C,F5S0,),, LiN(CF5S0,) (C,F,S0O,) LiC
(CF380,);, LiPF,(CF;),, LiPF,(C,F5),, LiPF,(CF;80,),,
LiPF,(C,F;S0,),, LiBF,(CF;),, LiBF,(C,Fs),, LiBF,
(CF;80,),, LiBF,(C,F80,),, lithium difluoro(oxalato)bo-
rate, lithium bis(oxalato)borate, and salts represented by the
formula: LiPF (C,F,,. )s_, (Wherein a is an integer of 0 to
5; and n is an integer of 1 to 6). These may be used alone or
in combination of two or more.

[0148] In order to suppress degradation of the electrolyte
solution after high-temperature storage, the lithium salt is
particularly preferably at least one selected from the group
consisting of LiPF, LiBF,, LiCF;S0;, LiN(CF;S0,),, LiN
(C,F4S0,),, lithium difluoro(oxalato)borate, lithium bis(ox-
alato)borate, and salts represented by the formula: LiPF,
(C,.u1)6-, (wherein a is an integer of 0 to 5; and n is an
integer of 1 to 6).

[0149] Examples of the salts represented by the formula:
LiPF, (C,F,,.1)s_. include LiPF; (CF;);, LiPF;(C,Fs)s,
LiPF,(C,F.),, LiPF; (C,Fy);, LiPF,(CF;),, LiPF,(C,Fs),,
LiPF, (C4F,),, and LiPF,(C,F,),, wherein the alkyl group
represented by C,F, or C,F, in the formula may be either
linear or branched.

[0150] The concentration of the lithium salt in the elec-
trolyte solution is preferably 0.5 to 3 mol/L. If the concen-
tration thereof is outside this range, the electrolyte solution
tends to have a low electric conductivity and the battery
performance tends to be deteriorated.

[0151] The concentration of the electrolyte salt is more
preferably 0.9 mol/LL or more and 1.5 mol/LL or less.
[0152] The electrolyte salt of the electrolyte solution for

electric double-layer capacitors is preferably an ammonium
salt.

[0153] Examples of the ammonium salt include the fol-
lowing salts (Ila) to (Ile).

(IIa) Tetraalkyl Quaternary Ammonium Salts

[0154] Preferred examples thereof include tetraalkyl qua-
ternary ammonium salts represented by the following for-
mula (Ila):
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(11a)

(wherein R4, R 29, R?*, and R** may be the same as or
different from each other, and individually represent a
C1-C6 alkyl group which may optionally have an ether
bond; and X* represents an anion). In order to improve the
oxidation resistance, part or all of the hydrogen atoms in the
ammonium salt is also preferably replaced by a fluorine
atom and/or a C1-C4 fluorinated alkyl group.

[0155] Specific examples thereof include tetraalkyl qua-
ternary ammonium salts represented by the following for-
mula (Ila-1):

(R') (R2) NOKO (Ila-1)
(wherein R4, and X**, and X are defined in the same
manner as mentioned above; x and y may be the same as or
different from each other, and individually represent an
integer of 0 to 4, where x+y=4), and alkyl ether group-
containing trialkyl ammonium salts represented by the for-
mula (Ila-2):

(Ia-2)
RN X
3
I

(R®),—0—R"

(wherein R>“ represents a C1-C6 alkyl group; R5“ represents
a C1-C6 divalent hydrocarbon group; R’® represents a
C1-C4 alkyl group; z is 1 or 2; and X* represents an anion).
Introduction of an alkyl ether group may lead to reduction in
the viscosity.

[0156] The anion X~ may either an inorganic anion or an
organic anion. Examples of the inorganic anion include
AlCl,~, BF,7, PF,~, AsF,~, TaF,~, I” and SbF,~. Examples
of'the organic anion include CF;COO~, CF;SO;7, (CF;S0,)
,N7, and (C,F,S0O,) ,N°! .

[0157] In order to achieve good oxidation resistance and
ionic dissociation, BF,~, PF,~, AsF,~, and SbF,~ are pre-
ferred.

[0158] Preferred specific examples of the tetraalkyl qua-
ternary ammonium salt include Et,NBF,, Et,NCIO,,
Et,NPF,, Et,NAsF,, EtNSbF,, EtNCF,SO,, EtN
(CF580,),N, Et,NC,F;SO,, Et;MeNBF,, Et;MeNCIO,,
Et;MeNPF, Et; MeNAsF, Et, MeNSbF, Et, MeNCF,S0;,
Et;MeN(CF;S0,),N, and Et;MeNC,F;SO;. Particularly
preferred examples thereof include Et,NBF,, Et,NPF,
Et,NSbF,, Et,NAsF,, Et;MeNBF,, and an N,N-diethyl-N-
methyl-N-(2-methoxyethyl)ammonium salt.

(IIb) Spirocyclic Bipyrrolidinium Salts

[0159] Preferred examples thereof include spirocyclic
bipyrrolidinium salts represented by the following formula
(IIb-1):

13
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(IIb-1)
R, (R8),,y

\_\N/_/
()

©
X

(wherein R®* and R°® may be the same as or different from
each other, and individually represent a C1-C4 alkyl group;
X~ represents an anion; nl is an integer of 0 to 5; and n2 is
an integer of 0 to 5); spirocyclic bipyrrolidinium salts
represented by the following formula (IIb-2):

(IIb-2)
R (R10a), ;

©
X

(wherein R'°* and R'** may be the same as or different from
each other, and individually represent a C1-C4 alkyl group;
X~ represents an anion; n3 is an integer of 0 to 5; and n4 is
an integer of 0 to 5); and spirocyclic bipyrrolidinium salts
represented by the following formula (IIb-3):

(IIb-3)
RP9),6 (R129),5

©
X

(wherein R'** and R'** may be the same as or different from
each other, and individually represent a C1-C4 alkyl group;
X~ represents an anion; n5 is an integer of 0 to 5 and n6 is
an integer of 0 to 5). In order to improve the oxidation
resistance, part or all of the hydrogen atoms in the spirocy-
clic bipyrrolidinium salt is also preferably replaced by a
fluorine atom and/or a C1-C4 fluorinated. alkyl group.
[0160] Preferred specific examples of the anion X~ are the
same as those mentioned for the salts (Ila). In order to
achieve good dissociation and a low internal resistance
under high wvoltage, BF,”, PF,, (CF;SO,),N”, or
(C,FS0,),N™ is particularly preferred.

[0161] For example, those represented by the following
formulas:

&)

®,
U929 6!

[S] ©

X X

®

N

€]

X
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may be mentioned as preferred specific examples of the
spirocyclic bipyrrolidinium salts.

[0162] These spirocyclic bipyrrolidinium salts are excel-
lent in the solubility in a solvent, the oxidation resistance,
and the ion conductivity.

(Ilc) Imidazolium Salts

[0163] Preferred examples thereof include imidazolium
salts represented by the following formula (Ilc):

(Ilc)
RZQ AN\ R

A

(wherein R'** and R'** may be the same as or different from
each other, and individually represent a C1-C6 alkyl group;
and X~ represents an anion). In order to improve the
oxidation resistance, part or all of the hydrogen atoms in the
imidazolium salt is also preferably replaced by a fluorine
atom and/or a C1-C4 fluorinated alkyl group.

[0164] Preferred specific examples of the anion X~ are the
same as those mentioned for the salts (Ila).

[0165] For example, one represented by the following
formula:

H3C\GI)\I/\N/C2H5

—/

may be mentioned as a preferred specific example.
[0166] This imidazolium salt is excellent in that it has a
low viscosity and a good solubility.

(IId): N-Alkylpyridinium Salts

[0167] Preferred examples thereof include N-alkylpyri-
dinium salts represented by the formula (I1Id):

</ \>N®_Rm @

(wherein R'®? represents a C1-C6 alkyl group; and X~
represents an anion). In order to improve the oxidation
resistance, part or all of the hydrogen atoms in the N-alky-
Ipyridinium salt is also preferably replaced by a fluorine
atom and/or a C1-C4 fluorinated alkyl group.

(I1d)

[0168] Preferred specific examples of the anion X~ are the
same as those mentioned for the salts (Ila).

[0169] For example, those represented by the following
formulas:

® (©]
/ \N—CH3 BrS, </ \N—CH3 pES.
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-continued

®
/ \N®—CH3 N(OSC,F5) 2 / \N—C2H5 BF? ,

® < >
/ \N—C2H5 pr. / \N®—C2H5 N(O,SCoF9) S

may be mentioned as preferred specific examples.
[0170] These N-alkylpyridinium salts are excellent in that
they have a low viscosity and a good solubility.

(Ile) N,N-Dialkylpyrrolidinium Salts

[0171] Preferred examples thereof include N,N-dialky-
Ipyrrolidinium salts represented by the formula (Ile):

(Ile)
RlSa Rl7a
\/
N,
&
wherein R'7“ and R*®** may be the same as or different from
each other, and individually represent a C1-C6 alkyl group;
X~ represents an anion.
[0172] Inorderto improve the oxidation resistance, part or
all of the hydrogen atoms in the N,N-dialkylpyrrolidinium
salt is also preferably replaced by a fluorine atom and/or a
C1-C4 fluorinated alkyl group.
[0173] Preferred specific examples of the anion X~ are the
same as those mentioned for the salts (I1a).

[0174] For example, those represented by the following
formulas:

x©

CHz cm, Catls CH;, CoHs C,H
\/ \ / \/

N e N N
(@7 BF, (@7 BF, (@7 BF,
CHs [eh: e Catls CH, 5 CH;

\ / \ / /

N e N o N e
(@7 BF, (@? BF, (@7 PF
Glls oy Catls C,Hs C<3 CH,

\ / / /

N e) N © N S)
(@) PF <®> PF (@7 PF,
CoHs CH

31y 3 CHj
\ / \/

N ) N <)
< @ 7 PFs ‘ ® 7 (028CoFs)
C2H5 CH; CZHS CoHs

\/ \/

N ©

N e}
< ® 7 (025C3Fe)2 < ® 7 (O28CyFs),
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-continued

CH3 C:H C2H5CH
3H7 3H7
\/

\/

N N

© ©
< ® 7 (O28CyFs), < ® 7 (025C5Fs),

may be mentioned as preferred specific examples.

[0175] These N,N-dialkylpyrrolidinium salts are excellent
in that they have a low viscosity and a good solubility.
[0176] Preferred among these ammonium salts are those
represented by the formula (Ila), (Ilb), or (Ilc) because they
have a good solubility, oxidation resistance, and ion con-
ductivity. More preferred are those represented by any of the
formulas:

(Me)gN ® o

(Me),(Et),, N x® CHZCHZ O—CHj>
(Et);N

®
|
CH,CH,—O—CH;

HiC _CoHs
\N/\N N

wherein Me represents a methyl group; Et represents an
ethyl group; X~, X, and y are defined in the same manner as
in the formula (Ila-1).

[0177] The electrolyte salt for electric double-layer
capacitors may be a lithium salt. Preferred examples of the
lithium salt include LiPF, LiBF,, LiAsF, LiSbF,, and IAN
(SO,C,Hs),.

[0178] In order to further increase the capacity, a magne-
sium salt may be used. Preferred examples of the magne-
sium salt include Mg(ClO,), and Mg(OOC,Hs),.

[0179] If the electrolyte salt is any of the above ammo-
nium salts, the concentration thereof is preferably 1.1 mol/LL
or higher. If the concentration thereof is lower than 1.1
mol/L, not only the low-temperature characteristics may be
poor but also the initial internal resistance may be high. The
concentration of the electrolyte salt is more preferably 1.25
mol/LL or higher.

[0180] For good low-temperature characteristics, the con-
centration is preferably 1.7 mol/L. or lower, more preferably
1.5 mol/LL or lower.

[0181] Ifthe ammonium salt is triethyl methyl ammonium
tetrafluoroborate (TEMABEF,), the concentration thereof is
preferably 1.1 to 1.4 mol/L in order to achieve excellent
low-temperature characteristics.

[0182] If the ammonium salt is spirobipyrrolidinium tet-
rafluoroborate (SBPBF,), the concentration thereof is pref-
erably 1.3 to 1.7 mol/L.

[0183] The electrolyte solution of the present invention
preferably further comprises polyethylene oxide that has a
weight average molecular weight of 2000 to 4000 and has
—OH, —OCOOH, or —COOH at an end.

[0184] Containing such a compound improves the stability
at the interfaces between the electrolyte solution and the
respective electrodes, and thus the battery characteristics can
be improved.
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[0185] Examples of the polyethylene oxide include poly-
ethylene oxide monool, polyethylene oxide carboxylate,
polyethylene oxide diol, polyethylene oxide dicarboxylate,
polyethylene oxide triol, and polyethylene oxide tricarboxy-
late. These may be used alone or in combination of two or
more.

[0186] In order to achieve good battery characteristics, a
mixture of polyethylene oxide monool and polyethylene
oxide diol and a mixture of polyethylene carboxylate and
polyethylene dicarboxylate are preferred.

[0187] The polyethylene oxide having too small a weight
average molecular weight may be easily oxidatively decom-
posed. The weight average molecular weight is more pref-
erably 3000 to 4000.

[0188] The weight average molecular weight can be deter-
mined in terms of polystyrene equivalent by gel permeation.
chromatography (GPC).

[0189] The amount of the polyethylene oxide is preferably
1x107% to 1x107> mol/kg in the electrolyte solution. If the
amount of the polyethylene oxide is too large, the battery
characteristics may be poor.

[0190] The amount of the polyethylene oxide is more
preferably 5x10° mol/kg or more.

[0191] The electrolyte solution of the present invention
may further contain, as an additive, at least one selected
from the group consisting of unsaturated cyclic carbonates
and cyclic sulfonic acid compounds. Containing any of these
compounds suppresses degradation of the battery character-
istics.

[0192] The unsaturated cyclic carbonate is a cyclic car-
bonate having an unsaturated bond, i.e., a cyclic carbonate
having at least one carbon-carbon unsaturated bond in the
molecule. Specific examples thereof include vinylene car-
bonate compounds such as vinylene carbonate, methyl
vinylene carbonate, ethyl vinylene carbonate, 4,5-dimethyl
vinylene carbonate, and 4,5-diethyl vinylene carbonate; and
vinyl ethylene carbonate compounds such as 4-vinyl ethyl-
ene carbonate (VEC), 4-methyl-4-vinyl ethylene carbonate,
4-ethyl-4-vinyl ethylene carbonate, 4-n-propyl-4-vinyl eth-
ylene carbonate, 5-methyl-4-vinyl ethylene carbonate, 4,4-
divinyl ethylene carbonate, 4,5-divinyl ethylene carbonate,
4,4-dimethyl-5-methylene ethylene carbonate, and 4,4-di-
ethyl-5-methylene ethylene carbonate. Preferred among
these is vinylene carbonate, 4-vinyl ethylene carbonate,
4-methyl-4-vinyl ethylene carbonate, or 4,5-divinyl ethylene
carbonate, and particularly preferred is vinylene carbonate
or 4-vinyl ethylene carbonate.

[0193] The unsaturated cyclic carbonate may have any
molecular weight that does not significantly deteriorate the
effects of the present invention. The molecular weight is
preferably 50 or higher and 250 or lower. The unsaturated
cyclic carbonate having a molecular weight within this range
is likely to assure its solubility in the electrolyte solution and
to enable sufficient achievement of the effects of the present
invention. The molecular weight of the unsaturated cyclic
carbonate is more preferably 80 or higher, more preferably
150 or lower.

[0194] The unsaturated cyclic carbonate may be suitably a
fluorinated unsaturated cyclic carbonate.

[0195] The number of fluorine atoms in the fluorinated
unsaturated cyclic carbonate may be any number that is 1 or
greater. The number of fluorine atoms is usually 6 or smaller,
preferably 4 or smaller, most preferably 1 or 2.
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[0196] Examples of the fluorinated unsaturated cyclic car-
bonate include fluorinated vinylene carbonate derivatives
and fluorinated ethylene carbonate derivatives substituted
with a substituent having an aromatic ring or a carbon-
carbon double bond.

[0197] Examples of the fluorinated vinylene carbonate
derivatives include 4-fluorovinylene carbonate, 4-fluoro-5-
methyl vinylene carbonate, 4-fluoro-5-phenyl vinylene car-
bonate, 4-allyl-5-fluorovinylene carbonate, and 4-fluoro-5-
vinyl vinylene carbonate.

[0198] Examples of the fluorinated ethylene carbonate
derivatives substituted with a substituent having an aromatic
ring or a carbon-carbon double bond include 4-fluoro-4-
vinyl ethylene carbonate, 4-fluoro-4-allyl ethylene carbon-
ate, 4-fluoro-5-vinyl ethylene carbonate, 4-fluoro-5-allyl
ethylene carbonate, 4,4-difluoro-4-vinyl ethylene carbonate,
4.4-difluoro-4-allyl ethylene carbonate, 4,5-difluoro-4-vinyl
ethylene carbonate, 4,5-difluoro-4-allyl ethylene carbonate,
4-fluoro-4,5-divinyl ethylene carbonate, 4-fluoro-4,5-diallyl
ethylene carbonate, 4,5-difluoro-4,5-divinyl ethylene car-
bonate, 4,5-difluoro-4,5-diallyl  ethylene carbonate,
4-fluoro-4-phenyl ethylene carbonate, 4-fluoro-5-phenyl
ethylene carbonate, 4,4-difluoro-5-phenyl ethylene carbon-
ate, and 4,5-difluoro-4-phenyl ethylene carbonate.

[0199] The fluorinated unsaturated cyclic carbonate may
have any molecular weight that does not significantly dete-
riorate the effects of the present invention. The molecular
weight is preferably 50 or higher and 500 or lower. The
fluorinated unsaturated cyclic carbonate having a molecular
weight within this range is likely to assure the solubility of
the fluorinated cyclic carbonate in the electrolyte solution
and to exert the effects of the present invention.

[0200] The unsaturated cyclic carbonates may be used
alone or in any combination of two or more at any ratio.
[0201] Examples of the cyclic sulfonic acid compounds
include 1,3-propane sultone, 1,4-butane sultone, 1-fluoro-1,
3-propane sultone, 2-fluoro-1,3-propane sultone, and
3-fluoro-1,3-propane sultone. In order to improve the high-
temperature characteristics, the electrolyte solution of the
present invention preferably contains 1,3-propane sultone
and/or 1,4-butane sultone.

[0202] If at least one compound selected from the group
consisting of the unsaturated cyclic carbonates and the
cyclic sulfonic acid compounds is used as an additive, the
amount thereof in the electrolyte solution is preferably 0.1 to
10 mass %, more preferably 1 mass % or more, whereas the
amount thereof is more preferably 5 mass % or less.
[0203] The electrolyte solution of the present invention
may further contain any other solvents or additives such as
cyclic or acyclic carboxylic acid esters, ether compounds,
nitrogen-containing compounds, boron-containing com-
pounds, organic silicon-containing compounds, fireproof
agents (flame retardants), surfactants, additives for increas-
ing the permittivity, improvers for cycle characteristics and
rate characteristics, and overcharge inhibitors, to the extent
that the effects of the present invention are not deteriorated.
[0204] Examples of the cyclic carboxylic acid esters
include those having 3 to 12 carbon atoms in total in the
structural formula. Specific examples thereof include
gamma-butyrolactone, gamma-valerolactone, gamma-
caprolactone, and epsilon-caprolactone. Particularly pre-
ferred is gamma-butyrolactone because it can improve the
battery characteristics owing to improvement in the degree
of dissociation of lithium ions.
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[0205] In general, the amount of the cyclic carboxylic acid
ester is preferably 0.1 mass % or more, more preferably 1
mass % or more, in 100 mass % of the solvent. The cyclic
carboxylic acid ester in an amount within this range is likely
to improve the electric conductivity of the electrolyte solu-
tion, and thus to improve the large-current discharge char-
acteristics of electrolyte batteries. The amount of the cyclic
carboxylic acid ester is also preferably 10 mass % or less,
more preferably 5 mass % or less. Such an upper limit may
allow the electrolyte solution to have a viscosity within an
appropriate range, may make it possible to avoid a reduction
in the electric conductivity, may suppress an increase in the
resistance of the negative electrode, and may allow electro-
lyte batteries to have large-current discharge characteristics
within a favorable range.

[0206] The cyclic carboxylic acid ester to be suitably used
may be a fluorinated cyclic carboxylic acid ester (fluorolac-
tone). Examples of the fluorolactone include fluorolactones
represented by the following formula (E):

®E
(€]

C
b N

XlelGC CX”XIS

wherein X'* to X?° may be the same as or different from
each other, and individually represent —H, —F, —Cl,
—CH,, or a fluorinated alkyl group; and at least one of X*°
to X*° is a fluorinated alkyl group.

[0207] Examples of the fluorinated alkyl group for X'° to
X*° include —CFH,, —CF,H, —CF,, —CH,CF,,
—CF,CF;, —CH,CF,CF;, and —CF(CF;),. In order to
achieve high oxidation resistance and an effect of improving
the safety, —CH,CF; and —CH,CF,CF;, are preferred.
[0208] One of X** to X*° or a plurality thereof may be
replaced by —H, —F, —Cl, —CH; or a fluorinated alkyl
group only when at least one of X'* to X?° is a fluorinated
alkyl group. In order to achieve a good solubility of the
electrolyte salt, the number of substituents is preferably 1 to
3, more preferably 1 or 2.

[0209] The substitution may be at any of the above sites in
the fluorinated alkyl group. In order to achieve a good
synthesizing yield, the substitution site is preferably X'7
and/or X*®. In particular, X'7 or X'® is preferably a fluori-
nated alkyl group, especially, —CH,CF; or —CH,CF,CF;.
The substituent for X'* to X*° other than the fluorinated
alkyl group is —H, —F, —Cl, or CH;. In order to achieve
a good solubility of the electrolyte salt, —H is preferred.
[0210] In addition to those represented by the above
formula, the fluorolactone may also be a fluorolactone
represented by the following formula (F):

®
(€]

PN

A B

Rle J— XZIC Cx22x23

X24 XZS
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wherein one of A and B is CX?%X?” (where X*® and X*” may
be the same as or different from each other, and individually
represent —H, —F, —Cl, —CF;, —CHj;, or an alkylene
group in which a hydrogen atom may optionally be replaced
by a halogen atom and which may optionally has a hetero
atom in the chain) and the other is an oxygen atom; Rf'? is
a fluorinated alkyl group or fluorinated alkoxy group which
may optionally have an ether bond; X?' and X** may be the
same as or different from each other, and individually
represent —H, —F, —Cl, —CF,, or CH,; X** to X** may be
the same as or different from each other, and individually
represent —H, —F, —Cl, or an alkyl group in which a
hydrogen atom may optionally be replaced by a halogen
atom and which may optionally contain a hetero atom in the
chain; and n=0 or 1.

[0211] Preferred examples of the fluorolactone repre-
sented by the formula (F) include a S5-membered ring
structure represented by the following formula (G):

o (&)
C
T/ N3
RE2 —x21C X223

(wherein A, B, Rf'?, X*?, and X*?* are defined in the same
manner as in the formula (F)) because it is easily synthesized
and has good chemical stability. Further, in relation to the
combination of A and B, fluorolactones represented by the
following formula (H):

1
O
|

C
o~ Sexex

Rle _XZIC Cx22x23

(wherein Rf'2, X?!, X3, X?° and X*7 are defined in the
same manner as in the formula (F)) and fluorolactones
represented by the following formula (I):

)
0
I
x7x%c” N0

Rle _XZIC Cx22x23

(wherein Rf'2, X!, X2, X** X?° and X*7 are defined in the
same manner as in the formula (F)) may be mentioned.

[0212] In order to particularly achieve excellent charac-
teristics such as a high permittivity and a high withstand
voltage, and to improve the characteristics of the electrolyte
solution in the present invention, for example, to achieve a
good solubility of the electrolyte salt and to well reduce the
internal resistance, those represented by the following for-
mulas:
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0 0
ﬂ ﬂ
o7 cm, o7 cm,
CF;CH,—HC CHy | CF;CF,—HC CH; |
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CF3CF,CH,—HC CHp  CF3CF,—HC CHy
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me” o me”” \(l) FH|C/ \(l)
| |
ILC CHF: H,C CFy» HC CH,
0
Il ﬂ
e’ o FC” \(l)
| |
ILC CH» H,C CF»>

may be mentioned.

[0213] Containing a fluorinated cyclic carboxylic acid
ester leads to effects of, for example, improving the ion
conductivity, improving the safety, and improving the sta-
bility at high temperature.

[0214] Examples of the acyclic carboxylic acid ester
include those having three to seven carbon atoms in total in
the structural formula. Specific examples thereof include
methyl acetate, ethyl acetate, n-propyl acetate, isopropyl
acetate, n-butyl acetate, isobutyl acetate, t-butyl acetate,
methyl propionate, ethyl propionate, n-propyl propionate,
isopropyl propionate, n-butyl propionate, isobutyl propi-
onate, t-butyl propionate, methyl butyrate, ethyl butyrate,
n-propyl butyrate, isopropyl butyrate, methyl isobutyrate,
ethyl isobutyrate, n-propyl isobutyrate, and isopropyl isobu-
tyrate.

[0215] In order to improve the ion conductivity owing to
a reduction in the viscosity, preferred are methyl acetate,
ethyl acetate, n-propyl acetate, n-butyl acetate, methyl pro-
pionate, ethyl propionate, n-propyl propionate, isopropyl
propionate, methyl butyrate, and ethyl butyrate, for example.
[0216] Also, a fluorinated acyclic carboxylic acid ester
may also suitably be used. Preferred examples of the fluo-
rine-containing ester include fluorinated acyclic carboxylic
acid esters represented by the following formula (J):

RfI°COORF!! @)

(wherein Rf'® represents a C1-C2 fluorinated alkyl group;
and Rf'' represents a C1-C4 fluorinated alkyl group)
because they are high in incombustibility and have good
compatibility with other solvents and good oxidation resis-
tance.

[0217] Examples of the group for Rf'® include CF,—,
CF,CF,—, HCF,CF,—, HCF,—, CH,CF,—, and
CF;CH,—. In order to achieve good rate characteristics,
CF;— and CF;CF,— are particularly preferred.

[0218] Examples of the group for Rf'' include CF,—,
CF,CF,—, (CF,),CH—, CF;CH,—, CF,CH,CH,—,
CF,CFHCF,CH,—, C,F;CH,—, CF,HCF,CH,—,

C,FCH,CH,—, CF,CF,CH,—, and CF,CF,CF,CH,—. In
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order to achieve good compatibility with other solvents,
CF,CH,—, (CF;),CH—, C,F,CH,—, and CF,HCF,CH,—
are particularly preferred.

[0219] Specifically, for example, the fluorinated acyclic
carboxylic acid ester may comprise one or two or more of
CF,C(—0)OCH,CF;, CF;C(—0O)OCH,CH,CF;, CF,C
(—=0)OCH,C,Fs, CF,C(—0O)OCH,CF,CF,H, and CF,C
(=0) OCH(CF;),. In order to achieve good compatibility
with other solvents and good rate characteristics, CF,C
(—=0)OCH,C,Fs, CF;C(—0)OCH,CF,CF,H, CF,C(—0)
OCH,CF;, and CF,;C(—0O)OCH(CF,), are particularly pre-
ferred.

[0220] The ether compound is preferably a C3-C10 acy-
clic ether or a C3-C6 cyclic ether.

[0221] Examples of the C3-10 acyclic ether include
diethyl ether, di-n-butyl ether, dimethoxy methane, methoxy
ethoxy methane, diethoxy methane, dimethoxy ethane,
methoxy ethoxy ethane, diethoxy ethane, ethylene glycol
di-n-propyl ether, ethylene glycol di-n-butyl ether, and
diethylene glycol dimethyl ether.

[0222] The ether compound may suitably be a fluorinated
ether.
[0223] One example of the fluorinated ether is a fluori-

nated ether (K) represented by the following formula (K):
Rf\—O—RFf (K)

(wherein Rf' and Rf> may be the same as or different from
each other, and individually represent a C1-10 alkyl group or
a C1-C10 fluorinated alkyl group; and at least one of Rf* and
Rf? is a fluorinated alkyl group). Containing the fluorinated
ether (K) can improve the incombustibility of the electrolyte
solution, as well as improve the stability and safety at high
temperature under high voltage.

[0224] In the formula (K), at least one of Rf* and Rf* has
only to be a C1-C10 fluorinated alkyl group. In order to
further improve the incombustibility and the stability and
safety at high temperature under high voltage of the elec-
trolyte solution, both and Rf' and R? are preferably a
C1-C10 fluorinated alkyl group. In this case, Rf' and Rf?
may be the same as or different from each other.

[0225] Particular preferably, Rf* and Rf* are the same as or
different from each other, and. Rf* is a C3-C6 fluorinated
alkyl group and Rf? is a C2-C6 fluorinated alkyl group.

[0226] If the sum of the carbon numbers of Rf* and Rf? is
too small, the fluorinated ether may have too low a boiling
point. If the carbon number of Rf* or Rf? is too large, the
solubility of the electrolyte salt may be low, which may
cause a bad influence on the compatibility with other sol-
vent, and the viscosity may be high so that the rate charac-
teristics (viscous properties) may be poor. In order to
achieve excellent rate characteristics and boiling point,
advantageously, the carbon number of Rf* is 3 or 4 and the
carbon number of Rf* is 2 or 3.

[0227] The fluorinated ether (K) preferably has a fluorine
content of 40 to 75 mass %. The fluorinated ether (K) having
a fluorine content within this range may lead to particularly
excellent balance between the incombustibility and the
compatibility. The above range is also preferred for good
oxidation resistance and safety.

[0228] The lower limit of the fluorine content is more
preferably 45 mass %, still more preferably 50 mass %,
particularly preferably 55 mass %. The upper limit thereof is
more preferably 70 mass %, still more preferably 66 mass %.
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[0229] The fluorine content of the fluorinated ether (K) is
a value calculated based on the structural formula of the
fluorinated ether (K) by the following formula:

{(number of fluorine atomsx19)/molecular weight of
fluorinated ether (K)}x100(%).

[0230] Examples of the group for Rf' include
CF,CF,CH,—, CF,CFHCF,—, HCF,CF,CF,—,
HCF,CF,CH,—, CF,CF,CH,CH,—, CF;CFHCF,CH,—,
HCF,CF,CF,CF,—, HCF,CF,CF,CH,—,
HCF,CF,CH,CH,—, and HCF,CF(CF;)CH,—.

[0231] Examples of the group for Rf* include
CF,CF,CH,—, CF,CFHCF,—, CF,HCF,CF,—

CF,HCF,CH,—, CF,CF,CH,CH,—, CF,CFHCF,CH,—,
CF,HCF,CF,CF,CH,—, CF,HCF,CF,CH,—,
CF,HCF,CH,CH,—, CF,HCF(CF;)CH,—, CF,HCF,—,
CF,HCH,—, and CH,CF,—.

[0232] Specific examples of the fluorinated ether (K)
include HCF,CF,CH,OCF,CF,H, CF,CF,CH,OCF,CF,H,
HCF,CF,CH,OCF,CFHCF,, CF,CF,CH,OCF,CFHCFj;,
C,F,;OCH;, C/F,;0C,H,, C.F ,OCH,, C,F,,OC,H,,
CF,CFHCF,CH(CH;)OCF,CFHCF,, HCF,CF,OCH
(C,Hs),, HCF,CF,0C H,, HCF,CF,OCH,CH(C,Hy),,
and HCF,CF,OCH,CH(CH,),.

[0233] In particular, those having HCF,— or CF;CFH—
at one end or both ends can provide a fluorinated ether (K)
excellent in polarizability and having a high boiling point.
The boiling point of the fluorinated ether (K) is preferably
67° C.to 120° C. It is more preferably 80° C. or higher, still
more preferably 90° C. or higher.

[0234] Such a fluorinated ether (K) may comprise one or
two or more of CF;CH,OCF,CFHCF;,
CF,CF,CH,OCF,CFHCF,, HCF,CF,CH,OCF,CFHCF,,

HCF,CF,CH,OCH,CF,CF,H,
CF,CFHCF,CH,OCF,CFHCF;, HCF,CF,CH,OCF,CF,H,
CF,CF,CH,OCF,CF,H, and the like.

[0235] In order to advantageously achieve a high boiling
point, good compatibility with other solvents, and a good
solubility of the electrolyte salt, the fluorinated ether (K) is
preferably at least one selected from the group consisting of
HCF,CF,CH,OCF,CFHCF; (boiling point: 106° C.),
CF,CF,CH,OCF,CFHCF, (boiling point: 82° C.),
HCF,CF,CH,OCF,CF,H (boiling point: 92° C.), and
CF,CF,CH,OCF,CF,H (boiling point: 68° C.), more pref-
erably at least one selected from the group consisting of
HCF,CF,CH,OCF,CFHCF; (boiling point: 106° C.) and
HCF,CF,CH,OCF,C F,H (boiling point: 92° C.).

[0236] Examples of the C3-C6 cyclic ether include 1,3-
dioxane, 2-methyl-1,3-dioxane, 4-methyl-1,3-dioxane, 1,4-
dioxane, and fluorinated compounds thereof.

[0237] Preferred are dimethoxy methane, diethoxy meth-
ane, ethoxy methoxy methane, ethylene glycol n-propyl
ether, ethylene glycol di-n-butyl ether, and diethylene glycol
dimethyl ether because they have a high ability to solvate
with lithium ions and improve the degree of ion dissociation.
Particularly preferred are dimethoxy methane, diethoxy
methane, and ethoxy methoxy methane because they have a
low viscosity and give a high ion conductivity.

[0238] Examples of the nitrogen-containing compound
include nitrile, fluorine-containing nitrile, carboxylic acid
amide, fluorine-containing carboxylic acid amide, sulfonic
acid amide, and fluorine-containing sulfonic acid amide.
Also, 1-methyl-2-pyrrolidinone, 1-methyl-2-piperidone,
3-methyl-2-oxazilidinone, 1,3-dimethyl-2-imidazolidinone,
and N-methylsuccinimide may also be used.
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[0239] Examples of the boron-containing compounds
include boric acid esters such as trimethyl borate and triethyl
borate, boric acid ethers, and alkyl borates.

[0240] Examples of the organic silicon-containing com-
pounds include (CH;),—Si and (CH;);Si—Si(CHj;);.
[0241] Examples of the fireproof agents (flame retardants)
include phosphoric acid esters and phosphazene-based com-
pounds. Examples of the phosphoric acid esters include
fluoroalkyl phosphates, non-fluoroalkyl phosphates, and aryl
phosphates. Particularly preferred are fluoroalkyl phos-
phates because they can show an incombustible effect even
at a small amount.

[0242] Specific examples of the fluoroalkyl phosphates
include fluorodialkyl phosphates disclosed in JP HI11-
233141 A, cyclic alkyl phosphates disclosed in JP HI11-
283669 A, and fluorotrialkyl phosphates.

[0243] Preferred as the fireproof agents (flame retardants)
are (CH,0),P—0 and (CF;CH,0),P—0, for example.
[0244] The surfactant may be any of cationic surfactants,
anionic surfactants, nonionic surfactants, and amphoteric
surfactants. In order to achieve good cycle characteristics
and rate characteristics, the surfactant is preferably one
containing a fluorine atom.

[0245] Preferred examples of such a surfactant containing
a fluorine atom include fluorine-containing carboxylic acid
salts represented by the following formula (1):

Rf!COOM* 1)

(wherein Rf' represents a C3-C10 fluorinated alkyl group
which may optionally have an ether bond; M* represents
Li*, Na*, F*°, or NHR',* (where R’s may be the same as or
different from each other, and individually represent H or a
C1-C3 alkyl group)), and fluorine-containing sulfonic acid
salts represented by the following formula (2):

Rf2SO;M! )

(wherein Rf* represents a C3-C10 fluorinated alkyl group
which may optionally have an ether bond; M* represents
Li*, Na', K*, or NHR',' (where R’s may be the same as or
different from each other, and individually represent H or a
C1-C3 alkyl group)).

[0246] In order to reduce the surface tension of the elec-
trolyte solution without deteriorating the charge and dis-
charge cycle characteristics, the amount of the surfactant is
preferably 0.01 to 2 mass % in the electrolyte solution.
[0247] Examples of the additives for increasing the per-
mittivity include sulfolane, methyl sulfolane, y-butyrolac-
tone, y-valerolactone, acetonitrile, and propionitrile.

[0248] Examples of the improvers for cycle characteristics
and rate characteristics include methyl acetate, ethyl acetate,
tetrahydrofuran, and 1, 4-dioxane.

[0249] In order to suppress burst or combustion of batter-
ies in case of overcharge, for example, the overcharge
inhibitor is preferably an overcharge inhibitor having an
aromatic ring. Examples of the overcharge inhibitor having
an aromatic ring include aromatic compounds such as cyclo-
hexyl benzene, biphenyl, alkyl biphenyl, terphenyl, partially
hydrogenated terphenyl, t-butyl benzene, t-amyl benzene,
diphenyl ether, benzofuran, dibenzofuran, dichloroaniline,
and toluene; fluorinated aromatic compounds such as
hexafluorobenzene, fluorobenzene, 2-fluorobiphenyl, o-cy-
clohexyl fluorobenzene, and p-cyclohexyl fluorobenzene;
and fluoroanisole compounds such as 2.4-difluoroanisole,
2,5-difluoroanisole, 2,6-difluoroanisole, and 3,5-difluoro-
anisole. Preferred are aromatic compounds such as biphenyl,
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alkyl biphenyl, terphenyl, partially hydrogenated terphenyl,
cyclohexyl benzene, t-butyl benzene, t-amyl benzene, diphe-
nyl ether, and dibenzofuran. These compounds may be used
alone or in combination of two or more. In the case of
combination use of two or more compounds, preferred is a
combination of cyclohexyl benzene and t-butyl benzene or
t-amyl benzene, or a combination of at least one oxygen-free
aromatic compound selected from biphenyl, alkyl biphenyl,
terphenyl, partially hydrogenated terphenyl, cyclohexyl ben-
zene, t-butyl benzene, t-amyl benzene, and the like, and at
least one oxygen-containing aromatic compound selected
from diphenyl ether, dibenzofuran, and the like. Such com-
binations lead to good balance between the overcharge
inhibiting characteristics and the high-temperature storage
characteristics.

[0250] In order to suppress burst or combustion of batter-
ies in case of overcharge, for example, the amount of the
overcharge inhibitor is preferably 0.1 to 5 mass % in the
electrolyte solution.

[0251] The electrolyte solution of the present invention
may further contain any other known assistants to the extent
that the effects of the present invention are not deteriorated.
Examples of such known assistants include carbonate com-
pounds such as erythritan carbonate, spiro-bis-dimethylene
carbonate, and methoxy ethyl-methyl carbonate; carboxylic
anhydrides such as succinic anhydride, glutaric anhydride,
maleic anhydride, citraconic anhydride, glutaconic anhy-
dride, itaconic anhydride, diglycolic anhydride, cyclo-
hexanedicarboxylic anhydride, cyclopentanetetracarboxylic
dianhydride, and phenylsuccinic anhydride; spiro com-
pounds such as 2.4,8,10-tetraoxaspiro[5.5]undecane and
9-divinyl-2,4,8,10-tetraoxaspiro[5.5undecane; sulfur-con-
taining compounds such as ethylene sulfite, methyl fluoro-
sulfonate, ethyl fluorosulfonate, methyl methanesulfonate,
ethyl methanesulfonate, busulfan, sulfolene, diphenyl sul-
fone, N,N-dimethyl methane sulfone amide, N,N-diethyl
methane sulfone amide, and like other chain sulfones, fluo-
rine-containing chain sulfones, chain sulfonates, fluorine-
containing chain sulfonates, cyclic sulfones, fluorine-con-
taining cyclic sulfones, halides of sulfonic acid, and halides
of fluorine-containing sulfonic acid; and fluoroaromatic
compounds such as hydrocarbon compounds, including hep-
tane, octane, nonane, decane, and cycloheptane. These com-
pounds may be used alone or combination of two or more.
These assistants can improve the capacity retention charac-
teristics and the cycle characteristics after high-temperature
storage.

[0252] The electrolyte solution of the present invention
may be combined with a polymer material and thereby
formed into a gel-like (plasticized), gel electrolyte solution.

[0253] Examples of such a polymer material include con-
ventionally known polyethylene oxide and polypropylene
oxide, modified products thereof (see JP H08-222270 A, IP
2002-100405 A); polyacrylate-based polymers, polyacrylo-
nitrile, and fluororesins such as polyvinylidene fluoride and
vinylidene fluoride-hexafluoropropylene copolymers (see JP
H04-506726 T, JP H08-507407 T, JP H10-294131 A); com-
plexes of any of these fluororesins and any hydrocarbon
resin (see JP H11-35765 A, JP H11-86630 A). In particular,
polyvinylidene fluoride or a vinylidene fluoride-hexafluo-
ropropylene copolymer is preferably used as a polymer
material for gel electrolytes.
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[0254] The electrolyte solution of the present invention
may also contain an ion conductive compound disclosed in
Japanese Patent Application No, 2004-301934.

[0255] This ion conductive compound is an amorphous
fluoropolyether compound having a fluorine-containing
group at a side chain and is represented by the formula (1-1):

A-(D)-B (1-1)

wherein D is represented the formula (2-1):

(D1),-(FAE),,-(AE)-(Y),— @1

[wherein

[0256] D1 is an ether unit having a fluoro ether group at a
side chain and is represented by the formula (2a):

(22)
R!Y—Rf

—+CH—CH,— 03—

(wherein Rf represents a fluoro ether group which may
optionally have a cross-linkable functional group; and R*°
represents a group or a bond that links Rf and the main
chain);

[0257] FAE is an ether unit having a fluorinated alkyl
group at a side chain and is represented by the formula (2b):

(2b)
R'HY—Rfa

—+CH—CH,— 03—

(wherein Rfa represents a hydrogen atom or a fluorinated
alkyl group which may optionally have a cross-linkable
functional group; and R'! represents a group or a bond that
links Rfa and the main chain);

[0258] AE is an ether unit represented by the formula (2¢):

20
R12)—R 3

I
—+CH—CH,— 03—

wherein R'? represents a hydrogen atom, an alkyl group
which may optionally have a cross-linkable functional
group, an aliphatic cyclic hydrocarbon group which may
optionally have a cross-linkable functional group, or an
aromatic hydrocarbon group which may optionally have a
cross-linkable functional group; and R'? represents a group
or a bond that links R'® and the main chain);

[0259] Y is a unit having at least one selected from the
formulas (2d-1) to (2d-3):

(2d-1)

—C—O03—
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-continued
(2d-2)

(2d-3)

[0260] n is an integer of O to 200;

[0261] m is an integer of 0 to 200;

[0262] p is an integer of 0 to 10000;

[0263] q is an integer of 1 to 100;

[0264] n m is not O; and

[0265] the bonding order of D1, FAE, AE, and Y is not
specified]; and

[0266] A and B may be the same as or different from each
other, and individually represent a hydrogen atom or an alkyl
group which may optionally have a fluorine atom and/or a
cross-linkable functional group, a phenyl group which may
optionally have a fluorine atom and/or a cross-linkable
linkable functional group, a —COOH group, —OR (where
R represents a hydrogen atom, an alkyl group which may
optionally have a fluorine atom and/or a cross-linkable
functional group), an ester group, or a carbonate group (if an
end of D is an oxygen atom, A and B each are none of a
—COOH group, —OR, an ester group, nor a carbonate
group).

[0267] The electrolyte solution of the present invention
may further contain any other additives, if necessary.
Examples of such other additives include metal oxides and
glass.

[0268] The electrolyte solution of the present invention
preferably contains 0.5 to 70 ppm of HF. Containing HF
promotes formation of a film of an additive. If the amount
of HF is too small, the ability of an additive to form the film
on a negative electrode tends to be poor, and the battery
characteristics tend to be poor. If the amount of HF is too
large, the HF tends to have an influence on the electrolyte
solution, so that the oxidation resistance tends to be low. The
electrolyte solution of the present invention does not dete-
riorate the capacity recovery rate under high-temperature
storage of batteries even if it contains HF in an amount
within the above range.

[0269] The amount of HF is more preferably 1 ppm or
more, still more preferably 2.5 ppm or more. The amount of
HF is more preferably 60 ppm or less, still more preferably
50 ppm or less, particularly preferably 30 ppm or less.
[0270] The amount of HF can be determined by neutral-
ization titration.

[0271] The electrolyte solution of the present invention
may be prepared by any method using the aforementioned
components.

[0272] As mentioned above, the electrolyte solution of the
present invention comprises the specific carbonate, amine,
and amide. Thus, use of the electrolyte solution of the
present invention enables production of a battery excellent
in high-temperature storage characteristics.

[0273] The electrolyte solution of the present invention
can be suitably applied to electrochemical devices such as
lithium ion secondary batteries and electric double-layer
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capacitors. Such an electrochemical device comprising the
electrolyte solution of the present invention is also one
aspect of the present invention.

[0274] Examples of the electrochemical devices include
lithium secondary batteries, capacitors (electric double-layer
capacitors), radical batteries, solar cells (in particular, dye-
sensitized solar cells), fuel cells, various electrochemical
sensors, electrochromic elements, electrochemical switch-
ing elements, aluminum electrolytic capacitors, and tanta-
lum electrolytic capacitors. Preferred are lithium secondary
batteries and electric double-layer capacitors.

[0275] The present invention also relates to a lithium ion
secondary battery comprising a positive electrode, a nega-
tive electrode, and the aforementioned electrolyte solution.

<Positive Electrode>

[0276] The positive electrode is formed from a positive
electrode mixture containing a positive electrode active
material, which is a material of the positive electrode, and a
current collector.

[0277] The positive electrode active material may be any
material that can electrochemically occlude and release
lithium ions. For example, a substance containing lithium
and at least one transition metal is preferred. Specific
examples thereof include lithium-containing transition metal
complex oxides and lithium-containing transition metal
phosphoric acid compounds. In particular, the positive elec-
trode active material is preferably a lithium-containing tran-
sition metal complex oxide that generates a high voltage.
[0278] Examples of the lithium-containing transition
metal complex oxides include

[0279] lithium-manganese spinel complex oxides repre-
sented by the formula (3) Li,Mn, ,M",O, (wherein 0.9<a; 0
=b=1.5; M’ is at least one metal selected from the group
consisting of Fe, Co, Ni, Cu, Zn, Al, Sn, Cr, V, Ti, Mg, Ca,
Sr, B, Ga, In, Si, and Ge),

[0280] lithium-nickel complex oxides represented by the
formula (4): LiNi,- M, O, (wherein O=c=<0.5; M is at least
one metal selected from the group consisting of Fe, Co, Mn,
Cu, Zn, Al, Sn, Cr, V, Ti, Mg, Ca, Sr, B, Ga, In, Si and Ge),
and

[0281] lithium-cobalt complex oxides represented by the
formula (5): LiCo,M? O, (wherein 0 =d=0.5; M? is at least
one metal selected from the group consisting of Fe, Ni, Mn,
Cu, Zn, Al, Sn, Cr, V, Ti, Mg, Ca, Sr, B, Ga, In, Si, and Ge).
[0282] In order to provide a high-power lithium ion sec-
ondary battery having a high energy density, preferred is
LiCoO,, LiMnO,, LiNiO,, LiMn,O,, LiNi, Co, sAl,
050,, or LiNi, ,;Co, ;Mn, ;0,.

[0283] Examples of other positive electrode active mate-
rials include LiFePO,, LiNi, (Co, ,0,, Li, ,Fe, ,Mn, ,O,,
LiNi, sMn, 5sO,, and LiV,0.

[0284] In order to improve the continuous charge charac-
teristics, the positive electrode active material preferably
contains lithium phosphate. The use of lithium phosphate
may be achieved in any manner, and the positive electrode
active material and lithium phosphate are preferably used in
admixture. The lower limit of the amount of lithium phos-
phate in the sum of the amounts of the positive electrode
active material and the lithium phosphate is preferably 0.1
mass % or more, more preferably 0.3 mass % or more, still
more preferably 0.5 mass % or more, whereas the upper
limit thereof is preferably 10 mass % or less, more prefer-
ably 8 mass % or less, still more preferably 5 mass % or less.
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[0285] To the surface of the positive electrode active
material may be attached a substance having a composition
different from the positive electrode active material.
Examples of the substance attached to the surface include
oxides such as aluminum oxide, silicon oxide, titanium
oxide, zirconium oxide, magnesium oxide, calcium oxide,
boron oxide, antimony oxide, and bismuth oxide; sulfates
such as lithium sulfate, sodium sulfate, potassium sulfate,
magnesium sulfate, calcium sulfate, and aluminum sulfate;
carbonates such as lithium carbonate, calcium carbonate,
magnesium carbonate; and carbon.

[0286] Such a substance may be attached to the surface of
the positive electrode active material by, for example, a
method of dissolving or suspending the substance in a
solvent, impregnating the positive electrode active material
with the solution or suspension, and drying the impregnated
material; a method of dissolving or suspending a precursor
of the substance in a solvent, impregnating the solution or
suspension into the positive electrode active material, and
reacting the material and the precursor by heating; or a
method of adding the substance to a precursor of the positive
electrode active material and simultaneously sintering the
materials. In the case where carbon is to be attached, a
carbonaceous material in the form of activated carbon, for
example, may be mechanically attached to the surface
afterward.

[0287] The lower limit of the amount (in terms of mass) of
the substance attached to the surface relative to the amount
of the positive electrode active material is preferably 0.1
ppm or more, more preferably 1 ppm or more, still more
preferably 10 ppm or more, whereas the upper limit thereof
is preferably 20% or less, more preferably 10% or less, still
more preferably 5% or less. The substance attached to the
surface suppresses the oxidation of the electrolyte solution
on the surface of the positive electrode active material, so
that the battery life is improved. If the amount thereof is too
small, the substance fails to sufficiently provide the effect. If
the amount thereofis too large, the substance may hinder the
entrance and exit of lithium ions, so that the resistance may
be increased.

[0288] Particles of the positive electrode active material
may have any conventionally used shape, such as an
agglomerative shape, a polyhedral shape, a spherical shape,
an ellipsoidal shape, a plate shape, a needle shape, a pillar
shape, or the like. The primary particles may agglomerate to
form secondary particles.

[0289] The positive electrode active material has a tap
density of preferably 0.5 g/cm® or higher, more preferably
0.8 g/cm® or higher, still more preferably 1.0 g/cm® or
higher. If the tap density of the positive electrode active
material is below the lower limit, an increased amount of a
dispersion medium is required, as well as increased amounts
of a conductive material and a binder are required in
formation of a positive electrode active material layer. Thus,
the filling rate of the positive electrode active material into
the positive electrode active material layer may be limited
and the battery capacity may be limited. With a complex
oxide powder having a high tap density, a positive electrode
active material layer with a high density can be formed. The
tap density is preferably as high as possible and has no upper
limit, in general. Still, if the tap density is too high, diffusion
of lithium ions in the positive electrode active material layer
with the electrolyte solution serving as a diffusion medium
may function as a rate-determining step, so that the load
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characteristics may be easily deteriorated. Thus, the upper
limit thereof is preferably 4.0 g/cm® or lower, more prefer-
ably 3.7 g/cm® or lower, still more preferably 3.5 g/cm® or
lower.

[0290] In the present invention, the tap density is deter-
mined as a powder filling density (tap density) g/cm’® when
5 to 10 g of the positive electrode active material powder is
filled into a 10-ml glass graduated cylinder and the cylinder
is tapped 200 times with a stroke of about 20 mm.

[0291] The particles of the positive electrode active mate-
rial have a median size d50 (if the primary particles agglom-
erate to form secondary particles, the secondary particle
size) of preferably 0.3 um or greater, more preferably 0.5 um
or greater, still more preferably 0.8 pm or greater, most
preferably 1.0 um or greater, whereas the median size d50 is
preferably 30 um or smaller, more preferably 27 um or
smaller, still more preferably 25 um or smaller, most pref-
erably 22 pm or smaller. If the median size is below the
lower limit, products with a high tap density may not be
obtained. If the median size exceeds the upper limit, diffu-
sion of lithium in the particles may take a long time, so that
the battery performance may be poor or streaks may be
formed in formation of positive electrodes for batteries, i.e.,
when the active material and components such as a conduc-
tive material and a binder are formed into slurry by adding
a solvent and the slurry is applied in the form of a film, for
example. Mixing two or more positive electrode active
materials having different median sizes d50 leads to further
improved filling in formation of positive electrodes.

[0292] In the present invention, the median size d50 is
determined using a known laser diffraction/scattering par-
ticle size distribution analyzer. In the case of using L.A-920
(Horiba, Ltd.) as the particle size distribution analyzer, the
dispersion medium used in the measurement is a 0.1 mass %
sodium hexametaphosphate aqueous solution and the mea-
surement refractive index is set to 1.24 after 5-minute
ultrasonic dispersion.

[0293] If the primary particles agglomerate to form sec-
ondary particles, the average primary particle size of the
positive electrode active material is preferably 0.05 pm or
greater, more preferably 0.1 um or greater, still more pref-
erably 0.2 um or greater. The upper limit thereof is prefer-
ably 5 um or smaller, more preferably 4 um or smaller, still
more preferably 3 um or smaller, most preferably 2 um or
smaller. If the average primary particle size exceeds the
upper limit, spherical secondary particles are difficult to
form, which may have a bad influence on the powder filling
or may cause a great reduction in the specific surface area.
Thus, the battery performance such as output characteristics
is more likely to be deteriorated. In contrast, the average
primary particle size is below the lower limit, the crystals
usually do not sufficiently grow. Thus, charge and discharge
may be poorly reversible.

[0294] In the present invention, the primary particle size is
measured by scanning electron microscopic (SEM) obser-
vation. Specifically, the primary particle size is determined
as follows. A photograph at a magnification of 10000x is
first taken. Any 50 primary particles are selected and the
maximum length between the left and right boundary lines
of each primary particle is measured along the horizontal
line. Then, the average value of the maximum lengths is
calculated, which is defined as the primary particle size.
[0295] The positive electrode active material has a BET
specific surface area of preferably 0.1 m*/g or larger, more
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preferably 0.2 m*/g or larger, still more preferably 0.3 m*/g
or larger. The upper limit thereof is preferably 50 m*/g or
smaller, more preferably 40 m*g or smaller, still more
preferably 30 m*/g or smaller. If the BET specific surface
area is smaller than the above range, the battery performance
may be easily deteriorated. If it is larger than the above
range, the tap density is less likely to be high and formation
of the positive electrode active material layer may involve a
difficulty in applying the material.

[0296] In the present invention, the BET specific surface
area is defined by a value determined by single point BET
nitrogen adsorption utilizing a gas flow method using a
surface area analyzer (e.g., fully automatic surface area
measurement device, Ohkura Riken Co., Ltd.), a sample
pre-dried in the stream of nitrogen at 150° C. for 30 minutes,
and a nitrogen-helium gas mixture with the nitrogen pres-
sure relative to the atmospheric pressure being accurately
adjusted to 0.3.

[0297] When the lithium ion secondary battery of the
present invention is used as a large-size lithium ion second-
ary battery for hybrid vehicles or distributed generation, it is
required to achieve a high output. Thus, the particles of the
positive electrode active material preferably mainly include
secondary particles.

[0298] The particles of the positive electrode active mate-
rial preferably include 0.5 to 7.0 vol % of fine particles
having an average secondary particle size of 40 pum or
smaller and having an average primary particle size of 1 um
or smaller. Containing fine particles having an average
primary particle size of 1 um or smaller leads to an increase
in the contact area with the electrolyte solution and more
rapid diffusion of lithium ions between the electrode and the
electrolyte solution. As a result, the output performance of
the battery can be improved.

[0299] The positive electrode active material can be pro-
duced by any usual method of producing inorganic com-
pounds. In particular, a spherical or ellipsoidal active mate-
rial can be produced by various methods. For example, a
material substance of transition metal is dissolved or crushed
and dispersed in a solvent such as water, and the pH of the
solution or dispersion is adjusted under stirring to form a
spherical precursor. The precursor is recovered and, if nec-
essary, dried. Then, a Li source such as LiOH, Li,CO;, or
LiNO; is added thereto and the mixture is fired at high
temperature, thereby providing an active material.

[0300] In order to produce a positive electrode, the afore-
mentioned positive electrode active materials may be used
alone or in any combination with one or more having
different compositions at any ratio. Preferred examples of
the combination in this case include a combination with
LiCoO, and LiMn,O, in which part of Mn may optionally
be replaced by a different transition metal (e.g., LiNi, 55Co,
33Mn, ;;0,), and a combination with LiCoO, in which part
of Co may optionally be replaced by a different transition
metal.

[0301] In order to achieve a high battery capacity, the
amount of the positive electrode active material is preferably
50 to 99 mass %, more preferably 80 to 99 mass %, of the
positive electrode mixture. The amount of the positive
electrode active material in the positive electrode active
material layer is preferably 80 mass % or more, more
preferably 82 mass % or more, particularly preferably 84
mass % or more. The upper limit thereof is preferably 99
mass % or less, more preferably 98 mass % or less. Too



US 2016/0293997 Al

small an amount of the positive electrode active material in
the positive electrode active material layer may lead to an
insufficient electric capacity. In contrast, too large an amount
thereof may lead to an insufficient strength of the resulting
positive electrode.

[0302] The positive electrode mixture preferably further
comprises a binder, a thickening agent, and a conductive
material.

[0303] The binder may be any material that is safe against
a solvent to be used in production of electrodes and the
electrolyte solution. Examples thereof include polyvi-
nylidene fluoride, polytetrafluoroethylene, polyethylene,
polypropylene, SBR (styrene-butadiene rubber), isoprene
rubber, butadiene rubber, ethylene-acrylic acid copolymers,
ethylene-methacrylic acid copolymers, polyethylene
terephthalate, polymethyl methacrylate, polyimide, aromatic
polyamide, cellulose, nitro cellulose, NBR (acrylonitrile-
butadiene rubber), fluororubber, ethylene-propylene rubber,
styrene-butadiene-styrene block copolymers or hydroge-
nated products thereof, EPDM (ethylene-propylene-diene
terpolymers), styrene-ethylene-butadiene-cthylene copoly-
mers, styrene-isoprene-styrene block copolymers or hydro-
genated products thereof, syndiotactic-1,2-polybutadiene,
polyvinyl acetate, ethylene-vinyl acetate copolymers, pro-
pylene-a-olefin copolymers, fluorinated polyvinylidene
fluoride, polytetrafluoroethylene-ethylene copolymers, and
polymer compositions having an ion conductivity of alkali
metal ions (especially, lithium ions). These agents may be
used alone or in any combination of two or more at any ratio.
[0304] The amount of the binder, which is expressed as the
proportion of the binder in the positive electrode active
material layer, is usually 0.1 mass % or more, preferably 1
mass % or more, more preferably 1.5 mass % or more. The
proportion is also usually 80 mass % or less, preferably 60
mass % or less, still more preferably 40 mass % or less, most
preferably 10 mass % or less. Too low a proportion of the
binder may fail to sufficiently hold the positive electrode
active material so that the resulting positive electrode may
have an insufficient mechanical strength, resulting in dete-
riorated battery performance such as cycle characteristics. In
contrast, too high a proportion thereof may lead to a reduc-
tion in battery capacity and conductivity.

[0305] Examples of the thickening agent include car-
boxymethyl cellulose, methyl cellulose, hydroxymethyl cel-
Iulose, ethyl cellulose, polyvinyl alcohol, oxidized starch,
monostarch phosphate, casein, and salts thereof. These
agents may be used alone or in any combination of two or
more at any ratio.

[0306] The proportion of the thickening agent relative to
the active material is usually 0.1 mass % or more, preferably
0.2 mass % or more, more preferably 0.3 mass % or more.
It is usually 5 mass % or less, preferably 3 mass % or less,
more preferably 2 mass % or less. If the proportion thereof
is below this range, easiness of application may be signifi-
cantly deteriorated. If the proportion is above this range, the
proportion of the active material in the positive electrode
active material layer decreases, so that the capacity of the
battery may decrease or the resistance between the positive
electrode active materials may increase.

[0307] The conductive material may be any known con-
ductive material. Specific examples thereof include metal
materials such as copper and nickel, and carbon materials
such as graphite (e.g., natural graphite, artificial graphite),
carbon black (e.g., acetylene black), and amorphous carbon
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(e.g., needle coke). These materials may be used alone or in
any combination of two or more at any ratio. The conductive
material is used such that the amount thereof in the positive
electrode active material layer is usually 0.01 mass % or
more, preferably 0.1 mass % or more, more preferably 1
mass % or more, whereas the amount thereof is usually 50
mass % or less, preferably 30 mass % or less, more prefer-
ably 15 mass % or less. If the amount thereof is below this
range, the conductivity may be insufficient. In contrast, if the
amount thereof is above this range, the battery capacity may
decrease.

[0308] The solvent for forming slurry may be any solvent
that can dissolve or disperse therein the positive electrode
active material, the conductive material, and the binder, as
well as a thickening agent used if necessary. The solvent
may be either of an aqueous solvent or an organic solvent.
Examples of the aqueous medium include water and solvent
mixtures of an alcohol and water. Examples of the organic
medium include aliphatic hydrocarbons such as hexane;
aromatic hydrocarbons such as benzene, toluene, xylene,
and methyl naphthalene; heterocyclic compounds such as
quinoline and pyridine; ketones such as acetone, methyl
ethyl ketone, and cyclohexanone; esters such as methyl
acetate and methyl acrylate; amines such as diethylene
triamine and N,N-dimethylaminopropylamine; ethers such
as diethyl ether, propylene oxide, and tetrahydrofuran
(THF); amides such as N-methylpyrrolidone (NMP), dim-
ethyl formamide, and dimethyl acetamide; and aprotic polar
solvents such as hexamethyl phospharamide and dimethyl
sulfoxide.

[0309] The current collector for positive electrodes may be
formed from any metal material such as aluminum, titanium,
tantalum, stainless steel, or nickel, or any alloy thereof; or
any carbon material such as carbon cloth or carbon paper.
Preferred is any metal material, especially aluminum or
alloy thereof.

[0310] In the case of a metal material, the current collector
may be in the form of metal foil, metal cylinder, metal coil,
metal plate, metal film, expanded metal, punched metal,
metal foam, or the like. In the case of a carbon material, it
may be in the form of carbon plate, carbon film, carbon
cylinder, or the like. Preferred among these is a metal film.
The film may be in the form of mesh, as appropriate. The
film may have any thickness, and the thickness is usually 1
um or greater, preferably 3 um or greater, more preferably 5
um or greater, whereas the thickness is usually 1 mm or
smaller, preferably 100 pm or smaller, more preferably 50
um or smaller. If the film is thinner than this range, it may
have an insufficient strength as a current collector. In con-
trast, if the film is thicker than this range, it may have poor
handleability.

[0311] In order to reduce the electronic contact resistance
between the current collector and the positive electrode
active material layer, the current collector also preferably
has a conductive auxiliary agent applied on the surface
thereof. Examples of the conductive auxiliary agent include
carbon and noble metals such as gold, platinum, and silver.
[0312] The ratio between the thicknesses of the current
collector and the positive electrode active material layer may
be any value, and the ratio {(thickness of positive electrode
active material layer on one side immediately before injec-
tion of electrolyte solution)/(thickness of current collector)}
is preferably 20 or lower, more preferably 15 or lower, most
preferably 10 or lower. The ratio is also preferably 0.5 or
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higher, more preferably 0.8 or higher, most preferably 1 or
higher. If the ratio exceeds this range, the current collector
may generate heat due to Joule heating during high-current-
density charging and discharging. If the ratio is below this
range, the ratio by volume of the current collector to the
positive electrode active material is so high that the capacity
of the battery may decrease.

[0313] The positive electrode may be produced by a usual
method. One example of the production method is a method
in which the positive electrode active material is mixed with
the aforementioned binder, thickening agent, conductive
material, solvent, and other components to form a slurry-like
positive electrode mixture, and then this mixture is applied
to a current collector, dried, and pressed so as to be densi-
fied.

[0314] The densification may be achieved using a manual
press or a roll press, for example. The density of the positive
electrode active material layer is preferably 1.5 g/cm® or
higher, more preferably 2 g/cm® or higher, still more pref-
erably 2.2 g/cm® or higher, whereas the density thereof is
preferably 5 g/cm® or lower, more preferably 4.5 g/cm® or
lower, still more preferably 4 g/cm® or lower. If the density
is above this range, the permeability of the electrolyte
solution toward the vicinity of the interface between the
current collector and the active material may decrease, in
particular, the charge and discharge characteristics at high
current density may be deteriorated, so that a high output
may not be achieved. If the density is below this range, the
conductivity between the active materials may decrease and
the resistance of the battery may increase, so that a high
output may not be achieved.

[0315] In order to improve the stability at high output and
high temperature, the area of the positive electrode active
material layer is preferably large relative to the outer surface
area of an external case of the battery in the case of using the
electrolyte solution of the present invention. Specifically, the
sum of the areas of the positive electrodes is preferably 15
times or more, more preferably 40 times or more, greater
than the surface area of the external case of the secondary
battery. For closed, square-shaped cases, the outer surface
area of an external case of the battery herein refers to the
total area calculated from the dimension of length, width,
and thickness of the case portion into which a power-
generating element is filled except for a protruding portion
of a terminal. For closed, cylinder-like cases, the outer
surface area of an external case of the battery herein refers
to a geometric surface area of an approximated cylinder of
the case portion into which a power-generating element is
filled except for a protruding portion of a terminal. The sum
of the areas of the positive electrodes herein refers to a
geometric surface area of a positive electrode mixture layer
opposite to a mixture layer including the negative electrode
active material. For structures including a current collector
foil and positive electrode mixture layers on both sides of the
current collector, the sum of the areas of the positive
electrodes is the sum of the areas calculated on the respec-
tive sides.

[0316] The positive electrode plate may have any thick-
ness. In order to achieve a high capacity and a high output,
the lower limit of the thickness of the mixture layer on one
side of the current collector excluding the thickness of the
base metal foil is preferably 10 um or greater, more prefer-
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ably 20 um or greater, whereas the thickness thereof is
preferably 500 pm or smaller, more preferably 450 um or
smaller.

[0317] To the surface of the positive electrode plate may
be attached a substance having a different composition.
[0318] Examples of the substance attached to the surface
include oxides such as aluminum oxide, silicon oxide,
titanium oxide, zirconium oxide, magnesium oxide, calcium
oxide, boron oxide, antimony oxide, and bismuth oxide;
sulfates such as lithium sulfate, sodium sulfate, potassium
sulfate, magnesium sulfate, calcium sulfate, and aluminum
sulfate; carbonates such as lithium carbonate, calcium car-
bonate, and magnesium carbonate; and carbon.

<Negative Electrode>

[0319] The negative electrode comprises a negative elec-
trode mixture including a negative electrode active material,
and a current collector.

[0320] Examples of the negative electrode active material
include carbonaceous materials that can occlude and release
lithium such as pyrolysates of organic matter under various
pyrolysis conditions, artificial graphite, and natural graphite;
metal oxide materials that can occlude and release lithium
such as tin oxide and silicon oxide; lithium metals; various
lithium alloys; and lithium-containing metal complex oxide
materials. Two or more of these negative electrode active
materials may be used in admixture.

[0321] The carbonaceous materials that can occlude and
release lithium are preferably those obtained from artificial
graphite produced by high-temperature treatment of easily
graphitizable pitch from various materials or purified natural
graphite, or those obtained by surface-treating such graphite
with pitch and other organic matter and then carbonizing the
surface-treated graphite. In order to achieve a good balance
between the initial irreversible capacity and the high-cur-
rent-density charge and discharge characteristics, they are
more preferably those selected from carbonaceous materials
obtained by one or more heat treatments at 400° C. to 3200°
C. on natural graphite, artificial graphite, artificial carbona-
ceous substances, or artificial graphite substances; carbona-
ceous materials in which the negative electrode active
material layer includes at least two or more carbonaceous
matters having different crystallinities and/or has an inter-
face between the carbonaceous matters having the different
crystallinities; and carbonaceous materials in which the
negative electrode active material layer has an interface
between at least two or more carbonaceous matters having
different orientations. These carbonaceous materials may be
used alone or in any combination of two or more at any ratio.

[0322] Examples of carbonaceous materials obtained by
one or more heat treatments at a temperature of 400° C. to
3200° C. on the artificial carbonaceous substances and the
artificial graphite substances include coal-based coke, petro-
leum-based coke, coal-based pitch, petroleum-based pitch,
and those prepared by oxidizing these pitches; needle coke,
pitch coke, and carbon materials prepared by partially
graphitizing these cokes; pyrolysates of organic matter such
as furnace black, acetylene black, and pitch-based carbon
fibers; carbonizable organic matter and carbides thereof; and
solutions prepared by dissolving carbonizable organic mat-
ter in a low-molecular-weight organic solvent such as ben-
zene, toluene, xylene, quinoline, or n-hexane, and carbides
thereof.
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[0323] The metal material (excluding lithium-titanium
complex oxides) to be used as the negative electrode active
material may be any compound that can occlude and release
lithium, and examples thereof include simple lithium, simple
metals and alloys that constitute lithium alloys, and oxides,
carbides, nitrides, silicides, sulfides, and phosphides thereof.
The simple metals and alloys constituting lithium alloys are
preferably materials containing any of metal and semi-metal
elements in the Groups 13 and 14, more preferably simple
metal of aluminum, silicon, and tin (hereinafter, referred to
as “specific metal elements”), and alloys and compounds
containing any of these atoms. These materials may be used
alone or in combination of two or more at any ratio.
[0324] Examples of the negative electrode active material
having at least one atom selected from the specific metal
elements include simple metal of any one specific metal
element, alloys of two or more specific metal elements,
alloys of one or two or more specific metal elements and one
or two or more other metal elements, compounds containing
one or two or more specific metal elements, and composite
compounds such as oxides, carbides, nitrides, silicides,
sulfides, and phosphides of the compounds. Use of such a
simple metal, alloy, or metal compound as the negative
electrode active material can give a high capacity to batter-
ies.

[0325] Examples thereof further include compounds in
which any of the above composite compounds are com-
plexly bonded with several elements such as simple metals,
alloys, and nonmetal elements. Specifically, in the case of
silicon or tin, for example, an alloy of this element and a
metal that does not serve as a negative electrode can be used.
In the case of tin, for example, a composite compound
comprising a combination of 5 or 6 elements, including tin,
a metal (excluding silicon) that serves as a negative elec-
trode, metal that does not serve as a negative electrode, and
a nonmetal element, can be used.

[0326] Specific examples thereof include simple Si, SiB,,,
SiBg, Mg,Si, Ni,Si, TiSi,, MoSi,, CoSi,, NiSi,, CaSi,,
CrSi,, CugSi, FeSi,, MnSi,, NbSi,, TaSi,, VSi,, WSi,,
Zn8i,, SiC, Si;N,, Si,N,0, SiOv (0<vs,), LiSiO, simple tin,
SnSi0;, LiSnO, Mg,Sn, and SnOw (0<w=2).

[0327] Examples thereof further include composite mate-
rials of Si or Sn used as a first constitutional element, and
second and third constitutional elements. The second con-
stitutional element is at least one selected from cobalt, iron,
magnesium, titanium, vanadium, chromium, manganese,
nickel, copper, zinc, gallium, and zirconium, for example.
The third constitutional element is at least one selected from
boron, carbon, aluminum, and phosphorus, for example.
[0328] In order to achieve a high battery capacity and
excellent battery characteristics, the metal material is pref-
erably simple silicon or tin (which may contain trace impu-
rities), SiOv (0<v=2), SnOw (0=w=2), a Si—Co—C com-
posite material, a Si—Ni—C composite material, a
Sn—Co—C composite material, or a Sn—Ni—C composite
material.

[0329] The lithium-containing metal complex oxide mate-
rial to be used as the negative electrode active material may
be any material that can occlude and release lithium. In order
to achieve good high-current-density charge and discharge
characteristics, materials containing titanium and lithium are
preferred, lithium-containing metal complex oxide materials
containing titanium are more preferred, and complex oxides
of lithium and titanium (hereinafter, abbreviated as “lithium
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titanium complex oxides”) are still more preferred. In other
words, use of a spinel-structured lithium titanium complex
oxide contained in the negative electrode active material for
electrolyte batteries is particularly preferred because such a
compound markedly reduces the output resistance.

[0330] Preferred examples of the lithium titanium com-
plex oxides include compounds represented by the formula
(6):

Li, Ti,M,0, (6

wherein N represents at least one element selected from the
group consisting of Na, K, Co, Al, Fe, Ti, Mg, Cr, Ga, Cu,
Zn, and Nb.

[0331] Particularly preferred compositions represented by
the formula (6) are those satisfying one of the following:

[0332] (i) 1.2=x=<1.4, 1.5=y=<1.7, z=0
[0333] (ii) 0.9=x=<1.1, 1.9=y=2.1, z=0
[0334] (iii) 0.7=x<0.9, 2.1=<y=<2.37=0
[0335] because the compound structure satisfying any of

these compositions give good balance of the battery

performance.
[0336] Particularly preferred representative composition
of the compound is Li, ;Ti5 O, corresponding to the com-
position (i), Li, Ti,O, corresponding to the composition (ii),
and Li,sT1,,,50, corresponding to the composition (iii).
[0337] Preferred examples of the structure satisfying Z=0
include Li,;Ti, ;AL 50,.
[0338] The negative electrode mixture preferably further
contains a binder, a thickening agent, and a conductive
material.
[0339] Examples of the binder include the same binders as
those mentioned for the positive electrode. The proportion of
the binder relative to the negative electrode active material
is preferably 0.1 mass % or more, more preferably 0.5 mass
% or more, particularly preferably 0.6 mass % or more. The
proportion is also preferably 20 mass % or less, more
preferably 15 mass % or less, still more preferably 10 mass
% or less, particularly preferably 8 mass % or less. If the
proportion of the binder relative to the negative electrode
active material exceeds the above range, a large amount of
the binder may fail to contribute to the battery capacity, so
that the battery capacity may decrease. If the proportion is
lower than the above range, the negative electrode may have
a lowered strength.
[0340] In particular, in the case of using a rubbery polymer
typified by SBR as a main component, the proportion of the
binder relative to the negative electrode active material is
usually 0.1 mass % or more, preferably 0.5 mass % or more,
more preferably 0.6 mass % or more, whereas the proportion
thereof is usually 5 mass % or less, preferably 3 mass % or
less, more preferably 2 mass % or less. In the case of using
a fluoropolymer typified by polyvinylidene fluoride as a
main component, the proportion of the binder relative to the
negative electrode active material is usually 1 mass % or
more, preferably 2 mass % or more, more preferably 3 mass
% or more, whereas the proportion thereof is usually 15
mass % or less, preferably 10 mass % or less, more prefer-
ably 8 mass % or less.
[0341] Examples of the thickening agent include the same
thickening agents as those mentioned for the positive elec-
trode. The proportion of the thickening agent relative to the
negative electrode active material is usually 0.1 mass % or
more, preferably 0.5 mass % or more, still more preferably
0.6 mass % or more, whereas the proportion thereof is



US 2016/0293997 Al

usually 5 mass % or less, preferably 3 mass % or less, still
more preferably 2 mass % or less. If the proportion of the
thickening agent relative to the negative electrode active
material is below the range, easiness of application may be
significantly deteriorated. If the proportion thereof is above
the range, the proportion of the negative electrode active
material in the negative electrode active material layer
decreases, so that the capacity of the battery may decrease
or the resistance between the negative electrode active
materials may increase.

[0342] Examples of the conductive material of the nega-
tive electrode include metal materials such as copper and
nickel; and carbon materials such as graphite and carbon
black.

[0343] The solvent for forming slurry may be any solvent
that can dissolve or disperse the negative electrode active
material and the binder, and a thickening agent and a
conductive material that are used as necessary. The slurry-
forming solvent may be an aqueous solvent or an organic
solvent.

[0344] Examples of the aqueous solvent include water and
alcohols. Examples of the organic solvent include N-meth-
ylpyrrolidone (NMP), dimethyl formamide, dimethyl acet-
amide, methyl ethyl ketone, cyclohexanone, methyl acetate,
methyl acrylate, diethyl triamine, N,N-dimethyl aminopro-
pyl amine, tetrahydrofuran (THF), toluene, acetone, diethyl
ether, dimethyl acetamide, hexamethyl phospharamide, dim-
ethyl sulfoxide, benzene, xylene, quinoline, pyridine, methyl
naphthalene, and hexane.

[0345] Examples of the material of the current collector
for negative electrodes include copper, nickel, and stainless
steel. For easy processing of the material into a film and low
cost, copper foil is preferred.

[0346] The current collector usually has a thickness of 1
um or larger, preferably 5 um or larger. The thickness is also
usually 100 um or smaller, preferably 50 um or smaller. Too
thick a negative electrode current collector may cause an
excessive reduction in capacity of the whole battery,
whereas too thin a current collector may be difficult to
handle.

[0347] The negative electrode may be produced by a usual
method. One example of the production method is a method
in which the negative electrode material is mixed with the
aforementioned binder, thickening agent, conductive mate-
rial, solvent, and other components to form a slurry-like
mixture, and then this mixture is applied to a current
collector, dried, and pressed so as to be densified. In the case
of using an alloyed material, a thin film layer containing the
above negative electrode active material (negative electrode
active material layer) can be produced by vapor deposition,
sputtering, plating, or the like technique.

[0348] The electrode formed from the negative electrode
active material may have any structure. The density of the
negative electrode active material existing on the current
collector is preferably 1 g-em™ or higher, more preferably
1.2 g-em™ or higher, particularly preferably 1.3 g-cm™ or
higher, whereas the density thereof is preferably 2.2 g-cm™>
or lower, more preferably 2.1 g-em™ or lower, still more
preferably 2.0 g-em™ or lower, particularly preferably 1.9
g-cm™ or lower. If the density of the negative electrode
active material existing on the current collector is above the
range, the particles of the negative electrode active material
may be broken, the initial irreversible capacity may increase,
and the permeability of the electrolyte solution toward the
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vicinity of the interface between the current collector and the
negative electrode active material may be deteriorated, so
that the high-current-density charge and discharge charac-
teristics may be deteriorated. If the density thereof is below
the range, the conductivity between the negative electrode
active materials may be deteriorated, the resistance of the
battery may increase, and the capacity per unit volume may
decrease.

[0349] The thickness of the negative electrode plate is a
design matter in accordance with the positive electrode plate
to be used and may be any value. The thickness of the
mixture layer excluding the thickness of the base metal foil
is usually 15 um or greater, preferably 20 um or greater,
more preferably 30 um or greater, whereas the thickness
thereof is usually 300 um or smaller, preferably 280 um or
smaller, more preferably 250 um or smaller.

[0350] To the surface of the negative electrode plate may
be attached a substance having a different composition.
Examples of the substance attached to the surface include
oxides such as aluminum oxide, silicon oxide, titanium
oxide, zirconium oxide, magnesium oxide, calcium oxide,
boron oxide, antimony oxide, and bismuth oxide; sulfates
such as lithium sulfate, sodium sulfate, potassium sulfate,
magnesium sulfate, calcium sulfate, and aluminum sulfate;
and carbonates such as lithium carbonate, calcium carbon-
ate, and magnesium carbonate.

<Separator>

[0351] The lithium ion secondary battery of the present
invention preferably further comprises a separator.

[0352] The separator may be formed from any known
material and may have any known shape as long as the
resulting separator is stable to the electrolyte solution and is
excellent in a liquid-retaining ability. The separator is pref-
erably in the form of a porous sheet or a nonwoven fabric
which is formed from a material stable to the electrolyte
solution of the present invention, such as resin, glass fiber,
or inorganic matter, and which is excellent in a liquid-
retaining ability.

[0353] Examples of the material of a resin or glass-fiber
separator include polyolefins such as polyethylene and poly-
propylene, aromatic polyamide, polytetrafluoroethylene,
polyether sulfone, and glass filters. These materials may be
used alone or in any combination of two or more at any ratio,
for example, in the form of a polypropylene/polyethylene
bilayer film or a polypropylene/polyethylene/polypropylene
trilayer film. In order to achieve good permeability of the
electrolyte solution and a good shut-down effect, the sepa-
rator is particularly preferably a porous sheet or a nonwoven
fabric formed from polyolefin such as polyethylene or
polypropylene.

[0354] The separator may have any thickness, and the
thickness is usually 1 um or larger, preferably 5 um or larger,
more preferably 8 um or larger, whereas the thickness is
usually 50 um or smaller, preferably 40 um or smaller, more
preferably 30 um or smaller. If the separator is thinner than
the above range, the insulation and mechanical strength may
be poor. If the separator is thicker than the above range, not
only the battery performance, such as rate characteristics,
may be poor but also the energy density of the whole
electrolyte battery may be low.

[0355] If the separator is a porous one such as a porous
sheet or a nonwoven fabric, the separator may have any
porosity. The porosity is usually 20% or higher, preferably
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35% or higher, more preferably 45% or higher, whereas the
porosity is usually 90% or lower, preferably 85% or lower,
more preferably 75% or lower. If the porosity is lower than
the range, the film resistance tends to be high and the rate
characteristics tend to be poor.

[0356] If the porosity is higher than the range, the
mechanical strength of the separator tends to be low and the
insulation tends to be poor.

[0357] The separator may also have any average pore size.
The average pore size is usually 0.5 pm or smaller, prefer-
ably 0.2 um or smaller, whereas the average pore size is
usually 0.05 um or larger. If the average pore size exceeds
the range, short circuits may easily occur. If the average pore
size is lower than the range, the film resistance may be high
and the rate characteristics may be poor.

[0358] Examples of the inorganic material include oxides
such as alumina and silicon dioxide, nitrides such as alumi-
num nitride and silicon nitride, and sulfates such as barium
sulfate and calcium sulfate. The inorganic material is in the
form of particles or fibers.

[0359] The separator is in the form of a thin film such as
a nonwoven fabric, a woven fabric, or a microporous film.
The thin film favorably has a pore size of 0.01 to 1 um and
a thickness of 5 to 50 um. In addition to the form of the
above separate thin film, the separator may have a structure
in which a composite porous layer containing particles of the
above inorganic material is formed on the surface of one or
both of the positive and negative electrodes using a resin
binder. For example, alumina particles having a 90% particle
size of smaller than 1 pum is applied to the respective surfaces
of the positive electrode with fluororesin used as a binder to
form a porous layer.

<Battery Design>

[0360] The electrode group may be either a laminated
structure comprising the above positive and negative elec-
trode plates with the above separator in between, or a wound
structure comprising the above positive and negative elec-
trode plates in spiral with the above separator in between.
The proportion of the volume of the electrode group in the
battery internal volume (hereinafter, referred to as an elec-
trode group proportion) is usually 40% or higher, preferably
50% or higher, whereas the proportion thereof is usually
90% or lower, preferably 80% or lower.

[0361] If the electrode group proportion is lower than the
above range, the battery capacity may be low. If the elec-
trode group proportion exceeds the above range, the battery
may have small space for voids. Thus, when the battery
temperature rises to high temperature, the components may
swell or the liquid fraction of the electrolyte solution shows
a high vapor pressure, so that the internal pressure rises. As
a result, the battery characteristics such as charge and
discharge repeatability and the high-temperature storage-
ability may be deteriorated, and a gas-releasing valve for
releasing the internal pressure toward the outside may work.
[0362] The current collecting structure may be any struc-
ture. In order to more effectively improve the high-current-
density charge and discharge characteristics by the electro-
lyte solution of the present invention, the current collecting
structure is preferably a structure which reduces the resis-
tances at wiring portions and jointing portions. When the
internal resistance is reduced in such a manner, the effects of
using the electrolyte solution of the present invention can
particularly favorably be achieved.
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[0363] In an electrode group having the layered structure,
the metal core portions of the respective electrode layers are
preferably bundled and welded to a terminal. If an electrode
has a large area, the internal resistance is high. Thus,
multiple terminals may preferably be formed in the electrode
to reduce the resistance. In an electrode group having the
wound structure, multiple lead structures may be disposed
on each of the positive electrode and the negative electrode
and bundled to a terminal. Thereby, the internal resistance
can be reduced.

[0364] The external case may be made of any material that
is stable to an electrolyte solution to be used. Specific
examples thereof include metals such as nickel-plated steel
plates, stainless steel, aluminum and aluminum alloys, and
magnesium alloys, and layered film (laminate film) of resin
and aluminum foil. In order to reduce the weight, a metal
such as aluminum or an aluminum alloy or a laminate film
is favorably used.

[0365] External cases made of metal may have a sealed up
structure formed by welding the metal by laser welding,
resistance welding, or ultrasonic welding or a caulking
structure using the metal via a resin gasket. External cases
made of a laminate film may have a sealed up structure
formed by hot melting the resin layers. In order to improve
the sealability, a resin which is different from the resin of the
laminate film may be disposed between the resin layers.
Especially, in the case of forming a sealed up structure by
heat melting the resin layers via current collecting terminals,
metal and resin are to be bonded. Thus, the resin to be
disposed between the resin layers is favorably a resin having
a polar group or a modified resin having a polar group
introduced thereinto.

[0366] The lithium ion secondary battery of the present
invention may have any shape, and examples thereof include
cylindrical batteries, square batteries, laminated batteries,
coin batteries, and large-size batteries. The shapes and the
configurations of the positive electrode, the negative elec-
trode, and the separator may be changed in accordance with
the shape of the battery.

[0367] A module comprising the lithium ion secondary
battery of the present invention is also one aspect of the
present invention.

[0368] The present invention also relates to an electric
double-layer capacitor comprising a positive electrode, a
negative electrode, and the aforementioned electrolyte solu-
tion.

[0369] In the electric double-layer capacitor of the present
invention, at least one of the positive electrode and the
negative electrode is a polarizable electrode. Examples of
the polarizable electrode and a non-polarizable electrode
include the following electrodes specifically disclosed in JP
H09-7896 A.

[0370] The polarizable electrode mainly containing acti-
vated carbon used in the present invention is preferably one
containing inactivated carbon having a large specific surface
area and a conductive material, such as carbon black,
providing electronic conductivity. The polarizable electrode
can be formed by any of various methods. For example, a
polarizable electrode comprising activated carbon and car-
bon black can be produced by mixing activated carbon
powder, carbon black, and phenolic resin, press-molding the
mixture, and then firing and activating the mixture in an inert
gas atmosphere and water vapor atmosphere. Preferably, this
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polarizable electrode is bonded to a current collector using
a conductive adhesive, for example.

[0371] Alternatively, a polarizable electrode can also be
formed by kneading activated carbon powder, carbon black,
and a binder in the presence of alcohol and forming the
mixture into a sheet shape, and then drying the sheet. This
binder may be polytetrafluoroethylene, for example. Alter-
natively, a polarizable electrode integrated with a current
collector can be produced by mixing activated carbon pow-
der, carbon black, a binder, and a solvent to form slurry, and
applying this slurry to metal foil of a current collector, and
then drying the slurry.

[0372] The electric double-layer capacitor may have
polarizable electrodes mainly containing activated carbon
on the respective sides. Still, the electric double-layer
capacitor may have a non-polarizable electrode on one side,
for example, a positive electrode mainly comprising an
electrode active material such as a metal oxide and a
negative electrode comprising a polarizable electrode that
mainly contains activated carbon may be combined; or a
negative electrode mainly comprising a carbon material that
can reversibly occlude and release lithium ions or a negative
electrode of lithium metal or lithium alloy and a polarizable
electrode mainly comprising activated carbon may be com-
bined.

[0373] In place of or in combination with activated car-
bon, any carbonaceous material such as carbon black, graph-
ite, expanded graphite, porous carbon, carbon nanotube,
carbon nanohorn, and Kethenblack may be used.

[0374] The non-polarizable electrode is preferably an
electrode mainly containing a carbon material that can
reversibly occlude and release lithium ions, and this carbon
material is made to occlude lithium ions in advance. In this
case, the electrolyte used is a lithium salt. The electric
double-layer capacitor having such a configuration achieves
a much higher withstand voltage of exceeding

[0375] The solvent used in preparation of slurry in the
production of electrodes is preferably one that dissolves a
binder. In accordance with the type of a binder, N-methyl-
pyrrolidone, dimethyl formamide, toluene, xylene, iso-
phorone, methyl ethyl ketone, ethyl acetate, methyl acetate,
dimethyl phthalate, ethanol, methanol, butanol, or water is
appropriately selected.

[0376] Examples of the activated carbon used for the
polarizable electrode include phenol resin-type activated
carbon, coconut shell-type activated carbon, and petroleum
coke-type activated carbon. In order to achieve a large
capacity, petroleum coke-type activated carbon or phenol
resin-type activated carbon is preferably used. Examples of
methods of activating the activated carbon include steam
activation and molten KOH activation. In order to achieve a
larger capacity, activated carbon prepared by molten KOH
activation is preferably used.

[0377] Preferred examples of the conductive material used
for the polarizable electrode include carbon black, Ketjen-
black, acetylene black, natural graphite, artificial graphite,
metal fiber, conductive titanium oxide, and ruthenium oxide.
In order to achieve good conductivity (i.e., low internal
resistance), and because too large an amount thereof may
lead to a decreased capacity of the product, the amount of the
conductive material such as carbon black used for the
polarizable electrode is preferably 1 to 50 mass % in the sum
of the amounts of the activated carbon and the conductive
material.
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[0378] In order to provide an electric double-layer capaci-
tor having a large capacity and a low internal resistance, the
activated carbon used for the polarizable electrode prefer-
ably has an average particle size of 20 um or smaller and a
specific surface area of 1500 to 3000 m®/g. Preferred
examples of the carbon material for providing an electrode
mainly containing a carbon material that can reversibly
occlude and release lithium ions include natural graphite,
artificial graphite, graphitized mesocarbon microsphere,
graphitized whisker, vapor-grown carbon fiber, sintered fur-
furyl alcohol resin, and sintered novolak resin.

[0379] The current collector may be any chemically and
electrochemically  corrosion-resistant one. Preferred
examples of the current collector used for the polarizable
electrode mainly containing activated carbon include stain-
less steel, aluminum, titanium, and tantalum. Particularly
preferred materials in terms of the characteristics and cost of
the resulting electric double-layer capacitor are stainless
steel and aluminum. Preferred examples of the current
collector used for the electrode mainly containing a carbon
material that can reversibly occlude and release lithium ions
include stainless steel, copper, and nickel.

[0380] The carbon material that can reversibly occlude
and release lithium ions can be allowed to occlude lithium
ions in advance by (1) a method of mixing powdery lithium
to a carbon material that can reversibly occlude and release
lithium ions, (2) a method of placing lithium foil on an
electrode comprising a carbon material that can reversibly
occlude and release lithium ions and a binder so that the
lithium foil is electrically in contact with the electrode,
immersing this electrode in an electrolyte solution contain-
ing a lithium salt dissolved therein so that the lithium is
ionized, and allowing the carbon material to take in the
resulting lithium ions, or (3) a method of placing an elec-
trode comprising a carbon material that can reversibly
occlude and release lithium ions and a binder at a minus side
and placing a lithium metal at a plus side, immersing the
electrodes in a non-aqueous electrolyte solution containing
a lithium salt as an electrolyte, and supplying a current so
that the carbon material is allowed to electrochemically take
in the ionized lithium.

[0381] Examples of known electric double-layer capaci-
tors include wound electric double-layer capacitors, lami-
nated electric double-layer capacitors, and coin-type electric
double-layer capacitors. The electric double-layer capacitor
of the present invention may also be any of these types.
[0382] Forexample, a wound electric double-layer capaci-
tor is assembled by winding a positive electrode and a
negative electrode each of which comprises a laminate
(electrode) of a current collector and an electrode layer, and
a separator in between to provide a wound element, putting
this wound element in a case made of, for example, alumi-
num, filling the case with an electrolyte solution, preferably
a non-aqueous electrolyte solution, and sealing the case with
a rubber sealant.

[0383] In the present invention, a separator formed from a
conventionally known material and having a conventionally
known structure can also be used. Examples thereof include
polyethylene porous membranes, and nonwoven fabric of
polypropylene fiber, glass fiber, or cellulose fiber.

[0384] Inaccordance with any known method, the capaci-
tor may be formed into a laminated electric double-layer
capacitor in which a sheet-like positive electrode and nega-
tive electrode are stacked with an electrolyte solution and a
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separator in between or a coin-type electric double-layer
capacitor in which a positive electrode and a negative
electrode are fixed by a gasket with an electrolyte solution
and a separator in between.

[0385] The electrolyte solution of the present invention is
useful as an electrolyte solution for large-size lithium ion
secondary batteries for hybrid vehicles or distributed gen-
eration, and for electric double-layer capacitors.

EXAMPLES

[0386] The present invention will be described referring
to, but not limited to, examples and comparative examples.

Examples 1 to 66, Comparative Examples 1 to 7

(Preparation of Non-Aqueous Electrolyte Solution)

[0387] The components were mixed at a composition
shown in any of Tables 1 to 5. To this mixture was added
LiPF; such that the concentration thereof was 1.0 mol/L.
Thereby, a non-aqueous electrolyte solution was prepared.
[0388] The compounds shown in the tables are as follows.

(FA1) Fluorinated Saturated Cyclic Carbonates
[0389]
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(FA2) Fluorinated Acyclic Carbonates
[0390]
FA2-1
(€]
F;CH,C—O0—C—O0—CH;
FA2-2
(€]
F3CF,CH,C—O0—C—0—CH;
FA2-3
(€]
F;CH,C —O0—C—0—CH,CH;
FA2-4
(6]
HF,CF,CH,C—0—C—O0—CH;
FA2-5
(€]
F3CF,CH,C—O0—C—0—CH,CH;
FA2-6
(6]
HF,CF,CH,C—0—C—0—CF,CH;
FA2-7
(€]
F3CH,C—0—C—0—CH,CF;
FA2-8
(€]
F3CH,C—0—C—0—CH,CF,CF3
FA2-9
F3CF,CH,C— O—C— O — CH,CF,CF,H
FA2-10
(€]
F3CF,CH>C— 0 —C— 0 — CH,CF,CF;
FA2-11
(6]
HF,CF>,CHyC— 0—C — O — CH,CF,CF,H
FA2-12

e}

F3CF,C—0—C—0—CH,CF,CF,H
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[0391] The following will give representative examples of
compounds corresponding to the fluorinated acyclic carbon-
ate (FA2).

(Synthesis of Compound FA2-1)

[0392] Trifluoroethanol (33.13 kg, 0.331 kmol), pyridine
(30.63 kg, 0.387 kmol), and triglyme (84.93 kg) were stirred
at 5° C. to 10° C. While paying attention to generation of
heat, methyl chlorocarbonate (40.09 kg, 0.424 kmol) was
dropwise added to the mixture at a maintained temperature
of 5° C. to 10° C. After the dropwise addition, the mixture
was stirred for about 16 hours at a maintained temperature
of 5° C. to 10° C., so that the mixture was aged.

[0393] After the aging, the reaction solution was washed
with ion exchange water at 5° C. to 10° C. (first and fourth
washing processes) and 1IN HCI aqueous solution (second
and third washing processes).

[0394] After the washing, an organic layer at the lower
portion was collected, and dried over magnesium sulfate
(2.3 kg) and molecular sieve (8.8 kg).

[0395] After the collection, the organic layer was rectified
using a 10-tray oldershaw column. The target product was
obtained at a purity of 99.9% or higher. Thereby, the
synthesis was completed.

(Synthesis of Compound FA2-7)

[0396] Trifluoroethanol (66.26 kg, 0.662 kmol), triphos-
gene (72.03 kg, 0.243 kmol), and dichloromethane (200 ml)
were stirred in an ice bath, and pyridine (61.2 kg, 0.774
kmol) was dropwise added thereto.

[0397] After the dropwise addition, the reaction solution
was stirred for about 16 hours at a maintained temperature
of 5° C. to 10° C., so that the reaction solution was aged.
[0398] After the aging, the reaction solution was washed
with ion exchange water (first and fourth washing processes)
at 5° C. to 10° C. and 1N HCI aqueous solution (second and
third washing processes).

[0399] After the washing, an organic layer at the lower
portion was collected, and dried over magnesium sulfate
(4.6 kg) and molecular sieve (17.6 kg).

[0400] After the collection, the organic layer was rectified
using a 10-tray oldershaw column. The target product was
obtained at a purity of 99.9% or higher. Thereby, the
synthesis was completed.

(Synthesis of Compound FA2-8)

[0401] Trifluoroethanol (33.13 kg, 0.331 kmol), penta-
fluoropropanol (49.67 kg, 0.331 kmol), triphosgene (72.03
kg, 0.243 kmol), and dichloromethane (200 ml) were stirred
in an ice bath, and pyridine (61.2 kg, 0.774 kmol) was
dropwise added thereto.

[0402] After the dropwise addition, the reaction solution
was stirred for about 16 hours at a maintained temperature
of 5° C. to 10° C., so that the reaction solution was aged.
[0403] After the aging, the reaction solution was washed
with ion exchange water (first and fourth washing processes)
at 5° C. to 10° C. and 1N HCI aqueous solution (second and
third washing processes).

[0404] After the washing, an organic layer at the lower
portion was collected, and dried over magnesium sulfate
(4.6 kg) and molecular sieve (17.6 kg).
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[0405] After the collection, the organic layer was rectified
using a 10-tray oldershaw column. The target product was
obtained at a purity of 99.9% or higher. Thereby, the
synthesis was completed.

[0406] Other fluorinated acyclic carbonates (FA2) were
synthesized in accordance with any of the above synthesiz-
ing methods.

(A1) Non-Fluorinated Saturated Cyclic Carbonates

[0407] Al-1: ethylene carbonate
[0408] A1-2: propylene carbonate
[0409] A1-3: butylene carbonate

(A2) Non-Fluorinated Acyclic Carbonates

[0410] A2-1: ethyl methyl carbonate

[0411] A2-2: diethyl carbonate

[0412] A2-3: dimethyl carbonate

[0413] With the resulting electrolyte solutions, the high-

temperature storage characteristics were evaluated as fol-
lows.

<High-Temperature Storage Characteristics>

(Production of Coin-Type Battery)

[0414] LiNi,,;Mn, ;Co, 0, doped with Al, carbon black,
and polyvinylidene fluoride (trade name: KF-7200, Kureha
Chemical Industry Co., Ltd.) were mixed at a ratio of 92/3/5
(mass ratio) to provide a positive electrode active material.
This positive electrode active material was dispersed in
N-methyl-2-pyrrolidone so as to be in the form of slurry.
Thereby, a positive electrode mixture slurry was prepared.
The resulting positive electrode mixture slurry was uni-
formly applied on an aluminum current collector, and then
dried to form a positive electrode mixture layer (thickness:
50 um). Thereafter, the layer was compression molded using
a roller press. Thereby, a positive electrode laminate was
produced. The positive electrode laminate was punched into
a diameter of 1.6 mm using a punching machine. Thereby,
a circular positive electrode was produced.

[0415] Separately, styrene-butadiene rubber dispersed in
distilled water was added to artificial graphite powder such
that the solids content was 6 mass %. The components were
mixed using a disperser to be in the form of slurry. This

31

Oct. 6, 2016

slurry was uniformly applied onto a negative electrode
current collector (copper foil having a thickness of 10 um),
and then dried to form a negative electrode mixture layer.
Thereafter, the layer was compression molded using a roller
press, and the compression-molded article was punched into
a diameter of 1.6 mm using a punching machine. Thereby,
a circular negative electrode was produced.

[0416] The circular positive electrode and negative elec-
trode were made to face each other with a microporous
polyethylene film (separator) having a thickness of 20 pm in
between, and the non-aqueous electrolyte solution prepared
above was injected thereinto. As the electrolyte solution
sufficiently permeated into the separator and the other com-
ponents, the workpiece was sealed, pre-charged, and aged.
Thereby, a coin-type lithium ion secondary battery was
produced.

(Determination of Battery Characteristics)

[0417] For the resulting coin-type lithium ion secondary
battery, the high-temperature storage characteristics were
determined as follows.

(Charge and Discharge Conditions)

[0418] Charge: 0.5 C, 4.4 V, maintained until the charge
current reached 10 C (CC-CV charge)

[0419] Discharge: 0.5 C, 3.0 V cut (CC discharge)
[0420] In order to determine the high-temperature storage
characteristics, the battery was charged and discharged
under the above charge and discharge conditions (0.5 C,
predetermined voltage, charged until the charge current
reached %10 C and discharged at a current corresponding to
0.5 C until the voltage reached 3.0 V), and the discharge
capacity thereof was determined. Thereafter, the battery was
charged again under the same charge conditions, and stored
for a day in a temperature-constant container at 85° C. The
battery after the storage was discharged at 25° C. until the
voltage reached a discharge stop voltage of 3 V under the
above discharge conditions, and the remaining capacity was
determined. The battery was further charged under the above
charge conditions and discharged under the above discharge
conditions at a constant current until the voltage reached a
discharge stop voltage of 3 V. Thereby, the capacity recovery
was determined. Tables 1 to 5 show the capacity recovery
rates while the discharge capacity before the storage was
taken as 100.

TABLE 1
Fluorinated Non-fluorinated
Fluori- Non-
nated Fluori- fluori- Non-
saturated nated nated fluori- Solvent
cyclic acyclic saturated nated compositional
carbon- carbon- cyclic acyclic ratio
ate ate carbonate carbonate (volume ratio)
FAl FA2 Al A2 FAl FA2 Al A2
Example 1 FA1l-1 FA2-1 — — 40 60 0 0
Example 2 FA1l-1 FA2-1 — — 40 60 0 0
Example 3 FA1l-1 FA2-1 — — 40 60 0 0
Example 4 FA1l-1 FA2-1 — — 40 60 0 0
Example 5 FA1l-1 FA2-1 — — 40 60 0 0
Example 6 FA1l-1 FA2-1 — — 40 60 0 0
Example 7 FA1l-1 FA2-1 — — 40 60 0 0
Example 8 FA1l-1 FA2-1 — — 40 60 0 0
Example 9 FA1l-1 FA2-1 — — 40 60 0 0
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TABLE 1-continued
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Example 10 FAl-1 FA2-1 — — 40 60 0 0
Example 11 FAl-1 FA2-1 — — 40 60 0 0
Example 12 FAl-1 FA2-1 — — 40 60 0 0
Example 13 FAl-1 FA2-1 — — 40 60 0 0
Example 14 FAl-1 FA2-1 — — 40 60 0 0
Example 15 FAl-1 FA2-1 — — 40 60 0 0
High-
Compound B temper-
Amount Amount ature
Compound A O of com- of com- storage
3 5 pound pound charac-
R!—N—ORf! R°*—N—C—OR Ain Bin teristics
[ l 4 electro- electro-  Capacity
R? R Iyte Iyte recovery
A) B) solution solution rate
R' R Rf! R? R* R (ppm) (ppm) (%)
Example 1 —CH,CH; —CH,CH; —CH,CF, — — — 0.0017 0 90
Example 2 —CH,CH; —CH,CH; —CH,CF, — — — 0.063 0 92
Example 3 —CH,CH; —CH,CH; —CH,CF, — — — 0.57 0 94
Example 4 ~ —CH,CH; —CH,CH; —CH,CF; — — — 1.6 0 91
Example 5 —CH,CH; —CH,CH; —CH,CF, — — — 9.3 0 91
Example 6 — — — —CH,CH; —CH,CH; —CH; 0 0.0021 92
Example 7 — — — —CH,CH; —CH,CH; —CH; 0 0.065 93
Example 8 — — — —CH,CH; —CH,CH; —CH; 0 0.66 93
Example 9 — — — —CH,CH; —CH,CH; —CH; 0 1.3 91
Example 10 — — — —CH,CH; —CH,CH; —CH; 0 9.0 91
Example 11 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  0.0012 0.0013 93
Example 12 —CH,CH; —CH,CH; —CH,CF, —CH,CH; —CH,CH, —CH,;  0.053 0.67 94
Example 13 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  0.68 0.067 95
Example 14 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH; 1.5 1.2 93
Example 15 —CH,CH; —CH,CH; —CH,CF, —CH,CH; —CH,CH, —CH; 9.3 9.6 91
TABLE 2
Non-fluorinated
Fluorinated Non-
Fluori- fluori-
nated nated Non-
satu-  Fluori- satu- fluori-
rated nated rated nated Solvent
cyclic  acyclic cyclic acyclic compositional
carbon- carbon- carbon-  carbon- ratio
ate ate ate ate (volume ratio)
FAl FA2 Al A2 FAl FA2 Al A2
Example 16 FAl-1 FAl-1 — — 40 60 0 0
Example 17 FAl-1 FA2-1 — — 40 60 0 0
Example 18 FAl-1 FA2-1 — — 40 60 0 0
Example 19 FAl-1 FA2-1 — — 40 60 0 0
Example 20 FAl-1 FA2-1 — — 40 60 0 0
Example 21 FAl-1 FA2-1 — — 40 60 0 0
Example 22 FAl-1 FA2-1 — — 40 60 0 0
Example 23 FAl-1 FA2-1 — — 40 60 0 0
Example 24 FAl-1 FA2-1 — — 40 60 0 0
Example 25 FAl-1 FA2-1 — — 40 60 0 0
Example 26 FAl-1 FA2-1 — — 40 60 0 0
Example 27 FAl-1 FA2-1 — — 40 60 0 0
Example 28 FAl-1 FA2-1 — — 40 60 0 0
Example 29 FAl-1 FA2-1 — — 40 60 0 0
Example 30 FAl-1 FA2-1 — — 40 60 0 0
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TABLE 2-continued
High-
temper-
ature
Compound B Amount  Amount storage
of com- of com-  charac-
Compound A o pound pound teristics
3 5 Ain Bin Capac-
R!—N—ORf! R _T_C_OR electro- electro- ity
lyte lyte recov-
4
R? R solu- solu- ery
A) B) tion tion rate
R! R? Rf! R? RY R? (ppm)  (pm) (%)
Example 16 —CH; —CH; —CH,CF; — — 0.0016 0 91
Example 17 —CH; —CH; —CH,CF; — — 0.062 0 93
Example 18 —CH; —CH; —CH,CF; — — 0.6 0 95
Example 19 —CH; —CH; —CH,CF; — — 1.3 0 92
Example 20 —CH; —CH; —CH,CF; — — 9.0 0 92
Example 21 — — — —CH; —CH; —CH; 0 0.002 93
Example 22 — — — —CH; —CH; —CH; O 0.065 94
Example 23 — — — —CH; —CH; —CH; O 0.7 94
Example 24 — — — —CH; —CH; —CH; 0 1.2 92
Example 25 — — — —CH; —CH; —CH; 0 8.9 92
Example 26 = —CH; —CH; —CH,CF; —CH; —CH; —CH; 0.0015 0.0013 94
Example 27 —CH; —CH; —CH,CF; —CH; —CH; —CH; 0.053 0.69 95
Example 28 —CH; —CH; —CH,CF; —CH; —CH; —CH; 057 0.067 96
Example 29 —CH; —CH; —CH,CF; —CH; —CH; —CH, 1.7 1.2 94
Example 30 —CH; —CH; —CH,CF; —CH; —CH; —CH; 93 9.6 92
TABLE 3
Non-fluorinated
Fluorinated Non-
Fluori- fluori-
nated nated Non-
satu- Fluori- satu- fluori-
rated nated rated nated Solvent
cyclic acyclic cyclic acyclic compositional
carbon- carbon- carbon- carbon- ratio
ate ate ate ate (volume ratio)
FAl FA2 Al A2 FAl FA2 Al A2
Example 31 FA1-2 FA2-1 — 40 60 0 0
Example 32 FA1-3 FA2-1 — 40 60 0 0
Example 33 FAl-4 FA2-1 — 40 60 0 0
Example 34 FA1-5 FA2-1 — 40 60 0 0
Example 35 FAl-6 FA2-1 — 40 60 0 0
Example 36 FA1-7 FA2-1 — 40 60 0 0
Example 37 FA1-8 FA2-1 — 40 60 0 0
Example 38 FA1-9 FA2-1 — 40 60 0 0
Example 39 FAl-10 FA2-1 — 40 60 0 0
Example 40 FAl-11 FA2-1 — 40 60 0 0
Example 41 FAl-12 FA2-1 — 40 60 0 0
Example 42 FA1-13 FA2-1 — 40 60 0 0
Example 43 FAl-14 FA2-1 — 40 60 0 0
Example 44 FA1l-15 FA2-1 — 40 60 0 0
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TABLE 3-continued

High-
temper-
ature
Compound B storage
Amount  Amount charac-
Compound A of com- of com- teristics
3 s pound pound Capac-
R!—N—ORf! RP—N—C—OR Ain Bin ity
| I 4 electro- electro- recov-
R? R lyte lyte ery
(A) (B) solution solution rate
R' R Rf! R} R* R (ppm) (ppm) (%)
Example 31 —CH,CH, —CH,CH; —CH,CF, _ CH,CH, —CH,CH, —CH, 0.54 0.54 93
Example 32 —CH,CH, —CH,CH,  —CILCF, —CH,CH, —CH,CH, —CH, 0.70 0.70 92
Example 33 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.66 0.66 91
Example 34 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.45 0.45 93
Example 35 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.90 0.88 93
Example 36 —CH,CH, —CH,CH,  —CILCF, —CH,CH, —CH,CH, —CH, 0.88 0.88 )
Example 37 —CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.92 0.92 94
Example 38 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.77 0.76 93
Example 39 —CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.45 0.55 92
Example 40 —CH,CH, —CH,CH,  —CILCF, —CH,CH, —CH,CH, —CH, 0.77 0.66 91
Example 41 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.32 0.32 93
Example 42 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.44 0.44 93
Example 43 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 0.55 0.55 93
Example 44 — CH,CH, —CH,CH, —CH,CF, _ CH,CH, —CH,CH, —CH, 1.08 1.08 93
TABLE 4
Fluorinated Non-fluorinated
Fluori- Non-
nated Fluori- fluori- Non-
saturated nated nated fluori- Solvent
cyclic acyclic saturated nated compositional
carbon- carbon- cyclic acyclic ratio
ate ate carbonate carbonate (volume ratio)
FA1 FA2 Al A2 FA1 FA2 Al A2
Example 45 FAl-1 FA2-2 — — 40 60 0 0
Example 46 FA1-2 FA2-3 — — 40 60 0 0
Example 47 FA1-3 FA2-4 — — 40 60 0 0
Example 48 FAl-4 FA2-5 — — 40 60 0 0
Example 49 FA1-5 FA2-6 — — 40 60 0 0
Example 50 FAl-6 FA2-7 — — 40 60 0 0
Example 51 FA1-7 FA2-8 — — 40 60 0 0
Example 52 FA1-8 FA2-9 — — 40 60 0 0
Example 53 FA1-9 FA2-10 — — 40 60 0 0
Example 54 FA1-10 FA2-11 — — 40 60 0 0
Example 55 FAl-11 FA2-12 — — 40 60 0 0
Example 56 FA1-12 FA2-1 — — 40 60 0 0
Example 57 FA1-13 FA2-1 — — 40 60 0 0
Example 58 FAl-14 FA2-1 — — 40 60 0 0
Example 59 FA1-15 FA2-1 — — 40 60 0 0
High-
temper-
ature
Compound B storage
Amount Amount charac-
Compound A O of com- of com- teristics
3 s pound pound Capac-
RI—N—ORf! R'—N—C—OR Ain Bin ity
l electro-  electro-  recov-
R? R* 1
yte lyte ery
(A) B) solution  solution rate
R' R Rf! R? R* R®>  (ppm)  (ppm) (%)
Example 45 —CH,CH, —CH,CH, —CH,CF, —CH,CH, —CH,CH, —CH, 033 033 93
Example 46 — CH,CH, —CH,CH, —CH,CF, —CH,CH, —CH,CH, —CH, 022 0.22 93
Example 47 — CH,CH, —CH,CH, —CH,CF, —CH,CH, —CH,CH, —CH, 055 0.55 92
Example 48 — CH,CH, —CH,CH, —CH,CF, —CH,CH, —CH,CH, —CH, 0.6 0.66 91
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TABLE 4-continued
Example 49 —CH,CH, —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH; 0.79 0.79 94
Example 50 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  1.02 1.02 93
Example 51 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH; 1.04 1.04 91
Example 52 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  1.00 1.20 92
Example 53 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH; 0.54 0.54 94
Example 54 —CH,CH, —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH; 0.55 0.60 92
Example 55 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  0.34 0.34 91
Example 56 —CH,CH, —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH; 045 0.45 93
Example 57 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  0.66 0.66 91
Example 58 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  0.67 0.67 91
Example 59 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH;  0.66 0.66 91
TABLE 5
Fluorinated Non-fluorinated
Fluori- Non-
nated fluori- Non-
saturated Fluori- nated fluori- Solvent
cyclic nated saturated nated compositional
carbon- acyclic cyclic acyclic ratio
ate carbonate  carbonate carbonate (volume ratio)
FA1 FA2 Al A2 FAl FA2 Al A2
Example 60 FAI-1 FA2-1 — A2-1 40 30 0 30
Example 61 FAI-1 FA2-1 — A2-2 40 30 0 30
Example 62 FAI-1 FA2-1 — A2-3 40 30 0 30
Example 63 FAI-1 FA2-1 Al-1 — 20 60 20 0
Example 64 FAI-1 FA2-1 Al-2 — 20 60 20 0
Example 65 FAI-1 FA2-1 Al-3 — 20 60 20 0
Example 66 FAI-1 FA2-1 Al-1 A2-1 20 30 20 30
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 1
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 2
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 3
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 4
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 5
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 6
Comparative FAl-1 FA2-1 — — 40 60 0 0
Example 7
High-
temper-
ature
Compound B storage
Amount  Amount  charac-
Compound A O of com-  of com- teristics
pound pound Capac-
RI—N—ORf! R*—N—C—OR’ Ain Bin ity
l electro- electro-  recov-
R? R Iyte Iyte ery
(A) (B) solution solution rate
R! R? Rf! R® RY R® (bpm)  (pm) (%)
Example 60 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CHj, 0.54 0.54 93
Example 61 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH, 0.70 0.70 92
Example 62 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CHj, 0.66 0.66 95
Example 63 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CHj, 0.45 0.66 93
Example 64 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CHj, 0.66 0.90 94
Example 65 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH, 0.88 0.88 90
Example 66 —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CHj, 0.88 0.88 90
Comparative — — — — — — 0 0 85
Example 1
Comparative — — — —CH,CH; —CH,CH; —CH; 0 24 89
Example 2
Comparative —CH,CH; —CH,CH; —CH,CF; —CH,CH; —CH,CH; —CH, 19 25 85
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Comparative — — — — — — 0 0 84

Example 4

Comparative — — — —CH; —CH; —CHj; 0 21 88

Example 5

Comparative —CH; —CH; —CH,CF; — — — 25 0 86

Example 6

Comparative =~ —CH,  —CH, —CH,CF, —CH, ~CH, —CH, 30 24 84

Example 7

[0421] These tables show that the non-aqueous electrolyte group; and Rf' represents a C1-C7 fluorinated alkyl

solutions of the examples are excellent in the high-tempera-
ture storage characteristics.

INDUSTRIAL APPLICABILITY

[0422] The electrolyte solution of the present invention is
suitably used as an electrolyte solution for lithium ion
secondary batteries or electric double-layer capacitors.

1. An electrolyte solution comprising
a solvent,
an electrolyte salt, and

at least one compound (o) selected from the group
consisting of:

an amine (A) represented by the following formula (A):

A
RI—N—ORf! W

R2

wherein R* and R? may be the same as or different from
each other, and individually represent a C1-C7 alkyl

group, and
an amide (B) represented by the following formula (B):

®)

R}*—N—C—OR?

R4

wherein R?, R*, and R® may be the same as or different
from each other, and individually represent a C1-C7
alkyl group,
the electrolyte solution containing 0.001 to 20 ppm of the
compound ().
2. An electrochemical device comprising the electrolyte
solution according to claim 1.
3. A lithium ion secondary battery comprising the elec-
trolyte solution according to claim 1.
4. A module comprising the electrochemical device
according to claim 2.
5. A module comprising the lithium ion secondary battery
according to claim 3.
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