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ABSTRACT

The non-aqueous electrolyte solution of the present invention
is a non-aqueous electrolyte solution comprising acetonitrile
and a lithium salt, wherein the anion of the lithium salt has a
LUMO (lowest unoccupied molecular orbital) energy in the
range of =2.00 to 4.35 eV, and a HOMO (highest occupied
molecular orbital) energy in the range of -5.35 to -2.90 eV.
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NON-AQUEOUS ELECTROLYTE SOLUTION
AND NON-AQUEOUS SECONDARY BATTERY

TECHNICAL FIELD

[0001] The present invention relates to a non-aqueous elec-
trolyte solution and a non-aqueous secondary battery.

BACKGROUND ART

[0002] A non-aqueous secondary battery comprising a
non-aqueous electrolyte solution is typically characterized by
light weight, high energy, and long life, and it has been widely
used as a source for portable electronic devices such as note-
book computers, mobile phones, digital cameras, and video
cameras. In addition, with transition to a society with less
environmental burden, such a non-aqueous secondary battery
has attracted attention as a source for hybrid electric vehicles
(hereinafter abbreviated as “HEV”’) and plug-in hybrid elec-
tric vehicles (hereinafter abbreviated as “PHEV”), and also in
the field of power storage such as a power storage system for
residence.

[0003] When anon-aqueous secondary battery is applied to
vehicles such as automobiles and power storage systems for
residence, materials excellent in terms of chemical or elec-
trochemical stability, strength, corrosion resistance, etc. are
required as constituent materials for the battery, from the
viewpoint of cycling performance and long-term reliability
under a high temperature environment. Moreover, the use
conditions of such a non-aqueous secondary battery are
largely different from those of a source for portable electronic
devices, and the non-aqueous secondary battery must work
even in a cold region. Accordingly, high-rate performance
and long-term stability under a low temperature environment
are also required as physical properties necessary for the
non-aqueous secondary battery.

[0004] By the way, from the viewpoint of practical use, a
non-aqueous electrolyte solution is desirably used as an elec-
trolyte solution for a lithium ion secondary battery that works
atan ordinary temperature. An example of a common solvent
used therefor is a combination of a high-dielectric solvent
suchas a cyclic carbonate with a low-viscosity solvent such as
a lower acyclic carbonate. On the other hand, a common
high-dielectric solvent has a high melting point, and thus, it
may cause deterioration of the low-temperature properties of
an electrolyte used, depending on the type of the electrolyte
solution. As a solvent capable of solving this problem, there
has been proposed a nitrile solvent having a good balance
between viscosity and relative dielectric constant. Among
others, acetonitrile has been known as a solvent having
prominent performance. However, since these solvents con-
taining a nitrile group are seriously disadvantageous in terms
of electrochemical reductive decomposition, several
improvement plans have been reported.

[0005] For example, Patent Documents 1 and 2 disclose
that a cyclic carbonate such as ethylene carbonate is mixed
with a nitrile solvent such as acetonitrile and diluted so as to
prepare an electrolyte solution with a reduced influence by
reductive decomposition. Moreover, Patent Document 2 to 4
disclose that a negative electrode having a potential higher
than the reduction potential of a nitrile solvent is used to
produce a battery, in which the reductive decomposition of
the nitrile solvent is suppressed. Furthermore, Patent Docu-
ment 5 discloses a non-aqueous electrolyte solution, in which
sulfur dioxide and one or more other aprotic polar solvents are
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added to a nitrile solvent for the purpose of forming a protec-
tive film on a negative electrode.

CITED LIST

Patent Document

[0006] Patent Document 1: Japanese Patent No. 3154719

[0007] Patent Document 2: Japanese Patent Laid-Open No.
2009-21134

[0008] Patent Document 3: Japanese Patent No. 3239267

[0009] Patent Document 4: Japanese Patent Laid-Open No.
2007-273405

[0010] Patent Document 5: National Publication of Inter-
national Patent Application No. 2010-528431

SUMMARY OF INVENTION

Technical Problem

[0011] However, in the case of the electrolyte solutions
described in Patent Documents 1 and 2, a nitrile solvent such
as acetonitrile must be diluted to such an extent that the
performance of the nitrile solvent cannot be sufficiently
exhibited. If the negative electrodes described in Patent
Document 2 to 4 are used, the feature of a lithium ion sec-
ondary battery or the like that is high voltage must be sacri-
ficed. In an extreme case, in Patent Document 5, since a
highly reactive gas is used as an additive, addition of such a
gas is already extremely difficult. In addition, if the gas is
volatized, the inside of the battery becomes pressurized. This
results in practically extremely serious problem such as the
expansion of the battery, or in a case, the rupture of the
battery.

[0012] On the other hand, with regard to all of these known
techniques, the reductive decomposition of a nitrile solvent in
anegative electrode has been emphasized. These patent docu-
ments describe that if the reaction of a negative electrode were
solved, it could be used as a secondary battery, although
several minor problems would still remain. However, when
the negative electrodes described in Patent Documents 2 and
4 are used for example, namely, even when a charge-dis-
charge cycle is repeated under an environment in which
reductive decomposition cannot occur in a negative electrode,
internal resistance is largely increased in comparison with a
conventional lithium ion secondary battery. However, these
patent documents do not describe such a problem at all. Such
an increase in internal resistance must be caused not only by
reductive decomposition in a negative electrode but also by
other factors. An optimal non-aqueous electrolyte solution
has not necessarily been provided, and thus it has been
strongly desired to further improve the non-aqueous electro-
lyte solution.

[0013] The present invention has been made under the
above-mentioned circumstances, and it is an object of the
present invention to provide a non-aqueous electrolyte solu-
tion that realizes a non-aqueous secondary battery having
high-rate performance, and such a non-aqueous secondary
battery.

Solution to Problem

[0014] As a result of intensive studies directed towards
achieving the above-mentioned object, the present inventors
have found that a non-aqueous electrolyte solution containing
at least acetonitrile and a specific lithium salt can realize a
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non-aqueous secondary battery having high-rate perfor-
mance, thereby completing the present invention. Specifi-
cally, the present invention is as follows.
[1] A non-aqueous electrolyte solution containing acetoni-
trile and an organic lithium salt, wherein an anion of the
organic lithium salthas a LUMO (lowest unoccupied molecu-
lar orbital) energy in the range of -2.00 to 4.35 eV, and a
HOMO (highest occupied molecular orbital) energy in the
range of -5.35 to -2.90 eV.
[2] The non-aqueous electrolyte solution according to [1],
wherein the anion of the organic lithium salt has a LUMO
(lowest unoccupied molecular orbital) energy in the range of
-1.00 to 2.70 eV, and a HOMO (highest occupied molecular
orbital) energy in the range of -4.50 to =3.00 eV.
[3] The non-aqueous electrolyte solution according to [1] or
[2], wherein the mass percentage of the organic lithium salt is
0.1% to 30% based on the total mass of the non-aqueous
electrolyte solution.
[4] The non-aqueous electrolyte solution according to any
one of [1] to [3], wherein the volume percentage of the aceto-
nitrile is 70% to 100% based on the total volume of ingredi-
ents contained in the non-aqueous electrolyte solution, other
than the organic lithium salt.
[5] The non-aqueous electrolyte solution according to any
one of [1] to [3], which further contains an inorganic lithium
salt.
[6] The non-aqueous electrolyte solution according to [5],
wherein the inorganic lithium salt is a compound having a
fluorine atom.
[7] The non-aqueous electrolyte solution according to [5] or
[6], wherein the mass percentage of the inorganic lithium salt
is 0.1% to 40% based on the total mass of the non-aqueous
electrolyte solution.
[8] The non-aqueous electrolyte solution according to any
one of [5] to [7], wherein the volume percentage of the aceto-
nitrile is 70% to 100% based on the total volume of ingredi-
ents contained in the non-aqueous electrolyte solution, other
than the organic lithium salt or the inorganic lithium salt.
[9] The non-aqueous electrolyte solution according to any
one of [5] to [8], wherein the inorganic lithium salt comprises
phosphorus atom.
[10] The non-aqueous electrolyte solution according to any
one of [5] to [9], wherein the inorganic lithium salt is LiPF,.
[11] The non-aqueous electrolyte solution according to any
one of [5] to [10], wherein
[0015] the organic lithium salt and the inorganic lithium
salt satisfy the condition represented by the following for-
mula (1):

0.05=X =1 (1)

wherein X represents the molar ratio of the inorganic lithium
salt to the organic lithium salt.

[12] The non-aqueous electrolyte solution according to any
oneof[1]to [11], which further contains a non-nitrile additive
having a LUMO (lowest unoccupied molecular orbital)
energy in the range of =3.00 to 0.90 eV.

[13] The non-aqueous electrolyte solution according to [12],
wherein the non-nitrile additive having a LUMO (lowest
unoccupied molecular orbital) energy in the range of -3.00 to
0.90 eV has a HOMO (highest occupied molecular orbital)
energy in the range of =9.55 to -6.00 eV.

[14] The non-aqueous electrolyte solution according to [12],
wherein the non-nitrile additive having a LUMO (lowest
unoccupied molecular orbital) energy in the range of -3.00 to
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0.90 eV has a HOMO (highest occupied molecular orbital)
energy in the range of -8.50 to -7.25 eV.

[15] The non-aqueous electrolyte solution according to any
one of [12] to [14], wherein the mass percentage of the non-
nitrile additive is 0.1% to 30% based on the total mass of the
non-aqueous electrolyte solution.

[16] The non-aqueous electrolyte solution according to any
one of [12] to [15], wherein the mass percentage of the non-
nitrile additive is 0.1% to 10% based on the total mass of the
non-aqueous electrolyte solution.

[17] The non-aqueous electrolyte solution according to any
one of [12] to [16], which contains two or more types of the
non-nitrile additives.

[18] The non-aqueous electrolyte solution according to any
one of [12] to [17], wherein the non-nitrile additives comprise
one or more types of compounds selected from the group
consisting of carbonates.

[19] The non-aqueous electrolyte solution according to [18],
wherein the carbonates are cyclic carbonates.

[20] The non-aqueous electrolyte solution according to [18]
or [19], wherein the carbonates are compounds having a
carbon-carbon double bond.

[21] The non-aqueous electrolyte solution according to any
one of [12] to [20], wherein the non-nitrile additives comprise
one or more types of compounds selected from the group
consisting of compounds represented by the following gen-
eral formula (2):

RLA-R? )

wherein R' and R? each independently represent an alkyl
group optionally substituted with an aryl group or a halogen
atom, or an aryl group optionally substituted with an alkyl
group or a halogen atom, or R* and R? bind to each other and,
together with A, they form a cyclic structure optionally hav-
ing an unsaturated bond; and A represents a divalent group
having a structure represented by any one of the following
formulae (3) to (7):

[Formula 1]
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[22] The non-aqueous electrolyte solution according to [21],
wherein, in the formula (2), R' and R? each independently
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represent an alkyl group containing 1 to 4 carbon atoms that
is optionally substituted with a phenyl group or a halogen
atom, or a phenyl group optionally substituted with a halogen
atom, or R' and R? bind to each other and, together with A,
they form a cyclic structure optionally having an unsaturated
bond.

[23] The non-aqueous electrolyte solution according to [21]
or [22], wherein the compounds represented by the formula
(2) comprise one or more types of compounds selected from
the group consisting of ethylene sulfite, propylene sulfite,
butylene sulfite, pentene sulfite, sulfolane, 3-methyl sul-
folane, 3-sulfolene, 1,3-propanesultone, 1,4-butanesultone,
1,3-propanediol sulfate, and tetramethylene sulfoxide.

[24] The non-aqueous electrolyte solution according to any
one of [1] to [23], wherein the organic lithium salt is an
organic lithium salt having a boron atom.

[25] The non-aqueous electrolyte solution according to any
one of [1] to [24], wherein the organic lithium salt is an
organic lithium salt having an organic ligand.

[26] The non-aqueous electrolyte solution according to any
one of [1] to [25], wherein the organic lithium salt is one or
more types of organic lithium salts selected from the group
consisting of lithium bis(oxalato)borate and lithium difluoro
(oxalato)borate.

[27] The non-aqueous electrolyte solution according to any
one of [1] to [26], which further contains a dinitrile com-
pound.

[28] The non-aqueous electrolyte solution according to [27],
wherein the dinitrile compound comprises one or more types
of compounds selected from the group consisting of com-
pounds represented by the following general formula (8):

NC—(CR®RY), —CN (8)

wherein R* and R* each independently represent a hydrogen
atom or an alkyl group, and a represents an integer from 1 to
6.

[29] The non-aqueous electrolyte solution according to any
one of [1] to [28], which further contains an ionic compound.
[30] The non-aqueous electrolyte solution according to [29],
wherein a cation of the ionic compound is a cation having a
nitrogen atom.

[31] The non-aqueous electrolyte solution according to [30],
wherein the cation having a nitrogen atom is a pyridinium
cation.

[32] The non-aqueous electrolyte solution according to any
one of [29] to [31], wherein an anion of the ionic compound
is PF4™.

[33] A non-aqueous secondary battery comprising the non-
aqueous electrolyte solution according to any one of [1] to
[32], a positive electrode, and a negative electrode.

[34] The non-aqueous secondary battery according to [33],
wherein the positive electrode contains, as positive-electrode
active materials, one or more types of materials selected from
the group consisting of materials capable of doping and
dedoping lithium ions, and the negative electrode contains, as
negative-electrode active materials, one or more types of
materials selected from the group consisting of materials
capable of doping and dedoping lithium ions and metallic
lithium.

[35] The non-aqueous secondary battery according to [34],
wherein the positive electrode contains lithium-containing
compounds as such positive-electrode active materials.

[36] The non-aqueous secondary battery according to [35],
wherein the lithium-containing compounds comprise one or
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more types of compounds selected from the group consisting
of metal oxides having lithium and metal chalcogenides hav-
ing lithium.

[37] The non-aqueous secondary battery according to any one
of [34] to [36], wherein the negative electrode contains, as
negative-electrode active materials, one or more types of
materials selected from the group consisting of metallic
lithium, a carbon material, and a material containing an ele-
ment capable of forming an alloy with lithium.

[38] The non-aqueous secondary battery according to any one
of [34] to [37] wherein the negative electrode contains, as
negative-electrode active materials, materials capable of dop-
ing lithium ions at a potential lower than 0.4 V vs. Li/Li*.
[39] A method for producing the non-aqueous secondary
battery according to any one of [33] to [38], comprising
initially charging up to a charge of 0.001 to 0.3 C to the
battery.

[40] The method for producing the non-aqueous secondary
battery according to [39], wherein the initial charge is carried
out via a constant-voltage charge.

Advantageous Effects of Invention

[0016] According to the present invention, a non-aqueous
electrolyte solution that realizes a non-aqueous secondary
battery having a high-rate performance and a non-aqueous
secondary battery can be provided.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG. 1is across-sectional view schematically show-
ing an example of the non-aqueous secondary battery of the
present embodiment.

DESCRIPTION OF EMBODIMENTS

[0018] Hereinafter, the embodiment for carrying out the
present invention (hereinafter simply referred to as “the
present embodiment™) will be described in detail. It is to be
noted that the range described with the preposition “to”
includes numerical values before and after the preposition in
the present specification. The non-aqueous electrolyte solu-
tion of the present embodiment (hereinafter simply referred
to as an “electrolyte solution” at times) contains acetonitrile
and a lithium salt. Moreover, the non-aqueous secondary
battery of the present embodiment is a secondary battery
comprising a positive electrode, a negative electrode, and the
above described electrolyte solution. An example of the non-
aqueous secondary battery of the present embodiment is a
lithium ion secondary battery comprising: a positive elec-
trode containing, as positive-electrode active materials, one
or more materials selected from the group consisting of mate-
rials capable of doping and dedoping lithium ions; and a
negative electrode containing, as negative-electrode active
materials, one or more materials selected from the group
consisting of negative electrode materials capable of doping
and dedoping lithium ions and metallic lithium.

[0019] The non-aqueous secondary battery of the present
embodiment is, for example, a lithium ion secondary battery,
the cross-sectional view of which is schematically shown in
FIG. 1. A lithium ion secondary battery 100 as shown in FIG.
1 comprises: a separator 110; a positive electrode 120 and a
negative electrode 130 that sandwich the separator 110 from
both sides; a positive electrode current collector 140 (dis-
posed outside the positive electrode) and a negative electrode
current collector 150 (disposed outside the negative elec-
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trode) that further sandwich the laminated body; and an outer
package of battery 160 that accommodates these parts. The
laminated body formed by laminating the positive electrode
120, the separator 110, and the negative electrode 130 is
impregnated with the electrolyte solution according to the
present embodiment. Except for the electrolyte solution,
members comprised in a conventional lithium ion secondary
battery can be used herein as the members mentioned below.
The members as described later may be used, for example.

<Electrolyte Solution>

[0020] The electrolyte solution according to the present
embodiment contains acetonitrile and an organic lithium salt.
The term “organic lithium salt” is used herein to mean a
lithium salt that is soluble in acetonitrile containing a carbon
atom in the anion thereof. The after-mentioned “inorganic
lithium salt” is a lithium salt that is soluble in acetonitrile
containing no carbon atoms in the anion thereof. The present
inventors have analyzed in detail the electrochemical reactiv-
ity of the organic lithium salt according to a computational
chemical method, and as a result, they have discovered the
range of a LUMO (lowest unoccupied molecular orbital)
energy and the range of a HOMO (highest occupied molecu-
lar orbital) energy of the anion, which are able to suppress the
reductive decomposition of acetonitrile and an increase in
internal resistance. Herein, the computational chemical
method of the present embodiment indicates quantum chemi-
cal calculation according to the density functional theory
(DFT) (hereinafter simply referred to as “DFT calculation” at
times). Specifically, quantum chemical calculation program,
Gaussian 03 (manufactured by Gaussian), is used, and based
on a combination of a B3LYP density function with a 6-31+
G* basis set (hereinafter, the combination of a density func-
tion with a basis set will be referred to as “B3LYP/6-31+G*”),
structural optimization and energy calculation are carried out.
The anion of an organic lithium salt is negatively charged, and
thus its electron distribution is expanded to a region that is
apart from an atomic nucleus, in comparison with a neutral
molecule. Accordingly, a highly accurate calculation is car-
ried out by adding a diffuse function. The electron configu-
ration of the anion of an organic lithium salt is a closed-shell
configuration, and the molecular orbital of a spin is identical
to that of 8 spin. Therefore, an RHF (spin-Restricted Hartree-
Fock) method is applied.

[0021] Since the initial structure of anion molecules is
largely influence on the convergence of structural optimiza-
tion according to the DFT calculation, accuracy is increased
by the following procedures. First, molecular modeling soft-
ware, GaussView 3.0 (manufactured by Gaussian), is used to
form the molecular structure of the anion, and Clean in Edit is
then clicked to obtain an initial coordinate. Thereafter, a
low-accuracy calculation is carried out using a small basis set,
and using the obtained structure as an initial structure, the
structure is then optimized using a higher-accuracy basis set.
As a small basis set with low accuracy in the present embodi-
ment, STO-3G and 3-21G are generally used in this order.
However, in the case of a compound that is easily converged
by considering d orbital, such as ahypervalent compound, the
structure is optimized using a high-accuracy basis set from
the beginning. These structural optimization procedures are
merely means for converging calculations, and these proce-
dures have no influence on the final energy calculation results
after the structural optimization has been converged.
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[0022] The anion of the organic lithium salt of the present
embodiment has the above-calculated LUMO energy that is
in the range of -2.00 to 4.35 eV, and the above-calculated
HOMO energy that is in the range of —5.35 to =2.90 eV. The
reaction in which electrons enter the LUMO is a reductive
reaction, whereas the reaction in which electrons leave from
the HOMO is an oxidation reaction. Thus, the LUMO energy
and the HOMO energy correlate with the electrochemical
reactivity of the organic lithium salt. Since the HOMO energy
of acetonitrile, which has been calculated based on DFT
calculation, is —8.87 eV, it is suggested that the oxidation
reactivity of the organic lithium salt of the present embodi-
ment be higher than that of acetonitrile. The LUMO energy
and HOMO energy of the anion that are in the above
described ranges are not only effective for the formation of a
protective film on a negative electrode, but they also suppress
nonelectrochemical side reactions. In addition, the reaction
product is not strongly fixed only on a negative electrode, but
in some form, it provides good effects on members other than
the negative electrode, such as a positive electrode and a
separator. As a result, an increase in internal resistance caused
by repeating charge-discharge cycles can be suppressed.
[0023] Specific examples of the organic lithium salt whose
anion having a LUMO energy in the range of —2.00to 4.35eV
and a HOMO energy in the range of -5.35 to -2.90 eV
include: organic lithium salts represented by LiN
(SO,C,,F1,..1), [Wherein m represents an integer from 1 to 8],
such as LiN(SO,CF,), (LUMO energy=2.99 eV, and HOMO
energy=—4.14 eV) and LiN(SO,C,F5), (LUMO energy=3.02
eV, and HOMO energy=-4.35 eV); organic lithium salts rep-
resented by LiPF,(C,F,,,,)s.,, [Wherein n represents an inte-
ger from 1 to 5, and p represents an integer from 1 to 8], such
as LiPF(CF;) (LUMO energy=3.78 eV, and HOMO
energy=-5.06 eV); organic lithium salts represented by
LiBF (C,F,,, )4, [Wherein g represents an integer from 1 to
3, and s represents an integer from 1 to 8], such as LiBF;(CF;)
(LUMO energy=3.73 eV, and HOMO energy=—4.11 eV);
lithium bis(oxalato)borate (LiBOB) (LUMO energy=0.57
eV, and HOMO energy=—4.03 eV), represented by LiB
(C,0,),, halogenated LiBOB; lithium difluoro(oxalato)bo-
rate (LiODFB) (LUMO energy=2.01 eV, and HOMO
energy=-3.29 eV), represented by LiBF,(C,0,); lithium bis
(malonate)borate (LiBMB) (LUMO energy=2.48 eV, and
HOMO energy=-4.27 eV), represented by LiB(C,,0,H,),;
and lithium tetrafluoro(oxalate)phosphate (LUMO energy=1.
52 eV, and HOMO energy=-4.19 eV), represented by LiPF,,
(C0,).

[0024] Moreover, organic lithium salts represented by the
following general formulae (9a), (9b), and (9¢) can also be
used.

LiC(SO,R*)(SO,R%)(SO,R") (92)
LiN(SO,0R®)(SO,0R®) (9b)
LiN(SO,R'%)(SO,0R 'Y (9c)
[0025] Herein, in the above formulae, R®, R®, R7, R® R?,

R'®and R'! may be identical to or different from one another,
and represent a perfluoroalkyl group containing 1 to 8 carbon
atoms.

[0026] These organic lithium salts are used singly or in
combination of two or more. In terms of structural stability, an
organic lithium salt having a boron atom is preferable. In
addition, in the case of an organic lithium salt having an
organic ligand, the organic ligand is associated with an elec-
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trochemical reaction so as to form a protective film known as
Solid Electrolyte Interface (SEI) on the surface of an elec-
trode. Accordingly, from the viewpoint of the suppression of
an increase in internal resistance, such an organic lithium salt
having an organic ligand is preferable. As such organic
lithium salts, specifically, LiBOB, halogenated LiBOB,
LiODFB, and LiBMB are preferable, and further, LiBOB and
LiODFB are particularly preferable.

[0027] The type of the anion of the organic lithium salt of
the present embodiment is not particularly limited, as long as
it has a LUMO energy and a HOMO energy that are in the
above described ranges. In order for the product generated as
a result of the reductive reaction not to be strongly fixed only
on a negative electrode, but to, in some form, provide good
effects on members other than the negative electrode, such as
a positive electrode and a separator, the anion of the present
organic lithium salt more preferably has a LUMO energy in
the range of -1.00 to 2.70 eV and a HOMO energy in the
range of —4.50 to -3.00 eV; and the anion of the present
organic lithium salt further preferably has a LUMO energy in
the range 0f0.00 to 1.50 eV and a HOMO energy in the range
of -4.40 to -3.50 eV.

[0028] The lithium salt is contained, preferably in a con-
centration of 0.1 to 3 mol/L,, and more preferably in a con-
centration of 0.5 to 2 mol/L, in the non-aqueous electrolyte
solution of the present embodiment. By adjusting the concen-
tration of the lithium salt in this range, the conductivity of the
electrolyte solution is kept high, and at the same time, the
charge-discharge efficiency of the non-aqueous secondary
battery is also kept high. Moreover, the content of the organic
lithium salt is preferably 0.1 to 30 mass %, more preferably
0.5 to 25 mass %, and further preferably 1 to 20 mass %, based
on the total amount of the non-aqueous electrolyte solution of
the present embodiment. By adjusting the content of the
organic lithium salt in this range, the balance between the
function as an electrolyte solution and solubility can be main-
tained.

[0029] The non-aqueous electrolyte solution of the present
embodiment may further contain an inorganic lithium salt.
The type of such an inorganic lithium salt is not particularly
limited, as long as it is used as an ordinary non-aqueous
electrolyte, and all types of such inorganic lithium salts may
be used herein. Specific examples of such an inorganic
lithium salt include LiPFg, LiBF,, LiClO,, LiAsF, Li,SiFq,
LiSbF, LiAlO,, LiAICL,, Li,B,,F,H,, , [Wherein b repre-
sents an integer from 0 to 3], and lithium salts that bind to
polyvalent anions.

[0030] These inorganic lithium salts are used singly or in
combination of two or more. In particular, if a compound
having a fluorine atom is used as an inorganic lithium salt,
free ions promote the effect of SEI formation by the organic
lithium salt and also form a passive film on the surface of a
positive electrode collector foil. Accordingly, from the view-
point of the suppression of an increase in internal resistance,
such a compound having a fluorine atom is preferable. Fur-
thermore, if a compound having a phosphorus atom is used as
an inorganic lithium salt, free fluorine atoms are easily
released. Thus, such a compound having a phosphorus atom
is more preferable, and LiPF is particularly preferable.
[0031] The content of the inorganic lithium salt is prefer-
ably 0.1 to 40 mass %, more preferably 0.2 to 10 mass %, and
further preferably 0.5 to 5 mass %, based on the total amount
of the non-aqueous electrolyte solution of the present
embodiment. On the other hand, the inorganic lithium salt
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needs to be used to such an extent that it does not impair the
effect of SEI formation by the organic lithium salt. Preferably,
the molar quantity of the inorganic lithium salt does not
exceed the molar quantity of the organic lithium salt con-
tained. Specifically, it is preferable to satisfy the condition
represented by the following formula (1):

0.05=X=1 @

[0032] Herein, in the above formula (1), X represents a
molar ratio of the inorganic lithium salt to the organic lithium
salt contained in the non-aqueous electrolyte solution. By
adjusting the molar ratio of the inorganic lithium salt to the
organic lithium salt contained in the non-aqueous electrolyte
solution in this range, both the function of the organic lithium
salt and the function of the inorganic lithium salt can be
achieved.

[0033] The non-aqueous electrolyte solution of the present
embodiment may contain at least acetonitrile and an organic
lithium salt. It may further contain a non-aqueous solvent
other than acetonitrile, or a non-nitrile additive.

[0034] The type of such a non-aqueous solvent other than
acetonitrile is not particularly limited. For example, the non-
aqueous solvent may be an aprotic solvent, and an aprotic
polar solvent is preferable. Specific examples of such a non-
aqueous solvent include: cyclic carbonates including, as typi-
cal examples, ethylene carbonate, propylene carbonate, 1,2-
butylene carbonate, trans-2,3-butylene carbonate, cis-2,3-
butylene carbonate, 1,2-pentylene carbonate, trans-2,3-
pentylene carbonate, and cis-2,3-pentylene carbonate;
lactones including, as typical examples, y-butyrolactone and
y-valerolactone; sulfur compounds including dimethyl sul-
foxide as a typical example; cyclic ethers including, as typical
examples, tetrahydrofuran, 1,4-dioxane, and 1,3-dioxane;
acyclic carbonates including, as typical examples, methyl
ethyl carbonate, dimethyl carbonate, diethyl carbonate,
methyl propyl carbonate, methyl isopropyl carbonate, dipro-
pyl carbonate, methyl butyl carbonate, dibutyl carbonate,
ethyl propyl carbonate, and methyl trifluoroethyl carbonate;
mononitriles such as propiononitrile, butyronitrile, valeroni-
trile, and acrylonitrile; alkoxy-substituted nitriles including,
as typical examples, methoxy acetonitrile and 3-methoxy
propionitrile; cyclic nitriles including benzonitrile as a typi-
cal example; ethers including dimethyl ether as a typical
example; acyclic carboxylic esters including methyl propi-
onate as a typical example; and acyclic ether carbonate com-
pounds including dimethoxyethane as a typical example. In
addition, examples of such a non-aqueous solvent also
include halides including the fluorides of these compounds as
typical examples. These compounds are used singly or in
combination of two or more.

[0035] The non-nitrile additive of the present embodiment
is not particularly limited, as long as it is a compound that
does not inhibit the solution of the problem by the present
invention and does not have a nitrile group. The present
non-nitrile additive may substantially overlap with a sub-
stance that plays arole as a solvent that dissolves lithium salts,
namely, the above described non-aqueous solvent. Moreover,
the present non-nitrile additive is preferably a substance that
contributes to the improvement of the performance of the
non-aqueous electrolyte solution and non-aqueous secondary
battery of the present embodiment. However, the non-nitrile
additive includes substances that are not directly associated
with electrochemical reactions, and they are used by a single
use of one ingredient or by a combined use of two or more
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ingredients. From the viewpoint of the durability of SEI, the
non-aqueous electrolyte solution of the present embodiment
preferably contains two or more of the non-nitrile additives.

[0036] The non-nitrile additive preferably contains a com-
pound having a LUMO energy that is in the range of -3.00 to
0.90 eV (hereinafter also referred to as a “specific additive”).
The LUMO energy is more preferably from -2.10t0 0.80 eV,
and further preferably from —2.00 to 0.60 eV. Since the reac-
tion in which electrons enter the LUMO is a reductive reac-
tion, the LUMO energy correlates with the reducibility of an
additive. Thus, the lower the LUMO energy, the higher the
reduction potential that can be obtained, and it means easy
reducibility. Since the LUMO energy of acetonitrile calcu-
lated by the DFT calculation is 0.98 eV, the specific additive
of the present embodiment is a compound that is reduced
more sufficiently than acetonitrile, and this suggests that the
electrochemical reaction progresses more quickly than the
reductive decomposition of acetonitrile. By adjusting the
LUMO energy of the specific additive in the above described
range, it is not only effective for the formation of a protective
film on a negative electrode, but it also suppresses nonelec-
trochemical side reactions caused by extremely high reduc-
ibility. Furthermore, differing from the case of an extremely
low LUMO energy, the product generated as a result of the
reductive reaction is not strongly fixed only on a negative
electrode, but in some form, it provides good effects on mem-
bers other than the negative electrode, such as a positive
electrode and a separator. As a result, an increase in internal
resistance caused by repeating charge-discharge cycles can
be suppressed.

[0037] Itis to be noted that the structural optimization and
energy calculation of the non-nitrile additive are carried out
using the formula B3LYP/6-31G*, as in the case of the
organic lithium salt, with the exception that a diffuse function
is not used. However, if the non-nitrile additive is a compound
that shows high polarity as a result of the polarization effect
by a negatively charged anion or a functional group, electron
distribution is spread over a region apart from an atomic
nucleus, in comparison with a neutral molecule. As a result,
there is a case in which the calculation is not converged with
B3LYP/6-31G*, or a case in which an imaginary frequency is
obtained as a result of vibration analysis. In such a case,
structural optimization and energy calculation are carried out
using B3LYP/6-31+G*, in which a diffuse function is further
used. Moreover, in the case of an open-shell configuration in
which unpaired electrons are present, such as a transition
metal complex, a UHF (spin-Unrestricted Hartree-Fock)
method is applied to determine molecular orbital to individual
spins, separately. A majority of organic compounds have a
closed-shell configuration as an electron configuration, and
thus, the molecular orbital of a spin is identical to that of §
spin. Therefore, the RHF method is applied as in the case of
the organic lithium salt.

[0038] Specific examples of the compound having a
LUMO energy that is in the range of —=3.00 to 0.90 eV (here-
after, in this paragraph, the numerical value in the parentheses
indicates a LUMO energy) include: fluoroethylene carbon-
ates including, as typical examples, 4-fluoro-1,3-dioxolan-2-
one (0.52 eV), 4,4-difluoro-1,3-dioxolan-2-one (0.22 eV),
cis-4,5-difluoro-1,3-dioxolan-2-one (0.08 eV), trans-4,5-dif-
luoro-1,3-dioxolan-2-one (0.00 eV), 4.,4,5-trifluoro-1,3-di-
oxolan-2-one (-0.27 eV), 4.4,5,5-tetrafluoro-1,3-dioxolan-
2-one (-0.52 eV), and 445-trifluoro-5-methyl-1,3-
dioxolan-2-one (-0.11 eV); unsaturated bond-containing
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cyclic carbonates including, as typical examples, vinylene
carbonate (0.00 eV), 4,5-dimethylvinylene carbonate (0.44
eV), and vinyl ethylene carbonate (-0.52 eV); lactones
including, as typical examples, y-butyrolactone (0.33 eV),
y-valerolactone (0.38 eV), y-caprolactone (0.38 V), d-vale-
rolactone (0.30 eV), d-caprolactone (0.35 eV), and e-capro-
lactone (0.38 eV); cyclic ethers including 1,2-dioxane (0.84
eV) as a typical example; carboxylic esters including, as
typical examples, methyl formate (0.14 eV), methyl acetate
(0.35 eV), methyl propionate (0.41 eV), methyl butyrate
(0.41 eV), ethyl formate (0.16 eV), ethyl acetate (0.41 eV),
ethyl propionate (0.46 V), ethyl butyrate (0.46 eV), n-propyl
formate (0.19 eV), n-propyl acetate (0.44 eV), n-propyl pro-
pionate (0.49 eV), n-propyl butyrate (0.49 eV), isopropyl
formate (0.24 eV), isopropyl acetate (0.44 eV), isopropyl
propionate (0.49 eV), isopropy! butyrate (0.49 eV), n-butyl
formate (0.19 V), n-butyl acetate (0.44 eV), n-butyl propi-
onate (0.49 eV), n-butyl butyrate (0.49 eV), isobutyl formate
(0.22 eV), isobutyl acetate (0.41 eV), isobutyl propionate
(0.46 eV), isobutyl butyrate (0.49 eV), sec-butyl formate
(0.24 V), sec-butyl acetate (0.46 eV), sec-butyl propionate
(0.49 eV), sec-butyl butyrate (0.52 eV), tert-butyl formate
(0.27 V), tert-butyl acetate (0.46 V), tert-butyl propionate
(0.44 eV), tert-butyl butyrate (0.44 eV), methyl pivalate (0.41
eV), n-butyl pivalate (0.49 eV), n-hexyl pivalate (0.49 eV),
n-octyl pivalate (0.49 eV), dimethyl oxalate (-1.58 eV), eth-
ylmethyl oxalate (-1.52 V), diethyl oxalate (-1.47 eV),
diphenyl oxalate (-1.99 eV), malonic ester, fumaric ester, and
maleic ester; amides including, as typical examples, N-me-
thylformamide (0.90 eV), N,N-dimethylformamide (0.87
eV), and N,N-dimethylacetamide (0.90 eV); cyclic sulfur
compounds including, as typical examples, ethylene sulfite
(=0.60 eV), propylene sulfite (0.00 eV), butylene sulfite (-0.
16eV), pentene sulfite (0.14 eV), sulfolane (-0.30eV), 3-me-
thyl sulfolane (-0.33 eV), 3-sulfolene (-0.33 eV), 1,3-pro-
pane sultone (-0.33 V), 1,4-butane sultone (-0.35 V), 1,3-
propanediol sulfate (0.68 eV), tetramethylene sulfoxide (-0.
14 eV), and thiophene 1l-oxide (-2.37 eV); aromatic
compounds including, as typical examples, monofluoroben-
zene (-0.22 eV), biphenyl (-0.90 eV), and bipheny] fluoride
(=2.07 eV); nitro compounds including nitromethane (-1.88
eV) as a typical example; Schiff bases; Schiff base com-
plexes; and oxalato complexes. These compounds are used
singly or in combination of two or more.

[0039] The HOMO (highest occupied molecular orbital)
energy of the non-nitrile additive is not particularly limited. In
order for the product generated as a result of the reductive
reaction not to be strongly fixed only on a negative electrode,
but to, in some form, provide good effects on members other
than the negative electrode, such as a positive electrode and a
separator, thereby suppressing an increase in internal resis-
tance caused by repeating charge-discharge cycles, the
HOMO energy is preferably in the range of =9.55 to —6.00 eV,
more preferably in the range of -9.00 to —6.25 eV, and further
preferably in the range of -8.50 to -7.25 eV.

[0040] Specific examples of the non-nitrile additive having
a HOMO energy that is in the range of -9.55 to -6.00 eV
(hereafter, in this paragraph, the numerical value in the paren-
theses indicates a HOMO energy) include: fluoroethylene
carbonates including, as typical examples, 4-fluoro-1,3-diox-
olan-2-one (-8.44 eV), 4,4-difluoro-1,3-dioxolan-2-one (-8.
82 eV), cis-4,5-difluoro-1,3-dioxolan-2-one (-8.82 eV),
trans-4,5-difluoro-1,3-dioxolan-2-one (-8.87 eV), 4,4, 5-trif-
luoro-1,3-dioxolan-2-one (-9.17 eV), 4,4,5,5-tetrafluoro-1,
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3-dioxolan-2-one (-9.52 eV), and 4,4,5-trifluoro-5-methyl-
1,3-dioxolan-2-one (-8.98 eV); unsaturated bond-containing
cyclic carbonates including, as typical examples, vinylene
carbonate (-6.91 eV), 4,5-dimethylvinylene carbonate (-6.
34 eV), and vinylethylene carbonate (-7.73 eV); lactones
including, as typical examples, y-butyrolactone (-7.21 eV),
y-valerolactone (-7.13 eV), y-caprolactone (-7.13 V),
d-valerolactone (-7.02 eV), d-caprolactone (-6.97 eV), and
e-caprolactone (-6.99 eV); cyclic ethers including 1,2-diox-
ane (-6.99 eV) as a typical example; carboxylic esters includ-
ing, as typical examples, methyl formate (-7.70 V), methyl
acetate (=7.21 eV), methyl propionate (-7.18 eV), methyl
butyrate (-7.18 eV), ethyl formate (-7.56 eV), ethyl acetate
(=7.13 eV), ethyl propionate (-7.13 eV), ethyl butyrate (-7.
10eV), n-propyl formate (-7.54 eV), n-propyl acetate (=7.10
eV), n-propyl propionate (-7.10 eV), n-propyl butyrate (7.
10 eV), isopropyl formate (-7.48 eV), isopropyl acetate (7.
07 eV), isopropyl propionate (=7.07 eV), isopropyl butyrate
(=7.05 eV), n-butyl formate (-7.54 eV), n-butyl acetate (-7.
10 V), n-butyl propionate (-7.10 eV), n-butyl butyrate (-7.
07 eV), isobutyl formate (-7.54 eV), isobutyl acetate (-7.13
eV), isobutyl propionate (-=7.13 eV), isobutyl butyrate (-7.10
eV), sec-butyl formate (-7.46 eV), sec-butyl acetate (-7.05
eV), sec-butyl propionate (-7.05 eV), sec-butyl butyrate (-7.
05 eV), tert-butyl formate (-7.27 eV), tert-butyl acetate (-7.
05 eV), tert-butyl propionate (-6.97 eV), tert-butyl butyrate
(-6.94 eV), methyl pivalate (=7.16 eV), n-butyl pivalate (-7.
05 eV), n-hexyl pivalate (-7.05 eV), n-octyl pivalate (-7.05
eV), dimethyl oxalate (-7.29 eV), ethylmethyl oxalate (-7.62
eV), diethyl oxalate (-=7.16 eV), diphenyl oxalate (-6.69 eV),
malonic ester, fumaric ester, and maleic ester; amides includ-
ing, as typical examples, N-methylformamide (-6.80 eV),
N,N-dimethylformamide (-6.59 eV), and N,N-dimethylac-
etamide (-6.34 eV); cyclic sulfur compounds including, as
typical examples, ethylene sulfite (-7.73 eV), propylene
sulfite (=7.29 eV), butylene sulfite (-7.10 eV), pentene sulfite
(=7.07 eV), sulfolane (-7.84 eV), 3-methyl sulfolane (-7.78
eV), 3-sulfolene (-7.67 eV), 1,3-propane sultone (-8.30 eV),
1,4-butane sultone (-8.54 eV), 1,3-propanediol sulfate (-8.
49 eV), tetramethylene sulfoxide (-6.26 eV), and thiophene
1-oxide (-6.64 eV); aromatic compounds including, as typi-
cal examples, monofluorobenzene (-6.61 eV) and biphenyl
fluoride (-7.02 eV); and nitro compounds including
nitromethane (-8.00 eV) as a typical example.

[0041] The content of the non-nitrile additive in the non-
aqueous electrolyte solution of the present embodiment is not
particularly limited. The content of the non-nitrile additive is
preferably 0.1 to 30 mass %, and more preferably 0.1 to 10
mass %, based on the total amount of the non-aqueous elec-
trolyte solution of the present embodiment. In the present
embodiment, the non-nitrile additive contributes to the
achievement of high cycling performance. On the other hand,
the contribution of the non-nitrile additive to high-rate per-
formance under a low temperature environment has not been
confirmed. As the amount of the non-nitrile additive is
increased, degradation of the electrolyte solution according to
the present embodiment can be suppressed. At the same time,
as the amount of the non-nitrile additive is decreased, high-
rate characteristic under a low temperature environment can
be improved. Accordingly, by adjusting the content of the
non-nitrile additive in the above described range, the excel-
lent performance of acetonitrile can be sufficiently exhibited
without impairing a basic function as a non-aqueous second-
ary battery. By producing an electrolyte solution with this
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composition, all of the cycling performance of the electrolyte
solution, high-rate performance under a low temperature
environment, and other battery characteristics can be further
improved.

[0042] The boiling point of the non-nitrile additive of the
present embodiment is not particularly limited. The present
non-nitrile additive is preferably a compound having a boil-
ing point higher than that of acetonitrile. Since such a non-
nitrile additive has a boiling point higher than that of aceto-
nitrile and can be treated at an ordinary temperature in the
form of a liquid or a solid, the addition of such an additive is
already extremely easy, and at the same time, a practically
extremely serious problem, such as pressurization inside a
battery or the expansion of the battery caused by the volatil-
ization of the non-nitrile additive, or in a case, the rupture of
the battery, can be avoided.

[0043] The content of acetonitrile in the non-aqueous elec-
trolyte solution of the present embodiment is not particularly
limited. The content of acetonitrile is preferably 10 to 100 vol
%, more preferably 70 to 100 vol %, and further preferably 90
to 100 vol %, based on the total amount of ingredients con-
tained in the non-aqueous electrolyte solution, other than the
organic lithium salt, and in a case in which the non-aqueous
electrolyte solution contains an inorganic lithium salt, based
on the total amount of ingredients contained in the non-
aqueous electrolyte solution, other than the organic lithium
salt or the inorganic lithium salt. By adjusting the content of
acetonitrile in the above described range, the excellent per-
formance of acetonitrile can be sufficiently exhibited without
impairing a basic function as a non-aqueous secondary bat-
tery. As a result, all of the cycling performance of the elec-
trolyte solution, high-rate performance under a low tempera-
ture environment, and other battery characteristics can be
further improved.

[0044] In the present embodiment, from the viewpoint of
the improvement of the durability of SEI, particularly in a
case in which two or more non-nitrile additives are used in
combination, the non-nitrile additives preferably comprise
one or more compounds selected from the group consisting of
carbonates, namely, compounds having COj; in its molecule.
In addition, the carbonates are preferably organic carbonates,
more preferably cyclic carbonates, and further preferably
compounds having a carbon-carbon double bond. In particu-
lar, in a case in which the non-nitrile additives contain
vinylene carbonate as a main ingredient, namely, in a case in
which the non-nitrile additives contain vinylene carbonate in
the largest amount, the durability of SEI is significantly
improved, when compared with a case in which such vinylene
carbonate is used alone. This may be because such carbonates
easily undergo a copolymeric decomposition reaction, that is,
they easily form copolymers with other non-nitrile additives,
so that the flexibility or difficult solubility of SEI can be
enhanced. However, the factors are not limited thereto.
[0045] 1In the present embodiment, from the viewpoint of
the improvement of the durability of SEI, particularly in a
case in which two or more non-nitrile additives are used in
combination, the non-nitrile additives preferably comprise
one or more compounds selected from the group consisting of
compounds represented by the following formula (2) (here-
inafter referred to as “Compound (2)”):

RL-A-R? )

[0046] Herein, in the above formula (2), R* and R? each
independently represent an alkyl group optionally substituted

Zhuhai CosMX Battery Co. - EX1007

Zhuhai CosMX Battery Co. v. Ningde Amperex Tech. Ltd.

Page 9 of 29



US 2013/0224535 Al

with an aryl group or a halogen atom or an aryl group option-
ally substituted with an alkyl group or a halogen atom, or R*
and R? bind to each other, together with A, to form a cyclic
structure optionally having an unsaturated bond; and A rep-
resents a divalent group having a structure represented by any
one of the following formulae (3) to (7):

[Formula 2]
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[0047] The alkyl group optionally substituted with an aryl
group or a halogen atom, which may be represented by R* and
R?, is preferably an alkyl group containing 1 to 4 carbon
atoms that is optionally substituted with an aryl group or a
halogen atom, and more preferably an alkyl group containing
1 to 4 carbon atoms that is optionally substituted with a
phenyl group or a halogen atom. Specific examples of such an
alkyl group include a methyl group, an ethyl group, a propyl
group, an isopropyl group, and a butyl group. In addition,
examples of an aryl group serving as a substituent include a
phenyl group, a naphthyl group, and an anthranil group. Of
these groups, a phenyl group is preferable. As a halogen atom
serving as a substituent for the alkyl group, a fluorine atom, a
chlorine atom, and a bromine atom are preferable. The alkyl
group may be optionally substituted with a plurality of these
substituents, and it may be optionally substituted with both an
aryl group and a halogen atom.

[0048] The aryl group optionally substituted with an alkyl
group or halogen atom, which may be represented by R* and
R?, preferably includes a phenyl group optionally substituted
with an alkyl group or a halogen atom, a naphthyl group, and
an anthranil group. It is more preferably a phenyl group
optionally substituted with an alkyl group or a halogen atom,
and further preferably a phenyl group optionally substituted
with a halogen atom. Examples of the aryl group include a
phenyl group, a naphthyl group, and an anthranil group. Of
these groups, a phenyl group is preferable. In addition, the
alkyl group serving as a substituent for the aryl group is
preferably an alkyl group containing 1 to 4 carbon atoms.
Examples of such an alkyl group include a methyl group, an
ethyl group, a propyl group, an isopropyl group, and a butyl
group. The halogen atom serving as a substituent for the aryl
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group preferably includes a fluorine atom, a chlorine atom,
and a bromine atom. The aryl group may be optionally sub-
stituted with a plurality of these substituents, and it may be
optionally substituted with both an alkyl group and a halogen
atom.

[0049] The cyclic structure that is formed by the binding of
R to R?, together with A, is preferably a 4 or more membered
ring, and it may optionally have any one or more of double
bonds and triple bonds. R and R? that bind to each other, each
preferably represent a divalent hydrocarbon group, and the
number of carbon atoms contained therein is preferably 1to 6.

Specific examples include —CH,—, —CH,CH,—,
—CH,CH,CH,—, —CH,CH,CH,CH,—,
—CH,CH,CH,CH,CH,—, —CH—CH—,
—CH—CHCH,—, —CH—CHCH,CH,—,

—CH,CH—CHCH,—, and —CH,CH,C—CCH,CH,—.
Moreover, one or more hydrogen atoms possessed by these
groups may be optionally replaced by any one or more of
alkyl groups (e.g. a methyl group and an ethyl group), halogen
atoms (e.g. a fluorine atom, a chlorine atom, and a bromine
atom), and aryl groups (e.g. a phenyl group). R! and R* may
be identical to or different from each other.

[0050] Specific examples of the Compound (2), wherein A
is a divalent group having the structure represented by the
above formula (3), include: acyclic sulfites such as dimethyl
sulfite, diethyl sulfite, ethyl methyl sulfite, methyl propyl
sulfite, ethyl propyl sulfite, diphenyl sulfite, methyl phenyl
sulfite, ethyl sulfite, dibenzyl sulfite, benzyl methyl sulfite,
and benzyl ethyl sulfite; cyclic sulfites such as ethylene
sulfite, propylene sulfite, butylene sulfite, pentene sulfite,
vinylene sulfite, phenylethylene sulfite, 1-methyl-2-phenyl-
ethylene sulfite, and 1-ethyl-2-phenylethylene sulfite; and
halides of the above described acyclic sulfites and cyclic
sulfites.

[0051] Specific examples of the Compound (2), wherein A
is a divalent group having the structure represented by the
above formula (4), include: acyclic sulfones such as dimethyl
sulfone, diethyl sulfone, ethylmethyl sulfone, methylpropyl
sulfone, ethylpropyl sulfone, diphenyl sulfone, methylphenyl
sulfone, ethylphenyl sulfone, dibenzyl sulfone, benzyl
methyl sulfone, and benzyl ethyl sulfone; cyclic sulfones
such as sulfolane, 2-methyl sulfolane, 3-methyl sulfolane,
2-ethyl sulfolane, 3-ethyl sulfolane, 2,4-dimethyl sulfolane,
3-sulfolene, 3-methylsulfolene, 2-phenyl sulfolane, and
3-phenyl sulfolane; and halides of the above described acy-
clic sulfones and cyclic sulfones.

[0052] Specific examples of the Compound (2), wherein A
is a divalent group having the structure represented by the
above formula (5), include: acyclic sulfonates such as methyl
methanesulfonate, ethyl methanesulfonate, propyl methane-
sulfonate, methyl ethanesulfonate, ethyl ethanesulfonate,
propyl ethanesulfonate, methyl benzenesulfonate, ethyl ben-
zenesulfonate, propyl benzenesulfonate, phenyl methane-
sulfonate, phenyl ethanesulfonate, phenyl propanesulfonate,
benzyl methanesulfonate, benzyl ethanesulfonate, and ben-
zyl propanesulfonate; cyclic sulfonates such as 1,3-propane
sultone, 1,4-butane sultone, 3-phenyl-1,3-propane sultone,
and 4-phenyl-1,4-butane sultone; and halides of the above
described acyclic sulfonates and cyclic sulfonates.

[0053] Specific examples of the Compound (2), wherein A
is a divalent group having the structure represented by the
above formula (6), include: acyclic sulfates such as dimethyl
sulfate, diethyl sulfate, ethyl methyl sulfate, methyl propyl
sulfate, ethyl propyl sulfate, methyl phenyl sulfate, ethyl phe-
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nyl sulfate, phenyl propyl sulfate, benzyl methyl sulfate, and
benzyl ethyl sulfate; cyclic sulfates such as ethylene glycol
sulfate, 1,2-propanediol sulfate, 1,3-propanediol sulfate, 1,2-
butanediol sulfate, 1,3-butanediol sulfate, 2,3-butanediol sul-
fate, phenylethylene glycol sulfate, methylphenylethylene
glycol sulfate, and ethylphenylethylene glycol sulfate; and
halides of the above described acyclic sulfates and cyclic
sulfates.

[0054] Specific examples of the Compound (2), wherein A
is a divalent group having the structure represented by the
above formula (7), include: acyclic sulfoxides such as dim-
ethyl sulfoxide, diethyl sulfoxide, ethylmethyl sulfoxide,
methylpropyl sulfoxide, ethylpropyl sulfoxide, diphenyl sul-
foxide, methylphenyl sulfoxide, ethylphenyl sulfoxide,
dibenzyl sulfoxide, benzyl methyl sulfoxide, and benzyl ethyl
sulfoxide; cyclic sulfoxides such as tetramethylene sulfoxide
and thiophene 1-oxide; and halides of the above described
acyclic sulfoxides and cyclic sulfoxides.

[0055] The Compounds (2) are used singly or in combina-
tion of two or more. When two or more Compounds (2) are
used in combination, the structures of A in individual Com-
pounds (2) may be identical to or different from one another.

[0056] The content of the Compound (2) in the non-aque-
ous electrolyte solution is not particularly limited. The con-
tent of the Compound (2) is preferably 0.05 to 30 vol %, more
preferably 0.1 to 20 vol %, and further preferably 0.5 to 10 vol
%, based on the total amount of ingredients contained in the
non-aqueous electrolyte solution, other than the organic
lithium salt, and further, in a case in which the non-aqueous
electrolyte solution contains an inorganic lithium salt, based
on the total amount of ingredients contained in the non-
aqueous electrolyte solution, other than the organic lithium
salt or the inorganic lithium salt. The Compound (2) includes
acompound that is in the state of a solid at a room temperature
(25° C.). Such a compound may be used in the range of its
saturation in acetonitrile or less, preferably at 60% by mass or
less of the saturation, and more preferably at 30% by mass or
less of the saturation. By adjusting the content of the Com-
pound (2) in the above described range, significant effects can
be obtained by the combined use of two or more of the
non-nitrile additives of the present embodiment, and the dura-
bility of SEI can be significantly improved in comparison
with the use of a single type of the non-nitrile additive of the
present embodiment.

[0057] When the Compound (2) is used as an ingredient of
the non-nitrile additive, it plays a role as a comonomer in a
polymeric decomposition reaction. Thus, addition of the
Compound (2) is considered to contribute to the significant
improvement of the durability of SEI. However, factors for
the improvement of the durability of SEI are not limited
thereto. When such a reaction mechanism is assumed, the
Compound (2) preferably forms a cyclic structure from the
viewpoint of ring-opening polymerization. In particular, by
adding one or more compounds selected from the group con-
sisting of ethylene sulfite, propylene sulfite, butylene sulfite,
pentene sulfite, sulfolane, 3-methyl sulfolane, 3-sulfolene,
1,3-propane sultone, 1,4-butane sultone, 1,3-propanediol sul-
fate, and tetramethylene sulfoxide, as an ingredient(s) of the
non-nitrile additive, it becomes possible for the non-aqueous
electrolyte solution of the present embodiment to continu-
ously exhibit higher performance even under a severe use
environment, such as high-temperature charge and discharge,
or charging storage.
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[0058] The non-aqueous electrolyte solution of the present
embodiment may further contain a dinitrile compound,
namely, a compound having two nitrile groups in its mol-
ecule. The dinitrile compound has the effect of reducing the
corrosion of the metallic portion of a battery can, an electrode,
etc. This is because, with the use of a dinitrile compound, a
protective film for suppressing corrosion is formed on the
surface of a metallic portion with reduced corrosion. How-
ever, factors for the reduction of the corrosion of such a
metallic portion are not limited thereto.

[0059] The type of such adinitrile compound is not particu-
larly limited, as long as it does not inhibit the solution of the
problem by the present invention. The dinitrile compound is
preferably a compound having a methylene chain, and more
preferably a compound having a methylene chain containing
2 to 12 carbon atoms. The dinitrile compound may be either
a linear or branched dinitrile compound. Examples of the
dinitrile compound include: linear dinitrile compounds such
as succinonitrile, glutaronitrile, adiponitrile, 1,5-dicyanopen-
tane, 1,6-dicyanohexane, 1,7-dicyanoheptane, 1,8-dicya-
nooctane, 1,9-dicyanononane, 1,10-dicyanodecane, 1,11-di-
cyanoundecane, and 1,12-dicyanododecane; branched
dinitrile compounds such as tetramethyl succinonitrile, 2-me-
thyl glutaronitrile, 2,4-dimethyl glutaronitrile, 2,2,4,4-tet-
ramethyl glutaronitrile, 1,4-dicyanopentane, 2,5-dimethyl-2,
5-hexane  dicarbonitrile, 2,6-dicyanoheptane, 2,7-
dicyanooctane, 2,8-dicyanononane, and 1,6-dicyanodecane;
and aromatic dinitrile compounds such as 1,2-dicyanoben-
zene, 1,3-dicyanobenzene, and 1,4-dicyanobenzene. These
dinitrile compounds are used singly or in combination of two
or more.

[0060] The content of the dinitrile compound in the non-
aqueous electrolyte solution of the present embodiment is not
particularly limited. It is preferably 0.01 to 1 mol/L, more
preferably 0.02 to 0.5 mol/L, and further preferably 0.05 to
0.3 mol/L, based on the total amount of ingredients contained
in the non-aqueous electrolyte solution, other than the organic
lithium salt, and further, in a case in which the non-aqueous
electrolyte solution contains an inorganic lithium salt, based
on the total amount of ingredients contained in the non-
aqueous electrolyte solution, other than the organic lithium
salt or the inorganic lithium salt. By adjusting the content of
the dinitrile compound in the above described range, cycling
performance can be further improved without impairing a
basic function as a non-aqueous secondary battery.

[0061] Itis to be noted that such a dinitrile compound tends
to have a low dipole moment when it has an even number of
methylene chains. However, unexpectedly, it has been experi-
mentally confirmed that a dinitrile compound having an even
number of methylene chains has a higher additive effect than
a dinitrile compound having an odd number of methylene
chains. Accordingly, the dinitrile compound preferably con-
tains one or more compounds selected from the group con-
sisting of compounds represented by the following general
formula (8):

NC—(CR?*R*),,—CN (8)

[0062] Herein, in the above formula (8), R* and R* each
independently represent a hydrogen atom or an alkyl group,
and a represents an integer from 1 to 6. The alkyl group
preferably contains 1 to 10 carbon atoms.

[0063] The non-aqueous electrolyte solution of the present
embodiment may further contain an ionic compound. The
ionic compound means a salt formed from organic cationic
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species other than lithium ions and anionic species. When the
ionic compound is added to the non-aqueous electrolyte solu-
tion of the present embodiment, it exhibits the effect of further
suppressing an increase in the internal resistance of a battery.
[0064] Examples of the cation of an ionic compound
include: quaternary ammonium cations such as tetraethyl
ammonium, tetrabutyl ammonium, triethyl methyl ammo-
nium, trimethyl ethyl ammonium, dimethyl diethyl ammo-
nium, trimethyl propyl ammonium, trimethyl butyl ammo-
nium, trimethyl pentyl ammonium, trimethyl hexyl
ammonium, trimethyl octyl ammonium, and diethyl methyl
methoxy ethyl ammonium; imidazolium cations such as
1-ethyl-3-methyl imidazolium, 1-butyl-3-methyl imidazo-
lium, 1,2-dimethyl-3-propyl imidazolium, 1-hexyl-3-methyl
imidazolium, 1-ethyl-2,3-dimethyl imidazolium, and 1-me-
thyl-3-propyl imidazolium; pyridinium cations such as
1-ethyl pyridinium, 1-butyl pyridinium, and 1-hexyl pyri-
dinium; piperidinium cations such as 1-methyl-1-propyl pip-
eridinium and 1-butyl-1-methyl piperidinium; pyrrolidinium
cations such as 1-ethyl-1-methylpyrrolidinium, 1-methyl-1-
propyl pyrrolidinium, and 1-butyl-1-methylpyrrolidinium;
sulfonium cations such as diethylmethyl sulfonium and tri-
ethyl sulfonium; and quaternary phosphonium cations.
Among these cations, cations having a nitrogen atom are
preferable, and pyridinium cations are more preferable, from
the viewpoint of electrochemical stability.

[0065] The anion of an ionic compound may be an anion
that is generally adopted as a counterion of the above
described cation. Examples of such an anion include BE,~,
PF¢~, N(SO,CF;),™, N(SO,C,F5),™, and SO,CF,;. Among
these anions, PF4~ is preferable because it is excellent in
terms of ionic dissociation and the suppression of an increase
in internal resistance.

[0066] The non-aqueous electrolyte solution of the present
embodiment preferably does not contain water. However, it
may contain a trace amount of water, as long as it does not
inhibit the solution of the problem by the present invention.
The content of such water may be 0 to 100 ppm based on the
total content of the electrolyte solution.

<Positive Electrode>

[0067] The type of a positive electrode used herein is not
particularly limited, as long as it acts as a positive electrode of
a non-aqueous secondary battery. A known positive electrode
may also be used herein. The positive electrode preferably
contains, as positive-electrode active materials, one or more
materials selected from the group consisting of materials
capable of doping and dedoping lithium ions. Examples of
such a material include complex oxides represented by gen-
eral formulae (10a) and (10b) as shown below, metal chalco-
genides having a tunnel structure and a layer structure, and
metal oxides.

Li,MO, (102)
Li,M,0, (10b)
[0068] Herein, in the above formulae, M represents one or

more metals selected from transition metals, X represents a
number of 0 to 1, and y represents a number of 0 to 2.

[0069] More specific examples of the above described
material include: lithium cobalt oxides including LiCoO, as a
typical example; lithium manganese oxides including, as
typical examples, LiMnO,, LiMn,O,, and Li,Mn,O,;
lithium nickel oxides including LiNiO, as a typical example;
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lithium-containing complex metal oxides represented by
Li,MO, (wherein M represents two or more elements
selected from the group consisting of Ni, Mn, Co, Al and Mg,
and z represents a number of greater than 0.9 and less than
1.2); and olivine iron phosphate represented by LiFePO,.
Examples of the positive-electrode active material also
includes oxides of metals other than lithium, such as S,
MnO,, FeO,, FeS,, V,0s, V0,5, TiO,, TiS,, MoS, and
NbSe, as typical examples. More examples include conduc-
tive polymers such as polyaniline, polythiophene, polyacety-
lene and polypyrrole as typical examples.

[0070] When a lithium-containing compound is used as
such a positive-electrode active material, it preferably tends
to obtain high voltage and high energy density. The lithium-
containing compound may be a compound that contains
lithium. Examples of the lithium-containing compound
include a complex oxide containing lithium and a transition
metal element, a phosphate compound containing lithium and
a transition metal element, and a metal silicate compound
containing lithium and a transition metal element (for
example, Li M, SiO,, wherein M has the same definitions as
those in the above formula (10a), t represents a number of 0 to
1, and u represents a number of 0 to 2). From the viewpoint of
the achievement of a higher voltage, a complex oxide and a
phosphate compound, both of which contain lithium and one
or more transition metal elements selected from the group
consisting of cobalt (Co), nickel (Ni), manganese (Mn), iron
(Fe), copper (Cu), zinc (Zn), chromium (Cr), vanadium (V),
and titanium (Ti), are preferable.

[0071] More specifically, a metal oxide having lithium, a
metal chalcogenide having lithium, and a phosphate metal
compound having lithium are preferable as such lithium-
containing compounds. Examples of such lithium-containing
compounds include those represented by general formulae
(11a) and (11b) as shown below. Among these compounds, a
metal oxide having lithium and a metal chalcogenide having
lithium are more preferable.

Li, MO, (11a)
Li, M7PO, (11b)
[0072] Herein, in the above formulae, M’ and M“ each

represent one or more transition metal elements. The values
of v and w are different depending on the charge-discharge
state of a battery, but in general, v represents a number of 0.05
to 1.10, and w represents a number of 0.05 to 1.10.

[0073] The compound represented by the above general
formula (11a) generally has a layer structure, whereas the
compound represented by the above general formula (11b)
generally has an olivine structure. For the purpose of stabi-
lizing the structures of these compounds, there may also be
used compounds, in which several transition metal elements
are replaced by Al, Mg or other transition metal elements, or
are added to the crystalline interface thereof, or several oxy-
gen atoms are replaced by fluorine atoms and the like. Further,
there may also be used compounds, in which at least a part of
the surface of the positive-electrode active material is coated
with another positive-electrode active material.

[0074] The positive-electrode active materials are used sin-
gly or in combination of two or more.

[0075] The positive-electrode active material has a num-
ber-average particle diameter (primary particle diameter) of,
preferably 0.05 pm to 100 um, and more preferably 1 pmto 10
um. The number-average particle diameter of the positive-
electrode active material can be measured using a wet-type
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particle size analyzer (for example, a laser diffraction/scat-
tering particle-size distribution analyzer, or a dynamic light
scattering particle-size distribution analyzer). Alternatively,
the number-average particle diameter can also be measured
by randomly extracting 100 particles that have been observed
under a transmission electron microscope, then analyzing the
particles using image analysis software (for example, image
analysis software manufactured by Asahi Kasei Engineering
Corporation; trade name: “A-zou kun”), and then calculating
an arithmetic average of the obtained values. In this case, if
the number-average particle diameter of a single sample var-
ies depending on measurement methods, a calibration curve
produced by targeting to a standard sample may be used.

[0076] The positive electrode can be produced as follows,
for example. That is, a positive electrode mixture prepared by
mixing, as necessary, a conductive aid, a binder and the like
into the above described positive-electrode active material, is
firstly dispersed in a solvent, so as to prepare a positive
electrode mixture-containing paste. Subsequently, this posi-
tive electrode mixture-containing paste is applied onto a posi-
tive electrode current collector, and it is then dried to form a
positive electrode mixture layer. The thus formed positive
electrode mixture layer is pressurized to adjust its thickness,
as necessary, so as to produce a positive electrode.

[0077] Herein, the concentration of a solid in the positive
electrode mixture-containing paste is preferably 30% to 80%
by mass, and more preferably 40% to 70% by mass.

[0078] The positive electrode current collector is consti-
tuted with a metallic foil such as an aluminum foil or a
stainless steel foil.

<Negative Electrode>

[0079] The type of a negative electrode used herein is not
particularly limited, as long as it acts as a negative electrode
of a non-aqueous secondary battery. A known negative elec-
trode may also be used herein. The negative electrode pref-
erably contains, as negative-electrode active materials, one or
more materials selected from the group consisting of materi-
als capable of doping and dedoping lithium ions and metallic
lithium. Other than metallic lithium, examples of such mate-
rials include carbon materials including, as typical examples,
amorphous carbon (hard carbon), artificial graphite, natural
graphite, graphite, pyrolytic carbon, coke, glass carbon, a
burned body of organic polymer compound, mesocarbon
microbead, carbon fiber, activated carbon, graphite, colloidal
carbon, and carbon black. Among these materials, examples
of the coke include pitch coke, needle coke, and petroleum
coke. In addition, the burned body of organic polymer com-
pound is prepared by burning a polymer material such as a
phenol resin or furan resin at a suitable temperature, followed
by carbonization. The carbon material may contain a hetero-
geneous compound such as O, B, P, N, S, SiC or B,C, as well
as carbon. The content of such a heterogeneous compound is
preferably O to 10 mass % based on the total amount of the
carbon material. It is to be noted that, in the present embodi-
ment, the non-aqueous secondary battery includes a battery in
which metallic lithium is adopted as a negative-electrode
active material.

[0080] Further, the material capable of doping and dedop-
ing lithium ions also includes a material comprising an ele-
ment capable of forming an alloy with lithium. This material
may be a single body of metal or semimetal, an alloy, or a
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compound. In addition, it may also be a material having one
or two or more phases of the above described compounds in
at least a portion thereof.

[0081] Itis to be noted that the term “alloy” is used in the
present specification to include an alloy having one or more
metal elements and one or more metalloid elements, as well
as an alloy consisting of two or more metal elements. More-
over, if an alloy entirely has the properties of metal, it may
also have a non-metal element. In the tissues of such an alloy,
a solid solution, a eutectic (a eutectic mixture), an interme-
tallic compound, or two or more thereof coexist.

[0082] Examples of such a metal element and a metalloid
element include titanium (Ti), tin (Sn), lead (Pb), aluminum,
indium (In), silicon (Si), zinc (Zn), antimony (Sb), bismuth
(Bi), gallium (Ga), germanium (Ge), arsenic (As), silver
(Ag), hafnium (Hf), zirconium (Zr), and yttrium (Y).

[0083] Among these elements, the metal elements and met-
alloid elements of Group 4 and Group 14 in the periodic table
are preferable. Among them, titanium, silicon, and tin are
particularly preferable because these elements have a great
capacity for doping and dedoping lithium and achieve high
energy density.

[0084] An example of a tin alloy is an alloy having, as a
second constituent element other than tin, one or more ele-
ments selected from the group consisting of silicon, magne-
sium (Mg), nickel, copper, iron, cobalt, manganese, zinc,
indium, silver, titanium (Ti), germanium, bismuth, antimony,
and chromium (Cr).

[0085] An example of a silicon alloy is an alloy having, as
a second constituent element other than silicon, one or more
elements selected from the group consisting of tin, magne-
sium, nickel, copper, iron, cobalt, manganese, zinc, indium,
silver, titanium, germanium, bismuth, antimony, and chro-
mium.

[0086] Examples ofa titanium compound, a tin compound,
and a silicon compound include compounds having oxygen
(O) or carbon (C). These compounds may also have the above
described second constituent element, as well as titanium, tin,
or silicon.

[0087] The negative electrode may contain, as a negative-
electrode active material, a metal compound capable of dop-
ing lithium ions in the range 0£ 0.4 to 3V vs. Li/Li*. Examples
of such a metal compound include a metal oxide, a metal
sulfide, and a metal nitride.

[0088] Examples of such a metal oxide include titanium
oxide, lithium titanium oxide (a lithium titanium-containing
complex oxide), tungsten oxide (e.g. WO;), amorphous tin
oxide (e.g. SnB,, ,P, (O; ), tin silicon oxide (e.g. SnSiO,),
and silicon oxide (SiO). Among these metal oxides, titanium
oxide and lithium titanium oxide are preferable.

[0089] Examples of the lithium titanium oxide include
lithijum titanate having a spinel structure {e.g. Li,,,TisO,,
(wherein a may be changed in the range of -1=a=3 by a
charge-discharge reaction)}, and lithium titanate having a
ramsdellite structure {e.g. Li,,,Ti,O, (wherein b may be
changed in the range of -1=b=3 by a charge-discharge reac-
tion)}.

[0090] As such a titanium oxide, either a titanium oxide
containing Li even before charge and discharge, or a titanium
oxide that does not contain Li before charge and discharge,
may be used. Examples of the titanium oxide that does not
contain Li before charge and discharge, namely during syn-
thesis, include a titanium oxide (e.g. TiO,, H,Ti;,0,5),and a
titanium complex oxide containing Ti and at least one element
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selected from the group consisting of P, V, Sn, Cu, Ni and Fe.
As Ti0,, anatase-type TiO, having low crystallinity, the heat
treatment temperature of which is 300° C. to 500° C,, is
preferable. Examples of the titanium complex oxide include
TiO,—P,05, TiO,—V,05, TiO,—P,05—Sn0O,, and
TiO,—P,05-MeO (wherein Me is at least one element
selected from the group consisting of Cu, Ni and Fe). Prefer-
ably, the titanium complex oxide has low crystallinity and
also has a microstructure in which a crystal phase and an
amorphous phase coexist, or in which an amorphous phase is
present alone. By adopting such a microstructure, cycling
performance can be significantly improved.

[0091] An example of the titanium oxide containing Li
even before charge and discharge, namely, during synthesis,
is Li TiO, (wherein ¢ is 0=c=1.1).

[0092] Examples of the metal sulfide include titanium sul-
fide (e.g. TiS,), molybdenum sulfide (e.g. MoS,), and iron
sulfide (e.g. FeS, FeS,, and Li FeS, (wherein g is 0=g=1)).
An example of the metal nitride is lithium cobalt nitride (e.g.
Li,Co N, wherein 0<d<4 and 0<e<0.5).

[0093] The non-aqueous electrolyte solution of the present
embodiment effectively suppresses the reductive decomposi-
tion of acetonitrile in a negative electrode, and the negative-
electrode active material used in the negative electrode is not
particularly limited. From the viewpoint of the enhancement
of the voltage of a battery, the negative electrode preferably
contains, as a negative-electrode active material(s), a material
(s) capable of doping lithium ions at a potential lower than 0.4
V vs. LV/Li*. Examples of such a material(s) include: carbon
materials including, as typical examples, amorphous carbon
(hard carbon), artificial graphite, natural graphite, graphite,
pyrolytic carbon, coke, glass carbon, a burned body of
organic polymer compound, mesocarbon microbead, carbon
fiber, activated carbon, graphite, colloidal carbon, and carbon
black; metallic lithium; metal oxides; metal nitrides; lithium
alloys; tin alloys; silicon alloys; intermetallic compounds;
organic compounds; inorganic compounds; metal complexes;
and organic polymer compounds.

[0094] The negative-electrode active materials are used
singly or in combination of two or more.

[0095] The negative-electrode active material has a num-
ber-average particle diameter (primary particle diameter) of,
preferably 0.1 pm to 100 pwm, and more preferably 1 pmto 10
pm. The number-average particle diameter of the negative-
electrode active material can be measured in the same manner
as for the number-average particle diameter of the positive-
electrode active material.

[0096] The negative electrode can be produced as follows,
for example. That is, a negative electrode mixture prepared by
mixing, as necessary, a conductive aid, a binder and the like
into the above described negative-electrode active material, is
firstly dispersed in a solvent, so as to prepare a negative
electrode mixture-containing paste. Subsequently, this nega-
tive electrode mixture-containing paste is applied onto a
negative electrode current collector, and it is then dried to
form a negative electrode mixture layer. The thus formed
negative electrode mixture layer is pressurized to adjust its
thickness, as necessary, so as to produce a negative electrode.
[0097] Herein, the concentration of a solid in the negative
electrode mixture-containing paste is preferably 30% to 80%
by mass, and more preferably 40% to 70% by mass.

[0098] The negative electrode current collector is consti-
tuted with a metallic foil such as a copper foil, a nickel foil, or
a stainless steel foil.
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[0099] Examples of the conductive aid that is used, as nec-
essary, for the production of a positive electrode and a nega-
tive electrode, include graphite, carbon black including, as
typical examples, acetylene black and ketjen black, and car-
bon fiber. The conductive aid has a number-average particle
diameter (primary particle diameter) of, preferably 0.1 um to
100 pum, and more preferably 1 pm to 10 um. The number-
average particle diameter of the conductive aid can be mea-
sured in the same manner as for the number-average particle
diameter of the positive-electrode active material. Examples
of'the binder include PVDF, PTFE, polyacrylic acid, styrene-
butadiene rubber, and fluorocarbon rubber.

<Separator>

[0100] From the viewpoint of preventing a short circuit
between positive and negative electrodes and ensuring safety
such as shutdown, the non-aqueous secondary battery accord-
ing to the present invention preferably comprises a separator
between the positive electrode and the negative electrode. The
separator may be the same as that used in known non-aqueous
secondary batteries, and an insulative thin-film separator hav-
ing high ion permeability and excellent mechanical strength
is preferable. Examples of such a separator include woven
fabric, non-woven fabric, and a microporous film made of
synthetic resin. Among these materials, a microporous film
made of synthetic resin is preferable. Examples of such a
microporous film made of synthetic resin that is preferably
used herein include a microporous film containing, as a main
ingredient, polyethylene or polypropylene, and a polyolefin
microporous film such as a microporous film containing poly-
olefin as well as the aforementioned material. Examples of
such a non-woven fabric include porous films that are made of
heat-resistant resins such as ceramic, polyolefin, polyester,
polyamide, liquid crystalline polyester, and aramid.

[0101] The separator may be formed from a single layer of,
or several layers of microporous film(s) of single type. Oth-
erwise, the separator may be formed by laminating two or
more microporous films.

<Method for Producing Battery>

[0102] The non-aqueous secondary battery of the present
embodiment is produced by a known method using the above
described non-aqueous electrolyte solution, positive elec-
trode, negative electrode, and as necessary, separator. For
example, a positive electrode and a negative electrode are
wound in a laminated state in which a separator is intervened
between the electrodes, so as to mold them to a laminated
body having a winding structure. Otherwise, these electrodes
are bended or a plurality of layers are laminated, so as to mold
them to a laminated body, in which separators are intervened
among a plurality of positive electrodes and negative elec-
trodes that are alternatively laminated. Subsequently, the thus
formed laminated body is placed into a battery case (outer
package), and the electrolyte solution according to the present
embodiment is then poured into the case, so that the laminated
body is immersed in the electrolyte solution. Thereafter, the
package is sealed, so as to produce the non-aqueous second-
ary battery of the present embodiment. Alternatively, an elec-
trolyte film comprising a gelated electrolyte solution has pre-
viously been prepared, and thereafter, a laminated body is
formed by bending or lamination of a positive electrode, a
negative electrode, the electrolyte film, and as necessary, a
separator, as described above. Thereafter, the formed lami-
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nated body is placed into a battery case, so as to produce a
non-aqueous secondary battery. The form of the non-aqueous
secondary battery of the present embodiment is not particu-
larly limited. For example, a cylindrical form, an elliptical
form, a prismatic form, a button form, a coin form, a plani-
form, and a laminate form are preferably adopted.

[0103] The non-aqueous secondary battery of the present
embodiment can function as a battery as a result of the initial
charge. The present non-aqueous secondary battery is stabi-
lized by decomposition of a portion of the electrolyte solution
during the initial charge. The method of initial charge of the
present embodiment is not particularly limited. The initial
charge is carried out preferably at 0.001 to 0.3 C, more pref-
erably 0.002 to 0.25 C, and particularly preferably 0.003 to
0.2 C. In addition, the initial charge that is carried out via
constant-voltage charge brings on preferable results. Itis to be
noted that a constant current that discharges a rated capacity
for 1 houris 1 C. By designing a long voltage range in which
lithium salts are involved in the electrochemical reaction, SEI
is formed on the surface of an electrode, so that the effect of
suppressing an increase in internal resistance including a
positive electrode can be obtained. Moreover, since the reac-
tion product is not strongly fixed only on a negative electrode,
but in some form, it provides good effects on members other
than the negative electrode, such as a positive electrode and a
separator, it is extremely effective to carry out initial charge,
while considering the electrochemical reaction of lithium
salts dissolved in acetonitrile.

[0104] According to the present embodiment, there can be
provided a non-aqueous electrolyte solution that realizes a
non-aqueous secondary battery having high-rate perfor-
mance, and such a non-aqueous secondary battery. In addi-
tion, according to the present embodiment, the non-aqueous
secondary battery is able to have high cycling performance
and also, high-rate performance under a low temperature
environment.

[0105] The embodiment for carrying out the present inven-
tion has been described above. However, the present inven-
tion is not limited to the above described embodiment. The
present invention may be modified in various ways in the
range in which it does not depart from the gist thereof.

EXAMPLES

[0106] Hereinafter, the present invention will be described
more in detail in the following examples. However, these
examples are not intended to limit the scope of the present
invention. It is to be noted that various properties of the
non-aqueous electrolyte solution and the non-aqueous sec-
ondary battery were measured and evaluated as follows. The
charge and discharge of the non-aqueous secondary battery
were measured and evaluated using a charging-releasing
device ACD-01 (trade name) manufactured by Aska Elec-
tronic Co., Ltd., and a thermostat PLM-63S (trade name)
manufactured by FUTABA Co., Ltd.

<Lithium Salt>

[0107] The types of lithium salts used in Examples and
Comparative Examples, and their LUMO energy and HOMO
energy, which were obtained by the above described calcula-
tion methods, are shown in L1 to L9 in Table 1.

Aug. 29,2013

TABLE 1
LUMO HOMO

No. [eV] [eV]

Organic lithium salt
L1 LiBOB 1.28 -4.38
L2 LiN(SO,CF,), 3.02 -435
L3 LiOSO,CF; 3.78 -2.88
L4 LiN(SO,C,Fs) 272 —424
LS LiODFB 215 -3.59
L6 LiPF,(C,0,) 1.52 -4.19

Inorganic lithium salt
L7 LiPF¢ 4.05 -5.39
L8 LiBF, 4.38 -4.52
Lo LiAsF¢ 3.16 -5.74

<Additive>

[0108] The types of additives used in Examples and Com-
parative Examples, and their LUMO energy and HOMO
energy, which were obtained by the above described calcula-
tion methods, are shown in Al to A20 in Table 2.

TABLE 2
LUMO HOMO
No. Additive [eV] [eV]
Al 4-Fluoro-1,3-dioxolan-2-one 0.52 -8.44
A2 Ethylene sulfite -0.60 -7.73
A3 Vinylene carbonate 0.00 -6.91
A4 y-Butyrolactone 0.33 -7.21
AS Nitromethane -1.88 -8.00
A6 Dimethyl oxalate -1.58 -7.29
A7 Diethyl carbonate 1.25 -7.56
A8 3-Methoxy propionitrile 0.82 -7.46
A9 Biphenyl oxalate -1.99 -6.69
Al0 Ethylene carbonate 0.93 -8.00
All Vinyl ethylene carbonate -0.52 -7.73
Al12 4,5-Dimethylvinylene carbonate 0.44 -6.34
Al3 Ethyl acetate 0.41 -7.13
Al4 1,3-Propane sultone -0.33 -8.30
Al5 1,4-butane sultone -0.35 -8.54
Al6 Sulfolane -0.30 -7.84
Al7 3-Sulfolene -0.33 -7.67
Al8 Propylene sulfite 0.00 -7.29
Al9 Pentene sulfite 0.14 -7.07
A20 Tetramethylene sulfoxide -0.14 -6.26

<Preparation of Electrolyte Solution 1>

[0109] A lithium salt was added to a solvent to a predeter-
mined concentration, so as to produce an electrolyte solution
(D) (hereinafter, the electrolyte solution (D) before addition
of an additive(s) is referred to as a “mother electrolyte solu-
tion (D)”). The additive(s) were added to the mother electro-
lyte solution (D) to a predetermined concentration, so as to
obtain an electrolyte solution (d). The electrolyte solutions
obtained by this preparation method are shown as S1to S22 in
Table 3, and as S23 to S45 in Table 4.

Zhuhai CosMX Battery Co. - EX1007

Zhuhai CosMX Battery Co. v. Ningde Amperex Tech. Ltd.

Page 15 of 29



US 2013/0224535 Al

14
TABLE 3
Electrolyte solution (d)
Mother electrolyte solution (D)
Organic Inorganic Additive
lithium salt lithium salt Additive 1 Additive 2
Conc. Conc. Conc. Conc.
No.  Solvent No. [mol/L] No. [mol/LL] No. [mass%)] No. [mass %]
S1 Acetonitrile L1 1 — — — — — —
S2 Acetonitrile — — L7 1 — — — —
S3 Acetonitrile L1 1 — Al 10 — —
S4 Acetonitrile L2 1 — — — — — —
S5 Acetonitrile — — L8 1 — — — —
S6 Acetonitrile L3 1 — — — — —
S7 Acetonitrile L1 1 — — A2 5 — —
S8 Acetonitrile L1 1 — — A3 10 — —
S9 Acetonitrile L1 1 — — A3 1 — —
S10  Acetonitrile L1 1 — — A4 30 — —
S11  Acetonitrile L1 1 — — AS 5 — —
S12  Acetonitrile L1 1 — — A6 5 A7 20
S13  Acetonitrile L1 1 — — A8 5 A9 5
S14  Acetonitrile L4 1 — — A3 3 — —
S15  Acetonitrile L2 1 — — Al 10 — —
S16  Acetonitrile L4 1 — — — — — —
S17  Acetonitrile L1 1 — — Al0 5 — —
S18  Acetonitrile L1 1 — — Al 30 — —
S19  Acetonitrile/ethylene L1 1 — — A3 5 — —
carbonate/methyl
ethyl
carbonate
(mass ratio =
30/21/49)
S20  Acetonitrile/ethylene L1 1 — — A4 5 — —
carbonate/methyl
ethyl
carbonate
(mass ratio =
13/29/58)
S21  Ethylene carbonate/methyl — — L7 1 — — — —
ethyl
carbonate
(volume ratio = 3/7)
S22 Ethylene carbonate/methyl — — L7 1 Al 10 — —
ethyl
carbonate
(volume ratio = 1/2)
TABLE 4
Electrolyte solution (d)
Mother electrolyte solution (D)
Organic Inorganic Additive
lithium lithium Additive 1 Additive 2 Additive 3
salt salt Conc. Conc. Cone.
Conc. Conc. [mass [mass [mass
No.  Solvent No. [molL] No. [molL] No. %] No. %] Compound %]
S23  Acetonitrile L1 0.9 L7 0.1 Al 10 — — — —
S24  Acetonitrile L1 0.9 L7 0.1 Al 10 — — 1-Ethyl 1.5
pyridinium
PF¢
S25  Acetonitrile L1 0.9 L7 0.1 Al 10 — Succinonitrile 1.5
S26  Acetonitrile L1 0.9 L7 0.1 Al 10 — —  Glutaronitrile 1.5
S27  Acetonitrile L1 0.9 L7 0.1 Al 10 — —  Adiponitrile 10
S28  Acetonitrile L1 0.9 L7 0.1 A3 10 A2 3 Succinonitrile 1.5
S29  Acetonitrile LS 0.9 L7 0.1 A3 5 — — —
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TABLE 4-continued
Electrolyte solution (d)
Mother electrolyte solution (D)
Organic Inorganic Additive
lithium lithium Additive 1 Additive 2 Additive 3
salt salt Conc. Conc. Conc.
Conc. Conc. [mass [mass [mass

No.  Solvent No. [mol/L] No. [molL] No. %] No. %] Compound %)
S30  Acetonitrile LS 0.7 L8 0.3 A3 5 — — — —
S31  Acetonitrile L1 04 L7 0.4 A3 10 A2 3 — —
S32  Acetonitrile L6 0.7 L7 0.03 Al 15 — —_ — —
S33  Acetonitrile L1 0.8 L9 0.7 Al 10 — —_ — —
S34  Acetonitrile L1 0.9 L7 0.1 All 15 — — — —
S35 Acetonitrile L1 0.9 L7 0.1 Al2 15 — — — —
S36  Acetonitrile L1 0.9 L7 0.1 Al3 20 — — — —
S37  Acetonitrile L1 1 L7 0.5 A3 10 Al4 6 — —
S38  Acetonitrile L1 1 L7 0.5 A3 10 AlS 6 — —
S39  Acetonitrile L1 1 L7 0.5 A3 10 Alé6 5 — —
S40  Acetonitrile L1 1 L7 0.5 A3 5 A7 5 — —
S41  Acetonitrile L1 1 L7 0.5 A3 5 AR 6 —

S42  Acetonitrile L1 1 L7 0.5 A3 8 Al9 4 — —
S43  Acetonitrile L1 1 L7 0.5 A3 15 A20 8 — —
S44  Acetonitrile L1 0.9 L7 0.1 A3 10 A2 3 Succinonitrile 1.5
S45  Acetonitrile L1 0.9 L7 0.1 A3 10 A2 3 — —

<Preparation of Electrolyte Solution 2>

[0110] A solvent was mixed with additives at a desired
volume ratio, thereby resulting in 100 volume %. Then,
lithium salts were further added to the mixture to a predeter-
mined concentration, so as to produce an electrolyte solution
(e). The electrolyte solutions obtained by this preparation
method are shown as S46 and S47 in Table 5.

TABLE 5

out into a piece with a size of 14 mmx20 mm, so as to obtain
a positive electrode (ct). It is to be noted that the above
described slurry-state solution was prepared, while adjusting
the amount of the solvent such that the amount applied to one
surface of the obtained electrode that was a composite after
completion of the vacuum drying could be 24.6 mg/cm>+3%,
the thickness on one surface thereof could be 82 um+3%, the

Electrolyte solution (e)

Lithium salt
Ingredients other than lithium salt Organic Inorganic
Additive lithium salt lithium salt
Conc. Conc. Conc. Conc. Conc.
No. Solvent [vol. %] No. [vol.%] No. [vol.%] No. [mol/L] No. [mol/L]
S46  Acetonitrile 87 A3 11 A2 2 L1 0.9 L7 0.1
S47  Acetonitrile 85 A3 11 A2 4 L1 0.9 L7 0.1

<Assembly of Monolayer Laminate Type Battery (SL1)>

[0111] Lithium cobaltate (LiCoO,) with a number-average
particle diameter of 7.4 uM serving as a positive-electrode
active material, acetylene black with a number-average par-
ticle diameter of 48 nm serving as a conductive aid, and
polyvinylidene fluoride (PVdF) serving as a binder were
mixed at a mass ratio 0£89.3:5.2:5.5. To the obtained mixture,
N-methyl-2-pyrrolidone was further added as a solvent, so as
to prepare a slurry-state solution. This slurry-state solution
was applied onto an aluminum foil having a thickness of 30
pum and a width of 200 mm, and the solvent was then removed
by drying. The resultant was rolled by applying pressure
using a roll press, and it was then subjected to vacuum drying
at 150° C. for 10 hours. Thereafter, the resultant was punched

density thereof could be 3.00 g/cm>+3%, and the applied
width thereof with respect to the width of the aluminum foil
(200 mm) could be 150 mm.

[0112] Graphite carbon powder (trade name “MCMB25-
287, manufactured by Osaka Gas Chemicals Co., Ltd.) witha
number-average particle diameter of 25 um serving as a nega-
tive-electrode active material, acetylene black with a number-
average particle diameter of 48 nm serving as a conductive
aid, and polyvinylidene fluoride (PVdF) serving as a binder
were mixed at a mass ratio of 93.0:2.0:5.0. Thereafter, N-me-
thyl-2-pyrrolidone was further added to the obtained mixture,
s0 as to prepare a slurry-state solution. This slurry-state solu-
tion was applied onto a copper foil having a thickness of 18
um and a width of 200 mm, and the solvent was then removed
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by drying. The resultant was rolled by applying pressure
using a roll press, and it was then subjected to vacuum drying
at 150° C. for 10 hours. Thereafter, the resultant was punched
out into a piece with a size of 15 mmx21 mm, so as to obtain
a negative electrode (o). It is to be noted that the above
described slurry-state solution was prepared, while adjusting
the amount of the solvent such that the amount applied to one
surface of the obtained electrode that was a composite after
completion of the vacuum drying could be 11.8 mg/cm>+3%,
the thickness on one surface thereof could be 83 um+3%, the
density thereof could be 1.42 g/cm®+3%, and the applied
width thereof with respect to the width of the copper foil (200
mm) could be 150 mm.

[0113] Two slices of laminate films formed by lamination
of an aluminum layer and a resin layer (without drawing, a
thickness of 120 pm, 31 mmx37 mm) were laminated with the
aluminum layer side outward, and the three sides were then
sealed, so as to produce a laminate cell outer package. Sub-
sequently, a microporous film made of polyethylene (a film
thickness of 20 pm, 16 mmx22 mm) was prepared as a sepa-
rator, then, the positive electrode (@) and the negative elec-
trode (o), as prepared above, were laminated on both sides of
the separator to produce a laminated body, and then, the
laminated body was disposed in the laminate cell outer pack-
age. Thereafter, the electrolyte solution was poured into the
cell outer package, so that the laminated body was immersed
in the electrolyte solution. It is to be noted that the injection of
the electrolyte solution was repeatedly carried out under the
atmospheric pressure and a reduced pressure of 100 mmHg,
until air bubbles were not generated. The remaining one side
of the laminate cell outer package was sealed under an envi-
ronment in which the pressure was reduced to 100 mmHg, so
as to produce a non-aqueous secondary battery (monolayer
laminate type battery). The thus produced battery was
retained at 25° C. for 24 hours, so that the laminated body was
well blended with the electrolyte solution, thereby obtaining
a monolayer laminate type battery (SL1) with 1 C=9 mA.
Herein, 1 C indicates a current value in which when a current
was constantly discharged from a fully charged battery, the
discharge was completed for 1 hour.

<Assembly of Monolayer Laminate Type Low Voltage
Battery (SL2)>

[0114] Lithium cobaltate (LiCoO,) with a number-average
particle diameter of 7.4 uM serving as a positive-electrode
active material, acetylene black with a number-average par-
ticle diameter of 48 nm serving as a conductive aid, and
polyvinylidene fluoride (PVdF) serving as a binder were
mixed at a mass ratio 0£89.3:5.2:5.5. To the obtained mixture,
N-methyl-2-pyrrolidone was further added, so as to prepare a
slurry-state solution. This slurry solution was applied onto an
aluminum foil having a thickness of 30 um and a width of 200
mm, and the solvent was then removed by drying. The result-
ant was rolled by applying pressure using a roll press, and it
was then subjected to vacuum drying at 150° C. for 10 hours.
Thereafter, the resultant was punched out into a piece with a
size of 14 mmx20 mm, 5o as to obtain a positive electrode (f3).
It is to be noted that the above described slurry solution was
prepared, while adjusting the amount of the solvent such that
the amount applied to one surface of the obtained electrode
that was a composite after completion of the vacuum drying
could be 12.0 mg/cm?®+3%, the thickness on one surface
thereof could be 40 um=3%, the density thereof could be 3.00
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g/cm+3%, and the applied width thereof with respect to the
width of the aluminum foil (200 mm) could be 150 mm.
[0115] Li,TisO,, with a number-average particle diameter
of 7.4 pm serving as a negative-electrode active material,
acetylene black with a number-average particle diameter of
48 nm serving as a conductive aid, and polyvinylidene fluo-
ride (PVdF) serving as a binder were mixed at a mass ratio of
82.0:8.0:10.0. Thereafter, N-methyl-2-pyrrolidone was fur-
ther added to the obtained mixture, so as to prepare a slurry-
state solution. This slurry solution was applied onto a copper
foil having a thickness of 18 um and a width of 200 mm, and
the solvent was then removed by drying. The resultant was
rolled by applying pressure using a roll press, and it was then
subjected to vacuum drying at 150° C. for 10 hours. There-
after, the resultant was punched out into a piece with a size of
15 mmx21 mm, so as to obtain a negative electrode (f). Itis
to be noted that the above described slurry solution was
prepared, while adjusting the amount of the solvent such that
the amount applied to one surface of the obtained electrode
that was a composite after completion of the vacuum drying
could be 14.7 mg/cm*+3%, the thickness on one surface
thereof could be 79 pm=+3%, the density thereof could be 1.86
g/cm>+3%, and the applied width thereof with respect to the
width of the copper foil (200 mm) could be 150 mm.

[0116] Two slices of laminate films formed by lamination
of an aluminum layer and a resin layer (without drawing, a
thickness of 120 um, 31 mmx37 mm) were laminated with the
aluminum layer side outward, and the three sides were then
sealed, so as to produce a laminate cell outer package. Sub-
sequently, a microporous film made of polyethylene (a film
thickness of 20 pm, 16 mmx22 mm) was prepared as a sepa-
rator, then, the positive electrode () and the negative elec-
trode (f3), as prepared above, were laminated on both sides of
the separator to produce a laminated body, and then, the
laminated body was disposed in the laminate cell outer pack-
age. Thereafter, the electrolyte solution was poured into the
cell outer package, so that the laminated body was immersed
in the electrolyte solution. It is to be noted that the injection of
the electrolyte solution was repeatedly carried out under the
atmospheric pressure and a reduced pressure of 100 mmHg,
until air bubbles were not generated. The remaining one side
of the laminate cell outer package was sealed under an envi-
ronment in which the pressure was reduced to 100 mmHg, so
as to produce a non-aqueous secondary battery (monolayer
laminate type low voltage battery). The thus produced battery
was retained at 25° C. for 24 hours, so that the laminated body
was well blended with the electrolyte solution, thereby
obtaining a monolayer laminate type low voltage battery
(SL2) with 1 C=4.5 mA.

<Assembly of Small Battery (SC1)>

[0117] A complex oxide of lithium with a number-average
particle diameter of 11 um, and nickel, manganese and cobalt
(element ratio:1:1:1) serving as a positive-electrode active
material, graphite carbon powder with a number-average par-
ticle diameter of 6.5 um and acetylene black powder with a
number-average particle diameter of 48 nm, which served as
conductive aids, and polyvinylidene fluoride (PVdF) serving
as a binder were mixed at a mass ratio of 100:4.2:1.8:4.6,
respectively. To the obtained mixture, N-methyl-2-pyrroli-
done was added to a solid content of 68 mass %, followed by
further mixing them, so as to prepare a slurry-state solution.
This slurry solution was applied onto one surface of an alu-
minum foil having a thickness of 20 pm, and the solvent was
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then removed by drying. The resultant was rolled by applying
pressure using a roll press. Thereafter, the thus rolled product
was punched out into a disk with a diameter of 16 mm, so as
to obtain a positive electrode (y). It is to be noted that the
above described slurry solution was prepared, while adjusting
the amount of the solvent such that the amount applied to one
surface of the obtained electrode that was a composite after
completion of the vacuum drying could be 12.0 mg/cm>+3%,
the thickness on one surface thereof could be 45 um+3%, the
density thereof could be 2.43 g/cm>+3%, and the applied
width thereof with respect to the width of the aluminum foil
(200 mm) could be 150 mm.

[0118] Graphite carbon powder with a number-average
particle diameter of 12.7 um and graphite carbon powder with
a number-average particle diameter of 6.5 um, which served
as negative-electrode active materials, carboxy methyl cellu-
lose solution (solid concentration: 1.83 mass %) serving as a
binder, and diene rubber (glass transition temperature: -5° C.;
number-average particle diameter of 120 nm when dried;
dispersion medium: water; solid concentration: 40 mass %)
were mixed at a solid mass ratio of 90:10:1.44:1.76, respec-
tively, so as to result in a total solid concentration of 45 mass
%, thereby preparing a slurry-state solution. This slurry solu-
tion was applied onto one surface of a copper foil having a
thickness of 10 pum, and the solvent was then removed by
drying. The resultant was rolled by applying pressure using a
roll press. Thereafter, the thus rolled product was punched out
into a disk with a diameter of 16 mm, so as to obtain a negative
electrode (y). It is to be noted that the above described slurry
solution was prepared, while adjusting the amount of the
solvent such that the amount applied to one surface of the
obtained electrode that was a composite after completion of
the vacuum drying could be 5.0 mg/cm?+3%, the thickness on
one surface thereof could be 40 pm=+3%, the density thereof
could be 1.25 g/em®+3%, and the applied width thereof with
respect to the width of the copper foil (200 mm) could be 150
mm.

[0119] The positive electrode (y) and the negative electrode
(y), as prepared above, were laminated on both sides of a
separator made of polyethylene (film thickness: 25 pm;
porosity: 50%; pore diameter: 0.1 pm to 1 pm) to produce a
laminated body. The thus produced laminated body was
inserted into a disk-shaped battery case made of SUS. Sub-
sequently, 0.5 mL of the electrolyte solution was poured into
the battery case, so that the laminated body was immersed in
the electrolyte solution. Thereafter, the battery case was her-
metically sealed to produce a non-aqueous secondary battery
(small battery). The thus produced battery was retained at 25°
C. for 24 hours, so that the laminated body was well blended
with the electrolyte solution, thereby obtaining a small bat-
tery (SC1) with 1 C=3 mA.

<Assembly of Small Battery (SC2)>

[0120] A complex oxide of lithium with a number-average
particle diameter of 11 um, and nickel, manganese and cobalt
(element ratio:1:1:1) serving as a positive-electrode active
material, graphite carbon powder with a number-average par-
ticle diameter of 6.5 pm and acetylene black powder with a
number-average particle diameter of 48 nm, which served as
conductive aids, and polyvinylidene fluoride (PVdF) serving
as a binder were mixed at a mass ratio of 100:4.2:1.8:4.6,
respectively. To the obtained mixture, N-methyl-2-pyrroli-
done was added to a solid content of 68 mass %, followed by
further mixing them, so as to prepare a slurry-state solution.
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This slurry-state solution was applied onto one surface of an
aluminum foil having a thickness of 20 pum, and the solvent
was then removed by drying. The resultant was rolled by
applying pressure using a roll press. Thereafter, the thus
rolled product was punched out into a disk with a diameter of
16 mm, so as to obtain a positive electrode (9). It is to be noted
that the above described slurry-state solution was prepared,
while adjusting the amount of the solvent such that the
amount applied to one surface of the obtained electrode that
was a composite after completion of the vacuum drying could
be 24.0 mg/cm®+3%, the thickness on one surface thereof
could be 83 pum=3%, the density thereof could be 2.86
g/cm+3%, and the applied width thereof with respect to the
width of the aluminum foil (200 mm) could be 150 mm.

[0121] Graphite carbon powder with a number-average
particle diameter of 12.7 um and graphite carbon powder with
a number-average particle diameter of 6.5 um, which served
as negative-electrode active materials, carboxy methyl cellu-
lose solution (solid concentration: 1.83 mass %) serving as a
binder, and diene rubber (glass transition temperature: -5°C.;
number-average particle diameter of 120 nm when dried;
dispersion medium: water; solid concentration: 40 mass %)
were mixed at a solid mass ratio of 90:10:1.44:1.76, respec-
tively, so as to result in a total solid concentration of 45 mass
%, thereby preparing a slurry-state solution. This slurry-state
solution was applied onto one surface of a copper foil having
a thickness of 10 um, and the solvent was then removed by
drying. The resultant was rolled by applying pressure using a
roll press. Thereafter, the thus rolled product was punched out
into a disk with a diameter of 16 mm, so as to obtain a negative
electrode (). It is to be noted that the above described slurry-
state solution was prepared, while adjusting the amount of the
solvent such that the amount applied to one surface of the
obtained electrode that was a composite after completion of
the vacuum drying could be 10.0 mg/cm>+3%, the thickness
on one surface thereof could be 70 pm=*3%, the density
thereof could be 1.50 g/cm>+3%, and the applied width
thereof with respect to the width of the copper foil (200 mm)
could be 150 mm.

[0122] The positive electrode () and the negative electrode
(d), as prepared above, were laminated on both sides of a
separator made of polyethylene (film thickness: 25 um;
porosity: 50%; pore diameter: 0.1 um to 1 um) to produce a
laminated body. The thus produced laminated body was
inserted into a disk-shaped battery case made of SUS. Sub-
sequently, 0.5 mL of the electrolyte solution was poured into
the battery case, so that the laminated body was immersed in
the electrolyte solution. Thereafter, the battery case was her-
metically sealed to produce a non-aqueous secondary battery
(small battery). The thus produced battery was retained at 25°
C. for 24 hours, so that the laminated body was well blended
with the electrolyte solution, thereby obtaining a small bat-
tery (SC2) with 1 C=6 mA.

<Evaluation of Batteries>

[0123] The individual batteries to be evaluated, which had
been produced as described above, were firstly subjected to
initial charge in accordance with (1-1) to (1-7) below, and
their discharge capacity was then measured. Thereafter, in
accordance with (2-1) to (2-3), (3-1) to (3-3), (4-1) to (4-4),
(5-1) and (5-2), and (6-1) below, the individual batteries were
evaluated.
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(1-1) Measurement 1 of Discharge Capacity of Monolayer
Laminate Type Battery (SL1)

[0124] The battery (SL1) was charged at a constant current
of 0.045 mA, and after the voltage had reached 3.0 V, the
battery was charged at a constant voltage of 3.0 V. The charge
was carried out for a total of 30 hours. Thereafter, the battery
was further charged at a constant current of 1.8 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 8 hours. Thereafter, discharge capacity was measured,
when the battery was discharged to 2.75 V at a constant
current of 1.8 mA. For this measurement, the temperature
around the battery was set at 25° C.

(1-2) Measurement 2 of Discharge Capacity of Monolayer
Laminate Type Battery (SL1)

[0125] The battery (SL1) was charged at a constant current
of 1.8 mA, and after the voltage had reached 4.2 V, the battery
was charged at a constant voltage of 4.2 V. The charge was
carried out for a total of 8 hours. Thereafter, discharge capac-
ity was measured, when the battery was discharged to 2.75V
at a constant current of 1.8 mA. For this measurement, the
temperature around the battery was set at 25° C.

(1-3) Measurement of Discharge Capacity of Monolayer
Laminate Type Low Voltage Battery (SL2)

[0126] The battery (SL2) was charged at a constant current
0f0.9mA, and after the voltage had reached 2.7 V, the battery
was charged at a constant voltage of 2.7 V. The charge was
carried out for a total of 8 hours. Thereafter, discharge capac-
ity was measured, when the battery was discharged to 1.5V at
a constant current of 0.9 mA. For this measurement, the
temperature around the battery was set at 25° C.

(1-4) Measurement 1 of Discharge Capacity of Small Battery
(SC1)

[0127] The battery (SC1) was charged at a constant current
of 0.6 mA, and after the voltage had reached 4.2 V, the battery
was charged at a constant voltage of 4.2 V. The charge was
carried out for a total of 8 hours. Thereafter, discharge capac-
ity was measured, when the battery was discharged to 2.75V
at a constant current of 0.6 mA. For this measurement, the
temperature around the battery was set at 25° C.

(1-5) Measurement of Discharge Capacity of Small Battery
(SC2)

[0128] The battery (SC2) was charged at a constant current
of 0.03 mA, and after the voltage had reached 3.0 V, the
battery was charged at a constant voltage of 3.0 V. The charge
was carried out for a total of 30 hours. Thereafter, the battery
was further charged at a constant current of 1.2 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 8 hours. Thereafter, discharge capacity was measured,
when the battery was discharged to 3.0V at a constant current
of 2 mA. For this measurement, the temperature around the
battery was set at 25° C.

(1-6) Measurement 2 of Discharge Capacity of Small Battery
(SC1)

[0129] The battery (SC1) was charged at a constant current
of 0.015 mA, and after the voltage had reached 3.0 V, the
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battery was charged at a constant voltage of 3.0 V. The charge
was carried out for a total of 30 hours. Thereafter, the battery
was further charged at a constant current of 0.6 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 8 hours. Thereafter, discharge capacity was measured,
when the battery was discharged to 3.0V at a constant current
of 1 mA. For this measurement, the temperature around the
battery was set at 25° C.

(1-7) Measurement 3 of Discharge Capacity of Monolayer
Laminate Type Battery (SL1)

[0130] The battery (SL1) was charged at a constant current
0f 0.45 mA for 2 hours, and was then charged at a constant
current of 2.7 mA. After the voltage had reached 4.2 V, the
battery was charged at a constant voltage of 4.2 V. The charge
was carried out for a total of 8 hours. Thereafter, discharge
capacity was measured, when the battery was discharged to
3.0V at a constant current of 2.7 mA. For this measurement,
the temperature around the battery was set at 25° C.

(2-1) Measurement 1 of Discharge Capacity of Monolayer
Laminate Type Battery (SL1) at Low Temperature

[0131] The temperature around the battery (SL1) was set at
25° C. during charge, and the battery was charged at a con-
stant current of 1.8 mA. After the voltage had reached 4.2V,
the battery was charged at a constant voltage of 4.2 V. The
charge was carried out for a total of 8 hours. The temperature
around the battery was set at —=30° C., —=20° C., and 25° C.
during discharge. Thus, discharge capacity was measured,
when the battery was discharged to 2.75 V at a constant
current of 4.5 mA.

(2-2) Measurement of Discharge Capacity of Small Battery
(SC1) at Low Temperature

[0132] The temperature around the battery (SC1) was set at
25° C. during charge, and the battery was charged at a con-
stant current of 0.6 mA. After the voltage had reached 4.2V,
the battery was charged at a constant voltage of 4.2 V. The
charge was carried out for a total of 8 hours. The temperature
around the battery was set at —=30° C., -20° C., and 25° C.
during discharge. Thus, discharge capacity was measured,
when the battery was discharged to 2.75 V at a constant
current of 1.5 mA.

(2-3) Measurement 2 of Discharge Capacity of Monolayer
Laminate Type Battery (SL1) at Low Temperature

[0133] The temperature around the battery (SL.1) was set at
25° C. during charge, and the battery was charged at a con-
stant current of 2.7 mA. After the voltage had reached 4.2V,
the battery was charged at a constant voltage of 4.2 V. The
charge was carried out for a total of 8 hours. The temperature
around the battery was set at —=30° C., —=20° C., and 25° C.
during discharge. Thus, discharge capacity was measured,
when the battery was discharged to 3.0V at a constant current
of 2.7 mA.

(3-1) Measurement of Discharge Capacity of Monolayer
Laminate Type Battery (SL1) at High Rate (Rate Test)

[0134] The battery (SL1) was charged at a constant current
of 1.8 mA, and after the voltage had reached 4.2 V, the battery
was charged at a constant voltage of 4.2 V. The charge was
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carried out for a total of 8 hours. Thereafter, discharge capac-
ity was measured in each case in which the battery was
discharged to 2.75 V at a constant current of 18 mA or 45 mA.
For this measurement, the temperature around the battery was
set at 25° C.

(3-2) Measurement of Discharge Capacity of Small Battery
(SC1) at High Rate (Rate Test)

[0135] The battery (SC1) was charged at a constant current
of 0.6 mA, and after the voltage had reached 4.2 V, the battery
was charged at a constant voltage of 4.2 V. The charge was
carried out for a total of 8 hours. Thereafter, discharge capac-
ity was measured in each case in which the battery was
discharged to 2.75 V at a constant current of 15 mA or 30 mA.
For this measurement, the temperature around the battery was
set at 25° C.

(3-3) Measurement of Discharge Capacity of Small Battery
(SC2) at High Rate (Rate Test)

[0136] The battery (SC2) was charged at a constant current
of 6 mA, and after the voltage had reached 4.2 V, the battery
was charged at a constant voltage of 4.2 V. The charge was
carried out for a total of 3 hours. Thereafter, discharge capac-
ity was measured in each case in which the battery was
discharged to 3.0 V at a constant current of 6 mA or 30 mA.
For this measurement, the temperature around the battery was
set at 25° C.

(4-1) Measurement of Capacity Retention Rate of Monolayer
Laminate Type Battery (SL1) (Cycle Test)

[0137] The measurement described in (1-1) above was car-
ried out on the monolayer laminate type battery (SL1), and
thereafter, the following measurement was also carried out on
it. First, the battery was charged at a constant current of 1.8
mA, and after the voltage had reached 4.2 V, the battery was
charged at a constant voltage of 4.2 V. The charge was carried
out for a total of 8 hours. Thereafter, the battery was dis-
charged to 2.75V at a constant current of 1.8 mA. This step of
carrying out charge and discharge each one time was defined
as one cycle. The measurement described in (1-1) above was
carried out in the 1% cycle, and 10 cycles of charge and
discharge were carried out. When the discharge capacity
obtained in the 1% cycle was set at 100%, the percentage of the
discharge capacity in the 10? cycle was defined as capacity
retention rate. For this measurement, the temperature around
the battery was set at 25° C.

(4-2) Measurement of Capacity Retention Rate of Monolayer
Laminate Type Battery (SL1) (Cycle Test)

[0138] The measurement described in (1-2) above was car-
ried out on the monolayer laminate type battery (SL1), and
thereafter, the following measurement was also carried out on
it. First, the battery was charged at a constant current of 1.8
mA, and after the voltage had reached 4.2 V, the battery was
charged at a constant voltage of 4.2 V. The charge was carried
out for a total of 8 hours. Thereafter, the battery was dis-
charged to 2.75V at a constant current of 1.8 mA. This step of
carrying out charge and discharge each one time was defined
as one cycle. The measurement described in (1-2) above was
carried out in the 1% cycle, and 10 cycles of charge and
discharge were carried out. When the discharge capacity
obtained in the 1% cycle was set at 100%, the percentage of the
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discharge capacity in the 107 cycle was defined as capacity
retention rate. For this measurement, the temperature around
the battery was set at 25° C.

(4-3) 25° C. Long-Term Cycle Test of Small Battery (SC1)

[0139] The measurement described in (1-6) above was car-
ried out on the small battery (SC1), and thereafter, the fol-
lowing measurement was also carried out on it. First, the
battery was charged at a constant current of 3 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 3 hours. Thereafter, the battery was discharged to 3.0
V at a constant current of 3 mA. This step of carrying out
charge and discharge each one time was defined as one cycle,
and the charge and discharge operations were repeated for at
most 90 cycles. The measurement described in (1-6) above
was not counted as a cycle, and when the discharge capacity
obtained in the 1% cycle was set at 100%, the percentage of
discharge capacity in a certain cycle was defined as capacity
retention rate. The capacity retention rate in each of the 10”,
45” and 907 cycles were measured. The measurement was
terminated at the time point at which the capacity retention
rate became less than 10%. For this measurement, the tem-
perature around the battery was set at 25° C.

(4-4) 25° C. Long-Term Cycle Test of Small Battery (SC2)

[0140] The measurement described in (1-5) above was car-
ried out on the small battery (SC2), and thereafter, the fol-
lowing measurement was also carried out on it. First, the
battery was charged at a constant current of 6 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 3 hours. Thereafter, the battery was discharged to 3.0
V at a constant current of 6 mA. This step of carrying out
charge and discharge each one time was defined as one cycle,
and the charge and discharge operations were repeated for at
most 90 cycles. The measurement described in (1-5) above
was not counted as a cycle, and when the discharge capacity
obtained in the 1% cycle was set at 100%, the percentage of
discharge capacity in a certain cycle was defined as capacity
retention rate. The capacity retention rate in each of the 107,
45” and 907 cycles were measured. The measurement was
terminated at the time point at which the capacity retention
rate became less than 10%. For this measurement, the tem-
perature around the battery was set at 25° C.

(5-1) 50° C. Cycle Test of Small Battery (SC1)

[0141] The measurement described in (1-6) above was car-
ried out on the small battery (SC1), and thereafter, the fol-
lowing measurement was also carried out on it. First, the
battery was charged at a constant current of 3 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 3 hours. Thereafter, the battery was discharged to 3.0
V at a constant current of 3 mA. This step of carrying out
charge and discharge each one time was defined as one cycle,
and the charge and discharge operations were repeated for 15
cycles. The measurement described in (1-6) above was not
counted as a cycle, and when the discharge capacity obtained
in the 1% cycle was set at 100%, the percentage of discharge
capacity in a certain cycle was defined as capacity retention
rate. The capacity retention rate of the 15” cycle was mea-
sured. The measurement was terminated at the time point at
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which the capacity retention rate became less than 10%. For
this measurement, the temperature around the battery was set
at 50° C.

(5-2) 50° C. Cycle Test of Small Battery (SC2)

[0142] The measurement described in (1-5) above was car-
ried out on the small battery (SC2), and thereafter, the fol-
lowing measurement was also carried out on it. First, the
battery was charged at a constant current of 6 mA, and after
the voltage had reached 4.2 V, the battery was charged at a
constant voltage of 4.2 V. The charge was carried out for a
total of 3 hours. Thereafter, the battery was discharged to 3.0
V at a constant current of 6 mA. This step of carrying out
charge and discharge each one time was defined as one cycle,
and the charge and discharge operations were repeated for 15
cycles. The measurement described in (1-5) above was not
counted as a cycle, and when the discharge capacity obtained
in the 1° cycle was set at 100%, the percentage of discharge
capacity in a certain cycle was defined as capacity retention
rate. The capacity retention rate of the 157 cycle was mea-
sured. The measurement was terminated at the time point at
which the capacity retention rate became less than 10%. For
this measurement, the temperature around the battery was set
at 50° C.

(6-1) Measurement of Electrochemical

Spectroscopy

Impedance

[0143] Electrochemical impedance spectroscopy was mea-
sured using Frequency Response Analyzer 1400 (trade name)
manufactured by Solartron, and Potentio Galvanostat 1470E
(trade name) manufactured by Solartron. As measurement
conditions, the amplitude was setat +5 mV, and the frequency
was set at 0.1 to 20 kHz.

Example 1

Preparation of Electrolyte Solution

[0144] Using theelectrolyte solution (S1) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-1) above was carried out on
the battery. The results are shown in Table 6.

Comparative Example 1

[0145] Using the electrolyte solution (S2) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-1) above was carried out on
the battery. The results are shown in Table 6.

Example 2

[0146] Using the electrolyte solution (S3) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-1) above was carried out on
the battery. The results are shown in Table 6.

Example 3

[0147] Using theelectrolyte solution (S4) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-1) above was carried out on
the battery. The results are shown in Table 6.
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Comparative Example 2

[0148] Usingtheelectrolyte solution (S5) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-1) above was carried out on
the battery. The results are shown in Table 6.

Comparative Example 3

[0149] Usingthe electrolyte solution (S6) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-1) above was carried out on
the battery. The results are shown in Table 6.

Example 4

[0150] The battery was evaluated in the same manner as
that of Example 2 with the exception that the measurement
described in (1-2) above was carried out instead of the mea-
surement (1-1) above. The results are shown in Table 6.

Example 5

[0151] Usingtheelectrolyte solution (S7) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-2) above was carried out on
the battery. The results are shown in Table 6.

Example 6

[0152] Usingtheelectrolyte solution (S8) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-2) above was carried out on
the battery. The results are shown in Table 6.

Example 7

[0153] Usingthe electrolyte solution (S9) shown in Table 3,
amonolayer laminate type battery (SL1) was produced. Then,
the measurement described in (1-2) above was carried out on
the battery. The results are shown in Table 6.

Example 8

[0154] Using the electrolyte solution (S10) shown in Table
3, a monolayer laminate type battery (SL1) was produced.
Then, the measurement described in (1-2) above was carried
out on the battery. The results are shown in Table 6.

Example 9

[0155] Using the electrolyte solution (S11) shown in Table
3, a monolayer laminate type battery (SL1) was produced.
Then, the measurement described in (1-2) above was carried
out on the battery. The results are shown in Table 6.

Example 10

[0156] Using the electrolyte solution (S12) shown in Table
3, a monolayer laminate type battery (SL1) was produced.
Then, the measurement described in (1-2) above was carried
out on the battery. The results are shown in Table 6.

Example 11

[0157] Using the electrolyte solution (S13) shown in Table
3, a monolayer laminate type battery (SL1) was produced.
Then, the measurement described in (1-2) above was carried
out on the battery. The results are shown in Table 6.
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Example 12

[0158] Using the electrolyte solution (S14) shown in Table
3, a monolayer laminate type battery (SL1) was produced.
Then, the measurement described in (1-2) above was carried
out on the battery. The results are shown in Table 6.

Comparative Example 4

[0159] The battery was evaluated in the same manner as
that of Comparative Example 1 with the exception that the
measurement described in (1-2) above was carried out instead
of the measurement (1-1) above. The results are shown in
Table 6.

Comparative Example 5

[0160] The battery was evaluated in the same manner as
that of Comparative Example 2 with the exception that the
measurement described in (1-2) above was carried out instead
of the measurement (1-1) above. The results are shown in
Table 6.

Example 13

[0161] Using the electrolyte solution (S3) shown in Table 3,
a small battery (SC1) was produced. Then, the measurement
described in (1-4) above was carried out on the battery. The
results are shown in Table 6.

Example 14

[0162] Using the electrolyte solution (S15) shown in Table
3, a small battery (SC1) was produced. Then, the measure-
ment described in (1-4) above was carried out on the battery.
The results are shown in Table 6.

Comparative Example 6

[0163] Using the electrolyte solution (S6) shown in Table 3,
a small battery (SC1) was produced. Then, the measurement
described in (1-4) above was carried out on the battery. The
results are shown in Table 6.
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TABLE 6-continued
Discharge
Electrolyte Battery capacity
solution Battery evaluation [mAh]

Comparative S6 SL1 1-1 0.03
Example 3

Example 4 S3 SL1 1-2 8.44
Example 5 S7 SL1 1-2 8.49
Example 6 S8 SL1 1-2 8.30
Example 7 S9 SL1 1-2 8.21
Example 8 S10 SL1 1-2 8.36
Example 9 S11 SL1 1-2 8.54
Example 10 S12 SL1 1-2 8.25
Example 11 S13 SL1 1-2 8.33
Example 12 S14 SL1 1-2 8.99
Comparative S2 SL1 1-2 0.07
Example 4

Comparative S5 SL1 1-2 0.01
Example 5

Example 13 S3 SC1 1-4 3.10
Example 14 S15 SC1 1-4 3.11
Comparative S6 SC1 1-4 0.01
Example 6

Example 15
[0164] Using the electrolyte solution (S16) shown in Table

3, a monolayer laminate type low-voltage battery (SL2) was
produced. Thereafter, the measurement described in (1-3)
above was carried out on the battery, and the following mea-
surement was then carried out thereon. First, the battery was
charged at a constant current of 0.9 mA, and after the voltage
had reached 2.7 V, it was charged at a constant voltage of 2.7
V. The charge was carried out for atotal of 8 hours. Thereafter,
the battery was discharged to 1.5V at a constant current 0f 0.9
mA. This step of carrying out charge and discharge each one
time was defined as one cycle. The measurement described in
(1-3) above was carried out in the 1% cycle, and 2 cycles of
charge and discharge were carried out. When the discharge
capacity obtained in the 1° cycle was set at 100%, the per-
centage of the discharge capacity in the 2" cycle was defined

TABLE 6 as capacity retention rate. For this measurement, the tempera-
ture around the battery was set at 25° C. Moreover, using the
Discharge above described battery after 2 cycles of charging operations,
Ellectt.mlyte Batt Bélmetr_y c[apﬁt]y the measurement described in (6-1) above was carried out.
solution atte: evaluation . .
il The results are shown in Table 7.
Example 1 S1 SL1 1-1 7.86
Comparative S2 SL1 1-1 0.07 Comparative Example 7
Example 1
E:ﬁgi:g 2431 ;Ij H g;g [0165] The battery was evaluated in the same manner as
Comparative S5 SL1 1-1 0.01 that gf Example 15 With. the exception that the electrolyte
Example 2 solution (S2) was used instead of the electrolyte solution
(S16). The results are shown in Table 7.
TABLE 7
Discharge Capacity
Electrolyte Battery capacity ~ retention  Impedance [2]
solution Battery evaluation  [mAh] rate [%] 20kHz 0.1kHz
Example 15 S16 SL2 1-3 444 96.2 1.06 7.83
Comparative S2 SL2 1-3 4.18 83.3 1.33 31.23
Example 7
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Example 16

[0166] Using the electrolyte solution (S3) shown in Table 3,
a monolayer laminate type battery (SL.1) was produced, and
the measurement described in (4-1) was then carried out on
the produced battery. In addition, using the above described
battery after 10 cycles of charging operations, the measure-
ment described in (6-1) above was carried out. The results are
shown in Table 8.

Example 17

[0167] Using the electrolyte solution (S3) shown in Table 3,
a monolayer laminate type battery (SL.1) was produced, and
the measurement described in (4-2) above was then carried
out on the produced battery. In addition, using the above
described battery after 10 cycles of charging operations, the
measurement described in (6-1) above was carried out. The
results are shown in Table 8.

Example 18

[0168] Using the electrolyte solution (S8) shown in Table 3,
a monolayer laminate type battery (SL1) was produced, and
the measurement described in (4-2) above was then carried
out on the produced battery. In addition, using the above
described battery after 10 cycles of charging operations, the
measurement described in (6-1) above was carried out. The
results are shown in Table 8.

Example 19

[0169] Using the electrolyte solution (S10) shown in Table
3, a monolayer laminate type battery (SL1) was produced,
and the measurement described in (4-2) above was then car-
ried out on the produced battery. In addition, using the above
described battery after 10 cycles of charging operations, the
measurement described in (6-1) above was carried out. The
results are shown in Table 8.

Example 20

[0170] Using the electrolyte solution (S17) shown in Table
3, a monolayer laminate type battery (SL1) was produced,
and the measurement described in (4-2) above was then car-
ried out on the produced battery. However, since capacity
retention rate was decreased, the capacity retention rate was
measured not in the 107 cycle but in the 7% cycle. In addition,
using the above described battery after 7 cycles of charging
operations, the measurement described in (6-1) above was
carried out. The results are shown in Table 8.

TABLE 8
Capacity  Impedance
Battery  retention Q

Electrolyte evalu- rate 20 0.1

solution Battery  ation [%] kHz kHz
Example 16 S3 SL1 4-1 6-1 97.3 0.89 476
Example 17 S3 SL1 4-2 6-1 96.8 091 5.42
Example 18 S8 SL1 4-2 6-1 95.7 1.07  9.61
Example 19 S10 SL1 4-2 61 97.9 1.06 12.08
Example 20©  S17 SL1 42 61 824 130 24.65

DCapacity retention rate and impedance measured at 7% cycle
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Example 21

[0171] The battery of Example 2 was evaluated, and the
measurement described in (2-1) above was then carried out
thereon. The results are shown in Table 9.

Example 22

[0172] The battery was evaluated in the same manner as
that of Example 21 with the exception that the electrolyte
solution (S18) was used instead of the electrolyte solution
(S3). The results are shown in Table 9.

Example 23

[0173] The battery was evaluated in the same manner as
that of Example 21 with the exception that the electrolyte
solution (S19) was used instead of the electrolyte solution
(S3). The results are shown in Table 9.

Example 24

[0174] The battery was evaluated in the same manner as
that of Example 21 with the exception that the electrolyte
solution (S20) was used instead of the electrolyte solution
(S3). The results are shown in Table 9.

Comparative Example 8

[0175] The battery was evaluated in the same manner as
that of Example 21 with the exception that the electrolyte
solution (S21) was used instead of the electrolyte solution
(S3). The results are shown in Table 9.

Example 25

[0176] The battery of Example 13 was evaluated, and the
measurement described in (2-2) above was then carried out
thereon. The results are shown in Table 9.

Comparative Example 9

[0177] The battery was evaluated in the same manner as
that of Example 21 with the exception that the electrolyte
solution (S22) was used instead of the electrolyte solution
(S3). The results are shown in Table 9.

TABLE 9

Elec-

trolyte Battery Discharge capacity [mAh

solution Battery  evaluation -30°C. -20°C. 25°C.
Example 21  S3 SL1 2-1 537 7.36 8.40
Example 22 S18 SL1 2-1 4.73 7.21 8.42
Example 23 S19 SL1 2-1 3.61 6.73 8.50
Example 24 S20 SL1 2-1 2.80 6.45 8.31
Comparative  S21 SL1 2-1 132 6.33 8.50
Example 8
Example 25 S3 SC1 2-2 211 2.34 3.20
Comparative S22 SC1 2-2 1.53 2.08 3.13
Example 9

Example 26

[0178] The battery of Example 2 was evaluated, and the

measurement described in (3-1) above was then carried out
thereon. The results are shown in Table 10.
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Comparative Example 10

[0179] The battery was evaluated in the same manner as
that of Example 26 with the exception that the electrolyte
solution (S21) was used instead of the electrolyte solution
(S3). The results are shown in Table 10.
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Example 30

[0184] The battery was evaluated in the same manner as
that of Example 28 with the exception that the electrolyte
solution (S25) was used instead of the electrolyte solution
(S23). The results are shown in Table 11.

TABLE 11

Capacity retention

rate [%

Electrolyte Battery 107 45% 90 _ Impedance [Q
No. solution  Battery evaluation Cycle Cycle Cycle 20kHz 0.1 kHz
Example 28 S23 SC1 4-3 98 89 75 3.2 6.4
Example 29 S24 SC1 4-3 99 89 77 1.7 4.8
Example 30 S25 SC1 4-3 100 93 81 23 4.9

Example 27

[0180] The battery of Example 13 was evaluated, and the
measurement described in (3-2) above was then carried out
thereon. The results are shown in Table 10.

Comparative Example 11

[0181] The battery was evaluated in the same manner as
that of Example 27 with the exception that the electrolyte
solution (S22) was used instead of the electrolyte solution
(S3). The results are shown in Table 10.

TABLE 10
Discharge capacity
Electrolyte Battery [mAh]
solution Battery evaluation 18 mA  45mA
Example 26 S3 SL1 3-1 8.24 7.86
Comparative S21 SL1 3-1 7.29 1.38
Example 10
Discharge capacity
Electrolyte Battery [mAh]
solution Battery evaluation 15 mA 30mA
Example 27 S3 SC1 3-2 2.81 257
Comparative S22 SC1 3-2 249 1.28
Example 11
Example 28
[0182] Using the electrolyte solution (S23) shown in Table

4, a small battery (SC1) was produced, and the measurement
described in (4-3) above was then carried out on the produced
battery. In addition, using the above described battery after 50
cycles of charging operations, the measurement described in
(6-1) above was carried out. The results are shown in Table
11.

Example 29

[0183] The battery was evaluated in the same manner as
that of Example 28 with the exception that the electrolyte
solution (S24) was used instead of the electrolyte solution
(823). The results are shown in Table 11.

Example 31

[0185] Using the electrolyte solution (S26) shown in Table
4, a small battery (SC1) was produced, and the measurement
described in (4-3) above was then carried out on the produced
battery. The results are shown in Table 12.

Example 32

[0186] The battery was evaluated in the same manner as
that of Example 31 with the exception that the electrolyte
solution (S27) was used instead of the electrolyte solution
(S26). The results are shown in Table 12.

Example 33

[0187] The battery was evaluated in the same manner as
that of Example 31 with the exception that the electrolyte
solution (S28) was used instead of the electrolyte solution
(S26). The results are shown in Table 12.

Example 34

[0188] Using the electrolyte solution (S23) shown in Table
4, a small battery (SC2) was produced, and the measurement
described in (4-4) above was then carried out on the produced
battery. The results are shown in Table 12.

Example 35

[0189] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S24) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 36

[0190] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S25) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 37

[0191] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S29) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.
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Example 38

[0192] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S30) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 39

[0193] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S31) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 40

[0194] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S32) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 41

[0195] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S33) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 42

[0196] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S34) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 43

[0197] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S35) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 44

[0198] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S36) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 45

[0199] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S37) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 46

[0200] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S38) was used instead of the electrolyte solution
(823). The results are shown in Table 12.

Example 47

[0201] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S39) was used instead of the electrolyte solution
(823). The results are shown in Table 12.
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Example 48

[0202] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S40) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 49

[0203] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S41) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 50

[0204] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S42) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

Example 51

[0205] The battery was evaluated in the same manner as
that of Example 34 with the exception that the electrolyte
solution (S43) was used instead of the electrolyte solution
(S23). The results are shown in Table 12.

TABLE 12

Capacity
retention rate [%

Electrolyte Battery 107 45%
No. solution  Battery evaluation Cycle Cycle 907 Cycle
Example 31 826 SC1 4-3 98 89 72
Example 32 S27 SC1 4-3 99 93 86
Example 33 S28 SC1 4-3 99 94 88
Example 34 S23 SC2 4-4 97 93 78
Example 35 S24 SC2 4-4 98 93 84
Example 36 S25 SC2 4-4 94 86 72
Example 37 S29 SC2 4-4 95 90 77
Example 38 S30 SC2 4-4 96 90 72
Example 39 S31 SC2 4-4 93 82 68
Example 40 832 SC2 4-4 98 94 80
Example 41 S33 SC2 4-4 92 82 70
Example 42 S34 SC2 4-4 92 83 72
Example 43 S35 SC2 4-4 95 90 77
Example 44 S36 sSC2 4-4 99 92 78
Example 45 S37 sSC2 4-4 99 90 74
Example 46 S38 SC2 4-4 99 92 77
Example 47 S39 SC2 4-4 98 91 80
Example 48 S40 SC2 4-4 98 88 75
Example 49 S41 SC2 4-4 98 90 78
Example 50 S42 SC2 4-4 97 90 80
Example 51 S43 SC2 4-4 99 92 80
Example 52
[0206] Using the electrolyte solution (S44) shown in Table

4, a small battery (SC2) was produced, and the measurement
described in (5-2) above was then carried out on the produced
battery. Moreover, the same battery as described above was
produced, the measurement described in (1-5) above was then
carried out on the produced battery, and the measurement
described in (3-3) above was then carried out thereon. The
results are shown in Table 13.
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Example 53

[0207] The battery was evaluated in the same manner as
that of Example 52 with the exception that the electrolyte
solution (S45) was used instead of the electrolyte solution
(S44). The results are shown in Table 13.

TABLE 13
Elec- Capacity Discharge
trolyte Battery  retention _capacity [mAh
solution Battery evaluation rate [%] 6mA 30mA
Example 52 S44 sc2 52 33 90 6.02 484
Example 53 S45 sc2 52 33 90 6.1 5.18

Example 54

[0208] Using the electrolyte solution (S46) shown in Table
5, a small battery (SC1) was produced, and the measurement
described in (5-1) above was then carried out on the produced
battery. The results are shown in Table 14.

Example 55

[0209] The battery was evaluated in the same manner as
that of Example 54 with the exception that the electrolyte
solution (S47) was used instead of the electrolyte solution
(S46). The results are shown in Table 14.

TABLE 14
Capacity
Electrolyte Battery retention
solution Battery evaluation rate [%]
Example 54 S46 SC1 5-1 86
Example 55 S47 SC1 5-1 88
Example 56

[0210] Using the electrolyte solution (S47) shown in Table
5, a small battery (SL1) was produced. Thereafter, the mea-
surement described in (1-7) above was carried out on the
produced battery, and the measurement described in (2-3)
above was then carried out thereon. The results are shown in
Table 15.

TABLE 15
Electrolyte Battery _ Discharge capacity [mAh
solution  Battery evaluation -30°C. -20°C. 25°C.
Example S47 SL1 2-3 3.30 6.30 8.86
56
[0211] The present application is based on two Japanese

patent applications (Japanese Patent Application Nos. 2010-
244503 and 2010-244513) filed on Oct. 29, 2010, and the
contents thereof are incorporated herein by reference in their
entirety.

INDUSTRIAL APPLICABILITY

[0212] Itis anticipated that the non-aqueous secondary bat-
tery of the present invention can be used as a rechargeable
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battery for automobiles such as a hybrid car, a plug-in hybrid
car and an electric car, as well as for portable devices such as
a mobile phone, a mobile audio player, a personal computer
and an IC tag, and further, as a power storage system for
residence.

REFERENCE SIGNS LIST

[0213] 100 . . . Lithium ion secondary battery, 110 . . .
Separator, 120 . . . Positive electrode, 130 . . . Negative
electrode, 140 . . . Positive electrode current collector, 150
. . . Negative electrode current collector, 160 . . . Outer
package of battery
1. A non-aqueous electrolyte solution comprising acetoni-

trile and an organic lithium salt, wherein an anion of the

organic lithium salt has a LUMO (lowest unoccupied molecu-

lar orbital) energy in the range of -2.00 to 4.35 eV, and a

HOMO (highest occupied molecular orbital) energy in the

range of -5.35 to -2.90 eV.

2. The non-aqueous electrolyte solution according to claim

1, wherein the anion of the organic lithium salt has a LUMO

(lowest unoccupied molecular orbital) energy in the range of

-1.00 to 2.70 eV, and a HOMO (highest occupied molecular

orbital) energy in the range of —4.50 to —=3.00 eV.

3. The non-aqueous electrolyte solution according to claim

1, wherein the content of the organic lithium salt is 0.1 to 30

mass % based on the total amount of the non-aqueous elec-

trolyte solution.
4. The non-aqueous electrolyte solution according to claim

1, wherein the content of the acetonitrile is 70 to 100 vol %

based on the total amount of ingredients contained in the

non-aqueous electrolyte solution, other than the organic
lithium salt.
5. The non-aqueous electrolyte solution according to claim

1, which further comprises an inorganic lithium salt.

6. (canceled)
7. The non-aqueous electrolyte solution according to claim

5, wherein the content of the inorganic lithium salt is 0.1 to 40

mass % based on the total amount of the non-aqueous elec-

trolyte solution.
8. The non-aqueous electrolyte solution according to claim

5, wherein the content of the acetonitrile is 70 to 100 vol %

based on the total amount of ingredients contained in the

non-aqueous electrolyte solution, other than the organic
lithium salt or the inorganic lithium salt.
9. (canceled)
10. The non-aqueous electrolyte solution according to
claim 5, wherein the inorganic lithium salt is LiPF.
11. The non-aqueous electrolyte solution according to
claim 5, wherein
the organic lithium salt and the inorganic lithium salt sat-
isfy the condition represented by the following formula
(1):

0.05=X=1 @

wherein X represents a molar ratio of the inorganic lithium

salt to the organic lithium salt.

12. The non-aqueous electrolyte solution according to
claim 1, which further comprises a non-nitrile additive having
a LUMO (lowest unoccupied molecular orbital) energy in the
range of -3.00 to 0.90 eV.

13. The non-aqueous electrolyte solution according to
claim 12, wherein the non-nitrile additive having a LUMO
(lowest unoccupied molecular orbital) energy in the range of
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-3.00 to 0.90 eV has a HOMO (highest occupied molecular
orbital) energy in the range of -9.55 to —=6.00 eV.

14. The non-aqueous electrolyte solution according to
claim 12, wherein the non-nitrile additive having a LUMO
(lowest unoccupied molecular orbital) energy in the range of
-3.00 to 0.90 eV has a HOMO (highest occupied molecular
orbital) energy in the range of -8.50 to -7.25 eV.

15. The non-aqueous electrolyte solution according to
claim 12, wherein the content of the non-nitrile additive is 0.1
to 30 mass % based on the total amount of the non-aqueous
electrolyte solution.

16. The non-aqueous electrolyte solution according to
claim 12, wherein the content of the non-nitrile additive is 0.1
to 10 mass % based on the total amount of the non-aqueous
electrolyte solution.

17. The non-aqueous electrolyte solution according to
claim 12, which comprises two or more of the non-nitrile
additives.

18. The non-aqueous electrolyte solution according to
claim 12, wherein the non-nitrile additives comprise one or
more compounds selected from the group consisting of car-
bonates.

19. The non-aqueous electrolyte solution according to
claim 18, wherein the carbonates are cyclic carbonates.

20. The non-aqueous electrolyte solution according to
claim 18, wherein the carbonates are compounds having a
carbon-carbon double bond.

21. The non-aqueous electrolyte solution according to
claim 12, wherein the non-nitrile additives comprise one or
more compounds selected from the group consisting of com-
pounds represented by the following general formula (2):

RI-A-R? )

wherein R and R? each independently represent an alkyl
group optionally substituted with an aryl group or a
halogen atom or an aryl group optionally substituted
with an alkyl group or a halogen atom, or R' and R? bind
to each other, together with A, form a cyclic structure
optionally having an unsaturated bond; and A represents
a divalent group having a structure represented by any
one of the following formulae (3) to (7):

[Formula 1]
—0—8—0— @
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22. The non-aqueous electrolyte solution according to
claim 21, wherein, in the formula (2), R! and R? each inde-
pendently represent an alkyl group comprising 1 to 4 carbon
atoms that is optionally substituted with a phenyl group or a
halogen atom or a phenyl group optionally substituted with a
halogen atom, or R' and R? bind to each other, together with
A, to form a cyclic structure optionally having an unsaturated
bond.

23. The non-aqueous electrolyte solution according to
claim 21, wherein the compounds represented by the formula
(2) comprise one or more compounds selected from the group
consisting of ethylene sulfite, propylene sulfite, butylene
sulfite, pentene sulfite, sulfolane, 3-methyl sulfolane, 3-sul-
folene, 1,3-propanesultone, 1,4-butanesultone, 1,3-pro-
panediol sulfate, and tetramethylene sulfoxide.

24. The non-aqueous electrolyte solution according to
claim 1, wherein the organic lithium salt is an organic lithium
salt having a boron atom.

25. The non-aqueous electrolyte solution according to
claim 1, wherein the organic lithium salt is an organic lithium
salt having an organic ligand.

26. The non-aqueous electrolyte solution according to
claim 1, wherein the organic lithium salt is one or more
organic lithium salts selected from the group consisting of
lithium bis(oxalato)borate and lithium difluoro(oxalato)bo-
rate.

27. The non-aqueous electrolyte solution according to
claim 1, which further comprises a dinitrile compound.

28. The non-aqueous electrolyte solution according to
claim 27, wherein the dinitrile compound comprises one or
more compounds selected from the group consisting of com-
pounds represented by the following general formula (8):

NC—(CR*R*),,—CN (®)

wherein R? and R* each independently represent a hydro-
gen atom or an alkyl group, and a represents an integer
from 1 to 6.

29. The non-aqueous electrolyte solution according to
claim 1, which further comprises an ionic compound.

30. (canceled)

31. The non-aqueous electrolyte solution according to
claim 30, wherein the cation having a nitrogen atom is a
pyridinium cation.

32. The non-aqueous electrolyte solution according to
claim 29, wherein an anion of the ionic compound is PF4".

33. A non-aqueous secondary battery comprising the non-
aqueous electrolyte solution according to claim 1, a positive
electrode, and a negative electrode.

34-37. (canceled)

38. The non-aqueous secondary battery according to claim
33, wherein the negative electrode comprises, as the negative-
electrode active materials, materials capable of doping
lithium ions at a potential lower than 0.4V vs. Li/Li*.

39. A method for producing the non-aqueous secondary
battery according to claim 33, comprising initially charging
up to a charge of 0.001 to 0.3 C to the battery.

40. The method for producing the non-aqueous secondary
battery according to claim 39, wherein the initial charge is
carried out via a constant-voltage charge.
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41. The non-aqueous electrolyte solution according to
claim 5, which further comprises a non-nitrile additive having
aLUMO (lowest unoccupied molecular orbital) energy in the
range of -3.00 to 0.90 eV.

42. The non-aqueous electrolyte solution according to
claim 41, wherein the non-nitrile additive having a LUMO
(lowest unoccupied molecular orbital) energy in the range of
-3.00 to 0.90 eV has a HOMO (highest occupied molecular
orbital) energy in the range of -8.50 to -=7.25 eV.

43. A non-aqueous secondary battery comprising the non-
aqueous electrolyte solution according to claim 41, a positive
electrode, and a negative electrode.

44. A non-aqueous secondary battery comprising the non-
aqueous electrolyte solution according to claim 42, a positive
electrode, and a negative electrode.

* #* * * &
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