
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
3 

34
6 

54
0

A
1

TEPZZ¥¥4654ZA_T
(11) EP 3 346 540 A1

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

(43) Date of publication: 
11.07.2018 Bulletin 2018/28

(21) Application number: 16841787.1

(22) Date of filing: 29.08.2016

(51) Int Cl.:
H01M 10/0569 (2010.01) H01M 4/58 (2010.01)

H01M 4/587 (2010.01) H01M 10/052 (2010.01)

H01M 10/054 (2010.01) H01M 10/0568 (2010.01)

(86) International application number: 
PCT/JP2016/075172

(87) International publication number: 
WO 2017/038755 (09.03.2017 Gazette 2017/10)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME
Designated Validation States: 
MA MD

(30) Priority: 02.09.2015 JP 2015172725

(71) Applicant: The University Of Tokyo
Tokyo 113-8654 (JP)

(72) Inventors:  
• YAMADA Atsuo

Tokyo 113-8654 (JP)
• YAMADA Yuki

Tokyo 113-8654 (JP)
• WANG Jianhui

Tokyo 113-8654 (JP)

(74) Representative: Gille Hrabal
Brucknerstrasse 20
40593 Düsseldorf (DE)

(54) FLAME-RESISTANT ELECTROLYTE FOR SECONDARY CELL, AND SECONDARY CELL 
INCLUDING SAID ELECTROLYTE

(57) To provide an electrolyte solution for a second-
ary battery which is a highly safe electrolyte solution sys-
tem using a flame-retardant solvent as a main solvent
and can provide excellent battery characteristics.

An electrolyte solution for a secondary battery in-

cluding a flame-retardant organic solvent as a main sol-
vent and an alkali metal salt, wherein the composition of
the electrolyte solution is such that the solvent amount
is 4 mol or less per 1 mol of the alkali metal salt.
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Description

Technical Field

[0001] The present invention relates to a flame-retard-
ant electrolyte solution for a secondary battery, in partic-
ular, an electrolyte solution containing a phosphate tri-
ester as a main solvent, and a secondary battery con-
taining the electrolyte solution.

Background Art

[0002] Lithium ion batteries having a high energy den-
sity are expected to be widely spread as large-sized stor-
age batteries such as uses in electric vehicles and power
storage, in addition to use in small portable devices such
as mobile phones and laptop computers, but in recent
years, a secondary battery that can be manufactured at
a lower cost is required.
[0003] For that reason, researches on next generation
secondary batteries having a high energy density ex-
ceeding that of lithium ion secondary batteries have been
actively done, and various attempts have been made.
Among them, since sodium ion batteries use sodium that
is cheap, safe, and abundant in resources, as compared
to lithium classified as rare metals, it is expected to have
a possibility of considerably lowering costs compared to
lithium ion secondary batteries, thus the sodium ion bat-
teries are regarded as a promising candidate for next
generation storage batteries. However, such sodium ion
batteries have problems of low charge/discharge cycle
stability (reversibility) and insufficient safety.
[0004] More specifically, in sodium ion batteries, hard
carbon (hardly graphitizable carbon and the like) is gen-
erally used as the negative electrode material (for exam-
ple, Patent Literature 1), but it is known that the reaction
reversibility is low, and it is considered that the factor of
low charge/discharge cycle stability is mainly in the neg-
ative electrode. Also, in sodium ion batteries, sodium
metal can be generated due to overcharge or the like,
but such sodium metal is extremely reactive and risk of
ignition and the like are concerned, and in order to realize
a high safety sodium ion battery, it is necessary to use a
flame-retardant electrolyte solution. Even in lithium ion
batteries, there is a risk of ignition when electrolyte so-
lution leakage or the like occurs. However, at present,
no electrolyte solution that is such poorly soluble sec-
ondary battery electrolyte solution system, and also has
excellent battery characteristics has been realized so far.

Citation List

Patent Literatures

[0005] Patent Literature 1: JP 2009-266821 A

Summary of Invention

Technical Problem

[0006] Accordingly, an object of the present invention
is to provide a highly safe electrolyte solution system us-
ing a flame-retardant solvent as a main solvent and can
provide excellent battery characteristics, as an electro-
lyte solution for a secondary battery such as sodium ion
batteries.

Solution to Problem

[0007] As a result of extensive studies to solve the
above problems, the present inventors have found that
excellent battery characteristics can be obtained by using
an electrolyte solution containing a high-concentration
alkali metal salt in a flame-retardant organic solvent, and
more specifically, newly found that a reversible battery
reaction can be obtained even in a sodium ion battery
using hard carbon as a negative electrode, thereby com-
pleting the present invention.
[0008] That is, the present invention provides, in one
aspect,

(1) an electrolyte solution for a secondary battery
containing a flame-retardant organic solvent as a
main solvent and an alkali metal salt, the composition
of the electrolyte solution being such that the solvent
amount is 4 mol or less per 1 mol of the alkali metal
salt;
(2) the electrolyte solution for a secondary battery
according to (1) above, the flame-retardant organic
solvent being a phosphate triester;
(3) the electrolyte solution for a secondary battery
according to (1) above, the flame-retardant organic
solvent being trimethyl phosphate or triethyl phos-
phate;
(4) the electrolyte solution for a secondary battery
according to (1) above, an anion constituting the al-
kali metal salt being an anion containing one or more
groups selected from the group consisting of a fluor-
osulfonyl group, a trifluoromethanesulfonyl group,
and a perfluoroethanesulfonyl group;
(5) the electrolyte solution for a secondary battery
according to (4) above, the anion being bis(fluoro-
sulfonyl)amide ([N(FSO2)2]-), (fluorosulfonyl)(trif-
luorosulfonyl)amide ([N(CF3SO2)(FSO2)]-), bis(trif-
luoromethanesulfonyl)amide ([N(CF3SO2)2]-),
bis(perfluoroethanesulfonyl)amide ([N(C2F5SO2)2]
-) or (perfluoroethanesulfonyl)(trifluoroethane meth-
anesulfonyl)amide ([N(C2F5SO2)(CF3SO2)]-) ;
(6) the electrolyte solution for a secondary battery
according to any one of (1) to (5) above, the alkali
metal salt being a lithium salt or a sodium salt;
(7) the electrolyte solution for a secondary battery
according to any one of (1) to (6) above, the ratio of
the flame-retardant organic solvent in the total sol-
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vent being 30 to 100 mol%; and
(8) the electrolyte solution for a secondary battery
according to any one of (1) to (7) above, the second-
ary battery being a lithium ion secondary battery or
a sodium ion secondary battery.

[0009] In another aspect, the present invention pro-
vides

(9) a secondary battery including a positive elec-
trode, a negative electrode, and the electrolyte so-
lution for a secondary battery according to any one
of (1) to (8) above;
(10) the secondary battery according to (9) above,
which is a sodium ion secondary battery;
(11) the secondary battery according to (10) above,
wherein the positive electrode is a transition metal
oxide;
(12) the secondary battery according to (10) or (11)
above, wherein the negative electrode is hard car-
bon;
(13) the secondary battery according to (9) above,
which is a lithium ion secondary battery;
(14) the secondary battery according to (13) above,
wherein the positive electrode contains an active ma-
terial selected from a metal oxide having a lithium
element, a polyanion-based compound, or a sulfur-
based compound; and (15) the secondary battery
according to (13) or (14) above, wherein the negative
electrode contains an active material selected from
a carbon material, metal lithium, lithium alloy, or lith-
ium metal oxide.

Advantageous Effects of Invention

[0010] According to the present invention, even when
a flame-retardant organic solvent conventionally consid-
ered to have an adverse effect on the reversibility of the
charge-discharge reaction is used as a main solvent (fur-
thermore, a single solvent), an effect of obtaining an ex-
tremely reversible battery reaction is exhibited. Thus, for
example, even when overcharging of the sodium ion bat-
tery or the like is performed, the risk of ignition can be
avoided, and it is possible to construct a secondary bat-
tery having excellent battery characteristics such as high
safety and long life.
[0011] In particular, since the electrolyte solution of the
present invention can provide improved reaction revers-
ibility also in the hard carbon negative electrode as de-
scribed above, the charge/discharge reversibility, which
was the greatest problem of sodium ion batteries so far,
is raised to the same level as that of lithium ion batteries,
and contributes greatly to practical use of sodium ion
batteries, and it can be said that the industrial utility value
is extremely high.

Brief Description of Drawings

[0012]

Fig. 1 is a graph showing a charge-discharge curve
in a hard carbon electrode when using a NaF-
SA/TMP electrolyte solution (1 : 2).
Fig. 2 is a graph showing a charge-discharge curve
in a hard carbon electrode when using a NaF-
SA/TMP electrolyte solution (1 : 3).
Fig. 3 is a graph showing a charge-discharge curve
in a hard carbon electrode when using a NaF-
SA/TMP electrolyte solution (1 : 8).
Fig. 4 is a graph showing a comparison of charge/dis-
charge cycle characteristics when using a NaF-
SA/TMP electrolyte solution and when using 1 mol/L
NaPF6/EC:DMC electrolyte solution.
Fig. 5 is a graph showing cycle characteristics of
Coulombic efficiency when using a NaFSA/TMP
electrolyte solution.

Description of Embodiments

[0013] Hereinafter, embodiments of the present inven-
tion will be described. The scope of the present invention
is not bound by these descriptions, and other than the
following exemplifications, it is possible to appropriately
change and implement within a range not to impair the
gist of the present invention.

1. Electrolyte Solution

(1) Flame-Retardant Organic Solvent

[0014] The electrolyte solution for a secondary battery
of the present invention is characterized by using a flame-
retardant organic solvent as a main solvent. Herein, the
"flame-retardant organic solvent" means an organic sol-
vent that is understood in the meaning commonly used
in the art, has a high flash point and high ignition point,
and does not easily catch fire or ignite.
[0015] The flame-retardant organic solvent is present
in the largest ratio in the total solvent, and is present at
a ratio of preferably 30 to 100 mol%, and more preferably
50 to 100 mol%. Particularly preferably, the flame-retard-
ant organic solvent is used as a single solvent (i.e., 100
weight%).
[0016] Such flame-retardant organic solvent is prefer-
ably a phosphate triester, and examples thereof include
trimethyl phosphate and triethyl phosphate. Here, trime-
thyl phosphate is generally used as a flame retardant,
and it is generally known that flame retardancy is exhib-
ited when trimethyl phosphate is contained in 10 to 30
mol% or more (Wang et al., J. Electorochem. Soc., 148,
A1058, 2001).
[0017] The electrolyte solution for a secondary battery
of the present invention also can be a mixed solvent con-
taining a solvent other than the flame-retardant organic
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solvent, as the case may be. As such other solvent, for
example, nonaqueous solvents such as ethers such as
ethyl methyl ether and dipropyl ether; nitriles such as
methoxypropionitrile; esters such as methyl acetate;
amines such as triethylamine; alcohols such as metha-
nol; ketones such as acetone; fluorine-containing al-
kanes; and the like can be preferably used. For example,
aprotic organic solvents such as 1,2-dimethoxyethane,
acetonitrile, tetrahydrofuran, dimethyl sulfoxide, γ-buty-
rolactone, and sulfolane can be also used. Even when
such other solvent is used, a poorly soluble solvent is
used as the main solvent, as described above.

(2) Alkali Metal Salt

[0018] Further, the electrolyte solution for a secondary
battery of the present invention includes a high-concen-
tration alkali metal salt. Consequently, a secondary bat-
tery showing excellent reversibility can be realized, even
in an electrode configuration that conventionally could
not operate reversibly in a poorly soluble solvent system
electrolyte solution. The mixing ratio of the alkali metal
salt and the solvent in the electrolyte solution is such that
the solvent amount is 4 mol or less, preferably 3 mol or
less, and more preferably 2 mol or less, per 1 mol of the
alkali metal salt. With respect to the lower limit of the
solvent amount, there is no particular limitation as long
as the precipitation of the alkali metal salt or the like does
not occur and the electrochemical reaction in the positive
electrode and the negative electrode progresses, but for
example, it is preferably 1 mol or more of the solvent per
1 mol of the alkali metal salt and preferably 2 mol or more
of the solvent per 1 mol of the alkali metal salt.
[0019] The alkali metal salt used in the electrolyte so-
lution for a secondary battery of the present invention is
preferably a lithium salt or a sodium salt. Depending on
the type of secondary battery using the electrolyte solu-
tion of the present invention, for example, a lithium salt
is preferable when the secondary battery is a lithium ion
battery, and a sodium salt is preferable when the sec-
ondary battery is a sodium ion battery. Mixtures of two
or more kinds of alkali metal salts can also be used.
[0020] The anion constituting the alkali metal salt is
preferably an anion containing one or more groups se-
lected from the group consisting of a fluorosulfonyl group,
a trifluoromethanesulfonyl group, and a perfluor-
oethanesulfonyl group. For example, bis (fluorosulfonyl)
amide ([N(FSO2)2]-), (fluorosulfonyl)(trifluorosulfo-
nyl)amide ([N(CF3SO2)(FSO2)]-), bis(trifluorometh-
anesulfonyl)amide ([N(CF3SO2)2]-), bis(perfluor-
oethanesulfonyl)amide ([N(C2F5SO2)2]-) or (perfluor-
oethanesulfonyl) (trifluoroethane methanesulfonyl)
amide ([N(C2F5SO2)(CF3SO2)]-) is preferable.
[0021] Accordingly, specific examples of the alkali met-
al salt include lithium bis(fluorosulfonyl)amide (LiFSA),
lithium (fluorosulfonyl)(trifluorosulfonyl)amide, lithium
bis(trifluoromethanesulfonyl)amide (LiTFSA), lithium
bis(perfluoroethanesulfonyl)amide-) (LiBETA) or lithium

(perfluoroethanesulfonyl)(trifluoroethanemethanesulfo-
nyl)am ide; or sodium bis(fluorosulfonyl)amide (NaFSA),
sodium (fluorosulfonyl)(trifluorosulfonyl)amide, sodium
bis(trifluoromethanesulfonyl)amide (NaTFSA), sodium
bis(perfluoroethanesulfonyl)amide-) (NaBETA) and so-
dium (perfluoroethanesulfonyl)(trifluoroethane meth-
anesulfonyl)amide.
[0022] In addition to these alkali metal salts, a support-
ing electrolyte known in the art can be contained. Exam-
ples of such supporting electrolyte include those selected
from LiPF6, LiBF4, LiClO4, LiNO3, LiCl, Li2SO4, Li2S, and
the like and any combinations thereof when the second-
ary battery is a lithium ion battery.

(3) Other Components

[0023] Also, the electrolyte solution for a secondary
battery of the present invention can contain other com-
ponents as needed for the purpose of improving the func-
tion thereof. Examples of the other component include
conventionally known overcharge inhibitors, dehydrating
agents, deoxidizing agents, characteristics improvement
aids for improving the capacity retention characteristics
after high-temperature storage and cycle characteristics.
[0024] Examples of the overcharge inhibitors include
aromatic compounds such as biphenyl, alkylbiphenyl,
terphenyl, partially hydrogenated products of terphenyl,
cyclohexylbenzene, t-butylbenzene, t-amylbenzene,
diphenyl ether, and dibenzofuran; partially fluorinated
compounds of the aromatic compounds such as 2-fluor-
obiphenyl, o-cyclohexyl fluorobenzene, and p-cyclohexyl
fluorobenzene; and fluorine-containing anisole com-
pounds such as 2,4-difluoroanisole, 2,5-difluoroanisole,
and 2,6-difluoroaniol. With regard to the overcharge in-
hibitors, one kind of overcharge inhibitor may be used
singly, and two or more kinds may be used together.
[0025] When the electrolyte solution contains an over-
charge inhibitor, the content of the overcharge inhibitor
in the electrolyte solution is preferably 0.01 to 5 mass%.
When the overcharge inhibitor is contained in the elec-
trolyte solution by 0.1 mass% or more, prevention of rup-
ture and ignition of a secondary battery due to overcharge
becomes easier, and the secondary battery can be more
stably used.
[0026] Examples of the dehydrating agents include
molecular sieves, sodium sulfate, magnesium sulfate,
calcium hydride, sodium hydride, potassium hydride, lith-
ium aluminum hydride, and the like. As a solvent to be
used for the electrolyte solution of the present invention,
it is also possible to use one subjected to rectification
after dehydrating with the dehydrating agent. Alternative-
ly, a solvent that has been subjected only to dehydration
with the dehydrating agent without rectification may be
used.
[0027] Examples of the characteristics improvement
aids for improving capacity retention characteristics after
high-temperature storage or cycle characteristics include
carboxylic anhydrides such as succinic anhydride, glu-
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taric anhydride, maleic anhydride, citraconic anhydride,
glutaconic anhydride, itaconic anhydride, diglycolic an-
hydride, cyclohexane dicarboxylic anhydride, cyclopen-
tane tetracarboxylic dianhydride, and phenylsuccinic an-
hydride; sulfur-containing compounds such as ethylene
sulfite, 1,3-propanesultone, 1,4-butanesultone, methyl
methanesulfonate, busulfan, sulfolane, sulfolene, dime-
thyl sulfone, diphenyl sulfone, methylphenyl sulfone, dib-
utyl disulfide, dicyclohexyl disulfide, tetramethylthiuram
monosulfide, N,N-dimethyl methanesulfonamide, and
N,N-diethyl methanesulfonamide; nitrogen-containing
compounds such as 1-methyl-2-pyrrolydinone, 1-methyl-
2-piperidone, 3-methyl-2-oxazolidinone, 1,3-dimethyl-2-
imidazolidinone, and N-methylsuccinimide; hydrocarbon
compounds such as heptane, octane, and cycloheptane;
fluorine-containing aromatic compounds such as fluor-
oethylene carbonate (FEC), fluorobenzene, difluoroben-
zene, hexafluorobenzene, and benzotrifluoride. One kind
of these characteristics improvement aids may be used
singly, and two or more kinds may be used together.
When the electrolyte solution contains a characteristics
improvement aid, the content of the characteristics im-
provement aid in the electrolyte solution is preferably
0.01 to 5 mass%.

2. Secondary Battery

[0028] The secondary battery of the present invention
includes a positive electrode and a negative electrode,
and the electrolyte solution of the present invention.

(1) Negative Electrode

[0029] As the negative electrode in the secondary bat-
tery of the present invention, an electrode configuration
known in the art can be used. When the secondary bat-
tery is a lithium ion battery, examples of the negative
electrode include electrodes containing a negative elec-
trode active material capable of electrochemically storing
and releasing lithium ions. As such negative electrode
active material, a known negative electrode active ma-
terial for a lithium ion secondary battery can be used, and
examples thereof include carbonaceous materials such
as natural graphite (graphite), highly oriented graphite
(Highly Oriented Pyrolytic Graphite; HOPG), and amor-
phous carbon. Still other examples include metal com-
pounds such as lithium metals, or alloys, metal oxides,
metal sulfides, and metal nitrides containing a lithium el-
ement. Examples of the alloys having a lithium element
include lithium aluminum alloy, lithium tin alloy, lithium
lead alloy, lithium silicon alloy, and the like. Also, exam-
ples of the metal oxides having a lithium element include
lithium titanate (Li4Ti5O12 and the like) and the like. Fur-
ther, examples of the metal nitrides containing a lithium
element include lithium cobalt nitride, lithium iron nitride,
lithium manganese nitride, and the like. One kind of these
negative electrode active materials may be used singly,
or two or more kinds may be used together. Among them,

lithium titanate is preferable as the negative electrode
active material.
[0030] When the secondary battery is a sodium ion bat-
tery, an electrode containing a negative electrode active
material capable of electrochemically storing and releas-
ing sodium ions can be used. As such negative electrode
active material, a known negative electrode active ma-
terial for a sodium ion secondary battery can be used,
and examples thereof include carbonaceous materials
such as hard carbon, soft carbon, carbon black, ketjen
black, acetylene black, activated carbon, carbon nano-
tube, carbon fiber, and amorphous carbon. Also usable
are sodium ion metals, or alloys, metal oxides, and metal
nitrides containing a sodium ion element. Among them,
as the negative electrode active material, a carbona-
ceous material such as hard carbon having a disordered
structure is preferable.
[0031] The negative electrode may contain only the
negative electrode active material, and may contain at
least one of a conductive material and a binder in addition
to the negative electrode active material, and may be in
a form in which the contents are adhered as a negative
electrode mixture on a negative electrode collector. For
example, when the negative electrode active material is
in foil form, a negative electrode containing only the neg-
ative electrode active material can be made. Meanwhile,
when the negative electrode active material is in powder
form, a negative electrode having the negative electrode
active material and a binder can be made. The method
used for forming the negative electrode using a powder-
form negative electrode active material can be a doctor
blade method, molding by crimping press, or the like.
[0032] As the conductive material, for example, a car-
bon material, a conductive fiber such as a metal fiber, a
metal powder of copper, silver, nickel, aluminum, or the
like, or an organic conductive material such as a polyphe-
nylene derivative can be used. As the carbon material,
graphite, soft carbon, hard carbon, carbon black, ketjen
black, acetylene black, graphite, activated carbon, car-
bon nanotube, carbon fiber, or the like can be used. Fur-
ther, a synthetic resin containing an aromatic ring, mes-
oporous carbon obtained by firing a petroleum pitch or
the like can also be used.
[0033] As the binder, for example, a fluororesin such
as polyvinylidene fluoride (PVDF), polytetrafluoroethyl-
ene (PTFE), or ethylene tetrafluoroethylene (ETFE), pol-
yethylene, polypropylene, or the like can be preferably
used. As the negative electrode collector, a rod-shaped
body, sheet-shaped body, foil-shaped body, or net-
shaped body consisting mainly of copper, nickel, alumi-
num, stainless steel, or the like can be used.

(2) Positive Electrode

[0034] As the positive electrode of the secondary bat-
tery of the present invention, an electrode configuration
known in the art can be used. For example, when the
secondary battery is a lithium ion battery, the positive
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electrode active material includes lithium-containing
transition metal oxides containing one or more transition
metals, such as lithium cobalt oxide (LiCoO2), lithium
manganate (LiMn2O4), and lithium nickelate (LiNiO2),
transition metal sulfides, metal oxides, lithium-containing
polyanion-based compounds containing one or more
transition metals, such as lithium iron phosphate
(LiFePO4) and lithium iron pyrophosphate (Li2FeP2O7),
sulfur-based compounds (Li2S), and the like. The positive
electrode may contain a conductive material or a binder
and may contain a catalyst that accelerates the oxidation-
reduction reaction of oxygen. Preferably, the catalyst is
lithium manganate. Also when the secondary battery is
a sodium ion battery, a known positive electrode active
material can be similarly used.
[0035] As the conductive material and the binder, the
same as those for the above negative electrode can be
used.
[0036] As a catalyst, MnO2, Fe2O3, NiO, CuO, Pt, Co,
or the like can be used. As the binder, a binder similar
as for the above negative electrode can be used.
[0037] As the positive electrode collector, a porous
body such as a mesh (grid)-like metal, a sponge-like
(foamed) metal, a punched metal, or an expanded metal
is used for increasing oxygen diffusion. The metal is, for
example, copper, nickel, aluminum, stainless steel, or
the like.

(3) Separator

[0038] The separator used in the secondary battery of
the present invention is not particularly limited as long as
it has a function of electrically separating the positive
electrode layer and the negative electrode layer, but ex-
amples thereof include porous insulating materials such
as porous sheets including polyethylene (PE), polypro-
pylene (PP), polyester, cellulose, polyamide, or the like
and nonwoven cloths such as nonwoven cloths and glass
fiber nonwoven cloths, and the like.

(4) Shape, etc.

[0039] The shape of the secondary battery of the
present invention is not particularly limited as long as the
positive electrode, the negative electrode and the elec-
trolyte solution can be housed, and examples thereof in-
clude cylindrical, coin shaped, flat plate type, laminated
configurations, and the like.
[0040] Furthermore, a case for housing the battery may
be an atmosphere-exposed type battery case, or may be
a sealed type battery case. The atmosphere-exposed
type battery case is a battery case having a ventilation
hole through which air may move in and out, enabling air
to make contact with the air electrode. On the other hand,
when the battery case is a sealed type battery case, a
supply tube and an emission tube for gas (air) are pref-
erably formed on the sealed type battery case. In this
case, it is preferable that the gas to be supplied/dis-

charged is a dry gas, and in particular, it is preferable
that the oxygen concentration is high, and pure oxygen
(99.99%) is more preferable. Furthermore, the oxygen
concentration is preferably set high during discharging
and set low during charging.
[0041] Although the electrolyte solution and the sec-
ondary battery of the present invention are suitable in
use as a secondary battery, usage as a primary battery
is not excluded.

EXAMPLES

[0042] The present invention is described in further de-
tail below using examples, but the present invention is
not limited to these examples.
[0043] In order to demonstrate the usefulness of the
electrolyte solution of the present invention, constant cur-
rent charge/discharge measurement of the hard carbon
electrode was performed, using a solution in which so-
dium bis(fluorosulfonyl)amide (NaFSA) and trimethyl
phosphate (TMP) were mixed at a ratio of 1 : 2 (molar
ratio) as an electrolyte. The measurement was performed
using a two-electrode coin cell composed of a hard car-
bon electrode and a metal sodium electrode. The tem-
perature was set at 25°C, the voltage range was set at
2.5 V to 0.01 V, the number of cycles was set at 5, the
maximum capacity was set at 500 mAh/g, and the current
value was set at 25 mA/g based on the weight of the hard
carbon electrode. The resulting voltage-capacity curve
is shown in Fig. 1.
[0044] As shown in Fig. 1, the capacity derived from
the insertion and desorption of sodium ions to and from
the hard carbon electrode was found in a region of 1 V
or less. In the first cycle, an irreversible capacity of about
87 mAh/g derived from the formation of a protective coat-
ing on the surface of the hard carbon electrode by partial
reductive decomposition of the electrolyte solution was
confirmed. On the other hand, in the second cycle and
thereafter, the irreversible capacity disappears, indicat-
ing that the reversible sodium ion insertion/desorption
reaction to/from hard carbon proceeds. This result dem-
onstrates that the hard carbon electrode conventionally
considered to have low reversibility in the sodium-based
electrolyte solution reversibly proceeded in the electro-
lyte solution.
[0045] As a comparative example, Fig. 2 shows the
results of constant current charge/discharge measure-
ment under the same conditions except that an electro-
lyte solution in which the mixing molar ratio of NaFSA
and TMP was 1 : 3 was used. As shown in Fig. 2, while
the capacity derived from the insertion and desorption of
sodium ions to and from the hard carbon electrode was
found in a region of 1 V or less, the voltage flat portion
in the region around 1 V which was not observed in the
electrolyte solution with a molar ratio NaFSA : TMP of 1 :
2 in the first cycle, and the irreversible capacity in the first
cycle increased greatly to about 249 mAh/g. This indi-
cates that many side reactions such as reductive decom-
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position of the electrolyte solution occur, and demon-
strates that the reduction of the sodium salt concentration
greatly reduces reaction reversibility.
[0046] As a comparative example, Fig. 3 shows the
results of constant current charge/discharge measure-
ment under the same conditions except that an electro-
lyte solution in which the mixing molar ratio of NaFSA
and TMP was 1 : 8 was used. As shown in Fig. 3, in the
first cycle, a large voltage flat portion was observed in
the region around 1 V and did not drop below 1 V even
after flowing the electric amount of 500 mAh/g set as the
maximum capacity, and sodium ions could not be insert-
ed into the hard carbon electrode. This indicates that a
side reaction such as reductive decomposition of the
electrolyte solution is continuously occurring, indicating
that the amount of side reactions greatly increases by
further decreasing the sodium salt concentration. From
these results, it was demonstrated that the high reaction
reversibility of the hard carbon electrode that was ob-
served when using NaFSA/TMP (molar ratio 1 : 2) elec-
trolyte solution was due to the presence of a high-con-
centration sodium salt.
[0047] In order to investigate the influence of the com-
position of the electrolyte solution on the reaction revers-
ibility of the hard carbon electrode, a two-electrode coin
cell composed of a hard carbon electrode and a metal
sodium electrode was constructed, and a constant cur-
rent charge/discharge cycle test was performed for 100
cycles. As the electrolyte, NaFSA/TMP electrolyte solu-
tions (molar ratios 1 : 2, 1 : 3, and 1 : 8) and 1 mol/L
NaPF6/ethylene carbonate (EC):dimethyl carbonate
(DMC) (solvent mixing ratio 1 : 1 (volume ratio)) generally
used as an electrolyte solution for a sodium battery were
used. The temperature was set at 25°C, the voltage range
was set at 2.5 V to 0.01 V, and the current value was set
at 50 mA/g based on the weight of the hard carbon elec-
trode. The resulting number of cycles vs. capacity plot is
shown in Fig. 4.
[0048] As shown in Fig. 4, when 1 mol/L
NaPF6/EC:DMC (solvent mixing ratio 1 : 1 (volume ratio))
which is generally used as an electrolyte solution for a
sodium battery was used, the capacity tended to de-
crease as charge/discharge cycles were repeated, and
the capacity became 0 mAh/g before reaching 100 cy-
cles. Next, when a low concentration NaFSA/TMP (molar
ratio 1 : 8) electrolyte solution was used, the capacity
tended to decrease as charge/discharge cycles were re-
peated. On the other hand, when NaFSA/TMP (molar
ratios 1 : 3 and 1 : 2) electrolyte solutions were used, no
decrease in capacity was observed even when charg-
ing/discharging was repeated for 100 cycles. Therefore,
it is possible to extend the cycle life of sodium batteries,
by using the electrolyte solution of the present invention.
[0049] Coulombic efficiency was calculated to confirm
reaction reversibility for hard carbon/metal sodium cell
using NaFSA/TMP (molar ratios 1 : 3 and 1 : 2) electrolyte
solutions in which capacity deterioration was not ob-
served up to 100 cycles. Here, the Coulombic efficiency

is defined by the discharge capacity (sodium ion desorp-
tion capacity)/charge capacity (sodium ion insertion ca-
pacity) and is an indicator of reaction reversibility. The
resulting number of cycles vs. Coulombic efficiency plot
is shown in Fig. 5.
[0050] As shown in Fig. 5, it can be seen that a Cou-
lombic efficiency of 99% or more is maintained up to 100
cycles after the first several cycles including the irrevers-
ible capacity derived from side reaction such as reductive
decomposition of the electrolyte solution. This indicates
that it is possible to improve the charge and discharge
efficiency of sodium batteries, by using the electrolyte
solution of the present invention.
[0051] This result shows that, even when TMP, a
flame-retardant organic solvent that has been consid-
ered to have an adverse effect on the reversibility of the
charge-discharge reaction, is used as a single solvent,
the reaction reversibility can be drastically improved in
the case of an electrode configuration using a hard car-
bon negative electrode, by having a high-concentration
NaFSA/TMP composition. This demonstrates that the
poorly soluble solvent system electrolyte solution of the
present invention can achieve a secondary battery hav-
ing excellent battery characteristics such as high safety
and long life.
[0052] Specific embodiments of the present invention
were described in detail above, but these are merely for
illustrative purposes, and do not limit the claims. A variety
of modifications of the specific embodiments illustrated
above are also included in the inventions stated in the
claims.

Claims

1. An electrolyte solution for a secondary battery com-
prising a flame-retardant organic solvent as a main
solvent and an alkali metal salt, wherein the compo-
sition of the electrolyte solution is such that the sol-
vent amount is 4 mol or less per 1 mol of the alkali
metal salt.

2. The electrolyte solution for a secondary battery ac-
cording to claim 1, wherein the flame-retardant or-
ganic solvent is a phosphate triester.

3. The electrolyte solution for a secondary battery ac-
cording to claim 1, wherein the flame-retardant or-
ganic solvent is trimethyl phosphate or triethyl phos-
phate.

4. The electrolyte solution for a secondary battery ac-
cording to claim 1, wherein an anion constituting the
alkali metal salt is an anion containing one or more
groups selected from the group consisting of a fluor-
osulfonyl group, a trifluoromethanesulfonyl group,
and a perfluoroethanesulfonyl group.
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5. The electrolyte solution for a secondary battery ac-
cording to claim 4, wherein the anion is bis (fluoro-
sulfonyl) amide ([N(FSO2)2]-), (fluorosulfonyl)(trif-
luorosulfonyl)amide ([N(CF3SO2)(FSO2)]-), bis(trif-
luoromethanesulfonyl)amide ([N(CF3SO2)2]-),
bis(perfluoroethanesulfonyl) amide ([N(C2F5SO2)2]
-), or (perfluoroethanesulfonyl)(trifluoroethane
methanesulfonyl) amide ([N(C2F5SO2)(CF3SO2)]-).

6. The electrolyte solution for a secondary battery ac-
cording to any one of claims 1 to 5, wherein the alkali
metal salt is a lithium salt or a sodium salt.

7. The electrolyte solution for a secondary battery ac-
cording to any one of claims 1 to 6, wherein the ratio
of the flame-retardant organic solvent in the total sol-
vent is 30 to 100 mol%.

8. The electrolyte solution for a secondary battery ac-
cording to any one of claims 1 to 7, wherein the sec-
ondary battery is a lithium ion secondary battery or
a sodium ion secondary battery.

9. A secondary battery comprising a positive electrode,
a negative electrode, and the electrolyte solution for
a secondary battery according to any one of claims
1 to 8.

10. The secondary battery according to claim 9, which
is a sodium ion secondary battery.

11. The secondary battery according to claim 10, where-
in the positive electrode is a transition metal oxide.

12. The secondary battery according to claim 10 or 11,
wherein the negative electrode is hard carbon.

13. The secondary battery according to claim 9, which
is a lithium ion secondary battery.

14. The secondary battery according to claim 13, where-
in the positive electrode contains an active material
selected from a metal oxide having a lithium element,
a polyanion-based compound, or a sulfur-based
compound.

15. The secondary battery according to claim 13 or 14,
wherein the negative electrode contains an active
material selected from a carbon material, metal lith-
ium, lithium alloy, or lithium metal oxide.
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