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Abstract

A flame-retardant lithium secondary battery 1s provided

that has better battery performance and higher safety than
conventional batteries. The lithium secondary battery uses
a positive electrode that includes a positive electrode active

F

material of the general formula (1) below, and a nonagueous

electrolytic solution 1n which an ionic liquid that contains
bis(fluorosulfonyl)imide anions as an anionic component 1s
used as the solvent,

LiNiany04 (l) .

In the formula (1), x and y are values that satisfy the

relations x + y = 2, and x:y = 27.5:72.5 to 22.5:717.5.
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Description

LITHIUM SECONDARY BATTERY USING IONIC LIQUID

Technical Field
f0001]

The present specification relates to lithium secondary

batteries that wuse an 1onic ligquid as a flame-retardant

nonagqueous electrolytic solution. More specifically, the present

specification relates to 1lithium secondary batteries that

use a nonaqueous electrolytic solution that contains
bis (fluorosulfonyl)imide anions.

Background Art
. [0002]

Lithium secondary batteries are small, light chargeable
batterlies with a large storage capacity per unit volume or unit
welght, and are used 1n a wide range of devices, including cell
phones, laptop personal computers, personal digital

assistances (PDAs), video cameras, and digital cameras.

Lithium secondary batteries have thus become indispensable for
various small-sized, light-weight portable devices having

relatively large power consumption. Development 1is also

underway for middle—-sized or large-sized lithiumbatteries for

installation in electric bicycles and electric autdmobiles,

and the development of these lithium batteries is expected to

provide a means to reduce the environmental load.
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[0003]

Conventionally, polar nonprotonic organic solvents that
easlly dissolve lithium salts and that do not easily undergo
electrolysis have been used as the. nonagqueous solvents for the

P

nonaqueous electrolytic solution of 1lithium secondary

batteries. However, there 1s a serious problem 1n battery

safety, because these organic solvents have very low flash

F
—

points, and may cause fire or explosion by the heat of

overcharge or shorting. The safety problem has not been more
important than 1t is today 1n the face of the urgent need for
the development of large-capacity and high-output lithium
secondary batteries in response to the development of smaller

and lighter electronic devices and the development of electric

automobiles. Use of a flame-retardant i1onic liguid for the

—

nonaqueous electrolytic solution of 1lithium secondary

patteries has thus been investigated 1n many studiles.

(0004 ]
Specifically, an 10nic ligquid contalnilng
bis(fluorosulfonyl)imide anions (FSI anions) as an anionilc

component has lower viscosity than other 1ionic liquids.

Further, this type of 1onic liquid 1s nonflammable, and
provides high energy density and high voltage whilemaintaining
high performance even in high-rate charging and discharge.

gl

Use of this 1onic liguid as the solvent of the nonaqueous

electrolytic solution can thus provide a lithiumbattery having
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high safety (Patent Document 1).

[0005]

However, the lithium batteries using a combination of
common graprhitized carbon electrodes and the 1onic liquid have
higher internal resistance than the organic solvent batteries,
and the output characteristics are poor. Further, the

lifetime characteristics tend to be low for reasons

P

attributable to, for example, deposition of the lithium and

decomposed materials on the negative electrode surface. For

these reasons, the performance levels are not sufficient for

practical applications.

[0006]

Lithium secondary batteries using a flame-retardant

ionic liguid have thus been investigated by way of developing

new battery constituent materials and examining additives to

improve battery performance.
Citation List

Patent Document

(0007 ]

Patent Document 1: JP-A-200/-2076175

[0008]

The present specification has been made to meet the strong

need for improving the safety of lithium secondary batteries,
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and 1t 1s an object of the present specification to provide
a flame-retardant 1lithium secondary battery having better
pattery performance and higher safety than conventional
batteries.

SUmmary

[0009]

A Lithium secondary pattery of the present
specification 1ncludes a positive electrode, a negative
electrode, a separator provided between the positive
electrode and the negative electrode, and a nonaqueous

electrolytic solution that contains a 1lithium salt. In

order to solve the foregoing problems, the positive
electrode 1ncludes a positive electrode active material of
the general formula (1) below, and an 1onic 1liquid that
contains bis(fluorosulfonyl)imide anions as an anionic
component 1s used as the solvent 1n the nonagueous

electrolytic solution.

(0010]
LiN1,MN,O, (1)
In the tformula (1), x and vy are values that satisfy

the relations x + y = 2, and x:y = 27.5:72.5 to 22.5:77.5.
(0010a]
Certailn exemplary embodiments provide a lithium
secondary battery comprising: a positive electrode; a

negative electrode; a separator provided between the positive
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electrode and thc ncgative electrode; and a nonagueous
electrolytic solution that contalins a Lithium  salt,

characterized 1n that the positive electrode includes a

posltive electrode active material of the general formula (1)
below, and that an ionic liguid that contailns
bis(fluorosulfonyl)imide anions as an anionic component and
at least one selected from the group consisting of N-methyl-

N-propyl-pyrrolidinium, N-methyl-N-propyl-piperidinium,

Trimethyl-N-propylammonium, and a combination of N-methyl-N-
propyl-pyrrolidinium and N-methyl-N-propyl-piperidinium as a
cation compecnent 1s used as the solvent 1n the nonagqueous
electrolytic solution,

TIT.NiO.5MH1.5O4 (1).

(0011 ]

The li1thium secondary  battery of the present
specification may have a fully charged wvoltage of 4.4 V or

more, and an average discharge voltage of 4.0 V or more.

4a
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[0012]

By using the flame-retardant ionic liquid, the lithium

secondary battery of the present 1nvention can solve the

battery shorting, fire, and explosion problems caused by an
internal temperature 1ncrease as might occur because of a poor
battery environment or accldents, and can provide excellent

o=

safety without the risk of causing fire or explosion by the

heat of overcharge or shorting.

10013]

Further, the battery can have excellent potential
flatness and excellent charge and discharge characteristics
in high potential regions, because the battery uses an i1onic
ligquid that contains bis(fluorosulfonyl)imide anions as an
anionic component, and because a lithium-manganese-nickel
composite oxide having a predetermined manganese-to-nickel
atom ratio 1s used for the positive electrode.

Mode for Carrying Out the Invention

(0014 ]

The i1onic ligquid contained 1n the lithium secondary
battery of the present invention contalins
bis(fluorosulfonyl)imide anions as an anionlc component, as
described above. Other anionic components, such as
bis(trifluoromethylsulfonyl)imide anions, may be contained

within the i1ntended scope of the present invention.

[0015]
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The cationic component 1s not particularly limited, and
compounds contalning one or more elements selected from N, P,

S, O, C, and Si1 1n the structure, and having a linear or a cyclic

structure such as a five-membered ring or a six-membered ring,

1n the backbone may be used. Speclific examples of the

nitrogen-containing cations 1include alkylammonium such as
trimethyl-N-propylammonium and triethylammonium; 1midazolium
such as ethylmethylimidazolium and butylmethylimidazolium;
pyrrolidinium such as N-methyl-N-propylpyrrolidinium; and
plperidinium such as N-methyl-N-propylpiperidinium.

(0016}

In the present invention, the lithium salt dissolved 1n

the 1onic liquid as a supporting electrolyte for the nonagueous

electrolytic solution 1s not particularly limited, and common

lithium salts used as electrolytes for nonagqueous electrolytic
solutions may be used. Examples of such lithium salts 1include
L1PFe, L1BF,, L1C10y, L1Astg, L1CF3SO0s3, L1iC(CF3S03) 3,
LiN(CF3S05),, LiN(FS0O,),, and LiBC40j3.

[0017]

Desirably, the lithium salt is contained in the 1ionic

ligquid in a concentration of typically 0.1 to 2.0 mol/kg,

preferably 0.3 to 1.5 mol/kg.
[0018]
The positive electrode used in the present invention 1s

one that uses a spinel-type composite oxide containing lithium,
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manganese or nickel, as thepositive electrode activematerial.
The nickel-to-manganese atom ratio in the composite oxide 1s

preferably Ni:Mn = 27.5:72.5 to 22.5:77.5, more preferably

Ni:Mn = 25:75. A specific preferred example 1is LiNig sMnj 504.

Al, Ca, Fe, and Cu may be contained within the intended scope

cf the present 1nvention. The method used to prepare the
lithium-manganese-nickel composite oxide positive electrode
material 1s not particularly limited, and known methods such
as a composite carbonate method may be used.

[0019]

With the nonaqueous electrolytic solution using the

ionic liquid in combination with the positive electrode that

uses the composite oxide as the positive electrode material,
the charge and discharge cycle characteristics can be 1mproved
compared to conventional batteries that use a positive
electrode active material mainly composed of lithium metal
oxides. Further, a high capacity can be maintained, because
a voltage drop due to repeated charge and discharge in high

potential regions 1s smaller.

10020}

The lithium secondary battery of the present invention
can be produced according to methods used to produce

conventional lithium secondary batteries, except for using the

posltive electrode active material and the nonaqueous

electrolytic solution, as follows.
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(00211

The positive electrode is obtalned by first mixing the
positive electrode active material with a conductive agent
component. The powdery mixture 1s then added to a binder and
dispersed therein. As required, a dispersion medium 1s added
to dilute the mixture to a desired concentration. The

resulting positive electrode coating material 1s then applied

to the surface of a positive electrode collector such as an

aluminum foi1l. The positive electrode 1s obtained upon drying

the coating. As required, this is followed by post-processes,
such as a roller press process performed to obtain a
predetermined press density.

(0022]

The thickness of the positlve electrode mixture layer
contalnling the positlive electrode active material and the

conductive agent and formed on the surface of the positive

electrode collector 1s preferably 50 um or less, more

preferably 10 to 50 um on each side, 1n order to mailntailn

sufficient electron conductivity for the positive electrode

mixXxture lavyver 1tself even 1n high-rate current charging and

discharge. When the positive electrode mixture layer 1s too

thick, the electron conductivity lowers along the thickness

of the positive electrode mixture layer. The 1ncreased
resistance may lead to a significant drop 1in lifetime

characteristics 1n high-rate charging and discharge.
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[0023]

The negative electrode is not particularly limited,

provided that themetal lithiumor lithium ions can be inserted

and/or released. Known materials such as alloy materials,

silicon materials, and hard carbon may be used.

10024 ]

Specifically, a collector coated with a material

obtained by mixing a negative electrode active material and

a binder may be used.
00251
The negative electrode active material 1s not

partlicularly limited, and known active materlals may be used.

Examples include carbon materials such as natural graphite,

artificial graphite, non—-graphitizable carbon, and

graphitizable carbon; metallicmaterials such asmetal lithium

or alloys, and tin compounds; lithiumtransitionmetal nitrides,

crystalline metal oxides, amorphous metal oxides, and

conductive polymers.

[00206]

Flectron conductive materials that do not have adverse

effects on battery performance may be used as the conductive

agent wused for the positive electrode and the negative
electrode. Typically, carbon blacks such as acetylene black
and Ketjen black are used. Other usable conductive materials

include natural graphite (such as scaly graphite, scale-like
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graphite, and earthy graphite), artificial graphite, carbon
whisker, a carbon fiber or metal (such as copper, nickel,
aluminum, silver, and gold) powder, metal fibers, and
conductive ceramic materials. These may be contained as a

mixture of two or more. The conductive material may be added

1n preferably 1 to 30 weight%, particularly preferably 2 to
20 welght% with respect to the amount of the active material.

[0027]

Any electron conductor may be used as the collector of

the electrode active material, provided that the electron

conductor does not have adverse effects 1in the product battery.
Examples of the positive electrode collector 1nclude aluminum,
titanium, stalnless steel, nickel, calcined carbon,
conductive polymers, and conductive glass. Further,

surface-treated materials such as aluminum or copper treated

with carbon, nickel, titanium, silver or the like, may also

be used for the purpose of improving adhesion, conductivity,

and oxidation resistance. Examples of the negative electrode
collector 1nclude copper, stailnless steel, nickel, aluminum,
titanium, calcined carbon, conductive polymers, conductive
glass, and Al-Cd alloys. FPurther, surface-treated materials
such as aluminum or copper treated with carbon, nickel,
titanium, silver or the like, may also be used for the purpose
of improving adhesion, conductivity, and oxldation

resistance.

10
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(0028 ]

The surfaces of these collector materials may be

subjected to an oxidation treatment. The collector materials

may have a form of a foil, a film, a sheet, or a net, or may
be punched or expanded, or may be a lath, porous, or molded

such as foamed material. The thickness is not particularly

limited, and 1s typically 1 to 100 um.

[0029]

The binder used to bind the active materials to the
positive electrode and the negative electrode is not limited
and examples thereof include polyvinylidene fluoride (PVDF),
PVDF copolymer resins such as copolymers of PVDF with

hexafluoropropylene (HFP), perfluoromethylvinylether (PFMV)

or tetratfluoroethylene (TEFE) ; fluororesins such as
polytetrafluoroethylene (PTFE) or fluororubber; and polymers

such as styrene-butadiene rubber (SBR), an ethylene-propylene

rubber (EPDM) or styrene-acrylonitrile copolymer. These may
be combined with polysaccharides such as
carboxymethylcellulose (CMC), or with thermoplastic resins
such as polyimide resin. Further, these may be used as a

mixture of two or more. The binder 1s added preferably in 1

to 30 weilight%, particularly preferably 2 to 20 weight% with

respect to the amount of the active material.

[0030]

A porcocus fllm 1s used as the separator. Preferred

11
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examples 1nclude microporous polymer films, and nonwoven

fabrics. Porous films of polyolefin polymer are particularly

preferred. Specific examples include microporous films of

polyethylene or polypropylene, laminated films of a porous

polyethylene film and polypropylene, nonwoven fabrics of

fibers such as a polyester fiber, an aramid fiber, and a glass

fiber, with or without silica, alumina, titania, or other

ceramic fine particles adhering to the surface.

00311

P

The lithium secondary battery of the present invention

may be formed into any shape, including a cylindrical shape,

a coln shape, and a rectangular shape. The basic battery

configuration remains the same irrespective of the shape, and
the design may be changed according to the intended use. For
example, 1n the case of a cylindrical battery, a negative
electrode obtained by applying a negative electrode active
material to the negative electrode collector, and a positive

electrode obtained by applyilng a positive electrode active

material to the positive electrode collector are wound around
via a separator to prepare a wound unit. With the wound unit
housed 1inside a battery canister, the nonaqueous electrolytic
solution 1s 1njected, and the battery 1s sealed with the upper
and lower 1nsulating plates 1n place. In the case of a
coln-shaped lithium secondary battery, a disc-shaped negative

electrode, a separator, a disc-shaped positive electrode, and

12



CA 2792147 2017-05-30

plate are laminated and housed inside a

]

a stainless steel

coln-shaped battery canister, and the battery is sealed after

1njecting the nonaqueous electrolytic sclution.

Examples
10032 ]

The present 1nvention is described below in more detail

using examples. The present 1invention, however, 1is not

limited by the following examples. In the following, the
mixture ratio and "%" are by weight, unless otherwise stated.

[0033]

[Example 1]
<Fabrication of Positive Electrode>

100 g ot LiNig.sMn:.sO4 as a positive electrode active

material, 7.8 g of carbon black as a conductive agent (Super-P"

-

produced by Timcal), 3.3 g of PVDF as a binder, and 38.4 g of

N-methyl-Z2-pyrrolidone (NMP) as a dispersion medium were mixed
using a planetary mixer to prepare a positive electrode coating
liquid having a solid content of 56%. The coating liquid was
coated over a 20 pm-thick aluminum foil using a coater, and

dried at 130°C. A positive electrode with a positive electrode

active material weight of 7.5 mg/cm® was then obtained after

a roller press process.

[0034]

<Fabrication of Negative Electrode>

100 g of Graphite as a negative electrode active material,

13
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0.55 g of carbon black as a conductive agent (Super-P produced

by Timcal), 8.7 g of PVDF as a binder, and 79.1 g of NMP as

a dilispersion medlium were mixXxed using a planetary mixer to
prepare a negative electrode coating liquid having a solid

content of 58%. The coating ligquid was coated over a 10

pm-thick electrolytic copper foil using a coater, and dried

at 130°C. A negative electrode with a negative electrode

active material weight of 3.2 mg/cm’ was then obtained after

a roller press process.

10035]

<Fabrication of Lithium Secondary Battery>

A 40 um—-thick polyethylene separator was sandwiched

between the positive and negative electrodes to prepare a

laminate. After welding a tab lead for drawlng out a terminal,

the laminate was placed in a folded aluminum laminate pack to
prepare a lithium secondary battery having a positive electrode
area of 18 cm® and a negative electrode area of 19.84 cm“. Then,
a solution dissolving 1.2 mol/kg of LiTFSI 1in an
N-methyl-N-propyl-pyrrolidinium (MPPy)—-FSI solvent was
injected as anelectrolytic solution, and the aluminum laminate
was sealed with a heat sealer at the opening to fabricate a

test lithium secondary battery.

[00306]

[Examples 2 to 9, and Comparative Examples 1 to 9]

Test lithium secondary batteries were fabricated 1n the

14
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same manner as 1n Example 1, except that the positive electrode

activematerials, the negative electrode active materials, the

nonaqueous electrolytic solution solvents (ionic liquids

except for Comparative Example 3), and the supporting

electrolytes (lithium salts) presented 1n Table 1 were used.

Note that two solvents were used 1n Example 5, and two negative

electrode activematerials were used 1n Example ©. The mixture

ratios are given in brackets in the respective cells of Table

1.

[0037]

The lithium secondary batteries fabricated i1n Examples

and Comparative Examples were subjected to measurements of

initial discharge capacity at 20°C and capacity retention ratio

atter 20 cycles as performance tests. The measurements were

performed as follows. The results are presented 1n Table 1.

[0038]

P

<Discharge Capacity per Weight of Positive Electrode Active

Material>

The initial discharge capacity was measured at 25°C using

a charge/discharge tester. The batteries were charged to 4.8

V at C.C.-C.V. (constant current-constant voltage) under a

current value of 0.1 C, and the charging was stopped after a

charge time of 17 hours or at a current value of 0.05 C. The

batteries were discharged teo 3.0 V at C.C. (constant current)

under a current value of 0.1 C. The discharge capacity per

15
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welght of the positive electrode activematerial was determined
by dividing the measured 1initial discharge capacity by the

welght of the positive electrode active material.

[0039]

<Average Discharge Voltage>

Measurement was made using a charge and discharge device

(ACD-10APS, Aska Electronic, Co., Ltd.).

10040]

<Capacity Retention Ratio after 20 Cycles>

The Dbatteries were charged to 4.8 V at C.C.-C.V.
(constant current-constant voltage) under a current value of
0.1 C. The charging was stopped after a charge time of 12 hours
or at a current value of 0.05C. The batteries were discharged
to 3.0 Vunder a current valueof 0.1 CinC.C. (constant current)

conditions. The discharge capacity was measured after 1 cycle

and aftter 20 cycles, and the discharge capacity retention ratio

p—

after 20 cycles (%) was calculated as the proportion of the

discharge capacity after 20 cycles relative to the discharge
capacity after 1 cycle.

10041]

16
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Industrial Applicability

[0042]

The lithium secondary battery of the present invention

can be used for various portable devices, including cell phones,
laptop personal computers, personal digital assistances

(PDAs), video cameras, and digital cameras. The lithium

secondary battery of the present invention 1s also useful as

amiddle-sized or large-sized lithiumbattery for installation

in electric bicycles and electric automobiles.

13
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CLAIMS

1. A lithium secondary battery comprising: a positive
electrode; a negative electrode; a separator provided between
the posltive electrode and the negative electrode; and a
nonaqueous electrolytic solution that contains a lithium
salt,

characterized in that the positive electrode includes a

positive electrode active material of the general formula (1)

below, and that an i1onic liguid that contains

pis(fluorosulfonyl)imide anions as an anionic component and

at least one selected from the group consisting of N-methyl-
N-propyl-pyrrolidinium, N-methyl-N-propyl-piperidinium,
Trimethyl-N-propylammonium, and a combination of N-methyl-N-
propyl-pyrrolidinium and N-methyl-N-propyl-piperidinium as a
cation component 1s used as the solvent in the nonaqgueous
electrolytic solution,

LiNi0.5MTl1.5O4 (1) .

2. T'he 1lithium secondary battery according to claim 1,
wherein the lithium secondary battery has a fully charged

voltage of 4.4 V or more, and an average discharge voltage of

4.0 V or more.

19
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