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(57) Abréegée/Abstract:
To provide a method for manufacturing a lithium secondary battery, characterized by having: a processing lithium secondary
battery preparing step for preparing a processing lithium secondary battery that has a positive electrode layer (1) containing
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(57) Abrege(suite)/Abstract(continued):
LIFePO, as a positive-electrode active material, a negative electrode layer containing a carbon material as a negative-electrode

active material, and nonaqueous electrolyte solution containing LIPF and LIBOB; and a film forming step of performing a charging
process on the processing lithium secondary battery until a voltage of the processing lithium secondary battery falls within a high
voltage range in which a film of an oxidative decomposition product of a BOB anion contained in the LIBOB Is formed on a surface
of the positive-electrode active material.
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secondary battery, characterized by having: a processing lithium
secondary battery preparing step for preparing a processing lithi-
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taining LiFePO, as a positive-electrode active material, a negative
clectrode layer containing a carbon material as a negative-elec-
trode active material, and nonaqueous electrolyte solution contain-
ing LiPFs and LiBOB; and a film forming step of performing a
charging process on the processing lithium secondary battery until
a voltage of the processing lithium secondary battery falls within a
high voltage range in which a film of an oxidative decomposition
product of a BOB anion contained in the LiBOB 1s formed on a
surface of the positive-electrode active material.
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'METHOD FOR MANUFACTURING LITHIUM SECONDARY BATTERY, LITHIUM
SECONDARY BATTERY, AND LITHIUM SECONDARY BATTERY SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001] This invention relates to a method for manufacturing a lithium secondary
battery that is capable of obtaining a lithium secondary battery having excellent cycle

characteristics, the lithium secondary battery manufactured by this method, and a lithium

secondary battery system.

2. Description of the Related Art

[0002] In the field of information-related devices or communication devices, 2

lithium secondary battery with high-energy density has been used practically and widely

as the power source for such devices, due to the miniaturization of personal computers,
video camera, cellular phones and the like. In the field of automobiles as well, use of a

lithium secondary battery as the power source of an electrical vehicle has been

considered, as the development of electric vehicles has been accelerated due to the

environmental and resource problems.
[0003] Recently, various experiments have been conducted to improve the

characteristics of a lithium secondary battery. For example, Japanese Patent Application
Publicatiori No. 2007-128723 (JP-A-2007-128723) discloses a battery in which the open
circuit voltage when fully charged falls within a range of 4.25 V to 6.00 V and in which a
lithium composite oxide such as LiCoO, and/or lithium phosphate such as LiFePOy 1s
used as a positive-electrode active material and an electrolyte solution containing
vinylene carbonate, supporting electrolyte (LiPFs) and Lithium Bis (Oxalato) Borate
(LiBOB) is used. This technology aims to obtain a battery capable of improving the

charge/discharge efficiency even when the upper limit of a charging voltage IS set af 4.2

V or higher.

1
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[0004] However, this technology is to mainly soive the problems of the lithium
composite oxide such as LiCoQ,. Specifically, in consideration of the fact that “in the
lithium secondary battery that is operated at the maximum of 4.2 V, lithium cobaltate or
other positive-electrode active material used in the positive electrode only utilizes
approximately 60 percent of the theoretical capacity of the positive electrode” (the
paragraph 0005 of JP-A-2007-128723), this technology aims to “improve the
charge/discharge efficiency even when a charging voltage is set at 4.2 V or higher” (the
paragraph 0008 .of JP-A-2007-128723). In other words, the technology described in
JP-A-2007-128723 aims to enhance the Li discharged amount of the positive-electrode
active material per unit weight by setting the upper limit voltage of charging higher than

the normal level.

[0005) Japanese  Patent  Application  Publication  No,  2006-216378
(JP-A-2006-216378) discloses a nonaqueous electrolyte secondary battery in which a
specific lithium composite oxide is used as a positive-electrode active material and in
which an electrolyte containing LiPFs, LiBOB, and specific aromatic compound 1s used.
This technology airn§ to prevent the deterioration of the cycle characteristics and battery
swelling in high-temperature storage. Japanese Patent Application Publication No.
2005-285447 (JP~A~2005-285447) discloses a lithium ion secondary battery in which

LiFePO, is used as a positive-electrode active material and in which nonaqueous

electrolyte solution containing y- butyrolactone is used. This technology aims to

provide a large lithium ion secondary battery having excellent safety and battery

performance.
[0006] In JP-A-2007-128723 and JP-A-2005-285447, LiFePO4 is used as the

positive-electrode active material. Generally, LiFePO, has excellent thermal safety,
large theoretical capacity of 170 mAh/g, and an insertion/elimination reaction of the

lithium that progresses at a high voltage of approximately 3.4 V (vs. Li/Li"). Therefore,

LiFePO, is highly expected to be the positive-electrode active material for the next
generation, However, the lithium secondary battery that uses LiFePOs as a

positive-electrode active material might not provide sufficient cycle characteristics.

2
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[0007] For example, the following problems might possibly occur in a lithium
secondary battery that uses LiFePOj (positive-electrode active material), carbon material
(negative-electrode active material) and LiPFs. Speciﬁoally, when charging/discharging
1s performed on the lithium secondary battery having such configuration, the LiPFg

o contained in the nomaqueous electrolyte solution is decomposed, and PFs or HF is
generated, whereby the Fe component of LiFePQy is eluted. Because the eluted Fe
component breaks a solid electrolyte interface (SEI) film formed on the carbon material
serving as the negative-electrode active material, the capacity is reduced to form the SEI
film again. Consequently, deterioration of the cycle characteristics occurs.

10 [0008] On the other hand, because a lithium secondary battery that uses LiFePOy
(positive-clectrode active material), carbon material (negative-electrode active material)
and L1PFs is normally charged/discharged at approximately 3.4 V, the upper limit voltage
is normally set at approximately 3.6 V to 4.0 V at the time of charging. However, such

voltage range does not contribute to the improvement of the cycle characteristics.

15
SUMMARY OF THE INVENTION
[0009] The invention provides a method for manufacturing a lithium secondary
battery which is capable of obtaining a lithium secondary battery having excellent cycle
characteristics.

20 [0010] A first aspect of the invention relates to a method for manufacturing a lithium

secondary battery, which has: preparing a processing battery that has a positive electrode
layer containing LiFePO, as a positive-electrode active material, a negative electrode
layer containing a carbon material as a negative-electrode active material, and
nonaqueous electrolyte solution containing LiPFs and LiBOB; charging the processing
20  Dbattery at a high voltage necessary for forming a film of an oxidatively decomposed
product of a BOB anion contained in the LiBOB, on a surface of the positive-electrode
active material.

[0011] According to the configuration described ébove, a charging process ‘is

pefformed on the processing battery until the voltage thereof falls within a predetermined

3
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high voltage range, so that the film of the oxidative decomposition product of the BOB
anion is formed on the surface of the positive-electrode active material and a lithium
secondary battery with excellent cycle characteristics can be obtained.
[0012] In the method for manufacturing a lithium secondary battery aécording to this
5  aspect, the high voltage may be at least 4.3 V. According to this configuration, the film
of the oxidative decomposition product of the BOB anion can be formed more securely.
[0013] In the method for manufacturing a lithium secondary battery according to this
aspect, the charge of the processing battery may be performed at any of first to fifth
charges of the processing lithium secondary battery. According to this configuration,
10  forming the film in an early stage can prevent deterioration of the cycle characteristics.
[0014] In the method for manufacturing a lithium secondary battery according to this
aspect, the concentration of the LiBOB contained in the nonaqueous electrolyte solution
may be at least 0.01 mol/dm’ and not greater than 1.0 mol/dm’. According to this

configuration, the film of the oxidative decomposition product of the BOB anion can be

15 formed more securely.

[0015] In the method for manufacturing a lithium secondary battery according to this
aspect, the processing battery may be charged at the high voltage five times or less.
[0016] In the method for manufacturing a lithium secondary battery according to this

aspect, the LiFePO, contained in the positive electrode layer may be in the form of

.20  particle, and an average particle diameter of the LiFePO; may be 1 pm to 50 pm.

[0017] In the method for manufacturing a lithium secondary battery according to this

aspect, the proportion of the LiFePO, to the total positive-electrode active material

contained in the positive electrode layer may be at least 30 wt%.

[0018] In the method for manufacturing a lithium secondary battery according to this
25 ‘aspect, the thickness of the positive electrode layer may be 10 pm to 250 pm.

[0019] In the method for manufacturing a lithium secondary battery according to this
aspect, the positive electrode layer may further contain at least one substance selected
from a group consisting of LiCoO,; LiMnyO4, LiNiOz, LiNigsMnys0s,
LiNi;3Mn;3C01302, LiNigsMngsO2, LiCoPOy, and LiMnPOy, as the positive-electrode

4
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active material other than the LiFePO..

[0020] In the method for manufacturing a lithium secondary battery according to this
aspect, the positive electrode layer may further contain LiCoQO; as the positive-electrode
active material other than the LiFePOQa.

[0021] A lithium secondary battery may be manufactured by the above-described
method according to this aspect.

[0022] A lithium secondary battery system may have the lithium secondary battery
manufactured by the method for manufacturing a lithium secondary battery according to
thiSﬁaSpCCt, and a controller for controlling an upper limit of a voltage for charging the
lithium secondary battery to 4.1 V or lqwer.

[0023] A second aspect of the invention relates to a lithivm secondary battery system
having: a lithium secondary battery which has a positive electrode layer containing
LiFePO4 as a positive-electrode active material, a negative electrode layer contﬁining a
carbon material as a negative-electrode active material, and nonaqueous electrolyte

solution containing LiPF¢ and LiBOB, and in which a film of an oxidatively decomposed
product of a BOB anion contained in the LiBOB is formed on a surface of the
positive-electrode active material; and a controller for controlling an upper limit voltage
of charging the lithium secondary battery to 4.1 V or lower.

[0024] According to the configuration described above, by providing the controller

for controlling the upper limit voltage of the lithium secondary battery, not only 1s it

possible to prevent excessive decomposition of the nonaqueous electrolyte solution, but
also it is possible to prevent deterioration of the cycle characteristics that is caused by
oxidative decomposition of the nonaqueous electrolyte solution. Furthermore, because
the film of the oxidative decomposition product of the BOB anion is formed on the

surface of the positive-electrode active material of the lithium secondary battery

according to this aspect, the cycle characteristics can be improved. Due to these effects,

a lithium secondary battery system that has a lithium secondary battery with excellent

~ 'cycle characteristics can be obtained.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0025] The foregoing and further objects, features and advantages of the invention
will become apparent from the following description of example embodiments with
reference to the accompanying drawings, wherein like numerals are used to represent like
5 elements and wherein:

FIG 1 is a schematic cross-sectional diagram showing a processing lithium secondary

battery according to an embodiment of the invention;
FIG. 2A is a schematic cross-sectional diagram for explaining the condition of a
surface of a positive-clectrode active material obtained in a film forming step, and FIG.

10 2B is a schematic cross-sectional diagram for explaining the condition of the surface of

the positive-electrode active material obtained in the film forming step;

FIG 3 is a schematic cross-sectional diagram for explaining a lithium secondary

battery obtained by the embodiment of the invention;

FIG 4 is a schematic cross-sectional diagram showing a lithium secondary battery
15  system according to the embodiment of the invention;
FIG. 5 is an explanatory diagram showing a controller according to the embodiment of
the invention;
FIG. 6 is a graph showing the results of discharged capacities shown in Table 2; and
FIG, 7 is a Cls photoelectron spectroscopy (XPS) spectrum of a positive electrode
90 layer of each cylindrical lithium secondary battery obtained in Example 1 and

Comparative Example 3.

DETAILED DESCRIPTION OF EMBODIMENTS
[0026] As a result of a keen investigation by the inventors, the inventors have
25  discovered, in a system using a LiFéPO4 (positive-electrode active material), carbon
material (negative-electrode active material) and LiPFe, that a lithium secondary battery
with excellent cycle characteristics can be obtained by gdding LiBOB to nonaqueous
electrolyte solution and charging it within a predetermined.range of high voltage (for

example, a voltage of at least 4.3 V).
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[0027] A method for manufacturing a lithium secondary battery and a lithwum
secondary battery system according to an embodiment of the invention are described
hereinafter in detail.

t0028] The method for manufacturing a lithium secondary battery according to an
embodiment of the invention is described with reference to the drawings. First, a
processing lithium secondary battery is prepared (processing lithium secondary battery
preparing step). FIG. 1 is a schematic cross-sectional diagram showing a processing
lithium secondary battery according to the embodiment. The processing lithivm
secondary battery 10 shown in FIG. 1 has a positive electrode layer 1 containing the
LiFePO,, a positive electrode current collector 2 for collecting current of the positive
electrode layer 1, a negative electrode layer 3 containing a carbon material, negative
electrode current collector 4 for collecting current of the negative electrode layer 3, a
separator 5 disposed between the positive electrode layer 1 and the negative electrode
layer 3, a nohaqueous electrolyte solution 6 that conducts lithium ions between the

positive electrode layer 1 and the negative electrode layer 3 and contains LiPFs and
LiBOB, and a battery case 7 storing these members therein. The processing lithium
secondary battery 10 is an example of the processing battery of this invention,

[0029] Next, a charging process is performed until the voltage of the obtained
processing lithium sécondary battery falls in a predetermined range of high voltage (film.

forming step). FIG. 2 is a schematic cross-sectional diagram for explaining the

condition of a surface of a positive-electrode active material obtained in the film forming
step. As shown in FIG. 2A, the positive electrode layer 1 of the processing lithium
secondary battery, which is formed on the positive electrode current collector 2, contains

particulate LiFePOs It should be noted that the descriptions of a conductive material

and binder included in the positive electrode layer 1 are omitted. Subsequently, a

charge-discharge process is performed until the voltage of the processing lithium

secondary battery reaches, for example, at least 4.3 V.  As aresult, a film of an oxidative

‘decomposition product of BOB anion contained in LiBOB 1s formed on the surface of the

LiFePO,, as shown in FIG 2B, This film contributes significantly to improving the

7
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cycle characteristics of the processing lithium secondary battery. Hereinafter, each step
of the method for manufacturing the lithium secondary battery according to the
embodiment of the invention is described.

[0030] The processing lithium secondary battery preparing step of the embodiment 1$
a step of preparing the processing lithium secondary battery that has the positive
electrode layer containing the LiFePO4 as a positive-electrode active material, the
negative electrode layer containing a carbon material as a negative-electrode active
material, and the nonaqueous electrolyte solution containing LiPF¢ and LiBOB. Here,
the processing lithium secondary battery obtained by this step has at least the positive
electrode layer, negative electrode layer and nonaqueous electrolyte. In addition, this
processing lithium secondary battery normally has the positive electrode current collector,
negative electrode current collector, separator, battery case, extraction electrode, and the
like. The configurations of the processing lithium secondary battery are described next.

[0031] The positive electrode layer used in this invention contains the LiFePOq as a

positive-electrode active material. The positive electrode layer may also contain a
p(;sitive-electrode active material other than the LiFePO4. It is preferred that the
positive electrode layer contain a conductive material and a binder.

[0032] It is preferred that the average particle diameter of the LiFePQ4 be, for
example, within a range of 1 pm to 50 pm, within a range of 1 pm to 20 pm, or

particularly within a range of 3 um to 5 um. An excessively small average particle

diameter of the LiFePO, might degrade the handleability, but an excessively large
average particle diameter might make it difficult to obtain a flat positive electrode layer.
Note that the average particle diameter of the LiFePOy4 can be measured by, for example,
observing the LiFePO, using a scanning electron microscope (SEM) or by using a laser
diffraction/scattering method.

[0033] The positive electrode layer used in the invention may contain only the
LiFePO, as the positive-electrode active material, or may contain the LiFePO4 and a
positive-electrode active material other than the LiFePO;. The positive-electrode active

material other than the LiFePQy is not particularly limited as long as it can store/release

8
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lithium jons. Examples of such a positive-electrode active material include LiCoOs,

LiMnyQ4, LiNiO,, LiNigsMn; 504, LiNi;;sMnysC0150,, LiNipsMngsO,, LiCoPOs, and

- LiMnPOy, and, above all, LiCoQ; is preferred, as it can realize high-energy density.

[0034] When the positive electrode layer contains the LiFePO; and a
positive-electrode active material other than the LiFePOy, it is preferred that the
proportion of the LiFePOy to the total positive-electrode active material be large, so that
the effect of the invention can be achieved more favorably. The proportion of the
LiFePOy to the total positive-elecirode active material is preferably, for example, at least
30 wt%, more preferably at least 50 wt%, or even more preferably at least 70 wt%.

[0035] The content of the positive-electrode active material in the positive electrode

layer is not particularly limited but is preferably, for example, within 4 range of 60 wt%

to 97 wt%, more preferably 75 wt% to 97 wt%, or even more preferably 90 wt% to 97
wt%.

[0036] In this embodiment, the positive electrode layer may contain a conductive
material to improvc the conductivity of the processing lithium secondary battery.
Examples of the conductive material include carbon black, such as acetylene black and
ketjen black. In addition, the content of the conductive material in the positive electrode
layer is normally within a range of 1 wt% to 10 wt%, although the content varies
depending on the conductive material type.

[0037] In this embodiment, the positive electrode layer may contain a binder so that

the positive-electrode active material can be solidified rigidly. Examples of the binder

~can include polyvinylidene-fluoride (PVDF), polytetrafiuoroethylene (PTFE) and the like.

The content of the binder in the positive electrode layer may be in the amount sufficient
to solidify the positive-electrode active material and the like is preferably lower than this.

amount. The content of the binder is normally within a range of 1 wt% to 10 wt%.
[0038] The thickness of the positive electrode layer used in this embodiment varies

depending on the application of the lithium secondary battery to be produced, but it is

iJrefened that the thickness of the positive electrode layer fall, for example, within a

range of 10 pm to 250 pm, within a range of 20 pm to 200 wm, or particularly within a

9
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range of 30 um to 150 pum.

[0039] A method for forming the positive electrode layer is not particularly limited
as long as the abovementioned positive electrode layer can be obtained. Examples of
the method for forming the positive electrode layer include a method for mixing the
positive-electrode active material, conductive material and binder together first and
dispersing the mixture into a solvent such as N-methyl-pyrrolidone to prepare a positive
electrode layer forming slurry, and then applying the positive electrode layer forming
slurry to a positive electrode current collector and drying thus obtained product.
Moreover, the electrode density may be improved by means of pressing, if necessary.

[0040] Next, the negative electrode layer used in this embodiment is described next.
The negative electrode layer used in this embodiment contains a carbon material as the
negative-electrode active material. The negative electrode layer preferably contains
only a carﬁon material as the negative-electrode active material. In addition, the
negative electrode layer may cogtain a binder or, if necessary, a conductive material.

[0041] The carbon material used in this embodiment is not particularly limited as
long as it can store/release lithium ijons. Examples of the carbon material include
artificial graphite such as mesocarbon microbead (MCMB), natural graphite, hard carbon,
soit carbon and the like. Two or more types of carbon materials may be used when
implementing the invention. Note that the hard carbon is generally a carbon material

that is not converted to graphite through heat treatment at approximately 3000°C, while

soft carbon is generally a carbon material that is converted to graphite through heat

- treatment at approximately 3000°C.

[0042] The content of the carbon material in the negative electrode layer is not
particularly limited but preferably falls, for example, within a range of 60 wt% to 97 wt%,
within a range of 75 wt% to 97 wt%, or particularly within a range of 90 wt% to 97 wt%.
Note that the descriptions of the binder and the conductive material that are used in the
negative electrode layer are omitted here, as the binder and the conductive material used
in the negative electrode layei' are similar to those used in the abovementioned positive

electrode layer.

10
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[0043] The thickness of the negative electrode layer used in this embodiment varies
depending on the application of the lithium secondary battery to be produced, but it 1s
preferred that the thickness of the megative electrode layer fall, for example, within a
range of 10 pm to 100 wm or within a range of 10 pm to 50 pm.

5 [0044] A method for forming the positive electrode layer is not particularly limited
as long as the abovementioned negative electrode layer can be obtained. Examples of
the method for forming the negative electrode layer include a method for mix.ing the
negative-electrode active material and bindér together first and dispersing the mixture
into a solvent such as N-methyl-pyrrolidone to prepare a negative electrode layer forming

10  slurry, and then applying the negative electrode layer forming slurry to a negative
electrode current collector and drying thus obtained product. Moreaver, the electrode
density may be improved by means of pressing, if necessary.

[0045] The nonaqueous electrolyte solution used in the invention is described next.
- The nonaqueous electrolyte solution used in the invention contains LiPFs and 11BOB.

15  The nonaqueous electrolyte solution contains a nonaqueous solvent in addition to LiPFg
and LiBOB.
[0046] The LiPFs is added as a supporting electrolyte of the nonaqueous electrolyte
solution. The concentration of the LiPFs contained in the nonaqueous eleCtrolyte
solution is the same as the concentration of a general lithium secondary batiery in a

20 nonaqueous electrolyte solution and thus is not particularly limited. However, the

concentration of LiPFs falls within a range of, for example, 0.1 mol/dm’ to 2.0 mol/dm’,
[0047] The LiBOB, on the other hand, is a compound expressed by the following
structural formula (1) and has Li cation and BOB anion.

[Formula 1]

1 T X
25 /

[0048] The concentration of the LiBOB contained in the nonaqueous electrolyte

Structural formula (1)

11



20

CA 02719529 2010-09-23
WO 2009/122266 PCT/IB2009/005153

solution is not particularly limited as long as a film of an oxidative decomposition
product obtained by oxidatively decomposing the BOB anion can be formed on the
surface of the positive-electrode active material. The concentration of the LiBOB is
preferably, for example, at least 0.01 mol/dm”, at least 0.05 mol/dm”, or more preferably
at least 0.1 mol/dm°. If the concentration of the LiBOB is excessively low, it is difficult
to form the film for preventing elution of a Fe component. In addition, the
concentration of the LiBOB is preferably, for example, 1.0 mol/dm’ or lower, 0.5
mol/dm” or lower, or more preferably 0.3 mol/dm° or lower. Excessively high
concentration of the LiBOB reduces the ion conductivity in the nonaqueous electrolyte
solution, consequently increasing the battery resistance.

[0049] The nonaqueous electrolyte solution used in the invention may have an
additive according to need. Examples of the additive include vinylene carbonate (VC)
and the like. Addition of VC can prevent the generation of irreversible capacity in the
initial charge. The content of VC in the nonaqueous electrolyte solution is within a
range of, for example, 0.5 wt% to 5 wt%.

[0050] For example, propylene carbonate, cthylene carbonate (EC), diethyl
carbonate, dimethyl carbonate, ethyl methyl carbonate, 1, 2-dimethoxyethane, 1,
2-diethoxyethane, acetonitrile, propionitrile, tetrahydrofuran, 2-methyl tetrahydrofuran,
dioxane, 1, 3-dioxolan, nitromethane, N, N-dimethylformamide, dimethylsulfoxide,

sulfolane, y-butyrolactone, and the like may be used as the nonaqueous solvent used in

the invention. Not only one of these nonaqueous solvent but also a mixture of two or
more of these nonaqueouus solvent may be used.

[0051] The processing lithium secondary battery according to the embodiment of the
invention normally has a positive electrode current collector, negative electrode connector,
separator, battery case, and extraction electrode, in addition to the p‘ositive electrode layer
and negative electrode layer described above. The same members as the members used
in a general lithium secondary battery can be used as the abovementioned members.

[0052] The positive ele;:trode current collector functions to collect current of the

positive electrode layer. Examples of the material of the positive electrode current
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collector include aluminum, stainless steel, nickel, iron, titan, and the like. The positive
electrode current collector can be formed into, for example, a foil, plate or mesh. The
negative electrode current collector, on the other hand, functions to collect current of the
negative electrode layer. Examples of the material of the negative electrode current
collector include copper, stainless steel, nickel, and the like. The negative electrode
current collector can be formed into, for example, a foil, plate or mesh.

[0053] The separator is normally disposed between the positive electrode layer and
the negative electrode layer., Examples of the material of the separator include
polyethylene (PE), polypropylene (PP), polyester, cellulose, polyamide, and other resins,
but PE and PP are preferred.

[0054] The battery case according to the embodiment stores the positive electrode
layer, negative electrode layer, nonaqueous electrolyte solution, positive electrode current
collector, negative electrode current collector, and separator that are mentioned above,
The battery case can be formed into, for example, a cylinder, angle shape, coin, laminated
shape, or the like. Tile processing lithium secondary battery normally has aﬁ electrode
body that has at least the positive electrode layer, separator and negative electrode layer.
The electrode body can be formed into, for example, a plain plate, roll shape, or the like.
FIG. 3 is a schematic cross-sectional diagram for explaining an example of the lithium

secondary battery obtained by the invention. This lithium secondary battery has an

electrode body 14 that has a positive electrode body 11 having a positive electrode layer

and positive electrode current collector, a négative electrode body 12 having a negative
él,e.ctrode layer and negative electrode current collector, and .a separator 13 disposed
between the positive electrode body 11 and the negative electrode body 12. The
electrode body 14 is in the shape of a roll and stored in a cylindrical battery case 13.
[0055] The method for assembling the processing lithium secondary battery of the
embodiment is similar to the method for assembling a general lithium secondary battery
and thus is not particularly limited. The assembly method may be selected appropriately
in accordance with the shapes of the electrode body or battery case. For example, in the

case of assembling a coin-shaped processing lithium secondary battery, examples of such
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assembly method include a method for disposing a negative electrode body having a
negative electrode layer and negative electrode current collector in a negative electrode
type battery case first, then disposing a separator on the surface of the negative electrode
layer, dropping nonaqueous electrolyte solution thereon, disposing a positive electrode
body having a positive electrode  layer and positive electrode current collector, thereafter
disposing a positive clectrode side battery case, and finally cramping the negative
electrode type battery case and the positive electrode side battery case.

[0056] A film forming step performed in the embodiment is described next. The
fibm forming step according to the embodiment is to perform a charging process on the
processing lithium secondary battery until the voltage of the processing lithium
secondary battery falls .wi‘thin a range of high voltage in which the film of the oxidative
decomposition product of the BOB anion contained in the LiBOB is formed on the
surface of the positive-electrode active material.

[0057] The range of high voltage in the embodiment is not particularly limited as
long as the film of the oxidative decomposition product of the BOB anion contained in
the LiBOB is formed on the surface of the positive-electrode active material in this range. -
Note that the presence of the film can be confirmed using, for example, an X-ray XPS.

[0058] In this embodiment, it is desired that the high voltage be at least 4.3 V, more
preferably at least 4.4 V, still more preferably at least 4.5 V, or even more preferably at
least 4.6 V. If the voltage is excessively low, it is difficult to form the film. In addition,
normally the high voltage is preferably 5.5 V or lower, or more preferably 4.8 or lower.
With regard the LiFePOy used in the embodiment, because Li contained in the LiFePOq 18
normally released at a voltage of approximately 3.4 V, an increase in the amount of
released Li cannot be confirmed even when the upper limit voltage is set at 4.2 V at the

time of charging. However, excessively high voltage causes excessive oxidative
decomposition of the nonaqueous electrolyte solution. Note that the range of high
voltage described in the embodiment is set on the basis of lithium metal.

[0059] Moreover, in the embodiment the timing for carrying out the film forming

step can be set arbitrarily. In other words, the film forming step may be performed at
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the time of initial charge of the processing lithium secondary. baitery or after the
processing lithium secondary battery is charged/discharged a number of times (two to
several hundreds of times, for example). Above all, in this embodiment it is preferred
that the film forming step be performed when the processing lithium secondary battf::ry 18
charged/discharged less number of times. - Forming the film in an early stage can
prevent deterioration of the cycle characteristics. In this invention it is preferred that the
film forming step be performed upon any of the first to fifth charging of the processing
lithium secondary battery. It is also preferred that the film forming step be performed
upon any of the first to third charging of the processing lithium secondary battery. It is
more preferred that the film forming step be performed upon the first charging of the
processing lithium secondary battery.

[0060] Although the number of times the film forming step is performed 1s not
particularly limited in this embodiment, it is preferred that the film forming step be
performed less number of times in order to prevent excessive decomposition of the -
nonaqueous electrolyte solutioﬁ. Preferably, the film forming step is performed, for
example, five times or less, three times or less, or more preferably once.

[0061] The lithium secondary battery system according to the embodiment is
described next. The lithium secondary battery system according to the embodimen§ is
characterized in having a lithium secondary battery which has a positive electrode layer
containing LiFePOy as the positive-electrode active material, a negative electrode layer
containing a carbon material as the negative-electrode active material, and nonaqueous
electrolyte solution containing LiPFs and LiBOB, and in which a film of an oxidative
decomposition product of the BOB anion contained in the LiBOB is formed on the
suﬁacc of the positive-electrode active material, and a controller for controlling the upper
limit voltage of the lithium secondary battery to 4.1 V or lower.

[0062] According to this embodiment, by providing the controller for controlling the
upper limit voltage of the lithivm secondary battery, not only is it possible to prevent
excessive decomposition of the nonaqueous electrolyte solution,. but also it is possible to

prevent deterioration of the cycle characteristics that is caused by oxidative
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decomposition of the nonaqueous electrolyte solution. Furthermore, because the film of
the oxidative decomposition product of the BOB anion is formed on the surface of the
positive-electrode active material of the lithium secondary battery used in the
embodiment, the cycle characteristics can be improved. Due to these effects, the Lithium
secondary battery having excellent cycle characteristics can be obtained. Note that the
upper limit voltage of the lithium secondary battery is controlled to 4.1 V or lower.
Because oxidative decomposition of the nonaqueous electrolyte.solution normally occurs
significantly at a voltage of at least 4.2 V in the lithium secondary battery, the
deterioration of the cycle characteristics that is caused by the oxidative decomposition of
the nonaqueous electrolyte solution is brevented by controlling the upper limit voltage to
4,1V or lower.

[0063] FIG. 4 is a schematic cross-sectional diagram showing the lithium secondary
battery system according to the embodiment of the invention. The lithium secondary
battery shown in FIG 4 has a lithium secondary battery 21, and a controller 22 for
controlling the upper limit voltage of the lithium secondary battery to 4.1 V or lower.

The configurations of the lithium secondary battery system of the invention are described

~ hereinafter.

[0064] The lithium secondary battery 21 according to the embodiment of this
invention has a positive electrode layer containing LiFePQ, as the positive-electrode

active material, a negative electrode layer containing a carbon material as the

negative-electrode active material, and nonaqueous electrolyte solution containing LiPFs
and LiBOB, wherein a film of an oxidative decomposition product of the BOB anion
contained in the LiBOB is formed on the surface of the positive-electrode active material.
The descriptions of each component of this lithium secondary battery and of the method
for manufacturing this lithium secondary battery are omitted, as they are the same as
those described in the method for manufacturing the lithium secondary battery 10.

[0065] The controller used in the embodiment is not particularly limited as long as it
can control the upper limit voltage of the lithium secondary battery to 4.1 V or lower.

FIG 5 is an explanatory diagram showing the controller according to the embodiment of
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the invention. A lithium secondary battery 101 (with a positive electrode terminal 108
and a negative electrode terminal 109) is connected to an external terminal (-V) 105 and
an external terminal (+V) 104 via a switch circuit 103 (charge termination part). A load
107 is connected to the external terminal (-V) 105 and external terminal (+V) 104.
Moreover, a charge/discharge control circuit 102 is connected in paraliel with the lithium
secondary battery 101. This charge/discharge control circuit 102 (monitor part)
functions to monitor the voltage of the lithium secondary battery 101. When the voltage
of the lithium secondary battery 101 reaches a charging voltage of 4.1 V, the
charge/discharge control circuit 102 outputs a signal, which is transmitted to the switch
circuit 103 via a signél line 106, whereby the switch circuit 103 is turned OFF. As a
result, the lithium secondary battery 101 enters a charge completion state. Here, the
switch circuit 103 (charge termination part), external terminal (+V) 104, external terminal
(-V) 105, signal line 106, and load 107 constitute the controller.

[0066] The embodiment is described in further detail next.

[0067] [Example 1] First, a 1Ah class cylindrical processing lithium secondary
battery was prepared. 80 wt% of LiFePOy as the positive-electrode active material, 15
wt% of carbon black as the conductive material, and 5 wt% of PVDF as the binder were

~ mixed together and dispersed in a N-methyl-pyrrolidone to prepare a positive electrode
layer forming slurry. The obtained positive electrode layer forming slurry was applied
to the surface of a strip-like current collector consisting of Al and having a thickness of
15 pm such that the thickness of the slurry becomes 30 pm. As a result, a positive
electrode body was obtained. Next, 95 wt% of MCMB (manufactured by Osaka Gas
Co., Ltd) as the negative-electrode active material and 5 wt% of PVDF as the binder were
mixed together and dispersed in the N-methyl-pyrrolidone to obtain a negative electrode
layer forming slurry. Thereafter, the obtained negative electrode layer forming slurry
was applied to the surface of a strip-like current collector consisting of Cu and having a
thickness of 20 pm such that the thickness of the slurry becomes 30 pm. As a result, a
negative electrode body was obtained.

[0068] Next, a separator consisting of a microporous membrane of PP was prepared.
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Thereafter, a positive electrode layer of the positive electrode body was disposed on one
of the surfaces of the separator, and a negative electrode layer of the negative electrode
body on the other surface of the separator. As a result, an electrode body in which the
positive electrode body, the separator, and the negative electrode body are disposed in
this order was obtained. This electrode body was rolled into a spiral to obtain a rolled
type electrode body. Next, the rolled type electrode body was stored in a cylindrical
battery case (type 18650), and nonaqueous electrolyte solution was injecied thereto.
The nonaqueous electrolyte solution is obtained by dissolving 1M of LiPFs and 0.05M of
LiBOB in a nonagueous solvent in which EC and dimethyl carbonate are mixed at a
volume ratio of 1:1. In this manner, the cylindrical processing lithium secondary battery
was obtained.

[0069] Next, the film forming step was performed on this obtained processing
lithium secondary battery. First, running-in was performed on this processing lithium

secondary battery (three cycles) under the conditions of 25°C and 0.1 C. Thereafter,

while performing charge/discharge on the processing lithium secondary battery under the
conditions of charging/discharging at 1 Acc, upper limit voltage of 4.0 V, lower lLimit
voltage of 2.5 V, and temperature of 60°C, the upper limit voltage was set at 4.4 V only
when the first charging was performed. In this manner, the cylindrical lithium
secondary battery in which the film of the oxidative decomposition product of the BOB
anion was formed on the surface of the positive-electrode active material was obtained.
Note that the discharged capacity was 981 mAh at the third cycle.

[0070] [Examples 2 to 10, Comparative Examples 1 to 3JA  cylindrical lithium
secondary battery was obtained in the same manner as in Example 1, except that the type
of the positive-electrode active material, the type of the negative-electrode active material,

the type of the solute of the nonaqueous electrolyte solution, and the various conditions

for the film forming step were changed as described in Table 1. Note in Table 1 that
NG-7 represents natural graphite NG-7 (manufactured by Kansai Coke and Chemicals

Co., 1td.), and VC represents vinylene carbonate.
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Solute of
nONaqueous
electrolyte | forming | perfoming film | third cycle

-
= .
o
 Esuuples [Lreo,| MQUS | LTS, o] a4V | o

Example 6 0.05M LiBOB [First charge

:

M 4.4V 082
Example 7 44V 986
MCMB 44V 982

LiFePQ; 0.05M LiBOB First charge 44V 979

TNLLIPE.
Example 10 |LiFePO;| NG7 0.05M LiBOB |First charge 44V 977
1wit% VC

Comparative |, . .

i e e T I R
Comparative |, . :

Erage [UFF| MQUB | BB | - | - | o
Erample: ooniimos|

[0072] The cycle characteristics of the cylindrical lithium secondary batteries
obtained in Examples 1 to 10 and Comparative Examples 1 to 3 were evaluated. As

described abave, the cylindrical lithium secondary battery that was finished with the three
O cycles of charging/discharging in the film forming step was continucusly
charged/discharged up to 100 cycles under.the same charging/discharging conditions.

Table 2 shows the discharged capacities obtained at the thixd cycle, the 10® cycle, the 50"
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cycle, and the 100" cycle. Note that the capacity retention factor (%) shown in Table 2
represents the percentage of the discharged capacity obtained at the 100" cycle to the

discharged capacity obtained at the third cycle.
[0073] [Table 2]

o !_,.._ __Dischar ed capacity mAh ]Capacity retention
s | i3rd cycle| 10th cycle | SO0th cycle [100th cycle logzgegg)c .
 Examplel | 981 979 975 969.1 988
Example 2 985 082 976.5 968 98.3
_ Exampled | 984 | 983 | 930 988
Example 4 992 | 9889 | 984.8 | 98.4
| Example$§ ' 976 972 | 961 973
Example6 | 982 9804 | 9769 98.8
l Example7 | 986 | l 982 | 970 962.7 | = 976
_ Example 8 | 982 | 9823 | 9789 | 971.1 98.9
Example 9 979 975 970.4 965.9 - 98.7 B
Example 10 977 | 975.8 071.8 | 967 99.0
Comparative Example 1| 982 | 960 897.1 646.5 658
Comparative Example 2| 973 l___ ; 964.1 927.3 856.3 88.0
(Comparative Example 3| 983 | 9649 72.2

[0074] As shown in Table 2, the cylindrical lithium secondary batteries obtained In
Examples 1 to 10 represented excellent capacity retention rate at 100th cycle, compared
to the cylindrical lithium secondary batteries obtained in Comparative Examples 1 to 3.
Although LiPFs and LiBOB were added to the nonaqueous electrolyte solution in the
cylindrical lithium secondary battery obtained in Comparative Example 3, the film of the
oxidative decomposition product of the BOB anion is not generated because the upper
limit voltage is 4.0 V when charging this battery. Therefore, the capacity retention rate
of this lithium secondary battery is lov.;. FIG. 6 is a graph showing the results of the
discharged capacities shown in Table 2, As shown in FIG 6, although the discharged
capacities of the cylindrical lithium secondary batteries obtained in Examples 1 to 10
were not reduced, it was confirmed that the discharged capacities of the cylindrical
lithium secondary batteries obtained in Comparative Examples 1 to 3 were reduced with
an increase in the number of cycles.

[0075] The cylindrical lithium secondary battery that was finished with the 100"

- cycle charging/discharging was broken down in a glove box, and the extracted positive
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electrode body was cleaned with the dimethy! carbonate and subjected to surface analysis
using the XPS. The analytical elements of C, O, E, Li, P, Fe, B and Co were taken to
analyze the depth direction of the positive electrode layer by means of an argon 10n gun
(0 sec etching, 10 sec etching, 60 sec etching). The composition ratio of F (atm%) is

shown in Table 3.

[0076] [Table 3]

, Composition ratio of F Igat__lp_?é) ) I
| 0 sec efching l 10 sec etching | 60 sec etc_hig_]

| Example1 152 | 7.2 0.9
| Example 2 168 | 93 | 22
. Example 3 | 173 3.8 :
| Example4 ‘1 14.6 ' : ] 22 |
Examples | 192 | 11 32
| __Example6 16.3 8. 1
Example7 | 155 |
Example 8 3 142 :
Example9 __1_6:7 8 1.6
Example 10 18.6 85 1.8
Comparative Example 1 | 36 25.6 | 20.2
Comparative Example 2 | 0 0 d,
| Comparative Example 3 33 21.2 lm 169

[0077] As shown in Tablé. 3, the amount of film derived from F in each of the
cylindrical lithium secondary batteries obtained in Examples 1 to 10 is lower than that of
any of the cylindrical lithium secondary batteries obtained in Comparative examples 1 to
3. It is considered that this result indicates that the decomposition of the LiPFs is
prevented. FIG. 7 is a C1sXPS spectrum of the positive electrode layer of each of the
cylindrical lithium secondary batteries obtained in Example 1 and Comparative Example
3. In the C1sXPS spectrum of Example 1, the peak originated from the BOB amion of
approximately 288 eV (the peak corresponding to C = O) and the peak originated from

the BOB anion of approximately 286 eV (the peak corresponding to C-O were observed.

However, these peaks were not observed in Comparative Example 3.  As a result, it was
confirmed in the cylindrical lithium secondary battery obtained in Example 1 that the
film of the oxidative decomposition product of the BOB anion was formed on the surface

of the positive e-electrode active material.
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[0078 ]In this embodiment, the film of the oxidative decomposition product of
the BOB anion is formed on the surface of the positive-electrode active material by
adding the LiBOB to the nonaqueous electrolyte solution and performing the charging
process within a predetermined high voltage range (at a voltage of at least 4.3 V, for
example). Forming the film can prevent elution of the Fe component from the
LiFeP0s and prevent breakage of a SEI film formed on the surface of the carbon
material serving as the negative-electrode active material. Therefore, the hthium
secondary battery with excellent cycle characteristics can be obtained.

[0079] In addition, in this embodiment, the film of the oxidative
decomposition product of the BOB anion can be formed by setting the upper limit

voltage at, for example, at least 4.3 V at the time of charging, whereby the cycle

characteristics can be improved.
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What 1s claimed 1s:

1. A method for manufacturing a lithium secondary battery, comprising:

an interim battery preparing step of preparing an interim battery that has a positive
electrode layer containing LiFePQy as a positive-electrode active material, a negative
electrode layer containing a carbon material as a negative-electrode active material, and
nonaqueous electrolyte solution containing LiP¥4 and Lithium Bis (Oxalato) Borate (LiBOB);
and

a film forming step of charging the interim battery to a predetermined voltage, in
which a film of an oxidatively decomposed product of a BOB anion contained in the LiBOB

1s formed on a surface of the positive-electrode active material, so as to manufacture the

lithium secondary battery,
wherein the predetermined voltage 1s4.3 Vt0o 4.8 V.

2. The method for manufacturing a lithium secondary battery according to claim 1,

wherein the charge of the interim battery is performed at any of first to fifth charges of the

interim battery.

3. The method for manufacturing a lithium secondary battery according to claim 1 or 2,
wherein the concentration of the LiIBOB contained in the nonaqueous electrolyte solution is at

least 0.01 mol/dm® and not greater than 1.0 mol/dm’.

4. The method for manufacturing a lithium secondary battery according to any one of

claims 1 to 3, wherein the interim battery is charged at the predetermined voltage five times or

less.

5. The method for manufacturing a lithium secondary battery according to any one of
claims 1 to 4, wherein the LiFePOy contained in the positive electrode layer is in the form of

particle, and an average particle diameter of the LiFePQ4 is 1 um to 50 pm.
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6. The method for manufacturing a lithium secondary battery according to any one of
claims 1 to 5, wherein the proportion of the LiFePO, to the total positive-electrode active

material contained in the positive electrode layer 1s at least 30 wt%.

7. The method for manufacturing a lithium secondary battery according to any one of

claims 1 to 6, wherein the thickness of the positive electrode layer 1s 10 um to 250 pm.

8. The method for manufacturing a lithium secondary battery according to any one of
claims 1 to 7, wherein the positive electrode layer further contains at least one substance
selected from a group consisting of LiCoO,, LiMn;04, LiN1O,, LiNig sMn; 504,
LiN1;sMn;3Co0;30,, LiNig sMng 50,, LiCoPO4, and LiMnPOy, as the positive-electrode active
material other than the LiFePOs,.

9. The method for manufacturing a lithium secondary battery according to claim 8,
wherein the positive electrode layer further contains LiCoO; as the positive-electrode active

material other than the LiFePOs,.

10. A lithium secondary battery manufactured by using the method for manufacturing a
lithium secondary battery according to any one of claims 1 to 9 so that the surface of the
positive-electrode material has the film of the oxidatively decomposed product of the BOB

anion contained in the LiBOB.

11. A lithium secondary battery system, comprising:
a lithium secondary battery manufactured by using the method for manufacturing a
lithium secondary battery according to any one of claims 1 to 9 so that the surface of the

positive-electrode active material has the film of the oxidatively decomposed product of the
BOB anion contained in the LiBOB; and
a controller for controlling an upper limit of a voltage for charging the lithium

secondary battery to 4.1 V or lower.
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