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LITHIUM SECONDARY BATTERY

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001]  The invention relates to a lithium secondary battery. More specifically,
the invention relates to a lithium secondary battery that includes a positive electrode
having an amorphous positive electrode active material, a negative e]ectrbdc and a
nonaqueous eléctrolyte. In addition, the invention relates to a use of the lithium

secondary battery.

2. ‘Descrip.tion of the Related Art

[0002]  Alithium secondary battery (typically, a lithium ion battery) is charged
or discharged in such a manner that lithium ions migrate between a positive electrode and
a neéative electrode. The lithium sécondary battery has a light weight and a high power,
so a demand for - the lithium secondary battery is expected to increasingly grow as a

vehicle-mounted power supply, a power supply for a personal computer and a power

- supply for a mobile terminal in the future. Japanese Patent Application Publication No.

2008-251481 (JP-A-2008-251481) describes a lithium secondary battery.

{0003] One typica-l' configuration .of a lithium secondary battery of this typ.c
includes an electrode in which a material (eléctrode active material) that is able to
reversibly occlude and release lithium ions is held by a conductive meﬁxber (electrode
current collector). A typical example of an electrode active material ,(posifive electrode

active material) used for a positive electrode is a lithium transition metal composite oxide,

‘such as a lithium-nickel-bésed oxide and a lithium-cobalt-based oxide. Amnother

- example of the positive electrode active material is a so-called olivine-type phosphate

compound containing lithium (for example, LiMnPO,, LiNiPOy, and the like). The

olivine-type phosphate compound has a high theoretical capacity, reduces cost and has a

CONFIRMATION COPY
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high degree of safety, so the olivine-type phosphate compound receives attention as a
proﬁu’sing positive electrode aétive material. The oli.vinc-type phosphate compound of
this type is described in Japanese Patent Application Publication No. 11-025983
(JP-A-11-025983).

[0004] Incidentally, a battery is generally used (charged or discharged) within

‘the range of potential that takes into consideration the decomposition potential of a

nonaqueous electrolyte. However, the olivine-type phosphate compound, such as
LiMnPOsq, has a redox potential higher than that of a lithium transition metal composite
oxide, such Ias a lithium-nickel-based oxide and a lithium-cobalt-based oxide. Therefore, .

in a battery configuration that uses a general electrolyte in which a carbonate-based

-solvent, or the like, is used as a nonaqueous solvent, dec;omposition of the electrolyte

occurs if the potential of the positiv‘c electrode is excessively increased, so there is a
problem that the intrinsic capacity of the olivine-type phosphate compound cannot be
sufficiently utilized (when trying to use a battery within a range in which the potential of

the positive electrode does not excessively fail above the decomposition potential of the

. electrolyte, a high capacity cannot be obtained) or the flexibility of selection of the

composition of the electrolyte is low (the number of choices of a nonaqueous solvent is
small, that is, the nonaqueous solvent is fimited to the one having a relatively high

decomposition potential).

‘ SUMMARY OF INVENTION
-[0005] The invention provides a lithium secondary battery that has a high
capacity and excellent charge and discharge characteristics. '

[0006])  The inventors diligently studied ahd found that the redox potential may
be decreased in such a manner that the structure of an oliviﬁe-typc phosphate combound,
such as LiMnPO,, is amorphized and part of or all of P are replaced by a glass former
element having an electronegativity lower than that of P, and completed the invention.

[0007] That is, a first aspect of the invention relates to a lithium secondary

battery that includes a positive electrode that contains a positive electrode active material;
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a negative electrode and a nonaqueous electrolyte. The positive electrode active

_material is amorphous and is expressed by the following composition formula:

LiA[P:M,.,]},0; )

where, in the formula, A is Mn or Ni; M is a glass for‘mcr elemgnt having an
electronegativity lower than P; and X, y, a and z respectively satisfy 1 <x s 2.5,0 < y =3,
0=a<1andz=(x +(valence of A) + (valence of P)xaxy + (valence of M)x(l-a)xy)/Z.'

[0008] With the above aspect, in the amorphous positive electrode active

material expressed by the composition formula LixA[PaMl-;],Oz, part of or all of P are

replaced by the elément M having arn electronegativity lower than that of P. Therefore,

- in comparison with a case without 'rcplacement, the redox potential may be decreased.

By so doing, reaction of lithium occurs at a further low potential, so larger amounts of

h'thiu;n in the positive electrode active material may be extracted while the potential of
the positive electréde is increased in a range in which decomposition of the electrolyte
does not excessively occur.  Thus, it is possible to increase thc amount Qf lithium usable
in charging and discharging, andmit is possible to obtain a positive electrode active
material suitable for a high-capacity battcry.b

[0009] . M in the composition formula (I) may be an eleﬁent that has an
electronegativity lower than that of P (phosphorus) and that can form a vitreous material

(amorphous structure), and is not specifically limited. For. example, in addition to B

_(boron), Si (silicon) and Sn (tin), a hetero element that has an electronegativity lower than

that of P and that can form an oxyacid (typically, an element that can become an essential
element X of an oxfacid expressed by XOn) may be employed as the glass former
element M. A specific examplev of the hetero. element may be an element, such as Ta
(tantalum), Ti (titanium), Nb (niobijum); Al (aluminum), V (vanadium), Cr (chromium),

Ge (germanium), Mo (molybdenum) and As (arsenic).. Among others, at least one of B,

- §i and Sn is desirably used, and, particularly, B is desirably used. One or two or more

of elements may be selected from among the above element group. In a desirable aspect

of the invention, 70 percent (on an atomicity basis) or more of M are formed of one or

‘two or more of elements selected from the group consisting of B, Si and Sn. -The
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substantially whole of M may be formed of one or two or more of elements selected from

~ the group consisting of B, Si and Sn. For example, M may be substantially formed of

only B.
[0010] A in the composition formula (I) may be Mn, and, where the
decomposition potential of the electrolyte is Ve, the average electronegativity of the

[PsM,.,] may be lower than (Ve+5.08)/4.15. When the average electronegativity of the

- [PaM;.] falls within the above range, the redox potential may be reduced to a potential at

which decomposition of the electrolyte does not occur.

[0011] A in the composition formula (I) ‘may be Ni, and, where the
déoomposition potential of the electrolyte is Ve, the average electronegativity of the
[PaM;..] may be lower than (Ve+4.36)/4.00. When the average electronegativity of the
[PaM;..] falls within the above range, the redox potential may be reduced to a potential at
which decomposition of the electrolyte does not occur.

[0012] | A in the composition formula (I) may mainly cbntain an Ni amorphous

phase and may contain a crystal phase of at least one of Ni, NiO and Ni;P. Because the

positive electrode active material mixedly contains the crystal phase, the electron

conductivity improves, so a further high capacity may be obtained.

[0013] The lithium secondary battery may be equipped for a vehicle, such as an
automobile, * Thus, with the aspect of the invention, it is possible to provide a vehicle _
equipped with the lithium secondary battery (which can be a ‘battery pack in which a
f)lurality of lithium secondary batteries are connected) described here. Particularly,

because the lithium secondary battery can give high power in light weight, a vehicle (for

example, automobile) equipped with the lithium secondary battery as a power source

(typically, a power source of a hybrid vehicle or an electric vehicle) is provided.

BRIEF DESCRIPTION OF DRAWINGS
[0014]  The features, advantages, and technical and industrial significance of this
invention will be described below with reference to the accompanying drawings, in

which like numerals denote like elements, and wherein:
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FIG 1 is a graph (Mn base) that shows the relationship between the average

_ electronegativity of [PaM;.s] and the redox potential;

FIG. 2 is a graph (Mn base) that shows the relationship between the average
electronegativity of [P,M;.,] and the redox potential;

FIG. 3 is a graph (Ni base) that shows the relatidnship between the average
electronegativity of [P,M)..] and the reddx potential; '

FIG. 4. is a schematic view that shows the configuration of a lithium secondary
battery according to an embodiment of the invention;

FIG. 5 is a schematic view that shows the configuration of a rolled electrode
assembly accordigg to the embodiment of the invention;

FIG. 6 is a schematic view that shows the configuration of ‘each of test coin cells
according to examples and cbmparative examples;

FIG. 7 is a graph that shows the charge and discharge characteristics of the test cells
according to first to third examples and a ﬁrst comparative example;

FIG. 8isa graph that shows the charge and discharge characteristics of the test cells
according to fourth and fifth examples and a second comparative example;

FIG 9 1’5 a graph that shows the X-ray diffraction patterns in fifth and sixth'
examples; ‘

FIG 10 is a grabh that shows the charge and discharge characteristics 6f the test
cells according to the fifth and sixth examples; and | '

FIG. 11 is a side schematic view that shows a vehicle equipped with the lithium

secondary battery according to the embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0015] In the drawings, like referencé numerals denote components and portions

" that have similar functions. Note that the dimensions (length, width, thickness, and the
_ like) in each drawing do not reflect actual dimensions. In addition, a matter other than

. the matter specifically referred to in the specification and necessary for carrying out the

aspect of the invention (for example, the configuration and manufacturing method of an
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electrode assembly that includes a positive electrode aﬁd a negative electrode, the
wnﬁg&ations and . manufacturing methods of a separator -and an electrolyte, and a '
general technique related to construction of a lithium sécondary battery and other
batteries, and the like) may be held as a design matter of é person skilled in the art based
on an existing art in the technical field. - _

[0016] First, a positive electrode active material will be described. The
positive electrode active material according to the present embbdiment is formed so that
the structure of an olivine-type phosphate compound, such as LiMnPOq, is amorphized
and then part of or all of P are replaced by a glass former element having an
electronegativity lower than that of P. That is, the positive electrode active material is
amorbhous and is expressed by the foliowing composition formula.

Li;A[P;M1..},0; @

In the above composition formula (I), A is Mnor Ni. In addition, M is a glass former
element (element that can form. a vitreous material) having an electronegativity lower
than that of P: (phosphorus). In addition, the values of x, y and a respectively satisfy 1 <

x=25,0<y=3and0=a< 1, and the value of z is expressed by z = (x + (valence of A)

o (valence of P)xaxy + (valence of M)x(1-a)xy)/2 so as to satisfy stoichiometry

(electroneutrality).

" [0017]  With the positive electrode active material according to the present
embodiment, in the amorphous posit‘ive electrode active xﬁaterial expressed by the
composition formula LixA[P.M).a}yOz, part of or all of P are'replaced by the ¢lement M
having an electronegativity lower than that of P. Therefore, in coinparison with a case
without replacement, the redox potential may be decreased, and a further higﬁ capacity
fnay be obtained. Furthermore, the positive electrode active material will be described
with reference to FIG. 1. |

- [0018] FIG. 1 is a graph that shows the relationship between the average

electronegativity of [P;M;.,] and the redox potential in the amorphous positive electrode

_active material in which A in the above composition formula (I) is Mn. As shown in

FIG 1, when the X axis represents the averaée electronegativity of [PaMj..] and the Y
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axis represents the potential V (vs. Li metal), the average electronegativity of [PaMy.] .
and the redox potential are approximately proportional to ea:ch other, and the redox
‘potential decreases as the average electronegativity of [P.Mi.] decreases. Specifically,
the relationship bétWeen the average‘ electronegativity of [P.M;.,] and the redox potential
is expressed ble =4,15X - 5.08.

[0019] Here, in a non-replaced positive electrode active material (indicated by A

in FIG. 1) in which P is not replaced by M, the redox potential is excessively high (a

-difference from the redox potential to Ve is small) with respect to the decomposition

- potential Ve of an electrolyte (here, the electroiyte having a decomposition potential Ve of

4.5 V, and, hereinafter, also referred to as electrolyte El), so the amount of lithium
extracted until the potential of the positive electrode reaches the decomposition potential

Ve of the electrolyte E1 is small. Therefore, there is a problem that, when trying to use

a battery in a range that takes into consideration the decomposition potential Ve of the

electrolyte E1 (typically, a range in which the potential of the positive electrode does not

- excessively fall above Ve), the theoretical capacity of the non-replaced positive electrode

active material cannot be sufficiently utilized and then a high capacity cannot be obtained.
In contrast, in .the present embodiment, part of P are reblaced by M to decrease the value

of the average electronegativity of [P.M1a]. By so doing, in comparison with the case
of the non-replaced A, the redox potential may be decreased. With tﬁe above

configuration, insertion and extraction of lithium occur at a'further low potential, so a

further large amount of lithium in the positive electrode active material may be extracted -
while thé potential of -the positive electrode is increased in the range in which

decomposition of the electrolyte E1 does not excessively occur. By so doing, it is

possible to increase the amount of litlﬁum usable in charging and dischargfng, and it is

possible to obtain a further high-capacity positive electrode active material.

[0020]  The average electronegativity of [P,M1.,] may be appropriately regulated

‘in consideration of the decomposition potential Ve of the electrolyte. In view of

increasing the capacity, the redox potential (oxidation potential) is desirably lower at least

by about 0.1 V (for example, about 0.1 V to 0.5 V) than the decombosition potential Ve of
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the electrolyte with respect to lithium, and the value of the average electronegativity of
[PaM;.,] may be determined so as to fall within the desirable range. The avérage
electronegativity of [P,M;.,] may be regulated to fall within thé described desirable range
by a.ppropriately selecting the type of M and a replacement ratio (value of a).

[0021] In addition, by applying the aspect of the invention, an electrolyte having

a composition that contains a nonaqueous solvent having a further low decomposition

potential Ve may be used. That is, as_shown in FIG. 2, in a battery that is constructed

~ using the non-replaced positive electrode active material A and an electrolyte E2 having a

decomposition potential Ve lower than that of the example (electrolyte E1) shown in FIG
1, when trying to use the battery in a range that takes into conmsideration the
dccomposmon potenhal Ve of the electrolyte E2, the capacity further decreases as
compared w1th the battery that uses the electrolyte E1. In contrast, in the prescnt
embodiment, by rcgulatmg the average electronegativity of [PaMi.a] in consideration of
the dccomposmon potential Ve of the electrolyte, the redox potential may be decreased to
a potential at which the decomposition of the electrolyte does not occur.  Specifically, it
is only necessary that the average electronegativity of [P:Mi..] is regulated so as to be
lower than (Ve+5.08))4.15. By so doing, the redox potential decreases to the potential at
which decomposition of the clectrolyte does not occur, so the electrolyte having a
composition that cont_ajhs a nonaqueous solvent having a relatively low decomposition
potential Ve may be used. '

- [0022] The.embodiment of the invention may be a lithjum secondary battery

that includes an electrolyte hairing a composition that contains a nonaqueous solvent

) having a decomposition potential of 5.2 V or below. Desirably, the decomposition

potential of the nonaqueous solvent regularly ranges from about 4.5 V to 5.2 V, and, more
desirably, ranges from about 4.5 Vto 4.8 V.

[0023]  The glass former element M is not specifically limited as long as the
glass former elemenit M has an electronegativity lower than that of P (phosphorus) and
can form glass. For example, in addition to B (boron), Si (silicon) and Sn (tin), a hetero

element that has an electronegativity lower than that of P and that can form an oxyacid
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(typically, an element that can become an essential element X of an oxyacid expressed by
XOn) may be employed as the glass former element M. A specific example of the
hetero element may be an element, such as Ta (tantalum), Ti (titanium), Nb (niobium), Al
(aluminum), V (vanadium), Cr (chromium), Ge (germanium), Mo (molybdenum) and As
(arsenic). Among others, at least one of B, Si and Sn is desirably uséd, and, particularly,
B is desirably used. One or two or more of elements may be selected from among the
above element group. Desirably, 70 percent (on an atomicity basis) or more of M are
formed of one or two or more of elements selected from the group consisting of B, Si and

Sn. The substantially whole of M may be formed of one or two or more of elements

-selected from the group consisting of B, Si and Sn. For example, M may be

substantially formed of only B.

[0024]  Note that, in the specification, the "electronegativity" means Pauling's
electronegativity. Specifically, the clectronegativity of P (phosphorus) is 2.19, the
elgc;tronegaﬁvity of B (boron) is 2.04, the electronegativity of Si (silicon) is 1.90 and the
electroriegativity of Sn (tin) is 1.96. In addition; the "average.electronegativity” means
the weighted average of electrdnegativity of each of elements that constitute P and the

glass former element M. For example, when the glass former element M is B (boron)

‘and the value of a is 0.75, the average electronegativity of [Pg.75Bg2s] is 2.19x0.75 +

2.04x0.25 = 2.08.

[0025] Next, a nﬁanufacturing method for the positive electrode active material

. according to the present embodiment will be described. The manufacturing method for

the -positive electrode active material according to the present embodiment is not

'»speciﬁcally limited as long as the above described positive electrode active material may

be obtéing_d; and, for example, the positive electrode active material may be synthcéizcd
by amorphization through melt extraétion. Specifically, stating materials containing
elements that constitute a composition formula LixMn[PMM;im)yO; are melted and
knea&ed, and then rapidly cooled from the melted state to be solidified in a stroke, thus
obtaining an amorphous active material. The starting materials normally contain an Li

source, an Mn source, a P source and an M source.
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[0026] The Li source.is not specifically limited as long as the Li source contains

an Li element; and, for example, the Li source may be LiOH, Li,0, Li;COs, or the like.

One or two or more of the Li sources may be used.

- [0027]  The Mn source is not specifically limited as long as the Mn source
contains an Mn element; and, for example, an oxide, a hydroxide, or the like, that
contains an Mn element may be desirably used as the Mn source. Specifically, the Mn
source may be MnO, or the like. The P source is not specifically limited as long as the P

source contains a P element; and, for example, P,Os, or the like, may be used as the P .

' source.

10

[0028]  The M source is not specifically limited as long as the M source contains
the above described glass former element M; and, for example, an oxide, a hydroxide, or
the like, that contains the glass former element M may be desirably used. Specifically,
when the element M is boron (B), B03, or the like, may be used. When the element M
is silicon (Si), SiO,, or the like, may be used. In addition, when the element M is tin
(Sn), SnOy, or the like, may be used.’

[0029] The starting materials (Li source, Mn source, P source and M sourct;) are
measured to coincide with a predeterrnined composition, and are adequately mixed.
After that, the mixed material is melted, for example, at 1000°C to 1200°C, and is then

fapidly cooled by a single-roll melt extraction device equipped with a Cu roll. By so

-doing, an amorphous active material may be obtained. In this way, the positive-

electrode active material according to thé present embodiment may be manufactured.
[0030]. Subsequéntly, a case Qhere A in the composition formula () is Ni will be
described. FIG 3 is a graph that shows the relationship between the average
electronegativity of [P,M;.] and the redox potential in an amorphous positive electrode.
active material in Which A in the composition formula (I) is Ni. As shown in FIG 3,
when the X axis represents the average electronegativity of [PsM;.] and the Y axis

represents the potential V (vs. Li metal), the average electronegativity of [PsM1..] and the

. redox potential are approximately proportional to each other, and the redox potential

decreases as the avérage electronegativity of [P,M;.,] decreases. Specifically, the
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relationship between the average electronegativity of [P,Mj.,] and the redox potential is
expressed by Y = 4.00X - 4.36.

[0031] In the case of the Ni base, as well as the Mn base, the average
electronegativity of [P,M;..] may be appropriately regulated in consideration of the
decomposiu:on potential Ve of the electrolyte.  Specifically, the redox potential
(oxidation potential) is desirably lower at least by about 0.1 V (for example, about 0.1 V

to 0.5 V) than the decompos'ition potential Ve of the electrolyte with respect to lithium,

" and the value of the average electronegativity of [P,M;,] may be regulated so as to fall

within the desirable range. In addition, by applying the aspect of the invention, an

-electrolyte having a composition that contains a nonaqueous solvent having a further low

decomposition potential Ve may be used. That is, even when the redox potential is
higher than the decomposition potential Ve of the electrolyte, by regulating the average
electronegativity of [P,M;,] in éonsideration of the decomposition potential Ve of the
electrolyte, the redox potential may be decreased fo a potential at which the
decomposition of the electrolyte does not occur. Specifically, it is only necessary that
the average electronegativity of [PsM;.] is regulated so as to be lower than
(Ve+4.36)/4.00. By so doing, thé redox potential decreases to the potential at which
decomposition of the electrolyte does not occur, so the electrolyte having a composition
that contains a nonagueous solvent having a relatively low decomposition pbtentiai Ve
may be .uscd.

[0032] In the technique described here, the concept that "the positive electrode

active material is amorphous" includes a mode in which a crystal phase is present in part

of the positive electrode active material. The positive electrode active material

according to the embodiment of the invention mainly contains an amorphous phase in
which A in the composition formula (I) is Ni and contains a crystal phase of at least one

of Ni, NiO and Ni;P. Because the positive electrode active material contains the crystal

- phase, the electron conductivity improves, so a further high capacity may be obtained.

In one desirable mode, the positive electrode active material substantially contains only a

_ crystal phase of at least one of Ni, NiO and NizP as the crystal phase. The above crystal |
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phase is, for example, desirably unevenly distributed or precipitated near surfaces of the

amorphous LiNi[P,B1.]yO; positive electrode active material particles described here.

' By so doing, it is possible to further efficiently exhibit the effect of reducing contact

resistance between positive electrode active material particles because of the presence of
the crystal phase. Alternatively, a crystal phase may be mixed (distributed) in an
amorphous phase. |

[0033] It is only necessary that the mole ratio of the crystal phase with respect to
the amorphous phase ranges from about 0.1 mole percent to 10 mole percent, normally
ranges from about 0.1 mole percent to 5 mole percent, and, desirably, for example, ranges

from about 0.5 mole percent to 1 mole percent. When the percéntagc of the crystal

phase is excessively high, the battery capacity may decrecase. When the percentage of

the crystal phase is excessively low, it is difficult to sufficiently obtain the effect of

improving the electronic conductivity. The mole ratio of the crystal phase with respect

. to the amorphous phase may be, for example, acquired through surface analysis of the

j)ositive electrode active material particles using energy dispersive X-ray fluorescence
analysis (EDX). | -

[0034] A method of causing 'a crystal phase to be present in part of the positive
electrode active material particles that mainly contains an amorphous phase is not

specifically limited; however, for example, it may be a method of applying mechanical

‘energy to intended positive electrode active material particles (typically, positive

electrode active material particles substantially formed of an amorphous phase). By
applying mechanical energy, Ni, NiO, or the like, may be cryétallized on the surface of
the amorphous positive electrode acﬁvé material particles. Ball milling may be, for
example, desirably employed as means for applying mécha:ﬁcql energy. Alternatively,
Ni, NiO, or the like, may be crystallized on.the surface of amorphous positive clcctfode
active material particles by applying thermal energy.

[0035] Note that the disclosure of the specification includes the following

matters:

(1) - The amorphous positive electrode active material for a lithium secondary battery
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expressed by the following composition formula: Li,A[PsM;,],0. () where, in.the
formula (I), A is Mn or Ni; M is a glass former element having an electronegativity lower

than that of P; and X, y, a and z respectively satisfy 1 <x<2.5,0<y=<3,0sa<landz

" =(x + (valence of A) + (valence of P)xaxy + (valence of M)x(1-a)xy)/2; and (2) ‘The

positive electrode active material that is described in the above (1) and in which M in the
above composition formula (I) contains an element of at least one of B (boron), Si
(silicon), Sn (tin), Ta (tantalum), Ti (titanium), Nb (niobium), Al (aluminum), V
(vanadium), Cr (chromium), Ge (germanium), Mo (mol_ybdenum) and As (arsenic),

[0036]  Although not intended to specifically limit the aspect of the invention,
hereinafter, the aspect of the invention will be described in detail by taking a 1iﬁﬂum
secondary battery (lithium ion battery) in a mode in which an electrode assembly rolled
into a flat shape (rolled electrode assembly) and a nonaqueous elecfrolyte are
accommodated in a flat Box-shapcd (rectangular parallelepiped shape) casing as an
example. , ‘ |

) [0637] FIG 4 and FIG. 5 show the schematic configuration of the lithium
secondary battery according to an embodiment of the invention. The lithium secondary
battery 100 has the following configuration. That is, an electrode assembly (rolled
electrode assembly) 80 is formed so that a long positive electrode sheet 10 and a long
negative electrode sheet 20 are rolled into a flat shape via a long separator 40, and the
rolled glectrode assembly 80 is accommodated. together with a nonaqueous electrolyte
(not shown) in a casing 50 having a shape (flat box shape) that can accommodate the
rolled electrode assembly 80.

[0038] " The casing 50 includes a casing body 52 and a lid 54. The casing body
52 has a flat rectangular parallelepiped shape, and thé upper end of the casing body 52 is
open. The lid 54 closes the opening.A The material of the casing 50 is desirably a metal
material, such as aluminum and steel (aluminum in the present embodiment).
Alternatively, the casing 50 may be formed by molding a resin material, such as PPS and-

polyimide resin. A positive electrode terminal 70 and a negative electrode terminal 72

" are provided atthe upper surface (that is, the lid 54) of the casing 50. ‘The positive
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electrode terminal 70 is electrically connected to a positive electrode of the rolled

electrode assembly 80. The negative electrode terminal 72 is electrically connected to a
negative electrode 20 of the electrode assembly 80. The flat rolled electrode assembly
80 is accommodated inside the casing SO together with the nonaqueous electrolyte (not
shown). | _

[0039] The rolled electrode assembly 80 according to the present embodiment is
similar to the rolled electrode assembly of a normal lithium secondary battery except for |
the configuration of a positive electrode active material provided for the positive
electrode sheet 10, which will be described later.

[0040] As shown in FIG. 5, the positive electrode sheet 10 is formed so that a
positive electrode mixture layer 14 that contains the above described positive electrode
active material as a principal component is applied onto a long positive electrode current
collector 12. An aluminum foil or another metal foil suitable for the positive electrode
is suitably used as the positive electrode current collector 12. The positive electrode
active material used for.the positive electrode is as described above.

[0041] The positive electrode mixture layer 14 may, where necessary, contain

one or two or more of materials that can be used as the constituent components of the

. positive electrode mixture layer in a general lithium secondary. battery. An example of

such a material is a conductive material. The conductive material is desirably a carbon
material, such as carbon powder and carbon fiber. Alternatively, the conductive material

may be conductive metal powder, such as nickel powder. Other than the above, a

material that can be used as the component of the positive electrode mixture layer may be

various polymer materials that can function as a binder of the constituent material.

[0042]  The negative electrode sheet 20 may be formed so that a negative
electrode mixture layer 24 that contains a negative electrode active material for a lithium
secondary battery as a principal component is applied onto a long negative electrode

current collector 22. A copper foil or another metal foil suitable for the negative

electrode is suitably used as the negative electrode current collector 22. The negative

electrode active material may be one or two or more of materials used for a lithium
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secondary battery in the existing art without particular limitation. A suitable example of

. the negative electrode active material may be a carbon-based material, such as graphite

carbon and amorphous carbon, a lithium-containing transition metal oxide, a transition
metgl nitride, or the like.

[0043]  The separator sheet 40 suitably used between the positive and negative
electrode sheets 10 and 20 may be formed of a porous polyolefin resin.

[0044] The nonaquéous electrolyte accommodated in the casing- body 52 °
together with the rolled electrode assembly 80 may be made of the same material as the
nonaqueous electrolyte used for an existing lithium secondary battery without particular
limitation. The above nonaqueous electroljte typically has a composition in which an
electrolyte (supporting electrolyte) is contained in an adequate nonaqueous solvent. The
nonaqueous solvent may be an aprotic solvent, such as carbonates, esters, ethers, nitriles,
sulfones and lactones. For example, the nonaqueous solvent may be one or two or more
selected from nonaqueous solvents that are génerally known as the ones that can be used'
for the electrolyte of a lithium _ion battery, such as ethylene carbonate (EC), propylene

carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), cthylmethyl

‘carbonate (EMC), 1,2-dimethoxy-ethane, 1,2-diethoxyethane, tetrahydrofuran,

2-methyltetrahydrofuran,  dioxanme, 1,3-dioxolane, diethyleneglycoldimethylether,
ethyleneglycoldimethylether, ‘acetonitrile, pfopionitrﬂe; nitrpmethane,
N,N-dimethylformamide, dimethyl sulfoxide, sulfolane and 'y-butyrolactone.

[0045] In addition, the electrolyte (supporting electrolyte) may be one or two or
more selected from various lithium salts that are known as the ones that can function as a
supporting e}cctrolytc in the electrélyte of a lithium secondary battery, such as LiPFs,
LiBF,, LiN(SO,CF3)z, LIN(SO2C;Fs),, LiCF3S03, LiC4F9SOs, LiC(SO2CF3); and LiClOq.
The concentration of the supporting electrolyte (supporting electrolyte) is not specifically
limited; for example, the concentration may be the same as that of the electrolyte used in
an existing lithium secondary battery. Tﬁe concentration df the electrolyte in the
nonaqueous electrolyte, for example, ranges from about 0.05 mol/L to 10 mol/L, ‘and

desirably ranges from about 0.1 mol/L to 5 mol/L, and is normally set to about 1 mol/L.
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[0046] The nonaqueous electrolyte is accommodated in the casing body 52

together with the rolled electrode assembly 80, and the opening of the casing body 52 is
sealed by, for example, the lid 54 welded thereto. By so doing, construction (assembly)
of the lithium secondary battery 100 according to the present embodiment is completed.
Note that a sealing process for the casing body 52 and an arrangement (immersion)
process for the electrolyte may be the same as those in rhanufacturing an existing lithium
secondary battery. After that, conditioniné (initial charging ‘and discharging) of the
battery is carried out. Processes for degassing, quality inspection, and the like, may be
carried out where heccssary. } |
- {0047]  The thus obtained lithium secondary battery is constructed using the
positive electrode that éoﬁtajns the positive electrode active material described here, so
the lithium secondary battery can exhibit further high battery characteristics (for example,
high. capacity). ' |
. [0048] Hereinafter, first to sixth examples related to the_éspect of the invention
will be described;' however, it is not intendcd to limit the aspect of the invention to the
specific examples. Note that; in the following first to sixth examples, B (boron) was
ﬁsed as the element M that replaces P.
<Synthesis of Mn-based Positive Electrode Active Material>
[0049] In the first to third examples and a first comparative exaniple, a positive
clectrode active material made of an amorphous Li;Mn[P.B..]y0, was synthesizéd SO
that Li : Mn : P : B becomes the composition ratio shown in the following Table 1.
Specifically, LiOH as an Li source, MnO as an Mn source, P,0s as a P source and B;03
as a B source were measured so that the constituent components of these materials
coincide with a predetermined mole‘ ratio, and these materials were mixed to obtain a 1aw

material mixture. Subsequently, the raw material mixture was melted at 1000°C to

1200°C in an atmosphere of Ar, and then rapidly cooled by a single-roll melt extraction

device to thereby synthesize a positive electrode active material made of amorphous
Li;Mn[P.B,..],0,. * The obtained amorphous Li;Mn[P:B;.},0, was milled by a

predetermined milling device to prepare a powdery amorphous Mn-based positive
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“electrode active material.

Table 1

Li:Mn:P:B

First Example : 2 1 1 1
Second Example ' 2 : 1 :05 :15
Third Example 2 : 1 :0 : 2
First Comparative Example 2 1 .2 :0

<Ball Milling> : _

[0050] The obtained amorphous Li,(Mn[P,,Bl.a]yOz powder was subjected to ball
milling with a general ball mill device at a rotational speed of 300 rpm for 3 hours.
Furthermore, acetylene black as the conductive material was measured so that the mass
ratio of the positive electrode active material and the acetylene black becomes 70 : 25,
and the positive electrode active material and the acetylene black were mixed. Then, the

obtained mixture was further subjected to ball milling at a rotational speed of 300 rpm for

* 3 hours. In this way, the pésiiive electrode active material powder made of the
_.amorphous LizMn[P,B1.]y0, having a mean diameter of 3 um was obtained as a mixture

with the conductive material.

[0051]  The crystallinity of the thus obtained positive electrode active material

. powder made of each of Li;Mn{P,B;.s}yO; according to the first to third ciamples and the

first qompara_tive example was examined by X-ray diffraction spectroscopy; however, no
‘peak that proves that the crystallinity is crystalline was observed, and it was determined
that the crystallinity of each positive electrode active material powder is amorphous
(amorphous structure).

<Synthesis of Ni-based Positive Electrode Active Material>

[0052] In the fourth and fifth examples and a second comparative example, a

- positive electrode active material made of an amorphous LiyNi[PsBi1..}yO; was

synthesized so that Li : Ni : P : B becomes the composition ratio shown in the following

Table 2. Specifically, LiOH as an Li source, NiO as an Ni source, P,Os as a P source

and B,O; as a B source were measured so that the constituent co'niponents of these

-materials coincide with a predetermined mole ratio, and these materials were mixed to
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.obtain a raw material mixture. ‘Subsequently, the raw material mixture was melted at -

- 1000°C to 1200°C in an atmosphere of Ar, and then rapidly cooled by a single-roll melt

extraction device to thereby synthesize a positive electrode active material made of
amorphous LixNi[P.B1.]y0,. The obtained amorphous LiyNi[P,B1..],0. was milled by a
predetermined milling device to prepare a powdery amorphous Ni-based positive

electrode active material.

Table 2

Li:Ni:P:B
Fourth Example 2 1 1 :1
Fifth Example 2 1 :05 :15
Second Comparative Example 2 1 2 0

<Ball Milling>
[0053]  The obtained amorphous Li,Ni[P.B1..]yO, powder was subjected to ball

' mﬂﬁng with a general ball mill device at a rotational speed of 300 rpm for 3 hours.

Furthermore, acetylene black as the conductive material was measured so that the mass
ratio of the positive electrode active material and ;the acetylene black becomes 70 : 25,
and the positive elebtrodc active material and the acétylcne black were mixed. Then, the
obtained mixture was fuﬁher subjected to ball milling at a rotational speed of 300 rpm for
3 hours. In this way, .the positive electrode active material powder made of the
amorphous Li,Ni[P.B;.]yO; having a mean diameter of 3 um was obtained as a mixture
with the conductive material.

[0054)  The crystallinity of the thus obtained positive eléctr,ode active material
powder made of each of Li;Ni[P,B1..}yO, according to &e fourth and fifth examples and
thé sécond comparative example was examined by X-ray diffraction spectroscopy;
however, almost no peak that proves that the crystallinity is crystalline was observed, and
it was determined thét an amorphous phase (amorphous structure) occupies a great part of
the positive electrode active material powder. In addition, when these types of positive
electrode active material powder were subjected to surface analysis by transmission

electron microscope (TEM) and electron diffraction, in each of them, slight amounts of
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Ni crystal phases were observed on the surface portion of the amorphous positive

electrode active material powder (mixed in the amorphous phase).

~ <Preparation of Lithium Secondary Battery>

[0055] Subs_equcnfly, the positive electrode active material powder made of each
of LizMn[P,B;.,],0, obtained in the first to third cxamples and the first comparative
example and the positive electrode active material powder made of each of
LixNi[P,B.,]y0; obtained in the fourth and fifth examples and the second comparative
example were used to prepare a corresponding one of lithium secondary batteries, and

then the charge and dischéxgc characteristics of each of the lithium secondary batteries

" were evaluated. Specifically, first, polyvinylidene difluoride (PVdF) as a binder and a

mixture of the obtained positive electrode active ‘material powder and acetylene black -
'(conductive material) (the mixture contains the positive electrode active material and the
acetylene black at a mass ratio of 70 : 25) were measured so that the mass ratio of the
positive electrode active material, the acetylene blgck anc} .PV-dF becomes 70 : 25 : 5 and
then mixed in an N-methylpyrrolidone (NMP) to pre‘l;are a pasty positive electrode
mixture layer corﬁposition. The pasty positive electrode mixture layer composition was
applied onto one side of an aluminum foil (positive electrode current collector) ina layer

and was dried. By so doing, a positive electrode sheet in which the positive electrode '

- mixture layer was provided on one side of the positive electrode current collector was

obtained.
[0056] The positive electrode sheet was stamped into a circular shape having a

diameter of 15 mm to prepare a pellet positive electrode (having a mass of 0.143 g).

" The positive electrode (working electrode), a metal lithium (a metal Li foil having a
] diameter of 19 mm and a thickness of 0.02 mm was used) as a negative electrade

'(counter electrode) and a separator (a porous sheet having a diameter of 22 mm and a

thickness of 0.02 mm with a three-layer structure (a porous sheet formed of polyethylene
(PE)/ polypropylene (PP) / polyethylene (PE) was used) were assembled into a stainless
casing together with a nonaqueous electrolyte to construct a coin cell 60 (half cell for

evaluating charge and discharge performance) having a diameter of 20 mm. and a
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- thickness of 3.2 mm (2032 type) shown in FIG. 6. FIG 6 shows a positive electrode

(working electrode) 61, a negative electrode (counter electrode) 62, a separator 63

"impregnated with an electrolyte solution, a gasket 64, a casing (negative electrode

terminal) 65 and a lid (positive electrode terminal) 66. Note that LiPF; as a supporting
electrolyte was contained at a concentration of about 1 mol/L in a mixed solvent that
includes propylene carbonate (PC), ethylene carbonate (EC) and dimethyl carbonate
(DMC) at a volume ratio of 1 : 1 : 3 and the resultant mixture was used as a nbnaqueous
electrolyte. In this way, the lithium secondary battery (test cell) 60 was assembled.
After that,'initial charge and' discharge process (éonditioning) was carried out in an
ordinary method to obtain a test cell.

<Charge and Dis'_c.:hargc Characteristics Test> _

[0057] The test cells constructed using the respective types of obtained positive
electrode active material powder according to the first to fifth examples and the first and
second comparative examples were subj'ected to qharge and discharge characteristics test.
Specifically, the test cells constructed using th; respective types of Mn-based positive
electrode active material powder according to the first to third examples and the first

comparative examplé were charged and discharged under the following conditions (1)

~and (2) in an environment of about 25°C. In addition, the test cells constructed using

the respective types of Ni-based positive electrode active material powder were changed

and discharged in the same conditions as those of (1) and (2) in an environment of about

25°C; however, the test cells were charged and discharged in a situation that the cut

potential at the time of charging was changed to 4.7 V (vs. Li/Li") and the cut potential at -
the time of discharging was changed t0 2.0 V (vs. Li/Li%).

[00s8] (1) Charging was carried out at a constant current of 0.1 mA/cm? until
the potential.of the positive electrode becomes 5.0 V (vs. Li/Li*), and then stopped for 10
minutes. (2) Discharging was carried out at a constant current of O.i mA/cm? until the
potential of the positive electrode becomes 1.5 V (vs. Li/Li"), and then stopped for 10
minutes.

[0059] FIG. 7 shows the results of charge and discharge‘characteristics test
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conducted on the test cells constructed using the respective types of Mn-based positive

electrode active material powder according to the first to third examples and the first
comparative example. As is apparent from FIG. 7, the test cells of which P is replaced

by B accbrding to the first to third examples were able to extract larger amounts of

" lithium from the respective positive electrode active materials in the above charging

condition (until the potential of the positive electrode becomes 5.0 V) as compared with
the non-replaced test cell according to the first comparative example. Therefore, it was
confirmed that, by replacing P by B, the capacity may be further increased in charging
and discharging within a predetermined potentiai range (in which decomposition of the
elegtrolyte does not excessively proceed). In addition, :through comparison among the
first to third examples, it was found that, as the percentage at which P is replaced by B
increases, the capacity may be further increased. FIG. 1 is a graph for which the
obtained charge and discharge characteristics curve was converted into a differential
capacity and then the relationship between the observed reddx potential and the average
electronégativity of [P.M1.] was plotted. As shown in FIG 1, it was confirmed that the
average clectronegativity of [P.Mj,.] and the redox potential are apprdximately
proportional to each other, and the redox potential decreases as. the average
electronegativity of [PsM;..] decreases.

[0060] In addition, FIG 8 shows the results of charge and discharge
characteristics test conducted on the tesf cells constructed using the respective types of

Ni-based positive electr'ode.active material powder according to the fourth and fifth

. éxamples and the second comparative example. As shown in FIG. 8, the Ni-based

positive electrode active material powder has the same charée and discharge
characteristics as those of the Mn-based positive electrode active material-.powder. That
is, the test cells of which P is replaced by B according to the fourth and fifth examples
were able to extract larger amounts of lithium from the respective positive electrode
active materials as compared with the non~rcp1a<;éd test cclll according to the second

comparative example. Therefore, it was confirmed that, by replacing P by B, the

" capacity may be further increased in charging and discharging within a predetermined
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potential range (in which decomposition of the electrolyte does not excessively proceed).

~ In addition, through comparison between the fourth and fifth examples, it was found that,

as the percentage at which P is replaced by B increases, the capacity may be further

increased. FIG 3 is a graph for which the obtained charge and discharge characteristics

" curve was converted into a differential capacity and then the relationship between the

oBservcd redox potential and the average electronegativity of {PaMl_,,] was plotted. As
shown in FIG 3, it was cbnﬁrmed that the average electronegativity of [PaMl-a] and the
redox potential are approximately proportional to each other, and the redox potential
decreases.as the average electronegativity of [P,M;.,] decreases.

[0061] In addition, in the lithium secoridary battery constructed using the
amorphous Ni-based positive electrode active material powder, an Ni crystal phase was
mixed in the amorphous phase of the positive electrode active material, and then the
following experiment was conducted in order to ensure that the capacity may be further
increased. . |

[0062]  That is, in the siﬁth example, Li,Ni[P.B1,]yO, positive electrode active
material was synthesized so as to become the same composition ratio (Li : Ni: P: B=2:
1: 0.5 : 1.5) as that of the fifth example; however, ball milling was carried out for a
period of time longer than that of the fifth example. ~ Specifically, the UxNi[PaBl.aijz'
positive electrode active material powder obtained through synthésis of the Ni-based
bositive electrode active material was subjected to ball milling using a general ball mill
device at a rqtational speed of 300 rpm for 48 hours. Furthermore, acetylene black as
the condu&ive material was measured so. that the mass ratio of the positive electrode
active material and the acetylene black becomes 70 : 25, and the positive electrode active
material and the acetylene black were mixed. Then, the 6btained mixture was further

subjected to ball milling at a rotational speed of 300 rpm for 24 hours. In this way, the

positive electrode active material powder made of the amorphous LixNi[P;B1.,]yO; having

. amean diameter of 3 um was obtained as a mixture with the conductive material.

[0063]  The crystallinity of each of the types of positive electrode active material

* powder according to the fifth and sixth examples was examined by X-ray diffraction
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Spectroécopy; however, as shown in FIG. 9, almost no peak -that proves that the
crystallinity is crystalline was observed in the fifth example, and broad diffuse scattering
unique' to the amorphous phase occupied a great part of the positive electrode a;tive
material powder. In contrast, in the sixth example in which a bgl] milling perigd of time

is extended as compared with the fifth example, not only broad diffuse scattering unique

to the amorphous phase but also a peak that indicates an Ni crystal phase (for ckample, a

- peak around 26 = 43°) was observed clearly. In addition, when the obtained positive

electrode active material powder was subjected to surface analysis by transmission
electron microscope (TEM) and electron diffraction, larger amounts of Ni crystal phases
were observed on the surface of the amorphéus positive electrode active material in the
sixth example as compared with the fifth example.

[0064]  Alithium secondary battery (test cell) was éonsfructed using the positive
electrode active material powder according to the sixth example. The lithium secondary
battery (tegt cell) was constructed similarly to the test cell according to the above
described fifth example. . In addition, the test cells according to the fifth and sixth
examples each were subjected to charge and dischargc characteristics test. The charge
and discharge charactcrigtics test condition is the same és that of the above described test
édndition except that the test temperature was changed to 60°C. The results wére shown
in FIG. 10, | |

- [0065] ' As is apparent from FIG. 10, the test cell according to the sixth example
in which larger amounts of Ni crystal phases are present in the amorphous phase of the
positive electrode active material was able to extract larger amounts of lithium from the
positive electrode active material as compared with the test cell according to.thc fifth
example. Therefore, it was confirmed that, in the amorphous positive electrode active
material made of LiyNi[P,B1..},0,, Nivcrystal phases are mixed in the amorphous phase to
thereby make it possible to further increase the capacity in charging and discharging ina

predetermined potential range (in which decompdsition of the electrolyte does not

excessively proceed).

[0066]_ The aspect of the invention is described using the embodiment; however,
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the above description is not intended to limit the scope of the invention, and, of coursé,
various alterations are possible.

[0067] A lithjum secondary battery according to the aspect of the invention
sﬁppresses a decrease in load characteristics during initial charging as described above
and exhibits further high battery performance, so the lithium secondary battery may be
particularly suitably used as a power supply for a motor (electric motor) mounted on a
vehicle, such as an automobile. Thus, as schematically shown m FIG. 11, the aspect of
the invention provides a vehicle 1 (typically, an automobile; particularly, an automobile

equipped with an electric motor, such as a hybrid automobile, an electric automobile and

‘a fuel cell automobile) that includes the lithium secondary battery 100 (typically, a

battery pack in which a plurality of lithium secondary batteries are serially comiccted) as

a power supply.
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CLAIMS:

1. Alithium secondary battery chayactcrizcd by comprising:

a positive electrode that contains a positive electrode active material;

a negative e]cctrode;l and

a nonaqueous electrolyte, wherein

the positive electrode active materidl is amorphous and is expressed by the
féllowing composition formula: |
LiA[PM1],0. (D
where, in the composition formula (I), A is Mn or Ni; M.is a glass former element that

~ has an electronegativity lower than that of P; and x, y, a and z respectively satisfy 1 <x s

2.5, 0<y=3,0sa<1andz=(x + (valence of A) + (valence of P)xaxy + (valence of

M)x(1-a)xy)/2.

" 2. The lithium secondary battery according to claim 1, wherein
M in the composition formula (I) contains an element of at least one of B, Si and

Sn.

" 3. The lithium secondary battery according to claim 1 or 2, wherein
A in the composition formula (I) is Ni, and, where the decomposition potential of
the electrolyte is Ve, the average electronegativity of the [P:Mi.] is lower than

 (Ve+4.36)/4.00.
4. The lithium secondary battery according to any one of claims 1 to 3, wherein
A in the composition formula.() mainly contains an Ni amorphous phase and

contains a crystal phase of at least one of Ni, NiO and Ni;P.

5. The lithium secondary battery according to claim 1 or 2, wherein
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A in the composition formula (I) is Mn, and, where the decomposition potential of

the electrolyte is Ve, the average electronegativity of the [P,Mj,] is lower than

(Ve+5.08)/4.15.

6. Avehicle equipped with the lithium secondary battery according to any one of

claims 1 to 5.
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