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A BSTRACT
There is disclosed a multi-component system
lithium phosphate compound particles having an olivine
structure and represented by a general formula of
5 LiyM1l7.7M27P0O4 in which M1 is one metal element

selected from the group consisting of Fe, Mn and Co, Y

is a number satisfying a formula of 0.9 £ Y < 1.2, MZ

is at least one metal element selected from the group

consisting of Mn, Co, Mg, Ti and Al, and Z 1s an number

10 satisfying a formula of 0 < Z £ 0.1, wherein a

concentration of the metal element M2 existing on a

P

surface of the particle is higher than the

concentration of that existing in core portion of the

particle and that the concentration of the metal

N

15 element M2 is continuously lowered from the surface O:

particle to a core portion of the particle.
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DESCRIPTTION

MULTI-COMPONENT-SYSTEM LITHIUM PHOSPHATE

COMPOUND PARTICLES HAVING AN OLIVINE STRUCTURE,
MANUFACTURING METHOD THEREOF AND LITHIUM SECONDARY
BATTERY EMPLOYING THE LITHIUM PHOSPHATE COMPOUND
PARTICLES AS A POSITIVE ELECTRODE MATERIAL

Technical Field
This invention relates to multi-component system
lithium phosphate compound particles having an olivine

F

structure, the manufacturing method thereof and a

lithium secondary battery employing the lithium
phosphate compound particles as a positive electrode
material.
Background Art
A lithium secondary battery employing, as a

negative electrode active material, metallic lithium,

EoT}

lithium alloys or a material which 1s capable o:
absorbing and desorbing lithium i1on 1s characterized by

a high voltage and by excellent reversibility.

Especially, 1in the case of a lithium 1on secondary
battery wherein a composite oxide comprising lithium
and a transitional metal is employed as a positive
electrode active material and a carbonaceous material
is employed as a negative electrode active material,
since the battery 1s lighter in weight and larger 1in
discharging capacity as compared with the conventional

lead secondary battery or with the conventional nickel-

cadmium secondary battery, 1t 1s widely employed as a
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power source for various electronic devices.

As for the positive electrode active material for
a lithium ion secondary battery which i1s generally
employed at present, a compound such as LiCoO9p, LiNiOjp,

LiMnO» or LiMn»0O4 1s mainly employed. However, the

reserve of cobalt and nickel is small and, moreover,

ﬁ-

the output of these metals 1s limited to a limited

area. Because of these reasons, when 1t 1s desired to

employ these materials as a positive electrode active

—
e

material for a lithium l1on secondary battery whose

demand 1s expected to be further i1ncreased from now on,

gr—

the employment of materials contalning these metals are

e

restricted not only in the respect of price but also in

the respect of stabilized supply of raw materials.

P

Further, 1n view of safety also, since these active

-

materials are high in reactivity, the employment of

these active materials may raise problems. Further,

although manganese 1s a relatively Cheap material, the

employment of a material containing manganese as a

positive electrode active material may give rise to

f—

problem of stability in cycle characteristics of

battery.

For these reasons, there has been proposed i1n JP-A
9-134724, JP-A 9-134725 and JP-A 2001-085010 the
employment, as a positive electrode active material of
lithium secondary battery, of lithium iron phosphate or

partially substituted lithium iron phosphate containing
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other element (s) substituting for a portion of 1iron.
In these materials, iron which 1s large 1n output,
cheap 1in price and promising 1n stable supply 1s
employed as a raw material.

However, since these lithium phosphate compounds
having an olivine structure are very high i1n electric
resistance as compared with lithium metal oxide such as
L1iCo0Op, etc., which has been conventionally employed,
the resistance polarization is caused to i1ncrease
during the charging/discharging operation, thereby

ralising problems that 1t 1s impossible to obtain a

sufficient discharge capacity and receivability for
charging the battery. These problems become more
prominent on the occasion of carrying out the

g

charge/discharge of large electric current.

As one of the methods for solving these problems,
there has been studied to finely pulverize the particle
of lithium phosphate-based material having an olivine
structure so0 as to 1ncrease the reactive surface area
of the particle and to facilitate the diffusion of

lithium 1ons, thereby shortening the distance through

1

which electrons are enabled to flow in the interior o:
the particles of lithium iron phosphate-based material.
However, the finely pulverized particle of lithium
phosphate-based material having an olivine structure 1s
characterized in that it tends to easily generate

secondary aggregation on the occasion of mixing 1t with



10

15

20

29

CA 02741406 2011-04-20

a conductive material such as carbon black, etc.,

during the process of manufacturing electrodes. If

this secondary aggregation 1s caused to occur, since

g

the particles of lithium iron phosphate-based material

would be point-contacted with each other or with the
electrically conductive material in the aggregated
secondary particle, there is a problem in that 1t 1s
impossible to obtain sufficient collecting effects,
thereby greatly 1ncreasing electric resistance. For

F

this reason, even if the charge/discharge of battery is

performed, the active materials existing at a central

'“'

portion of the aggregated particle are 1ncapable of

executing conduction of electrons, thus causing the

deterioration of the charge/discharge capacity of the
pattery.

Furthermore, since the finely pulverized particle
has a large surface area, the quantity of dissolution

—

thereof into an electrolyte i1is liable to be 1ncreased,

thus giving rise to a problem of long term stability.

Further, due to the enlarged surface area, the quantity

F

of a dispersing medium which 1s required for the

preparation of a slurry on the occasion of pteparing
electrodes 1s caused to 1ncrease, thereby raising
various problems such as the difficulty to secure a

p~ —

sufficient quantity of coating of lithium phosphate-

based material, easy generation of cracking during the

—

drying process thereof, and the difficulty of
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increasing the capacity of battery due to the

difficulty in achieving a sufficient degree of

compression.

In view of overcoming these problems, there has

'}

been proposed an 1dea of applying fine particle of a
material which 1s electrically conductive and more
nopble 1in redox potential than lithium 1ron phosphate-

based material such as silver, carbon, platinum,

palladium, etc. (see for example JP-A 2001-110414).
There has been also proposed a method wherein
carbon 1s used as an electrically conductive agent, and

a solution, a flulid dispersion or a suspension
containing a L1 source, a Fe source, a P source and a C

source 1s sprayed into an atmosphere of high

temperatures to obtain a precursor, which is then
heat-treated 1in a reducling atmosphere or in an 1nert

atmosphere, thereby enabling carbon to uniformly

disperse on the surface of the particles of lithium
iron phosphate-based material (see for example JP-A
2005-116392) .

‘ There has been also known, as a method of further
enhancing the electric conductivity among the
particles, to employ lithium iron phosphate-based

composite oxide/carbon composite wherein the surface of

the particles of LiFePOy4 is covered with a carbonaceous
material and an average particle diameter of the carbon

composite 1s confined to 0.5 um or less (see for
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example JP-A 2003-292309).

Meanwhile, the redox potential of iron existing 1in
lithium iron phosphate is lower than other elements.
For example, as compared with ordinary lithium
cobaltate, the redox potential of iron 1is known as
being lower by 0.2 V. Therefore, 1n an attempt to
minimize electric resistance and to increase electric
potential, a method has been proposed whereln one oOr
more compounds containing a metal selected from the

group consisting of iron, cobalt, manganese, nickel,

copper and vanadium is allowed to react with one or
more compounds containing lithium, the resultant
reacted body being subsequently sintered at a

prescribed temperature (see for example JP-A

2003-157845) .

Further, there has been proposed a method whereiln
a portion of iron of lithium iron phosphate is replaced

by cobalt (see for example Journal of Power Sources 14606

[2005], pp. 580-583).

Disclosure of Invention
Problems to be Solved by the Invention

However, in the case of the technique described 1n

above-described JP-A 2001-110414, since metallic

particles are carried on fine particles of lithium 1ron
phosphate-based material, these metallic particles are
vulnerable to chemical denaturalization, thereby gilving

rise to a problem of stability. Further, since these
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metallic particles are disposed so as to connect with
each other, it is impossible to sufficiently solve the
problem of low current collecting properties. Further,
in the method of the technique described in above-
described JP-A 2005-116392, carbon is used as a

conductive agent and 1s uniformly dispersed on the

surfaces of particles. Even with this method, it is

1impossible to sufficiently secure the effects of
dispersion, thereby making it impossible to expect
sufficient current-collecting effects.

On the other hand, in the case of the technique
described in above-described JP-A 2003-292309
disclosing a method of further enhancing the
conductivity between the particles, since it requires a
high degree of particle control of the active material

pr—

of battery, 1t 1s accompanied with a problem that such

g

a high degree of control is very difficult.
According to the techniques disclosed in JP-A

2003-157845, and Journal of Power Sources, there is

disclosed a method of manufacturing a multi-component

system olivine type compound, wherein plural kinds of
aqueous solutions of metallic salts or plural kinds of

raw material powders are uniformly mixed together and
then the resultant mixture is formed into a precursor
and sintered. This method however is accompanied with

prohlems that the control of the composition of the

precursor for obtaining a pure olivine type compound is
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complicated, that the crystallinity of the olivine type

compound is liable to be increased, thereby making 1t

difficult to obtain a sufficient conductivity, and that

it is difficult to control the particle size.

fr—

" Since the surface of particles of an olivine type

lithium M phosphate-based material (M=metal) 1is lower

in crystallinity as compared with the bulk thereof, the

olivine type lithium M phosphate-based material 1s

assumed as being amorphous. Because of this, bivalent
metals are easily oxidized as the olivine type lithium
M phosphate-based material is left in air atmosphere
and turned into trivalent phosphate which 1is more

electrically resistant. As a result, since a large

degree of polarization is caused to generate on the

—

occasion of initial charging, this lithium

phosphate-based material is accompanied with problems

that it require severe storage conditions, that the

g—

activation of the material would become complicate, and

that electric resistance components may be left behind.
These problems would be more prominent as the particle

diameter of the active material becomes smaller and the

surface area thereof becomes larger.

Means for Solving the Problems

According to a first aspect of the present
invention, there is provided multi-component system

lithium phosphate compound particles having an olivin

structure and represented by a general formula of
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LiyM1;_9M27P0O4 in which M1 is onc mctal element

selected from the group consisting of Fe, Mn and Co:; XY

is a number satisfying a formula of 0.9 =Y s 1.2; M/
is at least one metal element selected from the group

consisting of Mn, Co, Mg, Ti and Al; and Z 1s an number

satisfying a formula of 0 < Z s 0.1, wherein a
concentration of the metal element M2 existing on a

surface of the particle is higher than the

*

concentration of that existing in core portion of the

particle and that the concentration of the metal

)

element M2 is continuously lowered from the surface oOr

particle to a core portion of the particle.

P

According to a second aspect of the present

invention, there is provided composite particles of

carbon and multi-component system lithium phosphate

compound having an olivine structure and represented Dby
a general formula of LiyMl171-yM27PO4, in which M1l 1s one
metal element selected from the group consisting of Fe,

gr—
)

Mn and Co; Y is a number satisfying a formula ot

0.9 £y £ 1.2; M2 is at least one metal element

selected from the group consisting of Mn, Co, Mg, Ti

and Al; and Z is an number satisfying a formula of

0 < z £ 0.1, wherein a concentration of the metal
element M2 existing on a surface of the particle 1is
higher than the concentration thereof existing 1in core

portion of the particle and that the concentration of

——

the metal element M2 is continuously lowered from thne
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surface of particle to the core portion of the
particle, and the composite particles are prepared by
mixing a lithium M1 phosphate compound having an
oclivine structure and represented by a general formula

—

of LixM1PO4 1n which M1 1s one metal element selected

—

from the group consisting of Fe, Mn and Co, and X 1s a

number satisfying a formula of 0.9 £ X £ 1.2, a
precursor of lithium M2 phosphate compound having an
olivine structure and represented by a general formula

of LiyMZ2PO4 1in which M2 1s at least one metal element

selected from the group consisting of Mn, Co, Mg, Ti

and Al, and X i1s a number satisfying a formula of

VAN

0.9 £ X 1.2, and carbon or a carbon source to obtain
a mixture; and subjecting the mixture to heat treatment
1n an inert atmosphere or in wvacuum.

According to a third aspect of the present
invention, there 1is provided a method of manufacturing
a multi-component system lithium phosphate compound
particle having an olivine structure and represented by

r—

- LiyMlq{_9yM27P0O4 1n which M1 is one

a general formula o:

metal element selected from the group consisting of Fe,

r—
—

Mn and Co; Y is a number satisfying a formula o

0.9 £ Y £ 1.2; M2 is at least one metal element

selected from the group consisting of Mn, Co, Mg, Ti

and Al; and Z 1s an number satisfying a formula of

0 < z £ 0.1, in which a concentration of the metal

element MZ existing on a surface of the particle 1is
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higher than the concentration of that existing 1in a
core portion of the particle and that the concentration
of the metal element M2 is continuously lowered from
the surface of particle to the core portion of the

particle; the method comprising: mixing a lithium M1

phosphate compound having an olivine structure and

represented by a general formula of LiyxM1PO4 1n which
Ml is one metal element selected from the group
consisting of Fe, Mn and Co, and X 1is an number

satisfying a formula of 0.9 s X s 1.2, and a precursor

of a lithium M2 phosphate compound having an olivine

LY

structure and represented by a general formula O:
LLiyM2POs4 in which M2 is at least one metal element

selected from the group consisting of Mn, Co, Mg, T1

and Al, and X is an number satisfying a formula of
0.9 £ X £ 1.2 to form a mixture; and subjecting the
mixture to heat treatment in an inert atmosphere or in

vaCuulll.

According to a fourth aspect of the present
invention, there is provided a method of manufacturing
a composite particle of carbon and a multi-component
system lithium phosphate compound particle having an
olivine structure and represented by a general formula

of LiyMl7_yM27P0O4 in which M1 is one metal element

selected from the group consisting of Fe, Mn and Co; Y
is a number satisfying a formula of 0.9 =Y < 1.2; MZ

is at least one metal element selected from the group
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consisting of Mn, Co, Mg, Ti and Al; and Z is an number

satisfying a formula of 0 < Z < 0.1, 1in which a

concentration of the metal element M2 existing on a

—

surface of the particle is higher than the

concentration of that existing in core portion of the
particle and that the concentration of the metal

element M2 is continuously lowered from the surface of

particle to the core portion of the particle; the
method comprising: mixing a lithium M1 phosphate

compound having an olivine structure and represented by

a general formula of LiyM1PO4 in which M1 is one metal

element selected from the group consisting of Fe, Mn

ISR

and Co and X is an number satisfyling a formula O:

0.9 < X £ 1.2, a precursor of a lithium M2 phosphate

compound having an olivine structure and represented by

a general formula of LiyM2PO4 in which M2 1s at least

one metal element selected from the group consisting of

Mn, Co, Mg, Ti and Al and X 1s an number satisfying a

1\

formula of 0.9 < X 1.2, and carbon or a carbon source

to form a mixture; and subjecting the mixture to heat

treatment in an inert atmosphere or 1n vacuum.
According to a fifth aspect of the present

invention, there is provided a lithium secondary
battery comprising, a positive electrode, a negative
electrode, and an electrolyte containing lithium salt,
wherein the positive electrode includes the multi-

component system lithium phosphate compound particles
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having an olivine structure as described in the first
aspect and/or the composite particle of carbon and
multi-component system lithium phosphate compound

having an olivine structure as described in the second

aspect.

-

ffects to be obtained from the Invention

[

According to the present invention, it 1s possible

- .

to easily manufacture an active material for the

positive electrode of lithium secondary battery, to
enhance the electric conductivity inside the active

particle and between the active particles and to make

smooth the movement of lithium ions, thereby making 1t
possible to obtain a positive electrode active material
and a lithium secondary battery which are excellent 1in

high rate charge/discharge properties.

Brief Description of Drawings

FIG. 1 is a diagram schematically illustrating a

p—

state wherein the concentration of the metal element MZ

pr—

existing on the surface of the particle 1is continuously

lowered from the surface of particle to the core
portion of the particle in lithium M1IMZ phosphate
compound particles having an olivine structure;

FIG. 2 is a diagram schematically illustrating a

F-v F

state wherein the concentration of each of the

components is made uniform in a conventional lithium
M1M2 phosphatc compound particle having an olivine

structure;



10

15

20

29

CA 02741406 2011-04-20

14

FTG. 3 13 an ¥X-ray diffraction pattern of each of

powder A, powder D and powder H; and

FIG. 4 1s a graph 1llustrating an enlarged view of

the peak that was developed in the vicinity of 26=30"

1n each of patterns of FIG. 3.

&

Best Mode

for Carrying Out the Invention

A multi-component system lithium phosphate
compound having an olivine structure can be
manuifactured by mixing a lithium M1 phosphate compound
having an olivine structure, in which M1 is one metal
element selected from the group consisting of Fe, Mn

—

and Co, and a precursor of a lithium M2 phosphate

compound having an olivine structure, in which M2 is at
least one metal element selected from the group
consisting of Mn, Co, Mg, Ti and Al, and then
subjecting the mixture to heat treatment in an inert
atmosphere or in vacuumn.

The lithium M1 phosphatc compound is represented
py a general formula of LiyM1PO4, in which M1 is one

metal element selected from the group consisting of Fe,

Mn and Co, and X 1s a number satisfying a formula of
0.9 £ X £ 1.2, and the lithium M2 phosphate compound is
represented by a general formula of LiXMZPO4, in which
M2 1s at leasl one metal element selected from the
group consisting of Mn, Co, Mg, Ti and Al, and

excluding one which is already selected as M1, and X is

a number satisfying a formula of 0.9 < X £ 1.2.
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In the above-described formulas, when X 1s less
than 0.9, since Li is greatly deviated from 1, it 1s

difficult to form a stable single-phase and the active

material may be brought into a state of partial charge,

thereby making it unpreferable in designing the battery

or in selecting 2 as the valence of M. Further, when X

is larger than 1.2, it is difficult to form a stable
single-phase and since the free Li is increased, the
degree of alkalinity would be unpreferably increased on
making the compound 1nto an agueous paste.

The multi-component system lithium phosphate
compound to be obtained in this case can be represented
by a general formula of LiyMlq_-gM27PO4 in which Ml 1s
one metal element selected from the group consisting of

P

Fe, Mn and Co; Y is a number satisfying a formula of

0.9 £ v £ 1.2; M2 is at least one metal element

selected from the group consisting of Mn, Co, Mg, Ti

and Al, and excluding one which is already selected as

M1; and Z is a number satisfying a formula of

0 < 72 £ 0.1.

pr—
jp—

The reason for confining Y to the range of 0.9-1.7

in the above-described formula 1is the same as 1in the

case of X.

Further, when Z is larger than 0.1, the capacity

- battery may be unpreferably decreased.

g

O

Active material particles for the positive

electrode can be obtained by grinding the
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aboVe~described multi-component system lithium
phosphate compound and then classifying the resultant
particles. The particle diameter of the active
material particles for the positive electrode may

preferably be confined to not larger than 20 pm.

As for specific examples of metal M1, they include

Fe, Mn and Co. As for specific examples of metal MZ,
they include Mn, Co, Mg, Ti and Al. For example, 1n a
case where M1 is Fe, when the active material particle
for the positive electrode is.obtained by selecting, as
M2, an element which more resistive to oxidation than

—

Fe such as Mn, Co, Mg, Ti and Al, the oxidation of Fe

can be suppressed due to a high surface concentration

of these metals, thereby making it possible to realize

the long-term storage of the active material and the

—

electrode and at the same time the elution of Fe

components can be suppressed, thereby making 1t

possible to obtain a secondary battery which 1s stable

for a long period of time.

As for the precursor of the lithium MZ phosphate

compound, it is possible to employ a mixture of

phosphate or a mixture of various metal salts and

phosphoric acid, where the stoichiometric ratio thereof

is made commensurate with each other. As for the metal

salt, it is possible to employ manganese (I1I) sultfate,

manganese (II) nitrate, manganese (II1) carbonate,

manganese (II) oxide, etc. The kneading of various raw
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materials may be performed by sufficient mixing thereof

in an aqueous dispersion medium Or in an organic
dispersion medium. This mixing can be performed by

means of a media dispersion method using a bead mill,

etcC.

The mixture thus obtained is dried and sintered by
heating it in an inert gas atmosphere or 1in vacuum.

The drying step may be performed for two hours at 100°C

for example. As for the inert gas, 1t 1s possible to

employ, for example, argon gas or nitrogen gas. The

sintering step may be performed for about three hours

at 600°C for example.

As a result of these processes, a reaction to
enable the M2 to substitute for the M1 in the particle
is allowed to take place gradually starting from the
surface of lithium M1 phosphate compound particle
having olivine structure that has been 1nitially

synthesized, thereby conceivably allowlng a phenomenon

to take place, wherein the concentration of M2 1is

continuously lowered from the surface of lithium M1
phosphate compound particle having an olivine structure
to the core portion thereof. This state 1s
schematically 1llustrated in FIG. 1.

Whereas, a multi-component system lithium

phosphate particle having an olivine structure whereiln

the concentration of each of the components 1s made

uniform 1s schematically 1llustrated i1in the same manner
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in FIG. 2.

The multi-component system lithium phosphate

compound particle having an olivine structure whereiln

the concentration of M2 is continuously changed as
described above according to the present invention 1s
featured in that, as compared with the conventional
nmulti-component system lithium phosphate compound
particle having an olivine structure which 1s prepared
from a homogeneous solution, the crystallinity of the

p—
P

compound is varied, and the electric conductivity of

bulk as well as the movement of lithium 1on are made

smooth, thereby probably enhancing the high-rate

charge/discharge properties of the battery.

Further, when a precursor of the lithium MZ

phosphate compound is mixed with carbon or a carbon

source and the resultant mixture is further mixed with

the lithium M1 phosphate compound having an olivine

structure and sintered, the electric conductivity

between particles 1s enhanced, thereby making 1t

possible to obtain further enhanced high-rate

charge/discharge properties of the battery.

Additionally, it 1s also possible to improve the

coating properties of the slurry of active material on

preparing the electrode and to enhance the filling

r—

density of the active material. As for the carbon to

be used herein, 1t 1s preferable to employ acetylene

pblack, kitchen black, furnace black, etc. Further, as
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for specific examples of carbon source, they include

organic compounds such as sucrose, polyvinyl alcohol,
petroleum pitch, ethylene glycol, etc.
A positive electrode plate to be obtained by

making use of the active material formed of the

aforementioned lithium phosphate compound having an
olivine structure can be prepared by coating an agueous
paste to be obtained through kneading and dispersion of
the active material, a conductive agent, a water-

soluble thickening agent, binder and water as a

dispersing agent on the surface of a collector and then
by drying the paste.

The lithium phosphate compound particle having an
olivine structure which constitutes the active material

for the positive electrode has preferably a primary

particle diameter of not larger than 1 uym or less, more
preferably not larger than 0.5 um. As for the
conductive agent to be contalned in the paste, 1t 1s

possible to employ conductive carbon such as acetylene

black, kitchen black, furnace black, carbon fiber,

graphite, etc.; conductive polymers and metal powder.

Among them, the employment of conductive carbon 1s

especlally preferable. These conductive agents may

F

preferably be used at a ratio of not more than 20 parts

—

by weight per 100 parts by weight of the active

material for the positive electrode. More preferable

range of these conductive agents 1s 1-10 parts by
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weight per 100 parts by weight of the active material.
As for specific examples of the water-soluble
thickening agent, they include carboxymethyl cellulose,
methyl cellulose, hydroxyethyl cellulose, polyethylene
oxide, etc. These water-soluble thickening agents may

preferably be used at a ratio of 0.1-4.0 parts by

weight, more preferably 0.5-3.0 parts by weight per

ﬁ

100 parts by weight of the active material for the

positive electrode. If the quantity of the water-

soluble thickening agent is larger than the

aforementioned upper range, the cell resistance of the
secondary battery may be increased, thereby
deteriorating the charging/discharging rate
characteristics. On the other hand, 1f the quantity of

the water-soluble thickening agent 1s smaller than the

aforementioned lower range, the aqueous paste may be
caused to flocculate. The aforementioned water-soluble

thickening agent may be used as an aqueous solution.

In this case, the water-soluble thickening agent may

preferably be used as a 0.5-3 wt% aqueous solution.

As for specific examples of the binder, they
include, for example, fluorine binder, acrylic rubber,

modified acrylic rubber, styrene butadiene rubber,

acrylic polymer and vinyl polymer. These binders may

be used individually or as a mixture consisting of two

or more kinds thereof or as a copolymer. It 1s more

preferable to employ acrylic polymer, since acrylic
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polymer is excellent in oxidation resistance and

capable of securing a sufficient adhesion even with a

r—

small amount of use and of giving flexibility to the

electrode plate. The mixing ratio of these binders may
preferably be confined to 1-10 parts by weight, more
preferably 2-7 parts by weight per 100 parts by welght
of the active material for the positive electrode.

In the present invention, although water 1s

employed as a dispersing medium, 1t may further

contain, other than water, a water-soluble solvent such

as an alcoholic solvent, an amine-based solvent, a
carboxylic acid-based solvent, a ketone-based solvent,
etc., for the purpose of improving the drying

characteristics of the active material layer or the

wettability of the active material layer to the

collector.

t 1)

In the present invention, for the purpose o:
improving the coating properties and leveling
properties of the agqueous paste containing a lithium
phosphate-based material having an olivine structure, a
conductive agent, a water-soluble thickening agent, a
binder and a dispersing agent, the aqueous paste may
also contain a surfactant and a leveling agent such as
a water-soluble oligomer. The dispersion of the
agqueous paste can be carried out by any known

dispersing machine such as a planetary mixer, a

dispersion mixer, a bead mill, a sand mill, an
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ultrasonic dispersing machine, a homogenizer, a
Henschel mixer, etc. If it 1s desired to suitably

employ a lithium iron phosphate material having a

particle diameter of not larger than 1 pm, 1t 1s more
preferable to employ a media dispersion method which 1s
capable of using a dispersion medium of small particle

size such as the bead mill, the sand mill, etc. The

paste thus prepared 1s coated and dried to form a
coated film retaining suitable porosity.
The aqueous paste for coating contalning positive

electrode active material and prepared in thils manner

is then coated on the surface of collector which 1is

*
P—

made of a metal foil. As for the material for the

collector, 1t 1s possible to employ metal foil made of
copper, aluminum, nickel, stainless steel, etc. Among
them, 1t 1s more preferable to employ aluminum for the
preparation of the collector for positive electrode.
The coating of the agqueous paste onto the metal

foil for the collector can be carried out by making use

of any known coating method selected from gravure
coating, gravure reverse coating, roll coating, Meyer
bar coating, blade coating, knife coating, air knife

coating, comma coating, slot die coating, slide die,

dip coating, etc.

In the present invention, the agueous paste 1s

uniformly coated so as to confine the dry weight

thereof to the range of 2-10 mg/cm2, more preterably
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3-8 mg/cmz. With respect to the method of drying the
paste, although there is not any particular limitation,
it may be carried out, for example, by means of hot air
drying, heated air drying, vacuum drying and drying
using a far infrared ray heater. The temperature tor
the drying may be within the range of 30-130°C. For

r—

example, the coated layer of paste may be left standing

in a hot alir drying apparatus which 1s kept at a
temperature of 100°C and when the change in weight

thereof for a period of one hour becomes not more than

R—

0.1% by weight, the drying process 1s terminated.

Subsequently, the dried layer 1s preferably subjected

to pressing by making use of a plate press or a roll

press.

With respect to the negative electrode, any

material which 1is capable of doping with 1lithium or

dedoping lithium as the active material may be used.

For example, 1t 1s possible to employ, for example,
pyrolytic carbons; cokes such as pitch coke, needle
coke, petroleum coke, etc.; graphite; vitreous carbons;
the sintered mass of organic polymer compounds (which
1s carbonized by baking phenol resin, furan resin,
etc., at suitable temperatures); carbon fibers;

activated carbon; metal lithium; alloys such as lithium

alloys, Sn-based compounds; and polymers such as

polyacetylene, etc.

These negative electrode active materials are
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subsequently mixed with a binder and, if required, a
conductivity—improving agent to obtain a mixture which
is then subjected to kneading and dispersion together
with a dispersing medium, thereby obtaining a paste for
the negative electrode. The paste is then coated on
the surface of a collector and dried and rolled to

manufacture a negative electrode plate. As for the

collector for the negative electrode, 1t 1s possible to

employ, for example, copper, nickel, stainless steel,

etc. Among them, the employment of copper foill 1s more
preferable. Although there is not any particular
limitation with respect to the electrolyte, 1t 1s

preferable to employ a nonaqueous electrolyte.

With respect to the nonaqueous electrolyte, 1t 1s
possible to employ, without any limitation, any of
those which have been conventionally employed 1in the
ordinary lithium secondary battery. For example, 1t 1is
possible to employ those which cann be obtained by

dissolving at least one material selected from the

group consisting of i1norganic lithium salts such as

L1Cl104, LiBF4, L1PFg, L1Astg, L1Cl, LiBr, etc.; and

organic lithium salts such as LiBOB, LiB(CgHg) 4,
LiIN(SO»CF3) o, Li1iC(S0O»CF3)3, Li0SO»CF3, etc., 1s
dissolved 1n at least one solvent selected from the
group consisting of cyclic esters such as carbonates

such as propylene carbonate, ethylene carbonate,

butylene carbonate, y-butyrolactone, vinylene
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carbonate, Zmethyl-y-butyrolactone, acetyl-y-
butyrolactone, y-valerolactone, etc.; cyclic ethers
such as tetrahydrofuran, alkyltetrahydrofuran,
dialkyltetrahydrofuran, alkoxytetrahydrofuran,
dialkoxytetrahydrofuran, 1,3-dioxorane, alkyl-
1,3-dioxorane, 1,4-dioxorane, etc.; linear ethers such
as 1,2-dimethoxy ethane, 1,2-diethoxy ethane, diethyl
ether, ethyieneglycol dialkyl ether, diethyleneglycol
dialkyl ether, triethyleneglycol dialkyl ether,
tetraethyleneglycol dialkyl ether, etc.; and linear
esters such as dimethyl carbonate, methylethyl

carbonate, diethyl carbonate, alkyl propionate, dialkyl

malonate, alkyl acetate, etc. It 1s especially

preferable to employ nonaqueous electrolytes which can

be obtained dissolving LiBF4, LiPFg, Li1BOB or a mixture
thereof 1in at least one of the aforementioned organic
solvents.

With respect to the separator, although 1t 1s

P

possible to employ any kind of porous film as long as

1t 1s 1nsoluble to the components of the aforementioned

electrolyte, 1t 1s preferable to a single layer or a

ﬁ

multi-ply layer of fine-porous film made of polyoletfin

such as polypropylene, polyethylene, etc. Among them,
the multi-ply layer is especially preferable. A

nonaqueous electrolytic secondary battery can be

p—

manufactured by making use of the positive electrode

plate of the present 1nvention as described above and
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by combining it with known negative electrode,
electrolyte, separator, etc., which are designed to be
used in a nonaqueous electrolyte. As for the
configuration of the battery, it may be a coin type, a
button type, a laminate type, a cylindrical type, a
square type or a flat type.

Examples

(Example 1)

F

Next, various examples of the present invention

will be explained. Incidentally, 1t may not be
construed that the present invention 1s limited to the
following examples.

A lithium M1 phosphate compound having an olivine
structure wherein Ml is Fe was synthesized by a
hydrothermal method as described below.

]

First of all, 486 g of lithium phosphate and 795 g

of bivalent iron chloride tetrahydrate as a bivalent

iron compound were introduced, together with 2000 ml of

distilled water, 1nto a pressure vessel. Then, atfter

being purged with argon gas, the vessel was sealed.
This pressure vessel was placed 1n an o1l bath
maintained at 180°C, thereby allowing a reaction to
take place for 48 hours. Subsequently, the pressure
vessel was allowed to cool down to room temperature and

the content therein was taken out and dried at a

g

temperature of 100°C, thereby obtaining a powdery

sample. This powdery sample was confirmed by means ot
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X-ray diffraction patterns as being lithium iron
phosphate. Further, it was confirmed, through the
observation using a scanning electron microscope (SEM),
that this powdery sample has a particle diameter of

20-200 nm.

’-

A precursor of the lithium M2 phosphate compound

having an olivine structure wherein MZ was Mn was

synthesized as described below.

First of all, 72.3 g of manganese (II) sultfate
pentahydrate was dissolved in 500 ml of 1on-exchange
water in a 2000-ml beaker to obtain a solution, to

which 23.1 g of 85% phosphoric acid was added and

sufficiently agitated. While continuing the agitation
of the solution, a solution containing 24 g of sodium
hydroxide dissolved in 100 ml of 1on-exchange water was
added drop-wise through a separatory funnel to the
agitated solution for 30 minutes, thereby obtalning a
precipitate. The dropping amount was adjusted so as to

gr—

confine the pH of the reaction liquid to the range of

6.5 < pH < 7.0. The crystal thus obtained was taken up

F
pr—

through filtration and sufficiently washed with 1on-

exchange water. The crystal thus washed was dried at

100°C for 5 hours.

F

When the quantity of Mn in the product thus

obtained was measured by means of ICP emission
spectrography analysis, the product was found

containing 79.1% of Mn3(POg)». Further, 1t was
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confirmed, through the observation using a scanning

electron microscope (SEM), that the product was formed
of amorphous particle having a particle diameter of not

more than 1 pum.
Then, 50 g of lithium hydroxide monohydrate was
dissolved in 200 ml of ion-exchange water 1in a 2000-ml

beaker to obtain a solution. While continuing the

fv

agitation of the solution, a solution containing 46 g

-

of 85% phosphoric acid dissolved in 200 ml of 1on-

exchange water was added drop-wise through a separatory

funnel to the agitated solution for 30 minutes, thereby

obtaining a precipitate. The crystal thus obtained was

taken up through filtration and sufficiently washed

with ion-exchange water. The crystal thus washed was

dried at 100°C for 5 hours.

When the quantity of Li 1n the product thus

obtained was measured by means of ICP emlission

spectrography analysis, the product was found

containing 99.3% of Li3POy4. Further, 1t was confirmed,

through the observation using a scanning electron

microscope (SEM), that the product was formed of needle
crystal having a particle diameter of not more than
1 pm.

After executing the purity conversion of Mn3(POg) o

—

and Li13POy4, each of the powdery products was welghed so

as to obtain a molar ratio of Mn:Li=1:1. Then, these

N

products were sufficiently pulverized by making use o:
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a dry type ball mill. The resultant powdery mixture

was used as an LiMnPO4 precursor.

LiFePO4 and the LiMnPO4 precursor thus obtained
were mixed together so as to obtain a ratio ot
Li:Fe:Mn=1.0:0.9:0.1. Namely, 5.12 g of LiFePO4 and

0.67 g of LiMnPO4 precursor were mixed each other

together with 10 ml of ion-exchange water and then

resultant mixture was sufficiently mixed 1n a mortar to

obtain a slurry. Then, this slurry was put into a

graphite crucible and dried for two hours at 100°C and

then placed into a vacuum gas displacement furnace.

Then, after being sufficiently displaced with

nitrogen gas, the interior of the furnace was turned

into a state of vacuum and the dried material existing

therein was subjected to a sintering treatment for
three hours at 600°C. subsequently, the furnace was

allowed to cool down to room temperature and the

crucible was taken out of the furnace and the sample 1n

the crucible was taken out. The sample was formed of a

brittle bulky material. This bulky material was

pulverized by means of a coffee mill and then

classified, by means of a sieve, to obtain aggregated

—
——

particles having a diameter of not more than 20 pum.

The particle thus obtained was defined herein as

powder A.

When this powder A was analyzed by means of an X-

ray diffraction apparatus, it was found as being a
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s3ingle-phasc olivinc typc compound. Further, 1t was
also confirmed, as a result of ICP emlssion
spectrography analysis, that the composition of each of
the elements was the same as that of putting them into

the crucible. It was confirmed, as a result of the

[*]
=
|

measurement of size distribution by making use of S

that the particle diameter of the sintered particles

was increased as compared with that before the

sintering. Namely, the primary particle thereof was

found as having a diameter ranging from about 0.7 to

3 um.

(Example 2)

By employing the same LiFePO4 and the LiMnPOy

precursor as those obtalined i1n Example 1, these

compounds were mixed together so as to obtain a ratio

of Li:Fe:Mn=1.0:0.9:0.1. Namely, 5.12 g of LiFePOgq and

0.67 g of LiMnPOg4 precursor were mixed. Then, Lhe

resultant mixed powder was sufficiently mixed with a

solution containing 0.512 g of sucrose dissolved 1n

10 ml of 1on-exchange water in a mortar to obtain a
slurry. Then, this slurry was i1ntroduced 1nto a
graphite crucible and dried for two hours at 100°C and
then placed i1nto a vacuum gas displacement furnace.
Then, after being sufficiently displaced with

—

nitrogcn gags, the intecrior of the furnace was turned

into a state of vacuum and the dried material existing

therein was subjected to a sintering treatment for
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three hours at 600°C. Subsequently, the furnace was

allowed to cool down to room temperature and the

P

crucible was taken out of the furnace and the sample 1in

the crucible was taken out. The sample was formed of a

brittle black bulky material. This bulky material was

pulverized by means of a coffee mill and then

classified, by means of a sieve, to obtain aggregated

particles having a diameter of not more than 20 um.

The particles thus obtained were defined herein as

powder B.

When this powder B was analyzed by means of an X-

ray diffraction apparatus, it was found as being a

single~phase olivine type compound. Further, 1t was

also confirmed, as a result of ICP emission

ﬁ

spectrography analysis, that the ratio of the elements

was the same as that on introducing into the crucible.
Further, it was confirmed, as a result of the

thermogravimetric analysis, that the quantity of carbon

was 4% by weight. It was found, as a result of the

gr—

measurement of size distribution by making use of S

(]

M,

ﬁ

that the particle diameter of the sintered particles

was 1ncreased as compared with that before the

sintering. Namely, the primary particle diameter

ranges from about 0.7 to 3 um.

(Example 3)

By employing the same L1FePOg and the LiMnFOy

precursor as those obtained in Example 1, these
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compounds were mixed Logelher so 45 Lo obtain a ratio
of Li:Fe:Mn=1.0:0.9:0.1. Namely, 5.12 g of LiFePO4 and
0.67 g of LiMnPO,4 precursor were mixed each other to
obtain a mixture, to which 0.100 g of acetylene black
was further added. Then, the resultant mixed powder
was sufficiently mixed with a solution containing

0.512 g of sucrose dissolved in 10 ml of 1on-exchange

water in a mortar to obtain a slurry. Then, this

slurry was introduced into a graphite crucible and

-

aced 1nto a

dried for two hours at 100°C and then p

vacuum gas displacement furnace.

Then, after being sufficiently displaced with

nitrogen gas, the interior of the furnace was turned

into a state of vacuum and the dried material existling

—

therein was subjected to a sintering treatment for

three hours at 600°C. Subsequently, the furnace was

allowed to cool down to room temperature and the

crucible was taken out of the furnace and the sample 1n
the crucible was taken out. The sample was formed of a

brittle black bulky material. This bulky material was

pulverized by means of a coffee mill and then

classified, by means of a sieve, to obtain aggregated
particles having a diameter of not more than 20 pmn.

The particles thus obtained were defined herein as

powder C.

When this powder C was analyzed by ueans ol an

X-ray diffraction apparatus, i1t was found as being a
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single-phase olivine type compound. Further, 1t was
also confirmed, as a result of ICP emission
spectrography analysis, that the ratio of the elements

was the same as that on introducing into the crucible.

Further, it was confirmed, as a result of the

thermogravimetric analysis, that a total quantity of

carbon was 6% by weight. It was found, as a result of

—

the measurement of size distribution by making use of

SEM, that the particle diameter of the sintered

particles was increased as compared with that before

the sintering. Namely, it was found that the primary

particle diameter ranges from about 0.7 to 3 pm.

(Comparative Example 1)

A mixture of 65.99 g of CH3COOLi, 156.56 g of

Fe (CH3CO00)», 17.30 g of Mn(CH3COO)», and 115.29 g of

85% H3PO4 was dissolved and agitated in 1000 ml of 1ion-

exchange water to form a uniform solution. Then, this

solution was dried at a temperature of 150°C and the
resultant dried material was placed i1n an electric

furnace and subjected to sintering for 8 hours at 400°C

in an atmosphere of argon/hydrogen (92:8 v/v).

Thereafter, the furnace was allowed to cool down to
room temperature and a bulky precursor was obtained.

This bulky precursor was pulverized agalin and placed

again 1in an electric furnace. Then, the pulverized
material was subjected to sintering for 24 hours at

600°C in the same atmosphere as described above to
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obtain powder D.

When this powder D was analyzed by means of an X-
ray diffraction apparatus, it was found as being a
single-phase olivine type compound. Further, 1t was

confirmed by means of ICP that elements had a ratio

represented by LiFepg gMng 1POg4. It was found, as a

result of the measurement of size distribution by means

of SEM, that the particle diameter thereof ranged from

about 20 to 100 nm.

Po

Further, a solution containing 15 g of sucrose

dissolved in the aforementioned 1on-exchange water was
added to the aforementioned mixture and subjected to

the same treatments as described above to obtain powder

defined herein as powder E. It was confirmed, as a

result of the thermogravimetric analysis, that a total
quantity of carbon was 6% by weight.

(Comparative Example 2)

486 g of lithium phosphate, 716 g of bivalent 1iron

chloride tetrahydrate as a bivalent iron compound and
65 g of bivalent manganese chloride dihydrate as a
bivalent manganese compound were 1ntroduced, together
with 2000 ml of distilled water, into a pressure 1ron
vessel (autoclave). Then, after being purged with
argon gas, the vessel was sealed. Thilis pressure vessel
was placed in an oil bath of 180°C, thereby allowing a
reaction to take place for 48 hours. Subsequently, the

pressure vessel was allowed to cool down to room
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temperature and the content therein was taken out and

dried at a temperature of 100°C, thereby obtaining a

powdery sample.

The powdery sample thus obtained was confirmed by

R—

means of X-ray diffraction patterns as being a single-

phase olivine type compound. Further, it was confirmed

by means of ICP that elements had an atomic ratio

represented by LiFepg oMng 1PO4. Further, It was found,

as a result of the measurement of size distribution by

means of SEM, that the particle diameter thereof ranged

from about 20 to 100 nm. This powdery sample was

defined herein as powder F.

Then, a solution containing 1 g of sucrose

dissolved in ion-exchange water was added to 10 g of
powder F and sufficiently kneaded in a mortar to obtailn
a slurry. Then, this slurry was introduced 1nto a
graphite crucible and dried for two hours at 100°C and

then placed into a vacuum gas displacement furnace.

Then, after being sufficiently displaced with nitrogen

gas, the interior of the furnace was turned 1nto a

state of vacuum and the dried material existing thereiln

was subjected to a sintering treatment for three hours

at 600°C. Subsequently, the furnace was allowed to

cool down to room temperature and the crucible was

taken out of the furnace and the sample in the crucible

P

was taken out. The sample was formed of a brittle

black bulky material. This bulky material was
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pulverized by means of a coffee mill and then

classified, by means of a sieve, to obtain aggregated
particles having a diameter of not more than 20 um.

The particles thus obtained were defined hereiln as

B

powder G. When this powder G was analyzed by means ol

an X-ray diffraction apparatus, it was found as being a
single-phase olivine type compound. Further, 1t was
confirmed, as a result of the thermogravimetric
analysis, that the quantity of carbon was 4% by weight.

F

It was found, as a result of the measurement of size

distribution by making use of SEM, that the particle

—

diameter of the sintered particles was 1ncreased as

compared with that before the sintering. Namely, 1t

was found that the primary particle diameter ranged

from about 0.7 to 3 um.

(Comparative Example 3)

An LiMnPO,4 precursor was mixed with a suitable
quantity of ion-exchange water and sufficiently kneaded

in a mortar to obtain a slurry. Then, this slurry was

g
ore-

~introduced into a graphite crucible and dried for

two hours at 100°C and then placed into a vacuum gas

displacement furnace. Then, after being sufficiently
displaced with nitrogen gas, the interior of the
furnace was turned into a state of vacuum and the dried

material existing therein was subjected to a sintering

treatment for three hours at 600°C. Subsequently, the

furnace was allowed to cool down to room temperature
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and the crucible was taken out of the
sample 1n the crucible was taken out.

formed of a brittle bulky material.

furnace and the

The sample was

This bulky

material was pulverized by means of a coffee mill and

pp—
—

then classified, by means of a sieve,

aggregated particles having a diameter of not more than

20 um.

to obtailn

When the aggregated particles were analyzed by

means of an X-ray diffraction apparatus, it was found

—

as being formed of LiMnPO4. Further,

fr—

it was confirmed,

—

even in the result of the quantification of Li and Mn

by means of ICP emission spectrography analysis, the

aggregated particles were formed of approximately pure

LiMnPOy. It was found, as a result of the measurement

of size distribution by making use of SEM, that the

particle diameter of the sintered particles was

increased as compared with that before the sintering.

Namely, it was found that the primary particle diameter

ranged from about 0.7 to 3 um.

The LiFePO4 which was synthesized by means of

-

hydrothermal method and the aforementioned LiMnPOy

s

powder were mixed each other at a molar ratio of 9:1

and then sufficiliently dispersed 1n a

mortar to obtain a

uniform powdery product which was defined herein as

powder H.

(Comparative Example 4)

The LiFePO4 which was obtained by means of
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hydrothermal method was defined herein as powder 1. A
solution containing 1 g of sucrose dissolved 1n 1on-
exchange water was added to 10 g of powder I and
sufficiently kneaded in a mortar to obtain a slurry.

Then, this slurry was introduced 1into a graphite

crucible and dried for two hours at 100°C and then
placed into a vacuum gas displacement furnace. Then,
after being sufficiently displaced with nitrogen gas,

f"
p—

the interior of the furnace was turned into a state of

vacuum and the dried material existing therein was
subjected to a sintering treatment for three hours at
600°C. Subsequently, the furnace was allowed to cool
down to room temperature and the crucible was taken out

of the furnace and the sample 1n the crucible was taken

The sample thus obtained was formed of a brittle

black bulky material. This bulky material was

pulverized by means of a coffee mill and then

classified, by means of a sieve, to obtain aggregated

particles having a diameter of not more than 20 uym.
The particles thus obtalned were defined herein as
powder J. When this powder J was analyzed by means of
an X-ray diffraction apparatus, 1t was found as being a

single-phase olivine type compound. Further, 1t was

—

confirmed, as a result of the thermogravimetric

analysis, that the quantity of carbon was 4% by weilght.

It was found, as a result of the measurement of size
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r—
r—o-

distribution by making use of SEM, that the particle

diameter of the sintered particles was increased as
compared with that before the sintering. Namely, 1t
was found that the primary particle diameter ranged
from about 0.7 to 3 um.

(Crystallographic comparison of particles

obtained)

F

X-ray diffraction patterns of powder A, powder D

and powder H, all having the same ratio of Fe:Mn=9:1,

gp—

are shown in FIG. 3. As seen from FIG. 3, all of these

powders indicated a characteristic pattern of a lithium
phosphate type compound having a basic olivine

structure. In the case of powder H which was formed of
a mixed powder consisting of LiFePO4 and the LiMnPOy4,

any clear separation of peak was not recognized.

As shown 1n FIG. 4, 1t was found out, through an

enlargement of the peaks appearing 1n the vicinity of

260=30° indicating a (020) face, differences in the

ﬁ
—

position of developing peaks depending on each of

synthesizing methods. It was assumed from this finding

that the crystal form was caused to change depending on
synthesizing method, thereby indicating that powder A
of the present i1nvention was different from powder D

F

obtained by means of the conventional uniform synthesis

method even 1f the composition thereof was the same as

that of powder A.

f"

As a result of cyclic voltammetry executed on
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powders A to J, a broad redox peak originating from Mn

was recognized in powders A to C, thereby indicating

the existence of concentration gradient. Whereas 1n

the cases of powders E to G, this redox peak

originating from Mn was not recognized. Further, 1n

the case of powder D, a sharp redox peak originating

from Mn was recognized.

(Manufacture of positive electrode)

Acetylene black as a conductive agent was mixed

—

with each of powders A to J that had been obtained 1n

Examples and Comparative Examples 1n such a manner that
a total quantity of carbon became 10% by weight. The
mixed powders thus obtained was respectively mixed with
polyvinylidene fluoride (PVdF) employed as a binder at
a welght ratio of 95:5 to obtain a mixture, to which
N-methyl-2-pyrrolidone (NMP) was added and sufficiently
kneaded, thereby obtaining a slurry for the positive

electrode.

Aluminum foil collectors each having a thickness

of 15 um were coated with each of the positive

I

electrode slurries thus obtained at a coating amount of

100 g/m2 and then dried for 30 minutes at a temperature

of 120°C. Thereafter, the dried coating layer was

—

subjected to rolling work by making use of a roll press

so as to create a density of 1.8 g/cc. The rolled

coating layer was then punched out to obtain a disc-

F'

like product having a size of 2 cm? for use as a
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positive electrode. The positive electrodes
manufactured by making use of powders A to J are hereiln

referred to as positive electrodes A to J,

respectively. Each of the specifications are

summarized 1n the following Table 1.
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Incidentally, in the above Table 1, C+AB 1n the

chemical formula of powder C (positive electrode C)

means the co-existence of carbon C originating from

sucrose and acetylene black (AB).

(Confirmation of electrochemical characteristics

of positive electrode)

In order to confirm the electrochemical

characteristics of battery, three-electrode type cell

(single pole cell) was manufactured. Positive

electrodes A to J manufactured as described above were
used as a positive electrode and a lithium metal
electrode was used as a negative electrode and also as
a reference electrode. A mixture of ethylene carbonate
and diethYl carbonate, which were mixed at a volume
ratio of 1:1, was used as an electrolyte.

p—

For the purpose of evaluating the electrode, a

charge/discharge of 0.2 CA was executed in the first to
fifth cycles, wherein the charge-terminating potential

was set to 4.5 V and the discharge-terminating

-

potential was set to 2.0 V. The fifth cycle was

employed 1in a 0.2 CA capacity confirmation test. Then,

under the same conditions as in the aforementioned case

where terminating potential of charge/discharge was set

to 0.2 CA, the discharge of battery was performed at 1,
5 and 10 CA and the charging of battery was executed
with the same electric current as that of discharging,

thereby confirming the capacity thereof. Incidentally,
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the potential was a value reference to Li metal. The

results obtained are shown in the following Table 2.
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It was found out from the results shown 1in above

Table 2 that positive electrodes A to C according to

the present invention was excellent especially in a

high-rate charge/discharge properties of 5 CA or more.

The reason for this may be attributed to the fact that

since the concentration of Mn of the binary active

material consisting of Fe and Mn was caused to

continuously change inside the particle, 1t was

possible to enhance the electric conductivity of the

——

interior of particle

ﬁ

and to realize smoother

transferring of Li 1ons.

In the case of positive electrode B as well as

positive electrode C

ﬁ

where the powder thereof was

treated together with a carbon source, since the

electric conductivity between particles was also

improved, 1t was possible to obtalin more excellent

characteristics.

In the cases of

positive electrodes D to G whereiln

a binary active material formed of a uniform

composition of Fe and Mn, although i1t was possible to

obtain the effects of carbon, the resistance including

reaction resistance was large when an electric current

of 5 CA or more was used, thus exhibiting prominent

deterioration of capacity. In the case of positive

electrode H which was formed of a mixture of LiFePOy

and LiMnPO4, due to the influence of LiMnPO4 exhibiting

F

- particle, the properties thereof

a large resistance o3

-
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was assumably caused to entirely deteriorate. With
respect to positive electrode I and positive electrode
J both formed of single system, although 1t was
possible to easily secure capacity at a lower rate,

they were accompanied with the problem that the

decrease of charge/discharge capacity was prominent at

a higher rate.
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WE CLAIM:

1. Multi-component system lithium phosphate compound particles having an
olivine structure and represented by a general formula of LiyM1,-zM2zP04 In
which M1 is one metal element selected from the group consisting of Fe, Mn
and Co; Y is a number satisfying a formula of 0.9 <Y < 1.2; M2 is at least
one metal element selected from the group consisting of Mn, Co, Mg, Ti and
Al: and Z is an number satisfying a formula of 0 < £ < 0.1,

characterized in that a concentration of the metal element M2 existing on a
surface of the particle is higher than the concentration of that existing in a
core portion of the particle and that the concentration of the metal element
M2 is continuously lowered from the surface of particle to the core portion of

the particle.

2. Composite particles of carbon and multi-component system lithium
phosphate compound having an olivine structure and represented by a
general formula of LiyM1;-;M2;P0O,4, in which M1 is one metal element
selected from the group consisting of Fe, Mn and Co; Y is a number satisfying
a formula of 0.9 <Y < 1.2; M2 is at least one metal element selected from
the group consisting of Mn, Co, Mg, Ti and Al; and Z is an number satisfying
a formulaof 0 < Z2<0.1,

wherein a concentration of the metal element M2 existing on a surface of the
particle is higher than the concentration thereof existing in a core portion of
the particle and that the concentration of the metal element M2 Is
continuously lowered from the surface of particle to the core portion of the
particle, and the composite particles are prepared by mixing a lithium Ml
phosphate compound having an olivine structure and represented by a

general formula of LixyM1PO, in which M1 is one metal element selected from
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the group consisting of Fe, Mn and Co, and X is a number satisfying a
formula of 0.9 < X < 1.2, a precursor of a lithium M2 phosphate compound
having an olivine structure and represented by a general formula of Li X
M2P0O4 in which M2 is at least one metal element selected from the group
consisting of Mn, Co, Mg, Ti and Al, and X is a humber satisfying a formula of
0.9 <= X <= 1.2, and carbon or a carbon source to obtain a mixture, and
subjecting the mixture to heat treatment in an inert atmosphere or in

vacuum.

A method of manufacturing a multi-component system lithium phosphate
compound particle having an olivine structure and represented by a general
formula of LiyM1:-;M2,P0O, in which M1 is one metal element selected from
the group consisting of Fe, Mn and Co; Y is a number satisfying a formula of
0.9 <Y < 1.2; M2 is at least one metal element selected from the group
consisting of Mn, Co, Mg, Ti and Al; and Z is an number satisfying a formula
of 0 < z < 0.1, in which a concentration of the metal element M2 existing on
a surface of the particle is higher than the concentration of that existing in a
core portion of the particle and that the concentration of the metal element
M2 is continuously lowered from the surface of particle to the core portion of

the particle; the method characterized by comprising:

mixing a lithium M1 phosphate compound having an olivine structure and
represented by a general formula of LixM1PO4 in which M1 is one metal
element selected from the group consisting of Fe, Mn and Co, and X is an
number satisfying a formula of 0.9 < X < 1.2, and a precursor of a lithium
M2 phosphate compound having an olivine structure and represented by a
general formula of LixM2PO, in which M2 is at least one metal element
selected from the group consisting of Mn, Co, Mg, Ti and Al, and X is an

number satisfying a formula of 0.9 <= X <= 1.2 to form a mixture; and
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subjecting the mixture to heat treatment in an inert atmosphere or in

vacuum.,

The method according to claim 3, characterized in that the precursor of the
lithium M2 phosphate compound is a mixture which is obtained by mixing a
lithium phosphate with the M2 phosphate so that the mixture satisfies
stoichiometry of the lithium M2 phosphate.

A method of manufacturing a composite particle of carbon and a multi-
component system lithium phosphate compound particle having an olivine
structure and represented by a general formula of LiyM1,-2M2-P0; in which
M1 is one metal element selected from the group consisting of Fe, Mn and
Co; Y is a number satisfying a formula of 0.9 <Y < 1.2; M2 is at least one
metal element selected from the group consisting of Mn, Co, Mg, Ti and Al;
and Z is an number satisfying a formula of 0 < z < 0.1, in which a
concentration of the metal element M2 existing on a surface of the particle is
higher than the concentration of that existing in a core portion of the particle
and that the concentration of the metal element M2 is continuously lowered
from the surface of particle to the core portion of the particle; the method

comprising:

mixing a lithium M1 phosphate compound having an olivine structure and
represented by a general formula of LixM1PO, in which M1 is one metal
element selected from the group consisting of Fe, Mn and Co and X is an
number satisfying a formula of 0.9 < X < 1.2, a precursor of a lithium M2
phosphate compound having an olivine structure and represented by a
general formula of LixM2PO4 in which M2 is at least one metal element
selected from the group consisting of Mn, Co, Mg, Ti and Al and X is an
number satisfying a formula of 0.9 < X < 1.2, and carbon or a carbon source

to form a mixture; and
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subjecting the mixture to heat treatment in an inert atmosphere or in

vacuum,

The method according to claim 5, characterized in that the precursor of the
lithium M2 phosphate compound is a mixture which is obtained by mixing a
lithium phosphate with the M2 phosphate so that the mixture satisfies
stoichiometry of the lithium M2 phosphate.

A lithium secondary battery characterized by comprising, a positive
electrode, a negative electrode, and an electrolyte containing lithium salt,
wherein lithium secondary battery further comprises one or more of the
positive electrode includes the multi-component system lithium phosphate
compound particles having an olivine structure as claimed in claim 1, and the
composite particle of carbon and multi-component system lithium phosphate

compound having an olivine structure as claimed in claim 2.
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A precursor of M2 ithium
phosphate compound having
an olivine structure

Heat treatment

——p

M1 lithium %hosphate M1M2 lithium phosphate compound particle
comFound aving having an oliving structure where
an olivine structure M2 concentration was continuously changed

-~
FIG. 1

Conventional M1M2 lithium phosphate compound

particle having an olivine structure where
concentration of components was made uniform

F1G. 2
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