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ABSTRACT

A method of manufacturing a positive electrode active material for lithium 1on
batteries, comprising: preparing a mixture containing (A) LisPO4 or a Li source and a
phosphoric acid source, (B) at least one selected from a group of a Fe source, a Mn
source, a Co source and a Ni source, water and an aqueous organic solvent having a
boiling point of 150 °C or more, wherein the amounts of (A) and (B) in the mixture are
adjusted to amounts necessary to manufacture therefrom LiIMPO4 (wherein M represents
at least one selected {from the group of Fe, Mn, Co and Ni) at a concentration of 0.5 to 1.5
mol/L; and generating the fine particles of LIMPO4 (wherein M represents at least one
selected from the group of Fe, Mn, Co and Ni) having an average primary particle

diameter of 30 to 80 nm by reacting the (A) and the (B) at a high temperature and a high

Pressure.



10

15

20

25

CA 02755802 2011-09-15

1

METHOD OF MANUFACTURING POSITIVE ELECTRODE ACTIVE MATERIAL
FOR LITHIUM ION BATTERY, POSITIVE ELECTRODE ACTIVE MATERIAL FOR
LITHTUM ION BATTERY, ELECTRODE FOR LITHIUM ION BATTERY, AND

LITHIUM ION BATTERY

TECHNICAL FIELD
[0001]

The present invention relates to a method of manufacturing a positive electrode
active material for lithium ion batteries, a positive electrode active material for lithium
ion batteries, an electrode for lithium ion batteries, and a lithium 10on battery.

The present application claims priorities based on Japanese Patent Application
No. 2009-080082, filed in Japanese Patent Office on March 27, 2009, and Japanese
Patent Application No. 2010-038810, filed in Japanese Patent Office on February 24,

2010, the contents of which are incorporated by reference herein.

BACKGROUND ART
10002]

In comparison to aqueous electrodes in the related art such as a Ni-Cd electrode
or a Ni-H electrode, non-aqueous lithium ion electrodes have a high energy density and
can be easily reduced in size, and therefore non-aqueous lithium ion electrodes are
widely used for mobile devices such as mobile phones, mobile information terminals,
and personal computers,  As a positive electrode material for non-aqueous lithium 1on
batteries, currently, LiCoQO; has been put into practical use and is commonly used.

However, when LiCoQ; is used as it is as a positive electrode material for
non-aqueous lithium ion batteries in the field of large-sized batteries or the like that are

mounted on hybrid vehicles, electric vehicles, and uninterruptible power systems which
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are expected to be developed in the future, a variety of problems may occur as described
below.

One of those problems is the difficulties in the resource and cost aspects in
stably procuring a large amount of cobalt (Co) since LiCo0O; includes cobalt (Co), which
18 a rar¢ metal.

In addition, since LiCoQ; generates oxygen at a high temperature, safety should
be sufficiently considered in preparation for the cases of abnormal heat generation or
short-circuiting in a battery, and therefore it is highly risky to apply 11CoO; to
large-sized batteries without sufficiently considering safety.

[0003]

As a result, in recent years, instead of a positive electrode active material using
LiCo0,, positive electrode materials which are cheap and safe, and have a phosphate
backbone have been suggested. Among them, LiFePO4 having an olivine structure 1s
gaining altention as a positive electrode material which is safe and also has no problem n
the resource and cost aspects, and is being studied and developed across the world (For
example, see Patent document 1, Non-Patent document 1, or the like).

Olivine-type positive electrode materials represented by LiFePO4 contain iron
(Fe). In comparison to cobalt and manganese, iron is a rich natural resource and thus 1s
cheap. In addition, due to the covalent bonding between phosphorous and oxygen, the
olivine structure does not emit oxygen at a high temperature unlike cobalt-based positive
electrode active materials such as LiCoO,, and is also a material excellent in terms of
stability.

[0004]

However, even for LiFePQ4 having the above advantages, problems have been

pointed out in the characteristics aspect.
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One problem is a low conductivity thereof, but in relation to which a number of
attempts to improve the conductivity have been carried out in recent years by, particularly,
forming the complex of LiFePQ,4 and carbon, coating carbon on the surface of LiFePOq,
or the like.

Another problem is a low degree of diffusion of lithium ions during charging
and discharging. For example, in compounds having a layered structure such as LiCoOs,
or a spinel structure such as LiMnO,, lithium ions diffuse in two dimension or three
dimension during charging and discharging; however, in compounds having an olivine
structure such as LiFePQy, lithium diffuses only in one dimension. Furthermore, the
electrode reaction during charging and discharging is a two-phase reaction in which
LiFePO, and FePQy are repeatedly converted, and therefore LiFePOy is considered to be
disadvantageous for high-speed charging and discharging.

[0005]

As methods for solving the above problems, the method which 1s considered to
be most effective is the reduction of the diameters of LiFePO4 particles. That 1s, even
when lithium ions diffuse in one dimension, if diffusion distance 1s shortened by the
reduction of particle diameters, it is considered that an increase in the speed of charging
and discharging can be coped with.

In the past, as a method of synthesizing LiFePQy, the solid-phase method was
used. In the solid-phase method, since raw materials of LiFePO4 are mixed in a
stoichiometric proportion and then are fired in an inert atmosphere, there are problems in
that LiFePQOj4 having a desired composition cannot be obtained without the skilled
selection of firing conditions, and it is difficult to control particle diameters such that it 1s
difficult to reduce particle diameters. Here, as a method of reducing the particle

diameters of LiFePQ,, studies regarding a liquid-phase synthesis method 1 which a



10

15

20

25

CA 02755802 2011-09-15

4

hydrothermal reaction 1s used are underway.

[0006]

The advantage of the hydrothermal reaction is that highly pure products can be
obtained at a markedly low temperature in comparison to a solid-phase reaction.
However, in the hydrothermal reaction, the control of particle diameters is strongly
dependent on factors related to reaction conditions such as a reaction temperature or time,
In addition, when the control is performed using the above factors, the performance of a
manufacturing apparatus strongly affects the control, which causes difficulties n
reproducibility.

Therefore, as a method of generating the fine particles of LiFePO4 by the
hydrothermal reaction, a method is suggested in which organic acid or ion such as
CH;COO", SO4* or CI is also fed to a solvent, or Li is excessively added during the
hydrothermal reaction, thereby obtaining the fine particles of single-phase LiFePQ;, (for
example, see Patent document 2 and Non-patent document 2). In addition, a method 1s
suggested in which reaction intermediates are mechanically crushed so as to obtain the
fine particles of LiFePOj4 having small particle diameters (Patent document 3).

[0007]

However, discharge voltage of LiFePOy is low, and thus is considered as an
electrode material not suitable for uses in which a high output is required, for example,
electric tools and hybrid vehicles. As a result, as positive electrode materials having the
olivine structure other than LiFePQ,, LiMnPQy, LiCoPO4 or the like, which are positive
electrode materials that can use the stability of the olivine structure and can be used at a
high voltage, are considered as alternatives.

Prior art documents
Patent documents
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Patent document 1: Japanese Patent No. 3484003

Patent document 2: Japanese Unexamined Patent Application, First Publication
No. 2008-66019

Patent document 3: Japanese Unexamined Patent Application Publication
(Translation of PCT Application) No.-2007-511458

Non Patent document

[0009]

Non-Patent document  1: “Phospho-olivine as Positive-Electrode Matenal for
Rechargeable Lithium Batteries,” by A. K. Padhi et al., P 1188, Issue 4, Vol. 144, J.
Electrochem. Soc. (1997)

Non-Patent document 2: “Synthesis of LiFePO4 cathode active material for
Rechargeable Lithium Batteries by Hydrothermal Reaction,” by Keisuke Shiraishi,
Young Ho Rho and Kiyoshi Kanamura, P. $58 to S62, Issue 1305, Suppl. 112, J. Ceram.

Soc. Jpn (2004).

DISCLOSURE OF INVENTION
Problem to be solved by the Invention

10010]

In the method in which the fine particles of LiFePO, are generated by a
hydrothermal reaction in the related art as described above, the fine particles of LilFePO;y
are reliably obtained, and desired load characteristics are also improved, but there are
problems in that the initial discharge capacity is degraded, and, furthermore, high-speed
charging and discharging characteristics are degraded.

Those phenomena are considered to result from the wide particle size
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distribution of the fine particles of LiFePQ, generated. Due to the wide particle size
distribution, the possibility of the presence of amorphous ultrafine particles, which do not
contribute to charging and discharging, is increased such that the initial discharge
capacity is degraded, and, furthermore, high-speed charging and discharging
characteristics are degraded.

In addition, in positive electrode materials in which LiMnPOy, LiCoPO4 or the
like is used, certainly, the discharge voltage is high, and a high output is obtained, but
there is a problem in that the conductivity is lower than that ot LiFePOq4 Therefore, it 18
necessary to further reduce the resistivity and particle diameters of the positive electrode
materials, but such characteristics have not yet been sufficiently fulfilled.

[0011]

The present invention has been made in consideration of the above
circumstances, and the object of the present invention is to provide a method of
manufacturing a positive electrode active material for lithium ion batteries; a positive
electrode active material for lithium ion batteries; an electrode for lithium ion batteries;
and a lithium ion battery; wherein the average primary particle diameter of fine particles
of LiMPO4 (wherein M represents one or two or more kinds selected from the group of
Fe, Mn, Co and Ni) is controlled so that fine particles of LiMPQ4 having a narrow
particle size distribution can be obtained, the initial discharge capacity can be improved,
and furthermore, high-speed charging and discharging characteristics can be improved.

[0012]

As a result of thorough studies for solving the above problems, the present
inventors paid attention to a solvothermal method which has been gaining attention in
recent years as a method of synthesizing nano particles, and combined this method into

the hydrothermal synthesis reaction of LiIMPO4 (wherein M represents one or two or
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more kinds selected from the group of Fe, Mn, Co and Ni) when the fine particles of
LiMPO, are generated using the hydrothermal reaction.  Then, the inventors found an
unexpected excellent result in which, by substituting a part of water, which is used as a
solvent, with an aqueous organic solvent during the hydrothermal reaction, the particle
diameters and crystallinity of the fine particles of the obtained LiMPOy can be controlled
according to the types or substituted amount of the aqueous organic solvent, and,
furthermore, the battery characteristics can be controlled, and completed the present
invention.

Means for solving the problem
10013

The method of manufacturing a positive electrode active material for lithium ion
batteries according to the present invention, is characterized in that the method includes:
reacting a mixture at a high temperature and a high pressure, wherien the mixture
contains Li;POy4 or a Li source and a phosphoric acid source, and one or two or more
kinds selected from a group of a Fe source, a Mn source, a Co source and a Ni source, in
amounts necessary to generate from 0.5 to 1.5 mol/L of LiMPO4 (wherein M represents
one or two or more kinds selected from the group of Fe, Mn, Co and Ni), and also
contains water and an aqueous organic solvent having a boiling point of 150 °C or more,
to generate fine particles of LIMPO, (wherein M represents one or two or more kinds
selected from the group of Fe, Mn, Co and Ni) having an average primary particle
diameter of from 30 to 80 nm.

In more detail, the method of manufacturing a positive electrode active material
for lithium ion batteries is characterized in that the method includes:

preparing a mixture containing (A) LisPOq, or a Li source and a phosphoric acid

source; (B) at least one selected from a group of a Fe source, a Mn source, a Co source
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and a N1 source; water; and an aqueous organic solvent having a boiling point of 150 °C
or more; wherein the amounts of (A) and (B) in the mixture arc adjusted to amounts
necessary to manufacture therefrom LIMPO, (wherein M represents at least one selected
from the group of Fe, Mn, Co é.nd N1) at a concentration of more than or equal to 0.5
mol/L. and less than or equal to 1.5 mol/L.; and

generating fine particles of LIMPQ, (wherein M represents one or two or more
kinds selected from the group of Fe, Mn, Co and Ni) having an average primary particle
diameter of from 30 to 80 nm by reacting the (A) and the (B) at a high temperature and a
high pressure.

[0014]

The aqueous organic solvent is preferably at least one selected from multivalent
alcohols, amides, esters and ethers.

The content of the aqueous organic solvent is preferably from 3 to 30% by mass
of the total mass of the mixture.

[0013]

The positive electrode active material for lithium ion batteries according to the
present mnvention is characterized in that the material is obtained by the method of
manutacturing a positive electrode active material for lithium ion batteries according to
the present invention.

[0016]

The electrode for lithium ion batteries according to the invention is characterized
in that the electrode is formed by coating carbon on the positive electrode active material
for lithium ion batteries according to the present invention.

[0017]

The lithium ion battery according to the present invention is characterized in that
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the battery comprises the electrode for lithium ion batteries according to the present
invention as a positive electrode.
Iffects of Invention

10018]

According to the method of manufacturing a positive electrode active material
for lithium ion batteries of the present invention, a mixture containing LizPO4 or a Li
source and a phosphoric acid source, and one or two or more kinds selected from a group
of a Fe source, a Mn source, a Co source and a Ni source, 1n amounts necessary to
generate from 0.5 to 1.5 mol/L of LiIMPO, (wherein M represents one or two or more
kinds selected from the group of Fe, Mn, Co and Ni), and also containing water and an
aqueous organic solvent having a boiling point of 150 °C or more is reacted at a high
temperature and a high pressure.  Terefore, the fine particles of LIMPO, (wherein M
represents one or two or more kinds selected from the group of Fe, Mn, Co and Ni)
having an average primary particle diameter of from 30 to 80 nm are generated, and it s
possible to efficiently generate the fine particles of LIMPOy4 (wherein M represents one
or two or more kinds selected from the group of Fe, Mn, Co and Ni) having a small
average primary particle diameter and a narrow particle size distribution.,  Furthermore,
the average primary particle diameter of the fine particles of the LiMPO, can be
controlled by changing the types and content of the aqueous organic solvent.

10019]

According to the positive electrode active material for lithium ion batteries of
the present invention, since the fine particles of LIMPO,; (wherein M represents one or
two or more kinds selected from the group of Fe, Mn, Co and Ni) have an average
primary particle diameter in a range of 30 to 80 nm and a small particle size distribution,

it is possible to improve the initial discharge capacity and, furthermore, to improve
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high-speed charging and discharging characteristics.
[0020]
According to the electrode for lithium ion batteries of the present invention,
since the positive electrode active material for lithium ion batteries of the present
5 invention is coated with carbon, it is possible to improve the conductivity of the positive
electrode active material.

[0021]
According to the lithium ion battery of the present invention, since the electrode
for lithium ion batteries of the present invention is provided as the positive electrode, 1t 18
10  possible to improve the conductivity of the positive electrode. Accordingly, it is possible
to improve initial discharge capacity, and also improve high-speed charging and

discharging characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS
15
[0022]

FIG. 1 is a field emission scanning electron microscope (FE-SEM) image
showing a positive electrode active material of Example 2 of the present invention.
FIG. 2 is a field emission scanning electron microscope (FE-SEM) image

20  showing a positive electrode active material of Comparative Example 1.

BEST MODE FOR CARRYING OUT THE INVENTION [0023]
The present invention relates to a method of mamifacturing a positive electrode
active material for lithium ion batteries, a positive electrode active material for lithium
25  ion batteries, an electrode for lithium ion batteries and a lithium 1on battery.  In more

detail, the present invention relates to a method of manufacturing a positive electrode
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active material for lithium ion batteries in which the discharge capacity can be improved
by controlling the average primary particle diameter of the fine particles of LiFePOq4, a
positive electrode active material for lithium ion batterics obtained by the above method,
an electrode for lithium ion batteries and a lithium ion battery, wherin the electrode and
the battery uses said positive electrode active material for lithium ion batteries.

[0024]

Embodiments for carrying out the method of manufacturing a positive electrode
active material for lithium ion batteries, the positive electrode active material for lithium
ion batteries, the electrode for lithium ion batteries, and the lithium ion battery according
to the present invention will be described.

The embodiments are detailed description for better understanding of the gist of
the present invention, and, unless specified otherwise, the present mvention 18 not limited
thereto. For example, unless particularly limited, conditions or the like such as
materials, amounts, types, number, sizes, or temperature, may be varied, added, and
omitted according to necessity.

[0025]

“Method of manufacturing a positive electrode active material for lithium ion
batteries”

The method of manufacturing a positive electrode active material for lithtum ion
batteries according to the embodiment is a method in which a mixture which contains
LizPO4 or a Li source and a phosphoric acid source, and one or two or more kinds
selected from a group of a Fe source, a Mn source, a Co source, and a Ni source, 1n
amounts necessary to generate from 0.5 to 1.5 mol/L of LIMPO4 (wherein M represents
one or two or more kinds selected from a group of Fe, Mn, Co and Ni), and also contains

water and an aqueous organic solvent having a boiling point of 150 °C or more, is reacted
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at a high temperature and a high pressure so that the fine particles of LIMPO, (wherein
M represents one or two or more kinds selected from the group of Fe, Mn, Co and Ni)
having an average primary particle diameter of 30 nm or more and 80 nm or less are
generated.

Hereinafter, the fine particles of LiMPO, (wherein M represents one or two or
more kinds selected from the group of Fe, Mn, Co and Ni) will be referred to simply as
“the fine particles of LiMPO,.”

[0026]

When the fine particles of LiMPQjq are synthesized by a hydrothermal reaction,
there are methods in which a Li source such as Li salt, a phosphoric acid source such as
PQy salt, and an M source such as M salt (wherein M represents one or fwo or more
kinds selected from a group of Fe, Mn, Co and Ni) are used as synthesis raw malerials; in
which Li;PO, that has been obtained by reacting a Li source and a phosphoric acid
source 1s used, and, furthermore, an M sour‘cé 1s used; and in which a phosphate of M
that has been obtained by reacting an M source and a phosphoric acid source is used, and,
furthermore, a 1.1 source is used.

However, among the phosphates of M, Fe3(POy); is liable to be oxidized, and
thus is difficult to be handled. In the present invention, it is preferable to use Li;POyq
and Fe(Il) salt as raw materials.

In the method in which a Li source, an M source and a phosphoric acid source
are used, since LizPOy is generated in the initial phase of the reaction,' the method
becomes equivalent to the method in which LisPOs is used. Therefore, a method 1s
preferable in which, in the beginning, LisPQy is synthesized, and then the Li13PO4 and an
M source are hydrothermally reacted so as to synthesize the fine particles of LIMPO,

(wherein M represents one or two or more kinds selected from a group of Fe, Mn, Co and
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Ni).

[0027]

Next, a preferable method of manufacturing the fine particles of the LiMPO,
will be described in detail.

1. Manufacture of a lithium phosphate (Li3P04) shurry

Firstly, a Li source and a phosphoric acid source are fed into water, and the L1
source and the phosphoric acid source are reacted to generate lithium phosphate (L13POq),
so that a lithium phosphate (Li3POy) slurry is generated. The Li source and the
phosphoric acid source are sclected according to necessity, but it is preferable to adjust
the amounts or ratios thereof so that no unreacted Li source or phosphoric acid source
remain.

10028]

The Li source refers to a substance that contains at least a lithium element and
can supply lithium ion in order to manufacture a target compound.  As the Li source,
hydroxides of Li or salts of Li are preferable, and examples of the hydroxides of Li
include lithium hydroxide (LiOH). In addition, examples of the salts of L1 include
lithium inorganic acid salts such as lithium carbonate (Li;COs) and lithium chloride
(LiC)), lithium organic acid salts such as lithium acetate (LiCH3zCOO) and lithium
oxalate ((COOLi),), and hydrates thereof, and one or two or more kinds selected from the
above groups are preferably used.

10029]

The phosphoric acid source refers to a substance that contains at least
phosphoric acid and can supply phosphoric acid ion in order to manufacture a target
compound. As the phosphoric acid source, one or two or more kinds selected from a

group of phosphoric acid such as orthophosphoric acid (H3PO4) and metaphosphoric acid
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(HPO3), ammonium dihydrogenphosphate (NH;H,POy), diammonium hydrogen
phosphate ((NH4);HPO4), ammonium phosphate (NH4)3PO4) and hydrates thereot are
preferably used. Among them, orthophosphoric acid, ammonium dihydrogenphosphate
and diammonium hydrogen phosphate are preferable since they have a relatively high
purity and their compositions are easily controlled.

A slurry may be manufactured by directly adding Li13PO4 to water.

[0030]

2. Manufacture of a mixture of lithium phosphate (Li3P04) and a M source

A M source and a reducing agent are added to the lithium phosphate (L13P0Oj)
slurry obtained in the above manner to produce a mixture. The M source is selected
according to necessity, but it is preferable to adjust the amount and ratio thereot so that
no unreacted M source remains.

The M source refers to a substance that contains at least M and can supply M 10n
in order to manufacture a target compound. Herein, M represents e, Mn, Co and/or Ni.
As the M source, salts of M are preferable, and, for example, one or two or more kinds
selected from a group of ferrous chloride (FeCly), ferrous sulfate (FeSQy), ferrous acetate
(IN) (Fe(CH3COO),), manganese (11) chloride (MnCly), manganese (II) sulfate (MnSO.e;)?
manganese (II) acetate (Mn(CH3CQOO);), manganese (I1) nitrate (Mn(NOj3)2), cobalt (1)
chloride (CoCly), cobalt (11) sulfate (CoSOy), 'cobalt (1D acetate (Co(CH3;COO0),), nickel
(11 chloride (NiCl,), nickel (1) sulfate (NiSO,), nickel (II) acetate (Ni(CH3COOQ),) and
hydrates thereof are preferably used.

10031}

A reaction concentration, that is, the concentration of LizPOy4 and the M source
in the mixture is preferably 0.5 mol/L or more and1.5 mol/L or less, and more preferably

0.7 mol/L or more and 1.2 mol/L or less, wherein they are contained in an amount
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converted to generate LIMPQ,.  The concentration may be controlled to be in a
preferable range by newly adding water to the mixture before the reaction starts at a high
temperature and a high pressure.

The reason is that, when the reaction concentration is less than 0.5 mol/L,
LiMPO, having large particle diameters is liable to be generated, and it is highly likely
that load characteristics may be degraded due to the reasons as described above.  On the
other hand, when the reaction concentration exceeds 1.5 mol/L, there is a possibility that
the mixture may not be sufficiently stirred, and thus the reaction may not proceed
sufficiently such that unreacted substances remain, making it difficult to obtain
single-phase LiMPOQy, whereby the mixture cannot be used as an electrode material.

In the present invention, the concentration of materials wherein they are
contained in an amount converted to generate LiMPO4 means a concentration of
materials which are used to manufacture LiMPQ4s. Raw materials are selected so that
the concentration of the finally manufactured LiIMPO, falls in a range of 0.5 to 1.5 mol/L.
Here, the concentration of any of the raw materials may be outside the range of 0.5 to 1.5
mol/I.. For example, the concentration of Li;PO, or the M source in the mixture, which
will be subjected to a reaction at a high temperature and a high pressure, is preferably
from 0.5 to 1.5 mol/L, and more preferably 0.7 to 1.2 mol/L..  On the other hand, when
lithium chloride is used as the Li source and phospheric acid is used as the phosphoric
acid source to prepare Li;PQys, the concentration of the used lithium chloride may be
outside the above range, for example, may be 3 mol/L or the like. However, it 1s
preferable to select the mixing ratio of materials so that no unreacted materials remain.

[0032]

As a solvent used for the mixture, a mixed solvent of water and an aqueous

organic solvent having a boiling point of 150 °C or more is used. The upper limit of the
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boiling point of an aqueous organic solvent that can be used for the present invention is
not limited; however, as a rough standard, generally 300 °C or lower is preferable.

As the aqueous organic solvent, one or a mixture of two or more kinds selected
from a group of multivalent alcohols such as ethylene glycol, propylene glycol, hexylene
slycol or glycerine, amides such as formamide, N-methylformamide, 2-pyrrolidine or
N-methyl-2-pyrrolidinone, esters such as y-butyrolactone and ethers such as diethylene

glycol, ethylene glycol monobutyl ether (butyl cellosolve), can be used.
Among them, multivalent alcohols are preferable, and ethylene glycol is
particularly preferable.

10033]

The mixed solvent can be obtained by substituting a part of water with an
aqueous organic solvent, before the reaction starts at a high temperature and a high
pressure. It is preferable that an aqueous organic solvent is substituted such that the
content of the aqueous organic solvent with respect to the total mass supplied to the
hydrothermal reaction, that is, with respect to the total mass of the mixture, is from 3 to
30% by mass, more preferably 5 to 15% by mass, and even more preferably 7 to 10% by
mass.

When the substitution amount of the aqueous organic solvent, that 1s, the content
of the aqueous organic solvent is less than 3% by mass, the fine particles of LiMPQOy
generated and battery characteristics are substantially the same as those when the solvent
is only water, and therefore the effect of substitution is not obtained. On the other hand,
when the substitution amount exceeds 30% by mass, salts are generated as byproducts
and act as impurities, which causes deterioratin of battery characteristics.

As such, the amount of the aqueous organic solvent is defined with respect to the

total mass supplied to the hydrothermal reaction, that is, the total mass of the mixture.
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For example, ‘5% by mass’ means that water in the reaction system which 1s as much as
5% by mass of the mass supplied to the hydrothermal reaction is substituted with an
aqueous organic solvent.

10034 ]

3. Hydrothermal synthesis of the mixture

The aforementioned mixture is reacted (hydrothermally synthesized) under the
condition of a high temperature and a high pressure, and a reaction product including the
fine particles of LIMPOQOy is obtained.

The condition of a high temperature and a high pressure is not particularly
limited as long as the condition is within the scope of temperature, pressure, and time in
which the fine particles of LiIMPQ, are generated. The reaction temperature can be
arbitrarily selected, and can be higher than 100 °C and 300 °C or less, preferably from
120 to 250 °C and more preferably from 150 to 220 °C.

However, the reaction temperat:.ire preferably does not exceed the boiling point
of the aqueous organic solvent which is used to substiution. The reason is that, when
the aqueous organic solvent is exposed to a high temperature condition significantly
exceeding the boiling point thereof in a pressurized vessel, the aqueous organic solvent is
decomposed so as to abruptly increase the pressure in the reaction vessel, which may lead
to a problem in terms of safety.

[0035]

In addition, the pressure during the reaction can be arbitrarily selected, and can
be, for example, higher than 0.1 MPa and 10 MPa or less, preferably from 0.2 to 4.0 MPa,
and more preferably from 0.4 to 2.5 MPa. The reaction time can be arbitrarily selected,
and is preferably 1 to 24 hours, and more preferably 3 to 12 hours, although 1t is also

dependent on the reaction temperature.
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[0036]

4. Separation of the fine particles of LiMPO,

The reaction product including the aforementioned fine particles of LIMPOj 1s
separated into the fine particles of LiMPQ, and a Li-containing liquid waste (a solution
including unreacted Li) by an appropriate method such as decantation, centrifugation or
filter filtration.

The separated fine particles of LiMPO, are dried by an arbitrary method, for
example, dried for 3 hours or more at 40 °C or more using a drying equipment, whereby
it is possible to efficiently obtain the fine particles of LiMPO4 having an average primary
particle diameter of from 30 to 80 nm. The average primary particle diameter can be
obtained by the SEM image evaluation of the fine particles.

[0037]

“Positive electrode active material for lithium ion batteries”

The average primary particle diameter of the fine particles of LIMPO4 obtained
in the above conditions is from 30 to 80 nm.  As such, by using the fine particles of
LiMPQ, having a small average primary particle diameter as a positive electrode active
material for lithium ion batteries, the diffusion distance of Li becomes short, and the
improved high-speed charging and discharging characteristics can be achieved 1n an
electrode for lithium ion batteries and a lithium ion battery provided with the positive
electrode active material for lithium ion batteries.

[0038]

Here, when the average primary particle diameter is 30 nm or more, there is no
case in which the particles are fractured by structural changes caused by the insertion and
detachment of Li, and the specific surface area becomes significantly large such that the

surface activity is extremely increased. Therefore, the amount of a joining agent that
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combines the fine particles does not need to be large, and, consequently, there is no
problematic case in which the packing density of the positive electrode is significantly
decreased, or the conductivity is significantly degraded. On the other hand, when the
average primary particle diameter is 80 nm or less, the internal resistance of the positive
electrode active material does not become large, and the migration of Li ions is also not
delayed, whereby problem in which the discharge capacity is decreased or the like does
not occur.

[0039]

“Electrode for lithium ion batteries and lithium ion battery”™

In order to use the aforementioned positive electrode active material for lithium
ion batteries for a lithium ion battery, particularly as a positive electrode active material
for the positive electrode in a lithium ion rechargeable battery, the surfaces of the fine
particles of LiIMPOy arc preferably coated with carbon.

When the surfaces thereof are coated with carbon, the conductivity, which is the
previously described problem of LiFePOQq, is improved, and favorable results can be
obtained which are suitable as battery characteristics.

[0040]

The method of carbon coating can be arbitrarily selected. For example, a
method can be used in which the fine particles of LiMPOj4 are mixed with a carbon
source such as a water-soluble monosaccharide or polysaccharide, or a water-soluble
polymer compound; a film is formed uniformly on the surfaces of the fine particles of
1.iFePO4 using a drying method such as the evaporative drying method, the vacuum
drying method, the spray drying method and the freeze drying method, and subsequently,
is fired under an inert atmosphere and a temperature at which the carbon source is

decomposed so as to generate carbon; and a conductive carbon film is formed on the
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surfaces of the fine particles of LiMPO,.

[0041]

The firing temperature can be arbitrarily selected. The temperature is
dependent on the type of the carbon source, but is preferably in a range of 500 to 1000 °C,
and more preferably 700 to 800°C.

At a low temperature of lower than 500°C, the decomposition of the carbon
source 1$ not sutficient, and the generation of the conductive carbon film becomes
insutficient, which causes resistance in the battery, whereby there is a possibility that the
battery characteristics may be adversely affected. On the other hand, at a high
temperature exceeding 1000°C, the particle growth of the fine particles of LiMPO4
proceeds such that the fine particles are coarsened, and there is a possibility that
high-speed charging and discharging characteristics may be significantly degraded due to
the diffusion speed of Li which is a problem of the particles of LiFePQj.

As such, by coating the fine particles of LiMPQ,, which is the positive electrode
active material for lithium ion batteries, with carbon, the fine particles of LiIMPOy
become preferable for a lithium ion battery, particularly as a positive electrode active

material for the positive electrode in a lithium ion rechargeable battery.

[0042]

By using the electrode formed using the carbon-coated fine particles of LiIMPO4
for a positive electrode, and, furthermore, providing a negative electrode, an electrolyte,
and a separator, a lithium ion battery can be obtained.

In the lithium 10n battery, the positive electrode is formed using the
carbon-coated fine particles of LiMPO4 obtained by coating the surfaces of the fine

particles of LiMPQO4, which has an average primary particle diameter of 30 nm or more
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and 80 nm or less, with a conductive carbon film. Therefore, the initial discharge
capacity is improved, and high-speed charging and discharging characteristics are also
excellent.

Examples

10043 ]

Hereinafter, the present invention will be described specifically with reference to
examples and comparative examples, but the present invention is not limited to the
examples.

[0044]

Example 1

3 mol of lithium chloride (LiCl) and 1 mol of phosphoric acid (H3;PO4) were
added to 1 L of pure water and stirred to obtain a lithium phosphate (Li3PO4) slurry.

Next, 1 mol of ferrous chloride (FeCly) was added to the slurry, a part of water
included in the slurry was substituted with ethylene glycol so that the content of the
ferrous chloride became 10% by mass with respect to the total mass supplied to the
hydrothermal reaction. Furthermore, water was further added to the mixture so as to
produce a total amount of 2 L (the total mass supplied to the hydrothermal reaction) of
fluid including raw materials. When the reaction concentration of the fluid including
raw materials was converted to that of LiFePQ,, the reaction concentration was 0.5 mol/L
in terms of LiFePO;,.

[0045]

Next, in order to perform the hydrothermal reaction, the fluid was provided in an
autoclave, and, after an inert gas was introduced, the fluid was hydrothermally reacted
for 6 hours at 180 °C and 1.2 MPa. After that, the fluid was filtered and separated into

solid and liquid.
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Next, the same amount of water as the mass of the separated solid was added so
as to suspend the solid, an operation that separates solid and liquid by filtration was
performed three times to wash the solid.

5 g of polyethylene glycol and 150 g of pure water were added to 150 g (in
terms of solid content) of the obtained cake-like LiFePQy, and a crushing and dispersion
treatment was performed for 12 hours by a ball mill using zirconia beads having a

diameter of 5 mm as media, thereby preparing a uniform slurry.

[0046]

Next, the slurry was sprayed in the atmosphere of 180 °C and thus dried  to
obtain granular materials having an average particle diameter of about 6 um. The
granular materials were fired for 1 hour under an inert atmosphere at 750 °C so as to
manufacture a positive electrode active material for lithium ion batteries of Example 1.

10047]

Example 2

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, that is, the amounts of the raw materials (lithtum
chloride, phosphoric acid and ferrous chloride) were doubled respectively, and
adjustment was made so that the total amount of the  fluid became 2 L, a positive

electrode active material for lithium ion batteries of Example 2 was manufactured based

on Example 1.

10048]

Example 3

Except that the reaction concentration of the fluid including raw materials was
set to 1.5 mol/L in terms of LiFePQy, that is, the amounts of the raw materials were

increased to 1.5 times respectively, and adjustment was made so that the total amount of
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the fluid became 2 L, a positive electrode active material for lithium ion batteries of
Example 3 was manufactured based on Example 1.

[0049]

Example 4

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms ofLiFePQy4, and the substitution amount of ethylene glycol was
set to 3% by mass with respect to the total mass supplied to the hydrothermal reaction, a
positive electrode active material for lithium ion batteries of Example 4 was
manufactured based on Example 2.

10050]

Example 5

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, and the substitution amount of ethylene glycol was
set to 30% by mass with respect to the total mass supplied to the hydrothermal reaction, a
positive electrode active material for lithium ion batteries of Example 5 was
manufactured based on Example 2.

[0051]

Example 6

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy,, glycol was used instead of ethylene glycol, and the
substitution amount of glycol was set to 10% by mass with respect to the total mass
supplied to the hydrothermal reaction, a positive electrode active material for lithium ion
batteries of Example 6 was manufactured based on Example 2.

10052]

Example 7
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Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, diethylene glycol was used instead of ethylene
glycol, and the substitution amount of diethylene glycol was set to 10% by mass with
respect to the total mass supplied to the hydrothermal reaction, a positive electrode active
material for lithium ion batteries of Example 7 was manufactured based on Example 2.

[0053]

Example 8

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy4, N-methyl-2-pyrroridine was used instead of

ethylene glycol, and the substitution amount of N-methyl-2-pyrroridine was set to 10%

by mass with respect to the total mass supplied to the hydrothermal reaction, a positive

electrode active material for lithium ion batteries of Example 8 was manufactured based
on Example 2.

10054]

Example 9

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, y-butyrolactone was used instead of ethylene glycol,

and the substitution amount of y-butyrolactone was set to 10% by mass with respect to
the total mass supplied to the hydrothermal reaction, a positive electrode active material
for lithium ion batteries of Example 9 was manufactured based on Example 2.

[0055]

Example 10

Except that 'ferrou.s chloride (FeCly) was substituted with manganese (11)
chloride (MnCl,), and the reaction concentration of the fluid including raw materials was

set to 1.0 mol/L in terms of LiMnPOy,, a positive electrode active material for lithium ion



25
batteries of Example 10 was manufactured based on Example 2.
[0056]
Example 11
Except that ferrous chloride (FeCly) was substituted with cobalt (1I) chloride
5  (CoCly), and the reaction concentration of the fluid including raw materials was set to 1.0
mol/L in terms of LiCoPQs, a positive electrode active material for lithium ion batteries
of Example 11 was manufactured based on Example 2.
[0057]
‘xample 12
10 Except that ferrous chloride (FeCly) was substituted with nickel (IT) chloride
(NiCl,), and the reaction concentration of the fluid including raw materials was set to 1.0
mol/L in terms of LiNiPO4, a positive electrode active material for lithium 1on batteries
of Example 12 was manufactured based on Example 2.
[0058]
15 Comparative Example 1
Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, and the substitution by ethylene glycol was not
performed, a positive electrode active material for lithium ion batteries of Comparative
Example 1 was manufactured based on Example 2.
20 [0059]
Comparative Example 2
Except that the reaction concentration of the fluid including raw materials was
set to 0.3 mol/L in terms of LiFePQy, and the amounts of the raw materials were reduced
respectively, a positive electrode active material for lithium ion batteries of Comparative

25  Example 2 was manufactured based on Example 2.



10

15

20

25

CA 02755802 2011-09-15

26

10060

Comparative Example 3

Except that the reaction concentration of the fluid including raw materials was
set to 2.0 mol/LL in terms of LiFePOy, and the amounts of the raw materials were
increased respectively, a positive electrode active material for lithium ion batteries of
Comparative Example 3 was manufactured based on Example 2.

10061}

Comparative Example 4

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, and the substituting amounts of ethylene glycol was
set to 1.5% by mass with respect to the total mass supplied to the hydrothermal reaction,
a positive electrode active material for lithium ion batteries of Comparative Example 4
was manufactured based on Example 2.

[0062]

Comparative Example 5

Except that the reaction concentration of the fluid including raw materials was
set to 1.0 mol/L in terms of LiFePQy, and the substituting amounts of ethylene glycol was
set to 50% by mass with respect to the total mass supplied to the hydrothermal reaction, a
positive electrode active material for lithium ion batteries of Comparative Example 5 was
manufactured based on Example 2.

[0063]

Comparative Example 6

Except that ferrous chloride (FeCly) was substituted with manganese (11)
chloride (MnCl,), the reaction concentration of the fluid including raw materials was set

to 1.0 mol/L. in terms of LiMnPQy, and the substitution by ethylene glycol was not
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performed, a positive electrode active material for lithium ion batteries of Comparative
Example 6 was manufactured based on Example 2.

[0064]

Comparative Example 7

Except that ferrous chloride (FeCly) was substituted with cobalt (I1) chloride
(CoCly), the reaction concentration of the fluid including raw materials was set to 1.0
mol/L in terms of LiCoPOQj,, and the substitution by ethylene glycol was not performed, a
positive electrode active material for lithium ion batteries of Comparative Example 7 was
manufactured based on Example 2.

{0065]

Comparative Example 8

Except that ferrous chloride (FeCl,) was substituted with nickel (IT) chloride
(NiCl,), the reaction concentration of the fluid including raw materials was set to 1.0
mol/L in terms of LiNiPQOy, and the substitution by ethylene glycol was not performed, a
positive electrode active material for lithium ion batteries of Comparative Example 8 was
manufactured based on Example 2.

[0066]

| Evaluation of the positive electrode active material for lithium ion batteries]

For each of the positive electrode active materials of Examples 1 to 12 and

Comparative Examples 1 to 8, the average primary particle diameter and the specific

surface area were measured by the methods below.

(1) Average primary particle diameter

An field emission scanning electron microscope (FE-SEM) image was
photographed at a 50 thousand times magnification using a field emission scanning

electron microscope (FE-SEM), 20 fine particles were randomly selected from a scope of



10

15

28

a single view on the FE-SEM image, and the average value of the measured values of the
particle diameters of the fine particles were used as the average primary particle
diameter.

|0067]

(2) Specific surtace area

The specific surface area (n°/g) of the positive electrode active material was
measured using the specific surface area measuring equipment BELSORP 11
(manufactured by BEL Japan).

The characteristics of each of the positive electrode active materials of Examples
1 to 9 and Comparative Examples 1 to 5 are shown in Table 1, and the characteristics of
each of the positive electrode active materials of Examples 10 to 12 and Comparative
Examples 6 to 8 are shown in Table 2, respectively.

In addition, the field emission scanning electron microscope (FE-SEM) image of
the positive electrode active material of Example 2 is shown in FI1G. 1, and the field
emission scanning electron microscope (FE-SEM) image of the positive electrode active

material of Comparative Example 1 is shown in FIG. 2, respectively.
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[0070]

|Manufacture of a lithium i1on rechargeable battery]

The following treatments were performed on each of the positive electrode
active materials of Examples 1 to 12 and Comparative Examples 1 to 8 to manufacture a
lithium ion rechargeable battery of each of Examples 1 to 12 and Comparative Examples
1 to 8.

Firstly, 90 parts by mass of the positive electrode active material, 5 parts by
mass of acetylene black as a conduction aid, 5 parts by mass of polyvinylidene fluoride
(PVDF) as a binder, and N-methyl-2-pyrrolidone (NMP) as a solvent were mixed.

Next, the mixture was kneaded using a 3-roll mill so as to manufacture a
positive electrode active material paste.

[0071]

Next, the positive electrode active material paste was coated on a 30 pm-thick
aluminum current collector foil, and then was dried at 100 °C under a reduced pressure,
thereby manufacturing a 30 um-thick positive electrode.

Next, the positive electrode was formed mnto a 2 cm” disk by punching, and was
dried under a reduced pressure.,  After that, a lithium ion rechargeable battery was
manufactured under a dry argon atmosphere using the positive electrode, a negative
electrode and a stainless steel 2016 coin cell.

In the battery, metallic lithium as the .negativc electrode, a porous polypropylene
film as the separator, and a solution obtained by mixing 1 mole of LiPF¢ with a solution
in which ethylene carbonate (EC) and diethyl carbonate (DEC) had been mixed in a ratio
of 3 to 7 as the electrolytic solution were used.

[0072]

[ Battery charging and discharging test]
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Battery charging and discharging tests were performed using the lithium ion
rechargeable batteries of Examples 1 to 12 and Comparative Examples 1 to 8.

Herein, the cutoff voltages were set to 2.0 to 4.0 V for Examples 1 to 9 and
Comparative Examples 1 to 5 (M =Fe), 2.0 10 4.5 V for Example 10 and Comparative
Example 6 (M = Mn), 2.0 to 5.0 V for Example 11 and Comparative Example 7 (M =
Co), and 2.0 to 5.5 V for Example 12 and Comparative Example 8 (M =Ni). Inthe
measurement of the initial discharge capacity, charging was performed at 0.1 C, and
discharging was performed at 0.1 C.

10073]

Furthermore, for Examples 1 to 9 and Comparative Examples 1 to 5 (M = Fe),
as the measurement of the other discharge capacity, tests were performed in which
charging was performed at 0.2 C, and discharge capacitics were measured respectively at
0.1C,02C,5C,8C,and 12 C. In addition, the rate (%) of the discharge capacity at 5
C to the discharge capacity at 0.2 C was used as the discharge retention rate (5C/0.2C
retention rate). The discharge retention rate was determined such that the more
tavorable, the closer 1t approached to 100%.

The discharge capacities and the discharge retention rates (5C/0.2C retention
initial discharge capacities (0.1C/0.1C) of Examples 10 to 12 and Comparative Examples

6 to 8 are shown in Table 4, respectively.
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10076]

According to Tables 1 to 4 and FIGS. 1 and 2, the following was found.

(1) As shown in Examples 1 to 12, it was confirmed that the average primary
particle diameter of the positive electrode active material can be controlled in a range of
30 nm to 80 nm by substituting a part of water included in the slurry with an aqueous
organic solvent.

(2) It was possible to confirm that, in the positive electrode active materials of
Examples 1 to 12, the specific surface areas were increased in comparison to the positive
electrode active material of Comparative Example 1; however, in the lithtum 10n
rechargeable batteries of Examples 1 to 9, the initial discharge capacities and the
discharge retention rates (5C/0.2C retention rate) were improved in comparison to the
lithium ion rechargeable battery of Comparative Example 1, and the improvement of the
discharging and charging characteristics and the securing of the initial discharge capacity
were achieved.

In addition, it was possible to confirm that, in the lithium ion rechargeable
batteries of Examples 10 to 12, the initial discharge capacities (0.1C/0.1C) were
improved in comparison to the lithium ion rechargeable batteries of Comparative
Examples 6 to 8, and the initial discharge capacities were secured.

(3) In Comparative Example 2 in which the reaction concentration of the raw
material fluid was smaller than the range of the present invention, Comparative Example
2 exhibited the significantly large average primary particle diameter and the degraded
discharging retention rate as compared with Example 2. In Comparative Example 3 in
which the reaction concentration of the fluid including raw materials was larger than the
range of the present invention, subgrain phase was generated as impurities, and it was not

possible to manufacture an electrode.
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(4) In Comparative Example 4 in which the mass of the aqueous organic solvent
in the total mass of the mixture was smaller than the preferable range of the present
invention, Comparative Example 4 exhibited the significantly large average primary
particle diameter and the degraded discharging retention rate as compared with Example
2. In Comparative Example 5 in which the mass of the aqueous organic solvent in the
total mass of the mixture was larger than the preferable range of the present invention,
the average primary particle diameter was small, but the discharge retention rate was
degraded.

Aforementioned Examples showed cases in which tests were performed under
the conditions of constant temperature and constant pressure, but it was confirmed that
the cffects of the present application could be stably obtained even under other

high-temperature and high-pressure conditions.

INDUSTRIAL APPLICABILITY
[0077]

The present invention provides a method of manufacturing a positive electrode
active material for lithium ion batteries, a positive electrode active material for lithium
ion batteries, an electrode for lithium ion batteries and a lithium ion battery, wherein the
average primary particle diameter of the fine particles of LiMPQO4 (wherein M represents
one or two or more kinds selected from the group of Fe, Mn, Co and Ni) is controlled to
improve the initial discharge capacity or high-speed charging and discharging
characteristics.

The method of manufacturing a positive electrode active material for lithium ion
batteries according to the present invention is a method in which a mixture, which

contains L13PO4 or a Li source and a phosphoric actd source, and one or two or more
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kinds selected from a group of a Fe source, a Mn source, a Co source and a N1 source,
wherein they are included in an amount in terms of 0.5 to 1.5 mol/L, of LIMPO4 (wherein
M represents one or two or more kinds selected from the group of Fe, Mn, Co and Ni),
and also contains water and an aqueous organic solvent having a boiling point of 150 °C
or more, is reacted at a high temperature and a high pressure to generate the fine particles
of LIMPO4 (wherein M represents one or two or more kinds selected from the group of
Fe, Mn, Co and Ni) having an average primary particle diameter of from 30 to 80 nm.
Accordingly, it is possible to improve the charging and discharging characteristics and
secure the initial discharge capacity by applying the obtained positive electrode active
material for lithium ion batteries to lithium ion batteries, particularly to the positive
electrodes in lithium ion rechargeable batteries, and therefore the present invention has

an extremely large industrial meaning.
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CLAIMS

1. A method of manufacturing a positive electrode active material for lithium
ion batteries, comprising:

preparing a mixture containing (A) LizPOs, or a Li source and a phosphoric acid
source; (B) at least one selected from a group of a Fe source, a Mn source, a Co source
and a Ni source; water; and an aqueous organic solvent having a boiling point of 150 °C
OT More,

wherein the amounts of (A) and (B) in the mixture are adjusted to amounts
necessary to manufacture therefrom LiMPO, (wherein M represents at least one selected
from the group of Fe, Mn, Co and Ni) at a concentration of more than or equal to 0.5
mol/L and less than or equal to 1.5 mol/L; and

generating fine particles of LIMPO, (wherein M represents at least one selected
from the group of Fe, Mn, Co and Ni) having an average primary particle diameter of 30

to 80 nm by reacting the (A) and the (B) at a high temperature and a high pressure.

2. The method of manufacturing a positive electrode active material for
lithium 1on batteries according to Claim 1,
wherein the aqueous organic solvent is at least one selected from multivalent

alcohols, amides, esters and ethers.

3. The method of manufacturing a positive electrode active material for
lithium ion batteries according to Claim 1,
wherein the content of the aqueous organic solvent is 3 to 30% by mass of the

total mass of the mixture.
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4. A positive electrode active material for lithium ion batteries obtained by the
method of manufacturing a positive electrode active material for lithium ion batteries

according to Claim 1.

5. An electrode for lithium 10n batteries,
wherein the electrode is the positive electrode active material for lithtum ion

batteries according to Claim 4, on which carbon is coated.

6. A lithium ion battery, which comprises the electrode for lithium ion batteries

according to Claim 5 as the positive electrode.

7. The method of manufacturing a positive electrode active material for

lithium 1on batteries according to Claim 1,
wherein the high temperature is more than or equal to 120°C and less than or

equal to 250°C, and the high pressure is more than or equal to 0.2 MPa and less than or

equal to 4.0 MPa.

8. The method of manufacturing a positive electrode active material for
lithium ion batteries according to Claim 1,

wherein the Li source is at least one selected from a group consisting of lithium
hydroxide, lithium carbonate, lithium chloride, lithium acetate, lithium oxalate and
hydrates thereof; the phospheric acid source is at least one selected from a group
consisting of orthophosphoric acid, metaphosphoric acid, ammonium

dihydrogenphosphate, diammonium hydrogen phosphate, ammonium phosphate and
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hydrates thereof; the Fe source is at least one selected from a group consisting of ferrous
chloride, ferrous sulfate, ferrous acetate and hydrates thereof; the Mn source is at least
one selected from a group consisting of manganese (11) chloride, manganese (1) sulfate,
manganese (II) acetate, manganesc (II) nitrate and hydrates thereof; the Co source 1s at
least one selected from a group consisting of cobalt (1I) chloride, cobalt (1I) sulfate,
cobalt (1I) acetate and hydrates thereof; and the Ni source is at least one selected from a
group consisting of nickel (II) chloride, nickel (II) sulfate, nickcl (II) acetate and hydrates

thercof,
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