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. ABSTRACT OF TH:

A cathode material for a lithium-ion secondary battery of

the present 1nvention i1s active material particles including

5 central particles represented by General Formula Li,A,D,PO4

(0.9<x<1.1, O<y<l, 0<z<1l, and 0.9<y+z<1.1; here, A represents

at least one element selected from the group consisting of Co,

Mn, Ni, Fe, Cu, and Cr, and D represents at least one element

selected from the group consisting of Mg, Ca, Sr, Ba, Ti, Z2n,

10 B, Al, Ga, In, Si, Ge, Sc, and Y) and a carbonaceous film that

coats surfacesof thecentralparticles, inwhichacoarseparticle

ratio 1n a particle size distribution is 35% or more and 65%

Or less.
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ED APPLICATIONS

[0001]

This application claims the benefit of Japanese Patent

Application No. 2017-059179 filed March 24, 2017.

10 BACKGROUND OF TH.

4]

INVENTION

Field of the Invention

(0002 ]

The present invention relates to a cathcde material for
a lithium-ion secondary battery, a cathode for a lithium-ion

15> secondary battery, and a lithium-ion secondary battervy.

Description of Related Art
0003]
ln recent years, as batteries anticipated to have a small

20 slze and a high capacity and weigh less, non-agqueous electrolytic

Solution“basedsecondaryh@tteriessﬂuﬁmasiithium—ionsecondary
Lithium-ion secondary batteries are constituted of a cathode

and an anode which have properties capable of reversibly

25 intercalatingandcmﬂntercalatinglithiumions,anmhanon*aqueous
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electrolyte.

[0004]

As anodeactivematerials foranodematerialsoflithium-ion
secondary batteries, generally, carbon-based materials or
Li-contalining metal oxides having properties capable of
reversibly intercalating and deintercalating lithium.ions are
used. Examplesoftheli-containingmetal oxides include lithium
titanate (L14T150;:2).

[0005]

Meanwhile, as cathodes of lithium-10on secondarybatteries,
cathodematerial mixtures including acathodematerial, abinder,
and the li1keareused. As thecathodeactivematerial, for example,
Li-contalning metal oxides having properties capable of
reversibly intercalating and deintercalating lithium 1ons such
as lithium iron phosphate (LiFePQO,;) are used. In addition,
cathodes of lithium-ion secondary batteries are formed by
applying the cathode material mixture onto the surface of ametal
foi1l that is called an electrode current collector.

[0006]

As electrolytic solutions for lithium-ion secondary
batteries, non—-aqueous solvents are used. Non—agueous solvents
enable the application of cathode active materials that are
oxldized and reduced at a highpotential or anode activematerials

that are oxidilzed and reduced at a low potential. Therefore,

lithium-1on secondary batteries having a higher voltage can be

CA 2979499 2017-09-19
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realized.

[0007]

These lithium-i1on secondary batteries have a small size
and a higher energy and weigh less than secondary batteries in
the related art such as lead batteries, nickel cadmiumbatteries,
and nickel metal hydride batteries. Therefore, lithium-ion
secondarybatteries areusednotonlyas small-sizepower supplies
used 1n portable electronic devices such as mobile phones and
notebook personal computers but also as large-size stationary
emergency power suppllies.

[0008]

In recent years, there has been a demand for the performance
improveme'nt of lithium-ion secondary batteries, and a variety
of studies have been carried out. For example, in a case in which
a lithium-1ion secondary battery isused in a high-current density
region, there 1s a demand for additional improvement in electron
conductivity 1n order to improve the performance. Regarding the
above-described property demands, techniques for coating the

surfaces of cathode activematerialswith a carbonaceousmaterial

(hereinafter, in some cases, referred to as “carbonaceous £ilm”)

are known (for example, refer to Japanese Laid-open Patent
Publication No. 2009-004371, Japanese Laid-open Patent

Publication No. 2011-049161, and Japanese Laid-open Patent

PublicationNo. 2012-104290). Asamethodforcoatingthe surface

Oof a cathode active material with a carbonaceous film, methods

CA 2979499 2017-09-19



10

15

20

25

4

in which a cathode active material and a carbon source are mixed

together and this mixture is calcinated in an inert atmosphere

Oor a reducing atmosphere are known.

SUMMARY OF THE INVENTION

[00082]

When the cathode density is improved by filling the

carbonaceous film that coats the surface of the cathode active
material with a larger amount of a cathode active material, the

energy density per unit volume improves. However, in a case in

which the cathode active material agglomerates and thus forms
agglomerates, voids are generated among the cathode active

material particles 1n the carbonaceous film, and thus there 1is
a problem in that the cathode density decreases. Therefore,
techniques 1in which the agglomerates made of the cathode active
material are cracked in a gas phase or the like so as to decrease

the agglomerate diameter, and voilids among the cathode active

material particlesareefficiently filledwith the cathode active

material, thereby improving the energy density per unit volume

13 known.

[0010]

However, 1n a case in which a cathode material including

the primary particles of a cathode activematerial suchas lithium
1ron phosphate and a carbonaceous film that coats the surfaces

of the primary particles is cracked, when the cracking intensity

CA 2979499 2017-09-19
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is toohigh, the carbonaceous film i1is peeled off from the surfaces

of the primary particles, and thus the electron conductivity
decreases. A decrease in the electron conductivity causes the
deterioration of input and output characteristics or a decrease
in the capacity after charge and discharge cycles, which 1s not
preferable. Inaddition, when the cracking intensity 1s too low,
the cathode density decrease, which 1s not preferable.

[O011]

For the above-described reasons, 1t 1s most preferable to
crack the cathode material to necessary agglomerate particle
sizeswhile guaranteeingtheelectronconductivitybysuppressing
the peeling of the carbonaceous film. However, the cracking
intensity at which the carbonaceous filmbegins topeel off varies
depending on the primary particle diameter of the cathode active
material, the amount of carbon included in the cathode material,
or the like, and thus it is difficult to optimally control the
cracking intensity.

[0012]

The present invention has been made in consideration of

the above-described circumstances, and an object of the present

invention is to provide a cathode material for a lithium-ion

secondary battery which suppresses the peeling of a carbonaceous

g

film that coats the surfaces of primary particles of a cathode

active material and i1is capable of improving the cathode density

while guaranteeing the electron conductivity, a cathode for a

CA 2979499 2017-09-19
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lithium-ion secondary battery including the cathode material
for alithium-ion secondary battery, and a 1ithium-ion secondary
battery including the cathode for a lithium-ion secondary

battery.

[0013]

The present inventors and the like carried out intensive
studies 1n order to achieve the above-described object,
consequently found that, i1n active material particles including

central particles represented by General Formula LiyA,D,POq

(0.9<x<1.1, O<y<l, 0<z<1, and 0.9<y+z<1.1; here, A represents
at least one element selected from the group consisting of Co,
Mn, N1, Fe, Cu, and Cr, and D represents at least one element
selected from the group consisting of Mg, Ca, Sr, Ba, Ti, Zn,

B, Al, Ga, In, Si, Ge, Sc, and Y) and a carbonaceous film that

coats surfaces of the central particles, when, in a particle
size distribution, a ratio (hereinafter, also referred to as

“coarse particle ratio”) of an area surrounded by a curve

indicating a peak (maximum) shape of coarse particles

(hereinafter, in some cases, also referred to as “coarse

particle-side peak area”) to a sum of the area surrounded by
the curve 1ndicating the peak (maximum) shape of the coarse
particles and an area surrounded by a curve indicating a peak

(maximum) shape of fine particles (hereinafter, in some cases,

also referred to as “fine particle-side peak area”) is set to

35% ormore and ©65% or less, it is possible to suppress the peeling

CA 2979499 2017-09-19
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of the carbonaceous film that coats the surfaces of primary

particles of the central particles and provide a cathode material

for a lithium-ion secondary battery capable of improving the
cathode density while guaranteeing the electron conductivity,
and completed the present invention.

[0014]

A cathode material for a lithium-ion secondary battery of
the present invention is active material particles including

central particles represented by General Formula LiyA,D,POq
(0.9<x<1.1, O<y<l, 0<z<1l, and 0.9<y+z<1.1; here, A represents

at least one element selected from the group consisting of Co,

Mn, Ni, Fe, Cu, and Cr, and D represents at least one element

selected from the group consisting of Mg, Ca, Sr, Ba, Ti, 2Zn,
B, Al, Ga, In, Si, Ge, Sc, and Y) and a carbonaceous film that
coatssurfacesof thecentralparticles, inwhichacoarseparticle
ratio 1n a particle size distribution.is 35% or more and 65%
Oor less.

[0015]

Acathode foralilithium-ion secondarybatteryof thepresent
invention is a cathode for a lithium-ion secondary battery
including an electrode current collector and a cathode mixture
layer formed on the electrode current collector, in which the

cathode mixture layer includes the cathode material for the

lithium-10on secondary battery of the present invention.

[0016]

CA 2979499 2017-09-19
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A lithium-1ion secondary battery of the present invention
includes the cathode for the lithium-ion secondary battery of
the present 1nvention.

[0017]

According to the cathode material for the lithium—-ion
secondary battery of the present invention, since the coarse
particle ratio 1n the particle size distribution is 35% or more
and 65% or less, 1t 1s possible to suppress the peeling of the
carbonaceous filmthat coats the surfaces of the central particles

and provide a cathodematerial foralithium-ion secondarybattery

capable of 1mproving the cathode density while gquaranteeing the
electron conductivity.

(0018]

According to the cathode for the lithium-ion secondary
pattery of the present i1nvention, since the cathode material
fo'r the lithium-ion secondary battery of the present invention
1s included, a lithium-ion secondary battery having a high energy
density and excellent input and output characteristics can be
obtained.

[0019]

According to the lithium-ion secondary battery of the
present I1nvention, since the cathode for the lithium-ion

secondary battery of the present 1nvention 1s included, a

lithium-ion secondary battery having a high energy density and

excellent input and output characteristics can be obtained.

CA 2979499 2017-09-19
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ESCRIPTION OF THE DRAWINGS

[0020]

FIG.lisascanningelectronmicroscopicimageillustrating

agglomerates.

FIG. Z21isascanningelectronmicroscopicimageillustrating
cracked particles.

FIG. 31isagraphillustrating a particle size distribution

of a cathode material 1n Example 1.

FIG. 4 1sagraph illustrating aparticle sizedistribution

o~

of a cathode material in Comparative Example 3.

DETAILED DESCRIPTION OF THE INVENTION

[0021]

Embodiments of a cathode material for a lithium-ion
secondary battery, acathode foralithium-ion secondarybattery,

and a lithium-ion secondary battery of the present invention

wlll be described.

[0022]

Meanwhile, the present embodiment is specific description
for better understanding of the gist of the invention and does
not limit the present invention unless particularly otherwise
described.

[0023]

Cathode material for lithium-ion secondary battery

CA 2979499 2017-09-19
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A cathode material for a lithium-ion secondary battery of

the present embodiment (hereinafter, in some cases, simply

referred to as “"cathode material”) is active material particles
including central particles represented by General Formula

L1:AyD.POs (0.9<x<1.1, 0O<y<1l, 0<z<1l, and 0.9<y+z<1.1; here, A
represents at least oneelement selected fromthe group consisting

of Co, Mn, Ni, Fe, Cu, and Cr, and D represents at least one

element selected from the group consisting of Mg, Ca, Sr, Ba,

Ti, Zn, B, Al, Ga, In, Si, Ge, Sc, and Y) and a carbonaceous
film that coats surfaces of the central particles, in which a
coarse particle ratio 1n a particle size distribution is 35%
or more and 65% or less.

[0024]

In addition, the cathode material for a lithium-ion

secondary battery of the present embodiment is cracked particles
which are produced using a method for manufacturing a cathode

material for a lithium-ion secondary battery described below

and are formed by cracking active material particles made of

agglomerates of primary particles. In the cathode material for

a lithium-ion secondary battery of the present embodiment, the
agglomerate refers to a substance allowing the differentiation

of individual secondary particles in particle shapes observed

using a scanning electron microscope (SEM) at a magnification

of 1,000 times as illustrated in FIG. 1. Meanwhile, the cracked

particles refer to a substance in a state in which the

CA 2979499 2017-09-19
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differentiation of i1ndividual particles is not allowed in

particle shapes observed using a scanning electron microscope

(SEM) at a magnification of 1,000 times as 1llustrated in FIG.

2.

[(0025]

The average primary particle diameter of the cathode

material for a lithium-ion secondary battery (active material

particles) of the present embodiment 1s preferably 10 nm or more
and 700 nm or less and more preferably 20 nm or more and 500
nm or less.

[00206]

When the average primary particle diameter of the cathode

material 1s 10 nmoxr more, the specific surface area of the cathode
material 1increases, and thus an increase in the mass of necessary

carbon 1s suppressed, and 1t 1s possible to suppress a decrease

in the charge and discharge capacity of lithium-ion secondary

batteries. On the other hand, when the average primary particle

diameter of the cathode material is 700 nm or less, it is possible

e

to suppress the extension of the time taken for lithium ions

or electrons to migrate in the cathode material. Therefore, it

1s possible to suppress the deterioration of the output

characteristics attributed to an increase in the internal
resistance of lithium-lon secondary batteries.

[0027]

Here, the average particle diameter refers to the

CA 2979499 2017-09-19
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volume-average particle diameter. The average primary particle
diameter of the primary particles of the cathode material can
be measured using a laser diffraction and scattering particle
size distribution measurement instrument or the like. 1In
addition, the average particle diameter of aplurality of primary
particles that are arbitrarily selected and observed using a
scanning electron microscope (SEM) may also be computed.

[0028]

The cathode material for a lithium-ion secondary battery

of the present embodiment has a peak (maximum) of coarse particles
and a peak (maximum) of fine particles in the particle size

distribution (refer to FIG. 3).

[0029]

In the cathodematerial foralithium-ion secondary battery

of the present embodiment, the ratio (coarse particle ratio)

of an area surrounded by a curve 1ndicating the peak (maximum)

shape of coarse particles (coarse particle-side peak area) to
the sum of the area surrounded by the curve indicating the peak
(maximum) shape of the coarse particles and an area surrounded

by a curve indicating the peak (maximum) shape of fine particles

(fine particle-side peak area) is 35% or more and 65% or less

and preferably 40% or more and 60% or less.

[0030]

When the coarse particle ratio is 35% or more, the peeling

of the carbonaceous film 1s suppressed, and thus the electron

CA 2979499 2017-09-19
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conductivity of the cathode material improves, and it is possible
to realize sufficient charge and discharge rate performance.
When the coarse particle ratio 18 65% or less, 1t becomes possible

todensely fill cathodeswith the cathode activematerial (central

particles) during the production of the cathodes including the
cathode material for a lithium-ion secondary battery, and the
energy density per unit volume of the cathodes improves.
[0031]
The coarse particleratioin theparticlesizedistribution
can be measured using a laser diffraction and scatteringparticle
size distribution measurement instrument or the like and can

be computed from the coarse particle-side peak area and the fine

particle-sidepeakareainparticlesizedistributionsexhibiting
bimodality.

[0032]

The cathode material for a lithium-ion secondary battery

Of the present embodiment 1s a cathode material which 1s produced

using a method for manufacturing a cathode material for a
lithium-ion secondary battery described below and is formed by
cracking active material particles made of the agglomerates of

primary particles, and the maximum value of fine particles in

the particle size distribution is preferably 0.15 um or more
and 0.35 um or less and more preferably 0.18 pum or more and 0.32

pm or 1less.

[0033]

CA 2979499 2017-09-19
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When the maximum value of fine particles in the particle

size distribution is 0.15 um or more and 0.35 um or less, the

electron conductivityof the cathodematerial inwhich the peeling
Of the carbonaceous film that coats the surfaces of the primary
particles of the central particles is suppressed improves.
[0034]
The maximum value of coarse particles in the particle size

distribution of the cathode material for a lithium-ion secondary

battery 1is preferably 0.80 um or more and 1.20 um or less and

more preferably 0.85 pm or more and 1.15 um or less.

[0035]

When the maximum value of coarse particles in the particle

size distribution is 0.80 pm or more and 1.20 um or less, it

pecomes possible to densely fill cathodes with the cathode

material during the production of the cathodes including the
cathode materlal for a lithium-ion secondary battery, and the
energy density per unit volume of the cathodes improves.

[0036]

The amount of carbon included in the cathode material for
a lithium-ion secondary battery, that is, the amount of carbon
that forms the carbonaceous film is preferably 0.1 parts by mass
or more and 10 parts by mass or less and more preferably 0.6
parts Dy mass or more and 3 parts by mass or less with respect

to 100 parts by mass of the central particles.

(0037]

CA 2979499 2017-09-19
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When the amount of carbon 1s 0.1 parts by mass or more,
the discharge capacity of lithium-ion secondary batteries at

a high charge-discharge rate increases, and it is possible to

realize sufficient charge and discharge rate performance. On

5 the other hand, when the amount of carbon 1s 10 parts by mass
or less, 1t 1s possible to suppress the battery capacity of
lithium-10n secondary batteries per unit mass of the cathode
material being decreased more than necessary.

[0038]

10 The powder resistance value of the cathode material for

a lithium-ion secondary battery 1s preferably 100 Q2:cm or less

and more preferably 80 (cm or less.

[0039]

When the powder resistance value 1s 100 Q-cm or less, it

15 1s possible to i1mprove the electron conductivity of the cathode

material andacathodemixture layer formedonanelectrode current

collector.
[0040]
The powder resistance value can be measured from a specimen

20 obtained by shaping the cathode material at a pressure of 50

MPa and, specifically, can be measured using a method described

1n examples.
(10041]

The carbon supporting amount with respect to the specific

25 surface area of the primary particles of the central particles

CA 2979499 2017-09-19
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constituting the cathode material for a lithium-ion secondary

battery (“[the carbon supporting amount]/[the specific surface

area of the primary particles of the central particles]”;
herelnafter, referredtoas “the carbon supporting amount ratioc”)
is preferably 0.01 g/m° or more and 0.5 g/m* or less and more
preferably 0.03 g/m° or more and 0.3 g/m’ or less.

[0042]

When the carbon supporting amount ratio is 0.01 g/m® or
more, the discharge capacity of lithium-ion secondary batteries
at a high charge-discharge rate increases, and it is possible
to realize sufficient charge and discharge rate performance.
On the other hand, when the carbon supporting amount ratio is
0.5 g/m° or less, it is possible to suppress the battery capacity
of lithium-1on secondary batteries per unit mass of the cathode

material being decreased more than necessary.

(004 3]

The BET specific surface area of the cathode material for

a lithium-ion secondary battery is preferably 5 m°/g or more and
25 m°/g or less.

[0044]

When the BET specific surface area is 5 m*/g or more, the
coarsening of the cathode material is suppressed, and thus it
1s possible to increase the diffusion rate of lithium ions among
the particles. Therefore, it 1s possible to improve the battery

characterlstics of lithium-ion secondary batteries. On the

CA 2979499 2017-09-19
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other hand, when the BET specific surface area is 25 m?/g or less,

1t 1s possible to increase the cathode density in cathodes
including the cathode material for a lithium-ion secondary
battery of the present embodiment. Therefore, it is possible
to provide lithium-ion secondary batteries having a high energy
density.

[0045] ]

The median diameter of the cathode material for a

lithium-ion secondary battery is preferably 0.50 um or more and
0.80 um or less and more preferably 0.55 pm or more and 0.75

um or less.
[0046]
When the median diameter 1is 0.50 um or more, it is possible

Lo prevent electron conductivity from being decreased due to

excessive cracking. On the other hand, when the median diameter

1s 0.80 um or less, it becomes possible to densely fill cathodes

with the cathode active material (central particles) during the
production of the cathodes including the cathode material for
a lithium-ion secondary battery, and the energy density per unit
volume 1mproves.

10047

The median diameter refers to the particle diameter of a

vold for which the distribution curve of the integral percentage
1n the particle size distribution intersects the horizontal axis

at 50%.

CA 2979499 2017-09-19
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[0048]

The chromaticity b* in the L*a*b* color space of the cathode
material for a lithium-ion secondary battery is preferably 1.9
or more and 2.3 or less and more preferably 1.95 or more and

2.3 Oor less.

[0049]

The chromaticity b* of the cathode material for a
lithium-1ion secondary battery is an index indicating the degree

of coating of the central particles with the carbonaceocus film.

[0050]

When the chromaticityb*1s 1.8 ormore, it becomes possible
todensely fill cathodeswith the cathode activematerial (central
particles) during the production of the cathodes including the
cathode material for a lithium-ion secondary battery, and the
energy density per unit volume improves. On the other hand, when
the chromaticity b* 1s 2.3 or less, 1n the cathode material for
a lithium-ion secondary battery, it is possible to set the degree
of exposure of central particles that are not coated with the
carbonaceous filmin a range enough to increase the energy density

per unit volume, and it is possible to prevent electron
conductivity from being decreased due to excessive cracking.
[0051]
Central particles

The central particles constituting the cathode material

for a lithium-ion secondary battery of the present embodiment

CA 2979499 2017-09-19
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are made of a cathode active material represented by General
Formula L1xAyD,PO4 (0.9<x<1.1, O<y<1, 0Lz<1, and 0.9<y+z<1.1; here,
A represents at least one element selected from the group
consisting of Co, Mn, Ni, Fe, Cu, and Cr, and D represents at
5 least one element selected from the group consisting of Mg, Ca,

sr, Ba, Ti, Zn, B, Al, Ga, In, Si, Ge, Sc, and Y).

[0052]

Examples of compounds represented by General Formula

LixAyDzPO4 include LiFGPOq, LiMnPO4, LiCOPO4, LiFGM'ﬂPOz;, LiMIlZI’lPOq,

10 and the like.
[0053]
The average primary particle diameter of the primary

particles of the central particles constituting the cathode

material particles for a lithium-ion secondary battery of the

15 present embodiment is preferably 5 nm or more and 800 nm or less

and more preferably 20 nm or more and 500 nm or less.

[0054]

When the average primary particle diameter of the primary
particles of the central particles is 5 nmor more, it is possible
20 to sufficiently coat the surfaces of the primary particles of

the central particles with the carbonaceous film. In addition,

1t 1s possible to increase the discharge capacity of lithium-ion

secondary batteries during high-speed charge and discharge and

realize sufficient charge and discharge performance. On the

25 other hand, when the average primary particle diameter of the
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primary particles of the central particles is 800 nm or 1less,

1t 1s possible to decrease the 1nternal resistance of the primary

particles of the central particles. In addition, it is possible

to 1ncrease the discharge capacity of lithium-ion secondary
batteries during high-speed charge and discharge.

[0055]

-Carbonaceous film

The carbonaceous film coats the surfaces of the central
particles.

[0056]

When the surfaces of the central particles are coated with
the carbonaceous film, 1t 1s possible to improve the electron
conductivity of the cathode material for a lithium—-ion secondary
battery.

[0057]

The thickness of the carbonaceocus film is preferably 0.2

nm or more and 10 nm or less and more preferably 0.5 nm or more

and 4 nm or less.
[0058]
When the thickness of the carbonaceous film is 0.2 nm or

more, 1t 1s possible to prevent the excessively thin thickness

of the carbonaceous film from disabling the formation of films
naving a desired resistance value. In addition, it is possible
toensure conductive properties suitable for the cathodematerial

for a lithilum-ion secondary battery. On the other hand, when
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the thickness of the carbonaceous film is 10 nm or less, 1t 1s

possible to suppress a decrease 1n the battery capacity per unit

mass of the cathodematerial fora lithium-10on secondary battery.

[0059]

In addition, when the thickness of the carbonaceous film

1s 0.2 nm or more and 10 nm or less, 1t becomes easy to closely

pack the cathode material for a lithium-ion secondary battery,

and thus the amount of the cathode material for a lithium-ion
secondary batterypackedper unit volume of thecathode increases.
As a result, 1t 1s possible to i1increase the cathode density,
and high-capacity lithium-ion secondary batteries can be
obtained.

[0060]

The coating ratio of the carbonaceous film with respect
to the central particles 1s preferably 60% or more and 95% or
less and more preferably 80% or more and 95% or less. When the

coating ratio of the carbonaceous filmis 60% or more, the coating

effect of the carbonaceous film can be sufficiently obtained.

[0001]

The density of the carbonaceous film, which 1s calculated

using the carbon amount of the carbonaceous film, is preferably

0.3 g/cm’ or more and 1.5 g/cm3 or less and more preferably 0.4

g/cm’ or more and 1.0 g/cm’ or less.

[0062]

—

Here, the reasons for limiting the density of the
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carbonaceous film, which i1s calculated using the carbon amount

of the carbonaceous film, to the above-described range are as

describedbelow. Whenthedensityof thecarbonaceous film, which
1s calculated using the carbon amount of the carbonaceous film,
is 0.3 g/cm’ or more, the carbonaceous film exhibits sufficient
electron conductivity. Meanwhile, when the density of the
carbonaceous film is 1.5 g/cm’ or less, the amount of the fine
crystals of graphite made of a lamellar structure in the
carbonaceous film 1s small, and thus no steric hindrance is
generatedby the finecrystalsof thegraphiteduringthediffusion

of lithium i1ons in the carbonaceous film. Therefore, there is

no case in which the lithium ion migration resistance increases.
As a result, there i1is no case in which the internal resistance
of lithium-ion secondary batteries increases, and voltage drop
does not occur at a high charge-discharge rate of lithium-ion
secondary batteries.

[0063]

According to the cathode material for a lithium-ion

secondary battery of the present embodiment, in the active

material particles including the central particles represented
by General Formula LiiA/D,POs; (0.9<x<1.1, 0O<y<l, 0<z<1l, and

0.9<y+z<1.1; here, A represents at least one element selected
from the group consisting of Co, Mn, Ni, Fe, Cu, and Cr, and

D represents at least one element selected from the group

consisting of Mg, Ca, Sr, Ba, Ti, Zn, B, Al, Ga, In, Si, Ge,
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Sc, and Y) and the carbonaceous film that coats the surfaces
of thecentralparticles, thecoarseparticleratiointheparticle
slze distribution i1s set to 35% or more and 65% or less, and
thus 1t 1s possible to suppress the peeling of the carbonaceous
film that coats the surfaces of the primary particles of the
cathode activematerial (central particles) andprovide a cathode

materlial foralithium-ion secondarybatterycapable of improving

thecathodedensitywhile guaranteeingtheelectronconductivity.

[0064]

Method for manufacturing cathode material for lithium-ion
secondary battery

T'he cathode material for a lithium-ion secondary battery
of the present embodiment can be manufactured by cracking active
material particles made of agglomerates.

[0065]

Method for manufacturing active material particles

A method for manufacturing active material particles in
the present embodiment includes, for example, a manufacturing
step of the central particles and a precursor of the central

particles, a slurry preparation step of preparing a slurry by

mixing at least one central particle raw material selected from
the group consisting of the central particles and the precursor
of the central particles, an organic compound which is a

carpbonaceous film precursor, and water, and a calcination step

of drying the slurry and calcinating the obtained dried substance
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in a non-oxidative atmosphere.

[00066]

Step of manufacturing central particles and precursor of

central particles

5 As a method for manufacturing the compound (the central
particles) represented by LixA,D,POs (0.9<x<1.1, 0<y<l, 0<z<1,
and 0.9<y+z<1.1; here, A represents at least one element selected
from the group consisting of Co, Mn, Ni, Fe, Cu, and Cr, and
D represents at least one element selected from the group

10 consisting of Mg, Ca, Sr, Ba, Ti, Zn, B, Al, Ga, In, Si, Ge,
SC, and Y), a method of the related art such as a solid phase

method, a liquid phase method, and a gas phase method is used.

[ W—— ]

sxamples of LiA,D,PO, obtained using the above-described method
include particulate substances (hereinafter, in some cases,
15 referred to as “LiyA,D.,POs particles”).

[00067]

The LixAyD,POs particles is obtained by, for example,
hydrothermally synthesizing a slurry-form mixture obtained Ly
mixingalLlsource, anAsource, aP source, water, and, if necessary,

20 a D source. By means of hydrothermal synthesis, Li,AyD,PO4 1is
generated as a precipitate in water. The obtained precipitate
may be a precursor of Li.A,D,PO,;. In this case, target Li,A,D,POy

particles are obtained by calcinating the precursor of Li1xA,D,PO,.

(0068]

25 In this hydrothermal synthesis, a pressure-resistant
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alrtight container is preferably used.

[0069]

Here, examples of the L1 source include lithium salts such
aslithiumacetate (LiCH3C0OO) andlithiumchloride (LiCl), lithium
hydroxide (LiOH), and the like. Among these, as the Li source,
at leastone selected fromthe groupconsistingoflithiumacetate,
lithium chloride, and lithium hydroxide is preferably used.

[0070]

Examples of the A source include chlorides, carboxylates,
sulfates, and the likewhich include at least one element selected
from the group consisting of Co, Mn, Ni, Fe, Cu, and Cr. For

example, 1n a case 1n which A in LiA,D,PO4 is Fe, examples of

the Fesource includedivalentironsaltssuchasiron (II) chloride

(FeCly), 1ron (II) acetate (Fe(CHiCOQ),), and iron (II) sulfate

(FeS04) . Among these, as the Fe source, at least one selected
fromthegroupconsistingofiron (II) chloride, iron (II) acetate,
and iron (IT) sulfate is preferably used.

[0071]

Lxamples of the D source include chlorides, carboxylates,

sulfates, and the like which include at least one element selected

from the group consisting of Mg, Ca, Sr, Ba, Ti, %n, B, Al, Ga,
In, Si, Ge, Sc, and Y.

[0072]

Examples of the P source include phosphoric acid compounds

such as phosphoric acid (H3PO;), ammonium dihydrogen phosphate
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(NH4H,PO4) , diammonium hydrogen phosphate ((NHy) HPO4), and the

like. Among these, as the P source, at least one selected from

the group consisting of phosphonic acid, ammonium dihydrogen
phosphate, and diammonium hydrogen phosphate is preferably used.

[0073]

Slurry preparatlion step

By means of the slurry preparation step, the organic
compound which is the precurscr of the carbonaceous film is

interposed among the central particles, and the organic compound

and the central particles are uniformly mixed together, and thus

the surfaces of the central particles can be uniformly coated

with the organic compound.
[0074]

Furthermore, by means of the calcination step, the organic

compound that coats the surfaces of the central particles are

carbonlzed, therebyobtailningactivematerial particles (cathode

material) 1ncluding the central particles that are uniformly
coated with the carbonaceous film.

[0075]

The organic compound that 1s used in the method for
manufacturingactivematerial particlesinthepresent embodiment
1s not particularly limited as long as the compound is capable
of forming the carbonaceous film on the surfaces of the central

particles. Examples of the above-described organic compound

include divalent alcohols such as polyvinyl alcohol (PVA),
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polyvinyl pyrrolidone, cellulose, starch, gelatin,

carpoxymethyl cellulose, methyl cellulose, hydroxymethyl

cellulose, hydroxyethyl cellulose, polyacrylic acid,
polystyrene sulfonaté, polyacrylamide, polyvinvl acetate,
glucose, tructose, galactose, mannose, maltose, sucrose, lactose,
glycogen, pectin, alginic acid, glucomannan, chitin, hvaluronic
acid, chondroitin, agarose, polyethers, and ethylene glycol,
trivalent alcohols such as glycerin, and the like.

[0076]

In the slurry preparation step, the central particle raw
material and the organic compound are dissolved or dispersed
1n water, thereby preparing a homogeneous slurry.

[0077]

In the dissolution or dispersion of these raw materials
1n water, 1t i1s also possible to add a dispersant thereto.

[0078]

Amethod for dissolving or dispersing the central particle
rawmaterial and the organic compound inwater is not particularly
limited as long as the central particle rawmaterial is dispersed

1n water and the organic compound is dissolved or dispersed in

water. Theabove-describedmethodispreferablyamethodinwhich
a medium stirring-type dispersion device that stirs medium

particles at a high rate such as a planetary ball mill, an

oscillationballmill, abeadmill, a paint shaker, or anattritor

1S used.
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[0079]

When the central particle raw material and the organic

compound are dissolved or dispersed in water, i1t i1s preferable
todisperse the central particle rawmaterial inwaterinaprimary
particle form, then, add the organic compound to water, and stir
the organic compound so as to be dissolved or dispersed. In such
a case, the surfaces of the primary particles of the central
particlerawmaterial areeasilycoatedwith the organic compound.
Therefore, the organic compound is uniformly dispersed on the
surfaces of the primary particles of the central particle raw

material, and consequently, the surfaces of theprimaryparticles

of the central particles are coated with the carbonaceous film

derived from the organic compound.
[0080]

Calcination step

Next, the slurry prepared 1n the slurry preparation step

1s sprayedanddriedinahigh-temperature atmosphere, for example,

in the atmosphere of 70°C or higher and 250°C or lower.

[0081]

Next, the obtained dried substance is calcinated in a

non-oxidative atmosphere at a temperature of preferably 500°C
or higher and 1,000°C or lower and more preferably 600°C or higher

and 1l,000°Cor lower for 0.1 hours or longer and 40 hours or shorter.

10082]

The non-oxidative atmosphere i1is preferably an atmosphere
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filled with an inert gas such as nitrogen (N;), argon (Ar), or
the like. 1In a case inwhich it is necessary to further suppress

the oxidation of the dried substance, a reducing atmosphere

including approximately several percentages by volume of a

5 reducing gas such as hydrogen (H;) is preferred. 1In addition,

for the purpose of removing organic components evaporated in

the non-oxidative atmosphere during the calcination, a

susceptible or burnable gas such as oxygen (0;) may be introduced
into the non-oxidative atmosphere.

10 [0083]
Here, when the calcination temperature is set to 500°C or

higher, 1t 1s easy for the organic compound in the dried substance

to be sufficiently decomposed and reacted, and the organic

compound is easily and sufficiently carbonized. As a result,
15 1t 1s easy to prevent the generation of a high-resistance

decomposed substance of the organic compound in the obtained

agglomerates. Meanwhile, when the calcination temperature is
set to 1,000°C or lower, lithium (Li) in the central particle

raw material 1s not easily evaporated, and the particle growth
20 of the central particles to a size that is equal to or larger
than the target size 1s suppressed. As a result, in a case in
which lithium-ion secondary batteries including a cathode
including the cathode material of the present embodiment are
produced, 1t 1s possible to prevent the discharge capacity at

25 ahigh charge-discharge rate from decreasing, and it is possible
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to realize lithium-ion secondary batteries having sufficient
charge and discharge rate performance.

[0084]

By means of the above-described steps, active material
particlesmade of agglomerates inwhich the surfaces of theprimary
particles of the central particles are coated with carbon (the

carbonaceous film) generated by the thermal decomposition of

the organic compound i1n the dried substance are obtained.

[00835]

Cracking step of active material particles

Next, at least some of the active material particles made
of the agglomerates are cracked. Here, in order to “crack at
least some of the active material particles made of the
agglomerates”™, at least some of the agglomeratesneedtobecracked,
and not all of the agglomerates need to be cracked.

[0086]

A device that 1s used for the cracking of the agglomerates
needs to be capable of cracking not all of the agglomerates but
some oI the agglomerates, and, for example, an air flow-type
fine crusher such as a dry-type ball mill, a wet-type ball mill,
a mixer, or a jJet mill, an ultrasonic crusher, or the like is

used.

[0087]

In the present embodiment, a jet mill is preferably used

for the cracking since the damage of the activematerial particles
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(the central particles and the primary particles) 1s suppressed.
[0088]
In addition, the supply rate of the agglomerates 1nto the

jet mill is preferably set to 50 g/hour to 1,500 g/hour, and

the air pressure is preferably set to 0.3 MPa to 0.7 MPa. The
cracking intensity can be freely adjusted by varying the supply

rate of the agglomerates being injected into the jet mill. 1In

addition, the coarse particle ratio in the particle size

distribution of the cathode material for a lithium-1ion secondary
battery can be adjusted by adjusting the cracking intensity.
Here, in a case in which the cracking intensity 1s strong, the
coarse particle ratio becomes a small value, and the degree of
exposure of central particles that are not coated with the
carbonaceous film increases 1n the cathode material for a

lithium-ion secondary battery. Meanwhile, the cracking

intensity refers to the supply rate (g/hour) of the agglomerates
when the above-described air pressure 1s fixed in the case of

using, for example, a jetmill, and the crackingintensity becomes

stronger as the supply rate decreases and becomes weaker as the
supply rate increases.

[0089]

Cathode for lithium-ion secondary battery

Acathode foralithium-i10on secondarybatteryof the present
embodiment (hereinafter, 1nsome cases, referred toas “cathode”)

includes the cathodematerial foralithium-1on secondary battery

CA 2979499 2017-09-19



10

15

20

25

32

of the present embodiment. In more detail, the cathode of the

present embodiment includes an electrode current collector made
of ametal foil and a cathodemixture layer formed on the electrode
current collector, and the cathode mixture layer i1ncludes the
cathode material for a lithium-ion secondary battery of the
present embodiment. That 1s, the cathode of the present

embodiment is obtalned by forming a cathode mixture layer on

one main surface of the electrode current collector using the
cathode material for a lithium-i1on secondary battery of the
present embodiment.

[0090]

Since the cathode for a lithium-ion secondary battery of
the present embodiment includes the cathode material for a
lithium-10on secondary battery of the present embodiment,
lithium-10on secondary batteries for which the cathode for a
lithium-1on secondary battery of the present embodiment 1s used

have a high energy density and have excellent input and output

characteristics.

[0091]

Method formanufacturing cathode for lithium-ion secondary

battery

The method for manufacturing the cathode for a lithium-ion
secondary battery of the present embodiment 1s not particularly
limited as long as the cathode mixture layer can be formed on

y—r,

one maln surface of the electrode current collector using the

CA 2979499 2017-09-19



33

cathode material for a lithium-ion secondary battery of the

present embodiment. Examples of the method for manufacturing

the cathode of the present embodiment include the followlng

method.

5 [0092]

First, the cathode material for a lithium-ion secondary
battery of the present embodiment, a binding agent made ¢of a
binder resin, and a solvent are mixed together, thereby preparing

cathode material paste. At this time, to the cathode material

10 paste in the present embodiment, a conductive auxiliary agent

such as carbon black may be added 1f necessary.
(0093]
Binding agent

As the bindingagent, that1s, theblinderresin, forexample,

15 a polytetrafluorocethylene (PTFE) resin, a polyvinylidene
fluoride (PVdF) resin, fluorine rubber, or the 1li1ke 1s preferably
used.

[0094]

The blending amount of the binding agent used to prepare

20 the cathode material paste is not particularly limited and 1s,

for example, preferably 1 part by mass or more and 30 parts by
mass or less and more preferably 3 parts by mass or more and
20 parts by mass or less with respect to 100 parts by mass of

the cathode material for a lithium-ion secondary battery.

25 [0035]
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When the blending amount of the binding agent is 1 part
bymass ormore, 1t 1spossible tosufficiently improve the binding
property between the cathode mixture layer and the electrode
current collector. Therefore, it is possible to prevent the

5 cathode mixture layer from being cracked or dropped during the

formation of the cathode mixture layer by means of rolling or

the like. In addition, 1t 1s possible to prevent the cathode

mixture layer from being peeled off from the electrode current
collector in processes 0f charging and discharging lithium-ion
10 secondary batteries and prevent the battery capacity or the
charge—-discharge rate from being decreased. On the other hand,
when the blending amount of the binding agent is 30 parts by
mass or less, it 1s possible to prevent the internal resistance
of the cathode material 'for a lithium-ion secondary battery from
15 Dbeing decreased and prevent the battery capacity at a high

charge-discharge rate from being decreased.

[0096]

Conductive auxiliary agent

The conductive auxiliaryagent isnotparticularlylimited,

20 and, for example, at least one element selected from the group
consisting of particulate carbon such as acetylene black (AB),

KETJEN BLACK, and furnace black and fibrous carbon such as

vapor—-grown carbon fiber (VGCF) and carbon nanotube is used.

[0097]

25 Solvent
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The solvent that i1s used in the cathode material paste
including the cathode material for a lithium-ion secondary
battery of the present embodiment is'appropriately selected

depending on the properties of the binding agent. When the

O solvent 1s appropriately selected, it is possible to facilitate
‘the cathode material paste to be applied to substances to be

coated such as the electrode current collector.

[0088]

Examples of the solvent include water, alcohols such as

10  methanol, ethanol, l-propancl, 2-propanol (isopropyl alcohol:
LPA), butanol, pentanol, hexanol, octanol, anddiacetone alcohol,
esters such as ethyl acetate, butyl acetate, ethyl lactate,

propylene glycol monomethyl ether acetate, propylene glycol

monoethyl ether acetate, and y-butyrolactone, ethers such as

15 diethyl ether, ethylene glycol monomethyl ether (methyl
cellosolve), ethyleneglycolmonoethyl ether (ethyl cellosolve),
ethylene glycol monobutyl ether (butyl cellosolve), diethvlene

glycol monomethyl ether, and diehtylene glycol monoethyl ether,

ketones such as acetone, methyl ethyl ketone (MEK), methyl

20 1sobutyl ketone (MIBK), acetylacetone, andcyclohexanone, amides

such as dimethyl formamide, N,N-dimethylacetoacetamide, and
N-methyl-Z2-pyrrolidone (NMP), glycols such as ethylene glycol,
diethylene glycol, and propylene glycol, and the like. These
solvents may be used singly, or a mixture of two or more solvents

25 may be used.
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[0099]

The content rate of the solvent in the cathode material
paste 1s preferably 50% by mass or more and 70% by mass or less
and more preferably 55% by mass or more and 65% by mass or less

5 1n a case in which the total mass of the cathode material for
a lithium-i1on secondary battery of the present embodiment, the
binding agent, and the solvent is set to 100 parts by mass.

(0100]

When the content rate of the solvent in the cathodematerial

10 paste 1s 1n the above-described range, it is possible to obtain

cathode material paste having excellent cathode formability and

excellent battery characteristics.

[0101]

Amethod for mixing the cathode material for a lithium-ion

15 secondary battery of the present embodiment, the binding agent,

the conductive auxiliary agent, and the solvent is not

particularly limited as long as these components can be uniformly

mixed together. Examplesthereof includemixingmethods inwhich

a kneader such as a ball mill, a sand mill, a planetary

20 (sun—-and-planet) mixer, a paint shaker, or a homogenizer is used.

[0102]

The cathode material paste is applied to one main surface
of the electrode current collector so as to form a coated film,
andthenthiscoatedfilmisdried, therebyobtainingtheelectrode

25 current collector having a coated film made of a mixture of the
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cathodematerial and the binding agent formed on onemain surface.

[0103]

After that, the coated film is pressed by pressure and is
dried, thereby obtaining a cathode having the cathode mixture
layer on one main surface of the electrode current collector.

(0104]

Lithium-ion secondary battery

A lithium-ion secondary battery of the present embodiment
includes a cathode, an anode, and a non-aqueous electrolyte,
1n which the cathode is the cathode for a lithium-ion secondary
pattery of the present embodiment. Specifically, the
lithium-ion secondary battery of the present embodiment includes

the cathode for a lithium-ion secondary battery of the present

embodiment as a cathode, an anode, a separator, and a non—-agueous

electrolyte.

[0105]

In the lithium-ion secondary battery of the present
embodiment, the anode, the non-aqueous electrolyte, and the
separator are not particularly limited.

[0106]

Anode

Examples of the anode include anodes including an anode
material such as Li metal, carbon materials such as.natural
graphite and hard carbon, Li alloys, LisTisOi12, Si(Lis 4Si), and

the like.
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[0107]

Non-aqueous electrolyte

Examples of the non-aqueous electrolyte include

non-aqueous electrolytes obtained by mixing ethylene carbonate

(EC) and ethyl methyl carbonate (EMC) so that the volume ratio
reaches 1:1 and dissolving lithium hexafluorophosphate (LiPF¢)

1n the obtained solvent mixture so that the concentration reaches

1 mol/dm’.
[0108]

Separator

As the separator, 1t i1s possible touse, for example, porous

propylene.

[0109]

In addition, instead of the non-aqueous electrolyte and

the separatof, a solid electrolyte may be used.

[0110]

Since the lithium-ion secondary battery of the present
embodiment 1ncludes the cathode for a lithium-ion secondary
battery of the present embodiment as the cathode, the 1ithium-ion

secondary battery has a high energy density and has excellent

input and output characteristics.

LEXAMPLES

(0111]

Hereinafter, the present invention will be more

specifically described using examples and comparative examples,
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but thepresent inventionisnotlimitedtothe followingexamples.

[0112]

Example 1

Synthesis of cathode material for lithium-ion secondary
pattery

Lithium phosphate (Li13P0O4) (2 mol) and iron (II) sulfate
(FF'eS04) (2 mol) were added to and mixed with water so that the

total amount reached 4 L, thereby preparing a homogeneous
slurry-form mixture.

[0113]

Next, thils mixture was stored in a pressure-resistant

alrtight container having a capacity of 8 L and was hydrothermally

synthesized at 200°C for four hours, thereby generating a

precipitate.
[0114]
Next, this precipitate was cleaned with water, thereby

obtalning a cake-form precursor of a cathode active material.

[0115]

Next, a polyethylene glycol (20 g) was added as the organic
compound to the precursor of the cathode active material (150

g 1n terms of solid contents), and a dispersion treatment was
performed on a mixture thereof using zirconia balls having a
diameter of 5 mm as medium particles in a bead mill for two hours,

thereby preparing a homogeneous slurry.

[0116]
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Next, this slurry was sprayed in the atmosphere at 200°C

and dried, thereby obtaining agglomerates of the precursor of

the cathode material which was coated with an organic substance

having an average particle diameter of 8.5 um.

[0117]
Next, the obtalined dried powder (the agglomerates of the

precursor of the cathode material) was calcinated in a nitrogen

atmosphere for three hours at 700°C, thereby obtaining

agglomerates having an average particle diameter of 8.5 um.

[0118]

Cracking of agglomerates

The above-described agglomerates were cracked using a jet

mill device (trade name: SJ-100, manufactured by Nisshin

Englneering Inc.) under aconditionof a supplyrate of 200 g/hour,

thereby obtaining a cathode material 1 of Example 1.
[0119]

Production of lithilum-ion secondary battery

The cathode material 1, polyvinylidene fluoride (PVdF) as

abindingagent, andacetyleneblack (AB) asaconductive auxiliary

agent were added to N-methyl-Z-pyvrrolidone (NMP) which was a
solvent so that the mass ratio (the cathode material 1:AB:PVAdF)
in paste reached 94:1:5, and the components were mixed together
and kneaded using a kneader (trade name: THINKY MIXER,

manufactured by Thinky Corporation) for 30 minutes under

conditions of a revolution rate of 1,200 rpm and a rotation rate
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of 800 rpm, thereby preparing cathode material paste (for the

cathode) .

[0120]

.-

This cathode material paste (for the cathode) was applied

onto the surface of a 30 ym-thick aluminum foil (electrode current

collector) so as to form a coated film, and the coated film was

dried, thereby forming a cathode mixture layer on the surface

of the aluminum foil.
(0121]

After that, the cathode mixture layer was pressed at a

pressure of 58.84 MPa, thereby producing a cathode 1 of Example

1.

(0122]

A lithium metal was disposed as an anode with respect to
this cathode 1, and a separator made of porous polypropylene
was disposedbetween thecathode 1 and the anode, thereby producing

a member for a battery 1.

[0123]

Meanwhlle, ethylene carbonate and diethyl carbonate were
mixed together in a mass ratio of 1:1, and furthermore, 1 mol/L

of a LiPFg solution was added thereto, thereby producing an

electrolyte solution 1 having lithium ion conductivity.

[(0124]
Next, the member for a battery 1 was lmmersed in the

electrolytesolutionl, therebyproducingalithium-ion secondary
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battery 1 of Example 1.
[0125]

Example 2

A cathode material 2 of Example 2 was obtained 1n the same

manner as in Example 1 except for the fact that the agglomerates
were cracked at a supply rate of 180 g/hour.

[0126]

Alithium-ion secondary battery 2 of Example 2 was produced
in the same manner as in Example 1 except for the fact that the
cathode material 2 was used.

(0127 ]

Example 3

A cathode material 3 of Example 3 was obtained in the same

manner as in Example 1 except for the fact that the agglomerates
were cracked at a supply rate of 150 g/hour.

[10128]

Alithium-ion secondary battery 3 of Example 3 was produced
in the same manner as in Example 1 except for the fact that the

cathode material 3 was used.

[0129]

Example 4

A cathode material 4 of Example 4 was obtained in the same

manner as 1n Example 1 except for the fact that the agglomerates
were cracked at a supply rate of 120 g/hour.

[0130]
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A lithium-1on secondary battery 4 of Example 4 was produced
in the same manner as in Example 1 except for the fact that the
cathode material 4 was used.

[0131]

Example 5

A cathode material 5 of Example 5 was obtained in the same
manner as in Example 1 except for the fact that the agglomerates
were cracked at a supply rate of 100 g/hour.

(0132]

A lithium-ion secondary battery 5 of Example 5 was produced
in the same manner as in Example 1 except for the fact that the

cathode material 5 was used.

[0133]

Example ©

A cathode material 6 of Example 6 was obtained in the same

manner as 1n Example 1 except for the fact that the agglomerates

were cracked at a supply rate of 90 g/hour.

[0134]

A lithium-ion secondary battery 6 of Example 6 was produced

1n the same manner as in Example 1 except for the fact that the

cathode material © was used.
(0135]
Example 7

Synthesis of cathode material for lithium-ion secondary

battery
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[0136]

Lithium phosphate (Li3;P0O4) (2 mol) and iron (II) sulfate
(FeS0O4) (2 mol) were added to and mixed with water so that the
total amount reached 4 L, thereby preparing a homogeneous
slurry-form mixture.

[0137]

Next, this mixture was stored in a pressure-resistant

airtight container having a capacity of 8 L andwas hydrothermally

synthesized at 200°C for 24 hours, thereby generating a
preclipitate.

[0138]

Next, this precipitate was cleaned with water, thereby
obtaining a cake-form precursor of a cathode active material.

[0139]

Next, a polyethylene glycol (20 g) was added as the organic

compound to the precursor of the cathode active material (150
g 1n terms of solid contents), and a dispersion treatment was

performed on a mixture thereof using zirconia balls having a

diameter of 5 mm as medium particles in a bead mill for two hours,

thereby preparing a homogeneous slurry.

[0140]

Next, this slurry was sprayed in the atmosphere at 200°C

and dried, thereby obtaining agglomerates of the precursor of

the cathode material which was coated with an organic substance

having an average particle diameter of 8.3 um.
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[0141]

Next, the obtained dried powder (the agglomerates of the

precursor of the cathode material) was calcinated 1n a nitrogen

atmosphere for three hours at 700°C, thereby obtaining

5 agglomerates having an average particle diameter of 8.3 um.

(01427
Cracking of agglomerates
The above-described agglomerates were cracked using a jet

mill device (trade name: S$J-100, manufactured by Nisshin

p—

10

Engineering Inc.) under aconditionof a supply rate of 100 g/hour,

thereby obtaining a cathode material 7 of Example 7.

[0143]

Alithium-ion secondary battery 7 of Example 7 was produced

in the same manner as in Example 1 except for the fact that the
15 cathode material 7 was used.

[0144]

Example 8
Synthesis of cathcde material for lithlum-ion secondary
battery
20 [0145]
Lithium phosphate (L13P04) (2 mol) and 1iron (II) sulfate
(FeSO,) (2 mol) were added to and mixed with water so that the
total amount reached 4 I., thereby preparing a homogeneous
slurry—form mixture.

25 [0146]
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Next, this mixture was stored 1n a pressure-resistant

alrrtight container having a capacityof 8 L and was hydrothermally

synthesized at 160°C for two hours, thereby generating a

precilpitate.
[0147]

Next, this precipitate was cleaned with water, thereby

obtaining a cake-form precursor of a cathode active material.

[(0148]

Next, a polyethylene glycol (20 g) was added as the organic

compound to the precursor of the cathode active material (150

g 1n terms of solid contents), and a dispersion treatment was
performed on a mixture thereof using zirconia balls having a
diameter of b mm as medium particles in a beadmill for two hours,
thereby preparing a homogeneous slurry.

[0149]

Next, this slurry was sprayed in the atmosphere at 200°C
and dried, thereby obtaining agglomerates of the precursor of
the cathode material which was coated with an organic substance

having an average particle diameter of 8.9 um.
[0150]
Next, the cobtained dried powder (the agglomerates of the

precursor of the cathode material) was calclinated in a nitrogen

atmosphere for three hours at 700°C, thereby obtaining

agglomerates having an average particle diameter of 8.9 um.

(0151]
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Cracking of agglomerates

The above-described agglomerates were cracked using a jet

mill device (trade name: SJ-100, manufactured by Nisshin

Engineering Inc.) under a condition of a supply rate of 90 g/hour,

thereby obtaining a cathode material 8 of Example 8.

[0152]

A lithium-ion secondary battery 8 of Example 8 was produced

in the same manner as in Example 1 except for the fact that the

cathode material 8 was used.

[0153]

Example 9

Synthesis of cathode material for lithium-ion secondary
battery

Lithium phosphate (L13P0O4) (2 mol) and 1ron (II) sulfate
(FeS0,) (2 mol) were added to and mixed with water so that the

total amount reached 4 1,, thereby preparing a homogeneous
slurry-form mixture.

[0154]

Next, this mixture was stored 1in a-pressurewresistant

alrtight container having a capacityof 8 Landwas hydrothermally

synthesized at 120°C for five hours, thereby generating a

precipitate.

[0155]

Next, this precipitate was cleaned with water, thereby

obtaining a cake-form precursor of a cathode active material.
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[0156]

Next, a polyethylene glycol (20 g) was added as the organic
compound to the precursor of the cathode active material (150
g 1in terms of solid contents), and a dispersion treatment was
performed on a mixture thereof using zirconia bkballs having a
diameter of 5 mm as medium particles 1n a beadmill for two hours,

thereby preparing a homogeneous slurry.

[0157]

Next, this slurry was spraved in the atmosphere at 200°C

and dried, thereby obtaining agglomerates of the precursor of

the cathode material which was coated with an organic substance

having an average particle diameter of 9.1 um.

[0158]

Next, the obtained dried powder (the agglomerates of the

precursor of the cathode material) was calcinated 1in a nitrogen

atmosphere for three hours at 700°C, thereby obtalining

P

agglomerates having an average particle diameter of 9.1 um.

[0159]
Cracking of agglomerates
The above-described agglomerates were cracked using a jet

mill device (trade name: SJ-100, manufactured by Nisshin

Engineering Inc.) under a condition of a supply rate of 80 g/hour,

thereby obtaining a cathode material 9 of Example 9.

[01060]

A lithium-10on secondary battery 9 of Example 9 was produced
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in the same manner as 1n Example 1 except for the fact that the

cathode material 9 was used.

[01ol]

Comparative Example 1
0 A cathode material 10 of Comparative Example 1 was obtained
1n the same manner as i1in Example 1 except for the fact that the
agglomerates were cracked at a supply rate of 280 g/hour.

[0162]

A 1ithium-ion secondary battery 10 of Comparative Example

10 1 was produced 1n the same manner as 1in Example 1 except for

the fact that the cathode material 10 was used.

[0163]

Comparative Example 2

A cathode material 11 of Comparative Example 2 was obtained
15 1n the same manner as in Example 1 except for the fact that the

agglomerates were cracked at a supply rate of 250 g/hour.

[Olo4]

A lithium-1on secondary battery 11 of Comparative Example

2 was produced 1n the same manner as in Example 1 except for

20 the fact that the cathode material 11 was used.

[0165]

Comparative Example 3

A cathode material 12 of Comparative Example 3 was obtained
in the same manner as 1n Example 1 except for the fact that the

25 agglomerates were cracked at a supply rate of 70 g/hour.
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[0166]

A lithium-ion secondary battery 12 of Comparative Example

3 was produced iIn the same manner as 1in Example 1 except for
the fact that the cathode material 12 was used.

5 (0167]

Comparative Example 4

A cathodematerial 13 of Comparative Example 4 was obtained
in the same manner as 1n Example 1 except for the fact that the
agglomerates were cracked at a supply rate of 55 g/hour.

10 [0168]

A lithium-ion secondary battery 13 of Comparative Example
4 was produced in the same manner as 1n Example 1 except for

the fact that the cathode material 13 was used.

[0169]

15 Comparative Example 5

A cathode material 14 of Comparative Example 5 was obtained

in the same manner as 1n Example 8 except for the fact that the

agglomerates were cracked at a supply rate of 65 g/hour.

[0170]

20 A lithium-1ion secondary battery 14 of Comparative Example

5 was produced 1n the same manner as 1n Example 1 except for

the fact that the cathode material 14 was used.

[0171]

Comparative Example 6

25 A cathodematerial 15 of Comparative Example 6 was obtalned
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in the same manner as 1n Example 9 except for the fact that the
agglomerates were cracked at a supply rate of 55 g/hour.

(0172 ]

A lithium-ion secondary battery 15 of Comparative Example

5 6 was produced in the same manner as 1n Example 1 except for
the fact that the cathode material 15 was used.

(0173]

Evaluation of cathode material for lithium-ion secondary

battery and lithium-10on secondary battery
10 The cathode material for a lithium-ion secondary battery

and the lithium-1on secondary batteries of Examples 1 to 9 and

ol

Comparative Examples 1 to 6 were evaluated as described below.

[0174]

1. Specific surface area

15 The BET specific surface area of the cathode material for
a lithium-ion secondary battery was measured using a measurement
device (trade name: HM model-1208, manufactured by Mountech Co.,

L.td.) and a one-point method at arelative pressureof 0.29 (P/Py) .

[0175]

20 2. Amount of carbon

The amount of carbon in the cathode material for a

lithium-1on secondary battery was measuredusing a carbon/sulfur

analyzer (trade name: EMIA-220V, manufactured by Horiba Ltd.).

[0176]

25 3. Powder resistance wvalue
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The powder resistance value of the cathode material for

a lithium-ion secondary battery was measured using a specimen

produced by injecting the cathode material into a die and shaping

the cathode material at a pressure of 50 MPa, a low resistivity

meter (trade name: Loresta-GP, manufactured by Mitsubishi

Chemical Corporation), and a four point measurement at 25°C.

[0177]

4. Median diameter

The median diameter of the cathode material for a
lithium—-ion secondary battery was measured using the following
method.

[0178]

The median diameter was measured using ameasurement device
(trade name: LA-950V2, manufactured by Horiba Ltd.).

[0179]

First, pure water (40 g) and polyvinylpyrrolidone (PVP)

(0.12 g) as a dispersion ligquids and the cathode material for

a lithium-ion secondary battery (0.04 g) as specimen powder were
welghed 1n a 70 mL mayonnaise bottle. This mayonnalise bottle
was manually shaken approximately ten times so as to mix the
specimen powder and the dispersion liquids well.

[0180]

Next, the mixed solution of the specimen powder and the

dispersion ligqulids was treated with ultrasonic waves for two

minutes under conditions of output 5 andpulse 50% inanultrasonic
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homogenizer (trade name: SONIFIER450, manufactured by Branson

Ultrasonics,

Fmersion Japan, Ltd.), and the median diameter was

measured using the obtained dispersion solution. The median

diameter refers to the particle diameter of a void for which

5 thedistribution curve of the integral percentage i1n the particle

size distribution 1ntersects the horizontal axis at 50% and was

thus computed on the basis of the measurement results of the

particle size distribution of the cathode material for a

lithium-ion secondary battery.

10 (0181]

The median diameter was measured with the data loading

number set to 5,000 in terms of a semiconductor laser (LD) and

1,000 1n terms of a light-emitting diode (LED), and the data

computation conditions were as described below.

15 Computation conditlons

(Sample refractive index)

LD real part: 1.48

LD imaginary part: 0.45

LED real part: 1.50

20 LED 1magilinary part: 0.55

Dispersion medium refractive index

LD real part: 1.33

LD imaginary part: 0.00

LED real part: 1.33

25 LED i1maginary part: 0.00
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(Number of repetitions): 15 times
(Particle diameter criterion): Volume
(Computation algorithm): Standard computation

[0182]

5 5. Coarse particle ratio

The coarse particle ratio was computed from Expression (1)
using the coarse particle-side peak area A and the fine
particle-side peak area B in the particle size distribution of
the cathode material for a lithium-ion secondary battery which

10 had been obtained in the measurement of the median diameter.
Coarse particle ratio (%)=A/(A+B)x100 e (1)
[0183]
o. Chromaticity b*

The chromaticityb* in the L*a*b* color space of the cathode

15 material for a lithium-ion secondary battery was obtained by
means of reflected light two-degree viewing angle measurement

in which a spectroscopic calorimeter (Serial No.: SE-2000,

manufactured by Nippon Denshoku Industries Co., Ltd.) and a D65

li1ght source. When the chromaticity b* of the cathode material
20 for a lithium-ion secondary battery was measured, the cathode

material of themeasurement subject was evenly placedon a schale,

and the chromaticity b* of the cathode material was measured.

(0184 ]

7. Cathode density

25 The cathode density of the cathode material for a
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lithium-ion secondary battery was computed as the ratio of the

mass of the cathode material as the numerator to the volume of

the cathode which was the compressed cathode excluding the
aluminum electrode current collector as the denominator.

[0185]

In addition, 1n a case in which the cathode density was
2.00 g/cc or more, the cathode density was evaluated as A, in
a case 1n which the cathode density was 1.90 g/cc or more, the
cathode density was evaluated as B, and, in a case in which the
cathode density was less than 1.90 g/cc, the cathode density
was evaluated as C.

[0186]

3. Capaclty retention after 20 cycles

Regarding the capacity retention of the lithium-ion
secondary battery after 20 cycles, constant-current charging
at a current value of 0.25 C until the battery voltage reached

3.7 V and then discharging at a current value of 0.5 C until
the battery voltage reached 2.5 V in an environment of 45°C was

consildered as one cycle, this cycle was repeated 20 times, and
the fraction of the discharge capacity at the 20™ cycle as the

numerator to the discharge capacity at the first cycle as the
denominator was evaluated as the capacity retention. 1In a case

1n which the electron conductivity of the cathode material was

not sufficiently guaranteed, the active material particles

repeatedly expanded and shrank according to the charge and
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discharge cycles, and thus the number of electron conduction

paths in the cathode became insufficient, and thus the capacity

- retention decreased.

[0187]

Inaddition, 1nacase inwhich the capacity retention after

- 20 cycleswas 70% ormore, theelectron conductivity was evaluated

as B, and, 1n a case 1n which the capacity retention after 20

cycles was less than 70%, the electron conductivity was evaluated

as C.
[0188]
Evaluation results
The evaluation results of the cathode materials for a

lithium-1on secondary battery and the lithium-ion secondary

patteries of Examples 1 to 9 and Comparative Examples 1 to 6
are shown 1n Table 1. Meanwhile, the amount of carbon in Table
1 1s the amount (parts by mass) of carbon forming the carbonaceous

film with respect to 100 parts by mass of the cathode active

material. In addition, the particle size distribution of the

cathode material for a lithium-i1on secondary battery of Example

1, which was obtained in order to compute the median diameter,

1s i1llustrated in FIG. 3. Similarly, the particle size

distribution of the cathode material for a lithium-ion secondary

battery of Comparative Example 3, which was obtained in order

to compute the median diameter, is illustrated in FIG. 4.
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101901}

When Examples 1 to 9 and Comparative Examples 1 to 6 are

compared with one another using the results in Table 1, in

Comparative Examples 1 and 2 in which the coarse particle ratios

5 exceeded 65%, cracking was not sufficient, and thus the cathode
densitles were as low as less than 1.90 g/cc, and the enerqgy
densities per unit volume were poor when the cathode materials
foralithium-ion secondarybatterywereusedas cathodematerials
for a lithium-ion secondary batteries.

10 [0191]7

In addition, in Comparative Examples 3 to 6 in which the

coarse particle ratios were less than 35%, the cracking

intensities were too high, and thus the carbonaceous films that

coated the surfaces of the central particles were peeled off
15 during the cracking, the capacity retention after 20 cycles was
as low as less than 70%, and the input and output characteristics

and durability were poor when the cathode materials for a
lithium-ion secondary battery were used as cathode materials

for a lithium-ion secondary batteries.

20 [0192]

On the other hand, in Examples 1 to 9, since the coarse

particle ratios were in a range of 35% or more and 65% or less,

the cathode densities were 1.90 g/cc or more, the capacity
retention after 20 cycles was in a range of 70% or more, excellent

25 battery characteristics were exhibited, and it was possible to
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provide lithium~ion secondary batteries having excellent energy

density, input and output characteristics, and durability in

the case of being used as cathode materials for a lithium-ion

secondary batteries.

[0193]

In addition, when Examples 6 to 9 and Comparative Examples

5> and 6 were compared with one another, it is also possible to

confirm that, even when the specific surface area and the amount

o
—

Of carbon vary, as long as the cracking intensity is adjusted

SO that the coarse particle ratio becomes 35% or more and 5%

or less, 1t is possible to develop excellent battery
Characteristics which are the cathode density reaching 1.9 g/cc
or more and the capacity retention after 20 cycles reaching 70%
Or more.

[0194]

Lithium-ion secondary batteries for which the cathode

material for a lithium-ion secondary battery of the present

invention is used have an excellent energy density, input and

1)

output characteristics, and durability and are thus capable o:

significantly contributing to the advancement of the reliability

Oof lithium-ion secondary batteries including mobile body

applications.
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AMENDED CLAIMS

l. A cathode material for a lithium-ion secondary battery which is active material

0.9<x<1.1, O<y<l, 0<z<1, and 0.9<y+z<1.1, A represents at least one element selected
from the group consisting of Co, Mn, Ni, Fe, Cu, and Cr, and D represents at least one
element selected from the group consisting of Mg, Ca, Sr, Ba, Ti, Zn, B, Al, Ga, In, Si. Ge,
S¢, and Y, and a carbonaceous film that coats surfaces of the central particles, wherein:

a particle size distribution of the active material particles measured by a laser
diffraction and scattering particle size distribution measurement instrument has a peak of
fine particles and a peak of coarse particles,

a maximum value of the peak of the fine particles in the particle size distribution of

the active material particles is 0.15 wm or more and 0.35 um or less, and a maximum value

of the peak of the coarse particles is 0.80 um or more and 1.20 wm or less,

a coarse particle ratio which 1s a ratio of an area surrounded by a curve indicating a
peak shape of the coarse particles in the particle size distribution to the sum of the area
surrounded by the curve indicating the peak shape of the coarse particles and an area
surrounded by a curve indicating a peak shape of fine particles in the particle size

distribution 1s 35% or more and 65% or less, and

a median diameter of the active material particles is 0.50 um to 0.80 um.

2. The cathode material for the lithium-ion secondary battery according to claim 1,
wherein a powder resistance value of the active material particles is 100 Q-cm or less
the powder resistance value being measured using a specimen produced by injecting the

cathode material into a die and shaping the cathode material at a pressure of 50 MPa, a low

resistivity meter, and a four point measurement at 25°C.

3. The cathode material for the lithium-ion secondary battery according to claim 1 or 2,
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wherein chromaticity b* in an L*a*b* color space is 1.9 or more and 2.3 or less, the
chromaticity b* being obtained by means of reflected light two-degree viewing angle

measurcment 1n which a spectroscopic calorimeter and a D65 light source are used.

4. The cathode material for the lithium-ion secondary battery according to any one of
claims 1 to 3,

wherein a BET specific surface area is 5 m2/g or more and 25 rnZ/g or less, and an
amount of carbon forming the carbonaceous film is 0.1 parts by mass or more and 10 parts

by mass or less with respect to 100 parts by mass of the central particles.

5.  Acathode for a lithium-ion secondary battery, comprising:

an clectrode current collector: and

a cathode mixture layer formed on the electrode current collector,
wherein the cathode mixture layer includes the cathode material for the lithium-ion

secondary battery according to any one of claims 1 to 4.

6. A lithium-ion secondary battery comprising:

the cathode for the lithium-ion secondary battery according to claim 5.
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