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Abstract
A conventional positive electrode material for lithium

«ion batteries that is made of positive electrode active

~
-

material/graphene composite particles has low graphene
material ion conductivity and is incapable of providing
févorable batfery perfgrmance. In the present invention,
positive electrode active material/graphene composité
particles are conferred with high electron conductivity and ion
‘conductivity by formation of an appropriately functionalized
graphene/positiveelectrodeactivenmterialcomposite,andare
capable of yielding a high-capacity/high-output lithium ion
secondary battery when used as a positive electrode active

material for a lithium ion battery.
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| DESCRIPTION
TITLE OF THE INVENTION: POSITIVE ELECTRCDE ACTIVE
MATERIAL/GRAPHENE COMPOSITE PARTICLES, POSITIVE ELECTRODE
MATERIAL FOR LITHIUM ION BATTERY, AND]METHOD FOR MANUFACTURING
POSITIVE ELECTRODE ACTIVE MATERIAL/GRAPHENE COMPOSITE
PARTICLES
TECHNICAL FIELD
[0001]

The present invention relates to a positive electrode
active material/graphene composite particles formed by
formation of graphene/positive electrode active material for
a lithium ion battery composite, and a positive electrode
material for a lithium ion battery composed of the positive
electrode active material/graphene composite particles.
BACKGROUND ART .

[0002]

A lithium ion secondary battery has been widely used for
information—relatednmbilecommunicationelectronicequipment
such as mobile phones and laptop personal computers since it
enables the battery to become smaller in size and lighter in
weight as a battery capable of attaining higher voltage and
higher energy density compared to the conventional
nickel-cadmium battery and nickel metal hydride battery. With
regard to the lifhiunlion secondary battery, it is thought that

the opportunity of being utilized for onboard use in which the
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battery is incorporated into electric vehicles, hybridelectric
vehicles and the like as a means for solving an environmen£al
problem or industrial use such as electric power tools will
further increase in the future, and attaining further highly
enhanced capacity and highly enhanced output has been eagerly
desired.

[6003]

The lithiUHtion.secoﬁdaryfbatteryjj;;omposedcxfpositive
and negative electrodes having at least an active material
capable of reversibly inserting/extracting lithium.ions and a
separator which is arranged in a éontainer and separates the.
positive electrode from the negative electrode, the container
being filled with a non-aqueous electrolytic solution.
[0004]

The positive electrode is pfepared by applying an
electrode agent containing a positive electrode active material
for a lithium ion battery (hereinafter, sometimes referred to
a positive electrode active material or an active material),
a conductive additive and a binding agent onto a metal foil
current coliectox"made of aluminum and the like and subjecting
it to pressure forming. As the current positive electrode
active material, a powder of composite oxides of lithium and
a transition metél (hereinafter, sometimes refefred to as
lithium metal oxides) such as lithium cobaltate (LiCoO.),

lithium nickelate (LiNiO;), or a ternary system material in
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which a portion of cobalt is substituted with nickel and
manganese (LiMn,Ni,Co;1-4 y02), and spinel type lithium manganate
.(LiMnﬂh) has been used,relatively frequently. Since these
materials contain a so-called rare earth element, there is a
problem in terms of cost and stable supply. In recent years,
olivine-based materials (phosphate-based materials) with a
high level of safety have been attﬁacting attention, and above
all, lithium iron pﬁosphate (LiFePQ,) containing iron which is
one of the abundant resources and is inexpensive has begun to
be put into practical use, and moreover, lithium manganese
phosphate (LiMnPO4) with a high level of output energy has also
been attracting attention as a next-generation activematerial.
Separately, metal oxides such as V;0s, metallic compounds such
és TiS,, MoS, and NbSéz, and the like have also been utilized.
[0005]

Moreover, the negative electrodejj;prepared, as with the
positive electrode, by applying an electrode agent containing
‘an active material, a conductive additive and a binder agent
onto a metal foil current colléctorxnade of copper and the like
and subjecting it to pressure forming, and in‘general, as the
active material for the negative electrode, lithium metal,
lithium alloys such as a Li-Al alloy and Li-Sn, silicon
compounds in which 510, S$iC, SiOC and the like are the basic
constituent elements, conductive polymers prepared by doping

lithium into polyacetylene, polypyrrole and the like,
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intercalation compounds prepared Dy allowing.lithium.ions to
‘be incorporated into crystals, carbonmaterials such as natural
~graphite,artificialgraphiteandhardcarbon,andthelikehave
been uéed.

[0006]

In the active materials currently put intc>préctical use,
a theoretical capacity of the positive electrode is‘far lower
than that of the negative electrode, and hence it is
indispensable to improve a cépacity aensity of the positive
electrode for increasing a capacity of the lithium ion battery.
In recent years, for example an olivine-based positive
electrode active material, a solid soiution—based active
material and the like, many active materials are investigated,
which have not been put into practical use regardless of their
high capacity since the conductivity thereof is low. In order
toputthesepositiveelectrodeactivenmterialsintopractical
use, a technology of imparting electrical conductivity to the
positive electrode is required.

[0007]

In order to improve the electron conductivity in the
positive electrode, a technique of adding a conductive additive
is employed. Examples of materials heretofore used as the
conductive additive include graphite, acetylene black, Ketjen
Black and the like. However, particularly, in the positive

electrode active material having low electrical conductivity,
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it is insufficient only to add the conductive additive, and it
requires a technique of directly forming an active
paterial/conductive carbon material composite.

[OOOS]

Patent Document 1 discloses a technique of coating the
positive electrode active material with carbon. Further,
PatentDocument2eﬂujNon—PatentDocument] discloseeatechnique
in which a graphene oxide and a positive electrode active
material are mixed and then the resulting mixture is reduced.
Non-Patent ﬁocument 2 disclose a technique in which a positive
electrode active material is synthesized in the presence of a
graphene oxide, and then reduced. Patent Document 3 and Patent
Document 4 disclose avtechnique in which a positive electrode
paste including a graphene oxide is applied onto.a current
collector and dried, and then the graphene oxide is thermally
reduced.

PRIOR ART DOCUMENTS
PATENT DOCUMENTS
[0C09]
| Patent Document 1: JP Patent No. 4043852

Pétent Document 2: Japanese Patent Laid-open Publication
No. 2012-99467

Patent Document 3: Japanese Patent Laid-open Publication
No. 2013-030463

Patent Document 4: Japanese Patent Laid-open Publication
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No. 2013-145740
NON-PATENT DOCUMENT:
[0010]

NON-PATENT DOCUMENT 1: Qin Z., et al. Journal of
Materials Chemistry, 2011, 22, 21144

NON-PATENT DOCUMENT 2: Wang H., et al. Angewandte Chemie
International Edition, 2011, 50, 7364

SUMMARY OF INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION

[0011]

In Patent Document 1, the positive electrode active
material is provided with carbon coating by mixing the positive
electrode active material with a sucrose and heating the
resulting mixture at 700°C under an inert atmosphere; however
high battery performance cannot be achieved in this technigue
since a periphery of the positive electrode active material is
covered with carbon in which a functional group is virtually

absent.
[0012]

In Patent Document 2 and Non-Patent Document 1, a
graphene oxide and an active material are mixed with a ball
mill and then reduced to achieve formation of a composite;
however, in both cases, since a material is heated at elevated
temperatures of 500°C to 800°C in a reducing atmosphere or an
inert atmosphere, there is little functional group in the

graphene and ionic

Date Recue/Date Received 2020-05-25
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conductivity is poor, and theiefore high battery performance
cannot be achieved.
[0013]

in Patent Document 3, after a graphene oxide and a positive
electrode active material are mixed in a solvent, the resulting
mixture is applied onto a current collector and heated in vacuum
to prepare an electrode film composed of graphene and the
positive electrode active material. In Patent Document 4, a
graphene oxide, a positive electrode active material and a
binder are mixed in a solvent, and then the resulting mixture
is applied onto a current collector, dried and heated at 170°¢
_to obtain an electrode film. In the techniques described in
Patent Documents 3 and 4, the graphene and the positive
electrode active material are merely mixed and a composite
thereof is not formed, and therefore excellent electron’
conductivity Qannot be attained.

[0014]

In Non-Patent Document 2, a positive electrode active
material is synthesized in the presence of a graphene oxide,
and then reduced to obtain a composite; however, since the
graphene oxide with a very low oxidation degree is used and
further a material is heated in a reducing atmosphere, there
is little functional group in the graphene and ionic
conductivity is poor, and therefore high battery performance

cannot be achieved.
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[0015]

It is an object of the present invention to provide a
positive electrode active material/grapheﬁe composite which
have high electron conductivity and high ionic conductivity,v
and to provide a lithium ion battery having a high capacity and
high power by using the composite as a positive electrode
material.

SOLUTIONS TO THE PROBLEMS
[0016]

The present inventors have thought that in order to
realize an increase in capacity and an increase in power of the
positive electrode of the lithium ion battery, it is necessary
to have not only electron coﬁductivity but also high ionic
conductivity; however, when the positive electrode active
material 1is coveredeith graphene, transfer of ions may be
interfered with at the surface of the positive electrode active
material té deteriorate ionié conductivity. Thus, the present
inventors have noted the ionic ébnductivity of graphene and
thought that the ionic conductivity of graphene may be enhanced
by appropriately introducing a functional group into the
graphene and that it may be appropriate to control the reduction
conditions (reduction atmosphere, reduction temperature,
presence or absence of a reducing agent) of the graphene oxide
in order to introduce a functional group into the graphene, and

they made investigations.
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[0017]

As a result of earnest investigations, they found that
by controlling reduction conditions of the graphene oxide,
positive electrode active material/graphene composite
particles (sometimes, referred to as merely “composite
particles”) which have high electron conductivity and high
ionic conductivity, and a positive electrode material for a
lithium ion battery (sometimes, referred to asmerely “positive
electrode material”) using the composite particles can be
attained.

(00181

That is, composite&péfticles of the present invention are
positive electrode active material/graphene composite
particles formed by formation of positive electrode active
material particles/matrix céntaining graphene composite,
wherein a ratio of functionalization is not less than 0.15 and
not more than 0.80, the ratio of functionalization being
determined from the following equation based on measurements
by X-ray photoelectron spectroscopic measurement.

Ratio of functionalization = [ (peak area based on C-0
single bond) + (peak area based on C=0 double bond) + (peak area
basedon(XX)bond)]/(peakareabasedcx1C—C,C=Cand(}4{bonds).
[0019]

Further, a first method for manufacturing compoSite

particles of the present invention is:
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a method for manufacturing positive electrode active
material/graphene composite particles, wherein after a
precursor is prepared by formation of graphene oxide/positive
electrode active material particles composite, the precursor is
heated at a temperature of 150°C to 250°C in the air to reduce

the graphene oxide, and

a second method for manufacturing composite particles of

the present invention is:

a method for manufacturing positive electrode active
material/graphene composite particles, wherein after a
precursor is prepared by formation of graphene oxide/positive
electrode active material particles composite, the precursor is

treated with a reducing agent to reduce the graphene oxide.
[0019a]

In one aspect, there is provided positive electrode
active material/graphene composite particles formed by
composite formation of positive electrode active material
particles and a matrix containing graphene, wherein the
positive electrode active material particle is an olivine-based
active material particle or a layered oxide active material
particle, wherein the graphene in the matrix is functionalized
and a ratio of functionalization is not less than 0.15 and not
more than 0.80, the ratio of functionalization being determined
for the composite particles as a whole, based on measurements
by X-ray photoelectron spectroscopic measurement, from the
following equation: Ratio of functionalization = [ (peak area
based on C-0 single bond) + (peak area based on C=0 double
bond) + (peak area based on COO bond) ]/ (peak area based on C-C,
C=C and C-H bonds).

10
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[0019b]

In another aspect, there is provided a positive electrode
material for a lithium ion battery, which is composed of the
positive electrode active material/graphene composite particles

as described herein.
[0019c]

In another aspect, there is provided a method for
manufacturing positive electrode active material/graphene
composite particles, wherein after a precursor is prepared by
formation of graphene oxide/positive electrode active material
particles composite, the precursor is heated at a temperature
of 150°C to 250°C in the air to reduce the graphene oxide, and
the graphene oxide is converted into a graphene-containing

matrix.

EFFECTS OF THE INVENTION
[0020]

The positive electrode active material/graphene composite
particles have combined high electron conductivity and high
ionic conductivity by forming graphene with a functional group
appropriately present/positive electrode active material
composite. Further, it is possible to attain a lithium ion
secondary battery having a high capacity and a high output by
using the composite particles of the present invention as a

positive electrode material.
BRIEF DESCRIPTION OF THE DRAWINGS

{00211

10a
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Fig. 1 is a view showing a peak derived from carbon and
results of peak-fitting at the time when the X-ray photoelectron
spectrum of the positive electrode active material/graphene
composite‘particles of the present invention was measured
raccording to Measurement Example 1.

EMBODIMENTS OF THE INVENTION
[0022]

<Posi£ive Electrode Active Material/Graphene Composite
Particle>

[Positive Electrode Active Material Particle]

The positive electrode active material for a lithium ion
pattery in the present invention is not particularly limited
and may be employed as long as it acts as a positive electrode
in a lithium secondary battery. For example, layered
oxide-based active materials such as lithiumcobaltate (LiCo0z),
lithium-rich active materials, spinel type positive electrode
active materials such as lithium manganate (LiMn;04), metal
oxide active materials such as V,05, metal compound-based active
matérialssuchasﬂﬁﬁz,MoSQandNbSem andoli?ine—basedactive
materials such as lithium_iron phosphate and lithium manganese
phosphate can be used, and among these materials, layered
oxide-based active materials, lithium-rich active materials,
and olivine-based active materials are preferably used.
[0023]

The kind of the layered oxide-based active material is

1
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not particularly limited; however, from a capacity and power,
and performance as a positive electrode material for a lithium
:ion‘secondary battery, LiCoO;, LiNiO,, Li(NixCoy)Oy (x +y =1),
Li (NigCoAl,) 0, (x +y + z = 1), Li(NiMnyCo,)Op (x +y + 2z =1),
Li(Niany)Oz (x + y =1), and LipMnO3-Li (NigyMnyCo,)0; (X + y + z
~=1) can be suitably used. Among these, Li,Mn0O3-Li (NiMn,Co,) 0,
(x + y+ z=1), which is a lithium-rich active material, is
a next-generation active material with a high battery capacity
but it has low electron conductivity for a material, and
therefore a technology of the present invention can be suitably
applied to it.

[0024]

The kind of the olivine-based active materials is not
particularly limited, and the olivine-based active material 1is.
a substance represented.by’LiMPO4,-LizMPO4F, or Li,MSiQ4 {in any
of these, M is one or more metal elements selected from among
Ni, Co, Fe and Mn), and includes mixtures thereof. Although
each of these olivine-based active materials is an electrode
having a high capacity and high potential, it has low ionic
conductivity, and therefore the high effect of improving
battery performance can be achieved by applying it to the
present invention.

[0025]
Further, the active material in the present inventionmay

contain, as a doping element metal, one or more metal elements

12



CaA 0289%4517 2015-06-09

selected from the group consisting of Na, Mg, K, Ca, Sc, Ti,
v, Cr, Cu, Zn, Rb, Sr, Y, Zi, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd,
In, Sn, Cs and Ba in a weight ratio of less than 10% with respect
to the active material.

[0026] -

In the composite particle of the present invention, the
positive electrode active material particles exist, as a
primary particle, in a particle in which they form a composite
with a matrix containing graphene, described later. The
primary particle referred to herein refers to a particle which
is contained in the composite particle and has a smaller size
than the composite particle. A particle diameter of the
positive electrode active material particle can be measured by
a transmission electron microscope. A cross-section of the

, (

composite particle is exposed by using an ion milling system,
and the cross section is observed using a transmission electron
microscope, and thereby a shape of the positive electrode active
material particle present in the composite particle can be
observed. When by this technique, the positive electrode
active material particle was observed at such a magnification
that 50 to 200 positive electrode active material particles are
present within a field of view, an average particle diameter
ofallparticleswithinthefieldofviewiscbfinajasanaverage
particle diameter of the positi%e electrode active material

particle. A mean of a maximum diameter and a minimum diameter

13
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of a particle is taken as a particle diameter of one particle.
[0027] |

Generally, since the electron conductivity within the
positive electrode active material is lower than that of
graphene, the shorter the electron transfer distance in the
active material is or the smaller the average particle diameter
is, the higher the efficiency of charge-discharge is. On the
other hand, when the positive eiectrode active material
particle is too small and a ratio of a crystal intérface to a
crystal size increases, a capacity per a particle is reduced.
From these viewpoints, the average particle diameter of the
positive electrode active material particle ié preferably 3 to
100 nm, more preferably 5 to 50 nm, and most preferably 10 to
30 nm.

[0028]

[Matrix Containing Graphene]

The matrix in the composite particle of the present
invention has the active material particles embedded therein
and has a function of binding the active material particles to
one another to form a composite particle, and the matrix
structurally refers to a poftion other than the positive
electrode active material particles in the composité particle.
That is, viewed from a composite particle.side, the active
materialparticlesaredispersedanddistributedjjlthematrix.

[0029]

14
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The graphene generally refers to a sheet of a sp’~bonded
carbon atom (monolayer.graphene), which has a thickness of an
atom, but in the present invention, a substance having a
flake-like morphology in which the monolayer graphenes are
laminated'is also referred to as graphene.

[0030]

The thickness of graphene to be used in the present
invention is not'particularly limited; however, it is
preferably 100 nm or less, more preferably 50 nm or less and
particularly preferably 20 nm or less. The size in a direction
parallel with a graphene layer is not particularly limited;
however, when the size is too small, since a conductive path
per one graphene is short, electrical conductivity is
deteriorated under the influence of contact resistance between
graphenes. Thérefore, the size of the graphene in the present
invention is preferably large to some extent. A size in a
direction parallel with a graphene layer is preferably 0.5 um
or more, more preferably 0.7 pm or more, and moreover preferably
1 um or more. Herein, the size in a direction parallel with
a graphene layer refers to an average of the maximum diameter
and the minimum diameter at thé time of being viewed from a
direction perpendicular to a plane direction of the graphene.
[0031]

The graphene contained in‘the matrix is partially

functionalized in order to maintain the ionic conductivity.

15
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The functionalization means that a part of the graphite
structure of carbon is modified with‘a hydroxyl group, a
carboxyl group, a ketone group Or an epoxy group.

[0032]

In the present invention, the graphene in the matrix needs
to be appropriately functionalized, but it is difficult to
extract only graphene from the matrix and measure a degree of
functionalization of the graphene. Therefore, in the present
invention, the invention is specified by the degree of
functionalization measured as a whole composite particle.
[0033]

The ratio of functionalization can be dete‘rmined by X-ray
photoelectron spectroscopic measurement. In the X-ray
photoelectron spectroscopic measurement, it is known that when
a sampie containing carbon is measured, a peak derived from
carbon is detected around 284 eV, and a peak is shifted to a
high energy side when the carbon is bonded to oxygen. |
Specifically, the peaks based on a C-C pond, a C=C bond and a
C-Hbond, inwhich carbon is not bonded to oxygen, are not shifted
and detected around 284 eV, and the peak based on a C-0 bond
is shifted to around 286 eV, the peak based on a C=0 bond is
shifted to around 287.5 eV, and the peak based on 'a COO bond
is shifted to around 288.5 eV. Therefore, the signal derived
from carbon is detected in the form of superimposing the peaks

around 284 eV, around 286 eV, around 287.5 eV, and around 288.5

16
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eV. It is possible to calculate an area of each peak by
separating the peak derived from carbon into a peak of each
,component by peak—fitting, and therefore it is found how far
carbon is functionalized. The signal also appears around 286
e and around 290.5 eV as a signal derived from a graphite
component. On this signal, fitting is performed‘asa’component
based on a C-C bond; a C=C bond and a C-H bond. Fig. 1 shows
the peak derived from carbon and the results of peak-fitting
at the time when the X-ray photoelectron spectrum of the
composite particle was measured according to Measurement
Example 1. Each of the components indicated by a solid line
is a component of the functionalized carbon and a component
indicated by a dotted line is a component based on a C-C bond,
a C=C bond and a C-H bond. That is, the ratio of
functionalizationjjlthepresentinﬁentioniseanumericalvalue
defined by

Ratio of functionalization = [(peak area based on C-0O
bond) + (peak area based on C=0 bond) + (peak area based on COO
bond) ]/ (peak area based on C-C, C=C and C-H bonds).
[0034] |

.The composite particle of the present invention has a
ratio of functionalization of 0.15 or more. However, when the
ratio of functionalization is too high, a graphite structure

collapses to deteriorate electron conductivity. In order to

maintaining the electron conductivity, the ratio of

17
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functionalization needs to be 0.80 or less. From these
viewpoints, the ratio of functionalization is preferably 0.17
or more, more preferably 0.20 or more, and moreover preferably
0.30 or more. Further, the ratio of functionalization is
preferably 0.60 or less, and more pfeferably 0.40 or less.
[0035]

' In a Raman spectrometric method, the carbon material has

a peak around 1590 cm™*

(G band peak) based on a graphite
structure. A peak position of the G band peak is shifted ﬁo
a high energy side as the defect of the graphite structure
increases. In the composite particle in the present invention,
since the graphene in the matrix is appropriately
functionalized, peak position preferably lies on a relatively
high.eneréy side, and specifically, the peak position lies 1600
cm™t or more.
{00361

In order to maintain efficient electron
conductivity/ionic conductivity, the graphene preferably has
high uniformity at a level of a crystallite size. The higher
uniformity of the graphene at a level of a crystallite size is,
the smaller a peak half bandwidth éf the G band peak is. The
peak half bandwidth of the G band peak is preferably 90 cm™?

1

or less and more preferably 80 cm ™ or less.

[0037]

In addition, all Raman measurement in the present

18
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invéntion was performed at an excited wavelength of 514.5 nm
using argon ion laser as excited laser.
.[0038] | 4

The matrix containing graphene in the composite particle
of the present invention preferably has voids, and the void
ratio in this case is preferably not less than 10% and.nét more
than 50%. When appropriate voids are present in the matrix,
the electrolytic solution within the composite particle
smoothly moves and therefore ionic conductivity can be further
improved. When the void ratio is too high, contact between the
matrix containing graphene and the positive electrode active
material particles becomes poor, resulting'in.deterioration.of
electron conductivity. The void ratio is more preferably 40%
or less, andmorecver preferably 30% or less. On the other hand,
when the void ratio is too low, movement of the electrolytic
solution is slow, resulting in deterioration’of ionic
conductivity. Accordingly, the void ratio is more preferably
15% or more, and moreover preferably 20% or more.

[0039]

The void ratio of the matrix can be analyzed from an
electron scanning microscope image of a cross section of the
composité particle. Specifically, the cross sections of the
composite particle is exposed by an ion milling system
(manufactured by Hitachi High-Technologies Corporation,

IM4000, etc.), and the cross section is observed at a

19
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magnification of 10000 times using an electron scanning
microscope. Of the cross sectionjjlwhiéheacompositeiﬁ formed,
,aportion of the conductive matrix and a portion of the positive
electrode active material particles can be distinguished from
each other based on contrast difference. The void ratio can
be measured by determining a ratio of the void area to an area
of the whole matrix by image processing.

[0040]

In the composite particle of the present invention, when
graphene 1is unevénly distributed at the surface, the ionic
conductivity at the particle surface is deteriorated. An
uneven distribution of the graphene at the material surface can
be quantified by a value obtained by dividing a ratio of a carbon
element at the material surface by a mass ratio of graphene in
the whole material, and when this value is higher, the graphene
is unevenly distributed at the surface. Inorder topursue high
electron conductivity and ionic conductivity simultaneously,
this value is preferably 1.5 or more, and more preferably 2 or
more. Further, the value is preferably 7 or less, and ﬁore
preferably 6 or less. The ratio of a carbon element at the‘
material surface can be measured by X-ray photoelectron
spectroscopy. In the X-ray photoelectron spectrum, the
proportion of a carbon atom in all elemental composition
detected is taken as the ratio of a carbon element at thematerial

surface. In the X-ray photoelectron spectroscopy, an excited

20
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X—ray is monochromatic Al K, and Ky lines (1486.6 eV), and a
diameter of X-ray was set to 200 pym, and a photocelectron escape
.angle was set to 45°.

[0041]

In addition, the ratio of a carbon element at thematerial
surface is preferably low since when it is too high, ionic
conductivity of the surface is déteriorated. The ratio of a
carbon element at the material surface is preferably 50% or less,
more preferably 30% or less, and moreover preferably 20% or
less.

[0042]

A mass ratio of carﬁon in the whole composite particles
of the present invention is not particularly limited; however,
when a ratib of carbon is higher, electrical conductiviﬁy
becomes higher but a battery capacity per weight of the
composite particles is reduced. Therefore, the mass ratio of
carbon in the whole composite particles is preferably 20% or
less, more preferably 10% or less, and moreover preferably 8%
or less. The mass ratio is preferably 2% or more, more
preferably 3% or more, and moreover preferably 4% or more. In

7addition, the mass ratio of graphene contained in the composite
particle of the present invention can be quantified by a
carbon-sulfur analyzer. In a carbon-sulfur analyzer, a
composite is heated in the air by a high-frequency, cafbon

contained in the composite is completely oxidized, and
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generated carbon dioxide is detected by infrared rays. As a
measurement apﬁaratus, a carbon-sulfur analyzer EMIA-810W
manufactﬁred by HORIBA, Ltd. is exemplified.

[0043]

When a particle diameter of the composite particle in the
present invention is too small, particles are easily aggregated
in preparing ah electrode paste, and therefore a problem that
it becomes difficult to prepare an electrode coating arises.
When a particle diameter is too large, it takes much time for
an electrolytic solution to permeate inside of the composite
particle and ionic conductivity is deteriorated. Therefore,
the particle diameter of the composite partiéle»is preferably
0.5 um or more, more pfeferably 1.0 uym or more, and moreover
preferably 3.0 pm or more. The particle diameter is preferably
20 um or less, more preferably 15 pm or less, and moreover:
preferably 10 pm or less. Herein, the particle diameter of the
composite particle refers to a median diameter measured by a
laser diffraction scattering apparatus. This measurement is
carried out at a transmittance adjusted to 75% to 93% in an
aqueous dispersion system.

[0044] |

<Method for Manufacturing Positive Electrode Active
Material/Graphene Composite Particles>

The method for manufacturing positive electrode active

material/graphene composite particles of the present inventiocn
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includes a step of mixing/pulverizing graphene oxide and
positive electrode active material particles for a lithium ion
battery and a step of reducing the graphene oxide.

[0o04s5]

[Graphene Oxide]

The graphene oxide can be prepared by a publibly known
method. Moreover, commercially available graphene oxide may
be purchased. Graphite which is oxidized is also referred to
as a graphite oxide; however, the graphite oxide is included
in the graphene oxide in the present séecificatidn since the
graphiteoxidebecomeseagraphenepowderdépending<x1réduction
conditions when being reduced. When graphite is oxidized, its
interlayer distance is lengthened and graphite comes to have
a diffraction peak at a diffraction angle of 9.0° to 13.0° in
X-ray. diffraction measurement.
[0046]
’ Agraphite serving as a rawmaterial of the graphene oxide
may be either an artificial graphite or a natural graphite;
however, the natural graphite is preferably used. The number
of meshes to which a particle size of the raw material graphite
corresponds is preferably 20000 or less, and more preferably
5000 or less..
[0047]

A preparation method of the graphene oxide is preferably

an improved Hummers' method. An example of the Hummers' method

23



CaA 0289%4517 2015-06-09

will be mentioned below. Graphite (e.g., black lead powder
etc.) was used as a raw material, and to this,.a concentrated
sulfuric acid, sodium nitrate and potassium permanganate are
added, and the resulting mixture is reacted under temperatures
of 25°C to 50°C for 0.2 to 5 hours while being stirred.
Thereafter, a reactant is diluted by adding deionized water to
obtain a suspension, and tﬁe suspension is reacted at a
temperature of 80°C to 100°C for 5 to 50 minutes. Finally,
hydroéen peroxide and deionized water are added, and the
resulting mixture is reacted for 1 to 30 minutes to obtain a
graphene oxide dispersion. The obtained graphene oxide
dispersion is filtered and washed to obtain a'graphene oxide
diépersion.
[0048]

<Aratiobetweenreéctants,forexample,blackleadpowder,
concentrated sulfuric acid, sodium nitrate, potassium
permanganate and hydrogen peroxide, is 10 g : 150 to 300 ml :
2 to 8 g :10 to 40 g : 40 to 80 g. When concentrated sulfuric
acid, sodium nitrate and potassium permanganate are added, the
temperature is controlled by means of an ice bath. When
hydrogen peroxide and deionized water are added, the mass of
deionized water is 10 to 20 times the mass of hydrogen peroxide.
[0049]

Since the oxidation degree of the gréphene oxide has the

effect on the ratio of functionalization of the graphene
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obtained by being reduced, the graphene oxide preferably has
an appropriate oxidation degree. Specifically, it is
preferred that an elemental ratio of oxygen atoms in the
graphene oxide to carbon atoms be not less than Oi3 and not more
than 1.0. The ratio of oxygen atoms to carbon atoms in the
graphene oxide can be measured by an X-ray photoelectron
spectroscopy.

[0050]

The oxidation degree of the graphene oxide can be adjusted
by varying an amount of an oxidant to be used.for the oxidation
reaction of graphite. Specifically{ the larger the amounts of
sodium nitrate and potassium permanganate to be used in the
oxidation.ieaction are with respectkto the amount of graphite,
the higher the oxidation degree of the graphene oxide becomes,
and the smaller the amounts of sodium nitrate and potassium
permanganate are, the lower the oxidation degree of the graphene
oxide becomes. A weight ratio of sodium nitraté fLo graphite
is not}particularly’limited; however, it is preferabl&zpot less
than 0.2 and not more than 0.8. A weight ratio of potassium
permanganate to graphite is not particularly limited; however,
it is preferably not less than 1 and nbt more than 4.

[0051]
[Preparation of Precursor Particle]
A techniqué of forming the gfaphene oxide/positive

electrode active material particles composite i1s not
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particularly limited, and i1t is possible to form a composite
by pulverizing/mixing the graphene.oxide and the positive
.electrode active material particles by using a publicly known
mixer/kneader. Specific examples thereof include a method of
puiverizing/mixing the graphene oxide and the positive
electrode active material particles by utilizing an automatic
mortar, a three roll mill, a bead mill, a planetary ball mill,
a homogenizer, a planetary mixer, a biaxial kneader or the like.
Among these, a planetary ball mill is suitable for mixing two
different powders.

[0052]

A shape of‘the composite particle is preferably formed
into a sphere in order to maintain high coating density, and
when a particle size is less than 1 pm, it is preferred to
increase a particle size by granulation. Further, the particle
size can be uniformized by classification. TIn this way, it is
possible to obtain precursor particles in which the graphene
oxide forms a composite with the positive electrode active
material particles.

[0053]

| As a method of granulation, in addition to spray drying,
apparatuses such as Hybridizer (manufactured by Nara Machinery
Co., Ltd.), Nobilta (registered trademark) (manufactured by
HOSOKAWA MICRON CORPORATION) and Vertical Granulator

{manufactured by Powrex Corporation}), which respectively
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perform granulation in a powder state, can be used.

[0054]

X As amethod of classification, an airflow-classification
machine, a sieve and the like can be used. Examples thereof
include Spin Air Sieve (manufactured by Seishin Enterprise Co.,
Ltd.), Higch-precision Air Dispersion Separator MDS-2
(manufacturadbyNipponPneumatichg.Co.,Ltd.),andthelike.
[0055]

[Reduction of Precursor Particle]

The composite particles of the present invention can be
produced by reducing the precursor particles obtained by
forming the graphene oxide/positive electrode active material
particle composite. A reduction method at this time includes
a step of heating the precursor particles at a temperature of
+150°C to 250°C in the air to reduce the graphene oxide, a step
of reducing the precursor particles with a reducing agent, or
a step of a combination of these steps.

[0056]

A thermal reduction method is a reduction technique of
the graphene oxide, and in a common thermal reduction method,
thergraphene oxide is reduced at elevated temperatures of 500°C
or higher in an inert gas atmosphere or in a reducing gas
atmosphere. However, when the graphene is reduced in such a

condition, most of functional groups at the graphene surface

are lost,.resulting in a reduction of ionic conductivity. Thus,
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in the thermal reduction, the ratio of functionalization can
be increaéed”by reducing the graphene oxide at a relatively low
Ltemperature in the air. When the thermal reduction method is
employed, it is necessary to perform reduction treatment in a
temperature condition of not less than 150°C and not more than
250°C in the air, and more preferably not less than 150°C and
not more than 200°C.

[0057]

A method of using a reducing agent is another reduction
technigue of the graphené oxide. The reducing agent referred
to herein is limited to a substance which exists in'a liquid
or solid state at ordinary temperature, and it does not include
a reducing gas. The redﬁctionlnethod of using a reducing agent
is suitable for maintaining the ratio of functionalization in
the graphene since the reduction does not proceed so much in
this method as in the thermal reduction method in which an
atmosphere is cont;olled.

[0058]

Examples of the reducing agent include organic reducing
agents and inorganic reducing agents. Examples of the organic
reducing agents include aldehyde-based reducing agents,
hydrazine derivative reducing agents, and alcoholic reducing
agents, and among organic reducing agents, alcoholic reducing
agents are particularly suitable since they can be reduced

relatively mildly. Examples of the alcoholic reducing agents
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include methanol, ethanol, propanol, iscpropyl alcohol,
butanol, benzyl alcohol, phenol, batechol, ethanblamine,
.dopamine, ethylene glycol, propylene glycol, diethylene glycol,
and the like, and benzyl alcohol, catechol and dopamine are
particularly suitable.

[0059]

Examples of the inorganic reducing agent include sodium
dithionite, potassium dithionite, phosphorous acid, sodium
borohydride, hydrazine and the like, and among the inorganic
reducing agents, sodiumdithionite and potassiumdithionite are
suitably used since they can reduce the graphene oxide while
relatively maintaining a functional group.

[0060]

When the layered oxide-based active material is used as
the active material, a technique of reducing the graphene oxide
at temperatures of 150°C to 250°C in the air is suitable since
the layered oxide-based active material is easily modified with
the reducing agent. On the other hand, since the olivine-based
active material is stable and hardly modified with the reducing
agent, a technigue of reducing the olivine-based active
material with the use of the reducing agent is suitable.
[0061]

In the reduction of the graphene oxide, a technique of
thermally reducing it at temperatures of 150°C to 250°C in the

air, as described above, may be combined with a technique of
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reducing it with the reducing agent, and this combination makes
it more easy to control the ratio of functionalization of
.graphene.

" [0062]

[Preparation of Void]

The composite particle in the present invention
preferably has voids in the matrix containing graphene. Such
voids can be suitably prepared by forming a composite of
graphene oxide, positive electrode active material particles
and an additive capable of being removed by heating or
dissolution in preparing a composite and removing the additive
after the formation of the composite.

[0063]

In the present invention, the additive to be used in
preparation of voids is not particulariy limited as long as it
is a substance capable of being removed by heating cor
dissolution; however, the additive preferably has plasticity
and can be mixed well with the graphene oxide. The phrase
“having plasticity” refers to having the property of being
easily deformed in applying physical force and easily
maintaining a deformed shape. Particularly is preferred a
material which has such thermal plasticity that has flowability
at elevated temperatures and does not have the flowability at

ordinary temperatures. The additive easily penetrates inside
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of the graphene oxide and easily prepares voids by having
plasticity.
.[0064]

Further, that the additive can be mixed well with the
graphene oxide means being soluble in a solvent, specifically
water or N-methylpyrrolidone, in which the graphene oxide can
be dissolved, and the additive is preferably dissolved in an
amount of 1 wt% or more in the solvent.

[0065]

Examples of the substance capable of being removed by
heating or dissolution include water-soluble inorganic‘salts,
sulfur, polymer and solutions thereof. As the substance
capable of being removed by heating, a substance capable of
being removed in an inert atmosphere at 400°C or lower is
preferred. Whena so_lution is used for the preparation of voids,
a solvent is not particularly limited; however, a solvent such
as water or N-methylpyrrolidone, in which the graphene oxide
can be dissolved, is preferred. The phrase “the graphene oxide
can be dissolved” means to be dissolved in an amount of 1 wt$
or more. Particularly, a polymer can be suitably used since
many polymers have plasticity, and the polymer easily
penetrates inside of the graphene oxide and easily prepares
voids. Particularly, a polymer having thermal plasticity is
preferred, and specifically, a polymer having a low glass

transition temperature is preferred. The glass transition
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temperature of the polymer used for the additive is preferably
100°C or lower, and more preferably 50°C or lower.
.[0066]

Examples of the water-soluble inorganic salts include
sodium chloride, potassium chloride, sodium nitrate, sodium
sulfate, potassium nitrate, sodium carbonate, sodium hydrogen
carbonate, potassium carbonate, and potassium hydrogen
carbonate.

[0067]

Examples of the polymers include polyethylene,
polypropylene, polyethylene glycol, polypropylene glycol,
polyvinyl alcohol, polyethylene terephthalate, polystyrene,
polymethylmethacrylate, dextran, and copolymers thereof.
Particularly, polyethylene glycol and polyvinyl alcchol are
preferably'used since they are water-soluble, are easily mixed
with the graphene exide, and can be removed only by heating.
[0068]

| The graphene oxide has high compatibility with a polar
solvent and particularly has very high solubility in water and
N-methylpyrrolidone, and therefore if the additive cén be .
dissolved in these solvents, it is suitable since the additive
is easily'mixed well with the graphene oxide.
[0069]
An ameunt of the additive to be added is not particularly

limited; however, the void ratio of the composite particle can

32



CaA 0289%4517 2015-06-09

be controlled by adjusting the amount of the additive to the
graphene oxide. Thus, it is preferred to adjust the amount of
the additive éo that the void ratio is not less than 10% and
not more than 50%.

[0070]

Since the relationship between the amount of the additive
and the void ratio varies depending on the kind of additive,
the preferable amount of the additive is not uniquely set;
however, for example, when a polymer is used, a weight ratio
of the amount of the additive to that of the graphene oxide is
preferably not less than 0.3 and not more than 3. Furthér, the
above-mentioned additives may be mixed fpr use.

[0071}

A technique of mixing the graphene oxide, the positive
electrode active material and the additive is not particularly
limited, and a publicly known mixer/kneader can be used.
Specific examples thereof include a method of utilizing an
automatic mortar, a three roll mill, a bead mill, a planetary
ball mill, a homogenizer, a planetary mixer, a biaxial kneader
or the like. BAmong these, a planetary ball mill is suitable
for mixing two different powders.

[EXAMPLES]
[0072]
(Measurement Example 1)

Measurement of X-ray photoelectron of each sample was
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éarried out by using Quantera SXM (manufactured by Physical
Electronics, Inc. (PHI)). An excited X-ray is monochromatic
Al Ky and Ky lineé (1486.6 eV), and a diameter ofFX—ray was
set to 200 pm, and a photoelectrop.escape angle was set to 45°.
[0073]

The ratio of functionalization is determined by a peék
~shift of a peak based on a carbon atom by narrow scan.
Specifically, the peaks based on a carbon atom are separated
into four component peaks of the peak around 284 eV based on
a C=C bond and a C-H bond, the peak around 286 eV based on a
Cc-0 bond,.the peak around 287.5 eV based on a C=0 bond and the
peak around 288.5 eV based on a COO bond, and the ratio of
functionalization is determined from an area ratio between
areas of these peaks. A ratio of oxygen atoms to carbon atoms
in the graphéne oxide is determined from a peak arearof‘oxygen
atoms and a peak area of carbon atoms respectively measured by
wide scan.

[0074]

(Measurement Example 2)

Raman measurement was carried out by using Ramanor
T-64000 (manufactured by Jobin Yvon GmbH/Atago Bussan Co.,
Ltd.). A beam diameter was 100 pm and érgon ion laser
(wavelength: 514.5 nm) was used as a light source.

[0075]

(Measurement Example 3)
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The electrode plate prepared in the following Examples
was cut out into a piece of 15.9 mm in diameter as a positive
.electrode, a lithium foil cut out into a size of 16.1 mm in
diametefandO.ZImninthicknesswasusedaseanegativeelectrode,
Celgard#2400(manufacturedknfcélgardInc.)<nn:outintoeasize
of 17 mm‘in diameter was used as a separator, and a solvent
composed of ethylene carbonate containing LiPF¢ with a
concentration of 1M and diethylene carbonate in proportions of
7 : 3 was used as an electrolyte to prepare a 2042 type coin
battery, and electrochemical evaluations were carried out.

In charging and discharging measurement, when the active
material is LiMnPQ4, an upper limit voltage was set to 4.4 V
and a lower limit voltage was set to 2.7 V,

when the active material is LiFePO4, an upper limit
voltage was set to 4.0 V and a lower limit voltage was set to
2.5V,

when the activematerial is LiMn,0,4, an upper limit voltage
was set to 4.3 V and a lower limit voltage was set to 2.7 V,

when the active material is LiNilmMnlmColg02,4an upper
limit voltage was set to 4.2 V and a lower limit voltage was
set to 3.0 V, and the battery was discharged at a rate of 1C
three times and subsequently discharged at a rate of 10C three
times, and the capacity at the time of third discharge in each
rate was taken as a discharge capacity.

In the case where the active material is a Li-rich active
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material, charge-discharge, in which a constant current charge
of the battery is performed at a current rate of 0.1C up to an
upper limit voltage of 4.5 V/and then discharge was performed
to 2.0, was repeated twice, and subsequently charging and
discharging were performed to an upper limit voltage of 4.6V
and a lower limit voltage of 2.0 V, respectively, twice,

charging and discharging were performed to an upper limit
voltageof 4.7V anda lower limit voltage of 2.0V, respectively,
twice, charging and discharging were performed to an upper 1imit
voltageof4.8\/amdalowerlimitvolﬁageon.OV,respectively,
three times, and the capacity at the time of third discharge
was taken as a discharge capacity.

(Measurement Example 4)

A composite particle was kneaded together with an epoxy
resin and the resulﬁinglnixture was applied,onto a PET film and
cured to embed the composite particle in the resin. This film
was subjected in whole to milling by an ion milling sYstem
(manufacturedby}ﬁtachiLtd.,IM4OOO)toexposecrosssectionsA
of the resin and the composite particle. The cross section of
the composite particle was observed at a magnification of 10000
times using an electron scanning microscope (manufactured by
Hitachi Ltd., S-5500), and a void area per cross—sectional area
of the particle was determined by image processing to define
it as a void ratio;

[0076]
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(Measurement Example 5)

A composite was heated with a high-frequency using a
.carbon-sulfur analyzer EMIA—920V2x(manufactured by HORIBA,
Ltd.),andgeneratedcarbondioxidewasquantifiaitodetermine
a ratio of conductive carbon in the composite particles.
[0077]

(Synthesis Example 1-1)

Preparation method of graphene oxide: A natural graphite
powder (produced by Shanghai Yifan Graphite Co., Ltd.) whose
particlesizecorrespondsto2000meshwasusedasearawnaterial.
To iO g of the natural graphite powder in an ice bath were added
220nﬂ_ofa,98%concentratedsulfuricacid,5g;ofsodiumnitrate
and 30 g of potassium.permanganaté, and the resulting mixture
was mechanically stirred for 1 hour, and a temperature of a mixed
liquid was méintained at 20°C or lower. The mixed liquid was
taken out from the ice bath, and stirred for 4 hours in a water
bath at 35°C to be reacted, and thereafter a suspension obtained
by adding 500 ml of ion-exchange water was further reacted at
90°C for 15 minutes. Finally, 600 ml of ion-exchange water and
50 ml of hydrogen peroxide were added, and the resulting mixture
was reacted for 5 minutes to obtain a graphene oxide dispersion.
The dispersion was filtered, metal ioné were washed with a
dilute hydrochloric acid solution, and an acid was washed
repeatedly with ion-exchange water until a pH of water becomes

7 to prepare a graphene oxide gel. The graphene oxide gel was
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lyophilized to obtain a graphene oxide powder. The elemental
ratio of an oxygen atom to a carbon atom of the obtained graphene
ooxide powder was measured according to Measurement Example 1,
and consequently the elemental ratio was 0.53.

[0078]

(Synthesis Example 1-2)

A graphene oxide gel was prepared in the same manner as
in Synthesis Examplé 1 exéept for changing ratios of the amounts
of sodium nitrate and potassium permanganate to the amount of
graphite to 70% of those in Synthesis Example 1. The graphene
oxide gel was lyophilized to obtain a graphene oxide powder.
The elemental ratio of an oxygen atom to a carbon atom.éf the
obtained graphene oxide powder was measured according to
Measurement Example 1, and consequently the elemental ratio was
0.45.

(Synthesis Example 1-3)

Preparation method of graphene oxide: 1 g of a natural
graphitepowder(producajbyShanghaiYifanGraphiteCo.,Lth
whose particle size corresponds to 2000 mesh and 20 g of sodium
chloride were mixed for 10 to 15 minutes with a mortar, and then
the resulting mixture was washed with Water and dried. The
dried graphite powder and 23 ml of a concentrated sulfuric acid
were mixed at room temperature for 24 hours in a flask.
Thereafter, the resulting mixture was heated at 40°C while being

stirred and 100 mg of sodium nitrate was added. Then,
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continuing stirring, 500 mg of potassium permanganate was added
little by little while‘maintaining a temperature of'the
‘resultingndxtureat45”30rlowersx>astoavoid£hermalrunaway
and the resulting mixture was held for 30 minutes. After 3 ml
of water was added and the resulting mixture was left for 5
minutes, the same operation was repeated, and then 40 ml of water
was added and the resulting mixture was left for 15 minutes.
Finally, 140 ml of ion—exéhaﬁge water and 10 ml of hydrogen
peroxide were added, and the resulting‘mixture was reacted for
5minutestoobtahqagrapheneoxidedispersion. The dispersion
was filtered, metal ions were washed with a dilute hydrochloric
acid solution, and an acid was washed repeatedly with
ion-exchange water until a pH of water becomes 7 to prepare a
graphene oxide gel. The elemental ratio of an oxygen atom to
a carbon atom of the obtained graphene oxide powder was measured
according to Measurement Example 1, and consequently the
elemental ratio was 0.18.

(Synthesis Example 1-4)

A graphene oxide gel was prepared in the same manner as
in Synthesis Example 1 except for changing ratios of the amounts
of sodium nitrate and potassium permanganate to the amount of
graphite to 55% of those in Synthesis Example 1. The graphene
oxide gel was 1yophilized to obtain a graphene oxide powder.
The elemental ratio of an oxygen atom to a carbon atom of the

obtained graphene oxide powder was measured according to
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Measurement Example 1, andconsequentlytheelementalratiowas
0.41.

(Synthesis Example 1-5)

A graphene oxide gel was prepared in the same manner as
inSynthesisExampleJ.exceptforchangingratiosoftheaﬂmunts
of sodium nitrate and potassium permanganate to the amount of
graphite to 200% of those in Synthesis Example 1. The graphene
oxide gel was lyophilized to obtain a graphene oxide powder.
The elemental ratio of an oxygen atom to a carbon atom of the
obtained graphene oxide powder was measured according to
Measurement Example 1, and consequently the elemental ratio was
0.64.

(Synthesis Example 2)

Lithium.phdsphate and manganous sulfate were dissolved
in pure water so as to be 3 : 1 : 1-in the molar ratio of Li ,
Mn and P to prepare 200 ml of a precursor agqueous solution. The
aqueous solution was subjected to a hydrothermal treatment at

180°C for 24 hours in a pressure vessel and then washed with

water to obtain LiMnPO, particles.
[0079]

(Synthesis Example 3)

Such an aquéous solution that the molar ratio of litﬁium
chloride, iron(II) chloride and phosphoric acid was 1 : 1 : 1
and the aqueous solution concentration was 0.1 mol/kg was

prepared. The aqueous solution was spray-dried by using
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nitrogen as a carrier gas and dried at 700°C under an inert

atmosphere to obtain LiFePO,; particles.
.[0080]

<Positive Electrode Active Material/Graphene Composite
Particle Using Olivine-Based Active Material>

(Example 1-1)

ZXgrapheneoxidepowderpreparedleSynthesisExamplel—l
(0.06 g), LiMnPO,; particles prepared in Synthesis Example 2 (1
g), water (0.1 g) and seven zirconia balls (diameter 1 cm) were
put‘in a1l2ml zirconia container and mixed at a rotational speed
of 300 rpm for 6 hours by means of a planetary type ball mill
(type P-5 manufactured by Fritsch Gmbh) to obtain precursor
particles. The precursor particles were heated in the air at
200°C for 6 hours by using an oven to reduce the graphene oxide,
and thereby, conductive carbon-LiMnPO; composite particles
were obtained. The ratio of functionalization of the
conductive carbon in the composite particle was measured
according to Measurement Example 1, and consequently it was 0.58.
The composite particles were measured according to Measurement
Examble 2, and consequently a G band peak derived from carbon
was 1604 cm™? and a peak half bandwidth was 75 cm™'. The carbon
ratio in the composite was measured accordiné to Measurement
Example 5, and consequently it was 0.03.
[0081]

An electrode was prepared in the followingway. Amixture

41



CaA 0289%4517 2015-06-09

of the prepared conductive carbon-LiMnPO, composite particles
(700 mg), acetylene black (40 mg) as a conductive additive,
.polyvinylidene fluoride (60 mg) as a binder and
N-methylpyrrolidone (800 mg) as a soivent was miéed with a
planetary mixer to obtain an electrode paste. The electrode
paste was applied onto an aluminum foil (thickness: 18 pm) by
using a doctor blade (300 pum) and dried at 80°C for 30 minutes
toobtain anelectrodeplate. Adischarge capacity was measured
according to Measurement Example 3, and consequently it was 149
mAh/g at a rate of 0.1C and 124 mAh/g at a rate of 3C.
[0082] |

(Example 1-2)

- Conductive carbon-LiFePQ; composite particles were
obtainaiinthesamemannerasinEXamplel—lexceptforchanging
the active material to the LiFePO, particles prepared in
Synthesis Example 3. The ratio of functionalization of the
- composite particle, the peak position and peak half bandwidth
éf a G band based on the conductive carbén, the carbon ratio
in the composite, and the discharge capacity of the electrode
' formed from the composite particles were evaluated as with
Example 1-1. The results of evaluations are shown in Table 1.
tOO83]

(Example 1-3)
A graphene oxide powder prepared in Synthesis Example 1-1

(0.06 g), LiMn,0, particles (1 g) commercially availabie from
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Hohsen Corporation, water (0.1 g) and seven zirconia balls
(diameter 1 cm) were put in a 12 ml zirconia container and mixed
.at a rotational speed of 300 rpm for 6 hours by means of a
planetarytypéballmill(typeP—5n@nufacturedbyEritscthbh)
to obtain precursor particles. The precursor particles were
heated in the air at 200°C for 6 hours by using an oven to reduce
the graphene oxide, and thereby, conductive carbon-LiMn;0Oq4
composite particles were obtained. The ratio of
functionalization.of the composite_particle, the peak position
andpeakhalfbandwidthofaleandbasedonthéconductivecarbon,
the carbon ratio in the composite, and the discharge capacity
of the electrode formed from the composite particles were
evaluated as with Example 1-1. The results bf evaluations are
shown in Table 1.

(008471

(Example 1-4)

Precursor particles were obtained in the same manner as
in Example 1-1. The precursor particles (1 g) and benzyl
alcohol (100 g) were heated at 100°C for 24 hours while being
stirred in a flask to reduce the graphene oxide, and thereby,
conductive carbon-LiMnPQ, composite particles were obtained.
The ratio of functionalization of the composite particle, the
peak position and peak half bandwidth of a G band based on the
conductive carbon, the carbon rétio in the composite, and the

discharge capacity of the electrode formed from the composite
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particles were evaluated as with Example 1-1. The results of
evaluations are shown in Table 1.
-[0085]

(Example 1-5)

Precursor particles were obtained in the same manner as
in Example 1-1. The precursor particles (1 g) were dispersed
inwater (100 g) in a flask and heated at 40°C while being stirred.
To the precursor particles, sodium dithionite (1 g) was added
and the resultiﬁg mixture was stirred for 1 hour while being
maintained at 40°C to reduce the graphene oxide, and thereby,
conductive carbqn—LiMnPO4 composite particles were obtained.
The ratio of functionalization of the composite particle, the
peak position and,peak hélf bandwidth of a G band based on the
conductive carbon, the carbon ratio in the composite, and the
discharge capacity of the electrode formed from the composite
particles were evaluated as with Example 1-1. The results of
evaluations are shown in Table 1.

[0086]

Further, the void ratio of the conductive carbon matrix
© was measured according to Megsurement Example 4, and
consequently it was 3%.

[0087]
(Example 1-6)
Agrapheneoxidepowderprepar@dipSynthesisExample1—1

(0.06 g),‘LiMnPO4particles prepared in Synthesis Example 2 (1
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g), water (1 g) and seven zirconia balls (diameter 1 cm) were
put ina 12 ml zirconia container andmixed at a rotational speed
«0of 300 rpm for 6 houré by means of a planetary type ball mill
(type P-5 manufactured by Fritsch Gmbh) to obtain precursor
particles. The precursorbparticles were heated in the air at
200°C for 6 hours by using an oven to reduce the graphene oxide,
and thereby, conductive carbon-LiMnPO, composite particles
were obtained. The ratio of functionalization of the composite
particle, the peak position and peak half bandwidth of a G band
based on the conductive carbon, the carbon ratio in the
composite, and the discharge capacity of the electrode formed
frmnthecompositeparticleswereevaluataiaswithEXamplel—l.
The results of evaluations are shown in Table 1.

(00881

(Example 1-7)
A graphene oxide powder prepared in Synthesis Example 1

(0.06 g), LiMnPO, particles prepared in Synthesis Example 2 (1
g) and seven zirconia balls (diameter 1 cm) were put in a 12
ml zirconia container and mixed at a rotational speed of 300
rpm‘for 6 hours by means of a planetary type ball mill (type
P-5 manufactured by Fritsch Gmbh) to obtain precursor particles.
The precursor particles were heated in the air at 200°C for 6
hours by using an oven to reduce the graphene oxide, and thereby,
conductive carbon-LiMnPO, composite particles were obtained.

The ratio of functionalization of the composite particle, the
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peak position and peak half bandwidth of a G band based on the
conductive carbon, the carbon ratio in the composite, and the
discharge capacity of the electrode formed from the composite
particles were evaluated as with Example 1-1. The results of
evaluations are shown in Table 1.
[0089]

{(Example 1-8)

A graphene oxide powder prepared in Synthesis Example 1-2
(0.06 g); LiMnPO, particles prepared in Synthesis Example 2 (1
g), water (0.1 g) and seven zirconia balls (diameter 1 cm) were
put in a 12 ml zirconia container and mixed at a rotational speed
of 300 rpm for 6 hours by means of a planetary type ball mill
(type P-5 manufactured by Fritsch Gmbh) to obtain precursor
particles. The precursor particles were heated in the air at
200°C for 6 hours by using an oven to reduce the graphene oxide,
and thereby, conductive’carbon—LiMnPO4 composite particles
were obtained. The ratio of functionalization of the composite
particle, the peak position and peak half bandwidth of a G band
based on the conductive carbon, and the discharge capacity of
the electrode formed from the composite particles were
evaluated as with Example 1-1. The results of evaluations are
shown in Table 1.
[0090]

(Example 1-9)

Precursor particles were obtained in the same manner as
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in Example 1-1 except for changing the graphene oxide to that
prepared in Synthesis Example 1-4. The precursor particles
‘were heated in the air at 200°C for 6 hours by using an oven
to reduce the graphene oxide, and thereby, conductive
carbon-LiMnP0O, composite particles were obtained. The ratio
of functionalization of the composite particle, the peak
position and peak half bandwidth of a G band based on the
‘conductive carbon, and the discharge capacity of the electrode
formed from the composite particles were evaluated as with
Example 1-1. The resuits of evaluations are shown in Table I.
[0091]

(Example 1-10)

Precursor particles were obtained in the same manner as
in Example 1-1 except for changing the graphene oxide to that
prepared in Synthesis Exaﬁple 1-4. The precursor particles
were heated in the air at 160°C for 6 hours by using an oven
to reduce the graphene oxide, and thereby, conductive
carbon-LiMnPO, composite particles were obtained. The ratio
of functionalization of the composite particle, the peak
position and peak half bandwidth of a G band based on the
conductive carbon, and the discharge capacity of the electrode
formed ffom the composite particles were evaluated as with
Example 1-1. The results of evaluations are shown in Table 1.
[0092]

(Example 1-11)
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A composite precursor was obtained in the same manner as
in Example 1-1 except for changing the graphene oxide to that
prepared in Synthesis Example 1-4 .V The composite precursor (1
g) was dispersed in water (100 g) in a flask and heated at 40°C
while being stirred. To the composite precuréor, sodium
dithionite (1 g) was added and the resulting mixture was stirred
for 1 hour while being maintained at 40°C to reduce the graphene
oxide, ‘and thereby, conductive carbon-LiMnPOy composite
particles were obtained. The ratioof functionalization of the
composite particle, the peak position and peak half bandwidth
of a G band based on the conductive carbon, the carbon ratio
in the composite, and the disCharge capacity of the electrode
formed from the composite particles were evaluated as with
Example 1-1. The results of evaluations are shown in Table 1.
[0093]

(Example 1-12)

A 20% aqueous solution (gel) of graphene oxide (0.5 g),
which was formed by dissolving a graphene oxide powder prepared
in Synthesis Example 1-1 in water, LiMnPOg particles prepared
in Synthesis Example 2 (1 g), a 20% aqueous solution of
polyethylene glycol (molecular weight 100000) (0.5 g), water
(0.2 g) (as a whole, LiMnPO; : graphene oxide : polyethylene
glycol : wafer =1qg:0.1g:0.1g:1g) and seven zirconia
bélls (diameter 1 cm) were put in a 12 ml zirconia container

and mixed at a rotational speed of 300 rpm for 6 hours by means
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of a planetary type ball mill (type P-5 manufactured by Fritsch
Gmbh) to obtain a composite precursor.
-[0094]

The composite precursor (1 g) was dispersed in water (100
g) in a flask and heated at 40°C while being stirred. To fhe
composite precursor, sodium dithionite (1 g) was added and the
resulting mixture was stirred for 1 hour while being maintained
at 40°C to reduce the graphene oxide, and thereby, conductive
carbon—LiMnPO4.composite particles were obtained.

[0095]

Furthermore, the conductive carbon-LiMnPO, composite
particles were heated in nitrogen at 400°C for 6 hours by using
an oven to remove polyethylene glycol of an additive, and
thereby, conductive carbon-LiMnPO, composite particles with
voids were obtained.

[0096]

The ratio of functionalization of the conductive carbon
in the composite particle was measured according to Measurement
Example 1, and consequently it was 0.25. A secondary particle
diameter of the composite .was 12 um. The void ratio in the
composite particle was measured according to Measurement
Example 4, and conséquently it was 32%. A cross-section of the
composite particle was observed with a transmission electron
microscope, and'consequently'it was found that graphene having

a thickness of 3.0 nm or less was contained in the composite
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particle. Raman spectrometry -of the composite particle was
performed according to Measurement Example 2. The measured
'resultskof the G band peak and the peak half bandwidth are shown
in Table 1. The ratio of a conductive carbon in the composite
particle Qas meésured.according to Measurement Example 5. The
ratio of carbon in the composite particle is shown in Table 1.
[0097]

An electrode was prepared in the following way. Amixture
of the prepared conductive carbon-LiMnPO, composite particles
(700 mg), acetylene black (40 mg) as a conductive additive,
polyvinylidene fluoride (60 mg) as a binder and
N—methylpyrrolidone (800 mg) as a solvent was mixed with a
planetary mixer to obtain an electrode paste. The electrode
paste was applied onto an aluminum foil (thickness: 18 pm) by

‘using a doctor blade (300 um) and dried at 80°C for 30 minutes
to obtain an electrode plate. A discharge capacity of the
elect?ode formed was measured according to Measurement Example
3, and consequently it was 152 mAh/g at a rate of 0.1C and 125
mAh/g at a rate of 3C. The results of evaluations are shown
in Table 1.

[0098]

(Example 1-13)

A 20% aqueous solution (gel) of graphene oxide (0.5 g),
which was formed by dissolving a graphene oxide powder prepared

in Synthesis Example 1-1 in water, LiMnPO; particles prepared
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in Synthesis Example 2 (1 g), a 10% aqueous solution of sodium
hydrogen carbonate (0.5 g}, water (0.15 g) and seven zirconia
‘balls (diametér 1 ¢cm) were put in a 12 ml zirconia container
and mixed at a rotational speed of 300 rpm for 6 hours by means
of a planetary type ball mill (type P-5 manufactured by Fritsch
Gmbh) to obtain a composite precursor.

[0099]

The composite precursor {1 g) was dispersed in water (100
g) in a flask and heated at 40°C while being stirred. To the
composite precursor, sodium dithionite (1 g) was added and the
resulting mixture was stirred for 1 hour while being maintained
at 40°C to reduce the graphene oxide, and thereby, conductive
carbon-LiMnPO, composite particles were obtained.

[0100]

Moreover, the sodiunlhydrogeh carbonate was removed from
the composite particles by water washing to obtain conductive
carbon-LiMnPO, composite particles with voids.

[0101]

In the same manner as in Example 1-12, measurement of the
void ratio of the matrix of the composite particle, Raman
spectrometry, measurement of a conductive carbon ratio, and
measurement of the discharge capacity of the eiectrode formed
were performed and evaluated in the same manner as in Example
1-1. The results of evaluations are shown in Table 1.

(Example 1-14)
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A 20% agqueous éolution (gel) of graphene oxide (0.5 g),
which was formed by dissolving a graphene oxide powder prepared
‘in Synthesis Example 1-1 in water, LiMnPO4 particles prepared
in Synthesis Example 2 (1 g), a 25% aqueous solution of
polyethylene glycol (molecular Weight 100000): (2 g) and seven
zirconia balls (diameter 1 cm) were put in a 12 ml zirconia
container and mixed at a rotational speed of 300 rpm for 6 hours
by means of a planefary type ball mill (type P-5 ﬁanufactured
by Fritsch Gmbh) to obtain a composite precursor.

[0102]

The composite precursor (1 g) was dispersed in water (100
g) in a flask and heated at 40°C while being stirred. To the
composite precursor, sodium dithionite (1 g) was added and the
resulting mixture was stirred for 1 hour while being maintained
at 40fC to reduce the graphene oxide, and thereby, conductive
carbon-LiMnPOs composite particles were obtained.

[0103]

Fufthermore, the conduétive carbon-LiMnP0O; composite
particles were heated in nitrogen at 400°C'for 6 hours by using
an oven to remove polyethylene glycol of an additive, and
thereby, conductive carbon—LiMn904 composite particles with
voids were obtained.

[0104]

In the same manner as in Example 1-12, measurement of the

void ratio of the matrix of the composite particle, Raman
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spectrometry, measurement of a conductive carbon ratio, and
measurement of the discharge capacity of the electrode formed
‘were performed and evaluated in the same manner as in Example
i—l. The results of evaluations are shown in Table 1.
[0105]

(Comparative Example 1-1)

A composite precursor was obtained iﬁ the same manner as
in Exémple 1-1.

[0106]

The composite precursor was heated in an argon atmosphere
at 600°C for 6 hours by using an oven to reduce the graphene
oxide, and thereby, conductive carbon-LiMnPO,; composite
particleswereobtainedd The ratio of functionalization of the
composite particle, the peak position and peak half bandwidth
of a G band based oﬁ the conductive carbon, the carbon ratio
in the composite, and the discharge capacity of the electrode
formed from the composite particles were evaluated as with
Example 1-1. The results of evaluations are shown in Table 1.
[0107]

(Comparative Example 1-2)

A composite precursor was obtained in the same manner as
in Example 1-1.

[0108]

The composite precursor was heated in a hydrogen

atmosphere at 600°C for 6 hours by using an oven to reduce the
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graphene oxide, and thereby, conductive carbon-LiMnPO,
composite particles were obtained. The ratio of
‘functionalization of the composite particle, the peak position
andpeakhalfbandwidthof51Gbéndbasedontheconductivecarbon,
the carbon ratio in the composite, and the discharge capacity
of the electrode formed from the composite particles were
evaluated as with Example 1-1. The results of evaluations are
shown 1in Tablé 1.

[0109]

(Comparative Example 1-3)

A sucrose (0.3 g), LiMnPOy particles prepared in Synthesis
Example 2 (1 g), water (1 g) and seven zirconia balls (diameter
1 cm) were put in a 12 ml zirconia container and mixed at a
rotational speed of 300 rpm for 6 hours by means of a planetary
type ballmill (type P-5manufactured by Fritsch Gmbh) to obtain
a composite precursor.

[0110]

The composite precursor was heated in a hydrogen
atmosphere at 600°C for 6 hours by using an oven to reduce the
graphene oxide, and thereby, conductive carbon?LiMnPO4
composite particles were obtained. The ratio of
functionalization of the composite particle, the peak position
and peak half bandwidth of a G band based on the conductive carbon,
the carbon ratic in the composite, and the discharge capacity

of the electrcde formed from the composite particles were
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evaluated as with Example 1-1. The results of evaluations are
shown in Table 1.
[01117

(Comparative Example 1-4)

A graphene oxide powder prepared in Synthesis Example 1-3
(0.06 g), LiMnPQC4 particles prepared.in Synthesis Example 2 (1
g), water (0.1 g) and_sevén zirconia balls (diameter 1 cm) were
put ina 12 ml zirconia container and mixed at a rotational speed
of 300 rpm for 6 hours by means of a planetary type ball mill
(type P-5 manufactured by Fritsch Gmbh) to obtain a composite
precursor.

[0112]

The composite precursor was heated in an argon atmosphere
at 600°C for 6 hours by using an oven to reduce the graphene
oxide, and thereby, conductive carbon-LiMnPO, composite
particleswereobtained. The ratio of functionalization of the
composite particle, the peak position and peak half bandwidth
of a G band based on the conductive carbon, the carbon ratio
in the composite, and the discharge capacity of the electrode
formed from the composite particles were evaluated as with
Example 1-1. The results of evaluations are shown in Table 1.
[0113]

(Comparative Example 1-5)

A composite precursor was obtained in the same manner as

in Example 1-1.
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[0114]

The composite precursor was heated in the air at 120°C
- 'for 6 hours by using an oven to reduce the gfaphene oxide, and
thereby, cbnductive carbon-LiMnPQO,; composite particles were
obtained. The ratio of functionalization of the composite
particle, the peak position and peak half bandwidth of a G band
based on the conductive carbon, the carbon ratic in the
composite, and the discharge capacity of the electrode formed
from the composite particles were evaluated as with Example 1-1.

The results of evaluations are shown in Table 1.
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[0116]

<Positive Electrode Active Material/Graphene Composite
‘Using Layered Oxide-Based Active Material Particle>

(Example 2-1)

Layered oxide-based active material
(lithium—nickel—manganese—cobaltcompositeoxide(NMC)active
material) particles (1 g), a graphene oxide synthesized
according to Synthesis Example 1-2 (0.04 g), ethanol (0.05 g)
and seven zirconia balls (diameter 1 cm) were put in a 12 ml
zirconia container.and mixed at a rotational speed of 100 rpm
for 6 hours by means of a planetary type ball mill (type P-5
manufactured by Fritsch Gmbh) to obtain a composite particle
precursor.

(01171

The composite particle precursor was heated in the air
at 200°C for 6 hours by using an oven to reduce the graphene
oxide, and thereby, NMC active material particle-graphene
composite particles werekobtained. The morphology of fhe
resulting composite particles was observed at a magnification
of 3000 to 400000 times as it is, and consequently it was found
that the aggregate of the graphene was not found between the
particles and the active material was uniformly covered with
the graphene.

[0118]

The ratio of functionalization of graphene in the
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composite particle, and the mass ratio of carbon in the
composite particle were measured according to Measurement
‘Example 1 and Measurement Example 2 to obtain the results shown
in Table 2. Further, Table 2 shows the results at the time when
using the resulting composite particles, its discharge capacity
was measured according to Measurement Example 3.

(Example 2-2)

Compositeparticlesweresyntheéiiedandevaluatedinthe
same manner as in Example 2-1 except for synthesizing the
grapheneoxideaccordingixaSynthesisExample1f1. The results
of evaluations are shown in Table 2. It was found from
observation of the morphology of the resulting composite
particles that the active material was uniformly covered with
the graphene.
[0119]

(ﬁxample 2-3)

NMC active material particles (1 g) and the graphene oxide
(0.04 g) synthesized according to Synthesis Example 1-2 were
dispersed in ethanol as a dispersion medium, mixed by a wet-jet
mill (Star Burst (registered trademark) Mini manufactured by
SuginoMachineLtd.),andzecoveredwi£haaspraydryertoobtain
a composite precursor. The composite precursor was heated in
the air at 200°C for 6 hours by using an oven to reduce the
graphene oxide, and thereby, NMC active material

particle-graphene composite particles were obtained. The
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ratio of functionalization of graphéne in the composite
particle, and the mass ratio of carbon contained in the
‘composite particle were measured according to Measurement
Example 1 and Measurement Example 2 to obtain the results shown
in Table 2. Further, Table 2 shows the results at the time when
using the resulting composite, its discharge capacity was
measured according to Measurement Example 3. The morphology
of the resulting composite particles was observed at a
magnification of 3000 to 400000 times as it is, and consequently
it was found that the active material was covered in the form
of a filmwith the graphene and the active material was uniformly
covered with the graphene.

[0120]

(Examﬁle 2-4)

In order to produce NCA active material particles in the
form of a composition ratio of LiNig 3Cog.15A10.0502, nitrate salts
of Ni, Co and Al were dissolved to form a uniform solution in
conformity to a stoichiometric proportion (Ni : Co : A1 =0.8 :
0.15 : 0.05), and a pH of the solution was adjusted to 9.0 by
ammonia water to'coprecipitate a solid content, and the solid
content was washed and dried at 150°C for 6 hours. Thereafter,
Li,CO3 was mixed in conformity to the molar ratio of
LiNigp gCog.15R10.0502, and the resultingmixture was pulverized and
heated at 750°C for 12 hours to synthesize LiNiy gCoq.1581¢.0502.

[0121]
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A composite was synthesized and evaluated in the same
manner as in Example 2-1 except for changing the 'active material
“to the resulting NCA active material particle. The results of
evaluationsareshbwninTﬁbleZ. It was found from observation
of the morphology of the resulting composite particles that the
active material was uniformly covered with the graphene.
[0122]

(Example 2-5)

A composite was synthesizéd and evaluated in the same
manner as in Example 2-1 except for changing the active material
to an LCO active material and changing the thermal reduction
temperature to 150°C. The results of evaluations are shown in
Table 2. It was found from observation of the morphology of
the resulting composite particles thaf the active material was
uniformly covered with the graphene.

[0123]

(Example 2-~0)

In order to produce a Li~rich active material in the form
of a composition ratio of 0.5Li,Mn05;-0.5L1 (Nii,3C01,3Mn;,3) 05,
acetate salts of Ni, Mn, Co and Li were weighed in the molar
ratib in terms of the composition ratio, and together with an
equiﬁolar amount of citric acid, these acetate salts were
dissolved in pure water to preparé a citric acid complex
solution, and the solution was dried by spray drying to obtain

a precursor. Then, the obtained precursor was temporarily
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heated at 400°C, pulverized and pelletized, and the pelletized
precursor was formally heated at 900°C in the éir to obtain a
‘Li-rich active material. A composite was synthesized and
evaluated in the same manner as in Example 2-1 except for
changing'the active material to the resulting Li-rich active
material particle. The results of evaluations are shown in
Table 2. It was found from observation of the morphology of
the resulting composite particles that the active material was
uniformly covered with the graphene.

[0124]

(Comparative Examples 2-1 to 2-4)

A composite of each of the active materials used in
Examples 2-1 and 2-4 to 2-6/graphene was not formed, and
dischargé capacity Qf the active material was measured
according to Measurement Example 3. The results of evaluations
are shown in Table 2. It became apparent froma comparison with
the case where the active material/graphene composite was

forméd that the discharge capacity at a high rate was small.
[0125]

(Comparative Example 2-5)

The NMC active material particles (1 g), acetylene black
(0.02 g), polyvinylidene fluoride (0.01 g) and seven zirconia
balls (diameter 1 cm) were put in a 12 ml zirconia container

and mixed at a rotational speed of 100 rpm for 6 hours by means

of a planetary type ball mill (type P-5 manufactured by Fritsch
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Gmbh) . It was found from observation of the morpﬁology of the’
resultiﬁg active material that the active material was only
‘partially covered with the acetylene black.

The ratio of functionalization of carbon and the ratio of carbon
in the ébtainedlnixture were measured as with Example 2-1. The’
discharge capacity was measured according to Measurement
Example 3. The results of evaluations are shown in Table 2.
[0126]

(Comparative Example. 2-6)

NMC active material particles (1 g), sucrose (2 g) and
pure water (10 g) were kneaded in a mortar and the resulting
mixtufe was vacuum dried in a state of heating at 90°C.
Subsequently, the mixture was heated for 5 hours in a nitrogen
flow at 700°C to coat the NMC active material particles with
carbon. The ratio of functionalization of graphene in the
resulting NMC active material particle coated with carbpn, and
the ratio of carbon contained in the active material particile
were measured according to Measurement Example 1 to obtain the
results shown in Table 2. Further, Table 2 shows the results
at the time when using the resulting active material particles,
its discharge capacity was measured according to Discharge
Capacity Measurement Example 1; however, the discharge capacity
could not be measured since the NMC active material was reduced
in coating the active material particle with carbon.

[0127]
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(Comparative Example 2-7)

Composite particles were synthesized and evaluated in the
“same manner as in Example 2-2 except er changing the thermal
raeduction temperature to 100°C. The result$<xfevaluations are
shown in Table 2. /
[0128]

(Comparative Example 2—8)

Compositeparticlesweresynthesizedandevaluataﬂinthe'
same manner as in Example 1 except for synthesizing the graphene
oxide according to Synthesis Example 1-5. The results of
evaluations are shown in Table 2. It was found from observation
.of the morphology of the resulting composite particles that the

active material was uniformly covered with the graphene.
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CLAIMS:

1. Positive electrode active material/graphene composite
particles formed by composite formation of positive electrode
active material particles and a matrix containing graphene,
wherein the positive electrode active material particle 1is an
olivine-based active material particle or a layered oxide
active material particle, wherein the graphene in the matrix is
functionalized and a ratio of functionalization is not less
than 0.15 and not more than 0.80, the ratio of
functionalization being determined for the composite particles
as a whole, based on measurements by X-ray photoelectron
spectroscopic measurement, from the following equation:

Ratio of functionalization = [ (peak area based on C-0
single bond) + (peak area based on C=0 double bond) + (peak
area based on COO bond) ]/ (peak area based on C-C, C=C and C-H
bonds) .

2. The positive electrode active material/graphene composite
particles according to claim 1, wherein the ratio of

functionalization is not less than 0.30 and not more than 0.80.

3. The positive electrode active material/graphene composite
particles according to claim 1 or 2, wherein the mass ratio of
carbon in the composite particle is not less than 2% and not

more than 20%.

4, The positive electrode active material/graphene composite
particles according to any one of claims 1 to 3, wherein wave
number of a peak of a G band in Raman spectrometry is 1600 cm!

or more and a peak half bandwidth is 90 cm! or less.

66

Date Regue/Date Received 2021-04-16



81788914

5. The positive electrode active material/graphene composite
particles according to any one of claims 1 to 4, wherein the

matrix has voids.

6. The positive electrode active material/graphene composite
particles according to claim 5, wherein a void ratio of the

matrix is not less than 10% and not more than 50%.

7. The positive electrode active material/graphene composite
particles according to any one of claims 1 to 6, wherein the
layered oxide active material particle is a Li-rich active

material particle.

8. A positive electrode material for a lithium ion battery,
which is composed of the positive electrode active
material/graphene composite particles according to any one of

claims 1 to 7.

9. A method for manufacturing positive electrode active
material/graphene composite particles, wherein after a
precursor is prepared by formation of graphene oxide/positive
electrode active material particles composite, the precursor is
heated at a temperature of 150°C to 250°C in the air to reduce
the graphene oxide, and the graphene oxide is converted into a

graphene-containing matrix.

10. The method for manufacturing positive electrode active
material/graphene composite particles according to claim 9,

wherein as the graphene oxide, a graphene oxide, in which an
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elemental ratio of oxygen atoms to carbon atoms be not less

than 0.3 and not more than 1 is used.

11. The method for manufacturing positive electrode active
material/graphene composite particles according to claim 9 or
10,

wherein an additive capable of being removed by heating or
dissolution is further added to the precursor in the steps of
forming a graphene oxide/positive electrode active material
particles composite and wherein the method includes the steps

of removing the additive from the precursor.
12. The method for manufacturing positive electrode active
material/graphene composite particles according to claim 11,

wherein the additive is a thermoplastic polymer and the

additive is removed by heating the precursor.
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