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GRAPHI TE POADER SUI TABLE FOR NEGATI VE ELECTRODE MATERI AL OF

LI TH UM | ON SECONDARY BATTERI ES Techni ca

Field The present- invention relates to a graphite powder having a 5
novel mcrostructure, which is suitable for use as a carbon material for
negative electrodes of |lithiumion secoridary batteries. Mire
specifically, the present invention pertains to a graphite powder

capabl e of produc negati ve_ el ect rodes it hi um i ondar
batteries havi n %ﬁﬁh{ﬁﬁkﬁ%%%%$g%UESﬁ§EFt§8§0N§ﬁ&5§§% ﬁ&ﬁg%gﬁﬂﬁ Y
charge/ di scharge cenirgriyat, ©fFf LOTHEUM AIGN tSECONDARY OBAFEERDESt he
preparation of such a graphite powder. It is al so concerned with a
material for negative el ectrodes of lithium ion secondary batteries and

a lithiumion secondary bat t erhedRAEGH FiR4 i ve el ectrode formed from

such a materime prAdsent invention relates to Bagigphirne powder having a
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and el ectric power stoOrage. Li t hi um secondary batteries have already

been put into practical use as conpact batteries. 35 Initially,
litHi%.m metal in the formof foil Bagkowosad #&rt form a negative el ectrode

by itself in{{dhi i S660R4AFY or storage batteries are a class of
nonaqueous secondary batteries using lithium as an active
material for a negative electrode, an oxide or chalcogenide
(e.g., sulfide or selenide) of a transition metal as an active
20 material for a positive electrode, and a solution of an
) inoréanic or organic lithium salt dissolved in an aprotic

organic solvent as an electrolyte.
Since lithium is a base metal having a very low electric
potential, use of lithium as a negative electrode in a battery
25 provides the battery with the ability to readily obtain a high
potential therefrom. For this reason, lithium secondary
batteries have recently attracted increasing attention as
promising secondary batteries having a high electromotive force
and a high energy density, and they are expected to find
30 applications as distributed batteries or portable batteries in a
wide variety of fields including electronic equipment, electric
equipment, electric vehicles, and electric power storage.
Lithium secondary batteries have already been put into practical

use as compact batteries. .
35 Initially, lithium metal in the form of foil was used to
form a negative electrode by itself in lithium secondary



- 2- batteries. In such cases, the discharging and charging

reactirons proceed with dissolution (ionization) and deposition of
lithium In the reaction of Li[err] - Li during charging cycles,

however, the netallic lithiumtends to deposit as acicular 5 crystals on
the negative el ectrode, and repeated di séhargi ng and chargi ng cycl es
cause the formation of lithiumdendrite (tree- | i ke branching crystals)

on that el ectrode. the Lithiu d k th h
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e'ecikonﬁréﬁgsgﬁ'E%eBS% carbon materials (e.g., naturally-occurring
graphite, artificial graphite, petroleum coke, carbonized
resins, carbon fibers, pyrolyzed carbon, carbon black, and the
like), which are capable of reversibly receiving and releasing
lithium ions, to form a negative electrode of these batteries
20 [see, e.g., Published Unexamined Japanese Patent Application No.
57-208079(1982)]. In such batteries, the material for the
negative electrode may .be comprised substantially entirely of
the carbon material. Such a negative electrode can be
manufactured by attaching the carbon material in powder form to
25 a metal base serving as a current collector, normally with the .
aid of a suitable binder.

The electrode reactions of a lithium secondary battery
having a negative electrode made of a carbon material have not
been elucidated completely but may be considered to be as

30 follows. While the battery is charged, electrons are delivered
to the carbon material of the negative electrode, thereby
causing the carbon material to be negatively charged. The
electrolyte contains lithium ions, which are attracted toward
the negatively charged carbon material of the negative electrode

35 and are received therein by an electrochemical intercalation
reaction. Conversely, during a discharging cycle, the lithium
ions contained in the carbon material are removed
(deintercalated) from the negative electrode to release them



to the carbon material of the negative el ectrode, thereby causi ng the
carboh material to be negatively charged. The el ectrol yte contains
lithiumions, which are attracted toward t he negatively charged carbon
material of the negative electrode 35 and are received therein by an

el ectrochem cal intercalation react+3n. Conversely, during a

di schar gi ng cycle the lithium i ons contained in the carbon materi al
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I nt eigt | Cest?l%t \gi%%rt %?E l% nﬁ\.rly/%t al In the case of a lithium ion
secondary battery having a negative electrode of a carbon
material which receives lithium ions therein, its theoretical
capacity is limited to 372 mAh/g even when the negative
electrode is comprised of a lithium-graphite intercalation

20 compound (C¢Li), which is a graphite (a highly crystalline

carbon material) having lithium ions densely and regularly
incorporated in the interstices between the layer crystal
lattices of graphite.

In practice, however, the carbon material used as-a

25 negative electrode has surface active sites which interfere with
entry of lithium ions and dead regions incapable of receiving
lithium ions. Therefore, even if a highly crystalline graphite
is used to form a negative electrode of a lithium ion secondary
battery, it is extremely difficult to achieve a capacity of 372

30 mAh/g, the theoretical capacity of CsLi.

In addition, when a highly crystalline carbon material or
graphite is used to form a negative electrode, the surface of
the electrode has.a higher reactivity than the inside thereof
since the crystal structure is interrupted on the surface, and a

35 passivated film tends to deposit on the more reactive surface as
a component of the electrolyte is slightly decomposed by the
action of a high charge voltage. The quantity of electricity
consumed for the decomposition is lost wastefully, thereby




| atti ces of graphite. In practice, however, the carbon materia
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For example, Published Unexamined Japanese Patent

Applications Nos. 4-115458(1992), 5-234584(1993), and 5-
307958(1993) disclose the use of a carbonized product of
mesophase microbeads which are formed in the course of

20 carbonization of pitch. The mesophase microbeads are liquid
crystalline spherical particles exhibiting optical anisotropy
and are formed by subjecting pitch to heat treatment for a few
hours or more at about 400 - 550°C. When the heat treatment is
further continued, the microbeads are grown and finally united

25 with each other to form a mass, called a bulk mesophase, which
exhibits optical ahisotropy as a whole. The bulk mesophase may

be used as a material for carbonization. However, the
carbonized products of these materials, when used as a negative
electrode, do not have a sufficiently high discharge capacity.

30 Published Unexamined Japanese Patent Application No. 7-
282812(1995) states that the capacity of a lithium ion secondary
battery having a negative electrode made of graphitized carbon
fibers can be enhanced by increasing the regularity of the
aligned layer structure of graphite crystal lattices in the

35 negative electrode. It is pointed out therein that
pulverization of the carbon fibers introduces undesirable
structural defects which disturb the regularity of the aligned
layer structure of the graphitized carbon fibers. The increased
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di scl oseBhese atwontypesr 0§l phasesc baviey dififenent dndices of thermal
15 expansion and shrinkage, which causes the carbon material to
havé numerous internal structural defects in the form of voids.
It is described in this application that the carbon material
gives a high capacity when used to form a negative electrode of
a lithium ion secondary battery, since absorption of lithium
20 metal by the voids also occurs, in addition to interlayer
absorption of lithium ions due to the above-described
intercalation (formation of CcLi). This carbon material is
disadvantageous from a cost standpoint since its material costs
are high due to the use of a special resin for carbonization.
25 Furthermore, it cannot provide the negative electrode with
' imprd#ed charge/disdharge coulombic efficiencf.

Disclosure of Invention

It is an object of the present invention to fabricate a
lithium ion secondary battery having a high discharge capacity
30 and preferably an improved charge/discharge coulombic
efficiency, using a carbon material which can be produced from a
conventional inexpensive raw material rather than from a special
resin.
A more specific object of the present invention is to
35 provide a graphite powder capable of receiving an increased
amount of lithium ions therein, which, when used as a material
for the negative electrode of a lithium ion secondary battery,



at a high tenperature for carbonization of a particular resin formed by
reacting an aronmatic reactant with a crosslinking 10 agent in the presence

~of an acid. The resulting carbon materi al has a m crostructure

~conprising crystalline phases fornmed by crystallization of the aromatic
reactant, which are intermngled wi t éanor phous phases derived fromthe
crosslinking agent. These two types of phases have different indices of
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battery, graphite powder (surface closed-end structumes) are in a laminar

15 form constituted by several pairs of c-plane layers which are
closed at their ends around adjoining layers. Between two
adjacent laminar closed-end structures, there remains an
vinterstice" which is open at the end of the c-plane layers.

It has also been found that the density of the open

20 interstices (which corresponds to the density of the laminar
closed-end structures) significantly influences the discharge
capacity of a lithium ion secondary battery having a. negative
electrode formed of the graphite powder. Namely, the discharge
capacity can be improved by increasing the density of the open

25 interstices, thereby maklng it pOSSlble to achleve the above-
described desired values for discharge capac1t1es. In addition,

it has been noted that the density of the open interstices can
be increased by the conditions for pulverization of a carbon
material prior to graphitization or by heat treatment after

30 graphitization.

The present invention provides a graphite powder
characterized by having surface closed-end structures in which
the graphite c-plane layers have closed-ends on the surface of
the graphite powder formed by linking the ends of pairs of c-

35 plane layers while leaving interstices which are open on the
surface of the graphite, the number of the open interstices
being at least 100 and at most 1500 per micrometer measured in a
c-axis direction of the graphite. Preferably, the graphite



can achieve a high discharge capacity on the order of at |east 315

., mMAh/ g, preferably at |east 320 mAh/g, nore preferably at | east 330
- mAh/ g, and under sone conditions, 350 mAh/g or nore, in a stable manner.
5 The inventors of the present invention systematically
i nvestigated the relationship between t+& nicroscopic structure of a
~graphite powder and its charge/discharge characteristics and anal yzed it
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di recti opa@hraegpaphRité Cpovaetenal! e prepdirddhinerely by pulverizing
20 naturally-occurring graphite. This second process can prepare a
graphite powder according to the present invention which has a
significantly increased density of open interstices, i.e., a
very large number of open interstices per micrometer. The heat
treatment under conditions that can remove the surface of the
25 graphite is preferably oxidative heat treatment.

The preéent invention also provides a material for negative
electrodes of lithium ion secondary batteries, comprising
predominantly the graphite powder according to the present
invention, and a lithium ion secondary battery having -a negative

30 electrode produced using such material.

Brief Description of Drawings
Figure 1 is a schematic diagram showing c-plane layers of
graphite layer lattices which have closed-end structures
appearing on the surface of a graphite powder according to the

35 present invention.
Figures 2(a), 2(b), and 2(c) are illustrations created by a
computer simulation technique to demonstrate the formation of



-7- powder has a specific surface area of 1.0 nR2/g or |ess.

The graphite powder according to the present invention can by prepared
by a process conprising subjecting a carbon mat eri al, which has been
carboni zed and pul verized at a high 5 speed before and/or after the
carboni zation, to heat treatnent at a8tenperature of 2500[err]C or

hi gher for graphitization, Alternatively, the graphite powder can

al so be prepared a process conprisin bj ' hi t.e. powd t
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t he car bghbowihgoelosed-enid St wtanted iakdemred Tdre the nsmnfate gofiphite
powder may, bﬁ.greggr % merely by pul verizing 20 naturally-occurring
graphite9 FRILCE G ﬁkocess can prepare a graphite powder according to
the present i Figuieod s eh schematic dipgrdn showingctkaseasecvberg the

- openy gt §L3ELEES clbstd-ehd stiRlotd A hAHED e HiPpede | HéRE B CEE n
e eat

o
~mcroneter, h treatnent under conditions that can renove the
surface &nptewsticegraphite is preferably oxidative heat treatnent.
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| seconqagqgr a eries, CcCo ril Sl r.,egom nan

ot aphi 1 cOBBWABE 8. 2Barhy 1t ‘dass asion of th x AL Ed, BOReY, AfTacent

secondar gobghtesurifacen g hereedyt iwherine| the rgchplpt el powdes | was sprépared

mategkal po & first process (in Eddupld oS dmt ik Qul¥iuk Ngfosed-end
structures and wherein the number of open interstices in the
closed-end structures is slightly over 100 per micrometer
measured in a c-axis direction.
Figure 6 is a high-resolution electron photomicrograph
20 showing a region in cross section of a graphite powder near the
surface which has been subjected to oxidative heat treatment and
which has open-end structures of c-plane layers.
Figure 7 is a high-resolution electron photomicrograph
showing a region in cross section of a graphite powder adjacent
25 to the surface thereof, wherein the graphite powder was prepared
by a second process (in Example 2) and has surface closed-end
structures and wherein the number of open interstices in the
closed-end structures is 770 per micrometer measured in a c-axis
direction. _
30 Figure 8 is a schematic cross-sectional view showing the
structure of a lithium ion secondary battery assembled in an
example. |

Detailed Description of the Invention
A graphite powder according to the present invention has
35 “closed-end structures" of c-plane layers of the graphite layer
lattices on the surface of the graphite powder (which are
referred to as "surface closed-end structures"). The surface




Figure 1 is a schematic di agram show ng c-pl ane | ayers of graphite

| ayer | attices which have cl osed-end structures appearing on the
surface of a graphite powder according to the 35 present invention.
Figures 2(a), 2(b), and 2(c) are illustrations created by a conput er
simul ati on techni que to denonstrate the-9ermation of

- 8- surface cl osed-end structures of c-plane |ayers of graphite
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adj acentgenerally in the form of layered or laminar closed-end

15 structures which are formed by closing the ends of a plurality

of pairs of c-plane layers coaxially, rather than single-layer
closed-end structures each formed by closing the ends of a
single pair of c-plane layers. Each laminar closed-end

structure having a plurality of coaxial closed-end layers is
20 herein referred to as a "unit closed-end structure". The space
between adjacent two "unit closed-end structures" is open at the
end of the c-plane layers on the surface of the graphite powder,
and this space is herein referred to as an "open interstice".
For simplicity, only three-layered closed-end structures
25 constituted by six c-plane layers are shown in the Flgure, but
" the number of closed-end layers constltutlng each unit closed-
end structure normally varies from one unit structure to
another, and may be as large as ten or more.
The occurrence of such laminar closed-end structures on the
30 surface of a graphite powder was confirmed by analyzing the
influence of heat treatment conditions for graphitization of a
carbon material by a computer simulation technique called the
molecular dynamics method. Figures 2(a) to 2(c) show examples
of computer graphics obtained by computer simulation, which
35 demonstrate that a pair of c-plane or carbon network layers are
closed by linking the ends of these layers. For ease of
illustration, a closed-end structure comprising only one pair of
layers is shown in Figures 2(b) and 2(c).



25 to the surface thereof, wherein the graphite powder was prepared by a
- second process (in Exanple 2) and has surface closed-end structures and
" wherein the nunber of open interstices in the cl osed-end structures is
770 per mcroneter measured in a c-axis direction. 30 Figure 8 is a
schemati c cross-sectional view show ng -tl0s- structure of a lithiumion
Ezcondary battery assenbled in an exanpl e. Detail ed
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a pluralit alrs o | ane ers coaxially, rath
si ngl e- |h§ér1ayer crystal 1att1ces oé’ c-plane layers (ca§5on network

layers). Each c-plane layer ideally consists of six-membered

15 carbon rings fused regularly to one another in a plane, as shown
in figure 2(b). In fact, however, many irregular, defective
carbon rings, including five-membered rings, as well as seven-
or larger-mehbered rings making holes, are found, particularly
at the closed-end regions, where an increased stress is applied

20 due to the deformation required for closure.

Upon investigation by a molecular orbital method to
determine the location of the region in the closed-end
structures of graphite layer lattices where lithium ions are
most likely to pass through, the location was found to be the

25 interstices between two adjacent unit closed-end structures,

| i.e., the open interstices [see Figure 2(a)]. At the open ends
of these interstices, interaction between carbon atoms and
lithium ions occurs weakly, decreasing the barrier energy for
ehtry of lithium ions and allowing a large number of lithium

30 ions to easily pass therethrough.

The ease of entry of lithium ions into a carbon material as
a negative electrode increases as the number of entry sites of -
l1ithium ions in the carbon material increases. Thus, as the
density (number per unit length) of open interstices (acting as

35 entry sites) at the end of c-plane layers of graphite layer
lattices increases, lithium ions more easily enter the negative
electrode, thereby increasing the amount of lithium ions
received by the electrode and hence improving the discharge



cl osed-end structures each formed by closing the ends of a single pair
of c-plane | ayers. Each | am nar cl osed-end structure having a plurality
of coaxial closed-end |layers is 20 herein referred to as a "unit cl osed-end
structure". The space bet ween adj acent two "unit closed-end structures”
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15 The density of open interstices indicates the number of

open interstices per micrometer measured in a c-axis direction
of the graphite layer lattices. The density can be determined
from an electron photomicrograph as shown in Figure 3 by
measuring a length, L in micrometers, of a certain field of the

20 photomicrograph containing the surface of the graphite, and
counting the total number, N, of open interstices observed in
the measured field, the ratio N/L being the density (see Figure
1). For example, these measurements may be performed on a
number of fields (e.g., ten fields), and the average of the

25 values determined in this manner may be recorded as the density.

The graphite pbwder according to the present invention has

surface closed-end structures of graphite c-plane layers in
which the number (density) of open interstices is in the range
of from 100 to 1500 per micrometer. If this number is less than

30 100 per micrometer, then the amount of lithium ions to be
received by the graphite will be decreased due to a decreased
number of open interstices serving as entry sites for lithium
ions. As a result, it may be impossible to attain a high
discharge capacity on the order of 320 mAh/g or higher. The

35 highest number, i.e., 1500 open interstices per micrometer,
corresponds to the number obtained in the case where each unit
closed-end structure is formed from a single pair of adjacent c-
plane layers which are closed to form a single layer end, as



treatnment of a pul verized carbon material at 3000[err]C for graphi-
~tization. The thin white regions in the figure are c-plane 10 | ayers of

graphite layer lattices, and open interstices between two adj acent unit
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layers allow all the carbon six-membered rings existing at the

end of each c-plane layer to bond to each other, and thus there
exist no vacant sp? hybrid electron orbitals of carbon atoms.
This state is less reactive than the state in which the end of

20 each c-plane layer is open. In view of the fact that the
charge/discharge coulombic efficiency of a lithium ion secondary
battery is adversely affected by any reaction of the graphite
powder in the negative electrode with the electrolyte solution,
the closed-end structures are beneficial to improvement in

25 charge/discharge coulombic efficiency. ,

However, even if a graphite has such closed-end structures,

there may exist some carbon atoms remaining unbound to give
open-end structures, which are more reactive and which may
decrease the charge/discharge coulombic efficiency due to a

30 reaction with the electrolyte solution. In order to further
improve the charge/discharge coulombic efficiency, it is
advantageous to decrease the specific surface area of the
graphite powder to further decrease its reactivity with the
electrolyte solution. For this reason, it is preferable that

35 the graphite powder according to the present invention have a
specific surface area of 1.0 m?/g or less. The surface area can
be determined by a conventional N, adsorption method using the

BET adsorption isotherm equation.



capacity. The graphite powder according to the present I nvention has a
sufficiently high density of open interstices in t he cl osed-end
structures of graphite c-plane |layers to achieve a significant

i nprovenent in discharge capacity. 5 In general, a graphite powder
consi sts of a nunber of regi ons havi Ag3di fferent c-axis directions
(these regions corresponding to crystal grains of a polycrystalline
powder) . Each such region (an area having the _sane c-axis direction) is
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20 (% he cégxls é&rectlon of a graphite crystal is perpendicular

to the c-planes of the graphite layer lattice structure, as
shown in Figure 1. The (002) plane-lattice spacing (d002) is
the distance between adjacent c-plane layers, marked as *d002"
in Figure 1. The lattice spacing d002 of graphite is an index
25 of its degree of crystallinity. Thus, as the value for 4002
decreases to reach that for an ideal graphite crystal (=3.354
A), the graphite has a higher crystallinity. The crystallinity
of graphite depends on the heat treatment conditions for
graphitization to which the graphite has been subjected. Thus,
30. as the temperature and duration of heat treatment increase, the
resulting graphite tends to have a higher crystallinity.

The lattice spacing values of a crystal can be determined
by diffraction peaks on an X-ray diffraction pattern. The _
method conventionally employed in Japan to determine the lattice

35 spacing of graphite was "the method for measurement of lattice
constant and crystallite size of artificial graphite" (commonly
named "Gakushin-ho") prescribed by the 117th Committee of the
Japan Society for the Promotion of Science. According to this



-12- depicted in Figure 4. This is the maxi mum nunber of open
~interstices theoretically expected fromthe layer crystal structure of
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crystal lattices, and it does not allow lithium ions entering
through the open interstices to be efficiently received therein.
Oon the other hand, in order to achieve a crystallite size
exceeding 2000 A, a prolonged heat treatment is required for

20 graphitization, which is disadvantageous from an economic
viewpoint. The crystallite size is more preferably in the range
of 500 to 1500 A.

The mean particle diameter of a graphite powder in the
context of the present invention is the value at 50% cumulation

25 of a volume cumulative distribution curve of particle diameter
measured by a laser diffraction/scattering method. If the mean
particle diameter is smaller than 5 pm, the graphite powder is
so fine that its specific surface area is very large, thereby
causing a decrease in charge/discharge coulombic efficiency.

30 With a mean particle diameter larger than 35 pm, it may take a
prolonged time for lithium ions which have penetrated deeply
within the graphite powder to diffuse toward the surface of the
powder, thereby interfering with the discharge properties,
particularly under high-current or low-temperature discharge

35 conditions. The mean particle diameter of the graphite powder
according to the present invention is more preferably from 10 to
30 pm.

It is also preferable that the graphite powder does not



graphite powder to further decrease its reactivity with the el ectrol yte
solution. For this reason, it is preferable that 35 the graphite powder
~according to the present invention have a specific surface area of 1.0 -
-2/ g or less. The surface area can be determ ned by a conventional N2
~adsorption nethod using the BET adse1ipti on isot herm equati on.
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15 positive electrodes. This problem is more likely to occur with

graphite powders of irregular shapes having significantly
different dimensions of their longer and shorter diameters. It
is difficult to remove these irregularly-shaped particles by
sieving. If the mean particle diameter of the graphite powder
20 is larger than 35 um, then the probability of incorporation of
irregularly-shaped particles would be increased.

The graphite powder according to the present invention can
be prepared by subjecting a carbon material, which has been
carbonized and pulverized, to heat treatment at a suitable

25 temperature for graphitization. The graphitization procedure
alone can produce a graphite powder which meets the requirement
according to the present invention that the number of open
interstices of the closed-end c-plane layers be at least 100 per
micrometer in a c-axis direction, as long as the pulverization

30 is performed at a high speed. This preparation process is
hereunder referred to as a first process. By the first process,
however, if the comminution equipment (hereinafter referred to
as a pulverizer) used is a conventional one, the number
(density) of open interstices is typically slightly larger than

35 100 per micrometer (e.g., from 100 to 120 per micrometer), and
it is normally impossible to attain a very high number, e.g., in
excess of 200, of open interstices per micrometer.

In a second process according to the present invention, a



decreases to reach that for an ideal graphite crystal (=3.354 [err]),
the graphite has a higher crystallinity. The crystallinity of graphite
depends on the heat treatnent conditions for graphitization to which the
graphite has been subjected. Thus, 30 as the tenperature and duration of

. heat treatnment increase, the resul ti4igp-graphite tends to have a higher
grystalligity gt The lattice spacing values of a crystal can be

eterm ne iffraction peaks on an X-ray diffraction pattern.. The
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be eiEIC|8w5e¥ Lg%gh%eguE &ce Ylosed-end structures of c-plane layers in
which the number of open interstices is at least 100 per
nicrometer measured in a c-axis direction.
The raw carbonaceous material to be used for carbonization
is not critical and may be any material which has conventionally

20 been used in the production of graphite powder. Examples of
.such raw carbonaceous materials include coal tar pitches and
petroleum pitches, mesophase microbeads formed by heat treatment
of these pitches, and bulk mesophase which is a matrix of
mesophase microbeads, as well as various organic resins and

25 organic substances (e.g., polyacrylonitriles and rayons)
including the resin disclosed in Published Unexamined Japanese
Patent Application No. 6-187972(1994). Particularly preferred
raw carbonaceous materials are mesophase microbeads and bulk
mesophase.

30 The raw carbonaceous material may be pulverized or
otherwise comminuted and carbonized to form a carbon material in
the form of a powder. The pulverization or comminution may be
performed before and/or after the carbonization step.
Pulverization is preferably conducted before carbonization to

35 make it possible to perform carbonization and graphitization by
consecutive heat treatment procedures to save energy costs. The
pulverization creates minute depressions at the atomic level
(layer defects) on the surface of the resulting powder, which



On the other hand, in order to achieve a crystallite size exceedi ng 2000
A, a prolonged heat treatnent is required for 20 graphitization, which is

- di sadvant ageous from an economi c viewpoi nt. The crystallite size is nore
“preferably in the range of 500 to 1500 A The nean particle

di aneter of a graphite powder in the -1Zentext of the present invention
I's the value at 50% cunul ation 25 of a volunme cunul ative distribution curve

of particle dianeter nmeasured by a |lasey diffraction/scattering nethod.
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an approgiaphethaati@on and destroy the surface closed-end structures

15 introduced by graphitization. Therefore, in the first process;
it is not desirable to perform any pulverization on the graphite
product. Thus, in the first process, prior to final heat
treatment for graphitization, pulverization should be performed
so as to obtain a particle size desired for the final graphite

20 product (preferably a mean particle diameter between 5 and 35 pm
as described previously). However, low-force crushing intended
for disintegration, and classification or screening to remove
fines or adjust the mean particle diameter may be conducted
after graphitization.

25 Pulverization (which includes any comminution procedure)
also has a significant effect on the specific surface area of
the finally produced graphite powder. As the speed of the
pulverizer used and the duration of pulverization increase, the
specific surface area tends to increase. The type of

. 30 comminution equipment influences the crystallite size of the
graphite product. Thus, the type of pulverizer and conditions
for pulverization should be selected by taking their effects on
the specific surface area and crystallite size of graphite into
consideration.

35 In general, heat treatment for carbonization of a raw
carbonaceous material (e.g., a mesophase material) is
accompanied by a significant reduction in specific surface area
due to gas evolution from the raw material and fusion by the



10 container, a concentrated stress is inposed on the coarse particles.
As a result, the problem m ght arise of these particles penetrating
through the adjacent thin separator menbrane which typically has a

. thickness of about 20 [err]m thereby creating an internal short circuit
. between the negative and 15 positive eleggrodes. This problemis nore
likely to occur with graphite powders of irregul ar shapes having
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-16- graphrte po I C be either a pomdeL artificia
15 conditions for pulverlzlng may be determined by experiment so as

to produce a graphite powder having a specific surface area of
1.0 m?/g or less after the graphitization step.
The pulverization may be performed by use of a conventional

pulverizer (pulverizer, mill, etc.) including, for example, a

20 hammer mill, fine mill, attrition mill, and ball mill.
Preferably, the pulverizer is of the impactlgrinding type, an
example of which is a hammer mill. As described previously, the
microstructures of the graphite crystals are largely influenced
by the conditions for pulverizing, particularly in the first

25 process, and pulverization should be performed at a high speed
in order to produce a graphite powder having 100 or more open
interstices per micrometer in the closed-end structures by that -
process. The particular conditions for pulverizing (e.g.,
pulverizing speed in terms of number of revolutions in the case

30 of a rotary type pulverizer, and duration of pulverization) to
achieve that end vary with the type of pulverizer and the raw
carbonaceous material used and can be determined by experiment
such that the resulting graphite powder has 100 or more open
inﬁerstices per micrometer in the closed-end structures and a

35 desired mean particle diameter.

For example, in the case of pulverization in a hammer mill

or attrition mill, a rotational speed of 5000 rpm or higher of
the mill is sufficient in most cases to produce, by the first



graphite which has been heat treated as above or a powder of nat ur al
graphtte whi ch has been pul verized, is subjected to heat treat nent under
- conditions that can renove the surface of the 5 graphite (e.g., oxidative

" heat treatnent at a tenperature of 600 - 800[err]C) and subsequently to
additional heat treatnment at a t enpesig-ure of 800[err]C or higher in an
I nert gas. This process makes it possible to achieve a very | arge nunber
of open interstices, e.g., on the order of 500 to 1500 per m croneter.
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increased by the heat treatment procedures performed subsequent
20 to graphitization, it is not necessary to perform the
pulverization at a high speed. Thus, pulverization may be
conducted at a rotational speed of 4000 to 5000 rpm, for
example. Alternatively, it is possible to use a shearing-type
pulverizer such as a disc crusher to perform the pulverization
25 procedure at a rotational speed as -low as sgveral tens to
several hundreds of revolutions per minute. In the second
process, the freedom of selection of pulverizer and
pulverization speed is large, and thus it is easier to control
the conditions for pulverization so as to produce a graphite
30 powder having a specific surface area of 1.0 m?/g or less.

An alternative technique of pulverization which can be
employed is the use of a disc crusher combined with a hammer
mill in the first process or the use of a disc crusher alone in
the second process. In this case, the hammer mill used in the

35 first process should be operated at a high speed (i.e., 5000 rpm
or higher) as described above. The disc crusher performs its
comminution function primarily by cleavage of a layer-lattice
material caused by application of a shearing force thereto.



-17- cause the formation of the above-described cl osed-end structures
duri ng subsequent heat treatnment for graphitization. Therefore,
fparticularly in the first process, it is essential to perform

pul verization prior to heat treatnment for graphitization in 5 order to

produce a graphite powder having the despped surface cl osed-end
structures with a high density of open interstices, and the conditions
under which the pulverization is perfornmed have a significant effect on
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| from being burnt out by oxidation, the heat treatment for
carbonization is carried out in an inert atmosphere or in a
20 vacuum. Carbonization takes place usually at a temperature in
the range of 800 to 1500°C and preferably in the vicinity of
1000°C (900 to 1200°C). The duration of heat treatment required
for carbonization depends on the type and loading (amount) of
the raw carbonaceous material and the temperature, and it is
25 within the range of about 30 minutes to 3 hours when the heat
treatment is performed at 1000°C.

The carbon material in powder obtained by pulverization and
carbonization is then subjected to additional heat treatment for
graphitization. This heat treatment is performed generally at a

30 temperature of 2500°C or above. The highest temperature is
generally around 3200°C in view of current industrially
available heating techniques. Preferably, the heat treatment
for graphitization is conducted at a temperature between 2700°C
and 3000°C. This heat treatment is continued for a period

35 sufficient to complete the desired graphitization, which,
although depending on the temperature, usually lasts from 20
minutes to 10 hours. The atmosphere for the heat treatment is a



35 . In general , heat treatnent for carbonization of a raw

carbonaceous nmaterial (e.g., a nesophase material) is acconpani ed by a
si.gnificant reduction in specific surface area due to gas evol ution

- fromthe raw material and fusion by the generated oils. In

. the subsequent heat treatnent for grgpki tization, an additional slight
reduction in specific surface area occurs by nelting and re-I|inking.
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Despite the fact that the number of open interstices is slightly
over 100 per micrometer, the graphite powder has a significantly
improved discharge capacity compared to a graphite powder having

less than 100 open interstices per micrometer.

20 In the second process, a graphite powder, which may be
prepared as described above or by pulverizing natural graphite,
is subjected to two types of heat treatment, oxidative heat
treatment (or other heat treatment capable of‘removing the
surface of the graphite) and subsequent heat treatment in an

25 inert gas atmosphere, thereby significantlylincreasing the
number of open interstices, as described below.

The oxidative heat treatment, to which a graphite powder is
subjected initially, is intended to oxidatively remove the
carbon existing on the surface of the graphite powder. As a

30 result, the closed-end structures of c-plane layers formed on
the surface of the powder by the heat treatment for
graphitization are broken to form open-end structures. Thus,
the graphite powder has open-end c-plane layers which generally
coextend to form a relatively flat end face (see Figure 6).

35 The conditions for the oxidative heat treatment are
selected such that opening of the closed-end structures takes
place substantially entirely by the action of oxidation. The
temperature at which the heat treatment is performed is



Interstices per mcroneter in the closed-end structures by that

process. The particular conditions for pulverizing (e.g., "~ pulverizing

. speed in terms of nunber of revolutions in the case 30 of a rotary type

- pul verizer, and duration of pulverization) to achi eve that end vary
with the type of pulverizer and the rawsga. carbonaceous material used and
can be determ ned by experinent such that the resulting graphite powder
has 100 or nore open interstices per mcronmeter in the cl osed-end
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15 the graphite powder has a weight loss which is generally ig tge
range of 2% to 5%. At the same time, the particle diameter of
the graphite powder is slightly reduced (e.g., by about 1 to 2
pm). If necessary, the conditions for pulverizing are
determined by allowing for the reduction of particle diameter
20 caused by the oxidative heat treatment.

The means for opening the closed-end structures of a
graphite powder is not limited to oxidative heat treatment. Any
other means can be employed as long as it can remove the closed-
end structures on the surface of the graphite and form generally

25 coextending open-end c-plane layers. Examples of such other
means include fluorinating heat treatment and hydrogenating heat
treatment. The conditions for these heat treatments may be
determined by experiment so as to ensure that the closed-end

structures are opened.

30 Subsequently, the graphite powder is subjected to
additional heat treatment performed in an inert gas atmosphere.
The heat treatment in an inert gas atmosphere causes the open
ends of pairs of c-plane layers to link, thereby again forming
the closed-end structures of c-plane layers on the surface of

35 the graphite powder. '

Since the open-end c-plane layers formed by the oxidative
heat treatment generally coextend to form a relatively flat end
face of the layers, it is quite rare for two c-plane layers



i ncreased by the heat treatment procedures performed subsequent 20 to
graphitization, it is not necessary to performthe pul verization at a
~high speed. Thus, pulverization may be conducted at a rotational speed
~of 4000 to 5000 rpm for exanple. Alternatively, it is possible to use
a shearing-type pul veri zer such as aggisc crusher to performthe
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selected so as to cause relatively large lattice vibrations
sufficient to allow the end of each c-plane layer to link to the
end of a neighboring c-plane layer. Since the closed-end struc-
tures formed by linking the ends of pairs of open-end c-plane

20 layers are more stable and have a lower energy level, compared
to the open-end structures, the occurrence of adequate lattice
vibrations caused by heat treatment in an inert gas atmosphere
permits the open ends of pairs of c-plane layers to link to each
other. For this purpose, it is generally necessary to perform

25 the heat treatment at a temperature of at least 800°C. There is
no upper limit on the temperature which can be employed. The
duration of the heat treatment is selected so as to form the
desired closed-end structures, and it is generally in the range
of 1 to 10 hours, although the duration largely depends on the

30 temperature and loading. By way of example, the heat treatment
can be carried out for approximately 5 hours at 1000°C.

During the oxidative heat treatment and the subsequent heat
treatment in an inert gas, the specific surface area of the
graphite powder varies significantly. Namely, the oxidative

35 heat treatment greatly increases the surface area of the
graphite powder due to an increased surface roughness by
oxidation and opening of the closed-end structures. For
example, the surface area of the graphite powder after the




use of both a hammer m |l and a disc crusher). The heat treatnent
condi tions for carbonization of a raw car bonaceous material, which has
- preferably been pulverized, may 15 be sel ected such that the raw nmateri al
is pyrolyzed to permt all the elenments other than carbon existing in
the raw materi al to be renoved near+g4eonpletely. In order to prevent
car bon from bei ng burnt out by oxidation, the heat treatnent for
carboni zation is carried out in an inert atposphere or in a 20 vacuum
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Unlike the first pxocess, the density of open interstices
in the closed-end structures of graphite can be greatly ‘
increased in the second process by the two types of heat
treatment after graphitization. Therefore, the pulverization or

20 comminution need not be performed at a high speed, and it can be
conducted even after graphitization. Thus, a graphite powder
obtained by pulverizing natural graphite can be used for heat
treatment in the second process.

If necessary, the graphite powder prepared by the first or

25 second process may be classified or screeneg to adjust the mean
particle diameter. The time at which classification may be
performed is not limited to the end of the process. It may be
performed at any stage after pulverization, and may be repeated
once or more.

30 The graphite powder according to the present invention may
be used in same applications as a conventional graphite powder.
Since it has closed-end structures of c-plane layers of graphite
layer lattices with an increased number of open interstices
(i.e., 100 to 1500 open interstices per micrometer) serving as

35 primary entry sites for lithium ions, the graphite powder can
exhibit an improved intercalation function and receive an
increased amount of lithium ions therein.

Accordingly, the graphite powder according to the present
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which thg B@grehteablBabtoy R@thonked il of a suitable blnder and is
shaped thereon. Alternatively, a sintered electrode may be
produced from the graphite powder without use of a binder.

20 Thus, the negative electrode may be comprised predominantly or
solely of the graphite powder, and a minor amount of a binder
may be present in the electrode. The metal base may be any
metal foil (e.g., copper foil including electrolytic copper foil
and rolled copper foil) which can support the graphite powder

25 well and which is not decomposed or dissolved under the
operating conditions of the batteries. '

The application of the graphite powder to a base metal or
current collector and shaping thereof on the base metal can be
conducted in the same manner as employed conventionally in the

30 manufacture of electrodes from a powdery active material. 'Any
technique which can shape the graphite powder well in a
chemically and electrically stable manner can be employed.
Examples of such techniques include the following: screen
printing of the base with a paste which may be formed by mixing

35 the graphite powder with a powder binder formed of a
fluoroplastic such as a polytetrafluoroethylene or a
polyvinylidene fluoride and a suitable organic solvent such as
isopropyl alcohol; hot pressing of a dry mixture of the graphite



-22- preferably in the range of 600 - 800C. Due to good resistance
to oxidati-on of the graphite powder to be treated which has cl osed-end
structures, it may not be easily oxidized at a t enper ature bel ow
600[err]C. On the other hand, at a tenperature 5 above 800[err]C, the
graphite powder may be so rapidly oxidiz& t hat the entire graphite
powder may possibly be deteriorated. The duration of the oxidative heat
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and y are numerlcal values meetlng the inequalities: 0O<x<4 and
20 O<y<l, and M! and M? each stand for a transition metal which is
at least one member selected from Co, Ni, Mn, Cr, Ti, V, Fe, Zn,
Al, In, and Sn); transition metal chalcogenides; vanadium oxides
(V:0s, V¢Oi3, V204, V303, and the like) and their lithium compounds
(i.e., lithium vanadates); Chevrel’s complex having the formula:
25 MMogSs , (where x and y are numerical values meeting the
inequalities: 0<x<4 and O<y<l, and M stands for a metal
including transition metals); and activated carbon and activated
carbon fibers.
Examples of the organic solvent used to form the nonaqueous
30 electrolyte solution include, but are not limited to, propylene
carbonate, ethylene carbonate, dimethyl carbonate, diethyl
carbonate, 1,1~ and 1,2-dimethoxyethane, 1,2-diethoxyethane, y-
butyrolactam, tetrahydrofuran, 1,3-dioxolane, 4-methyl-1,3-
dioxolane, anisole, diethyl ether, sulfolane, methylsulfolane,
35 acetonitrile, chloroacetonitrile, propionitrile, trimethyl
borate, tetramethyl silicate, nitromethane, dimethylformamide,
N-methylpyrrolidone, ethyl acetate, trimethyl orthoformate, and
nitrobenzene. One or more of these solvents may be used.



face of the layers, it is quite rare for two c-plane |ayers

-23- ¢ which are renote fromeach other to nake a pair to be |inked.
Thus, it is unlikely occur that a large "unit closed-end structure"
having a | arge nunber of linked pairs thereinis formed, as shown in
Figure 2. Generally, the nunber of |link€d-5 pairs in a unit closed-end
structure will be at nost five and nostly fromone to three. Therefore,
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15 A bulk mesophase material (10 kg) obtained by heat
treatment of petroleum pitch was pulverized for 5 minutes by a
hammer mill (a rotating impact pulverizer having six hammers,
sold by Fuji Pawdar under the tradename U-Mizer) at different
rotational speeds in the range of 5000 to 8000 rpm as shown in

20 Table 1. The resulting bulk mesophase powder was carbonized by
heating for 1 hour at 1000°C in an argon atmosphere to give a
carbon powder. The carbon powder was finally subjected to heat
treatment for graphitization at 2800°C for 30 minutes in an
argon atmosphere to give a graphite powder.l

25 The resulting graphite powder was screened to plus 5 pm and
minus 45 pm and used to make electrodes. The size distribution
of the screened graphite powder was measured using a laser
diffraction/scattering size distribution analyzer (HORIBA LA-
910). The mean particle diameter of the graphite powder was

30 around 15 gm in each run.

Figure 5 shows a high-resolution transmission electron
photomicrograph of a cross section in an area near the surface
of a graphite particle which was cut in a c-axis direction of
the graphite layer lattice structure. The graphite particle was

35 taken from the graphite powder which had been pulverized at a
speed of 7500 rpm before carbonization. The electron
photomicrograph clearly shows laminar closed-end structures of



30 tenperature and | oadi ng. By way of exanple, the heat treatnent can
be carried out for approximately 5 hours at 1000[err]C. During the
oxi dati've heat treatnment and the subsequent heat treatment in an inert
gas, the specific surface area of the graphi te powder varies
significantly. Nanmely, the oxidative 3528at treatnment greatly increases
the surface area of the graphite powder due to an increased surface

roughness b oxi dation and o ni ng of, the cl.osed- nd struct
exanpl e, SrRbang, La¥eTar 88 She: fE 3?&&2 ARG ARkeEsty {iidied By
- 24- ar9sie eyt béewbéﬁt aﬂlja&tamnhmiﬂ:y lizgniadxy d)k)sdfd-emd ctmctires. as

| ar ge as,g hat E}e res %ﬁh‘t%%@%@edﬁ‘éﬁé’&st erv:.xi%[é{gitérﬁﬁrff

the cl os 3hd uring-t sequent eat- reatne I n an
i nert ga51tesafommlanheumw-038r)e@@@t mmmme;qmeustﬁr forax i chlxgcinn

graphite.gaydehe hbt¥m flﬁ%af E&Eﬁdth)é photRyRIFSENEIdMardor s that the
specific surface area 0 gr aphite powder after the ubsequent heat

treatnenPhP§°mlC§E§Fé?hﬁaP§I}anYB&Q%%Mﬁ%q%ﬁﬁﬂwgﬁftﬁﬁ e thF ¢ al
oxi dati vgrap hh‘!@ét pbivaatrmebitaiheds inl RaRIQurntd hham)ﬁﬁu{e cthmhf ace area of

10 the ra e powder .fqrnmed b ra h|t|z n, i

ret ai ned %"f' E anﬁft&}&& orfn p 6{-p]?cg?tse’ss tﬁ{éﬂg‘}& c‘-‘# Qf the

surface aéﬁavaﬂ.ubbe thnsddeﬂ:ecrminbel amtsimmci.rprﬁ'abke Ily Asbyl-s lgeen from

cond%hloa b&grlpukﬁgrh%ﬁ% 4? é%ﬁges wadP i 1d Osvd Prs1ightly
tlon ven |n

carb |za ron an e 15 second .process.
Unl i ke thergﬁrsthpnoéégsopﬁne1aéﬁ§ﬁF}Qﬁs(Hﬁﬁ]W#EQQQQ?Q%ﬁ}n each (xun,

ctosed- egdtabught Yievadiedl dfthl eheardiatiiciail Yspeed et elte douvddiezeecond
process by the two é%ggs of heat treatnment after graphitization.

Ther ef or E° ERES, §FF ation or conmmi riuti on need not be perforned at a
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grapggtesﬁg¥g%% area, crystallite size, and lattice spacing between c-
plaﬁes (d002). The specific surface area was measured by a BET
single point measuring method using an N, replacement technique.
The crystallite size was determined by analyzing the (002)
diffraction peak on a powder X-ray diffraction pattern measured

20 using an X-ray diffractometer (manufactured by Mac Science) at
an accelerating voltage of 40-kV and a current of 150 mA with a
measuring range of 20° to 90°. The analysis was performed in
accordance with the method known as the "Gakushin-ho" specified
by the Japan Carbon Society. Although the maximum crystallite

25 size of graphite prescribed in the Gakushin-ho method is 1000 A,
this method was applied to those samples having a crystallite
size larger than 1000 A to determine the crystallite size from
the half-width of the peak. The value for d002 was determined
from the X-ray diffraction pattern by a refined lattice constant

30 measuring method in which even possible errors of the
diffractometer used were treated by the least square method (no
internal standard being used). All the peaks of the X-ray
diffraction pattern appearing at the positions corresponding to
the following indices of plane (Miller indices): (002), (100),

35 (101), (004), (110), (112), and (006), were used. The X-ray
diffraction measurements were carried out three times, and a
weighted mean of the values for d002 determined by these

measurements is shown in Table 1.



obt ai ned by pul verizing natural graphite can be used for heat t r eat ment
I n.the second process. | f necessary, the graphite powder prepared
by the first or 25 second process nmay be classified or screened to adjust
t he mean particle diameter. The tine at which classification may be
performed is not limted to the end of tRB@-process. It may be per f or med
at any stage after pulverization, and nay be repeated once or nore. 30
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according to tife pEeshidticy eof | the CA8gative electrodes was made by a

15 constant-current charging and discharging test in a cell having
a negative electrode to be tested, and a counter electrode and a
reference electrode both made of lithium. The nonaqueous
electrolyte solution used in the cell was an 1M LiClO, solution
dissolved in a mixed solvent of ethylene carbonate and dimethyl

20 carbonate (1:1 volume ratio). The cell was tested by initially
charging the cell to a voltage of 0.0 V vs the Li reference
electrode with a current density of 0.3 mA/cm? to allow the
negative electrode to receive lithium ions followed by
discharging it to a voltage of 1.50 V vs the Li reference

25 electrode with the same current density to release lithium ions
to the solution. The charging and discharging cycles were
repeated ten times with the discharge capacity being measured in
each discharging cycle. The average of the values for discharge
capacity measured from the second to tenth discharging cycles

30 was shown in Table 1. The charge/discharge coulombic efficiency
shown in Table 1 was the percentage of the quantity of
electricity discharged in the first discharging cycle relative
to that required to charge in the first charging cycle.

(Example 2) -

35 This example illustrates the preparation of graphite
powders having surface closed-end structures according to the
present invention by the above-described second process.

A bulk mesophase material obtained by heat treatment of



be used to produce a negative electrode in the sane manner as 15 enpl oyed
in prior art lithiumion secondary batteries. In "general, a graphite
powder is applied to a netal base serving as a current collector with
the aid of a suitable binder and is shaped thereon. Alternatively, a
sintered el ectrode may be produced #B80m t he graphite powder w thout use
of a binder. 20 Thus, the negative el ectrode nay be conprised predom nantly
or solely of t he graphlte powder, and a m nor anmount of a_bind
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powder after the oxidative heat treatment. It can be seen that
the closed-end structures of c-plane layers observed with an as-
graphitized graphite powder shown in Figure 5 were broken
substantially completely such that each of the c~planes, which

20 roughly coextended, had an open end on the surface.

Figure 7 shows a high-resolution electron photomicrograph
of a region in cross section near the surface of the graphite
powder after the additional heat treatment in an argon
atmosphere. It can be seen that the additional heat treatment

25 caused the formation of surface closed-end structures from the
open-end structures formed by the oxidative heat treatment.
Compared to the surface closed-end structures of the as-
graphitized powder shown in Figure 5, the number of c-plane
layers forming a unit laminar closed-end structure was much

30 smaller, in other words, the number of open interstices
(indicated by arrows) in the closed-end structures per unit
length was greatly increased. The closed-end structures shown
in Figure 7 had 770 open interstices per micrometer. In view of
the fact that the theoretical maximum density of open

35 interstices (that is obtained in such cases where all the unit
closed-end structures have a single layer closed-end formed by
linkage of two adjacent c-plane layers as shown in Figure 4) is
about 1500 open interstices per micrometer, the number of open
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N--net hyl pyrrol i done, dinethyl formamnm de, water, or an al cohol, fol | owed
by drying the coated |layer. 10 In assenbling a lithiumion secondary
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sol vent samgpnbatmeosphere (e.g., a higher temperature). Conversely, the
number of open interstices can be increased by employing more
mild conditions for the additional heat treatment of graphite in

an argon atmosphere (e.g., a lower temperature), whereby it is
20 1less likely that two c-planes which are far away from each other
will make a pair for linkage. '
(Comparative Example 1)
A graphite powder was prepared by pulverizing a bulk
mesophase material followed by carbonization and graphitization
25 by heat treatment in the same manner as described in Example 1
except that the pulverization of the mesophése material was
performed on the impact pulverizer at a rotational speed of 4500
rpm. A high-resolution transmission electron photomicrograph of
the resulting graphite powder in cross section in a c-axis
30 direction is shown in Pigure 3. As can be seen from this
photograph, although closed-end structures were formed in the
graphite powder, each closed-end structure was as large as 10 nm
or larger and had a greater number df c-plane layers -
constituting a unit laminar closed-end structure. As a result,
35 the number of open interstices (indicated by arrows) was as
small as 80 per micrometer.
The other properties of the graphite powder including
crystallographic properties as well as the discharge capacity



The I'ithium conpound used as an el ectrolyte may be an organi c or

i norgani ¢ |ithium conpound which is soluble in the organi ¢ sol vent used.

. Exanpl es of a suitable I|ithium conpound include Lid err], LiBF4,

. Li PF6, LiAsF6, LiB(C6H5), Lid, LiBr, 5 LiCF3SC3, and Li CH3SC3. One or nore
of these |ithium conpounds may be uged. Best Mbde for
Carrying Qut the Invention The foll ow ng exanpl es are presented to
further illustrate the present invention. These exanples are to be
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- 28- c-plane layers on the surface and open interstices (indicated by
arrows) between adjacent unit |am nar cl osed-end structures. Thus, the
nunber (density) of open interstices (serving as entry sites for |ithium
ions) per mcroneter in a c-axis direction 5 could be determ ned fromthe
phot ograph. El ectron phot om crographs38F 10 typical fields were taken
for the graphite powder obtained in each run to determ ne their
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from  inrrease -in Aischarge GRBRCi%¥¥e value for d002 was determi ned
fron1trmapgxgmpx&ijaction pattern by a refined lattice constant 30
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of coal tar pitch, a graphite powder was prepared in the same
manner as described in Example 1 except that pulverization was
performed at a fixed rotational speed of 7500 rpm for different
periods. The number of open interstices per micrometer and

20 specific surface area of the resulting graphite powder (screened
to plus 5 pm and minus 63 pm) are shown in Table 2 along with
the conditions for pulverization. The results of discharge
capacity and charQe/discharge coulombic efficiency measured in
the same manner as described in Example 1 are shown in Table 2.

25 (Example 4) )

Using a bulk mesophase material obtained by heat treatment
of coal tar pitch, a graphite powder was prepared in the same
manner as described in Example 2 except that the duration of
pulverization was varied. The number of open interstices per

30 micrometer and specific surface area of the resulting graphite
powder (screened to plus 5 pum and minus 63 pm) are shown in
Table 2 along with the conditions for pulverization and the
results of discharge capacity and charge/discharge coulombic
efficiency.

35 (Comparative Example 2)

Using a bulk mesophase material obtained by heat treatment
of coal tar pitch, a graphite powder was prepared in the same
manner as described in Comparative Example 1 except that the



internal standard being used). All the peaks of the X-ray diffraction
pattern appearing at the positions corresponding to the foll ow ng

i ndi ces of plane (MIler indices): (002), (100), 35 (101), (004), (110),
(112) and (006), were used. The X-ray di ffracti on neasurenents were
carried out three tinmes, and a wei ght3d- nean of the val ues for d002
determ' ned by these measurenments is shown in Table 1.
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di scharging it to a voltage of 1.50 V vs the Li reference 25 electrode
wi.th the sane current density to release lithiumions to the solution.
The charging and di schargi ng cycles were repeated ten tines with the

di scharge capacity being neasured in each di scharging cycle. The average
of the values for discharge capaci t y-#®asured fromthe second to tenth
di scharging cycles 30 was shown in Table 1. The charge/di scharge
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rel ati ve performeidhadion aqwom_;ian paxicod)e the tbesdlting c@mghbgacpohder has
(Exanpl e ) ;3R reas dT@p d&é%&@%@éf?s tﬁgwg‘r,gpar?,gw%%g@lg{gphl te
powder s RAVi ng sur TR ose ructures accordrnf present
i nvent i osusfacee azesy efddhe |gmpls1ét%mpvgfi©§e@sd not have papspkshentpadse

mat erisal FHRINYh Bhd eRimdre ¥ WPer?finterstices in the graphite. As is
- 30- petrol eum pitch was pul verized, carbonized and raphltlzed I n
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Comparing Examples 3 and 4, it can be seen that the specific

surface area of a graphite powder having surface closed-end
structures did not Change significantly between before and after
subjecting a graphite powder to oxidative heat treatment and

20 additional heat treatment in an inert atmosphere to increase the
number (density) of open interstices in those structures.
(Example 5)

This example illustrates the preparation of graphite
powders having surface closed-end structures according to the

25 present invention by the first process.

A bulk mesophase pitch derived from coal tar pitch was
carbonized by heating at 1000°C in an argon atmosphere, and the
resulting carbon material was pulverized so as to form a carbon
powder, about 90% by volume of which had a particle diameter in

30 the range of 1 to 80 pym. The pulverization was performed using
a hammer mill followed by a disc crusher. The hammer mill was
the same as used in Example 1 and was operated at a rotational
speed in the range of 6000 to 8000 rpm. The disc crusher was
operated at a rotational speed in the range of 50 to 200 rpm.

35 The pulverization was continued for 5 minutes in each
pulverizer.

The carbon powder obtained by pulverization with the hammer
mill and disc crusher was then graphitized by heat treatment in



the cl osed-end structures of c-plane |ayers observed with an as-
graphiti zed graphite powder shown in Figure 5 were broken substantially
conpl etely such that each of the c-planes, which 20 roughly coextended, had
an open end on the surface. Figure 7 shows a high-resolution

el ectron phot om crograph of a region-36-cross section near the surface
of the graphite powder after the additional heat treatnent in an argon
at nosphere. It can be seen that ddi tjonal . heat treatnent 25 caused the
For a1 o Pt Saaier Baneto ek IRRF AR 1t SPTIRHE Lhet S DK racHRSERLESTur oo
formed bpowkeraxi dati ve heat treatnent. Conpared to the surface

cl osed- end st tur e i ,

t he nunber ofﬁggb an?é%&l%% gﬁit?br @ a unﬁﬁgﬁgﬁ¥ﬁ§#Cf ose g H#ﬁﬁgiure
was nucho$0openl u@rtexrsﬁlaerq?erln/\mm ckogednendrseruckernes ntepeciﬁes

(i ndi gat gdlripycar bea), 'i:%lfll%%e%ﬁiw' She 4t L P £PE1 PEE d'{‘éﬁreter l'ength was
greatly increased. The ¢ osed end str ures shown |gure 7 had-770
open i nt eeeemgepeepﬁrcatame jifcharge rréo%emb%ﬁaef#helency

t heoreti aale &howiAndeabiliey 30falQﬁﬁjl vaEth niled Std€L6i didBt spSed@dt 8f NERe i Bwo
such cas%s where all, the unit 6flosed end structures have a single |ayer
cl osed- endPFEr dPH&verlleﬁEhés; two adj acent c-plane layers as shown in
Fi gure 4XEkamp1eabQut 1500 open interstices per mcroneter, the nunber of

Ope€ny g le il strat thetﬁfeparéglo% ?¥ %?éﬁﬁfﬁéces of

t he graphrte po er mn I n ure e maxi mum
val ue, | P@ 5n§at"l4aﬂ emf@rc@mk@qwnﬂnﬁtmctm aeeoxsdingt teethe

constitupedsedt inveAtiondby %é‘%oﬁ&%rocesé} pl ane layers fornmng a

tmadlayered clozwg&end structure ﬁﬂn Y#gﬁ r the h a%a%;efﬁggd %gphrie
powder was scfe ded make
el ect r odearbon itzesit hygheatnmy tahe 0Cninnan as:grdns @tnivesphierd X amal echle

The Jischabdleing ¢aRRGH hallh P AN PRRNAESes Ol 0D €oCtb' §"8¥xbon
powder, about 90% by volume of which had a particle diameter in
the range of 1 to 80 ym. The pulverization was performed using
a disc crusher alone, which was operated at a rotational speed
in the range of 50 to 200 rpm.

20 The carbon powder obtained by pulverization with the disc

' crusher was then subjected to heat treatment for graphitization,

oxidative heat treatment, and finally heat treatment in an argon
atmosphere in the same manner as described in Example 2 to give
a-graphite powder. The properties of the resulting graphite

25 powder including the number of open interstices in the closed~
end structures, specific surface area, crystallite size, mean
particle diameter, discharge capacity, and charge/discharge
coulombic efficiency are shown in Table 3 along with the
rotational'speed of the pulverizer used.



the graphite pomder and the crystall ographic and other data on 10
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and t he charge/ di scharge coul onbic efficiency as a negative electrode in a
test cell assenbled in the sane nmanner as described in Exanple 1 are shown
in Table 1.

-38-

The graphite powders obtained by the first process in which
a combination of a hammer mill and a disc crusher was used for
pulverization had 100 or more open interstices per micrometer in
the closed-end structures and a crystallite size in the range of
5 100 to 2000 A. It is noted that. the number of open interstices
could be controlled by the rotational speed of the hammer mill,
while the crystallite size, by the rotational speed of the disc
crusher. By increasing the rotational speed of the hammer mill,
it became possible to prepare a graphite powder in which the
10 number of open interstices was very large and close to the
theoretical maximum, 1500 interstices per micrometer, by the
first process.
By the second process, in spite of the use of the disc
crusher alone at 50 - 200 rpm for pulverization, it was possible
15 to prepare a graphite powder having a high density of open
interstices and exhibiting discharge properties comparable to
those graphite powders prepared in Examples 2 and 4.
{Example 7)
A graphite powder was prepared in the same manner as
20 described in Example 1 except that the rotational speed of the
pulverizer was fixed at 7500 rpm (with a pulverizing period of 5
minutes) while the heat treatment for graphitization was
performed at different temperatures for 30 minutes. The number
of open interstices in the surface closed-end structures of the
25 resulting graphite powder is shown in Table'4 along with various
other properties of the powder and the discharge capacity and
charge/discharge coulombic efficiency.
(Example 8)
A graphite powder was prepared in the same manner as
30 described in Example 2 except that the rotational speed of the
pulverizer was fixed at 4500 rpm (with a pulverizing period of 5
minutes) while the heat treatment for graphitization was
performed at different temperatures and the conditions for the
oxidative heat treatment were changed to 650°C x 2 hours. The
35 subsequent heat treatment in an argon atmosphere was performed
under the same conditions as in Example 2 (1000°C x 5 hours).
The number of open interstices in the surface closed-end
structures of the resulting graphite powder is shown in Table 4



[err] : - 33- As can be
seen from Table 1, those graphite powders having - 100 or nore open
interstices (which act as entry sites for lithiumions) per mcroneter
in the surface cl osed-end structures of graphite |ayer lattices
according to the present 5 invention cowl¥ give a high discharge capacity
_in excess of 320 mAh/ g when used-in lithiumion secondary batteries. As
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i ncreased nunber (or decreased  pitch) of open interstices in the
cl osed-end structures. The i ncreased nunber of open interstices was
acconpani ed by an increase in discharge capacity. (Exanple 3) 15
Usi ng a bul k nesophase material obtained by heat treatnent of coal tar
pitch, a graphite powder was prepared in the sane manner as described in
Exanpl e 1 except that pulverization was performed at a fixed rotationa
speed of 7500 rpm for different periods. The nunper of open interstices
per mcroneter and 20 spe:lflcc§ggf ce farep o] the fesplting graphite
powder (screened to plp s_¥pnEand mpus| 63} pn) aje shown in Table 2
along with the conditiprg 4 & -—pyl gp.§p1u=rg§ gesul ts of discharge
. . oo o .
capacity and charge/ di schargggeoﬁql% Iclefficiency peagured in t he sane
(=1 )
manner as described in Exppleglware shomn inj Taplel2.125 (Exanple 4)
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Usi ng a bul k nesophase nmaterial obtained by heat treatnent of coal tar
pi-tch, a graphite powder was prepared in the sane manner as described in
Exanpl e 2 except that the duration of pul veri zation was varied. The
nunber of open interstices per 30 mcrometer and specific surface area of
the resulting graphite powder (screerftto plus 5 pmand ninus 63 pn)
are shown in Table 2 along with the conditions for pulverization and t he

| t f digch i t d d I ffici :
55" (Conparat | 98 ERinbPeapn £rdn Tl 'ai VS St tPite ot rhdh ol ne
by heat graphithzationf ocoalrreds ipicrsiasesd gridyshi tesypbuiiey gusplpitpchad an
the saneg al’IBEr‘%lgé Q??:Cab'@%d 5 B IR 14 éﬁxﬂi@ %%s@é?fﬂléfaéft@ﬁe

- 34- uration o zat'i on was vari ed.
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efficiency.

(Example 9)
A graphite powder was prepared in the same manner as
10 described in Example 1. The pulverization of the raw material
was performed at 7500'rpm (for 5 minutes). After the heat
treatment for graphitization, the resulting graphite powder was
classified by screening to obtain several fractions having
different mean particle diameters. The number of opeﬁ
15 interstices per micrometer in the surface closed-end structure
of each fraction is shown in Table 5 along with other various
properties thereof and the discharge capacity and
charge/discharge coulombic efficiency.
-In addition, each fraction of the graphite powder was
20 evaluated with respect to packaging density and stability on an
electrode plate in the following manner. The results of these
evaluations are also shown in Table 5.
Packing Density

The packing density of a powder is an index as to how
25 densely the powder can be packed in a given volume, which
influences the energy density per unit volume of an electrode.
For this reason, the packing dehsity of each fraction of the-
graphite powder was measured in accordance with the tap density
measuring method specified in JIS Z2500. The tapping was
30 performed ten times. The results were evaluated as follows:
O : packing density of 1.17 g/cc or higher,
x ¢ packing densify of less than 1.17 g/cc.
Stability on Electrode Plate
As described previously, if coarse particles exist on an

35 electrode plate, they may penetrate through the adjacent thin
separator sheet to cause internal shorts. Therefore, the size
distribution of each fraction measured by the laser
diffraction/scattering size distribution analyzer was checked to
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- 35- As can be

seen from Table 2, as the pulverization is performed for a | onger

peri od,

10

15

the resulting graphite powder has
41—

determine the volume percent of coarse particles having a size
greater than 200 pm. The stability on an electrode plate was
evaluated to be poor (x) if the fraction contained 0.5% by
volume or more of coarse particles, and to be good (0) if it
contained less. Such coarse particles often have irregular
shapes having a big difference between their longer and shorter
diameters, and it is difficult to remove these particles by
screening if their shorter diameters are smaller than the
opening size of the screen used.

(Example 10)

A graphite powder was prepared in exactly the same manner
as described in Example 2. The resulting graphite powder was
classified by screening to obtain several fractions having
different mean particle diameters. The number of open
interstices per micrometer in the surface closed-end structure
of each fraction is shown in Table 5 along with other.various
properties thereof, the discharge capacity and charge/discharge
coulombic efficiency, padking density, and stability on an
electrode plate.



an increased specific surface area. However, the specific surface area
of the graphite powder did not have a substantial 5 effect on the nunber of

open interstices in the graphite. As is the case with Table 1, those
graphite powders having 100 or nore open interstices per mcroneter in
t he surface cl osed-end structures cauglod give a high discharge capacity

in excess of 320 mAh/ g. On the ot her hand, the charge/di scharge

coul onbic 10 efficiency was influenced by the specific surface area of the
graphite. Thus, those graphite powders having a specific surface area of
1.0 n2/g or |less gave a high charge/discharge coul onbi c efficiency of
90% or higher, while the char ge/ di scharge coul onbic efficiency was
decreased with an 15 increase in the specific surface area to greater than
1.0 nerr]/qg. Conparing-Examples 3 and 4 it can-bo seen that the
specific . surface arga, of a grpphitejpowdef havihg surfage closed-end
structures did not change gigni ht |y bet we fore apdeafter

subj ecting a graphite rogcég.gé )gi&]‘?i d .18 aﬁnaﬁf g8d 20 additional
heat treatnent in an inept=g ggsphefe {o |ncfease {he ngnber (density)
of open interstices inHhose—sitpctios- -Exarpi-e—by ' Thi s
exanple illustrates thg preparatjon|of jgraphgt poywdeq sehavi ng surface
cl osed-end structures qcgaLdiiig {x{IB| 2D | Plese®d | yENYiBn by the first
process. A bul § fe3@fase pitch deri bm ¢ dar pitch was
carboni zed by heating #-—1000{e+ — Fesphe e, and t he .
resul ting carbon materijal wasSpulveliz¢d $o0 § for cg@rbon powder ,
about 90% by vol une of |whi¥ts fadla parficle di ter iin 3Qu the range of 1
to 80 pm The pul veri 1agBE s | R D BIRI Ry S | R |EBp&Br nmill foll oned
by a disc crusher. Thelhgnggg.zni|l Wpas th¢ sanelas|{us¢d=in Exanple 1 and
was operated at a rotatlifnglSc $pe¢d iin fhe|range|of |60Q00St o 8000 rpm The
di sc crusher was opHd ofiat-tspeednrthe FPange of 50 to
200 rpm 35 ..The pul ver}i zati on s ¢onti nyied fol 5{m nut ¢<i n each

pul veri zer. Thgq EaTbonPowder bt ai y pul Yerilzation with the
hammer m |l and di sq 8dshers R @(r?a; Il Iﬁtiﬁe&gpﬁreﬁt treatnent in
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particle
diameter

(um
4.1
5.4

32.1

37.4
4.2

20. 1

4.7

38.3

Table

Specific | Mean

surface

area
(n?/g)
1.69
0.64
0.54
0.51
1.64
0.72
0.57
0.55

-~
-

Number
of open
inter-
stices
per um
104
103
104
102
768
772
750
770

7500

7500
Pulverized for 5 minutes; crystallite size was 245 -

in all runs.

Hammer

speed

(rpm)
7500
7500
7500
7500
7500
7500

mill

Pro-
cess

Bx.

No

Bx.9 ] 1st
Ex.
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- 36- the sane manner as described in Exanple 1 to give a graphite
powder . The properties of the graphite powder including the nunber
of open interstices in the closed-end structures, specific 5 surface area,
crystallite size, nean particle dianmeter di scharge capacity, and

char ge/ di scharge coul onbi c efficiency “43ére shown in Table 3 along with
the rotational speeds of the two types of pul verizers used.

(Exanple 6) 1Q decreﬂye% ﬁ%fﬁc}r& Gnddh Lﬁéf@iéfet&faﬂé‘ééi‘réi' Eeof_;rgbﬁ%ét e

powders having surface close structures accordi ng resent
i nvent i oﬁ’%ﬁﬂ%rhem sfso “oss than a5 pipk ﬁé&%ﬁﬁa@edﬁF?l?hOHéFWEd

from coallnt dhatideiWtharge GolDsBEE SFf1e€Béhay 6f éﬂ{léoézéekgoda aﬁd?agon
ulver SO as to

at nospherge and the 15 result carbon_nmat erj al

form a cmspase 15 R ARTRERE oy WirhaEhSrmann cBeRkaC Ao dianeFar Of
di aneser the grapﬁﬁtewmapaIﬁrgbﬂctﬁﬁh[sﬁrﬁmq the sﬁhhﬁlitgtOﬁnanas
perforne ' | r“§n§ whi ch was operated at a

r ot ation%l%?é:er}g’éie pl%lt(r%'lt escrangeflbc?r%bg 0 200 rpm 20 The carbon
powder ol{Exiampdeb\ilgul verization with the disc crusher was then

subj ected 10 hegls WHRAUPRN T10{s AU ttﬂé‘téé’é‘embly 8xl Qﬁoii{&rﬂéél

treatnent, and finally heat treatnent_in an arg here 1 n the
same manAdithdamy 4oy iS8GPNdR X bt kevies, Eﬁ‘(/’eng thﬁ ﬁFﬁBﬁFFEepERBUP inhe

propamt i ¢5gfrd fseussm@ tiliy gfapiite ﬁ&n@@r@le@bmﬂhyd! 8 the puebeain§ open
Cryst al | FORMELES Tk 10 angl Coiparat e EFSmpPEELL E8 2anaci ty and
charge/dlschar@enegatmxﬁ(ﬁﬁﬁqtmﬁdeclemmq predgtednfromTabmatéraadng with
the e by® Rab i irid & P Y EEd 5% wSfght of one of the graphite
powders with 10 parts by weight of a polyvinylidene fluoride
15 (PVDF) serving as a binder. The material for the negative
electrode was dispersed in N-methylpyrrolidone to prepare a
slurry having a pasty consistency, which was applied to both
surfaces of a strip of copper foil having a thickness of 10 um
and serving as a current collector 9 for the negative electrode.
20 After drying, the applied graphite layer was finally compressed
in a mold to produce the negative electrode 1.

A positive electrode 2 was produced from LiCoO, which had
been prepared by calcining a mixture of lithium carbonate and
cobalt carbonate at a molar ratio of 0.5:1 at 900°C for 5 hours

25 in air. The resulting LiCoO, had an X-ray diffraction pattern
in which the peak for LiCoQ, was well coincident with that
registered on the JCPDS files. The L.iCo0O, was pulverized and
screened to give a LiCo0O, powder having a 50% cumulative mean
particle diameter of 15 pym. Ninety five (95) parts by weight of

30 the LiCoO, powder were mixed with 5 parts by weight of lithium
carbonate, and 91 parts by weight of the resulting mixture was
combined with 6 parts by weight of a graphite powder serving as
an electrical conductor and 3 parts by weight of PVDF as a
binder to prepare a material for the positive electrode. This

35 material was dispersed in N-methylpyrrolidone to prepare a
slurry having a pasty consistency, which was applied to both
surfaces of a strip of aluminum foil having a thickness of 20 pm
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and serving as a current collector 10 for the positive
electrode. After drying, the applied layer was finally
compressed in a mold to produce the positive electrode 2.

Thereafter, as shown in Figure 8, the negdtive electrode 1
and positive electrode 2 both in strip form were rolled to form
a large number of turns along with two strips of a separator 3
made of a microporous polypropylene film of 25 pum thickness
after they were stacked in the order of negative electrode 1,
separator 3, positive electrode 2, and sepérator 3. An
electrode assembly in the form of a roll having an outer
diameter of 18 mm was prepared in this manner, and it was
inserted into a cylindrical battery container 5 made of a
nickel-plated steel. An insulator plate 4 was placed on each
end of the roll of the electrode assembly. An aluminum lead 12
for the positive electrode connected to the positive electrode
current collector 10 was welded to a battery 1lid 7, and a nickel
lead 11 for the negative electrode connected to the negative
electrode current collector 9 was welded to a battery container
5.

A 1M LiPF; solution dissolved in a mixed solvent of
ethylene carbonate and diethyl carbonate at a volume ratio of
1:1 was poured as an electrolyte solution into the battery’
container which had received the roll of the electrode assembly.
Thereafter, a safety valve element 8 equipped with a current-
interrupting mechanism and the battery lid 7 were secured to the
battery container 5 by caulking through an insulating sealing
gasket 6 coated with asphalt on its surface to finish the
assembly of a cylindrical nonaqueous secondary battery having a
diameter of 18 mm and a height of 65 mm.

Fifty batteries were made for each graphite powder in the
above described manner and their performance was evaluated as
follows.

Evaluation of Batteries
1) Charging: Charged for 2.5 hours by a current of 1 A

with a maximum charging voltage of 4.2 V. _

2) Discharging: Discharged with a constant current of
700 mA until the battery voltage dropped to 2.75 V.

3) Discharge Capacity: Calculated from the time required



[err] - 38- The graphite

powders obtained by the first process in which a conbi nati on of a hamrer
mll and a disc crusher was used for pul veri zation had 100 or nore open
interstices per mcroneter in the cl osed-end structures and a
crystallite size in the range of 5 100-8#6-2000 A. It is noted that, the
nunber of open interstices could be controlled by the rotational speed
of the h le,t I Li size, by the rotational speed
of the di's¥ dl%ﬁ%ﬂﬁﬁﬁngéé ?gag %b£ﬁ ?@Pa??oﬁnggﬁeéd of the hamme

mll it bekanme Restidly ¢@p@cepz:e ﬁhgrhphteeypoageclmy'whscmhehe 10
nunber ofy 4 HE A LGS YRPadEL bﬂﬁggngadbemaent EhbN8econk 8ACEi EEh
maxi mum 1 I nterstice m cronet er first process.

By the s&X¥HELSHr ol averwt%a%ﬁetﬁeruébeoﬁot hatgexdes weﬁumepréeene at
50 - 200 rpm fgy ptdycexe ZpéiPormahcdas PRESpELEend retphehohcoX disphhakge

i schar S%Véé‘%flt&go b tepenfBE cherathd ing: A a2haraing preiared i n
Exanpl es whixhl was determined from the discharge capacity obtained in the
last (ZOOth) cycle divided by the highest discharge capacity
obtained during the cycles, was used as an index for evaluation.
10 The results are shown in Table 6.



(Exanple 7) A graphite powder was prepared in the sane manner as 20
described in Exanple 1 except that the rotational speed of the

pul veri zer was fixed at 7500 rpm (with a pul verizing period of 5

m nutes) while the heat treatnent for graphitization was performed at
different tenperatures for 30 m nutes..fhe nunber of open interstices in
the surface cl osed-end structures of the 25 resulting graphite powder is
shown in Table 4 along with various ot her properties of the powder and

t he di scharge capacity and chaF @? di 8chfirge coul onbic ef fici ency.

(Exanpl e_8) A qraphlte powder was prepared in the sane manner as 30
descri bpd i ExanTfyi2; 6% CePhudsbat tdiecﬂa?geat'ém e/SPePBhtRéryt N@ycle
pul veri gex Weprofipged at 450Dof lapan Widabacditpul Veisckdra® Pedpac Yafpe orm-
m nut es) Nwhi | eesshertmeatiesr eptotent flor graphift¢sudédbdn Mas pantor mefl at
differept tenperatures and }bdcednditions fofekfheiency DX@g tive heat
treat meht wefe changed to GDUTé#?H( Qﬂﬁ . Th¥ 35| s¥%equentr’hea
treatmefit 1 nf an 4r g80f0atpwospheang wes paﬁzfornled 97 under _160le 4aneB3confi ti ons
as in E ' TOGHD erfpin] G X 197 hodr s)328 e nggvber| ofisggpen | ngsersti ces
in the OSEF0T §f UCT|Ur e3pgoT The Tggul T nqs@appl Tg popwer is
3[“;2{‘ | 7500 rpm | 103 | . 324 | o9g5 o1 OffggeM YT VgrTOpS
Charge;’ o W‘B"M RRTT S “hra'ycg'rwa T Tl
. “ 00 rpm [ TT ’ " 350 96 1593 a1
4500 rpm 80 290 95 1498 68
5 min 104 322 a7 1601 83
15 min 103 329 a7 1601 85
Ex.3| Ist 30 min 104 " 322 91 1553 83
45 min 105 328 86 1514 85
60 min 107 336 84 1498 87
Bx. 4 | 2nd 5 min 770 350 a7 1601 91
i 30 min 770 350 90 1545 91
5 min 80 290 95 1498 68
Co.2 | Ist 45 min 80 290 89 1495 60
100 min 80 295 83 1490 T2
6000/ 50 rpm| 105 335 92 1561 87
6000/200 rpm | 108 321 91 1553 83
8.5 | 1st 6000/150 rpm| 102 332 91 1553 86
) 6700/150 rpm | 900 351 92 1561 91
7400/150 rpm | 1320 351 83 1569 g1
8000/150 rpm | 1460 354 95 1585 92
~- / 50 rpm | 760 330 94 1577 85
Bx.6)2ad | -- /150 rpm |- 940 324 92 -- 1561 84
~- /200 rpm | 1200 315 93 1569 81
2800°C 103 324 95 1585 84
Ex.T] 1st 2900°C 103 331 35 1585 86
3000°C 103 336 94 1577 87
2800°C 500 . 336 35 1585 87
Ex.8 | 2nd 2900°C 500 345 95 1585 89
3000°C 500 358 95 1585 93
4.1pym 104 319 90 1545 83
8x.9 | Ist 5.4pum 103 326 91 1553 84
) 32.1pm 104 358 95 1585 93
37.4um 102 331 96 1593 86
4.2pum 768 325 90 1545 84
Ex. 904 20.1xm 172 331 a7 1601 86
10 M. Tem 750 333 96 1593 86 .
38.3um 7170 335 96 1593 87
Ex. =Example; Co. =Comparative Example.
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The lithium ion seéondary batteries assembled with a
negative electrode formed from a graphite powder having 100 or
more open interstices in the surface closed-end structures
according to the present invention exhibited a high battery
capacity due to the high discharge capacity and charge/discharge
coulombic efficiency and good packing (high packing density) of
the graphite powder. 1In addition, they had good cycle
performance due to the closed-end structures of c-plane layers
of the graphite powder having no open end, which could prevent
undesirable reactions such as gas evolutions by decomposition of
the electrolyte solution. Thus, it was confirmed that all the
batteries in the Examples in which a graphite powder according
to the present invention was used could retain at least 80% of
the highest capacity in the last cycle of the repeated 200 cycle
charging and discharging test.

In contrast, in Comparative Examples in which a graphite
powder having less than 100 open interstices in the closed-end
structures was used, the battery capacity and cycle performance
were both significantly deteriorated.

Industrial Applicability

In accordance with the present invention, a graphite powder
having surface closed-end structures of graphite c-plane layers
can be prepared in which the closed-end structures have an
increased number of open interstices serving as primary entry
sites for lithium ions. The use of the graphite powder as a
material for negative electrodes of lithium ion secondary
batteries makes it possible to assemble a lithium ion secondary
batteries having a good cycle life and a high discharge capacity
exceeding 320 mAh/g and, if the graphite powder has a well-
controlled specific surface area, a high charge/discharge
coulombic efficiency. Accordingly, the present invention will
contribute to improvement in performance of lithium ion
secondary batteries.



.[sgtraa]_f'rom Table 4, as the tenperature at which -4O;graph| tizat AEUE mmml IH“'

i ncreased, the resulting graphite had a smal | er val ue for

‘indicating that the crystallinity of the graphite powder was i npr oved
The inproved crystallinity was 5 acconpggied by an inproved discharge
capacity, although it had no substantial effect on the charge/di scharge
coul onbi ¢ ef ficiency. (Exanpl e 9) A graphite powder was
prepared in the sane manner as 10 desccilhgémsi n Exanpl e 1. The pul veri zation
of the raw materi al was performed at 7500 rpm (for 5 mnutes). After the
heat treatnent for gr hltlzatlon the resul ting graphlte powder was
classified by JS'creel}'ligfgaE ot BPwdeE ehararterizsds by Paydng spufpsecnt

mean par tdl(dskédidéﬁd?tﬁmcﬂihﬁe@um%hﬂéhoﬁﬁé géagntieésbl-@q&n&erla RieisO A

th f | o t t h ble 5
gPongeWS?a# AR St the IVERAES ot PherGERohifS: pevHeE. TOTIEd. Byaa t v

and 5 cHdmdgdimng sdtererels oof opdirs ebfi c-phape layers whdladdebwdmg'each
fraction jqfe -8 ;HAPRIK SR WEE o e#Q@:thH Eﬂé' Eﬁ}:fgc\é" B? ?:ﬁ%pg&Sﬁgﬁt%ac k3 ng

density and stablllty on an | rode, plate |n. ner The
resul ts Sumbeasof thy oneR | bakersbices b EHBWnaFn ‘Féﬁltelgo andpadty

Density 1500 pexr!héidatsie e deesstve@f iA aovdekibSdafechdon JF ttchehow 25
densel y th%ég}%sv%ier can be packed in a given volume, which i nfl uences
t he ener y per unit volume of an el ectrode. For this reason,
t he Adcki ng dehsit yThed geagbhitecpowdenfatcberdinggtaepliladmpdwskbersdin the

neasureddf%ﬂﬂ%%&(EHWEéfwﬁJEt§e5ﬁ3819f95§ﬁ¥face area of 1.0 m?/g or less.
3. The graphite powder according to Claim 1 wherein the
graphite powder has the following properties:
_ the (002) plane-lattice spacing in a c-axis direction
15 (d002) is 3.3700 A or less as determined by a refined lattice
constant measuring method using X-ray diffractometry;

the graphite crystallite size in a c-axis direction is in
the range of 100 to 2000 A; and

the volume cumulative mean particle diameter is in the

20 range of 5 to 35 pm as determined by a laser
diffraction/scattering method.

4. A process for preparing the graphite powder according
to any one of Claims 1 to 3, comprising subjecting a carbon
material, which has been carbonized and pulverized at a high

25 speed before and/or after the carbonization, to heat treatment
at a temperature of 2500°C or higher for graphitization.

5. A process for preparing the graphite powder according
to any one of Claims 1 to 3, comprising subjecting a graphite
powder to heat treatment under conditions that can remove the

30 surface of the graphite and subsequently to additional heat
treatment at a temperature of 800°C or higher in an inert gas.

6. The process according to Claim 5 wherein the heat
treatment under conditions that can remove the surface of the
graphite is oxidative heat treatment.

35 7. The process according to Claim 5 or 6 wherein the
graphite powder is one prepared by subjecting a carbon material,
which has been carbonized, to heat treatment at a temperature of



measuring met hod specified in Jl S Z2500. The tapping was 30 pe

tinmes” The results were evaluated as foll ows: O : pack[lmmmnmmj""”l IIII
of 1.17 g/cc or higher, X : packing density of less tham 1¢17n g/Mccs *
Stability on Electrode Plate As described previously, if coarse
particles exist on an 35 el ectrode pl atgg.lhey may penetrate through the
adj acent thin separator sheet to cause internal shorts. Therefore, the
si ze distribution of each fraction neasured by the |aser

di f fract 2B00% it righesi fer dgsaplilbuimmanaaydepemgrmhagk@mltverlzatlon
-41- Lne v n° t S| ze
orat er PREGESCRE, aErEr SR BaPRERTnsTor o S S Khditd bt b
eval uated to 8e poBhe(proresshacrexdingn teo@Rlaimd ®15% whereinm|the or
mor e of gfaﬁﬁftaapbwaées1sags@ebar6a W%u(l@emzlﬁg 2 mﬁif%i&é&r
coarse particles often have irregul ar shapes having a bi fference
bet ween gﬁ%PPlFGnger and shorter dianeters, and it is di ffl cult to
renove these gartigl patéyial ieﬁ:ene'gaglivfe @lﬁ'dtﬁ:lmﬁ &¥f Ol Tk Sm'ﬁe

smal | er than aﬂ ggen ng size of, the scr n use 1Q Exar%h

A gr aphi FREBRIRAEY RALCGFABRr e FOPRTALALS) ?rt hn cr| bed
i n Exanppew@erTaecordihgi hg gngpbneeoﬁomgrlmsasl todassified by screeni ng
to obtain seygral #§r [ i£lfe @%geéers
The nunber o?‘ls R ggpnlte{el?ls??ic&eggggpdg rg{ﬁe%&g{htﬁ{iu%f ace c osed- end
st r uk® ur%le°t§9d€a9ﬁ°ﬁl=1§9@| §roms thgoRi ter itdp accond iy W (R - vari ous
properties thereof, the discharge capacity and charge/di scharge

coul onmbi ¢ efficiency, packi ng density, and stability on an el ectrode

pl at e.
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Abstract

A graphite powder has surface closed-end structures in
which the graphite c-plane layers of the graphite layer crystal
lattices have closed-ends on the surface of the graphite powder
by linking the ends of one or more pairs of the c-plane layers,
leaving interstices which are open on the surface of the
graphite. The number of open interstices is at least 100 and at
most 1500 per micrometer in a c-axis direction of the graphite.
Preferably, the graphite powder has a specific surface area of
1.0 m®/g or less. Such a graphite powder can be prepared either
by graphitizing a carbon material, which has been pulverized at
a high speed under well-controlled conditions before and/or
after the carbonization, or by subjecting a carbon material,
which has been pulverized under well-controlled conditions
before and/or after the carbonization, to graphitization and
then to oxidative heat treatment at a temperature of 600 - 800°C
and finally to heat treatment at a temperature of 800°C or
higher in an inert gas. The graphite powder can be used to
produce negative electrodes of lithium ion secondary batteries
having a high discharge capacity of at least 320 mAh/g and a
high charge/discharge coulombic efficiency of at least 90%.



[err] g . -43- A decrease
In the nean particle dianeter of the graphite. powder, particularly to

|l ess than 5 [err]m caused a deterioration ~ in charge/discharge

coul onbi c efficiency of the electrode and a decrease in packing
density. Wien the nmean particle dianet%p/of 5 the graphite was | arger than
35 [err]m the stability on an el e€t Bode pl ate was deteriorated.
(Exampl e 11) This exanple illiustrates the assenbly of cylindrica
lithiumion secondary batteries having the structurée shown in 10 Figure 8
usi ng the graphite powders obtained in the preceding

Fig. 1

C-AXIS DIRECTION _
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N et 2
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Exanples 1 to 10 and Conparative Exanples 1 to 2. A negative

el ectrode 1 was produced froma materi al prepared by conbining 90 parts
by wei ght of one of the graphite ‘powders with 10 parts by weight of a
pol yvi nyl i dene fluoride 15 (PVDF) serving as a binder. The material for the
negative el ectrode was di spersed ih met hyl pyrrol i done to prepare a
slurry having a pasty consistency, whi dvas applied to both surfaces
of a strip of copper foil having a thickness of 10 [err]m and serving
as a current collector 9 for the negative electrode. 20 After drying, the
applied graphite layer was finally conpressed in a nmold to produce the
negative el ectrode 1. Ive el ectrode 2 was produced from

Li Co@®2 whi ch had been prgpard~y cal cining a m xture of JTtigi®m
carbonate and cobal t cﬂ@,'gﬁ 'vni. nol ar ratio off $0. g-i¥at 9gb[err]C
for 5 hours 25 in air. T seeafy JBNNCo2 had an f di f1 g 0N
pattern in which t Qg SFEMptShalidddaderr] was wel i th that

regi stered on the JCPLGM

tomveaLHbqar]-f

di anmeter of 15 [err]nn%gf f
7d
i

was pul veri{z

r,/«“‘ipf-§ﬁ§(ﬁ;cunulative

powder were mixed Wt DA SOV o lithium ¢
parts by weight of th ,’-".f‘ conbi &
wei ght of a graphite c{;ajf_ , n electricg
parts by weight of PV W AN cpake a
positive el ectrode. THSERS Mpegrs sBENS persed

to. prepare a sl ur rigiMePsr N M st ericy,

bot h surfaces of Jigse 8 i n§yS havi ng
[err]m fli® - 44-

current collector 10 fﬂwfthe positive ]"
f}ﬂ' conpr ess®g

eafter, as shonjiﬁlﬁﬁgure 8{‘

applied layer was fin
el ectrode 2.
el ectrode 1

Fig. 2




5 and positive electrode 2 both in strip formwere rolled to form a

| arge nunber of turns along with two strips of a separator 3 made of a
- m croporous polypropylene filmof 25 pmthickness after they were

stacked in the order of negative el ectrode 1, separator 3, positive

el ectrode 2, and separator 3. An 10 8l ectrode assenbly in the formof a

roll having an outer di aneter of 18 Bmwas prepared in this manner, and

it was inserted into a cylindrical battery container 5 nmade of a

ni ckel -pl ated steel. An insulator plate 4 was placed on each end of the

roll of the electrode assenbly. An alum num|ead 12 15 for the positive

el ectrode connected to the positive el ectrode current collector 10 was

wel ded to a battery lid 7, and a nickel | ead 11 for the negative

el ectrode connected to the negative el ectrode current collector 9 was

wel ded to a battery container  _ AJMLIiPE6 salutiaon digsol ved

in a mxed solvent of  et}yyenc—ens = Ty e

volume rati o of 1:1 was PofHa 15 —-re

battery cont ai ner whic 7 11a4, erpruRre—FoT T SEE oS LEa ey 1D Y.

Thereafter, a safety val véiq 27N, 3 T LA

i nterrupting mechani sm and -t he drat #8K; el Ve e L e b i . | € \/

contai ner 5 by caul ki ng thposyiseams: e o e R e T —

with asphalt on its-:
nonaqueous secondary

of

65 mm 30 Fi f he .
above descri bed mapn ! , . .
Eval uati on of Bat Y e e T T el bRl e e tde )Y
current of 1 A 35° 5 T e SV Y=+ v T e

Di schargi ng: Di s¢ 3¢ SUSTtree e ey w oo s m—— o e e O
battery voltage Ot O s i o e et e i el aslont

e e -

Bk e



for Hischarging to 2.75 Vwith a 700 mA current. 4) Battery
Capacity: The battery capacity was the hi ghest di scharge capacity

obt ai ned between the second and fifth cycles. The average val ue for the
50 batteries was recorded. 5 5) Cycle Performance: The percent
retention of discharge capacity upon 200 repeated charging and
di schargi ng cycl es, whi ch was detefﬂ?ﬁgd fromthe discharge capacity
obtained in the | ast (200t h) cycle divided by the highest discharge
capacity obtai ned during the cycles, was used as an index for
eval uation. 10 The results are shown in Table 6.
- 46- Tab | e 6
Condi ti ons Nunber Di schar ge Char ge/ Battery -Cycle Ex. Pr o-
or of open capacity di schar ge capacity perform No.
cess properties inter- coul ombi ¢ ance
stices efficiency per [err]m
(mAh/ g) (9 ( mAh) rpm 104
322 97 1601 rpm 107
328 95 1585 rpm 106
328 96 1593 rpm 103
324 95 1585 rpm 110
337 97 1601 rpm 770
350 96 1593 rpm 80
290 95 1498 ' 104
322 97 5 mn 103 .
329 97 1601 i n 104
322 91 1553

<t

G)

o

<
~
o
o™
«
o




451 n 105 328 86 1514 85

60 mn 107 336 84 1498 87

5 mn 770. 350 97 1601 91 Ex.4 2nd
30 min 770 350 90 1545 91

5 mn 80 290 5/// 95 1498 68 Co.2 1st
45 mn 80 290 8 89 1495 60

100 min 80 295 83 1490 72

6000/ 50 rpm 105 335 92 1561 87

6000/ 200 rpm 108 321 91 1553 83

6000/ 150 r pm 102 332 91 1553 86 Ex.5
1st 6700/ 150 r pm 900 351 92 : 1561 91
7400/ 150 rpm 1320 351 93 1569 91

8000/ 150 rpm 1460 354 95 1585 92

- /- 50 rpm 4]0 —— ) —— A — M N .6 2nd

--/150 rpm 94 0%
-- /200 rpm 1208t

2800C 103 Rty 7 1st
2900[err] C L :
3000C 103 puta
2800 C 5 O )emest 8 2nd
2900[err] C '
3000C 500
4.1 [err]lm 83
5.4[err]m §4 Ex. 9
1st 32.1 [err§ - 93
37.4 [err]m et o . : e SN O
4.2[err]m : e e ST X .
2nd - 20.1 [erris o ) ' i e = 86
10 34. 78 ' $Ve R oo P e O 3
86 38. B e ' b ' ¥ 1593
87 Ex. zExanpl §
-47- |
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The ‘I'ithiumion secondary batteries assenbled with a negative el ectrode
formed froma graphite powder having 100 or nore open interstices in

t he surface cl osed-end structures according to the present invention
exhibited a high battery 5 capacity due to the high discharge capacity and
clar ge/ di schar ge coul ombi ¢ effici%ﬂgy and good packi ng (hi gh packing
density) of the graphite powder. &ldition, they had good cycle
performance due to the cl osed-end structures of c-plane |ayers of the
graphi te powder having no open end, which could prevent 10 undesirable
reactions such as gas evol utions by deconposition of the electrolyte
solution. Thus, it was confirned that all the batteries in the Exanpl es
in which a graphlte pomder accordlng to the present invention was used
could retain at | easj SEpC: — » FE-| e of
the repeated 200 Cyl\V‘ :
contrast, in Conpara “J

t han 100 open |nter-*f Ak
battery capacity anoﬁ

deteriorated. 20 qﬁ‘j i In
accordance with the #iiashy rface

cl osed- end structureg n

whi ch t he cl osed-end

interstices serving j§ se of

the graphite powder i um i on
secondary batterij

secondary batterif

capacity exceedi ng |- 30

controll ed specific’
ef ficiency. Accordinj
| mprovenent in perfoB




-48- . d ai ns 1. A graphite
powder characterized by having surface cl osed-end structures in which
the graphite c-plane | ayers have cl osed-ends on the surface of the
graphite powder formed by 5 linking the ends of pairs of c-plane |ayers
wht | e | eaving interstices which ar?y9pen on the surface of the
graphite, the number of the open in¥egstices being at |east 100 and at
nost 1500 per mcronmeter neasured in a c-axis direction of the
graphite. 10 2. The graphite powder according to Claim1l wherein

t he graphite powder has a specific surface area of 1.0 nferr]/g or

| ess. 3. The graphite powder according to Caim1l wherein the
graphite powder has the foll ow ng properties: the (002)
plane-lattice spacing ingage-axic direction 15 (d002) is 3.3700 A

as determined by a refi ' LT L R T R
X-ray diffractonetry;

or |ess

o
R O X1 S

direction is in t he L T T e B Une
cunul ative nmean particl e e e e RS
determ ned by a | aser . RN : R iy R A\
process for preparing t . f
Clainms 1 to 3, conprisi S been
carboni zed and pul veri zqEE. ;
carboni zati on, to heat (.. or

hi gher for graphitizati 8

graphite powder accordi s T ¢}

subj ecting a graphite S PR t hat
can renove the 30 surfaduss B Ona
heat treatnent at a St gas.
6. The process accor difsss R under
conditions that can remjs B ive
heat treatment. 35 e B \Wher ei n
t he graphite powder B | ol |

Fig. 7



whi ¢h, has been carboni zed, to heat treatnent at a tenperature of

- 49- 2500[ err] C or higher for graphitization and perform ng

pul veri zation before or after the carbonization or after the

graphitization. 8. The process according to Claim5 or 6 wherein

t he graphite powder is prepared by gulverizing a naturally-occurring 5

graphite. 9. Amaterial for n& Ive el ectrodes of lithiumion

secondary batteries, conprising predomnantly the graphite powder _
~according to any one of Clains 1 to 3. 10. A lithiumion secondary

battery having a negative 10 el ectrode produced fromthe material according

Fig 8

to Claim?9.
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