WO 99/ 46437 PCT/ US99/ 05208 METHOD FOR
EXPANDI NG LAVELLAR FORMS OF GRAPHI TE AND RESULTANT PRODUCT 5 This invention
relates to a nethod of producing 10 a formof graphite having certain
hi ghl y desi ggdoaggaracteristics and, nore particularly, to RCTSMO5R03
resulting in an.expanded, highly |anellar graphite product havi ng a
particular - particle size distribution, a high bulk volune, and a high
surface 15 area to mass rati o. BACKGROUND OF THE | NVENTI ON Hi ghly

| anel l ar fornms of graphite have found wi de ranging industrial applicability
because of their | ow 20 thermal and electrical resistivity and their
ability to enhance thermal and el ectrical conductivity when added to a

|l ow or non-conductive particulate (mterial). Specifically, when
highly lamellar graphite is mxed with or dispersed in particulate 25

whi ch are non-conductive or partially electrically conductive, the thin

pl atel ets of graphite becone 2 interlaced between the base particles,

t hus providing a nore conductive path and nore uniformcontact with the
particles than could achi eved using the sane

METHOD FOR EXPANDING LAMELLAR FORMS
OF GRAPHITE AND RESULTANT PRODUCT

This invention relates to a method of producing

10 a form of graphite having certain highly desirable
characteristics and, more particularly, to a method
resulting in an expanded, highly lamellar graphite
product having a particular particle size
distribution, a high bulk volume, and a high surface

15 area to mass ratio.

BACKGROUND OF THE INVENTION

Highly lamellar forms of graphite have found wide

ranging industrial applicability because of their low

20 thermal and electrical resistivity and their ability
to enhance thermal and electrical conductivity when

added to a low or non-conductive particulate
{(material). Specifically, when highly lamellar
graphite is mixed with or dispersed in particulate

25 which are non-conductive or partially electrically

conductive, the thin platelets of graphite become



concentration of non-lanellar graphite. 5

Exfoliated or expanded

| amel | ar graphite has simlar enhanced characteristics and

utility. Thermally

occurring |

exfoliated graphite ("TEG") has an

accordion-lgﬁg ﬁgg}Jguration of separated, stacked |anel | ae.pdynsspoinsdosral |y
Py graphite, 10 del am nat ed, exfoliated, expanded- ‘

graphite "worns" are al so used for applicatgons such as enhancing thernak,
or electrical conductivity in various nmatrices.” For exanple, in the

manuf acture of al katbpeaded BethedRt£iesiwsse qalidkisd thdo grivedigake
graphite is 15 used in the positive electrode active material. See, -
e.g., US. PatentaNaork, 4¢843dd408ive pathat and eoral undifiorim icontacdr pdrtdt ed

herein by reference.

If the flake graphite can be expanded in a nmanner to

maxi m ze its surfthe gpastickes ghasn ocvsddarcthievad cesihgl | yhe same

del am nated, greater conductivity can be attained for the positive

el ectrode. This reentestiataoni ofrnordlamethar ggraphive mance and | onger
useful life for the battery. Simul taneously, the amount of graphite
needed to pBoduce the BkEeliatiedcar bexpandessedamellar graphiteghas an
increase of the active electrode material, MQerr]. Typically, |lamellar
graphite has beensé®piated eHhameed nt FRIFAFFIFLHBLES corBlind Yiitle-tor-

bet ween t he

Thermally exfoliated graphite ("TEG") has an

accordion~like configuration of separated, stacked

lamellae. Like naturally occurring lamellar graphite,

10 delaminated, exfoliated, expanded graphite "worms" are
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also used for applications such as enhancing thermal
or electrical conductivity in various matrices. For
example, in the manufacture of alkaline dry cell
batteries, delaminated exfoliated flake graphite is
used in the positive electrode active material. See,

e.g., U.S. Patent No. 5,482,798 to Mototani et al.,

which is incorporated herein by reference. If the
flake graphite can be expanded in a manner to maximize
its surface area for a given mass and be successfully
delaminated, greater conductivity can be attained for
the positive electrode. This results in an improved
discharge performance and longer useful life for the
battery. Simultaneously, +the amount of graphite
needed to produce the electrode can be decreased,
resulting in an increase of the active electrode
material, MnoO,.

Typically, lamellar graphite has been expanded by

the intercalation of a compound into or between the
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3 interlayers of the crystal structure of the graphite. The graphite

i ntercal ation conmpound ("AC') is then expanded to dranmatically enlarge the
‘graphite interlayers. The intercalation of 5

| anel | ar gr wigvogsdias been studied in detail and described iBCHUSHMUOEAI]
technical papers and patents. For exanple, the Mdtotani et al. patent
identified above describes nmaki ng an expand@d graphite product of

artificial graphite by introducing sulfuric acid into 10 the sulfuric
graphite |nterlayéﬂ§e§h§YP§§|ﬁfythéa?FﬁétPﬁesﬁFBﬁﬁP¥6 af F%ﬂp@?%@hﬁ%@ of
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above describes making an expanded graphite product of
artificial graphite by introducing sulfuric acid into
the sulfuric graphite interlayers and rapidly heating
the graphite at temperatures of between 800°C and
1,000¢°cC. Similarly, U.S. Patent No. 4,350,576 to
Watanabe et al., which is incorporated by reference
herein, describes an intercalation process using an
electrolytic intercalation solution in which the
graphite is subjected to electrolysis, dried and then
heated to 1000°C to obtain an expanded graphite.

Thus, while it has been known how to expand
graphite, as more uses for the material have been
discovered, it has become desirable to produce such
expanded graphite in commercial gquantities in a more
efficient and economic manner.

Accordingly, it is the object of the present
invention to provide an efficient and economic method
for producing expanded graphite.

This object, as well as others which will become
apparent upon reference to the following description

and accompanying drawing, is met by a method for



graphite fromlanellar flake graphite conprising first providing | anell ar
flake graphite particles having at least a mnimal purity, then 3
intercalating the |anellar f1ake graphite particles 5 W t fepiisédigaggedabl e
graphite int P on conpound, followed by expanding the graphite {
I ntercal ation conpound to exfoliate the fla graphite particles, and .
finally air mlling the exfoliated flake graphite particles to further

del ani nate them 1Q,BR)EF sz?&&&’T 105 d HE SRAUNG FRixd. £ 1aNes qrapHiait i C
dr awi ng iIIustratiﬁS ?hg %x ansionbgﬁg mlling steps of the in&%%tive
process. 15 comprPESRE Y CprdiEd BiRGHaRmED 1-YBOPLMEAT giwphite
inventive process requires fhe provision of a suitable starting material of

| amel | ar graphite; ﬁhbeibmégr GRdRingn a@f 18&s6t & t magimalerpativy} h thed C
the expansion of the G C to obtain TEG and air mlling 20 the TEGto
obtain a del am nat ¢dteexhdbtahgd thealumel Yaodfitakdagraphathi gamdgles of
uniformty in particle size, a high bulk volunme, and a high surface area to
mass ratio. Fhe staithn@nreexpamdabke pgeaphibéy indercalation compound,

and:acconpanying drawing, is net by a nethod for 4 meki ng expanded (}f

followed by expanding the graphite intercalation
compound to exfoliate the flake graphite particles,
and finally air milling the exfoliated flake graphite
particles to further delaminate them.
10
BRIEF DESCRIPTION OF THE DRAWING
Fig. 1 is a schematic drawing illustrating the

expansion and milling steps of the inventive process.

15 DESCRIPTION OF THE PREFERRED EMBODIMENT

The inventive process requires the provision of
a suitable starting material of lamellar graphite; the
intercalation of the starting material with a GIC; the
expansion of the GIC to obtain TEG; and air milling
20 the TEG to obtain a delaminated, exfoliated graphite
product having a high degree of uniformity in particle
size, a high bulk volume, and a high surface area to

mass ratio.
The starting material 1is preferably natural
25 mineral flake graphite or synthetic graphite having a
degree of three dimensional ordering, i.e., highly
oriented pyrolytic graphite ("HOPG"). The degree of

three dimensional ordering of the graphite can be



25 m neral flake graphite or synthetic graphite having a degree of
three dinensional ordering, i.e., highly oriented pyrolytic graphite
("HOPG'). The degreé of three dinmensional ordering of the graphite can be
5 quantifi edvdyomgssrny diffraction ("XRD"). The XRD par anePETUSHNSW | y
used is referred to as L[err] and, based on XRD anal ysis, the graphite best
suited for the inventive process has L[err] Svalues in excess of 2.000 5

A and preferably higher. In the preferred nmethod, the starting nmaterial is
natural flake grapmantifiiedl by VoAb ddELrRSEIPR pf GERRSkd t oTRE nXRPnum
| evel of purity of 99.9% LA (loss_on ignition), with the particle size of
the 10 gr aphi (RATARSEE cIRRBRAGBBUMSES) FBsHeARTTEH0 YrsASakd, and,

pref erably between about 30 nesh and 70 nesh (200 .-, 600, m crons). .Such a
natural flake graftf#s%d 2H EEDOBPQ'Né&sﬁnﬁﬁqPﬂ?%RRkﬁ?o?eﬁfaﬁHF%ﬁdC%Prof

araphite. The - piiie RPERTE EARFCRE A al vALRES 1 SR 472900
Ao noted abce, t Herhd R SETHAREE MR Tt hods by whi ch thi's can be 20
acconpl i shed.  Typically, e 930008 RALhbE! eth8'&rarting material is
natural flake graphite mined in Mozambigue that is
processed to a minimum level of purity of 99.9% LOI
(loss on ignition), with the particle size of the
10 graphite being between about -20 mesh and +60 mesh
and, preferably between about 30 mesh and 70 mesh (200
- 600 microns). Such a natural flake graphite can be
obtained from the Superior Graphite Co. of Chicago,
Illinois, assignee of this application, aé 2901 grade
15 graphite.

The purified starting material is then
intercalated with a GIC that will insert between the
lamellae of the graphite structure. As noted above,
there are many different methods by which this can be

20 accomplished. Typically, the graphite particles are
treated with a strong oxidizing acid, such as highly
concentrated combinations of sulfuric and nitric acid.
If sulfuric acid is used as an intercalant acid, the
sulfur content of the acid treated graphite should be

25 at least 2.0%, by weight, and preferably as high as
3.0%. The preferred intercalated graphite is Grafoil
acid-treated chemical flake graphite from UCAR Carbon

Company, of Danbury, Connecticut, which is natural



treated with a st
conbi nati ons of s
intercalant aci d,

rong oxidi zing acid, such as highly concentrated

ulfuric and nitric acid. |If sulfuric acid is used as an

& 14
the sulfur content of the acid treated graphité should be
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he individual particles to separate and, thus, expand

graphine after dianekckdatdohi gis apirerﬁerbblyha:@mn te is

gbaphi 1@%t ot @dpebyt weeghtt about 850[err]C to
h heating may be done any nunber of ways, such as by

graphite in on a hot surface, by using infra-red
Cﬁysﬁn&bétﬁW@lﬁéappn@f(ﬁhQIﬁ¥Qn|&9r°1ng the lamellae

of the individual particles to separate and, thus,
expand the graphite to an accordion-like
configuration. If the graphite is acid intercalated,
the expansion is accomplished by rapidly heating the
intercalated graphite to temperatures of about 850°C
to 1,000°C. Such heating may be done any number of
ways, such as by directly heating the intercalated
graphite with a flame, by placing the intercalated
graphite in on a hot surface, by using infra-red
heating elements, by inductive heating, or the like.
The intercalated graphite is thermally expanded to
produce a product that is typically expanded to
greater than 125 times is initial volume, with a bulk
volume of approximately 250 ml/g or more and with a
surface area to mass ratio of 35 m?/g or greater.
After the graphite has been suitably intercalated
and exfoliated, the graphite is subjected to air
milling, which further delaminates and separates the
expanded graphite. This yields a fine graphite that
exhibits a substantially higher specific surface area
than the same material milled to the same particle

size, but not intercalated and expanded. The expanded

10 t he expansion is acconplished by rapidly heating



The intercal at ed graphite is thermally expanded to produce a product t hat
is typically expanded to greater than 125 tines is initial volune, wth a

bul k 20 vol une of approximately 250 m/g or nore and w e
area to nmasWO9M4b470f 35 nR/g or greater. After the graphitﬁﬁ%sg%%ﬁg

suitably intercal ated and exfoliated, the giaphi te is subjected to air
mlling, which further delam nates and separates the 25 expanded

hite. Thi ield [ . iteth Mol ' . hi gh
dpecitic surtace Srenfran B HudRdd S OF SRR S Bym i Hedeta D"
ize, b [ I d . Sspandes [ '
rsn! IZFed :JE] 201EI :Jiniiﬁé'a%gf Séft?%gqgﬁ:???% %ﬂ?fp or air rﬁﬁ?ge%\ﬁ{){g%ﬂe%erred

process, a flat- gcopéigured ¥r 'P O?@éﬁ-et_wg'énai iF i3S Ygedybeqprigluce a

product with a nmean particle size pproxi mately 30 m crons and a

surface area of ngéaﬁéet han 2dd@ M Wikh Tdr "Bant Op&yficle tdpi& ik seen
a schematic illustration t hat di agr ans t he expansi on or

exfoliationg and apprbkflateélgPrs0 micrddie and @seikfile areawenjredter
The i nt ercal at ed graphite fl akes (preferably the Gafoil ftlake
graphite identifiedafbpuen?ig. dunped into a flake feeder 10, from which

Turning to Fig. 1, there is seen a schematic
illustration that diagrams the  expansion or
exfoliation and milling steps of the present

10 invention. The intercalated graphite flakes
(preferably the Grafoil flake graphite identified
above) is dumped into a flake feeder 10, from which
the graphite flake is fed continuously into the flame
of a gas-fired calciner/furnace 12 to cause the

15 intercalated flake to be heated to temperatures of at
least approximately 600°C (1100°F) in less than one
minute and, preferably, at least approximately 870°C
(1600°F) in less than one minute. In practice, the
intercalated graphite flakes are fed into the calciner

20 12 at rate of approximately 150 lb/hr.

In the calciner 12, the intercalated graphite
flake is preferably expanded to form TEG flakes or
worms having a bulk volume of at least 200 ml/g and,
preferably, at least 250 ml/g and a surface area to

25 mass ratio of approximately 35 m?*/g. The TEG worms
exit the calciner 12 and enter a cyclone 14 which
separates the TEG flake from the entraining burner

gases. The TEG flakes drop out of the bottom of



the graphite flake is fed continuously into the flame of a gas-fired

cal ci ner/furnace 12 to cause the 15

tenperatures of at |east approxinmately 600[err] (1100[err]F) in less t
one m nute awo9vaewierably, at | east approxi mately 870[ er r] CPCTASDV5R48] F)

in |less than one m nute.

fed into the calciner 20 12 at rate of §pproxinate|y 150 I b/hr. In

cal ci ner

12, the intercal ated. graphite flake.is preferably expanded to form
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preferably, at
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rates st E r t rai ni ng burner gases.
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("reduction”) chamber, and a single discharge. The
TEG flake entering the reduction chamber is entrained
by a stream of circulating fluid (air), énd jet action
breaks up the TEG particles by inter-particle
collisions. The centrifugal force shifts the larger,
heavier TEG flakes toward the outer periphery of the
reduction chamber, causing them to be re-introduced
into the jet stream for further grinding. The finer
particles migrate towards the outlet of the mill 18.
In practice, the air mill 18 is an Aljet 24 inch
flat-configured attrition mill, which processes the
TEG flake at a rate of approximately 120 1b/hr to
produce a TEG flake having a bulk volume of
approximately 0.050g/cc (or 200 ml/g), a surface area
to mass ratio of at least about 18-22 m’/g, and a mean
particle size of approximately 30 microns. These
characteristics for the air milled TEG flake can be
varied by adjusting the rate at which the TEG flake is
milled. Over-feeding the mill results in coarser TEG
flakes, while under-feeding results in finer TEG

flakes.

intercal ated fl ake to be. heated to
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by a streamof circulating fluid (air), and jet action 10 breaks up
the TEG particles, by inter-particle collisions. The centrifugal force

shifts the |arger, heavier TEG fl akes toward the outer peri e
3’ Eﬁé‘%”@{)ﬁzé{lm for

reduction cW 437 causing themto be re-introduced into th
further grinding. The finer 15 particlegS m grate towards the outlet of
the mll 18. In practice, the air mll 18 i's an Aljet 24 inch
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m crons. These t ari ed
by adjusting the ?g'?%ﬁ%tt% ﬁ%&?ﬁ;eé)éré Poﬂﬂéﬁ&éﬂﬁ@ﬁd&&e £33 sifed/

Over - feeding the grbdyéesylas7on ce CQﬁésg&nIsﬁe&I | pkeauchih wedYachead no

results in finer G fl akes 9 The air TEG fl| akes pass through a

second cyclgne 20padkéd)) WRRBRACSIpAGLs! sk TG Lhobos @fnalin@desi red
mass and deposits theminto a finished product bin 72. The finished product

can be vacuum 5 more paekedlywhidhdiemacpsckdge Tt @ithbutnt advenisallyer,

affecting the characteristics of the TEG flakes. The
undersized TEG flakes or "fines" are exhausted from
the cyclone 20 into. bag house 24, from which the fines

10 are deposited into a "waste” bin 26.
While the invention has been described in the
context of a preferred method, various modifications
maybe made without departing from the scope of the

invention, as defined by the following claims.



characteristics of the TEG fl akes. The undersi zed TEG fl akes or "fines"
exhausted fromthe cyclone 20 into bag house 24, fromwhich the fines 10

are depositewgiesm "waste" bin 26. Wiile the invention has RET&FIHAIEE | bed“
in the context of a preferred nmethod, various nodifications mybe nade !

nore easily handl ed package, w thout adversely affecting the ‘\
are

Wi t hout departing fromthe scope of the inv&Ation, as defined by the "
foll owi ng clains. 10 IN THE CLAI Ms: 1. A net hod for maki ng expanded
graphite from | anmeIN JPHE | CIATIMS tiphit e conpri sing; a) providing |anellar
fl ake graphite 5 particles having at |east a m nimal
purity; b) I ntercal ating the Ilanellar fl ake graphite particles with
an expandabl e graphite jntercal at onpo

expandi ng the graphite 1ﬂteﬂ%dW%¥$€£ gBﬁpGgggagggxP€998piQF@phé%é T
grapt e Part ol es; gt 8 8L ILILLES obbifes Efig o120 11 ake orepnite

a) providing lamellar flake graphite

5 particles having at least a minimal
purity;

b) intercalating the lamellar flake
graphite particles with an expandable
graphite intercalation compound;

10 c) expanding the graphite intercalation
compound to exfoliate the flake
graphite particles; and

d) air milling the exfoliated flake

graphite particles to further

15 delaminate them.

2. The method of Claim 1, wherein the lamellar
flake graphite particles are natural flake graphite
purified to 99.9% LOI; the graphite intercalation
compound comprises an acid; and the graphite

5 intercalation compound is expanded by heat.

3. The method of Claim 1, wherein the lamellar
flake graphite particles are natural flake graphite
thermally purified to 99.9% LOI; the graphite
intercalation compound comprises an acid; and the

5 graphite intercalation compound is expanded by heat.
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TR he method of Claim1l, wherein the lamellar flake graphite particles
are nat ur a raphlte purified to 99.9% LA ; the graphi
I ntercal at H%%Egﬂﬁf)oundmscgmggggﬁk .4 aci d; and the grap%ﬁ@s%mszos
i ntercal ati on conpound H _ _ 'a H heat 113 The nethod of Claiml1,

wherein the lanellar fl QK articlés are natural flake graphite
thermally purified to 99 graphite intercal ati on conpound
conprises an acid; and the 5 graphite intercal ati on conpound is
expanded by heat. 11 4. The nethod of Caim2 or 3, wherein the
exfoliated flake graphite particles are air mlled in a fluid energy
attrition mll. 5. Hhe maEthewodmethodai o 4claier €2 n drhe3f | wittexdid g¥he
attrition mll has a flat configuration. 6. The nethod of Claim?2 or 3,
wherein the fl akexfidplatesl fifaker grapliitegattirlesi abe afibemilgedplint e

I ntercal ati on conpound has a volatile content of between about 12%to 22%
by weight. 7. Bhé lndch ehesfgyClatitnit iovon 3nilvherein the exfoliated fl ake
graphite particles have a bul k volune of at |east about 250 ni/g and a
surface area to nass rati o of approxi rrately 35 nferr]/g. 8. The net hod of

Caim?2 or 3, wherein the
5. The method of Claim 4, wherein the fluid

energy attrition mill has a flat configuration.

6. The method of Claim 2 or 3, wherein the
flake graphite after intercalation with the graphite
intercalation compound has a volatile content of

between about 12% to 22% by weight.

7. The method of Claim 2 or 3, wherein the
exfoliated flake graphite particles have a bulk volume
of at least about 250 ml/g and a surface area to mass

ratio of approximately 35 m®/g.

8. The method of Claim 2 or 3, wherein the
exfoliated flake graphite particles have a bulk volume
of at least about 200 ml/g and a surface area to mass

ratio of approximately 35 m*/g.

9. The method of Claim 2 or 3, wherein the
exfoliated flake graphite particles are air milled to
a surface area to mass ratio of at least about 18 - 22

m’/g, a mean particle size of approximately 30 microns,
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exfoliated flake graphite particles have a bul k volunme of at |east about (, !
200 mM/g and a surface area to nass ratio of approximately 18 nferr]/g. 9. )
The method of Claim2 or 3, wherein the 12 and bul k vol une of

appr oxi mat elywo®s@éad7 g/ cc 10. The nethod of Caim2 or 3, whePETHSIHNS208
intercal ated flake graphite particles are heated to at |east approximtely
870[err]C. 11. The nethod of Claim2 or 3, Mherein the intercal ated fl ake’,
graphite particles are heated to at | east approximately 600[err]C. 12. An
exfoliated fl ake gnsbhbiuld wodamet ofanpproxigatedye 02088 gdcPass ratio of at

| east 18-22 nferr]/g, a nean particle size of approximately 30 m crons, and

a bul k volune of at least 200 m/g. 13. An exfoliated flake graphite

product having a surface area to nmass_ratio of, at _|east_18-22 nLerrLAg and
a bulk volunme of at |edd 28b8 /xbgthod of Claim 2 or 3, wherein

intercalated flake graphite particles are heated to at

least approximately 870°C.

11. The method of Claim 2 or 3, wherein the
intercalated flake graphite particles are heated to at

least approximately 600°C.

12. An exfoliated flake graphite product having
a surface area to mass ratio of at least 18-22 m?*/g, a
mean particle size of approximately 30 microns, and a

bulk volume of at least 200 ml/g.
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