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The exfoliation of graphite is a phase transition involving the vaporization of the intercalate 
in the graphite. Exfoliated graphite is an expanded graphite with a low density. This paper 
reviews the process of the exfoliation of graphite and the exfoliated graphite material. It 
surveys the applications of exfoliated graphite, covers both reversible and irreversible exfoli- 
ation and reviews the methods and mechanism of exfoliation. Other topics include the struc- 
ture and properties of exfoliated graphite, graphite foils, exfoliated carbon fibres and com- 
posi\es. 

1. Introduct ion 
The exfoliation of graphite is a process in which 
graphite expands by up to hundreds of times along the 
c axis, resulting in a puffed-up material with a low 
density and a high temperature resistance. Moreover, 
the compression of exfoliated graphite results in a 
material of high lubricity and flexibility. Exfoliated 
graphite can also serve as a filler in composites. Even 
carbon fibres themselves may be exfoliated under 
appropriate conditions. This paper reviews the tech- 
nology and science of the exfoliation process and the 
exfoliated graphite material. 

2. Applications of exfoliated graphite 
2.1. Gaskets, seals and packings 
The compression of exfoliated graphite particles in the 
absence of a binder results in a flexible sheet material 
which is useful for high-temperature gaskets [1-4]. 
By compressing exfoliated graphite together with a 
reinforcing metal layer, a gasket capable of with- 
standing an internal pressure of 34 500 kN m -~ can be 
formed [5]. To provide packings which prevent the 
seizing of shaft materials, one can vapour-deposit a 
metal with a low melting point, such as lead, on the 
inner surface on an exfoliated graphite ring [6]. In 
addition, composites of exfoliated graphite and furan 
resins serve as gaskets with low adhesion to pressing 
plates [7]. 

A refractory sealing material can be formed by 
adding a binder and exfoliated graphite to a refractory 
aggregate and heating it to yield a non-porous sealing 
layer. The sealant is especially useful for preventing 
gas leakage from blast furnaces and other refractory 
pressure vessels [8]. 

A packing material exhibiting high sealing strength 
under repeated heating cycles is a composite of 
exfoliated graphite, fibre fillers and a rubber binder. 
Nitrogen gas leakage is < 0.01 c m  3 rain ~ initially and 
~0.01 cm ~ min -~ after 3h of heating cycles between 
room temperature and 180°C under 60kgcm nut 
torque and 10kgcm 2 nitrogen pressure, compared 
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with < 0.01 cm 3 min -~ and ,-~0.1 cm 3 min 1 respect- 
ively, when a packing material contains natural 
graphite instead of exfoliated graphite [9]. 

2.2. Fire extinguisher agents 
Exfoliated graphite is commercially available as a fire 
extinguisher agent which is valuable for the extinction 
of metal fires [10]. 

The fire-extinguishing property of intercalated 
graphite is made possible by the ability of intercalated 
graphite to exfoliate upon contact with a fire. For 
example, a ftame-retardant, flexible synthetic resin 
tube can be obtained from a composite of intercalated 
("expandable") graphite and a polyolefinic resin can 
be used as a protective tube for electrical wires or 
cables [11]. 

2.3. Thermal  insula tors  
Exfoliated graphite is commercially available as a 
thermal insulator, particularly one for molten metals 
[12]. As contact with a molten metal provides enough 
heat for exfoliation, intercalated graphite (not exfoli- 
ated) is commercially available under the name "hot  
top compound" for use at the top of molten metals, 
where it exfoliates immediately. 

2.4. Conductive resin composites 
Conductive resin composites can be obtained by 
blending exfoliated graphite and a thermoplastic 
resin. In this process, graphite flakes are exfoliated 
about 200 times in the direction of the c axis, and then 
ground. The ground exfoliated graphite and other 
ingredients are mixed and extruded into rods having 
an electrical resistivity of 3.5 x 104~cm and a 
specific gravity of 1.29, compared with 5.5 x 105f~cm 
and 1.57, respectively, for a control containing carbon 
black instead of exfoliated graphite [13]. 

2.5. Electrodes 
Electrodes of exfoliated graphite have been shown to 
be superior to those of platinum or ordinary graphite 
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for electrolytic polymerization because platinum or 
ordinary graphite electrodes tend to be coated by the 
resulting polymer [14]. 

2.6. P ro tec t ive  layers on c a r b o n  c ruc ib le s  
The service life of  a carbon crucible for the melting of 
metals (e.g. aluminium) in vapour deposition can be 
increased by protecting it with a layer of exfoliated 
graphite [15]. 

2.7. Lubr ican t  s u p p o r t s  
Exfoliated graphite can serve as a support for a 
liquid or solid lubricant which is located in its pores. 
The advantages are that the material can be more 
conveniently handled than are conventional greases 
and that it does not lose its content of  absorbed 
lubricant by liquefaction or collapse when the tem- 
perature is raised to the volatilization temperature of  
the absorbate [13]. An example is a paste formed by 
mixing 200g of Mobil SHC lubricating oil (b.p. 
< 170 ° C) and 10 g of exfoliated graphite; the paste is 
stable up to 250°C [16]. 

2.8. Batt lef ield o b s c u r a n t s  
Due to its low density (about 0.004 g cm-3), exfoliated 
graphite particles of 10 to 35 #m size, when dispersed 
in air, remain suspended for a long time. Furthermore, 
graphite is an effective absorber over a wide range of  
the electromagnetic spectrum from the ultraviolet to 
the microwave region. As a result, exfoliated graphite 
is being investigated by the US Army for use as a 
battlefield obscurant [17]. 

2.9. M o u l d e d  g raph i t e  p r o d u c t s  
Mouldable graphite is attractive technologically for 
the production of graphite articles. Moulded graphite 
products having a density of  --~ 1.5 g cm -3 can be made 
by feeding exfoliated graphite from a hopper into a 
screw installed inside a cylinder, extruding by rotating 
the screw, feeding into a slit inside a mould and 
compressing [I 8]. 

2.10. Chemical reagents 
Exfoliated graphite can serve as a chemical reagent of 
which the chemical reactivity is different from that 
of natural graphite. For example [19], in the reaction of 
exfoliated graphite, in comparison with natural graphite, 
with F2 at 335 to 400 ° C, mainly (C2F), was obtained 
rather than (CF)n. With exfoliated graphite, the reac- 
tion was complete in 10 h at 400°C or 80 h at 335 ° C; 
over 100 b at 400°C was needed for natural graphite. 

2.1 1. A d s o r p t i o n  s u b s t r a t e s  
Exfoliated graphite can serve as a substrate for the 
study of  adsorbed films because of its large surface 
area. Exfoliated graphite foil (i.e. flexible graphite, 
such as Grafoil of Union Carbide Corporation) is 
attractive for its N2 surface area of 20m 2 g-a, but 
its mosaic spread is ~ 7 ° full-width-half-maximum 
(FWHM) [20]. Exfoliated highly oriented pyrolytic 
graphite (HOPG) has an N2 surface area of  4 m 2 g-  I, 
but its mosaic spread is only --~ 2.2 ° F W H M  [20]. 
Exfoliated single-crystal graphite flakes are further- 

more attractive for probing orientational information 
in the layer planes [21]. 

Exfoliated graphite can be used as an adsorbent for 
gas chromatography for separating geometrical and 
structural isomers. Its gas chromatographic properties 
are close to those of graphitized thermal carbon black 
[22]. 

3. Types of exfoliation 
Although all of  the applications mentioned in the last 
section pertain to irreversibly exfoliated graphite, 
exfoliation can be either reversible or irreversible. 
The reversibility is a consequence of the fact that 
exfoliation is a phase transition. 

3.1. Reversible exfoiiation 
Reversible exfoliation of  graphite was first reported by 
Martin and Brocklehurst [23] on desorbed graphite- 
bromine based on pyrolytic graphite. They observed 
that (i) first exfoliation occurred at ~ 170°C upon 
first heating, (ii) subsequent exfoliation occurred at 

120°C in subsequent heating cycles, (iii) collapse 
occurred at ~ 110°C upon cooling, (iv) second and 
subsequent exfoliation cycles were reversible, and (v) 
the expansion was up to 380% at 500 ° C. 

Observations (i) to (iv) were repeatedly confirmed 
by other workers on pyrocarbon (HTT 3000 ° C) [24], 
H O P G  [25J and single-crystal graphite [26], except 
that there were some differences in the transition 
temperatures among these graphite materials, In 
particular, definite differences exist between H O P G  
and single-crystal graphite, both of  which were inter- 
calated with bromine, desorbed and tested in the same 
way, and shown in Fig. 1 [26]: 

1. The fractional expansion in the first exfoliation 
was larger in single-crystal graphite than in HOPG. 
For example, the fractional expansion at 300°C 
during the first cycle was 31 (or 3100%) for the single- 
crystal graphite and 24 for HOPG.  

2. The collapse temperature was 210 ± 10°C for 
single-crystal graphite and 100 ± 10°C for HOPG.  
As a result, the hysteresis was relatively small between 
the collapse and the next expansion for single-crystal 
graphite. 

3. For HOPG,  a single exfoliation event consisted 
of  multiple expansion spurts [25], whereas for single- 
crystal graphite the spurts (which appear as shoulders 
in the expansion against temperature curve) are 
absent. 

Comparison of  [23] and [25] shows that the frac- 
tional expansion increases sharply with increasing 
degree of  crystallite orientation. [26] shows that an 
increase of  the grain size has much less influence on 
the fractional expansion, 

The fractional expansion also depends on the 
cycle number. For a graphite-bromine H O P G  sample 
which had been desorbed prior to first exfoliation, the 
expansion in the second cycle was higher than that of 
the first cycle [25]. 

Exfoliation is accompanied by intercalate desorp- 
tion, even if the sample has been desorbed prior to 
heating. The largest amount of desorption occurs 
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Figure 1 Fractional expansion against temperature during the first two exfoliation-collapse cycles of graphite-bromine based on (a) 
single-crystal graphite and (b) HOPG. 

during the first two cycles. The amount of remaining 
bromine intercalate in subsequent cycles varies with 
N 1/2 where N is the number of exfoliation cycles. This 
suggests that the desorption is a diffusion process with 
an exfoliation cycle being analogous to a unit of 
desorption time [25]. 

3.2.  I rreversible exfo l ia t ion  
Irreversible exfoliation was first reported by Aylsworth 
in 1916 [27]. It requires temperatures higher than 
those necessary for reversible exfoliation. Ubbelohde 
[28] observed an irreversible expansion of ~ 10 at 
350°C for graphite-bromine based on well-oriented 
graphite. The transition from reversible exfoliation to 
irreversible exfoliation is gradual. With exfoliation 
cycles to higher temperatures or longer times, the 
amount of residual expansion after the collapse on 
cooling increases until no second exfoliation occurs on 
reheating [25]. 

Irreversibly exfoliated graphite is generally more 
expanded than reversibly exfoliated graphite because 
of the higher temperatures used in irreversible exfoli- 
ation. Irreversible expansions as high as 300 are 
commonly used in technology. 

4.  M e t h o d s  o f  e x f o l i a t i o n  
Since true exfoliation is a phase transition which 
occurs at a well-defined elevated temperature, heating 
is necessary for it to occur. This heating can be 
achieved externally or internally. 

4 . 1 .  E x f o l i a t i o n  b y  external  hea t ing  
The most conventional heating source is a flame, 
through which the intercalated graphite is trans- 
ported. The flame provides rapid heating to high 
temperatures. The flame temperature can be >~ 1200° C 
[29], though lower temperatures such as 700 to 800 ° C 
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are also possible [30]. The flame is located in a furnace 
which may be lined with SIO2-A1203 materials to 
increase the service life [29]. Resistance and induction 
heating methods are also possible. More recently, 
infrared, microwave and laser heating methods have 
also been used [31]. For example, exfoliation was 
carried out by the passage of a 1 mm thick layer of a 
graphite intercalation compound on a conveyer belt 
through an infrared heating zone at a speed of 
0.5msec -!,  a flux density of 800kWm -2 and a 
residence time of 0.4 sec [31]. 

Exfoliation is negligible when the graphite particle 
size is too small. The minimum particle size is about 
75 #m [30]. Exfoliation is also negligible when the c 
axis stack height Lc is less than 75 nm [32]. 

Graphite must be intercalated before it can be exfoli- 
iated. In principle, any intercalate can be used. The 
most common choice of intercalation compound is 
graphite bisulphate obtained by reaction with a mix- 
ture of sulphuric and nitric acids, such as a 4:1 mix- 
ture of concentrated sulphuric acid and nitric acid 
(65%) [30] or a 3 : 1 mixture of concentrated sulphuric 
acid and nitric acid [33], because of its ability to yield 
expansions as high as 300. However, another intercal- 
ation compound that can also yield an expansion of 
300 is C24 K(THF)2, which is a ternary compound 
with potassium and tetrahydrofuran (THF) as inter- 
calates [34, 35]. 

4.2.  Exfol iat ion by i n t e r n a l  h e a t i n g  
Exfoliation can also be achieved by internal heating, 
such as that obtained by passing an electric current 
through the intercalated graphite [36]. This method 
has recently been applied by passing a current along 
the c axis of graphite-bromine based on HOPG [36] 
and along a graphite fibre intercalated with iodine 
monochloride [37]. 



4.3. Expansion by excessive electrolytic 
intercalation 

Expansion that results in the appearance of exfoli- 
ation can be achieved by excessive electrolytic inter- 
calation [38]. For example, expansions exceeding 400 
times have been obtained by excessive electrolytic 
intercalation of sulphuric acid in graphite at room 
temperature [38]. However, this expansion is scientifi- 
cally different from true exfoliation, as it is not a phase 
transition. 

5. E x f o l i a t i o n  o f  c a r b o n  f i b r e s  
The exfoliation of carbon fibres was not reported until 
1983 [26] because it requires carbon fibres that are 
highly graphitic. Exfoliation not only expands the 
fibres, it also modifies the shape, morphology and 
surface texture of the fibres and lowers the density. 
Carbon fibres with C-shaped cross-sections, corru- 
gated surfaces and a partially fibrillated structure 
were obtained by the exfoliation of Union Carbide 
Thornel P-100-4 pitch-based carbon fibres that had 
been intercalated with IC1 [26, 37]. A larger expansion 
(up to ~ 150 times) was obtained by the exfoliation 
of benzene-derived graphite fibres that had been 
intercalated with SbCIs, but the expansion was not 
uniform and caused extensive fracture of the graphite 
layers [39]. 

6. Mechanism of exfol iat ion 
The origin of exfoliation lies in the vaporization of 
the intercalate [23-25, 40-42]. This is evidenced by 
the observation of endothermic differential thermal 
analysis (DTA) [24, 43] and differential scanning 
calorimetry (DSC) [44] peaks at the exfoliation 
temperature and the ideal-gas-law behaviour of the 
expansion [41-43]. 

The temperature T of the DTA endotherm in the 
second exfoliation cycle (T = 105°C at P = 1 atm) 
is affected by the pressure P such that log P is a 
linear function of 1/T [24]. The slope of the plot of 
log P against 1/T yielded the value of 17kcalmol -~ 
(71 kJ mo1-1) for AH. This value is much higher than 
that for the vaporization of bulk liquid bromine 
(7.3kcalmol -~ or 31kJmo1-1) [24]. The value for 
AS/R is 29 for exfoliation, as compared to the value of 
18 for the vaporization of bulk liquid bromine [24]. 
This large entropy value for exfoliation led Mazieres 
et al. [24] to suggest in 1975 that the bromine evap- 
orates from a state in which its degree of organization 
is greater than in the liquid state. In 1977, it was 
observed that the bromine intercalate undergoes in- 
plane melting reversibly at 100°C [45]. Thus the 
second exfoliation temperature is very close to the 
intercalate melting temperature, so that intercalate 
vaporization follows closely after intercalate melting 
during the second and subsequent cycles. This is 
consistent with the high entropy of second exfoliation. 
The entropy change of first exfoliation should be quite 
different from that of the second exfoliation because 
the first exfoliation temperature is considerably higher 
than the intercalate melting temperature, but this 
value has not been reported. 

The DTA endotherm at the first exfoliation tern- 

perature was observed even in graphite-bromine 
which was formed by reintercalating irreversibly 
exfotiated graphite-bromine [43]. Thus the first 
vaporization occurs at the same temperature even 
when it is not accompanied by exfoliation, 

Only about 1/8 of the intercalate vaporizes during 
exfoliation, as shown by the recent pressure-volume- 
temperature measurement during the exfoliation of 
graphite-bromine based on HOPG [42]. 

Martin and Brocklehurst [23] reported that, for 
graphite-bromine based on pyrolytic graphite, the 
stress needed to stop exfoliation increased linearly 
with increasing temperature. However, it has recently 
been shown for graphite-bromine based on HOPG 
that the stress needed to stop extbliation increases 
abruptly at the exfoliation temperature in a non-linear 
fashion [46]. Thus, all observations are now consistent 
with the occurrence of a phase transition during 
exfoliation. 

Martin and Brocklehurst [23] proposed a model in 
which gaseous bromine bubbles within the lamellar 
structure of the graphite crystal are considered to be 
analogous to Griffith cracks. Higashida and Kamada 
[47] analysed the stress distribution around press- 
urized penny-shaped cracks in graphite near a free 
surface and concluded that two fracture modes are 
available. One fracture mode is brittle fracture as a 
Griffith crack, i.e. the crack diameter increases when 
the tensile stress in the c direction exceeds the fracture 
strength. The other fracture mode is the buckling of 
the walls of the cracks; when large bending moments 
exist at the crack tip, the flat crack may open to form 
a bubble. Anderson and Chung [251 proposed that the 
latter fracture mode is responsible for the expansion 
observed in exfoliation. This mode is possible because 
of the ease with which the graphite layers undergo 
shear. The observation of acoustic emission well 
before exfoliation [25] suggests that the penny-shaped 
cracks propagate initially as Griffith cracks, with very 
little net expansion, then fracture by buckling to 
produce exfoliation. 

It was suggested by Hooley [48] that certain struc- 
tural defects seal the edges of the graphite planes 
together, thus creating small gas-tight pockets in 
which the bromine is trapped. The experimental 
results of Anderson and Chung [25] indicated that 
neither pre-existing nor induced defects can be the 
source of the penny-shaped cracks. They proposed 
that the intercalate islands suggested by Daumas and 
Herold [49] determine the size of the penny-shaped 
cracks [25]. Furthermore, the size of the intercalate 
islands is expected to be determined by the inter- 
calating conditions. Indeed the amount of expansion 
was found to increase with decreasing intercalate 
activity during intercalation [25]. In accordance with 
nucleation theory, as the reactant activity increases, 
competition between nucleation sites increases and the 
subsequent microstructure is finer. Hence, as the inter- 
calate activity is decreased by dilution or by heating, the 
intercalate island size is expected to increase. For a 
compound of a given concentration, increased island 
size means that exfoliation can occur more easily and 
to a greater extent [25]. As the intercalate islands have 
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a size distribution and the relatively large ones tend to 
form bubbles more easily than the others, not every 
island succeeds in evolving into a bubble [42]. There- 
fore, only graphite with a sufficiently large value of Lc 
(>~ 75 nm) can be exfoliated [32]. 

Olsen et al. [50] suggested that intercalate pockets 
are formed near grain boundaries. However, it was 
observed that graphite-bromine based on HOPG and 
single-crystal graphite exfoliated with comparable 
ease and to comparable extents [26]. Therefore, grain 
boundaries cannot play a dominant role in the 
mechanism of exfoliation. 

From the average thickness of the bubble wall 
determined by X-ray diffraction and the result of the 
pressure-volume-temperature measurement during 
exfoliation, it was deduced that, during exfoliation, 
the intercalate migrated laterally and formed aggre- 
gates which were at least 8 monolayers thick on the 
average [42]. The mechanism for the intercalate 
migration and aggregation is presently not clear. 

Hooley [48] suggested the existence of gas-tight 
pockets in which the intercalate is trapped. However, 
if the intercalate mobility and solubility are high, the 
intercalate species may diffuse out of the gas bubbles 
and into the matrix in a short time in comparison with 
the length of time required for the exfoliation cycle 
[25]. For exfoliation at normal pressures, the loss of 
intercalate from the gas bubbles may even result in the 
collapse of the exfoliated structure. Subsequent heat- 
ing and cooling will then cause negligible expansion. 
Such collapse during heating in the first exfoliation 
cycle was observed in graphite-nitric acid [25]. When 
diffusion is slower, as in the case of bromine, long 
periods of time and high temperature are necessary 
before appreciable collapse occurs [25]. 

Diffusion of the intercalate out of the sample 
through the matrix is one mechanism for the loss of 
excess intercalate. However, the gas cells themselves 
may serve as sinks for the excess intercalate. Under 
such circumstances, the matrix would lose intercalate 
while the sample as a whole would not. On subsequent 
exfoliation cycles, the enriched cells should expand to 
a greater degree. The latter possibility is consistent 
with the observation of a larger expansion during 
the second exfoliation than the first exfoliation for 
samples which are initially desorbed [25]. Yet another 
mechanism of intercalate loss is the bursting of the gas 
bubbles or the bubbles forming an interconnected 
network which in turn opens to the outside of the 
sample. Such violence may occur in the first Couple of 
exfoliation cycles when the intercalate concentration 
is relatively high [25]. 

For certain intercalates, the origin of exfoliation is 
the thermal decomposition of the intercalate into a gas 
phase and another solid phase. Although it is not the 
vaporization of a single phase, it is a phase tran- 
sition which yields a gaseous product, so the basic 
mechanism is still similar to what is mentioned above. 
An example of such a form of exfoliation is in the 
exfoliation of graphite-ferric chloride, where the 
overall reaction is in the form 

FeC12(s) ~ C12(g) + Fe(s) 
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The escape of the chlorine sends the reaction to the 
right [51]. 

7. Structure of exfoliated graphite 
Exfoliated graphite exhibits a honeycomb micro- 
structure because of the gas bubbles, as revealed by 
scanning electron microscopy (SEM) [41, 51]. Fig. 2 
is an SEM photograph showing this morphology. The 
bubble wall thickness is of the order of 50nm [41, 42]. 
Each bubble contains a three-dimensional aggregate 
of at least 8 intercalate monolayers [42]. 

X-ray diffraction showed that irreversibly exfoli- 
ated pyrolytic graphite with a fractional expansion of 
10 exhibits the same high degree of orientation as the 
parent material [50]. After the reversible exfoliation of 
single-crystal graphite-bromine, the in-plane unit cell 
and the twinned domain structure of the intercalate 
were found by X-ray diffraction to be preserved [26]. 
The in-plane superlattice ordering was observed 
even in irreversibly exfoliated graphite-bromine that 
had been heated for 1 h at 1700°C [25]. Thus, even 
highly expanded and irreversibly exfoliated graphite 
is truly intercalated, in spite of the low intercalate 
concentration. 

The surface area of exfoliated graphite varies from 
intercalate to intercalate. For example, nitric acid is an 
intercalate which leads to considerable bursting of the 
gas bubbles whereas bromine is an intercalate which 
does not. As a result, nitric acid yields an exfoliated 
graphite with a much higher surface area than exfoli- 
ated graphite-bromine. However, even for nitric acid, 
the N2 surface area is just 4m 2 g-i [20]. 

8. Transport properties 
The transport properties are considered after irrevers- 
ible exfoliation, during reversible exfoliation and 
when exfoliation is suppressed. 

8.1. Properties after irreversible exfoliation 
8. 1.1. Electrical resistivity 
The a axis electrical resistivity of irreversibly exfoli- 
ated pyrolytic graphite bisulphate at 300K is 2 x 
10-4~cm when the fractional expansion is 2.8, as 
compared with the value of 5 x 10 -5 f~cm prior to 
exfoliation [50]. The a axis electrical resistivity of 

Figure 2 SEM photograph of the fracture surface of an exfoliated 
graphite-polyester composite, showing the honeycomb microstruc- 
ture of the exfoliated graphite. 



irreversibly exfoliated HOPG graphite-bromine at 
room temperature is 5.4 x 10 -4 f~cm, as compared 
with thevalue of 2.4 x l 0  -6  ~"~cm prior to exfoliation 
[52]. Hence, exfoliation increases the a axis resistivity 
due to the bending of the graphite layers. 

The c axis electrical resistivity of irreversibly 
exfoliated pyrolytic graphite bisulphate at 300 K is 
0.11f~cm when the fractional expansion is 2.8, as 
compared with the value of 0.22~cm prior to 
exfoliation [50]. The c axis electrical resistivity of 
irreversibly exfoliated HOPG graphite bromine at 
room temperature is 3.0 x 10 -2 ~cm, as compared 
with the value of 6.3 x 10 -~ f~cm prior to exfoliation 
[52]. Hence, exfoliation decreases the c axis electrical 
resistivity due to the c axis conduction path made 
possible by the bending of the graphite layers. 

The c axis electrical resistivity of irreversibly 
exfoliated pyrolytic graphite bisulphate decreases 
with increasing temperature from 300 to 800 K both 
before and after exfoliation [50]. 

The a axis electrical resistivity of irreversibly 
exfoliated HOPG (UCAR-ZYX graphite) is 8.16 x 
10-4~cm at 300K and it decreases with increasing 
temperature from 25 to 300K [53]. However, it 
increases with increasing temperature from 1.5 to 
25 K [53]. This unusual temperature dependence was 
explained by considering two conduction mechanisms 

acting in parallel: an ordinary metallic one at low 
temperatures and a hopping-like one with (tempera- 
ture) exponent 1/4 which extends up to about the 
liquid-nitrogen temperature range. The localized 
levels are tentatively associated with dislocations 
which bound stacking-fault ribbons [53]. 

8. 1.2. Thermoelectric p o w e r  
The a axis thermoelectric power of irreversibly 
exfoliated pyrolytic graphite bisulphate at 325 K is 
- 8 # V K  -~ when the fractional expansion is 2.8, as 
compared with the value of - 7 # V K  -~ prior to 
exfoliation [50]. The a axis thermoelectric power 
decreases linearly with increasing temperature from 
325 to about 600 K in the same manner both before 
and after exfoliation [50]. 

The c axis thermoelectric power of irreversibly 
exfoliated pyrolytic graphite bisulphate at 315K is 
-5#VK -~ when the fractional expansion is 2.7, as 
compared with the value of + 2#VK -1 prior to 
exfoliation [50]. The c axis thermoelectric power 
after exfoliation increases very slightly with increasing 
temperature from 425 to 700 K; before exfoliation it 
increases significantly with increasing temperature 
from 320 to 665 K [50]. 

The a axis thermoelectric power of irreversibly exfoli- 
ated HOPG (UCAR-ZYX graphite) is + 9 #V K-  ~ at 
300K, as compared with the value of - 7 # V K  -~ 
prior to exfoliation [54]. Hence, there is discrepancy 
between the values of the a axis thermoelectric power 
of irreversibly exfoliated graphite in [50] and [54]. The 
a axis thermoelectric power of irreversibly exfoliated 
HOPG increases significantly with increasing tem- 
perature from 30 to 220 K, but decreases significantly 
with increasing temperature from 1.7 to 30K and 
decreases slightly with increasing temperature from 

220 to 290 K [54]. For HOPG (without intercalation 
or exfoliation), the a axis thermoelectric power 
increases significantly with increasing temperature 
from 30 to 140K, but decreases significantly with 
increasing temperature from 1.7 to 30 K and from 140 
to 300 K [54]. Hence, a large negative anomaly due to 
phonon drag occurs at around 30 K both before and 
after exfoliation. However, at higher temperatures up 
to 300 K, the thermoelectric power is more positive 
after exfoliation than before intercalation, probably 
due to a small accepter-like residue in the material 
after exfoliation [54]. The thermoelectric power after 
exfoliation has been tentatively separated into its 
diffusion and phonon-drag components [54]. 

8. 1.3. Thermal conductivity 
The a axis thermal conductivity of irreversibly 
exfoliated pyrolytic graphite bisulphate at 300 K is 
4 W cm-1 K ~ when the fractional expansion is 3.1, as 
compared with the value of 13Wcm -~ K -~ prior 
to exfoliation [50]. Hence exfoliation decreases the 
a axis thermal conductivity due to the bending of the 
graphite layers and the increased phonon-phonon 
scattering. The conductivity decreases slightly with 
increasing temperature from 300 to 400 K both before 
and after exfoliation [50]. 

The c axis thermal conductivity of irreversibly 
exfoliated pyrolytic graphite bisulphate at 350 K is 
0.03 W cm -j K ~ when the fractional expansion is 3, 
as compared with the value of 0.65 W cm- l K-  t before 
exfoliation [50]. Hence exfotiation decreases the c-axis 
thermal conductivity due to the decrease in density. 

Since exfoliation decreases the thermal conductivity 
along both the a axis and the c axis, exfoliated 
graphite is a valuable thermal insulator material. 

8.2. Properties during reversible exfoliation 
The c axis electrical resistivity is the only trans- 
port property that has been measured in situ during 
reversible exfoliation. The measurement was made on 
HOPG graphite-bromine. The resistivity was found 
to decrease abruptly at the exfoliation temperature 
during reversible exfoliation [52]. Although the c axis 
electrical resistivity varies much with temperature, the 
c axis electrical resistance is quite independent of 
temperature because the elongation of the sample 
along the c axis occurs while the c axis electrical 
resistivity decreases [52]. 

8.3. Properties when exfoliation is 
suppressed 

Even when exfoliation is suppressed, either by an 
externally applied mechanical force or internal micro- 
structural hindrance, the transport properties are 
affected. This is because the transport properties are 
sensitive to microscopic structural changes, such as a 
minute bending of the graphite layers, even in the 
absence of a macroscopic expansion. 

8.3. 1. Suppression by an externally applied 
mechanical force 

The c axis electrical resistivity of HOPG graphite- 
bromine increases and then decreases upon heating 
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and increases and then decreases upon subsequent 
cooling, when the graphite-bromine sample is under 
mechanical constraint from expansion along the c 
axis [36]. Note that this effect is smaller and totally 
different from that of Section 8.2. It is attributed to the 
initiation of intercalate bubble formation as the 
sample is heated. This effect must be considered in 
the use of intercalated graphite as an electrical 
conductor. 

8.3.2. Suppression by internal microstructural 
hindrance 

Exfoliation requires a graphitic material with good 
alignment of the carbon layers, as mentioned in 
Section 3.1. An intercalated graphite based on a 
relatively poor graphite material might not be able to 
exfoliate due to internal microstructural hindrance, 
but the effect on the electrical resistivity might still be 
present. 

Miyauchi et al. [55] observed that the a axis elec- 
trical resistivity of graphite-bromine based on arti- 
ficial graphite heat-treated at 3000°C increased with 
increasing temperature up to 800 ° C and subsequently 
decreased with decreasing temperature under no 
mechanical constraint and in the absence of exfoli- 
ation. The increase in resistivity began at about 200 ° C 
upon heating; the decrease in resistivity began at 
about 320°C upon cooling [55]. The origin of this 
change in the a axis resistivity is attributed to the 
initiation of intercalate bubble formation, which 
disturbs the planar nature of the graphite layers and 
thus increases the a axis electrical resistivity [36]. The 
relatively high transition temperatures observed by 
Miyauchi et al. [55] is due to the fact that their 
graphite material was not well oriented like HOPG. 
The X-ray diffraction, thermal diffusivity and heat 
capacity results of Miyauchi and Takahashi [56] are 
consistent with the above-mentioned interpretation. 
An effect of a similar origin also occurs in the a axis 
magnetic susceptibility [57]. 

Most carbon fibres have a degree of crystalline 
perfection and alignment which is not sufficient for 
exfoliation, so exfoliation is suppressed by internal 
microstructural hindrance in most carbon fibres and 
exfoliation requires exceptionally high temperatures. 
However, the electrical resistivity of the fibres can still 
be affected in the absence of exfoliation. The electrical 
resistance (a axis) of graphite-IC1 pitch-based carbon 
fibres (Union Carbide Thornel P-100-4) was found to 
increase quite abruptly and reversibly over a tem- 
perature range which is below that for the exfoliation 
of these fibres [58]. This effect might again be due to 
the initiation of intercalate bubble formation. 

9. Mechanical properties 
Irreversibly exfoliated graphite is mechanically weak. 
No measurement of its mechanical properties has been 
reported. The only report is in the compressive mech- 
anical property of reversibly exfoliated graphite at 
various temperatures that are sufficient for exfoliation 
[42]. The compressive Young's modulus of reversibly 
exfoliated graphite at 180 to 200°C is about 1.4 MPa 
[42]. 
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10. Graphite foi ls  
Flexible graphite foils can be formed by rolling an 
aggregate of irreversibly exfoliated graphite flakes 
without a binder [5], because of the ability of the 
exfoliated graphite flakes to be mechanically inter- 
locked. They are now manufactured all over the world 
for use as gaskets and seals (Section 2.1) because of 
their flexibility, lubricity and temperature resistance. 

10.1. Formation of graphite foils 
The process of producing graphite foils comprises 
compressing or compacting, under a predetermined 
load and in the absence of a binder, exfoliated 
graphite particles (known as worms because of their 
appearance) which have a c-direction dimension that 
is at least 80 times and preferably 200 times that of the 
original particles so as to form a substantially flat, 
flexible, integrated graphite foil [1]. The exfoliated 
graphite particles once compressed will maintain the 
compression set [1]. 

The industrial process involves depositing a pre- 
determined height of the exfoliated graphite particles 
continuously on to a travelling surface of substantial 
width and passing the mass through a pair of super- 
posed rollers; the spacing provided between the rollers 
is sufficient to compress or compact the exfoliated 
graphite into a coherent, self-sustaining long flat 
sheet, which is then passed through another pair of 
superposed rollers, the spacing between which has 
been adjusted to further compress the sheet [1]. An 
alternative but not continuous process involves simply 
compression at 100 kg cm -2 [35]. 

10.2. Properties of graphite foils 
The density of a graphite foil can range from 0.05 to 
2.2 g cm -3 [1, 59]. The specific surface area increases 
with decreasing density; for a density of 0.05 g cm-3, it 
is 38.2m 2 g-1 [59]. 

The compressive modulus ranges from 0.18 to 
0.37 GPa. The plot of compressive stress against strain 
normal to the foil plane is concave to the stress axis. 
The restoring force in compression is too large to be 
attributed to the trapping of gas in the pores of the 
foil. It is attributed to the spring-like action of 
graphite basal plane segments tilted out of the plane 
of the foil. Irreversible work expended in compressing 
isolated exfoliated graphite flakes to foil, 5 to 10 J g-l,  
is accompanied by reduction of the surface area to 
approximately two-thirds of its original value [59]. 

The tensile strength is 6MPa for a density of 
1.10gcm 3 [59]. It increases with increasing density 
[1] and is less than observed in bulk graphites, but 
values of the work of extension to fracture, 10 to 
60mJ g-l,  are comparable [59]. The tensile modulus 
also increases with increasing density [1]; typical 
values range from 0.5 to 3.0GPa [59]. The tensile 
behaviour of graphite foils is attributed to the mech- 
anical linkage of asperities on adjacent exfoliated 
graphite flakes as they are compressed [59]. 

The electrical resistivity of graphite foils at 300 K is 
1.l x 10  -3  f~cm in the foil plane [1, 35, 53] and 
1.15 x 10 ~ f~ cm perpendicular to the foil plane for a 
density of 0.82gcm -3 [53]. The resistivity in the foil 



plane decreases with increasing density, whereas that 
perpendicular to the foil plane increases with increas- 
ing density [53]. Hence, the anisotropy increases with 
increasing density, as compression causes the align- 
ment of the graphite layers. The temperature depen- 
dence of the resistivity in either direction in the 
temperature range 1.5 to 300 K shows a metallic-like 
behaviour below 25 K and an activated character at 
high temperatures [53]; this behaviour is the same as 
that of the exfoliated graphite in the foil plane (a axis) 
prior to compression (Section 8.1.1.). 

The thermoelectric power of graphite foils at 300 K 
is + 5/~V K ~ in the foil plane and + 1/~V K -~ per- 
pendicular to the foil plane for a density of 0.82 gcm -3 
[54]. The thermoelectric power in the foil plane 
decreases with increasing density, whereas that per- 
pendicular to the foil plane increases with increasing 
density [54]. The temperature dependence in either 
direction in the temperature range 1.7 to 300 K shows 
a large negative anomaly similar to that of HOPG at 
around 30 K [53]; this behaviour is also similar to that 
of exfoliated graphite in the foil plane (a axis) prior to 
compression (Section 8.1.2.). 

The heat capacity Cp of graphite foils at 310 to 
650 K is higher than that of the untreated (pristine) 
graphite. This is attributed to the less perfect structure 
of the graphite foils [60]. However it might be due to 
the presence of the residual intercalate in graphite 
foils. 

Graphite foils of density less than 1.1 to 1.5 gcm 3 
exhibit residual elongation after heating to 1200 K and 
subsequent cooling, whereas those of higher density 
are destroyed upon heating to 650 K [60]. This effect is 
attributed to the pyrolysis of the graphite [60], but the 
suddenness of the destruction suggests that it may be 
due to re-exfoliation. It was concluded that the 
thermal stability of the graphite foils decreases with 
increasing density [60]. 

11. Composites 
Composites comprising exfoliated graphite were first 
reported in 1915 by Alysworth [61], who combined 
irreversibly exfoliated graphite with a thermosetting 
binder. The use of a thermoplastic binder is also poss- 
ible [13]. Recently, oriented composites of exfoliated 
graphite and a polyimide have been prepared by hot- 
pressing a mixture of intercalated graphite flakes and 
the resin at 200 ° C and 47 kPa, so that exfoliation and 
curing occur in one step [62]. These oriented com- 
posites exhibit superior flexural properties [62]. 
Composites (not oriented) of irreversibly exfoliated 
graphite in high-density polyethylene have also recently 
been made [63]. Their dielectric constant correlates 
with the in situ volumetric fraction of compressible 
exfoliated filler particles; it ranges from 2.23 to 125. 
The minimum electrical resistivity of the composites is 
0.1 ~ cm at a graphite content of 40 vol % [63]. This 
recent rise in interest in such composites is related to 
the need for low-density mouldable materials for 
electromagnetic interference (EMI) shielding. 

Composites of irreversibly exfoliated graphite in 
furan resins have been found to be useful as gaskets 
with low adhesion to the pressing plates [7]. A 

composite of exfoliated graphite and fibre fillers in a 
rubber binder has been found to be useful as a packing 
material with a high sealing strength even under 
repeated heating cycles [9], Furthermore, a refractory 
sealing material has been obtained by adding a binder 
and an expandable graphite to a refractory aggregate 
and then heating [8]. 

12. Exfoliation of coke 
Coke which has been graphitized at 2800 °C, inter= 
calated with potassium and THF, and then heated at 
800 ° C exfoliates to an expansion of about 20 times 
[35]. The use of concentrated acids instead of potas- 
sium and THF does not yield exfoliation [35]. This is 
attributed to the exceptional tendency for potassium 
intercalation in materials that are not very graphitic. 
Indeed the possibility of intercalating coke with 
potassium has been demonstrated [64]. 

13. Summary 
This paper is the first review paper on the exfoliation 
of graphite. It covers scientific and technological 
developments in this subject since its inception in 
1915. However, most of the progress occurred after 
1968, when flexible graphite foils made from exfoli- 
ated graphite were invented for use as gaskets and 
seals. Most of the scientific work was on the mech- 
anism of exfoliation and the transport properties. 
The recent impetus in this field is due to the attraction 
of exfoliated graphite composites for electromagnetic 
interference shielding and the invention of exfoliated 
carbon fibres in 1983. 
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