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Abstract Exfoliated graphite (EG) refers to graphite that
has a degree of separation of a substantial portion of the
carbon layers in the graphite. Graphite nanoplatelet (GNP)
is commonly prepared by mechanical agitation of EG. The
EG exhibits clinginess, due to its cellular structure, but
GNP does not. The clinginess allows the formation of EG
compacts and flexible graphite sheet without a binder. The
exfoliation typically involves intercalation, followed by
heating. Upon heating, the intercalate vaporizes and/or
decomposes into smaller molecules, thus causing expan-
sion and cell formation. The sliding of the carbon layers
relative to one another enables the cell wall to stretch. The
exfoliation process is accompanied by intercalate desorp-
tion, so that only a small portion of the intercalate remains
after exfoliation. The most widely used intercalate is sul-
furic acid. The higher concentration of residue in unwashed
EG causes the relative dielectric constant (50 Hz) of the
EG to be 360 (higher than 120 for KOH-activated GNP),
compared to the value of 38 for the water-washed case. An
EG compact is obtained by the compression of EG at a
pressure lower than that used for the fabrication of flexible
graphite. Compared to flexible graphite, EG compacts are
mechanically weak, but they exhibit viscous character, out-
of-plane electrical/thermal conductivity and liquid perme-
ability. The viscous character (flexural loss tangent up to
35 for the solid part of the compact) stems from the sliding
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of the carbon layers relative to one another, with the ease of
the sliding enhanced by the exfoliation process.

Introduction

Exfoliated graphite (EG) refers to graphite that has a
degree of separation of a substantial portion of the carbon
layers in the graphite. The process that results in this
separation is known as exfoliation [1], which can involve
chemical, mechanical, and thermal methods. The separa-
tion occurs between adjacent carbon layers, but typically
not all the carbon layers are separated. The separation may
or may not occur throughout the entire plane between the
adjacent carbon layers.

In case that the separation does not occur throughout the
entire plane, the graphite remains intact as a single piece,
with local separation of the layers in parts of various planes
between carbon layers. The distributed local separation of
the layers typically results in a cellular structure, with the
wall of each cell typically consisting of multiple carbon
layers (e.g., 60 layers, which correspond to a wall thickness
of 20 nm). Due to the porosity associated with the local
separation, the volume is increased and the density is
decreased relative to graphite that has not been exfoliated.
If the porosity includes open porosity due to cell bursting,
the specific surface area is also increased.

In case that the separation occurs throughout the entire
plane, the graphite is separated into multiple pieces, such
that each piece has a small number of carbon layers com-
pared to the graphite before the separation. Because of the
small number of carbon layers, which are stacked (with or
without the AB stacking order that is characteristic of
graphite), the thickness is small (e.g., 15 nm) and the
dimension in the plane perpendicular to the thickness is
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also small (e.g., 25 pm). If the number of carbon layers is
less than 10, the piece is known as graphene. According to
the original definition due to Boehm [2], graphene is a
material with a single carbon layer. However, the definition
has been broadened in recent years and the term “few-layer
graphene” is often used. If the number of carbon layers is
10 or more, the piece is known as a graphite nanoplatelet
(GNP), also known as an exfoliated graphite nanoplatelet
(xGnP) [3], and also known as a graphite nanosheet (GNS).
Depending on its thickness, a GNP differs in structure.
A GNP of a relatively small size (less than about 50 nm
thick) does not exhibit a cellular structure, whereas a GNP
of a relatively large size (more than about 50 nm thick)
may or may not exhibit a cellular structure.

This review does not address graphene, but focuses on
EG that exhibits a cellular structure and on GNP. The
former includes EG compacts, which is obtained by the
compaction of multiple pieces of EG in the absence of a
binder. Due to the cellular structure and the consequent
mechanical interlocking among the pieces of EG, the
compact is a monolith in the absence of a binder and can be
considered a type of carbon foam [4]. In case that the
compaction pressure is high, the mechanical locking is
strong and a reasonably strong sheet results. This sheet is
known as flexible graphite, which is commercially avail-
able, being mostly used as a gasket material for the sealing
of fluids. In this review, the preparation, structure, prop-
erties, and applications are addressed for these materials.

Exfoliated graphite exhibiting a cellular structure

The exfoliation process that gives EG exhibiting a cellular
structure is associated with a large expansion (typically
exceeding 100 times) along the c-axis of the graphite [5-8].
The expansion results in a fluffy morphology.

Most commonly, the graphite prior to exfoliation is in
the form of flakes, which have the graphite c-axis per-
pendicular to the plane of the flake. Because of the large
expansion along the c-axis, the exfoliated flake becomes
long in the direction that corresponds to the c-axis of the
flake prior to exfoliation. As a consequence, the EG made
from a graphite flake looks like a worm (Fig. 1) and is
known as a worm.

Because of its unusual structure (Fig. 1b), EG exhibits
properties (mechanical, thermal, electrical, dielectric, and
other properties) that differ from those of conventional
graphite and has numerous applications that are beyond
those for conventional graphite. These applications include
gasketing, electromagnetic interference (EMI) shielding,
electrochemical electrodes, vibration damping, adsorption,
thermal interfacing, etc.
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«Fig. 1 Exfoliated graphite (made by heating sulfuric-acid-interca-
lated graphite flake) that has been washed after exfoliation. a SEM
photograph of exfoliated graphite (essentially an entire worm) at a
low magnification [39]. b SEM photograph of exfoliated graphite (a
part of a worm) at a high magnification [39]. ¢ Optical photograph of
a collection of worms [32]

Exfoliation of intercalated graphite

The exfoliation of graphite typically involves the interca-
lation of graphite to form a graphite intercalation com-
pound (GIC, also known as intercalated graphite) [9, 10],
followed by heating of the GIC [5, 11]. The intercalation
compound is also known as expandable graphite, since it
can be exfoliated upon heating.

A GIC is a layered compound with the foreign species
(known as the intercalate) between at least some of the
carbon layers. The number of carbon layers between
adjacent intercalate layers is known as the stage of the
intercalation compound. The intercalation process is
enabled by the fact that graphite has a layered structure
(Fig. 2) and is highly anisotropic, with strong bonding
(covalent and metallic bonding) in the plane of the layers
and weak bonding (van der Waals’ forces) in the direction
perpendicular to the layers. The carbon in graphite is sp>
hybridized. This hybridization is responsible for the trig-
onal coordination and the consequent planar structure of
the layers.

Graphite intercalation compounds are classified into two
types, namely the ionic compounds and the covalent
compounds. The ionic compounds (e.g., graphite interca-
lated with sulfuric acid, which is also known as graphite
bisulfate) are characterized by charge transfer between the
intercalate and the graphite [12], so that a low degree of
ionic bonding occurs. It should, however, be emphasized
that the degree of ionicity in compounds of this group may
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Fig. 2 The crystal structure of graphite [9]
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be very low. Moreover, many of the intercalates of this
group retain their molecular identity in the graphite lattice,
so that the nature of the ionic bonding is more complicated
than that in many of the totally ionic solids, where simple
ions are involved. Although many of the compounds of this
group involve such a small degree of ionization that they
should not really be called “ionic,” they are referred to as
ionic intercalation compounds for convenience in
classification.

The covalent compounds (e.g., graphite oxide, which is
also known as graphite acid) are characterized by covalent
bonding between the intercalate and the graphite. In case of
graphite oxide (GO, which can be prepared from graphite
by chemical, electrochemical, or electrostatic methods [13—
15]), the covalent bonding involves the change of the
hybridization of some of the carbon from sp to sp3 and the
bonding of the oxygen atoms to the sp -hybridized carbon
atoms. As a consequence of the sp® hybridization and the
associated tetrahedral coordination, the carbon layers in
GO are not planar and the interplanar spacing is relatively
large. As a consequence, the carbon layers in GO can be
separated more easily than those in intercalated graphite of
the ionic type [16]. Because single layers can be obtained,
this route is commonly used to prepare graphene. In con-
trast, for the intercalated graphite of the ionic type, it is
relatively difficult to obtain single layers, partly due to the
AB stacking order. The GO may be reduced chemically to
remove the oxygen, thereby forming graphite or graphene
[17]. However, the reduction process tends to give rise to
defects in the carbon layers [18].

A high degree of crystallinity is required for the for-
mation of a GIC of the ionic type. Therefore, natural gra-
phite flakes are most commonly used for preparing EG
from these compounds. The exfoliation of carbon fibers is
much more difficult, due to the relatively low degree of
crystallinity of carbon fibers [7, 19]. The degree of crys-
tallinity of carbon fibers is low compared to that of natural
graphite flakes, even for the most graphitic types of carbon
fiber.

The structure of a GIC of the ionic type (according to
Daumas and Herold [20]) is illustrated in Fig. 3. This
model applies to stages greater than 1 and has been con-
firmed by electron microscopy [21, 22]. Instead of an
intercalate layer extending from one end of a graphite
crystal to the other, multiple intercalate islands exist, as
enabled by the local bending of the carbon layers. Upon
heating, the intercalate either vaporizes (due to the rela-
tively low boiling point of the intercalate) [8] or decom-
poses into smaller molecules [23], thus causing each island
to expand like a balloon [6]. Due to the role of the inter-
calate islands in the process of exfoliation, the degree of
exfoliation tends to decrease with decreasing graphite
particle size [24].
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Fig. 3 The structure of a graphite intercalation compound according
to Daumas and Herold [20]. The solid lines indicate the carbon layers.
The dashed lines indicate the intercalate layers. The carbon layers are
bent at certain locations, thus resulting in intercalate islands between
the bend locations. The intercalation compound illustrated here has
stage = 2, but the concept applies to any stage [61]

The force required for the sliding of the carbon layers
relative to one another is provided by the vaporization or
decomposition of the intercalate upon heating. In order to
increase this force, so that the degree of expansion is rel-
atively high, the heating rate should be high. The rapid
heating can be conducted using furnace heating [24],
microwave heating [24—26], or combustion [27].

In order to produce EG that remains exfoliated at room
temperature, the exfoliation process needs to be substan-
tially irreversible upon cooling. The irreversibility is
enabled by the breaking of a substantial portion of the
balloon walls during exfoliation [6]. This breaking requires
a sufficiently large increase in volume upon conversion of
the intercalate to either its vapor or smaller molecules.
Typically, the decomposition of the intercalate into smaller
molecules gives rise to a greater volume increase than the
mere vaporization of the intercalate. The amount of gas
evolved during exfoliation depends on the intercalate spe-
cies. The exfoliation of graphite intercalated with nitric
acid or sulfuric acid tends to be substantially irreversible,
whereas the exfoliation of graphite intercalated with bro-
mine tends to be essentially reversible [6]. However, bro-
mine is attractive for the relatively low temperature
(500 °C) for its thermal exfoliation [28]. Nitric acid, sul-
furic acid, and bromine are all acceptor intercalates, i.e.,
they accept electrons from the graphite. Since graphite is a
semi-metal, this doping causes the graphite to be oxidized,
so that the resulting intercalation compound is a hole
conductor, i.e., a p-type conductor.

In contrast to the abovementioned oxidative intercala-
tion, non-oxidative intercalation of graphite by Brgnsted
acids (e.g., phosphoric, sulfuric, dichloroacetic, and alkyl-
sulfonic acids) has recently be reported [29]. The interca-
lation results in stage-1 GIC along with pristine graphite.
Immersion of the GIC in dimethylformamide causes dis-
integration of the GIC and gives a graphene suspension.

Structure of exfoliated graphite

The expansion associated with exfoliation is enabled by the
shear of the carbon layers. The sliding of the carbon layers
relative to one another enables the balloon wall to stretch
as the island expands to form a balloon. Thus, a cellular
structure results [30], with each cell corresponding to a
balloon and the cell wall corresponding to the balloon wall
[31], as illustrated in Fig. 4. In case of the intercalate being
sulfuric acid, the cell wall typically consists of about 60
carbon layers, so that the cell wall thickness is about 20 nm
[31].

For a large amount of expansion during exfoliation, a
relatively large size of the intercalate islands is preferred. A
relatively large island size can be obtained by using a
relatively low intercalate activity (such as a relatively low
intercalate vapor pressure) during intercalation [6].

The abovementioned breaking of the balloon walls
during exfoliation is advantageous for increasing the
specific surface area. A high surface area is valuable for
applications related to adsorption, electrochemical elec-
trodes, and EMI shielding. Adsorption is relevant to oil
removal and phase change material incorporation. Elec-
trochemical applications relate to supercapacitors, batter-
ies, and gas sensors. A high surface area is desirable for
shielding, due to the skin effect (the phenomenon in which
high-frequency electromagnetic radiation penetrates only
the near surface region of an electrical conductor). How-
ever, even for the irreversibly exfoliated sulfuric-acid-in-
tercalated graphite, the specific surface area is only about
45 m?/g [32], which is very low compared to that of acti-
vated carbons, for which the specific surface area typically
exceeds 1000 m%/g.
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Fig. 4 a The cellular structure of exfoliated graphite, with each line
representing a cell wall and each cell resulting from an intercalate
island. b The structure of a cell wall, with each line representing a
carbon layer (rather than a cell wall). In the case of exfoliated graphite
made from sulfuric-acid-intercalated graphite flakes, the cell wall
typically consists of about 60 carbon layers. The substantial sliding
between adjacent carbon layers necessitates that each carbon layer in
the wall of a given cell wall does not extend from one end of the cell
wall to the other; as illustrated, the carbon layers in a cell wall are not
continuous [61]

~ 60 layers
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Chemical composition of exfoliated graphite

An intercalation compound tends to desorb a part of its
intercalate once it is removed from the reaction vessel in
which intercalation is conducted [33]. The higher is the
temperature, the faster is the intercalate desorption. Due to
the fact that exfoliation is achieved upon heating a GIC, the
process of exfoliation is accompanied by extensive des-
orption of the intercalate, so that only a very small portion
of the intercalate in the GIC prior to exfoliation remains
after exfoliation. The residual intercalate is strongly held in
the EG. The most widely used intercalate species for
preparing exfoliated is sulfuric acid. The resulting inter-
calation compound, known as graphite bisulfate, consists of
carbon layers with HSO, ™ radical ions and H,SO,4 mole-
cules between the layers. This compound is commonly
prepared by direct chemical interaction of graphite with a
mixture of concentrated sulfuric acid [34] and an oxidizing
agent (e.g., nitric acid [34], potassium permanganate,
hydrogen peroxide [34], ozone [35], etc.). Similarly, nitric
acid can be intercalated [36], with potassium permanganate
as an oxidizing agent [37, 38]. However, unlike sulfuric
acid, nitric acid can be intercalated without the presence of
an oxidizing agent if the concentration of the nitric acid is
very high, as in the case of fuming nitric acid. Another
method that is effective for the intercalation of sulfuric acid
involves electrolysis [34], which is advantageous in that it
requires sulfuric acid that is dilute [34]. The residual
acidity present in the EG is not desirable for structural
applications such as those typically associated with flexible
graphite. In order to decrease the residual acidity in the
expandable graphite, rinsing with water followed by partial
neutralization (i.e., deacidification using an alkaline sub-
stance) is commonly conducted. In case of sulfuric acid
being the intercalate, the residual sulfur content after the
partial neutralization process is typically in the range from
6 to 12 % and surface residues in the form of sulfur
compounds and other species due to the intercalation cat-
alyst may exist. On the other hand, the residual intercalate
affects the chemistry of the volume (interior) as well as that
of the surface of the EG, and such effects may be attractive
for electrochemical applications [39, 40].

Although the expandable graphite (sulfuric-acid-inter-
calated graphite flake) prior to exfoliation has been sub-
jected to rinsing and partial neutralization to remove the
residual acidity, the amount of surface residue on the EG is
lower if the EG has been subjected to washing by water.
Figure 1 shows SEM photographs of washed EG, whereas
Fig. 5 shows corresponding photographs of the unwashed
material [39]. The surface morphology of the unwashed
material is blocky, with the cellular structure not very clear
when viewed from the surface (Fig. 5). In contrast, the
cellular structure is very clear for the washed material

@ Springer
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Fig. 5 SEM photographs of exfoliated graphite (made by heating
sulfuric-acid-intercalated graphite flake) that has not been washed
after exfoliation. a Low-magnification view. b High-magnification
view [39]

when viewed from the surface (Fig. 1). The higher con-
centration of surface residue in the unwashed case causes
the relative dielectric constant (50 Hz) of the EG to be 360,
compared to the value of 38 for the washed case [32].
However, the electrical conductivity (50 Hz) is similar at
50 S/m for both washed and unwashed cases [39]. Fur-
thermore, the unwashed material provides a better interface
between the EG and an electrical contact (copper), as
shown by much lower interfacial resistivity and much
higher interfacial capacitance. It should be noted that an
interface with the electrical contact is in series with the
volume of the EG material, and as a result, the capacitance
of this interface is less influential if it is high. That the
unwashed material gives a better interface with the elec-
trical contact is attributed to the mechanical fragility of the
worms and the possible decrease of the degree of fluffiness
of the worms after the washing. The high dielectric con-
stant and the high specific interface capacitance make the
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unwashed form potentially attractive for use in superca-
pacitor electrodes. The relative dielectric constant of 360
for the unwashed EG is even higher than the corresponding
value of 120 for potassium-hydroxide-activated GNP [32].

Due to the residual impurity associated with sulfuric
acid intercalation, which requires an oxidizing agent such
as potassium permanganate, it is attractive to use perchloric
acid (HCIO,) as the intercalate. Perchloric acid does not
require an oxidizing agent for the intercalation process and
the exfoliation can be carried out at a relatively low tem-
perature (200 °C) [41].

The EG obtained by the exfoliation of graphite inter-
calated with nickel chloride (NiCl,) exhibits high hydrogen
sorption/desorption capacity. This is partly due to the
porous structure and partly due to the dispersed nickel
oxide [42].

Chemical functionalization can be conducted to modify
the surface chemistry of EG. For example, the functional-
ization can be used to provide oxygen-containing func-
tional groups on the surface [43]. Functional groups are
important for the use of EG for adsorption [25]. Adsorption
of oil [26], rhodamine B [25], and 4-chlorophenol [25] has
been reported. Functionalization of the edge of the carbon
layers with the carboxyl group enhances the formation of
self-assembled EG structures in a polymer—matrix com-
posite [44]. The doping of EG with nitrogen and sulfur (by
the pyrolysis of a mixture of EG and an ionic liquid)
provides a metal-free catalyst for the oxygen reduction
reaction, which is relevant to fuel cells [45]. The volume of
the EG (not just the surface) can be modified by fluorina-
tion [46].

The impregnation of EG with cobalt ferrite increases the
proportion of large pores exceeding 1000 nm in size,
thereby enhancing the sorption capacity of engine oil [47].
Due to the magnetic character rendered by the cobalt fer-
rite, the EG that has absorbed the oil can be removed by
using a magnet.

Flexible graphite

Flexible graphite [48-55] refers to a graphite sheet that is
obtained by the compaction of a collection of worms. The
compaction can be performed by rolling [56] or unidirec-
tional compression. The rolling method is suitable for
large-scale manufacturing of sheets in roll form. In con-
trast, compression gives sheets of limited size.

Due to the cellular structure of each worm, the com-
paction results in mechanical interlocking of the adjacent
worms, thereby resulting in a sheet in the absence of a
binder. Mechanical deformation of flexible graphite seems
to involve units that appear as worms [57]. Because of the
sheet is flexible (though not crimpable), it is known as

flexible graphite. The greater is the degree of exfoliation of
the worms, the higher is the tensile strength of the flexible
graphite in the plane of the sheet [49] and the greater is the
ability to attenuate electromagnetic radiation in the radio
wave regime [37]. In order for the mechanical interlocking
between the worms to be strong, the pressure used in the
compaction needs to be sufficiently high (e.g.,
20-200 MPa [49]). The lower is the pressure, the lower are
the density, the tensile strength (in the plane of the sheet),
and the degree of preferred orientation of the carbon layers
in the sheet.

The thickness of commercially available flexible gra-
phite sheets typically ranges from 0.1 to 2 mm. Thicker
sheets tend to break apart in the plane of the sheet after
fabrication by compaction of the worms.

Due to the fluffiness of the worms and the consequent
huge reduction in volume during the compaction, the car-
bon layers of the worms in the compact exhibit preferred
orientation in the plane of the sheet. Because of this pre-
ferred orientation, the electrical/thermal conductivity is
higher in the plane of the sheet than in the direction per-
pendicular to the sheet. Because of this preferred orienta-
tion and the cellular structure of the worms, the sheet is
resilient in the direction perpendicular to the sheet. This
resiliency is valuable for flexible graphite to function as
(i) a gasket material for fluids (including fluids in harsh
chemical or thermal environments, as relevant to asbestos
replacement) [27], (ii) an EMI gasket material (the EMI
shielding effectiveness as high as 130 dB at 1 GHz [52-
55]), (iii) a thermal interface material (abbreviated TIM,
due to the enhanced conformability provided by the resi-
liency and the need for the TIM to conform to the surface
topography of the sandwiching surfaces) [58], and (iv) a
vibration damping material (due to the viscous behavior of
the sheet, as discussed in “Viscous and elastomeric
behavior” section) [52].

The density of ideal graphite is 2.26 g/cm’; that of
commercial flexible graphite is typically around 1.1 g/cm’
[53]. For commercial flexible graphite, the tensile strength
in the plane of the sheet is typically 5.2 MPa, the out-of-
plane compressive stress for 10 % reduction in thickness is
typically 3.9 MPa, and the coefficient of thermal expansion
(CTE) is typically around —0.4 x 107%/°C [53].

A lower degree of preferred orientation results in a
lower degree of anisotropy, i.e., a lower value of the ratio
of the electrical/thermal conductivity in the plane of the
sheet to that in the direction perpendicular to the plane
[49]. Thus, the in-plane thermal conductivity increases
with increasing degree of preferred orientation. A typical
value of the in-plane thermal conductivity of commercial
flexible graphite is 43 W/(m K) and this corresponds to an
out-of-plane thermal conductivity of 3 W/(m K) [53].
However, in-plane thermal conductivity as high as
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1500 W/(m K) has been reached [59], though this high in-
plane thermal conductivity corresponds to low out-of-plane
thermal conductivity. The high in-plane thermal conduc-
tivity is attractive for the use of the flexible graphite as a
heat spreader [59], which is needed for the cooling of
microelectronics. However, high out-of-plane thermal
conductivity is needed for heat removal in the out-of-plane
direction.

Due to its moderate in-plane electrical conductivity (at a
level that is suitable for resistance or Joule heating), high-
temperature resistance (900 °C in air), and flexibility,
flexible graphite is used as a heating element [51]. The
flexibility facilitates its implementation. In contrast, con-
ventional graphite is not flexible, though it is commonly
used as a heating element in high-temperature furnaces.

The surface modification of flexible graphite by using
superheated steam increases the in-plane thermal diffusiv-
ity [56]. In addition, the treatment of flexible graphite with
fluorine enhances the gas permeability in relation of
hydrogen, carbon dioxide, nitrogen, and oxygen [60].

Exfoliated graphite compacts

An EG compact refers to a compact obtained by the
compression of worms such that the pressure is consider-
ably lower than that typically used for the fabrication of
flexible graphite (“Flexible graphite” section). For exam-
ple, the pressure used for making EG compacts ranges from
0.71 to 11.7 MPa, thus resulting in density ranging from
0.047 to 0.67 g/cm®, and solid content ranging from 2.1 to
30 vol% [61]. Due to the low degree of compaction com-
pared to flexible graphite, EG compacts are mechanically
weak compared to flexible graphite. However, they exhibit
viscous character, out-of-plane electrical/thermal conduc-
tivity, and liquid permeability that are much greater than
those of flexible graphite. This section addresses the
mechanical, thermal, electrical, adsorption, and filtration
behavior of these compacts.

Viscous and elastomeric behavior

The force during exfoliation irreversibly loosens the bond
between the carbon layers, so that the ease of sliding
between the layers is irreversibly increased. As a conse-
quence of the enhanced ease of sliding and the large area of
the interface between the carbon layers in a cell wall
(Fig. 4), EG exhibits strong viscous behavior under
dynamic strain [31, 62] and elastomeric behavior under
static strain [63]. The viscous behavior and elastomeric
behavior are valuable for vibration damping and vibration
isolation, respectively. The sliding enables the stretching of
the cell wall, which occurs during mechanical deformation,

@ Springer

as illustrated in Fig. 6. This interface-derived viscous
mechanism is in contrast to the well-known bulk viscous
deformation mechanism that rubber exhibits. Even though
the amplitude of the sliding may be small under dynamic
loading, the sliding is easy and the back-and-forth sliding
during vibration provides a significant degree of viscous
behavior. It is akin to the wall of a balloon stretching and
recoiling at a small deformation amplitude during repeated
variation in the gas pressure in the balloon. Thus, the cell
wall of EG provides balloon-like interface-derived viscous
behavior. The degree of viscous character is described by
the loss tangent (i.e., tan , where ¢ is the phase lag
between the stress wave and the strain wave during
dynamic loading), which is equal to the ratio of the loss
modulus to the storage modulus. The viscous behavior of
the cell wall is associated with loss tangent as high as 35
under dynamic flexure and as high as 25 under dynamic
compression of the EG compact [31]. Both values of 35
and 25 are unprecedentedly high values among solid
materials. The values decrease with increasing degree of
compaction of the EG (i.e., with increasing solid content in
the compact) (Fig. 7), due to the associated decreasing ease
of sliding between the layers as the compact becomes more
tightly packed. This means that an adequate degree of
looseness of the binding between the layers is required for
the viscous behavior to be substantial. In contrast to EG,
the loss tangent is only 0.7 for rubber under dynamic
flexure [64]. The reversibility of the elastomeric deforma-
tion of the cell wall is believed to stem from the pinning of
the cell wall at its extremities (Fig. 4). The pinning is akin
to the intermolecular crosslinking that enables the rever-
sible elastomeric character of rubber.

Due to the strong viscous character of the cell wall, the
incorporation of EG in a stiff material such as cement
provides constrained-layer damping in the microscale,

Fig. 6 SEM photograph of graphite nanoplatelet [70]
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Fig. 7 Dynamic flexural properties of exfoliated graphite compacts
at various solid contents (solid volume fractions), with the static strain
at 2 %. The loss tangent divided by the solid content relates to the
degree of viscous character of the cell wall; its highest value of 35
occurs at the lowest solid content of 1 vol % [31]

provided that the sandwiching of the EG by the stiff matrix
material of the composite is tight enough [65, 66]. These
cement—matrix composites are covered in “Exfoliated
graphite composites” section.

Electrical and thermal conduction behavior

Increase of the compaction pressure enhances the in-plane
electrical/thermal conductivity at the expense of the out-of-
plane electrical/thermal conductivity. The highest out-of-
plane thermal and electrical conductivities reported for the
graphite part of the EG compact (with the air contribution
excluded by calculation) are 550 W/(m K) and 230 kS/m,
respectively [61]. These values indicate that graphite a-axis
conduction (rather than c-axis conduction) contributes
primarily to the out-of-plane conduction in an EG compact.
The out-of-plane thermal and electrical conductivities
correlate linearly, in accordance with the Wiedemann—
Franz Law, because both thermal conduction and electrical
conduction are governed by the degree of preferred ori-
entation [61]. The compaction-related variation in the
solid-part conductivities is large [21-550 W/(m K) and
10-230 kS/m, respectively], due to the preferred orienta-
tion variation [61]. The out-of-plane Lorentz number
(7.3 x 107® W Q/K?) is similar to the in-plane value,
being independent of the preferred orientation [35]. At
2-7 vol% solid in the EG compact, out-of-plane thermal
conductivity and electrical conductivity of 7 W/(m K) and
3 kS/m, respectively, are obtained for the overall compact
[61]. These values are toward the targets for fuel cell
bipolar plates. The higher is the packing density of the EG
compact, the greater is the degree of anisotropy in the
thermal conductivity between the in-plane and out-of-plane
directions of the compact, as shown for the case of the
intercalate being nitric acid [67].

Adsorption and filtration behavior

An EG compact with a low density of 0.025 g/cm® is
effective to function as a filter for the treatment of oilfield-
produced water, while providing adequate strength [68].
The higher is the density, the greater is the strength, but the
lower is the permeability. The density of 0.025 g/cm®
corresponds to a compromise between these two opposing
properties.

An EG compact modified with a poly(propylene imine)
dendrimer by electrodeposition provides an electrochemi-
cal sensor for lead in water [69]. An unmodified EG
compact under an applied potential provides the removal of
lead ions from water [69].

Graphite nanoplatelet

Adequate mechanical agitation of EG (e.g., by sonication)
can disintegrate the worms, thereby resulting in a form of
nanographite known as GNP (Fig. 6) [70]. As shown in
Fig. 6, there is no cellular structure. GNP is not graphene,
because the number of carbon layers in a platelet can be
quite large (much greater than 10). It is particulate, but it is
not fluffy.

The worms can cling to one another in the absence of a
binder (Fig. Ic). This clinginess is attractive for applica-
tions (such as electrochemical electrodes) for which a
binder is detrimental to the functional performance. In
contrast, GNP does not exhibit this clinginess. Neverthe-
less, a mixture of GNP and worms is clingy, due to the
worms. In other words, the worms serve as a carrier for the
GNP [32].

GNP paper prepared by vacuum filtration exhibits in-
plane thermal conductivity 180 W/(m K) and out-of-plane
thermal conductivity 1.3 W/(m K) [71]. The in-plane
thermal conductivity is much lower than that of flexible
graphite (as high as 1500 W/(m K) [59]).

Most research on GNP pertains to composite materials.
The GNP composites are addressed in “Graphite nano-
platelet composites” section.

Composites

This section addresses EG composites, flexible graphite
composites, and GNP composites. The composites include
polymer—-matrix, carbon-matrix, cement-matrix, and
metal-matrix composites. In addition, they include liquid-
based dispersions of the graphite and graphite coated with
other materials.
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Exfoliated graphite composites

The EG can be used as a filler in composites. The primary
applications relate to electrical and thermal conduction,
which benefit from the connectivity provided by the EG
microstructure.

The addition of EG to polypropylene gives a polymer—
matrix composite with increased values of the flexural
modulus and storage modulus, while the impact strength is
essentially unaffected [72]. Due to the electrical and ther-
mal conductivity of EG, the incorporation of EG in phe-
nolic gives a polymer—matrix composite that is attractive
for use as the bipolar plate of a polymer electrolyte
membrane fuel cell [73]. The incorporation of EG in a
polymer is also attractive for increasing the EMI shielding
effectiveness [74, 75]. However, the shielding effective-
ness is considerably lower than that of flexible graphite
[52-55].

EG surrounded by a polystyrene superhydrophobic
membrane (which is like a teabag) has been reported to be
effective for the adsorption of oil [76]. The main applica-
tion relates to oil spill cleanup.

The addition of EG to an elastomer in the form of
poly(dimethylsiloxane), which is electrically insulating,
increases the electrical conductivity to values up to 0.4 S/
cm, thereby providing a compliant electrode material [77].
The incorporation of EG in a polyimide film is associated
with a percolation threshold of 3.1 vol% [78]. The addition
of a polyaniline fibers to the surface of EG prior to
incorporation in poly(vinylidene fluoride) gives a polymer—
matrix composite with relative dielectric constant 17 and
dielectric loss 0.06 at 1 kHz [79]. The low loss is attributed
to the non-conductive fibers causing the EG units not to
touch one another in the composite.

Manganese dioxide (MnO,) is a common active elec-
trochemical electrode material. The EG combined with
MnO, to form a nanostructure has been reported to be
effective as an electrode material for supercapacitors [80,
81]. The addition of EG to MnO, increases the energy
density relative to the case without EG [80].

EG incorporated in a carbon-matrix composite gives a
graphite foam [82]. This is achieved by adding expandable
graphite to pitch, which is subsequently carbonized while
exfoliation occurs. In another process, the carbonization of
an organic foam containing EG gives a carbon foam, which
is suitable for hosting phase change materials [83]. An EG
compact subjected to chemical vapor infiltration (CVI) of a
carbon precursor, followed by carbonization of the pre-
cursor, gives a carbon—matrix composite [84].

The incorporation of EG in a cement—matrix composite
provides strong ability for vibration damping [65, 66]. In
order for the cell wall of EG to be sufficiently tightly
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sandwiched by the cement matrix, as needed for con-
strained-layer damping, the fabrication of the cement-based
material requires compaction prior to curing. A process
involves dry compaction of a mixture of cement particles
and EG prior to exposure to water for curing the cement
[65]. Simple addition of the EG to a cement mix does not
provide the necessary squeezing, thus resulting in loose
sandwiching of the EG by the cement matrix after curing
and the near absence of constrained-layer damping [66].
Furthermore, without the squeezing, the EG units (worms)
in the cement remain macroscopic and highly porous,
making them ineffective for enhancing the strength. In
contrast, with the squeezing, the EG is effective for
enhancing the strength. Thus, the method of incorporating
EG in cement is critical. In practice, the squeezing may be
achieved by using roller compaction.

Even with the tight incorporation of EG in a cement—
matrix composite, the elastic modulus (relative to that of
cement without graphite) is decreased by the incorporation.
This issue can be circumvented by the combined use of EG
and silica fume, which is an admixture that decreases the
pore size and contributes to the damping due to its
nanoparticulate nature [85-87].

Glassy carbon is a common electrochemical electrode
material used in electrochemical characterization. The
coating of a glassy carbon electrode with EG (applied as a
suspension, followed by solvent evaporation) provides an
electrochemical sensor for tartrazine [88]. Furthermore, EG
is effective as a support for Si-based Li-ion battery anodes
[89]. In addition, EG [90, 91] is effective as a catalyst
support.

Flexible graphite composites

Due to its monolithic form, flexible graphite is not used as
a filler in composites. However, due to its porosity, flexible
graphite can be impregnated, thus forming composite
materials with flexible graphite as the backbone.

Flexible graphite impregnated with a carbon precursor
(polymeric), which is subsequently carbonized, gives a
composite with tensile strength higher than that of the
unmodified flexible graphite sheet [92]. Flexible graphite
impregnated (penetrated) with a carbon black organic-
based paste gives a superior TIM [93], because of the
high conformability of the carbon black paste and the
importance of conformability to the TIM performance.
Flexible graphite impregnated with the carbon black paste
gives superior TIM performance than flexible graphite
coated with the paste [94]. Flexible graphite without the
paste is inferior in TIM performance to that with the
paste, whether the paste penetrates or coats the flexible
graphite [93, 94].
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Graphite nanoplatelet composites

The GNP is an attractive distributed filler in composites
with various matrices, due to the small size of each GNP
unit. However, the discontinuity among GNP units limits
the ability to form a network, which is valuable for elec-
trical, electrochemical, and thermal conduction applica-
tions. The combination of GNP and CNT gives a hybrid
supercapacitor electrode material that is superior to that
provided by GNP alone, due to the improved network
formation. The specific capacitance is 266 F/g for the
former and 185 F/g for the latter [95].

The incorporation of GNP in a polymer (nylon 6, i.e.,
PAG) fiber gives a composite fiber. The GNP incorporation
enhances the tensile modulus, such that acid treatment of
the GNP improves the bond between GNP and the nylon
matrix [96]. The incorporation of GNP in polyamide
(PA12) shows that GNP alters the glass transition tem-
perature and crystallization characteristics of PA12 [97].
On the other hand, the addition of GNP to polypropylene
decreases the impact strength [98]. The incorporation of
GNP in polycarbonate is associated with a percolation
threshold of 4.0 vol% [99]; at 5 vol% GNP (above the
threshold), the electrical resistivity remains high at
4.0 x 10" Q cm and the thermal conductivity remains low
at 0.37 W/(m K) [99]. The incorporation of GNP in a
polymer hydrogel is potentially attractive for improving the
ability of the hydrogel to respond to stimuli [100].

The addition of GNP to epoxy gives a polymer—matrix
composite with increased values of the electric permittiv-
ity, flexural modulus, and storage modulus [101]. The
incorporation of GNP in epoxy gives a polymer—matrix
composite exhibiting EMI shielding effectiveness 62 dB at
18 GHz [102]. The combined incorporation of GNP and
CNT in polypropylene gives a polymer—matrix composite
exhibiting EMI shielding effectiveness 36.5 dB at
1.25 GHz [103]. These values are low compared to the
value of 87 dB at 1 GHz for a polymer—-matrix composite
containing nickel-coated carbon nanofiber [104].

The addition of GNP to polystyrene increases the relative
dielectric constant from 2.83 to 36.4 at 1 kHz, due to the
creation of a large number of microscale capacitors [105],
thus causing the capacitors to be high in dielectric loss.
However, the conductivity is increased from 3.8 x 10™'%to
1.5 x 1077 S/m [105]. The addition of GNP to epoxy gives
a polymer—matrix composite exhibiting relative dielectric
constant 16 at 1 MHz, whereas the addition of barium tita-
nate to epoxy gives a composite exhibiting relative dielectric
constant only 6.5 at 1 MHz [106].

The incorporation of GNP that has been coated with an
elastomer [a liquid rubber amine-terminated poly(butadi-
ene-co-acrylonitrile)] is effective for increasing the
toughness of the composite [107]. The incorporation of

GNP in styrene butadiene rubber enhances the fatigue
resistance [108].

The addition of GNP to paraffin (a phase change
material, or PCM) increases the thermal conductivity,
which is important for the heat transfer rate [109-113].
Thermal property enhancement is similarly obtained for
various phase change materials, including paraffin, hex-
adecane, octadecane [114], and bio-based materials [115,
163’]. The addition of GNP to a polymer improves the
flame retardancy [116, 117] and increases the thermal
conductivity [117]. However, the GNP addition results in
decrease in the amount of phase change material, so that
the latent heat storage capacity is decreased [112].

The addition of GNP to a short glass fiber epoxy—matrix
composite improves the bond between the glass fiber and
the epoxy matrix [118]. The GNP addition can be achieved
by adding the GNP to either the matrix resin or the glass
fiber surface. This composite is an example of a multi-scale
(hierarchical) composite. The combined incorporation of
GNP and CNT in epoxy gives a hybrid polymer—matrix
composite that is attractive for use as the bipolar plate of a
fuel cell [119].

The incorporation of GNP in a carbon matrix made from
mesophase pitch is a superior anode material for lithium-
ion batteries than the corresponding material without GNP
[120]. Both the capacity and cycle life are enhanced. The
improvement is attributed to the increased electrical con-
ductivity due to the GNP.

The incorporation of GNP in aluminum by powder
metallurgy (500 MPa consolidation, followed by sintering
at 600 °C) gives a metal-matrix composite. The com-
pressive strength and hardness increase, while the density
decreases as the GNP content increases [121]. However,
the presence of GNP activates the corrosion of aluminum
in the composite [122, 123].

The addition of GNP to wood (high-density fiberboard)
reduces the emission rate of volatile organic compounds
(VOCs) and formaldehyde (due to the sorption of these
substances by GNP) and increases the thermal conductivity
[124, 125]. The incorporation of nanoscale iron oxide
(Fe;0,4) in RGO provides a material for the adsorption of
contaminants such as amaranth [126].

Nanofluids are colloidal suspensions of nanoparticles in a
base fluid. Nanofluids involving dispersed GNP are attrac-
tive for ink-jet printing [127], electrophoretic deposition
[127], environmental [128, 129], and thermal [70, 130]
applications. GNP [131] is effective as a catalyst support.

The TIM performance of the GNP paste is comparable
to that of the carbon black paste, in spite of the higher
thermal conductivity of the former [70]. This is because of
the high conformability of the carbon black paste. The high
conformability of carbon black stems from the fact that
carbon black is in the form of porous aggregates of
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nanoparticles [132]. This morphology renders squishability
and hence conformability to the carbon black. Furthermore,
carbon black is less expensive than GNP.

Conclusion

EG refers to graphite that has a degree of separation of a
substantial portion of the carbon layers in the graphite. The
separation occurs between adjacent carbon layers, but
typically not all the carbon layers are separated. The sep-
aration may or may not occur throughout the entire plane
between the adjacent carbon layers. In case that the sepa-
ration does not occur throughout the entire plane, the
graphite remains intact as a single piece, with local sepa-
ration of the layers in parts of various planes between
carbon layers. The distributed local separation of the layers
typically results in a cellular structure, with the wall of
each cell typically consisting of multiple carbon layers.
The volume is increased and the density is decreased rel-
ative to graphite that has not been exfoliated. If the porosity
includes open porosity, the specific surface area is also
increased. In case that the separation occurs throughout the
entire plane, the graphite is separated into multiple pieces.
If the number of carbon layers is less than 10, the piece is
known as graphene. If the number of carbon layers is 10 or
more, the piece is known as GNP, which is commonly
prepared by mechanical agitation of EG. The EG exhibits
clinginess, due to its cellular structure, but GNP does not.

This review focuses on EG that exhibits a cellular
structure and on GNP. The former includes EG compacts,
which is obtained by the compaction of multiple pieces of
EG in the absence of a binder. Due to the cellular structure
and the consequent mechanical interlocking among the
pieces of EG, the compact is a monolith in the absence of a
binder. In case that the compaction pressure is high, the
mechanical locking is strong and a reasonably strong sheet
results. This sheet is known as flexible graphite.

The exfoliation process that gives EG exhibiting a cel-
lular structure is associated with a large expansion (typi-
cally exceeding 100 times) along the c-axis of the graphite.
Most commonly, the graphite prior to exfoliation is in the
form of flakes. Because of the large expansion along the c-
axis, the exfoliated flake becomes long in the direction that
corresponds to the c-axis of the flake prior to exfoliation.
As a consequence, the EG made from a graphite flake is
known as a worm.

The exfoliation of graphite typically involves the inter-
calation of graphite to form a GIC, followed by heating of
the GIC. Upon heating, the intercalate either vaporizes (due
to the relatively low boiling point of the intercalate) or
decomposes into smaller molecules, thus causing each
intercalate island to expand like a balloon. The sliding of
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the carbon layers relative to one another enables the bal-
loon wall to stretch as the island expands to form a balloon.
Thus, a cellular structure results. For a large amount of
expansion during exfoliation, a relatively large size of the
intercalate islands is preferred.

The process of exfoliation is accompanied by extensive
desorption of the intercalate, so that only a very small por-
tion of the intercalate in the intercalation compound remains
after exfoliation. The residual intercalate is strongly held in
the EG. The most widely used intercalate species for
preparing EG is sulfuric acid. In order to decrease the
residual acidity in the expandable graphite (prior to exfoli-
ation), rinsing with water followed by partial neutralization
(i.e., deacidification using an alkaline material) is commonly
conducted. Yet, the amount of surface residue on the EG is
lower if the EG has been subjected to washing by water. The
higher concentration of surface residual in the unwashed
case causes the relative dielectric constant (50 Hz) of the EG
to be 360, compared to the value of 38 for the washed case
and the value of 120 for KOH-activated GNP.

An EG compact refers to a compact obtained by the
compression of worms such that the pressure is consider-
ably lower than that typically used for the fabrication of
flexible graphite. The EG compacts are mechanically weak
compared to flexible graphite. However, they exhibit vis-
cous character, out-of-plane electrical/thermal conductiv-
ity, and liquid permeability that are much greater than
those of flexible graphite. The viscous character stems from
the sliding of the carbon layers relative to one another, with
the ease of the sliding enhanced by the exfoliation process.
High values of the out-of-plane electrical/thermal con-
ductivity are attractive for the bipolar plates of fuel cells.

The EG, flexible graphite, and GNP may be used to form
composite materials, with matrices such as polymers,
metals, carbon, and cement. Due to its small size, GNP is
particularly suitable for use as a filler. Due to their con-
nectivity, EG and flexible graphite are attractive for
applications that require electrical or thermal conductivity.
The applications of the composites include structural,
vibration damping, electrochemical, electromagnetic, and
thermal applications.
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