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1. Introduction

Carbon is polymorphic. It exists in three forms, namely
diamond, graphite and fullerenes. The main difference
between diamond and graphite is that the carbon bond-
ing involves sp? (tetrahedral) hybridization in diamond
and sp? (trigonal) hybridization in graphite. As a result,
diamond has a three-dimensional crystal structure (co-
valent network solid), whereas graphite consists of car-
bon layers (with covalent and metallic bonding within
each layer) which are stacked in an AB sequence (differ-
ent from the AB sequence in a hexagonal close packed
or HCP crystal structure) and are linked by a weak
van der Walls interaction produced by a delocalized
m-orbital. The carbon layers in graphite are known as
graphene layers.

Graphite is anisotropic, being a good electrical and
thermal conductor within the layers (due to the in-plane
metallic bonding) and a poor electrical and thermal con-
ductor perpendicular to the layers (due to the weak van
der Waals forces between the layers). The electrical
conductivity enables graphite to be used as electro-
chemical electrodes and as electric brushes for (due to
the in-plane covalent bonding) and weak perpendicular
to the layers. As a result of this anisotropy, the carbon
layers can slide with respect to one another quite eas-
ily, thus making graphite a good lubricant and pencil
material.

Due to the anisotropy, graphite is able to undergo
chemical reactions by allowing the reactant (called
the intercalate) to reside between the graphene layers,
forming compounds (called intercalation compounds)
[1, 2]. Such reactions are known as intercalation. A
graphite intercalation compound (GIC) in which there
is charge transfer between the intercalate and graphite
tends to be more conductive electrically than graphite.
The conductivity leads to high effectiveness for electro-
magnetic interference (EMI) shielding [3]. Most GICs
can be exfoliated upon heating [4]. Compression of
exfoliated graphite flakes without a binder results in
mechanical interlocking, thus forming a flexible and
resilient sheet known as flexible graphite—a gasket
material [5].
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Amorphous carbon usually refers to carbon which
has bonding and structure similar to graphite, except
that there is no long-range order. The AB stacking order
is absent and the layers are usually not flat. Upon heat
treatment, amorphous carbon increases its degree of
crystallinity (called degree of graphitization). Numer-
ous carbons used in practice, such as carbon fibers, are
not totally graphitic, but have a wide gradation of dif-
ferent degrees of graphitization, depending on the heat
treatment temperature.

Carbon fibers have a preferred orientation (a crys-
tallographic texture known as the fiber texture) such
that the carbon layers are preferentially parallel to the
fiber axis, even though the layers tend to be not flat.
As a result, carbon fibers are mechanically strong and
conducting (electrically and thermally) along the fiber
axis. Carbon fibers are widely used as a reinforce-
ment in polymer-matrix composites for lightweight
structures.

2. Structure
Graphite has a layer structure in which the atoms are ar-
ranged in a hexagonal pattern within each layer and the
layers are stacked in the AB sequence [6]. This results
in a hexagonal unit cell with dimensions ¢ =6.71 A
and a =2.46 A [7]. There are 4 atoms per unit cell, as
labelled by A, A’, B and B’ in Fig. 1. The atoms A and B
are on one layer plane and the atoms A" and B’ are on a
layer plane displaced by half the crystallographic c-axis
spacing, i.e., 3.35 A. The atoms A and A’ differ from
the atoms B and B’ in that the A and A’ atoms have
neighbors directly above and below in adjacent layer
planes whereas the B and B’ atoms do not. The crystal
structure corresponds to the space group P63/mmc or
[8, 9], in which the 63 screw axis is a consequence of
the AB stacking. The structure possesses a center of
inversion symmetry at the point half way between the
atoms A and A’.

The translation vectors of the graphite crystal struc-
ture, as shown in Fig. 2, are
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Figure 1 The crystal structure of graphite. The primitive unit cell is
hexagonal, with dimensions a =2.46 A and ¢=6.71 A. The in-plane
bond length is 1.42 A. There are four atoms per unit cell, namely A, A/,
B and B'. The atoms A and A’, shown with full circles, have neighbors
directly above and below in adjacent layer planes; the atoms B and B’,
shown with open circles, have neighbors directly above and below in
layer planes 6.71 A away.
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Figure 2 In-plane structure of graphite. The layer plane shown contains
atoms A and B (e). The positions of the atoms A’ and B’ (O) on the
adjacent layer plane are also shown. The lattice translation vectors on a
layer plane are aj and @3 .

ar =a(v/3/2,-1/2,0), |ai|l=a=246A
@ =a(v/3/2,-1/2,0), |@|=a=246A
a; = c(0,0, 1), a3 =c=6.71A

These vectors are indicated in terms of the orthonor-
mal coordinates (x, y, z).

The in-plane lattice parameter is a = v/3a,, where
a=1.42 A, the in-plane nearest neighbor distance.

The out-of-plane lattice parameter is ¢ = 2¢,, where
c=3.35 10\, the distance between atoms A and A’ on
adjacent layer planes. Thus a direct lattice vector is

—

— — —
R, =niai +nya3 +nsa:

ﬁ a
a 7("1 +ny), 5(-”1 + ny), cn3

where n1, n, and nj3 are integers.

1476

Figure 3 Graphite reciprocal lattice plane generated by basis vectors b_|)

and Fz) The first Brillouin zone is indicated by the dashed lines.

. - = —
The translation vectors aj, a3, az correspond to a
reciprocal lattice with basis vectors
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The reciprocal lattice plane, generated by F]) and Z,
is shown in Fig. 3.
A reciprocal lattice vector is

— — — —
Gm =mi1 by +myby +m3bs

(27T( n )271( )271 )
= ——@m; +m), —(m; —my), —m
Jia 1 2), —=(m 2), 3

where my, my, m3 are integers.
There are four atoms per unit cell, namely atoms A,
B, A’ and B/, as indicated in Fig. 3. The coordinates are

oA = (0, 0, 0),

5 a1l
PB =S| —/=> 19 0)3
’ 2<J§

2!
|

_( a a c)
2ﬁ7 27 2

for atoms, A, B, A’ and B’ respectively.
The structure factor is given by

AGR) =SAY &7
J

where S is the scattering efficiency and A is the am-
plitude of the incident wave. Thus for graphite, the
structure factor is

ALG) = SA[1 4 FOm=m] ] 4 g=imm]
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Figure 4 The conventional Brillouin zone of graphite. The electron and
hole Fermi surfaces are located in the vicinity of the edges HKH and
H'K'H'.

Hence, AS(G_;) = (0 forms = odd integer, and there is no
Bragg reflection for m3 = odd integer, consistent with
the consequence of the 63 screw axis along the a3 di-
rection. As a result, the first Brillouin zone is formed by
the planes k, = :i:zT” and the six planes going through
the dashed segments shown in Fig. 3. Thus the first
Brillouin zone is a hexagonal prism with a height of
47”. However it is usually drawn with height 27”, as
shown in Fig. 4, where the planes k, = £7 are not true
Brillouin zone boundaries.

In addition to the hexagonal structure described
above, there is a less frequent form of graphite in which
the carbon layers are stacked in the sequence ABC,
resulting in a rhombohedral structure [10, 11]. The car-
bon layer spacing and the a-axis parameters are the
same in both the hexagonal and rhombohedral struc-
tures. In the rhombohedral structure, the center of a
carbon hexagon in the A layer is dirctly below a corner
of a hexagon in the B layer, which is in turn directly be-
low an inequivalent corner of a hexagon in the C layer.
The electron energy band structure of rhombohedral
graphite has been calculated [12, 13]. The dispersion
with the component of the wave vector parallel to the
c-axis causes a band overlap of ~0.02 eV. Thus, ac-
cording the McClure, above ~150 K, the properties of
rhombohedral graphite in the plane perpendicular to the
c-axis are almost the same as those of two-dimensional
graphite. At low temperatures, the behavior is that of
a “smeared” two-dimensional band structure. Grinding
introduces the rhomobohedral phase [14-16].

Most of the fundamental research on graphite has
been carried out on natural single crystal graphite or
pyrolytic graphite. The former occurs as flakes of 1 or
2 mm in diameter, embedded in calcite stones. To sepa-
rate the graphite flakes from the stone, chemical meth-
ods have usually been employed, by which the stone is
immersed in boiling acids (HCI and HF) [17]. Pyrolytic
graphite, on the other hand, is synthetic. However, its
properties are similar to those of single crystal graphite
and its large size is an advantage in many experimental
measurements.

Pyrolytic graphite (PG) is polycrystalline, having a
fiber texture such that the c-axis of all the crystallites
are aligned but the g-axes are random. It is formed by
pyrolysis, in which a carbonaceous gas, such as hydro-
carbons, is cracked generally on a graphite substrate
above 2000°C. This process results in crystallites hav-
ing their c-axes predominantly normal to the substrate

(mosaic spread = 40-50°) and a density of more than
2.2 g/cm?. To improve the crystallite alignment, stress
recrystallization is used. This involves hot-pressing
with uniaxial pressures of 300-500 kg/cm? at 2800
3000°C and produces specimens more than 10 mm
thick along the c-axis and a density of 2.266 g/cm?,
more than 99.95% of the theoretical density. Subse-
quent annealing of such material at 3400-3500°C under
a light load yields highly-oriented pyrolytic graphite
(HOPG) with a mosaic spread of 0.02°C and a crys-
tallite size of the order of 1 um in both a and ¢
directions [18].

It should be noted that pyrolytic graphite available
before ~1960 was not highly-oriented, so that experi-
mental results on such materials should be treated with
caution.

3. Bonding

Anisolated carbon atom has an electronic configuration
of 1s22s%2p?. The 1s? electrons belong to the ion core
and the remaining four electrons are valence electrons.
In graphite, the 2s, 2px and 2py electrons form three
sp? hybridized orbitals directed 120° apart on a layer
plane. Overlap of these orbitals leads to the formation of
o -bonding between carbon atoms on a layer plane. The
2p, electron, on the other hand, forms a delocalized
orbital of 7 symmetry. This delocalization stabilizes
the in-plane carbon bonding so that the bond strength
is higher than that of a single covalent C—C bond. In
addition, the delocalization results in loosely bound
m-electrons of high mobility, so that the -electrons
play a dominant role in the electronic properties of
graphite. The carbon layers are bound in the c-direction
by weak van der Waals forces. As a result, graphite is
anisotropic, having different physical properties for in-
plane and c-axis crystallographic directions.

4. Electronic energy band structure
In graphite, each carbon atom has four valence elec-
trons and there are four atoms per unit cell. There-
fore, there are 16 energy bands (not counting spin),
of which 12 are o-bands and 4 are m-bands. Six
o -bands are bonding and six at higher energies are anti-
bonding. These 2 groups of six o-bands are separated
by ~5 eV. The -bands lie between these two groups of
o-bands. Similarly, two m-bands are bonding and two
are anti-bonding. However all bands are coupled and
the four -bands are strongly coupled. Since graphite
has 16 electrons per unit cell, only 8 energy bands are
filled. Thus the Fermi level lies in the middle of the four
m-bands. The upper m-bands, which form the highest
valence bands, overlap along the Brillouin zone edges
HKH and H'K'H’, making graphite a semi-metal. The
band overlap energy is about 0.03 eV. The energy bands
can be illustrated in one dimension as shown in Fig. 5.
In three dimensions, the energy bands are shown
in Fig. 6. Along the HKH and H'K'H' axes, the four
m-bands are labeled E, E, and E3, where the E3 band
is doubly degenerate along the zone edges. The E| band
is empty. The E, band is nearly full and defines the mi-
nority hole pocket near the zone corner. The E3 band
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Figure 5 One-dimensional energy bands of graphite. The valence (&)
and conduction bands (FZ]) have an overlap of 0.03 eV. The Fermi energy
(ER) lies within the band overlap region, resulting in pockets of holes
and electrons.
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Figure 6 Three-dimensional energy bands of graphite, showing
schematically the wave vector (&, o) dependence of the energy (E) of the
graphite -bands. The dashed line represents the Fermi level (Ep) for
pure graphite. (a) Energy vs dimensionless wave vector ¢ in the plane
& = 0about the K point. (b) Energy vs dimensionless wave vector & along
the edges HKH and H'K'H'. (c) Energy vs o in the plane &£ = 1/2 about
the H point.

is partly occupied and defines the majority electron
and hole carrier pockets. The wave vector coordinates
shown are & and o, where & is the dimensionless wave
vector along the c-axis and is related to the wave vector
k;, measured from the K point, by

& =k,co/2m.

The other coordinate o is the dimensionless wave vector
in the basal plane and is related to the wave vector «
measured from the zone edge by

1
o= Ex/ga/c

The dimensionless wave vectors o and &, together with
the basal plane polar angle o completely specify the
cylindrical coordinate system, which is shown in Fig. 4.

The E5 band lies very close to the Fermi energy (EF)
and forms carrier pockets along the HKH axis. The three
pockets, two of which contain holes and one of which
contains electrons, are shaded in Fig. 6. The Fermi en-
ergy is chosen so that the volumes of the electron and
hole pockets are equal. The degeneracy of the E3 band
is lifted away from the zone edge as one moves in the
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basal plane, except at the planes & =Y. The regions
around the zone edges are the only parts of the Brillouin
zone where bands cross the Fermi energy. Therefore all
of the free carriers are located along the zone edges,
giving rise to slender Fermi surfaces along these edges,
as shown in Fig. 4. A Fermi surface extends less than
1% of the distance from the zone edge to the zone cen-
ter. Half of one Fermi surface, between the H point
and the K point, is shown in Fig. 7. It consists of one
hole pocket and half of an electron pocket. The hole
pocket and the electron pocket are connected at four
points; three, known as “legs”, are off the HKH axis;
one, known as “central”, is on the HKH axis.

It can be seen from Fig. 7 that the cap or top portion
of the majority hole Fermi surface protrudes beyond the
H point. Thus, translation by a reciprocal lattice vector
of the cap portion results in a minority hole surface in
the vicinity of the H point, as shown in the extended
zone scheme in Fig. 8.

te
H, ZONE CORNER

HOLES

EXTREMAL
HOLE

CROSS SECTION

k,=0
EXTREMAL
ELECTRON

GRAPHITE FERMI SURFACE MODEL

Figure 7 Fermi-surface model for graphite, showing extremal cross sec-
tions which correspond to the constant-energy orbits normal to the k,
direction.

MINORITY
HOLE
SURFACE

MAJORITY
HOLE
SURFACE

(a) NO SPIN-ORBIT INTERACTION (b) WITH SPIN-ORBIT INTERACTION
Figure 8 Fermi surface for minority holes near the Brillouin zone corner
(the H point) shown in the extended zone scheme. This surface is formed
by the overlap of the portions of the Fermi surface which extend beyond
the planes § = +1/2. The extremal cross section around the H point and
perpendicular to the c-axis is indicated.



5. Energy band model
Slonczewski and Weiss [19] developed an energy band
model describing the electronic energy dispersion re-
lations for the region of the Brillouin zone around the
HKH axis. The energy dependence along the k, direc-
tion (HKH) is determined by a Fourier expansion in &.
Since the interlayer binding is weak, the Fourier series
should be rapidly convergent and only a few terms need
to be retained. In the basal plane, k- p perturbation the-
ory is used to expand the Hamiltonian in terms of k, a
wave vector in the ky ky plane measured from the zone
edge, taking the zero-order wave-function as those at
the vertical edge HKH of the Brillouin zone. Because
of small dimensions of the Fermi surface in the kx and
ky directions, the k - p expansion will converge rapidly.
Symmetry is used to determine the minimum number
of independent parameters.

The effective mass Hamiltonian of the Slonczewski-
Weiss-McClure (S-W-McC) band model is customarily
written as [19, 20]:

Eq 0 Hi; H]*3
0 E, Hy; —H2*3

Hyy  Hyy  E3 Hs

Hi; —Hx Hj; Ej

H =

where
1 2
E; =A+V1F+§V5F ,
1 2
E2=A—V1F+§Vsr ,
1
Ey = -2,
3 27/2
Hiz = —yo(l —v)oe® /2",
Has = yo(1 +v)oe'® /22,
Hy; = ysloe™,
I' =2cos(w§),
and
v =yl/y,.

Once the seven band parameters (A, Yo, Y1, V2, V3,
ya, ys) are specified, the energy bands near the zone
edge and the Fermi surface are completely determined.
Shown in Table I are the values of the band parameters,
chosen [21] to provide a good fit to the K -point [22, 23]
and H-point [24] magnetoreflection spectra, as well
as to the majority and minority de Haas-van Alphen
periods [25, 26].

The eigenvalues of the Hamiltonian H give the en-
ergy dispersion relations. Along the zone edge HKH,
two of the four solutions are doubly degenerate and cor-
respond to E3. The remaining two solutions are non-
degenerate and correspond to E; and E; in Fig. 6. At
the H point (§ =1/2), E| and E, become degenerate
and the double degeneracy of these levels and of the
E5 levels is maintained as one moves away from the H
point in the plane £ = 1/2, as is shown in Fig. 6c¢.

TABLE 1 Electronic energy band parameters of graphite

Parameter ~ Value (eV)  Physical origin

Y0 3.12 Overlap of neighboring atoms
in a single layer plane

Overlap of orbitals associated with
A and A’ atoms located one above the
other in adjacent layer planes

Interactions between atoms in next
nearest layers and from coupling
between 7 and o bands.

Coupling of the two E3 bands by a
momentum matrix element

Coupling of E3 bands to E and E; bands
by a momentum matrix element

Interactions between second nearest layer
planes. Introduction in Eq and E; in
second order of Fourier expansion
to be consistent with E3

Difference in potential energy at
A and B lattice sites.

Y1 0.377

V2 —0.0206

3 0.29
Va 0.120

Vs 0.025

A —0.009

6. Magnetic energy levels

With the magnetic field along the c-axis, the con-
stant energy orbits are perpendicular to the HKH
axis of the graphite Brillouin zone. Corresponding
to extrema in the Fermi surface cross-sectional area
at different points along the HKH axis, there are
three kinds of orbits, as shown in Fig. 9a—c. The
orbit shown in Fig. 9a corresponds to the extremal
cross section on the majority electron surface at the
K point (k, =0). The orbits shown in Fig. 9b cor-
respond to extremal cross sections on the majority
and minority hole surfaces at the H point (k, = f—o).
The outer orbit is on the majority hole surface
and the inner orbit is on the minority hole surface. The
orbits shown in Fig. 9c, known as leg and central orbits,
correspond to extremal cross sections on the majority
electron or majority hole surface where the electron and
hole surfaces make contact. There are four such con-
tacts; three, known as “legs”, are off the HKH axis and
the remaining one, known as “central”, is on the HKH
axis.

There are two approaches to calculate the mag-
netic energy levels: (i) solution of the effective mass
Hamiltonian in the presence of a magnetic field [27-
29], (ii) use of the Bohr-Sommerfeld quantization con-
dition [30]. In the first approach, y3 is treated in pertur-
bation theory, though y; is actually too large for the use
of perturbation theory. In the approximation that y3 = 0,
the effective mass magnetic Hamiltonian is much sim-
plified. The solutions of this magnetic eigenvalue prob-
lem lead to a set of four Landau ladders, in which the
levels are labeled by the index N. The & dependence of
these ladders is illustrated in the Landau level contour
diagram given in Fig. 10 [24]. The second approach is
semi-classical, but gives in a straight-forward way the
majority levels (resulting from orbits like those shown
in Fig. 9a and b) and the special levels (resulting from
the leg and central orbits shown in Fig. 9c). The mag-
netic energy levels at the K point as a function of the
magnetic field are shown in Fig. 11. The majority elec-
tron Landau levels are cut off at &..g, while the hole
levels are cut off at &y.q,. For energies between &y,
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(a)

(b)

(c)

Figure 9 Typical constant-energy orbits normal to the HKH axis.
(a) Trigonally distorted orbit for majority electrons at the K point.
(b) Cap orbits near the H point. The outer orbit is for the majority
holes; the inner orbit is for the minority holes. (c) Leg and central orbits
near the confluence of the electron and hole surfaces.

and &..,, the special levels (sp) exist. At higher mag-
netic fields only the field independent levels nje; =0
and n. =0 exist in the special level energy range. Inter-
band transitions from one of the central or leg levels to
one of the majority levels are possible. The njeg =0 and
n. = 0 levels serve as initial states over a wide range of
magnetic fields. Therefore “€” or “leg” is used to des-
ignate the leg level nje; =0 and *“c” or “central” is used
to designate the central level n, =0.

7. Electrical properties
The electrical conductivities (o,, o0.), mobilities
(Ma, Mc), relaxation times (t,, T.), mean free paths
(€4, £c) and electron density (n) at various tempera-
tures for pyrolytic graphite are shown in Table II [31],
for which m* =0.05m,, v, =2 x 107 cm/s, m* = 6m,
and v, = 10° cm/s for computation purposes.

Due to the difficulty in measuring the intrinsic
c-axis conductivity, the value of o,/o. is subject to
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Figure 10 Graphite Landau levels labeled by N along the KH axis for
H =50kG and y3 =0. The levels at the H -point are labeled by a Landau
level quantum number and a ladder index. The Landau levels of the E
and E» bands are shown as dashed curves. The Fermi level (ER) for pure
graphite is indicated by a horizontal line.
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Figure 11 The magnetic field dependence of the Landau levels at the
K point. The majority Landau levels labelled by the index n. for the
conduction band and the index ny for the valence band are cut off re-
spectively at energies labelled by ee-sp and &p,_g,, between which are
the “leg” Landau levels and the “central” Landau levels labelled by the
indices njeg and neentrar respectively. The interband Landau level transi-
tion from ny =1 to ne =2 labelled by (1, 2) is indicated on the figure
at a magnetic field H =50 kG. The Fermi energy for pure graphite is
indicated by Ep.

controversy. The reported anisotropy ratio is 10°~10* in
single crystal graphite and 103~10 in pyrolytic graphite
[25]. The reason for this difference has not been well
understood.



TABLE II 2Electrical properties of graphite

300 K 775K 42K
Oa (10* ohm~! em™1) 2.26 3.87 33.2
Oc (ohm~! ecm™1) 5.9 33 3.8
oalo, (10%) 0.38 1.2 8.8
Ha (10* cm?/V.s) 1.24 5.75 7.0
e (cm?/V.s) 3.3 5.0 8.0
Ty (10713 ) 3.5 16.2 196
Te (107 4) 0.95 1.6 2.7
l, (103 A) 0.7 32 39
£ A) 0.95 1.6 2.7
n (10'8 cm™3) 11.3 42 3.0
a Ref. [32].
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Figure 12 Phonon dispersion relation for graphite in the [001], [100]
and [110] directions, according to Nicklow et al. (1972).

The Hall coefficient is ~ —0.1 cm?®/coulomb in py-
rolytic graphite at room temperature for magnetic fields
<10 kG.

8. Lattice properties

The lattice modes of graphite have been studied by
Raman scattering [9, 32, 33], infrared spectroscopy
[9, 32, 34] and neutron scattering [35]. Phonon disper-
sion relation in the [001], [100] and [110] directions,
as calculated from neutron scattering results, is shown
in Fig. 12. The symmetry assignment of each curve is
indicated in the figure. The optical phonon modes near
the zone center (I"-point) have been studied by Raman
scattering and infrared spectroscopy.

The optical lattice vibrational modes of graphite are
shown in Fig. 13. The E5, and E»;, modes are Raman
active. The E, and A,, modes are infrared active. The
Big, and B, modes are silent. The interlayer phase
difference between the Ey, and E,, modes indicates
that the frequency difference between these two modes
(~10cm™")is a measure of the interlayer force constant
of the graphite lattice.

The E»g, and E5g, modes have been studied by using
Raman scattering [36]. The E,, mode has been ob-
served at 158242 cm™! in highly-oriented pyrolytic

Raman
- active
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Y 1y ‘ \
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¥

Big, Big,

Optical Eigenmodes of Graphite

Figure 13 Optical lattice vibrational modes of graphite.
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Figure 14 Structure of graphite oxide proposed by Clauss et al. (1957).
(a) enol form, (b) keto form.

graphite [32, 37], with a halfwidth of ~14 cm~!. This
frequency is quite close to the C—C vibrational fre-
quency (1584.8 cm~!) in the benzene molecule [38].
The second order (two phonon) Raman line of E5,, has
been observed at 3248 cm™!; this peak is upshifted by
86 cm~! from 2wg, where wg = 1581 cm™! is the first
order Raman frequency [39]. The second order line is
narrower than and 40% as intense as the first order one.
These observations were interpreted in terms of ordi-
nary overtone scattering. Much less is known concern-
ing the E», mode. It has been estimated theoretically
that the E»,, mode is at ~210 cm~ ! [9]. Unpublished
work indicates that the E»,, mode has been observed at
140 + 10 cm™! with a halfwidth of 40 cm ™! and is two
orders of magnitude weaker than the E,,, mode [32].
In less perfect graphite materials, such as commer-
cial graphite or charcoal, a Raman line at 1355 cm™!
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has been observed [33]. This line may be related to
the tetrahedral bonding in the diamond structure, since
diamond has a Raman peak at 1322 cm™".

The Ej, and A, modes have been studied by us-
ing infrared reflection spectroscopy. With the electric
field E L ¢, the E, mode has been observed at room
temperature at 1588 + 5 cm™! in single crystal graphite
[32], with a halfwidth of ~15 cm~!. With E L c, the
E 1, mode has also been observed at room tempera-
ture in highly-oriented pyrolytic graphite at 1588 cm™!
[39]. With E//c, the A, mode has been observed at
room temperature at 868 & 1 cm™! in highly-oriented
pyrolytic graphite [39]. A mechanically polished a-face
was used for measurements with E//c. The macro-
scopic effective charges for the E;, and A, modes
have been calculated to be 0.41 e and 0.11 e respec-
tively [39].

9. Graphite intercalation compounds

9.1. Graphite compounds

Graphite reacts with many chemical substances to form
compounds. Graphite compounds can be classified into
three groups, namely surface compounds, substitu-
tional compounds and intercalation compounds.

The surface compounds of graphite [40] are formed
by the reaction with the graphite surface atoms. Adsorp-
tion occurs on the planar surfaces perpendicular to the
c-axis as well as on the edge atoms of the carbon planes.
Because of the free valence bonds of the edge atoms,
the edge atoms tend to be more active. The oxidation
reaction is an example of a surface reaction.

The substitution compounds of graphite [40] contain
the foreign species substitutionally.

The intercalation compounds of graphite [41-45]
are interstitial compounds in which the foreign species
is included in the interplanar interstitial sites of the
graphite crystal such that the layer structure of the
graphite lattice (Fig. 1) is retained. These compounds
are the most well-known of all the compounds of
graphite.

9.2. Classification of graphite

intercalation compounds
In graphite, the carbon atoms within a layer are strongly
bound by electronic o-bonds and the carbon atoms
in adjacent layers are weakly bound by electronic
m-bonds. As a result, the intercalating substance (or
intercalate) occupies and thereby expands the interpla-
nar spacing of the graphite crystal without disrupting
the carbon layers. The intercalation process in graphite
is chemical as well as physical in nature. The kind of
interaction or bonding between the carbon atoms and
the intercalate depends on the particular intercalate. Ac-
cording to the character of the bonding, the intercala-
tion compounds of graphite can be classified into two
groups.

The first group, in which the bonding is covalent (or
homopolar), includes graphite oxide, carbon monoflu-
oride and tetracarbon monofluoride. This type of bond-
ing is favored by the presence of conjugated double
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bonds within the carbon planes. The layer planes as-
sume a wavy form because of the change of the carbon
bonding from the trigonal (sp?) form to the tetrahe-
dral (sp*) form. These compounds are non-conducting,
lacking the semi-metallic properties of graphite.

The second group, in which the bonding is partially
ionic (or polar), includes graphite salts (e.g., graphite
nitrate, graphite bisulphate), graphite-alkali metal com-
pounds, graphite-halogen compounds, graphite-metal
chloride compounds, etc. It should however be empha-
sized that the degree of ionicity in compounds of this
group may be very low. Moreover, many of the interca-
lates 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 interca-
lation compounds for convenience in classification. In
the presence of excess external intercalate, these com-
pounds have a well ordered interlayer structure. In this
state, they are known as lamellar compounds. However
when the equilibrium with excess external intercalate is
removed, the compounds tend to desorb the intercalate
[46, 47]. Although most of the intercalate is lost under
such a condition, a fraction is retained even under vac-
uum or after heating. When the compound has come
to equilibrium with a zero partial pressure of external
intercalate, it is known as a residue compound [48].

Since pure graphite is a semi-metal, by ionically
bonding with the intercalate, the graphite -bonds can
gain electrons from or lose electrons to the interca-
late, thereby shifting the position of the Fermi energy
from that in pure graphite. In other words, the inter-
calate atoms can act as donors or acceptors to dope
the graphite. The effect on the electronic properties of
graphite makes this kind of intercalation compounds
interesting.

9.3. Covalent intercalation compounds
Covalent intercalation compounds have received less
attention than the ionic ones. The number of known co-
valent intercalation compounds is also much smaller—
only graphite oxide (graphitic acid) and graphite
fluorides (carbon monofluroide and tetracarbon mono-
fluoride).

9.3.1. Graphite oxide (graphitic acid)
Graphite oxide is a poorly understood compound. The
observation of both the CO stretching mode (which sug-
gests the presence of a keto form) and the OH stretching
mode (which suggests the presence of an enol form)
suggests that graphite oxide consists of enol, keto and
epoxy groups dispersed in the graphite lattice. This
structure leads to an idealized empirical formula of
C30,(0OH);.

Graphite oxide is an insulator, with an electrical con-
ductivity of 10°~107 Q.cm [49], depending on the oxy-
gen content.



9.3.2. Carbon monofluoride (graphite
monofluoride)

Graphite-fluorine with an approximate composition of

CF [50] is formed by direct reaction of graphite with

fluorine at high temperatures or pressures or via a flu-

orine glow discharge (plasma) [51, 52].

The presence of C—F bonds in carbon monofluoride
has been demonstrated by infrared transmission spec-
troscopy. The presence of CF groups is probably due
to excess fluorine, as suggested by the stoichiometry
of CF{ 1240.03. Flourine NMR shows no evidence for
mobile fluorine species [45].

These various observations suggest a structure con-
sisting of puckered layers of tetrahedrally coordinated
sp> hybridized carbon atoms, each covalently bonded
to three other carbon atoms and one fluorine atom.
X-ray diffraction indicates an interlayer spacing of 5.80
t0 6.6 A [51, 53-55]. According to this model, there
are two possible structures. One consists of layers of
trans-linked cyclohexane rings in the chair conforma-
tion; the other consists of layers of cis-trans-linked cy-
clohexane boats. X-ray diffraction has not been able to
distinguish between the two possibilities. Detailed '°F
second-moment studies [53, 56] of the fluorine NMR
have provided evidence for a structure consisting of
layers of cis-trans-linked cyclohexane rings in the boat
conformation.

Carbon monofluoride is an electrical insulator.

9.3.3. Tetracarbon monofluoride
Tetracarbon monofluoride, with an approximate com-
position of C4F, is formed by reaction of graphite with
F, and HF at less than 80°C [43, 51, 57].

The structure of tetracarbon monofluoride differs
from that of carbon monofluoride in that the carbon
planes are not puckered, as shown by X-ray diffrac-
tion [43]. This difference is probably due to the larger
number of directional covalent C-F bonds in carbon
monofluoride than in tetracarbon monofluoride. The
carbon hexagons remain practically the same as in pure
graphite, but the graphite planes assume an AA stack-
ing, with an interlayer separation of 5.29 to 5.50 A [43,
51]. The fluorine atoms are arranged in two layers, one
above and one below each carbon layer.

The electrical conductivity of tetracarbon monofluo-
ride is about 100 times smaller than that of pure graphite
[58]. However this value is higher than that for carbon
monofluoride.

9.4. lonic intercalation compounds

The majority of graphite intercalation compounds be-
long to the class in which the bonding between the
intercalate and carbon has a certain degree of ionic or
polar character. These compounds exist in concentra-
tion stages marked by differences in the periodic stack-
ing sequence of the carbon layers and the intercalate
layers. The number of carbon layers between two inter-
calate layers defines the “stage” of the compound. As
the concentration of the intercalate increases, the stage
decreases. The stages can be identified by X-ray diffrac-
tion and by the intercalation isotherms [59], though the

stages can be more clearly distinguished in some com-
pounds than others. Experimental results point to the
fact that the bonding in these compounds has some ionic
character [58].

These compounds can be formed by the spontaneous
interaction of the intercalate with graphite or by elec-
trolysis. The intercalates which form spontaneous in-
tercalation compounds include Br», IBr, ICI, K, Rb, Cs,
HNOs;, FeCls, SbFs, etc. They can be prepared by re-
acting graphite with the intercalate in liquid or vapor
form for hours or days, at temperatures where the va-
por pressure of the intercalate is sufficient to overcome
the threshold potential for intercalation [60]. Some in-
tercalates can be dissolved in an organic solvent and
the compound can then be prepared by immersing the
graphite in the solution containing the intercalate. The
intercalates which form electrolytic intercalation com-
pounds include NH3, H,F,, H3PO4, H,SO4, HNO3, etc.
These compounds can be induced to react with graphite
by auxiliary oxidizing or reducing agents which do not
themselves enter into combination in the resulting com-
pound. This auxiliary agent is most conveniently an ex-
ternal electric battery. For example, graphite bisulphate
is formed from the anode when concentrated sulfuric
acid is electrolyzed between graphite and a platinum
cathode [61, 62]. The majority of the intercalation com-
pounds can be formed spontaneously.

9.4.1. Graphite-halogens

Although many of the properties of the halogens ex-
hibit continuous trends as one considers the elements
F, Cl, Br and I down group VII of the periodic table, the
reactivity of these halogens towards graphite does not
exhibit such a trend. Only fluorine and bromine react
readily with graphite; iodine and chlorine do not. How-
ever iodine monochloride (ICl) iodine bromide (IBr)
and several other interhalogens can be intercalated into
graphite.

Several theories have been suggested to account for
the varied behavior of the halogens towards graphite.
Since the halogens are electronegative, they are ex-
pected to accept electrons from the graphite. Experi-
mental results [63] suggest a certain degree of electron
transfer from graphite to the halogen intercalate. A high
electron affinity and a high polarizability for the inter-
calate should favor such an interaction. Ref. 64 suggests
that, although chlorine and fluorine have high electron
affinities, their polarizabilities are low. The reverse is
true for iodine. Bromine, on the other hand, apparently
exhibits both these properties to a sufficient degree.

Fluorine reacts with graphite but only forms inter-
calation compounds with covalent bonding, so that the
physical properties of graphite-fluorine are quite differ-
ent from those of the other graphite-halogens.

Graphite-bromine [65, 66] is the most extensively
studied of all graphite-halogens. Graphite-bromine
lamellar compounds exist in at least four stages (stages
2-5), which have been identified by X-ray diffraction
and intercalation isotherm measurements [59].

In determining the isotherms, a known weight of
graphite is exposed to a series of bromine vapor pres-
sures from zero to the saturation vapor pressure and
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Figure 15 Interlayer ordering in graphite-bromine lamellar compounds
of stages 2—5. The dashed lines indicate bromine intercalate layers; the
solid lines indicate carbon layers. (a) 2nd stage structure of Cj¢Br; (6.25
mole % Bry). (b) 3rd stage structure of Cx4Bry (4.17 mole % Br»).
(c) 4th stage structure of C3;Br; (3.13 mole % Br»). (d) Sth stage structure
of C40Br; (2.50 mole % Bry).

back to zero, all at the same temperature. For each
pressure the equilibrium weight of the sample is de-
termined. The compositions of the phases are indicated
by a change in the slope of the isotherm. This isotherm
method, in which the pressure is varied at constant tem-
perature, is to be distinguished from the isobar method,
in which the temperature of the graphite is varied while
holding the pressure constant. The isobar method is
usually used for the graphite-alkali metal systems.

The isotherms on pyrolytic graphite show four phases
of approximate compositions, C¢Br;, Co4Br;, C3,Br,
and C49Br,, which correspond to stages 2, 3, 4 and 5
respectively (Fig. 15).

‘When the bromine vapor pressure exceeds the thresh-
old value for the intercalation, the reaction takes place.
The concentration of the absorbed bromine increased
rapidly with the increase in bromine vapor pressure
up to the composition C49Br,. In this range, the in-
tercalate is not distributed homogeneously throughout
the graphite crystal as in an ideal dilute solid solution.
The diffraction pattern shows the coexistence of regions
of the virgin graphite and of regions with the struc-
ture of stage 5. When the partial pressure of bromine
is about 0.15, the structure becomes a homogeneous
Sth stage structure of composition C4oBrp. With fur-
ther increase of bromine vapor pressure, the structure
follows the stages of higher bromine concentrations one
by one, up to the 2nd stage structure of saturation. At
intermediate bromine concentrations between the defi-
nite compositions corresponding to definite stages, the
X-ray diffraction pattern shows a mixture of extra lines
of both the higher and the lower stage structures.

In the stepwise debromination process of C;¢Br», the
3rd, 4th and 5th stages appear in that order. However, the
equilibrium vapor pressures are much lower than those
for the bromination process. This is due to the tendency
for the retention of bromine in the compound. After the
vapor pressure of bromine is reduced to zero, a residue
compound remains.

The understanding of the structure of the residue
compounds is much more limited than that of the lamel-
lar compounds. There are two possible ways in which
the intercalates are retained in the residue compounds:
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(1) intercalate layers are trapped between the carbon
layers, as in lamellar compounds, and (2) intercalate is
trapped at imperfections in the graphite crystal lattice.

9.4.2. Graphite-alkali metals

Graphite-alkali metals belong to the class of “ionic”
intercalation compounds. They are n-type, whereas the
graphite-halogens (Sec. 9.4.1) are p-type.

The alkali metal intercalates include Li, Na, K, Rb
and Cs. The compounds of K, Rb and Cs behave quite
similarly and are all different from those of Li and Na.
The compounds of K, Rb and Cs have stoichiometries
CgX, C24X, C36X, C48X and C60X (X = K, Rb or CS),
which correspond to stages 1, 2, 3, 4 and 5 respectively
[67], although stage 1 compounds with intercalate con-
centration exceeding that of CgX have been reported
[68, 69]. The Li compounds include CgLi, Ci;Li and
CsLi, which correspond to stages 1, 2 and 3 respec-
tively [70, 71]. In addition to the binary graphite-alkali
metal systems, there are ternary systems which involve
two different alkali metals [67].

The differences between the alkali metals in their
behavior toward graphite can be explained in vari-
ous ways, though none of the ways has accounted
for all the differences. One explanation is in terms
of the size effect. The nearest neighbor distances
in the alkali metals are 5.25, 4.86, 4.62, 3.68,
3.00 A, going from Cs to Li. These distances
in the pure metals can be compared to those in
the compound. Consider, for instance, the stage 1
compound CgX (X =K, Rb, Cs). The nearest neigh-
bor distance is more or less fixed by the graphite lattice
at4.91 A. Thus one can see that K fits into the graphite
lattice slightly more loosely than into K metal; Rb fits
perfectly; and Cs is somewhat squeezed. The nearest
neighbor distance in the metals Na and Li are much
smaller than 4.91 A. This may be the reason why Na
does not intercalate readily and Li intercalates in a dif-
ferent way (CgLi instead of CgLi). The denser packing
of the alkali metals in the C¢X structure than in the CgX
structure is consistent with the small size of the Li atom.

There are several methods to prepare lamellar com-
pounds of graphite-alkali metals. In one method,
graphite is heated with weighed quantities of the al-
kali metal in an evacuated vessel. In the second method,
known as the two-bulb method [72], the alkali metal and
the graphite are in two bulbs typically held at 250°C and
250-600°C respectively. The greater the temperature
difference between the two bulbs, the lower is the in-
tercalate concentration in the resulting compound. The
saturated compound CgX (X =K, Rb, Cs) can be ob-
tained by holding both bulbs at the same temperature.
Stages 4, 3,2 and 1 can be formed successively within a
single graphite sample. The third method involves elec-
trochemical intercalation [73-77], which is relevant to
Li-ion secondary batteries [78].

The effects of alkali metal (K, Rb, Cs) intercalation
on the electrical properties of graphite are summarized
below:

(a) decrease in the electrical resistivity in both @ and
c axes,



(b) decrease
resistivity,

(c) increase in the positive temperature coefficient
of electrical resistivity in both a and c axes,

(d) change in sign of the thermoelectric power in
both a and ¢ axes,

(e) decrease in the negative Hall coefficient with in-
creasing intercalate concentration,

(f) anomalies in the electrical conductivity in the
temperature range 77-360°K.

in anisotropy ratio of electrical

The electrical resistivity in both a and ¢ axes are de-
creased on intercalation but the decrease in the c-axis
is more pronounced. Whereas the c-axis resistivity de-
creases continuously with increasing content of alkali
metal, a limiting decrease in the direction of the a-axis
appears to be reached at ~stage 4 [79].

The effects of alkali metal intercalation on the mag-
netic properties of graphite are summarized below:

(a) change of the magnetic susceptibility from neg-
ative to positive,

(b) changes in the g-shift and the linewidth of the
electron spin resonance,

(c) Knight shift of the Cs'3? nuclear magnetic
resonance.

There are numerous ternary compounds involving
the alkali metals and other species (e.g., oxygen, ben-
zene and halide) [80-84].

9.4.3. Graphite-acid compounds

Graphite react with a large number of acids to form
intercalation compounds which have been referred to
as “acid salts of graphite”. They have received much
interest because of their high electrical conductivities.
The acid intercalates include nitric acid (HNO3), sul-
furic acid (H,SOy), perchloric acid (HClOy), selenic
acid (H,SeQy), etc. [85, 86]. These acids act as elec-
tron acceptors in the graphite crystal by forming neg-
atively charged acids radicals (NO; , HSO,, etc.).
However only a fraction of the acid molecules under-
goes this ionization. The rest remains as acid molecules
in the graphite crystal. Graphite-HNO;3 (also known
as graphite nitrate) and graphite-H,SO,4 (also known
as graphite bisulfate) are the most extensively studied
compounds in this category.

Graphite nitrate can be prepared by direct chemical
interaction of graphite with nitric acid [87] or be elec-
trolysis [88]. The chemical method involved nitration
in the liquid or vapor phase. In liquid-phase nitration,
graphite is immersed in nitric acid (HNOj3) of various
acid strengths. Stage 1 compounds can be obtained by
use of a mixture of 50% of fuming nitric acid (s.g. 1.52)
by weight with 50% of nitrogen pentoxide (N,Os) di-
rectly prepared by distillation from nitric acid and phos-
phorus pentoxide (P,0Os). The stage 1 compounds are
blue. All higher stages can be obtained without nitro-
gen pentoxide. Stage 2 compounds can be obtained by
use of fuming nitric acid.

In vapor-phase nitration, graphite is exposed to
nitric acid vapor of various partial pressures. More

satisfactory samples can be obtained by vapor-phase
nitration than by liquid-phase nitration because liquid-
phase nitration proceeds so rapidly at the edges of the
sample that the edges swell as a result of intercalation
before the molecules have time to penetrate into the
interior of the layers.

The electrochemical method involves the use of
graphite as reference electrode and fuming nitric acid
as electrolyte [88].

Graphite bisulfate consists of graphite layers with
HSO, ions and H,SO4 molecules between the layers.

The blue stage 1 graphite bisulfate lamellar com-
pound can be prepared by direct chemical interaction
of graphite with a mixture of concentrated sulfuric acid
and an oxidizing agent (nitric acid, chromic oxide,
potassium permanganate, ammonium persulfate, man-
ganese dioxide, lead dioxide, arsenic pentoxide, iodic
acid, periodic acid or manganese salts) or by electroly-
sis [61, 89-92].

The advantage of the electrochemical method of sam-
ple preparation is that the number of anions intercalated
can be evaluated by applying Faraday’s law. This al-
lows the determination of n in the chemical formula
C,HSOy4 - xH,SO4. By weight uptake measurement,
the value of x can be obtained if n is known. The oc-
currence of stages gives rise to steps in the curve of the
electrode potential vs. current or time. Together with
the X-ray diffraction results, these steps indicate that
n =24 in stage 1 and n =48 in stage 2 [62, 88]. The
value of x is 2.5 [93] in both stages 1 and 2.

When a small amount of water is added to the sulfu-
ric acid, the blue compound decomposes in a step-wise
manner into mixtures of higher stage lamellar com-
pounds [87] which are not blue (e.g., pure graphite is
silvery). The decomposition also occurs by exposing
the blue compound to air [94]. The blue color is lost
soon after exposure to air, although X-ray diffraction
still shows the presence of some amount of the first
stage lamellar compound [95]. The decomposition in
air is due to the absorption of water.

9.4.4. Graphite-halide compounds

Graphite forms intercalation compounds with a large
number of halides. The halogens involved include F, Cl,
Br and I. Most of the halides investigated are chlorides,
though the fluorides are receiving attention. The halides
act as electron acceptors in graphite.

Graphite-ferric chloride is the best studied graphite-
metal halide partly because it is the oldest and partly
because of its interesting magnetic properties.

Graphite-ferric chloride lamellar compounds of stage
1 (69 wt%), stage 2 (53 wt%), stage 3 (42 wt%), stage 4
(35 wt%), stage 5 (30 wt%) and stage 6 (28 wt%) have
been obtained [96-98].

Graphite-ferric chloride has been prepared by
heating graphite with anhydrous FeCl; [96]. After
cooling the product, the excess FeCls is removed by
either washing with hydrochloric acid or sublimation.
By varying the reaction temperature, which is above
180°C, different stages can be obtained. The graphite
sample is usually maintained at a higher temperature
than the FeCl; to minimize the condensation of FeCls
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sample. Graphite-ferric chloride is p-type. A less com-
mon method involves electrochemical intercalation
[99].

Graphite-antimony pentafluoride has received atten-
tion due to the high in-plane electrical conductivity
[100]. The stage 1 compound is blue black. All higher
stage compounds are black [101].

10. Exfoliated graphite

Graphite intercalation compounds tend to exfoliate
upon heating [4]. The exfoliation involves a large ex-
pansion (by as many as several hundred times) along
the c-axis. It is due to the tendency of the intercalate
in the graphite to vaporize, thus forming gas pockets
which may or may not burst. The expansion of the gas
pockets is made possible by the shear of the graphite
layers with respect to one another. If the pockets do not
burst and the heating is not excessive, the exfoliation
can be reversible upon subsequent cooling. However,
excessive heating causes irreversible exfoliation.

Exfoliation is most commonly conducted on interca-
lated graphite in the form of flakes, as a graphite flake
has the graphite layers aligned in the plane of the flake
and expansion along the c-axis is not hindered by geo-
break metry. After irreversible exfoliation, the flake is
much longer along the c-axis than in the in-plane direc-
tion, so it is referred to as a worm. The macroporosity
of exfoliated graphite is attractive for biomedical appli-
cations [102].

Compression of a collection of worms without a
binder results in mechanical interlocking among the
worms. Thus, a flexible sheet (called flexible graphite)
is formed [5]. The worms used for making flexible
graphite are preferably those that have been made by
exfoliation that involves bursting of the gas pockets.
The sheet is resilient and can be cut by using scissors.
It is commonly used as a gasket material for harsh envi-
ronments, since graphite is rather inert chemically and
is high temperature resistant. It can also be used as a
gasket material for electromagnetic interference (EMI)
shielding, since its electrical conductivity and high spe-
cific surface area (typically 10-15 m?/g) enhance the
reflection of high frequency (up to GHz) electromag-
netic radiation [5].

11. Carbon fibers
Carbon fibers refer to fibers which are at least 92 wt%
carbon in composition. They can be short or continu-
ous; their structure can be crystalline, amorphous, or
partly crystalline. The crystalline form has the crystal
structure of graphite. The high modulus of a carbon
fiber stems from the fact that the carbon layers, though
not necessarily flat, tend to be parallel to the fiber axis.
This crystallographic preferred orientation is known as
a fiber texture. As a result, a carbon fiber has a higher
modulus parallel to the fiber axis than perpendicular to
the fiber axis. Similarly, the electrical and thermal con-
ductivities are higher along the fiber axis, and the coeffi-
cient of thermal expansion is lower along the fiber axis.
The greater the degree of alignment of the carbon
layers parallel to the fiber axis, i.e., the stronger
the fiber texture, the greater the c-axis crystallite
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size (L), the density, the carbon content, and the
fiber’s tensile modulus, electrical conductivity, and
thermal conductivity parallel to the fiber axis; the
smaller the fiber’s coefficient of thermal expansion
and internal shear strength. In a carbon fiber, there
can be graphite regions of size L. perpendicular to
the layers and size L, parallel to the layers. There can
also be crystalline regions in which the carbon layers,
though well developed and parallel to one another,
are not stacked in any particular sequence; the carbon
in these regions is said to be turbostratic carbon. Yet
another type of carbon that can exist in carbon fibers is
amorphous carbon, in which the carbon layers, though
well developed, are not even parallel to one another.

The proportion of graphite in a carbon fiber can range
from 0 to 100%. When the proportion is high, the fiber
is said to be graphitic, and it is called a graphite fiber.
However, a graphite fiber is polycrystalline, whereas
a graphite whisker is a single crystal with the carbon
layerrolled up like a scroll. Because of their single crys-
tal nature, graphite whiskers are virtually flaw-free and
have exceptionally high strength. However, the produc-
tion yield of graphite whiskers is too low for them to
be commercially significant.

Carbon fibers that are commercially available are
divided into three catagories, namely general-purpose
(GP), high-performance (HP), and activated carbon
fibers (ACF). The general-purpose type is charac-
terized by an amorphous and isotropic structure,
low tensile strength, low tensile modulus and low
cost. The high-performance type is characterized by
relatively high strength and modulus. Among the
high-performance carbon fibers, a higher modulus
is associated with a higher proportion of graphite
and more anisotropy. Activated carbon fibers are
characterized by the presence of a large number
of open micropores, which act as adsorption sites.
The adsorption capacity of activated carbon fibers is
comparable to that of activated carbons, but the fiber
shape of activated carbon fibers allows the adsorbate
to get to the adsorption site faster, thus accelerating
the adsorption and desorption processes. The amount
adsorbed increases with the severity of activation.

Intercalation can occur in graphite fibers, i.e., carbon
fibers having a high degree of crystallinity. Intercalation
can be used to modify the fibers so as to increase the ef-
fectiveness for electromagnetic interference shielding
[3, 5] or to increase the thermoelectric power for use of a
fiber composite as thermcouples [103]. Although there
is chemical reactivity between noncrystalline carbons
(such as noncrystalline carbon fibers and coal) and vari-
ous intercalates, the reactions do not result in a graphite
intercalation compound.

12. Oxidation protection

The tendency for carbons to oxidize and become a va-
por is a problem that limits the use of carbons at high
temperatures. Structural carbons include carbon fibers,
carbon-carbon composites and graphite. They are used
in aerospace and various industrial applications. Much
attention has been given to the development of methods
of oxidation protection of carbon materials [104—107].



The dominant method of oxidation protection of car-
bons involves the use of a coating, such as SiC [108-
129], silicon oxycarbide [130], TiC [131], TiN [132],
TiO, [133, 134], SisN4 [135, 136], B4C [137, 138],
Si0, [139], ZrSiO4 [140, 141], ZrO, [142], Si-Hf-Cr
[143], Al,O3 [144-146], Al,03-S10, [147, 148], SiC/C
[149-154], BN [155-157], Si-B [158, 159], mullite
[160-162], LaB¢ [163], MoSi; [164], Y,SiOs [165-
168] and glass [169—171]. These ceramic coatings are
mostly applied by either chemical vapor deposition
(CVD) or pyrolysis of a preceramic polymer [172, 173].

Another method of oxidation protection of carbons
involves surface treatment with a reactive aqueous so-
lution [174], such as phosphoric acid [175, 176], oxi-
fluoride phosphate compounds [177], POCI; [178] and
boric acid [179]. Immersion in the solution is followed
by drying and sometimes heating as well. This method
should be distinguished from the formation of a ceramic
coating by dipping in a sol-gel [180]. The solution tech-
nique is simple compared to CVD, though it usually
provides oxidation protection in a lower temperature
range than the ceramic coating method [174].

13. Activated carbon

Activated carbon refers to a carbon material that has
surface porosity which results in a specific surface area
typically exceeding 1000 m?/g. The pores are typically
micropores (below 20 A in size), although mesopores
(above 20 Ain size) are abundant in activated carbons
that have been suitably prepared [181, 182]. Activated
carbon is used for the adsorption of molecules and ions
for the purpose of water treatment, air purification, gas
separation, solvent recovery, odor revoval and related
applications that are relevant to environmental engi-
neering [183, 184].

Activated carbon is typically made by heating a car-
bon precursor (e.g., pitch and polyacrylonitrile) or a
carbon material in a reactive atmosphere. The pro-
cess, known as activation, is a reaction (such as C +
CO; — 2CO) which changes some of the material into
vapor, thereby resulting in surface pores. Activation
is relatively difficult if the carbon material has been
graphitized prior to activation. A pre-treatment involv-
ing ozone serves to increase the surface oxygen con-
centration, thereby facilitating activation [185].

14. Conclusion

Graphite is an engineering material that is rich in
physics and chemistry, in addition to being useful in
bulk, fibrous, activated and exfoliated forms. However,
oxidation protection is required for high temperature
applications.
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