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The structural and clectronic propertics of fluorine- and bromine-intercalated graphite
fibers and HOPG are summarized. In contrast to the bromine intercalate, which is purely
ionic for any experimentally attainable intercalate concentration, fluorine has a dual ionic
and covalent behavior in graphite. Furthermore, whereas bromine-intercalated graphite is
ordered, fluorine-intercalated graphite is disordered. The stiff graphene planes are buckled

and islands of various fluorine concentrations arc formed. A thermodynamic model is
proposed that accounts for the differences between fluorine- and bromine-intercalated
graphitc materials. The model describes the competition between ionically bonded and
covalently bonded intercalate phascs of fluorine in graphite. Covalent bonding is more
favorable energetically, but an important nucleation barricr exists due to strain and to the
destruction of the conjugation of the double bonds.

I. INTRODUCTION

Transport measurements,”  transmission clectron
microscopy (TEM),* clectron spin resonance (ESR),
and optical® measurements have established the presence
of disorder in fluorinc graphite intercalation compounds
(GIC’s) and have helped characterize the nature of
this disorder, both structurally and clectronically. It
1s now clear that the propertics and structure of
fluorine GIC’s are quite different from that of most
other known GIC’s. Usually the driving force for
intercalation is the formation of an ionic bond between
the intercalated species and the carrier-poor graphene
planes. The charge transfer increases the metallic
character of the intercalation compound as compared
to pristine graphite.” In contrast, most fluorine GIC’s
arc morc resistive than pristine graphite, and beyond
a concentration of C4F, they exhibit a semiconducting
dependence of resistivity on temperature.® For another
thing, the metallic bonding of the intercalatc to the
carbon atoms (through the p_ orbitals) is much too weak
to disturb the very strong sp? in-plane carbon—carbon
bonding,” so that the very stiff and planar graphene
sheets remain essentially undisturbed by the intercalation
process. In contrast, this planarity of the carbon planes
does not persist after intercalation of fluorine, and TEM
micrographs show that the carbon planes in fluorine
GIC’s are buckled.?

The unique clectronic and structural properties of
fluorine GIC’s are especially striking when compared to
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other halogen GIC’s, which have a similar chemical
structure. The purpose of this paper is thus to explain the
differences between fluorine GIC’s and other GIC’s, with
special reference to halogen GIC’s. In this connection,
we will apply our model more specifically to fluorine
and bromine GIC’s.

Indeed, not all halogen atoms or molccules can be
intercalated into graphite. As a matter of fact, only
bromine, fluorine, and the compounds ICl and IBr
do intercalate into graphite. Chlorine intercalates with
much difficulty: the rcaction takes place only at low
reaction temperatures and the kinctics are exceedingly
slow.? lodine does not intercalate. This wide range of
behaviors among the halogen atoms can be explained
by the interplay of the intramolecular bonding energy
Ex_x and the intramoleccular distance dx_x of the X;
molecule, where X stands for a halogen atom.” Indeed,
X> molecules have a minimum in cnergy when dy_x is
commensurate with the host graphite lattice, i.c., when
the separation between the two halogen atoms is as close
as possible 10 the distance between the centers of the two
adjacent graphite hexagons, namely 2.46 A. In the case
of fluorine, the intramolecular bond of the F> molecule
is weak, so that it is cnergetically more favorable to have
as the guest species fluorine atoms rather than a heavily
distorted molccule. It is likely that molecular fluorine
enters the lattice and becomes atomic either after inter-
calation or through the intercalation process itself.
Bromine intcrcalates as a molecule because the
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bromione—brominc distance, dg.p, = 2.41 A, is close to
2.46 A. The other halogen molecules do not intercalate
because it is both costly cncrgetically to break the
molccules apart and because the intramolecular distances
are very different from 2.46 A. This hypothesis is
confirmed by the fact that the two molecules 1Br
and ICl, with intramolecular distances close to 2.46 ;\,
do intercalatc. Table I summarizes the intramolecular
distances and energies for the various halogen molecules.
The data are extracted from Landoldt—Bérnstein. '

In Sec. II, we first summarize the structure and elec-
tronic properties of F—~GIC’s and X-GIC’s. In Sec. IlI,
we go on to present the different types of bonds that
can be formed between carbon and intercalated halogen
atoms. We proceed to present a thermodynamic model
that explains the structural differences between F—GIC’s
and X-GIC’s in Sec. IV. This model is then applied to
a variety of experimental behaviors of fluorine GIC’s
in Sec. V.

ll. NATURE OF THE DISORDER
A. Fluorine

From a structural point of view, the superlattice
structure of the fluorine GIC’s can be clearly observed
by TEM, although thc interlayer repeat distance /. is
not sharp but rather is spread over a distribution of
values.* The width of the I, value distribution increases
as the fluorine concentration increases. The C.F GIC’s
are found to exhibit good staging behavior for stage I
to stage IV samples (no C,F samples of higher stage
have becn experimentally synthesized).!! However, a
given stage does not correspond to a specific fluorinc
concentration. Rather, samples with a wide range of
fluorine concentrations may have the samc stage. For
example, C,F samples with 4.5 = x = 2.9 all exhibit
the stage I structure.

The distinctive feature of the graphenc planes in
fluorine GIC’s, as compared to other acceptor or donor
GIC’s, is the presence of disorder, characterized by the
nonplanar nature of the graphene plancs.* In addition to
this waviness, the fuorine GIC’s are inhomogeneous,“
forming islands about 70 A in diameter, with varying
interlaycr repeat distances 1, corresponding to varying
fluorine concentrations. No substantial nonintercalated

TABLE 1. The intramolecular distance dy_x and binding cnergy
Ex x for various halogen molccules.

Species X I Br Cl F IBr ICI
dx_x (A) 268 241 202 142 249 240
Ex-x (kcal/mole) 35.6 465 573 37 425 505
GIC* No Br, No F [Br Il

¥The listing gives the halogen specics that can be intcrcalated.

regions can be secn by TEM in the most concentrated
samples, consistent with x-ray diffraction measurements
on the stage | samples, where no (002) diffraction peak is
present. Despite the presence of disorder, the anisotropy
in the conductivity of fluorine GIC’s, a,/0. > 10°
(where ¢, and o, are thc in-planc and out-of-plane
conductivitics, respectively) remains extremely high.'”

No long-range order is present in the fluorine layer,
whose structure is that of a two-dimensional random
solid at room temperature. It is emphasized hcre that the
chemical nature of the fluorine intercalatc in graphite
is atomic, as opposed to other halogens which retain
their molecular nature upon intercalation. A bump in
the resistivity curve around 130 K—180 K suggests the
possibility of an in-planc fluorinc ordering transition, but
such a transition has not been establishcd conclusively
and remains hypothetical.!®

Electronically, fluorine in graphite has a mixed ionic
and covalent behavior.!* For dilute fluorine concen-
trations, fluorine GIC’s are found to be ionic with a
charge transfer of 1/6 of a hole per intercalated fluorine
atom in the limit of vanishing fluorine concentration.®
However, as the fluorine concentration increases, the
bonding behavior of fluorine shifts to covalent bonding,
with a sharp decreasc in the carrier concentration.® Thus,
the C,.F GIC’s contain both conduction clectrons and
localized spins at thc Fermi level. Usually, disordered
materials have either conduction clectrons or localized
spins at the Fermi level, depending on the location of
the mobility edge with respect to the Fermi level.” In
C,F GIC’s, because of the inhomogeneity, concentrated
islands with localized spins coexist along with dilute
islands with conduction electron spins. As the average
fluorine concentration increases, the density of local-
ized spins increases, but a substantial concentration of
conduction electron spins is still present in the material.

B. Bromine

In contrast, bromine forms an ionic acceptor graphite
intercalation compound, with a charge transfer of
approximatcly 0.2—0.3 holes per intercalated bromine
atom.” It is believed that this partial charge transfer does
not vary with intercalated bromine concentration nor
docs it vary with staging,” though, in our opinion, thesc
points are not well established. As a result of the charge
transfer, bromine GIC’s exhibit electronic properties
charactcristic of a metal, such as a positive temperature
cocfficient of the resistivity,!> Shubnikov-de-Haas
oscillations, Pauli susceptibility, etc.

The most concentrated sample that can be achicved
by bromine intercalation is the stage I C;,Br; com-
pound.” Only a few discrete bromine concentrations
Ci4Bry, Cp4Bra, Ci,Brs, and CyBr,, corresponding to
stages II, IIL, TV, and V, rcspectively, can be experi-
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mentally achicved. Although difficulty in synthesizing
stage I samples is common in GIC’s, the rcason for the
absence of stage 1 bromine GIC is not well understood.
It is not related to the large size of bromine, since
stage 1 IC]1 GIC’s, which are comparable in size, can be
synthesized. More likely, it is related to the intcraction
encrgy between neighboring brominc intercalate lay-
ers. Structurally, bromine GIC’s exhibit straight lattice
fringes; i.e., the process of bromine intercalation hardly
disturbs the graphene planes.'®

The staging behaviors of the fluorine and bromine
arc casily explained by the respective random incom-
mensurate and ordered commensurate structures of the
intercalate layers. Because the Br—Br distance is fixed,
an increasc in bromine concentration can be achicved
only by changing thc staging so that stages and inter-
calate concentrations closely match cach other. On the
other hand, because of the random location of the
fluorine intercalate, higher fluorine concentrations can
be achieved by a closer packing of the fluorine atoms
in the fluorine plane, thus leading to a range of flu-
orine concentrations corresponding to the same nomi-
nal stage.

lll. BONDING IN GRAPHITE

When halogen atoms or molecules are intercalated
into graphite, two possible kinds of bonds can be
formed bctween the carbon and the halogen atoms:
ionic bonds and covalent bonds. The nature of the
fluorine —carbon ionic bond is very similar to the nature
of thc bromine—carbon ionic bond; a similar partial
charge of 1/6 of a hole is transferred to the graphene
planes for cach ionic bond.*” The driving force for this
transfer is the high clectroncgativity of bromine (F = 3)
and fluorine (F = 4) as compared to graphite. Since the
ionic bonding involves the p, orbitals of the carbon
that extcnd perpendicular to the graphene plancs, the
ionic bonding does not disturb the planar nature of the
graphene planes.

On the other hand, covalent bonding disturbs the
sp? bonding of the hexagonal network. Because of the
strong sp? bonding of graphite, strong oxidants such
as the halogen atoms are needed to form a covalent
bond. The carbon atoms of pristine graphite are in
the sp® hybridization and form 120° angles betwcen
two bonds at each carbon atom vertex. After covalent
bonding with a halogen atom, the carbon atom is in
an sp> hybridization state, with bonds to three carbon
atoms and one halogen atom. The sp® bonded carbon
reaches its minimum in energy when the four bonds
form a regular tetrahedron, i.e., for an angle of 109°28’.
Since the minimum in encrgy of the neighboring carbons
requircs 120° angles between bonds, covalent bonding
of a carbon to a halogen introduces a large strain into

the planar structure. The carbon atom is pushed out of
the graphene plane, with the angles to its three carbon
neighbors intcrmediate between 109° and 120°.

Finally, graphitc, similar to benzcne, is normally
described as a structure resonating between two elec-
tron distributions, as shown in Fig. 1. This phenomenon,
which is called conjugation, or resonance, physically
corresponds to an equal delocalization of the electrons
on the six carbons of the ring. Conjugation lowers the
energy of the molecule (by 6 kcal/mole of carbon in
the casc of benzenc) and thus stabilizes the benzene
structure.!” After addition of a halogen molecule to the
benzene ring, this resonance is partially destroyed since
the alternation of double bonds around the ring dis-
appears. The electrons are only delocalized over four
carbon atoms, similar to butadiene (0.6 kcal/mole of car-
bon), as shown in Fig. 1. The resonance of the benzene
structure accounts for the ease of substituting bromine
for hydrogen in benzene, and the extreme difficulty for
bromine additions on a double bond.!” With respect to
double bond conjugation, graphite is very similar to ben-
zene, but instead of being delocalized over a ring, the
carriers are delocalized over all the graphene planes.
Therefore, the conjugation encrgy of graphite is large.

IV. A MODEL FOR FLUORINE GIC'S

In this simple model, the total energy of the halogen-
intcrcalated graphite compound with stoichiometry

Benzene
i ;i
H\ /c\ H H_ //c\ M
[ C ﬁ
N
7\ 7NN
n ~c w H\(IZ M
|
H H

Resonance energy = 6 kcal/mole

After halogen X addition

i ! H
NPCNPL NN H A H
¢ X x=¢ ¢ x> N

[ | - (I; (||: Hx

7N NN 7 N\
"MW H \?- H H (I:‘ H

|

H H H

Resonance energy = 0.6 kcal/mole
same as butadiene

FIG. 1. The two resonant structures of benzene which give rise to
a resonance cnergy of 6 keal/mole of carbon. After addition of one
and two halogen atoms X, the resonance cnergy Ep, is reduced to
that of pentadiene and butadiene, 0.6 kcal/mole of carbon.
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CF

y is
E(f,)/') = (1 - f)yEiun + nycov
+ Eslrain(f’y) + Eres(f’.y) (1)

where f is the fraction of covalent bonds, and E;,, Ecov,
Erain, and Er are the energics of the ionic bond and
the covalent bond, the strain cnergy and the resonance
encrgy, respectively. The model takes into account the
difference in energy between C-X ionic and covalent
bonds, the strain caused by covalent bonds in the middle
of an ionic matrix, and the destruction of doublc bond
conjugation. As for this latter conjugation, an important
diffcrence between benzene and graphite needs to be
pointed out. In the case of bromine, two atoms are
simultancously added on the double bond of benzene
because addition of a single bromine atom leads t0 a
highly unstable structure with a dangling bond. However,
in the case of graphite, additions of ecither one or two
halogen atoms lead to highly strained and energetically
unfavorable structures. Therefore, the addition of a single
halogen atom in graphite cannot be ruled out and will
be further discussed in relationship to the nucleation of
the covalent phase.

It should be stated here that the modcl of Eq. 1
is oversimplified because it neglects other important
energy contributions, most notably the intcraction be-
tween neighboring intercalate atoms, and the presence
of defects in the pristine graphite materials. Additionally,
other less significant factors such as entropic contribu-
tions, which lead to the order-disorder transition in the
bromine layer at high temperature,' or the interaction
between neighboring intercalate layers are neglected.
We will see below, however, that this simple model
explains a large number of experimental facts about
fluorine GIC’s, such as the transition from ionic bonding
to covalent bonding, the island behavior, and why the
more disordered pristine carbon materials are more co-
valently bonded than the highly graphitic materials for
the same fluorine intercalate concentration. The model
also cxplains why bromine bonding is purely ionic,
whereas fluorine bonding has a mixed ionic and covalent
character, which was the purposc of constructing the
model in the first place.

Let us now give some estimates for the encrgics of
cach term involved in Eq. (1). Formation of a covalent

for covalent bonding is
Eul = Ec-x + 3(Esp3 - E.vpz)‘ (2)

Equation (2) was reached by considering that when a
halogen atom bonds covalently to carbon, the three
ncighboring carbon—carbon bonds are transformed from
sp” bonds into sp* bonds. As a result, formation of a co-
valent carbon—fluorine bond releases an cnergy E.,, =
—54 kcal/mole for fluorine, and E., = —35 kcal/mole
for bromine. The carbon—halogen ionic bond energy Eion
can be cstimated using the electronic affinities of fluorine
(3.4 ¢V) and bromine (3.36 ¢V), and a partial charge
transfer of 1/6 of a hole per ionic bond. The calculation
yiclds an energy E;,, = — 13 kcal/molc for both fluorine
and bromine ionic bonds. The energies of the various
carbon-carbon and carbon-halogen bonds used in this
model are summarized in Table II.

As mentioned above, the resonance ecnergy of
graphitc is E.. = —6 kcal/mole. Finally, the strain
energy can be estimated bascd on the bonding cnergy
of the C—C sp® bonds. If both carbon atoms had sp*
orbitals pointing toward each other, the sp® bonding
energy would be —83 kcal/mole. Actually, one carbon
has sp* orbitals and the other onc has s p? orbitals, which
significantly reduces the overlap of thc orbitals of the
two carbon atoms, which 1s described in terms of strain
energy. We cstimate the strain encrgy to be a fraction
of the bonding energy, i.c., several tens of kcal/mole. A
more accurate value for E,;, would require a detailed
calculation of the overlap of the sp? and sp* orbitals,
taking into account first- and possibly sccond-neighbor
carbon atoms. Indeed, the deformation is not limited to
the carbon atom that bonds covalently with the halogen,
but is also accommodated by its carbon neighbors. At
any rate, the model is not sensitive to thc accuracy of
the value used for the strain encrgy.

We now discuss qualitatively the dependence of
Esnin(f.y) and E(f,y) on the halogen concentration.
In so doing, we will limit our analysis to the range
0 < y = 0.5 in CF,. As mentioned above, GIC samples
with intercalatc concentrations up to C,yF or up to
CgoBr have been synthesized experimentally. Here C
corrcsponds to graphite, whereas GF (y = 0.5) is a
black layered covalent solid, where all carbon—carbon

TABLE 1. The bonding encrgies for various bonds used in the model.

C-X bond releases the enormous bonding cnergy of Bond Bond encrgy (kcal/mole)
Ecr = —114 kcal/mole in the casc of fluorine, and
the lesser bonding energy Ec_p, = —65 kcal/mole in sp? C-C 103
the case of brominc. When halogen bonds covalently sp’ C-C 83

. Covalent C-F 114
to carbon, the carbon—carbon bond is changed from lonic C—F 13
sp? to sp3. Since the sp? C-C bonding energy E,» = Covalent C—Br 65
—103 kcal/mole is larger than the sp® C—C bonding Tonic C—Br 13
cnergy E;,» = —83 keal/mole, the actual energy gain
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and carbon-fluorine bonds arc sp* bonds. For the sake
of completeness, let us mention here the existence of
another fluorine-based organic covalent solid, with for-
mula CF, which is also a layered material containing
only sp* bonds. Since the purpose of this paper is the
study of the transition from an ionically bonded solid
to a covalently bonded solid, cither CF or CF, could
be chosen as the final point of our transition. In this
respeet, the structure of CF is closer to that of the
dilute GIC’s, since all carbon—carbon bonds are in-plane
bonds, whereas in CF,, some interlayer carbon—carbon
bonds arc formed. It will be shown below that the large
disorder makes it impossible to ever obtain a crystalline
layered solid that is completely covalent by increasing
the fluorine concentration of the GIC’s. The endpoint
of the reaction (CF or CF-) chosen here is thus of no
particular importance.

In the limit of a dilute concentration of covalent
bonds, each covalent bond creates a localized strain,
and this is cnergetically costly. The total strain encrgy
increases with increasing covalent bonding until the
point is rcached where the numbers of sp* and sp?
bonds are equal, which corresponds to a maximum in
strain energy. At this point, all carbon—carbon bonds
arc strained. In terms of stoichiometry, this maximum in
energy probably corresponds to a ratio of four carbons
to one covalently bonded halogen. (Experimentally, the
C4F compound is still mostly an ionic solid.?) When
the number of sp* bonds exceeds the number of sp>
bonds, thc sp? bonds can be considercd to causc the
strain. The strain then decreases with increasing covalent
bonding from the halogens, making it highly favorable
cnergetically to form more covalent bonds. The strain
energy as a function of covalent halogen concentration
is sketched in Fig. 2.

The resonance energy Ero(f,y) (which is negative
for graphite corresponding to a stabilization) decrcases
steeply in magnitude with increasing sp? bonding and
vanishes when approximately every third carbon atom
is covalently bonded to a halogen atom. This trend is
shown in Fig. 2. It should be emphasized that the very
high resonance energy of graphite, similar to benzene
and other aromatic molccules, is related to the presence
of a cyclical ring structure. Indeed, the resonance en-
ergy for benzene is 39 kcal/mole, whereas it is in the
range of a few kcal/mole for noncyclic molecules, such
as butadiene or pentadienc. Therefore, as soon as the
formation of one covalent bond breaks the alternation of
single and doublc bonds, the resonance encrgy almost
entircly vanishes. From Fig. 2, one can scc that the
dependence of the strain encrgy and the resonance energy
on the density of covalent fluorine—carbon bonds is
highly nonlinear. This nonlincarity crcates an cnergy
barrier for covalent bonding of halogens, which we
are now going to discuss. Before going further, we

Strain Energy

1 | [ I

0 0.l 0.2 03 04 05

Number of X Covalent Bonds
per C Atom

i

Butadiene

Pentadiene

<—— Graphite

Resonance Energy ( kcal/mole)

1 1 | ]
0 O.l g2 03 04 05

Number of X Covalent Bonds
per C Atom

FIG. 2. A schematic of the dependence of the strain energy and the
resonance encrgy per mole of carbon on the number of covalent
halogen bonds per carban atom.

want (0 emphasize that both strain and resonancc en-
ergies arc functions of thc covalent halogen concen-
tration only, and do not depend on the ionic halogen
concentration.

The dependence of E{ f,y) on the intercalated halo-
gen concentration in the two cases of ionic bonds and
covalent bonds is shown in Fig. 3 in thc idcalized
limit of a homogeneous material. In the limit of dilute
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FIG. 3. A schematic of the dependence of the total encrgy on the
fluorine concentration in the two cases of fully ionic bonding and fully
covalent bonding, in the two cases of fluorine and bromine intercalated
graphite.

halogen concentration, creation of a covalent bond is
prohibitively expensive in terms of strain and reso-
nance cncrgy so that only ionic bonds are created.
At high fluorine concentrations, covalent bonding of
carbon to fluorine is favored because of the strength
of the fluorine—carbon covalent bond. In contrast, the
bromine—carbon covalent bond is much weaker so that
ionic C—Br bonding is favored over covalent C-Br
bonding for all bromine concentrations. Similarly, Fig. 4
shows a plot of the dependence of the total energy as a
function of the fraction f of covalent bonds versus ionic
bonds. Ionic bromine bonding is favored for all bromine
concentrations. However, at high fluorine concentrations,
two energy minima exist. These two minima correspond
to having all fluorine bonds ionic, or all fluorine bonds

20 -
)
o
L CBry0s
S CFoos
g CBro 45
Ev Graphite
Qo
[ ey
w
©
5-10}
ol CFoas

tonic Covalent

Fraction f of Covalent Bonds

FIG. 4. The dependence of the total energy on the fraction of covalent
bonds for various halogen concentrations.

covalent, with the covalent minimum more favorable
than the ionic minimum, and the two minima separated
by an energy barricr. Because the energy curve is con-
cave, the most favorable configuration is to separate the
system into dilute and concentrated fluorine islands.
Since creating a dilute concentration of C-F
covalent bonds is encrgetically costly, there is an encrgy
barricr to the nucleation of a covalent C—F phase inside
an ionic C—F matrix. Usually nucleation phenomena are
modecled as the balance between a bulk energy gain from
the creation of a new and more stable phase AG' and
the surface energy of the interface between two different
phases. According to our model, for a given halogen
concentration, the bulk cnergy gain is duc to creating
strong covalent halogen bonds instcad of weak ionic
halogen bonds. Therefore, the bulk free encrgy gain is

AG = E — Ein — Ees + 3(Es‘p3 - Expz) (3)

In Eq. (3), the first two terms correspond to the differ-
ence in cnergy between covalent and ionic bonding, the
third term describes the loss of the resonance energy
when covalent bonds are formed, and the last term de-
scribes the transformation of sp? carbon—carbon bonds
into sp? bonds. Similarly, we can describe an interfa-
cial energy that corresponds to Ein = Egnin + Eres for
the case of the nucleation of C,F islands inside the
jonic matrix.

V. APPLICATION OF THE MODEL TO FLUORINE
AND BROMINE GIC’S

We now apply our model to cxplain the observed
differcnces in cxperimental behaviors between fluorine
and bromine GIC’s. First of all, Ict us explain the mixed
ionic and covalent naturc of fluorine and the ionic
nature of bromine. We will assume a homogeneous ma-
terial. For dilute fluorine concentrations, the creation of
covalent bonds is expensive in strain and resonance en-
crgy so that bonding is ionic. However, for high flu-
orine concentrations, the very high bonding cnergy of
the fluorine—carbon covalent bond compared to the fluo-
rine—carbon ionic bond makes it encrgetically favorable
to create some covalent bonds. If the fluorine concen-
tration is high enough (maybe beyond about C;oF), the
energy of the covalent bond can overcome the strain cn-
ergy and the resonance energy. On the other hand, in the
casc of bromine, because the covalent carbon—bromine
bond is not as strong as the C—F covalent bond, the
ionically bonded bromine GIC is always more stable than
the covalently bonded bromine GIC.

Our model also explains the formation of islands* in
the covalently bonded fluorine GIC. With respect to our
model, the two most stable fluorine concentrations are
fully ionic fluorine GIC, which has no covalent bonds,
and C,F graphite fluoride, which has only covalent
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bonds. Any intermediate concentration of covalent bonds
costs a large strain encrgy. Therefore, it is encrget-
ically favorable in the fluorine GIC’s cexperimentally
investigated to scparate the fluorine concentration into
fully ionic dilute islands and fully covalent concen-
trated islands. In this regard, this model is the same as
that of the phasc separation of an alloy with a misci-
bility gap.!?

Our model does not take into account the presence
of defects in the pristine material. Such dcfects are
favorable sites for fluorine covalent bonding (nucleation
site), even at low fluorine concentrations. Indecd, a
defect is associated with a dangling or strained bond so
that formation of a covalent bond does not cost much
additional strain or resonancc energy. The defects of
the pristine material are thus the nucleation sites of
our phase transition to a covalently bonded solid. This
propensity of defects to bond covalently cxplains why,
for the same intercalated fluorine concentration, less
graphitic materials have a more covalent behavior than
do highly graphitic materials. This effect is observed in
the dependence of the normalized in-planc conductivity
a,/oq versus fluorine concentration for graphite CVD
fibers as compared to HOPG (graphite with crystallites
about ! um in size), as shown in Fig. 5. In Fig. 5, gy is
the conductivity of the pristine material. HOPG is morc
ordered than CVD fibers, and, therefore, has a smaller
density of defects. Nucleation is therefore slower, and
for the same fluorine concentration, carbon—fluorine
bonding is thus more ionic. As a result, the peak in
o,/ oy versus [F] is only a factor of 3 for the fibers,
whereas it is a factor of 10 for HOPG. The peak is also
reached at more dilute fluorine concentrations in CVD
fibers than it is in HOPG.

The proposed model also explains the thermal sta-
bility of fluorine GIC’s upon heating, considering that
the ionic bond is not very stable, whereas the covalent
bond is extremely stable. (Indeed, highly fluorinated
hydrocarbons, such as teflon, arc very inert materials.)
Upon heating, concentrated fluorine GIC’s are found to
exhibit a far smaller weight loss than less concentrated
materials.!' Upon heating, ionic bonds are casily broken
so that the weight loss corresponds to the deintercalation
of ionically bonded fluorine atoms. Because a majority of
carbon—fluorine bonds are covalent in the concentrated
fluorinc GIC’s, these bonds cannot be broken by heating
the sample, and the resulting weight loss is thus smaller
in the concentrated samples, as compared to dilute
fluorinc GIC samples.

Finally, we need to explain why fabricating con-
centrated (beyond C4F) GIC’s is so difficult, whereas
our model predicts that, oncc the fluorine concentration
becomes high cnough, increasing the fluorine concen-
tration should be very easy and disorder should recede
to the point where there is no disorder at all in C,F.
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FIG. 5. The dependence on fluorine concentration for the in-planc
conductivity o, of fluorine-intercalated HOPG and fluorine-
intercalated CVD fibers. The data are normalized to the conductivity
of the pristine material.

The cxplanation lies in the microscopic difference be-
tween the preparation of GIC’s and graphite fluorides.
In the casc of graphite fluorides, at high temperature,
the graphite material gets completely fluorinated to C,F,
and the reaction front separates the reacted C,F material
from the pristine unreactcd graphite. On the other hand,
in fluorine GIC’s, the presence of AgF allows penetration
of the fluorine gas between the graphene layers. Instecad
of reacting immediatcly with the graphene sheets to form
C,F, the fluorine atoms actually diffuse and spread all
over the available graphitc material. As the intercalation
proceeds, the fluorine concentration increases all over
the samplc. Therefore, when the fluorine concentration
becomes high enough, transformation from covalent
bonding to ionic bonding occurs in the most concentrated
islands, where the nucleation centers are probably the
covalent bonds associated with the defects of the pristine
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material. As this transformation procceds, it induces
a very high degree of disorder. As discussed above,
the main component of this disorder consists of carbon
atoms pushed out of the graphene plancs. However, the
high strain also creates a large density of other defects,
mainly stacking faults and dislocations. As the fluorine
concentration gets close to the ideal C;F stoichiometry,
the strain duc to the mixture of sp> and sp? bonds
recedes, but the stacking faults and the dislocations do
not disappear, and ncither do the very disordered regions
associated with the boundaries between the covalent
grains. We attribute the grain boundarics to the different
orientations of the buckling between ditferent islands.
The presence of this high degree of disorder in the
fluorine GIC’s with increasing fluorine concentrations
inhibits further fluorine diffusion and the preparation of
more concentrated samples.

VI. CONCLUSION

We have proposed a simple thermodynamic model
for the structural and clectronic propertics of fluorine-
intercalated graphite. This model explains the striking
differences between fluorine GIC’s and all other well-
studied GIC’s. The model could be tested experimentally
and further refined by carrying out in situ measurements
as a function of time during fluorine intercalation. It
should be possible to observe the real time dependence
of the variation of the fraction of ionic and covalent
bonds in fluorine GIC’s.

Fluorine is found to be a unique intercalate because
of the strength of the carbon—fluorine covalent bond and
the small size of the fluorine atoms, as opposed to the
weakness of the ionic bond. Such a phenomenon is also
observed in fluoride intercalated graphitc.”’ However.
the case of fluoride GIC’s is similar to the case of
fluorine GIC’s, since, in the fluorides MF,, where M
is a metal, fluorine is the active chemical species that
bonds covalently to carbon. In this connection, the other
possible candidate of the periodic table for exhibiting a
behavior similar to fluorine is oxygen. Indeed, oxygen
also forms a very strong bond with carbon and is small
enough to enable a dense packing of the oxygen atoms
between the graphenc planes. Even though no oxygen
GIC has been reported in the literaturc as of now, an
oxygen-based covalent layered compound with buckled
carbon planes has recently been discovered.?! This GIC
is the equivalent of the covalent compound C,F in the
case of oxygen.
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