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Abstract First-principles calculations were performed for
fluorine-decorated graphene (fluorographene). Three differ-
ent hexagonal clusters were used—circular (Cy4H;5),
triangular (C,3H;¢) and rectangular (C,4H;;)—and the
fluorine atoms were randomly distributed in the mesh.
Graphene is structurally stable in the three geometries, but
fluorographene stability is only attained for the circular and
triangular clusters. Gaps of the circular graphene and the
corresponding fluorographene are 2.94 and 1.13 eV, re-
spectively; in the triangular case, the values are zero and
0.47 eV. Both the circular and triangular structures show a
transition from ionic to covalent character.

Keywords Fluorographene - DFT - Cluster

Introduction

Six years ago, Geim and coworkers [1] performed the first
research on two-dimensional nanostructures. These systems
are attractive due their large number of applications, and
efforts have been made to improve their performance.
Recently, decorating the graphene surface gave rise to new
structures, including graphane [2, 3], graphone [4], gra-
phene oxide [5, 6], graphanol [7], and the recently reported
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fluorographene [8]. Fluorographene is graphene doped with
fluorine atoms and has an experimental band gap of 3.0 eV
and a Young’s modulus of 100 N/m. Of course, information
on this system is scarce, and it would be interesting to
explore its potential applications. This means that basic
research is necessary in order to determine its main
properties. For example, it would be interesting to know
the influence of the geometry on parameters like the dipole
moment, vibrational frequencies, binding energy, and the
difference between the HOMO and the LUMO (band gap).
Therefore, in this work, using first-principles calculations,
we investigate the electronic properties of the graphene
when is decorated with fluorine atoms (analogous to
fluorocarbons). We study the effect of randomly decorating
the graphene with F atoms on the geometry.

Computational procedure

In order to study the fluorine-decorated graphene and the
influence of the geometry on its properties, we employed
three different clusters, namely a circular armchair cluster
(Cy4Hyo; Fig. la), a triangular zigzag cluster (Cp3H;o;
Fig. 1b), and a rectangular armchair cluster (C,4H;z;
Fig. 1c). For the circular and the triangular sheets, we
considered the addition of one F atom to the mesh; for the
rectangular sheet, we studied the cases where one, two,
three, four, and five F atoms were added. The circular
cluster model has been successfully used by Chigo Anota et
al. [9-14; Chigo Anota et al. (2010) On the electronic
properties of the two dimensional honeycomb GalnN and
GaAlN alloys, submitted to Eur Phys J D] to study various
two-dimensional systems. Calculations were performed
using density functional theory (DFT) [15-18], as imple-
mented in the DMOL? code available from Accelrys Inc.
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Fig. 1 Initial geometry of gra-
phene decorated with fluorine
atoms: a circular structure, b
triangular structure, ¢ rectangu-
lar structure

Unstable

Unstable
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[19]. We utilized the LDA approximation for the
exchange-correlation term within the parameterization of
Perdew—Wang (PWC) [20]. The limit for the orbital was
0.40 nm; the convergence for the SCF cycles was 1.0 x
107° Ha. The realization of non-negative frequencies was
the criterion for structural stability [21]. Additional details
on the calculations can be found in [9—-14; Chigo Anota et
al. (2010) On the electronic properties of the two
dimensional honeycomb GalnN and GaAIN alloys, sub-
mitted to Eur Phys J D].

Results and discussion

First, we optimized the graphene in each of the three
models. All of them exhibited positive vibration frequen-
cies and thus were structurally stable; the C—C bond lengths
in the three graphene geometries were all 1.41A. Figure 1
shows the initial (a—c) and the optimized (e—g) structures
when graphene is decorated with four fluorine atoms. Only
the circular and the triangular geometries are stable,
forming o and 7t bonds; the C—C bond length increases to
1.44A for the circular cluster and remains the same as for
graphene for the rectangular one. The C-F bond length is
very similar for all stable geometries (1.43A), and the C-H
bond length is 1.09 in all cases. When the number of
fluorine atoms is 12, the circular structure becomes
unstable. The C—C bond length is very similar to those of
graphane [2, 3], graphone [4], and graphanol [7]; see

Table 1 Optimal geometric parameters of graphene and fluorographene

Table 1. The initial geometries are planar but the optimized
structures are curved: the circular sheet has an angle of
curvature of 27.91° (Fig. le), the curvature of the triangular
sheet is 32.61° (Fig. 1f), and the curvature of the
rectangular (unstable) sheet is 34.37° (Fig. 1g). We can
see that although the rectangular sheet is unstable, it
presents the highest curvature. We then decorated this sheet
with one, two, three, and five F atoms and calculated the
stabilities of the resulting structures and their angles of
curvature. Figure 2 shows the initial and the optimized
structures for these cases; all of them are stable, and the
angle of curvature increases as the number of F atoms
increases, reaching a value of 59.76° for five F atoms. All
this may suggest a methodology for growing tubular
structures starting from graphene.

From Table 1, we can see that graphene has almost no
dipole moment in all the geometries (i.e., all of them are
ionic). When these structures are doped with F atoms, the
dipole moment increases, indicating that the system has
covalent character. In the case of the rectangular sheet, there
is a systematic increase in this parameter when the number
of F atoms is increased from one to five; only one F atom is
needed to significantly modify the polarity of graphene.
The binding energy has almost the same value for all three
clusters of graphene, and a high value when the F atoms are
added to the mesh; in the case of the rectangular cluster, the
binding energy increases as the number of F atoms
increases. According to our results, it is not possible to
obtain a rectangular graphene decorated with four F atoms,

Systems Bond length (A) Dipole moment (Debye) Energy gap (eV) Binding energy (eV)
c-C C-H C-F
Circular graphene Co4Hi» 1.41 1.095 0.0017 2.94 8.99
Circular graphene C,yH i, +4 F 1.44 1.09 1.43 6.55 1.13 9.32
Fluorographene 3.0 [8]
Graphane Chair 1.52 1.11 3.5 (2] 6.56
Boat 1.56 1.10 3.7 6.50
Graphone 1.495 1.57 0.46 [4]
Graphanol 1.43 322 [7]
Hydrogenated BN Metal [22]
Triangular graphene C,3Hiq 1.41 1.093 0.0027 0.0 8.28
Triangular graphene Cy3Ho+4 F 1.41 1.09 1.44 7.86 0.47 8.64
Rectangular graphene Cp4H > 1.41 1.1 0.0042 0.75 8.67
Rectangular graphene Cy4H;,+4 F 1.36" 1.095 1.42 6.95 0.77 Unstable structure
1.41°
1.49%
1.51%

#Thre are actually a range of bond distances, as the interaction with fluorine atoms causes the C—C bond distance to vary (i.e., due to the curvature)

@ Springer



2096 J Mol Model (2011) 17:2093-2097

Fig. 2 Initial (a, ¢, e, g) and
final (b, d, f, h) geometries of
graphene decorated with five,
three, two and one fluorine
atoms, respectively

Stable

D. M.=7.71 Debye I o
Gap=0.41eV
Binding energy=9.12 eV

Stable
D. M.=5.67 Debye 2 =
Gap=0.73 eV
Binding energy= 8.92 eV
Stable I o

D. M.=4.33 Debye
Gap=0.42 eV
Binding energy= 8.76 eV

Stable

D. M.=2.42 Debye 2 o ¥
Gap=0.06 eV
Binding energy= 8.69 eV
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but it is possible to grow rectangular graphene decorated
with one, two, three and five F atoms.

The circular and rectangular graphene arrays show a
gap between the HOMO and the LUMO, in contrast to
the triangular one, which has no gap. When the F atoms
are added, the gap is reduced in the circular case and the
corresponding value for the triangular case increases a
little (0.47 eV); the experimental value for fluorogra-
phene is 3.0 eV, indicating that it shows semiconductor
behavior, in agreement with the results obtained in this
work. Something similar happens when graphene is
decorated with hydrogen: graphane (3.5 eV), graphone
(0.46 eV), and graphanol (3.22 eV). Other systems, like
BN, present different behavior when they are decorated
with hydrogen; BN changes from being a semiconductor
to a semimetal. The gap of rectangular graphene without
any F atoms is 0.75 eV. When one F atom is added to it,
this parameter decreases to 0.06 eV; i.e., the sheet
changes from being a semiconductor to a metal, and
only one F atom is needed to change the character of the
sheet. As two, three, and four F atoms are added, the gap
increases monotonically, but when five F atoms have
been inserted it begins to decrease.

Conclusions

We have analyzed the influence of geometry on the
electronic properties of F-decorated clusters of graphene
(fluorographene). In this study, randomly distributed F
atoms were considered: four for circular and triangular
clusters; one, two, three, four, and five for a rectangular
cluster. The circular and triangular fluorographene geome-
tries are stable, and the lengths of the C—C and C—H bonds
do not change significantly upon the addition of F atoms.
Both the circular and triangular systems have almost the
same C—F bond length (1.43A). A transition from ionic
(graphene) to covalent (F-decorated graphene) behavior is
observed. In the case of the circular cluster, the gap
between the HOMO and the LUMO decreases from 2.94
to 1.13 eV; for the triangular cluster, this quantity increases
from zero to 0.47 eV. Rectangular fluorographenes with
one, two, three, four and five F atoms exhibit sheet
curvature; this curvature, the dipole moment of the
fluorographene, and the binding energy all increase as the
number of F atoms increases. Changes in the band gap are
less than 1 eV. All of these properties of fluorographene
make it a candidate for use in optoelectronic applications,

and may suggest a possible methodology for obtaining
nanotubes by adding F atoms to the graphene.
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