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Halogenation of graphene triggered by heteroatom
dopingf
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Halogenation is one of the most important ways to tailor the properties of graphene. We demonstrate for
the first time that boron and nitrogen doping can effectively tune the interactions between halogen
diatomic molecules and graphene from first principles calculations. Boron and nitrogen doping disrupt
the regular pi-electron pattern and create spin density and orbital polarization. More interesting, nitrogen
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Accepted 2nd Novernber 2019 and boron doping not only significantly increases the binding energies of Cl,, Br,, and |, but also induces
the spontaneous dissociation of F,. The tunable effects from nitrogen and boron doping can adjust the

DOI: 10.1039/c9ra06962¢ interactions in a wide range. Overall, it is suggested that doping can be a very promising method for the
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Introduction

Graphene is an extended honeycomb network of sp>-hybridized
carbon atoms and the first example of a close-packed two
dimensional (2D) crystalline material isolated in nature. Since
its discovery in 2004, graphene has been ascribed as a super/
wonder material which has been widely studied in various
fields owing to its exciting and extraordinary characteristics. In
particular, graphene exhibits superior electronic, mechanical,
optical, and transport characteristics. These exceptional
intrinsic properties have been widely exploited in applications
ranging from photocatalysis, electrochemical sensing, energy
storage, those involving solar fuels, etc.

On the other hand, various graphene derivatives which are
obtained from either non-covalent or covalent functionalization
have become a new class of materials which not only inherit the
extraordinary properties of graphene but also open up the new
horizon to further extend the application of graphene.* One of
the effective functionalization methods for graphene is halo-
genation by the halogen elements including fluorine, chlorine,
bromine and iodine.” It has been reported that fluorographene,
i.e. the fully fluorinated graphene was successfully synthesized
with C:F ratio 1:1.> However, the other halogen elements
which constitute the partially halogenated graphene are exper-
imentally obtained. The covalent bonded halogens significantly
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modify the intrinsic properties of graphene such as electric
conductivity, mechanical strength, optical transparency, carrier
mobility and chemical stability. Overall, the halogenation is
a very versatile method to tailor the graphene for on-purpose
application.

The interaction between halogen molecule and the graphene
is of vital importance to effective halogenation of graphene.
Although the synthesis routes might be different for various
halogenated graphene, the halogen source is mainly from
halogen diatomic molecule atmosphere. Therefore, the strength
and nature of interactions between halogen molecules and
graphene arouse the intensive interests from computational
point view. Rudenko et al. have investigated adsorption of
fluorine, chlorine, bromine, and iodine diatomic molecules on
graphene using density functional theory calculations.* This
study reveals that van der Waals correction plays a crucial role
in the estimation of binding strength of halogen molecule. In-
plane orientation of the molecules has been found to be more
stable than the orientation perpendicular to the graphene layer.
Sahin et al. perform the first principle DFT and molecular
dynamics on the Cl adatom adsorption and diffusion on gra-
phene.® They found single Cl atom is in ionic bonding with
graphene and the diffusion of Cl adatom is quite facile without
noticeable barrier. Moreover, they also predict the stable
structure of fully chlorinated graphene which Cl has alterna-
tively bonding at two sides of graphene. Yaya et al. study the
adsorption of bromine diatomic molecule on graphene and
graphite.® They found that the most stable configuration of Br,
is very different for graphene and graphite respectively with
much stronger binding energy on graphene. Moreover, the
charge redistribution causes a dipole in adsorbed Br, on gra-
phene. Tristant et al. used van der Waals-corrected DFT to study
iodine atom and molecule adsorption on graphene.” They also
conclude the iodine molecule will not spontaneously dissociate
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with contact of graphene. On the other hand, the adsorption of
halogens can significantly modify the electronic structure of
graphene including openness of band gap and Dirac point shift
etc.®

One common feature found from these computational
studies is that the nature of bonding between halogen
diatomic molecule and graphene is intermolecular interaction
which is generally around 400 meV or below, and this inter-
action does not really help to bind halogen molecules and
subsequently undermine the formation of halogenated gra-
phene derivatives. Therefore, an effective strategy which can
adjust the interactions will be useful to the development of
novel halogenated graphene. In this work, doping method by
nitrogen and boron is investigated to tune the adsorption of
halogen diatomic molecule on graphene. The nitrogen or
boron doping for graphene have been witnessed the
increasing applications in various fields such as electro-
chemistry, heterogeneous catalysis etc.” Due to the similar
radius with carbon, nitrogen and boron can be substituted
into graphene lattice. Moreover, nitrogen and boron with one
more and less valence electrons compared with carbon,
resembles p/n doping and these doping types induce signifi-
cant changes in the electronic structure of graphene. As our
previous work indicate that doping can adjust the adsorption
of small molecules on nanostructured carbon materials,
therefore nitrogen and boron doping are explored for the
adsorption of halogen diatomic molecules on graphene.™
Hence, the studies on the doping method for halogen mole-
cule adsorption on graphene not only bring forth new ways to
adjust the interactions between halogen molecule and gra-
phene but also deepen the understandings of doping effect.

Computational methods

In this study, the electronic and structural properties of
halogen-doped and undoped graphene systems were calculated
using spin-polarized density functional theory (DFT) as imple-
mented in Vienna ab initio simulation package (VASP).""*> For
valence electrons, a plane-wave basis set was adopted with an
energy cutoff of 500 eV and the ionic cores were described with
the projector augmented-wave (PAW) method.**** The Perdew—
Burke-Ernzerhof (PBE) functional was used as the exchange-
correlation functional approximation.® A Monkhorst-Pack k-
point mesh™ of 1 x 1 x 3 were used for geometric relaxation of
all structures. The vacuum distance was set to be 12 A in order
to eliminate the interactions between layers and their neigh-
bouring layers.

Aiming to analyze the interaction between halogen mole-
cules (F,, Cly, Br, and I,) and doped/undoped graphene, the
binding energy (E};,) was calculated using the following eqn (1):

Ey, = Eyy(doped/undoped) — E,ap(doped/undoped) — Emor (1)

where Egys(doped/undoped), Egrap(doped/undoped) and Ey,q are
total energies of the relaxed doped-graphene-halogen system or
undoped-graphene-halogen system, doped-graphene or
undoped-graphene, and halogen molecules, respectively.
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To accurately describe the effect of weakly dispersive inter-
action of halogen molecules on doped/undoped graphene
surface, we added van der Waals corrections to our DFT calcu-
lations using DFT-D3 correction method of Grimme.'® The
atoms in molecules method of Bader has been used for the
charge analysis."” The climbing image nudged elastic band (CI-
NEB) method'® was used to locate the transition states. The
highest image along the MEP is denoted as the transition state
(TS). The energy barrier E, of each elementary reaction was
calculated by the energy difference between the transition state
and the initial state.

Results and discussion

Firstly, the halogen diatomic molecules adsorptions on pristine
graphene are calculated. Six different configurations considered
are shown in Fig. 1(a) and their corresponding binding energies
are included in Fig. 1(b). The configurations can be categorized
into parallel (A-F) or perpendicular (G-I) structures respectively.
The adsorption of F, molecule is significantly bigger than the
other halogen molecules. It is also revealed that the binding
energies of different configurations of F, molecule are quite
close to each other. The most stable configuration is identified
to be perpendicular on the top of carbon. For Cl,, Br,, and I,
molecules, there is an increasing trend of binding energies
along these three molecules for parallel configurations (A-F) as
shown in Fig. 1(b). Moreover, the charge transfer is quite small
for the adsorption of halogen diatomic molecules on pristine
graphene except for F, molecule, as shown in Table S1.1 The
height of halogen molecules above pristine graphene is shown
in Table S2.7 The height is almost above 3 A except fluorine
molecule in perpendicular configurations. The bonding
distance of adsorbed halogen molecules (Cl,, Br,, and I,) are
slightly elongated within 0.1 A compared with gas phase
molecule as shown in Table S3.}

For F,, the bond distance of adsorbed molecules exhibit
above 0.5 A elongations than the gas phase molecule. Overall,
the interactions between halogen diatomic molecules (Cl,, Br,,
and I,) and pristine graphene is weak physisorption. The
adsorption of F, molecule is much stronger than the other
halogens due to its strong electronegativity. The predicted
adsorption configurations of halogen molecules on pristine
graphene are similar to the previous studies. However, the
binding strength is different from previous studies.* To further
understand the nature of interaction, non-covalent interaction
analysis™ is performed for adsorbed fluorine molecule in
configuration (A and I) as shown in Fig. S1.7 It is clearly indi-
cated the interactions mainly resides in between fluorine
molecule and graphene.

Due to the similar atomic radius, boron and nitrogen can
enter graphene lattice and substitute a carbon atom as shown in
Fig. S2.7 The boron and nitrogen dopants make a major impact
on the electronic structure of graphene. From Bader charge
analysis, the charges are transferred from three carbons around
nitrogen to nitrogen and the opposite trend is found for boron
which charges are transferred to surrounding carbons instead
of nitrogen becomes negatively charged by 1.33e and boron

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) Configurations of halogen molecule adsorption (F,, Cl,, Br, and I5) on pristine graphene. Gray and green spheres represent carbon and

halogen atoms respectively. (b) The adsorption energy (eV) at various binding sites.

Fig.2 EIF analysis (a) nitrogen doping (b) boron doping. The © symbol
indicates dopant position. HOMO orbital plot (c) nitrogen doping (d)
boron doping.

becomes positively charged by 1.84e respectively. The charge
accumulation and depletion around boron and nitrogen dopants
are also observed in previous studies.>*** Moreover, this effect is
also revealed from ELF analysis as shown in Fig. 2(a and b). It is
observed that the electron depletions around nitrogen dopant
and electron accumulation around boron dopant respectively.
Moreover, the dopants also disrupt the regular pattern of HOMO
orbital of pristine graphene as shown in Fig. 2(c and d). For
nitrogen doping, there is a lone pair lobe located on nitrogen

dopant and boron forms a delocalized orbital with three neigh-
boring carbons.

The perturbed electronic structure from doping has a direct
influence on the binding energies of halogen diatomic
molecules.

The configurations and binding energies of halogen
diatomic molecules on boron and nitrogen doped graphene are
shown in Fig. 3(a and b). For boron-doped graphene, fluorine
molecule adsorption show reduced binding energies for all
parallel configurations (A-F) compared with the counterparts
on the pristine graphene. For the other halogen diatomic
molecules (Cl,, Br,, and 1,), different trends are observed in its
parallel and perpendicular configurations. The binding ener-
gies of the parallel configurations (A-F) do not experience too
much change. However, the perpendicular configurations (G
and H) witnessed a significant increase in binding energies
particularly for Br, and I, molecules.

The increased binding energies also coincided with the
decreased distance between adsorbed molecule and graphene
as shown in Table S2.7 Overall, the boron doping brings modest
effects on the binding of halogen diatomic molecules. For
nitrogen doping, the discussions firstly are constrained to Cl,,
Br,, and I, molecules.

The binding energy increases are quite obvious for all of
three molecules at most configurations. The increasing binding
energies corresponds with the more charges obtained by the
adsorbed halogen molecules as shown in Table S11 compared
with pristine graphene. The increased charge density and
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(a) Configurations of halogen molecule adsorption on doped graphene. Gray, green and red spheres represent carbon, halogen and

boron or nitrogen atoms respectively. (b) The adsorption energy (eV) at various binding sites.
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polarization of orbital induced by nitrogen doping could be
accountable to the increase of binding energies.

The binding of F, molecule shows different feature from the
other halogen molecules. The calculations indicate that the F,
molecule undergoes a spontaneous dissociation on nitrogen
doped graphene which does not have a barrier. The initial and
final states of dissociations on nitrogen doped graphene are
shown in Fig. S3.1 After dissociation, two fluorine atoms are
binding with two carbons around nitrogen dopant. The bond
distance being 1.48 A is a pure indication that covalent bonding
is formed between dissociated fluorine atom and carbon atom
on graphene. In contrast, the dissociation of F, on pristine
graphene has a barrier of 0.12 eV. The calculation clearly
suggests that nitrogen doping indeed can enhance the haloge-
nation of graphene. On the other hand, boron doping also can
induce spontaneous dissociation of F, molecule as shown in
Fig. S3.T Overall, nitrogen doping more significantly increase
the adsorption energies of halogen molecules compared with
boron doping. Hence, doping can adjust the interactions
between halogen molecule and graphene in a wide range. This
tunable effect from different dopants is also observed in our
previous studies.’ Furthermore, the increases of dopants
contents consequently enhance the binding strength of halogen
molecule as shown in Fig. S4.7

Conclusions

The first principle calculations clearly indicate that the doping
by boron and nitrogen can effectively adjust interactions
between halogen diatomic molecule and graphene. Boron and
nitrogen dopants can substitute carbon in graphene lattice and
induce the significant changes of electronic structure.
Furthermore, nitrogen doping can significantly increase the
binding strength of halogen molecules (Cl,, Br,, and I,) and
arouse the spontaneous dissociation of F, molecule compared
with pristine graphene. Moreover, nitrogen and boron doping
exhibit some tunable effects on graphene-halogen interactions.
The doping mechanism of graphene by nitrogen and boron is
expected to open the opportunities for rational design of halo-
genated graphene derivatives. In the end, the current work
demonstrates that the doping is a valid method for the facile
halogenation of graphene and pave the way for the further
application of halogenated graphene.
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