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To achieve the chemical modification of graphene efficiently is desirable and essential to promote the
technological applications of graphene. In this study, the density functional theory (DFT) calculations
have been carried out to investigate the hydrogenation and fluorination activities of graphene on Ni(111),
Re(0001) and Pt(111). The calculation results indicate that the chemical activity of graphene is related to
both the characteristics of the graphene—substrate interfacial interaction and the local atomic stacking,

namely the chemical activity of graphene is position-dependent. The strong covalently interacting
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Accepted 19th March 2018 substrates Ni(111) and Re(0001) will remarkably enhance the chemical activity of graphene, while the

modulation effects from the weak van der Waals interacting substrate Pt(111) is trivial. Electronic
structure studies reveal that the intensive graphene—substrate interfacial interaction can gain in chemical
energy to offset the strain energy caused by the C atom sp?—sp? transition and stabilize the absorbing state.
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1. Introduction

Graphene with a honeycomb lattice has attracted intensive
interest, mostly due to its extraordinary physical, chemical,
mechanical, and electrical properties that enable a wide range
of applications."> However, the graphene still suffers from
several shortcomings,® e.g., the giant delocalized 7 electron
orbitals lead the graphene to be chemically inert and the zero
band gap limits its applications in functional nanoscale
devices.

To achieve the chemical modification of graphene efficiently
is desirable and essential to promote the technological appli-
cations of graphene. Recently, many functionalization methods
such as chemical bonding, functional groups and free radicals
on graphene have been utilized to improve the surface activity
of graphene, which will render it with more novel properties
through modifying the chemical, structural and electronic
properties of graphene.®>” One simple and effective method is to
adsorb H or F atoms on graphene, which changes the hybrid-
ization of C atoms from sp” into sp® to open the band gap of
graphene.*® Previous studies demonstrated that a negative
perpendicular electric field can act as a catalyst to facilitate the
molecular H, dissociative adsorption on graphene.'* The layer-
dependent chemical activity of n-layer graphene on SiO,/Si
substrate has been reported. The Raman spectrum indicated
that monolayer graphene was much more feasible to being
fluorinated and hydrogenated than multilayer graphene, which
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was attributed to the lack of w-stacking due to the out-of-plane
deformation caused by the substrate.">**

In addition, graphene epitaxially grown on transition metal
substrate usually forms various superstructures according to
the interfacial interaction and lattice constants mismatch
between the graphene and its supporting substrate. Previous
studies illustrated that the graphene on Ni(111) will form
a commensurate superstructure with fcc stacking,” while for
the cases of graphene on other transition metal substrates, e.g.,
Pt(111), Ir(111), Au(111), Re(0001), and Ru(0001) et al, the
moiré superstructures will be formed.'® As a result, the peri-
odically geometrical corrugation will be introduced into the
graphene, and the chemically inert delocalized 7 electron
orbitals will be broken. The distributions of fluorinated sites on
graphene/Ge(111) with the moiré superstructure seems to be
slightly more regular than that without the moiré superstruc-
ture."”” Whether we can tune the chemical activity of graphene
via the modulation from the transition metal substrate is still
unknown. Meanwhile, if the chemical activity of graphene could
be tuned by the supporting substrate, the underlying mecha-
nism needs to be clarified.

In this study, the density functional theory calculations have
been performed to investigate the hydrogenation and fluori-
nation activities of graphene on Ni(111), Re(0001) and Pt(111).
The calculation results indicate that the strong covalently
interacting substrates Ni(111) and Re(0001) will remarkably
enhance the chemical activity of graphene, while the modula-
tion effects from the weak van der Waals interacting substrate
Pt(111) on the graphene is trivial. Electronic structure studies
reveal that the chemical activity enhancement of graphene on
transition metal substrate arises from the intensive graphene-
substrate interfacial interaction, as it can gain in chemical
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energy to offset the strain energy caused by the C atom sp®*~sp®
transition and stabilize the adsorbing state. Meanwhile the
chemical activity of graphene on its supporting substrate is
position-dependent. Thus, the chemical activity of graphene is
related to both the characteristic of the graphene-substrate
interfacial interaction and the local atomic stacking.

2. Calculation methods

The DFT calculations were performed in the Vienna ab initio
Simulation Package (VASP)."* The projector-augmented-wave
(PAW) method was utilized to model the core electrons.” A
nonlocal optB86b-vdW exchange-correlation functional**** was
used to describe the dispersion interaction (van der Waals
forces) approximately, as it has been demonstrated to be among
the most accurate vdW functions.*” The plane-wave basis kinetic
energy cut off was set to 400 eV.

The calculation supercells were selected as the 4 x 4 gra-
phene unit cells siting on the 4 x 4 unit cells of Ni(111) (9.96 A
x 9.96 A x 30 A) according to the relaxed Ni lattice constant (@ =
3.521 A), and 8 x 8 graphene unit cells siting on 7 x 7 unit cells
of Re(0001) (19.37 A x 19.37 A x 30 A) and Pt(111) (19.59 A x
19.59 A x 30 A) according to the relaxed Re lattice constants (a
=2.767 A, c = 4.466 A) and Pt lattice constant (a = 3.958 A).>>
The relaxed graphene lattice constant was 2.464 A. In each
supercell, it contained three layers of substrate and monolayer
graphene. During the geometrical relaxations, only the gra-
phene and the top layer of transition metal substrate were
allowed to relax until the forces on all the relaxed atoms were
less than 0.02 eV A~'. All calculations for the Ni(111) were
carried out as spin-polarized.

3. Results and discussion

Fig. 1 illustrates the morphologies of graphene on the transition
metal substrates Ni(111), Re(0001), and Pt(111) after the
geometrical optimizations. The graphene on Ni(111) shown in
Fig. 1a remains flatten as the commensurate stacking between
the graphene and Ni(111). With respect to the graphene on
Re(0001) and Pt(111), the lattice mismatch leads to the forma-
tion of moiré superstructure, and the geometrical corrugation
with a moiré scale periodicity can be observed in Fig. 1b and c.
Then the interfacial charge transfer distributions between the
graphene and transition metal substrates Ni(111), Re(0001),
and Pt(111) are shown in Fig. 1d-f respectively. The results
indicate that the interfacial interaction between the graphene
and Ni(111) or Re(0001) is covalent, which is much stronger
than the van der Waals interfacial interaction between gra-
phene and Pt(111).'**%° Due to the strong interfacial interac-
tion, a much more obvious morphological corrugation of
graphene on Re(0001) is formed as shown in Fig. 1e.

To investigate the hydrogenation and fluorination activities
of graphene on the transition metal substrate, two distinct
adsorbing sites were selected in the graphene/Ni(111) super-
structure as shown in Fig. 1d. With respect to moiré super-
structures of graphene/Re(0001) and graphene/Pt(111), six
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representative adsorbing sites ranging from the hump to the flat
region were selected as shown in Fig. 1e and f.

Then the chemical activities were estimated by the calcula-
tions of the Gibbs free energies of adsorbing H or F atom at the
selected sites. The Gibbs free energies of the adsorption of H or
F atom were obtained by eqn (1).2°

AGx = AEx + AEzpg — TASx (1)

Here, we set T = 0 K and did not consider the effect of
temperature, then the eqn (1) was simplified as eqn (2).

AGX = AEX + AEZPE (2)

where X represents H or F. AEy is the adsorption energy of H or
F atom, and AEpg represents the zero point energy difference
between the H or F atom adsorption and the H or F atom in the
gas phase. The AEx and AE,pg are expressed by eqn (3) and (4)
respectively.

AEX = EX-substrale - Esubslrate - 1/ZEXZ (3)
AEzee = Epp™™ —1/2E3; (4)

In all the calculations the free energy of initial state without
hydrogenation or fluorination was set to zero as reference. We
also calculated the hydrogenation and fluorination free ener-
gies of monolayer graphene as comparison.

The Gibbs free energies of one H atom on graphene/Ni(111),
graphene/Re(0001), and graphene/Pt(111) at the selected sites
are presented in Fig. 2a and b, and the Gibbs free energies of
one F atom on graphene/Ni(111), graphene/Re(0001), and
graphene/Pt(111) at the selected sites are presented in Fig. 2c
and d. Comparing with the chemical activities of monolayer
graphene, we can observe that all the transition metal
substrates could enhance the chemical activity of graphene.
Specifically, the Ni(111) substrate could remarkably improve the
hydrogenation and fluorination activity, meanwhile due to the
distinction of the local atomic stacking, the chemical activity at
site 2 is obviously larger than that at site 1 as shown in Fig. 2.
With respect to the Re(0001) substrate, the chemical activities of
graphene range from close to monolayer graphene (sites 5 and
6) to lower than site 2 of graphene/Ni(111) (site 3) as shown in
Fig. 2a and c, illustrating the chemical activity of graphene is
variable on the Re(0001) and related with the local atomic
stacking of C atoms and Re atoms. Especially the free energy of
H atom at site 3 is negative, which indicates a much enhanced
reaction activity to the hydrogen atom comparing to the
monolayer graphene. However, for the cases of graphene on the
Pt(111), the modulation effects from the substrate on the gra-
phene is limited, and the chemical activities are close to the
monolayer graphene and differ trivially from sites 1 to 6 as
shown in Fig. 2b and d.

As mentioned above the chemical activities of graphene on
transition metals behave as position-dependent, especially for
the graphene on Re(0001), the chemical activities on graphene
are quite different for the selected sites ranging from the hump
to flat region. Then we firstly investigate which kinds of local

n
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Fig.1 The morphologies of graphene on transition metal substrates. (a) Graphene on Ni(111). (b) Graphene on Re(0001). (c) Graphene on Pt(111).
(d)-(f) The charge transfer distributions between the graphene and the Ni(111), Re(0001), and Pt(111) respectively. The red numbers in (d)—(f)
indicate the sites adsorbing H or F atom.

geometrical atomic stacking are beneficial to enhance the
chemical activity of graphene. Fig. 3 show the atomic structures
of graphene-transition metal substrate after adding one H or F
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atom with the maximum hydrogenation and fluorination
activity. The H or F atom is favorite to be adsorbed at site 2 of
the Ni(111) (Fig. 3a and d), while for the Re(0001) and Pt(111),
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Fig. 2 The hydrogenation and fluorination activities of graphene on transition metal substrates. In each substrate, the free energy of the initial
state without chemical modification was set to zero as reference. (a) and (b) represent the free energies of one H atom on graphene/Ni(111),
graphene/Re(0001), and graphene/Pt(111) at the selected hydrogenation sites in Fig. 1. (c) and (d) represent the free energies of one F atom on
graphene/Ni(111), graphene/Re(0001), and graphene/Pt(111) at the selected fluorination sites in Fig. 1. The chemical activities of the monolayer
graphene have been used as comparison. If several free energies are very close, the sites numbers are listed from high energy to low energy.
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Fig. 3 The morphologies of graphene on transition metal substrates after hydrogenation and fluorination. (a)—(c) illustrate the morphologies of
graphene after adding one H atom at the minimum free energy sites of graphene/Ni(111), graphene/Re(0001), and graphene/Pt(111) according to
Fig. 2. The cyan atom represents the H atom. (d)—(f) illustrate the morphologies of graphene after adding one F atom at the minimum free energy
sites of graphene/Ni(111), graphene/Re(0001), and graphene/Pt(111) according to Fig. 2. The green atom represents the F atom. The C-H and

C-F bond lengths, and the bond angles are listed.

they are favorite to be adsorbed at site 3 (Fig. 3b and e, Fig. 3c
and f) of the selected six sites. From Fig. 3 we can observe that
the H or F atom attracts up the C atom beneath to perform the
sp>-sp® transition, meanwhile the three nearest neighbor C
atoms are pressed downwards, which will dramatically increase
the local strain energy in the graphene. The bond lengths and
bond angles in Fig. 3 are consistent with the free energy
calculations in Fig. 2, that the minimum free energy favors
shorter bond length and larger bond angle. Furthermore the
general characteristic of energy favorable sites for the H and F
atoms on graphene/Ni(111), graphene/Re(0001), and graphene/
Pt(111) is that three metal atoms in the top layer of the
substrates are just beneath the three nearest neighbor C atoms
of the adsorbing sites. With respect to the C atoms at the hump
of the moiré superstructure (sites 5 and 6 in the graphene/

(@) (b)

-0.2 e/A?

Graphene/Ni(111)

(d)

S Nvog

s 90V 0.2'e/A3

Re(0001) and graphene/Pt(111)), where are free graphene like,
the chemical activities are quite weak and similar to the
monolayer graphene.

From the perspective of geometrical atomic stacking, the
stacking of the C atoms and metal atoms are quite similar at the
site 2 of graphene on Ni(111), and site 3 of graphene on
Re(0001) and Pt(111), while the chemical activities behave quite
differently for them. To interpret the origin of this distinction,
we should consider the characteristic of the substrate, i.e., the
interfacial interaction between the graphene and transition
metal substrate. Corresponding to the atomic structures in
Fig. 3, Fig. 4 illustrates the interfacial charge transfer distribu-
tions between the graphene and supporting substrates after
adding a H or F atom at the free energy favorable positions of
the selected sites. For the cases of Ni(111) and Re(0001), the

(c)

PN 0.02e/A°

0.2 e/A3 -0.02 e/A3
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Fig. 4 The charge transfer distributions between the graphene and transition metal substrates after the hydrogenation and fluorination. (a)-(c)
represent the charge transfer between the graphene and Ni(111), Re(0001), and Pt(111) after adding one H atom at the minimum free energy sites
according to Fig. 2. (d)—(f) represent the charge transfer between the graphene and Ni(111), Re(0001), and Pt(111) after adding one F atom at the
minimum free energy sites according to Fig. 2.
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stronger charge transfer behaviors between the graphene and
substrates (Fig. 4a and d, Fig. 4b and e) indicate the intensive
interactions between the C atoms and substrate metal atoms,
which could decrease the chemical energy to compensate the
increase in the strain energy of graphene after sp>-sp® transi-
tion. However, with respect to the Pt(111), the interaction
between graphene and Pt(111) was recognized as weak van der
Waals interaction, and the charge transfer between the three
nearest C atoms and the substrate Pt atoms were quite weak as
shown in Fig. 4c and f. As a result, the gained chemical energy is
not sufficient to offset the large strain energy induced by the
sp’-sp® transition of the C atom. The variations of the interfa-
cial charge transfer between the C atoms and substrate metal
atoms after the adsorption of H or F atom are further verified by
the calculations of density of state (DOS) in ESI.T Therefore, the
driving force for the sp’-sp® transition of the graphene on
transition metal substrate is largely dependent on the charac-
teristics of the interfacial interaction between graphene and
substrate. The intensive interfacial interaction will obtain more
chemical energy to offset the strain energy in graphene and
stabilize the adsorbing state. As the variety of the local atomic
stacking for moiré superstructure of graphene on a strongly
interacting covalent substrate, the tune of the chemical activity
of graphene in a wide range can be achieved.

4. Conclusion

In summary, the DFT calculations have been carried out to
investigate the chemical activities of graphene on transition
metal substrates. The calculation results indicate that the
chemical activity of graphene is related to both the character-
istics of the graphene-substrate interfacial interaction and the
local atomic stacking. The intensive graphene-substrate inter-
facial interaction can gain in the chemical energy to offset the
strain energy caused by the C atom sp’>-sp’ transition and
stabilize the adsorbing state. Thus the strong covalently inter-
acting substrates Ni(111) and Re(0001) will remarkably enhance
the chemical activity of graphene, while the modulation effects
from the weak van der Waals interacting substrate Pt(111) on
the graphene is trivial. In addition, the moiré superstructure
formed by the graphene and transition metal substrate could
introduce various types atomic stacking between the C atoms
and metal atoms. Therefore, the tune of the chemical activity of
the graphene in a wide range could be achieved by the forma-
tion of moiré superstructure between the graphene and tran-
sition metal substrate. This study deepens our understanding
about the effects of the interfacial interaction between the
graphene and the substrate on the chemical activity of gra-
phene, and provides with a promising method to enhance and
tune the chemical activity of the graphene.
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