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Substrate-induced enhancement of the chemical
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Graphene is commonly regarded as an inert material. However, it is well known that the presence

of defects or substitutional hetero-atoms confers graphene promising catalytic properties. In this work,

we use first-principles calculations to show that it is also possible to enhance the chemical reactivity

of a graphene layer by simply growing it on an appropriate substrate. Our comprehensive study

demonstrates that, in strongly interacting substrates like Rh(111), graphene adopts highly rippled

structures that exhibit areas with distinctive chemical behaviors. According to the local coupling with the

substrate, we find areas with markedly different adsorption, dissociation and diffusion pathways for both

molecular and atomic oxygen, including a significant change in the nature of the adsorbed molecular

and dissociated states, and a dramatic reduction (B60%) of the O2 dissociation energy barrier with

respect to free-standing graphene. Our results show that the graphene–metal interaction represents an

additional and powerful handle to tailor the graphene chemical properties with potential applications to

nano patterning, graphene functionalization and sensing devices.

1 Introduction

The extensive research accumulated since the discovery of
graphene has systematically demonstrated its exceptional
properties. Many of them arise from the existence of massless
conduction electrons near the Fermi level1 leading to extremely
high electron mobilities2,3 and unique electronic properties.4

In addition, it possesses the highest thermal conductivity,5

excellent optical properties,6 and it is the strongest material
ever tested.7 However, graphene displays a poor chemical
reactivity that may be an obstacle for certain target applications
like graphene functionalization, the production of two-
dimensional covalent nanopatterns or the use of graphene
membranes as catalysts. For the last issue, it is true that the
controlled incorporation of different defects8 and especially
substitutional heteroatoms like nitrogen9 are able to induce a
remarkable chemical reactivity. In this work, we propose an
easier way to enhance the chemical reactivity of a graphene
layer by simply considering the interaction with a strongly
interacting substrate like Rh(111). This induced reactivity

will not rise G/Rh(111) as a new competitive catalyst, unlike
the metallic substrate, a really good catalytic material by itself.
The aim of this work is not the search for a new catalyst but
to demonstrate that it is possible to selectively enhance the
chemical reactivity in certain areas of the graphene layer by a
simple, straightforward procedure.

The growth of graphene on transition metal surfaces by
Chemical Vapor Deposition (CVD) has proved to be an economic
and very efficient choice10–15 among the different synthetic routes
for graphene production.16,17 Furthermore, the wide selection
of different substrates available18,19 allows the possibility of an
additional refinement of graphene corrugation and electronic
properties. While in the case of weakly interacting substrates,
like Au(111),20 Cu(111)12,21 or Pt(111),11,22 the G layer remains
flat and the Dirac cones are preserved (except for a rigid shift
due to the charge transfer), for strongly interacting metals,
including Ru(0001),14 Rh(111)13,23 or Re(0001),24 the metal
substrate induces a significant corrugation in the graphene
layer, as large as B1 Å, and the electronic properties of pristine
graphene are completely altered, loosing the characteristic
linear dispersion of the Dirac cones as a consequence of the
strong hybridization with the substrate. Note also, the existence
of intermediate cases like Ir(111)10 or Pd(111).25

According to this scenario, our proposal consists in taking
advantage of the influence of the substrate in the global
properties of the system, instead of considering it as a mere
support to make growth possible. In particular, we demonstrate
how the G–metal interaction can be used to enhance the overall
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chemical reactivity of the graphene layer, and especially in
those areas where the hybridization degree is higher. Due to
the strong interaction, the G–Rh distance varies significantly
(B1 Å) within the moiré unit cell.13 This large corrugation, that
modulates the interaction and confers distinctive chemical and
electronic properties to the high and low areas of the moiré, has
profound implications on the chemical behavior of adsorbed
species.

In this work, we make a comprehensive characterization
of the adsorption of molecular and atomic oxygen on the
G/Rh(111) interface, including also the diffusion of atomic
oxygen over the graphene layer. Our results reveal that the
distinctive features found for the adsorption and diffusion of
oxygen species follow the G–Rh interaction along the moiré
unit cell. Moreover, the electronic structure calculations point
out that the most favorable adsorption sites are governed by the
local arrangement of carbon atoms with respect to the metallic
substrate. Most reactive sites present a higher local density of
states near the Fermi level, induced by the substrate, which
facilitates changes in the hybridization state of the carbon.
Finally, we study the reaction mechanisms for the molecular
oxygen dissociation directly on the G–metal system. The total
energy barrier for this process is clearly reduced by the presence
of the substrate especially in the lowest areas of the moiré
pattern, which somehow resemble the catalytic properties of
bare metal surfaces. In these more reactive areas the oxygen
molecule chemisorbs on the graphene leading to a dissociation
path rather different to the one observed for free-standing
graphene and favoring the existence of the dissociated species.
Therefore, this analysis demonstrates that the surface reactivity
can be increased by the presence of the substrate without
introducing defects or other extrinsic agents. These conclusions
are not exclusively restricted to the case of Rh. A similar behavior
is expected for other strongly interacting substrates like Ru(0001)
or Re(0001), and even for intermediate cases like Ir(111) and
Pd(111).

2 Computational details

Our theoretical approach is based on Density Functional
Theory (DFT) calculations using the plane-wave basis code
VASP26 with a cutoff of 400 eV for the basis set. Pseudopotentials
for all species were built using the PAW method.27,28

A Generalized Gradient Approximation was used for the exchange
and correlation functional as described by Perdew, Burke and
Ernzerhof (PBE-functional)29 with the D2 semi-empirical
correction30 to take into account dispersion forces. This point
is especially relevant to reproduce the proper values of
corrugations.23,31 Spin polarization is required in all calculations
involving the O2 molecule or isolated oxygen atoms, due to its
paramagnetic behavior, while we tested that it is not necessary for
chemisorbed atomic oxygen.

We use the lattice parameters of graphene and rhodium
obtained with DFT calculations (3.7729 Å for bulk Rh, 2.6678 Å
in Rh(111), and 2.4678 Å for G, 1.4248 Å in the C–C distance).

All these values are very close to their corresponding experimental
counterparts (3.80 Å for bulk rhodium32 and 1.42 Å for the C–C
distance in G4). Periodic boundary conditions are used in the
simulations with different unit cells. The calculations are per-

formed on a unit cell constituted by a
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G layer on a four-layer Rh(111) slab with a (6 � 6)Rh periodicity.
This rhombic unit cell has a side of 16.17 Å and more than 14 Å of
vertical spacing are left between periodical images along the z axis.
This unit cell (containing 86 C atoms, 144 Rh atoms and the oxygen
atoms) reproduces the main features of the large [(12 � 12)-R01]G
moiré commonly found in the experiments and, thanks to its
smaller size, makes the DFT study feasible. The procedure to
build these commensurate cells taking into account the residual
mismatch between the two lattices is not trivial and it has been
explained in detail in a previous work.13 In this unit cell, the
strain in the graphene layer is only �0.04%.

All structures were subjected to ionic relaxations following a
conjugate gradient algorithm until forces upon atoms were less
than 0.01 eV Å�1. During these relaxations, the two deepest
layers of the slab were kept fixed in their bulk positions while
all the rest, including oxygen atoms, were allowed to relax.
The reciprocal space was sampled using a 2 � 2 � 1
Monkhorst–Pack grid33 during the structural relaxation, while
a thinner grid 11 � 11 � 1 was employed for electronic
structure calculations.

Finally, the Climbing Image Nudged Elastic Band (CI-NEB)
method34 has been used to determine the energy barriers both
in the diffusion processes and in the molecular oxygen
dissociation. In these calculations the convergence criterion
in forces was lowered to 0.05 eV Å�1 and the spring constant
between images was set to 1.5 eV Å�2. Five intermediate images
have been used in the diffusion barriers and seven (in two out
of three cases) for the complex dissociation paths.

3 Results and discussion
3.1 Adsorption and diffusion of atomic oxygen on G/Rh(111)

The adsorption and diffusion of atomic oxygen on free-standing
graphene has been studied by first principles calculations35

showing that: (i) it adsorbs on bridge G positions, and
(ii) diffusion takes place following a bridge–top–bridge path.
The calculated energy barrier was 0.73 eV35 (our calculation
yields 0.74 eV), and the transition state, with oxygen on a top
position, shows the carbon atom with a sp3 hybridization. This
energy barrier allows the oxygen diffusion over G even at room
temperature (with a jump rate of 1 Hz, assuming an attempt
frequency of 1013 Hz).

In this section, we want to show how the adsorption and
diffusion of atomic oxygen are modulated by the G–metal
distance in the moiré pattern. In the highest parts, where the
G–metal distance is larger (B3 Å) and the interaction weaker,
the adsorption takes place in the same way as it occurs on
pristine graphene. The oxygen atoms form a triangle with two
C–O covalent bonds of 1.46 Å characteristic of epoxy groups
(see left panel of Fig. 1). On the other hand, in the low parts,
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which are closer to the metallic substrate, the interaction is
stronger and bridge positions become unstable. In those areas,
adsorption occurs by placing oxygen atoms right on top
positions as it is shown in the right panel of Fig. 1. Notice that
both adsorptions configurations (bridge and top) described
before are strongly chemisorbed to the G/Rh(111) interface as
it is revealed by the calculated geometries and adsorption
energies. Either in high or low areas the final adsorbed state
is several eV more energetically favorable than the detached
state far away from the interface, leading to adsorption energies
of �2.52 eV and �3.79 eV respectively. Furthermore, due to this
great stability, no other adsorption configurations are available
in this interface. For instance, simulations started from other,
a priori, feasible sites (e.g. center of the ring) leads to the
discussed on-top or bridge configurations without finding any
energy barrier.

Something similar occurs if we analyze the diffusion process,
where again it is necessary to distinguish between the high and
low areas of the moiré pattern. We find, similarly to the adsorp-
tion case, that the diffusion path on free-standing graphene is
reproduced in the higher moiré parts. Bridge positions are the
most energetically favorable adsorption sites and the transition
state is close, although not exactly, at top position. However, a
difference is found in the diffusion energy barrier that is reduced
to 0.55 eV (see upper panel of Fig. 2). On the contrary, the
diffusion path is significantly different in the low moiré areas
where some top positions are the most favorable O adsorption
sites. Due to the interaction with the metal, not all C atoms are
equivalent: those located right on top of Rh atoms have larger O
adsorption energies, B0.8 eV more, than C atoms arranged on
hollow Rh sites. The transition state is now close to a bridge

position, so the diffusion follows a top–bridge–top path. The total
energy barrier is B1 eV (see central and lower panels of Fig. 2).
Notice that, despite these larger values for the diffusion barriers
with respect to the high moiré areas, the adsorption in the low
areas is significantly more favorable (by B1.2 eV). Thus, oxygen
adsorption and diffusion on G/Rh(111) takes place mainly in the
areas more attached to the metal surface. The low values obtained
for the activation energies allow fast diffusion of oxygen atoms
over the G layer at a broad range of temperatures below the
graphene etching temperature (B570 K).36,37

We have shown how in the G/Rh(111) interface there are
different regions with clearly distinguishable chemical behavior.
It is clear that these differences arise from the modulation of
the graphene coupling with the substrate along the moiré unit
cell resulting in areas with similar properties of free-standing
graphene and more reactive areas with different features.
However, this fact does not explain the surprising nonequiva-
lent properties of C atoms belonging to the lowest parts, as
revealed by the acute differences in adsorption energies pre-
sented in the lower panel of Fig. 2. From the energetic point of
view, adsorption on certain sites of the low areas is preferred.
Notice also that, in the low areas, different adsorption sites are
not equivalent despite having very similar G–metal distances.

Fig. 1 Different adsorption configurations of atomic oxygen on G/Rh(111).
In the highest moiré areas the bridge positions are the most energetically
favorable like in free-standing graphene, while in the lowest zones of the
moiré the adsorption occurs on top positions. In the lower panel a side
view of the interface is shown indicating the values of corrugation and
adsorption distance. In all cases Rh atoms are represented in blue, C atoms
in grey and O atoms in red.

Fig. 2 Diffusion paths for atomic oxygen on the G/Rh(111) surface
calculated with CI-NEB. Notice how the diffusion in the top parts (left),
energetically less favorable, occurs like in free-standing G following
bridge–top–bridge paths, while in the lower parts (right) diffusion takes
place jumping from top to top positions. In the central panel, the blue-
green-red color scale displays the relative height of the carbon atoms on
G/Rh(111) prior to O deposition, while the white-red color of the spheres
represents the relative adsorption energy of the oxygen atom on that
particular site (taking the most stable O adsorption configuration as
reference). Rhodium atoms are depicted as grey spheres.
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The reason of this asymmetry is related to the orientation of the
G layer with respect to the metallic surface. Oxygen adsorption
on those carbon atoms placed near hollow positions (with
respect to the metal) are clearly more favorable (0.5–1 eV) than
on others located near top positions, yielding similar adsorp-
tion energies to the ones in the highest zones of the moiré
pattern. This change in the adsorption behavior is provoked by
the interaction with the metallic substrate, which alters the
electronic properties of the closest carbon atoms. Fig. 3 shows
the Projected Density of States (PDOS) of C atoms corres-
ponding to five adsorption sites. This result suggests that,
unlike the common assumption, the electronic properties of

C atoms do not only depend on the moiré area but also on the
local arrangement of C atoms with respect to the metallic ones.
In such a way that even two nearest-neighbor carbon atoms
show remarkable differences in the electronic properties, and
thus, reactivity (for example C4 compared to C3 or C5). As it can
be seen the most favorable sites display a notorious peak in the
PDOS near the Fermi level, which is responsible for a higher
chemical reactivity compared to other close atoms. Therefore,
the main effect of the G–Rh interaction on the electronic
properties of the G is the hybridization of the G-p band with
the d rhodium orbitals.23,38 This interaction is stronger in the
C atoms just on top of the Rh atoms. Consequently, the
neighbouring C atoms have softened its sp2 hybridization,
and, in the presence of a reactive species like atomic oxygen,
these atoms prefer to form a stronger covalent bond with the
oxygen by changing to an sp3 hybridization. This is confirmed
by the bond angles of 109.51, very close to the ideal tetrahedral
value, shown in Fig. 1.

3.2 Molecular oxygen dissociation

In this section, we study the dissociation process of molecular
oxygen on the G/Rh(111) surface. It is well-known that molecular
oxygen and other small molecules easily dissociate on transition
metal surfaces. We checked this fact by computing the dissocia-
tion barrier of the O2 molecule on bare Rh(111) which is 0.26 eV,
in very good agreement with previous calculations.39 Moreover,
this decomposition reaction is strongly exothermic with a
difference in energy of �3.32 eV per molecule. As expected, these
results indicate that molecular oxygen tends to dissociate on the
catalytic surface of Rh(111) and atomic species prevail. However,
this is not the case on free-standing graphene, where molecular
oxygen would not be able to dissociate, as reported in previous
studies.40

Fig. 4 summarizes the results of this section showing the
dissociation paths for the O2 molecule on different substrates
obtained with the CI-NEB approach. The dissociation barrier on
free-standing graphene is 3.03 eV (Fig. 4a) which is too high
to allow dissociation in typical experimental conditions.

Fig. 3 Projected density of states for five carbon atoms of the low moiré
area revealing different chemical behaviors for oxygen adsorption
depending on the location with respect to the metallic surface. Each
carbon atom is indicated in the lower panel (with the same color code
of Fig. 2), just below the adsorbed oxygen atom. Notice how most
favorable adsorption configurations correspond to those atoms with a
higher number of accessible states near the Fermi level.

Fig. 4 Dissociation energy barriers for the O2 molecule on different substrates obtained with CI-NEB. (a) Free-standing graphene, (b) G/Rh(111) on the
top moiré area, (c) G/Rh(111) on the low moiré area. Red dots represent the final energy of the NEB images while the black lines are cubic spline
interpolations. The insets show schematic top views of the initial state of the adsorbed molecule, the final stage with two oxygen atoms, and the transition
states of maximum energy. Notice the remarkable difference in behavior between the top and low areas of the moiré pattern. Energies are referred to the
isolate G/Rh(111) slab and O2 molecule. The color code is as follows: blue (Rh atoms), gray (C atoms) and red (O atoms).
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Furthermore, the molecular state is more stable by B1.5 eV than
the dissociated one, making the reaction strongly endothermic.
However, the scenario becomes quite different in the presence of
the Rh metallic surface underneath G. Again, we have to consider
separately the high areas of the moiré, where the G–metal
interaction is smaller, and those low areas where the layer is
more strongly attached to the metal. In the high areas, showed
in Fig. 4b, the adsorption configuration and the dissociation
path are very similar to the one in free-standing graphene.
Nevertheless, the nature of the interaction with G has already
changed significantly, leading to an energy barrier of 1.76 eV.
Although this value is still high to allow dissociation, the
reaction becomes exothermic, with the dissociated atoms being
slightly more stable than the molecular state. Surprisingly, in
the low areas of the moiré pattern, the adsorption and dis-
sociation processes are completely different. The dissociation
path (Fig. 4c) shows an energy barrier of only 1.25 eV which
could be overcome at moderate temperatures (B500 K), leading
to oxygen dissociation directly on the G layer (again, a process
rate of 1 Hz and an attempt frequency of 1013 Hz). The key to
understand these changes in the molecular adsorption and the
considerable reduction in the energy barrier is the same
discussed in the previous section. In the low G areas, the
interaction between the metal d-state and the G-p band has
lowered the energy difference between the sp2 and sp3 hybri-
dization states of the carbon atoms. As a consequence, the O2

molecule can now form a C–O covalent bond with the graphene
C atom at the sp3 state, that weakens the O–O double bond, and
brings the molecule closer to the G layer.

The adsorption geometry of the O2 molecule on pristine
graphene is parallel to the layer plane as shown in Fig. 5a with a
large adsorption distance of B3 Å keeping the graphene layer
practically unaltered. The reaction path involves the approach
to the surface and the stretching of the molecule. In the transition
state, the two oxygen atoms are placed on top positions. In the
final dissociated state, oxygen atoms are located on bridge
positions forming epoxy groups with a significant corrugation
of the graphene layer (B0.6 Å) due to the change from the sp2

to the sp3 hybridization of those carbon atoms. In this case, the
energy barrier increases to 3.03 eV and conversely, the undisso-
ciated molecule is 1.60 eV more stable than the decomposed
state on pristine graphene, also in agreement with previous
calculations.40,41 Although this reaction could become exothermic
by applying in-plane deformations larger than 5%,41 the high
reaction barrier makes this process very improbable to occur.
In this case, the extra stability of the O2 molecule arises from
its magnetic behavior which is preserved after adsorption on
graphene. Another important point in these calculations is related
to the dissociation path, which is fairly complex: not only oxygen
atoms are separated but also the G layer is being modified during
the course of the reaction. The strain field induced in the graphene
layer plays a crucial role in the determination of the barrier height.
As an example, we found differences of a factor 2 between the
complete CI-NEB calculation and a calculation approaching the
path by fixing the xy position of carbon atoms and allowing
relaxation only in the z axis.

Now, we turn our attention to the dissociation of the
molecule on the G/Rh(111) which is substantially different from
the previous case. As mentioned before, the G layer remains
highly corrugated (B1 Å) on Rh(111). We separately studied the
dissociation of the O2 in the high and low areas of the moiré.
Fig. 5b and c show the geometries of initial, final and transition
states of both reactions. In the high parts of the moiré pattern,
the dissociation path is very similar to that in free-standing
graphene. The O2 molecule adsorbs approximately parallel to
the nearest graphene hexagon, with an adsorption distance of
3 Å almost identical to the free-standing G case, and its
magnetic moment is preserved. The final dissociated structure
shows the two oxygen atoms placed on bridge positions. The
transition state is slightly different from the free-standing G
case as it does not correspond exactly to on-top positions for
the oxygen atoms. In spite of these structural similarities, the
energetics of the process has changed significantly: the disso-
ciation becomes exothermic – although the energy difference
between the molecular and dissociated states is small, 0.20 eV,
and the total barrier height is considerably reduced to 1.76 eV
due to the presence of the metallic substrate.

In the low areas of the moiré pattern, where the G–metal
interaction is higher, things turn even more distinct. Adsorption
in the low areas leads to a stronger chemisorption binding and
the partial quenching of the O2 magnetic moment. Similarly to
what occurs in bare metallic surfaces, the typical B2 mB of the
O2 molecule is reduced to B0.7 mB. The preferential adsorption
configuration is completely different. The molecule adopts an
on top position forming a C–O bond whose length is 1.53 Å and
with a C–O–O angle of 1101. These results are in very good
agreement with the sp3 hybridization of both the central oxygen
atom and the carbon atom with the formation of a simple C–O
covalent bond very similar to the one observed in methanol.42

The O–O bond length is 1.36 Å (far away from the ideal 1.21 Å
of the original O2 molecule) but compatible with the bond
length of the superoxide ion.43 In spite of a different starting
configuration, the dissociation path is similar: the transition
state corresponds to the dissociated atoms close to on top
positions as shown in Fig. 5c. After dissociation, oxygen atoms
are able to move on graphene in order to occupy even more
favorable adsorption sites without finding any appreciable
energy barriers. Oxygen atoms placed on top positions are able
to create a C–O bond with a peculiar bond length of 1.34 Å, very
large compared with double and triple bonds of CO2 and CO
molecules, but too small compared with the typical bond
lengths in most organic compounds.42 This value is only
compatible with bonds created between an sp2 carbon atom
and an oxygen atom, displayed in a very reduced group of
molecules like furan, conjugated esters or phenol42 with a bond
order of 1.5. In the low areas of the moiré pattern, the
preferential adsorption sites are completely different from
those found in the highest parts. While in the high areas
oxygen atoms prefer to stay at bridge positions, in the low
areas, these positions are not only less favorable but they are
not even stable. Therefore, on top positions are preferred and
especially those placed just over C atoms on a hollow position
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with respect to the metallic surface. Notice that the final
configuration of the molecular dissociation corresponds to an
oxygen atom located on a bridge position in a mid-height
region and the other placed on top just over a C atom on a
hollow position of the substrate. Furthermore, in these moiré
areas the energy barrier is reduced even more (1.25 eV) and the
reaction is more exothermic with a difference in energy of
�0.75 eV per molecule.

These results reveal a dramatic change in the G chemical
activity, that goes beyond the doping-induced changes in the

binding of adsorbates previously reported on G/Ir(111).44 Our
simulations show that, on the low G areas, the dissociation of
small molecules like O2 is significantly favored. This alternative
mechanism for molecular dissociation on selective areas
can have a significant impact on different process ranging
from intercalation to covalent functionalization that involve
chemical reactions with graphene. In the particular case of
oxygen intercalation, there are two important factors to take
into account in order to assess the relevance of this process.
Firstly, the presence of small areas of the metal surface

Fig. 5 Geometries of the different stages during the dissociation of molecular oxygen in (a) free standing G, (b) G/Rh(111) on a high moiré part and
(c) on G/Rh(111) on a low moiré part. We show both the relative energy and the atomic structure of the initial, the final and the transition state found with
the CI-NEB method. Energies are referred to the isolate G/Rh(111) slab and O2 molecule. The color code is as follows: blue (Rh atoms), gray (C atoms) and
red (O atoms).
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accessible to the molecules will contribute to the O2 dissocia-
tion with a clear preference with respect to the possible direct
dissociation on top of the graphene layer,37 since the activation
energy on the metal is very small (B0.26 eV for Rh(111)).
Secondly, although we have shown a clear enhancement of
the catalytic activity of some regions, the feasibility of the
molecular dissociation is not exclusively linked to a low energy
barrier but it is also necessary to find a large enough desorp-
tion barrier for the molecular state to definitely promote the
dissociation. In this case, the adsorption energy of the O2

molecule even in the low areas of the moiré pattern is still
too small to allow a systematic occurrence of this process on
the interface. The adsorption energy of the oxygen molecule in
free-standing graphene is �0.11 eV according to our calculations.
In the presence of the Rh(111) substrate, these values are
increased to �0.14 eV and �0.22 eV for the high and low areas
respectively, in good agreement with previous theoretical and
experimental estimations.45 Therefore, although feasible, the
experimental observation of the O2 dissociation directly on
graphene is expected to be rather difficult.

However, this result does not preclude that other molecules
with higher adsorption energies could easily dissociate on
G/metal systems due to the enhancement of the chemical
reactivity induced by the substrate. For instance, in recent
experiments carried out on G/Ru(0001), a covalent patterning
of cyanomethyl radicals46 of the low areas of the moiré was
observed. In this case, a higher adhesion of this larger molecule
probably allowed the direct homolytic breaking of acetonitrile
on the graphene–metal interface with a very high selectivity.
This successful patterning provides experimental support to the
main conclusion of our theoretical results: graphene grown on
highly coupled substrates displays an important enhancement of
its chemical reactivity that can be exploited to tune its electronic
and chemical properties.

4 Conclusions

Based on first principles calculations, we have completed a
comprehensive study of the microscopic processes involved in
the adsorption and diffusion of atomic oxygen on the G/Rh(111)
interface and the dissociation of the O2 molecule. Our work
shows that the large G corrugation, that modulates the inter-
action, confers, distinctive chemical and electronic properties
to the high and low areas of the moiré pattern. This fact has
profound implications in the behavior of adsorbates. The
adsorption is stronger in the more coupled areas due to the
interaction with the substrate. In particular, the O2 molecule
displays a chemisorbed state with a partial quenching of
the magnetism, similarly to what happens in catalytic metal
surfaces. On the other hand, the diffusion of atomic oxygen on
both the high and low areas has a energy barriers within the
[0.5,1.0] eV range, although with remarkably different paths:
bridge-to-bridge on the high areas vs. top-to-top on the low
ones. Similar effects are expected in other strongly interacting
metallic substrates.

Our study reveals that the G chemical properties can be
substantially modified depending of the degree of coupling
with the substrate, as demonstrated in the dissociation of
oxygen molecule, clearly favored in the low areas of the moiré.
While on the high areas of the moiré the dissociation process is
similar to what happens in free-standing graphene – although
with lower energy barriers, the enhanced chemical reactivity of
the lower areas leads to qualitatively different dissociation
paths, resembling the behaviour of molecular oxygen on
metals. In fact a serious reduction of the reaction energy barrier
was found, from 3.03 eV to 1.25 eV. Although the desorption
barrier for the O2 molecule might be still too high to promote a
systematic dissociation on the interface, these calculations
unambiguously prove the enhancement of the chemical reactivity
in the graphene layer induced by the metallic substrate. So far,
the introduction of defects was the only route to increase its
reactivity,8,47 and only few highly reactive species like hydrogen,
fluorine and oxygen chemically attach to G. Our results show that
the G–metal interaction is a versatile and powerful handle to
tailor the G chemical properties and to expand the possible G
applications to sensing devices.
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A. J. Martı́nez-Galera, R. Pérez and J. M. Gómez-Rodrı́guez,
Phys. Rev. Lett., 2011, 107, 116803.

12 A. J. Martı́nez-Galera, I. Brihuega and J. M. Gómez-Rodrı́guez,
Nano Lett., 2011, 11, 3576.

13 A. Martı́n-Recio, C. Romero-Muñiz, A. J. Martı́nez-Galera,
P. Pou, R. Pérez and J. M. Gómez-Rodrı́guez, Nanoscale,
2015, 7, 11300.

14 P. W. Sutter, J.-I. Flege and E. A. Sutter, Nat. Mater., 2008,
7, 406.

15 Y. S. Dedkov, M. Fonin, U. Rüdiger and C. Laubschat, Phys.
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