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Unveiling the atomistic mechanisms for oxygen
intercalation in a strongly interacting
graphene—metal interfacef
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José M. Gémez-Rodriguez ) *°“@ and Rubén Pérez (1) *a¢

The atomistic mechanisms involved in the oxygen (O) intercalation in the strongly interacting graphene
(G) on Rh(111) system are characterized in a comprehensive experimental and theoretical study,
combining scanning tunneling microscopy and density functional theory (DFT) calculations. Experimental
evidence points out that the G areas located just above the metallic steps of the substrate are the active
sites for initializing the intercalation process when some micro-etching points appear after molecular
oxygen gas exposure. These regions are responsible for both the dissociation of the oxygen molecules
and the subsequent penetration to the G—-metal interface. Unlike in other species, the DFT calculations
exclude single-point defects as additional entry paths to the interface. After penetration, the intercalation
proceeds inwards due to the high mobility of atomic oxygen at the interface following mid-height paths
connecting the higher areas of the rippled graphene structure. At larger coverages, the accumulation of
O atoms under the high areas increases the G-metal distance in the neighboring low areas, paving
the way for the O incorporation and the G detachment that leads to the final O-(2 x 1) structure.
Furthermore, our results show that these mechanisms are possible only at temperatures slightly lower

rsc.li/pccp

1 Introduction

The outstanding properties of graphene' ™ have promoted this
one atom thick layer, since its isolation by Novoselov et al.,” as
one of the most promising materials for future technological
applications. Large and high quality G flakes®” can be produced,
in an easy and economical way, by chemical vapor deposition
(CVD) growth on transition metal surfaces. This epitaxial G/metal
configuration® " has obvious advantages for device applications
and spectroscopic studies. However, the same reactivity of the
metal surfaces that promotes growth may represent a fundamental
limitation because of the changes induced in the G structure and
electronic properties."”>"* While in the weakly interacting cases
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than those in which graphene etching takes place.

(such as Au(111),"* Cu(111)® and Pt(111)®""), the G layer remains
flat and the Dirac cones are preserved - only rigidly shifted
towards positive or negative energies -, for strongly interacting
metals (such as Ru(0001),*° Rh(111)*° or Re(0001)"7), the metal
substrate induces a large (~1 A) corrugation on the graphene
layer and breaks the characteristic linear dispersion of the Dirac
cones through a stronger hybridization of the n-G band with the
metal d states.

Intercalation of different atoms or molecules in the G-substrate
interface is an easy and versatile way to tune the G binding and
recover its electronic'®*>* properties. Successful intercalations of
many different elements on several graphene supported systems
have been reported, including O on Ru(0001),>*° Ir(111),2¢7°
Pt(111),” SiC(0001),"® Ni(111)***" or Rh(111),>*> Au on SiC(0001),*
Ge on SiC(0001),* H on SiC(0001),>>*® Al on Ni(111),”*® and Cs
and Eu on Ir(111).2>***" The basic, simple picture explaining the
feasibility of the intercalation process is based on the chemically
inert character of graphene: the extra species prefer to react with the
surface underneath instead of adsorbing on or damaging the
graphene sheet.

This apparently simple chemical process requires, in reality,
a combination of different possible steps that are individually
challenging, which may include: (i) adsorption and diffusion of
the intercalants; (ii) molecular dissociation - when these
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elements are introduced in their molecular form —; (iii) penetration
towards the G-substrate interface, and (iv) diffusion inside the
interface until they cover the whole G-substrate area. Furthermore,
all these individual steps have to be accomplished below the
graphene etching temperature, which in our case was ~570 K.
These steps have been studied in detail in the intercalation of
oxygen in the weakly interacting G/Ir(111) system by R. Larciprete
et al.*® and T. Michely’s group.>”**** In this case, and for oxygen
pressures around 10°° Torr, the presence of an incomplete
graphene layer on top of the Ir(111) surface facilitates two of
the necessary steps to achieve a successful intercalation: oxygen
dissociates on the bare metal and, then, starts diffusing towards
the G/Ir interface through the graphene edges at T ~ 500 K.
Beyond this specific system, very little is known about the
detailed atomistic mechanisms supporting the different steps of
the oxygen intercalation process. Although these mechanisms have
been explored for other intercalants, like Si in G/Ru(0001),*** they
may substantially differ due to the higher reactivity of the oxygen
species.

Here, we contribute to fill this gap with a comprehensive
microscopic characterization of the intercalation of oxygen on
the strongly interacting G/Rh(111) system,”**> where the metal
substrate is initially fully covered by G. Our previous study’>
combined scanning tunneling microscopy (STM), low energy
electron diffraction (LEED) and density functional theory (DFT)
calculations to show that the intercalation was feasible and how
the process could be followed through the evolution of the STM
apparent corrugation. Now, we use the same combination of
techniques to unveil the atomic-scale mechanisms that lie
behind the different steps involved in the intercalation process.
Our results show that (1) O, dissociation takes place on those G
areas just above the metallic steps, where some micro-etching
points appear during oxygen exposure; (2) the subsequent
penetration proceeds through these etching points where small
bare metal regions emerge; (3) oxygen is highly mobile at the
interface, following specific paths that avoid the lower moiré
areas; and (4) at larger coverages, the accumulation of O atoms
in the high areas increases the G-metal distance in the neighboring
areas, paving the way for the incorporation of the O into those
lowest areas and the G detachment that leads to the completion of
the O-(2 x 1) structure, the final stage of intercalation. All these
processes have energy barriers below 1.4 eV and thus can be
thermally activated at the intercalation temperature (T ~ 550 K),
considering a typical attempt frequency of 10 Hz. The under-
standing of these mechanisms at the atomic scale will shed new
light on relevant fields like graphene oxidation and corrosion,
coating and membrane technology or heterogeneous catalysis, all
of them with potential industrial applicability.

2 Methods

Experiments

All the experiments and measurements were carried out in an
ultra-high vacuum (UHV) system with a base pressure below
1 x 107'° Torr. Our Rh(111) single crystal was prepared by

This journal is © the Owner Societies 2018

View Article Online

PCCP

cycles of Ar' sputtering at 1 keV and annealing at 1200 K while
keeping the sample under an oxygen atmosphere to avoid
carbide formation at the surface from carbon segregation from
the bulk (2 x 1077 Torr). The sample was then completely
covered with a well grown graphene layer by low pressure
(2 x 1077 Torr) chemical vapor deposition (CVD) of ethylene
(C,H,4) at 1100 K. Several rotational domains with different sizes
are observed in the STM experiments leading to different moiré
patterns with the Rh(111) substrate.” These moiré patterns
depend then on the relative orientation of the carbon atoms
with respect to the metallic ones. Among all of them, the 0°
orientation predominates and its moiré is formed by 12 x 12
carbon atoms aligned with 11 x 11 Rh atoms.”*® The graphene
layer covers the whole metallic surface, leaving no bare metal
areas. Also, no large defective areas have been found. The main
defects on the sample are the grain boundaries between
rotational domains and the step edges in which the graphene
shows a higher defect density.

Oxygen intercalation was carried out by exposing the sample
to 6 x 10”7 Torr of high purity oxygen gas. In order to activate
this process, the sample was kept at ~550 K, as discussed in
the results section of this paper. The characterization of all the
intercalation processes and steps was performed in situ by
LEED experiments with a four grid analyzer and with a home-
built variable temperature STM.””*® All STM data were measured
and processed with the WSxM software (www.wsxm.es).*

First-principles calculations

We have studied in detail the different steps in the oxygen
intercalation with an extensive set of DFT calculations on the
[(V43 x V43) — R7.6°] ; G/Rh(111) moiré unit cell.” This moiré
reproduces the main features of the large [(12 x 12) — R0°]g
moiré commonly found in the experiments and, thanks to its
smaller size, makes the DFT study feasible. The analysis of the
oxygen diffusion at the interface has been complemented with
energy barrier calculations on the [(v91 x v91) — R27°]
moiré, that includes some small areas with intermediate
G-metal separations joining the high parts as in the (12 x 12)g
moiré, and simulations for atomic O adsorption on those
medium-height regions in the (12 x 12)g moiré.

We used the VASP code® with the plane wave basis set
corresponding to a 400 eV energy cutoff, projected augmented wave
pseudopotentials.”>> The Perdew-Burke-Ernzerhof approach® is
used for the electronic exchange-correlation functional supplemen-
ted with the DFT-D2 Grimme™ correction to deal with the dispersion
(van der Waals) interactions. The reaction paths as well as the
optimal geometries of the transition states were calculated with
the Climbing Image Nudged Elastic Band (CI-NEB) method.”
Further computational details can be found in the ESL¥

3 Results and discussion
3.1 Temperature dependence during oxygen intercalation

The experimental results here shown have been performed,
under UHV conditions, on a high quality graphene layer grown
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Fig. 1 Temperature dependence of the intercalation process observed through three 60 x 60 nm? STM images and their corresponding LEED
experiments. The LEED patterns show: (a) G/Rh(111) moiré spots, (b) the diffuse moiré pattern (green circle) and 2 x 2/2 x 1 (purple circle) spots from the
oxygen periodicity, (c) no graphene periodicity but only oxygen 2 x 2/2 x 1 periodicity. The inset in b shows two domains of the 2 x 1 oxygen structure
underneath the graphene. The direction of the compact oxygen rows are indicated by green arrows. (a) —100 mV, 2.5 nA, LEED pattern at 63 eV;
(b) 100 mV, 8.6 nA, LEED pattern at 62 eV, inset: 7 x 7 nm?, 900 mV, 4.8 nA: (c) 2600 mV, 0.15 nA, LEED pattern at 61 eV.

by CVD that completely covers the Rh(111) single-crystal.
Among all the rotational domains of the graphene layer,’ the
0° orientation predominates (Fig. 1a).”*®

We have carried out a detailed study on the temperature
dependence of the intercalation process. As previously described
by other authors for G/Rh(111) and G/Ir(111),>”°® there is a
temperature threshold to activate the oxygen intercalation. This
value depends on several factors, including the graphene quality,
the CVD molecular precursors and the size of the graphene
domains.?”® Besides, it is also known that when the temperature
is increased beyond a certain value, the graphene oxidation
process is enhanced.’®” Fig. 1 shows the STM and LEED
measurements that have been carried out to determine the
optimal temperature range for intercalation. Before introducing
oxygen in our chamber, both the LEED and STM results mostly
show the preferential moiré pattern formed by the graphene
and the Rh(111) surface (Fig. 1a). Then, when the sample is
exposed to oxygen gas (6 x 107 Torr) and while it is kept at a
temperature around 550 K, intercalation takes place. As shown
in our previous work,** the amount of intercalated oxygen is
easily controlled by changing the exposure time (from 30 minutes
to observe the very first intercalation stages, to 100 minutes for a
completely intercalated oxygen layer). Our LEED measurements
provide evidence of the intercalation: they exhibit a new pattern
that can only be assigned to a 2 x 2 structure and/or the
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superposition of three rotational domains with 2 x 1 periodicity.
These are the most stable configurations for the O/Rh(111)
system. STM images taken by tunneling through G (see the inset
in Fig. 1b) prove, in fact, the formation of the three 2 x 1
rotational domains underneath G (see ESIt). If T is increased
above 570 K, the G layer is removed by oxidation and only oxygen
remains on the surface as is appreciated on the LEED pattern of
Fig. 1c.

The experiments described above show that the temperature
window for oxygen intercalation on G/Rh(111) is very narrow.
G oxidation takes place very fast at temperatures just slightly
larger than the one which enables oxygen intercalation,
T ~550 K. This imposes a stringent limit on the maximum
activation energies for all of the microscopic processes involved
in the different steps of the intercalation. Following transition
state theory, and assuming an attempt frequency of 10'* Hz, the
energy barriers have to be smaller than ~1.4 eV for those
processes to be thermally activated.

3.2 Starting intercalation near metallic steps

In order to start the intercalation process, O, molecules have
to dissociate leading to atomic species. In the G/O/Ir(111)
system,>”*®*? the initial presence of bare metal areas facilitates
this stage of the intercalation process as molecular oxygen and other
small molecules easily dissociate on transition metal surfaces.

This journal is © the Owner Societies 2018
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This is not the case on free-standing graphene, where the
energy barrier for O, dissociation is of the order of 3 ev.>
However, we did observe how intercalation takes place when we
expose our fully-covered G/Rh(111) sample to a low partial
pressure of oxygen. According to our experimental findings
(shown in Fig. 2), intercalation starts in G areas in the neigh-
borhood of the metallic steps located underneath. Although
these areas are initially fully covered by the graphene carpet,
after the exposure to oxygen gas, STM reveals the appearance of
small etched areas where the metal substrate underneath is
exposed. The high temperatures — near the etching limit -, the
reactivity of the metal atoms at the step, and the strain induced
in the G layer that further softens some of the C-C bonds
promote the oxidation reaction of these localized G regions,
giving rise to the etched area shown in Fig. 2a and highlighted
in the inset (see also Fig. S5, ESIt). Therefore, these areas serve
as active sites to achieve molecular dissociation following one
of these two hypotheses: (1) it takes place on top of the
graphene layer, where the possible presence of point-like and
extended defects can enhance the chemical reactivity of these
areas.”>® Or (2), more probably, directly on the bare metal
areas of the micro-etching points, where the O, dissociation
barrier on Rh(111) is ~0.2 eV per molecule.®*

The next step in the intercalation process involves the
penetration paths for atomic oxygen towards the G/Rh interface.
Studies in similar G/metal systems point out that penetration of
intercalants may occur following two different mechanisms:
(1) incorporation via graphene edges has been observed in the
O intercalation on G/Ir(111)*” and in the Pb intercalation in
G/Ru(0001);°> while, even in the absence of preexisting graphene
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edges or extended defects, (2) penetration can take place through
vacancies or other point defects, as reported in experiments on
the G/Si/Ru(0001) system.>***** In the case of G/Rh(111), our
DFT calculations show that the penetration of single atoms
through point defects like monovacancies or Stone-Wales (SW)
defects is very improbable in this strongly interacting system.
Although these accession paths would be feasible for oxygen
atoms dissociated near graphene defects, the calculated penetration
barriers (>3 eV) are too high to be overcome at the experimental
temperature window (see more details in Section S3 of the ESIt). We
have not considered the possible collective effects involving several
oxygen atoms, previously studied in the G/Si/Ru(0001) system,*
because they also yield large penetration barriers (~ 3 eV). These
theoretical results are in agreement with our experimental
observations (Fig. 2b) in which the first stages of the intercalation
are not observed near grain boundaries (black solid line) in spite
of the presence of multiple point-defects.

Since point defects have been excluded as accession points,
the oxygen dissociation and the penetration through the interface
should happen following some kind of edge-related phenomena
involving the very small areas close to the step which have
suffered G etching (see the inset of Fig. 2a, displaying O atoms
adsorbed on the bare Rh(111)). We have previously shown that, in
the first stages of the process, the corrugation of the intercalated
areas increases with respect to the non-intercalated ones.*?
Therefore, we can use the STM corrugation to follow the
evolution of the intercalation. We have systematically observed
that the very first intercalated areas always appear near metal
surface defects like the step edges, as shown in Fig. 2a. The
density of intercalated atoms clearly reduces as we move away

Fig. 2 Intercalation starting process always occurs near metal steps. The first stages of the intercalation are observed in both images and it gradually
disappears when we move away from the step edge (green arrows). Also, small areas of graphene etching are observed close to the step edges (inset),
helping the intercalation process. (a) 70 x 60 nm? (120 mV, 6.5 nA); inset: 9 x 3.5 nm? (100 mV, 8.6 nA); (b) 52 x 64 nm? (120 mV, 6.5 nA).

This journal is © the Owner Societies 2018

Phys. Chem. Chem. Phys., 2018, 20, 13370-13378 | 13373


http://dx.doi.org/10.1039/c8cp01032c

Published on 12 April 2018. Downloaded by Universidad Autonoma de Madrid on 7/17/2018 7:08:01 AM.

PCCP

from metal step edges (green arrows in Fig. 2) pointing towards
the step edges as the entry points. These experimental results
indicate that, once these extended defects are created, oxygen
can penetrate through the G-metal edges, following the mecha-
nism recently proposed, on the basis of first principles
calculations,®® for metal-passivated G edges on Cu(111) and
Ni(111) surfaces. The energy barriers reported® for the cleavage
of the G-metal bond and the attachment of the first O atom
(~1 eVv) and the subsequent O incorporation (<0.63 eV) are
much smaller than the ones we have calculated for penetration
through point defects, giving support to our identification of the
micro-etching areas as the entry paths for O intercalation.

3.3 Oxygen binding and mobility at the G-metal interface

The next step in the intercalation, after the penetration into the
interface, is the diffusion of oxygen atoms between the metal
and the G layer. We have to take into account the corrugation of
the G layer, that modulates the G-metal surface separation in
the moiré unit cell between ~2 A and ~ 3 A. Firstly, we consider
the energetics of the adsorption of a single oxygen atom on the
metal surface under the graphene. From previous studies,®"**
we know that the most favorable positions for oxygen atoms
in the bare Rh(111) surface correspond to hollow sites, the
fcc-hollow positions being slightly more stable than the
hep-hollow sites. As mentioned before, the moiré pattern used
in our simulations corresponds to a [(v/43 x v43) — R7.6°] .
unit cell, (6 x 6 with respect to the Rh(111)). There is a total of
36 fcc-hollow and 36 hep-hollow possible sites, which now are
not equivalent due to the presence of the G layer. The upper
panel of Fig. 3 shows the relative binding energies of 22 of those
hollow sites distributed all over the unit cell. Some of them
correspond to hcp-hollow sites that are less favorable than
the adjacent fcc-hollow positions (see Table S1 in the ESIY)
confirming that the presence of graphene does not alter the
tendency found in the bare Rh(111).** Moreover, our results
reveal how the spatial modulation of the G layer governs the
energetic picture. In the high areas of the moiré pattern, with
larger G-metal distances, the adsorption is significantly more
favorable than that in the low regions, with energy differences
up to ~2 eV. No significant variations in the binding energy are
observed among different metal-equivalent sites sharing the
same G-metal relative distance.

Next, we focus our attention on the mobility of oxygen atoms
under the G layer. The diffusion of small adsorbates on clean
metallic surfaces takes place by means of jumps between adjacent
metal hollow positions, with the transition state corresponding to
the bridge adsorption sites. On clean Rh(111), we have obtained
diffusion barriers of 0.50 eV and 0.51 eV for oxygen coverages of
1/4 and 1/36 respectively, in agreement with previous calculations,®
whereas the activation energy for a similar diffusion in free-standing
graphene is slightly larger: 0.73 eV.*® Our calculations confirm that
when the oxygen atoms are placed between G and the metallic
surface, diffusion processes are still possible at room temperature
(RT). Fig. 3 (lower panel) displays the diffusion path of a single
oxygen atom along one side of the unit cell, covering both the
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Fig. 3 Adsorption energies and diffusion barriers for O atoms incorporated
in the G/Rh(111) interface (calculated on the [(v43 x v43) — R7.6°], unit
cell). Upper panel: O adsorption energy on the Rh(111) hollow sites and
corrugation of the carbon atoms in G/Rh(111) before O incorporation. The
blue-green-red color scale displays the relative height of the carbon atoms
in the original G/Rh(111) interface, while the white-red color scale of the
spheres represents the relative energy of the oxygen atom on that particular
site (taking the most stable O adsorption configuration as reference). Lower
panel: Diffusion barriers for a single oxygen atom following the path
highlighted in yellow in the top panel. Each diffusion step consists of a
jump between two adjacent hollow sites.

high and low parts of the moiré pattern. The diffusion barriers
under G in the highest moiré areas (0.72 eV) are slightly larger than
on the bare Rh(111) surface. However, although the activation
barriers for each hollow-hollow jump are always smaller than 1 €V,
the modulation in the adsorption energies along the moiré pattern
(resulting in a total energy barrier of 2.5 V) prevents an isolated
oxygen atom from intercalating in the lower parts of the moiré.
Therefore, for the small moiré pattern considered so far, a
single oxygen atom would not be able to travel through the
G/Rh(111) interface because this would always require passing
through the lowest part of the moiré (see Fig. 3). However, this
is not the case in larger moiré patterns, in particular, in those
most commonly found in experiments (12 x 12)g, where there
are small areas with intermediate G-metal separations joining
the high parts (see Fig. 4). We have explored this in the
[(VOT x V91) — R27°] , moiré, which already shows this feature
of the larger moirés. Fig. 4 (left panel) shows the diffusion path for
a single jump on a mid-height region whose value is again ~0.7 eV
(see Section S5 of ESIf for more details about this calculation).
Therefore, the total energy barrier that a single oxygen atom
should overcome to go from a high moiré area to the equivalent
region of another neighbouring cell results from the combination
of these simple jumps plus the adsorption energy difference
between the high, E, and the mid-height moiré areas, E;, that
is 0.69 eV. This final total barrier (1.4 eV) is low enough for the

This journal is © the Owner Societies 2018
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Fig. 4 Mobility of intercalated oxygen atoms in the low coverage regime on the moiré patterns [(\/9_1 X \/ﬁ) — R27°]G (upper panel) and (12 x 12)g
(lower panel). The schematic top views (same color code as Fig. 3) show that high areas (with the largest adsorption energy Ep) are linked by less
energetically favorable mid-height regions (E;, green) in these moiré patterns. O atoms can diffuse to neighboring high areas through the mid-height
regions (purple arrows) avoiding the most unfavorable low areas of the moire (blue), as the energy barriers for O to jump between two hollow sites are
lower than ~0.7 eV. This is illustrated with the CI-NEB calculation for the path connecting an fcc and an hcp site in the mid-height region of the
[(\/9_1 X \/9_1) — R27°}G moiré. In the inset, the geometries of the initial and final states of the diffusion are depicted. Notice that we have chosen as
energy reference the most energetically favorable adsorption site (Ep) instead of E;. We expect these barriers to be even lower in the (12 x 12)g moiré.

process to be thermally activated at the intercalation tempera-
ture. This process would be even more favorable on the largest
(12 x 12)g moiré, where the energy penalty for an oxygen atom to
be adsorbed in the mid-height region is smaller, 0.58 eV vs. 0.69 €V,
than in the [(v/91 x v/91) — R27°] , moiré (see Section S5, ESIf for
details). These results demonstrate that, in the low coverage limit,
oxygen atoms can freely move along different unit cells by traveling
from different high areas through mid-height regions. Fig. 4 illus-
trates this process: an oxygen atom placed on a favorable site could
move, following one of the different possible diffusion paths
indicated by the arrows, avoiding the lowest parts of the moiré
(blue areas) which are clearly energetically unfavorable.

3.4 Collective diffusion and intercalation in the bridge moiré
areas

In order to complete the intercalation and the detachment of
the G layer from the metal surface, oxygen atoms should
penetrate into the lowest moiré regions and diffuse across the

This journal is © the Owner Societies 2018

whole interface. We cannot provide a full account of this
process with the small moiré that we are considering but we
can use it to illustrate the key mechanism. In our previous
work,*? we discussed how the intercalation of one O atom in
the highest top moiré areas increases the G-metal separation
around it allowing the diffusion and adsorption of new oxygen
atoms in this area. This results in the full occupation of the
high areas and a larger G corrugation that leads to an increase
in the G-metal separation in the neighboring low areas (see
Fig. 5). This larger separation paves the way for the intercalation
of oxygen and the G detachment on those areas.”” This process
can be actually seen in the STM images (Fig. 2 and S5, ESIt): far
from the penetration points, the O atoms are mostly interca-
lated in the high top moiré areas, but, close to them, stripes are
also observed. The presence of O atoms in different high areas
proves that, in the first intercalation steps, O atoms are able to
migrate between two isolated moiré top areas to another following
the mechanism described above. When the O concentration on
these areas increases, two adjacent intercalated moiré top
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http://dx.doi.org/10.1039/c8cp01032c

Published on 12 April 2018. Downloaded by Universidad Autonoma de Madrid on 7/17/2018 7:08:01 AM.

PCCP

(@) [oo=0 ]

(b)

View Article Online

Paper

)

180 pm

0pm

Fig. 5 Height map (in pm) for the carbon atoms belonging to the graphene monolayer for three different oxygen coverages, illustrating the changes
induced in the graphene—metal distances in the low areas of the moiré pattern by the increase of the occupation of the high areas. Intercalated oxygen

atoms are represented by magenta spheres.

positions are easily linked by the decoupling of the low moiré
bridge zones, forming the stripes.

STM images also reveal the collective diffusion of oxygen
atoms across different moiré cells at RT. Fig. 6a and b correspond
to the same surface region imaged at different times. The
collective atomic movement can be clearly observed (green ovals
in the zooms shown in Fig. 6¢ and d). The stripe that forms a T-
shaped structure (Fig. 6¢) has changed its shape (Fig. 6d) via one

of these collective movements of O atoms: the high area below
is no longer linked but, in exchange, the stripe has elongated
towards the left, connecting to a neighboring high area. These
processes of collective diffusion, - that might be enhanced by
the interaction with the STM tip during measurements -
become more frequent for larger coverages, and lead to the
full coverage of the interface with a O-(2 x 1) structure (see
ESIt) the step that completes the intercalation.

Fig. 6 Experimental observation of the oxygen mobility underneath graphene at room temperature. Both main images (a and b) and zoom-in images
(c and d) are from the same area and were taken consecutively. The marked areas (green stars and ovals) show small stripes that change their length or
direction from one image to the next one. (a) (80 x 44) nm? 0.2V, 7.1 nA; (b) (80 x 44) nm?, 0.1V, 6.5 nA; (c) (14 x 14) nm?, 0.1V, 5.9 nA; (d) (14 x 14) nm?,

0.1V, 8.6 nA.
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4 Conclusions

We have completed a comprehensive study of the atomistic
processes involved in the oxygen intercalation on the strongly
interacting graphene/Rh(111) through STM experiments,
LEED measurements and DFT calculations. All these processes
have energy barriers below 1.4 eV and thus can be thermally
activated at the intercalation temperature (T ~ 550 K). Our
work shows that the graphene areas near the metallic steps
are responsible for the activation of the whole intercalation
process. Despite starting from a fully-covered graphene sample,
local G etching takes place, close to the metallic steps under-
neath, after oxygen exposure, exposing small bare metal areas.
These areas act both as the active sites for the dissociation of
molecular oxygen, and, subsequently, as accession paths to the
G/Rh interface. Therefore, bare metal areas, that seem to be
essential in weakly interacting cases, are no longer needed in
the highly coupled G/Rh system. Our DFT calculations discard
point defects such as monovacancies or Stone-Wales defects as
possible additional penetration paths to the interface. Once at
the interface, the oxygen atoms are highly mobile, following
intermediate height moiré patches that connect the high areas.
At larger coverages, the accumulation of O atoms in the high
areas increases the G-metal distance in the neighboring areas,
paving the way for the incorporation of the O into those lower
areas and the G detachment that leads to the final O-(2 x 1)
structure.
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