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G
raphene, a single layer of carbon
atoms,1 combines several exceptional
properties, which makes it uniquely

suited as a coating material: excellent me-
chanical stability, low chemical reactivity,
impermeability to most gases, transparency,
flexibility, and very high thermal and elec-
trical conductivity.2 Moreover, graphene
can be grown directly on a range of metal
surfaces and is even able to cover step
edges and small defects in metal surfaces
in a carpet-like fashion.3�5 As a result, re-
search into graphene as a coating material
is now rapidly intensifying.6�16 Building on
the long-time experience with graphene
films on metal surfaces17 and the coking
effect of carbon layers on metal catalysts,18

investigations are now focusing on the
limitations of graphene coatings caused
by defects and domain boundaries in the
graphene.6,9,11,12,16 Graphene coatings have
been observed to reduce the electrochemi-
cal corrosion rate of nickel and copper11,12

and to protect copper and copper/nickel
alloys from air oxidation under ambient
conditions.9 However, O2 was observed to

intercalate under graphene coatings on
Ru(0001) at elevated temperatures,6 and
CO was observed to intercalate under gra-
phene on Pt(111) at room temperature.16

Less attention has been paid to the coating
limitations of the basal plane of graphene,
with the exception of a recent theoretical
article investigating the protection of Al(111)
from oxidation by a graphene coating.10

Here we use scanning tunneling micro-
scopy (STM) to investigate the effectiveness
of a graphene coating on the reactive, hex-
reconstructed Pt(100) surface toward CO
and O2 at a wide range of partial pressures.
Moreover, we test the limitations of the
graphene coating on Pt(100) by exposing
it to hot atomic hydrogen and investigate
the resulting structures with STM measure-
ments, temperature-programmed desorp-
tion (TPD) spectroscopy, and density func-
tional theory (DFT) calculations. The Pt(100)
surface was chosen as substrate, because
the reconstruction of the surface is lifted if
the surface reacts with, for example, CO, O2,
or H atoms.19,20 Furthermore, the reconstruc-
tionof thePt(100) surface is still present under
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ABSTRACT The limitations of graphene as an effective corrosion-inhibiting coating on metal

surfaces, here exemplified by the hex-reconstructed Pt(100) surface, are probed by scanning tunneling

microscopy measurements and density functional theory calculations. While exposure of small molecules

directly onto the Pt(100) surface will lift the reconstruction, a single graphene layer is observed to act as

an effective coating, protecting the reactive surface from O2 exposure and thus preserving the

reconstruction underneath the graphene layer in O2 pressures as high as 10
�4 mbar. A similar protective

effect against CO is observed at CO pressures below 10�6 mbar. However, at higher pressures CO is

observed to intercalate under the graphene coating layer, thus lifting the reconstruction. The limitations

of the coating effect are further tested by exposure to hot atomic hydrogen. While the coating can

withstand these extreme conditions for a limited amount of time, after substantial exposure, the Pt(100)

reconstruction is lifted. Annealing experiments and density functional theory calculations demonstrate

that the basal plane of the graphene stays intact and point to a graphene-mediated mechanism for the H-induced lifting of the reconstruction.
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the graphene coating and can be depicted (through
the graphene) by STM.5 The presence of the reconstruc-
tion can therefore be used as an indicator to determine if
the coating is effective toward various gases.

RESULTS AND DISCUSSION

An STM image of a Pt(100) surface partially coated
with graphene is displayed in Figure 1a. The upper
right terrace is the clean reconstructed Pt(100) surface,
whereas the lower left terraces are covered with
graphene. The fact that the graphene sheet is formed
continuously over the step edges5 results in a nearly
perfect coating without any defects, whereas a few
defects are observed at the uncoated terrace. By in situ
exposure of the partially graphene-coated Pt(100) sur-
face, held at room temperature, to CO while imaging
the surface by STM, the real-time development can be
followed. The same area imaged after 3 L of CO and
63 L of CO is shown in Figure 1b and c, respectively. It is
seen that the reconstructed Pt(100) surface gradually
reacts with the COmolecules, which induces a lifting of
the reconstruction, visible by the formation of bright
irregular islands. However, no change is observed on
the graphene-coated Pt(100) terraces, even after ex-
posures as high as 500 L and at gas pressures as high as
3� 10�7mbar. Even at the edge of the graphene sheet,
toward the unprotected area of Pt(100), the coating
withstands the exposure of CO and the reconstruction
of the Pt(100) surface is undisturbed under the gra-
phene coating. From these findings we deduce that
graphene is a very efficient coating toward CO at these
partial pressures.
Similar experiments were performed by exposing a

partially graphene-coated Pt(100) surface held at room

temperature to O2 molecules. The results are shown in
Figure 1d to f. Figure 1d shows the unexposed surface,
in which the right terrace is the clean reconstructed
Pt(100) surface and the left terraces are graphene
coated. Figure 1e and f show the same area after 25 L
of O2 and 40 L of O2, respectively. As for CO exposure,
the Pt(100) reconstruction is lifted in the unprotected
areas after exposure to O2 as expected,

19 whereas the
graphene coating protects the Pt(100) surface, also
after doses up to 500 L of oxygen.
To investigate the coating effect toward CO and O2 at

higher partial pressures, the same type of experiments
were performed with pressures up to 1.7 � 10�4 mbar.
The results are presented in Figure 2. In Figure 2a, an
area containing a graphene-coated part on the right-
hand side and an unprotected part on the left-hand
side is depicted before exposure. After exposure to
800 L and 4.4 � 10�7 mbar CO, the reconstruction is
lifted in the uncoated area, whereas no detectable
change is observed for the graphene-coated area
(Figure 2b), exactly as presented in Figure 1c. However,
after exposure to 2400 L of CO and 2.2 � 10�6 mbar,
the reconstruction is lifted in the lower left part of the
graphene-coated area (Figure 2c). By increasing the
pressure even further, the reconstruction is lifted in the
whole area after 7000 L of CO and 2 � 10�5 mbar
(Figure 2d). The inset in Figure 2d shows that the basal
plane of the graphene is still intact in the areas, where
the reconstruction has been lifted, indicating that CO
has been intercalated. A similar effect has been ob-
served for the graphene�Pt(111) system.16

Figure 2e shows a similar area, where the platinum
surface is partly coated by graphene, after exposure to
90 L of O2 and 2.6 � 10�7 mbar. The result is similar to

Figure 1. STM imageof a Pt(100) surface partially coated by graphene. For all images, the terrace at the right side is uncoated,
whereas the rest is coated by graphene (indicatedby a blue boundary). (a�c) Partially coated surface exposed to 0, 3, and 63 L
of CO, respectively. (d�f) Partially coated surface exposed to 0, 25, and 40 L of O2, respectively. All the images have been
differentiated to enhance the contrast. Imaging conditions [Vt, It]: (a�c) [4.6 mV, 0.44 nA]; (d�f) [4.3 mV, 0.48 nA].
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what was observed in Figure 1f, namely, the lifting of
the reconstruction in the uncoated areas, whereas the
coated area is undisturbed. The same finding is ob-
served after exposing the surface to 45 000 L of O2 and
1.7 � 10�4 mbar (Figure 2f), which demonstrates the
high coating efficiency of graphene toward O2 under
these conditions.
To further investigate the efficiency of the graphene

coating, a complete monolayer of graphene on Pt(100)
was exposed to 2000 K hot atomic hydrogen (the D
isotope was used in all experiments). In Figure 3a, the
surface is depicted after having been exposed for 2 s to
atomic hydrogen. A number of bright protrusions are
observed. On the basis of high-resolution STM images
(inset in Figure 3a) these protrusions are identified
as hydrogen dimers, similar to those observed on
graphite21 and graphene on SiC.22,23 From the orienta-
tion of the protrusions, it can be deduced that they are
either para- or ortho-dimers (see inset in Figure 3a).
This observation is in agreement with the theoretical
findings that para- and ortho-dimers are energetically
more stable than meta-dimers and monomers for
single-sided hydrogenated graphene.21,24�26 The re-
construction of the underlying Pt(100) surface is still
depicted through the graphene, which indicates that
the graphene coating is still effective even though it
has reacted with small amounts of atomic hydrogen.
An estimate of the coverage of hydrogen atoms after

2 s of hydrogen exposure was made by counting the
number of hydrogen dimers on a large-scale image.
The coverage, number of hydrogen atoms per carbon

atoms, was found to be ca. 2% after 2 s of hydrogen
exposure. These experimental results are contrary to
the assumption that H cannot bind on the basal plane
of graphene on Pt(100) as stated by Zecho et al. based
onTPDexperimentswithoutany localprobe information.27

By exposing the graphene surface to a 5 s hydrogen
dose (Figure 3b), the amount of bright protrusions
increases; however, the protrusions are still mainly
dimers and small clusters, which is also the case after
a 10 s hydrogen dose (Figure 3c). In both cases the
reconstruction is conserved.
Larger protrusions start to appear after ca. 20 s of

hydrogen dosing (Figure 3d). After a 25 s hydrogen
dose, the larger protrusions are more widespread, and
it is noticed that they become elongated along the
stripe direction of the graphene (Figure 3e). The surface
after a 45 s dose of hydrogen is displayed in Figure 3f. At
this coverage, mainly extended protrusions are depicted
and the reconstruction is not visible any longer, indicat-
ing that the coating effect is compromised.
Deuterium TPD curves of the hydrogenated gra-

phene surface are displayed in Figure 4a, including
the curves with dose times corresponding to the STM
pictures in Figure 3. At low coverage (below 20 s), the
desorption peak temperature is increasing gradually
from ca. 480 K to ca. 540 K with increasing coverage,
indicating a stabilizing effect for higher coverage. After
20 s of H exposure a new peak appears, visible above
600 K as a shoulder on the main peak. After 25 s of H
exposure a marked shift in the position of the low-
temperature peak to ca. 570 K is observed and the peak

Figure 2. STM image of a Pt(100) surface partially coated by graphene. For images (a)�(d), the terrace at the right side is
coated by graphene (indicated by a blue boundary), whereas the rest is uncoated. (a�d) Partially coated surface exposed to
0 and 80 L and 4.4� 10�7 mbar, 2400 L and 2.2� 10�6 mbar, and 7000 L and 2� 10�5 mbar of CO, respectively. The inset in
(d) shows a high-resolution depiction of the area, where the reconstruction has been lifted under the graphene. (e, f) Partially
graphene-coated surface exposed to 90 L and 2.6� 10�7mbar and 45 000 L and 1.7� 10�4mbar of O2, respectively. Imaging
conditions [Vt, It]: (a) [52 mV, 0.19 nA] ; (b) [�3.4 mV, 0.14 nA] ; (c, d) [�57 mV, 0.06 nA]; (d, inset) [�4.3 mV, 0.09 nA]; (e, f)
[54 mV, 0.13].
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Figure 3. STM images of hydrogenated graphene on Pt(100). (a�f) Graphene exposed to atomicD for 2, 5, 10, 20, 25, and 60 s,
respectively. The small bright protrusions are clusters of hydrogen atoms adsorbed to the graphene sheet. The extended
bright protrusions (indicated by the two white arrows in (d)) are ascribed to the lifting of the Pt(100) reconstruction. (a, inset)
High resolution of two hydrogen protrusions after 2 s of H exposure. The two white lines follow the direction of a typical
hydrogenprotrusion and a graphene zigzagdirection, respectively. The twoblack squares are placed on the center axis of the
protrusion separated by 2.46 Å. From the orientation, shape, and size it can be deduced that they are either ortho- or para-
dimers. Imaging conditions: [Vt, It]: (a) [�234mV, 0.27nA], (a, inset) [�490mV, 0.26nA], (b) [�1445mV, 0.43nA], (c) [�726mV,
0.30 nA], (d) [�972 mV, 0.27 nA], (e) [�840 mV, 0.29 nA], (f) [�525 mV, 0.31 nA].

Figure 4. (a) Temperature-programmed desorption curves for hydrogen (D2) from the fully graphene-coated Pt(100) surface.
Thepeak shift from ca.480K to ca. 540K is ascribed to desorption of hydrogen from thegraphene surface, in a situationwhere
the reconstruction of the platinum surface is not lifted, whereas the high-temperature peak is ascribed to desorption of
hydrogen from the regions where the reconstruction of the platinum surface is lifted. The low-temperature peak below 400 K
is related to the surroundings of the graphene surface. Ramp 1 K/s. (b) The hydrogen coverage H/C as a function of dose
time (on the left y-axis). The desorption peak energies calculated from the TPD curves in (a) are displayed on the right y-axis.
The low [high]-T peak corresponds to hydrogen desorbing from the areas without [with] the reconstruction lifted. (c) STM
image of hydrogenated graphene with a mixture of regions with and without the reconstruction lifted due to the
intermediate coverage. (d) STM image of the hydrogenated graphene surface after annealing to 573 K (1 K/s). Mainly the
big protrusions corresponding to the regions with the reconstruction lifted are left. Imaging conditions [Vt, It]: (c) [�580 mV,
0.27 nA]; (d) [460 mV, 0.25 nA].
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above 600 K is seen to increase in size, indicating a clear
stabilization. For even higher coverage, the high-tem-
perature peak becomes the main peak. For saturation
coverage, the main peak is observed at 660 K.
The hydrogen coverage as a function of exposure

time was estimated from the integrated TPD curves.
The coverage after 2 s of hydrogen dose, obtained by
counting the number of dimers on a large-scale image,
was used for calibration. The coverage as a function of
exposure time is displayed in Figure 4b. The saturation
coverage is observed to be ca. 14%, and the lifting of
the reconstruction starts to appear at ca. 9%.
From the TPD curves, the desorption energies are

calculated using the Redhead method.28 For the low-
coverage regime, below 25 s of hydrogen dose, the
desorption energy is observed to increase for increasing
coverage. A gradual shift from 1.38 eV for the 2 s dose to
1.56 eV for the 20 s dose is observed. For the high-
coverage regime, 25 s and above, desorption energies
are in the range 1.8�1.9 eV. The coverage-dependent
desorption energies are depicted in Figure 4b.
The dimer arrangement of the hydrogen atoms on

the surface after 2 s of hydrogen exposure and the
corresponding TPD peak at 480 K is very similar to
hydrogen on HOPG.21 The TPD peak at 660 K for
saturation coverage is more similar to the desorption
temperature for hydrogen on graphene grown on
Ir(111).29 The stabilization of hydrogen on graphene
on Ir(111) is facilitated by the alternating binding of the
carbon atoms in the graphene sheet to a hydrogen
atom above the graphene sheet and to an iridium atom
below the graphene sheet,30 resulting in a graphane-like
structure.
A similar mechanism is suggested here for graphene

on Pt(100) for a coverage corresponding to more than
20 s of hydrogen exposure: in this picture themain shift
in the desorption peak temperature is induced when
the graphene sheet starts to bind to the reconstructed
platinum substrate, whereby the reconstruction is
lifted. This is in excellent agreement with the observa-
tions of extended bright protrusions, which are as-
cribed to extra platinum atoms below the graphene
surface originating from the lifting of the reconstruc-
tion as observed in Figure 1 and found by Borg et al.19

By increasing the hydrogen coverage, the lifting of the
reconstruction continues, which further stabilizes the
hydrogen structures, resulting in higher desorption
temperatures as observed in the TPD measurements.
The relative population at energies lower than the

main peak is decreasing with increasing coverage, which
is in agreement with the hypothesis stated above:
the high (low) desorption energy peaks correspond to
the area with (without) lifted reconstruction, which
increases (decreases) in prevalence for increasing cov-
erage. The assignment of the dimer and small cluster
structures to the low-temperature peak and the ex-
tended protrusions to the high-temperature peak is

supported by annealing a graphene sample with an
intermediate coverage to 573 K. Mainly the extended
protrusions are left after annealing, whereas the dimer
structures are desorbed (see Figure 4c and d). By an-
nealing the sample above 700 K the clean graphene on
the reconstructed platinum surface was re-formed.
The suggestion that a lifting of the reconstruction

becomes favorable for a H coverage about 9% is
corroborated by DFT calculations carried out within
the generalized gradient approximation (GGA). The
hex-reconstructed Pt(100) surface was described by
the commonly used approximate unit cell consisting of
a (1�5) Pt(100) slab with a quasi-hexagonal layer on
top compressed by 4% in one direction, but uncom-
pressed in the other direction.31 Fromprevious studies5 it
is known that the graphene layer can have different
rotations with respect to the reconstructed Pt(100)
surface. In this study, however, only the two most
commonly observed rotations with either the gra-
phene armchair (rotation 1) or the graphene zigzag
(rotation 2) direction aligned with the close-packed
direction of the hex-reconstructed layer were taken
into account.
The results for rotation 1 are illustrated in Figure 5.

The graph shows the energy difference per surface
area as a function of the H/C coverage between the
final (F) Pt/graphene/H configurations where the re-
construction is lifted and the initial (I) configurations
where the Pt(100) surface reconstruction is preserved
underneath the graphene. From the STM images in
Figure 3 it is possible to determine only the configura-
tion of the H atoms in the initial configuration (before
lifting the reconstruction) for the lowest coverage
(see inset in Figure 3a), whereas for higher coverage
a high-resolution image of a separate H cluster can-
not be obtained. Therefore two limiting cases for the
arrangement of the H atoms in the initial configura-
tion were investigated: In the upper right structure in
Figure 5 (Ihighθ

cluster), all H atoms were arranged in a large
cluster, stabilized by bonding between the graphene
sheet and the underlying hex-reconstructed Pt layer.
The configuration shown corresponds to the most
stable structure found. When testing different config-
urations of the H atoms, it was evident that the most
stable structures include hydrogenated carbon atoms
positioned in hollow sites with respect to the under-
lying Pt lattice, whereas for carbon atoms in top sites it
is more favorable to bend downward and bond to the
underlying Pt atom (see side view). The obtained
structure is similar to previously proposed graphane-
like clusters formed on graphene on transition metal
substrates;30 however, due to the specific rotation of
the graphene sheet, a true graphane-like structure
where every other carbon atom binds to a H atom
above and every other to a Pt atom below cannot be
realized. Instead, the structure is comparable to the
proposed boat-like configuration of graphane.32 In the
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side view it is seen how the interaction with the sub-
strate liftsPtatomssomewhatoutof thehex-reconstructed
layer (red arrows), which is expected to facilitate the
lifting of the reconstruction. The lower right structure
in Figure 5 (Ihigh

dimer) corresponds to dimers of adsorbed H
atoms with no substrate interaction (see side view),
which in the STM images was identified as the dominant
configuration at low H coverage. The experimental un-
certainty in determining the initial configurations, and
thereby the uncertainty in the calculated energy differ-
ence when lifting the reconstruction, is illustrated with
the filled gray area in the graph in Figure 5.
For the final configurations (after lifting the recon-

struction) the extra Pt atomswere arranged in an island
and the H atoms were placed on the graphene cover-
ing this island (top left structures in Figure 5). The struc-
tures shown were found to be energetically most
stable from a systematic search, varying both the size
and shape of the Pt islands and the configuration of the

H atoms. An elongated shape of the Pt islands was
found to be most favorable, in good agreement with
the structures observed in STM after lifting the recon-
struction (see Figure 3e and f). The obtained structures
are almost graphane-like with an alternating bonding
of the carbon atoms to H atoms above and to Pt atoms
in the island below. However, due to the mismatch
between the graphene and Pt lattice constants, it is
favorable to introduce an extra row of H atoms along
the central row of Pt atoms in the island. Such details in
the configuration of the H atoms cannot be examined
in the STM images in Figure 3.
In evaluating the energetics of lifting the reconstruc-

tion, three different values of H coverage were inves-
tigated, and, for each, the energy difference was eva-
luated with respect to both the dimer and cluster type
of initial configuration. Overall, the results indicate that
if the initial configuration is dimers of adsorbed H atoms,
the reconstruction lifting is favorable at all values of H

Figure 5. Graph of the energy difference per surface area as a function of the H/C coverage, θ, between the final (F) Pt/
graphene/H configurations, where the reconstruction is lifted and the extra Pt atoms arranged in an island (top left
structures), and the initial (I) configurations on rotation 1, where the Pt(100) surface reconstruction is preserved underneath
the graphene (right structures). Top views and side views cut through the middle of a cluster. Pt atoms in (100) [(111)] layers
are colored light [dark] blue, C atoms are gray, andH atoms are red. The energydifference,ΔE, is defined asΔE= E(Fθ)� E(Iθ

i )þ
ΔEμ, where θ is the H/C coverage, i refers to either cluster or dimer initial configurations, and ΔEμ adjusts for the different
number of atoms in the structures to be compared and includes the chemical potentials of a graphene layer on an
unreconstructed and on a reconstructed Pt(100) surface with no H attached (see Supporting Information for further details).
The filled gray area in the graph illustrates the uncertainty in determining the initial configuration from the STM images in
Figure 3. The two limiting cases are dimer (blue dots) and cluster (red dots) initial configurations.
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coverage investigated (4�10%) by between 0.2 and
1.9 eV/nm2, whereas if the initial configuration is large
clusters stabilized by substrate interaction, the lifting of
the reconstruction becomes favorable for an H cover-
age around 7%, reaching a value of 0.2 eV/nm2 at 10%
coverage. This is in excellent agreement with the ex-
perimental results.
The results for rotation 2 are given in Figure 6. For

this rotation only the highest coverage was investi-
gated. The results indicate that if the initial configura-
tion is dimers of adsorbed H atoms, the reconstruction
lifting is favorable by 1.3 eV/nm2, whereas if the initial
configuration is large clusters stabilized by substrate
interaction, the reconstruction lifting is unfavorable by
0.2 eV/nm2. The main difference from rotation 1 is that
when the graphene zigzag direction is alignedwith the
Pt close-packed direction, true graphane-like clusters
can be formed in the initial (Icluster) configuration (before
lifting the reconstruction). These clusters are more stable
than the large clusters that can be formed on rotation 1,
whereby the lifting of the reconstruction becomes
unfavorable. A minor difference from rotation 1 is that
for the dimer initial configuration it can be favorable for
the carbon atoms next to a H dimer to bend downward
and bond to the underlying Pt atom (see side view). This
depends on the exact position of the carbon atoms with
respect to the hex-reconstructed Pt(100) layer beneath.

Overall, the experimental data suggest that the
lifting of the reconstruction occurs over the entire
surface, whereas the computational results suggest
that there could be a difference between differently
rotated domains. However, the computational results
will be in agreement with the experimental results if
it is assumed that the initial configuration on both
domains corresponds to dimers or a combination of
dimers and larger clusters, as suggested by the low-
coverage STM images. The exclusive arrangement of all
H atoms into large graphane-like clusters before the
lifting of the reconstruction seems unrealistic, since
such structures require a registry between the gra-
phene and the hex-reconstructed Pt(100) surface with
carbon atoms directly on top of Pt atoms (see cluster
initial configurations for rotation 1 in Figure 5 and for
rotation 2 in Figure 6). After the lifting of the recon-
struction, the extra Pt atoms on the surface have more
degrees of freedom to assemble into clusters on areas
of the Pt(100) surface, where the registry with graphene
facilitates the formation of graphane-like structures.
Calculated barriers for H2 desorption also corrobo-

rate that the reconstruction is lifted at high coverage.
For the final configuration at high coverage (Fhigh in
Figure 5), barriers for H2 desorption were calculated for
different sets of H atoms in the cluster. It was found that
the outer rows of H atoms desorb with barriers around

Figure 6. Graph of the energy difference per surface area between the final (F) Pt/graphene/H configuration, where the
reconstruction is lifted (upper left structure), and the dimer and cluster initial (I) configurations on rotation 2, where the
Pt(100) surface reconstruction is preserved underneath the graphene (2 lower right structures), for high (9.6%) H/C coverage.
Top views and side views cut through the middle of a cluster. Pt atoms in (100) [(111)] layers are colored light [dark] blue, C
atoms are gray, and H atoms are red. See caption to Figure 5 for a definition of ΔE.
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1.6 eV, whereas the H atoms toward the center of the
cluster desorb with a barrier around 2.1 eV. From the
TPD curves the barriers for H2 desorption at the highest
coveragewere found to bewithin the range 1.8�1.9 eV
(see Figure 4a). There is a good qualitative agreement
between calculations and experimental results, since
the peaks at high coverage in the TPD spectrum (see
Figure 4a) are observed to have a long tail toward lower
binding energies, which could correspond to looser
bound H at the edges of the clusters.

CONCLUSION

In summary, we have shown that graphene canwork
effectively as a corrosion-inhibiting coating on metal
surfaces against O2 exposure at partial pressures as
high as 10�4 mbar, whereas the coating effect was
observed to break down for partial pressures of CO
above ca. 1� 10�6 mbar, due to intercalation of CO. In
the extreme case of 2000 K hot atomic hydrogen
exposure, the graphene coating was observed to react

with the hydrogen atoms, and at a coverage above
8�10%, the hydrogen adsorbates were seen to induce
a lifting of the reconstruction.
While for the CO-induced lifting of the reconstruc-

tion, themolecules were observed to intercalate under
the graphene and get in direct contact with the metal
surface, the hydrogen-induced lifting of the recon-
struction involved no direct contact between themetal
surface and the hydrogen atoms. Rather, DFT calcula-
tions suggested a graphene-mediated mechanism,
where carbon atoms in the graphene sheet bend
downward and bond to the platinum atoms below.
Even after extensive exposure to 2000 K hot atomic
hydrogen (i.e., Figure 3f), the hex-reconstruction of the
metal surface and the graphene coating could be
completely recovered by a simple thermal anneal to
700 K. This demonstrates that the graphene basal plane
stays intact even under the harsh conditions of 2000 K
atomic hydrogen exposure and prevents direct interac-
tions between the substrate and the hydrogen atoms.

METHODS
The Pt(100) surface was cleaned by standard sputter/anneal

(900 �C) cycles. At the end of the last anneal period, the surface
was exposed to 4 � 10�7 Torr of ethylene for 40 min at 700 �C.
Thereafter the ethylene gas was pumped out, and the sample
was annealed at 800 �C for 5 min. This procedure results in a
complete monolayer of graphene. To prepare a surface with a
partial graphene coating, the same procedure was followed;
however, the surface was exposed to only 2 � 10�7 Torr of
ethylene for 10 min and still postannealed at 800 �C for 5 min.
The experimental results were obtained at room temperature

in two ultrahigh-vacuum chambers with a base pressure below
2 � 10�10 Torr. The chambers were equipped with a so-called
Aarhus STM,33 a quadrupole mass spectrometer for TPD spec-
troscopy, a thermal hydrogen atom beam source,34 and various
gas inlets. All STM pictures and TPD curves of the hydrogenated
graphene were obtained from the same graphene sample; that
is, the graphene was annealed between each experiment to
desorb the hydrogen, however, not regrown.
The calculations regarding the energetics of lifting the recon-

struction were performed with the SIESTA code35,36 for reasons
of computational efficiency, since the unit cells involved several
hundreds of atoms. The PBE functional37 was used for exchange
and correlation. The numerical atomic orbital basis set quality
was double-ζ plus polarization orbitals, and the range of the
orbitals was defined through an orbital energy shift of 0.01 Ry. A
mesh cutoff value of 150 Ry was used for the plane waves in the
real space grid. The effects of the core electrons were described
using norm-conserving pseudopotentials of the improved
Trouiller-Martins type.38 For the initial configurations (before
lifting the reconstruction) on rotation 1 the slabs were modeled
by four (6�10) Pt(100) layers followed by a (6�12) quasi-
hexagonal Pt layer and a (4 armchair lattice constants � 11
zigzag lattice constants) graphene layer, whereas on rotation
2 the slabs weremodeled by four (6�15) Pt(100) layers followed
by a (6�18) quasi-hexagonal Pt layer and a (7 zigzag lattice
constants � 10 armchair lattice constants) graphene layer. For
the final configuration (after lifting the reconstruction) on
rotation 1, the slabs were modeled by five (6�10) Pt(100) layers
followed by an island of 16 Pt atoms and a (4 armchair lattice
constants � 11 zigzag lattice constants) graphene layer, whereas
on rotation 2 the slabs were modeled by five (6�12) Pt(100)
layers followed by an island of 16 Pt atoms and a (4 armchair
lattice constants � 14 zigzag lattice constants) graphene layer.

The optimized graphene lattice constant of 2.490 Å was used,
and the Pt lattice constant was adapted accordingly. The
mismatch with the optimized Pt lattice constant is within the
range [�3.87%; 1.96%], a reasonable approximation. A (2,1)
k-point grid was used for all cells. 3D periodic boundary con-
ditions were employed, and a vacuum layer of 15 Å in the
direction normal to the surface separated adjacent slabs.
The calculations regarding the barriers for H2 desorption

were performed with the GPAW code,39 since much smaller
unit cells were sufficient for these calculations. The PBE func-
tional was used for exchange and correlation. Zero-point vibra-
tional energies were not taken into account. The slabs were
modeled with two (6�7) Pt(100) layers followed by an island of
16 Pt atoms and a (4 armchair lattice constants� 8 zigzag lattice
constants) graphene layer. 2D periodic boundary conditions
were employed parallel to the slab, and a vacuum layer of 7.5 Å
separated the slab from the edges of the cell. Only the Γ point
was used for Brillouin zone sampling. The grid spacing was
0.20 Å. The graphene lattice constant was fixed to its optimized
value of 2.467 Å, and the Pt lattice constants were adapted
accordingly. The mismatch with the optimized Pt lattice con-
stant is 2.47% and 1.42% along the x- and y-axis, respectively.
For all calculations the bottom Pt(100) layer was kept fixed,

and the remaining atoms were relaxed until the max force on
every atom was below 0.05 eV/Å.
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