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G
raphene has potential to be used
in a variety of applications such as
protective coatings,1 transparent

electrodes,2 terahertz electronic devices,3,4

rapid DNA sequencing,5 and selective gas
detectors,6,7 to name just a few. However, in
many of the proposed applications, the
intrinsic properties of graphene need to
be modified. Functionalization of graphene
by attaching simple atomic species such
as O,8,9 F,10 and H4,11�15 allows for limited
control over the transformations required
by such diverse applications. As a result, a
great deal of research aims at modifying
graphene with larger functional groups,
thereby achieving richer functionality and
better control over graphene properties.
Recently, two interesting approaches have
been proposed to simplify the overall func-
tionalization process. While the first one
predicts a lower adsorption barrier of func-
tional groups simply by applying strain to
the graphene sheets,16 the second requires
preactivation of the basal plane of graphene
with hydrogen followed by chemical treat-
ment.17 Here, the aim is to achieve complete
control over processing with hydrogen

since the functionalization in the second
step selectively acts only on hydrogenated
areas. The advantage of the latter approach
is that by achieving patterned hydrogena-
tion one may easily overcome difficulties
imposed by treatment with radicals in wet
chemistry approaches, where direct anchor-
ing of larger species to otherwise inert
graphene often results in ill-defined func-
tionalized layers. For this reason, covalent
functionalization, at present, is mostly used
in connection with wet exfoliation techni-
ques aimed at cheap mass production of
graphene from graphite.18

Hydrogenation of graphene has also at-
tracted considerable attention due to the
possibility to control the electronic properties
of graphene. To be able to use graphene as a
base material in the semiconductor industry,
one needs to alter its intrinsic metallic beha-
vior into that of a semiconductor. Bonding
of atomic hydrogen to graphene has been
shown to open the gap at the Dirac point,12

which is the prerequisite for obtaining the
required behavior. Recent studies have even
shown that the sizeof thegapcanbe tunedby
controlling the extent of hydrogenation.19,20

* Address correspondence to
balog@phys.au.dk.

Received for review September 10, 2012
and accepted April 15, 2013.

Published online
10.1021/nn400780x

ABSTRACT Combined fast X-ray photoelectron spectroscopy and density functional theory

calculations reveal the presence of two types of hydrogen adsorbate structures at the graphene/

Ir(111) interface, namely, graphane-like islands and hydrogen dimer structures. While the former

give rise to a periodic pattern, dimers tend to destroy the periodicity. Our data reveal distinctive

growth rates and stability of both types of structures, thereby allowing one to obtain well-defined

patterns of hydrogen clusters. The ability to control and manipulate the formation and size of

hydrogen structures on graphene facilitates tailoring of its properties for a wide range of

applications by means of covalent functionalization.
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The reaction of atomic hydrogen with a hexagonal
sp2 carbon network such as an HOPG surface has
already been extensively studied21�25 and in short
can be summarized as follows: the long-range attrac-
tive interaction between impinging atomic hydrogen
and a carbon atom destabilizes the planar hexagonal
configuration by pulling one carbon atom in an out-
of-plane direction. The shifting of a carbon atom out of
the plane has a barrier of about 0.15�0.2 eV.21,25 Thus,
the impinging hydrogen must possess enough kinetic
energy to overcome the adsorption barrier, break the
CdC double bond, and create a single C�H bond. As
the result, the carbon atom binding the hydrogen
changes its hybridization from sp2 to sp3. Such a strong
chemical and configurational modification reflects in
the corresponding C 1s core level spectrum.26 Since
bond cleavage by a single hydrogen atom leads to the
formation of a monomer (i.e., only one C�H bond), the
process leaves an unpaired electron on a neighboring
carbon atom. This system is metastable at room tem-
perature and tends to release hydrogen and re-form
the double bond. However, if within the lifetime of
the monomer another hydrogen atom binds to the
dangling bond, it will create a dimer (see Figure 1a).
Dimers have been found to be the most stable struc-
tures on HOPG.21,22,27

The reaction of atomic hydrogen with graphene, on
the other hand, appears to be strongly influenced by
the underlying substrate. Asmentioned above, the two
neighboring carbon atoms need to be saturated in

order to achieve the most stable structures.21,22,28 We
consider at first the case of graphene on a SiC sub-
strate, where the interaction is very weak. Exposure of
graphene to atomic hydrogen has been observed
to result in the formation of dimer structures11 similar
to those found on HOPG. Therefore, from a chemical
point of view, the graphene on SiC resembles the
topmost HOPG layer. Despite the very similar behavior
of the two substrates, a slight difference has been
observed. Due to a topological corrugation of the
graphene on SiC, preferential adsorption of hydro-
gen on the convex areas has been revealed at very
low hydrogen coverage.11 This is because convex
(concave) areas effectively reduce (increase) the initial
barrier for hydrogen adsorption with the effect being
more pronounced for higher curvature.29,30 Since the
curvature of the corrugated areas in graphene/SiC is
relatively small,31 the apparent preferential adsorption
vanishes with increasing hydrogen coverage.
The reaction of hydrogen with graphene is more

strongly affected by the presence of transition
metal substrates. For example, hydrogen structures
on graphene/Ir(111)12 and graphene/Pt(111)32 were
observed to follow the moiré superstructure even at
relatively high hydrogen coverage.
The corrugation of the graphene sheet on both

metal substrates cannot account for preferential
adsorption, and this becomes even more evident if we
consider somegeneral characteristics of these systems.
Taking graphene/Ir(111) as an example, one finds that

Figure 1. Examples of various hydrogen structures formed on a graphene sheet. (a) Hydrogen dimer. (b) Definition of distinct
regions of the moiré supercell formed on the graphene/Ir(111) interface due to lattice mismatch. In hexagonal close-packed
(hcp) and face-centered cubic (fcc) regions, every second carbon atom is positioned above an iridium atom,while every other
second carbon atom is positioned above a hollow site. Hcp and fcc regions differ only by the type of hollow site below the
carbon atoms (fcc or hcp). In atop regions, all carbon atoms are positioned above hollow sites. (c) Graphane-like structure:
every second carbonwithin the hexagon has attached hydrogen on the upper side of the graphene, while every other second
carbon is bound to the substrate. Such a configuration is possible only on the hcp and fcc parts of the graphene/Ir(111)
interface. (d) Graphane: every second carbon within the hexagon has attached hydrogen on the upper side of the graphene,
while every other second carbon has attached hydrogen from the lower side.
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despite the weak interaction between the graphene
and iridium substrate,33,34 recent calculations have
revealed slightly stronger binding between C and Ir
atoms in hexagonal close-packed (hcp) and face-
centered cubic (fcc) regions of the moiré superstruc-
ture as compared to atop regions.35 Figure 1b defines
the different regions. The difference originates from
the stronger interaction between the C atoms posi-
tioned just above the Ir atoms, a configuration that
is not present in the atop regions, but takes place
for every second C atom within the hexagon in hcp
and fcc regions, only. Such a configuration may drive
the formation of a direct C�Ir bond upon hydrogen
adsorption on the opposite side of graphene, as pro-
posed in ref 12. In this way, one achieves the so-called
graphane-like hydrogen structures (Figure 1c). The
namederives from the structural similarity to graphane
where all of the carbon atoms are hydrogented in an
alternatingway onboth sides of the graphene sheet36,37

(Figure 1d). Graphane-like structures have recently been
proposed to form in hydrogenated graphene on various
transition metal substrates.1,12,14,19,32,38

In this article, we present a thorough investigation of
the formation and thermal stability of the hydrogen
structures on the graphene/Ir(111) interface by means
of fast X-ray photoelectron spectroscopy (XPS) and
density functional theory (DFT) calculations. We have
monitored in situ the evolution of the C 1s and Ir 4f7/2
core levels during hydrogenation and dehydrogena-
tion of graphene in order to follow the modality of
H adsorption and desorption with H2 recombination.
DFT calculations have been used to investigate differ-
ent arrangements of the H atoms, and the correspond-
ing C 1s binding energy (BE) shifts were compared to
the experimental results. Two major H cluster config-
urations are detected, namely, graphane-like islands
and hydrogen dimers.12

RESULTS AND DISCUSSION

The top panels in Figure 2a,b show the Ir 4f7/2 and
the C 1s spectra, respectively, measured for the clean
graphene/Ir(111) interface. While the C 1s spectrum
consists of a single component (Cc) positioned at a
binding energy of 284.12 eV, the Ir 4f7/2 comprises two
components due to bulk (B) and first layer Ir atoms (S)
at 60.8 4 and 60.31 eV, respectively. The resemblance
of the Ir 4f7/2 core level spectrum with that of a bare
iridium substrate (not shown) is a consequence of
the very weak interaction between graphene and the
Ir(111) substrate.39,40

Exposure of graphene to a hot atomic hydrogen
beam causes drastic changes in both the Ir 4f7/2 and
the C 1s line shapes. To visualize the changes occurring
during hydrogen dosing, the core level spectra ac-
quired by fast XPS during the hydrogen uptake at room
temperature are shown as two-dimensional intensity
plots in the central panels of Figure 2a,b, while the

bottom panels of the same figure show the Ir 4f7/2 and
the C 1s spectra taken on the surface at saturation.
Hydrogenation causes a significant reduction of the
S component in the Ir 4f7/2 spectrum, accompanied
by the appearance of a new component, G at a BE of
60.62 eV. The behavior of the intensity of these two
components as a function of the H dose, as derived
from the analysis of the fast XPS data and shown
in Figure 2c, clearly points toward a transformation of
S into G during hydrogenation, starting already at very
low hydrogen coverage. Furthermore, the evidence
that at saturation coverage the S intensity has only
halved implies that a large fraction of the Ir surface
atoms remains unperturbed by the hydrogenation
process. The strong influnece of hydrogenated gra-
phene on the substrate surface component has also
been reported for Pt(111)14,32 and Ni(111).14

As seen in Figure 2b, atomic hydrogen adsorption
onto graphene also has a significant influence on the C
1s spectrum. The initial sp2 peak (Cc) loses its intensity,
while a distinct broad feature emerges at higher BE.
The C 1s spectrum taken on the hydrogen-saturated
surface exhibits, in addition to the Cc component, three
new components marked as Ca, Cb, and Cd positioned at
284.99, 284.62, and 283.91 eV, respectively. The final
position of the Cc peak is shifted by about 65 meV to
higher BE. All components have relatively broad line
shapes, indicating that each one includes contributions
from C atoms in various configurations or differently
affected by H adsorption. The details of the C 1s analysis
are reported in the Supporting Information. The intensi-
ties of all of the components versus hydrogen dose are
shown in Figure 2d. Interestingly, in the first stage of
H adsorption, only the component Cb starts to develop,
while at higher hydrogen dose, Ca and Cd grow shortly
after each other. In parallel, the intensity of the compo-
nent Cc decreases to ∼30% of its initial value, indicating
that relatively large parts of the graphene sheet still
remain sp2-hybridized. This result suggests that the com-
plete hydrogenation of graphene (i.e., to achieve a C/H
ratio of 1:1 as in graphane) is not possible for this system.
The thermal stability of the hydrogenated graphene

was studied by annealing the H-saturated surface up to
820 K at a constant heating rate of 0.2 K/s while
acquiring the C 1s and Ir 4f7/2 spectra. The correspond-
ing two-dimensional intensity plots are shown in the
central panels of Figure 3a,b, whereas the intensities
of the Ir 4f7/2 and C 1s components as a function of the
temperature are reported in Figure 3c,d. The changes
in the Ir 4f7/2 spectrum occur at relatively high tem-
perature and are related to the transformation of G
back to S (Figure 3c). The threshold for the conversion
is at about 620 K, though the S intensity is only fully
recovered at∼720 K. In contrast to Ir 4f7/2, the behavior
of the C 1s spectrum with thermal annealing provides
a strong indication for the coexistence of various types
of hydrogen structures (Figure 3d). The difference in
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the thermal behavior of the various C 1s components
can in short be summarized as follows: Ca is the least
stable component as it vanishes gradually between
∼400 and ∼630 K. Cb and Cd begin to decrease at
higher temperatures. However, while the component
Cd vanishes completely at ∼680 K, the most stable
component Cb is present up to 720 K. At this tempera-
ture, the Cc component (i.e., the clean graphene) has
also fully recovered its intensity, in close agreement
with the recovery of the S component in the Ir 4f7/2
spectrum. The Ir 4f7/2 and C 1s spectrameasured on the
annealed surface are similar to those measured before
the hydrogenation. This demonstrates that, indepen-
dently of the type of hydrogen structures which format
the surface, hydrogenation of graphene on Ir(111) is
fully reversible. This behavior is in strong contrast to
graphene exposure to atomic oxygen, where thermal
annealing results in etching of large graphene areas.8,9

On the basis of the observations above, the modi-
fied interaction between hydrogenated graphene
and iridium indicated by the appearance of the G com-
ponent in the Ir 4f7/2 spectrum is assigned to the
formation of graphane-like clusters. The reaction of
hydrogen with graphene breaks the π conjugation in

the graphene layer, which subsequently allows for the
formation of a stable bond between an unsaturated
carbon and an iridium atom, hence the G component
in the Ir 4f7/2 spectrum. By comparing the growth
behavior and thermal stability of G with all C 1s
components, one observes a similar behavior for
the Cb component only; that is, both G and Cb form
at the early stage of the hydrogenation (Figure 2c,d)
and display the same behavior with temperature
(Figure 3c,d).
In the following, we will assign all C 1s components

to various hydrogen structures by direct comparison of
the experimental core level shifts (CLSs) with those
calculated by DFT for various hydrogen configurations
on graphene/Ir(111). The CLSs are found to be strongly
dependent on the size of the H cluster, the relative
position of the carbon atoms within the cluster, and
their chemical environment. Therefore, performing the
assignment of the C 1s components just considering
one arbitrary hydrogen cluster as used in refs 19
and 32 may lead to an incomplete picture. We start
with graphane-like structures which are compact and
defect-free. Figure 4a,b depicts these structures and
the corresponding C 1s CLSs for small and large

Figure 2. Ir 4f7/2 and C 1s core level spectroscopy during H uptake on graphene/Ir(111). (a,b) Core level spectra measured on
the clean graphene/Ir(111) surface (top) and on the same surface saturatedwith H (bottom). The B and S components are due
to bulk and first layer atoms in the iridium substrate while the Cc component represents the sp2-hybridized C atoms in
graphene. The central panels display the 2D plots of the fast XPS spectra measured while dosing hydrogen on graphene at
room temperature. The G component in the Ir 4f7/2 and the Cb and Cd components in the C 1s spectrum are due to the
formation of graphane-like clusters. The Ca component in the C 1s spectrum is due to hydrogen dimer structures and/or
isolated monomers at the periphery of the graphane-like cluster (see text). (c,d) Evolution of Ir 4f7/2 and C 1s component
intensities (normalized to the highest intensity component) vs hydrogen dose.
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H coverage, respectively. These graphane-like clusters
are very stable with an average binding energy per
H atom of 1.49 and 2.20 eV for the small and large
clusters, respectively, in good agreement with the
results of ref 38. Carbon atoms bound to Ir after the
chemisorption of H tend to have negative CLSs, getting
progressivelymore negative as the H cluster grows. For
carbon bonded to H, positive CLSs are found in small
clusters and in the periphery of the large clusters while
negative shifts are found inside the large clusters.
Altogether, assuming uniform hydrogen islands, the
CLSs cover energies between ∼0.5 and �1 eV. Conse-
quently, in addition to the component Cb, also the
component Cd is assigned to originate from the gra-
phane-like environment. Surprisingly, small graphane-
like clusters have a tendency to contribute to positive
CLSs only, save the central carbon atoms bound to
Ir within the cluster (Figure 4a). Clusters of larger
size, however, give both positive and negative shifts
(Figure 4b). This suggests that at low coverage
the component Cb should largely dominate over Cd,
while the component Cd would only be visible at high
hydrogen dose. This behavior is indeed consistent with
our experimental data where Cd is seen to emerge
only at a higher coverage (Figure 3c). The distribution
of CLSs within small and large clusters can also explain
the disappearance of Cd at slightly lower temperature

than Cb during the thermal annealing (Figure 3d). With
increasing temperature, weakly bound H atoms at the
periphery of the clusters are expected to desorb first.
The disappearance of the Cd component can then be
related to shrinkage of the average cluster to a size
where positive shifts dominate again. In fact, if
one relates the intensity of the Cb component with
the average size of the graphane-like clusters, it be-
comes evident that component Cd emerges and
vanishes, respectively, at very similar values of the Cb
component, hence at similar cluster size during hydro-
gen deposition and annealing. Note also that the
disappearence of the Cd component at ∼680 K ex-
cludes that Cd originates from defects or graphene
edges, as reported in ref 32.
While DFT calculations clarify the behavior of the

CLSs in going from small to large clusters and
vice versa, there is only poor agreement between the
calculated and experimental C 1s line shapes of gra-
phane-like clusters. Comparing the experimental C 1s
spectrum measured on H/Gr/Ir(111) at saturation cov-
erage (Figure 2b) with the C 1s spectrum calculated
for high H coverage (Figure 4b), it is apparent that the
part between �0.5 and �1 eV calculated for Ir-bound
carbon atoms is absent in the experimental spectrum,
which instead shows a higher intensity at BE ∼ 1 eV
higher than that of the component Cc. The experimental

Figure 3. Ir 4f7/2 and C 1s core level spectra during thermal annealing of the hydrogenated graphene/Ir(111). (a,b) Core level
spectra measured before (top) and after (bottom) heating the sample to 830 K. The central panels display the 2D plots of the
fast XPS spectra measured while annealing the sample. (c,d) Evolution of Ir 4f7/2 and C 1s component intensities (normalized
to the highest intensity component) vs temperature.
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data and the calculations can be brought into better
agreement by considering hydrogen vacancies with-
in the graphane-like clusters. Figure 4c shows the
structure and calculatedCLSsof graphane-likeH clusters
at high coverage with some H atoms selectively re-
moved from different places in the cluster. The intro-
duction of H vacancies causes the average binding
energy per H atom to decrease from 2.20 to 2.16 eV.
As can be seen in the figure, due to the disruption of the
perfect graphane-like structure, the C 1s CLSs now span
an energy range from þ0.7 to �0.5 eV, in closer agree-
ment with the experiment. Furthermore, there are a few
H atoms at theperipherywith C atoms in thesepositions
having larger positive shifts between 0.6 and 0.7 eV (the
darkest carbon atoms in Figure 4c). These C atoms may,
therefore, contribute to the component Ca, though the
stability of those hydrogens at room temperature is
questionable. In addition, after introducing vacancies,
there is an evident tendency to differentiate between
carbon atoms bonded to hydrogen (positive shift) and
to iridium (negative shifts). The imperfect hydrogen
cluster introduced in calculation appears realistic since
hydrogen vacancies may easily form in the course of
cluster growth by adsorption of hydrogen into random
positions and/or by Eley�Rideal H abstraction reactions,

Figure 4. Calculated structures and C 1s CLSs of graphane-like clusters in the fcc and hcp regions on graphene on Ir(111) at (a)
low coverage, (b) high coverage, (c) high coveragewith vacancies, and (d) high coveragewith vacancies and ahydrogendimer
in the atop region. Top views and side views (top) and corresponding calculated core level shifts (bottom). Ir atoms are blue,
H atoms are black, and C atoms are gray or colored according to their CLS from yellow (negative CLS) to red (positive CLS).
The purple atom is used as reference at low coverage. Black crosses in (d) denote hydrogen vacancies.

Figure 5. Calculated structure and C 1s CLSs for graphane
clusters. Graphane clusters have been positioned at the fcc
and hcp regions of the moiré supercell. CLSs show similar
behavior as the graphane-like clusters with hydrogen va-
cancies included (Figure 4c).
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with the latter process being important at higher hydro-
gen coverage.41 Though the cross section for hydrogen
abstraction reactions is not known for the present
system, H2 formation is exothermic by about 2 eV and
thus may produce vacancies.
While isolated hydrogen atoms on graphene could

originate a contribution to the least stable component
Ca, other and possibly more dominant contributors
to Ca are carbon atoms influenced by hydrogen
dimer structures. Indeed, calculated CLSs for the C 1s
spectrum of the hydrogenated graphene including
hydrogen dimers, as depicted in Figure 4d, show com-
ponents at BEs positioned ∼1 eV above the Cc peak.
Furthermore, the thermal stability of Ca depicted in
Figure 1d resembles that of hydrogen dimer structures
on HOPG.42 The high positive CLS values associated
with the H dimers are partly caused by the increased
graphene distance to the substrate due to buckling
induced by the dimer structures. The introduction of
dimers lowers the average binding energy per H atom
of the structure in Figure 4d to 2.13 eV since dimers
are generally less stable than graphane-like clusters.
The dimers are expected to form only in the atop
region of the graphene/Ir(111) interface because
there the bonding to the metal, and thereby the
formation of graphane-like clusters, is not energetically
favorable. Consequently, dimers tend to destroy the
periodic hydrogen pattern formed by the graphane-
like clusters in the hcp and fcc regions. The existence
of a minority population of dimer structures on hydro-
genated graphene on Ir(111) is in accord with recent
sum-frequency generation spectroscopy measure-
ments.43 One should also note that, in addition to
dimers, in ref 43, the formation of graphane structures
was revealed, meaning that hydrogen binds at both
sides of the graphene sheet. Our calculations show
that the C 1s components for graphane clusters on
free-standing graphene and vacant graphane-like
structures would be very similar (see Figures 4c and 5).
Therefore, we cannot exclude that some graphane
structures can form during the hydrogenation.

Our study reveals that, at low coverage, hydrogen
populates exclusively graphane-like states in the
hcp and fcc regions of graphene/Ir(111), as evident
from Figure 2d. Though this finding is in line with our
previous STM studies,12 the observed formation of
hydrogen structures at specific regions is not a priori

expected. Primarily, one would assume simultaneous
formation of both types of hydrogen structures cover-
ing thewholemoiré supercell at random rates. Since an
already chemisorbed hydrogen cannot diffuse along
the surface22 and thus allow hydrogen accumulation at
certain regions, the observed preferential adsorption
must be due to other effects. The possible explanation
is the increased presence of monomers in the fcc and
hcp regions favored by the enhanced stability of a
monomer and/or the lower barrier for the formation of
a monomer in hcp and fcc regions. In order to support
this hypothesis, we calculated the binding energy
for a hydrogen monomer adsorbed in the hcp and in
the atop region. In both cases, we chose to adsorb the
hydrogen atom on a carbon atom positioned in a
hollow site with respect to the iridium surface lattice.
Since van der Waals forces are expected to dominate
the graphene/Ir(111) interface at very low hydrogen
coverage, these calculations were performed using the
M06-L functional. For the hcp region, we get a binding
energy of 1.01 eV, whereas in the atop region, the
binding is lowered to 0.89 eV. This difference can be
explained by the charge transfer arguments in hcp and
fcc regions as mentioned in the introduction.35 The
increased stability of a monomer on hcp and fcc parts
would then consequently lead to an increased amount
of nucleation sites on those regions from which larger
graphane-like clusters can grow faster.
Another important finding is that the graphane-like

clusters can be formed on graphene/Ir(111) not only by
dosing the proper amount of H atoms at low tempera-
ture but also by annealing a saturated layer above
630 K (Figure 6a,b). Indeed, at this temperature, the
component Ca associated with dimer structures form-
ed in atop regions, and possibly also with isolated

Figure 6. (a) Fitted C 1s core level spectra for hydrogen-saturated graphene at 300 K. Two main hydrogen structures are
observed, namely, dimers;detected by the presence of the Ca component and graphane-like clusters detected by the
presence of Cb and Cd components. (b) Hydrogen-saturated graphene after annealing to 630 K. Dimer structures have been
removed from the surface, leaving vacant graphane-like clusters on fcc and hcp areas. (c) After annealing hydrogenated
graphene to 680 K, graphane-like clusters become smaller in size as seen by the disappearance of the Cd component and the
reduction of the Cb component.
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hydrogenated carbon atoms at cluster edges disap-
pears completely. This gives the unique opportunity to
obtain hydrogenated regions with better defined
structure than those prepared at room temperature.
In addition, one can continuously change the size of
the graphane-like regions by properly selecting the
annealing temperature and time as observed by the
diappearance of the component Cd in Figure 6c. This
should result in a continuous tuning of the band gap at
the Dirac point as predicted in ref 12.

CONCLUSION

In summary, we have obtained a detailed under-
standing on the formation and stability of two distinct
types of hydrogen structures on the graphene/Ir(111)

interface, namely, dimers and graphane-like islands.
This was possible by combining fast XPS measure-
ments with DFT calculations. We have revealed apparent
preferential adsorption of hydrogen on hcp and fcc parts
of the moiré superstructure at low hydrogen coverage
due to the influence of the local environment. Further-
more, graphane-like clusters in the hcp and fcc regions
are shown to be more stable than the other hydroge-
nated parts, thus opening the possibility to pattern the
graphene layer with size-selected hydrogen structures
by thermal annealing of a saturated layer. The ability to
control the hydrogenated areas at the nanometer scale
may have large implications for tuning the band gap in
graphene as well as for tailoring the properties of
graphene with large functional groups.

METHODS
The experiments were performed in the ultrahigh vacuum

chamber (base pressure 8 � 10�11 mbar) of the SuperESCA
beamline at the Elettra synchrotron radiation facility (Trieste,
Italy). The Ir substrate was prepared by cycles of Arþ sputtering
at 1.5 keV, oxygen treatment between 600 and 1000 K, and flash
annealing at 1473 K. Temperatures were measured via a K-type
thermocouple spot-welded to the edge of the crystal. The
heating of the sample is controlled by W filament positioned
on the back of the sample at a distance of a couple millimeters.
Temperatures above 900 K are achieved by electron bombard-
ment with sample biased positively. The sample quality was
checked both with low-energy electron diffraction, providing
an intense moiré pattern for a clean graphene monolayer, and
with photoemission from the C 1s and the Ir 4f7/2 core levels.
Graphene was grown by ethylene (C2H4) pyrolysis in several
cycles consisting of saturating the surface at 620 K followed by
flash annealing to 1423 K, followed by a prolonged annealing at
high temperature with a base ethylene pressure of 1 � 10�7

mbar. A hot atomic hydrogen beam was generated by cracking
H2 in a 2100 K hot tungsten capillary. The sample was kept at
room temperature and exposed to atomic hydrogen for in-
creasing time. The hydrogen exposures are given in atomic
hydrogen fluence given the H flux at the sample surface of
about 3 � 1014 atoms/cm2 s at a base molecular hydrogen
pressure of the order of ∼10�8 mbar. The absolute uncertainty
of the flux is estimated to be within factor 3. For the thermal
desorption experiments, the sample was heated at 0.2 K/s while
acquiring Ir 4f7/2 and C 1s spectra by fast XPS. For fast XPS
measurements, the time to acquire the spectrum was∼11 s for
C 1s and ∼8 s for Ir 4f7/2, with a total acquisition time of
approximately 15 min for H uptake and 20 min for TPD experi-
ments. During the fast XPS measurements, the sample is
grounded and no influence on the XPS spectra due to
filament heating has been observed in that case. Alterna-
tively, the sample was heated in steps, and each time, high-
resolution photoemission spectra were acquired at room
temperature.
Ir 4f7/2 and C 1s core level spectra were measured at photon

energies of 130 and 400 eV, respectively, with an overall energy
resolution ranging from 40 to 60 meV. For each spectrum, the
binding energy was calibrated by measuring the Fermi level
position of the Ir substrate. The measurements were performed
with the photon beam impinging at grazing incidence (70�),
while photoelectrons were collected at a normal emission
angle. The core level spectra were fitted using Doniach-�Sùnji�c
functions convoluted with Gaussians and a linear background.
The calculations were performed with the real-space projec-

tor augmentedwave GPAW code44 using either the PBE45 or the
M06-L functional46 for describing exchange and correlation. The

PBE functional is known to underestimate van der Waals inter-
actions, but in ref 38, it was shown to correctly predict geome-
tries and binding energies for H adsorption on graphene on
weakly interacting transition metal surfaces, except at very low
coverage (1�2 H atoms). Therefore, all monomer calculations
were performed with the M06-L functional, whereas the CLS
calculations at higher coverage were performed with the PBE
functional for reasons of computational efficiency. It was
checked that the M06-L functional gives similar results for
these systems. The Ir�graphene interface was modeled with
a (10 � 10) graphene sheet on a three-layered (9 � 9) Ir(111)
surface, which is very close to the experimentally observed
incommensurate moiré unit mesh of (10.32 � 10.32) graphene
lattice vectors to (9.32 � 9.32) Ir lattice vectors.47 Two-dimen-
sional periodic boundary conditions were employed parallel to
the slab, and a vacuum region of 6 Å separated the slab from the
cell boundaries perpendicular to the slab. The graphene lattice
constant was fixed to its optimized value of 2.467 Å with PBE
and 2.450 Å with M06-L, and the metal lattice constants were
adapted accordingly. Only the Γ point was used to sample the
Brillouin zone. The grid spacing was 0.20 Å with PBE and 0.18 Å
with M06-L.
For calculating the core level shifts (CLSs), the fully screened

core hole approximation was used, meaning that the self-
consistent total energy of the system including the core hole
was evaluated, thus including final state effects. A carbon atom
in the clean area of the graphene was used as the reference for
the calculations at low coverage. At high coverage, the CLSs
of all 200 carbon atoms were calculated and the peaks were
broadenedwith aGaussian of fwhm0.3 eV for the graphane-like
clusters and 0.5 eV for the graphane clusters to mimic the
experimental spectrum. At high coverage, the reference was
given as the point of highest intensity, which ensured that
the reference point is in accordance with the position of the
fitted peak corresponding to the clean area of graphene in
the experimental spectrum. With the used sign convention, a
positive CLS corresponds to a shift to higher binding energies in
the experiment.
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