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Graphene, a single atomic layer of graphite, has recently attracted
considerable attention due to its remarkable electronic and structural
properties and its possible application in the emerging area of
graphene based electronic devices1 and as a hydrogen storage
material.2 The charge carriers in graphene behave like massless
Dirac fermions, and graphene exhibits ballistic charge transport
properties which make it an ideal material for electronic device
and circuit fabrication.3 However, graphene is a semimetal, a zero
band gap semiconductor, and for graphene to become a versatile
electronic device material it is mandatory to find means to open
up the band gap and tune the size of the band gap opening. Several
strategies have been suggested to engineer such a band gap opening
in graphene in a controlled way. Some of these are based on the
ability to control the geometry of graphene nanoribbons4 or by use
of graphene-substrate interactions,5 while others are based on
chemical reactions of atomic hydrogen with the graphene layer.2,6-9

To efficiently utilize such chemical doping with H atoms,
knowledge of the binding properties of hydrogen atoms on the
graphene surface are needed. We present scanning tunneling
microscopy (STM) studies which reveal the adsorbate structures
of atomic hydrogen on the basal plane of graphene on a SiC
substrate. At low hydrogen coverage the formation of hydrogen
dimer structures is revealed, while at higher coverage larger
disordered hydrogen clusters are observed. Dimer formation is
observed to occur preferentially on protruding/high tunneling
probability areas of the graphene layer which is modulated by the
underlying 6 × 6 reconstruction of the SiC (0001)-(1 × 1) surface.
Hydrogenation is observed to be reversible by thermal annealing.

To investigate the adsorption of atomic hydrogen on graphene,
a graphene sample was prepared on a SiC (0001)-(1 × 1) surface
(see Supporting Information for further details) and exposed to a
1600 K D-atom beam for 5 s at a flux of 1012-1013 atoms/cm2 s.
Figure 1a displays an STM image of the graphene sample after
hydrogen exposure. A number of bright protrusions are observed
which are attributed to hydrogen adsorbates. The detailed analysis
of these structures reveals different hydrogen configurations: ortho-
dimers (structure A in inset in Figure 1a), para-dimers (structure B
in inset in Figure 1a), and various extended dimer structures and
monomers, marked in Figure 1a as A, B, C, and D, respectively.
The hydrogen adsorbates have been identified according to their
size and shape based on a detailed and thorough comparison with
the experimentally observed hydrogen dimer structures on graphite10

and with simulated STM images of hydrogen on graphene based
on Density Functional Theory (DFT) calculations using the simple
Tersoff and Haman model for the tunnel current, which represent
the local density of state (LDOS) at the Fermi level.10 The DFT
calculations reveal that the ortho- and para-dimers are energetically

the most stable configurations on the basal plane of both graphene
and graphite.9-11 It has been suggested that dimer formation
proceeds via preferential binding into dimer structures during
hydrogen exposure, since the barriers and the sticking probability
to bind into dimers are lower compared to these for hydrogen
adsorption into monomers.12,13 We do not observe any significant
differences between hydrogen dimers on graphite and those on
graphene. Furthermore, data indicate the same route for dimer
formation on both substrates. On the other hand, no monomers have
been reported on graphite surfaces at room temperature and very
low coverage, which is in contrast to the findings for hydrogen on
graphene. The observation of monomers tentatively suggests that
atomic hydrogen is more strongly bound to epitaxial graphene than
to graphite, thus increasing its survival time at the surface and/or
that the barrier to adsorb into a monomer site is reduced on graphene
compared to graphite.

Remarkably we find that a preference exists for H adsorption
on certain well-defined areas of the graphene surface layer. As
depicted in Figure 1b, we have observed that, at low coverage, the
majority of hydrogen adsorbates follow the 6 × 6 modulation of
the surface. To emphasize the effect, the STM image is inverted in
color. Hydrogen adsorbates, the dark spots, are seen to be
preferentially located on the gray areas of the surface. One possible
explanation is that this effect originates from buckling of the
graphene layer.14 Both calculations and experiments on hydrogena-
tion of different forms of graphene, like fullerenes15 or single wall
carbon nanotubes (CNTs)16,17 show that geometrical deformation
plays a key role in determining the chemical reactivity with
hydrogen. For example, the curvature of CNTs strongly influences
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Figure 1. (a) Scanning tunneling microscopy image of hydrogenated
graphene. The bright protrusions visible in the image are atomic hydrogen
adsorbate structures identified as A ) ortho-dimers, B ) para-dimers, C )
elongated dimers, D ) monomers (imaging parameters: Vt ) -0.245 V, It

) -0.26 nA). Inset in (a): Schematic of the A ortho- and B para-dimer
configuration on the graphene lattice. (b) Same image as in (a) with inverted
color scheme, giving emphasis to preferential hydrogen adsorption along
the 6 × 6 modulation on the SiC (0001)-(1 × 1) surface. Hydrogen dose
at Tbeam ) 1600 K, t ) 5 s, F ) 1012-1013 atoms/cm2 s.

Published on Web 05/29/2009

10.1021/ja902714h CCC: $40.75  2009 American Chemical Society8744 9 J. AM. CHEM. SOC. 2009, 131, 8744–8745



both the barrier for sticking and the binding energy of chemisorbed
hydrogen. While the barrier for hydrogen sticking decreases for
high surface curvature, the binding energy increases.16 The decrease
in sticking barrier can be explained by the fact that H chemisorption
is accompanied by hybridization changes of the carbon from sp2

to sp3, resulting in a relaxation of the carbon atom toward the
hydrogen adsorbate. This reaction induced relaxation costs elastic
potential energy, and this cost is reduced on surfaces, which are
already deformed in the proper direction. Hence, convex areas can
then be viewed as precursors for carbon puckering and are therefore
energetically favorable binding sites.7 If we assume that the
topological surface corrugation follows the 6 × 6 modulation,14

we may expect the H atoms to bind preferentially onto the apexes
of the modulated graphene surface, as observed. An alternative
possibility is that the enhanced reactivity has an electronic origin.18

In Figure 2a, a hydrogen covered graphene surface is displayed.
The sample was exposed to a 90 s dose of hydrogen atoms from a
beam at 1600 K and a flux of 1012-1013 atoms/cm2 s. The sample
was kept at room temperature during the hydrogen deposition and
subsequent STM measurement. Hydrogen adsorbates are visible
as the bright protrusions covering the entire surface. From the
recorded STM images at this coverage no indication for preferential
adsorption of hydrogen on any specific parts of the graphene surface
is revealed. The large bright protrusions visible in the image in
Figure 2a indicate that hydrogen tends to form larger hydrogen
clusters at increased coverage similar to those observed for hydrogen
adsorbates on graphite.12 For these large bright protrusions the
underlying hydrogen adsorbate atomic scale structure could not be
determined. Therefore, we are unable to estimate the hydrogen
coverage from the STM data. However, temperature programmed
desorption (TPD) and X-ray photoelectron spectroscopy (XPS)
measurements of hydrogen adsorbates on graphite show a saturation
coverage of 0.4 ML.19 Since the high coverage structures observed
in STM for hydrogen on graphene are similar to those observed
for hydrogen on graphite, we tentatively assume a similar saturation
coverage. A constraint on the coverage is imposed by the two
competitive processes: H adsorption and Eley-Rideal abstraction.
The latter process is very efficient and leads to gas phase H2 with
a cross section ranging from 17 Å2 (low coverage) to 4 Å2 (high
coverage).20 In addition, it has been predicted theoretically that
complete, one side hydrogenation of graphene is thermodynamically
unstable.2,8 We have observed that the STM tip tunneling can induce
hydrogen desorption, which implies that the hydrogen is bound
fairly weakly to the graphene surface. The sample is recovered to
its original state by annealing the substrate to 800 °C. Figure 2b

displays an STM image of the sample after many hydrogen
deposition-annealing cycles. No distinguished damage of the
graphene layers could be observed.

In conclusion, we have revealed the local adsorbate structures
of single sided hydrogenated graphene at both low and high
hydrogen coverage. At low coverage the formation of hydrogen
dimers occurs preferentially on the protruding areas in the STM
topographs of the graphene-SiC surface, while at higher coverage
random adsorption into larger hydrogen clusters is observed.
Thermal annealing experiments in combination with STM indicate
that hydrogenation is reversible. Preferential adsorption of atomic
hydrogen onto protruding areas on the surface, as well as the ability
to form nanopatterns via tip-induced desorption of hydrogen, opens
up the possibility of electronic and chemical functionalization of
graphene surfaces via hydrogenation.
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Figure 2. (a) STM image of the graphene surface after extended hydrogen
exposure. The bright protrusions in the image are identified as atomic
hydrogen clusters (imaging parameters: Vt ) -0.36 V, It ) -0.32 nA).
Hydrogen dose at T ) 1600 K, t ) 90 s, F ) 1012-1013 atoms/cm2 s. (b)
Large graphene area recovered from hydrogenation by annealing to 800
°C (imaging parameters: Vt ) -0.38 V, It ) -0.410 nA).
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