Eur. Phys. J. B 76, 481–486 (2010)
DOI: 10.1140/epjb/e2010-00238-7

THE EUROPEAN
PHYSICAL JOURNAL B

Regular Article

Hydrogen adsorption on graphene: a first principles study
V.V. Ivanovskaya1,2,a , A. Zobelli3 , D. Teillet-Billy1 , N. Rougeau1 , V. Sidis1 , and P.R. Briddon4
1
2
3
4
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Abstract. We present a systematic ab initio study of atomic hydrogen adsorption on graphene. The characteristics of the adsorption process are discussed in relation with the hydrogenation coverage. For systems
with high coverage, the resultant strain due to substrate relaxation strongly aﬀects H atom chemisorption.
This leads to local structural changes that have not been pointed out to date, namely localized surface
curvature. We demonstrate that the hydrogen chemisorption energy barrier is independent of the optimization technique and system size, being associated with the relaxation and rehybridization of the sole
adsorbent carbon atom. On the other hand, the H desorption barrier is very sensitive to a correct structural
relaxation and is also dependent on the degree of system hydrogenation.

1 Introduction
The interaction of hydrogen with graphitic materials is
a ﬁeld of great current interest owing to its involvement
in several areas of fundamental science and technology,
namely hydrogen storage in carbon-based systems [1–4],
functionalization of graphene by H-doping [5,6], hydrogen erosion of graphite tiles of fusion reactors [7–10]
and molecular hydrogen formation on carbonaceous dust
grains in the interstellar medium [11–15]. In this context,
the adsorption of a single H atom on graphitic like surfaces, i.e. graphite, graphene or polycyclic aromatic hydrocarbons, has been well studied both at the experimental [5,6,16–18] and theoretical levels [19–25].
Experimentally, it has long been considered that, aside
from physisorption at very low temperature (<30 K),
H atoms do not stick onto a clean defect free graphite
surface [26]. However, in accordance with theoretical
predictions [19,27–29], Zecho et al. showed experimentally [30,31] that, contrary to earlier belief, H(D) atoms
do stick onto the (0001) graphite surface when emitted
from a 2000 K thermal source, that is with a maxwellian
most probable energy of 0.2 eV. Likewise, all experiments to date use a hot (1600 K–2200 K) H atom
beam source to chemisorb H atoms onto graphite or
graphene [32–37]. Very recently, the synthesis of highly
hydrogenated graphene has also been reported [5,38,39]
thereby lending support to an earlier prediction of the
existence of graphane [40]. Interestingly, reversible hydrogenation of graphene has been observed which may result
a
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in diﬀerent hydrogen coverage and lead to variable lattice
spacing and tunable electronic properties [5,38].
First principles electronic structure calculations based
on density functional theory (DFT) on H chemisorption
on graphitic like structures were conducted using both
cluster [19,20,27] and periodic [28,29,41–43] approaches.
In general, it has been shown that chemisorption occurs solely on top of a C atom, which protrudes outside of the ﬂat graphene plane changing its hybridization
into a mixed sp2 -sp3 state. In the [H + graphene] conﬁguration space the path connecting the free hydrogen
atom to the chemisorbed one passes through a metastable
state corresponding to physisorption onto the ﬂat undistorted surface. Physisorbed and chemisorbed states are
thus separated by an energy barrier, which explains why H
chemisorption does not spontaneously occur at low temperatures. While this description of the adsorption process is generally accepted, one notices that the characteristic equilibrium atom positions and binding energies
reported by diﬀerent authors exhibit a large dispersion.
Binding energies, for instance, lie between 0.47 eV [27]
and 1.44 eV [44] or even 1.9 eV [45], with a majority of
data between 0.6 eV and 0.85 eV.
This variability can be ascribed to diﬀerences in
structures, optimization strategies and computational
methodology used for modeling H chemisorption on
graphite. Uncertainties of the order of few tenths of an eV
on the adsorption energy might be critical when one is
interested in processes occurring at low temperatures,
such as H2 catalytic formation in the interstellar medium.
Moreover, when considering high hydrogen coverage of
graphene it is critical to correctly model even the smallest
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structural perturbations caused to the substrate. It is thus
desirable to investigate in a systematic and consistent way
how structural relaxation eﬀects manifest themselves and
eventually add up. Thus, we survey earlier studies in relation with new methodical calculations and we discuss effects arising from the variation of hydrogenation coverage
and extent of system relaxation. Finally, this study sheds
new light on H chemisorption onto graphene by drawing
attention to some structural and energetic features that
have not been discussed before.

2 Computational details
We performed electronic structure calculations and
structural optimizations within the framework of DFT using the Perdew-Burke-Ernzerhof (PBE) [46] gradient corrected generalized gradient approximation (GGA) functional for exchange and correlation as implemented in the
AIMPRO code [47,48]. Carbon and hydrogen pseudopotentials are generated using the Hartwingsen-GoedeckerHutter scheme [49]. Valence orbitals are represented by
a set of cartesian- gaussians of s-, p-, and d-type basis
functions centered at the atomic sites. For hydrogen and
carbon, we use large basis sets of 24 and 22 independent
functions, respectively. These are based on gaussians of six
(pppppp, for H) and four (pdpp, for C) diﬀerent exponents
multiplied by the standard cartesian prefactors. For the
hydrogen basis these gaussians are multiplied by prefactors giving s- and p-type functions (four functions in total
for each exponent); for the carbon basis the gaussians of
second-smallest exponent is multiplied by cartesian prefactors to give s-, p-,and d-type functions (10 functions
in total), the other exponents are multiplied by cartesian
prefactors to give s- and p-type functions.
We ﬁrst tested the chosen basis set against known
properties of the studied systems. Our cohesion energy
(Ecoh ) for the H2 molecule is 4.53 eV, in good agreement
with a previous theoretical value of 4.56 eV [28] and experimental value of 4.75 eV [50]. Ecoh for graphene is found
to be 7.73 eV/atom, compared to the range of theoretical
values of 7.2–7.6 [51] and 7.9 eV/atom [52] and to the experimental value for graphite of 7.43 eV/atom [53]1 . We
obtain an equilibrium lattice parameter for graphene of
2.475 Å which is in good agreement with the experimental values of 2.456 Å for graphite [55] and 2.46 ± 0.02 Å
for graphene [5].
In order to simulate diﬀerent coverages, calculations
on the interaction of atomic hydrogen with graphene have
been carried out for a series of n × n × 1 supercells
(n = 2–8). Atomic positions have been optimized using
a conjugate gradient scheme until the forces are less than
10−4 eV/Å. Electronic structure convergence is ensured
by constraining the energy diﬀerence in the self-consistent
1

The cohesion energy of graphite should diﬀer from that of
graphene by the interlayer van der Waals interactions not reproduced by DFT GGA calculations; from experiments the interlayer cohesion energy is found to be only 0.04 eV/atom [54].

cycle to be below 10−8 eV2 . For each supercell size, energy convergence has been obtained using k-points generated from a Monkhorst-Pack set sampling of the Brillouin
zone. The out of plane cell parameter is 20 Å, avoiding
inter-plane interactions. Spin polarization has been taken
explicitly into account.
In order to compare relative structural stabilities, formation energies (Ef orm ) have been determined as:
Ef orm = E(H + Cx ) − (xµC + E(H))

(1)

where EH+Cx is the total internal energy of a system of x
carbon atoms with one chemisorbed hydrogen, µC is the
chemical potential for carbon calculated with respect to
graphene (this is a function of the unit cell parameters
chosen) and (EH ) is the total energy of the free H atom.
We have considered the eﬀect on Ef orm values of the
basis set superposition error (BSSE) due to the use of a localized basis set in the calculations, using the counterpoise
method [56]. We ﬁnd that for our basis set the inﬂuence of
BSSE is negligable, increasing Ef orm by at most 0.02 eV.
To study the reaction path for H atom adsorption onto
graphene and to determine the corresponding activation
energy barrier, the nudged elastic band method (NEB) has
been employed. The method has been proven to be an efﬁcient technique to explore a large region of conﬁguration
space [57–59]. In order to correctly describe the reaction
path, we have used a high number of intermediate images,
typically 25, allowing all atoms to move within the NEB
optimization process.

3 Results and discussion
3.1 Graphene relaxation upon H atom adsorption
The importance of structural relaxation upon hydrogen
chemisorption was ﬁrst noted by Sidis et al. [19,27] and
Sha and Jackson [28,29] who showed that chemisorption
can only occur when the substrate is allowed to relax. This
is due to simultaneous rehybridization of the valence orbitals of the H-bonded C atom, resulting in a local partial
loss of aromaticity. However, those early studies only optimised the carbon atom directly attached to the H atom.
Later, contradictory statements have appeared in the literature concerning the importance of relaxation of the surrounding carbon atoms: in some works this relaxation was
claimed to be negligible [29,41,42] whereas it was asserted
to be quite substantial in others [21,44,60]. Moreover, contradictory statements have recently appeared on the H
chemisorption formation energy dependence [21] or independence [61] upon the supercell size.
2
Stringent convergence criteria for both energies and forces
are needed since for large supercells during optimization the
system lies in a nearly ﬂat energy region of the conﬁguration
space. Less strict convergence criteria lead to a non equilibrium
conﬁguration and to an overestimation of the formation energy
of the order of 0.1 eV.
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Table 1. Equilibrium height of the adsorbent carbon atom above the surface (h, Å) and formation energies (Ef orm , eV) for
diﬀerent cell sizes and hydrogen coverage (Θ, %). n is the number of carbon atoms allowed to co-relax with the H atom: the sole
adsorbent C (ads. C), all atoms up to the third neighbor (3rd neigh.), all atoms within the cell (all), all atoms simultaneously
with cell parameters optimization (all+cell opt). For the comparison with previous works all present results other than “all +
cell opt.” were obtained with the unit cell parameter ﬁxed at the experimental value of 2.46 Å.
Cell

Θ

n

(2 × 2)

12.5

(3 × 3)
(4 × 4)

5.6
3.1

ads. C
all
all+cell opt.
all+cell opt.
ads. C
3rd neigh.
all

h
this work
0.36
0.36
0.35
0.51
0.36
0.54
0.58

all+cell opt.
all+cell opt.
all+cell opt.
all+cell opt.
ads. C
3rd neigh.
all
all+ cell opt.

0.58
0.63
0.66
0.64
0.35
0.52
0.57
0.57

(5 × 5)
(6 × 6)
(7 × 7)
(8 × 8)

2.0
1.4
1.0
0.8

h
literature
0.36 [28]
0.36 [21]

0.48 [21]; 0.49 [22]

Therefore, here we consider the H adsorption eﬀects
for diﬀerent system sizes and extent of system optimization. A (n × n) cell corresponds to a 0.5 · n−2 coverage.
Thus small cell sizes model a regular high hydrogen coverage of a graphene plane, entailing non-negligible hydrogenhydrogen interactions. Zhou et al. [62] have recently shown
that regularly highly hydrogenated graphene presents a
ferromagnetic magnetic order. It is thus justiﬁed to take
into account only one H atom per unit cell for modeling
diﬀerent coverages.
Sha et al. [28,29,41] claimed that the structural relaxation of the C atoms near the chemisorption site is negligible in a (2 × 2) cell and thus went on ﬁxing all carbon
atoms except the adsorbent C atom in their calculations.
However as shown in Table 1, the optimization of H and
the sole C adsorbent atom leads to a signiﬁcant underestimation (∼0.1–0.2 eV) of the formation energies even if
the equilibrium height of the adsorbent C atom (0.36 Å)
is independent of the number of optimized atoms in the
system.
We next simultaneously optimize atomic positions and
cell parameters for a series of supercells (Tab. 1). For all
cell sizes we ﬁnd the bond lengths between the bonding
carbon and its ﬁrst neighbours to be stretched to 1.50 Å
compared to the bond length in graphene (1.42 Å), approaching the diamond bond length of 1.54 Å. The other
bond lengths are practically unaﬀected, and the C-H distance is always found to be 1.13 Å.
For small cells this increase of the C-C bond lengths
close to the adsorbent site results in a slight cell parameter increase, e.g. 0.62% for a (2 × 2) cell. We note that this
C-C bond elongation related to the rehybridization at the

Ef orm
this work
−0.69
−0.77
−0.85
−0.84
−0.67
−0.85
−0.87
−0.89
−0.94
−0.96
−0.97
−0.83
−0.96
−0.97
−0.97

Ef orm
literature
−0.67 [28]
−0.75 [21]; −0.83 [61]

−0.79 [21]; −0.89 [22];
−0.85 [23]; −0.76 [24]

−0.87 [63]

Fig. 1. (Color online) Local distortions around adsorbent C
atom at H chemisorption at full (4 × 4) cell relaxation. Atoms
with an out of plane displacement upon H atom chemisorption
produce shadows on the substrate plane.

adsorbent site is also responsible for the lattice parameter expansion found in graphane [64,65]. On the whole,
for small systems we ﬁnd that simultaneous atomic position and cell parameter optimization lead to a signiﬁcant
lowering (of about 0.1 eV) of the formation energies as
compared with fully optimized systems with ﬁxed cell parameter, see Table 1. With the enlargement of the supercell size this energy lowering weakens progressively and
the cell parameter increase becomes insigniﬁcant.
For lower hydrogenation coverages, i.e. larger cells,
we ﬁnd that the vertical displacement of the adsorbent
C atom is about 0.5–0.7 Å, accompanied by an upward
movement up to a maximum of 0.2–0.3 Å for ﬁrst neighbor
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Fig. 2. Vertical displacements of atoms versus in-plane distance from the adsorbent carbon atom. Squares, diamonds,
circles and triangles stand for (2 × 2), (4 × 4), (6 × 6) and
(8 × 8) supercells, respectively. The position of the adsorbent
atom for each supercell is marked by a closed symbol.

and 0.1 Å for second and third neighbor atoms. This behavior results in a local hillock within the graphene layer,
see Figure 1. It is interesting that despite this surface curvature, a formation energy accuracy as good as 0.02 eV
is achieved when relaxation is restricted to just up to the
third nearest neighbors (Tab. 1).
This extended puckering reaches a maximum in the
(6 × 6) supercell, see Figure 2, while for the largest cells
considered the hillock height slightly decreases. We conclude that a high hydrogen coverage (inherent to small
cells) leads both to a general corrugation of the graphene
plane and to slight changes in the unit cell parameter. The
strong structural changes in small cells are due to high
strain energies and electronic H-H interactions between
adjacent cells. For large cells the H induced strain can
distribute in plane over a large number of carbon atoms
surrounding the chemisorption site and thus the vertical
displacement is lower.
3.2 Energy barriers upon hydrogen adsorption
and desorption
Since the work of reference [19] the barrier associated with
H atom pinning on a graphitic surface has been repeatedly investigated [23,28,41,60,61,66,67]. In Section 3.1 we
have shown how the supercell choice and optimization approach may aﬀect the structural and energetic characteristics of the system. Therefore, here we recalculate the
energy barriers within the NEB formalism for a series of
(n × n, n = 2, 4 and 6) supercells allowing free motions of
all atoms in the cell. As end points of the reaction path,
we use the atomic and cell optimized structures for the
H atom bound to graphene and the H atom located 5 Å
above the graphitic plane.
Figure 3 shows interaction energies as a function of the
hydrogen distance from the graphene plane. We obtain energy barriers for H adsorption of 0.20, 0.21 and 0.22 eV

Fig. 3. Comparison of energy curves for adsorption of an H
atom onto graphene: squares, optimization of the sole adsorbent C atom within a (4 × 4) cell; triangles and circles, full
NEB relaxation of (2 × 2) and (4 × 4) cells, respectively.

for the (2 × 2), (4 × 4) and (6 × 6) cells, respectively. These
values are comparable with barriers of about 0.20 eV and
0.25 eV obtained in recent NEB calculation on (5 × 5) [67]
and (6 × 6) [61] cells, respectively. For comparison we also
present the energy curve obtained when only one carbon
atom beneath H is allowed to relax. In this case, in accord
with previous calculations we ﬁnd a barrier of 0.20 eV. In
agreement with previous works [27,28] we ﬁnd a physisorption well of 8 meV at about 3 Å. This value is known to
be underestimated by the usage of GGA functionals. To
our knowledge the best ab initio determination of the discussed physisorption charactersitics were obtained from
MP2 calculations on the H-coronene system [68] which
gives a physisorption energy of about 40 meV at an H
distance from the plane of 3.1 Å.
Thus we conclude that the main contribution to the
chemisorption barrier comes from the relaxation and rehybridisation of the adsorbent carbon atom directly beneath
the H atom; the number of optimized atoms and supercell size play a minor role for the determination of the
barrier. On the other hand the H atom desorption barrier
is quite sensitive to these parameters. From Table 1 and
Figure 3 it can be seen that the desorption energy may
vary as much as 0.22 eV depending on the hydrogenation
coverage or degree of optimization.

4 Conclusions
In this paper we have presented a systematic study of
atomic hydrogen adsorption onto graphene, demonstrating the sensitivity of the formation energy and structural
characteristics upon the hydrogenation coverage. In contrast with conclusions drawn recently in reference [61] we
clearly show that the H-graphene chemisorption characteristics depend strongly upon the supercell size.
We have considered simultaneous relaxation of atom
positions and cell parameters for diﬀerent supercell sizes.
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We ﬁnd a slight relaxation of the cell parameter, which
decreases the formation energy by about 0.1 eV for the
smallest cell. This energy decrease gradually reduces with
the enlargement of the supercell size. We ﬁnd that the
formation energy converges to a value of −0.97 eV for
hydrogen coverages less than 2%. H atom chemisorption
induces the formation of a hillock around the adsorption
spot, in addition to the well established upward movement of the adsorbent C atom. This eﬀect is related to
high strain energies and H-H interactions between adjacent cells; in the limit of single hydrogen atom adsorption
the hillock height slightly reduces.
Finally, taking into account the structural perturbations, we revisited the estimation of hydrogen chemisorption energy barriers by means of DFT NEB calculations.
We ﬁnd that the H adsorption barrier does not depend on
the degree of relaxation or on the cell dimension being associated solely with the movement of the adsorbent carbon
atom. Nevertheless, the H desorption barrier is quite sensitive to a correct description of the structure and to the
supercell size, i.e. to the hydrogen coverage. In the limit of
a single hydrogen atom interacting with graphene, besides
the well established chemisorption barrier of 0.2 eV, the
desorption barrier corresponds to 1.17 eV.
V.V.I. and A.Z. thank C.P. Ewels and J P. Goss for interesting
and helpful discussions. The authors acknowledge support from
the Agence Nationale de la Recherche (ANR) in the framework
of the IRHONI No. ANR-07-BLAN-0129-2 contract.
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