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Abstraction of surface hydrogen by atomic H from graphane, diamond�001�, diamond�111�, and hydrogen-
ated amorphous carbon �a-C:H� surfaces was studied using density-functional theory calculations in the gen-
eralized gradient approximation. Our calculations show that for each surface, the abstraction reaction is highly
exothermic with a negligible activation energy barrier. The degree of exothermicity depends on the type of
surface and on the local bonding environment of the site from which the H atom was abstracted. Detailed
analyses of the reactions and of atomic charge densities along reaction pathways indicate a direct-impact
Eley-Rideal mechanism for the abstractions.
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I. INTRODUCTION

The interaction of atomic H with group IV semiconductor
surfaces such as Si, Ge, and C plays an important role in
determining their growth mechanisms and electronic
properties.1–3 SiH4,2 GeH4,3 and a variety of hydrocarbon
gases1,4,5 are heavily diluted with H2 during thermal and
plasma-enhanced chemical-vapor deposition �PECVD� of
nanocrystalline Si, Ge, and diamond, respectively. It has also
been shown that the quality of epitaxial Si grown by PECVD
improves with H2 plasma exposure of the surface.6 Room-
temperature H2 plasma exposure of amorphous Si prior to
thermal crystallization reduces the crystallization time.7 Dur-
ing epitaxial growth of Ge on Si�001�, the interaction of
atomic H with the growing Ge film suppresses island growth
of Ge overlayers.8 Although there are extensive reports on
the interactions of hydrogen with Si, Ge, and C surfaces, the
mechanism of atomic H interaction with carbon-based sur-
faces is relatively more complex than with Si or Ge due to
the ability of carbon to form sp3-, sp2-, and sp-hybridization
states.

The elementary reactions previously identified during H
interaction with carbon surfaces are: H-abstraction, hydroge-
nation, and H-induced chemical etching.9,10 Of these reac-
tions, the abstraction of surface H atoms by atomic H is a
critical step in determining the surface H coverage of
graphane �H-terminated graphene�, diamond, and a-C:H. Re-
cently, the manipulation of the electronic properties of
graphene sheets via H interaction to synthesize nanoscale
graphane domains has generated a great deal of interest.11–16

It was demonstrated that addition of H to graphene trans-
forms the highly conductive sheet into an insulator.11,14,17 A
possible route for modifying the H coverage on graphane is
the controlled abstraction of hydrogen. The abstraction of
surface H is also a critical step for initiating growth in low-
pressure PECVD of diamond from hydrocarbon gases
heavily diluted in hydrogen.4,18 Surface H abstraction creates
active sites for subsequent chemisorption of hydrocarbon
radicals leading to film growth.19 During PECVD of a-C:H
thin films from hydrocarbon plasmas, various interactions of
atomic H with the surface �including abstraction� signifi-

cantly affect the sp3-to-sp2 hybridization ratio and the H con-
tent in the film; this in turn determines the films’ electronic
and structural properties.9 To our knowledge, no calculations
have been performed to obtain the barrier for H abstraction
by atomic H from graphane or a-C:H surfaces, although the
reaction mechanism and the corresponding activation energy
barrier have been widely speculated. Abstraction of H from
a-C:H films by atomic H has been evidenced
experimentally20 based on isotope-exchange experiments and
high-resolution electron-energy-loss spectroscopy by Lutter-
loh et al. These authors proposed an Eley-Rideal mechanism
for abstraction from model a-C:H surfaces, in which the ac-
tivation energy barrier was assumed to be small.

The activation energy barrier for atomic H abstraction has
been primarily investigated for diamond surfaces. However,
there is discrepancy in both the experimental and computa-
tional reports regarding the value of the energy barrier. The
experimentally reported values for the barrier to H abstrac-
tion by atomic H from diamond surfaces range from �0.29
to 0.69 eV.21–24 A reason for the inconsistency in the experi-
mental data could be that different procedures have been
used to determine the barriers. For example, Krasnoperov et
al.22 fitted the experimental data to an Arrhenius expression
using an experimental uncertainty in the rate constant and
reported a barrier of 6.7 kcal/mol �0.29 eV�. On the other
hand, Koleske et al.24 estimated the upper bound of the bar-
rier to be 16 kcal/mol �0.69 eV� by assuming a 100% stick-
ing probability for H addition and by evaluating the ratio of
H addition to H abstraction. It should be noted that these
values were obtained for polycrystalline diamond rather than
for ideal �001� and �111� surfaces. The theoretically esti-
mated values span a wide range as well,25–32 from 0.0 �Ref.
30� to 0.93 eV.31 All the theoretically reported activation en-
ergies are either obtained from model cluster
calculations25–27,29 or by using a hydrocarbon molecule as a
model and imposing constraints on it so as to simulate a
diamond �111� lattice.28 No computational studies have been
reported for the abstraction reaction on a-C:H surfaces, per-
haps due to the difficulty in generating experimentally real-
istic surfaces. Using density-functional theory calculations
based on the Perdew-Burke-Ernzerhof generalized gradient
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approximation, we report the mechanism and the activation
energy barrier for hydrogen abstraction by atomic H from
graphane, diamond�001�, diamond�111�, and a-C:H surfaces.
Compared to previous studies in the literature, we employ
periodic supercells for simulation of surfaces, as opposed to
model cluster calculations.25–27,29 Graphane and diamond
surfaces were computationally generated in a straightforward
manner, as described herein. The a-C:H films were generated
using a procedure based on molecular-dynamics simulations
that involved tuning of the film density, H content, and the
sp2-to-sp3 hybridization ratio of the carbon atoms.10 Our cal-
culations show that, for all carbon surfaces considered, the
abstraction reaction proceeds via a highly exothermic, direct-
impact Eley-Rideal mechanism with an insignificant activa-
tion energy barrier.

This paper is organized as follows. In Sec. II, we discuss
the computational methodology employed to perform the ab
initio calculations. We describe the specific results for the
abstraction reactions on different surfaces in Sec. III and
discuss these results in Sec. IV. In Sec. V, we summarize the
key conclusions of this study and discuss implications on
growth and modification of carbon-based surfaces.

II. COMPUTATIONAL METHODOLOGY

To investigate the abstraction of H from graphane, dia-
mond, and a-C:H by an incoming hydrogen atom, we per-
formed density-functional theory calculations using the Vi-
enna ab initio simulation package �VASP�.33,34 Projector-
augmented wave potentials35 for carbon and hydrogen were
used and calculations were performed in the generalized gra-
dient approximation with the exchange-correlation functional
of Perdew, Burke, and Ernzerhof.36 Since hydrocarbon sys-
tems are typically not magnetic, the calculations were carried
out in the absence of spin polarization. For calculations in-
volving the graphane sheet and the diamond films, we used a
vacuum spacing of 15 Å in the direction z normal to the

film. For the a-C:H cluster calculations, the same vacuum
spacing of 15 Å was used in all three directions. Based on
single point energy calculations for bulk diamond structures
performed for a range of lattice constants, we have deter-
mined a bulk diamond lattice constant of 3.572 Å, which
agrees well with the experimental value of 3.56715 Å.37 To
study the abstraction from graphane, a 20.13 Å�17.44 Å
sheet containing 256 atoms �128 C and 128 H atoms� was
created with periodic boundary conditions in the two in-
plane directions �i.e., x and y�. For abstraction from dia-
mond, we employed a 7.58 Å�7.58 Å diamond �001� film
with 108 atoms �8 C layers and 2 H layers; 72 C and 36 H
atoms� and a 10.1 Å�8.75 Å diamond�111� film with 128
atoms �6 C layers and 2 H layers; 96 C and 32 H atoms�.
These films were also periodic in x and y directions, and the
bottom two layers were passivated by H and fixed to simu-
late the underlying bulk. To study H abstraction from an
a-C:H surface, we simulated a realistic film using the proce-
dure described in an earlier work.10 A cluster was carved out
from this a-C:H film and the C atoms at the edge of the
cluster were passivated with hydrogen. The abstraction of
hydrogen from sp3-hybridized and sp2-hybridized C atoms
was studied using this resulting cluster consisting of 250
atoms �144 C and 106 H�. Since the cluster is relatively large
and was created using a realistic a-C:H film, the interactions
of an H atom with the cluster are comparable to its interac-
tions with an a-C:H film. For all calculations, a plane-wave
energy cutoff of 400 eV was employed and the Brillouin
zone was sampled using the following Monkhorst-Pack
k-point grids: 2�2�1 for graphane, 5�5�1 for the
H:C�001� and H:C�111� surfaces, and 1�1�1 for the clus-
ters simulating amorphous carbon substrates.

In order to study the reaction pathways for the abstraction
of hydrogen from the surface, we have set up nudged-elastic
band �NEB� calculations.38 In the NEB method, one starts
with relaxed initial and final �postabstraction with an outgo-
ing H2 molecule� states, as well as with a number of inter-
mediate configurations �images� which spatially connect the
initial state with the final one. The NEB method evolves the
system toward finding a saddle-point configuration given the
initial and final states. For relaxing these two states, we have
employed a conjugate-gradient algorithm which decreases
the energy and optimizes the structure until the residual
forces on any atom are smaller than 0.03 eV /Å. Interest-
ingly, while relaxing the initial state, we noticed that the
�incoming� H atom does not maintain its distance from the
surface but proceeds toward it and abstracts the surface hy-
drogen. In other words, the initial states evolve into the final
one through energy minimization toward a local minimum.
For all the substrates simulated, we have found that abstrac-
tion of a surface H proceeds via conjugate-gradient relax-
ation as long as the initial distance of the incoming H atom
with respect to the substrate is �2 Å; abstraction occurs
during full relaxations of about �100–150 ionic steps.

The only possibility to relax an initial state without evolv-
ing it into the final one is to place the H atom farther away
from the surface, e.g., at a height of �3 Å from the upper-
most surface atom. The NEB calculates the energies of all
the starting intermediate images and then proceeds to opti-
mize these images to find a reaction pathway. In Fig. 1, we

FIG. 1. �Color online� NEB transition state search with ten in-
termediate images for the abstraction of hydrogen from amorphous
carbon. The energies of the image configurations on the starting
�unoptimized� reaction path are shown as solid circles. The energies
corresponding to the fully optimized pathway �shown as solid
squares� decrease monotonically, indicating the lack of a reaction
barrier for the abstraction from amorphous carbon.
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show one of the more intensive NEB calculations that we
performed for the abstraction of H from an sp2 hybridized
site of an amorphous substrate. We note that the system
evolves from an unoptimized string of images �intermediate
configurations� with a very large initial barrier, toward a fully
optimized reaction pathway that shows monotonous decrease
in the energy from one image to the next, i.e., zero-energy
barrier. This is the same conclusion that we reached while
relaxing the initial states using the conjugate-gradient relax-
ation. Needless to say, the NEB method and the conjugate-
gradient relaxation are not equivalent and they serve differ-
ent purposes. Still, in the rare cases in which reactions
happen to be barrierless, they are both valid methods to reach
such particular conclusion: the former because it is designed
to search optimized reaction pathways and the latter because
the evolution strictly downhill on the potential-energy sur-
face takes the system into the reaction products. In what
follows, we present only the results from relaxation.

III. RESULTS

For gas phase reactions such as AB+C→A+BC, the rate
of exchange of B depends on the motion of B as well as the
motion of A relative to C.39 Our choice of the reaction coor-

dinate is thus based on the relative position of the incoming
H, the surface H to be abstracted, and the carbon site from
which H is abstracted. The reaction coordinate is defined as

� =
�a − aini� + �b − bini�

�afin − aini� + �bfin − bini�
, �1�

where a �b� is the distance between the surface hydrogen
�incoming hydrogen� and the carbon site on the substrate
�refer to Fig. 2�. The subscripts ini and fin refer to the initial
and the final values taken by the relevant distances.

We will first analyze the H abstraction from
sp3-hybridized C atoms on periodic surfaces of graphane,
diamond�100�, and diamond�111�. We have also performed
cluster calculations to study the H abstraction from sp2- and
sp3-hybridized C atoms in a-C:H. As mentioned, the relax-
ations were started with the additional H atoms placed suffi-
ciently far away from the substrates �2 Å� so that there is no
significant interaction with the atoms of the surface. For all
the abstraction reactions, the conjugate-gradient minimiza-
tion of the total energy of the supercells resulted in the ab-
straction of surface hydrogen atoms, as shown in Figs. 3–5.
We can therefore conclude that the facile H abstraction is due

FIG. 2. �Color online� Supercell containing an incoming H atom
and a graphane sheet. The distances a and b are used to define the
reaction coordinate � via Eq. �1�.

FIG. 3. �Color online� Energy of the supercell containing H and
graphane as a function of the reaction coordinate �. The reference
energy �0.0 eV� is chosen for the initial configuration in which the
H atom is sufficiently far from the surface. The circled data points
on the curve and their respective images correspond to the initial,
intermediate, and final states of the system. For clarity, the insets
show only the �110� plane in which the abstraction reaction occurs.

FIG. 4. �Color online� Energy of the supercells containing an
incoming H atom and �a� an H:C�001� film, or �b� an H:C�111� film,
as a function of the reaction coordinate. The circled data points on
the curve and their respective images correspond to the initial, in-
termediate, and final states of the system. For clarity, the insets
show only the �110� plane in which the abstraction reaction occurs.

FACILE ABSTRACTION OF HYDROGEN ATOMS FROM… PHYSICAL REVIEW B 82, 085418 �2010�

085418-3



to a negligible activation energy barrier.40 All abstraction re-
actions are exothermic with the exothermicities shown in
Table I; the negative sign is kept to emphasize that the en-
ergy of the reaction products is smaller than that of the reac-
tants.

The energetics of the H abstraction from a graphane sheet
is shown in Fig. 3. The circled points on the energy curve
and the images next to them show the initial, intermediate,
and final states of the supercell. After abstraction, the C atom
had three C neighbors and a dangling bond was created: in
order to minimize its energy, the C atom converts to a more
sp2-like configuration as compared to the tetrahedral con-

figuration of the sp3 C atoms in graphane. Figures 4�a� and
4�b� show H abstraction from unreconstructed H:C�001� and
unreconstructed H:C�111� films, respectively. In the case of
the dihydride H:C�001� surface, the H atoms on each carbon
site are not symmetric, but are canted in order to relieve the
steric repulsion which is present in case of symmetric
dihydrides.41 After abstraction, an H atom from a nearby C
site transfers to the abstraction site �refer to Fig. 4�a��. For
the H:C�111� film, a dangling bond was created on the C
atom from which the H atom was abstracted. After the cre-
ation of the dangling bond, the C atom lowered its energy by
assuming a relatively more planar configuration, similar to
that of the C abstraction site in graphane.

Figure 5�a� shows the energetic reaction progress for H
abstraction from a sp3-hybridized C atom in an a-C:H clus-
ter. For clarity only the first few neighboring atoms of the
atom that interacts with the incoming H are shown. After the
H abstraction, the C atom from which the H atom was ab-
stracted changed its hybridization from sp3 to sp2 to avoid
the formation of a dangling bond. For understanding H ab-
straction from an sp2-hybridized C atom in a-C:H, an H atom
was placed 2 Å away from an sp2-hybridized C atom in the
250-atom a-C:H cluster. Abstraction as well as hydrogena-
tion reactions were observed at different sp2 C sites in the
cluster, and both of these reactions were barrierless.10 Figure
5�b� shows the energetic progress for the abstraction of H
from an sp2 C atom in a-C:H by an incoming H atom. In the
case of abstraction from an sp2-hybridized C atom in a-C:H,
a dangling bond was created on the sp2-hybridized C site.

IV. DISCUSSION

The visualization of various intermediate states for each
of the reactions indicates an Eley-Rideal mechanism42,43 for
abstraction. As opposed to the Langmuir-Hinshelwood
mechanism, where the incoming species adsorbs and stays
on the surface prior to reaction, in the Eley-Rideal mecha-
nism the incoming species directly reacts with the surface
species upon impact:44 the incoming H atom approaches the
surface and reacts with the surface H atom to form an H2
molecule, which desorbs. To illustrate the Eley-Rideal
mechanism further and to explain the physical origin of the
barrierless abstraction process, we have considered the ex-
ample of H abstraction from graphane. We have plotted the
electron densities �Fig. 6� for the supercell at different reac-
tion coordinates during the relaxation process. From Fig.
6�a� we can see that initially the charge density of the incom-
ing H does not overlap with the charge density of the H atom
on graphane. The incoming H atom consists of a single-
electron bound to the nucleus. In its ground state, the elec-
tron in the incoming H atom is in the 1s state and the charge
density, i.e., the probability density for locating the electron,
is spherical. As the H atom approaches the graphane sheet,
the charge density of the incoming H overlaps with that of
the H atom on graphane �Figs. 6�b� and 6�c��. The C-H bond
of graphane becomes weaker as indicated by the decrease in
the charge density between the respective C and H atoms. At
the same time, as seen in Figs. 6�b� and 6�c�, the interaction
between the incoming H atom and the H atom on the surface

FIG. 5. �Color online� The abstraction reaction of H from �a� an
sp3-hybridized site and �b� sp2-hybridized site in a 250-atom a-C:H
cluster. For clarity, only the first few neighbors of the C atom that
interacts with the incoming H atom are shown. The circled data
points on the curve and their respective images correspond to the
initial, intermediate, and final states of the system.

TABLE I. Summary of various abstraction reactions for differ-
ent C-based substrates. The exothermicities for the sp3 and sp2 C
sites in a-C:H depend on the local bonding environment of the
specific C site from which H is abstracted; as such, they may differ
from site to site on the same film or from one a-C:H film to another.

Substrate
Barrier
�eV�

Exothermic reaction energy
�eV�

Graphane sheet Negligible −0.71

H:C�100� film Negligible −2.92

H:C�111� film Negligible −0.45

a-C:H �sp3 C� Negligible −2.03

a-C:H �sp2 C� Negligible −1.79

JARIWALA, CIOBANU, AND AGARWAL PHYSICAL REVIEW B 82, 085418 �2010�

085418-4



increases as shown by a gradual increase in the charge den-
sity in between these two H atoms. Finally, in Fig. 6�d� we
observe that the C-H bond is broken and the H on the surface
is abstracted via formation of an H2 molecule. Similar obser-
vations hold for the other substrates we use. Hence, we con-
clude that the physical origin for facile abstraction observed
during the relaxation is the preference of the surface H to
share its electron with the highly reactive incoming H, rather
than to passivate the surface C atom.

The considerable difference in the values of the energy
released during the H abstraction from the different sub-
strates �see Table I� can be explained based on the local
bonding environment of the C atom on the surface after ab-
straction. For each of the periodic substrates, diamond �001�,
diamond �111�, and graphane, the H abstraction occurs at an
sp3 C site. The reason for the substantial difference in the
energy released from diamond �001� as compared to dia-
mond �111� is the more pronounced structural relaxation that
takes place in the case of the dihydride surface. The incom-
ing H atom abstracts the topmost H from the surface C site
which is thus left reactive; as such, this reactive surface site
takes an H from a nearby carbon site forming a new dihy-
dride at the adsorption site �refer to the insets in Fig. 4�a��.
The dihydride just formed has now sufficient room to ar-
range itself symmetrically, given that the nearby C only has
one H atom which points perpendicular to the surface. On
the other hand, after abstraction the C atom on diamond�111�
is left with a dangling bond and little room to relax �Fig.
4�b��. Therefore, postabstraction, the C atom on dia-
mond�001� has a much more stable configuration than the C
atom on diamond�111� which explains the large difference in
exothermicity for the two reactions.

The surface of graphane consists of monohydride C atoms
similar to the surface of diamond�111�. In both cases, after
abstraction the C atom has a dangling bond and assumes a
relatively more planar configuration. This is because the C
atom with the dangling bond tries to minimize its energy by
allowing shorter C-C bond lengths with the neighboring C
atoms so that it can convert to a more planar geometry with-
out perturbing the surrounding lattice. The relatively small
difference in the energy released after H abstraction from

diamond �111� and graphane is due to the extent of planarity
that the C atom can assume after abstraction. In diamond
�111� the C-C bond length between the C that loses the H
atom and its neighbors decreases from 1.54 to 1.49 Å after
abstraction. For graphane, the equivalent C-C bond length
changes from 1.52 to 1.48 Å. The C-C-C bond angle on the
surface from where H is abstracted changes from 110.4° to
114.2° for diamond�111� and it changes from 111.3° to
117.8° for graphane. Thus, graphane can accommodate the
dangling bond on the C atom on its surface in a relatively
more stable manner and minimize its energy by assuming a
more planar configuration than the C atom on diamond�111�.
Therefore, the energy released after the H abstraction from
graphane is larger than that released upon abstraction from
diamond�111�.

The abstraction from an sp3 C site in a-C:H film is more
exothermic than abstraction from a sp2 C site �see Table I�.
After abstraction, the sp3 C site changes its hybridization to
sp2 and avoids the formation of a dangling bond �Fig. 5�a��.
The change in hybridization is evidenced by alteration in the
bond angles and bond lengths of the C atom with its neigh-
bors after abstraction. Before abstraction, the sp3 C has four
nearest neighbors �2 C and 2 H� with a tetrahedral geometry.
The C-C bond length between the C atom from which H is
abstracted and its sp2 C neighbor �dark �red online� neigh-
boring C atom in Fig. 5� is 1.5 Å. After abstraction, the
same C atom has three neighbors �2 C and 1 H� with a planar
geometry and the C-C bond length with its sp2 C neighbor
changes to 1.37 Å. Therefore, postabstraction, the C atom
avoids the formation of a dangling bond by changing its
hybridization to sp2 and forming a stronger bond with its sp2

C neighbor. In the case of abstraction from a sp2 C site, the
C atom that loses the H atom has a dangling bond after
abstraction �Fig. 5�b��. Prior to abstraction the sp2 C has
three neighbors �2 C and 1 H�. After abstraction the C atom
is left with only two nearest neighbors. Since both the re-
maining neighbors are sp2 C atoms, the C atom cannot
change its hybridization and a dangling bond remains on the
atom. Thus, postabstraction the sp3 C site does not have a
dangling bond making it relatively more stable than the sp2

C site with a dangling bond. Hence, abstraction from the sp3

C site is more exothermic than abstraction from the sp2 C
site in a-C:H.

V. SUMMARY AND CONCLUSIONS

The H-abstraction reactions from graphane, dia-
mond�001�, diamond�111�, and a-C:H surfaces by atomic H
were investigated using ab initio calculations. We have
shown that the abstraction reactions from various surfaces
are highly exothermic with a negligible barrier. Abstraction
occurs via a direct-impact Eley-Rideal mechanism, similar to
other semiconductor surface such as those of silicon.42,43

Similar to Si, the abstraction reaction plays an important role
in determining the surface H coverage and the growth
mechanism of carbon-based materials. For example, barrier-
less H abstraction from graphane could have potential impli-
cations in developing strategies to tailor its band gap. Recent
experiments have demonstrated that longer H2 plasma expo-

FIG. 6. �Color online� Cross-sectional view of the charge den-
sities of the atoms in the supercell containing H and graphane at
various points along the reaction pathway. Panel �a� corresponds to
the initial state, �b� and �c� correspond to intermediate states, and
�d� to the final state. The color scale on the right indicates the
electron density in arbitrary units.
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sures at a higher plasma power are required to completely
hydrogenate one layer of graphene as opposed to two or
three layers.12 The reason for higher plasma power and ex-
posure time was attributed to the relatively high hydrogena-
tion barrier for a single graphene layer compared to two or
three layers.12 We speculate that an added reason for the
slower hydrogenation rate for one layer of graphene could be
the simultaneous H abstraction from the single layer: the rate
of hydrogenation would then compete with the rate of ab-
straction to obtain complete coverage of hydrogen on
graphene to form graphane. Currently, the hydrogen cover-
age on graphene is modified via dehydrogenation by heating
partially hydrogenated graphene or graphane.12 An alterna-
tive to tailor the band gap of graphene could be controlled
barrierless H abstraction from graphane to modify the sur-
face coverage of hydrogen at lower temperatures.

The barrierless Eley-Rideal mechanism for H abstraction
from diamond and a-C:H provides an important insight in the

possible mechanism of growth of diamond, diamondlike car-
bon, and a-C:H using PECVD of hydrocarbon gases that are
heavily diluted in hydrogen. The dangling bonds created af-
ter the barrierless abstraction, as shown in Figs. 4�b� and
5�b�, could aid film growth by providing chemisorption sites
for the hydrocarbon radicals.1,9
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