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Abstract: Recent experiments suggest that the high hydrogen storage capacity in graphite nanostructures
might be associated with adsorption on the edges. First-principles calculations are used to study the structure
and energetics of H chemisorption on graphite zigzag edges. The properties of both singly and doubly
hydrogenated edges are examined. Molecular hydrogen can dissociatively adsorb on the edge directly,
with small activation barriers to the formation of either singly or doubly hydrogenated structures. A new
model for the location of adsorbed H is proposed.

Introduction

Carbon nanostructures such as carbon nanotubes (CNTs),
graphite nanofibers (GNFs), and nanocrystalline graphite have
drawn considerable attention as potentially efficient hydrogen
storage media.1-10 The low specific mass of carbon makes it
possible to achieve high gravimetric storage capacities in these
carbon-based nanomaterials. Molecular hydrogen can both
physisorb and dissociatively chemisorb onto these materials, but
the physisorption of molecular hydrogen onto these substances
is too weak for them to have a useful storage capacity at room
temperature. On the other hand, it is important that the
chemisorption energies not be too large. For the equilibrium
vapor pressure of H2 to be 1 bar or more at room temperature,
the dissociative chemisorption of H2 onto the storage material
must be exothermic by 0.41 eV (per H2) or less.10 As we discuss
later in this article, this is probably not the case for most
graphitic materials. There has also been considerable interest
in the use of metal hydrides, alanates and other light hydrides,
metal organic frameworks, and ice clathrates as hydrogen storage
materials.10

The mechanism for incorporation of hydrogen into these
carbon nanostructures at room temperature is not well-

understood. Browning et al. measured hydrogen storage capaci-
ties in GNFs as large as 6.5 wt %.4 They proposed that the
mechanism for hydrogen adsorption involved, initially, the
dissociation of molecular hydrogen “catalyzed by carbon edge
sites”. Orimo et al. reported that after mechanical milling of
graphite under a hydrogen atmosphere for 80 h, hydrogen uptake
in nanocrystalline graphite reached up to 7.4 wt %.5 On the
basis of an analysis of the radial distribution functions (RDFs)
obtained from neutron diffraction experiments, they proposed
two different types of H binding: chemisorption of an H atom
to an edge carbon and adsorption of an H atom between the
graphite layers.5-7 In addition, two distinct thermal desorption
peaks for molecular hydrogen were observed for this mechani-
cally milled nanostructured graphite, starting from∼600 and
∼950 K, respectively.8 More recently, Din˜o et al. calculated
total energies for the chemisorption of hydrogen between
graphite layers11 and also suggested that one of the new C-H
peaks in the RDFs was due to interlayer H. However, the
formation of this interlayer H is energetically unfavorable. For
this reason and others discussed in the text, we feel that the
formation of interstitial H may not contribute significantly to
hydrogen uptake in carbon nanostructures at room temperature.

To better understand hydrogen storage and the hydrogen
adsorption/desorption cycle in graphite nanostructures, it is
important to understand the interaction between hydrogen atoms
and the graphite edges, as well as the energetics of the
dissociative adsorption and recombinative desorption of mo-
lecular hydrogen on these edge sites. Until now, little theoretical
and experimental attention has been paid to this topic. Mehandru
et al. studied the hydrogenation of the{101h0} graphite edge
using the atom superposition and electron delocalization (ASED)
band technique.12 Yang et al. recently examined the adsorption
of H on the graphite (0001) basal plane, the (1010) zigzag edge,

† Present address: Geophysical Laboratory, Carnegie Institution of
Washington, 5251 Broad Branch Rd, N.W., Washington, DC 20015.
(1) Ye, Y.; Ahn, C. C.; Witham, C.; Fultz, B.; Liu, J.; Rinzler, A. G.; Colbert,

D.; Smith, K. A.; Smalley, R. E.Appl. Phys. Lett.1999, 74, 2307-2309.
(2) Dillon, A. C.; Jones, K. M.; Bekkedahl, T. A.; Kiang, C. H.; Bethune, D.

S.; Heben, M. J.Nature1997, 386, 377-379.
(3) Liu, C.; Fan, Y. Y.; Liu, M.; Cong, H. T.; Cheng, H. M.; Dresselhaus, M.

S. Science1999, 286, 1127-1129.
(4) Browning, D. J.; Gerrard, M. L.; Lakeman, J. B.; Mellor, I. M.; Mortimer,

R. J.; Turpin, M. C.Nano Lett.2002, 2, 201-205.
(5) Orimo, S.; Majer, G.; Fukunaga, T.; Zuttel, A.; Schlapbach, L.; Fujii, H.

Appl. Phys. Lett.1999, 75, 3093-3095.
(6) Fukunaga, T.; Itoh, K.; Orimo, S.; Aoki, M.; Fujii, H.J. Alloys Compd.

2001, 327, 224-229.
(7) Itoh, K.; Miyahara, Y.; Orimo, S.; Fujii, H.; Kamiyama, T.; Fukunaga, T.

J. Alloys Compd.2003, 356, 608-611.
(8) Orimo, S.; Matsushima, T.; Fujii, H.; Fukunaga, T.; Majer, G.J. Appl.

Phys.2001, 90, 1545-1549.
(9) Majer, G.; Stanik, E.; Orimo, S.J. Alloys Compd.2003, 356, 617-621.

(10) Schlapbach, L.; Zuttel, A.Nature2001, 414, 353-358.

(11) Dino, W. A.; Miura, Y.; Nakanishi, H.; Kasai, H.; Sugimoto, T.J. Phys.
Soc. Jpn.2003, 72, 1867-1870.

(12) Mehandru, S. P.; Anderson, A. B.; Angus, J. C.J. Phys. Chem.1992, 96,
10978-10982.

Published on Web 09/16/2004

10.1021/ja0472836 CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004 , 126, 13095-13099 9 13095



and the (1121) armchair edge, using the unrestricted Hartree-
Fock (UHF) method.13 Unfortunately, these calculations are not
sufficiently accurate for our purposes, particularly for finding
the transition states involved in the dissociation and recombina-
tion of hydrogen. In this article, accurate electronic structure
calculations based on spin-polarized and gradient-corrected
density functional theory (DFT) have been performed to
examine the chemisorption properties of hydrogen atoms on
graphite edges. Two different H chemisorption configurations
have been found that are consistent with measurements of radial
distribution functions of hydrogenated graphite nanostructures.
The potential energy surfaces (PESs) for two pathways to the
dissociative adsorption of molecular hydrogen on the graphite
edge have been mapped out. The activation energies for both
mechanisms turned out to be relatively small.

Results and Discussion

Our first-principles total-energy calculations have been
performed using the well-established Vienna Ab initio Simulation
Package (VASP), developed at the Institut fu¨r Materialphysik
of the Universita¨t Wien.14,15 The approach is based on an
iterative matrix diagonalization of the Kohn-Sham equations
of the finite-temperature DFT theory in a plane wave basis set.
We include nonlocal exchange-correlation effects in the form
of a generalized gradient approximation, using the PW91
functional.16 The interactions between the ionic cores and the
electrons are described by fully optimized nonlocal ultrasoft
pseudopotentials.17 To make a proper description of the
asymptotic part of the PES, spin-polarized calculations are
performed. We have used a 3× 6 × 3 grid of Monkhorst-
Pack special k points to sample the Brillouin zone. A slab
supercell approach with periodic boundary conditions is em-
ployed to model the graphite step edge structure. The substrate
consists of two carbon layers, and a vacuum space of 6.474 Å
thick is used to separate the substrate and its repeatable images.
The bottom C layer has a (6× 2) cell structure and contains 24
atoms, all fixed at their bulklike positions. The other carbons
are allowed to relax, unless noted otherwise.

In previous work, we have used VASP to examine H-graphite
interactions, and the computed lattice parameters, cohesive
energy, elastic constants, and bulk modulus of graphite all show
good agreement with experiment.18 For example, the computed
in-plane lattice constant of 2.452 Å compares very well with
the experimental value of 2.456 Å. The computed interlayer
spacing, 3.24 Å, is a bit less accurate when compared with the
3.35 Å experimental value, but the error is still only 3% and
small changes in this spacing do not effect H chemisorption at
the edges. The largest error is in the DFT-PW91 H2 binding
energy, which is 4.54 eV, about 0.2 eV less than the experi-
mental value of 4.745 eV. However, this well-known limitation
of PW91 does not significantly modify the results of our study.
Our computed vibrational frequencies for H and D chemisorbed
onto a graphite surface also agree well with HREELS measure-

ments.19 The two most widely studied graphite edge types are
the (101h0) zigzag edge and (1121) armchair edge. For both
structures, all the carbon atoms remain in the graphite plane
after relaxation. Almost no relaxation can be found for edge C
atoms in the zigzag structure, and their second and third in-
plane neighbor C atoms relax inward and outward, respectively,
compared to the bulk graphite structure. In the armchair
structure, the edge C atoms relax inward, while relaxation of
the inner C atoms is negligible. All the relaxations here are
relatively small, usuallye0.05 Å.

Figure 1 shows our calculated RDFs for bulk graphite (a),
and for our graphite zigzag (b) and armchair (c) edge structures.
For the edge structures, note that our supercell consists of 24 C
atoms in the bottom layer and 12 or 14 C atoms in the top layer,
with 4 C atoms along the edge. The relative number of edge,
near-edge, and bulk carbons in our supercell is what determines
the relative peak heights in Figure 1. The first three RDF peaks
of bulk graphite, located at 1.42, 2.46, and 2.84 Å, respectively,
correspond to the first, second, and third nearest-neighbor bulk
C-C distances. These show excellent agreement with data
measured from neutron diffraction experiments, namely, 1.42,
2.46, and 2.84 Å, respectively.6 Small RDF peaks appear around
the major bulk peaks in both the zigzag and armchair edge
structures because of the relaxation of carbon atoms near the
graphite edges. Fukunaga et al. used neutron diffraction methods
to investigate the structural changes of graphite subjected to
mechanical milling. Under an inert gas atmosphere, they
reported that the RDF peaks were relatively unchanged except
for a little broadening with increasing milling time.6 Mechanical
milling is expected to create a large number of defects, such as
edges and pores, and the defect density will increase with milling
time. Both the zigzag and armchair edge structures generate
small peaks around the bulk peaks in the RDFs, which would
lead to this broadening, especially when thermal effects are taken
into account. The coordination number of carbon in bulk
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Figure 1. RDFs(r) for the calculated structures of bulk graphite (a), graphite
zigzag (b), and armchair (c) edge structures.
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graphite is 3, while each edge C only has two nearest-neighbor
atoms, and thus the average coordination number will decrease
with increasing defect density. From the area of the first RDF
peak, Fukunaga et al. calculated the average coordination
number and reported that it decreased from∼3.0 to 2.82 after
36 h of milling.6 Thus, the average crystal size of nanocrystalline
graphite becomes quite small after this much milling. For the
edge structures we studied, the coordination numbers are∼2.89
for the zigzag case, and∼2.88 for the armchair case. Thus, the
edge density in our supercell is comparable to that in the
experiments, and the RDFs are very similar. In summary, our
computed edge relaxation is consistent with the experimentally
observed peak broadening, though there is not sufficient
resolution to suggest that there is a preponderance of one type
of edge structure over another. Since it takes less energy to form
the zigzag edge, we will only focus on the chemisorption and
dissociation of hydrogen on the graphite zigzag edges.

As the graphite edge carbons are unsaturated, the addition
of H atoms to the edges should be strongly exothermic. We
find that the binding energy of an H atom to an edge carbon is
5.03 eV at 100% coverage (one H on every edge carbon) and
5.05 eV at 50% coverage (one H on every other edge carbon).
This is significantly larger than the binding energy of about
0.7 eV for H chemisorbed on the graphite (0001) plane.18,20

The C-H bond is perpendicular to the edge, and after a full
relaxation of the structure, all of the C and H atoms remain in
one plane, consistent with simple chemical intuition and earlier
studies.13 Following hydrogenation, the edge carbons and their
neighbors can be observed to relax by a small amount, usually
less than 0.04 Å. Figure 2a shows the computed partial RDFs
for the case of a singly hydrogenated graphite zigzag edge at
50% coverage. The three major C-C peaks (at 1.42, 2.46, and
2.84 Å) are relatively unchanged by the adsorption of H. Three

new peaks corresponding to the C-H pair correlation are found
at 1.09, 2.15, and 2.71 Å. No H-H pair correlation exists within
3.0 Å at 50% coverage. In the neutron diffraction study of
graphite mechanically milled under a molecular deuterium
atmosphere, Fukunaga et al. reported that a new RDF peak at
∼1.1 Å, a shoulder at∼2.2 Å, and a background aroundr )
1.8 Å appeared after 20 h of milling, compared with the same
sample milled under an inert atmosphere.6 As the mechanical
milling increases the edge density, they associated the new peak
at∼1.1 Å and the shoulder at∼2.2 Å with H atoms chemisorbed
on the edges. In our calculations, the C-H pair correlations
centered at 1.09 and 2.15 Å are in excellent agreement with
their measurements. Similar results can be found at 100%
coverage.

Fukunaga et al. attributed the RDF peak atr ) 1.8 Å to
deuterium atoms adsorbed between the graphite layers, with a
weak bonding (presumably physisorption) to two carbon atoms,
each located in a different layer. This is consistent with the fact
that the graphite interlayer distance expands slightly to 3.66 Å
after milling.6 Fortunately, we know a great deal about the
interaction of hydrogen with the (0001) graphite surface, and
as the interlayer spacing is quite large, the adsorption properties
of hydrogen atoms in the interlayer should be similar to that on
the surface. The physisorption energies of H and H2 on graphite
are known from experiment to be very small, 0.04321 and 0.051
eV,22 respectively. Thus, physisorption should not play a role,
except at extremely low temperatures. Because the barriers to
the diffusion of physisorbed H atoms are very small,18,20 the
recombinative desorption of physisorbed interlayer H would take
place at very low temperatures and certainly not at the
temperatures reported: 600 and 950 K.8 In addition, the
formation of two physisorbed H atoms from molecular hydrogen
is endothermic by 4.7 eV and is not expected to occur under
the conditions of the experiment. Using DFT, Jeloaica and
Sidis20 and Sha and Jackson18 demonstrated that H can chemi-
sorb on top of a surface C, but only if that C puckers out the
(0001) plane by several tenths of an angstrom. Recently, Din˜o
et al. calculated total energies for hydrogen adsorption between
graphite layers and found very similar behavior.11 They
postulated that these chemisorbed H atoms were responsible
for the r ) 1.8 Å peak in the RDF. Given their chemisorbed
C-H bond length of 1.11-1.15 Å, a puckering of 0.26-0.33
Å, and an interlayer spacing of 3.35 Å, they estimated a distance
of 1.9-2.0 Å from the chemisorbed H to the nearest C on the
other graphite plane. We see several problems with this. First,
if one uses the (post-hydrogen exposure) experimental value
of 3.66 Å for the interlayer spacing, this C-H distance is more
like 2.2-2.3 Å. Second, and more importantly, the binding
energy for chemisorption of H on graphite is weak both on the
surface and between layers, about 0.6-0.7 eV.18-20 Thus, the
activation energy for dissociation of H2 trapped between layers
is very large, 1.3-1.7 eV.11 In addition, the overall process of
converting gas-phase H2 into interlayer chemisorbed H atoms
is endothermic by over 3 eV. For these reasons, we feel that
the formation of interstitial H does not contribute significantly
to hydrogen storage in carbon nanostructures at room temper-
ature.
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Figure 2. Partial RDFs(r) for the C-C (solid lines), C-H (dashed lines),
and H-H (dotted lines) pair correlations, for the calculated singly (a) and
doubly hydrogenated (b) graphite zigzag edge structures.
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Perhaps a better explanation for the RDF peak at 1.8 Å, as
well as for the emergence of the sp3 hybridization character of
C atoms seen by neutron diffraction in the hydrogenated graphite
nanostructures,9 are doubly hydrogenated edge carbons. We have
used our first-principles total energy methods to compute
equilibrium structures for the case where the carbon atoms along
the zigzag edge each have two H atoms added. At equilibrium,
all the carbon atoms remain in the same plane, with the two H
atoms located above and below the plane, symmetrically. Again,
this is consistent with chemical intuition and some earlier
calculations.13 The binding energy is coverage-dependent: 3.92
eV/H atom at 50% coverage (two H atoms on every other edge
carbon) and 3.64 eV/H atom at 100% coverage (two H atoms
on every edge carbon). Figure 2b shows the partial RDFs for
the doubly hydrogenated zigzag edge structure at 50% coverage,
for all the C-C, C-H, and H-H pair correlations. The locations
of C-C pair correlations are relatively unchanged, but the peaks
become “broader”, with many small peaks appearing around
the major peaks because of the minor lattice reconstructions
associated with hydrogenation. New C-C RDF peaks located
at 1.36 and 1.49 Å appear in the vicinity of the bulk 1.42 Å
peak. When Itoh et al. measured the structure of hydrogenated
nanocrystalline graphite by neutron scattering, they reported that
the C-C RDF peak at around 1.45 Å broadened with increasing
hydrogen exposure and could be fit by two peaks with positions
at 1.42 and 1.54 Å.7 They attributed this to the formation of
fourfold coordinated C atoms (sp3 hybridization). We note that
the observed peak broadening is consistent with the effects of
double hydrogenation as illustrated in Figure 2b. Several small
RDF peaks appear, located at 1.11, 2.13, 2.45, 2.62, 2.75, and
2.93 Å, arising from the C-H pair correlations. The C-H RDF
peaks at 1.11 and 2.13 Å, attributed to the first and second
nearest-neighbor C-H correlations, appear at similar locations
as in the singly hydrogenated case. A peak in the RDF, due to
the H-H pair correlation, appears at 1.76 Å. This agrees well
with the background RDF peak at aroundr ) 1.8 Å measured
in the neutron diffraction experiments, suggesting that this peak
might arise from D-D correlations at doubly hydrogenated edge
sites and not interstitial D.5-9 The computed RDF at 100%
coverage is similar to the 50% case. After double hydrogenation,
our equilibrium interlayer distance shows a small increase from
3.18 to 3.21 Å. This is much less than the expansion measured
by diffraction, where after several hours of milling under a
hydrogen atmosphere the interlayer spacing increases from
roughly 3.4 to 3.6 Å.5 However, it is well-known that the PW91
functional does not well describe the weak physisorption
interactions that control the interlayer spacing. More importantly,
there are other factors that contribute to this expansion. For
example, milled nanocrystalline graphite might have edge
planes, and the repulsion between H atoms adsorbed on adjacent
layers would lead to further expansion. Overall, the RDFs for
the hydrogenated graphite zigzag edge structures in Figure 2
compare very well with those measured experimentally for
graphite milled under a D2 gas atmosphere,5-9 especially when
thermal broadening is taken into account.

As the hydrogen uptake in both nanocrystalline graphite and
GNFs takes place under an atmosphere of molecular hydrogen,
it is important to examine the dissociation and adsorption
pathways for H2 on these structures. We have found that the
chemisorption of H on the graphite terrace sites is weak, about

0.7 eV.18 Thus, there is a prohibitively large barrier to
dissociative adsorption of H2 on the terraces, and the process is
endothermic by about 3.4 eV.23 Similarly, it requires much
energy to insert a gas-phase H2 between the layers of graphite,
and once there the barrier to dissociative chemisorption is still
very large, estimated in a recent DFT study to be roughly 1.7
eV for a rigid graphite lattice and 1.3 eV for a fully relaxed
lattice.11 Because the interlayer H chemisorption is about the
same as that on the terraces, the overall process is also
endothermic by 3.4 eV.

We now consider the dissociative chemisorption of H2 at the
edge sites, for which no previous theoretical studies exist.
Because the binding of H to these unsaturated carbons is so
strong, we would expect that the hydrogenation reactions are
very exothermic, with relatively small barriers. In Figure 3, we
plot the PES for the dissociative chemisorption of molecular
hydrogen oriented parallel to a zigzag edge. The H atoms and
all of the carbons remain in the same plane, and the C atoms
are held fixed at the equilibrium positions for the bare
(unhydrogenated) zigzag edge structure. The PES, for a sym-
metric reaction path, is thus a function ofr, the H-H distance,
andx, the distance between the edge and the H2 center-of-mass
(see the inset). The initial energy of-4.54 eV corresponds to
the DFT-PW91 binding energy of H2. The final state corre-
sponds to two neighboring edge carbons, each with a single H.
Because the C-H bond is so strong, this process is exothermic
by 5.3 eV and the barrier to dissociation is very small, roughly
0.2 eV. Note that if we relaxed the substrate, the product
minimum would be lower in energy by about 0.3 eV. Substrate
relaxation during the dissociation would also lower the barrier.
However, because this entrance channel barrier is over 2 Å from
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Figure 3. Contour plot of the potential energy surface for molecular
hydrogen dissociating to form two singly hydrogenated carbons on a graphite
zigzag edge. The hydrogen atoms are located in the same plane as the edge
C atoms, and the center-of-mass of the two H atoms remains on a line
perpendicular to the edge and centered between the two adjacent edge C
atoms. All C atoms are kept fixed at the equilibrium positions for an edge
structure with no hydrogen present.
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the edge, this would be a small effect. We conclude that upon
exposure to molecular hydrogen, single hydrogenation of the
edge carbons as described in Figure 3 takes place very rapidly.

In Figure 4 we consider another edge hydrogenation reaction.
In this case, H2 adds to a single edge carbon, to form one doubly
hydrogenated C. For this reaction path the two H atoms are
located above and below the graphite sheet, symmetrically. The
H atoms and the reacting edge C all remain in a single plane
perpendicular to both the graphite sheet and the edge (see the
inset). The PES for this symmetric reaction path is a function
of r, the H-H distance, andx, the distance between the reacting
C and the H2 center-of-mass. Because the C-H bonds are
weaker in the doubly hydrogenated structure than for the singly
hydrogenated case, the reaction is less exothermic and the
activation barrier is larger. Still, the reaction is exothermic by
more than 2.3 eV, and the barrier, again in the entrance channel,
is only about 0.6 eV. If we relax the substrate, the product
minimum is lower by 0.9 eV. This would increase the reaction
exothermicity to 3.2 eV and lower the activation barrier a bit.
Overall, this process seems highly probable under the conditions
of the experiment.

There are two other edge carbon hydrogenation reactions that
we have not explored in as much detail. For example, H2 could
add across two neighboring edge carbons, one with a single H
and the other with no H. This process is exothermic by about
2.5 eV, though the barrier to dissociation is probably bigger
than for the reactions of Figures 3 and 4. Still, this hydrogenation
reaction is far more energetically favorable than any of the
mechanisms proposed for the formation of interstitial H. The
reaction for H2 to add across two neighboring singly hydroge-
nated edge carbons to form two neighboring doubly hydroge-
nated carbons is actually endothermic by 0.4 eV and not
thermodynamically stable. It is possible that H2 could disso-
ciatively adsorb at the edge sites and that H atoms could migrate
along or between the sheets, into the interstitial region. However,
this is still a very endothermic process, and the barrier to motion
from an edge site to a terrace site would be prohibitively large.
Finally, we note that for the three exothermic edge hydrogena-
tion reactions we have examined, the exothermicities are so large
that the vapor pressure of H2 in equilibrium with the sample at
room temperature would be much less than 1 bar.10

Conclusion

In summary, we have performed detailed first-principles total
energy calculations to examine the structural and energetic
properties of H atoms chemisorbed on a (101h0) graphite zigzag
edge. One H atom can be chemisorbed directly on an edge
carbon, with a binding energy of roughly 5 eV. Two hydrogen
atoms can be co-chemisorbed on the same edge carbon atom,
with a binding energy of roughly 3.9 eV per C-H bond at 50%
coverage. Both of these structures are consistent with the RDFs
extracted from X-ray and neutron diffraction studies of graphite
milled under a molecular hydrogen atmosphere. Two potential
energy surfaces for the dissociative chemisorption of H2 on the
edge carbons have been mapped out. These reactions are very
exothermic and have relatively small barriers. Under the
conditions of the experiment, it is likely that most edge carbons
will be singly or doubly hydrogenated. We also conclude that
the formation of interstitial H atoms is unlikely under the
conditions of the experiment.
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Figure 4. Contour plot of the potential energy surface for molecular
hydrogen to dissociate to form a doubly hydrogenated structure on a graphite
zigzag edge. The two H atoms are located above and below the graphite
sheet, symmetrically. The H atoms and the reacting edge C all remain in a
single plane perpendicular to both the graphite sheet and the edge. All C
atoms are kept fixed at the equilibrium positions for an edge structure with
no hydrogen present.
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