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Abstract. Density functional calculations of the physisorption of molecular hydrogen and the dissocia-
tive atomic chemisorption on the external surface of hexagonal and pentaheptite carbon nanotubes, have
been carried out. Physisorption binding energies are near 100 meV/molecule and are similar on metallic
and semiconducting nanotubes. Full coverage of the nanotube with one molecule per graphitic hexagon
decreases the binding energy per molecule. Chemisorption binding energies per H atom are larger on penta-
heptites than on hexagonal carbon nanotubes. The molecular physisorption and dissociative chemisorption
states on pentaheptites have very similar total energies (some chemisorbed states are even slightly more
stable than the physisorbed states), while on hexagonal carbon nanotubes molecular physisorption is more
stable than dissociative chemisorption. However, a substantial energy barrier has to be overcome to go
from physisorption to dissociative chemisorption in both types of nanotubes.

PACS. 68.43.-h Chemisorption/physisorption: adsorbates on surfaces — 61.46.+w Nanoscale materials:
clusters, nanoparticles, nanotubes, and nanocrystals — 73.22.-f Electronic structure of nanoscale materials:

clusters, nanoparticles, nanotubes and nanocrystals

1 Introduction

The general agreement, nowadays, of experiments and the-
oretical results is that the hydrogen storage capacity of
carbon nanotubes is significant at very low temperatures
but it becomes small (2-4 weight%) at room tempera-
ture and moderate pressures [1,2]. This is a result of the
small physisorption energies, which are about 100 meV per
molecule or smaller [3-8]. It has been argued that Hy ph-
ysisorption may be stronger on metallic than on semicon-
ducting nanotubes, because of the higher polarizabilities
of the former ones. Another suggestion is that physisorp-
tion would be more intense on defects on nanotubes, in
particular on Stone-Wales defects, and there is a recent
theoretical study of the physisorption and chemisorption
of hydrogen on Stone-Wales defects in graphene [9]. Penta-
heptite carbon nanotubes (PHNTS) can be generated by
rolling up a two-dimensional three-fold coordinated car-
bon network composed of pentagons and heptagons [10],
which in turn can be obtained by the creation of Stone-
Wales defects on a graphene sheet. These PHNTs are
metallic. In order to test the storage possibilities of these
new materials we study the molecular physisorption and
the dissociative atomic chemisorption of hydrogen on PH-
NTs and compare the results with those for adsorption on
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normal nanotubes. The calculations use the Density Func-
tional Theory (DFT), with two different computational
implementations, one that considers the helical symmetry
of the nanotubes to calculate their electronic structure us-
ing a basis of Gaussian-type orbitals [11], and a second one
with the DACAPO code [12], that utilizes plane-wave ba-
sis and ultrasoft pseudo-potentials. In both implementa-
tions the Local Density Approximation (LDA) is employed
for exchange and correlation, since the generalized gradi-
ent (GGA) functionals fail to describe the physisorption
of the hydrogen molecule on graphitic materials [13].

2 Physisorption in the dilute
and concentrated limits

We have first studied the interaction of a single molecule
with the external surface of metallic and semiconducting
nanotubes (the geometry of the nanotubes was previously
optimized). There are different configurations of a single
physisorbed molecule, but the differences in binding en-
ergy are, in general, very small. In its most stable config-
uration, shown in Figure 1, the molecule is physisorbed
above the center of a carbon hexagon with the molecu-
lar axis perpendicular to the nanotube surface. In this
configuration the molecule is able to fit optimally into
the electron density valley that exists around the hexagon
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Fig. 1. Left panel: equilibrium physisorption configuration of
a single hydrogen molecule on a normal (5,5) carbon nanotube.
Center panel: the molecular axis is perpendicular to the nan-
otube wall. Right panel: physisorption on a (8,2) pentaheptite
carbon nanotube.

Table 1. Calculated binding energies E, (meV per ad-
sorbed molecule), and equilibrium molecule-nanotube wall dis-
tances Deq (in A) for the physisorption of a He molecule on the
surface of hexagonal and pentaheptite (ph) carbon nanotubes
whose radii (in A) are indicated.

Nanotube Radius site Ey  Dey
Single molecule
(5,5) 3.43 hexagon 89 2.6
(6,4) 3.45 hexagon 101 2.8
(8,2) 3.63 hexagon 88 2.7
ph(8,2) 3.31 pentagon 78 2.7
ph(8,2) 3.31 heptagon 69 25
Full coverage

(5,5) 3.43 - 66 2.6
(6,4) 3.45 - 68 2.6
(8,1) 3.39 - 98 2.6
(8,2) 3.63 - 9% 2.6
ph(82)  3.31 - 62 2.7

center [14]. In Table 1 we present the calculated binding
energies Ej, for adsorption on (5,5), (6,4) and (8,2) nan-
otubes and the corresponding equilibrium distances D,
between the center of mass of the molecule and the nan-
otube surface. The calculated adsorption energies are near
100 meV and these results are consistent with those ob-
tained in previous works [6,7]. There are only small dif-
ferences between the adsorption energies on the metal-
lic (5,5) and the semiconducting (6,4) and quasimetallic
(8,2) nanotubes. In fact, the (5,5) and (6,4) nanotubes
have practically the same radii and the binding energy to
the semiconducting nanotube is marginally larger.

We have also studied the full coverage of the nanotubes
with molecules adsorbed on all the hexagons. The bind-
ing energies per molecule for full coverage of the (5,5) and
(6,4) nanotubes (66 and 68 meV/molecule, respectively;
see Tab. 1) are lower than the binding energies for a sin-
gle molecule because the distances between some neighbor
molecules lie on the repulsive region of the Ho—Hy poten-
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tial and the net effect of the interaction between neigh-
bor molecules contributes to decrease the binding to the
nanotube. The present results are in agreement with the
findings of Diep and Johnson [15]. They obtained an accu-
rate Ho—Hs interaction potential from first principles and
have shown that there is a strong intermolecular repul-
sion when the distance between the centers of mass of the
two molecules is less than 2.5 A. For the single molecule
adsorption discussed above, we found that the binding
energies to metallic and semiconducting nanotubes were
similar. For full coverage we find a more complex situa-
tion. The binding energies are again similar for the metal-
lic (5,5) and semiconducting (6,4) nanotubes; however,
those for the semiconducting (8,1) and quasimetallic (8,2)
nanotubes are larger compared to (5,5) and (6,4). The
reason is again the different distances between neighbor
adsorbed molecules. The distances between a Hy molecule
and its six neighbor molecules in the (8,1) and (8,2) nan-
otubes lie in the attractive part of the Hy—Hs interaction
potential. Configurations with more than one adsorbed
molecule per graphitic hexagon would imply higher stor-
age densities, but also reduced intermolecular distances,
which give rise to strongly repulsive interactions, and we
have found that those configurations are not stable.

The optimized (8,2) PHNT ((8,2) in the usual nota-
tion of hexagonal carbon nanotubes and (4,1) if we follow
the notation of Crespi et al. [10]) has a slightly buckled
surface (the relative difference between the shortest and
largest radius is 6%) and is the equivalent of the (8,2)
hexagonal nanotube, which has a flat surface. The most
favorable adsorption sites are above the centers of carbon
pentagons and heptagons, with the molecular axis per-
pendicular to the surface. The physisorption energies of
a single molecule on the (8,2) PHNT are slightly smaller
than those on the hexagonal (8,2) nanotube (see Tab. 1).
For full coverage of the PHNT, some intermolecular dis-
tances lie on the repulsive part of the intermolecular po-
tential and contribute to a lowering of the binding en-
ergy (per molecule) with respect to the case of a single
molecule.

3 Physisorption and chemisorption
on pentaheptite and hexagonal carbon
nanotubes

We have optimized the structure of a (6,6) PHNT, obtain-
ing a slightly buckled surface (about 5%). The physisorp-
tion energies of hydrogen molecules above the center of
heptagons (131 meV) are higher than above pentagons
(78 meV), a behavior opposite to that found for the (8,2)
PHNT, so a common trend does not exist. There are en-
ergy barriers for the motion of a molecule between those
local minimum positions. The barriers for the motion be-
tween two neighbor heptagons (81 meV), or from a hep-
tagon to a pentagon, are both large. On the other hand
the barriers for motion between two neighbor pentagons
(about 8 meV), or from a pentagon to a heptagon, are
both very small.
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To compare molecular physisorption and dissociative
chemisorption on the PHNT we have optimized the struc-
ture of three chemisorption configurations of the dissoci-
ated molecule with the H atoms attached to two neighbor
carbon atoms. In those configurations the bond between
these two carbon atoms is shared by two pentagons, by
two heptagons, and by a pentagon and a heptagon, re-
spectively. Finally, a fourth configuration with the hy-
drogen atoms bonded to two non-adjacent carbon atoms
has been studied. Total energies were then calculated us-
ing three different relaxation models for each configura-
tion: (a) when the PHNT geometry is fixed and only the
positions of the H atoms are allowed to vary, (b) when
the positions of the C atoms bonded to the H atoms are
also allowed to relax, and (c) when another four neighbor
C atoms are also relaxed. Comparing the total energies we
have found that molecular physisorption is clearly more
stable if we consider model (a). Adopting the relaxation
model (b) lowers the total energies of the chemisorbed
states by about 1.4-1.7 eV, making its total energy very
close to the total energies of physisorption configurations,
or even slightly smaller (that is, more stable). Those two
C atoms relax outwards the nanotube surface, adopting
a tetrahedral sp® bonding configuration with the three
C neighbors and the H atom. Relaxing the positions of
additional C atoms according to model (c) lowers fur-
ther the total energies by about 50 meV. Taking into ac-
count all the configurations and relaxation models, the
most stable state of the system is achieved for the dis-
sociated molecule with the H atoms attached to the car-
bon atoms of a pair between a pentagon and a heptagon.
The binding energy of each H atom is 2.6 eV, and this
chemisorbed state is about 150 meV more stable than the
lowest physisorbed state. Duplock et al. [9] have studied
physisorption and chemisorption on a Stone-Wales defect
on a graphene sheet modulated to produce armchairlike
curvature, and they also found that the difference between
the total energies of physisorbed and chemisorbed states
is very small, about 150 meV, although the physisorbed
state was more stable in that case.

Although some chemisorbed states are slightly more
stable than all the physisorbed states on a pentaheptite,
an initially physisorbed hydrogen molecule must overcome
a substantial energy barrier to turn into the dissociated
state with two chemisorbed atoms. The calculated barrier
is about 2.4 eV.

There are some studies of the chemisorption of a single
H atom on hexagonal carbon nanotubes [16], and studies
of the dissociation of a hydrogen molecule [17]. However,
in order to have a meaningful comparison with our results
on the (6,6) PHNT, we have studied molecular physisorp-
tion and dissociative chemisorption on a hexagonal (6,6)
nanotube. The molecular physisorption energy is 81 meV
per molecule, very similar to the physisorption energy on a
pentagon of the (6,6) PHNT. The dissociated chemisorp-
tion state obtained by relaxing only the positions of the
two H atoms is again less stable than the physisorption
state. Relaxation of the two adjacent C atoms bonded re-
spectively to the H atoms lowers the total energy of the
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chemisorbed state by 1.8 eV (this chemisorbed state is
more stable than a chemisorbed configuration with the
H atoms bonded to non-adjacent C atoms; in this config-
uration, the C atoms bonded to H atoms and the C atom
between them were relaxed). Relaxation of more C atoms
lowers additionally the total energy by about 90 meV.
The binding energy per H atom in this chemisorbed state
becomes 2.25 eV. However the most stable state of the
system is still molecular physisorption, which is 0.48 eV
more stable than the dissociative chemisorbed state. The
result that the chemisorption binding energy per H atom
is larger on pentaheptites (2.6 eV) than on hexagonal
nanotubes (2.25 eV) is in agreement with the findings of
Duplock et al. [9], who also obtained larger binding ener-
gies on a Stone-Wales defect on a graphene sheet with cur-
vature than on a regular flat graphene sheet. The energy
barrier separating molecular physisorption from dissocia-
tive chemisorption in this hexagonal carbon nanotube is
1.8 eV.

In summary, the physisorption binding energies of
molecular hydrogen to hexagonal and pentaheptite sin-
gle wall nanotubes are about 100 meV/molecule or less,
substantially below the value of 300400 meV/molecule
that would be required for viable adsorption/desorption
operation at room temperature and normal pressures [8].
It also appears that the presence of even large quantities of
pentagonal and heptagonal defects in the nanotubes will
not help to increase the adsorption energies. By comparing
total energies we have found that molecular physisorption
and dissociative atomic chemisorption are nearly equally
stable on pentaheptites, but on hexagonal carbon nan-
otubes physisorption is more stable. However, substantial
barriers exist to dissociate the physisorbed molecule both
on the pentaheptites and hexagonal carbon nanotubes.
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