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Density functional study of adsorption of molecular hydrogen
on graphene layers
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Density functional theory has been used to study the adsorption of molecylan i graphene

layer. Different adsorption sites on top of atoms, bonds and the center of carbon hexagons have been
considered and compared. We conclude that the most stable configurationi®fpHysisorbed

above the center of a hexagon. Barriers for classical diffusion are, however, very smaDo0®
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I. INTRODUCTION Brown'! by averaging an empirical Lennard-Jones-8 po-
) ) tential over a graphite plane. In the simulations Wang and
The adsorption of hydrogen by different formslof carbon johnson used a hybrid path integral-Monte Carlo method.
has been studied by different groups Dillon et al™ were  jonns0f also studied the influence of electrical charging of

the ﬁrfSt to S“_de the storage of molecular hydrogen by 8Sthe tubes. Stan and Cdfeperformed calculations based on a
semblies of single wall carbon nanotull@NCNT) and po- sum of isotropic Lennard-Jones interactions between the

rous activated carbon. They pointed out that the attraCtiV?nolecule and the C atoms of the tube. They calculated the

potential of the walls of the pores makes it possible a hlghadsorption potential of a hydrogen molecule, considered as a

densily storage. From temperafure-programmed desorptiosn herically symmetric entity, as a function of distance from
experiments Dilloret al! concluded that those forms of car- P Y sy Y,

We axis of a SWCNT, along radial lines upon the center of a

bon are promising candidates for hydrogen storage, although ¢ carb " d b i
the density of hydrogen is still low in order to meet the exagon of carbon atoms and upon a carbon atom, réspec-

requirements of the DOE Agency for novel hydrogen storagéively' Those simula.tions give useful insight to iptgrpret the
systems. More recently Levesqaeal.? Ye et al,? and Liu _results pf the experiments. However, _the description of the
et al? also studied the adsorption of molecular hydrogen ortéraction between jHand the graphitic surfaces of the
SWCNT at different temperatures and pressures. ChamberR/VCNT or the slit pores in those works is too simple. Sim-
et al5 have reported obtaining an extraordinary storage cablicity is a necessary requirement for massive simulations
pacity by some graphite nanofibers but Wang and JoBnsonhvolving several hundredor several thousandH, mol-
have tried unsuccessfully to confirm the high storage capacecules and an assembly of SWCNT of realistic size, but one
ity by graphite nanofibersslit pore3 and SWCNT. Hynek can expect more realistic results if the interaction potential is
et al. investigated ten carbon sorbents but only one of thenslerived from anab initio calculation. The adsorption of
could augment the capacity of compressed hydrogen gastomic” hydrogen on a planar graphene sheet, that is a
storage vessels. The improvement was marginal at 190 Klanar layer exfoliated from graphite, has been studied
and 300 K but nonexistent at 80 K. The storage capacity opreviously*>**Bercu and Greclf used a semiempirical mo-
carbon nanotubes and graphitic fibers has been enhanced lg¢cular orbital LCAO treatment at the INDQntermediate
doping with lithium and other alkali elemerftsThe alkali  neglect of differential overlapunrestricted Hartree—Fock
atoms seem to have a catalytic effect in dissociating the Hievel and Jeloaica and Sidfsused the density functional
molecule and promoting atomic adsorption. An advantage isormalism (DFT).!® In both works the description of the
that the doped systems can operate at moderate temperatugggiphene layers was simplified by modeling this layer by a
and ambient pressure. finite cluster G,~H,,, where the hydrogen atoms saturate
Some of the authors cited ab&\?eq-have also performed he dangling bonds on the periphery of the planar cluster.
computer simulations of the adsorption of molecular hydro-But, as mentioned above, hydrogen is adsorbed in molecular

gen inside, qut;ide _and in the iqterstices Qf an array Qform by graphitic surface$SWCNT and slit pores so in
SWCNT and in idealized carbon slit pores using model Pallnis work we study the interaction of a,Hnolecule with a

potentials to describe the interactions. Wang and Joﬁnsonl . .
. - . . . anar graphene layer. Since the graphene layers interact
adopted the semiempirical pair potential of Silvera and” grap Y ! grap Y !

Goldmart® for the H—H, interaction and the jC interac- weakly in bulk graphite, the interaction of,Hvith a gra-
tion was modeled by g potential derived by Crowell andphitic surface is a localized phenomenon restricted to the

outermost plane. For this reason our calculations have rel-

) evance for understanding the adsorption ¢fdf the walls

30n sabbatical leave from Area déskia, Divisio de Ciencias Bsicas e of slit pores in graphite, and also for the case of adsorption
Ingeniefa, Universidad Autooma Metropolitana Azcapotzalco, Av. San . h ’ iffer f h | Vi
Pablo 180, 02200 f#dco D.F., Mexico. by SWCNT, since these differ from a graphene layer only in
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TABLE |. Calculated energyRy) of the graphene layer for several layer—
layer distances. The energies are calculated for a plane wave cut-off energy

of 40 Ry.
Layer—layer distancéa.u) Energy(per atom
20 —11.4234
25 —11.4235
30 —11.4235
35 —11.4235

IIl. THEORETICAL METHOD AND TESTS

To calculate the interaction between, ldnd a planar
graphene layer we use tlad initio FHI96MD code, developed
by Scheffleret al!® This code uses the DF¥ to compute A
the electronic density and the total energy of the system, and
we have chosen the local density approximatibBA) for
exchange and correlatidf Only the two electrons of the H
molecule and the four external electronss{2p?) of each
carbon atom are explicitly included in the calculations, while
the 1s? core of carbon is replaced by a pseudopotential. For
this purpose we use the nonlocal norm-conserving pseudo-
potentials of Hamanet al3°Nonlocality in the pseudopo-
tential is restricted tdé=2, and we take as a local part of the
pseudopotential the component. The code employs a super-
cell geometry and a basis of plane waves to expand the elec-
tronic wave functiong?

First we have tested the method for pure graphlte. B>}e:ight carbon atoms in the unit cell, represented by large spheres. The bottom

minimization of the total energy with respect to the inter- panel shows the three adsorption configurations with the molecular axis
atomic distances we obtained an in-plane C—C bond lengtberpendicular to the graphene plane. These have thedtecule above a
equal to 2.66 a.u. and a distance between planar graphit%t‘)fbontﬁtom(At)’ alf’OVﬁ the (fg;j%im Orf] a C%fbon-zafbo?_ boliE) f?‘”d

: : apove the center or a hexa . AISO shown IS an adsorption contigura-
Iayers of 6.275 a.u. The correspond!ng eXpe”mental V‘?a]luestion (D) with the moleculargaxis parallel to the grapher?e plane e?nd the
are 2.68 a.u. and 6.34 a.u., respectively. The s@@&8) un-  molecule above the center of a hexagon.
derestimation of bond lengths is characteristic of the LDA.
Next we have studied an isolated graphene layer. Since the
computer code uses a periodic supercell method, the cell axig, molecule, identical to the energies obtained for the cubic
has to be large in the-direction to avoid the interaction superlattice geometry.
between graphene sheets in different cells. Table | gives the

calculated energy of the graphene layer as a function of the
lengthc of the unit cell in thez-direction, or in other words, fll. INTERACTION BETWEEN H, AND THE GRAPHENE

as a function of the distance between parallel graphene Ia;l/'-'A‘YER

ers. Results given far=20, 25, 30 and 35 a.u. show that the For the periodicity of the system we have selected a unit
energy is well converged for those layer separations and thaell with eight carbon atoms and one hydrogen mole(sede

for c=20a.u. the error in the energy per atom is only aboutFig. 1). If we place a hydrogen molecule at any point of the
1in 1C. A cutoff of 40 Ry was used in all the calculations. cell, the distance from this molecule to others in the nearest
We also tested the method by calculating the energy of theells is 9.224 a.u. This separation is large compared to the
H, molecule, that was placed at the center of a simple cubibond length of H (1.480 a.u, and we have verified that
supercell. The total energy obtained for a plane wave cut-ofthere is no interaction between two hydrogen molecules
energy of 40 Ry and supercell lattice constants of 18 a.u. anseparated by that distance. The interaction of themtdl-

20 a.u. is the same; 2.247 Ry as well as the bond length, ecule with the graphene sheet has been studied by perform-
1.48 a.u. Notice that this bond length is small compared tdng static calculations for two orientations of the axis of the
the C—C bond length. Anticipating the geometry to be usednolecule: axis perpendicular to the graphene plane and axis
in the study of the interaction between, ldnd graphene, parallel to that plane. Three possible configurations, called
another set of calculations were performed for the energy oA, B and C below, have been selected for the perpendicular
H, by placing the molecule in the superlattice describedapproach of the molecule to the plari&:) upon one carbon
above in the study of the graphene layer, but this time with-atom,(B) upon the center of a carbon—carbon bond B

out graphene. Calculations for distances between the imagitpon the center of a hexagon of carbon atoms. On the other
nary graphene planes ranging from 20 a.u. to 35 @he hand, for the parallel approach the molecule is placed upon
plane wave cut-off was again 40 Rgave energies for the the center of a hexagon of carbon atoms with the molecular

IG. 1. The top panel gives a fragment of the graphene layer showing the
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FIG. 2. A comparison of potential energy curves for the parallel approach OFIG' 3. Potential energy curves for the approach gfdtthe graphene layer

H, to the graphene layer upon the center of a hexagon of carbon atoms. T in four different configurations. The axis of the molecule is perpendicular

curves were obtained using supercells such that the graphene layers are’ B, ) or parallel(D) to the graphene layer. In the former orientation the
) g sup grap Y alecule is above a carbon atawy), above the center of a C—C bof#),
separated by 30 a.(circles or 20 a.u.(crosses

and above the center of a hexag@®). In the parallel orientatioriD) the
molecule is above the center of a hexagon.

axis perpendicular to two parallel sides of the hexagon, and

this is called configuration D. These four configurations are3. The predicted equilibrium positions and the binding ener-
given in the bottom panel of Fig. 1. To obtain the interactiongies(depth of the minimurnof the different curves are given
energy curve for each of those four cases, the distance bg; Table II. The small magnitude of the binding energies,
tween the hydrogen molecule and the graphene layer wagss than 0.1 eV, shows that the system is in the physisorp-
varied while maintaining the relative Configuration. In thesetion regime_ A Comparison of the four curves reveals that the
calculations the bond length of the, Mas held fixed at 1.48 mgst favorable position for the Hinolecule is physisorbed in
a.u., the bond length of the free molecule. This is expected tg position above the center of a carbon hexagon, and that the
be valid in the relevant region of the interaction. This Con'para||e| Conﬁguration is S||ght|y more favorable than the per-
straint will, however, be relaxed in simulations described afendicular one. We have verified that different orientations
the end of this section. Calculations were first performed irpf the molecular axis with respect to the underlying carbon
the parallel configuratiofD) for a superlattice such that the nexagon in the parallel configuration lead, in all cases, to the
distance between graphene layers is 30 a.u. The plane wa¥gime curve D plotted in Fig. 3. The differences in binding
cut-off was 40 Ry. The interaction energy curve is plotted inenergy shown in Table Il are very small. For instance, con-
Fig. 2 and the curve has a minimum at 5.07 a.u. For separgmurations D and A only differ by 16 meV, and configura-
tions larger than this value the energy rises fast and reachggns D and C by 3 meV.

its asymptotic value for 10-11 a.u. The energy at the maxi- Figures 4a) and 4b) give the electron density of the
mum possible separation between the center of mass of thfre graphene layer in two parallel planes, 5 and 3 a.u. above
H, molecule and the graphene plane for this superlattice, 1ghe plane of the nuclei, respectively. The former one is very
a.u., was taken as the zero of energy. The figure also giveg§opse to the preferred distance of approach for thentdl-

the results of a similar calculation for a smaller superlatticegcyle in configuration D. First of all one can note that the
such that the distance between graphene layers is 20 a.u. Thglues of the electron density in that plane are very small, of
corresponding energy curve, referred to the same zero qhe order of 10° e/(a.u), so the plane is in the tail region of
energy as above, is practically indistinguishable from thehe electron density distribution. Nevertheless the densities
former curve. The calculations also show that for all praCticab|ear|y reveal the topography of the graphene |ayer_ Electron
purposes the energy curve has reached its asymptotic valgnsity contours on top of carbon atoms surround other con-
for a distance of 10 a.u., that is the longest separation akopurs representing the large hexagonal holes. Densities are
lowed for the superlattice of 20 a.u. This indicates that cal-

culations using the smaller superlattice are enough for our

purposes of studying the,Hgraphene interaction. Then, the TABLE Il. Binding energy (eV) and equilibrium distancea.u) for H,

. . . . physisorbed on a graphene layer. A, B and C correspond to the configura-
results of calculations gorrespondlng to cqnflgqratlpns A, Btions in which the molecular axis is perpendicular to the graphene plane and
C and D for a superlattice of 20 a.u. are given in Fig. 3. Thahe molecule is on top of a carbon ata@#), the midpoint of a carbon—
potential energy curves for the perpendicular apprdagcts, carbon bondB) and the center of a hexagd@). In configuration D the
C) rapidly merge with each other for large,+graphene molecule is on top of the center of a hexagon with the molecular axis

. . S . arallel to the graphene plane.
separation, becoming indistinguishable from one another b

yond 6.5 a.u. Actually, curves A and B are very close in the A B c D
Whole_range of separations although B is marginally more Binding energy 0.070 0.072 0.083 0.086
attractive. The common value of the energy of curves A, B pigtance 5.50 5.49 5.95 507

and C at separation 10 a.u. is taken as zero of energy in Fig
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FIG. 5. Contours of constant electron density of pure graphene in a plane
perpendicular to the graphene layer, going through a line containing two
adjacent carbon atoms, label€d andC,. Symbols M and X indicate the
mid-point of a carbon—carbon bond and the center of a hexagon, respec-
tively. The outermost contour plotted js=1.11x 10 2 e{a.u)® and the
interval between contoursp=1.11x10"2 ef(a.u)>.

tractive contribution is rather similar for all the configura-
tions (notice the similarity of the potential energy curves
beyond 6 a.y.and is mainly due to exchange and correlation
effects. Neglecting correlation for the purposes of simplicity,
the exchange contribution to the total energy is given, in the
LDA, by the functional

(b)

Ex>"[p]=Cy f p(r)*3d°, (&)
FIG. 4. (a) Contours of constant electron densitpf a pure graphene layer
in a plane 5 au. above the plane of the carbon nuge:8.64  whereC, is a well known negative constatitin the regime
X107 % ef@.u)® in the innermost contours above carbon atoms.6.08 of weakly overlapping densities, and assuming no density

X 107% ef(a.u)? in the innermost contours above the large hexagonal holes, rrangements d to th | hell character -oftie
Densities decrease monotonously between those two contours with an intrarrangéments due to the close-shell characler 0

val Ap=0.18x 105 el(a.u)®. (b) Contours in a plane 3 a.u. above the plane CONtribution of exchange to the interaction energy becomes
of carbon nucleip=3.92x 10" e/(a.u)® in the innermost contours above

carbon atomsp=1.72x 10" % ef(a.u)? in the innermost contours above the AE.=C
large hexagonal holes. Densities decrease monotonously between those two X X
contours with an intervah p=0.16< 102 ef(a.u)®.

f[sz(r)erg(r)]“Bdsr

, @

_f sz(r)4/3d3r_f pg(r)4’3d3r

larger in the other plane, closer to the plane of nuclei. In eacherepg andp,,, represent the tail densities of the graphene
plane the density is larger in the positions above carbon atayer and H molecule, respectively. A net “bonding” con-
oms and lower above the hexagons. A plot that complementsibution arises from the nonlinearity of the exchange energy
this view is given in Fig. 5, that gives the electron density infunctional. On the other hand the sharp repulsive wall is due
a plane perpendicular to the graphene layer through a lineo the short-range repulsion between the close electronic
containing two adjacent carbon atoms, labelydandC, in  shell of the H molecule and the electron gas of the substrate.
the figure. Then, points labeled M and X represent the midThis contribution is very sensitive to the local electron den-
point of a carbon—carbon bond and the center of a hexagosijty sampled by the KHmolecule in its approach to the
respectively. The most noticeable feature is the existence @raphene layer and explains the correlation between the po-
depressions of electron density in the regions above the cesition and depth of the different minima in Fig. 3 and the
ters of carbon hexagons. These hollow regions are separatéshtures of the substrate electron density in Figs. 4 and 5.
by regions of larger density that delineate the skeleton oBimilar arguments explain the physisorption of noble gas
carbon—carbon bonds. In this figure the density of the mosatoms on metallic surfac&and the weak bonding interac-
external contour ip=1.11x10 2e/(a.u)® and the interval tion between noble gasé$At very large separation the in-
between contourd p=1.11xX 10" 2 ef(a.u)®. teraction energy curves should approach the van der Waals
These observations correlate with the features in Fig. 3interaction, that is not well described, however, by the LDA.
and lead to the following interpretation of the potential en-  An interesting point concerns the comparison of the
ergy curves. Each curve can be seen as arising from twminima of the curves C and D of Fig. 3. That of curve D is
main contributions, one attractive and one repulsive. The atdeeper and occurs at a shortejdgraphene separation. The
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10 au. ertheless quantitatively very small. Notice thpj takes
values between 1:610 2 and 4.1x 10 3 e/(a.u)® in a plane

3 a.u. above the graphene layer, whilgs has values of the
order 10 °—10 *e/(a.u)® in the same plane. The smallness
of pgi justifies the argument given in E¢R) for the attrac-
tive exchange-correlation contribution to the interaction po-
tential.

The static calculations discussed above have been
complemented with dynamical simulations in which the H
molecule was initially placed in different orientations at dis-
tances of 4—6 a.u. from the graphene layer and was left to

= AN 2 =0 evolve under the influence of the forces on the H atoms. The
cz2 M ¢t X Cz2 M Ct H, bond length was allowed to adjust in the process. The
FIG. 6. Charge density differengeys= pi—py—py, for H, physisorbed 5 simulations confirm the results of the_ static_ _calculations, in
a.u. above the graphene layer. The plane of the plot and the symbols C1, cthe sense that the Hinolecules end up in positions above the
M and X are the same as in Fig. 5. The contour labeled P has a valugenter of a hexagon at the end of the simulations. The bind-
2.36x10"° ela.u)* and encloses the region of positigy - ing energies and j+graphene layer distances practically co-
incide with those in Table Il. Marginally small differences in
separation or binding energy are due to very small changes
of the bond length of K always smaller than 0.3%. The
reason is that the surfaces of constant electron density of thesult of one of the simulations is worth to be mentioned. A
H, molecule have the shape of slightly prolate ellipsoids in-configuration intermediate between those labeled C and D
stead of simple spheres. Consequently, for a given distdnceabove was obtained: the center of mass of the molecule was
between the center of mass of &hd the graphene plane, the 5.10 a.u. above the center of a carbon hexagon, with the
molecule with the perpendicular orientatié@) penetrates molecular axis forming an angle of about 30° with the
more deeply into the electronic cloud of the substrate than igraphene plane. The binding energy in this new configura-
the parallel orientation(D). In other words, the repulsive tion was only 1 meV larger than in the parallel configura-
wall is reached earlier, that is for largéy in the perpendicu- tion D.
lar configuration(C). If we consider an electronic density In summary, the picture arising from the calculations is
contour in b with a valuep=0.018 e{a.u)?, then the two  rather clear. The Kimolecules prefer the hollow sites above
semiaxes have lengths of 2.07 and 1.71 a.u., respectivelyhe centers of carbon hexagons where the background elec-
and the difference between these two lengths is 0.36 a.@ron density is lower than in channels on top of the skeleton
This value is in qualitative agrement with the difference be-of carbon—carbon bonds. The exchange-correlation contribu-
tween the H-graphene separations for the two minima oftion provides the weak attraction responsible for physisorp-
curves C and D, which is 0.20 a.u. This shape effect is usution, but the preferred distance of approach is determined by
ally neglected in the phenomenological approaches, that tre@e repulsive part of the interaction potential. That repulsive

H, simply as a spherical molecule. o contribution is due to the close-shell electronic structure of
Figure 6 gives a plot of the charge density difference, H, We have performed static calculations of the barrier for
pai(1) = prol 1) = (pg(1) + pp (1), 3y  the diffusion of a molecule, initially in the parallel configu-

ration D at the preferred distance of 5.07 a.u. above the
where py(r) is the calculated density of the total system, graphene plane, to an equivalent configuration D above an
that is the H molecule physisorbed in orientation D at a adjacent hexagon. The initial configuration of the molecule,
distance of 5 a.u. above the graphene layer, whergas with its axis perpendicular to two parallel carbon—carbon
+pn, is the simple superposition of the densities of the pureponds, can be seen in the bottom panel of Fig. 1. The mol-
graphene layer andHnolecule placed also in orientation D, ecule was then forced to follow a path across one of those
5 a.u. above the graphene layer. That density differencbonds, allowing for the reorientation of the molecular axis at
pqir(r) is given in the same plane, perpendicular to theeach step in order to minimize the energy of the system.
graphene layer, used in Fig. f(r) has positive and nega- Although the molecule begins with the axis parallel to the
tive regions. The positive region is the area bound by theraphene plane, the orientation of the axis changes as the
contour labeled P. This region has the shape of two lobemolecule approaches the carbon—carbon bond. In fact, when
joined by a narrow neck. Contour P has a valyg=2.36 the center of mass of the molecule is precisely above that
x 10" ef(a.u)® and pgy increases in this positive region as bond, the molecular axis becomes perpendicular to the
we move towards inner contours in the lobes. The innermogjraphene plane, that is the molecule adopts configuration B,
contour shown has a valyg;=2.87<10 “ef(a.u)®>. The as indicated also in Fig. 1. The energy difference between
H, molecule sits above the neck, so the figure reveals that thiis saddle configuration and the starting one gives a calcu-
repulsive interaction produced by the close electronic shellated diffusional barrier of 14 meV. A temperature of 163 K
of H, pushes some charge from the region immediately beis enough to surpass this barrier.
low the moleculgthe neck regionto form the lobes of posi- The conclusions from the calculations are, in our view,
tive pgir(r). This displacement of electronic charge is nev-general enough that one can make some extrapolations to the
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case of adsorption of jby carbon nanotubes. When adsorp- diffusional barriers are also small, so easy diffusion is ex-
tion occurs on the outside wall of an isolated nanotube, th@ected at low temperature. The nonsphericity of thertl-
predictions of Fig. 3 will be valid, with a minor influence of ecule has some influence on the preferred orientation of the
the nanotube curvature. If the tubes form a parallel bundlgnolecular axis with respect to the graphene plane. These
and we consider the interstitial channels between tubes, tH#mall effects associated to different positions and orienta-
effects seen in Fig. 3 will be smoothed out because of th&ons of the physisorbed molecule are expected to average
addition of contributions of different graphitic surfaces not in out inside carbon nanotubes or in the interstitial channels in
registry. Addition of these contributions will give rise to an parallel arrays of carbon nanotubes.

interstitial channel with a potential energy nearly indepen-

dent ofz, if we call z the direction parallel to the tube axis. ACKNOWLEDGMENTS

Finally, the same smoothing effect will occur in the inner ~ Work supported by DGE$Grant No. PB95-0720-C02-
channel of a tube if the tube diameter is not large. In sum91), Junta de Castilla y Leo(Grant No. VA28/99 and Eu-
mary we predict very easy diffusion of the, holecule in  ropean CommunityTMR Contract No. ERBFMRX-CT96-
arrangements of parallel tubes along the direction parallel t9062-DG12-MIHT). L. M. M. is grateful to DGES for a
the tube axis, both inside the tube cavity and in the interstiPredoctoral Grant. J. S. A. wishes to thank the hospitality of
tial channels. Universidad de Valladolid during his sabbatical leave and

The present adsorption results can be partialy comparegrants given by Universidad Automa Metropolitana Azca-
with those of Stan and Cof€.They considered the Hnol-  potzalco and by Instituto Politeico Nacional(México).
ecule as a spherically symmetric entity and calculated the
adsorption potential inside zigzgd3,0 nanotubedradius IA. C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang, D. S. Bethune,
=9.62 a.U) based on a sum of isotropic Lennard-Jones inter-,2nd M. J. Heben, Naturé-ondon 386 377 (1997. ,

. F. Darkrim and D. Levesque, J. Chem. Phy89 4981(1998; F. Dark-
actions between t.he molecule and the carbon atomS.Of therim, J. Vermesse, P. Malbrunot, and D. Levesdhi]. 110, 4020(1999.
tube. Our calculation and that of Stan and Cole agree in thaty. ve, C. C. Ahn, C. Witham, B. Fultz, J. Liu, A. G. Rinzler, D. Colbert,
the smallest binding energy is obtained for theupon one K. A. Smith, and R. E. Smalley, Appl. Phys. Lemd, 2307 (1999.
carbon atom and the largest one for theugon the center of Eétlfsluyszliet{cgggl '1\"1'2'-7'?1'9%;' Cong, H. M. Cheng, and M. S. Dressel-
the hexagon of carbon atoms. However Stan and Cole do naty chambers, C. Park, R. T. K. Baker, and N. M. Rodriguez, J. Phys.
distinguish between parallel and perpendicular orientations chem.102, 4253(1998.
because they considered a spherical molecule. Their Fig. Q- Wang and J. K. Johnson, J. Chem. PHy0 577 (1999; J. Phys.
shows a binding energy about 0.079 eV for adsorption in7ghi|r;h§kl,o\/3v.4ﬁaﬁg,gggd 3. Bentley, Int. J. Hydrogen Enedgy 601
front of the center of a hexagon of carbon atoms and that the 1997,
equilibrium distance between the molecule and the nanotub&p. Chen, X. Wu, J. Lin, and K. L. Tan, Scien285, 91 (1999.
wall is 5.7 a.u. This distance is consistent but a little larger°V. V. Simonyan, P. Diep, and J. K. Johnson, J. Chem. Phys, 9778
than those reported in our Table Il. On the other hand, t_heol(.llz?%ilvera and V. V. Goldman, J. Chem. Phgs, 4209(1979.
value 0.079 eV for the binding energy is also consistent withia p. crowell and J. S. Brown, Surf. Sc23 296 (1982.
the binding energies in Table Il. Notice, however, that the'*G. Stan and M. W. Cole, J. Low Temp. Phy<0, 539 (1998.
binding energy for a tube of larger radius, or for a planariy-;-egzifgg :rf]‘g \\// ;’iagfeéﬁvm:o’l‘gﬁt PLfgza iggggg
graphene sheet, will be a little smaller because _the CUrvVatur®,y "« onhn and L. J. Sham, Phys.. Re\)//.iom 1133(1965:; R G. Parr and
of the tube increases the number of nearest neighbor carbony. yang, Density Functional Theory of Atoms and Molecul@xford
atoms. In fact, Wang and John$aralculated an adsorption _ University Press, New York, 1989
binding energy near 0.050 eV for molecular hydrogen in anleM. Bockstedte, A. Kley, J. Neugebauer, and M. Scheffler, Comput. Phys.
. . . . . Commun.107, 187 (1997).
idealized carbon slit pore with a pore width of 17.4 a.u. 175 b "perdew and A. Zunger, Phys. Rev2® 5048 (1981.

18G. B. Bachelet, D. R. Hamann, and M. Schluter, Phys. Re26B4199
IV. CONCLUSIONS (1982.
19D, R. Hamann, Phys. Rev. B0, 2980(1989.
By performing DFT calculations we confirm that phys- 2°m. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopo-

isorption of H, on graphitic layers is possible. The differ- 21u|05, Rev. Mod. Phys64, 1045(1992.

ences between the binding energies corresponding to differ-V- S Dresselhaus, G. Dresselhaus, and P. C. EkiBdence of
e Fullerenes and Carbon Nanotubé&cademic, San Diego, 1996

ent positions(on top of carbon atoms, on top of carbon— 22y p ang, Phys. Rev. Letts6, 842 (1981).

carbon bonds, on top of hexagonal hglase small, and the %R. G. Gordon and V. S. Kim, J. Chem. Ph{§, 3122(1972.



