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Ab initio study of hydrogen adsorption to single-walled carbon nanotubes
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We perform the density-functional and quantum chemical calculations of adsorption of a hydrogen molecule
to various kinds of single-walled carbon nanotul®8/NT’s). The potential energy barrier heigiRBH) for
the dissociative adsorption of a hydrogen molecule onto the outer wall of a nanotube decreases as the tube
diameter decreases. In contrast, the PBH feipEinetration into an open-ended nanotube increases as the tube
diameter decreases, independent of the atomic geometry, i.e., zigzag or armchair strugtuhesveier,
cannot adsorb to the inner wall of any type of nanotube. These results on the structure-depgadesotption
to SWNT’s are reasonably explained by thp?-sp® rehybridization caused by the interaction between the
adsorbing hydrogen and carbon atoms of SWNT's.
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I. INTRODUCTION carbon nanotube walls, have not been studied. Therefore, the
objectives of this paper are to reveal the initial pathways and
Carbon nanotubes have been intensively studied in anticthe interaction potential energies fos Hdsorption to various
pation of their application in novel nanoscale materials and'@notubes, and to clarify the underlying electronic states re-
device structures, as well as for their fundamental physics SPonsible for the adsorption properties, by means of detailed
In particular, there has been considerable interest in evalua@¥@ntum mechanical calculations.
ing the capability of carbon nanotubes as a hydrogen-storaq‘%e-rhe organization of this paper is as follows. In Sec. Il, we

material for clean energy sources. Carbon nanotubes we Sv(\:/gberézgnTterfzor%ir;gs rgr??ﬁ(lafo(r)t(()al#\rti;?g:rle(la?tloncsdr\l/r:ass?gr.
reported to be very promising candidates for high H ’ P P gy

uptake? Dillon et al? measured the Hadsorption capacity H, adsorption to various nanotubes and discuss the underly-

. ing electronic states responsible for the adsorption proper-
of single-walled carbon nanotub&WNT) soot, and the 9 P P prop

ties. A summary is given in Sec. IV.
SWNT soot was found to adsorb a large amount of hydro- yisg

gen. Il. METHOD AND MODEL

Monte Carlo simulations based on the model potentials ] )
have been performed to determine the optimal carbon nano- !N the present paper, we perform density-functional calcu-
tube arrays for high bl uptake® Darkrim and Levesqle lations based on the supercell method to investigate the ad-

studied the influence of the distance between the nearestOrPtion of H onto the outer walls of3,3), (4,4), and(6,6)

neighbor SWNT's on adsorption using the Lennard-JoneWNT'S. We follow the nanotube indexn(m) defined in a
potential. Furthermore, Wang and Johrisetudied the ad- previous study. Eight carbon atoms located on the side op-

sorption of hydrogen gas into SWNT’s and the idealizedpOSite to the H adsorptipn sites were fixed a.nd. th? other
carbon slit pores using model potentials. Comparing the re@toms were relaxed during the structural optimization. We
pore ngm P : paring used the first-principles molecular dynamics metfiddwith
sults of this simulation, in which the quantu,m motion of%“e generalized gradient approximations of PWREf. 12
hydrogen molecules was treated by Feynman's path integral, 4 RpgEg(Ref. 13 for the exchange-correlation potential.
method, with those of classical simulations, gives an indicagjnce the difference between the results obtained with PW91
tion of the importance of quantum effects in hydrogenang those with RPEB was found to be negligible, the results
adsorption. Quite recently, an elaborate study on hydrogegptained with PW91 will be shown in this paper. The norm-
adsorption and storage in SWNT's and multiwalled nano-conserving pseudopotentials of NCPS®ef. 14 based on
tubes using the density-functional-based tight-bindingthe Troullier-Marting® algorithm are used. We expand the
calculation8 has shown that many hydrogen atoms can beslectronic wave functions in plane waves up to a kinetic
stored in the interior and adsorbed to the outer wall of carbonergy of 44 Ry, and chooselapoint in the Brillouin zone.
nanotubes, and that the hydrogen storage capacity is limited The potential energy curves for,Hbenetration into open-
by the repulsive interactions between Holecules and also ended nanotubes and for, lddsorption to the inner walls of
those with carbon atoms. nanotubes with various structures and radii have been calcu-
Although these simulations revealed the stable configuralated by the Hartree-Fock method with a PM3 approximation
tion enabling hydrogen storage and the storage capacity, thef Gaussian 98° We have also performed a similar calcula-
details of the molecular mechanism of the t¢action with  tion for a thin nanotube by the local spin density approxima-
nanotubes in the initial stage of adsorption, in particular, theion method and found qualitatively the same result as that
activation energy barriers for dissociative adsorption 9f¢d  with the PM3 approximation. Both edges of the nanotube are
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FIG. 1. Configuration of kladsorption to a nanotube considered
in the present calculation$l) Adsorption to outer wall of nano-
tube, (2) adsorption to inner wall of nanotube, af®) penetration
into nanotube from the open end.

FIG. 3. Valence-electron density @#,4) nanotube.(a) Side
view of the electron density when,Hs dissociatively adsorbed

. . . . (protrusions in the upper sigd¢o the nanotube. Top view of the
terminated with hydrogen atoms. The configuration gf H electron density around the adsorption stig before and(c) after

and the.nanotube co_nsidered in the present calculation 1S, adsorption. Rehybridization froitb) sp? to (c) incompletesp?
schematically shown in Fig. 1. bond (C-C bond is weakengdipon H, adsorption is seen.

lll. RESULTS AND DISCUSSIONS graphene(Atomic hydrogen can adsorb to graphene without

We describe the interaction potentials of #ith various ~an energy barrier.However, the potential energies for ad-
SWNT'’s for (1) adsorption to the outer wal(2) adsorption  sorption to nanotubegdashed, dotted, and solid linem-
to the inner wall, and3) penetration into the open ends of crease once and then decrease. The potential energy barrier
nanotubes. First, the potential energies for ¢h graphene height(PBH) is found to decrease as the diameter decreases.
and onto the outer walls of nanotubes of various diameter§his means that dissociative adsorption of td the outer
are given in Fig. 2. The distance is measured from the stabl@all of SWNT is likely to occur for thinner nanotubes. It
position of the adsorbed site. In the case of graphene, there éhould be noted, however, that, lddsorption rarely occurs
no stable site for K adsorption. Thus, the metastaliex-  on thicker nanotubes, in contrast with the adsorption of
cited adsorption site has been chosen as the origin of thétomichydrogen, as shown in the previous stﬁdy.
horizontal coordinate for graphene. We have chosen the most probable pathway for dissocia-
The potential energydash-dotted lineincreases as H  tive adsorption in the present calculation. That is, the mo-
approaches graphene. This indicates that&hnot adsorb to  |gcylar axis of H was assumed to be parallel to the C-C

bond in the nanotube. A schematic diagram of the dissocia-

a ' ' ' tive adsorption of H is given in the inset of Fig. 2. The
—--— graphene potential energy and the barrier height may change if another
-—- (6,6) mechanism such as asymmetric dissociation is taken into ac-
""""" (4.4) count. In that case, however, we expect that the characteristic
— (33 properties of the structure-dependent potential energies

would remain unchanged.

=oe To interpret the diameter-dependent adsorption property

shown in Fig. 2, we present the valence-electron density of

the (4,4) nanotube as an example in Fig$a)3-3(c). Figure

/\ 1 3(a) shows the side view of the electron density whenis

dissociatively adsorbegbrotrusion$ on the upper side of the

nanotube. Figures(B,c) show top views of the electron den-

sity for a H,-free and a H-adsorbed nanotube, respectively.

L . . T The sp? nature of graphite is clearly evident in Figlb In

0 1 2 3 contrast, it is evident in Fig. (8) that sp*like bonding
Position of HA] among hydrogen and carbon atoms occurred after hydrogen

Energy[eV]

FIG. 2. Potential energy curves fopldissociative adsorption to

adsorption, although the C-C bond in the center region be-

. 3 . . .
outer walls of three SWNT's and graphene. A configuration gf H C@me weak. This tendency fGPZ'Sp rehybridization upon
and a nanotube used for the calculation is shown in the inset. Thilz @dsorption is strong for thin nanotubes, because highly

abscissa is the distance between theahid the stable position of H
adsorbed on the nanotube. The potential energies,ad3orption
to graphenddash-dotted ling (6,6) nanotube(dashed ling (4,4)
nanotube(dotted ling, and(3,3) nanotubgsolid line) are shown.

bent spg bonding of thin nanotubes is favored for the transi-
tion to sp® bonding. This is the essential reason why the
PBH's of (3,3) and (4,4 nanotubes are low compared with

that of the(6,6) nanotube. We can understand, for the same
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FIG. 5. Potential energies for,Hpenetrating into various types
of nanotubeq configuration(3) in Fig. 1]. The solid and dotted
are choser(see inset one is the direction toward a carbon atom curves refer to armchair and zigzag nanotubes, respectively. The

(solid line) and the other is that toward the center of the hexagonabsmssa shows the distance between the nanotube center and the H
(dotted line. center.

FIG. 4. Potential energy curves for,Hpproaching the inner
wall of the (4,4 nanotubd configuration(2) in Fig. 1]. Two paths

o _ drogen atoms on the edge and, thus, is subjected to the po-
reason, that negligible fadsorbs onto graphene with perfect tential formed by the averaged electronic structures of the
sp’ bonding without bending. _ _ nanotubes. We reasonably expect, from Fig. 6, that the PBH

Next, we show the potential energies foy Bdsorptionto  for H, penetration into typical SWNT’s with diameters
the inper wall of the(4,4)'nanotube ir) Fig. 4. The potential larger than 1 nm is negligible and, thus, Ban easily enter
energies of H as a function of the distance of the, fftom  jnto the empty space inside SWNT’s. This is in agreement
the nanotube axis perpendicular to the inner wall, as show{yith the experimental observation by Raman spectros€opy.
in the inset, are given. The potential energies along the two The present results of quantum-mechanical simulations
lines, one toward a carbon atofsolid line) and the other egnaple us to stress that the properties of nanotube-structure
toward the center of the hexagéuiotted ling, increase. This  gependent K adsorption are completely different for differ-
feature is also understood from the tendency in the electronig adsorption pathways, i.e., on the outer wall, inner wall,
transition fromsp? to sp® bonding discussed above. In con- and penetration into the open end of SWNT’s, due to the
trast with adsorption to the outer waip® bonds cannot be |ocal electronic states near the adsorption sites. The charac-
formed upon adsorption to the inner walls because the caferistics in the initial stage of adsorption clarified in this pa-
bon atoms bend opposite(gee the inset of Fig.)awhich  per must influence the Hstorage property such as the opti-

e 3 ; : :
prevents them from formingp® bonds. Therefore, Hre-  mized nanotube arrays for highytdptake®’ Further study is
mains only on the nanotube axis once it enters into the nano-

tube. This feature is compatible with the previous résoit
hydrogen storage inside SWNT’s.

Finally, the potential energies for,Hentering into various
nanotubes are given in Fig. 5. The abscissa is the distance
between the nanotube center angl A common feature of
these curves is that the potential energy increases and flattens
after passing under the nanotube edge. The PBH decreases as
the diameter of the nanotube increases. As is clearly evident,
the PBH abruptly decreases when the diameter goes beyond
5.7 A [(4,4 nanotub& This is because the wave functions
of carbon atoms and that of,Hlo not overlap significantly
for thicker nanotubes. To see the structure-dependent PBH
for H, penetration into the open-ended nanotubes, we plot,
from Fig. 5, the PBH as a function of the diameter of the
nanotube in Fig. 6. It is very interesting to note that the data
for seven nanotubggircles and rectangles refer to armchair

and zigzag nanotubes, respectiyelgll almost on a single FIG. 6. Potential energy barrier height for, ldenetrating into
curve. This result indicates that the PBH depends only on thghe nanotube as a function of the diameter of the nanotube. Open
diameter and not on details of the geometrical structure, suckircles and open squares indicate armchair and zigzag nanotubes,
as whether the nanotube is an armchair or zigzag type. Thespectively. The solid line is obtained from the least-squares fit of
reason is simple: Hinteracts equally with carbon and hy- the seven data values.

(3,3) ©O armchair
O zigzag

Potential barrier height [eV]

(8,0
5 6 7 8
Diameter [A]
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necessary to reveal the correlation between thendlecular ~ Which is independent of the atomic structure of nanotubes.
reaction in the initial stage of adsorption and the statisticall he structure-dependent properties obtained are explained in

property of H storage in carbon nanotubes. terms of the different degrees ep*® bond formation upon
H, adsorption and of wave-function overlap betweendrd
IV. CONCLUSION the nanotube for KHpenetration.

We believe our results contribute to an understanding of

We have studied the adsorption of tb SWNT'’s with  the molecular processes and the microscopic origin in the
various diameters and structures, using the density functionghitial stage of hydrogen storage in SWNT's.
and quantum chemical calculations to elucidate the initial
reaction pathways and the underlying electronic states. The
PBH for dissociative adsorption of,+bnto the outer wall of
the nanotube decreases as the diameter decreagesout K.T. thanks the Science University of Tokyo for the use
ever, cannot adsorb to the inner wall of the nanotube. Wef FACOM VPP5000 and the Supercomputer Center, Insti-
also found that the PBH for fHpenetration into the open- tute for Solid State Physics, University of Tokyo, for the use
ended nanotube decreases as the tube diameter increagafsthe facility.
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