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First-principles study of hydrogen adsorption on carbon nanotube surfaces
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Based on first-principles theoretical calculations, we find that on pristine single-wall carbon nanotubes
(SWNT’s), the dissociative adsorption of,Hinolecules is severely suppressed due to very high energy barriers
of about 3 eV, while H atoms have low-energy barriers less than 0.3 eV. On Li-doped SWNT'’s, the energy
barriers for the dissociative adsorption of ke lowered by about 0.3—0.5 eV due to the charge transfer to the
tube, as compared to the pristine tube. However, these energy barriers are still too hightddoeHdirectly
adsorbed, indicating that Li doping itself does not enhance significantly the H adsorption. On the other hand,
LiH molecules are easily adsorbed and dissociated with no energy barrier.
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After the discovery of carbon nanotubes by lijihexten-  negatively charge@,5 SWNT'’s, the energy barriers for the
sive studies have been done for various applications of thes#tissociation of H are only lowered by 0.3-0.5 eV, which
materials. In particular, much attention has been paid to theiresults from the increase of the Fermi level due to charge
use as a hydrogen storage cell. Dillon and co-workergransfer. This result indicates that the direct adsorption.pf H
showed that soots containing single-wall carbon nanotubeis still severely suppressed even on Li-doped nanotubes. On
(SWNT9 can absorb Kimolecules of 0.01 wt% at 300 torr the other hand, we find no energy barrier for the adsorption
and room temperatureSince the sample contains only 0.1 and dissociation of LiH molecules, the existence of which
wt% SWNT’s, this hydrogen storage capacity is regarded asvas identified experimentally in Li-doped nanotuBes.

5-10 wt % per pure SWNT, assuming that the remainder of The total energy calculations are performed using a first-
the soots is inert. In experiments using highly purifiedprinciples pseudopotential method. Norm-conserving
SWNTs and H, the amount of adsorbed,Hvas found to be pseudopotentials are generated by the scheme of Troullier
8.25 wt % at 80 K and 100 barsyhile other measured value and Martin§ and transformed into the separable form of
of H, is 4.2 wt % at room temperature and about 10 MRa.  Kleinman and BylandetThe spin-polarized generalized gra-
Li- or K-doped carbon nanotubes, it was demonstrated thadient approximation is used for the exchange-correlation
H, can be absorbed as much as 14—20 wt % under ambiepbtential:’° The Poisson and Kohn-Sham equations are ex-
pressure, while pristine carbon nanotubes only absoyb Hpressed up to the 12th order based on a finite difference
molecules of 0.4 wt% at similar conditioidn addition, it  method, and solved by a real-space multigrid methdthe

was reported that the amount of hydrogen stored electroeal-space grids are generated by th&x88x 80 mesh for a
chemically in SWNTs is 0.39 wt % Although experiments supercell containing 120 atoms, with the spacirigs of
indicated that the hydrogen storage capacity of carbon nan®.312, 0.312, and 0.312 a.u., respectively. These grid spac-
tubes strongly depends on temperature and pressure, tiiggs correspond to the effective kinetic-energy cutoff
mechanism for hydrogen storage has not been clearly underE = (7/h)?] of about 101 Ry in the plane-wave-basis
stood yet. calculations, and are sufficient enough to ensure total-energy

In the absence of Li or K, a nondissociative adsorption ofconvergence to within 1.3 meV per atom. For the adsorption
H, was suggested to be a dominant mechanism for hydrogesf H, H,, and LiH, we test a 60-atom supercell, and find that
storage’? In Li-doped carbon nanotub@djowever, the dis- the results remain unchanged, as compared to a 120-atom
sociation of H has been observed by Fourier transform in-supercell. With the use of the conjugate-gradient technique,
frared spectroscop§FTIR), which would be one of the main we relax ionic coordinates until the atomic geometry is fully
reasons for why a large amount of hydrogen can be storeaptimized. The adsorption energy and its energy barrier are
Considering only the physisorption process without the disdefined with respect to the total energy of €5 SWNT
sociation of H, recent theoretical simulatiohshowed that ~ with a free adsorbate.

SWNTSs can store only 0.8 wt% hydrogen at 133 K and 300 In the adsorption process of atomic H, an energetically
torr. Although the hydrogen storage capacity increases to 1.favorable path is along the vertical line on topaoC atom.
wt % at 100 atm, theoretically estimated values from the H Relaxing all the C atoms for each position of H, we find that
physisorption are much lower than the measured values ikl has the lowest energy for the-€H bond distance of 1.104
Li-doped nanotubes. Thus, it is desirable to know the adsorpA, with the adsorption energy of 1.64 eV. In this case, the
tion mechanism of hydrogen on carbon nanotubes for pracc atom bonded to H is displaced outward by 0.35 A from its
tical applications as a hydrogen storage cell. ideal position, increasing thep® hybridization, as compared

In this work, we investigate the adsorption of hydrogen onto other C atoms. The calculated—H bond length is
SWNT surfaces through first-principles pseudopotential calslightly larger than the value of 1.087 A for,8, and CH,.1?
culations. On thg5,5 SWNT, we find that H has a very When H is located at 1.96 A from the underlying C atom, the
high adsorption energy barrier of about 3 eV, while that ofenergy barrier is estimated to be 0.3 eV. Since the adsorption
atomic H is very small, i.e., 0.3 eV. On the Li-doped andreaction of atomic H is exothermic and the associated energy
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TABLE |. The adsorption energie€() of Li (a) above andb)
below a hexagon sitéc) above andb) below a carbon atom, and
(e) on the tube axis of the single-wab,5) tube.

@ (b) © (d) (€
Eq (eV) -1.71 -162 -132 147 -0.90

In reaction path 2, we examine the adsorption gfdrto
the Q1) and its second-neighboring(® atoms(see Fig. 1
Similarly, H, moves along the vertical line on top of the
middle point between @) and G5), maintaining the mo-
Tube axis lecular orientation parallel to the tube surface. The energy
_— barrier is calculated to be 2.70 eV, which is lower by 0.37 eV
than for the path 1. When Hs adsorbed, we also find that
the dissociated H atoms form two new-H bonds, while
the H—H (dy_4=2.49 A) bond is broken. When the(Q
barrier is sufficiently low, H atoms are expected to be easilyand G5) atoms are bonded to the H atoms, they undergo
adsorbed on carbon nanotubes. On the inner surface of thedividually outward relaxations that increase the strain en-
tube, it costs a higher energy for H to be adsorbed due to thergy, while adjacent outward relaxations of thel)cand G2)
curvature effect. In fact, the adsorption energy is calculate@toms greatly reduce the strain energy for the path 1. Thus,
to be higher by 1.32 eV than on the outer surface, thus, outhe calculated adsorption energy of 1.25 eV is much higher
calculations are mainly focused on the outer-surface adsorghan that for the path 1.
tion. The energy barriers for the adsorption paths 1 and 2,0f H

For the dissociative adsorption of molecular,,Hve  are found to be comparable to a theoretically predicted value
choose two different reaction paths. In reaction pathlisH of 3.56 eV for the H adsorption on graphit€. These high-
adsorbed on the (@) and its nearest 2) atoms(see Fig. 1, energy barriers may be attributed to a symmetry forbidden
with keeping the molecule parallel to the nanotube surfacereaction'* which was suggested to cause a high activation
For each position of the center of mass of Hlong the barrier for the adsorption of Hon metal surface¥ When
vertical line on top of the C(1)-C(2) bond, we fully relax H, approaches the tube surface along the path 1,0the
both the C and H atoms. Astapproaches the tube, the total electrons of H start to interact with ther electrons of the
energy increases very rapidly. For a distance of 1.43 A beunderlying G1) and G2) atoms, forming the bonding and
tween the H and tube, we find an energy barrier of 3.07 eV.antibonding states. As the coupling between #heand 7
In this case, the H-H bond is weakened, and the, khol-  orbitals is enhanced, the energy of the occupied antibonding
ecule starts to dissociate symmetrically to form new-B  state increases very rapidly, resulting in the high-energy bar-
bonds. When the center of mass of 14 located at 1.06 A rier, while the bonding state moves slowly to lower energies.
from the tube, the H-H (dy_=2.09 A) and C(1}-C(2)  On the other hand, the, state of H decreases due to the
bonds are almost broken, and some charges are transferrbgbridization with the unoccupied orbitals in the tube, and
from the C(1)—C(2) bond to the G-H bonds, as shown in eventually crosses with the increasing antibonding state of
Fig. 2. In this geometry, the adsorption energy is estimated tthe o4 and 7 orbitals. Then, electrons are transferred to the
be 0.50 eV, indicating that the adsorption of 14 a slightly ~ unoccupiedr, orbital, weakening the H-H bond, and H is

FIG. 1. An hexagon ring formed by six carbon atoms on the
(5,5 nanotube surface.

endothermic reaction. easily dissociated. As the Fermi level increases, since the
charge transfer occurs before reaching the maximum energy
(a) (b) barrier, the energy barrier is expected to be lowered. To see

such a reduction in the adsorption barrier of, e examine
a negatively charge(b,5) tube, which has an extra electron
per 20 carbon atoms. The energy barriers are found to be

M reduced by 0.49 and 0.30 eV for the reaction paths 1 and 2,

respectively, as compared to the neutral tube. Nevertheless,

S - since these energy barriers are still too high, it may require
D sufficiently high temperatures or pressures fortdl be ad-
@X sorbed on pristine carbon nanotubes. Previous calculations

also predicted that JHadsorption only occurs on very thin
FIG. 2. (a) Contour plots of the charge densities foy #tisorbed ~ Nanotubes such as (8,3 SWNT®

at 1.85 A above a G-C bond of the(5,5 SWNT, with a contour Next we examine the effect of Li doping on the dissocia-

spacing of 0.05 a.u. Itb), H, is dissociatively adsorbed at 1.06 A tive adsorption of H. The calculated adsorption energies of

above the nanotube. Charges are transferred fromth€®ond to  Li are listed in Table | for various positions on tt{g,5

the G—H bonds. Black and gray dots denote the C and H atomsSWNT. The adsorption energy is found to be lowest when Li

respectively. is located at 1.79 A above the hexagon center. However,

073415-2



BRIEF REPORTS PHYSICAL REVIEW B56, 073415 (2002

since the energy of Li below the hexagon center is only(a)
higher by 0.09 eV than that above the hexagon center, Li
atoms can be adsorbed both inside and outside the tube. W
note that Li atoms are positively ionized on the SWNT, do-
nating electrons to the tube, consistent with previous
calculations-"8 Since this charge transfer raises the Fermi
level, the energy barrier for the ;Hadsorption is also ex-
pected to be reduced. Recent experiments have shown thi
SWNT’'s can store Li atoms up to the stoichiometry of
Li4 ¢Ce, while the Li capacity of multiwall carbon nanotubes
is similar to that of graphite (Lig).*%2° For our 120-atom
supercell with 8 additional Li atoms just above hexagon
sites, which is equivalent to the measured Li/C ratio of £/15,
we estimate the Li adsorption energy to be
—1.68 eV/atom, close to the value of 1.71 eV for a ; P :
single Li adsorption on the pristine SWNT. This result indi- ;htgr:-tralned hexagon sites in the neighborhood of the adsorbed H
cates that the Li ions are separated sufficiently enough to
minimize repulsive interactions between the Li ions. In the ) o ) )
Li-doped SWNT, the energy barrier is calculated to be 2.63a@xation similar to the H atom adsorption. The adsorption
eV for the dissociation of Kover the two nearest-neighbor energy of LiH is—0.96 eV and no energy barrier is found.
C atoms. Although this energy barrier is lower by 0.44 eVIn other adsorption patfsee Fig. 2b)], where the Li and H
than for the pristine SWNT, it is too high for Ho be di- atoms are adsorbed on thélCand G2) atoms, respectively,
rectly adsorbed. On the other hand, we may expect that theo energy barrier is also found, while the adsorption energy
Li ions on the tube facilitate the dissociation of Mia the is —0.73 eV. Thus, it is expected that LiH is easily dissoci-
reaction, 2Li +H,—2LiH". However, this reaction is ated and adsorbed on the tube surface. Since the dissociation
found to be endothermic by 4.19 eV. In addition, since itof LiH is energetically determined by the formation of the
costs a very high energy to form LiH the Li ions are un- C—H bond, it is almost independent of the position of Li.
likely to dissociate H molecules. Although a Liion can form Because of the repulsive interaction between the adsorbed H
several complexes with Hnolecules® it was shown thatit and Li atoms, the energies of the hexagon si@sites in
is still difficult to dissociate direCtly |§| mOleCUleSz.l F|g 3) near the H atom are h|gher by about 0.2 eV, as com-
Experimentally, it is debated whether—cH bonds are  pared to other hexagon site ites in Fig. 3. We calculate

formed in Li-doped nanotubes. In Li-doped nanotu_bes! Cherpne energy barrier for the diffusion of Li on th&,5) tube
and co-workers observed the FTIR spectrum, which is firsk itace, where a single H atom is adsorbed. When Li diffuses
developed _between 3000 an_d 3350 cmand gradyally from the S; site to theUj site, passing either through the
broadened into the band ranging from 2600 to 3400 tin intermediate C atom or the bond-centered site of the©
They suggested that this FTIR spectrum reveals the form"’Bond the energy barriers are about 0.25 eV. For other diffu-
tion of C—H bonds by the dissociation of HOn the other . ™’ : : : '
hand, it was suggested that this spectrum is attributed to th3o", PANS ronB sites tou sites, such a8,-U, andSy-Uy,

f L'éH H.0 ggd he high P f hvd b d e find similar energy barriers to within 0.1 eV, while the
0 Ih M2, an tke '9 .cap?cnyoh yarogen o sferve energy barrier is slightly increased to 0.44 eV along the path
by Chen ggd co-workers arises from the adsorption o Watelrrom U, to U;. In the desorption process of hydrogens, since
molecules.” For the G—H sfretch mode, we calculate the Li is very mobile on the tube, H atoms are expected to be

vibrational frequency of 2686 cnt, close to the lower edge d . -
! esorbed from the surface, leading to the delivery ofitdl-
of the observed FTIR spectru?nNevertheless, because of ecules, which result from the reagtion between I)—/|£;toms.

the very high energy barrier for the adsorption of, the In conclusion, we have investigated the adsorption of hy-

direct adsorption of b is not expected even on Li-doped drogen on thé5,5 SWNT surface. On the pristine nanotube,

nanotubes. . . : very high activation energies of 2.70-3.07 eV are found for
Finally, we investigate the adsorption of LiH moIec_uIes the dissociative adsorption of,iHwhile atomic H has a very

on garbon n.anotg_bes.' In Li-doped nanotubes, the eXIStencéy q| adsorption barrier of 0.3 eV. In the Li-dopé8,5)

of LiH was identified in the process of hydrogen storage. SWNT, we find that Li atoms can be adsorbed both E)utside

When a LiH molecule is adsorbed on tf#5 SWNT, we and inside the tube, donating electrons to the tube. However,

find that the adsorption energy is lowest at the center of Fhe energy barriers for the dissociation of re slightly

hexagon, with the H atom bonded to one of the r]Gighborm%wered by the charge transfer, similar to those for negatively

c ﬁio:ns,f, rﬁs ShOXVSAni Flg.n3.trlr}nth(|jstadns]o\r/ptloln r?rocs/s?t,i th harged nanotubes, while LiH can be easily adsorbed and
center o7 mass o S CONSAINEd 10 MOVE along & VErtiCalyisqqciated with no energy barrier.

line on the tube, and all the atoms are fully relaxed for each
position of the center mass of LiH. The LiH adsorption does  We would like to thank H.-S. Sim and Y.-H. Kim for
not follow the symmetry forbidden reaction, because of thehelpful discussions. This work was supported by the QSRC
ionic bonding character. When the H atom of LiH ap-at Dongkuk University and the supercomputing center in
proaches the C atom, the C atom undergoes an outward r&lISTI.

FIG. 3. (a) Top and(b) side views of LiH adsorbed on th&,5)
SWNT. Unstrained hexagon sites are denotetlpwhile Ssites for
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