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Carbon nanotubes have been proposed as promising hydrogen storage materials for the automotive
industry. By theoretical analyses and total-energy density functional theory calculations, we show
that contribution from physisorption in nanotubes, though significant at liquid nitrogen temperature,
should be negligible at room temperature; contribution from chemisorption has a theoretical upper
limit of 7.7 wt %, but could be difficult to utilize in practice due to slow kinetics. The metallicity of
carbon nanotube is lost at full hydrogen coverage, and we find strong covalent C–H bonding that
would slow down the H2 recombination kinetics during desorption. When compared to other pure
carbon nanostructures, we find no rational reason yet why carbon nanotubes should be superior in
either binding energies or adsorption/desorption kinetics. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1582831#

I. INTRODUCTION

Fuel cell electric vehicles require efficient storage and
extraction of H2 with the following characteristics:~a! high
storage capacity~usable H2 weight.6% of the storage sys-
tem weight!, ~b! near room temperature and/or ambient pres-
sure operation,~c! quick uptake/extraction, in a matter of
seconds~the targeted refuel time is,10 min), ~d! stability
and reusability. Some of the technologies under development
are: high pressure tank, metal hydride, and activated carbon.
We focus on pure carbon materials in this paper.

Since the report of high-capacity storage of hydrogen in
single-walled carbon nanotubes~SWNTs!,1 there have been a
number of experimental results of near room temperature
hydrogen storage in graphitic nanofibers and alkali-doped
and sonicated carbon nanotubes2–4 which potentially can ful-
fill the above-mentioned requirements. However to date none
of the above-mentioned experiments have been reproduced
by independent groups.5,6 As there may be many hard-to-
control factors in these experiments, it is difficult to deter-
mine why two experiments give different results.7 What we
do instead in this paper is to start with some simple theory
and calculations, and then relate to the experiments. There
have been a number of calculations about either
physisorption8–11 or chemisorption,12–14 but none have yet
given a complete picture leading to practical conclusions.

II. SIMPLIFIED ANALYSIS

The difference in chemical potential of hydrogen in free
and adsorbed statesDm5Dh2TDs controls the direction of

adsorption/desorption, whereDh is the change in specific
enthalpy andDs is the change in specific entropy of hydro-
gen. One H2 molecule in gas state atT5298 K and 1 atmo-
sphere pressure has about 15.6kB entropy.15 There is no ac-
curate estimate of the entropy of hydrogen in adsorbed state
because up to now there is no agreement on what that state
is, but it is probably safe to assume that it is much less than
that of the gas state. Therefore in order for near room tem-
perature adsorption/desorption to occur,Dh should be about
10– 15kBT per molecule, which is equivalent to about 0.15
eV binding enthalpy per H atom. For automotive applica-
tions,Dh also should be a weak function of the coverageX,
because we expect hydrogen to stay absorbed to almost satu-
ration in the hottest weather (T5330 K), but desorbed to
almost zeroX at no more thanT5400 K, which is the upper
temperature limit provided by the fuel-cell heat-recycling
system. So we expectDh(X) to be from 0.15 eV per H atom
to 0.2 eV per H atom, for instance, whenX varies from
almost saturation to almost zero.

There are two ways hydrogen can be absorbed: phys-
isorption, where H2 keeps its molecular identity, or chemi-
sorption, where H2 molecules dissociate and hydrogen is
stored in atomic form. In the former, the binding energy
needs to be 0.3–0.4 eV per H2 . In a density functional
theory~DFT! calculation,16 the binding energy of a H2 mol-
ecule onto a flat graphene sheet is computed to be 0.07–
0.086 eV depending on the site~rotational degrees of free-
dom have been optimized!, with an equilibrium distance of
2.68–2.91 Å. Assuming this level of sheet-H2 binding en-
ergy can be carried over to the nanotube, it appears there will
not be sufficient binding between a H2 molecule and an iso-
lated SWNT, or if the H2 molecule is in the interstice be-a!Electronic mail: syip@mit.edu
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tween two SWNTs, by quite a large margin~the binding
between H2 molecules is very weak as the boiling point of
H2 is 20.28 K!. In the case of triple junction configuration
~see Fig. 1! which occurs in SWNT bundles, the best pos-
sible binding energy (330.086 eV) matches roughly with
the requirement~0.3–0.4 eV! within error of calculation, but
there are additional geometrical considerations.~a! The dis-
tance between the junction center and a tube wall isd
5(2/A321)R1w/2'0.15R1w/2, wherew is the separa-
tion between two nanotube walls, andR5r 1w/2, wherer is
the radius of the nanotube. If we setw53.4 Å, the graphite
interlayer spacing that has been confirmed experimentally to
match closely with wall spacing in carbon nanotube bundles,
and r 55.4 Å, the radius of ~8,8! SWNT, we find d
52.80 Å, which matches the optimal H2-wall separation of
2.68–2.91 Å. Nanotubes with radius much greater or smaller
than that of~8,8!, will be unable to take advantage of the
triple junction. ~b! The triple junctions are too scarce. Con-
sider the following: if one carbon atom corresponds to one
adsorbed H atom, the storage capacity is 1/(1112)
'7.7 wt %. Because each triple junction is shared by three
SWNTs, one SWNT ‘‘owns’’ two junctions. A~5,5! SWNT
has 20 carbon atoms per unit cell that has 2.5 Å repeat dis-
tance in the longitudinal direction. Based on a recent
coupled-cluster theory calculation17 of H2– H2 interactions,
one sees that once the distance between two H2 molecules is
smaller than 2.5 Å, the repulsion between them is so strong
that the wall–H2 binding becomes relatively insignificant.
Therefore one H2 molecule can barely fit into one junction
per unit cell, which corresponds to 232/2037.7 wt %
51.5 wt % upper limit under this highly idealized condition.

Without doing a direct molecular dynamics or Monte
Carlo calculation, the above-given analysis agrees qualita-
tively with the results of many detailed physisorption simu-
lations. Wanget al.10 used the Crowell–Brown van der
Waals potential18 for graphene sheet–H2 interactions and
grand canonical Monte Carlo simulation, and concluded that
it is not possible to achieve the U.S. Department of Energy
target storage capacity of 6.5 wt % at ambient temperature
even if the wall–H2 interactions are increased threefold. Wil-

liams et al.11 performed simulations using a different C–H2

potential19 deduced from scattering experiments; their results
show that the net storage capacity is 5.5 wt % atT577 K
and 100 atm pressure in a 7-SWNT bundle, but drops to less
than 1 wt % atT5300 K and the same pressure. Based on
molecular dynamics simulation results, Maruyama20 con-
cluded that at room temperature normal physisorption
mechanism cannot explain the hydrogen storage capacity of
SWNTs of more than 1 wt %. Experimentally, Yeet al.21

have measured hydrogen storage capacity exceeding 8 wt %
at T580 K andP5120 atm, but some of the same research-
ers found22 that the storage capacity is less than or about 0.1
wt % at room temperature in graphitic nanofibers~we note
that SWNTs and graphitic nanofibers are different nanostruc-
tures, but the same estimate above based on graphene sheet–
H2 interaction should be applicable to a large extent to both!.
Williams et al.23 measured the Raman spectra of H2 ad-
sorbed on SWNT and C60 at T585 K and calculated fre-
quency shifts compared to the results for H2 adsorbed on
graphite, and concluded these shifts are small and are there-
fore inconsistent with charge transfer; a new H2-surface po-
tential was developed based on the new results which is not
drastically different from the previous ones.18,19 In summary,
the majority of evidence up to now suggests that it may be
possible to store a significant amount of H2 ~more than 5
wt %! by physisorption in SWNTs at cryogenic~liquid nitro-
gen! temperatures, but that contribution should be almost
negligible ~less than 1 wt %! nearT5300 K, a conclusion
that is consistent with our simple analysis without going into
the detailed calculations.

In the present analysis, a critical hypothesis is that the
binding energy of a H2 molecule to the SWNT wall is close
enough in magnitude to the binding energy of a H2 molecule
to a flat graphene sheet or graphite surface. In other words,
there are no abnormal interactions besides the ordinarily
small and pair-additive van der Waals interactions. One re-
cent density functional theory calculation suggested
otherwise.24 Cheng et al. performed finite-temperatureab
initio molecular dynamics simulation of H2 molecules in a
trigonal lattice of~9,9! SWNTs using the Vienna Ab-Initio
Simulation Package~VASP!.25 By evaluating the time-
averaged total energies before and after the H2 molecules
were introduced, the authors extractedDh explicitly, which
turned out to be 7.51 kcal/mol or 0.33 eV/H2 for endohedral
~inside SWNT! configuration, and 6.75 kcal/mol or 0.29 eV/
H2 for exohedral ~outside SWNT! configuration, at T
5300 K. These numbers are far outside of the range of our
estimate~0.05–0.1 eV/H2), and if true, would call into ques-
tion our conclusions with regard to physisorption in SWNT.
Because the method of Chenget al. did not resort to an em-
pirical potential, it was free from the unverified hypothesis
on which all previous simulations8–11,20are based.

This is such an important issue to check out that we have
performed our own calculations using the same VASP pro-
gram. But instead of carrying out tens of thousands of mo-
lecular dynamics steps, we apply our limited computer re-
sources on doing static relaxations, but at an accuracy level
~energy cutoff, Brillouin zone integration, etc.! that should be
significantly higher than what had been used.24 We arrived at

FIG. 1. Physisorption of H2 molecule in triple junction of SWNT bundle.
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a conclusion that is very different from Ref. 24, so we be-
lieve the results of Refs. 8–11, and 20 are still largely cor-
rect. Section III will be devoted to these calculations.

III. DENSITY FUNCTIONAL THEORY CALCULATION
OF PHYSISORPTION ENERGIES

The results of Chenget al. not only indicate unusually
high physisorption energies, but also strong dependence on
temperature.24 This is attributed by the authors to the follow-
ing. ~a! Thermal fluctuations cause large transient distortions
of the C–C–Cbond angles from theirT50 value, which is
further aggravated by the frequent collisions between the H2

molecules and the wall.~b! Deviation from planarity alters
the hybridization state of carbon atom fromsp2 to sp3, caus-
ing transient charge localization on carbon atoms.~c! Charge
transfer occurs between carbon atoms and H2 molecules
nearby ~donation of electrons to the antibonding states of
H2), which greatly enhances the physisorption energies.

In order to verify the above-mentioned mechanism, we
carry out a three-step calculation. First, we compute the phy-
sisorption energy of one H2 molecule on a~7,7! SWNT at
T50, accounting for full atomic relaxations~both the carbon
and hydrogen atoms!. The tetragonal supercell under peri-
odic boundary condition is chosen to be 15.66315.66
34.919 Å in dimension, containing two~7,7! SWNT unit
cells in thez direction ~56 carbon atoms in all! so there is
negligible interaction between a H2 molecule and its
image.17 Second, we perform finite-temperature molecular
dynamics simulation of pure SWNT atT5300 K—not using
VASP—but using the Brenner bond-order potential with van
der Waals and dihedral rotation interactions,26 to map out the
C–C–C angle distribution, in order to check with Ref. 24
Our rationale is that even though the Brenner potential is not
highly accurate, it does yield approximately the right moduli
and vibrational spectra of SWNTs, so it should give roughly
the right angular fluctuation distribution. Lastly, we ran-
domly take a set of configurations from the molecular dy-
namics trajectory obtained earlier, and calculate the total en-
ergy with or without the H2 molecule ~here, we fix the
carbon atoms and only relax the hydrogen atoms!. The dif-
ference in total energies is defined to be the ‘‘instantaneous’’
Dh, which will be averaged and then compared with Ref. 24.
Our density functional theory calculations are all performed
using VASP v4.4.5,25 with the electron exchange and corre-
lation functional being that of Ceperley and Alder27 as pa-
rametrized by Perdew and Zunger.28 The ultrasoft pseudopo-
tentials for carbon and hydrogen in the VASP library25 are
used. The plane wave energy cutoff is 358 eV and charged
density is expanded to 550 eV. Thek-space sampling is per-
formed with the method of Monkhorst and Pack29 using 1
31326 grid. Static relaxation of ions stops only when the
change in total energy is less than 1 meV. Because we are
subtracting off large energies to get the adsorption energy
which is tiny, this setup~supercell size, energy cutoff,
k-space sampling, etc.! remains unchanged even for the iso-
lated H2 molecule calculation. For ease of verification, our
input files and results are put at a publicly available web
site.30

Before moving on, we recognize that our ‘‘instanta-
neous’’Dh ~thermally averaged! is not the same as theDh in
Ref. 24. However, if the reason for the abnormal physisorp-
tion energy is the distortion of theC–C–Cangles as stated
by Chenget al., then it will also manifest in our results,
especially if the magnitude of the angular distortion is
roughly the same. The reason that we choose a slightly dif-
ferent setup to compare with Ref. 24 is because we are con-
cerned with the accuracy of our results. We simply could not
afford to perform thermal averaging of dynamical trajecto-
ries of 108 carbon atoms plus hydrogen to the accuracy we
want, which is on the order of tens of millielectron volts.

In the first step, we find that an isolated H2 molecule has
an equilibrium bond length of 0.768 Å, and the isolated
SWNT has an equilibrium C–C bond length of 1.415 Å, in
good agreement with reference results. The endohedral phy-
sisorption energy is computed to be 0.114 eV/H2 or 2.63
kcal/mol after full atomic relaxations~56 carbon plus 2 hy-
drogen atoms!. This is much smaller than what is reported
for Dh in Ref. 24, but because it is a zero-temperature result,
there is yet no contradiction. We note that this level of phy-
sisorption binding obtained from first-principles can explain
the large hydrogen uptake at liquid nitrogen temperature as
measured by Yeet al.21

In the second step, we perform molecular dynamics
simulations of various SWNT configurations atT5300 and
600 K using the Brenner potential.26 The qualitative descrip-
tion in Ref. 24 that rather large angular distortions exist at
T5300 K has been verified, although we also find significant
system-size dependence at small number of unit cells. Figure
2 shows the distribution of longitudinal angles~angle formed
by three consecutively translated atoms in the longitudinal
direction! for a ~9,9! SWNT atT5300 and 600 K. In addi-
tion to longitudinal angle fluctuation, there is also significant
radial angle fluctuation. Figure 3~a! shows the cross-
sectional view of a typical~9,9! SWNT configuration during
the simulation atT5300 K.

Despite the agreement mentioned, we also see some im-
portant differences with Ref. 24, viz.~a! our results suggest
the angular distribution is a smooth function without shoul-
ders or cusps, and~b! the contrast betweenT5300 and 600
K results is larger in Ref. 24 than in Fig. 2. If~a! is true, then
the odd-shaped distribution in Ref. 24 must be either due to
~1! insufficient statistics, or~2! the energy model has artifacts
because of DFT accuracy/convergence issues. For reasons of
either ~1! or ~2!, the final statistically averagedDh result
would be negatively influenced, when~a! is in fact correct.

We then use the same program to generate~7,7! SWNT
configurations atT5300 K. Because these configurations
are to be later used in DFT calculations, their longitudinal
dimensions have to be small~in fact, just two unit cells!.
This suppresses the longitudinal angle fluctuation, but the
radial angle fluctuation appears to be affected little. Figure
3~b! shows the cross-sectional view of a typical~7,7! nano-
tube configuration during the molecular dynamics simulation
at T5300 K. We will use this configuration to illustrate the
third-step calculation.

2378 J. Chem. Phys., Vol. 119, No. 4, 22 July 2003 Li et al.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:  18.54.1.57

On: Wed, 19 Mar 2014 14:45:18



In the third-step, we randomly select a set of~7,7!
SWNT configurations from the above mentioned molecular
dynamics trajectory. For each configuration, we first compute
its total energy using VASP25 without any relaxation, then
place one H2 molecule at different positions nearby, and per-
form static relaxations on just the H2 molecule. The differ-
ence in total energies accounting for isolated H2 molecule
energy is defined to be the instantaneous adsorption energy
DE. Our objective is not to obtain an accurate average of
DE, but rather to check if it has the same magnitude as
reported in Ref. 24 near a nanotube distorted by thermal
fluctuation atT5300 K. A set of our results is shown in Fig.
4, along with the final configuration in which the H2 mol-
ecule is locally relaxed to 1 meV in total energy.

We find no discernible increase in the adsorption energy
in the vicinity of a distorted nanotube, as shown in Fig. 4,
compared to theT50 result obtained by full relaxations,
which is DE50.11 eV/H2 or 2.6 kcal/mol H2 . On the con-
trary, our results indicate the adsorption energy may decrease
significantly. From our data set, we also do not find definite

correlations between locally acuteC–C–Cangles and larger
instantaneous adsorption energies. In terms of statistics, none
of our configurations yield instantaneous adsorption energies
greater than 2.6 kcal/mol, with an average at about 1.8 kcal/
mol, which differs appreciably from the 7.51 kcal/mol en-
dohedral physisorption enthalpy reported in Ref. 24.

In summary, from our limited calculations we have not
found abnormal interaction between H2 and the nanotube
that is outside the range of ordinary van der Waals interac-
tions between a H2 molecule and a flat graphene sheet or
graphite surface.16,18,19 Our results seem to support various
experiments6,21,22which suggest that high-capacity hydrogen
storage (.6 wt %) can only be achieved at liquid nitrogen

FIG. 2. Distribution of longitudinal angles~angle formed by three consecu-
tively translated atoms in the longitudinal direction! for a ~9,9! SWNT at~a!
T5300 K and~b! T5600 K, obtained using the Brenner potential~Ref. 26!.
The molecular dynamics simulation contains ten SWNT unit cells to elimi-
nate system-size dependence.

FIG. 3. Typical cross-sectional view of~a! ~9,9! SWNT, and ~b! ~7,7!
SWNT, atT5300 K.
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FIG. 4. Various partially stable configurations~outcome of relaxing H2) with the corresponding adsorption energies~a! DE51.25 kcal/mol, ~b! DE
52.63 kcal/mol,~c! DE51.84 kcal/mol,~d! DE51.30 kcal/mol,~e! DE51.55 kcal/mol,~f! DE52.53 kcal/mol. The nanotube configuration is that of Fig.
3~b!.
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temperatures, but not at near room temperatures in pure car-
bon nanostructures. In contrast, the calculations of Cheng
et al. seem to provide support for the other experiments.1,4

Noting the difficulty of the calculations and also the inherent
problem of DFT in accounting for the van der Waals inter-
actions, we strongly encourage other researchers to perform
moreab initio calculations to resolve this issue.

If one excludes physisorption as a significant absorption
mechanism at room temperature, then we need either chemi-
sorption~in the conventional sense! with possibly help from
metal catalysts to accelerate the adsorption/desorption kinet-
ics, or a new mechanism that is yet to be elucidated.7 Section
IV is devoted to chemisorption.

IV. DENSITY FUNCTIONAL THEORY CALCULATION
OF CHEMISORPTION ENERGIES

In contrast to physisorption, which theoretically is un-
bounded in its hydrogen uptake, we regard 7.7 wt % as a
plausible upper-bound on the chemisorption capacity in pre-
dominantly sp2-character carbon nanostructures, which in-
clude single- and multiwalled nanotubes, fullerenes, and gra-
phitic nanofibers. 7.7 wt % corresponds to one-to-one
hydrogen to carbon ratio, where every hydrogen atom forms
a direct heteronuclear bond with one carbon atom which was
sp2-hybridized originally, but is converted tosp3-hybridized
during the process.

Using density functional theory, we have examined three
possible chemisorption configurations at full coverage~see
Fig. 5! following similar setups to Refs. 12 and 13: inside,
outside, and zigzag, which refers to the positions of the hy-
drogen atoms with respect to the SWNT, among which the
zigzag configuration is expected to be the global energy
minimum due to its structural compatibility with the
sp3-hybridization scheme. Our calculations, to be detailed
later, indicate that the inside configuration is unstable and the
hydrogen atoms would spontaneously break off from the
SWNT wall to pair and form H2 molecules. The outside
configuration is metastable, but has alarger total energy
compared to the reference system of isolated~7,7! SWNT
and H2’s, and is therefore unrealistic. The zigzag configura-
tion is found to be stable, having a nontrivial chemisorption
energy of 0.36 eV/H with respect to the above-mentioned
reference system. This binding energy may in fact be too
large for room-temperature applications. As shown in Sec. II,
we expectDh(X) to range from 0.15 eV/H to 0.2 eV/H in
order to have absorption/desorption peak betweenT5300
and 400 K. SinceDh(X) usually decreases monotonically
with increasingX, our result of 0.36 eV/H for the average
binding energy indicates that desorption would likely to oc-
cur only atT.600 K, which would be too high for vehicle
applications.

Parallel to the thermodynamics considerations, there are
the kinetics considerations. For practical use, we would like
both the adsorption and desorption of hydrogen to happen on
the time scale of seconds, thusne2DE/kBT;1 s21. With the
trial frequencyn taken to be on the order of 1013 s21, which
is the Debye frequency of the SWNT, the activation energy
DE is required to be;0.7 eV for room temperature opera-
tions. This is less of concern for physisorption, because as

Arellano et al.16 have shown, the energy barrier of the H2

molecule translating on the graphene sheet is quite small
compared to the binding energy, and is therefore likely to be
smaller than 0.7 eV. Steric factors such as nanotube termina-

FIG. 5. Initial configurations for studying chemisorption on~7,7! SWNT:
~a! inside,~b! outside,~c! zigzag. The initial C–H bond lengths are all 1.1 Å.
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tion condition and length-to-diameter ratio can be controlled,
for example, by ultrasonic cutting. The activation energy
however could be a fundamental problem for thechemisorp-
tion kinetics of hydrogen in carbon nanostructures, since the
binding energy of H2 molecule is 4.7 eV, and the H–H bond
certainly needs to be broken in order for chemisorption to
occur. Work in the literature has been reviewed in Ref. 14. In

the following we would like to make some remarks from a
bonding perspective.

We think that in order for fast adsorption/desorption of
hydrogen to occur at room temperature, some bonding or
interaction ofmetallic nature is required. Such interactions
may of course be introduced by metal-catalyst particles
nearby, such as Pd, Pt, and Rh, but this subject would be too

FIG. 6. Calculated electron DOS of isolated relaxed zigzag nanotubes.~a! ~6,0! SWNT, ~b! ~7,0! SWNT, ~c! ~8,0! SWNT, ~d! ~9,0! SWNT, ~e! ~10,0! SWNT,
~f! ~11,0! SWNT. The DOS have been shifted so the Fermi levels are at zero.
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complicated for discussion now. Here what we would like to
focus on is the intrinsic metallicity of some carbon nanotubes
and how it is influenced by the introduction of hydrogen,
from which we can obtain some general understanding about
the chemical environment.

We perform density functional theory calculations of
SWNTs before and after hydrogen chemisorption using
VASP under the same set of conditions as those specified in
Sec. III, except the supercell now contains one SWNT unit
instead of two, and thek-point sampling uses 131356 grid
instead of 131326. Static relaxations have been carried out
on isolated (n,0) ~‘‘zigzag’’ ! nanotubes ranging from~6,0! to
~11,0!, and on isolated (n,n) ~‘‘armchair’’ ! nanotubes~7,7!
and ~10,10!. The electron densities of states~DOS! of the
relaxed configurations are shown in Figs. 7 and 8, respec-
tively. Using a simple tight-binding model,31 one can show
that all armchair nanotubes are metallic; among the zigzag
nanotubes, the (3n,0) type is metallic, while the (3n11,0)
and (3n12,0) types are semiconducting. As can be seen in
Figs. 6 and 7, the theoretical predictions are correct except
for the ~7,0! SWNT, which might be due to a small radius
effect. All our input files and results are placed at a publicly
available web site.30

However, a recent experiment32 using scanning tunnel-
ing microscopy indicates that even the (3n,0) type zigzag

nanotubes may have gaps in the measured DOS. It is known
that a band gap could open up in a metallic SWNT once it is
no longer isolated and comes into contact with impurities or
other nanotubes. Since our results are based on a general
method in a strictly controlled setup, we feel the measure-

FIG. 7. Calculated electron DOS of isolated relaxed armchair nanotubes.~a!
~7,7! SWNT, ~b! ~10,10! SWNT. The DOS have been shifted so the Fermi
levels are at zero.

FIG. 8. Relaxed configurations of hydrogen chemisorption on~7,7! SWNT:
~a! inside, ~b! outside,~c! zigzag, starting from the initial configurations
shown in Fig. 5.
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ment results could arise from finite tube length or contact
effects instead of intrinsic behavior of (3n,0) nanotubes.

Metallicity separates carbon nanotubes, at least some
types of it, from other pure carbon nanostructures, and is the
fundamental reason for unique chemical and transport prop-
erties~the same can also be said for conducting polymers!.
The existence of delocalized electrons is a consequence of
the ring-resonance and long-range order of the nanotube, and
could be fragile with respect to perturbations or impurities.
We are tempted to postulate that once the metallicity of a
carbon nanotube is lost completely, its chemical properties so
far as binding and reaction-activation energetics with hydro-
gen are concerned can no longer be very distinct from other
sp2-dominated carbon nanostructures.

Going back to the calculations, we have relaxed the three
initial configurations shown in Fig. 5 under the same condi-
tions as for the isolated SWNTs. For the inside configuration
@Fig. 5~a!#, it undergoes structural instability and turns into
the configuration shown in Fig. 8~a!, which incidentally cor-
responds to physisorption at very large~7.7 wt %! H2 con-
centration. However, the binding energy turns out to be
21.1 eV/H2 , so the configuration would not actually exist in
nature. This negative binding energy is probably due to the
large H2– H2 repulsion. As Diepet al.17 have shown, once
the distance between two H2 molecules is less than 2.5 Å,
strong intermolecular repulsion will occur.

For the outside configuration@Fig. 8~b!#, we find the
nanotube undergoes significant radial expansion: the tube di-
ameter actually increases from 9.5 to 11.1 Å, by about 17%.
The C–H bond distance turns out to be 1.094 Å, which does
not differ much from those of hydrocarbons~1.10 Å in meth-
ane!. This radial expansion can be attributed to the increased
coordination number of carbon, which weakens the original
bonds. For comparison, there is about 8.5% bond length in-
crease associated with going from graphite to diamond. The
chemisorption energy is20.68 eV/H. So again, this is an
unrealistic configuration. However, it is still interesting to
see what happens to the electron DOS which we know is
metallic for the isolated~7,7! SWNT @Fig. 7~a!# when the
hydrogen atoms are not yet chemisorbed. Figure 9~a! shows
that a narrow band gap of;0.8 eV has opened up after the
hydrogen atoms are chemisorbed on the outside.

For the zigzag configuration, the inside C–H bond
length turns out to be 1.118 Å and the outside C–H bond
length turns out to be 1.110 Å, respectively. The nanotube
itself undergoes a puckering transformation where one atom
in the unit cell expands outward~outer tube diameter in-
creases from 9.5 to 10.3 Å by about 8.4%!, and another atom
in the unit cell shrinks inward~inner tube diameter decreases
from 9.5 to 9.4 Å by about 1.0%!. Remarkably, the recon-
structed C–C bond lengths are 1.53 and 1.50 Å~from the
starting 1.410 and 1.415 Å!, which are rather close to the
C–C bond length of 1.54 Å in diamond~1.42 Å in graphite!.
The C–C–Cbond angles change from 120° to 106° and
110°, and theH–C–Cbond angles change from 90° to 111°
and 112°, respectively, which are also quite close to the ideal
tetrahedral angle of 109°. This verifies the picture of transi-
tion from sp2- to sp3-bond types when the hydrogen atoms
are chemisorbed.

What happens to the electron DOS? From Fig. 9~b!, we
see that a rather large band gap of;2.5 eV has opened up in
the originally conducting DOS@compare with Fig. 7~a!#.
This indicates that at the maximum coverage, the bonding
environment has turned fully covalent. This is not good news
for the kinetics because activation energies tend to be much
greater in covalently bonded environments than in metallic
environments. At the very least, in the hydrogen desorption
stage, strong covalent C–H bonding would slow down the
kinetics of H2 recombination. This may not be a big problem
at T.600 K, but certainly may be a critical problem at room
temperature.

V. DISCUSSIONS

Breaking up the H2 molecule at room temperature has
been a long-standing challenge not limited to just hydrogen
storage. In fuel cells, this has been achieved up to now by
introducing metal catalysts. How to use the minimal amount
of platinum-group metals while maintaining the catalytic ef-
ficiency is a very active field of research. It is our opinion
that unless a remarkable new effect exists between hydrogen
and carbon nanotube, spontaneous disassociation of H2 near

FIG. 9. Calculated electron DOS of relaxed~a! outside@Fig. 8~b!#, and~b!
zigzag @Fig. 8~c!# H-chemisorption on~7,7! SWNT configurations. Com-
pared to Fig. 7~a!, a narrow band gap of;0.8 eV is seen to open up in~a!,
and a wider band gap of;2.5 eV in ~b!.
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pure carbon nanotubes is unlikely at room temperature. So
we think chemisorption, though energetically favorable~still
there is the problem of too strong binding, leading to only
T.600 K desorption!, may be severely hampered by slow
kinetics. This problem however could be ameliorated by in-
troducing metal catalysts and/or deformation processing,33

where one finds that coordination-2 carbon radicals can
break up the H2 molecule without catalysts in calculations.
On the other hand, we think binding between nondisassoci-
ated H2 molecule and carbon nanotube is so weak that phy-
sisorption is only significant at cryogenic temperatures. This
is not changed even if the carbon nanotube undergoes large
C–C–C angular distortion due to thermal fluctuations and
molecular collisions.

From our first-principles calculations that try to empha-
size accuracy, we have found no indication of abnormal
hydrogen–nanotube interactions of large enough magnitude,
and which is also unique to the carbon nanotube, that would
change the above-presented picture. For instance, a simple
tight-binding model could describe the structure of fully hy-
drogenated carbon nanotube rather well, and thesp2- to
sp3-hybridization transition is seen to be a fitting description
of the chemisorption process. The metallicity of some carbon
nanotubes is a remarkable effect that distinguishes them from
other pure carbon nanostructures. But we find it disappears
completely at full hydrogen coverage, and we think it may be
sensitive to even rather small coverage. This is a direction
for future study.

In summary, we believe;7.7 wt % is the upper limit to
hydrogen sorption in carbon nanotubes. While measurement
results on this level had been reported,1,4 the results could
not be reproduced at room temperature. We believe this up-
per limit would be very difficult to achieve in practice. More-
over, we find no rational reason yet for carbon nanotubes to
have superior hydrogen uptake capacity than other graphitic
structures in terms of either binding energies or kinetics. In-
dependent studies34,35 seem to reach similar conclusions.
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