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Abstract

We report inelastic neutron scattering results on hydrogen adsorbed onto samples containing single-wall carbon

nanotubes. These materials have attracted considerable interest recently due to reports of high density hydrogen storage

at room temperature. Inelastic neutron scattering clearly shows the ortho±para conversion of physisorbed hydrogen in a

nanotube containing soot loaded with hydrogen. From the rotational J � 0! 1 transition, no indication of a sig-

ni®cant barrier to quantum rotation is seen. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

It is desirable to develop hydrogen-based energy
systems to alleviate environmental damage by re-
ducing carbon dioxide generation and to prepare
for projected petroleum shortages. However, ad-
vances in a variety of areas are necessary before
hydrogen can be widely used as an energy carrier.
Current hydrogen storage technologies, in partic-
ular, are inadequate in terms of gravimetric and
volumetric storage densities, energy e�ciency,
safety, and cost. Therefore, hydrogen storage sys-

tems have been the focus of much recent research
and development activity.

A safe, compact and inexpensive system capable
of storing 6.5 wt% hydrogen without excessive
heating, cooling, or pressurization would be of
great interest [1]. Several recent investigations have
reported that nanostructured carbon materials can
exhibit such high storage densities at room tem-
perature. Promising results have been reported for
single-walled carbon nanotubes (SWNT) [1,2], al-
kali-doped vapor-grown carbon nanotubes (CNT)
and graphite [3], as well as graphitic nano®bers
(GNF) [4±6]. All these ®ndings, however, remain
quite controversial. For example, Dillon et al. [1]
investigated impure SWNT samples at room tem-
perature and 0.41 atm and determined that hy-
drogen storage densities would be between 5 and
10 wt% on pure samples, while Liu et al. [2]
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measured 4.2 wt% storage at 10 MPa on purer
samples. In contrast, Ye et al. [7] examined pure
SWNTs and found a high density of 8 wt%
(H=C �1) only at 80 K and 100 atm. Alkali metal-
doped CNTs were reported to store 14 and 20 wt%
hydrogen by Chen et al. [3], but these ®ndings
could have been compromised by the presence of
water [8]. GNFs have been reported to be tre-
mendous adsorbents for hydrogen, storing 10±12
wt% at �7±15 atm in one laboratory [6], and 30±
50 wt% (H=C � 12) at 110 atm in another [4,5].
However, Ahn et al. [9] measured GNFs to adsorb
only �0:4 wt% hydrogen at 300 K and 160 bar, in
similarity to most forms of carbon.

The interest in SWNTs, CNTs, and GNFs for
hydrogen storage is based on the idea that the
nanostructured environments present in these
materials might a�ord unusually strong stabiliza-
tion forces in comparison to more conventional
adsorbents. Several theoretical e�orts have at-
tempted to describe the observations of hydrogen
storage at room temperatures. For example, the
interstitial sites between individual SWNTs in a
bundle and also the central pore within a SWNT
are predicted to be more e�ective than planar
graphite in adsorbing H2 [10], but no model has
been able to account for interactions which would
lead to the high amounts of hydrogen stored at
room temperature [1,2] or the 19.6 kJ/mol heat of
adsorption that has been reported [1]. The ma-
jority of experimental data has focused on capacity
and charge/discharge behavior, and has not been
of great use to theoreticians attempting to under-
stand these observations. In fact, to the best of our
knowledge no structural or spectroscopic in situ
experimental results are available for any of these
carbon-based hydrogen storage systems.

We have used the neutron scattering facilities at
the NIST Center for Neutron Research, to struc-
turally characterize our as-produced SWNT sam-
ple using the BT1 powder di�ractometer [11], and
then to probe the rotational potential felt by ad-
sorbed hydrogen as a function of temperature with
the BT4 ®lter±analyzer inelastic spectrometer [12].
In the solid, hydrogen behaves as a three-dimen-
sional quantum rotor with energy levels given by
EJ � BJ�J � 1�, where J is the rotational quantum
number and B � 7:35 meV is the rotational con-

stant. Here we use the J � 0! 1, or para! ortho
transition, as a probe of hydrogen binding sites.
This transition occurs at an energy close to
2B � 14:7 meV in the pure molecular solid because
the molecules are essentially free quantum rotors
with no center-of-mass translation. In the gas
phase, the continuous spectrum of recoil energies
broadens the rotational transition, so the tech-
nique is able to discern adsorbed molecules which
do not di�use. Relatively weak interactions be-
tween the rotating molecule and its environment
will alter this simple energy level scheme; given
su�cient spectroscopic resolution, one can deduce
accurate information about the adsorbate site
symmetry and the nature of the hydrogen±sub-
strate interaction [13±15]. A further advantage of
neutron scattering in this context is the low ab-
sorption in most materials, which facilitates in situ
measurements involving cryostats and pressure
vessels. These ®rst experiments were performed on
as-produced SWNTs that were not puri®ed or
processed in a way to produce cutting or opening
of tubes, and provide benchmarks for future
studies.

2. Experimental procedures

The growth of the crude SWNT sample by laser
vaporization was described elsewhere [16]. In brief,
we followed Guo et al. [17] but used a single
Nd:YAG laser which generated �450 ns pulses at
1064 nm and 10 Hz at an average power of
20±30 W=cm2. The power density was selected to
operate in a vaporization regime during synthesis
[18] to minimize the number of graphite particles
which were ejected from the target and incorpo-
rated into the vaporized soot. Targets were made
by pressing powdered graphite doped with 0.6
at.% each of Co and Ni in a 1±1/8 inch die at
10,000 psi. Crude soot was produced at 1200°C
with 500 Torr Ar ¯owing at 100 sccm. Raw ma-
terials were determined to contain �20±30 wt%
SWNTs as well as agglomerates of amorphous and
nanocrystalline carbon, and metal nanoparticles
[16]. No further processing was performed to pu-
rify the soot or to open the tube ends. Neutron
powder di�raction data were collected on 0.6 g of
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nanotube soot sealed in a vanadium cell. A
wavelength of 2.0783(2) �A was selected using a
germanium (3 1 1) monochromator with a 75°
take-o� angle and an in-pile collimation of 15 min
of arc. Data were collected over the range of
1:3±166:3° 2h with a step size of 0:05°.

For hydrogen loading, 0.55 g of the nanotube
soot was sealed inside a high pressure aluminum
cell, heated to 350 K and placed under dynamic
vacuum for �12 h with a mechanical pump
(�10ÿ3 Torr). While the temperature and ultimate
pressure may not be su�cient to remove all im-
purities adsorbed during exposure to the atmo-
sphere [1], perfect loading conditions may not be
necessary to extract information about the loca-
tion and environment of the adsorbed hydrogen.
Hydrogen gas was introduced directly from a
standard cylinder at a pressure of �11 MPa and
the system was isolated to monitor for any pres-
sure leaks over a period of 48 h. To ensure full
loading, the sample was cooled in a helium cryo-
stat to 25 K over a period of 18 h while remaining
in contact with the hydrogen gas source at 11
MPa. After isolating the hydrogen cylinder, the
sample space was evacuated using a mechanical
pump for 90 min until evolution of non-adsorbed
hydrogen slowed and the vessel pressure was re-
duced to �10ÿ3 Torr. Neutron energy loss spectra
were recorded on heating between 25 and 65 K,
with 10 min equilibration time allowed at each
temperature. Based on the measured neutron in-
tensity compared to that from a known quantity of
H2 in Na2C60 [19], we estimate the amount of ad-
sorbed hydrogen to be �0:5 wt% at 25 K.

3. Results

The neutron powder di�raction pattern taken at
room temperature is shown in Fig. 1. The pattern
is characteristic of nanotube bundles, with four
broad features between 5° and �30° superimposed
on an intense background due to small angle
scattering [20]. Additional sharp features at higher
scattering angles coincide with the predicted peak
positions from graphitic carbon (marked by as-
terisks and also with the (0 0 2) re¯ection labeled).
Weak features that arise from small amounts of fcc

Ni (perhaps alloyed with Co) are also present. The
four features at low angles correspond well with
those of a rope bundle of �1:4 nm diameter na-
notubes in van der Waals contact, forming a
hexagonal lattice with a � 17 �A [20]. This is con-
sistent with the SWNT diameters observed by
Raman spectroscopy [21]. The peak width of the
(0 0 2) graphite re¯ection corresponds to a coher-
ence length �100 layers, consistent with a small
amount of the graphite ablated from the target
during synthesis, and not with the formation of
graphitic onions or nanoshells.

Fig. 2 shows the neutron energy loss spectra
recorded between 10 and 20 meV at several tem-
peratures between 25 and 65 K on warming. The
spectra consist of a single peak at �14:5 meV, only
slightly shifted from the value of 14.7 meV char-
acteristic of unhindered rotations. The peak ener-
gy is consistent with similar results for solid
hydrogen [22], H2 adsorbed on graphite [23], and
H2 intercalated into octahedral sites in fcc solid
C60 [13]. We therefore assign this peak as the
J � 0! 1 (para±ortho) transition in molecular
hydrogen which is physisorbed on the exterior
surfaces of the nanotubes. At all our measurement
temperatures, free hydrogen would be gaseous
which would lead to signi®cant recoil e�ects [24].

Fig. 1. Neutron powder di�raction pattern of the nanotube

soot at room temperature. The pattern covers the range 3±150°
in 2h at a wavelength of 2.0783 �A. The nanotube rope nature of

part of the sample is evidenced by the broad low angle re¯ec-

tions indicated with arrows. Asterisks mark graphite re¯ections

with the (0 0 2) labeled. Low catalyst presence is evidenced by

low intensity in the nickel (1 1 1) re¯ection.
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These would shift and broaden the observed
scattering relative to that expected for a free rotor.
Because the scattering we observe is only slightly
perturbed with respect to the pure solid, the cen-
ter-of-mass of the hydrogen molecule must be es-
sentially ®xed in space. Since our sample was not
puri®ed, we must also consider the possible in¯u-
ence of other constituents. Ni and Co are known
to dissociate the H2 molecule, so chemisorbed
hydrogen on catalyst particles would not contrib-
ute to the rotational transition. We can also rule
out a contribution from the graphitic impurities
evident in Fig. 1 since H2 monolayers are liquid-
like and unstable on ¯at graphene surfaces above
20 K [23].

These measurements therefore provide good
evidence that molecular hydrogen physisorbs on
the curved exterior surface of SWNTs. We col-
lected a full data set over the energy transfer range
6±40 meV at 25 K, and compared this to a spec-
trum of the pristine soot without hydrogen in the
same aluminum can. The only unique feature in
the hydrogen-loaded nanotube spectra is the one
we assign to the J � 0! 1 rotational transition.

Details of the temperature evolution of the
J � 0! 1 transition were followed by ®tting the
data to a Gaussian peak with a sloping back-
ground function. The temperature variation of the

frequency and full-width at half-maximum
(FWHM) of the rotational transition are shown in
Fig. 3. As previously stated, the average peak
frequency of 14.5(1) meV is only marginally re-
duced from the value found for solid hydrogen.
However, the 2.4(4) meV FWHM is over twice as
broad as the instrumental resolution (�1:1 meV).
We can infer from the ®tted positions that the
physisorbed hydrogen is rotationally quite free,
with the nanotube±hydrogen interaction potential
providing only a small (<�0:1 kJ/mol) barrier to
rotation, in agreement with results for H2 on
graphite [25]. The resolution-corrected FWHM
(2.1(4) meV) could be due to symmetry reduction
at the hydrogen adsorption sites which would lift
the degeneracy of the rotational levels, or it may
indicate a distribution of adsorption sites thus a
distribution of rotational barrier energies. We note

Fig. 3. Fit parameters for the J � 0! 1 transitional energy

(top, circles) and width (bottom, squares). The solid lines show

the average values of the parameters over all temperatures. For

comparison, the upper dashed line indicates the transition en-

ergy of pure solid hydrogen while the lower dashed line shows

the instrumental resolution.

Fig. 2. Temperature dependence of the neutron energy loss

spectra for the hydrogen±nanotube system, taken on heating

from 25 K. For clarity, only error bars for the 25 and 65 K data

sets are plotted.
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the similarity of these spectra to those obtained for
H2 in C60 [13], where the broad J � 0! 1 transi-
tion was decomposed into two components rep-
resenting transitions to MJ � 0 and MJ � �1
sublevels, respectively. In that case, the observed
level splitting of �0:7 meV was attributed to a
�0:1 kJ/mol barrier to rotation, while the slight
reduction in transition frequency from 14.7 meV
was explained by the large zero-point motion of
the hydrogen molecule. It is tempting to make a
similar conclusion in this case, though further ex-
periments with higher resolution are required to
directly address the origin of the observed line
broadening.

While the peak position and width are essen-
tially temperature-independent, the integrated in-
tensity shows an exponential decrease with
increasing temperature (not shown), indicating
thermally activated desorption of hydrogen from
the nanotube surface. This behavior was not ob-
served for H2 in C60, indicating that the binding
energy on SWNT surfaces is signi®cantly less than
the value of �11 kJ/mol for H2 adsorbed intersti-
tially [13]. Conversely, the binding energy on
SWNT must be somewhat greater than on
graphite (4 kJ/mol [25]) since the adsorbed H2 is
stable to higher temperatures. We estimate an ac-
tivation energy of �6 kJ/mol for our unpuri®ed,
unopened SWNTs, with the caveats that the
measurements may not have been carried out un-
der equilibrium conditions and the loading con-
ditions may not have been ideal. Nonetheless, the
temperature-dependent intensities in the various
experiments indicate rather directly that the sta-
bility of adsorbed molecular hydrogen increases in
the sequence: graphite surface < SWNT materi-
al < solid C60 with the SWNT binding energy being
closer to that of ¯at graphite than to internal C60

cavities. We suggest that the relevant site in the
present work is the exterior cylindrical SWNT or
bundle surface rather than tube interiors (mainly
inaccessible in the present sample) or interstitial
channels in the rope lattice (probably more similar
to octahedral sites in the fullerene solid). We also
attempted to observe the inverse J � 1! 0 tran-
sition in neutron energy gain with the Fermi-
chopper time-of-¯ight spectrometer at the NCNR,
since this would verify our assignment as well as

yield information on the rate of ortho±para con-
version. However, we were unable to observe a
peak that could be ascribed to this transition at
any temperature. This is likely due to the ex-
tremely rapid conversion of all the ortho hydrogen
to the para form via magnetic catalyst particles,
resulting in negligible population of the J � 1
level. Finally, it should be noted that no scattering
which could be attributed to vibrational motions
of the H2 molecules was observed in these mea-
surements. Since one expects to see an in-plane
phonon at �5 meV for a monolayer of H2 ad-
sorbed on graphite [26,27], this provides further
evidence that hydrogen has not been adsorbed
onto graphitic impurities. We note, however, that
the temperature used in the energy gain experi-
ment may have been too high to observe this
mode.

4. Summary

The present neutron energy loss results for the
J � 0! 1 transition show that the rotational
spectrum of hydrogen is only mildly perturbed by
association with the nanotubes, similar to what is
observed for solid H2 [20], H2 on graphite [23], or
H2 in C60 [13]. At all temperatures the peak is
broadened compared to the instrumental resolu-
tion. This is probably due either to a lifting of the
degeneracy of the J � 1 rotational level by the
adsorption site symmetry, or to multiple adsorp-
tion sites. The results are reminiscent of those
obtained for interstitial hydrogen in C60, where a
rotational barrier of �0:1 kJ/mol was observed.
There is an exponential decrease in the intensity of
this peak with increasing temperature due to the
desorption of the physisorbed hydrogen, indicat-
ing a binding energy signi®cantly less than the 19.6
kJ/mol reported for opened SWNTs produced by
arc discharge [1]. We conclude that the main
binding site under the present loading conditions is
the outer surface of isolated tubes and/or tube
bundles, with a provisional value for the binding
energy of �6 kJ/mol. These results are valuable as
they provide benchmark values to which future
hydrogen adsorption experiments on puri®ed and
opened SWNTs can be compared.
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