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Abstract

Neutron inelastic scattering spectra from high quality single-wall carbon
nanotubes (SWNTSs), progressively dosed with hydrogen, have been measured
with high resolution at different temperatures in the vicinity of 20 K. The spectra
consist of two parts. Firstly, a relatively sharp complex peak, due to scattering
from translationally bound molecules undergoing rotational transitions, is
observed at around 14.5 meV. Secondly, there is a series of broad features
at higher energies originating from roto-vibrational transitions corresponding
to J = 0 to 1 rotational change plus n = 0 to n = 1, 2, etc molecular centre-
of-mass vibrational transitions, as well as from molecule centre-of-mass recoil.
The structure of the complex sharp peak suggests that the molecular hydrogen
is adsorbed on at least two different adsorption sites on the surfaces of the
nanotube bundles.

It is generally recognized that, to compete with hydrocarbon fuels, a hydrogen storage system
should reversibly store at least 7% by weight of hydrogen. Single-walled carbon nanotubes
(SWNTs) became of interest in this context because of published claims of very large hydrogen
storage capacity at ambient temperatures [1-3]. Although these claims have since been
refuted [4, 5], there remains a serious interest in the use of SWNTs for hydrogen storage at
liquid nitrogen temperatures through physisorption, due to the large external surface area/gram
available and the possibility that the hydrogen could be stored inside the tubes. However,
in spite of numerous publications on the subject, there is as yet no consensus as to where
and how the hydrogen is being adsorbed. In this letter, we report on the use of inelastic
neutron scattering, combined with progressive in situ surface dosing, to probe the nature of
this hydrogen adsorption process. Earlier, lower resolution, measurements [6, 7] showed
the scattering to be dominated by physisorbed molecular hydrogen. However, due to the
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Figure 1. (a) Inelastic neutron spectra of SWNTs loaded with different amounts of p-H; as
indicated in the figure legend. The increase of the hydrogen content is best seen in the intensity
increase of the first recoil peak at about 30 meV corresponding to an internal transition from
J =0to 1. (b) The bound part of the spectra at different p-H; contents around the first rotational
transition. From the bottom to the top, spectra with increasing hydrogen loadings are shown. Some
of the spectra measured have been omitted here for clarity.

insufficient instrument resolution available in those investigations, the details of the rotational
transitions were not measured and, in consequence, the effects of different site geometries
could not be observed. A Raman scattering study [8] of the molecular spectra of hydrogen
isotopes adsorbed in SWNTs showed shifts in the Q branch (vibrational 0—1 level), which
the authors attribute to Lennard-Jones potentials and image forces in conducting SWNTs,
and hence they conclude that there is no charge transfer between the H, and the SWNTs.
The present neutron scattering measurements have been made on the TOSCA spectrometer at
ISIS (Rutherford Appleton Laboratory, UK) in neutron energy loss as a function of surface
loading, which, in turn, has been fully calibrated against gravimetric uptake measurements.
The resolution of TOSCA in this energy transfer range is about 0.3 meV. The sample used was
non-purified selected grade SWNT material from CarboLex Inc., as used in [7]. It consists of
ropes of SWNTs of diameter about 1.5 nm. Gas adsorption isotherms for both hydrogen and
nitrogen were measured at 77 K using an IGA instrument [9]. Typical type II N, adsorption and
fully reversible desorption isotherms were observed up to the saturation pressure, yielding the
specific surface area from the BET (Brunauer, Emmet and Teller) equation, and also indicating
that there is no accessible micro-porosity. The derived surface area was 371 m? g~! compared
to the calculated 1315 m? g’l, for one side of a graphene sheet. We assume, therefore, that
the observed adsorption takes place on the exterior of the nanotube ropes, in any large voids
formed between different ropes and/or at defects in the close packed rope bundle. From the
isotherm, we cannot rule out the penetration of the nanotubes by a small proportion of the H,
molecules. A total of 1.1 wt% of hydrogen uptake was measured at 10 bar and 77 K.

The aim of our neutron measurement was to probe the structure of the rotational energy
spectrum of the adsorbate molecules at different adsorption sites by measuring the spectra
as a function of H; loading. In the absence of significant external interactions, hydrogen
behaves as a perfect quantum rotor with energy levels given by E; = B;J(J + 1) where
B; = 7.35 meV [10] is the rotational constant and J is the rotational quantum number. The
symmetry of the total wavefunction implies that para-hydrogen (proton spins anti-parallel)
only exists in even J states while ortho-hydrogen (proton spins parallel) only exists for odd J,
for which the lowest energy level is 14.7 meV. In the neutron energy loss regime, the highest
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Figure 2. (a) The bound part of the scattering collected from a complete monolayer of p-Hj at
17 K fitted with four Lorentzians, (b) the fitted spectrum measured with 50% coverage at 17 K,
(c) 30% average surface coverage and 17 K. E is the peak position in meV, W is the full width at
the half maximum in meV and A is the relative peak area. The split rotational line is significantly
broadened presumably due to the presence of a range of barriers to rotation.

scattering cross section occurs for the J = 0 to 1 transition [11] and this determined our
strategy. We used a series of different loadings of p-H,, prepared at 20 K by storing the gas
over a paramagnetic catalyst for 48 h, and made our measurements at a number of temperatures
in the vicinity of 20 K. Prior to the neutron measurements, the sample in its Al sample can was
degassed at 150 °C for 48 h under a vacuum of around 10~ Torr. Some of the spectra collected
are shown in figure 1, in the region of the / = 0 to 1 transition. Spectra collected at 20 K
and 100% coverage, and at 25 K with 85% coverage, are omitted for clarity. The temperature
and surface coverage for each spectrum is given in the figure legends. The coverage was
calculated assuming that the molecular area of the N, molecule at 77 K is 16.2 Az’ estimated
from the density of the corresponding liquid state [12], whereas that of the H, at 20 K was
assumed to be 10.8 AZ, as derived from the intermolecular distances densest incommensurate
monolayer configuration of hydrogen on a graphitic surface [13]. The complex character of
the peaks around 14.5 meV is revealed in figure 1(b). In figure 2, we show this part of the
spectrum, measured for different surface coverages at 17 K and fitted with a series of four
Lorentzians, with parameters given in the figure legends. The other spectra were analysed in
the same fashion. In the fitting process, all the peak parameters were allowed to float, except
at the highest coverage of 144%, where we had to fix the peak positions and widths to get a
stable fit. With all parameters varying, fairly constant peak positions and widths were found
for the different temperatures and surface coverages. The exception to this was the 14.2 meV
line, the width of which increased substantially at 30 K, figure 3. A three-peak model was
also tested on our data but this led to a 12% increase in x2, and larger variation in the peak
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Figure 3. 30 K data measured from 80% surface coverage.

positions. Also, the three-peak model gave an intensity ratio of the 13.5 meV line to that
of the 15.1 meV of around 3/1—compared to ~2/1 for the four-peak model, a ratio that is
much easier to explain. This makes us confident of the need to include four peaks in the
fit. In contrast to the peak energies, the integrated intensities of each line vary in a distinct
way with the surface coverage as indicated in figure 4. Here we note that the peaks at 13.5
and 15.1 meV first grow with increasing coverage and then saturate at around 50% surface
coverage, having a constant statistical weight ratio of about 2/1. In contrast, the lines at 14.2
and 14.6 meV initially have a low intensity and then increase strongly, eventually saturating
at a loading above monolayer coverage. The observed 2/1 intensity ratio of the 13.5 and
15.1 meV peaks—independent of temperature or loading—makes it reasonable to assume that
these peaks arise from scattering from a ground para-state (J = 0) to a ground ortho-state
(J = 1) where the threefold degeneracy of the latter state has been lifted by the shape of the
potential at the adsorption site [14, 15] yielding two states with defined angular momentum
component perpendicular to the surface (m = +£1) and one with angular momentum parallel
to the surface (m = 0). The m = =+1 states, in which the molecule rotates with J normal to the
surface, have lower energies than those with m = 0, where the molecule rotates with angular
momentum vector in an undetermined direction parallel to the surface. Physically, this form of
splitting would be expected at a planar graphite surface where the H, molecule is attracted to
the surface by a Lennard-Jones type potential. Thus, we would expect the m = =1 states to be
lower in energy than the m = 0 state because, in the former cases, the wavefunction is able to
stay closer to the minimum of the potential energy curve normal to the surface. The split line,
as defined above, has a centre of gravity of 14.0 meV whereas a first order perturbation effect
should leave the mean energy unaltered. Here, we would note that the scattering from para-
hydrogen interstitially adsorbed in the octahedral site in solid Cgy shows a split peak with a
centre of gravity at 14.4 meV [16]. In this letter, the shift in the mean energy is attributed to the
existence of different zero-point energies associated with the different molecular vibrations at
the different m values of the J = 1 state and this effect could operate here as well. A downward
shift of 0.7 meV has been observed for H, adsorbed on Vycor glass [18]. A similar form of
splitting, but with a somewhat larger magnitude of 2.6 meV, was recently predicted [17] for
H, molecules inside (10, 10) SWNTs.

The third of the fitted peaks, centred at 14.6 meV, is clearly due to the scattering of a
rotationally free hydrogen from its ground state with J = 0 via spin flip to the J = 1 level,
observed at 14.7 meV on flat graphite surfaces [19]. We would note from the variation in
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Figure4. Integral peak intensities as a function of the average surface coverage. The curves connect
points corresponding to data collected at 17 K and are only a guide to the eye. The corresponding
open shapes are due to data measured at 20, 25 and 30 K. Thermally activated desorption is observed
with increasing temperature except that the 14.2 meV line intensity increases between 25 and 30 K.
The bar in the upper part of the figure indicates the average size of the error bars at different points.

the peak intensities in figure 4 that the 14.6 meV peak is filled last. This suggests that this
peak is indeed due to more weakly bound molecules, perhaps adsorbed on the external convex
surface of the tubes or in a second molecular layer. Note that, at the finite Q values of these
measurements (4 A~'), the intensities do not exactly correspond to the populations on the
different sites because the trapping potential affects the Debye—Waller factor. This leaves
the peak at 14.2 meV. Its intensity variation with coverage implies that it has an intermediate
adsorption energy. We would suggest that this is either due to a J = 0 to 1 transition for
molecules trapped on a third site on or in the nanotubes or to the vibration of the hydrogen
molecules in the potential well normal to the graphitic surface. The difficulty with the first
hypothesis is that this energy shift corresponds to a 1.5% increase in the H-H distance and
this would imply charge transfer to the substrate corresponding to a significant increase in
the binding energy of the site, contrary to the implications of the variation of intensity with
surface coverage. Further, experimental studies [8] and simulations [20] suggest that no charge
transfer occurs on adsorption and that the relaxed inter-nuclear distance of the H, molecule,
0.741 A, is the same as in the free rotor.

On the other hand, we would note that a vibrational peak has been observed at this energy
for 0-H,' in Cgy [16]. Moreover, experimental observations [21] and model calculations [22]
of adsorbed hydrogen on a planar graphite sheet suggest an out-of-plane vibrational transition
from the ground to the first excited state at 15.0 and 14.3 meV respectively. Also, the small
feature at 28—-29 meV in figure 1(a) can be attributed to a coupled J = O to 1 rotational plus
ann = 0 to 1 excitation of a vibration normal to the planar surface.

On the other hand, the cross section for a vibrational centre-of-mass excitation,
corresponding to a transition within the J = 0 manifold (p-H,), is only a few per cent of
that for the para—ortho [11]. A possible explanation for this unexpectedly large intensity
might be that the strong coupling between the rotational and vibrational modes of similar
energies would break down the distinction between the pure ortho- and pure para-states and
hence would modify the ratio of the two cross sections. Finally, we would note that the intensity

! In this case, transitions within the / = 1 manifold are expected to show the highest intensity [11].
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of this peak increased by about 25% when the temperature increased from 25 to 30 K. This
is not unexpected because of the approximately 2% increase in the ortho-component of the
adsorbed gas going from 25 to 30 K and the strong J;—J; cross section [11]. However, we
cannot definitely distinguish between these possibilities at present.

We should also point out that the widths of our measured lines are not resolution limited,
the instrument resolution at these energies being of the order of 0.3 meV. The split rotational
transition shows the largest broadening, possibly due to variation in the shape of the potential
well on the surface. All levels can also be broadened via damping through acoustic phonons
in the substrate.

Thus, from our measurements, we can conclude that the adsorbed molecular hydrogen is
distributed over at least two energetically different adsorption sites on the external surface of
the nanotube bundle and possibly in voids formed between bundles or in defects within the tube
bundles. A preferred adsorption site is presumably the valley between two adjacent tubes. This
would imply some azimuthal barrier to rotation giving either splitting or broadening but we
must assume that these effects are too small to be observed in the presence of other broadening
effects. Molecules on the external convex tube surface are free to rotate and to recoil parallel
to the surface. When the capacity of these two types of site is exceeded, the extra hydrogen
forms normal multi-layer condensate which is free to rotate and to recoil. We have thus shown
that inelastic neutron scattering from samples progressively dosed with hydrogen provides a
powerful method of analysing the sorption mechanisms involved.

The authors are pleased to thank the ISIS staff for providing the neutrons and the
instrumentation, and particularly John Dreyer and Chris Goodway for the help with the gas
handling rigs.
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