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Abstract

A thermally activated relaxation process has been found in the anelastic spectrum of HiPco carbon nanotubes at 25 K. This peak is depressed in
the hydrogenated samples, but grows after subsequent thermal treatments which partially remove hydrogen. The activation energy obtained by the
peak shift with frequency is E, = 54.7 meV, and the pre-exponential factor of the Arrhenius relaxation time is 7, = 10~'* s, which is typical of point
defect relaxation. The observation of an isotope peak shift confirms that the relaxation is due to hydrogen. The height of the peak firstly increases
with decrease of cy as more free sites are made available for the H jumps. On further reducing the hydrogen content, the peak height decreases,
as a small number of relaxing species is left in the sample. The high mobility of the species giving rise to this peak indicates that it can hardly be
ascribed to a hydrogen molecule. Moreover, classical models cannot reproduce the peak, suggesting a dynamics of atomic hydrogen governed by

quantum tunneling.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon nanotubes have unique one-dimensional characteris-
tics in atomic and electronic structures due to their diameter of
the order of the nanometers; a single walled carbon nanotube
(SWCNT) can be metallic, semiconducting or semimetallic,
depending on its chirality [1]. Their special geometry and
interesting properties offer great potential applications, includ-
ing nanoelectronic devices, energy storage, chemical probes,
biosensors, field emission displays [2—4]. The change of electric
resistivity with the concentration of adsorbed gases is promis-
ing for the production of sensors. Moreover, it has been recently
shown that sidewall functionalization of the SWCNT by atomic
hydrogen transforms the electronic structures from metallic to
semiconducting by removing m states near the Fermi level [5].
Carbon nanotubes are known to be able to adsorb various gases
[6,7]; in particular, high hydrogen adsorption values ranging
between 0.4 and 67 wt% have been reported. However, recent lit-
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erature suggests that the highest values previously measured are
due to experimental artifacts. Nevertheless, values of 4-6 wt%
have been obtained for chemically processed nanotubes at liquid
nitrogen temperature and a few bars of hydrogen pressure [8,9].
It is also suggested that the storage properties may be signifi-
cantly increased by metal doping functionalization. Although a
high number of papers has been produced on CNT’s, a detailed
understanding of their adsorption mechanisms and properties is
still lacking. In this framework, the knowledge of the diffusion
and motion parameters of H adsorbed on single-walled carbon
nanotubes is of relevant importance, but in spite of that only a
few results have been reported up to now [10,11].

In a previous paper [12] the anelastic spectrum of HiPco
carbon nanotubes was measured and two relaxation processes,
found at 140 and 25 K, have been ascribed to the dynamics of
hydrogen in the molecular and atomic form, respectively. That
study showed that hydrogen is present in carbon nanotubes even
if they are not intentionally hydrogenated and that molecular
hydrogen strongly interacts with the hexagonal lattice.

The peak at 25 K is thermally activated and characterized by
a very fast dynamics (103 jumps per second at 25 K) [12]. The
activation energy obtained by the peak shift with frequency is
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=54.7 meV, and the pre-exponential factor of the Arrhenius
relaxation time is 7o = 10~'# s. The latter value is typical of point
defect relaxation and suggests that the process is originated by
the dynamics of hydrogen or by H complexes. The high mobil-
ity of the species giving rise to this peak indicates that it can
hardly be ascribed to a hydrogen molecule, and suggests atomic
hydrogen as a possible relaxing species. Moreover, the process
is depressed in the hydrogenated nanotubes, but progressively
increases with hydrogen outgassing. When further thermal treat-
ments deplete the H content, the peak decreases and vanishes.
These features have been interpreted in terms of an unblocking
mechanism. This peak might also be explained assuming that
the mobile species causing the process is different from hydro-
gen and that H blocks its dynamics. A high local mobility might
be possible for atoms residing in multiwell potentials separated
by a low barrier, as in glasses.

To identify the effective role of hydrogen in the process orig-
inating the peak at 25 K, in case it is both present in the relaxing
units or only responsible for the blocking mechanism, we car-
ried out new experiments on deuterated HiPCo SWCNT. In
the present work we report the isotope shift of the 25 K peak,
which confirms that the process is originated by the dynamics
of hydrogen or H complexes.

2. Experimental

HiPco single walled carbon nanotubes were purchased from Carbon Nan-
otechnologies Inc. The material containing ~5 wt% catalytic Fe was suspended
in a 1% water solution of sodiumdodecylsulphate (SDS) and filtrated, producing
pieces of bucky paper. Two samples, H and D, were prepared with the form of
prismatic bars of about 38 mm x 6 mm x 0.1 mm. Both samples after prepara-
tion and before the measurements were heated for 1 h at 500 K in order to remove
water and subsequently they were hydrogenated (sample H)/deuterated (sample
D) at a pressure of 72/80 bar, respectively.

Anelastic spectroscopy measurements are conducted suspending the bars on
thin wires located at the nodal lines of flexural vibration modes, and electro-
statically exciting the corresponding mechanical resonance of the samples. The
sample vibration produces an alternate stress which interacts with the local lat-
tice distortions introduced by the mobile entities and perturbs their site energies
in such a way that the sites that are energetically favored in the first half period
become unfavored in the second half. The system then looks for the equilib-
rium redistribution among the perturbed levels. At the temperature at which the
relaxation rate 7! of the species is equal to the angular vibration frequency
(w7 =1) the stimulated atomic migration is able to follow, by thermal activation,
the sample vibration, and the coefficient of elastic energy dissipation Q! reaches
its maximum value. The energy dissipation (or reciprocal of the mechanical qual-
ity factor Q) is measured from the decay of the free oscillations or from the width
of the resonance peak. The measurement of the dynamic Young modulus E’ is
simultaneously obtained from the angular vibration frequency E' = w*/kp where
p is the mass density, and k a numerical factor depending on the sample geom-
etry [13]. The independent and concomitant measurements of Q' and E' allow
the complex modulus E=E’ +iE” to be derived, being Q"' = E"/E'. For a single
relaxation time, t, Q’1 is given by:

s )2 cniny B (wT)*

KT 7 1 4 (1) L

07! = guo(ny

where ¢ is the molar concentration of the jumping atoms and n; and n; their
equilibrium fractions in sites 1 and 2; 1 and A, are the elastic dipoles [13] of the
defects in their two configurations; g is a factor of the order of (1/2) depending
on the geometry of the jump and the type of sample vibration, vy the unit cell
volume, and k the Boltzmann constant. The parameter « is equal to 1 for a
single-time Debye process and lower than 1 for a Fuoss—Kirkwood process.
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Fig. 1. Elastic energy loss of the deuterated sample; full squares, as received;
full triangles, after thermal treatment (TT) at 450 K for 60 min; open dots, after
second TT at 450K for 120 min; full rhombuses, after third TT at 500 K for
90 min; open triangles, after fourth TT at 500 K for 60 min; full dots, after fifth
TT at 500K for 75 min; open rhombuses, after sixth TT at 500 K for 120 min;
open squares, after seventh TT at 500 K for 60 min.

For classical processes T = 19e0/¥T, where Ej is the activation energy.

As 7 is temperature dependent for thermally activated processes, the relaxation
condition (wt =1) is satisfied at low temperatures for fast processes and at high
temperatures for slow processes.

3. Results and discussion

The anelastic spectrum of the as received and intentionally
deuterated sample (sample D), measured in vacuum between 60
and 5K, is shown in Fig. 1 (full squares), where it is seen that
the dissipation monotonically decreases with decreasing tem-
perature. This absence of any relaxation process below 60K
was observed also for the fully hydrogenated samples [12]. In
order to test whether thermal treatments introduce a peak, as
observed for hydrogen, the present sample D was subjected to
subsequent high temperature annealings as specified below, and
each one was followed by a measurement down to the liquid
helium temperatures. All the thermal treatments were carried
out in a vacuum better than 10~ mbar.

The first thermal treatment performed at 450 K for 60 min
did not change the anelastic spectrum of the sample (Fig. 1,
full triangles), and no change was observed also after increas-
ing the annealing time to 2h (open dots). Instead, after a third
TT at 500K for 60 min (full rhombuses) a peak appeared at
30K (for f=0.9 kHz). The peak height continued growing after
subsequent annealings at 500 K for 60 min (open triangles) and
75 min (full dots), but started decreasing after a TT at 500 K for
120 min (open rhombs) and disappeared after a sixth TT (500 K
for 60 min; open squares).

The correlation between deuterium evolution out of the sam-
ple and peak height is the same reported for the hydrogenated
samples. The main difference is in the annealing temperatures,
which are shifted of nearly 50 K for deuterium; typically 500 K
for deuterium instead of 450 K. The same variation of the peak
height with both the hydrogen and deuterium contents con-
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Fig. 2. Panel (a): elastic energy loss of the hydrogenated sample measured at
360 Hz (full dots) and 2.1 kHz (open dots) and of the deuterated sample mea-
sured at 0.9 kHz (asterisks); continuous lines are Fuoss—Kirkwood fits. Panel
(b): elastic energy loss of the deuterated sample measured at 0.9 kHz (aster-
isks); the continuous line is the Fuoss—Kirkwood fit with Ep =59.9 meV; the
dashed line is a Fuoss—Kirkwood simulation calculated with E=54.7 meV (as
for hydrogenated sample).

firms the unblocking mechanism we proposed for hydrogen [12].
Precisely, the D(H) dynamics would be blocked at high concen-
trations, as D(H) needs unoccupied neighboring interstitial sites
for reorientation. With proceeding D(H) outgassing, progres-
sively more sites are made available for D(H) jumps and hence
more complexes can relax and contribute to the peak height.
With deuterium/hydrogen depletion the peak keeps decreasing
and vanishes when no hydrogen is left in the sample.

The peak measured at 25K in the hydrogenated sample is
originated by a thermally activated relaxation process, as it
shifts towards higher temperature with the frequency increase
(Fig. 2(a)). For comparison, the dissipation curve of sample D
which shows the maximum peak intensity has been reported in
Fig. 2(a) together with the curves of the hydrogenated sample
measured at two different frequencies. The peak of sample D
is visibly shifted to higher temperature with respect to the peak
of the hydrogenated specimen. In fact, it appears at 30K for
0.9 kHz, compared with 26.5 K for 2.1 kHz in sample H.

The experimental curves of sample H resulted to be markedly
broader than a single Debye peak. This implies a distribution of
the relaxation parameters (E, and 7o), which is generally caused
by elastic interactions, as it is expected in a highly disordered
system like the present one. A quantitative analysis was carried
out [12] by the Fuoss—Kirkwood fitting procedure. The best fit-
ting values, after subtraction of the background dissipation by

a parabolic law [12], were found to be E, =54.7 meV, a=0.26,
and 79 =10"1*s (drawn in Fig. 2(a) with a continuous lines).
The strong deviation of the Fuoss—Kirkwood parameter from
the unity and the impossibility to fit the data for both frequen-
cies with a unique value of the relaxation strength (the prefactor
in Eq. (1)), arose serious doubts that the observed process can be
described by the classical hopping expressed by the Arrhenius
law for .

It was not possible to measure the dissipation curve of sample
D at two frequencies. Therefore, in order to strictly compare the
peak temperatures of H and D, we calculated the relaxation curve
of hydrogen at the same frequency of the deuterium sample
(0.9kHz), using the fitting parameters for sample H reported
above (dotted line in Fig. 2(b)). The obtained peak shift of 4 K
with respect to H is well above the experimental uncertainty of
measurement. This isotope effect clearly demonstrates that the
peak is caused by the dynamics of a species involving some
hydrogen complex.

To obtain quantitative information on the relaxation pro-
cess observed in sample D, we tried to fit the data of a single
frequency using the Fuoss—Kirkwood fitting procedure, after
subtracting a parabolic background. The value of t( was fixed to
that previously obtained for the hydrogenated sample (namely
70=10"1%5). The best-fit parameters obtained are or=0.5 and
Ep=59.9meV; the latter value is higher than the activation
energy for relaxation found for the hydrogenated sample. The
best fit curve (continuous line in Fig. 2(b)), does not match the
low temperature side of the peak, suggesting a possible con-
tribute of some unintentionally absorbed hydrogen or of the
fraction of hydrogen present in the gas used for deuteration.

The isotope peak shift, the very fast dynamics of the relax-
ing units, and the value of the pre-exponential factor (10~14),
which is typical of a point defect relaxation, indicate that the
observed process cannot be ascribed to molecular hydrogen.
Hence, we conclude that the peak is due to hydrogen in the
atomic state. Furthermore, the remarkable height reached by this
peak suggests the possibility that hydrogen may display also a
strong interaction with the CNT different from the physisorp-
tion and chemisorption processes. Such an interaction may be
originated by the trapping effect exerted on hydrogen by lat-
tice imperfections, as we recently proposed [12]. In this case
the mechanism of the process observed at 25 K for H (30K for
D) would consist in the thermally assisted relaxation of trapped
hydrogen (deuterium).

4. Conclusions

The anelastic spectrum of HiPco carbon nanotubes shows
a thermally activated relaxation at 25 K. The activation energy
obtained by the peak shift with frequency is E; =54.7 meV, and
the pre-exponential factor of the Arrhenius relaxation time is
7o=10"1%s, which is typical of point defect relaxation. These
parameters and the deuterium isotope peak shift we observed
suggest the attribution of the process to the dynamic of atomic
hydrogen. This peak is depressed in the hydrogenated nanotubes,
but grows after subsequent thermal treatments, which partially
remove hydrogen. When further thermal treatments deplete the
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H content, the peak decreases and vanishes. These features have
been interpreted in terms of an unblocking mechanism.
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