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Abstract

Anelastic spectroscopy experiments in HiPco carbon nanotubes from room temperature to 3K displayed a thermally activated relaxatior
process at about 25K for frequencies in the kHz range. The activation energy obtained by the peak shift with freqiierc§3s K and
reveals the presence of a very mobile species performing abdjurhps/s at the peak temperature. The derived value of the pre-exponential
factor of the Arrhenius law for the relaxation timg,= 10-1*s, is typical of point defect relaxation and suggests that the process is originated
by the dynamics of hydrogen or H complexes. The peak is much broader than a single Debye-relaxation process, indicating the presence
intense elastic interactions in the highly disordered bundle structure. There are clear, but not conclusive, indications that the relasation proce
is governed by a quantum mechanism.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

Carbon nanotubes (CNT) have attracted much interest HiPco single-walled carbon nanotubes were purchased
in the field of hydrogen storage, as high hydrogen adsorp- from Carbon Nanotechnologies Inc. The material contain-
tion values ranging between 0.4 and 67 mass% (for a re-ing about 5% of Fe was suspended in a 1% water solution of
view, see Refs[1-4]) have been reported. Despite the fact sodiumdodecylsulphate and was filtrated, producing pieces
that the more recent literature seems to indicate that theof bucky paper. Two samples 1 and 2 were prepared with the
highest values reported previously are due to experimentalform of prismatic bars of about 38 ma6 mmx 0.1 mm. A
artifacts, carbon nanotubes still need to be investigated to SEM image of the bucky paper samples is reportdeign 1.
understand their adsorption mechanisms and properties, esSample 1 was measured starting from the as-received state,
pecially, from a fundamental point of view. To our knowl- whereas sample 2, after preparation and before the measure-
edge, there are only a few reports on the diffusion of H ments, was heated for 1 h at 500 K in order to remove water
adsorbed on single-walled carbon nanotuf®sand on the and subsequently was hydrogenated at a pressure of 72 bar.
kinetics of H[6]. In this paper, we report the first experimen- For the anelastic spectroscopy measurements, the sam-
tal observation and analysis of relaxation processes associples of bucky paper were suspended on their nodal lines and
ated with the dynamics of hydrogen in single-walled HiPco electrostatically excited in more than one of their vibration
nanotubes. modes by a frequency modulation technique, in order to mea-

sure the complex elastic modultt(w) = M'(w) + iM" (w)
at various frequencies and as a function of temperature. The
"+ Corresponding author. Tel.: +39 06 49914388; fax: +39 06 4957697, dynamic Young modulusf’(w) was obtained from the vibra-
E-mail address: Rosario.Cantelli@romal.infn.it (R. Cantelli). tion frequency according to the relation2 o« +/M’, while
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Fig. 1. SEM image of a typical sample of bucky paper.

the elastic energy dissipation coefficient (or reciprocal of the
mechanical), given byQ—1 = M”/M’ [7], was measured
by the amplitude decay of the free oscillations or by the width
of the resonance curve.

3. Results and discussion

Fig. 2shows the elastic energy dissipation curves of sam-

ples 1 and 2 after various treatments. The dissipation of the
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treatment (450K for 1 h), the peak is well developed (curve
5). It is noted that both samples display a slight peak shift
to higher temperature when their height increases after the
thermal treatments.

The dissipation curve of sample 1 in the as-received state
(curve 1inFig. 2) is reported irFig. 3together with the curve
of a higher vibration mode (2060 Hz). The peak shift towards
higher temperature with the frequency increase demonstrates
that the peak is originated by a thermally activated relaxation
process. It means that there exists a very mobile species in
the sample which performs about*jomps/s at 25 K. As-
suming the classical Arrhenius law for the relaxation time
T = 10ef/kT | the following values of the activation energy
for the jumping process and the pre-exponential factor were
obtained:E, = 635K, 79 = 10~ 14s.

The drastic effect on the peak height of both the H charge
(curve 4 ofFig. 2) and the H evolution out of the samples af-
ter the thermal treatments in vacuum (curves 2, 3, 5) strongly
suggest that the observed relaxation process is due to hy-
drogen dynamics. Moreover, as the value of the prefactor is
typical of point defect relaxation, it can be inferred that hy-
drogen or complexes containing H are involved and that they
are very mobile in single-walled carbon nanotubes. It cannot
be established at present whether the observed H dynamics is
caused by local motion or by long-range diffusion. However,
the high temperatures required for H outgassing (consider-
ing that there are no surface barriers as in the bulky samples)
suggest a local reorientation mechanism, possibly around im-

as-received sample 1 as a function of temperature (curve 1), ities or structural defects acting as firm trapping centres

displays a peak centred at about 25K at 356 Hz. A thermal

treatment at 600K in vacuum for 19 h produces a marked

increase of the peak height (curve 2), but after a subse-

quent treatment in vacuum at 700K for the same time the
peak height is substantially reduced (curve 3). The dissipa-
tion curve of sample 2 after hydrogenation at 72 bar is re-
ported in samé-ig. 2 (curve 4). It can be seen that the peak

or H.

The presence of the peak also in the as-received sam-
ple (curve 1 ofFig. 2) suggests that hydrogen is present in
carbon nanotubes as an impurity, even when they are non-
intentionally exposed to fatmospheres. In fact, hydrogen
may be included in the bucky paper structure during the
preparation procedure or by the treatments with strong acids

is nearly totally depressed, but after a subsequent thermal o | or H,SOy used to remove part of the Fe nanopar-
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Fig. 2. The elastic energy loss spectum of: (i) sample 1 in the as-prepared

ticles which act as catalysts in the HiPco procedure used to
grow the carbon nanotubes. Indeed hydrogen contamination
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state and after two subsequent thermal treatments at 600K for 19 h and atig- 3. Experimental data of the observed relaxation peak in sample 1 at two
700K for 19 h and (i) sample 2 hydrogenated at 72 bar, before and after a frequencies in the as-prepared state (symbols). The continuous lines are the
thermal treatment at 450 K for 1 h. best-fit curves obtained by means of the Fuoss—Kirkwood model.
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during the growth process is well known for semiconductors dissipation by a parabolic law, resulted to be 0.26 (contin-
[8]. The increase of the peak height with the H outgassing uous line inFig. 3). This strong deviation of the Fuoss—
that accompanies the thermal treatments (curves 1, 2, 4 anKirkwood parameter from the unity and the impossibility
5) might be interpreted with an unblocking mechanism. Pre- to fit the data from both frequencies with a unique value of
cisely, the H dynamics would be blocked at high concentra- the relaxation strength (the prefactor in equatjad]), rise
tions, as H needs unoccupied neighbouring interstitial sites serious doubts that the observed process can be described
for reorientation around the trapping centres. With proceed- by the classical hopping expressed by the Arrhenius law
ing H outgassing, progressively more sites are made availablefor 7.
for H jumps and hence more complexes can relax and con-  Unfortunately, a conclusion on the regime governing the
tribute to the peak height. The decrease of the peak heightobserved process cannot be drawn before carrying out new
with further thermal treatments (curve 3) is explained with experiments, for instance on the isotope effect. In fact, a co-
the H depletion of the sample. The increase of the peak tem-herent tunnelling mechanism, for instance a two-level sys-
perature on decreasing H content can be explained assumingem, would give curves much broader than the observed ones
a distribution of the H site energies in the highly disordered for electron or one-phonon transitions (nearly linear depen-
CNT structure. At low concentrations, H occupies the deeper dence ofr~1 on 7) and much narrower curves for multi-
sites and the corresponding higher activation energies for re-phonon transitions (power law temperature dependence of
orientation place the peak at higher temperature (at a fixedz1). On the other hand, considering incoherent tunnelling,
frequency). With increasingy, sites of progressively higher  which would be more likely operative at those relatively high
energy are filled by H, requiring a lower activation energy for temperatures, the only expressions for the relaxation rate of
reorientation. A detailed statistical model interpreting the re- the hopping particle in terms of physically visible parameters
laxation and trapping of interstitials by substitutional atoms were given by Flynn and Stonehdt®], and successfully ap-
in solids was published elsewhdf. The shift of the peak  plied to the H motion in N§11]. According to that model,
at the residual H contents need further experiments and will the dependence af ! is exponential at temperatures higher
not be discussed here. than the Debye temperatufig and is proportional td"’ at

The features of the presently reported relaxation peak temperatures lower thahp. It means that also in the quantum
might also be explained assuming that the mobile speciesmechanical cases a very broad distribution is required to fit
causing the peak is different from hydrogen and that H blocks our data. Therefore, additional experiments should be done
its dynamics. A high local mobility might be possible for in order to discriminate the regime governing the observed
(even heavy) atoms residing in multi-well potentials sepa- relaxation process.
rated by a low barrier. In this case, however, the drop of the
peak height with severe H outgassing would not be under-
stood. .

In order to have quantitative information about the ob- 4- Conclusions

served relaxation process, we tried to fit it by a single-time i i
By means of anelastic spectroscopy, we report the first ev-

Debye curvd7]: . . ) ) .
idence of the existence of a mobile species characterized by
Muo(h — 22)2ninz 1 a fast dynamics in HiPco carbon nanotubes. The sequence of
o1l= T @07 T @) 1) experiments strongly suggests that hydrogen or complexes

containing H are directly involved in the mechanism giv-
ing rise to the relaxation process observed. In addition, our
measurements point out that hydrogen is present in nan-
otubes even if they are not intentionally exposed toatt
mospheres. The analysis of the elastic energy dissipation
curve as a function of temperature reveals the presence of
of the sampler the relaxation time and = 1. The experi- sFrong elastic interaction; wi.th the mobile entities and in—_
mental curves resulted to be markedly broader than a singledicates that the H dynamics is hardly governed by a classi-
Debye peak, and this implies a distribution of the relaxation cal me_zchanlsm, but a conclusive assertion requires additional
parametersK, andzo), which is generally caused by elastic €XPeriments.

interactions, as would be expected in a highly disordered sys-

tem like the present one. To obtain a quantitative evaluation

of the broadening we adopted the Fuoss—Kirkwood fitting References
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