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We present the combined results of ab initio and molecular mechanical calculations, computer simulations, and
adsorption isotherms investigations of CH, adsorbed on HiPco single-walled carbon nanotubes. Isotherms and
adsorption energies obtained in our model and simulations are in good agreement with ours and others experimental
results. The theoretical analysis conducted for various homogeneous bundles of close-ended and open-ended tubes
confirm not only the adsorption in at least two different stages but also the role played by each of the different adsorption
sites on the nanotube bundles. The study of different site and nanotube sizes allows us to establish the presence of open
tubes in the as-produced HiPco bundles, without regarding the role that adsorption in large interstitial channels may
play. Our results also show that predicted scenarios, for the mechanism and the preferential adsorption sites depend on

the size of the nanotubes and those of the bundles.

Introduction

The adsorption of methane at relatively low pressures on new
carbonaceous materials developed from activated carbons, full-
erenes, and nanotubes opens the possibility of interesting applica-
tions. One of them relates to the search and development of new
storage systems for alternative fuels (natural gas, which consists
mainly of methane, is one of the more promising options in this
group).

Since their discovery, carbon nanotubes' have attracted a great
deal of attention because of their novel structural and electronic
properties.” > The adsorption capacity of these materials is one of
their more interesting properties related to gas storage.

A single-wall nanotube (SWNT) is formed from one graphene
sheet rolled into a seamless cylinder of nanometric diameter and
micrometric length. The nanotube’s surface is closely related to
that of graphite, which is considered as a standard substrate in
studies of 2D adsorbed phases.® Moreover, nanotubes offer the
opportunity to follow the dependence of the adsorbate’s proper-
ties on the curvature of graphene planes and on confinement. (The
latter raises the possibility of producing truly one-dimensional
matter, either within the nanotubes themselves, or in the inter-
stices between them, when they are grouped in bundles.)

Volumetric adsorption”® is particularly well suited to study
SWNTs, since their surfaces are uniform enough to adsorb simple
molecules giving rise to stepwise isotherms. The adsorption
isotherms measured on capped nanotubes generally exhibit two
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distinct bends, or substeps, which, while not vertical, are indica-
tive of adsorption occurring on comparatively uniform fractions
of the sample surface.

Methane adsorption isotherm on SWNTs provides evidence of
these two types of distinct nonvertical substeps on the isotherms.
The nonvertical nature of the substeps is the result of the presence
of a distribution of adsorption energies and sizes in the adsorbing
surfaces on the substrate.

There are different ways to produce nanotube bundles, for
example, electric arc, laser ablation, and HiPco.”!° Nanotubes
grown by the electric arc method tend to have capped ends,"!
while it has been suggested that as-produced HiPco nanotubes
have a percentage of open nanotubes present.'> '® It is therefore
reasonable to think that nanotubes produced by different meth-
ods might exhibit somewhat different sorption properties. Re-
cently some groups17 have measured low coverage isosteric heats
of adsorption (gy,) for Xe on nanotubes prepared from the arc and
the HiPco methods, and found that ¢, for Xe on the nanotubes
produced by the electric arc method have considerably higher
values than those for Xe on the HiPco nanotubes. By contrast, g,
values for Ar on electric arc nanotubes measured from other

groupsl&19 at the same coverage are in good agreement. Hence, it
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appears that variations in sorption properties measured on
nanotubes prepared by the same method (e.g., electric arc) are
small compared with variations in those properties prepared by
different methods. This implies that when comparing simulations
and experiments, different atomic-scale models may be needed to
accurately describe nanotube bundles produced through the
electric arc and HiPco processes.

Theoretically, the first problem that has to be solved, when
undertaking adsorption studies on nanotubes, is the identification
of the adsorption sites. For SWNTs closed at both ends and
aggregated into bundles, the possible adsorption sites are the
interstitial channels (ICs), the convex external walls, or outer
surface sites on the periphery of the bundles (S), and, the grooves
between two adjacent outer nanotubes of the bundles (G).

Stan and Cole? presented one of the pioneering papers on the
adsorption of rare gases in cylindrical pores that mimic nano-
tubes. They studied the low coverage adsorption and found great
sensitivity to the species, the assumed potential model, and the
radius of the tubes. In the limit of low coverage they adopted a
potential inside the tube that smeared out the carbon atoms and
omitted the atomistic details as well as the interaction between the
adatoms. Analyzing the adsorption of CHy4 on graphite, we have
shown® the relevance of the substrate structure when the coverage
begins to grow, consequently the adequacy of the atom-smearing
assumption should be reexamined.

Shi and Johnson computed isotherms and isosteric heats for
Ar, CHy, and Xe, using two different models of bundles: the
“homogeneous” model consisting of identical diameter nano-
tubes packed on a hexagonal lattice; the “heterogeneous”
model on the other hand, consider nanotubes with various
diameters that were imperfectly packed, therefore, large inter-
stitial defect sites are present. Many of these interstitial defect
sites were large enough to allow adsorption of various gases. By
contrast, the interstitial sites in the homogeneous bundle model
did not accommodate adsorption of any of the gases they
simulated. They found that, in contrast with the first model, the
second one gave results consistent with experimental isosteric
heat data”'®1%2! for electric arc nanotube samples.

Recent experiments and computer simulations results suggest
that as-produced HiPco nanotubes are best modeled because they
contain an open fraction of nanotubes.'>'*!'>!® From the experi-
ments, it is not clear if models need to account for adsorption in
interstitial channels in order to accurately describe the experi-
mental data for HiPco SWNTs.

Up to now, the most common scenario proposed®** to
describe the adsorption process is as follows: it starts as linear
chains at the strongest binding energy sites: grooves on the outside
surface of the bundles and some larger, accessible, defect-induced
interstitial channels. After these sites are filled, adsorption pro-
ceeds on the external surface of the bundles. The 2D adsorbate
structure on the external bundle surface initially builds up
adjacent to the occupied grooves until the entire external surface
is covered by a single monolayer. The binding energies for this
latter stage of adsorption are comparable but somewhat smaller
than for adsorption on the basal plane of graphite, whereas the
binding energy on the preferential adsorption sites (G, IC)
populated during the initial stage of adsorption is considerably
larger than that on planar graphite.
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This explanation for simple gas adsorption on SWNT opens
new challenging questions to be answered, for example: during the
first stages of the process, between the more attractive sites like
groove (G) and interstitial channels (ICs), which one begins to fill
up first?, or in the case of opened tubes, what happens with the
inner sites (T)? Of course the answers to these questions will
depend on the kind of gas adsorbed and on the size of the
nanotubes and bundles. Nevertheless, from the theoretical point
of view Monte Carlo simulations add a new uncertainty because
one needs to assume some potential model. The descriptions have
to be based not only on statistical results derived from a potential
imposed ad hoc, but also on ab initio and molecular mechanical
calculations that give a self-consistent picture of the phenomenon.

The aim of this paper is to show the contribution of each group
of adsorbing sites on the sorption process. We are not interested in
comparing simulations utilizing complex models of nanotube
bundles; instead, we mimic each adsorption zone with basic
nanotubes bundles, in order to distinguish their contribution on
the experimental data separately. In other words, we consider that
simple models of nanotubes are capable of capturing the con-
tribution of each group of adsorbing sites and that these models
allow us to analyze them, in order to distinguish later their effect
in the whole complex system, and to differentiate the nanotube
samples produced by different synthesis techniques. With this
goal, instead of adopting complex models, that in some cases
might mask basic phenomena because of the superposition of a
number of different causes, we adopted a model that is as simple
as possible, while preserving the fundamental characteristics of
the four basic sites of adsorption identified in the literature. We
choose the smallest number of nanotubes that preserve these sites
and consider nanotube diameters from 9.5 to 20.4 A approxi-
mately. Experimental nanotube bundles have, of course, a larger
number of nanotubes, but from the point of view of the adsorp-
tion energy the values found from these bundles will be almost the
same. For instance, interstitial defects derived from heteroge-
neous models can be mimicked by employing larger nanotubes of
equal diameter, etc. On the other hand, if the contribution of each
kind of site present in the bundle is known, one can later add their
effect by multiplying by the corresponding number of this type of
site in the bundle, and this can be done with arbitrary weight
distributions. This approach would give the possibility of explor-
ing many configurations with the sole constraint that results will
be mean values, while heterogeneous models are limited to very
few configurations observed experimentally. As a first step to
follow these ideas we model the opened and closed nanotubes
behavior.

Experimental Section

Adsorption isotherms at 77.7,93, 103.2, 113,and 123.2 K, were
volumetrically determined employing Pyrex conventional equip-
ment. The isotherms measured at 77.7K, 103.2, and 113.2 K are
shown in Figures 1, 2, and 3, respectively.

Pressures were determined using absolute capacitance man-
ometers, MKS—Baratron 122 AA-00010AB, with 1.0 x 1073
Torr maximum error. The temperatures were thermostatically
controlled. Temperature was measured with a digital thermo-
meter, Altronix, with a Pt-100 (DIN) sensor head previously
calibrated against an oxygen vapor pressure thermometer with
0.1 K precision.”* The gas that we used was from Matheson Gas
Products. It had higher than 99% purity and was used in as
received form, without any further purification. The sample of
HiPco SWNTs, was from batch no. CAS 7782-42-5 (graphite),

(24) Heroux, L.; Krungleviciute, V.; Calbi, M. M.; Migone, A. D. J. Phys.
Chem. B 2006, 110, 12597.

DOI: 10.1021/1a902192a 787



Article

700

600 4 * 777K °

500 4

400 +

300

Vads (ml/g)
%o 0.

.
o°'

200
Vol

100 4
-

0.0001 0.001 001 01 1 10
Pe (kPa)

Figure 1. CH, adsorption isotherm at 77.7 K.
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Figure 2. CH, adsorption isotherm at 103.2 K.
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Figure 3. CH, adsorption isotherm at 123.2 K.

OSHA/PEL: 15 mg /m® (total dust), ACGIH/TLV: 2 mg /m’
TWA, was produced by Unidym, Inc. (USA).

Experimentally it is possible to calculate the isosteric heat of
adsorption Qy; of the gas adsorbed on the nanotubes from two
isotherms determined at close but different temperatures, 7'y and
T>, via the equation

_ RT? j23
Qsl - (T2_Tl) 1n<ﬂ1) (1)

where p; and p, are the equilibrium pressures at temperatures 7
and T, respectively, when the amount of gas adsorbed is con-
stant, and 7 is the corresponding mean temperature.

Ab Initio and Molecular Mechanical Calculations. In our
simulations, the methane molecules can adsorb on the carbon
nanotubes in four different types of sites: the grooves that are
formed between two nanotubes (G sites), on the surface of the
nanotube (S site), in interstitial channels (IC sites), and finally, in
the case of opened nanotubes, inside the tubes (T sites).

The search for the less energetic sites was performed using the
molecular dynamics module that is in the software package
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Figure 4. Simulation clusters, showing four types of adsorption
sites: the grooves between two tubes (G sites); on the surface of the
nanotube (S site); in the interior of the same (T sites), in the case of
opened tubes; and in interstitial channels (IC sites).

Hyperchem.?® The force field of molecular mechanics MM+
available in this package was used for the simulations.

To calculate the binding energy on each adsorption site, we
employed a triangular array with three identical tubes as is shown
in Figure 4.

Theoretical studies of gas adsorption have used many different
nanotube diameters.?® Here we consider three different nanotube
diameters: 9.49, 16.28, and 20.34 A, corresponding to (7,7),
(12,12), and (15,15) nanotubes in the armchair structure, respec-
tively. The distance between the tubes or van der Waals gap was
always 3.4 A. Some of these diameters are likely to be beyond the
experimentally observed values,?>?”?® but we consider that this
range of diameters has a relevant role for CH4 adsorption, taking
into account that we will not describe some particular nanotube
bundle. Instead of doing this, our aim is to identify the contribu-
tion of each group of adsorption sites in the adsorption process.
Having adopted this point of view, we need not only know what
happens in the IC, G, and C sites of homogeneous bundles, but
also in the defect induced ICs of heterogeneous bundles. In our
treatment we mimic the later by employing a simple homogeneous
bundle but with nanotubes of bigger diameters, so that the ICs in
this model are accessible for adsorption by methane (as are the
defect-induced ICs of the heterogeneous bundles). This approach
considers in a certain way the contribution of each site individu-
ally, or more precisely, groups the various independent regions,
that is, external region of the bundles or G and C sites, internal
regions of the bundles or IC sites, and internal tubes or T sites (in
case of open nanotubes). For instance, we employ (7,7) and
(12,12) nanotubes to mimic G, S, and T sites and (15,15) for IC
sites. The limitations of this description are not so crude as to
consider at low coverage, for instance, that adsorption takes place
in IC and S sites at the same time; rather we take into account that
when one begins the other can be almost complete, but detailed
analysis of this point will require a detailed kinetic analysis that is
beyond the scope of this work.

The initial geometries were heated from 0 to 900 K in 0.1 ps,
keeping the geometries of the nanotubes fixed. Then the tempera-
ture was maintained constant while docking the system to a
thermal bath with a relaxation time of 0.05 ps. After balancing
the system for 5 ps, 500 ps long simulations were carried out,
during which the coordinates were saved every 1 ps. The opti-
mized geometries were saved by using the force field MM+.

The calculations were made employing ab initio density func-
tional theory (DFT), and using functional PW91PW91 and the set
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