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Adsorption of Argon on Carbon Nanotube Bundles
and its Influence on the Bundle Lattice Parameter
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We report experimental studies of the adsorption characteristics and structure of both 3°Ar and *°Ar
on single-wall carbon nanotube bundles. The structural studies make use of the large difference in
coherent neutron scattering cross section for the two Ar isotopes to explore the influence of the
adsorbate on the nanotube lattice parameter. We observe no dilation of the nanotube lattice with “°Ar,
and explain the apparent expansion of this lattice upon 3¢ Ar adsorption by the location of the adsorbed

Ar atoms on the outer bundle surface.
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Much attention has been focused recently on the
exciting possibilities for one-dimensional (1D) and
two-dimensional (2D) adsorption of gases on bundles of
single-wall carbon nanotubes (SWNTB) [1-8]. Moreover,
the total storage capacity at a given temperature and
pressure together with a detailed knowledge on the vari-
ous available adsorption sites is relevant for potential
applications of carbon nanotubes for gas storage, such
as for hydrogen used in fuel cells [9]. Carbon nanotubes
are made of graphene sheets wrapped around themselves
into tubes with a diameter of 1-2 nm and a length of a
few pwm. For our study and in this Letter, we consider only
tubes that are capped at both ends and are hexagonally
packed in bundles with a typical diameter of about 10 nm.

SWNTBs exhibit linear arrays of adsorption sites, thus
providing a physical realization of 1D matter. The 1D
adsorption sites are located in the interstitial channels
between the tubes within a bundle and in the grooves
separating two adjacent tubes on the outer surface of a
bundle. In addition, 2D-like sites are located on the
graphene outer surface. Recent calculations [10] predict
that rare gas atoms such as Ar can enter the interstitial
channels separating perfect monodisperse nanotubes and
slightly dilate the bundle lattice by about 0.33 A, i.e., by
about 2% of the 17 A average distance between adjacent
nanotubes. In fact, such a coherent bundle dilation and the
concomitant filling of all interstitial sites could result in
an increased capacity to store gases in these bundles. An
apparent bundle dilation induced upon physisorption has,
indeed, been reported for O, and N, [5] and CD, [3], but
there is little evidence as to the structure of the adsorbates
and bundles themselves, for these or other species.

The aim of this Letter is to understand the adsorption
scenario which is still under debate [6—8,10]. In particu-
lar, we wanted to explore whether an apparent bundle
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dilation can be observed during adsorption of Ar on
SWNTBs and whether a shift of the diffraction peak
associated with the bundle structure is an unambiguous
indication for Ar adsorption in the interstitial channels. To
this end, we performed contrast neutron diffraction ex-
periments for different quantities of *Ar and “°Ar depos-
ited on SWNTBs using beam lines DIB and D20 at the
ILL-Grenoble. “°Ar has a very small scattering cross
section (0.421 barn) and should not modify the carbon
nanotube pattern except if it enters into the interstitial
channels and expands the lattice in the bundle section. On
the other hand, the very large coherent scattering cross
section of *%Ar (77.9 barn) should give detailed informa-
tion on the adsorbate structure.

Our adsorption cells were made of aluminum (neutron
diffraction) and glass (adsorption isotherms) containing a
powder of SWNTB provided by the GDPC Laboratory of
the University of Montpellier [11,12]. The nanotubes were
prepared by a yttrium-nickel catalyzed electric arc dis-
charge in a helium atmosphere. This method produces
nanotubes closed at both ends. Amorphous and graphi-
tized carbon and metal particles embedded in carbon are
present in the sample and easily detectable in the neutron
diffraction spectra. A few nanotubes are isolated, but
most are associated in bundles involving 30 to 50 indi-
vidual tubes parallel to each other in a hexagonal ar-
rangement. The distance between two adjacent tubes in
abundleis 17 A on average, with a slight dispersion of the
tube diameters of the order of =1 A [12,13]. This dis-
persion likely produces a distribution in width and shape
of the interstitial channels, as indicated schematically in
Fig. 1.

To prepare for and complement the neutron diffraction
experiment, we have recorded Ar adsorption isotherms at
77.4, 84.8, and 96.1 K on a fraction (46 mg) of the same
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FIG. 1. Schematic section of a nanotube bundle containing 37 . . .
nanotubes with a diameter of (17 = 1) A. The dispersion of the FIG. 2. Isoteric heat of adsorption for Ar adsorbed on single-

nanotube diameter gives rise to an imperfect lateral ordering
and heterogeneous interstitial channels (IC) providing possible
adsorption sites for atoms and small molecules (black dots
drawn to the size of a particle with 4 A diameter). Other
adsorption sites are the grooves (G) and the rounded outer
surface of the bundle (S).

SWNTB sample. The isotherms (adsorbed volume V;, vs
Ar pressure p) show two risers and are similar to those
recorded from other small diameter molecules or atoms
such as H, [4], Krand CH, [2], Xe [6,7], and Ar [4,7]. The
lower pressure riser corresponds to an initial adsorption
on high binding energy sites, while the higher pressure
riser corresponds to graphitelike adsorption on the exte-
rior surfaces of the bundles. From these isotherms, the
isosteric heat of adsorption g/kp = —d(Inp)/d(1/T)
has been determined in the usual way and the results
are shown in Fig. 2.

The diffraction experiments were performed on the
660 mg SWNTB sample used previously for neutron
diffraction measurements on CD4 and D, [3]. The sample
was outgassed at 150 °C for one day prior to the experi-
ments. Three Ar doses V,, were investigated, corre-
sponding to 0.34, 0.68, and 2.7 mmol/g (see Fig. 2). Ar
was slowly introduced into the sample cell at 100 K for
the smallest coverages, and at 70 K for the largest. The
temperature was then slowly decreased to 40 K. The
recording of the neutron diffraction patterns was started
when equilibrium was reached—typically after | h—and
the total measuring time was 10 h per coverage. Most of
the experiments were performed on the D20 diffractome-
ter at the Institut Laue-Langevin (ILL) in Grenoble, using
a wavelength A = 2.414 A and a scattering vector range
02A'<Q<5A7". A few experiments were per-
formed on the DIB diffractometer at ILL, with A =
2.527 A. The results obtained on both instruments were
similar and reproducible, with higher quality data ob-
tained on D20.
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wall carbon nanotube bundles. The high binding energy sites
(3.6 kcal/mol or 156 meV /atom) correspond to the adsorption
in the grooves (G) and in the largest interstitial channels (IC),
whereas the low energy binding sites (2.4 kcal/mol or
104 meV /atom) correspond to the adsorption, at higher cover-
ages, on the rounded part of the outer graphene surface of the
bundles (S).

Neutron diffraction spectra recorded from the bare
SWNTB sample and after adsorption of 2.7 mmol/g of
3Ar are shown in Fig. 3(a). These patterns reveal the
diffraction lines of the SWNTB, the cell, the cryostat,
and the change induced upon adsorption. The features at
wave vector transfer Q = 0.42, 0.73, 0.85, and 1.1 Al
result from the hexagonal medium range order of the
tubes within the bundles with a periodicity of about
17 A (see Fig. 1) and correspond to the (10), (11), (20),
and (21) Bragg reflections from the bundle lattice, respec-
tively [dotted lines in Fig. 3(a)]. Some of the structures at
about 3 A~! arise from the long range order along the
nanotubes in the bundles [12]. In addition, many extra
peaks are due to impurities in the substrate, e.g., those
between 1.8 and 1.9 A~! from graphitized carbon, those
at 3.1 and 3.6 A™! from Ni, at 2.7 and 3.1 A™! from the
aluminum container, and the 4.45 A~! line from Al,O;.
The diffraction pattern changes upon adsorption of 3°Ar.
The most significant modification is observed for the
2.7 mmol/g uptake, i.e., for a coverage where almost all
adsorption sites are occupied. The changes upon adsorp-
tion are most evident in the difference spectrum (*°Ar on
bundles minus bare bundles) shown in Fig. 3(b). A drop of
the intensity is observed between 0.5 and 1.2 A~ " and two
broad peaks can be seen, one between 1.5 and 2.4 A7 and
the other between 3 and 4.5 A~!. The drop arises from a
cross interference either between the nanotubes and the
atoms or molecules adsorbed in the interstitial channels
as already outlined in Ref. [5] or between the nanotubes
and the adsorbed species on the outer surface of the
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FIG. 3. (a) Neutron diffraction spectra of the bare SWNTB

sample (broken line) and upon adsorption of 2.7 mmol/g (solid
line) of 3®Ar. Vertical dotted lines: Positions of the Bragg peaks
expected for a hexagonal packing of nanotubes with a lattice
spacing of 17 A. (b) Solid trace: Difference between the dif-
fraction spectra in (a), revealing the changes induced upon
adsorption. Dotted trace: Same but for adsorption of
2.7 mmol/g of “°Ar. Vertical dashed and dotted lines indicate
expected Ar peak positions (see text).

bundle (groove sites and graphene surface) as shown in
recent simulations [14].

The two broad features centered around 2 and 3.8 A™!
comprise a combination of Bragg peaks, arising from
small linear patches adsorbed in the grooves plus
available interstitial channels and from small two-
dimensional islands and narrow strips condensed on the
rounded external bundle surface (at higher Ar coverages).
The peak positions expected for the Ar nearest neighbor
spacing of 3.7 A in a linear arrangement and in a two-
dimensional hexagonal array are indicated by the dashed
and dotted lines in Fig. 3(b), respectively. A detailed
peak shape analysis will be presented in a forthcoming
paper [13].

In the following, we focus on the 0.42 A™! peak result-
ing from the medium range order of the nanotubes within
the bundles. For a quantitative analysis, the diffraction
spectra were fitted by the sum of a polynomial [describing
the steep background in Fig. 3(a)] and a Gaussian peak, as
illustrated in Fig. 4(a) for the bare SWNTB spectrum.
The diffraction peaks after background removal for the
two largest ®Ar doses and for the bare SWNTB sample
are presented in Fig. 4(b). The peak corresponding to the
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FIG. 4. (a) Neutron diffraction spectrum of the bare SWNTB

sample in the vicinity of the (10) bundle lattice peak fitted by
the sum of a polynomial of order three (background) and a
Gaussian peak (solid lines). (b) Diffraction spectra (after back-
ground removal) of the bare SWNTB sample (open circles) and
after adsorption of 0.68 and 2.7 mmol/g (squares and upper
triangles, respectively) of 3Ar (filled symbols) and “°Ar (open
symbols). The solid lines are Gaussian fits to the data. (c) (10)
diffraction peak obtained from a simulation of a bare seven
(10,10)-SWNT bundle (open circles) and after 3® Ar adsorption.
The two 3°Ar coverages correspond to the filling of the grooves
(solid squares) and the complete coverage of the outer surface
layer (solid triangles) and can thus be compared to the spectra
(same symbols) in (b). Solid lines are guides to the eye.

smaller dose (0.68 mmol/g) exhibits a slight intensity
increase and a tiny shift of about (0.003 = 0.001) A™',
the error being derived from the statistical uncertainty
of the fitted peak positions. The changes are even smaller
for the lowest coverage (0.34 mmol/g). However, the
diffraction peak obtained for the largest coverage
(2.7 mmol/g) exhibits an important intensity increase
and a significant shift of the peak maximum by about
0.015 A™! towards smaller scattering vectors. This
corresponds to an increase of the ‘“effective” lattice
parameter of about 3%. To check whether this increase
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is actually due to an average bundle dilation upon Ar
adsorption, we performed neutron diffraction with “°Ar
for the same doses.

The neutron cross section of this argon isotope being
very small, no change of the SWNT diffraction pattern is
expected except at around 0.4 A~! if the bundle lattice is
modified upon adsorption. Indeed, even for the largest
adsorbed amounts, the diffraction pattern recorded after
adsorption of “°Ar is virtually indistinguishable from the
bare SWNTB spectrum displayed in Fig. 3(a), as revealed
in the difference spectrum [dotted line in Fig. 3(b)]. The
two spectra reported in Fig. 4(b) for the two highest
coverages (0.68 and 2.7 mmol/g) exhibit neither an in-
tensity increase nor a significant peak shift (AQ =<
0.002 A~1). This experiment clearly demonstrates that
the maximum shift observed for the largest dose
(2.7 mmol/g) of °Ar results from the diffraction of
this isotope and not from an expansion of the bundle
lattice. Hence, the overall hexagonal arrangement of the
nanotubes into bundles is preserved during the adsorp-
tion, with no appreciable modification of its lattice
parameter. Note that the coverage increase from 0.68
to 2.7 mmol/g allows the argon molecules to cover the
graphene surfaces on the outer surface of the bundles; the
energetically favored groove sites and the accessible in-
terstitial channels being already saturated at 0.68 mmol/g
(see Fig. 2).

A similar shift of the 0.42 A~! peak to lower Q values
has been observed previously at large coverage by neutron
diffraction for CD, [3] and O, [13] and by x-ray diffrac-
tion for O, and N, [5]. Our results suggest that these
apparent dilations are due mainly to the diffraction aris-
ing from adsorbates located on the outer part of the
surface at a finite binding distance away from the nano-
tube skeleton, thus forming an expanded envelope around
the hexagonal bundle lattice. This, together with the cross
interference between the adsorbates and the nanotube
lattice gives rise to a shift of the bundle lattice Bragg
peaks towards lower Q values [13]. This interpretation is
supported by simulations of CD, and 3¢Ar adsorption on
SWNTBs. The calculations are carried out using Monte
Carlo and molecular dynamics minimization codes [14].
The model takes into account the real atomic structure of
the carbon nanotubes and thus allows for any relaxation
and deformation of the bundle lattice upon gas adsorption.
One of the results is presented in Fig. 4(c) for ¢Ar
adsorption on a seven (10,10)-nanotube bundle. The cal-
culated set of diffraction patterns around 0.4 A~! clearly
reveals an important peak shift (0.04 A™!) to lower Q
values for the largest coverage. Note that the peak posi-
tion and width is not the same as the experimental ones
because of the limited size of the bundle used for the
modeling and the absence of a distribution of nanotube
diameters. Also, the maximum peak shift of 0.04 A~ is
larger than the experimental one. This, however, is to be
expected if the shift is related to the Ar adsorbed on the
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outer surface of the bundle, whose relative importance
increases with decreasing bundle diameter.

In conclusion, the bundle dilation predicted in Ref. [10]
upon adsorption of Ar in the interstitial channels of rigid,
monodisperse (10,10) SWNT bundles is not observed in
our real sample, in which the nanotubes have a finite
diameter distribution. The apparent expansion of the
bundle lattice parameter as suggested by the shift of the
diffraction peak around 0.42 A~! for higher 3°Ar cover-
ages actually results from the diffraction of the atoms
located at the outer surface of the bundle. The absence of a
peak shift to within AQ < 0.002 A~! for “°Ar doses sets
an upper limit for the overall bundle swelling of = 0.5%.
This value is much smaller than the 2% predicted to be
required for stable adsorption into the interstitial chan-
nels (IC) in a homogeneous bundle [10]. In reality, how-
ever, the bundles are not homogeneous and will contain a
certain fraction of “wide” ICs which may still be popu-
lated by Ar or other species without leading to a sizable
overall swelling of the bundle [14].
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