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Abstract

Adsorption properties of nitrogen and oxygen gases in single-walled carbon nan-
otube bundles were investigated by the isotherm and x-ray diffraction studies. In
the as-grown nanotubes with close-ended caps, both the gases are adsorbed only in
the interstitial channels between triangular packed nanotubes. In the heat-treated
nanotubes with open ends, the gases are adsorbed first in the inside of tubes, and
next in the interstitial channels. In each site, gases can be adsorbed with the stoi-
chiometory of CooNy or Co0O4 as a monolayer. These results indicate that the inside

of nanotube has strong affinity for gas adsorption than the interstitial channels of
bundles.
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1 INTRODUCTION

Since the discovery of carbon nanotubes[1], it has attracted great attention
to novel structural and electronic properties because of the one-dimensional
structure and the tubular honeycomb-network in the nanometer scale. In a
viewpoint of structural properties, carbon nanotubes have inner hollow cavity
with diameters typically between 1 and 20 nanometers, and can be filled by
certain substances|2,3|. This leads to interesting possible applications, such as
gas absorbent [4,5] and molds to form the one dimensional (quantum) sys-
tem[6]. For the gas adsorption, there are two different adsorption sites in a
single-walled carbon nanotube (SWNT) bundle, namely, the inside of SWNTs
(site A) and the interstitial channels of the bundle (site B) as shown in Fig.
1. From this figure, we can expect high gas-storage capacity in the SWNT
bundle. Actually, high performance in hydrogen storage in SWNTs were re-
ported [4]. Very recently, Maniwa et al.[7,8] reported that the change in the
x-ray diffraction (XRD) profile for heat-treated (HT) SWNTs can be under-
stood by gas adsorption in the site A. It is known that the heat-treatment
in the presence of oxygen (Os) or carbon dioxide (COs) results in opening
caps at ends of nanotubes[2,9]. Therefore, it is suggested that HT-SWNTs
have open-ended structure and can accept substances inside, while as-grown
(AG) SWNTs have close-ended structure. Up to now, the gas-storage proper-
ties and the positions of stored gases are not clarified in detail, though it is
very interesting in fundamental and will give an important information to the
application of SWN'Ts to gas-storage materials. In this paper, we present gas
(nitrogen (Ng) and Oy) adsorption properties of SWNT bundles. XRD studies
during the adsorption processes were also performed in order to determine
the position of gas. We find that AG-SWNTs adsorb gases in the interstitial
channels between nanotubes in the bundle, whereas gases are adsorbed mostly

on the inside surface of nanotubes firstly and next they are adsorbed in the
interstitial channels for HT-SWN'Ts.

2 EXPERIMENTAL

The samples of SWNT bundles were synthesized by evaporation of composite
rods of nickel (Ni), yttrium (Y) and graphite in helium atmosphere by arc
discharge [10,11]. Observations by transmission electron microscopy (TEM)
revealed that the soots contain a large quantity of SWNT's and also amorphous
carbons and metal particles. It is also confirmed that SWNTs form hexagonal
lattice; the diameter of bundle D was typically 5 - 20 nm. The radius of tube
R; used here is determined as about 0.7 £ 0.1 nm by Raman frequency of
a breathing mode and TEM observation. We performed experiments on two
kinds of samples as adsorbents, the AG-SWNTs with close-ended structure



and the HT-SWNTs (heat-treated in air at 350 °C for an hour) with open-
ended structure.

Adsorption experiments for isotherm were done by the conventional volumetric
method on samples of 15 - 25 mg amount. XRD measurements were performed
in a transmission powder diffraction configuration by using CuKa radiation
(A = 1.54A). We used an imaging plate (IP) for detection. The spectrum
(wave-vector transfer () vs. intensity) was obtained by integrating the in-
tensity of Debye-Sherrer rings along the rings with a certain bandwidth. All
measurements were performed at 77.3 K. The saturation pressure p, for Ns
and O, at this temperature is 760 and 156 Torr, respectively. The details of
experimental methods and technics have been described elsewhere [12-14].

3 RESULTS AND DISCUSSION

Figure 2 shows adsorption isotherms of Ny and O, on AG- and HT-SWNT
samples, where the V' is defined as the gas volume per gross weight of sample.
With increasing specific pressure p/py, the volume of adsorbed gas steeply
increases below p/py &~ 0.01 and moderately increases until p/py = 0.8 followed
by a steep increase. This is common feature for AG- and HT-SWNTs and for
Ny and O, gases. By applying Brunauer-Emmett-Teller (BET) method[15]
to data in Fig. 2, we obtain monolayer adsorption capacity V,, and specific
surface area for adsorption A,, where the molecular cross-section areas of 0.162
and 0.136 nm? are used for Ny and Oy molecule, respectively[16]; results are
summarized in Table I. We find two clear features in adsorption properties.
One is that A, of HT-SWNTs is about twice that of AG-SWNTs for both
cases of Ng- and Os-adsorption. This result suggests that the heat-treatment
provides another adsorption site in addition to that of AG-SWNTs. Though
the result for the Ny adsorption in AG-SWNTs is similar to that reported by
Stepanek et al.[17], that for SWNTs with ”open” ends is the contrary; V;, and
A are reduced by chemical opening in ref. [17], which is claimed to be due not
to the "opening” effect but to the external effect, such as the agglomeration
of SWNTs and the filling the inside of SWNTs by acid[17]. The adsorption
site will be discussed later in detail. The other is the adsorbate dependence
of A;. A for Os-adsorption is larger than that for Ny-adsorption by about
6.6 % in greater detail in both cases of AG- and HT-SWNTs. This might be
attributed to the use of general value for the cross section of molecules, which
is not almighty|[16].

We focus on the gas adsorption site for V' up to arround V,,,, namely , mono-
layer adsorption. Figure 3 shows the dependence of the x-ray diffraction pat-
tern on Oq pressure for (a) AG- and (b) HT-SWNTs. As the 10 reflection peak

is superposed on a large background increasing at low () as shown in the insets



of Fig. 3, the profile analyses was made after subtraction of the background
as shown in Fig. 3: the index is referred to the two-dimensional hexagonal
lattice of SWNTs [18]. The relative peak intensity I/I, and the position Qg
of 10 reflection for all samples are plotted as a function of the adsorbed gas
volume V in Figs. 4(a) and 4(b), where V' is determined from the isotherm
(Fig. 2) and the specific pressure in the XRD measurement. In AG-SWNTs,
with increasing V' the I/Ij increases and (o shifts toward lower (). On the
other hand, in HT-SWNTs /1, decreases monotonically but Q1o does not
shift up to V'~ 70 cm3(stp)/g, and I/I, gradually decreases with the peak
shift to lower Q).

We now examine structural models which account for the variation of intensity
and position of 10 reflection through the gas adsorption. It is known that the
peak intensity and position of the 10 reflection is very sensitive not only to
the scattering factor and the lattice constant of the bundles but also to many
other parameters, i.e., radius of nanotube Ry, size of the bundle (coherence
length of hexagonal lattice) D and their distribution[19,20]. However, we can
expect that Ry, D and their distribution do not change during experiments
because XRD measurements in each series were performed on the same sample
under low gas pressure. Thus we can discuss the structural model where only
three parameters are taken into account; lattice constant a, amount of the
adsorbed gas molecules per carbon atom in the site A (ny) and B (nour).
In this assumption, the profile functions of 10 reflection can be obtained as
follows:
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where fc, fo, (h, k1), (un, vy, wy), Jo, dip and L(Q) are atomic scattering fac-
tor for carbon, atomic scattering factor for nitrogen or oxygen atom, index of
diffraction, fractional coordinate of atoms, Bessel function, 10 reflection plane
space of hexagonal lattice v/3a/2 and Lorentz factor, respectively. Here, we
assume that the carbon atoms and gas molecules in the site A are distributed
in the cylinder with radius R; and R4, respectively, and use the Gaussian func-
tion as approximation of the Laue function. By using the parameters presented
below, we find Jo(QRy)fc(Q) < 0 and Jo(QRa) fz(Q), fe(Q) > 0 around the
peak position of 10 reflection (@ =~ 0.42). Therefore, the decrease of /Iy is
expected for the adsorption in the site A, while the increase for the site B[7,8].
Detailed analysis will be presented below.
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First, we discuss the results of Oy adsorption in AG-SWNTs. For non-adsorbed
SWNTs, the XRD profile can be reproduced by assuming using parameters
of R = 0.70 nm, a = 1.75 nm, D = 10.0 nm. Because no defect is expected
in AG-SWNTs, we expect that gases cannot enter the inside of tube and
are adsorbed only on the site B. In this case, that is niy = 0, a and noyr
are uniquely determined from I/I; and Q1o in Figs. 4(a) and 4(b); results are
plotted in Figs. 4(c) and 4(d). a and noyr almost linearly increase up to around
V ~ 70 (cm3(stp)/g): This value corresponds to V,,, implying that site B is
monolayer-adsorption-site. In addition, Fig. 4(c) shows that the lattice expand
as gases being adsorbed on the site B, like HNOj intercalation into SWNT
bundles[21]. This is contrast to the theoretical prediction[22] and experimental
results on CHy, Xe, and Ne[23], which were not confirmed to adsorbed in the
site B. The schematic structural model for fully adsorbed AG-SWN'Ts is shown
in Fig. 5(a). The molar number of adsorbed gas per carbon atom n for this
structure is estimated as 0.04 from the above XRD analysis. The value of
n = 0.04 corresponds to V' = 75(cm®(stp)/g) which shows good agreement
with the value estimated by isotherm V' =V, = 70(cm?(stp)/g).

Next, we discuss the results of HT-SWNTs. In the contrast to the analysis
of AG-SWNTs, there are three parameters, a, niy and noyr. If they are in-
dependent each other, they cannot be determined. However, we can expect
n = nix + nour follow the relation between n and V' as shown in Fig. 4(d)
with solid line, because the purity of the HT-SWNTs is expected to be almost
the same to that of the AG-SWNTSs. Therefore, these three parameters can
be uniquely determined from I/I; and Q)19. Obtained results are shown in
Figs. 4(c) and 4(e). In the x-ray diffraction profile calculation, we used 0.37
nm as R, which is obtained by subtracting the van der Waals radius of car-
bon 0.17 nm and the radius of gas molecule along the minor axis 0.16 nm
from radius of nanotube 0.70 nm. From these results, we find that gases are
almost adsorbed on the site A until V reaches 80 (cm?(stp)/g), where npy is
0.04 molecules per carbon atom. Above V & 80 (cm?(stp)/g), the additional
adsorption takes place mostly at the site B, and then both the n;xy and noyr
reaches 0.05. Therefore, each half of monolayer-adsorption-gas is adsorbed on
the site A and B, which is consistent with the result of adsorption isotherm.
The schematic structural model of adsorption process for HT-SWNT's is shown
in Fig. 5(b). Though the volumes of monolayer-adsorption-gas of the site A
and B are almost the same, gases are not adsorbed on the both sites simul-
taneously, but are adsorbed by turns. This tendency suggests that the site A
is more stable for gas-adsorption than the site B. It is interesting to clarify
whether the reason of this difference is due to the difference in the surface
electronic structure originating from curvature of graphen sheet[24] or to the
difference of potential originating from carbon atom configuration[25].

In all cases, each adsorption-available-site can be accept about 0.05 molecules
per carbon atoms as monolayer adsorption, which corresponds to the stoi-



chiometory of CygNy or CgyOs. It is reasonable for the site B, because it can
be explained by the molecular alignment that the gas-molecules closely align
in a row in the site B as shown in Fig. 5. On the other hand, in the site A,
two molecules are adsorbed per cross section of SWNTs as shown in Fig. 5(b).
This concentration is rather dilute compared with large spatial area of the site
A, which can accommodate more than four molecules as shown in Fig. 1. The
present situation in the site A may be analogue to the two-chains alignment of
iodine atoms in the iodine intercalated SWCNTSs[26]. The reason of the dilute
gas-adsorption into inside of SWCNTs is interesting to be solved.

4 SUMMARY AND CONCLUSIONS

We have systematically studied the Ny and O5 adsorption properties of SWNT
bundles and their structures. We have found that the SWNT bundle is an ad-
sorbent with the Langmuir-type adsorption isotherm and that gas-adsorption
process depends on the treatment of SWNTSs. In the case of AG-SWNTs, gases
are adsorbed only in the interstitial channels of the SWNT bundles. On the
other hand, for the SWNT's with defects by heat-treatment, gases are adsorbed
mostly on the inside surface of nanotubes in the low adsorption volume range
and then mostly in the interstitial channels of the SWNT bundles in the high
adsorption volume range. These results suggest that the inside of nanotubes
is more stable for gas adsorption than the outside.
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Fig. 1. Cross section SWNT bundle and candidate of gas adsorption sites. Large
circles and closed circles represent nanotubes and gas-molecules, respectively. Ry,
R and a denotes the radius of nanotube, the distance between the site A and the
center of nanotube and the lattice constant of two-dimensional hexagonal lattice of
SWNT bundle. Dashed line shows a unit cell of the lattice.

Fig. 2. Adsorption isotherms of No (square) and Oy (circle) molecules on AG- (closed
mark) and HT- (open mark) SWNTs at 77.3 K. py is the saturation pressure at 77.3
K. The inset shows the low pressure region on an extended scale. Lines are guides
to the eye.

Fig. 3. X-ray diffraction patterns of the 10 reflection of hexagonal lattice of SWNT
bundles on Oy adsorption to (a) AG- and (b) HT-SWNTs for several specific pres-
sures. The patterns were taken by subtracting the background signals from the raw
data. The raw data are shown in the insets.

Fig. 4. Adsorbed gas volume dependence of the (a) intensity and (b) position of
the 10 reflection for N9 (square) and Oy (circle) adsorption to AG- (closed mark)
and HT- (open mark) SWNTs. The intensity is normalized by value of no-adsorbed
ones. (c) the lattice constant of SWNT bundle, (d) noyr for AG-SWNTs and (e)
niNy and noyt for HT-SWNTSs, which account for experimental results in (a) and
(b). Marks in (c) are same for that of (a) and (b). In (d) and (e), open and closed
mark shows data for niy and noyur for Ny (square) and Oy (circle) adsorption,
respectively. Solid line is the expected total adsorbed gas number. Dotted lines are
guides to the eye.

Fig. 5. Schematic structural model for gas-adsorbed (a) AG- and (b) HT-SWNTs.
Large circles and closed circles represent nanotubes and gas-molecules, respectively.



Table 1

Monolayer adsorption capacity V;, and specific surface area A, per gross weight of
sample obtained by BET method.

adsorbent  adsorbate Vj,(cm3/g) As(m?/g)

as-grown N, 55 240
04 70 255

heat-treated Ny 115 501
Oq 146 534
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