Effect of nanoscale curvature sign and bundle
structure on supercritical H, and CH,
adsorptivity of single wall carbon nanotube.
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Abstract The adsorptivities of supercritical CHs+ and Hz of the external and
internal tube walls of single wall carbon nanotube (SWCNT) were determined. The
internal tube wall of the negative curvature showed the higher adsorptivities for
supercritical CHs and H2 than the external tube wall of the positive curvature due to
their interaction potential difference. Fine SWCNT bundles were prepared by the
capillary force-aided drying treatment using toluene or methanol in order to produce
the interstitial pore spaces having the strongest interaction potential for CHa4 or Hs;
the bundled SWCNT showed the highest adsorptivity for supercritical CHs and Hs. It
was clearly shown that these nanostructures of SWCNTs are crucial for supercritical
gas adsorptivity.
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1 Introduction

Single wall carbon nanotube consists of a rolled graphene (tube) and
hemispherical caps at both ends (Iijima and Ichihashi 1993). Hence open single
wall carbon nanotube has a cylindrical tube structure having external and
internal tube walls of positive and negative nanoscale curvatures, respectively.
The open single wall carbon nanotube has an extremely high geometrical surface
area of 2630 m’ g1, because all component carbon atoms are exposed to the
external and internal walls. The sign of the nanoscale curvature should be
essentially influential to adsorption properties for gases, because the interaction
potential energies of a molecule with the single wall carbon nanotube wall of the
different curvature sign are different each other. In particular, such a curvature
sign difference should give an intensive effect on supercritical gas adsorption.
This is because the molecule-single wall carbon nanotube interaction potential
difference between the positive and negative curvatures is critical to adsorption
under the supercritical conditions. Accordingly the relationship between the
supercritical gas adsorptivity and the nanoscale curvature sign should be studied
(Ohba et al. 2007). However, most single wall carbon nanotube have the bundle
structure and thereby the dependence of the gas adsorption property on the
curvature sign of the single wall carbon nanotube wall cannot be studied.

Hata et al. succeeded to prepare mutually isolated single wall carbon
nanotubes (SWCNTs) of high purity using CVD method with isolated
nanocatalyst particles embedded in the catalyst substrate; the SWCNT length is
in an order of 1 mm (Hata et al. 2004). Hence, the tube opening of this type of
SWCNTs enables to elucidate the relationship between the curvature sign
difference and adsorptivity for supercritical gas.

It is well-known that interstitial pores in the bundled single wall carbon
nanotube give the deepest interaction potential which favors for adsorption of
supercritical gas. However, it is difficult to control the bundle structure for
ordinary single wall carbon nanotube samples, because as-received single wall
carbon nanotube sample has the bundled structure. As the major SWCNTs
prepared by Hata et al. are isolated, we can control the bundle formation.
SWCNTs well wet to an organic solvent and thereby simple drying of SWCNTs
immersed in the organic solvent should produce a considerably firm bundle
structure depending on the capillary force. Then we can also study the
relationship between supercritical gas adsorptivity and bundle structure of
SWCNT.

The global warming is a serious issue for the future of human being. We have a



great need for fundamental researches which are associated with clean energy
storage. Supercritical He and CH4 are representatives of the clean fuels. In
particular, supercritical Hz doesn’t emit any CO2 on burning. Then Hz: is expected
to be an ideally clean energy; the appropriate adsorbents for storage of Hz have
been actively studied (Assfour and Seifert 2010; Kim et al. 2007; Kockrick et al.
2010; Nishihara et al. 2009; Salvador et al. 2009; Tsao et al. 2010; Wenzel et al.
2009; Xua et al. 2007; Zheng et al. 2010). Although there are no greatly promising
storage results for supercritical Hz on SWCNTs, further understanding of
physical adsorption mechanism of supercritical H2 on well-desighed SWCNTs
systems is indispensable (Arai et al. 2009). CHs is the cleanest in the
hydrocarbon fuels and then we should have a satisfied adsorbent for supercritical
CH4 (Kockrick et al. 2010; Menon and Komarneni 1998; Moellmer et al. 2010;
Ottiger et al. 2008; Prauchner and Rodriguez-Reinoso 2008; Rejifu et al. 2009;
Senkovska and Kaskel 2008; Solara et al. 2008; Urabe et al. 2008; Urbonaite et al.
2008). We must understand the relationship between nanostructure of
adsorbents and CHi adsorptivity. Therefore, the adsorptivity of the
nanostructure-controlled SWCNT for N2 and CH4 must be elucidated. This paper
reports effect of the nanoscale curvature and bundle structure controlled by the
capillary force-aided drying on adsorptivities of highly pure SWCNTs for

supercritical H2 and CHa.

2 Experimental

The isolated SWCNTs were produced by the CVD method reported earlier
(Hata et al. 2004). The SWCNTs were sonicated in toluene or methanol at 273 K
for 12 h, and then they were aged for 24 h. After the treatment, they were
filtrated and dried at 423 K in order to form the bundle structure using capillary
force on the solvent evaporation. Thus-obtained SWCNT with toluene or
methanol is denoted Tol-SWCNT or Met-SWCNT, respectively. The SWCNTs
were also oxidized in a flow of N2 and Oz mixture (N2:O2 = 80:20) at the flow rate
of 150 ml min?!at 693 K for 1 h in order to remove caps selectively. This SWCNT
sample is denoted Ox-SWCNT. The SWCNT samples were characterized with
Raman spectroscopy (YAG laser: 532 nm, Ar laser: 633 nm, NRS-3100, JASCO),
scanning electron microscopy (SEM) (JSM-6330F, JEOL), high resolution
transmission electron microscopy (TEM) (JEM-4000FX, JEOL). The nanopore
structure of the SWCNT samples was determined by N2 adsorption at 77 K after
pre-evacuation at 423 K and 104 Pa for 2 h with a volumetric apparatus

(Quantachrome Co., Autosorb-MP-1); the pore structural parameters were



obtained by the subtracting pore effect (SPE) method (Gregg and Sing 1982;
Kaneko et al. 1992) using the high resolution as-plot and DR analysis (Dubinin
1960). We measured high pressure adsorption isotherms of supercritical Hz at 77
K and CH4 at 303 K gravimetrically after the pre-evacuation at 423 K and 104 Pa
for 2 h. The modified buoyancy-mediated method was used for evaluation of the
adsorbed-layer volume, which is applied to the gravimetrically determined
adsorption isotherm without the buoyancy correction (Noguchi et al. 2007).The
particle densities of the SWCNT samples, which were indispensable to obtain the
correct high pressure adsorption amounts, were measured with high pressure
buoyancy method up to 6 MPa of He at 303 K after the pre-evacuation treatment

same as the adsorption measurements (Kaneko et al. 1992).

3 Results and discussion

3.1 Nanopore structure control

Figure 1 shows N2 adsorption isotherms of SWCNT samples at 77 K. The
adsorption isotherms of SWCNT and Ox-SWCNT are close to IUPAC Type 1I,
being the representative adsorption isotherm of a nonporous solid. However, both
have a very sharp uptake near the ordinate; the real rising is observed around

P/Po =103, as indicated in Fig.1 (b).
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Fig. 1. Nitrogen adsorption isotherms at 77 K on the SWCNT samples.
SWCNT(open circle), Ox-SWCNT(closed circle), Tol-SWCNT(open square), Met-
SWCNT(closed square), and Int-SWCNT(solid line). The abscissa of the right
figure (b) is expressed in terms of the logarithm of P/Po.

The vertical uptake near the ordinate in Fig. 1 (a), being characteristic of
TUPAC Type I, indicates the presence of nanopores where molecules are adsorbed
with micropore filling mechanism. The Ox-SWCNT has much larger adsorption
amount than SWCNT over the whole P/Po range, suggesting high accessibility of
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N2 molecules to the internal tube spaces. We evaluated the adsorption isotherm
of internal tube spaces of SWCNT by subtracting adsorption isotherm of SWCNT
from that of Ox-SWCNT, being denoted Int-SWCNT. The N2 adsorption isotherm
of Int-SWCNT is of almost equivalent of Type I, agreeing with the presence of the
internal tube spaces in a nm scale. On the other hand, the adsorption amounts of
Tol- and Met-SWCNTs are much smaller than that of untreated SWCNT. The
adsorption isotherms of both samples are rather close to the IUPAC Type I,
indicating that those samples are nanoporous and adsorption on the external
surface is not predominant. These Nz adsorption isotherms were analyzed by the
SPE and DR methods, providing the nanopore structural parameters, as shown

in Table 1.

Table 1.  Surface area and nanopore volume evaluated by SPE and DR methods

Surface area / m? gt Nanopore volume / cm? g1

SWCNT 1040 —

Ox-SWCNT 1900 0.80
Tol-SWCNT 590 0.27
Met-SWCNT 600 0.27

The surface area of Ox-SWCNT 1is 1900 m?2 g1, being the most close to the
surface area of graphene (2630 m?g'1), being about twice of that of SWCNT. The
nanopore volume of Ox-SWCNT is 0.80 cm3 gl and thereby the average tube
diameter is estimated to be 2.5 nm under the assumption of absence of the
bundle structure. TEM observations of SWCNT gave 3.0 nm of the mean
diameter between the carbon atom centers on the wall (Futaba et al. 2006).
Hence, our estimated average tube diameter of 2.5 nm from N2 adsorption is
reasonable, because the effective tube space diameter can be approximated by the

difference between 3.0 nm and 0.34 nm of the graphene thickness.
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Fig. 2. Comparison plot of nitrogen adsorption isotherm of Int-SWCNT against
that of SWCNT. The amount of adsorbed nitrogen on Int-SWCNT was normalized
by the surface area ratio of Int-SWCNT over SWCNT. The solid line shows that

adsorption amounts of both samples are equal to each other.

Comparison plot of normalized Int-SWCNT against SWCNT is shown in Fig. 2.
The amount adsorbed N2 on Int-SWCNT in Fig. 2 should be normalized, the
external and internal wall surfaces have different surface areas and thereby the
adsorptivity must be compared using the adsorption amount per the effective
surface area. The normalization coefficient of 1.2 was determined using the
observed surface areas of SWCNT and Ox-SWCNT. The upward deviation in the
smaller adsorption range indicates the presence of stronger monolayer adsorption
sites in Int-SWCNT (monolayer capacity = 300 mg g'1) than in SWCNT. Therefore,
it is possible to infer that the internal tube wall of a negative curvature of Int-
SWCNT has a stronger surface-molecule interaction than the external tube wall
of a positive curvature of SWCNT. The comparison plot almost overlaps with the
solid line after the accomplishment of monolayer adsorption, because the
curvature sign difference does not markedly influence the adsorption on the
monolayers on the internal and external pore walls. Then, the comparison plot is
downward deviated becoming parallel to the abscissa owing to the adsorption
limitation in the nanopores.

Table 1 also shows Tol- and Met-SWCNT samples have the smallest SPE
surface areas of 590 and 600 m?2 g1, respectively, indicating the decrease in the
external surface area of SWCNTs due to the formation of the bundle structures.
This surface area value suggests the presence of the fine bundle of three to four
SWCNTs whose average diameter is about 5 nm. Consequently, the drying after

simple sonication treatment with toluene or methanol induces the fine bundle
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formation. Although interstitial pores are produced by the bundle formation, N2
molecules cannot be adsorbed in those spaces due to their narrow diameters.

Figure 3 shows SEM images of SWCNT and treated SWCNT samples. The
SEM image of Ox-SWCNT is almost similar to that of SWCNT. Tol-SWCNT and
Met-SWCNT have a continuous structure, suggesting the bundle and entangled
assembly formation. This indicates that capillary drying-treatment using toluene
or methanol brings about a unique associated structure of SWCNTs. The
assembly structures of both treated SWCNT samples are different from each
other. TEM images of SWCNT samples are shown in Fig. 4.

Fig. 3. SEM images of the SWCNT samples, (a) SWCNT, (b) Ox-SWCNT, (c)
Tol-SWCNT, and (d) Met-SWCNT.



Fig. 4. TEM images of the SWCNT samples, (a) SWCNT, (b) Tol-SWCNT, and
(c) Met-SWCNT

All images are close to each other. However, we can observe well-oriented
bundle structures in the TEM images of Tol-SWCNT and Met-SWCNT; Tol-
SWCNT has better oriented structure. Then, the capillary force-aided treated
SWCNT has a fine bundle structure. However we cannot evaluate the average
bundle size from the TEM image, although the above-mentioned N2 adsorption
analysis can give an estimated value of the bundle size.

Removal of caps from SWCNT by oxidation can be also evidenced by the
particle density data from the high pressure buoyancy plot. Figure 5 shows He
buoyancy plots of SWCNT samples. All plots are linear except for an upward
deviation near the ordinate. The initial upward deviation comes from adsorption
of He in very narrow nanopores. The contribution by He adsorption can be
precisely corrected by the extrapolation of the linear relationship in the high

pressure range of He.
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Fig. 5. He buoyancy curves at 303 K. SWCNT(open circle), Ox-SWCNT(closed
circle), Tol-SWCNT(open square), and Met-SWCNT(closed square).

The particle densities of SWCNT samples determined from the slope of the
linear relationship are listed in Table 2. The particle density of Ox-SWCNT is
close to the solid density of graphite (2.27 g cm™), whereas the particle densities
of Tol- and Met-SWCNT samples are much less than the solid density of graphite.
Consequently, Ox-SWCNT has almost a perfectly open tube structure of graphene

of positive and negative curvatures.

Table 2. Particle density of the SWCNT samples]

Particle density / g cm

SWCNT 1.56
Ox-SWCNT 2.13
Tol-SWCNT 1.58
Met-SWCNT 1.60

If we assume that the density of the wall of the SWCNT is equal to that of
graphite, an opening ratio rop of Ox-SWCNT, is obtained from the following

relationship.

Ps ~— Po
r-op = (1)
pg - pO
Here, ps, pg, and po are the densities of the treated SWCNT sample, graphite, and
untreated SWCNT, respectively. Here, the opening ratio denotes the availability
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of the internal tube spaces for adsorption. The rop of Ox-SWCNT is 0.80. The
density of the carbon wall should be smaller than that of a perfect graphite due to
the presence of various defects; therefore, the rop of Ox-SWCNT should be larger
than 0.80.

We can determine the SWCNT tube diameter distribution from the radial
breathing mode (RBM) of the Raman bands (Jorio et al. 2003). Figure 6 shows
the RBM bands of the SWCNT samples in the wave number range of 100 to 300
cm! at room temperature. There are several RBM peaks of SWCNT, which
indicate the presence of distribution of the tube diameter from 0.83 nm to 1.4 nm
(Araujo et al. 2008). The RBM bands do not change on the oxidation and the
capillary force-aided drying treatments. These treatments do not change the

SWCNT structure itself.
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Fig. 6.  RBM Raman bands of the SWCNT samples, (i) SWCNT, (ii) Ox-SWCNT,
(iii) Tol-SWCNT, and (iv) Met-SWCNT.

3.2 Graphitic structures

Raman spectrum of SWCNT has both of G and D bands at 1594 cm™! and 1330
cm’l, respectively, which can be used for evaluation of graphitic crystallinity.
Although SWCNT is highly pure, the D band is considerably strong and thereby
the crystallinity is not so good, suggested by the TEM observation. The capillary
force-aided drying treatment or oxidation process increases the G/D band ratio
(2.6 for SWCNT, 3.8 for Tol-SWCNT, 4.0 for Met-SWCNT, and 6.6 for Ox-SWCN').
Accordingly, the treatment should remove amorphous structural parts from the

SWCNT.
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Fig. 7. Raman spectra of the SWCNH samples from 1200 to 1700 cm, ()
SWCNT, (ii) Ox-SWCNT, (iii) Tol-SWCNT, and (iv) Met-SWCNT.

3.3 Adsorptivities of SWCNT for supercritical H, and CHa.
Figure 8 shows adsorption isotherms of Hz on SWCNT samples up to 101 kPa
and 7 MPa at 77 K.
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Fig. 8. H: adsorption isotherms at 77 K on the SWCNT samples.

SWCNT(black), Ox-SWCNT(blue), Tol-SWCNT(green), Met-SWCNT(red), and
Int-SWCNT(purple). Up to (a), (c) 101 kPa and (b), (d) 7 MPa. The ordinate of
figures (c) and (d) are expressed by unit per surface area of the samples. The
adsorption amount isotherm of Int-SWCNT was corrected by experimental

surface difference between the external and internal tube walls in figures (c) and

(.

The adsorption amount in Fig. 8 (a) and (b) is expressed by mg per unit weight
SWCNT sample. Ox-SWCNT has the greatest adsorption amount due to the
largest surface area. However, both of the capillary-force aided drying treated
SWCNTs have slightly larger adsorption amounts than untreated SWCNT
irrespective of the half of the surface area. Quite important features are obtained
from Fig. 8 (c) and (d) of which ordinates are expressed by H2 adsorbed amount
per effective unit surface area. In this case both of bundled SWCNT samples have
the greatest adsorption amount, indicating that supercritical Hz is adsorbed in
the interstitial sites of the strongest interaction potential. Probably Tol-SWCNT
has a more firmly associated structure than Met-SWCNT, as indicated by the
TEM observation. Adsorption amount of Int-SWCNT is larger than that of
untreated SWCNT above about 40 kPa, although both H2 adsorption amounts are
much smaller than the bundled SWCNT samples in the lower pressure region.
The important point is that the adsorption sites of negative curvature are more
effective than that of positive curvature.

The remarkable effect of the capillary force-aided drying treatment is also
observed in high pressure CHs adsorption, as shown in Fig. 9. Figure 9(a) shows
the high pressure CH4 adsorption isotherms at 303 K in terms of mg per g-
adsorbent. The order of the high pressure adsorption amount is Ox-SWCNT, the
treated SWCNT, and SWCNT. The adsorption amount of the treated SWCNT is

12



1.7 times larger than that of SWCNT, although their nanopore volume is a half of
SWCNT.
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Fig. 9. Methane adsorption isotherms at 303 K per unit weight (a) and unit
surface area (b) of the SWCNT samples, SWCNT(black), Ox-SWCNT(blue), Tol-
SWCNT(green), Met-SWCNT(red), and Int-SWCNT(purple). The adsorption
amount in Fig. 9 (b) is corrected taking into account the geometrical surface area

difference between the external and internal tube walls.

The efficient adsorptivity for CHs4 can be understood from CHas adsorption
isotherm in terms of mg per unit surface area, as shown in Fig. 9 (b). The
greatest adsorptivities of Tol-SWCNT and Met-SWCNT for CHs are really
noteworthy, being nearly three-times larger than those of SWCNT and Ox-
SWCNT. Also this figure clearly shows that the concave wall of the negative
curvature is more effective for adsorption of supercritical CH4 than the convex
wall of the positive curvature. As supercritical CHs adsorption needs enough
strong adsorption sites, the strength difference of the adsorption sites can be
explicitly shown as Fig. 9. (b). A similar result for efficient adsorptivities for Hs

was also shown, although the effect was less marked.

3.4 Nanoscale Curvature Sign Dependence of Interaction Potential and
Interstitial Pore Structure

This experimental study shows explicitly that the adsorptivities for CH4 and
H: depends on the sign of the tube curvature of SWCNT. Figure 10 shows the
interaction potential profiles of SWCNT with CHs4 and H2 using molecule-
nanopore interaction potential using the established potential functions for
carbon cylinder of an infinite length. (Tjatjopoulos et al. 1988; Murata et al. 2001).

The interaction potential depth for the internal wall of the negative curvature is

13



much deeper than that for the external wall of the positive curvature for CHs and
Hs. CH4 gives a larger difference than H2. Thus adsorptivity of SWCNT for a
supercritical gas showed sensitively depends on the sign of the tube curvature, as
observed in this study. As the interaction between the SWCNT and gas is not
enough to induce a predominant adsorption, the potential difference interaction
between the internal and external tube walls can be detected by supercritical gas

adsorptivity.

500

=500
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-1000
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Fig. 10.  Potential profiles of H2 and CH4 adsorbed on the internal and external
2.5 nm-diameter SWCNT. Lennard-Jones parameters are as follows. CHa4; ot =
0.3721 nm and ek = 161.3 K, Ho; orr = 0.2958 nm and ek = 36.7 K, and
carbon atom in the SWCNT; 6ss = 0.34 nm and &ss/kp = 28.0 K.
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Fig. 11. Homo-tube SWCNT bundle model of the triangular geometry. (I):
Interstitial pore space. Here a realistic tube-tube contact is expressed only by the

contact point in order to express the carbon hexagon-network structure.

In case of the bundled SWCNTSs, as shown in Fig. 11, the interstitial pore space
surrounded by three convex walls has the deepest interaction potentials of -3241
K for CH4 and -1043 K for H2. These potential depths for CH4 and Hz are deeper
than those of the internal wall by 1789 K and 507 K, respectively. These potential
energy differences are much larger than the thermal energy at the measuring
temperature (303 K for CHs and 77 K for H2). Accordingly these interstitial pore
spaces are the most efficient for adsorption of supercritical CH4 and Hz. Here we
need to consider the reduction of N2 adsorption by the bundle formation. The
Lennard-Jones size parameter of N2 is 0.3632 nm, being smaller than that of CHa.
If CH4 molecules are adsorbed in the interstitial pore spaces, the N2 molecules
must be adsorbed in the sites. However, N2 adsorption was measured at the
boiling point of liquid N2 and thereby the N2 molecules are adsorbed at the
entrance ports of the interstitial pore spaces very strongly, blocking the further
adsorption. On the other hand, N2 molecules are adsorbed even on the external
pore walls sufficiently at 77 K. Accordingly, the effective surface area evaluated
by N2 adsorption for the capillary force-aided drying treated SWCNT samples is
much smaller than that of the untreated SWCNT.

In the above discussion, we just used the simple SWCNT model of the average
tube diameter. However, the Raman examination indicates the distribution of the
tube diameter of SWCNT from 0.83 nm to 1.4 nm. Also, the preceding TEM
observation (Futaba et al. 2006) showed the tube diameter distribution from 1 to
5 nm. Consequently, the real SWCNT bundles should contain hetero-tube
bundles of which diameters are different from each other. The possible size of the
interstitial pore spaces for the homo-tube bundles of the triangular geometry is in
the range of 0.21 nm to 0.83 nm. The estimated interstitial pore size of the
hetero-tube bundles is included in this range. Also the average size of the possible
size range is 0.52 nm, which is reasonable for above discussion. Supercritical CH4
and H2 are tightly adsorbed, whereas a serious entrance blocking occurs for N2

adsorption at 77 K.

4 Conclusion

As the interaction of single wall carbon nanotube (SWCNT) with supercritical
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Hz and CH4 is not sufficiently strong, it is clearly shown that the internal tube
walls of SWCNT having the negative curvature has higher adsorptivity for
supercritical Hz and CHs than the external tube walls having the positive
curvature. The adsorption study using SWCNT bundles prepared from isolated
SWCNTs explicitly evidenced the important contribution of the interstitial pores

in adsorption for supercritical Hz and CHa.
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