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Multiwalled carbon nanotubes (MWNTs)1 and single-walled
carbon nanotubes (SWNTs)2,3 have stimulated nanoscale science
and technology for electronic devices,4,5 scanning microscopy probe
tips,6,7 and energy storage materials.8 Also, carbon fibers which
have nanotube structures produced by Endo et al. have been widely
applied in technology.9 SWNTs, in particular, have been actively
studied, because of their greater uniformity of structure compared
with that of MWNTs. Nevertheless, SWNTs still have issues with
impurities such as amorphous carbon, metal catalysts, and carbon
nanoparticles, although Hata et al. developed recently a highly
sophisticated method of preparing SWNTs, resulting in greater than
99% purity.10 Active studies on a SWNT have elucidated its unique
properties, regardless of the presence of impurities. A comparison
of a SWNT with a double-walled carbon nanotube (DWNT), which
consists of two graphene layers, is required, because DWNTs are
expected to have some advantages over SWNTs. DWNTs are much
more stable than SWNTs11 according to studies on nonuniform and
impure DWNT samples. Recently, Endo et al. synthesized high-
purity DWNT buckypaper with a catalytic chemical vapor deposi-
tion (CCVD) method using an optimized two-step purification
process.12,13 The newly prepared DWNT is extremely pure and
uniform with only a trace amount of metal impurities and
amorphous carbon. A comparative study of SWNTs and DWNTs
using this high-purity DWNT is expected to result in a wide range
of potential applications of nanocarbon. In this paper, we report
that a highly ordered bundled structure of DWNTs can offer a much
better adsorption field for H2 than SWNTs.

In this study, we used DWNT samples synthesized with the
CCVD method described by Endo et al.12,13A high-resolution TEM
image of a DWNT shows the presence of an ordered-hexagonal-
packed structure. To understand its gas adsorption properties, we
needed to clarify the nanopore structure and the bundle structure
using information on the primary DWNT particle from Raman
spectroscopy, XRD measurements, and simulated H2 adsorption
isotherms.

We measured the Raman spectra with an Ar ion laser (514.5
nm). The Raman spectrum shows a weak D-band at 1353 cm-1

and a strong G-band peak. The band intensity of G-band to D-band,
I(G)/I(D), shows that the DWNT sample has a highly ordered
structure. The bands of radial-breathing-mode (RBM) of a DWNT
indicate clearly the coexistence of inner and outer tubes. Analysis
of the RBM bands indicated that this DWNT sample is a
combination of two kinds of double wall tubes with inner and outer
diameters of 0.72 and 1.48 nm and 0.91 and 1.61 nm, respectively.

We measured the N2 adsorption isotherms of a DWNT and a
SWNT at 77 K. The N2 adsorption amount on the SWNT is much
larger than that on the DWNT over the whole pressure range. The
comparison plot of the N2 adsorption amount on the DWNT against
that on the SWNT is almost linear, indicating that the DWNT and
SWNT adsorption sites for N2 molecules resemble each other. We
evaluated the specific surface areas (SSA) of both the SWNT and
the DWNT from N2 adsorption isotherms with the BET method
andRs-plot using the standard data of the Grand Canonical Monte
Carlo (GCMC) simulated N2 adsorption isotherm of the internal
surface of a SWNT whose diameter is 8 nm.14 The micropore
volume was determined from a Dubinin-Radushkevich plot.15

These surface parameters are summarized in Table 1. These results
suggest that the SWNT has greater porosity than the DWNT.

Figure 1 shows adsorption isotherms of supercritical H2 on a
DWNT and a SWNT at 77 K. The DWNT can adsorb much more
H2 than the SWNT despite its 40% smaller specific surface area.
To clarify the mechanism for H2 adsorption in the DWNT bundle,
we performed XRD measurements and GCMC simulation for H2

adsorption at 77 K.
The SWNT has no strong XRD peak, whereas we can observe

three explicit peaks at 2θ ) 1.95°, 4.1°, and 11.8° for the DWNT.
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Figure 1. The H2 adsorption isotherms of SWNTs and DWNTs at 77 K.

Table 1. Pore Structural Parameters Determined from the N2
Adsorption Isotherms at 77 K on SWNTs and DWNTs

BET SSA
m2g-1

Rs-plot SSA
m2g-1

micropore volume
mlg-1

SWNT 610 505 0.25
DWNT 330 320 0.17
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The presence of three X-ray diffraction peaks for the DWNT
indicates that the well ordered bundle structure has a two-
dimensional triangular lattice. Therefore, the XRD profile with a
triangular lattice was analyzed by use of the cylindrical Bessel
functionJ0(QR) for the DWNT form factor, whereQ andRdenote
the scattering vector and the carbon tube radius, respectively.15 The
calculated XRD profile for the DWNT was obtained using a model
consisting of two concentric SWNTs. Thus, the DWNT form factor
can be expressed asFCJ0(QR) + FCJ0(QR′), whereRandR′ denote
the radii of the inner and outer tubes, respectively, andFC is the
atomic form factor of carbon atoms. Figure 2 shows the observed
and calculated XRD patterns of the DWNT. The assumed param-
eters of the lattice constant,a ) 2.01 nm,R ) 0.41 nm, andR′ )
0.71 nm, reproduce well the observed pattern. The van der Waals
gap (g) for this model is 0.6 nm, which is double the gap in a
perfect SWNT array. Although this DWNT has a well-ordered
bundled structure from the TEM, RBM Raman bands, and the XRD,
slight amount of tubes with other diameters should be present.

Hence, the DWNT bundle is assumed to pack loosely into a
hexagonal array and have interstitial pores which can adsorb H2

molecules, even though they seem too small for the perfect
accommodation of H2 molecules. As theg value increases, the
interstitial volume becomes larger but the molecular potential fields
become weaker. Wang and Johnson reported that the optimalg
value for a SWNT bundle is 0.6 nm.17

We performed GCMC simulations to study the adsorption of
H2 onto the DWNT (outer diameter equal to 1.43 nm and inner
diameter equal to 0.77 nm)11 bundle withg ) 0.6 nm and the close-
packed SWNT (diameter equal to 1.0 nm) bundle at 77 K. Figure
3 shows the simulated H2 adsorption isotherms for the DWNT and
the SWNT at 77 K. The DWNT bundle with wideg value can
adsorb two times more H2 than that of the close-packed SWNT
bundle. The results also indicated that the interstitial sites were
accessible by H2 molecules and had a much deeper molecular
potential field than that of a SWNT triangular array withg ) 0.6
nm, owing to the overlapping of molecular potential from the double
tube walls. This adsorbed state of H2 in the interstitial sites of the
DWNT was confirmed by a snapshot obtained with GCMC
simulation. Thus, this DWNT bundle is well-suited for adsorption
of H2 molecules, adsorbing a larger amount than the SWNT, and
hence adsorption fields with large adsorption capacities must be
designed in the future.
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Figure 2. The calculated and observed XRD profiles of DWNT bundles.

Figure 3. The simulated H2 adsorption isotherms for DWNTs and SWNTs
at 77 K.
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