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ABSTRACT

The adsorption isotherm of N2 in internal nanopores of the single wall carbon nanohorn (SWNH) particles was compared with that of the
external surfaces of the SWNH assembly. The presence of two strong adsorption sites of the internal nanopores and external nanopores of
the assembly were evidenced by the analysis of the adsorption isotherm. The calculated interaction potential of the external nanopore was
much deeper than that of the internal nanopore.

The single wall carbon nanohorn (SWNH)1,2 is a new
material that is similar to single wall carbon nanotube
(SWNT)3. The SWNHs form assemblies that have a “Dahlia-
flower”-like structure, as shown in the TEM image in Figure
1. The SWNH has a horn shape, which distinguishes it from
SWNT. The differences between SWNH and SWNT, except
for its shape, are the high yield (> 95% from transmission
micrographs) and milder preparation conditions of SWNH.
The SWNH is prepared at room temperature by CO2 laser
ablation without a catalyst.1 Hence, pure samples of SWNHs
are available more easily than are pure samples of SWNT.
In this letter, we report the porosities from the internal spaces

of the SWNH particle and the interstitial structure of SWNH
assembly by high-resolution N2 adsorption measurement.
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Figure 1. TEM image of SWNH assembly.
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The detailed preparation method of samples is published
in a previous article.1 We studied SWNH (NH) and SWNH
(NH-ox) treated at 693 K in a pure oxygen atmosphere. The
high-resolution N2 adsorption isotherm was measured at 77
K. The particle density4-6 Fp was determined by the high-
pressure helium buoyancy measurement at 303 K. HereFp

is defined byFp ) 1/(Vs + Vc), whereVs is the volume of
solid part andVc is the volume of closed pores and pores in
which the N2 molecule cannot enter.5,6

The obtainedFp values of NH and NH-ox are 1.25 and
2.05 g/mL, respectively. In the case of NH, theFp is much
smaller than the solid densityFs of graphite (2.27 g/mL),
but close to the calculated value from the approximate
geometry of the closed hollow structure. Hence, the internal
micropore of the NH does not communicate with the outside.
The closed pore volume of NH, which is calculated fromVc

) 1/Fp - 1/Fs, is 0.36 mL/g. On the other hand, the valueFp

of NH-ox is close to the solid density of graphite. The closed
pore volume of NH-ox is only 0.047 mL/g. Therefore, 85%
of closed pores of NH are opened by the oxidation treatment.

Pores having pore widthw < 2 nm and those of 2 nm<
w < 50 nm are called micropores and mesopores, respec-
tively, according to the IUPAC classification.7 However the
pore width of the internal pores of these NH particles is close
to the critical size of 2 nm. Therefore, the term “nanopores”
is used in this letter because nanopores, including micropores
and small mesopores, have been often used.

N2 molecules are adsorbed in internal nanopores and
external surfaces of NH-ox particles, whereas they are
adsorbed only on the external surfaces of NH particles. Here
the external surface includes the external pores. Conse-
quently, the subtraction of the adsorption isotherm of NH
from that of NH-ox provides the adsorption isotherm of N2

only in the internal nanopore of the single SWNH particles.
Thus, adsorption isotherms of N2 on the external surface and

in the internal nanopores of SWNH can be determined
separately, as shown in Figure 2.

The adsorption isotherm on the external surface is of type
II of the IUPAC classification,7 whereas the adsorption
isotherm of the internal pores is basically of type I, having
characteristics of adsorption on microporous solid. From the
TEM observation, the adsorption isotherm for the internal
pores of the main tube structure is similar to that of slit-
shaped carbon micropore systems of 1.2< w < 1.4 nm.8

Although the appearance of the isotherm on the external
surfaces is close to type II, as mentioned above, it has a
quite sharp rising in the initial stage and a gradual increase
from the medium pressure. The high-resolutionRs plot9,10

of the separated adsorption isotherms on the internal nan-
opores and the external surfaces provides the surface area,
pore volume, and average pore width. The pore width of
the internal nanopore of SWNH is 2.3 nm, being close to
the critical size for the classification of micropores and
mesopores, as mentioned above. On the other hand, there
are small nanopores of the pore widthw ) 1.1 nm in the
assembly structure of SWNH particles in addition to the
mesopores and external surface. Here, the small nanopores
should originate from the ordered arrangement of SWNH
particles, as explained below.To examine the initial stage of
adsorption, the logarithm ofP/P0 is used in Figure 2b.
Henry’s law constant was determined by the virial plot.11,12

Henry’s law constant of the external surfaces is 1.54× 1014

Figure 2. Nitrogen adsorption isotherm at 77 K on SWNH assembly: external surface (O); intrinsic micropore (4). The broken line shows
the initial slope of the isotherm.

Table 1: Porosity of Intrinsic Micropores and Interstitial
Surface for SWNH Assembly

specific surface area

micropores
(m2 g-1)

mesopores and
external surface

(m2 g-1)

micropore
volume

(mL g-1)
avg w
(nm)

intrinsic pores 318 0.36 2.3
interstitial pores 200 108 0.11 1.1
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mg/g kPa and that of internal nanopores is 2.1× 106 mg/g
kPa. The remarkable difference of Henry’s constant should
come from the interaction potential depth difference.

The X-ray diffraction leads to a broad peak due to a partial
parallel orientation of SWNH particles, indicating an inter-
particle distance of 0.4 nm for the tube part.2 We calculated
the interaction potential of the N2 molecule with the graphene
tubes both inside and outside of the central tube which is
surrounded by other tubes of the triangular arrangement with
the aid of the potential function. Here values of 2 nm as the
diameter of the tube part of SWNH and 0.4 nm as the
distance between the nearest neighbor tube-walls were used
for the potential calculation. The detailed procedures of the
potential calculation will appear in another journal.13 The
potential minimum of the internal nanopore inside the tube
is -1280 K, whereas that of the external nanopore of the
triangular arrangement of three SWNH particles is-2190
K. This potential difference coincides with the great differ-
ence of Henry’s law constant. However, the preliminary
GCMC simulation predicts the difficulty in adsorption of
N2 molecules in the external nanopores of the ordered
triangular arrangement of SWNH particles. As the predomi-
nant adsorption occurs on the external pores, the real mutual
arrangement of SWNH particles should be more disordered,
providing the observed average width of 1.1 nm. We
calculated the interaction potential for the loosely bound
arrangement giving 1.0 nm of the effective width for the
external pores; the potential depth is-1690 K, which is still
much deeper than that of the internal nanopores. Even the
potential depth of the internal nanopores is deeper than that
of the flat graphite (-1150 K). The potential calculation
supports observed adsorption behaviors of the SWNH
assembly.

Thus, the high-resolution N2 adsorption analysis can
clearly elucidate the presence of internal nanopores, external
micropores of the triangular arrangement of three particles,
and interparticle mesopores in the assembly structure for
partially oxidized SWNH particles.
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