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Abstract Single wall carbon nanotube (SWCNT), which
has bundle structure and entangled structure, was untangled
and cut by sonication in hydrogen peroxide (H2O2) solution.
The untangled state of SWCNT was examined by SEM,
TEM, Raman spectroscopy and N2 adsorption. It was con-
firmed that the surface area of sonicated nanotubes strongly
depended on the sonication time. The BET specific surface
area (SSA) of nanotubes sonicated for 3 h was maximum.
The SSA decreased at 6 h or more of sonication time. These
results indicated that the bundle structure was untangled and
the cap of SWCNT was opened. Thus, N2 molecules can
access the most efficiently inside of the SWCNT sonicated
for 3 h. On the contrary, the sonication treatment for 6 h
or more decomposed the nanotubes to produce amorphous
carbon, evidenced by TEM and SEM observation; the amor-
phous carbon blocked the open pore sites such as the internal
pore spaces and interstitial pores.
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�(r) Lennard-Jones potential energy
r The distance between the center of particle i and

particle j (Å)
εij The particle i-particle j potential well depth
σij The effective distance between the center of

particle i and particle j (Å)
kB Boltzmann constant (J/K)
P/P0 Relative pressure

1 Introduction

Single wall carbon nanotube (SWCNT) has gathered great
attention in various fields of science and technology (Saito
et al. 2000). Ordinary SWCNTs have bundle structures
which are also entangled with each other (Hirsch 2002), al-
though Hata et al. succeeded to prepare highly pure SW-
CNTs which are mutually isolated (Hata et al. 2004). The
bundle structure provides interstitial nanopores of the very
strong interaction potential for molecules and thereby the
designated bundle structure is preferable for the application
of SWCNT as an adsorbent, membrane filter, and gas sensor
(Cao et al. 2003). If the geometry of the SWCNT bundle,
such as the tubule length, bundle thickness and intertube
distance can be controlled, the performance of SWCNT is
highly improved. On the other hand, the entangled struc-
ture of SWCNTs have merits for application to fabricated
films which are requested as flat panels and for separation
technologies. Therefore, control of the bundle structures of
SWCNTs is indispensable to extend their application field.

However, it is not so easy to dissociate the bundle struc-
ture and refabricate the entangled structure, although the
inter-tube interaction stems from van der Waals attractive
interaction. Many researchers have tried to disperse the
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SWCNT bundles with surfactants, surface functionaliza-
tion, organic solvents, or acids with the aid of ultrason-
ication (Moore et al. 2003; Paredes and Bueghard 2004;
Tan and Resasco 2005; Yang et al. 2005).

It has been reported that high power ultrasonication treat-
ment is efficient to disperse the SWCNT bundles in an ox-
idative solution (Komiyama et al. 2005; Zhang et al. 2003;
Ziegler et al. 2005). Nevertheless, the nanopore structural
change of the entangled SWCNT bundles after the soni-
cation treatment was not clearly elucidated. In the present
study, the nanopore structural change of SWCNT bundles
with ultrasonicated treatment in H2O2 solution was clari-
fied with careful analysis of high resolution N2 adsorption
isotherms in addition to Raman spectroscopic and electron
microscopic examination.

2 Experimental

SWCNT samples, which are so-called HiPco SWCNTs,
were prepared by the high pressure carbon monoxide
process using Fe catalysts (Carbon Nanotechnologies Inc.).
Thermal gravimetric analysis of SWCNT was carried out
in an O2 atmosphere up to 1473 K (SII EXSTAR6000); the
amount of Fe catalyst was 11 wt%. SWCNT samples weigh-
ing 10 mg were immersed in 100 ml of 5% H2O2 solution,
which sonicated in an ice bath under the sonication condi-
tions of 750 W and 20 kHz for different times of 1 to 12 h
using (Sonica & Materials, Inc. Ultrasonic processor VC-
750). The ultrasonic wave was irradiated with every 1 sec-
ond. The resultant SWCNT-H2O2 suspensions were filtrated
and then dried at ambient temperature for a few days. The
ultrasonication-treated SWCNTs were characterized with
scanning electron microscopy (JEOL JSM-6330), high res-
olution transmission microscopy (JEOL JEM-4000FXII),
Raman spectroscopy (JASCO NRS-3100), and high reso-
lution N2 adsorption method. The N2 adsorption isotherm
of the treated SWCNT was measured at 77 K after the
pre-evacuation at 473 K for 2 h using a volumetric system
(Quantachrome Instruments Autosorb-1 Series). The N2 ad-
sorption isotherm was analyzed with grand canonical Monte
Carlo (GCMC) simulation.

3 GCMC simulation

The established GCMC simulation method gave the adsorp-
tion isotherms of N2 at 77 K on SWCNT which diameter
is 1.36 nm (Suzuki et al. 1996; Ohba and Kaneko 2002;
Tanaka et al. 2005; Cheng et al. 2004; Gu et al. 2001;
Simonyan et al. 1999). The random movement, creation, and
removal of molecules make new configurations. They are
accepted when they obey Metropolis’s sampling scheme in
proportion to exp(−�E/kT ) where �E is the change of to-
tal energy in the system. Each step of the scheme in GCMC
simulation was calculated 107 cycles.

Lennard-Jones (LJ) potential is adopted to model C-C,
C-N2 and N2-N2 interactions. LJ potential is given by

�(r) = 4εij
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σij

r

)12

−
(
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r
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where r denotes the distance between the center of parti-
cle i and particle j and � denotes the potential energy.
In actual calculation, σNN = 3.32 nm, εNN/kB = 36.4 K,
σCN = 3.36 nm, and εCN/kB = 33.4 K were used. Here
[NN] and [CN] indicate N2-N2 and carbon atom-N2 pair in-
teractions, respectively.

4 Results and discussion

4.1 Morphological structure change

Figure 1 shows SEM images of SWCNTs ultrasonicated
for different time. The bundles of the SWCNTs are entan-
gled each other in the SEM image of raw SWCNT. The
bundle ropes become finer with the ultrasonicated time up
to 3 h. We can observe many fine bundles whose diame-
ter is less than 20 nm due to untangling. On the contrary
the ultrasonication treatment for 6 h leads to bolder ropes
of ∼500 nm in diameter. The 12 h-ultrasonication treat-
ment shortens the bold rope length. The ultrasonications
for more than 6 h partially cut and dissociate the SWCNT
bundles to provide densely entangled structures. Thus, the
ultrasonication treatment of SWCNTs in H2O2 solution is
quite effective to change the bundle and entangled struc-
tures. High resolution TEM observation gives more definite
information, as shown in Fig. 2. We often observe the bundle
structure, which consists of several SWCNTs, with less than
10 nm in diameter on the TEM image of the SWCNT sam-
ple treated for 1 h. The TEM image of the SWCNTs treated
over 6 h showed that many SWCNTs are broken, produc-
ing amorphous carbons. The defective structural change was
examined with Raman spectroscopy. Figure 3 shows D and
G bands of SWCNT as a function of the sonication treat-
ment time. The basic SWCNT structure is preserved even
after the 12 h-treatment, because the G-band is predominant
compared with the D-band. The ultrasonication treatment
decreases the G/D band intensity ratio; the G/D band inten-
sity ratio vs. ultrasonication treating time of the treated sam-
ples has a maximum at 3 h. As the G/D band intensity ratio
is directly associated with the defective structure of SWCNT
samples, the ultrasonication treatment for 3 h can disso-
ciate efficiently the bundles without great structure dam-
ages, which agrees with the SEM and TEM observations.
The G-band consists of the G+ band at 1600 cm−1 and G−
band at 1550 cm−1. G+ and G− bands originate from atomic
displacement along the tube axis and circumferential direc-
tion, respectively. The G-band varies dramatically due to the
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Fig. 1 SEM images of
SWCNTs sonicated for different
time. (a) Raw SWCNT, (b) 1 h,
(c) 3 h, (d) 6 h, and (e) 12 h

Fig. 2 TEM images of
SWCNTs sonicated for different
time. (a) Raw SWCNT, (b) 1 h,
and (c) 12 h

Fig. 3 (a) Raman spectra (D,
G-band) of sonicated samples.
((a) Raw SWCNT, (b) 1 h,
(c) 3 h, (d) 6 h, and (e) 12 h),
and (b) G/D ratio vs. sonication
time
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treatment; the intensity of the G+ band decreases to become
comparable to that of the G− band after the treatment, as
shown in Fig. 3. Consequently, long sonication treatment
collapses partially the SWCNT structure to shorten the tube
length. At the same time, semiconductive SWCNTs should
be decomposed through the longer treatment (Jorio et al.
2003) and then relatively metallic SWCNTs increases, giv-
ing a stronger G− band. On the other hand, the RBM bands
do not change, as shown in Fig. 4. The sonication treat-

Fig. 4 Raman spectra (RBM) of sonicated samples. (a) Raw SWCNT,
(b) 1 h, (c) 3 h, (d) 6 h, and (e) 12 h

ment does not change the distribution of the tube diameter
(Kataura et al. 1999). Accordingly, the formation of the bold
aggregation due to the sonication for more than 6 h should
come from the firm assembly formation of tubes cut by the
ultrasonication in H2O2 solution.

4.2 Nanopore structural change

Figure 5a shows N2 adsorption isotherms of SWCNTs
treated for different durations. The N2 adsorption amount
increases with the treating time up to 3 h, and then remark-
ably decreases due to the further treatment. The N2 adsorp-
tion isotherms whose abscissa is expressed in terms of loga-
rithm of P/P0 are also shown in Fig. 5b. The N2 adsorption
isotherms of SWCNT samples treated for 1 and 3 h are of
IUPAC Type II, whereas N2 adsorption isotherms of both
samples treated for 6 and 12 h are close to IUPAC Type I.
The Type II adsorption isotherm is observed for the adsor-

Fig. 6 GCMC simulated N2 adsorption isotherm of single SWCNT at
77 K together with snapshots. !: Total, 1: in internal space, and P: on
external space

Fig. 5 N2 adsorption isotherms
of SWCNTs treated for different
times, at 77 K (a), logarithm
relative pressure (b). !: Raw
SWCNT, ": 1 h, 1: 3 h, 2: 6 h,
and P: 12 h
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Fig. 7 Variation of specific
surface area (a) and micropore
volume (b). !: BET, ": SPE
method

bent whose external surface area is predominant compared
with the pore surface area. On the contrary, the presence of
sufficient amount of micropores leads to Type I. Accord-
ingly, the sonication treatment for 3 h dissociates the bun-
dle structure to very fine ones, giving a greater adsorption
amount in the whole P/P0 region. The treatment for more
than 6 h induces the aggregation of bundles whose exter-
nal surfaces become nil, compared with the micropore sur-
faces. At the same time, even micropores should be partially
blocked by amorphous carbons by the treatment, providing
the Type I isotherm. These results coincide with the mor-
phological changes. A better information on adsorption in
micropores is provided from Fig. 5b, because adsorption in
micropores begins even below P/P0 = 10−3. We can ob-
serve a gradual step around P/P0 = 10−3 ∼ 10−2. Figure 6
shows the GCMC simulated N2 adsorption isotherm of sin-
gle SWCNT at 77 K together with snapshots. This simulated
isotherm explicitly indicates that adsorption in the internal
pore space finishes below P/P0 = 10−3. Therefore, adsorp-
tion below P/P0 = 10−3 should stem from filling in the in-
ternal pore spaces. As real SWCNT samples have the bundle
structure, adsorption above P/P0 = 10−3 ∼ 10−2 should be
a combined process of adsorption in interstitial pores and on
the external surfaces of the bundle.

The N2 adsorption isotherms were analyzed with the
BET, αs, and DR plots, providing the surface area, micro-
pore volume, and isosteric heat of adsorption at the frac-
tional filling of e−1. Figure 7 shows changes of surface
area and micropore volume with the ultrasonic treatment
time. The BET surface area is slightly smaller than the sur-
face area from the subtracting pore effect (SPE) method
with αs-plot. The SPE method using the αs-plot gives a
more correct surface area than the BET surface area (Se-
toyama et al. 1998). Both surface area vs. treating time
plots are very similar. The surface area increases until 3 h,
accompanying with a remarkable drop. The surface area
is associated with the bundle size after Williams et al.;
the SWCNT bundle after 3 h should consist of six SWC-
NTs and the further ultrasonication should enlarge the bun-
dle of about fifty SWCNTs (Williams and Eklund 2000;

Fig. 8 The isosteric heat of qst , θ = e−1 adsorption change of SW-
CNT samples with the treating time

Agnihotsi et al. 2005). The bundle size of the SWCNT af-
ter the 6 h-treatment from N2 adsorption is larger than that
by the SEM and TEM observation. The discrepancy should
come from blocking of micropores with amorphous car-
bon particles. In order to remove the blocking effect, we
subtracted the amount adsorbed in internal and interstitial
pores, which can be approximated by the adsorption amount
at P/P0 = 10−3, referring the GCMC results. The average
tube diameters of about 1 nm determined from the RBM
bands was for the surface area evaluation. Thus-obtained
relationship between the surface area and tube number in-
dicates that average tube number decreases up to 8 by the
sonication for 3 h and increases up to 40 by the sonication
12 h. The micropore volume change is almost similar to the
surface area change, as shown in Fig. 7b.

Figure 8 shows the qst , θ = e−1 increases until 6 h and
becomes almost constant after 6 h; the qst , θ = e−1 is in
the range of 10.3–11.7 kJ mol−1, being not so different from
that observed in the slit pores of ACF (11 kJ mol−1) (Kaneko
et al. 1989). The difference between these qst , θ = e−1 val-
ues is within 2 kJ mol−1. The bold SWCNTs should be se-
lectively collapsed during the ultrasonic treatment, giving a
little larger qst , θ = e−1 value for the treated sample for a
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longer time. Also less contribution of adsorption on the ex-
ternal surfaces for the treated SWCNT samples for a longer
time must increase the qst , θ = e−1 value slightly.

Thus, an optimum ultrasonic treatment in H2O2 solu-
tion can shorten SWCNTs, dissociating the bundle structure.
Hence, this treatment can be applied to produce SWCNT
sheet having a great microporosity.
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