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Since the discoveries of fullerenes [1] and carbon nanotubes
[2], there have been many exciting scientific and technolog-
ical developments in the field of nanocarbon materials. The
pioneering work by K. S. Novoselov et al. [3] on graphenes,
which are prepared via mechanical exfoliation of graphites,
opened up a new research direction and accelerated research
on nanocarbon materials. The unique structures and novel
properties of nanocarbons have attracted attention not only
in terms of their basic science, but also because of their
potential applications inmany fields, for example, electronics,
energy devices, nanocomposites, and biomedical engineer-
ing.This special issue contains nine selected papers that cover
a wide range of recent advances in studies of nanocarbon
materials. Here, we briefly highlight the topics covered in
these articles.

S. Ushiba et al. report the alignment of single-wall carbon
nanotubes (SWCNTs) in bubble imprints, whichwere charac-
terized using polarized Raman microscopy. They found that
there are three patterns of SWCNT alignment in the imprints:
radial, azimuthal, and random orientations, which are found
at the near boundary, on the coffee ring, and at the center,
respectively. H. Ueno et al. report the antioxidant activities of
hydroxylated fullerenols against lipid peroxyl radicals, deter-
mined using a 𝛽-carotene bleaching assay. The antioxidant
activity varied from 32 to 70% on changing the number
of hydroxyl groups, and both low-hydroxylated C

60
(OH)
12

(70.1%) and highly hydroxylated C
60
(OH)
44
(66.0%) showed

high antioxidant activities. P. Slobodian et al. report the
sensing of volatile organic compounds by multiwall carbon

nanotube (MWCNT) networks of randomly entangled pris-
tine nanotubes or nanotubes functionalized by n-butylamine;
these were deposited on a polyurethane-supported electro-
spun nonwoven membrane. The sensing of volatile organic
compounds by functionalized nanotubes was significantly
better than that by pristine nanotubes. They also found that
the improvement was highly dependent on the used vapor
polarity.

The evaluation of the molar absorbance coefficients of
metallic, semiconducting, and (6,5)-chirality-enriched SWC-
NTs, using a spray technique combined with atomic force
microscopy, is reported by S. Kuwahara et al. In the visible
region, all coefficients had similar values, around 2–5 ×
109/mLmol−1 cm−1. They also found that the absorbance
coefficients of SWCNTs were independent of their elec-
tronic type and chirality but were proportional to their
length. T. Wada et al. report the synthesis of layered gra-
phenes via hydroxylation of a potassium-graphite interca-
lation compound (KC

8
) produced from exfoliated graphite

flake powder. The obtained samples consisted of a few layers
of graphene of area 20–100𝜇m2 and thickness 1.7 nm; these
samples are thinner than those obtained from natural
graphite. J. Park et al. observed reverse nonequilibrium
molecular dynamics in an investigation of thermal resistance
across interfaces comprising dimensionally mismatched
junctions of single-layer graphene floors with (6,6)-SWCNT
pillars in three-dimensional carbon nanomaterials. They
found a significant interfacial thermal resistance in the out-
of-plane direction but negligible resistance in the in-plane
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direction along the graphene floor. The interfacial thermal
resistance in the out-of-plane direction is understood to be
caused by changes in dimensionality, and phonon spectra
mismatches as the phonons are propagated from the SWC-
NTs to the graphene sheet and then back to the SWCNTs.

J. M. Tan et al. report an in vitro sustained-release formu-
lation of silibinin, based on commercially available carbox-
ylated MWCNTs, and the cytotoxic action of a synthesized
silibinin-MWCNT nanohybrid. The release of silibinin from
the COOH-MWCNT nanocarrier was sustained and pH
dependent. The results showed that the cytotoxicity of the
silibinin-MWCNTs to human cancer cell lines was higher
than that of free silibinin at low concentrations. Rahman
and Mieno report a new and safe method for functionalizing
MWCNTs with fewer surface defects, which significantly
increases their dispersibility in water. The MWCNTs were
pretreated in pure ethanol using a supersonic homogenizer,
wetted using citric acid solution, and then treated with a
radio-frequency oxygen plasma. Many carboxyl functional
groups were attached to the MWCNT surfaces, and a stable
dispersion of MWCNTs in water was obtained. D. Ogawa
et al. report the encapsulating thermally fragile tris(𝜂5-
cyclopentadienyl)erbium (ErCp

3
) molecules in SWCNTs, in

high yield. Structural determination using high-resolution
transmission electron microscopy observations and image
simulations showed almost free rotation of each ErCp

3

molecule in the SWCNTs.
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We study the alignment of single-wall carbon nanotubes (SWCNTs) in bubble imprints through polarized Raman microscopy. A
hemispherical bubble containing SWCNTs is pressed against a glass substrate, resulting in an imprint of the bubble membrane with
a coffee ring on the substrate. We find that macroscopic ensembles of aligned SWCNTs are obtained in the imprints, in which there
are three patterns of orientations: (i) azimuthal alignment on the coffee ring, (ii) radial alignment at the edge of the membrane,
and (iii) random orientation at the center of the membrane. We also find that the alignment of SWCNTs in the imprints can be
manipulated by spinning bubbles. The orientation of SWCNTs on the coffee ring is directed radially, which is orthogonal to the
case of unspun bubbles.This approach enables one to align SWCNTs in large quantities and in a short time, potentially opening up
a wide range of CNT-based electronic and optical applications.

1. Introduction

Single-wall carbon nanotubes (SWCNTs) consist of one-
dimensional (1D) graphitic crystalline nanostructures of
a rolled-up single layer of graphene formed into hollow
cylinder shapes, of which the typical diameter and length are
∼1 nm and ∼1000 nm, respectively. SWCNTs have generated
great interest due to their extremely high aspect ratios as
well as their remarkablemechanical [1], electrical [2], thermal
[3], and optical [4] properties. The unique 1D nanostructure
leads to the anisotropic properties of SWCNTs, and thus
macroscopically aligned SWCNT ensembles can harness
these anisotropic properties. The aligned SWCNTs have
indeed opened up a wide range of applications such as
photodetectors [5, 6], polarizers [7, 8], actuators [9], and
nanocomposites [10, 11].

The macroscopic alignment of SWCNTs has been
achieved through in situ growth [12, 13], mechanical

stretching [7, 14], and electric [15] or magnetic [16] field
induced alignment methods. Some progress has also been
made recently with the macroscopic alignment of SWCNTs
by using bubbles [17, 18]. This method enables one to deposit
aligned SWCNTs on large areas and to transfer SWCNTs to
different substrates such as glass substrate or flexible plastic
sheets.

Here, we also make use of bubbles and investigate
the alignment of SWCNTs in bubble imprints. Polarized
Raman microscopy was employed to analyze the alignment
of SWCNTs.There are several advantages of polarized Raman
microscopy over molecular orientation analysis. One of the
advantages is that the distribution of SWCNTs, exclud-
ing other molecules such as surfactant molecules, can be
analyzed in this method. Further, Raman analysis enables
one to analyze a relatively large area in a short time,
compared to other molecular orientation analysis methods
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Figure 1: (a) A photograph of SWCNT-dispersed suspension. (b) An absorption spectrum of the SWCNT-dispersed suspension.

such as AFM. Polarized Raman microscopy can also attain
a three-dimensional analysis of molecular orientation [19].
In addition, polarized Raman microscopy makes it possible
to analyze molecular orientations inside structures besides
sample surface [20, 21].We thusmake use of polarizedRaman
microscopy for investigating the alignment of SWCNTs
in bubble imprints. Furthermore, we also found that the
alignment of SWCNTs in the imprints can be manipulated
by spinning bubbles during the substrate transfer process.

2. Experimental

2.1. Materials. SWCNTs, synthesized by the high-pressure
carbon monoxide (HiPco) process at Rice University, were
used in this study. The average diameter is 0.97 nm and
the length is about 500–700 nm. 1 wt% of SWCNTs was
loaded into water with 0.3 wt% of surfactant of sodium dode-
cylbenzenesulfonate (Aldrich). SWCNTs were subsequently
dispersed by ultrasonication for 1 hour. Large aggregated
SWCNTs were removed by ultracentrifugation for 10min at
173,600 g.

2.2. The Alignment Study through Polarized Raman Micros-
copy. Polarized Raman microscopy experiments were car-
ried out using a Raman microscope (Raman-11, Nanopho-
ton Corp.) for investigating the orientation direction and
degree of alignment of SWCNTs in the bubble imprint.
The excitation laser beam, with a wavelength of 785 nm,
was linearly polarized after passing through a polarizer and
focused onto bubble imprints through an objective lens (100x,
NA 0.9, Nikon). The polarization direction was rotated with
a half-wave plate placed between the objective lens and the
polarizer. Raman scattering was collected with the same
objective lens, and the polarizationwas rotated to be the same

direction as that of the incident light after passing through
the half-wave plate. The laser power and exposure time were
4.32mW and 5 s, respectively. The polarized Raman intensity
depends on the polarization angle, 𝜃, of the Raman excitation
laser beam, and the angular dependence of the Raman peak
intensity, 𝐼(𝜃), is fitted with the following function [22, 23]:

𝐼 (𝜃) ∝ (
6

7
cos2𝜃 − 2

7
) ⋅ 𝑆
1
+ (cos4𝜃 − 6

7
cos2𝜃 + 3

35
)

⋅ 𝑆
2
+
1

5
,

(1)

where 𝑆
1
and 𝑆
2
are the fitting parameters. 𝑆

1
and 𝑆
2
are the

average values of the Legendre polynomials of degrees 2 and
4 and also express the second- and fourth-order orientation
parameters, respectively. Both 𝑆

1
and 𝑆

2
equal 1 for perfect

alignment and 0 for complete random orientations. Since 𝑆
1

is also known as the nematic order parameter 𝑆, we use 𝑆 (or
𝑆
1
) to represent the strength of the alignment of SWCNTs in

this study.

3. Results

Figure 1(a) shows a photo of the SWCNT-suspension pre-
pared in this study. To see the dispersion quality of SWCNTs
in the solution,we took an absorption spectrum (Figure 1(b)).
There are several sharp absorption peaks attributed to inter-
band excitonic transitions in SWCNTs. The appearance of
these intrinsic absorption peaks indicates that SWCNTs are
well dispersed in the solution.

Bubbles were prepared from the suspension, as illustrated
in Figure 2(a). A hemispherical bubble was created at room
temperature on a glass substrate (Matsunami micro cover
glass, 22 × 40mm) using a plastic pipette (Figure 2(b)). The
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Figure 2: (a) Procedure of bubble printing to a glass substrate. (b) A photograph of a hemispherical bubble containing SWCNTs on a glass
substrate. (c) A photograph of a bubble under compression. (d) A photograph of a bubble imprint. (e) A bright field image of a bubble imprint.

typical diameter was around 15–20mm, and the thickness of
the bubble membrane was around 1𝜇m. The membrane was
composed of three layers: the inner andouter surfaces of these
bubbles weremade up of surfactant, and themiddle layer was
composed of SWCNTs andwater [18].Thebubblewas pressed
against another glass substrate (Matsunami micro cover
glass, 22 × 40mm) until the bubble popped (Figure 2(c)).
The typical lifetime of bubbles was 5–20 s. The bubble was
imprinted on to the flat surface with a coffee ring with a width
of ∼100𝜇m (Figures 2(d) and 2(e)). The obtained membrane
imprint was used for testing.

Figures 3(a) and 3(b) present a typical Raman spectrum
taken from a bubble imprint.The result showsmultiple peaks
in the range of 200 to 270 cm−1 and a pronounced peak at
1585 cm−1, assigned to the RBM and 𝐺-band of SWCNTs,
respectively.This result gives a clear indication that SWCNTs
are contained in bubbles and also transferred to the substrate
through the printing process.

The alignment of SWCNTs in the bubble membrane was
investigated by measuring the polarization-angular depen-
dence of the 𝐺-band intensity, 𝐼

𝐺
(𝜃). 𝜃 is defined as an angle

between the polarization angle of the Raman excitation laser
beam and 𝑥-axis (Figure 4(a)). Figures 4(b)–4(e) show 𝐼

𝐺
(𝜃)

at four different positions signed in Figure 4(a): at “b” the top
edge of the membrane (Figure 4(b)), at “c” the right edge of
the membrane (Figure 4(c)), at “d” the center of the mem-
brane (Figure 4(d)), and at “e” on coffee ring at the right side
(Figure 4(e)). The plots in Figures 4(c) and 4(d) show that
the 𝐺-band intensity becomes largest when the polarization
is parallel to the radial direction, while the intensity becomes
smallest when the polarization is perpendicular. From the
fitting curve, the nematic order parameter 𝑆 is calculated to
be 0.23 and 0.19 at the positions “b” and “c,” respectively.
These results clearly indicate that SWCNTs embedded in the
membrane are oriented toward the center of the imprint. On
the contrary, the plot in Figure 4(d) corresponding to the near
center shows no specific angular dependence, as 𝑆 is obtained
as 0.07. This result indicates that SWCNTs are randomly
oriented at the center. It is worth noting that the alignment
on the coffee ring (Figure 4(e)) differs from that of the inside
(Figure 4(c)).The𝐺-band intensity becomes largest when the
polarization is parallel to the boundary, while the intensity
becomes smallest when the polarization is perpendicular.
The result indicates that SWCNTs on the coffee ring are
oriented along the coffee ring, namely, azimuthally aligned.
𝑆 at the position “e” on the coffee ring is calculated to be 0.52.
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Figure 3: Raman spectrum taken from a bubble imprint in RBM region (a) and𝐷-band and 𝐺-band region (b).
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Figure 4: (a) Schematic of a bubble imprint representing measurement areas with polarized Raman microscopy. 𝜃 is defined as an angle
between the laser polarization and 𝑥-axis. Polarization angular dependence taken from (b) the top edge of the bubble membrane, (c) the
right edge of the bubble membrane, (d) the center of the membrane, and (e) in the coffee ring. 𝑆 is defined as the nematic order parameters.
(f) Illustration showing the orientation of SWCNTs in a bubble imprint.
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Figure 5: (a) Schematic of a spun bubble imprint representing measurement areas with polarized Raman microscopy. 𝜃 is defined as an
angle between the laser polarization and 𝑥-axis. (b) Polarization angular dependence taken from the coffee ring at the right boundary.
(c) Illustration showing the orientation of SWCNTs in a spun bubble imprint.

This means that the SWCNTs on the coffee ring are more
strongly aligned compared to the SWCNTs in the inside
of the coffee ring. On the basis of the obtained results in
Figures 4(b)–4(e), the alignment of SWCNTs in the imprint is
depicted in Figure 4(f).There are three patterns of alignment
of SWCNTs: (i) radial alignment at the inside of the coffee
ring, (ii) azimuthal alignment on the coffee ring, and (iii)
random orientation at the center.

We demonstrated the same experiment with spinning
bubbles. The printing process of a spun bubble is shown in
Figure 5(a). A bubble was created on a glass substrate, and
subsequently the glass substrate was spun at 500 rpm using
a spin coater. The speed of 500 rpm was the highest speed
that we could perform the experiments at due to bubble
instability at higher rotational speeds. The spun bubble
was pressed by another glass substrate that was held until

the bubble popped, just as was done for an unspun bubble.
The alignment of SWCNTs in the spun bubble was inves-
tigated with the same polarized Raman microscopy setup
described above. 𝜃 is defined as an angle between the laser
polarization and 𝑥-axis (Figure 5(b)). Figure 5(c) shows 𝐼

𝐺
(𝜃)

taken from the right side of the coffee ring. In the plot, the
𝐺-band intensity becomes largest when the polarization is
parallel to the boundary (𝜃 ∼0∘), while the intensity becomes
smallest when the polarization is perpendicular (𝜃 ∼ ±90∘).
This means that SWCNTs on the coffee ring were radially
aligned, as illustrated in Figure 5(d). The result differs from
that of the unspun bubble that exhibits azimuthal alignment
on the coffee ring. 𝑆 for the coffee ring was calculated to
be 0.18. This value is smaller compared to unspun bubbles
(𝑆 ∼0.52). On the other hand, in the case of a spun bubble, no
𝐺-band Raman signal was detected at the inside of the coffee
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ring. This result implies that there are no or few SWCNTs at
the inside, probably due to the centrifugal force that makes
SWCNTs go away from the center of the bubble during
spinning.

4. Discussion

Here, we separate alignmentmechanisms for inside the coffee
ring and on the coffee ring. For the alignment inside of
the coffee ring, the alignment is induced by water runoff.
After bubbles are created, water runs down from the top of
the bubbles due to the drainage [18]. This water flow aligns
SWCNTs toward the water-flow direction, resulting in the
radial orientation inside the coffee ring. By contrast, at the
top, SWCNTs do not flow in specific directions, resulting in
the random orientation at the center of the bubble imprints.

For the coffee ring, the alignment occurs during evapo-
ration of a coffee ring shaped droplet. There is a successful
report that shows, in a microsized hemicylindrical droplet,
SWCNTs were aligned along the long axis of the droplet
during evaporation [24]. This alignment was induced by
an internal hydrodynamic flow of a drying hemicylindrical
droplet that carries nanotubes to the interface. The same
alignment mechanism should also work in ring shaped
hemicylindrical droplets in our study, thereby leading to the
azimuthal alignment on the coffee ring.

However, as observed in our experimental results, the
alignment on the coffee ring created from a spun bubble
differed from that of an unspun bubble. We presume that
the alignment does not occur during evaporation of a coffee
ring shaped droplet in the spun bubble case because the
coffee ring shaped droplet was blurry after bubble printing,
compared to the unspun bubble case. We think that the
realignment does not occur during the evaporation because
of quick evaporation resulting from thinly spread out liquid.
Instead, the alignment in the bubble membrane, that is,
radial alignment, is imprinted to the substrate. The different
alignment mechanism from unspun bubbles possibly results
from the centrifugal force during spinning process. As a
bubble is spun, the bubble is slightly expanded and flattened
due to centrifugal force, leading to further thinning of
the bubble membrane. Therefore, the coffee ring shaped
droplet created after bubble imprints was much shorter in
height and spread out when compared to the unspun bubble
case.

The overall results are statistically reproducible, and the
reproducibility of the results in the given condition is ∼70%
for unspun bubbles and ∼40% for spun bubbles. The repro-
ducibility could be improved by optimizing experimental
conditions. We think the following two parameters are the
most important to improve the reproducibility: (1) timing
of the bubble printing after bubble creation and (2) con-
centration of both SWCNTs and surfactants. It is discussed
in a previous report of Tang et al. [18] that if the bubble
film is transferred to a substrate at too early of a stage, that
is, right after bubble creation, one might obtain a random
SWCNT distribution. This is because the alignment relies
on the self-organization of SWCNTs in bubble membrane

and so SWCNTs are not fully aligned at the early stage.
Tang et al. [18] also noted that the concentration of SWCNT
and surfactants is a critical parameter for the alignment in
the bubble printing method, because SWCNTs cannot self-
organize their alignment in bubble membranes under low
concentration of SWCNTs and/or high concentration of sur-
factants. We thus presume that optimizing these parameters
will lead to an improvement of the reproducibility and the
strength of the alignment.

5. Conclusion

We have studied the alignment of SWCNTs in bubble
imprints through polarized Raman microcopy. There are
three patterns of alignment of SWCNTs in the imprints:
radial, azimuthal, and random orientations, which are found
at the near boundary, on the coffee ring, and the center,
respectively. We suggest that the alignment mechanism
involves two factors: water molecule runoff, and evapora-
tion. We have also found that the alignment of SWCNTs
in the imprints can be manipulated by spinning bubbles.
The bubble spun at 500 rpm exhibits radial alignment of
SWCNTs on the coffee ring, which is rotated by 90 degrees,
compared to unspun bubbles. Although the rotational speed
dependence has not been examined, this result implies a
possibility to manipulate the alignment in bubble imprints.
The bubble imprint method provides macroscopic ensembles
of aligned SWCNTs, whose nematic order parameters, 𝑆,
reach 0.5. Although the strength of the alignment of SWCNTs
obtained by the bubble printing method is weaker than
or comparable to other methods such as in situ growth
methods [12, 13] and mechanical stretching methods [7, 14],
our bubble imprints would be enough to exhibit anisotropic
properties including electrical and thermal conductivity [16].
The bubble printing method, thus, leads to a wide range of
applications that include electronic [5, 6] and optical devices
[7, 8].
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Antioxidant activity of hydroxylated fullerenes, so-called fullerenols, against lipid peroxyl radical was evaluated by 𝛽-carotene
bleaching assay. All samples showed moderate to high antioxidant activity (%AOA), especially for C

60
(OH)

12
(70.1) and C

60
(OH)

44

(66.0) as compared with 8, 24, 26, and 36 hydroxylated ones (31.7–62.8). The detection of the possible products was conducted in
the model reaction of both fullerenols and C

60
with methyl linoleate by MALDI-TOF-MS. These results suggested that the two

possible mechanisms, such as C-addition to double bonds and H-abstraction from –OH groups, are involved in the present radical
scavenging reaction.

1. Introduction

Fullerene known as “radical sponge” has been recognized as
a new class of antioxidant due to its high reactivity toward
radical species since its first report in 1991 [1]. Reactive
oxygen species (ROS), such as superoxide, hydroxyl radical,
peroxyl radicals, and nitric oxide, have such radical nature
and cause damage to biomolecules, including DNA, cell,
protein, and lipid, inducing various diseases. For this reason,
the development of biocompatible, nontoxic, and water-
soluble fullerene derivatives has been strongly demanded. In
the past several years, we have evaluated the ROS radical
scavenging ability as “antioxidant activity” of water-soluble 𝛾-
cyclodextrin- (CD-) bicapped C

60
and polyvinylpyrrolidone-

(PVP-) entrapped C
60
as well as the corresponding fullerene

oxides (C
60
On) [2, 3]. However, their solubility in water still

remains low and inevitable steric repulsion from the host
compounds, such as CD and PVP, brings about undesirable
interference for accurate bioassay.

Polyhydroxylated fullerenes, so-called fullerenols, have
attracted much attention in view of biological, pharma-
ceutical, and medical applications, because of their high
hydrophilicity and the low toxicity as well as the unique

spherical structurewith a diameter of ca. 1 nm. In this point of
view, the antioxidant activity of fullerenol has been reported
in 1995 by Chiang et al. for C

60
(OH)
12

[4] and in 2009 by
Miwa et al. for highly hydroxylated fullerenol C

60
(OH)
32
[5]

as well as other bioactivities, such as the inhibitive effect
for oxidative stress in adipocytes [6], protective effect of
human keratinocytes from UV-induced cell injuries [7], and
suppression of intracellular lipid accumulation [8]. In con-
nection with the recent developments of these biological
studies [9–11], new and facile synthetic procedures of highly
hydroxylated water-soluble fullerenols have been reported
[12–14]. However, little is known about their origin of
antioxidant activity and the relationship between the activity
and the number of hydroxyl groups. For the development
of new application of these unique nanomaterials, the sys-
tematic investigation of the antioxidant activity of variously
hydroxylated fullerenols, such as 8, 10, 12, 24, 26, 36, and
44 hydroxylated ones [15], is highly desirable to explore the
antioxidant mechanism of fullerenols toward ROS (Figure 1).

The𝛽-carotene bleaching assay for evaluating antioxidant
activity is one of the common methods used in the field of
food chemistry [16]. The principle of the method is based on
the discoloration of yellowish color of a 𝛽-carotene solution
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Figure 1: A possible isomer of fullerenols composed of a mixture of isomers and expressed by the average structures as (a) C
60
(OH)

8
and (b)

C
60
(OH)

36
.

due to the breaking of 𝜋-conjugation by addition reaction of
lipid or lipid peroxyl radical (L∙ or LOO∙) to a C=C double
bond of 𝛽-carotene.The radical species is generated from the
autoxidation of linoleic acid by heating under air atmosphere.
When the appropriate antioxidant is added to the solution,
the discoloration can be retarded by competing reaction
between 𝛽-carotene and antioxidant with the subjected rad-
icals. The structural similarity between fullerenes and 𝛽-
carotene, such as highly 𝜋-conjugated molecules, enables the
accurate evaluation of antioxidant activity by this 𝛽-carotene
bleaching assay in contrast to other methods like DPPH
radical assay [17].

Herein, we report the systematic investigation of antiox-
idant activity of variously hydroxylated fullerenols with 8,
10, 12, 24, 26, 36, and 44 hydroxyl groups evaluated by 𝛽-
carotene bleaching assay. In combination with detecting the
possible products of both fullerenols and C

60
with radical

species generated from methyl linoleate under autoxidation
condition, we propose two antioxidant mechanisms which
are dependent on the number of hydroxyl groups.

2. Materials and Methods

2.1. Materials and Apparatuses. Fullerenols C
60
(OH)n (𝑛 =

44 and 36) were synthesized by the previously reported pro-
cedures using hydrogen peroxide [12, 13] and C

60
(OH)
26
was

synthesized by the modified method with a shorter reaction
time (methods A and A). Fullerenol C

60
(OH)
∼24

prepared
from C

60
Br
24

was purchased from MTR Ltd. (method B).
Fullerenols C

60
(OH)n (𝑛 = 12 and 8) were synthesized by the

modification of the literature method using oleum (method
C) [19]. Fullerene C

60
was purchased from Frontier Carbon

Corporation as nanom purple ST (99%).
𝛽-Carotene, linoleic acid (>99%), catechin mixture,

isoflavone mixture, coenzyme Q10 (as ubiquinone-10),

curcumin, and 𝛼-lipoic acid were purchased from Wako
Pure Chemical Industries, Ltd. Other reagents and organic
solvents as well as pure water were all commercially available
and used as received. UV-visible spectra were measured on
a JASCO V-550 equipped with a thermal controller. LCMS
analysis was performed on a SHIMADZU LCMS-2010EV.
Matrix assisted laser desorption ionization time-of-flight
mass spectra (MALDI-TOF-MS) were measured on a Bruker
autoflex III.

2.2. 𝛽-Carotene Bleaching Assay. The 𝛽-carotene bleach-
ing assay was performed according to an optimally mod-
ified procedure [2, 3]. Chloroform solutions of 11 𝜇L of
𝛽-carotene (1.0mg/mL, 8.2 𝜇M), 4.4 𝜇L of linoleic acid
(0.1 g/mL, 628𝜇M), and 22 𝜇L of Tween 40 (0.2 g/mL) were
mixed in a quartz cell equipped with a screw-on cap and then
the solvent was removed in vacuo.The residual emulsion was
immediately diluted with 2.4mL of phosphate buffer solution
(0.02M, pH = 7.01), and 0.1mL of antioxidant (0–20𝜇M)
in deionized water (C

60
(OH)
∼24

, 36, and 44) or DMSO
(C
60
(OH)
8
, 12, and 26) was added to the diluted mixture.The

solution was mixed well and heated at 50∘C under air in a
quartz cell on a UV spectrometer in order to monitor the
decrease in the absorbance of 𝛽-carotene at 460 nm.

3. Results and Discussion

The discoloration rate in the presence of fullerene (𝑅
𝑓
) is

defined as (1), where 𝑘obs is an observed pseudo-first-order
rate constant, and 𝑘

𝑐
and 𝑘
𝑓
are rate constants for the reaction

of 𝛽-carotene and fullerene with radical species (represented
by LOO∙), respectively. Because the concentration of radical
species must be considerably low and if it is approximated as
a constant, the rate obeys a pseudo-first-order rate law with
a constant of 𝑘obs. When fullerene is absent as a control (i.e.,
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Figure 2: (a) Time course of the discoloration of𝛽-carotene induced
by autoxidation of linoleic acid under air at 50∘C in the absence
(solid line for control) or the presence of fullerenols (dotted line for
C
60
(OH)

12
and dashed line for C

60
(OH)

8
in 10𝜇M) by monitoring

of UV absorbance at 460 nm. (b) Plots of the ratio of 𝛽-carotene
bleaching (discoloration) rates in the presence (𝑅

𝑓
) or absence (𝑅

0
)

of fullerenol 𝑅
𝑓
/𝑅
0
versus the ratio of concentration [fullerenol]/[𝛽-

carotene] for various fullerenols: marked by square for C
60
(OH)

12
,

triangle for C
60
(OH)

8
, and circle for C

60
(OH)

26
. The slope of each

linear regression line corresponds to the relative radical scavenging
rate constant 𝑘rel of fullerenols relative to 𝛽-carotene (=𝑘

𝑓
/𝑘
𝑐
).

The dotted horizontal line indicates the value in the absence of
antioxidant as a control (𝑅

𝑓
= 𝑅
0
at any concentration; 𝑘rel = 0).

[fullerene] = 0), the discoloration rate of𝛽-carotene is defined
as 𝑅
0
. Consider

𝑅
𝑓
=
−𝑑 [𝛽-carotene]
𝑑𝑡

= 𝑘obs [𝛽-carotene]

= 𝑘
𝑐
[𝛽-carotene]

× (
𝑘
𝑐
[𝛽-carotene]

𝑘
𝑐
[𝛽-carotene] + 𝑘

𝑓 [fullerene]
) [LOO∙] .

(1)

Table 1: The relative rate constant (𝑘rel) and antioxidant activity
(%AOA) of fullerenolsa.

Compound Methodb 𝑘rel %AOA at 10𝜇M
C60(OH)44 A 1.54 66.0
C60(OH)36 A 0.80 52.7
C60(OH)24 B 0.68 46.0
C60(OH)26 A 0.31 31.7
C60(OH)12 C 1.62 70.1
C60(OH)8 C 1.24 62.8
C
60

c [3] 0.79 50.0
aThe reaction was conducted in anoxic conditions.
bPreparation method described in Section 2.
cPVP was used as a water solubilizer.

The 𝛽-carotene bleaching assay was carried out by previ-
ously reported method [2]. The decrease in absorbance of 𝛽-
carotene is plotted as ln[(Abs

0
)/(Abs

𝑡
)] versus reaction time

that gave a linear regression line after a short presteady state
(Figure 2(a)), consistent with the above approximation of the
reaction as a pseudo-first-order kinetics (1).

By the plot of discoloration rate ratio 𝑅
𝑓
/𝑅
0
to the

various molar ratio of [fullerene]/[𝛽-carotene] as shown in
Figure 2(b), the ratio of rate constants 𝑘

𝑓
/𝑘
𝑐
, whichmeans the

relative reactivity of fullerene to 𝛽-carotene (defined as 𝑘rel),
can be obtained as the slope of a linear line with the intercept
of 1 as expressed by

𝑅
𝑓

𝑅
0

=
𝑘obs of fullerene
𝑘obs of control

=
𝑘
𝑐
[𝛽-carotene] + 𝑘

𝑓 [fullerene]
𝑘
𝑐
[𝛽-carotene]

= 1 +
𝑘
𝑓

𝑘
𝑐

[fullerene]
[𝛽-carotene]

, (
𝑘
𝑓

𝑘
𝑐

= 𝑘rel) .

(2)

The 𝑅
𝑓
/𝑅
0

plots for C
60
(OH)
8
, C
60
(OH)
12
, and

C
60
(OH)
26

exhibited that the highest 𝑘rel value of 1.62
(i.e., 1.62 times reactive toward the present radical species
relative to 𝛽-carotene) was observed for C

60
(OH)
12
. The 𝑘rel

values as well as %AOA at 10 𝜇M of various fullerenols were
summarized in Table 1. The antioxidant activity expressed
using %AOA was defined by (3). The fullerenols having
higher 𝑘rel values showed higher values of %AOA. The
%AOA is convenient to express the antioxidant activity
using the value in the range from 0 (low) to 100 (high).
However, it should be noted that the value of %AOA
is concentration-dependent and the value of 𝑘rel is not.
Consider

%AOA =
(𝑘obs of control) − (𝑘obs of sample)

𝑘obs of control
× 100. (3)

Fullerenols C
60
(OH)n having ca. 10 (𝑛 = 8 and 12) or

ca. 40 (36 and 44) hydroxyl groups showed somewhat high
antioxidant activity as compared with those having ca. 25
(24 and 26). Lowly hydroxylated fullerene (ca. 10) showed
high antioxidant activity probably because of the remaining
relatively high 𝜋-conjugation in C=C double bonds, such as
high HOMO and low LUMO, which is favourable for the
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Table 2: The relative rate constant (𝑘rel) and antioxidant activity
(%AOA) of naturally occurring antioxidantsa,b.

Compound 𝑘rel %AOA at 10𝜇M
Catechin 4.95 80.2
C60(OH)44 1.54 66.0
𝛽-Carotene 1.00 —
Isoflavone 0.68 35.6
Coenzyme Q10 0.50 29.1
Curcumin 0.26 17.7
𝛼-Lipoic acid 0.10 7.4
aThe reaction was conducted in anoxic conditions.
bData from [18].
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Figure 3: Structure of methyl linoleate (ML) and its peroxyl radical
(MLOO∙).

efficientmolecular orbital interactionwith the radical SOMO.
Therefore, the activity decreased with the increasing number
of hydroxyl groups, thus decreasing 𝜋-conjugation, up to ca.
25. However, surprisingly, the activity again increased with
the increasing number of hydroxyl groups up to ca. 40 as
highly hydroxylated ones. The present result suggests that
the antioxidant mechanism of highly hydroxylated fullerenes
may be different from those of lowly hydroxylated ones (vide
infra).

For the comparison, the antioxidant activities of repre-
sentative naturally occurring antioxidants measured by the
same procedure were summarized in Table 2 [18]. Catechin
showed the extremely high 𝑘rel and %AOA values among
those tested. Fullerenol C

60
(OH)
44

also exhibited relatively
high radical scavenging activity, slightly higher even than
𝛽-carotene, while curcumin and 𝛼-lipoic acid showed poor
values in the present 𝛽-carotene bleaching assay.

General antioxidants are mainly categorized into three
types according to their antioxidant mechanism, such as (i)
electron donating type (reductant like ascorbic acid), (ii)
hydrogen donating type (antioxidant having reactive hydro-
gen atom like phenolic –OH group of catechin), and (iii)
radical trapping type (antioxidant having highly conjugated
C=C double bonds like 𝛽-carotene) [20]. To investigate the
antioxidant mechanism of fullerene, the reaction of C

60

with methyl linoleate (ML) under autoxidation condition
[21], heating with 300 equivalent excess of ML in toluene
at 70∘C for 3 days, was conducted as a model reaction.
Because of the technical problems on solubility and mass
detectability, the employment of linoleic acid failed. Both
by MALDI-TOF-MS and by LC-MS with APCI negative
mode analyses of the crude reaction mixture, the peroxyl
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Figure 4: Mass spectra of the crude product on the reaction of C
60

with an excess amount of methyl linoleate by heating under air.

radical of methyl linoleate (MLOO∙) was revealed to give
fullerene multioxides (C

60
On) and their radical addition

products [C
60
(O)n(OOML)m] along with their fragment

peaks (Figures 3 and 4).This could be a part of evidence for a
radical trap mechanism of fullerene C

60
. On the other hand,

no peaks derived fromMLOO∙ were obtained in the reaction
of C
60
(OH)
8
with ML by mass and NMR spectroscopy.

Although it failed to detect the product in this case, the
disappearance of mass peaks corresponding to the starting
C
60
(OH)
8
, which were observed before the reaction, implied

that the fullerenol reacted with ML.



Journal of Nanomaterials 5

vC–H

vO–H

vC=O

vC=C 𝛿COH vC–O

ML

Product

C60(OH)8

Wavenumber (cm−1)

3500 2500 1500 500
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Figure 6: Possible mechanisms for lipid peroxyl radical (LOO∙) scavenging by fullerenols C
60
(OH)n: (a) addition to C=C double bonds for

less hydroxylated fullerenes and (b) H-abstraction from –OH group for highly hydroxylated ones.

Instead of the failed mass analysis, the reaction product
of fullerenol C

60
(OH)
8
with ML was analysed by IR spec-

troscopy (Figure 5). Even after reprecipitation of the product
from diethyl ether/hexane = 9/1 followed by Florisil column
chromatography with an eluent of THF, the small peak at ca.
1700 cm−1 assigned for ]C=O was observed along with the
peaks at ca. 2900 cm−1 assigned for ]C–H.These signals may
appear by the addition of MLOO∙ which has an ester moiety

or by the hydrogen abstraction from hydroxyl group with the
subsequent carbonyl group formation (vide infra).

By considering the above results, we proposed two pos-
sible radical scavenging mechanisms of fullerenols as shown
in Figure 6. One is “C-addition” type, which includes the
peroxyl radical addition to a conjugated C=C double bond
(mechanism A), and the other is “H-abstraction” type, which
includes hydrogen atom abstraction from–OHgroup and the
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subsequent skeletal rearrangement of fullerenyl cage forming
ether bridge (mechanism B). Lowly hydroxylated fullerenols
C
60
(OH)n (𝑛 = ca. 10) which have enough 𝜋-conjugated

double bonds probably favour the “C-addition” mechanism
similar to the pristine C

60
. By contrast, highly hydroxylated

fullerenols C
60
(OH)n (𝑛 = ca. 40) seem to be relatively diffi-

cult to undergo the C-addition of MLOO∙ because they have
less and unreactive double bonds in addition to the larger
steric hindrance from the crowded hydroxyl groups. The
latter mechanism is the same as catechin (polyphenol) type
and it is supported by the fact that some fullerenols have
acidic (similar to phenolic) hydroxyl groups. Because highly
hydroxylated fullerenols have larger strain on fullerenyl cage
due to the conversion ofmany sp2 carbons into sp3 carbons by
hydroxylation, H-abstraction may be followed by the subse-
quent skeletal rearrangement on C

60
cage to release the strain

energy, forming some ether bridge. Fullerenols C
60
(OH)n

(𝑛 = ca. 24) result in poor antioxidant activity probably
due to the lack of both effects.

Finally, we also measured the antioxidant activity of
several alcohols and phenols. Under the same condition of
𝛽-carotene bleaching assay, ethanol, t-butyl alcohol, benzyl
alcohol, allyl alcohol, phenol, and p-bromophenol did not
show antioxidant activity in spite of the existence of hydroxyl
groups and unsaturated structures.The result clearly suggests
the importance of high conjugation and distorted structure
of fullerenols for the antioxidant activity in 𝛽-carotene
bleaching assay.

4. Conclusions

In conclusion, we systematically evaluated the antioxidant
activity of variously hydroxylated fullerenols by 𝛽-carotene
bleaching assay. The antioxidant activity %AOA was varied
from 32% to 70% by changing the number of hydroxyl
groups and both lowly hydroxylated C

60
(OH)
12
(70.1%) and

highly hydroxylated C
60
(OH)
44

(66.0%) showed relatively
high antioxidant activity. The obtained relative radical scav-
enging rate of fullerene 𝑘rel toward radical species derived
from linoleic acid under autoxidation condition indicated
that these fullerenols reacted 1.62 and 1.54 times faster than
𝛽-carotene, respectively. By the product analysis using the
model reaction of C

60
and methyl linoleate under autoxi-

dation condition, we detected several mass peaks of radical
scavenged fullerene derivatives aswell as the IR spectra.These
results suggest that the high 𝜋-conjugation and the strained
structure of fullerenol are responsible for the high radical
scavenging reactivity and thus we proposed two possible
antioxidant mechanisms, such as C-addition type and H-
abstraction type, which are dependent on the number of
hydroxyl groups.
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The sensing of volatile organic compounds by multiwall carbon nanotube networks of randomly entangled pristine nanotubes
or the nanotubes functionalized by n-butylamine, which were deposited on polyurethane supporting electrospinned nonwoven
membrane, has been investigated. The results show that the sensing of volatile organic compounds by functionalized nanotubes
considerably increases with respect to pristine nanotubes. The increase is highly dependent on used vapor polarity. For the case of
highly polar methanol, the functionalized MWCNT network exhibits even more than eightfold higher sensitivity in comparison to
the network prepared from pristine nanotubes.

1. Introduction

Carbon nanotube (CNT) networks many times referred to as
buckypapers are able to detect various gases or even different
organic vapors [1–3]. The mechanism of detection involves
adsorption of analyte molecules on CNT surface by van der
Waals forces. The strength of forces and the interaction area
between CNTs and gas molecules raise the adsorption and
increase the amount of adsorbed molecules. All this leads
to the change of electron density on CNTs, the increase
of contact resistance between touching nanotubes, and,
consequently, the electrical resistance change of whole CNT
networks [3].

The vapor sensing properties of CNT networks can be
improved by a nanotube surface alteration to affect affinity of
vapor molecules. Mostly, oxidation [1, 4], plasma treatment
[5, 6], or chemical functionalization [3, 7, 8] is used. The
modified CNT networks with different selectivity to particu-
lar vapors or group of vapors may be assembled into multiple

sensory heads sometimes called electronic nose. Comparison
of the sensory head data with a library of responses may
specify a monitored vapor.

The aim of this study is to examine sensing properties
of n-butylamine functionalized multiwall carbon nanotube
(MWCNT) networks attached to a supporting polyurethane
nonwoven filter to solvent vapors of different polarities
defined by total Hildebrand solubility parameter.

2. Experimental

2.1.Materials and Procedures. ThepurifiedMWCNTs of acet-
ylene type were supplied by Sun Nanotech Co. Ltd., China
(diameter 10–30 nm, length 1–10𝜇m, purity >90%, and vol-
ume resistance 0.12Ωcm according to supplier). The com-
plete information about the used pristine MWCNT can
be found in our previous work [9], where the results of
TEM analysis are presented. The diameter of individual
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nanotubes was determined within the range 10 and 60 nm
(100 measurements), the average diameter and standard
deviation 15 ± 6 nm, and the length from tenths of micron
up to 3 𝜇m. The nanotube wall consists of about 15 to 35
rolled layers of graphene. n-Butylamine (BuNH

2
), thionyl

chloride (SOCl
2
), and dimethylformamide (DMF) were sup-

plied by Sigma Aldrich and triethylamine by Merck. The
functionalization which yields oxidized groups covalently
attached onto nanotube surface was performed in mixture of
H
2
SO
4
+ HNO

3
under reflux for 0.5 hours. These groups are

binding elements for the amine functional groups. BuNH
2

functionalized nanotubes were prepared in a 250mL round-
bottomedflask filledwith 0.3 g ofMWNTs treated byHNO

3
+

H
2
SO
4
and 30mL of SOCl

2
. The mixture was stirred at 80∘C

for 24 h and then decanted and the rest of unreacted SOCl
2

was removed under vacuum. Afterwards, 10 g of BuNH
2
in

15mL of DMF was added to the mixture and dispersed by
sonication in a water bath at 35∘C for 30min. Finally, the
reaction proceeded at 65–75∘C for 24 h in the presence of
triethylamine as a catalyst. The nanotubes were then rinsed
by acetone and ethanol to remove any remains of modifiers
before network preparation.The amine treatedMWCNTs are
further on denoted as MWCNT (BuNH

2
) and the pristine

ones as MWCNT (pure).
The nanotubes were used for the preparation of aqueous

paste: 1.6 g of MWCNTs and ∼50mL of deionized water
were mixed with the help of a mortar and pestle. The paste
was then diluted in deionized water with sodium dodecyl
sulfate (SDS) and 1-pentanol. Consequently, NaOH aqueous
solution was added to adjust pH to the value of 10. The
final nanotube concentration in the suspension was 0.3 wt. %,
and the concentration of SDS and 1-pentanol was 0.1M and
0.14M, respectively. The dispersion was homogenized using
UZ Sonopuls HD 2070 kit for 30min at 50% power of the
apparatus and in 50% pulse mode under the temperature of
about 50∘C [1]. The homogenized dispersion of nanotubes
was vacuum filtered through the nonwoven polyurethane
(PU) membrane. The disk-shaped filtration cake was washed
several times by deionized water and methanol in situ. The
cake forms an entangled nanotube network which is partially
infiltrated into the membrane pores. This interlocked struc-
ture of MWCNT network and PU membrane is used as a
sensor in sensing experiments.

Polyurethane nonwoven porous membrane for MWCNT
dispersion filtration was prepared by electrospinning. PU
solution in dimethylformamide (DMF) based on 4,4-
methylene-bis(phenyl isocyanate) (MDI), poly(3methyl-1,5-
pentanediol)-alt-(adipic, isophthalic acid) (PAIM), and 1,4-
butanediol (BD) was synthesized in molar ratio 9 : 1 : 8 (PU
918) at 90∘C for 6 hours. Per partes method of synthesis
was used starting with preparation of prepolymer fromMDI
and PAIM and followed by addition of BD and remaining
quantity of MDI. The prepared solution was diluted with
DMF to reduce the viscosity to 1.3 Pas (PU concentration
of 13 wt. %) and to increase the conductivity to 150 𝜇S/cm.
Nanofibre layers were prepared from PU solution by the
commercially available equipment SpinLine 120 (SPUR a.s.,
Zlin, Czech Republic, http://www.spur-nanotechnologies.cz)
using nanofibre forming jets. The experimental conditions

were as follows: relative humidity of 34%, temperature of
23∘C, electric voltage applied to PU solution of 95 kV, distance
between electrodes of 270mm, and speed of supporting
textile collecting nanofibres of 0.2m/min. Nanofibre layer
with area mass of about 2.5 g/m2 and average pore size distri-
bution of about 500 nm was collected on the polypropylene
nonwoven textile.

2.2. Characterization of Nanotube Networks. MWCNTs
(pure) were analyzed via transmission electron microscopy
(TEM) using microscope JEOL JEM 2010 at the accelerating
voltage of 160 kV.The samplewas deposited on 300mesh cop-
per gridwith a carbon film (SPI, USA) fromMWCNTdisper-
sion in acetone prepared by ultrasonication and dried.

The structure of PU filtering membrane and MWCNT
networks were observed with the help of scanning electron
microscope (SEM) Vega LMU, produced by Tescan Ltd. The
samples were deposited on carbon targets and covered with
a thin Au/Pd layer. For the observations, the regime of sec-
ondary electrons was chosen.

The networks were also analyzed by X-ray photoelectron
spectroscopy (XPS) on TFA XPS Physical Electronics instru-
ment at the base pressure in the chamber of about 6 × 10−8 Pa.
The samples were excited with X-rays over a 400 𝜇m spot
area with a monochromatic Al 𝐾

𝛼1,2
radiation at 1486.6 eV.

Photoelectrons were detected with a hemispherical analyzer
positioned at an angle of 45∘ with respect to the normal
to the sample surface. Survey-scan spectra were made at
the pass energy of 187.85 eV, and the energy step was 0.4 eV.
Individual high-resolution spectra forC1swere taken at a pass
energy of 23.5 eV and 0.1 eV energy step.The concentration of
elements was determined from survey spectra by MultiPak
v7.3.1 software from Physical Electronics.

Fourier transform infrared (FTIR) analyses of MWCNT
samples in powder form prepared by KBr were performed
using Thermo Scientific Nicolet IS5 spectrometer with ID1
transmission accessory.

2.3. Electrical Resistance Measurement. The electrical resis-
tance of sensors (length 15mm, width 5mm, and thickness
ca 0.3mm) cut out from the prepared MWCNT network/PU
membrane discs was measured along the sensor length by
the two-point technique using multimeter Sefram 7338. The
sensor was placed on a planar holder with Cu electrodes fixed
on both of its sides. The holder with the sensor was placed
into the gas chamber set on temperature 40∘C; see schematic
illustration in Figure 1. The air as a gas carrier is pumped
(flow rate 1.6mL/s) through the silica gel into evaporation
chamber, with temperature set to 100∘C.The analyte (150 𝜇L)
was injected into evaporation chamber where it evaporated
and its effect on the sensor resistance in gas sensing chamber
was measured. The measurement was performed in three
repeated 6-minute injection cycles. Experimental VOC used
for testing performance of the sensor covered broad range of
polarities from nonpolar solvents like hydrocarbons to polar
alcohols.
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Figure 1: Schematic illustration of experimental setup for gas
resistive sensors based on CNT/PUR segregated composite to
concentration pulse of VOC vapors.

CNT CNT-COOH
SOCl2

CNT-COCl

H2SO4 + HNO3

NH2-CH2-CH2-CH2-CH3 CNT-CONH-(CH2)3-CH3

Figure 2: Possible reaction route for MWCNT functionalization by
BuNH

2
.

3. Results

Oxidation of MWCNTs by HNO
3
+ H
2
SO
4
leads to forma-

tion of carboxyl, quinone, and hydroxyl groups on the surface
of nanotubes with the following result: the concentration of
carboxyl group is higher than other groups [10]. The possible
mechanism of MWCNT oxidation by HNO

3
+ H
2
SO
4
and

subsequent functionalization by BuNH
2
is illustrated in

Figure 2. The first step of oxidation by HNO
3
+ H
2
SO
4

mixture increases the content of carboxylic groups covalently
bonded to nanotube surface. Then the carboxylic groups
are converted to acyl chloride groups using SOCl

2
. Finally,

butyl amine molecules are bonded to MWCNTs to produce
amide groups (–CONH). FTIR and XPS measurements were
used to observe the changes in the structure of pristine
MWCNTs after the amidation. FTIR spectra of BuNH

2
, pure

MWCNT, and MWCNT (BuNH
2
) are given in Figure 3. The

peaks of BuNH
2
at 1602 and 1463 cm−1 can be attributed

to –NH
2
and –CH

2
/CH
3
groups. In the FTIR spectrum of

pure MWCNTs, the peaks at 1731, 1580, and 1460 cm−1 can
belong to ester group, C=C stretching mode, and –CH

2
/CH
3

groups, respectively [11].The peak assigned to quinone group
at 1646 cm−1 [12] in FTIR spectrum of pure MWCNTs shifts
to 1642 cm−1 after the amidation. The disappearance of the
peak at 1731 cm−1 and the appearance of the peak at 1710 cm−1
show the hydrolysis of the ester groups to carboxylic acid
in the acid mixture and the presence of unreacted carboxyl
groups in the structure of MWCNT (BuNH

2
), respectively.

The peaks about 1460 cm−1 show –CH
2
/CH
3
groups on both

MWCNTs.
Surface composition (at %) of pristineMWCNTs changes

after treatment from 85.8% (C) and 14.2% (O) to 87.5%

(C), 8.9% (O), and 3.5% (N) for MWCNT (BuNH
2
).

Figure 4(a) shows the typical peaks of XPS survey spectra
for C1s positioned at 284.78 eV, O1s at 527.7 eV, and N1s at
399.2 eV. The N1s peak at 399.2 eV originating on MWCNT
(BuNH

2
) confirms the presence of amide functional groups

on the MWCNT (BuNH
2
) samples [12]. Figure 4(b) shows

a broaden peak at 284.79 eV with 60.2% of the total C–
C bond (1s, sp2) area on the surface of pristine MWC-
NTs. Other peaks at 285.78 eV (18.8%), 287.06 eV (15.5%),
289.41 eV (2.6%), and 290.46 eV (2.8%) can be attributed to
sp3 hybridized C–C bonds present at defective locations and
tubular structure asymmetry [13, 14], C–O,C=O, andO–C=O
groups, and 𝜋-𝜋 electronic transition in pristine MWCNTs,
respectively.The shifting of the peak from 287.06 to 286.99 eV
as seen in Figure 4(c) could be reason for the formation of
amide groups in the structure of MWCNT (BuNH

2
). The

increase in the area % of sp3 hybridized C–C bonds could
arise from the additional alkyl groups of BuNH

2
. The reason

of the fact that the peak ofO–C=O group shifts from 289.41 to
288.41 eV [15] can be the hydrolysis of the ester groups onpure
MWCNTs to the carboxylic groups on MWCNT (BuNH

2
),

which is confirmed by their FTIR spectra. However, the
presence of the peak at 288.41 eV after modification shows
that there are still unreacted carboxyl groups with BuNH

2

on its surface. It is clear that the findings of XPS and FTIR
measurements compromise with each other and confirm
expected modification. It was seen in the previous study [3]
that the peaks of –NH

2
and C=C vibrations were coupled

with each other in the case of the alkyl diamine treated
MWCNTs. In our case, the increase in the intensity of the
peak at 1580 cm−1 could arise from the residue of unreacted
n-butylamine in the structure of the MWCNTs because of
the observation of two different peaks in the deconvoluted
N1s spectra; see Figure 4(d). In another study, the atoms of
nitrogen with a bonding energy of 400.0 eV and 401.0 eV
were assigned to the bonds involving primary amines (–CH

2
–

NH
2
) and amide carbonyl groups (–N–C=O), respectively

[14], which supports the presence of the amine and amide
groups on MWCNT (BuNH

2
). XPS and FTIR data show

us that there are also physically adsorbed n-butyl amine
molecules on MWCNTs as well as chemically reacted ones.

Figure 5 shows results of TEM analyses of pristineMWC-
NTs. The micrograph of the cluster of nanotubes is shown
in Figure 5(a) and detailed view of one individual nanotube
is in Figure 5(b). The partial infiltration of MWCNTs into
the membrane pores links MWCNT entangled layer with PU
membrane.

SEM micrographs of the upper surfaces of prepared two
principal nanotube networks are presented in Figures 6(A)
and 6(B). The micrographs show some differences in the
porosity of the networks. BuNH

2
treated nanotubes seem to

form a network with higher porosity than pristine nanotubes.
At the same time the functionalization of CNT network
by BuNH

2
may cause the increase in the surface area of

MWCNT (BuNH
2
) network [3]. So the believed increase in

porosity and the surface area of MWCNT (BuNH
2
) network

may be behind the improvement of adsorption properties
of this network [16]. Figure 6(C) presents SEM analyses of
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).

Table 1: Sensor responses 𝑆
1
and 𝑆

2
of sensors with pristine and functionalized MWCNT, respectively, to concentration pulses of different

VOC in air from a broad range of polarities defined by Hansen solubility parameters 𝛿
𝑑
, 𝛿
𝑝
, and 𝛿

ℎ
and total Hildebrand solubility parameter,

𝛿
𝑡
.

Solvent 𝛿
𝑑

[MPa1/2]
𝛿
𝑝

[MPa1/2]
𝛿
ℎ

[MPa1/2]
𝛿
𝑡

[MPa1/2]
𝑆
1

[%]
𝑆
2

[%]
(𝑆
2
/𝑆
1
− 1) × 100
[%]

n-Pentane 14.5 0 0 14.5 8.0 10 25.0
n-Heptane 15.3 0 0 15.3 6.5 8.0 23.1
Diisopropyl
ether 13.8 2.8 4.6 14.8 8.4 12.3 46.4

Diethyl ether 15.5 2.9 4.6 16.4 8.5 17.0 100.0
Ethyl acetate 15.8 5.3 7.2 18.2 9.3 22.0 136.6
2-Butanone 16.0 9.0 5.1 19.1 8.2 26.3 220.7
Chloroform 15.3 18.0 6.1 24.4 4.6 20.5 345.7
1-Pentanol 16.0 6.8 17.4 24.6 5.0 28.0 460.0
Methanol 15.1 12.3 22.3 29.6 3.8 35.8 842.1

the used PU filtering membrane prepared by electrospinning
as described above. The membrane has a porous structure.
Thepore size is in the range 50–500 𝜇m; the PUfiber diameter
is about 120 nm. In the course of filtration, the membrane
pores were filled at first by nanotubes and then a filtration
cake forms.

The adsorption of solvent molecules by the network
increases its electrical resistance and thus the network resis-
tance measurement is a simple and convenient method to
register MWCNT response to vapor action. The network
sensor response 𝑆may be defined as

𝑆 = 100
(𝑅 − 𝑅

0
)

𝑅
0

= 100
Δ𝑅

𝑅
0

, (1)

where𝑅
0
denotes the initial sensor resistancewhen, in the gas

sensing chamber, it is exposed only to flow of pure air and

𝑅 denotes the sensor resistance during measurement when
exposed to a mixture of volatile organic compounds (VOC)
with air. To compare the sensitivity of both tested composites,
that is, MWCNT(pure) and MWCNT(BuNH

2
) networks on

PU membrane to VOC vapors, the sensor response ratio was
calculated: (𝑆

2
− 𝑆
1
)/𝑆
1
; see Table 1. 𝑆

1
denotes the sensor

response of MWCNT(pure)/PU composite and 𝑆
2
the sensor

response of MWCNT(BuNH
2
)/PU network.

The sensor response to VOC vapors was tested during
adsorption/desorption cycles induced by VOC injection to
flow of air.The chosen solvents cover a broad range ofHansen
solubility parameters, as shown in Table 1.The parameters are
defined by

𝛿2
𝑡
= 𝛿2
𝑑
+ 𝛿2
𝑝
+ 𝛿2
ℎ
, (2)
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Figure 5: TEMmicrographs of the pristine nanotubes.
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Figure 6: SEM micrographs of the surfaces of (A) pristine MWCNT and (B) MWCNT (BuNH
2
) networks and (C) PU membrane.

where 𝛿
𝑡
is the total Hildebrand solubility parameter and 𝛿

𝑑
,

𝛿
𝑝
, and 𝛿

ℎ
denote dispersion, polar, and hydrogen bonding

component, respectively.
The typical MWCNT network responses to VOC con-

centration pulses are presented in Figure 7. There are sharp
increases in sensitivity value caused by adsorption of VOC
molecules on CNT surface. Adsorbed molecules change con-
tact resistance in CNT junction leading further to increase in
macroscopic CNT layer resistance. Desorption of molecules
leads to reversible decrease in macroscopic resistance. It
seems that adsorption is faster than desorption process.

The interaction forces between MWCNT (BuNH
2
) net-

work and the VOC molecules are induced dipole-induced
dipole, induced dipole-dipole, dipole-dipole, and hydrogen
bonding as well as the interactions of coronene subunits
on pure nanotubes. First and second group interactions
are between alkyl groups (–CH

2
/CH
3
) of VOC molecules

and –C
4
H
9
groups on MWCNT (BuNH

2
) network and

between the pair of alkyl groups (–CH
2
/CH
3
) of VOC mole-

cules and the polar groups (carboxyl and amide) on the net-
work or the pair of polar groups of VOC molecules and the
alkyl groups on the network, respectively. These interactions
can provide the adsorption of n-heptane and n-pentane
on MWCNT (BuNH

2
) network, which are the weakest

interactions between the network and VOCs in this study.
The interactions of carboxyl and amide groups on MWCNT
(BuNH

2
) with polar groups ofVOCmolecules are involved in

third and fourth group interactions based on the functional
groups of VOC. The hydrogen bonding can have more
important role for adsorption of methanol, n-pentanol, and
chloroform on MWCNT (BuNH

2
) network, which is the

strongest interaction among them.The network has top three
sensor responses to them.The reason of high sensor response
of the network to methanol could be that methanol has the
highest value of the sum of 𝛿

ℎ
and 𝛿
𝑑
among the VOCs. First,

second, and third group interactions include the interactions
of other VOCs with the network. Which interactions are
more dominant on the adsorption changes with the solubility
parameter values of VOCs as shown in Table 1. Second and
third group interactions become prominent by the increase in
the sumof 𝛿

ℎ
and 𝛿
𝑑
ofVOCs.This usually causes the increase

of sensor response of MWCNT (BuNH
2
) network as seen in

Figure 8.

4. Conclusions

Multiwalled carbon nanotubes (MWCNT) were used in
their pure and functionalized form by n-butylamine to
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of increased VOC polarity defined by total Hildebrand solubility parameter.

prepare layered composites of entangled networks deposited
on polyurethane supporting nonwoven membrane. The
response of composite sensors to organic solvent vapors in
a broad range of polarities (defined by Hansen solubility
parameters) was measured by the change of electrical resis-
tance as a response to physisorption anddesorption of vapors.
In case of highly polar methanol, the functionalized network

response was more than eightfold higher in comparison to
the network prepared from pristine nanotubes.

The mechanism of the resistance change may be
explained by formation of nonconducting layers between
nanotubes owing to exposure to solvent vapors.The function-
alization considerably increases the resistance of composite
sensor in comparison to the sensor with pristine nanotubes.
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It suggests that there is a relation between the strength of the
van der Waals forces and the sensor response of MWCNT
(BuNH

2
) network. Stronger interactions between the VOCs

and the network can induce the higher sensing response of
the network.The sumof 𝛿

ℎ
and 𝛿
𝑑
of VOCs can have effect on

the sensor responses based on dipole-dipole and hydrogen
bonding interactions between the network and the VOCs.
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The molar absorbance coefficients of metallic, semiconducting, and (6,5) chirality enriched single-wall carbon nanotubes were
evaluated by a spray technique combined with atomic force microscopy. Single-wall carbon nanotubes with isolated and a single
predominant electronic type were obtained by using the density-gradient ultracentrifugation technique. In the visible region, all
coefficients had similar values around 2–5× 109/mLmol−1 cm−1, independent of their diameter distribution and the electronic types
of single-wall carbon nanotubes, and the 𝜀S22/𝜀M11 and 𝜀S11/𝜀M11 were estimated to be 1.0 and 4.0, respectively.The coefficient strongly
depends on the length of single-wall carbon nanotubes, independent of their electronic types and chirality.

1. Introduction

The absorption spectra of single-wall carbon nanotubes
(SWCNTs) are one of the basic methods for determining
the optical properties of SWCNTs and a very powerful tool
for studying their electronic structure, purity, and quantity,
known as purity assessment [1–5]. All current methods
for producing SWCNTs, however, give mixtures of metallic
(M-) and semiconducting (S-) SWCNTs with a variety of
lengths and chiralities. This structural diversity complicates
the quantitative characterization or purity assessment of the
electronic types, amount, andmorphology of SWCNTs in the
materials.

Recent progress in the sonication techniques [6] allows
us to obtain well-dispersed SWCNT solutions, which show
electronic absorption spectra with very sharp peaks related
to individual SWCNT structures. These advanced sonication
techniques have been applied to separation of SWCNTs, and
the scalable technique of the density-gradient ultracentrifu-
gation (DGU) and column chromatography easily provides
bulk quantities of SWCNTs with an individual and a single
predominant electronic type [7–15]. By using these separated

samples, the metal-to-semiconductor ratios [10, 16–18] were
successfully evaluated.

In this study, a spray technique combined with atomic
forcemicroscopy (AFM) [5] was used to determine themolar
absorbance coefficients of individual and single electronic
types of SWCNT solutions which were prepared by DGU
separation of SWCNTs [9, 10, 12].The length-diameter distri-
bution was statistically evaluated with AFM, and each of the
obtained coefficients was fairly compared. Then, the metal-
to-semiconductor ratios in unsorted dispersed solutionswere
evaluated by a weighted sum of the spectra of M- and S-
SWCNTs in the visible region, which corresponds to S

11
, S
22
,

S
33
, M
11
, and M

22
[10]. The molar absorbance coefficient in

UV region was also evaluated, and the length dependence on
the coefficient of SWCNTs was discussed.

2. Experimental

In this study, different types of SWCNTs were used:
HiPco (Carbon Nanotechnologies Inc.; average diameter 𝑑

𝑡
:

∼1.0 nm) [19] and CoMoCAT (Southwest Nanotechnologies;
𝑑
𝑡
: ∼0.8 nm) [20]. 1mg of prepared SWCNTs was dispersed
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Figure 1: Photographs of the ultracentrifuge tubes of (a) CoMoCAT, (b) HiPco, and (c) (6,5) chirality-enriched samples after DGU. Each
layer was collected from gradients at the points labeled by black lines and characterized by using optical absorbance. The dashed gray lines
indicate unsorted materials. (d) A photoluminescence map for the (6,5) chirality-enriched sample in (c). The red stripe of high intensity is
due to Rayleigh scattered excitation light.

in 10mL of H
2
O with 1.6 weight per volume (w/v) sodium

cholate hydrate (SC; Sigma-Aldrich) and 0.4w/v sodium
deoxycholate (DOC; Tokyo Chemical Industry Co., Ltd.) as a
cosurfactant using a 20W probe tip ultrasonicator (Branson,
Sonifier 250) for 20 h [9, 21]. During sonication, the solutions
were immersed in a water bath to prevent heating. To remove
large bundles, the solutions were centrifuged (Hitachi Koki,
Himac CS100 GXL) at 250,000 g (74 krpm) for 1 h by using a
fixed angle S100AT6 rotor (Hitachi Koki). The upper 80% of
the supernatant was used for the separation.

By using the protocol for DGU separation of SWCNTs
reported by Arnold et al. [12], (6,5) chirality-enriched sam-
ples, M- and S-SWCNTs, were prepared. To improve the
separation yield, the surfactant concentration was optimized
to increase the distance betweenM- and S-SWCNTs enriched
layers in the centrifugation tube [9, 10, 22].

Then, iodixanol, sodium cholate, and deoxycholate
sodium salts were removed from obtained samples through

dialysis [23] in 1%w/v aqueous SDS using a visking mem-
brane (MW: ∼12,000, cellulose tube). Absorption spectra of
the dispersions weremeasured, and the samples were sprayed
onto SiO

2
substrates for AFM evaluation [5]. Each sample

was accurately diluted using 1%w/v SDS-H
2
O, and 2mL

solution was prepared. The sprayed samples were observed
by AFM to determine the number of SWCNTs in dispersed
solutions, and their absorbance coefficients were calculated
as previously reported [5]. All AFM measurements were
carried out onDimension 3100,Nanoscope IV (Veeco,Digital
Instruments) in tapping mode with Si cantilevers at room
temperature.

The (6,5) chirality-enriched sample was also character-
ized by the photoluminescence (PL) measurement using a
Shimadzu NIR-PL system (CNT-RF) equipped with a liquid
N
2
-cooled InGaAs detector array. A 10 nm slit width was

used for both excitation and emission. Excitation light was
generated by a xenon arc lampwith an exposure time of 5 sec.
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3. Results and Discussion

The photographs of the centrifuge tubes and optical
absorbance spectra after DGU are shown in Figure 1. By
comparing the diameter distribution of the samples with
the calculated energies between mirror-image spikes in
the density of states, each absorbance was assigned as S

22

and M
11

as denoted in the spectra [24]. The absorption
spectra of M-SWCNTs showed the strong suppression of
optical transitions associated with S-SWCNT species and
vice versa. In the DGU separation of CoMoCAT, a (6,5)
chirality-enriched layer, the purple-colored layer, appeared
between the M- and S- SWCNT layers (Figure 1(a)) [11, 12].

The relative magnitude of the absorbance of M-
CoMoCAT and S-CoMoCAT varied with the concentration
of cosurfactants in the sample layers. At a total amount of
3.5%w/v surfactant, the strong suppression of the absorption
of S-CoMoCAT was observed, while M-HiPco was well
separated at a total amount of 2.0 w/v surfactant. This
indicates that a high concentration of surfactants was needed
to separate SWCNTs with small diameters, CoMoCAT, by
their electronic types. It is suggested that the coordination
and themass per volume of a wrapped and hydrated SWCNT
are important for separation by DGU during the first step of
diameter separation and that the interaction of surfactants
within gradients and coordinated around SWCNTs is more
effective for separations when the gradients are slowly
sedimented towards the bottom of the centrifuge tube. The
SWCNTs with small diameters have less 𝜋 interactions
and fewer differences in mass per volume of a wrapped
and hydrated nanotube rather than SWCNTs with larger
diameter due to the difference in sidewall curvature and
surfactant coordination around SWCNTs. As a consequence,
in order to use the interaction for sorting with the electronic
type of SWCNTs, it is suggested that a high concentration of
surfactant in the gradient is required.

The absorption spectrum from the (6,5) chirality-
enriched sample (Figure 1(c)) showed strong absorption sig-
nals at a wavelength of 570 nm and 987 nm. A spectrum
of unsorted supernatant from the starting material is also
shown in Figure 1(c) for comparison. The absorption peak at
570 nm and 987 nm was assigned as S

22
and S

11
in the (6,5)

tube, respectively. The other partially overlapped absorption
around a wavelength of 960 nm is associated with S

22
in the

(8,3) tubes. The PL mapping of the (6,5) chirality-enriched
layer (Figure 1(d)) also indicated that PL from the (6,5)
chirality was significantly enhanced, and the low intensity of
PL from (8,3) chirality was observed too.

The number of SWCNTs in the separated samples and
their absorbance coefficients were determined as previ-
ously reported [5]. Briefly, monolayer SDS membranes were
formed by spraying dispersed SWCNTs onto SiO

2
substrates,

and the area of the formed membranes was evaluated by
AFM observation (Figure 2(f)). Then, the SDS molecules
alone were washed out with rinsing in water, and SWCNTs
were observed by AFM (Figure 2(g)). Finally, by comparing
the number of SDS molecules and SWCNTs in the formed

membranes, the molarity of SWCNTs in 1%w/v SDS disper-
sion was accurately determined, and the molar absorbance
coefficient was evaluated.

In the case of the (6,5) chirality-enriched sample
(diameter, 𝑑 = 0.76 nm), the average number of SWC-
NTs in a bundle and the mean length was estimated to
be 1.1 nm and 350 nm from the height and length dis-
tribution (Figure 2(c)). The absorbance coefficient of the
(6,5) chirality-enriched SWCNTs was evaluated to be 6.9 ×
10−15/mL SWCNT−1 cm−1 at a wavelength of 570 nm and
1.9 × 10−14/mL SWCNT−1 cm−1 at a wavelength of 987 nm,
respectively. Moreover, a SWCNT with the diameter of
0.76 nm and the length of 350 nm was regarded as an
individual molecule, and the molar absorbance coefficients
of the (6,5) chirality-enriched SWCNT were estimated to
be 4.2 × 109/mLmol−1 cm−1 at a wavelength of 570 nm and
1.1 × 1010/mLmol−1 cm−1 at 987 nm.

We also obtained the molar absorbance coefficients of
each SWCNT dispersed solutions separated by their elec-
tronic types. Figure 3 presents the optical absorption spectra
of each sample normalized by their determined absorbance
coefficients. In the visible region, all coefficients had almost
the same value of 2–5 × 109/mLmol−1 cm−1 independent of
their diameter distributions and electronic types of SWCNT,
and 𝜀S22/𝜀M11 was estimated to be ∼1.0, while 𝜀S11/𝜀M11
was estimated to be ∼4.0. It is indicated that the obtained
absorption coefficients enable us to estimate the relative
concentration of SWCNTs species with their electronic types
or chiralities.

To evaluate the metal-to-semiconductor ratio in the
starting materials, the spectra of the unsorted dispersed
solutions were reproduced by the sum spectra of the M- and
S-SWCNTs [10]. As shown in Figure 4(a), the sum spectrum
of the M-HiPco multiplied by 0.3 and the S-HiPco spectrum
multiplied by 0.7 reproduced the unsorted spectrum. It is
understood that the starting materials of HiPco contained
30% metal and 70% semiconductor. It is well known that
the concentration of M-SWCNTs would be 33% when all
chiralities grow at the same rate. The value is very close to
our evaluation as mentioned above.

In the case of CoMoCAT samples, the sum of the spectra
of the M-, S-, and the (6,5) chirality-enriched SWCNTs was
required to reproduce the unsorted dispersed solution since
a (6,5) chirality-enriched layer existed between the layers of
M- and S-SWCNTs during the sorting of CoMoCAT samples.
The sum spectrum of the M-CoMoCAT multiplied by 0.2,
the S-CoMoCAT multiplied by 0.5, and the (6,5) chirality-
enriched layer multiplied by 0.3 reproduced the spectrum of
the unsorted solution as shown in Figure 4(b).

The molar absorbance coefficient of SWCNTs in the UV
absorption region, known as the collective excitation of the𝜋-
electron system polarized along the nanotube axis, was previ-
ously reported and found to be ca. 1.9 × 107/Lmol−1 cm−1 at
280 nmwith an average length of around 660 nm [5]. Figure 5
presents the optical absorption spectra in the UV region of
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Figure 2:Height and length distributions of (a)M-CoMoCAT, (b) S-CoMoCAT, (c) the (6,5) chirality-enrichedCoMoCAT, (d)M-HiPco, and
(e) S-HiPco in 1%w/v aqueous SDS dispersions evaluated by AFM. AFM images of an S-CoMoCAT sample prepared by the spray technique,
(f) before and (g) after rinsing with distilled water. Scale bar is 1 𝜇m.

the HiPco samples in this study normalized by the deter-
mined absorbance coefficients. The value of the unsorted
HiPco was obtained by the sum spectrum of the M-HiPco
multiplied by 0.3 and the S-HiPco multiplied by 0.7. The
average length was around 180 nm, and themolar absorbance
coefficient was evaluated as 3.6×106/Lmol−1 cm−1 at 280 nm
in this work. The value of the coefficient was about five
times smaller than the one previously reported due to the
shorter length of SWCNTs. It is understood that the molar
absorbance coefficient is proportional to the average length
of SWCNTs in the dispersed solutions and that the coefficient
depends on the number of carbons in a SWCNT. The
obtained molar absorbance coefficient normalized by their

average length in this work, however, was a little smaller than
the previously reported one. It is suggested that damage on
the sidewall of SWCNTs generated by long-time and high
power sonication process broke the crystalline of SWCNTs,
which decreased the absorbance coefficient of short-length
SWCNTs.

4. Conclusion

The molar absorbance coefficients of M- and S-SWCNTs,
which were separated by using the DGU method, have been
successfully evaluated by the spray technique we developed.
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Figure 4: Optical absorption spectra of (a) HiPco and (b) CoMoCAT with the sum spectrum of the M- and S-SWCNTs.

In the visible region, all coefficients had similar values of 2–
5 × 109/mLmol−1 cm−1, independent of their diameter dis-
tribution and the electronic type of SWCNTs, and 𝜀M11/𝜀S22
was estimated to be ∼1.0. The (6,5) enriched samples had
the same value. As a consequence, the absorbance coefficient

of SWCNTs was independent of their electronic types and
chiralities but was proportional to their length. It is suggested
that we can assess the number of SWCNTs in disper-
sions when the length distributions of the dispersions are
evaluated.
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Layered graphene was prepared via the hydroxylation of potassium-graphite intercalation compound (KC
8
) produced from

exfoliated graphite flake powder.When a small amount of water was dropped onto the KC
8
in an oxygen-free atmosphere, the stage

structure of the intercalation compounds was broken, and agglomerated graphene was obtained. Sonication of this agglomerated
graphene in buffered water containing sodium dodecyl sulfate followed by rinsing with hot water yielded gray samples. Using
scanning electron microscopy, X-ray diffraction analysis, and Raman spectroscopy, the gray samples were determined to be
composed of a few layers of graphene with an area of 20–100𝜇m2 and thickness of 1.7 nm. They were thinner than those obtained
when starting with natural graphite.

1. Introduction

Graphene has been developed recently, and large area
graphene is made using chemical vapor deposition (CVD).
One of the potential uses for graphene is in transmissive elec-
trodes. However, it is difficult to construct a circuit directly
on polymer and glass substrates using theCVD.Therefore it is
necessary to transfer graphene prepared on a copper substrate
to polymeric surfaces. This transcription process involves
several different procedures, and many potential problems,
such as the introduction of graphene defects, may occur [1].

Another method for the production of graphene involves
the exfoliation of graphene layer from graphite, which is
referred to as Hummer’s method. In this case, graphite
is oxidized and then graphene layers are exfoliated from
the graphite using different methods, such as ultrasonic
techniques [2, 3]. Using this approach, it is possible to build a
circuit electrode by coating the substrate with a dispersion of
oxidized graphene, followed by drying. However, many sites
are converted from sp2 to sp3 structures during the oxidation
and exfoliation processes. Consequently, a reduction process

is subsequently required to reduce the sp3 structures. Not all
of the sp3 carbons are reduced during this process, however,
and some sp3 structures remain. Graphene containing sp3
carbons has poor conductivity, and therefore, a technique for
exfoliation of graphene without using an oxidation process is
required [4].

The compound KC
8
, a potassium-graphite intercalated

compound with a first-stage structure, has been established
and reported in the literature. KC

8
is produced using the two-

bulbmethod, which is a gas phase method [5, 6]. Because it is
unstable in air, theKC

8
first-stage structure gradually changes

to a second-stage structure (referred to as KC
24
) or a third

stage structure [7].
The synthesis of graphene from natural graphite powder

via KC
8
without conversion to graphite oxide has been

attempted [8]. However, intermediate products comprising
agglomerated graphene layers using this method indicate
X-ray diffraction (XRD) patterns of graphite, and it was
difficult to reduce the peeks of graphite by using ultrasonic
treatment in water buffer. In this study, synthesis of graphene
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from the graphite intercalation compound KC
8
was prepared

from exfoliated graphite as a host carbon material for the
purpose of gettingmany thinner graphene layers. In addition,
stable exfoliation using a surfactant (sodium dodecyl sulfate,
SDS) for prevention of the aggregation and restacking of the
graphene is discussed.

2. Materials and Methods

2.1. Preparation of KC
8
. K-GIC (KC

8
) with a first-stage struc-

ture was prepared using the two-bulb method. Potassium
(Grade KK02GB, 1.5 g, KOJUNDO CHEMICAL LABORA-
TORY CO. LTD.) was added to exfoliated graphite powder
(Grade PF8, 0.1 g, Toyo Tanso Co. Ltd.) in a glass ampoule.
The potassium in the ampoule was repeatedly purified,
and then the ampoule was sealed and placed in a tubular
furnace (Figure 1) at 370∘C, the glass transition temperature
of graphite (𝑇

𝑔
).This glass ampoule was then cooled to 320∘C

the temperature of potassium (𝑇
𝑖
) and maintained for 48 h.

Subsequently the glass ampoule was ejected from the furnace
and cooled naturally to room temperature. The appearance
of the exfoliated graphite powder was visually evaluated, and
then the heat-treated glass ampoule was then placed in a
glove box with a controlled dew point < −30∘C and an argon
gas atmosphere, and a graphite intercalated compound was
obtained. K-GIC is unstable in an air atmosphere because it
reacts with the oxygen and moisture in the air. The prepared
K-GIC (referred to as PF8-KC

8
) was analyzed via powdered

XRD (RINT-ULTIMA III, Rigaku Corporation) in an air-
proof sample cell under an argon atmosphere at 40 kV with a
power of 40mA and a scanning speed of 5∘min−1.

2.2. Hydroxylation of KC
8
. The hydroxylation of KC

8
was

performed via the addition of pure water (0.05 cm3) to PF8-
KC
8
(0.05 g) using a syringe in a glove box filled with argon

gas (oxygen concentration < 5 ppm and dew point < −30∘C).
The obtained hydroxylated PF8-KC

8
(referred to as PF8-

KC
8
-H
2
O) was aggregated, as revealed by the XRD analysis

performed using an air-proof sample cell under an argon
atmosphere.

2.3. Dispersion of PF8-KC
8
-H
2
O in an SDS Water Solution.

To prevent the aggregation and restacking of the exfoliated
graphene layers in water, PF8-KC

8
-H
2
O (0.10 g) was added
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Figure 2: XRD pattern of PF8 (exfoliated graphite).

to an aqueous solution (20 cm3) containing 3.0 wt% SDS,
and the mixture was sonicated (28 kHz, 100W, 10 s) using
an ultrasonic bath (W-113, HONDA ELECTRONICS CO.,
LTD.). A small amount of this sonicated sample (referred to
as PF8-KC

8
-H
2
O-SDS) was then further diluted with water

and placed on amica cleavage plane for analysis using atomic
force microscopy (AFM; VN-8010, KEYENCE Corporation).

2.4. Elimination of SDS and Water from the Exfoliated
Graphene Layer via Filtration. The PF8-KC

8
-H
2
O-SDS dis-

persion was filtered using a nitrocellulose membrane with
a pore diameter of 3 𝜇m and then rinsed with 50∘C water
(400 cm3) to remove the SDS and potassium oxide as KOH.
The nitrocellulose membrane was then dried and cut into
pieces to analyze the rinsed sample (PF8-KC

8
-H
2
O-SDS-

rins) using scanning electron microscopy (SEM; S-4300,
JEOL Ltd.), XRD, and Raman spectroscopy (Almega XR,
Thermo Fischer SCIENTIFIC). An SN100-KC

8
-H
2
O-SDS-

rins sample was prepared in a similar manner for comparing.
SN100 is natural graphite powder obtained from SEC CAR-
BON Ltd.

3. Results and Discussion

3.1. Preparation of KC
8
. The XRD patterns of the PF8

(exfoliated graphite powder) starting material and exfoliated
graphite with intercalated potassium (PF8-KC

8
) prepared

using the two-bulb method are shown in Figures 2 and 3,
respectively. In the diffraction pattern for PF8-KC

8
, the peaks

at 2𝜃 = 16.6∘, 2𝜃 = 21.2∘, 2𝜃 = 33.5∘, and 2𝜃 = 45.6∘
are the KC

8
004, KC

8
101, KC

8
008, and KC

8
116 diffraction

lines, respectively. The gold color of PF8-KC
8
(Figure 4(a))

also confirmed that the prepared KC
8
possessed a K-GIC

first-stage structure.

3.2. Hydroxylation of KC
8
. A small amount of pure water

was dropped onto PF8-KC
8
using a syringe, and the water

was absorbed by PF8-KC
8
within a few seconds, resulting

in a change in the color of the sample from gold to black.
Figure 4(b) shows the appearance of the sample after the
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Figure 3: XRD pattern of PF8-KC
8
.

addition of water, and Figure 5(b) presents the XRD pattern
of PF8-KC

8
-H
2
O in an argon gas atmosphere using an air-

proof sample cell. As observed by comparing Figures 3 and
5(b), the peaks for PF8-KC

8
could no longer be detected

in the hydroxylated sample. This result indicates that the
intercalated potassium reacted with the water to generate
potassiumhydroxide and hydrogen gas in (1), and theH

2
then

degraded the stage structure, leading to the conversion of the
regular layers to an amorphous structure:

2K (sol) + 2H2O (liq) → 2KOH (aq) +H2 (gas) ↑ (1)

In addition, the presence of peaks at 2𝜃 = 27.8∘ (K
2
O

200 diffraction) in the diffraction pattern for PF8-KC
8
-

H
2
O (Figure 5(b)) indicated that crystalline K

2
O was also

generated. This result suggested that small amount of the
oxygen in the glove box reactedwith the potassium inK-GIC,
as shown in

4K +O
2
→ 2K

2
O (2)

Notably, the graphite 002 diffraction line at 2𝜃 = 26.5∘
was not detected in Figure 5(b), but it was observed for the
sample prepared using natural graphite (SN100-KC

8
-H
2
O).

This difference was subtle but important and confirmed that
PF8-KC

8
-H
2
O possessed an amorphous graphite structure

and crystalline K
2
O.

3.3. Dispersion of PF8-KC
8
-H
2
O in an SDS Water Solution

and Determination of Graphene Thickness. PF8-KC
8
-H
2
O

was added to an aqueous 3.0 wt% SDS solution and sonicated
to disperse the graphene and disrupt any agglomerated layers.

A small amount of the PF8-KC
8
-H
2
O-SDS sample was

then diluted with additional water, placed on a mica cleavage
plane, and dried at room temperature for AFM analysis.
In one portion of this sample, the average thickness and
maximum length were determined to be 1.7 nm and 5776 nm,

respectively, as shown in Figure 6.Therefore, it was concluded
that a few graphene layers with an estimated interlayer
distance of 0.335 nm were absorbed by the SDS.

3.4. Elimination of SDS and Water from the Exfoliated
Graphene Layer by Filtration. The PF8-KC

8
-H
2
O-SDS dis-

persion was filtered through a nitrocellulose membrane and
then washed with hot water to remove SDS and potassium
oxide as KOH, as shown in

2K
2
O (sol) +H2O (liq) → 2KOH (aq) (3)

Themembrane containing the graphene (PF8-KC
8
-H
2
O-

SDS-rins) was then dried and cut into pieces for analysis via
SEM, XRD, and Raman spectroscopy.

A representative SEM photograph of PF8-KC
8
-H
2
O-

SDS-rins is shown in Figure 7(a), wherein it can be seen
that the PF8-KC

8
-H
2
O-SDS-rins was reflected the scabrous

geometry of nitrocellulose membrane filter and appeared
to be soft. From the SEM data, samples comprising a few
graphene layers were estimated to be 5–20𝜇m2 in area,
which was in good agreement with the AFM result. Viculis
et al. [9] reported that carbon nanoscrolls were obtained
by adding ethanol to K-GIC, but in the present study,
microsized carbon sheets were obtained by adding water.
In addition, the use of SDS as an anionic surface-active
agent in the water helped prevent the exfoliated graphene
from forming scrolls in solution. SDS has a hydrophobic
molecular chain and hydrophilic groups. It is though that
the hydrophobic molecular chain adsorbed to the surfaces
of the graphene layers, while the hydrophilic groups acted as
water buffers [10]. Electrostatic repulsion of the hydrophilic
groups in the water buffer made the graphene layer to
be taut and this graphene layer settled out on the filter
membrane. So the graphene layer appeared as a sheet, rather
than being scrolled. The SN100-KC

8
-H
2
O-SDS-rins sample

was prepared using the same technique as that for PF8-
KC
8
-H
2
O-SDS-rins sample. However, it appeared to be rigid

and thick on the nitrocellulose membrane filter. Using the
nitrocellulose membrane filter, large amount of sample was
deposited from dispersion buffer, and many pieces of SN100-
KC
8
-H
2
O-SDS-rins sample were not exfoliated (Figure 7(b)).

Next, the PF8-KC
8
-H
2
O-SDS-rins sample was analyzed

by XRD, and the diffraction pattern obtained is shown in
Figure 8(b). Essentially, diffraction peaks for graphite, KC

8
,

SDS (at 2𝜃 = 2.5∘, 5.0∘, 7.5∘, and 15.0∘), K
2
O, and KO

2
were not

detected. It was assumed that K
2
O and KO

2
were removed as

KOH (as water-soluble SDS) during the hot water wash. The
number of exfoliated graphene layers was so low that graphite
diffraction peaks were also not detected. However, diffraction
peaks for graphite were detected when the SDS was not
used (i.e., the PF8-KC

8
-H
2
O-H
2
O-rins sample). From these

differences in theXRDpatterns, it was concluded that the SDS
stabilized the exfoliated graphene and prevented restacking.

Schlögl and Boehm [11] reported that KC
8
remained

after treatment with water. However, an excess of water
(water : KC

8
= 50 cm3 : 0.4 g) was used in that experiment,

resulting in rapid reaction of the potassium and water at the
edges of the graphene layers. The hydrogen gas generated
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Figure 4: The appearance of PF8-KC
8
(a) and PF8-KC

8
-H
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O (b).
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at these edges would have blocked further reaction between
the potassium and water, resulting in retention of the KC

8

structure in the interior of the treated sample.
Finally, the PF8-KC

8
-H
2
O-SDS-rins sample was obse-

rved via Raman spectroscopy, and the spectrum obtained is
shown in Figure 9. The D band at 1345 cm−1 was attributed
to PF8 exfoliated graphite, which has many graphite defects
(see the AFM data in Figure 6). Notably, however, the IG/IG
ratio for the G and G bands at 1581 cm−1 and 2713 cm−1,
respectively, was found to be 1.61, because an IG/IG ratio
greater than 1.3 suggests the presence of a few graphene layers
[12].This result indicates that therewere a few graphene layers
in the PF8-KC

8
-H
2
O-SDS-rins sample. Therefore, it can be

concluded that the intercalated potassium reacted with the
water to generate hydrogen gas, as shown in (1) and that the
H
2
gas then degraded the stage structure and exfoliated a few

graphene layers. In addition, the use of a surface-acting agent

992.02nm

9911.0nm

1
1

1

Figure 6: AFM data of PF8-KC
8
-H
2
O-SDS.

in the water solution stabilized the exfoliated graphene layers
and prevented restacking.

4. Conclusion

Using the exfoliated graphite powder as a starting material,
exfoliated graphene was prepared via the hydroxylation of a
potassium-graphite intercalation compound (KC

8
). When a

small amount of water was dropped onto the PF8-KC
8
sample

in an oxygen-free atmosphere, agglomerated graphene was
obtained. The agglomerated graphene was subsequently dis-
persed via ultrasonic treatment in a water solution containing
SDS as an anionic surface active agent. A few drops of this
dispersion were diluted for AFM analysis, and the remainder
was rinsed with hot water using a microporous filter to
remove the SDS and oxidized potassium for SEM, XRD, and
Raman spectroscopy. The sample for the AFM was found
to be composed of a few layers of graphene which have
an area of 20–100𝜇m2 and thickness of 1.7 nm. The sample
remaining on the filter was analyzed via SEM, XRD, and
Raman spectroscopy, and it was found to be soft and thinner
than the case of using the natural graphite as a starting
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Figure 7: (a) SEM of PF8-KC
8
-H
2
O-SDS-rins on a nitrocellulose filter; (b) SEM of SN100-KC

8
-H
2
O-SDS-rins on a nitrocellulose filter.
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material by the SEM, and the pattern of graphite was not
appeared by the XRD. From discussion of IG/IG ratio for
the G and G bands, the presence of few layers graphene was
suggested.
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In the present study, reverse nonequilibrium molecular dynamics is employed to study thermal resistance across interfaces
comprising dimensionally mismatched junctions of single layer graphene floors with (6,6) single-walled carbon nanotube
(SWCNT) pillars in 3D carbon nanomaterials. Results obtained from unit cell analysis indicate the presence of notable interfacial
thermal resistance in the out-of-plane direction (along the longitudinal axis of the SWCNTs) but negligible resistance in the in-
plane direction along the graphene floor. The interfacial thermal resistance in the out-of-plane direction is understood to be due
to the change in dimensionality as well as phonon spectra mismatch as the phonons propagate from SWCNTs to the graphene
sheet and then back again to the SWCNTs. The thermal conductivity of the unit cells was observed to increase nearly linearly with
an increase in cell size, that is, pillar height as well as interpillar distance, and approaches a plateau as the pillar height and the
interpillar distance approach the critical lengths for ballistic thermal transport in SWCNT and single layer graphene. The results
indicate that the thermal transport characteristics of these SWCNT-graphene hybrid structures can be tuned by controlling the
SWCNT-graphene junction characteristics as well as the unit cell dimensions.

1. Introduction

Based on the exceptional thermal transport characteristics as
well as the electronic mobility of one- and two-dimensional
carbon nanomaterials (e.g., carbon nanotube and graphene),
there have been several attempts by researchers to syn-
thesize three-dimensional (3D) hybrid nanostructures that
synergistically combine two or more low-dimensional car-
bon nanomaterials [1–7]. Amongst the several potential 3D
carbon nanostructured materials, 3D pillared single-walled
carbon nanotube- (SWCNT-) graphene architectures (PGS)
that incorporate SWCNTs as pillars and single layer graphene
as floors have attracted particular attention [1, 4, 6, 8, 9].These
materials have the potential to exploit the extraordinary
thermal conductivity of their base nanomaterials to enable
tunable thermal transport in both out-of-plane and in-plane
directions. Varshney et al. [1], using molecular dynamics,
were the first to report thermal transport properties of PGS.
More recently, Loh et al. [10] have shown that longwavelength

out-of-plane phonon modes contribute significantly to ther-
mal transport in such structures.

In the present paper we focus attention on thermal resis-
tance across dimensionally mismatched SWCNT-graphene
junctions in the 3D PGS. Using classical molecular dynam-
ics with adaptive intermolecular reactive empirical bond
order (AIREBO) interatomic potential interfacial thermal
resistances are computed and the thermal conductivities of
3D PGS are compared with those of pristine SWCNT and
single layer graphene of comparable size. The presence of the
interfacial thermal resistance at the junctions is hypothesized
to be due to the change in dimensionality (from nearly 1D
to 2D to 1D) as well as phonon spectra along the thermal
transport path as the phonons propagate from the SWCNT
to the graphene sheet and then back again to the SWCNT.
In order to investigate this we compute the local density of
states at various locations along the phonon transport path
from SWCNT to graphene to SWCNT.
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1.40 Å
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Figure 1: (a) Formation of a SWCNT-graphene junction. “S” denotes septagon and “DH” denotes distorted hexagon. (b) A hexagonal carbon
ring in (6,6) SWCNT. (c) A hexagon/septagon carbon ring in a SWCNT-graphene junction.

2. Simulation Method

In the present study, SWCNT-graphene junction structures
were constructed by translating carbon atoms of (6,6) arm-
chair SWCNTs to match with corresponding holes in free
standing single layer graphene nanostructures that were built
using the visual molecular dynamics (VMD) [11] software.
The procedure resulted in the creation of SWCNT-graphene
junctions with regularly distributed septagon/hexagon car-
bon rings [12, 13] with sp2 type hybridization at the SWCNT-
graphene junctions. Figure 1(a) illustrates the creation of such
junction. It is well known that, in graphene, the three outer-
shell electrons of each carbon atom occupy the planar sp2
hybrid orbital to form three in-plane 𝜎 bonds with an out-of-
plane 𝜋 orbital (bond). This makes graphene a planar hexag-
onal network. The length and energy of the 𝜎 bonds in the
sp2 hybridization are 0.14 nm and 420 kcal/mol, respectively,
and 0.15 nm and 360 kcal/mol in the sp3 configuration. The
planar hexagonal structure along with the strong covalent
(sp2) bonding is understood to be responsible for the high
in-plane phonon group velocities and thus high in-plane
thermal conductivity of graphene [14]. When a graphene
sheet is rolled to form a nanotube, the circular curvature

of the nanotubes promotes quantum confinement and 𝜎-𝜋
rehybridization (i.e., 𝜎-𝜋 bond mixing); the three planar 𝜎
bonds are forced slightly out of plane and for compensation
the 𝜋 orbital is more delocalized outside the tube. This
rehybridization together with the 𝜋 electrons confinement
gives nanotubes their unique, extraordinary mechanical,
thermal, and electronic properties. Moreover, they allow for
topological defects, such as pentagons and septagons, to
be incorporated into the hexagonal networks to form bent,
toroidal, and helical nanotubes. For the purposes of the
present study, the formation of the SWCNT-graphene junc-
tions with sp2 hybridized covalent bonds between SWCNT
and graphene involves creating six septagonal and six dis-
torted hexagonal carbon rings, as shown in Figure 1(a); the
existence of these sevenmember rings and distorted hexagon
rings in a SWCNT-graphene junction has been confirmed by
experiments [9].

Figures 1(b) and 1(c) illustrate the detailed configuration
of a hexagonal carbon ring in a (6,6) SWCNT and a sep-
tagon/hexagon carbon ring in a SWCNT-graphene junction
obtained from the molecular dynamics simulations. The
average bond length in a hexagonal carbon ring of a (6,6)
SWCNT is 0.1398 nm while the average bond length in a



Journal of Nanomaterials 3

Cold bath Hot bath

SWCNT
Single layer
graphene

z

x

z

x
y Ly = Lx

Lx/2

Lx/2

Lz/2 Lz/2Lz

Lx

(a)

Old bath Hot bath

SWCNT Single layer
graphene

x

z

x

z y

Ly = Lx

Lz/2

Lz/2

Lz

Lx Lx2Lx LxLx

(b)

Figure 2: Schematic of sample preparation for RNEMD for (a) out-of-plane and (b) in-plane thermal conductivity calculations. 𝐿
𝑥
denotes

interpillar distance (length of graphene between two SWCNT pillars) and 𝐿
𝑧
denotes pillar height (length of SWCNT between two graphene

layers).

typical distorted hexagonal carbon ring from the SWCNT-
graphene junction region is 0.1425 nm.Moreover, the average
bond length in a typical septagonal carbon ring from the
SWCNT-graphene junction region is found to be 0.1434 nm.
Charlier et al. [15] using tight-binding models to investigate
topological defects in SWCNTs estimated the bond length
in a hexagon ring of a single 5/6/7 defect to be 0.1421 nm
and the bond length in a septagon ring of a single 5/7 defect
to be 0.1433 nm. This confirms that the distorted hexagonal
and septagonal carbon rings in SWCNT-graphene junctions
have similar molecular structures to the topological defects
observed in pristine SWCNTs and are expected to play the
role of defects in SWCNTs [16, 17] giving rise to phonon
scattering and thus an interfacial thermal resistance at the
SWCNT-graphene junctions.

In the present research reverse nonequilibriummolecular
dynamics (RNEMD) [16, 18–20] is used to estimate the
thermal conductivities in the hybrid structures as well as the
interfacial thermal resistance at the SWCNT-graphene junc-
tions. Two types of simulation structures (unit cells), depicted
in Figure 2, are constructed according to the direction in
which thermal conductivity is to be evaluated. Temperature
profiles are obtained along the SWCNT axis, that is, along
the 𝑧 direction, as shown in Figure 2(a), to investigate the
effect of SWCNT-graphene junction on the thermal transport
characteristics in the cross-plane direction. We will denote
this as “out-of-plane” thermal conductivity. On the other
hand, the “in-plane” thermal conductivity is defined as the
thermal conductivity along the graphene layer, that is, along
the 𝑥 direction in Figure 2(b), which is useful for under-
standing the effects of SWCNT-graphene junction on thermal
transport (phonon scattering) along the graphene layers. Two
control parameters used in the construction of SWCNT-
graphene junction structures are the pillar height, 𝐿

𝑧
, and

the interpillar distance, 𝐿
𝑥
. Pillar height is the length of the

SWCNT including the junction region that connects the two
adjacent graphene floors. It also determines the sample length
for thermal conductivity calculations in the out-of-plane

direction (Figure 2(a)). Three different pillar heights, that
is, 𝐿
𝑧
= 50 nm, 100 nm, and 200 nm, are chosen for the

study. Interpillar distance, 𝐿
𝑥
, is defined as the distance

between two SWCNT-graphene junctions and determines
the sample length for the in-plane thermal conductivity
calculations—the sample size is three times the interpillar
distance (Figure 2(b)). For the four interpillar distances (𝐿

𝑥

= 5 nm, 10 nm, 15 nm, and 20 nm) chosen in the present
study, the in-plane thermal conductivity is calculated for
four different sample sizes, that is, four different lengths of
graphene layers, which are 15 nm, 30 nm, 45 nm, and 60 nm.

All simulations are performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[21] code using the AIREBO [22] interatomic potential.
The simulation structure is energy-minimized to reach the
equilibrium configuration by iteratively adjusting atomic
coordinates. After elevating the temperature (500K) using
isenthalpic (NPH) ensemble with Langevin thermostat for
faster equilibration, the system is cooled to room temperature
with the isothermal-isobaric (NPT) ensemble. RNEMD is
carried out on the equilibrated structures for 2 ns with the
microcanonical (NVE) ensemble with a time step of 1 fs.
Figure 3 shows the total (cumulative) energy transported
and the evolution of the temperature profile as a function
of time for the SWCNT-graphene junction structure with
50 nm pillar height and 5 nm interpillar distance. As seen
from the figure the systemquickly approaches a steady state—
the quick stabilization of heat flow and the temperature dis-
tribution is due to the well-equilibrated molecular structure.
In addition, during RNEMD with NVE ensemble the total
energy is found to be conserved adequately with only small
energy fluctuations of ∼10 eV. These observations are true
for all SWCNT-graphene junction structures utilized in this
work. Also, in all simulated structures thermal conductivities
and interfacial thermal resistances are obtained from the
temperature profiles after 2 ns of RNEMD simulations to
ensure achievement of steady state transport conditions.
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Figure 3: (a) Cumulative energy transported duringRNEMDas a function of elapsed simulation time and (b) the evolution of the temperature
profile in the simulated structures with time.

Using Fourier’s law, the thermal conductivity, k, is
obtained as

𝑘 = −
⟨𝑞⟩

⟨𝑑𝑇/𝑑𝑥⟩
, (1)

where ⟨𝑞⟩ is the heat flux and ⟨𝑑𝑇/𝑑𝑥⟩ is temperature
gradient averaged over time and space. From the temperature
jumps in the temperature profiles, interfacial thermal resis-
tance, 𝑅, can be calculated by using

𝑅 = ⟨
Δ𝑇

𝑞
⟩ . (2)

In the calculation of the thermal conductivity, only areas that
directly contribute to thermal transport are used—annular
area of one (6,6) SWNCT (0.335 nm thickness) is used in the
out-of-plane thermal conductivity calculationwhile sectional
areas of two graphene layers (each with 0.335 nm thickness)
are used for the in-plane thermal conductivity calculation, as
shown in Figure 4.

3. Results and Discussion
Table 1 lists the out-of-plane and in-plane thermal conduc-
tivities and the interfacial thermal resistances obtained from
all the simulations conducted in the present study. The
interpillar distance was varied from 5 nm to 20 nm while the
pillar height was changed from 25 to 200 nm. To save compu-
tational time the in-plane thermal conductivities for unit cells

0.335 nm

0.335 nm

Out-of-plane

In-plane

Figure 4: Area selection for thermal conductivity calculations in the
out-of-plane and in-plane directions.

with 20 nm interpillar distance and pillar heights of 50 nm
and 100 nm were omitted. The validation of the simulation
methods was provided in our previous work [19] in which the
theoretical predictions of the thermal conductivity of pristine
(6,6) SWCNT and single layer graphene were compared with
experimental measurements reported by other researchers.
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Figure 5: Temperature profiles obtained from RNEMD simulations in the out-of-plane ((a), (b), and (c)) and in-plane ((d), (e), and (f))
directions. The temperature profiles are used to calculate the thermal interfacial resistance and overall thermal conductivity of the unit cells.

Figure 5(a) shows the temperature profile for out-of-
plane thermal conductivity in a unit cell with a 50 nm
pillar height obtained after imposing a heat flux for a total
duration of 2 ns. The temperature gradient is determined
from the slope of the linear region (shown as a solid black
line in Figure 5(a)) excluding the hot and cold bath regions
and also excluding the region of the sudden temperature
drop. The temperature slips at the specimen boundary are a
consequence of quasi-ballistic thermal transport due to the
relatively short length of the sample when compared to the
phonon mean free path. Fourier theory of thermal transport
considers heat transport as a diffusive process where energy
flow is driven by a temperature gradient. However, this is not
valid at length scales smaller than the mean free path for the
energy carriers in amaterial, which can be tens of nanometers
in carbon-based nanomaterials at room temperature. In this
case, the heat flow can become ballistic, as seen by the
temperature slips near the ends (hot and cold baths) of
the simulation box. Distinct temperature jumps can also be
observed at the SWCNT-graphene junction locations in the
temperature profile. The distinct temperature jumps indicate
the existence of an interfacial thermal resistance as heat flows
from one SWCNT to the other via the two SWCNT-graphene
junctions and the adjoining graphene region.

Based on the observed temperature drops in the tem-
perature profiles, interfacial thermal resistance is calculated
for the nine different SWCNT-graphene junction structures
and the results are shown in Table 1. The interfacial thermal

resistance for out-of-plane thermal transport is observed
to decrease slightly with an increase in pillar height. Also,
it is observed that the out-of-plane thermal conductivity
depends weakly on the interpillar distance. For the case of
the in-plane thermal conductivity the temperature gradient
is determined from the slope of the linear region (shown
as a solid black line in Figure 5(d)) excluding the hot and
cold bath regions. It is interesting to note that unlike the case
with out-of-plane thermal transport the sudden temperature
jumps are not evident at the locations of the SWCNT-
graphene junctions in the in-plane temperature profiles. An
important implication of this observation is that phonon
scattering during in-plane thermal transport is weaker (or
nearly absent) when compared to the out-of-plane thermal
transport in these SWCNT-graphene hybrid structures. From
the linear regression of the slope, equivalent in-plane thermal
conductivities for 10 different SWCNT-graphene junction
structures are calculated, and the results are shown in Table 1.
The in-plane thermal conductivity shows a small dependency
on pillar height and the effect becomes smaller as the
interpillar distance increases.

The slight decrease in the interfacial thermal resistance
with an increase in SWCNT pillar height during out-of-
plane thermal transport can be attributed to scattering of
low frequency (i.e., large wavelength) phonons [23, 24]. On
the other hand, the reasons for the slight increase in in-
plane thermal conductivity with an increase in SWCNTpillar
height when the interpillar distance is small (5 nm) are much
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Figure 6: Local density of states (LDOS) calculated by velocity autocorrelation of atoms in the selected region of the unit cells. (a) Comparison
of the LDOS obtained from a region of the SWCNT away from the junction and in graphene floor away from the junction. (b) Comparison
of the LDOS obtained from a region of the graphene floor close to the junction and away from the junction.

more complex. Further studies, including the wave packet
analysis, will be undertaken in the future to better understand
these effects. However, the small dependency of in-plane
thermal conductivity on pillar height when the interpillar
distance is large can be attributed to the near diffusive thermal
transport in graphene in the region between the junctions.
Along the same vein, Bagri et al. [20] studied the effect of
twin grain boundary on the thermal transport of graphene
and showed a similar trend in thermal conductivity with
different graphene lengths in between the defected regions.
They showed that the thermal conductivities of graphenewith
13.2-degree grain boundary orientation were higher than the
ones with 5.5-degree grain boundary orientation for struc-
tures with relatively short graphene lengths between defects
(25 nm and 50 nm) but could not observe a clear difference
between the thermal conductivities for structures with 13.2-
degree grain boundary orientation and the 5.5-degree grain
boundary orientation when the distance between defects was
relatively larger (125 nm).

With regard to the distinct temperature jumps in the
temperature profiles (Figure 5) during out-of-plane thermal
transport, we hypothesize that the jumps correspond to
phonon dispersion due to the sudden change in dimen-
sionality which the phonons experience as they flow from
the quasi-1D structure (SWCNT) to 2D (graphene) and
then back again to quasi-1D (SWCNT) via the SWCNT-
graphene junctions. As a consequence, the low frequency
longitudinal acoustic phonon modes, which carry thermal
energy efficiently in a SWCNT, must transform into phonon
modes which are efficient energy carriers of thermal energy
in graphene, for example, the in-plane modes, and then back
to the preferred phononmodes in SWCNTs. In order to better
understand the contributions of SWCNT-graphene junctions
we investigate the local phonon density of states (LDOS)
using velocity autocorrelation along the phonon transport
path. It is expected that the subtle differences in the LDOS

in various regions along the path of the phonon transport,
that is, the SWCNT-graphene junctions, graphene floor, and
the adjoining SWCNTs, would help to provide insights into
the origin of thermal interfacial resistance at the SWCNT-
graphene interface in these systems. For example, amismatch
in the LDOS in the SWCNT and the graphene regions would
represent a mismatch in the phonon spectra between the two
regions and hence to a higher thermal resistance across the
interface.

Figure 6(a) shows the LDOS in the SWCNT and the
graphene floor from regions away from the SWCNT-
graphene junction. It can be observed that the LDOS dis-
tribution is similar except in the low energy (frequency)
regime between 60meV and 110meV. Since these low energy
(frequency) phonon modes are expected to contribute more
to the thermal transport characteristics when compared to
the high energy (frequency) phonon modes, the change in
dimensionality from 1D to 2D to 1D is expected to contribute
to the observed thermal interfacial resistance during out-of-
plane thermal transport in these structures. On the other
hand, the LDOS for in-plane thermal transport in regions
close to and away from the SWCNT-graphene junctions is
shown in Figure 6(b). It can be observed that the LDOS in
the two regions is very similar except for the higher energy
(frequency) phononmodeswith energy greater than 190meV.
Since most of the higher energy phonons reside in the higher
frequency optical modes which have relatively low group
velocities they are expected to contribute little to the overall
thermal conductivity and hence to a negligible interfacial
thermal resistance.

Figure 7 shows a comparison of the thermal conductiv-
ity of the 3D SWCNT-graphene hybrid structure with the
thermal conductivity of pristine (6,6) SWCNT and single
layer graphene of corresponding size. In Figure 7(a) thermal
conductivities of individual (6,6) SWCNT are compared with
out-of-plane thermal conductivities of SWCNT-graphene
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Figure 7: (a) Comparison of the thermal conductivity of (6,6) SWCNT and out-of-plane thermal conductivity of SWCNT-graphene hybrid
structures as a function of pillar height. (b)Comparison of the thermal conductivity of single layer graphene and in-plane thermal conductivity
of the 3D SWCNT-graphene hybrid structures as a function of the interpillar distance.

hybrid structures. The out-of-plane thermal conductivity
of the 3D hybrid structures is observed to increase with
increasing size of the unit cell, that is, with an increase in
pillar height (length of the SWCNT). It is interesting to
note that the increase in out-of-plane thermal conductivity
in SWCNT-graphene hybrid structure is similar to that
observed in pristine (6,6) SWCNT. In our previous study of
thermal transport in (6.6) SWCNTs [19] we observed that
thermal conductivity of SWCNTs is linearly dependent on
specimen length as long as the length of the SWCNTs is
smaller than the mean free path (ballistic thermal transport)
and then transitions to a regime where it becomes nearly
length-independent (diffusive and governed by Fourier’s
law). Consequently, the out-of-plane thermal conductivity of
the 3D hybrid structures is expected to occur nearly linearly
with pillar height as long as the height is smaller than the
critical length for ballistic thermal transport in (6,6) SWCNT
and then approaches a plateau as the pillar height becomes
greater than the ballistic length ∼75 nm. In addition, due to
the presence of interfacial thermal resistance at the SWCNT-
graphene junction, the thermal conductivity of the hybrid
structure is consistently lower than that of pristine (6,6)
SWCNT. As seen in the temperature profiles describing the
out-of-plane thermal transport (Figures 5(a), 5(b), and 5(c)),
thermal vibrations must travel from SWCNT via SWCNT-
graphene junctions to reach the next SWCNT; this leads to
an approximately 5% decrease in thermal conductivity in the
out-of-plane direction.

Figure 7(b) compares thermal conductivity of single layer
graphene with in-plane thermal conductivity obtained from
simulations using various sized SWCNT-graphene hybrid

structures. Like in the case of out-of-plane thermal conduc-
tivity, the thermal conductivities of the hybrid structures are
observed to increase linearly with an increase in cell size
(interpillar distance). It is postulated that the increase in
thermal conductivity with interpillar distance is primarily
due to the size of the structures evaluated in the present
paper, which are smaller than the critical ballistic length
in single layer graphene for a given graphene floor width.
Moreover, since the hybrid structures investigated herein
are created such that the width of graphene layer (𝐿

𝑦
) is

the same as the interpillar distance (𝐿
𝑥
), it is expected that

the ratio of defected (junction) area to total graphene area
becomes smaller as the interpillar distance becomes larger.
Use of larger sized structures (greater than the critical ballistic
length in graphene) in the present analysis becomes compu-
tationally prohibitive. As the interpillar distance increases, it
is expected that the difference between the in-plane thermal
conductivities of the 3D hybrids and the single layer graphene
(of corresponding size) converges.

In summary, in the present paper we present results of
a reverse nonequilibrium molecular dynamics study with
AIREBO interatomic potential to investigate thermal trans-
port in 3D SWCNT-graphene hybrid structures comprising
SWCNT-graphene junctions. The results of the simulations
reveal the presence of interfacial thermal resistance for
thermal transport in the out-of-plane direction (along the
axis of the SWCNT pillars) while the thermal resistance
along the graphene floor (in-plane direction) is found to
be negligible. The origin of thermal resistance in the out-
of-plane direction is understood to be a combination of
phonon scattering due to the change in dimensionality of
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the medium along the phonon path (i.e., from quasi-1D in
SWCNT to 2D in graphene) and a mismatch of phonon
spectra along the phonon transport path. In addition, the
interfacial thermal resistance is found to beweakly dependent
on the pillar (SWCNT) height as well as the interpillar
distance. For out-of-plane thermal transport the highest
interfacial thermal resistance across the SWCNT-graphene
junction was computed to be 1.93 × 10−10K-m2/W for a
pillar height of 50 nm and an interpillar distance of 15 nm.
Moreover, the highest out-of-plane thermal conductivity of a
unit cell representing the SWCNT-graphene hybrid structure
was obtained to be 202.7 ± 26.8W/m-K for a cell with
pillar height of 200 nm and an interpillar distance of 5 nm.
In comparison the thermal conductivity of a pristine (6,6)
SWCNT with 200 nm length is computed to be 209.9 ±
4.5W/m-K. The highest in-plane thermal conductivity of a
unit cell with two SWCNT-graphene junctions and a cell
size of 60 nm with 25 nm pillar height was estimated to be
392.2±9.9W/m-K; the thermal conductivity of pristine single
layer graphenewith the same dimensionswas computed to be
435.2 ± 14.3W/m-K. Moreover, the thermal conductivity of
the hybrid unit cells was observed to increase nearly linearly
with an increase in dimensions of the cell, that is, pillar height
as well as interpillar distance. The thermal conductivity of
the cell is observed to approach a plateau as the pillar height
and the interpillar distance approach the critical lengths
for ballistic thermal transport in SWCNT and single layer
graphene of comparable sizes. These results indicate that the
out-of-plane and in-plane thermal transport characteristics
of these 3D SWCNT-graphene hybrid structures can be tuned
by controlling the unit cell size.
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The objective of the present study was to develop and characterize an in vitro sustained release formulation of silibinin (SB) using
commercially available carboxylated multiwalled carbon nanotubes (COOH-MWCNTs) and to investigate cytotoxicity action of
the synthesized nanohybrid (SB-MWCNTs). The resulting nanohybrid was characterized with Fourier transform infrared (FTIR),
Raman spectroscopy, thermogravimetric analysis (TGA), ultraviolet-visible spectrophotometry (UV-Vis), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). FTIR, Raman spectroscopy, and TGA analysis confirmed the
adsorption of SB molecules to the COOH-MWCNTs. The release of SB from the COOH-MWCNTs nanocarrier was found to be
sustained and pH-dependent.Themaximumpercentage release of SB from the nanocarrier reached approximately 96.6% and 43.1%
within 1000minutes when exposed to pH 7.4 and pH 4.8 solutions, respectively. It was observed that the release of kinetic behaviour
of SB from theMWCNTs nanocarrier conformedwell to pseudo-second order kineticmodel.The obtainedMTT result showed that
the SB-MWCNTs exhibited enhanced cytotoxicity to human cancer cell lines in comparison with free SB at lower concentrations.
These results suggest that SB-MWCNTs nanohybrid may be a promising nanodrug delivery system with sustained release property
for the treatment of cancers.

1. Introduction

There are various definitions currently circulating when it
comes to the term nanotechnology. The prefix “nano” is
actually originated from the Greek word “nanos” for dwarf
and technology refers to the application of science in a
particular subject [1]. One nanometer (nm) is equal to one-
billionth of a meter and a meter is approximately 39 inches
long. According to the declaration made by the United
States National Nanotechnology Initiative (NNI), nanotech-
nology involves research and development at the atomic,
molecular, or macromolecular levels at dimensions between 1

and 100 nm to create structures, devices, and systems that are
enabled for novel applications.

In recent years, nanobiotechnology (a combination of
nanotechnology and biotechnology) especially in medicine,
or the so-called nanomedicine, has emerged as one of the
most advanced and promising areas. It is extensively used
by the academician, particularly in the field of drug delivery.
The application of nanotechnology in drug delivery involves
the use of carriers and therapeutic agents. Nanoscale drug
carriers can significantly enhance the bioavailability and
therapeutic efficacy of drugs with reduced side effects. In
general, they can be grouped into five categories based on the
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Figure 1: Chemical structure of silibinin.

materials used: polymers, biologics, carbon-based materials,
silicon-based materials, or metals [2]. Therapeutic agents are
drugs or biologically active materials (e.g., nucleic acids and
proteins) which can be entrapped, intercalated, encapsulated,
dissolved, adsorbed, or attached onto the drug carriers which
can then be tailored for controlled and sustained-release
formulations [3–5].

Carbon nanotubes (CNTs) are carbon-based nanoparti-
cles having rolled-up graphene sheets held together by strong
interactions of van der Waals to form large aggregates [6].
A single rolled layer of graphite cylinder with a diameter of
0.4 and 2 nm is known as single-walled carbon nanotubes
(SWCNTs) [7], whereas multiple concentric cylinders form
multiwalled carbon nanotubes (MWCNTs) with a tube diam-
eter ranging from 2 to 100 nm [8]. Both nanotubes have
unique electrical, optical, thermal, physical, and chemical
properties [9] for the development of advanced nanodrug
delivery in therapeutic applications.They possess a very high
aspect ratio (L/D of 1 : 1000), allowing multiple loading of
various biomolecules to be functionalized on the sidewalls of
theCNTs via noncovalent adsorption or covalent conjugation
[10]. The chemical modification (functionalization) of CNTs
can help to enhance the biocompatibility and solubility for
efficient drug delivery because raw CNTs (nonfunctional-
ized) are water-insoluble and cannot disperse uniformly in
aqueous environment. Recent studies have reported that
functionalized CNTs can passively cross cell membranes and
deliver attached drugs or bioactives through the enhanced
permeability and retention effect without causing any harm
to the targeted cells [11, 12].

There has been significant progress in the research of
functionalized CNTs for the advanced delivery of drugs
and biomolecules in biology and nanomedicine [13]. A
multitude of strategies have been exploited to deliver anti-
cancer drugs (e.g., topoisomerase inhibitors, antimicro-
tubules antimetabolites, and platinum-based drugs), non-
anticancer drugs (e.g., anti-inflammatories, antioxidants,
antimicrobials, and antihypertensives), and biomolecules
such as antibodies [14], small interference ribonucleic acids
(siRNA) [15], and peptide-based vaccines [16] for controlled
and targeted drug delivery. Therefore, the emerging field
of CNT-mediated drug delivery system no doubt can be
expected to generate promising outcomes for delivery of a
variety of therapeutic agents.

Silibinin (Figure 1), also known as silybin, is the major
polyphenolic flavonoid extracted from the milk thistle Sily-
bum marianum and has been used traditionally as a liver-
protective remedy for over 2000 years. Silibinin (SB) can be

Table 1: The properties of the commercial multiwalled carbon
nanotubes provided by the manufacturer.

Properties Short carboxyl multiwalled carbon
nanotubes (COOH-MWCNTs)

Outside diameter (nm) 20–30
Length (𝜇m) 0.5–2.0
COOH content (wt.%) 1-2
Purity (wt.%) >95
Ash (wt.%) <1.5

considered as a safe dietary supplement because it exhibits
very low toxicity [17] in humans and animals, possibly due
to its antioxidant property [18]. In recent years, studies have
suggested that SB possess antiproliferative and anticarcino-
genic effects in various cancer cell lines, including skin,
colon, prostate, ovarian, and bladder cancers [19–21]. This
implicates that SB is a potential drug to treat illnesses related
to different types of cancer. However, its effectiveness has
been extremely restricted due to its poor aqueous solubility
[22] and resulting in poor oral bioavailability, that is, 23–
47% [23], after administration. Thus, large dose of SB is
required to achieve therapeutic plasma levels. In meeting this
demand, a variety of delivery systems have been developed by
researches around the globe in order to improve its solubility
and thereby bioavailability. For example, formulations using
stealth solid lipid nanoparticles [24], mixed micelles [25],
microemulsion [26], nanosuspensions [27], porous silica
nanoparticles [28], liposomes [23], and nano/microhydrogel
matrices [29] as drug carriers have been extensively employed
for the enhancement of bioavailability of the poorly water-
soluble drug SB.

The present study therefore aimed at developing a simple
strategy for the conjugation between SB and MWCNTs,
secondly, investigating the drug release profile of SB from the
CNT-mediated drug delivery system, and thirdly, assessing
the cytotoxicity characteristics of MWCNTs functionalized
with SB towards human cancer cells (HepG2 and A549).

2. Materials and Methods

Commercially available multiwalled carbon nanotubes
(MWCNTs) were purchased from Chengdu Organic
Chemicals Co., Ltd., ChineseAcademy of Sciences (Chengdu,
China). They consist of short carboxyl carbon nanotubes,
where some –COOH groups have been grafted onto the
surface of CNTs. Detailed information for the purchased
CNTs is included in Table 1. The commercial silibinin (>98%
pure as checked by HPLC analysis) was purchased from
Sigma-Aldrich (Buchs, Switzerland). HepG2 (human liver
hepatocellular carcinoma cell line), and A549 (human lung
adenocarcinoma epithelial cell line) were purchased from
ATCC (USA). All the other chemicals and solvents were of
analytical grade. Purified water was produced by a Millipore
water purification system.
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2.1. Conjugation of MWCNTs with SB. SB was conjugated to
the COOH-MWCNTs by a simple method without using any
cross-linker agent. 10mg of COOH-MWCNTs was dispersed
in a 5mL of ethanol followed by sonication in a water bath
for 1 h at room temperature and later added to SB solution
(2mg of SB fully dissolved in 40mL of 99.8% ethanol).
The mixture was then stirred continuously using magnetic
stirrer for 20 h at room temperature in darkness. This is
to prevent degradation of the drug. Subsequently, the final
product (SB-MWCNTs) was collected by filtration, repeated
centrifugation, and washing with deionized water to remove
excessive SB. Finally, the sample was dried in an oven at
60∘C overnight. To determine the amount of unbound SB,
the absorbance of the centrifuged solution and free SB were
measured at wavelength of 288 nm,which is the characteristic
absorbance of SB (Figure 2).

2.2. Physicochemical Characterization of SB-MWCNTs. The
drug loading capacity and controlled-release profiles of the
nanohybrid were determined by a Lambda 35, ultraviolet-
visible spectrophotometer (Perkin Elmer) at a wavelength of
288 nm. The drug loading capacity was calculated using the
following formula:

Drug loading =
weight of (initial drug − unbound drug)

weight of initial drug

× 100%.
(1)

The drug loading capacity was estimated to be ∼ 35.1%.
The formation of SB-MWCNTs nanohybrid was con-

firmed by studying the characteristic absorption bands asso-
ciated with functional groups of –COOH and SB molecules
using Fourier transform infrared (FTIR) spectroscopy. The
samples were recorded at wavelengths ranging from 500 to
4000 cm−1 on a Thermo Nicolet Nexus FTIR spectropho-
tometer (model Smart Orbit). For FTIR measurement, the

samples were prepared and mixed with potassium bromide
(KBr) powder and formed into pellets. Raman spectroscopy
measurements were performed on powdered samples using
a RamanMicro 200 (Perkin Elmer) instrument at an excita-
tion wavelength of 785 nm. Thermogravimetric studies were
performed on a TGA Q500 (TA instruments) to determine
the actual drug loading. The samples were heated from 25
to 1000∘C with a heating rate of 10∘C/min under a nitrogen
purge of 40mL/min.

The surface morphology of the sample was analyzed via
scanning electron microscope (SEM).The sample was placed
on a stub and sputter coated with gold and examined at
5 kV in a JEOL JSM-7600F field emission scanning elec-
tron microscope. Transmission electron microscope (TEM)
micrographswere obtained using aHitachiH-7100 by placing
a droplet of sonicated dispersion of the sample directly
on the carbon-coated copper grid and dried at 37∘C for
24 h.

2.3. In Vitro Drug Release Studies. The drug release exper-
iment from SB-MWCNTs was studied on different human
body simulated pH 7.4 and 4.8 phosphate-buffered saline
(PBS) solutions. About 11.43mg of the nanohybrid sample
was added to 40mL of the PBS solutions. The amount
of SB released in the solution was measured at predeter-
mined time intervals using a UV-Vis spectrophotometer at
288 nm.

2.4. Cell Lines and Culture Conditions. HepG2 and A549
cell lines were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin and cultivated as adherent monolayers
in T75 flasks at 37∘C in a humidified atmosphere of 5%
CO
2
. Cells were subcultured (i.e., at approximately 80%

confluence) using 0.25% trypsin-EDTA solution for all the
experiments.

2.5. Determination of Cytotoxicity (MTT Assay). For the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay, all cancer cells were seeded at a density of 1 ×
104 cells perwell in 100 𝜇L of culturemedium in 96-well plates
and incubated at 37∘C in a 5% CO

2
atmosphere for 24 hours

before being used in cell viability assays. The SB compound,
COOH-MWCNTs, and nanohybrid were prepared at various
concentrations, and the treated cells were incubated for 72
hours. Subsequently, 20𝜇L of freshly preparedMTT solution
was added to each well and culture plates were incubated at
37∘C for 3 hours until a purple-colored formazan product
developed. The solution in each well, containing media,
unbound MTT, and dead cells, was removed and 100𝜇L of
dimethyl sulfoxide (DMSO) was added to each well and the
solutionwas vigorouslymixed to dissolve the reacted dye.The
absorbance of each well was read on a microplate reader at a
test wavelength of 570 nm. All assays were done with three
parallel samples in triplicate independently. The cytotoxicity
of the free drug, COOH-MWCNTs, and nanohybrid were
expressed as the percentage of cell viability with respect to
control cells.
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Figure 3: FTIR spectra of (a) COOH-MWCNTs, (b) silibinin, and
(c) SB-MWCNTs nanohybrid.

2.6. Statistical Analysis. Statistical analysis was performed
using the statistical package for social science (SPSS) version
20.0. Results were analysed by one-way analysis of variance
(ANOVA).Datawere expressed asmean± standard deviation
(mean ± SD). A difference was considered to be significant at
𝑃 < 0.05.

3. Results and Discussions

3.1. Fourier Transform Infrared Spectroscopy. To determine
the presence of reactive groups on the COOH-MWCNTs
surface after conjugation of SB molecules, Fourier transform
infrared spectroscopy (FTIR) was used. The FTIR spectra
of commercially purchased COOH-MWCNTs, SB, and SB-
MWCNTs nanohybrid are shown in Figure 3. The peak
at 3436 and 1700 cm−1 (Figure 3(a)) is associated with the
presence of hydroxyl group (–OH) and the C=O stretching
of the carboxylic acid group (–COOH), respectively. Similar
FTIR observation was also reported by a group of researchers
for their work on the synthesis of carboxylated MWCNTs
[30]. Another peak at around 1570 cm−1 of the nanotubes cor-
responds to C=C stretching vibration in the carbon skeleton
[31]. Figure 3(b) shows the spectrum of the pure SBwhere the
characteristic absorption due to the –OH stretching vibration
occurs at 3452 cm−1 [32]. When the COOH-MWCNTs and
drug interact, the FTIR spectra will show broadening of the
functional groups and band shift compared to that of the
nanocarrier and pure drug. As presented in Figure 3(c), the
absorption band was slightly shifted from 1636 cm−1 for the
C=O stretching in pure SB to 1630 cm−1 in nanohybrid. Each
–COOHmoiety of the nanocarrier has C=O and –OHgroups
that can potentially form hydrogen bonds with SB [33].

3.2. Raman Scattering Studies. Raman spectroscopy is a
powerful technique widely used to characterize the structural
quality of functionalized CNTs. As shown in Figure 4, the
G- and D-bands of COOH-MWCNTs were exhibited at
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Figure 4: Raman spectra of COOH-MWCNTs and SB-MWCNTs
nanohybrid.
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Figure 5: TGA thermograms of COOH-MWCNTs nanocarrier and
SB-MWCNTs nanohybrid in nitrogen atmosphere.

1665 cm−1 and 1447 cm−1 which were assigned to the in-
plane E

2
g zone-center mode and disorder-induced mode,

respectively. The Raman spectrum of the SB-MWCNTs
nanohybrid does not show recognizable D-band and the G-
band peak intensity was much weaker and slightly shifted
towards lower frequency compared to that of the COOH-
MWCNTs. This indicates that the characteristic absorption
peakswere strongly attenuated due to the conjugation process
[34], hence confirming that the interactions betweenCOOH-
MWCNTs and drug are strong enough to change the struc-
tural pattern of the nanotubes [35]. Furthermore, the radial
breathing modes are too weak to be detected due to the large
diameters of the nanotubes used in this study.

3.3. Thermogravimetric Analysis. TGA thermograms of
COOH-MWCNTs and SB-MWCNTs nanohybrid are
demonstrated in Figure 5. The TGA result shows that the
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Figure 6: FESEM images of (a) COOH-MWCNTs and (b) SB-MWCNTs nanohybrid.
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Figure 7: Low resolution TEM images of (a) COOH-MWCNTs sample and (b) synthesized SB-MWCNTs nanohybrid.

weight loss from the nanocarrier in the temperature range of
125–750∘C is approximately 6.4%, which is the typical weight
loss for acid-functionalized MWCNTs [34]. The weight loss
occurred in the 125∘C to 425∘C region may be attributed to
the evaporation of absorbed water as well as decomposition
of carboxyl functionalities attached to the MWCNTs walls
[36–38]. Subsequently, the weight loss in the temperature
range between 425∘C and 625∘C corresponds to the removal
of hydroxyl groups from the surface of nanotubes [39].
Finally, the residue at 625∘C and above should be explained
by the oxidation of the remaining disordered carbon in the
sample [40]. In the heating up to 1000∘C, both COOH-
MWCNTs and SB-MWCNTs lost about 19.1% and 52.8% of
total weight, respectively. Therefore, approximately 34 wt%
of the mass loss was due to the decomposition of SB,
further confirming that SB molecules have been adsorbed
to COOH-MWCNTs. This finding is in agreement with
the drug loading capacity determined by ultraviolet-visible
spectrophotometer where the percentage of drug loading
was calculated to be around 35.1%.

3.4. Surface Morphology. Themicrostructures of the COOH-
MWCNTs as well as the synthesized SB-MWCNTs nanohy-
brid were studied by FESEM and TEM. Figure 6 presents
FESEM images of MWCNTs before (Figure 6(a)) and after
drug conjugation (Figure 6(b)). As seen in Figure 6(a), the
nanotubes have a short, tubular topologywith smooth surface
and they are held together into bundles [30] while Figure 6(b)
demonstrates the rougher surface of the MWCNTs and they
appear to be in a slightly dispersed form. Similar observa-
tion has been reported in the literature for related drug-
MWCNTs experiment [41]. Figure 7(a) illustrates the typical
TEM image of COOH-MWCNTs in which the nanotubes are
seen bundled together as observed in FESEM (Figure 6(a))
and Figure 7(b) shows more exfoliated nanotubes after drug
conjugation.

3.5. In Vitro Drug Release Study. The cumulative release
profile of SB from MWCNTs in PBS solutions is presented
in Figure 8. The amount of SB released from the MWCNTs
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Table 2: Correlation coefficient (𝑅2) and rate constants (𝑘) obtained by fitting the silibinin release data for the COOH-MWCNTs in
phosphate-buffered saline solutions at pH 7.4 and pH 4.8.

pH Saturation release (%) 𝑅2

Pseudo-first order Pseudo-second order Parabolic diffusion 𝑘∗ (mg/min)
7.4 96.6 0.9488 0.9980 0.7872 1.82 × 10−4

4.8 43.1 0.7927 0.9955 0.8392 4.13 × 10−4
∗Estimated using pseudo-second order kinetics.
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Figure 8: Release profiles of silibinin fromMWCNTs at pH 7.4 and
pH 4.8 up to 1000 minutes.

was very rapid at the first 100 minutes when exposed to
pH 7.4 and pH 4.8 solutions, respectively. Subsequently,
the release of SB became much slower and sustained, with
total release equilibrium of approximately 96.6% within 1000
minutes at pH 7.4 and 43.1% within 800 minutes at pH 4.8.
This process may be attributed to the different extents of
COOH ionizations in aqueous solution of different pHvalues,
indicating that the release rate of SB from the nanocarrier is
pH-dependent. It was also observed that the SB-MWCNTs
nanohybrid has a higher release profile when exposed to
pH 7.4 compared to pH 4.8. This is because the higher the
pH values, the more carboxylate anions would be produced
to form homogenous solution [42], giving rise to a higher
solubility of the nanocarrier.

To determine the release kinetics of SB from the nanocar-
rier, three kinetic models, namely, pseudo-first order equa-
tion (2), pseudo-second order equation (3), and parabolic
diffusion equation (4), were used [43–45]:

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝑘
1
𝑡, (2)

𝑡

𝑞
𝑡

=
1

𝑘
2
𝑞2
𝑒

+
𝑡

𝑞
𝑒

, (3)

(1 −𝑀
𝑡
/𝑀
0
)

𝑡
= 𝑘𝑡−0.5 + 𝑏, (4)

where 𝑞
𝑒
and 𝑞

𝑡
refer to the equilibrium release amounts

at time 𝑡, 𝑘 is a constant corresponding to release amount,

and𝑀
0
and𝑀

𝑡
represent the drug content remaining in SB-

MWCNTs at release time 0 and 𝑡, respectively, and 𝑏 is a
constant.

By fitting the control release data of SB from MWCNTs
nanocarrier using the above kinetic models, it was observed
that the pseudo-second order kinetic model was best to
describe the release kinetic behaviour of SB from the MWC-
NTs nanocarrier. Figure 9 presents the plot of the fitting of SB
released from MWCNTs nanocarrier and the corresponding
correlation coefficient (𝑅2) and 𝑘 values are shown in Table 2.
At pH 7.4, both 𝑅2 and 𝑘 values are 0.9980 and 1.82 ×
10−4mg/min, respectively, and at pH 4.8, the corresponding
values are 0.9955 and 4.13 × 10−4mg/min, respectively.

3.6. In Vitro Anticancer Effect of SB-MWCNTs. In order to
evaluate the potential application of the synthesized nanohy-
brid in nanomedicine and to understand their cytotoxicity
nature, in vitro cytotoxicity tests were conducted on two
human cancer cell lines (HepG2 cells and A549 cells). The
treatment time was 72 h. The cell viability was examined by
MTT assay (Figure 10) at different gradient concentrations of
0.78, 1.56, 3.13, 6.25, 12.50, 25, and 50𝜇g/mL.

Since SB has demonstrated its carcinogenic potential for
the treatment of cancer [46, 47], we hereby investigated the
response of two human cancer cell lines, that is, HepG2
(human liver cancer cells) and A549 (human lung cancer
cells). Based on the results presented in Figures 10(a) and
10(b), SB-MWCNTs nanohybrid significantly inhibited pro-
liferation of cancer cells especially A549 cells, at lower con-
centrations of 1.56–6.25 𝜇g/mL when compared to free drug
alone. Although the same concentrations of SB-MWCNTs
and free drug are compared, the amount of drug loaded
onto MWCNTs (34% wt as determined by TGA analysis) is
actually much lower than the amount of free drug used in
the assay. Therefore, this sustained release formulation can
be used to enhance the efficiency of cancer therapy with
reduced drug-related side effects. In addition, further cellular
and molecular investigations will be necessary to examine
its cytotoxic nature in drug delivery and controlled release
applications.

4. Conclusions

The SB molecules were conjugated to MWCNTs by a
simple method based on commercially available carboxy-
lated MWCNTs. The chemical conjugation between COOH-
MWCNTs and SB molecules has been confirmed by FTIR
spectroscopy, Raman, and TGA studies. The FTIR results
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Figure 9: Fitting data of SB fromMWCNTs nanocarrier into PBS solutions at pH 7.4 and pH 4.8 using pseudo-first and pseudo-second order
kinetics and parabolic diffusion model. The release of kinetic behaviour of SB from its nanocarrier conformed well to pseudo-second order.
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Figure 10: Effect of silibinin (SB), multiwalled carbon nanotubes (MWCNTs), and nanohybrid (SB-MWCNT) on cell viability of human
cancer cells (a) HepG2 cells and (b) A549 cells for 72 h of treatment at various concentrations. Cell viability wasmeasured by theMTTmethod
as described in Materials and Methods. Data are shown as means ± SD values obtained from three separate experiments. A difference was
considered to be significant at 𝑃 < 0.05.

show the presence of carboxylic (at 1630 cm−1 C=O) and
ester groups (at 1384 cm−1 C–C–O and 1115 cm−1 O–C–
C) in the SB-MWCNTs nanohybrid. The attachment of SB
molecules to COOH-MWCNTs is confirmed by the shift of
the C–C–O and O–C–C stretching peak in the SB-MWCNTs
sample. Raman spectroscopy and TGA analysis provided
further support for the success of chemical conjugation
between nanocarrier and drug. Release of the drug from the
nanocarrier was observed to occur in a sustained- and pH-
dependent manner, suggesting that this nanohybrid could be
developed as a sustained- and controlled-release formulation
for SB. It was observed that the release kinetic behaviour of SB
from the MWCNTs nanocarrier conformed well to pseudo-
second order.Proliferation assay against cancer cells indicates
that SB-MWCNTs expressed cytotoxicity at lower dosages in
comparison with free drug. These preliminary results justify
further development of this formulation for drug delivery in
nanomedicine.
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A new and safe method has been developed to functionalize multiwalled carbon nanotubes (MWCNTs) with fewer surface defects,
which significantly increases their dispersibility in water. MWCNTs are pretreated in pure ethanol by a supersonic homogenizer.
Then, the mixture is dried and soaked in weak citric acid solution. Finally, the MWCNTs in the citric acid solution are treated with
radio frequency (13.56MHz) oxygen plasma. As a result, many carboxyl functional groups are attached onto theMWCNT surfaces
and stable dispersion of the MWCNTs in water is obtained. The treatment conditions are optimized in this study.

1. Introduction

Water-dispersible carbon nanotubes (CNTs) have recently
become of great importance owing to their promising chem-
ical and physical properties. The most obvious benefits of
these water-dispersible CNTs are their value in biochemistry
and biomedical engineering, electronic technologies of films,
plastic materials, and polymer composites [1, 2]. However,
these applications are compromised by their poor dispersibil-
ity in water, because substantial van der Waals attractive
forces between the CNTs aggregate them in solvents [3].
The most common method of improving their dispersibility
in water is to functionalize their surfaces using hydrophilic
oxygen-containing groups [4]. This is achieved by oxidizing
CNTs by strong acids, such as refluxing in a mixture of
sulfuric acid and nitric acid [5, 6], “piranha” solution (sulfuric
acid-hydrogen peroxide) [7], boiling in nitric acid [8], or
treating with oxidative gases, such as ozone [4, 9]. However,
treatment under such harsh conditions clearly deviates from
green chemistry and results in the opening of the tube tips
[5], shortening of the tubes [7], and fragmentation of the
sidewalls [8]. Therefore, their stability decreases and their
integral properties change. Also, the acidic treatment often
requires a long processing time and produces a large amount

of waste. To overcome these problems, alternative safer and
easier functionalization methods should be considered.

In these respects, plasma processing is an advantageous
technique when it is used in conjunction with conventional
wet chemical methods. Plasma surface modification is par-
ticularly interesting because the method is flexible, rapid,
contaminant-free, and relatively nondestructive [10, 11]. The
excited species (ions, radicals, and electrons) and UV light
within the plasma interact with the surfaces of CNTs and
break the sp2-hybridized carbon (C=C) bonds creating the
prime reaction sites [10–12]. A wide range of functional
groups can then be introduced onto the surfaces of CNTs
depending on the plasma production method, the source
gas such as O

2
, N
2,
NH
3
, or H

2
O, the input power, and the

processing time [10–13].
In this study, we have attempted to modify multiwalled

carbon nanotubes (MWCNTs) by three-step processing.
MWCNTs are first supersonically mixed into ethanol to be
deaggregated temporarily. Then, the mixture is dried and
pretreated using citric acid solution. Finally, the MWCNTs
in the solution are treated by the oxygen plasma including
citric acid and water. This method is safer than the methods
mentioned above as no hazardous reagents are used. The
surfaces of the MWCNTs are chemically functionalized with
carboxyl (–COOH) groups, and they can be easily dispersed

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 508192, 9 pages
http://dx.doi.org/10.1155/2014/508192

http://dx.doi.org/10.1155/2014/508192


2 Journal of Nanomaterials

Vacuum
chamber

(pyrex glass)

Pressure gauge

Gas container
(200mm in diameter,
150mm in height)

Pumping
system Capacitor

(5000pF)

Matching
network

Follow
controller

O2 gas
cylinder

RF (

Sample
Powered
electrode

(50mm in diameter)

Grounded
electrode

(40mm in diameter)

Teflon
flange

Teflon
flange

Mica sheet

Teflon
cover

generator
13.56MHz)

(a)

Dispersion in ethanol

of pure ethanol using
supersonic homogenizer

room temperature

Pretreatment
with acid

Soaking in

citric acid
solution (5mL)

Plasma
treatment

Plasma reaction

sccm O2 flow at

13.56MHz, for

Washing and
drying

Washing using
pure water and
drying under

reduced
pressure

10 to 100mg of MWCNTs
is mixed with 10 to 20mL

at 20kHz, 10 to 20 W,

0.00 to 0.30mole

for 0 to 120h

with 0 to 10

50 to 1000Pa,
100 to 300W and

10 and 30min
and for 0 to 120min at

(b)

Figure 1: (a) Schematic diagram of the plasma reactor. (b) Flow chart of the functionalization process.

in water. Each step of the functionalization processes is
optimized by varying the treatment parameters.

2. Experimental Setup and Method

A schematic setup of the plasma reactor and a flow chart
of the functionalization process are shown in Figure 1. 10 to
100mg of MWCNT powder (Sigma-Aldrich, outer diameter
= 10 to 30 nm; inner diameter = 3 to 10 nm; length= 1 to 10 𝜇m;
purity > 90%) is added to 10 to 20mL of pure ethanol (Wako
Pure Chemicals Co., purity > 95%) and sonicated at room
temperature using a supersonic homogenizer (Sonics Vibra
cell, VC 130, Sonic & Materials Inc., 𝑓 = 20 kHz, 6.0mm𝜙
probe) at an input power of 10 to 20W for 15 to 120min. The
suspension is dried under reduced pressure and soaked in
0.0 to 0.30 mole (5mL) of citric acid (Wako Pure Chemicals
Co., assay > 98%) solution for 0 to 120 h. The MWCNTs in
the citric acid solution are then placed on the lower electrode
(SUS, 50mm𝜙) of the reactor, which is evacuated to ca.
400 Pa using a rotary pump at a very slow rate. When the
wet phase starts to disappear, oxygen gas is introduced into
the reactor at a rate of 0 to 10 sccm and the background
chamber pressure is kept at about 400 Pa. Then the plasma
reaction is carried out for 10 to 30min by an RF input power

of 𝑃rf = 100–300W, 𝑓 = 13.56MHz. The reflected RF power
is minimized (<20W) by controlling the matching current
during the plasma reaction. It is noted that when the samples
become fully dried before starting the plasma reaction, they
are less reactive for the oxygen plasma. However, when the
plasma is started in the wet phase the water molecules and
part of the citric acidmolecules evaporate with the processing
time but are considered to remain inside the chamber and
in the gas container connected to the chamber, contributing
to the functionalization process. After the treatment, the
MWCNTs are washed at least three times using pure water
(Wako Pure Chemicals Co., distilled water) and dried under
reduced pressure at room temperature.

Fourier transform infrared (FT-IR) spectroscopy is used
to measure the chemical groups attached onto theMWCNTs.
Approximately 0.5mg of a dried sample is dispersed in
1.0mL of propanol, and the mixture is uniformly coated
on a CaF

2
substrate (SIGMA KOKI Co., 20mm diameter

and 1mm thickness), dried, and measured using an FT-IR
spectrometer (Shimadzu Co., 8700, 100 scans averaged). The
spectra presented in this report are obtained after base line
correction.

To study the dispersion stability of the pristine, soni-
cated, and plasma-treated MWCNTs (hereinafter denoted
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Figure 2: (a) FT-IR spectra for the 𝑝-MWCNTs, 𝑠-MWCNTs, and 𝑓-MWCNTs and (b) intensity ratios of the FT-IR absorbance peak at
ca. 1720 to the most intense peak in the range 1520–1590 cm−1 and the content of carboxyl groups, 𝑀COOH (mole%), estimated from the
absorbance peak intensities at ca. 1720 cm−1 using the calibration curve drawn for benzoic acid.

by 𝑝-MWCNTs, 𝑠-MWCNTs, and 𝑓-MWCNTs, resp.), ca.
1.0mg of the dried sample is mixed with 8.0mL of pure
water with a brief sonication for 2min in a bath sonicator
(IUCHI Japan, US-1, 110W, 38 kHz) so that the MWCNTs
are dispersed homogeneously. The dispersion stability is
examined by a UV-visible spectrometer (JASCOCo., V-630).
The sample is placed in a quartz cuvette (1.0 × 1.0 × 4.5 cm3)
and time variation of absorbance (Abs) at a wavelength
of 250 nm is measured for 4 h. Here the wavelength is
chosen corresponding to the maximum absorbance region
of the UV-visible spectra, because Beer’s law of the linear
relationship between the absorbance and concentration of
the absorbing particles holds up to higher concentration in
this region as compared to other regions [14]. The dispersion
stability is also verified by mixing 20mg of each sample in
10mL of pure water with bath sonication for 2min and then
keeping the sample in a glass bottle undisturbed for more
than one month.

The surface morphology of the samples is observed
by a transmission electron microscope (TEM; HITACHI
High Technology Co., H-7500), and the structural quality is
measured by a Raman spectrometer (JASCO Co., NR-1800,
𝜆 = 532 nm).

3. Results and Discussion

A variety of different techniques can be used to charac-
terize the surface chemistry of CNTs after covalent func-
tionalization [9, 12, 15, 16]. Among them FT-IR is widely
used to ascertain the groups attached onto the func-
tionalized CNTs [16, 17]. Therefore, FT-IR spectra of the
𝑝-MWCNTs, 𝑠-MWCNTs, and 𝑓-MWCNTs are measured.
Usually, 𝑝-MWCNTs exhibit an almost featureless FT-IR
spectrum because of the high transmittance of the 𝜋-electron

structure of symmetric carbons [18]. But in our case a small
peak at approximately 1579 cm−1 is observed, which corre-
sponds to C=C stretching vibration as shown in Figure 2(a)
[16, 19]. 𝑠-MWCNTs do not show significant difference in
the spectrum from that of the 𝑝-MWCNTs except for C–
H stretching peaks at approximately 2925 to 2975 cm−1,
indicating an increase in the number of sp3 carbon bonds
[16, 17, 20]. These bonds are assumed to originate from
the breakage of C=C bonds. A new clear peak appears at
ca. 1720 cm−1 in the spectrum of 𝑓-MWCNTs as shown in
Figure 2(a), which indicates the presence of C=O stretching
bonds, and the broad band at ca. 3209 cm−1 corresponds
to O–H/–OH bonds [18, 19]. Hence, it is conjectured that
after the plasma treatment MWCNTs are functionalized and
that hydrophilic carboxyl (–COOH) groups are attached onto
the MWCNTs. Usually C=O stretching vibrations of the –
COOH group are observed at 1740 cm−1 [8], but in our case
the C=O vibration peak is shifted to ca. 1720 cm−1, which
suggests the abundance of −COOH groups on the MWCNTs
after plasma treatment [21]. The peak at 1520 to 1590 cm−1
corresponds to the C=C graphitic stretching mode, which
is infrared-activated by extensive sidewall functionalization
[16, 21]. When 𝑓-MWCNTs are dispersed in water, the
–COOH groups attached to theMWCNT surface are ionized
to COO−. As a result, the negative charges repel each other
and the MWCNTs do not aggregate in the solvent. Thus, a
stable dispersed solution is produced from the 𝑓-MWCNTs.

For the quantitative study of the attached groups different
methods such as X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), chemical derivatization,
or titration methods are used [9, 13, 15]. Each of these
methods has strengths as well as limitations in finding the
exact amount of the groups [22]. In this study, absorbance
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intensity of the C=O stretching peak in the FT-IR spectra
is considered to roughly estimate the quantity of –COOH
groups attached onto the MWCNT surfaces. For this, a
calibration curve is drawn from the absorbance spectra of
a set of benzoic acid (C

6
H
5
–COOH) solutions of different

known concentrations. As C
6
H
5
−COOH structure has only

one –COOH group in the benzene ring, the intensity of
the C=O stretching bond is considered to be a measure
of –COOH content in the solution. The equation of the
calibration curve is

𝑦 = 2.0963𝑥, (1)

where 𝑥 is the molar concentration and 𝑦 is the corre-
sponding intensity of the absorbance peak at ca. 1720 cm−1,
indicating the C=O content of –COOH groups [19]. Then,
using the calibration curve,molar percentages of the –COOH
(𝑀COOH) attached onto the MWCNT surfaces are roughly
estimated from the peak intensities of the absorbance data
of the 𝑝-MWCNTs, 𝑠-MWCNTs, and 𝑓-MWCNTs at ca.
1720 cm−1 and are shown in Figure 2(b). The ratios of the
peak intensity at ca. 1720 cm−1 and that of the intense peak
in the range 1520 to 1590 cm−1, 𝐼

1720
/𝐼
1550

, are also calculated
to confirm the content of –COOH groups. It is observed
that 𝑝-MWCNTs contain a small amount of –COOH, which
may originate from their purification process. The content
is slightly higher for 𝑠-MWCNTs, which may be due to the
interaction of ethanol with MWCNTs under the cavitation
forces in the sonication process. The significant increase in
C=O content and the increase in 𝐼

1720
/𝐼
1550

after the plasma
treatment indicate the functionalization of MWCNTs. It is
conjectured that during the acidic pretreatment, citric acid
molecules become wrapped around the MWCNTs. From

the Raman spectra (described later), it is observed that the
𝑝-MWCNTs have defect sites on their structure. Therefore,
there is a chance for the citrate ions to slowly attack the weak
parts of the MWCNTs. As a result, some primary reaction
sites may temporarily become functionalized. Besides, a large
number of active sites are assumed to be generated on the
surfaces of the MWCNTs from the attack of energetic ions
and radicals produced during the plasma treatment. The
oxygen ions and radicals are highly reactive and can form
covalent bonds upon reacting with dangling bonds or defects
[12]. The active sites then become attached to –OH or –
COOH groups, which are generated from the fragmentation
of the citric acid, water, and oxygen.

The surface functional groups increase the dispersion
stability of MWCNTs. Hence, dispersion stability can be an
indirectmeasure of the degree ofMWCNT functionalization.
UV-visible spectroscopy is used to study the dispersion
stability of the treated samples in pure water. The absorption
of UV-visible light is quantitatively highly accurate [14] and
the change in absorbance with time can be interpreted
as dispersion stability of MWCNTs in water. Because the
absorbance of the solution is proportional to the concentra-
tion of the absorbing particles in the solvent [14], the settling
speed (𝑑𝑛/𝑑𝑡), measured from the slope of the linear fitting
of the Abs versus time graph, would give the information
about the amount of MWCNTs present in the optical path.
Settling speed was observed to be used as a measure of
studying the functionalized MWCNTs [23]. A decrease in
𝑑𝑛/𝑑𝑡 represents an increase in the dispersion stability of
MWCNTs in the solvent.

The settling speeds (with error bars) of the 𝑝-MWCNTs,
𝑠-MWCNTs, and 𝑓-MWCNTs in water are shown in
Figure 3(a), which are averaged from at least three times
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of the measurement. The lower value of 𝑑𝑛/𝑑𝑡 for the
𝑠-MWCNTs than for the 𝑝-MWCNTs indicates that the dis-
persibility is enhanced slightly by sonication. However, after
the citric-acid-assisted plasma treatment, 𝑑𝑛/𝑑𝑡 becomes
one-fifth that of the 𝑝-MWCNTs, which indicates the strong
enhancement of dispersibility. The dispersion stability can
also be observed in the optical photographs shown in
Figure 3(b). It is observed that the 𝑓-MWCNTs produce a
darker suspension than 𝑝-MWCNTs or 𝑠-MWCNTs, and the
little change in the darkness even after a week indicates the
higher dispersibility of 𝑓-MWCNTs. 𝑝-MWCNTs agglom-
erate soon after they are dispersed in water and form loose
sediment on the container bottom. A part of the MWCNTs
is assumed to be broken into shorter pieces during the
supersonic treatment, and they are less likely to become
entangled and aggregate [24]. As a result, the dispersibility of
𝑠-MWCNTs is improved.On the other hand, the𝑓-MWCNTs
disperse easily in water and the suspension remains stable for
more than onemonth confirming the enhanced dispersibility.

The morphology of the MWCNTs is observed by TEM at
each step of functionalization as shown in Figures 4(a)–4(e).
The typical TEM images indicate that 𝑓-MWCNTs are more
dispersed than 𝑝-MWCNTs and 𝑠-MWCNTs. Shortening of
the MWCNT length is observed as a result of sonication, but
almost no further shortening is observed after the subsequent
plasma treatment.The plasma species only affect the surfaces
of the MWCNTs and not the bulk [12]. No significant
defects are observed on the sidewalls of 𝑓-MWCNTs in
the TEM images of higher magnification, which suggest the
preservation of structural integrity.

Raman spectrum is an important tool to study the
CNT structure [25, 26] and is widely used to assess the
amount of defects [16, 17]. Raman spectra of the𝑝-MWCNTs,
𝑠-MWCNTs, and 𝑓-MWCNTs are presented in Figure 5,
which are normalized and bodily shifted in the intensity
axis. The defect induced 𝐷 band appears at ca. 1350 cm−1,
which indicates the amount of disordered carbon in the CNT
structure, and its intensity, 𝐼

𝐷
, corresponds to the degree of

disorderness.The𝐺 band at ca. 1600 cm−1 corresponds to the
graphitic (ordered) carbon, and its intensity, 𝐼

𝐺
, corresponds

to the amount of ordered carbon. Therefore, the ratio, 𝐼
𝐷
/𝐼
𝐺
,

is used to estimate the change in structural quality of CNTs
after functionalization in different processes. Defect density
corresponding to 𝐼

𝐷
/𝐼
𝐺
for the 𝑝-MWCNTs, 𝑠-MWCNTs,

and 𝑓-MWCNTs is observed to be 1.05 ± 0.02, 1.06 ± 0.01,
and 1.08 ± 0.03, respectively. The changes are very small,
and also no distinct changes are observed in terms of the
Raman shift. These suggest that the MWCNT structure and
the chemical composition of the interior of the CNTs are
almost unaffected by the ultrasonic and plasma treatments.
This is also supported by the results of theTEMmeasurement.

On the basis of the above results, the basic functionaliza-
tion scheme of the MWCNTs by the citric-acid-assisted oxy-
gen plasma treatment is summarized in Figure 6. MWCNTs
are long and web-like and remain strongly aggregated. When
they are dispersed in ethanol by the supersonic treatment,
ethanolmolecules enter the aggregated parts of theMWCNTs
and weaken the attractive forces between them. When the

0.0

0.4

0.8

1.2

1.6

1200 1300 1400 1500 1600 1700 1800

In
te

ns
ity

,I
(a

.u
.)

ID/IG =

1.08 ± 0.03

(a)

(b)

(c)

1.06 ± 0.01

1.05 ± 0.2

D

G

Raman shift, k (cm−1)

Figure 5: Raman spectra of the (a) 𝑝-MWCNTs, (b) 𝑠-MWCNTs,
and (c) 𝑓-MWCNTs.

𝑠-MWCNTs are placed in the citric acid solution, the citrate
and hydronium ions attack their weak parts. During the
plasma reaction, oxygen, water, and citric acid molecules
or ions are fragmented to generate oxygen containing ions,
radicals, and CO or CO

2
, which react with the defect sites

[12, 27, 28]. The CO and CO
2
are oxidized to form –COOH

groups and attach to the MWCNT surfaces [18]. Also, the
attached –OH groups are further oxidized to form –COOH
groups [17, 28].These functional groups enable theMWCNTs
to readily disperse in water due to hydrogen bonds formed
between the carboxylic acid groups andwatermolecules [29].
The negatively charged surfaces of the CNTs repel each other
and prevent them from coagulating. The polar interactions
of the functional groups with the water molecules reduce the
settling speed of the 𝑓-MWCNTs [29].

3.1. Optimization of the Functionalization Process. The dis-
persion stability depends on the degree of functionalization.
Therefore, the settling speed shows qualitatively the content
of functional groups attached onto the MWCNT surfaces.
Using this, optimal treatment conditions are sought for each
step of the processes.

Sonication parameters play very important role in the
dispersion of CNTs [30, 31]. To optimize the input sonication
power, 10, 15, and 20W are considered for the treatment of
30mg of MWCNTs in 20mL of pure ethanol for 60min. For
optimum treatment time, 30mg of MWCNTs in 20mL of
ethanol is treated for 15, 30, 60, 90, and 120min at an input
power of 15W. MWCNTs of 10, 30, 50, and 100mg in 20mL
of pure ethanol are treated at 15W for 60min to optimize
the amount in ethanol. Temperature of the mixture is kept
constant by placing the flask containing the sample in a bath
of ice water during the sonication to facilitate the equilibrium
condition for the treatment [31]. The 𝑑𝑛/𝑑𝑡 is measured for
all of these samples as described earlier and presented in
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Figure 6: A model of the functionalization process of MWCNTs.

Figure 7(a), based on which it is observed that treatment of
30mg of MWCNTs in 20mL of ethanol at an input power of
15W for 60min is optimum for supersonic treatment.

The degree of plasma functionalization changes with the
citric acid density and the soaking time. To optimize these,
𝑠-MWCNTs sonicated at optimum condition are placed in
5mL of citric acid solution of 0.10, 0.15, 0.20, and 0.30 mole
for 48 h. For optimum soaking time 𝑠-MWCNTs are soaked
in 0.15 mole (5mL) citric acid solutions for 0, 24, 48, and
120 h. After soaking, each sample is plasma treated for 15min
at 200W with O

2
flow of 5 sccm. Then 𝑑𝑛/𝑑𝑡 is measured

for these 𝑓-MWCNTs, which are presented in Figure 7(b). It
is observed that soaking in 0.15 mole citric acid solution for
ca. 48 h is optimum for citric acid treatment. Though 𝑑𝑛/𝑑𝑡
decreases for the samples soaked for longer time, 24 to 48 h is
considered as sufficient, because after this the changes in the
𝑑𝑛/𝑑𝑡 are not so high.

To optimize the plasma reaction condition three different
O
2
flow rates are considered (0, 5, and 10 sccm), at which

the samples are plasma treated at a pressure of ca. 400 Pa
and 𝑃rf of 200W for 15min. Similarly, background pressure
is varied from 50 to 1000 Pa for the treatment at 𝑃rf =
200W for 15min with 5 sccm O

2
flow. RF power is varied

as 100, 200, and 300W at a pressure of 400 Pa with O
2

flow of 5 sccm and treatment time of 15min. The treatment
duration is varied as 10, 15, 20, and 30min with O

2
flow

of 5 sccm and 𝑃rf of 200W with background pressure of
400 Pa. From the values of 𝑑𝑛/𝑑𝑡 for all these samples,
which is shown in Figure 7(c), it is observed that 5 sccm
O
2
flow, 400 Pa background pressure, 200W RF power, and

ca. 15min treatment duration are optimum for the efficient
functionalization. Plasma treatment without an O

2
flow is

found to be less efficient. On the other hand, a higher
O
2
flow rate (10 sccm) is also observed to deteriorate the

functionalization. Higher RF power (300W) is also observed
to deteriorate the dispersion stability, which is assumed to
be due to the dissociation of the functional groups to other
groups. In the sameway, 15min of plasma treatment at 200W
has a more positive effect on functionalization than 10min
treatment and 20 or 30min treatment results in no significant
enhancement of functionalization. It is conjectured that after
15min of treatment the plasma reaction reaches a saturation
level, and therefore further treatment cannot improve the
functionalization.

For clear results on the quantitative measurement of the
attached groups XPS analysis is necessary, which will be
done in the near future. As the plasma comes in from the
upper side, surface part of the samples on the electrode
may react more strongly than the inner part. Therefore, to
obtain uniform functionalization, modification of the reactor
configuration would be necessary, which is under active
consideration.
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Figure 7: Settling speeds, 𝑑𝑛/𝑑𝑡, measured (a) for the 𝑠-MWCNTs treated supersonically at different powers (10 to 15W), different amounts
(10 to 100mg) in 20mL ethanol, and different durations (15 to 120min) at room temperature, (b) for the plasma treated samples soaked in
different concentrations of citric acid (0.00–3.0M), and for different durations (0 to 120 h) at room temperature, and (c) for the 𝑓-MWNTs
plasma treated at different oxygen flows (0 to 10 sccm), RF power (100 to 300W), and for different durations (10 to 30min).

4. Conclusions

A new and safe method has been developed to functionalize
MWCNTs. In the sequence of treatments, MWCNTs are
pretreated in pure ethanol using a supersonic homogenizer,
wetted using citric acid solution, and plasma treated using
RF oxygen plasma. By the plasma reaction in the presence
of citric acid, O

2
, and water vapor, plasma species interact

with them to create many kinds of ions and radicals. They
attack the MWCNT surfaces and activate a large number of
sites to enhance the attachment of –COOH groups onto their
surfaces. These attached groups significantly enhance the
dispersion stability of the MWCNTs in water. The structural
integrity of the 𝑓-MWCNTs is conjectured to be preserved
after plasma treatment, which is verified by the Raman and
TEMmeasurements.Themost suitable treatment parameters
in this process are the sonication of 30mgMWCNTs in 20mL

ethanol at room temperature for 60min at a probe power of
15W, soaking in 0.15 mole (5mL) citric acid solution for ca.
48 h, and plasma treatment for ca. 15min at a pressure of ca.
400 Pa and an RF power of 200W with ca. 5 sccm O

2
flow.
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Thermally fragile tris(𝜂5-cyclopentadienyl)erbium (ErCp
3
) molecules are encapsulated in single-wall carbon nanotubes (SWCNTs)

with high yield. We realized the encapsulation of ErCp
3
with high filling ratio by using high quality SWCNTs at an

optimized temperature under higher vacuum. Structure determination based on high-resolution transmission electronmicroscope
observations together with the image simulations reveals the presence of almost free rotation of each ErCp

3
molecule in SWCNTs.

The encapsulation is also confirmed by X-ray diffraction. Trivalent character of Er ions (i.e., Er3+) is confirmed by X-ray absorption
spectrum.

1. Introduction

Nanowires with a few atoms in diameter show completely
different properties from those of the three-dimensional bulk
materials [1–11]. However, in general, those ultimately thin
nanowires are unstable under atmospheric conditions and
they are therefore quite difficult to realize.

In 1998, it was found that single-wall carbon nanotubes
(SWCNTs) are able to encapsulate C

60
fullerenes in their

inner hollow space [12]. Since the discovery, variousmaterials
have been encapsulated in SWCNTs, which has produced
a wide variety of low-dimensional hybrid nanomaterials;
SWCNTs have provided ideal nanospace and protective
walls for encapsulated materials [13–17]. In addition to their
specific structure, these newly formed hybrid nanomaterials
have shown interesting properties [18–20].

The encapsulation of organometallic complex molecules,
such as Co(C

5
H
5
)
2
[21] and Fe(C

5
H
5
)
2
[22–25], in the

SWCNTs has attracted wide attention due to an expected
control of SWCNT’s electronic properties through charge
transfer between encapsulates and SWCNT. Furthermore,
organometallics can act as a precursor to form metal atomic
wires in SWCNTs via the so-called nanotemplate reaction,
which may lead to the formation of novel metal atomic
wires.

Encapsulation of organometallics in SWCNTs, however,
has so far been difficult, mainly because of the fact that, under
atmospheric condition or at high temperature, suchmaterials
normally decompose during the encapsulation process. Here,
we have focused on the development of a versatile method
to encapsulate fragile organometallic complexes in SWCNTs.
To confirm the encapsulation, we have employed a structure
determination procedure that is based on high-resolution
transmission electron microscope (HR-TEM) observations
and HR-TEM image simulation by the multislice method
[26].
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2. Experimental

SWCNTs were synthesized by the so-called extended direct
injection pyrolytic synthesis (e-DIPS) [27]. As-produced
e-DIPS SWCNTs (a-CNTs) were annealed at 1200∘C in
vacuum (∼10−5 Pa) for 14 hours in order to remove remaining
Fe catalyst nanoparticles and amorphous carbon impurities
[28]. Before the encapsulation reaction, the purified e-DIPS
SWCNTs (p-CNTs) were heated under dry air flow at 600∘C
for 30min in order to open the endcap of SWCNTs.

ErCp
3
is an air- and moisture-sensitive material and

decomposes easily upon exposure to the atmosphere [29].
ErCp
3
was thus carefully handled and purified by sublimation

at 200∘C under high vacuum (∼10−4 Pa) [29] and was kept
in an anaerobic glove box. In the following experiments, all
the sample preparation was performed using the purified
ErCp
3
under anaerobic condition to avoid any undesired

degradation of ErCp
3
during the preparation. Open-ended

p-CNTs (o-CNTs) were vacuum sealed (∼10−4 Pa) in a Pyrex
tube with the purified ErCp

3
, and the sealed Pyrex tube

was heated at 250∘C for 72 hours. At this temperature and
pressure, ErCp

3
was sublimed and encapsulated in the hollow

space of the SWCNTs.The as-prepared ErCp
3
@o-CNTs were

washed with anhydrous tetrahydrofuran in order to remove
anyErCp

3
molecules physically adsorbed on the outer surface

of the SWCNTs. The final products were dried at 80∘C for 12
hours. As a control experiment, we also prepared a sample,
ErCp
3
@p-CNTs, by performing the encapsulation process of

ErCp
3
on p-CNTs.

3. Results and Discussion

Figure 1 shows a thermal gravimetric analysis (TGA) trace
of a-CNTs and p-CNTs. Two shoulders were clearly seen at
around 400∘C and 600∘C on the TGA curve of a-CNTs. The
former and the latter shoulders correspond to the oxidation
of amorphous carbon and the oxidation of SWCNTs and
graphite, respectively. In contrast, only one sharp drop at
500∘C and a smaller amount of residual material (3.84wt.%)
were observed in the TGA curve of p-CNTs, which indicates
higher purity of p-CNTs than that of a-CNTs.

Figures 2(a) and 2(b) are HR-TEM images of a-
CNTs and p-CNTs, respectively. As seen in Figure 2(a),
dark contrasts of Fe catalyst nanoparticles and amorphous
impurity attached outer surface of SWCNTs are clearly
observed. The amount of Fe catalyst nanoparticles and
amorphous impurity greatly decreases after purification, as
shown in Figure 2(b). In Figures S1(a) and (b) (see Figures
S1(a) and S1(b) in Supplementary Material available online
at http://dx.doi.org/10.1155/2014/539295), the corresponding
energy dispersive X-ray (EDX) spectra are shown. Obtained
spectra clearly show that the amount of residual Fe had been
greatly reduced by purification. These HR-TEM images are
consistent with the TGA results.

Figures 3(a) and 3(b) showHR-TEM images of ErCp
3
@o-

CNTs having different tube diameters. As seen in Figure 3(a),
dot-like contrasts align in one-dimensional fashion at inter-
vals of 0.94 nm inside SWCNTs whose diameter is 1.30 nm.
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Figure 1: TGAprofiles of as-produced andpurified e-DIPS SWCNT.
The sharp drop in sample weight at higher temperature and the
smaller amount of residual material show higher quality of purified
SWCNTs than that of as-produced ones.

The observed interval of 0.94 nm is almost the same with the
molecular size of the ErCp

3
molecule; the molecular size was

estimated considering van der Waals radius of constituent
atoms. Moreover, the difference between the diameter of
SWCNTs (i.e., 1.30 nm) and the intervals of dot-like contrasts
(i.e., 0.94 nm) observed is nearly equal to the van der Waals
radii of the inner wall of SWCNTs (∼0.34 nm) [30, 31].

When the diameter of SWCNTs is larger than 1.30 nm,
ErCp
3
molecules aggregate to form clusters (Figure 3(b)).

An EDX spectrum observed in the same area shows strong
peaks that can be attributed to Er 𝑀

𝛼
, 𝐿
𝛼
, and 𝐿

𝛽
(Figure

S1(c)). The dark spots were not observed in o-CNTs prior
to the ErCp

3
encapsulation, and no EDX peaks from Er

atoms were observed. Therefore, we conclude that observed
contrasts arise from encapsulated ErCp

3
molecules forming

one-dimensional regular array in hollow space of SWCNTs.
The estimated filling ratio from the HR-TEM images is
ca. 30% or more, which is substantially higher than that
previously reported for organometallic complexes molecules
encapsulated in SWCNTs [21, 22].

To confirm the high filling ratio of ErCp
3
in o-CNTs,

we have measured X-ray diffraction (XRD) patterns. Figures
S2(a) and (b) show the XRD patterns of o-CNTs, ErCp

3
@o-

CNTs, p-CNTs, and ErCp
3
@p-CNTs. As shown in Figures

S2(a) and (b), the number of diffraction peaks is limited, so
that it is difficult to determine precise filling ratio by pattern
fitting. Filling of ErCp

3
molecules, however, can be confirmed

by changes in intensity of (10) peak. As clearly seen in Figure
S2(a), the intensity of (10) peak of ErCp

3
@o-CNTs is much

smaller than that of o-CNTs. This is a clear indication that
the inner space of o-CNTs is filled with guest materials (i.e.,
ErCp
3
) [14, 32, 33].
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Figure 2: HR-TEM image of (a) as-produced and (b) purified e-DIPS SWCNTs.
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Figure 3: HR-TEM images of ErCp
3
molecules in (a) thinner and (b) broader SWCNTs. The inset of (a) is a simulated HR-TEM image of

ErCp
3
@o-CNT.

The intensity of (10) peak of ErCp
3
@p-CNTs is compara-

ble to that of p-CNTs, suggesting that the observed intensity
drop in ErCp

3
@o-CNTs can be attributed to encapsulation

of ErCp
3
molecules (Figure S2(b)). The high filling ratio

is caused by (1) purification and anaerobic handling of
ErCp
3
, (2) an improved preparation method of o-CNTs (i.e.,

high quality, proper diameter, and optimized cap-opening
conditions), and (3) performing the encapsulation reaction
under high vacuum at optimized conditions.

Based on the observed HR-TEM images of
ErCp
3
@SWCNT, we have constructed a structure model.

Image simulations by the multislice method (at a defocus of
600, 650, 700, 750, and 800 nm) have been carried out based
on the structure model constructed. To attain satisfactory
agreements between the observed and simulated HR-TEM

images, we have superimposed simulated HR-TEM images
of ErCp

3
@SWCNT with different molecular orientations,

in which simulated images based on fixed molecular
orientations do not match with the observed images.

As illustrated in inset of Figure 3(a), the final simulated
HR-TEM image well reproduces both the observed dark
ellipsoids and their intensities. Hence, encapsulated ErCp

3

molecules may be rotating much faster than the time scale
of HR-TEM observation (the typical exposure time is sev-
eral seconds). This suggests that the interaction between
encapsulated ErCp

3
and SWCNTs should fairly be weak.

Since the ionization energy of ErCp
3
(7∼8 eV) is much larger

than the threshold under which charge transfer interaction
between SWCNTs occurs [14]; the interaction between ErCp

3

and SWCNTs should not be significant. Here the ionization
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Figure 4: X-ray absorption spectra of ErCp
3
@o-CNTs and Er

2
O
3
,

confirming the presence of Er3+ in both species.

energy of ErCp
3
was estimated from the ionization energy of

other molecules, that is, LaCp
3
(7.9 eV), PrCp

3
(7.68 eV), and

TmCp
3
(7.43 eV), respectively [34].

To further investigate the electronic structure of ErCp
3
,

X-ray absorption spectrum (XAS) measurements at the Er
𝑀
5
absorption edge were performed, which indicates triva-

lency of Er ions (i.e., Er3+) (Figure 4).The spectrum is almost
identical to that of Er

2
O
3
, suggesting that encapsulated ErCp

3

molecules do not transform into any clusters or aggregates as
such. SWCNTs act only as a template that restricts the space
where ErCp

3
molecules are encapsulated.The restricted space

of SWCNTs is, therefore, well suited to stabilize unstable
metal-containing complexes and to create low-dimensional
alignment of various metal complexes including unstable
organometallics.

4. Conclusions

We have successfully fabricated novel low-dimensional crys-
talline ErCp

3
nanowires encapsulated in SWCNTswith filling

yield of ∼30% and characterized their structural properties.
Encapsulation reactions carried out under high temperature
and high vacuum conditions using high quality SWCNTs are
necessary in order to obtain ErCp

3
@SWCNTs. A structure

determination method based on the simulated annealing
method and HR-TEM image simulation has been shown to
be useful in characterizing the crystal structure of metal
complex nanowires formed in SWCNTs. The present study
may lead to future fabrication of various low-dimensional
metal complexes in SWCNTs in high yield.
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