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Graphene and carbon nanotubes (CNTs) are both carbon-based materials with remarkable optical and electronic properties which,
among others, may find applications as transparent electrodes or as interconnects in microchips, respectively. This work reports on
the formation of a hybrid structure composed of a graphitic carbon layer on top of vertical CNT in a single deposition process. The
mechanism of deposition is explained according to the thickness of catalyst used and the atypical growth conditions. Key factors
dictating the hybrid growth are the film thickness and the time dynamic through which the catalyst film dewets and transforms
into nanoparticles. The results support the similarities between chemical vapor deposition processes for graphene, graphite, and
CNT.

1. Introduction

Graphene and carbon nanotubes (CNTs) are carbon allo-
tropes with similar and exceptional optical and electronic
properties [1] which can find applications as electronic
or optoelectronic devices such as interconnects [2, 3],
transparent electrodes [4], photodiodes [5], photodetectors
[6], or solar cells [7]. The similarity in their properties
derives from the identical atomic structure consisting of sp2-
hybridized carbon atoms arranged in a hexagonal lattice and
from the fact that the band structure of CNT is derived from
that of graphene simply by confining the electronic wave
functions to a smaller portion of a graphene plane [8].

Moreover, their manufacturing process is similar since
CNT [9–12] and graphene [13–15] can be deposited via
catalytic chemical vapor deposition (CVD) by exploiting

the catalyzed decomposition reaction between a carbon
precursor (acetylene for example) and a catalyst of the
iron group (Ni, Co, or Fe). More specifically, the catalyst
provides active sites for adsorption and decomposition of the
precursor molecule and a template to organize the adsorbed
and/or dissolved carbon into graphitized structures. The
main difference between the two processes lies in the shape
of the template; that is, a nanoparticle in the case of one-
dimensional CNT or carbon nanofiber and a film (infinite
large particle) in the case of two-dimensional graphene.

In this work, the link between graphene and CNT is
further investigated by studying and explaining the forma-
tion mechanism of a hybrid structure consisting of graphitic
layers on top of CNT. This peculiar structure is receiving
increasing interest in the scientific community [3, 16–18]
since it basically shows that an horizontal top electrode of
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Figure 1: Scheme of growth recipes and tool operations. During the first load step of 30 s, samples are transferred into the chamber at base
pressure. A 10 s stabilization step is used for stabilizing sample temperature. The last growth step occurs in C2H2/Ar mixture (5/495 sccm)
at a total pressure of 4.148 Torr and for 2, 5, or 10 minutes. Helium partial pressure is 0.148 Torr.

graphite can be deposited over vertical CNT in a single
process step at low temperature whereas most of the times the
two materials are deposited with independent stand-alone
processes at high temperature. For instance, a horizontal top
electrode in graphite could serve for interconnections [3] as
a protective carbon cap for the CNT underneath or as self-
formed large area electrode to contact the carbon nanotubes
[18]. Clearly, the coexistence of both graphite and CNT in a
unique process window would offer advantages in terms of
manufacturability using a relatively inexpensive single-step
process.

In this work, the key factors dictating the process window
for growing the hybrid structure are identified in the film
thickness, studied here in a relatively narrow range, and the
time dynamic through which the catalyst film dewets and
transforms into nanoparticles (also dependent, among other
factors, on the film thickness). A based growth mechanism
is identified for the growth of the hybrid structure on TiN as
observed in [17] but not in [3]. Its formation appears catalyst
independent since the hybrid structure has been observed for
Co and Ni on TiN (this work and [3, 17]), Ni on Ti [16],
or for Fe on SiO2 [18]. Finally, based on the observations of
catalyst debris near the base or inside the CNT, we agree with
the qualitative idea that the CNTs underneath the structure
form as a result of a catalyst in a viscous liquid-like state of
high mobility over the underlying metallic substrate [17].

2. Experimental

Nickel and cobalt films of different thicknesses were
deposited on a blanket 70 nm TiN/100 nm SiO2/p-Si stack by
physical vapor deposition (PVD). The amount of material
deposited by PVD was first calibrated on SiO2 test wafers
and measured using Rutherford backscattering (RBS). The
depth of the test films measured by RBS was 1.24 1016

atoms·cm−2, 2·1016 atoms·cm−2 for nickel and 1.02·1016

atoms·cm−2, 1.75·1016 atoms·cm−2 for cobalt, respectively.
These data correspond to an equivalent thickness of about
1.3 nm and 2.2 nm for nickel and 1.1 nm and 1.9 nm for
cobalt, respectively. Moreover, a film with an equivalent
thickness of 5 nm was also included in the set of experiments.

In a typical growth experiment, a sample of each was
loaded together. Pieces of 2 by 2 cm were placed next to each

other in the center of a carrier wafer and processed in a
plasma-lab CVD tool from Oxford Instrument consisting of
a main deposition chamber with a heating stage of graphite
connected to a load lock stage by a robot. Gasses are top
injected into the main chamber via showerhead gas inlets in
the top electrode.

As the exact sequence of tool operations during the
growth experiments is important for the interpretation of
the results, the growth recipe and the tool operations will
be described in detail and are schematically represented
in Figure 1 for clarity. All recipes begin with a load step
where the samples are automatically transferred from the
load lock into the main chamber in about 30 s. As soon
as the carrier wafer is in contact with the heater in the
last 5 s of the load step, the sample temperature rapidly
increases to approximately TBP = 480◦C, which is the sample
temperature at the chamber base pressure of 3 · 10−5 Torr.

For temperature stabilization, the samples were left for
10 s (stabilization step) in the chamber at base pressure.
Then, the growth step begins and a 5/495 sccm C2H2/Ar
mixture was introduced into the chamber up to the process
pressure of 4.148 Torr. Helium was also present in the
chamber at this stage at a partial pressure of 0.148 Torr.
As a result of the pressure increase, the sample temperature
rapidly increases to about Tgrowth = 560◦C. Note that,
except for the loading and stabilization steps, no extra heat
treatment or catalyst activation step was done.

For all experiments, the growth step consisted only of
the operations described above, except for the fact that the
growth time was varied for 2, 5, and 10 minutes. After
growth, the samples were characterized by SEM and TEM.
For TEM analysis samples were sonicated in isopropanol for
10 minutes and few droplets of the solution were deposited
on a carbon lacey copper grid and dried. The analysis was
done with a HRTEM Tecnai F30 operating at 200 kV to limit
damage to the CNT during beam exposure.

3. Results

Figure 2 shows the growth results for cobalt and nickel films
with increasing film thickness after 5 minutes of growth time.
Dense CNT mats were obtained for layers below 1.3 nm,



Journal of Nanomaterials 3

CNT growth

TiN

TiN substrate

(a) (b) (c) (d) (e)100 nm

100 nm100 nm500 nm500 nm500 nm

2.2 nm Ni1.9 nm Co1.1 nm Co 5 nm Ni1.3 nm Ni

CNT and graphite
top-layer

Not-active Film
thickness

Figure 2: SEM pictures of different carbon nanostructures grown from thin nickel and cobalt films with different initial catalyst thickness
in mixture of 5/495 sccm C2H2/Ar for 5 min at 4.148 Torr. (a) CNT from 1.1 nm Co, (b) CNT from 1.3 nm Ni. The inset shows a CNT with
a particularly tapered tip; (c) CNT with a top porous carbon layer grown from 1.9 nm Co; (d) and (e) no growth of carbon structures from
2.2 nm and 5 nm Ni.

while no CNTs were observed for films equal to and thicker
than 2.2 nm, under the presented growth conditions. For the
intermediate film thickness of 1.9 nm, CNT growth was also
observed but an atypical layer can be distinguished on top of
the CNT (Figure 2(c)). This top layer appears to be porous
and some elongated CNTs extend through the pores. For a
film thickness of 1.3 nm, a peculiar tapered shape was found
near the top of the CNT mat, showing a broadening towards
a platform shape on top of the CNT (inset in Figure 2(b)).

To study the type of structures in more detail, TEM
analysis was done on the 1.1-Co, 1.3-Ni, and 1.9-Co samples.
In all cases (Figures 3 and 4), the structures consist of
multiwalls CNT with diameters 10.8 ± 3.4 nm for 1.1-Co,
13.1 ± 5.1 nm for 1.3-Ni, and 12.7 ± 5.0 nm for the 1.9-Co
samples as measured by SEM.

For the thinnest 1.1 nm film, cobalt nanoparticles are
located mostly at the extremities of the tubes (Figure 3(a))
whereas only a few were found in the interior of the
tube. Similarly, the 1.3-Ni sample had particles at the tube
extremities but the amount of particles found inside the tube
interior was larger in this case. Figure 3(d) shows a detail
of the tapered platform-like shape which was observed with
SEM at the tip of some CNT (inset of Figure 2(b)). As for
the 1.9-Co sample, a crust has formed on top of the CNT but
isolated to a single or a few interconnected CNT in contrast
to the closed (porous) layer formed on the 1.9-Co sample in
Figure 2(c).

In the 1.9-Co sample, the crusty top layer indeed
connects the tips of all neighboring CNTs as confirmed
by the TEM image in Figure 4(a). Underneath the crust,
straight multiwall CNTs are present as shown at high
magnification in Figures 4(b) and 4(c). Note that under
different growth conditions, carbon nanofibers were found
underneath similarly crusted top layers [19]. The fact that
the CNTs are still connected to the top layer allows us to
unambiguously locate the root of the tubes. From TEM, it
follows that a cobalt nanoparticle sits at the base or root of

the CNT. Arrows in Figure 4(a) indicate the particles in the
tubes and a high-resolution image of a cobalt nanoparticle at
the root of one CNT are shown in Figure 4(e).

For the 1.9-Co sample, nanoparticles are also in the core
of some tubes (Figure 4(d)). In particular, comparing the
inner particles among the samples, their number and size
seem to increase according to the initial catalyst thickness:
few and smaller nanoparticles for the 1.1-Co sample mean-
while numerous and larger nanoparticles in the 1.3-Ni and
1.9-Co samples. Note that the interior “particles” can be
quite elongated to rod-like structures (see Figures 3(e) and
4(d)) and in some cases even long nanowires suggesting the
formation of metal filaments during growth.

Figure 5 shows high-resolution TEM images of the top-
layer for 1.9-Co samples. Multiple layers of graphene form
the graphitic top layer or crust (Figures 5(a) and 5(b)). Even
though the TEM shows only clearly the graphene sheets
at the very surface, they appear to extend much further
but their visualization is difficult because of overlapping.
The global structure looks entangled without long range
order (polycrystalline). Small and elongated nanoparticles
are found right below the graphitic top-layer; that is, in the
tapered transition region between the planar graphite layer
and the vertical CNT. The tapered shape is then formed by
graphitic encapsulation of these catalyst particles, some of
which are trapped into this transition layer, others already
in the CNT below.

Figure 6 shows the Raman spectra of the samples ana-
lyzed so far (from Figure 2 to Figure 5). The spectra are
reproducible and representative since they appear identical
for different spots over the same sample.

The samples with CNT only (1.1-Co) and with CNT and
a graphitic layer on top (1.9-Co) exhibit identical Raman
spectra. This is probably due not only to the fact that the
spectra of graphite and MWCNT of large diameter have
strong similarities but also depends on the penetration depth
of the laser in our setup using a wavelength of 632 nm and a
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Figure 3: TEM of the carbon structures from 1.1 nm cobalt (top row, images (a), (b), (c)) and 1.3 nm nickel (bottom row, images (d) and
(e)); (a) CNT at low magnification; (b) large CNT with 16 walls (b) small CNT with 6 walls; (d) carbon top layer at the CNT’s tip; numerous
particles inside the CNT highlighted by arrows; (e) CNT with a particularly large particle inside.

1 μm laser spot. For instance, a peak for silicon at 500 cm−1

is present in the spectra of the samples without CNT (2.2 nm
and 5 nm) suggesting that the probed thickness is likely in the
order of a hundred of nanometers as SiO2 is separated from
the samples surface by a 70 nm thick layer of TiN. The top
graphite layer, instead, is expected only few nanometers thick
(from TEM) so large part of the Raman signal originates
from the MWCNT underneath.

In all the samples, the typical features of graphitic
materials are present in the first-order Raman spectra: that is,
D and G bands at≈1350 cm−1 and≈1580 cm−1, respectively.
Considering the pronounced shoulder in the D peak at about
1100 cm−1 and the fact that the D and G bands merge
in the region between 1350 cm−1, and ≈1580 cm−1 it is
concluded that the samples contain some degree of disorder.
In fact, the TEM images of the graphite top layer (Figure 5)
revealed a polycrystalline structure made of small domains of
undulated fringes continuous over a length of few nanome-
ters only. The edges of each domain can be considered as
defects which contribute to the broadening of the D and
G peaks as discussed in [20]. For graphitic materials with
defects, a D’ peak is also expected at 1620 cm−1 but it is not
distinguishable here probably because buried in the G band
as also expected for nanocrystalline graphite when small
grains are present [21].

Similar arguments can also be applied to the samples
with MWCNT even if broad G and D peaks are more typical
because of the parallel contribution of several walls with
different diameters. In particular, some degree of disorder
in the structure of the tubes can be inferred from the
shoulder at 2950 cm−1 [22]. Moreover, we noticed that the
Raman spectra here reported are similar to those in [23]
which were obtained for defective MWCNT and also to
the spectra measured in previous works [24] on MWCNT
grown at 470◦C and 400◦C. In this latter case, the quality
of the MWCNT was quantified by extracting the electrical
resistivity. The result showed indeed that those MWCNT
behaved as diffusive conductors for a length of few hundred
of nanometers, namely, as a material with some degree of
disorder or imperfections. The 2D peak [25] at ≈2700 cm−1

is an overtone of the D peak also present in graphite and
CNT; however, for what mentioned above, it is believed not
to originate from the graphite top layer.

The point of major interest for our discussion is that
the D and G peaks also appear for samples without CNT
(2.2-Ni and 5-Ni) and which looked inactive in the SEM of
Figure 2(d) and Figure 2(e). In particular, since the G peak
originates from sp2 carbon domains [23], we conclude that
for these samples some graphitic carbon is deposited on the



Journal of Nanomaterials 5

16.5nm

10 nm

11.2nm

Top layer

10 nm

10 nm

1.
9 

n
m

 c
ob

al
t

(a) (b) (c)

(d) (e)

Figure 4: TEM of the carbon structures from 1.9 nm cobalt; (a) low-magnification image showing the presence of a large top layer on top of
CNT; arrows indicate nanoparticles at the root of the CNT; (b) large CNT with 17 walls; (c) small CNT with 8 walls; (d) nanoparticles inside
the CNTs as indicated by arrows; (e) nanoparticle at the tube root.

Co

(a) (b) (c)

10 nm 10 nm 50 nm

Figure 5: High-magnification TEM images of the top layer on the CNT grown from 1.9 nm Co. (a) and (b): graphitic carbon on the crest of
the top layer; (c) lower-magnification picture showing elongated cobalt nanoparticles present right below the top layer.

catalyst in the early stage of the growth recipe even if CNT
did not form.

The CNT length and consequently the height of the
graphite top-layer increase linearly with growth time as
shown in Figure 7(a). From the slope, a growth rate of
136 nm/min was found. The intersection with the time axis

suggests an incubation time of about 20 s before the graphite
layer is lifted off by the CNT. The top-layer morphology
did not change significantly with growth time as ascertained
from the SEM images in Figures 7(b) and 7(c).

To assess the effect of pretreatment time [17] on thicker
films, the 10 s stabilization step was extended to 2 minutes
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which is equivalent to a thermal pretreatment of 2 min
and 10 s at 480◦C in vacuum (≈10−5 Torr) before the
introduction of acetylene gas for growth. The remainder of
the growth recipe was kept the same. The results for the 1.9-
Co and 2.2-Ni are presented in Figures 8(a) and 8(b). CNT
growth was now observed in both cases without formation
of any graphitic layer on top. The 5-Ni film still did not
show any growth but after the thermal pretreatment was
further extended to 10 minutes, CNTs under large patches
of a graphitic top layer were achieved also on this sample
(not shown here). Figure 8(c), instead, shows that CNT with
a graphite top layer can also be grown in patterned structures
using 1.3 nm of Ni and the same recipe without pretreatment
used to grow the structures in Figure 2(b).

4. Discussion

The atypical structure observed in the 1.9-Co sample of
Figure 4 basically consists of two components: a 2D graphitic
top layer on top and a mat of 1D CNT underneath.
It is here explained by the interaction between acetylene
and the surface of the catalyst template which dynamically
changes shape during the process; that is, from a planar
film to distributed nanoparticles with possible formation of
nanofilaments [28] as the first graphitic layer lifts off from the
surface. Note that the term “nanoparticles” has to be seen in
a broader sense in this case, namely, as a nucleation center
for a CNT (e.g., extrusion in the metal film) which does
not have a welldefined distribution in size and density as in
the case of CNT growth with a controlled pretreatment or
film dewetting step. The necessary conditions are discussed
in more detail in the following.

For the decomposition reaction to occur, the catalyst
template must be in its “active” state. In catalytic CVD of
CNT, a pretreatment step is commonly needed to activate
the nickel, cobalt, or iron catalyst. It is believed that the pure
metallic form is the most active state for the decomposition
of acetylene (access to the transition metal d-orbitals) [29–
31]. Reactive reducing gasses like H2 or NH3 are typically
used to facilitate reduction of the native oxide, especially for
those catalysts whose oxides are more difficult to reduce, like
iron [29–31]. However, in the case of nickel and cobalt, the
oxide reduction or removal is much easier which explains
their higher reactivity at lower temperature [12, 31, 32]. For
example, in [31], peaks in the XPS graph corresponding to
metallic nickel were found at relatively low temperatures in
vacuum.

In the first series of experiments, no dedicated pretreat-
ment step was deliberately done. As CNT growth was still
observed for the 1.1-Co and 1.3-Ni samples (Figures 2(a)
and 2(b)), it can be concluded that the conditions used
were sufficient for the activation of the catalyst. Activation
may occur either in vacuum, namely, during the sequence
of load, stabilization, and purge steps (40 s at 10−5 Torr of
base pressure and Tsample = 480◦C) or, more likely, during
the very early seconds of the growth step where acetylene or
the H2 present as a product of its thermal decomposition can
both help the reduction of NiO.

Whether or not CNTs were formed (without a graphitic
layer) was dependent on the pretreatment time. Indeed, it
is generally accepted that catalyst nanoparticles are needed
for CNT growth. Catalyst nanoparticles are typically formed
by thermal [33–35] or plasma anneal [10, 36, 37] of thin
catalyst films. Because of the larger energy available at high
temperatures, the catalyst atoms become mobile which can
lead dewetting of the film [38].

The results found here indicate that the time scale at
which a film dewets and transforms into nanoparticles is
strongly related to the initial film thickness. In fact, only the
thinnest films (<1.3 nm) gave CNT when a short (process
intrinsic) pretreatment of 40 s was done (Figures 2, 3, and 4).
In the case of 1.1 nm Co, this is because either the film was
thin enough to break with a 40 s pretreatment either because
it was already discontinuous after deposition. The 1.3 nm
Ni film, instead, showed small graphitic patches after the
40 s pretreatment. Since a graphitized top layer was observed
for the same film in patterned structures (see Figure 7(c)),
this film must have been initially continuous (see [26, 27]
for details about the patterned structures). In this case, film
breakup occurs during the 40 s pretreatment step, although
partially complete.

Thicker films either gave CNT with a graphite layer
on top (1.9-Co) or were inactive (2.2-Ni and 5-Ni) with
only a 40s pretreatment. However, when the vacuum anneal
pretreatment time was increased to 2 min also the 1.9-Co and
2.2-Ni yielded CNT without the graphitic layer indicating
that the catalyst film was completely transformed into
nanoparticles (Figures 8(a) and 8(b)). Even the 5 nm thick
Ni film could eventually be broken into large patches after
10 min of vacuum anneal. Note that the assistance of plasma
and reducing gasses may aid the dewetting of thick films [9].
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Figure 8: (a) CNT grown from a 1.9 nm Co film and (b) from a 2.2 nm Ni film after 2 minute thermal pretreatment (same scale). For
both, thermal pretreatment of 2′10 s in vacuum (Tsample = 480◦C) and growth step in 5/10/495 sccm C2H2/He/Ar at 4.148 Torr for 5 min
(Tsample = 560◦C); (c) top layer visible on top of patterned structures with 1.3 nm Ni deposited. No pretreatment was used in this case.
Details on the patterned structures of c are in [26, 27].

Thus far, we have confirmed the notion that CNTs
are formed only when nanoparticles are present before the
growth step commences. Now, we will discuss the interme-
diate phase where the carbon precursor gas (acetylene) is
introduced when the catalyst film is still, at least partly, intact.
Indeed, the reshaping dynamic for films thicker than 1.3 nm

occurs on a time scale of minutes. Hence, when acetylene is
introduced in the chamber immediately after the load and
stabilization steps, as for Figure 2, little time is left for these
films to transform into nanoparticles. In the 2.2 nm and
5 nm Ni films, no growth at all was observed after 40 s of
pretreatment. As the catalyst is active, though, these layers
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have been covered by a graphitic coating as confirmed by the
presence of D and G peaks in the Raman spectra (Figure 6).

The 1.9 nm Co sample has a thickness intermediate to
the extreme cases mentioned above. It is sufficiently thick
to be continuous after its deposition but still sufficiently
thin to fragment into nanoparticles when the pretreatment
time allows for it. The incubation time of 20 s observed
in Figure 7(a) indicates that CNT growth does not occur
immediately after the introduction of acetylene. Hence, the
film retains its 2D film-like shape during the whole load
and stabilization steps and at least for the first seconds
of the growth steps. Because the catalyst is active, the
decomposition of acetylene can occur and a graphitic layer
is formed on the surface of the film at this stage, similarly to
what happens in catalyzed deposition processes of graphene
[39].

At this stage, film fragmentation proceeds and after
about 20 s CNT growth can start. Consequently, the top
layer is lifted by the CNT structures growing underneath.
Theoretical calculations showed that graphitized structures
have low adhesion to nickel (100) [40] and Ni (111) [41]
surfaces which supports the idea that the fragmentation
of the underlying catalyst film can occur without being
hampered by the graphite top layer. Note also that CNT
growth might start either from nanoparticles as well as from
sharp protrusions which form during the dynamic reshaping
of the catalyst film under the graphite layer. In this latter case,
metal filaments encapsulated in graphene sheets are observed
at the bottom of the CNT like in Figure 4(a).

This seems a direct consequence of the fact that catalyst
saturated with carbon appears is in a viscous semiliquid
state [42, 43] suggesting facilitated reshaping. Metal atoms in
this phase are much more mobile than in pure metal which
leads the catalyst to easily deform into elongated shapes
[28]. For example, elongation and reshaping of catalyst
nanoparticles has been observed at the initial stages of CNT
growth with in situ TEM [44, 45]. Hence, reshaping of the
catalyst template can be facilitated by carbon; that is, after
introducing acetylene in the chamber. Furthermore, the semi
liquid carbon-saturated catalyst state explains how the CNTs
end up partly filled with metal especially near the top layer
where growth started.

A few remarks should be pointed out regarding the
catalyst particles formed during this dynamic process. It is
often mentioned that the CNT diameter closely matches that
of the original nanoparticle. In particular, for MWCNT, a
1 : 1 correlation between particle’s and CNT’s diameters was
observed in [46, 47] but not [48]. This rule does not apply
here as the amount of catalyst found inside the CNT as debris
is large and cannot originate from a single nanoparticle with
the same diameter of the tube. It seems more plausible that
CNTs start growing from particular nucleation points on a
larger patch of catalyst. Because of its semiliquid state, the
excess of metal is encapsulated in the final CNT and appears
in its interior as nanoparticles. This is a major difference
compared to most of reported literature data on CNT where
the growth recipes had dedicated pretreatments to properly
break the catalyst into well-defined nanoparticles.

As catalyst is observed at the CNT root as well as
right below the top layer (Figure 5(c)), the CNT growth
mechanism is not evident. Nevertheless, the fact that several
elongated particles are observed at the CNT root suggests
a strong catalyst substrate interaction sufficient to maintain
the catalyst, or part of it, anchored to the substrate. The
remaining excess of catalyst is dispersed along the entire
tube’s length as debris. This picture would lead us to propose
a base growth mechanism as observed in literature for the
Fe-TiN system [10] or for Ni-TiN systems [49–51]. The
presence of pores in the top layer could suggest that these
are the preferred channels through which the gas can reach
the bottom substrate for feeding the catalyst reaction at the
CNT base.

Our results have striking similarities with [3, 16–18].
Although the authors investigated the process window for
different catalyst thickness and growth temperatures, a
similar trend to that reported in Figure 2 can be deduced.
In particular, a transition between CNT growth only, the
growth of a graphite top layer on CNT, and no growth at
all is observed when increasing catalyst thickness [16, 18].
The process window for the hybrid graphite/CNT structure
strongly depends on the capability of the catalyst to retain
its film shape when the gas precursor is inserted into
the chamber and to dewet during the subsequent instants.
Hence, at high temperature, thicker catalyst films or growth
recipes without pretreatments [3, 16–18] should be used to
guarantee the formation of the graphite layer before the film
dewets. At lower temperature [17], instead, thinner films or
mild pretreatments can be used so to increase the catalyst
mobility and guarantee that after some time the film dewets
yielding CNT.

5. Conclusions

The growth of an atypical structure composed of CNT with
a graphite top layer has been observed and studied. To
summarize, the following four conditions have to be satisfied
for the formation of this type of structure.

(1) The catalyst has to be active.

(2) The catalyst must initially be a continuous film.

(3) The carbon source has to be introduced before the
catalyst has reshaped into nanoparticles.

(4) The thickness of the catalyst layer and the growth
conditions have to be tuned such that the catalyst
film retains its 2D shape during the first seconds
of the growth but then it is sufficiently mobile to
dynamically evolve into distributed nanoparticles.

The first three conditions allow for the formation of a
graphitic layer on top of the catalyst film in a similar way to
what reported in literature for catalytic deposition processes
of graphite/graphene. When also the fourth condition is
satisfied, then nanoparticles or patches of catalyst can
reshape underneath the graphitic top layer to initiate CNT
growth. Consequently, the top layer is lifted up by the
underlying CNT [17]. In this phase, excess of catalyst can
break and remain in the tubes interior as particles.
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Satisfying conditions 2, 3, and 4 all together is not
straightforward as the dynamic a film transforms into
nanoparticles was found to largely depend on the initial film
thickness and temperature used. Very thin films, in fact,
either are discontinuous after deposition so that condition
2 cannot be satisfied or break very quickly making condition
3 difficult to satisfy experimentally. Very thick films, instead,
may not break at all making condition 4 incomplete. This
explains the narrow process window for film thickness
in which CNT and the graphite top layer are observed
(Figure 2) under the growth conditions used: 1.9 nm for
cobalt blanket films and 1.3 nm for Ni patterned samples.
Note that this type of structure was observed for both
nickel and cobalt but other catalysts might possibly be used
probably in a different process window.

The result reported strength the clear correlation between
deposition process of graphite and CNT. By improving
the control on the dynamic of catalyst breakage and most
likely by carefully tuning the growth conditions, it could
be possible to achieve a well-defined transition between the
growth of graphene or graphite on top of CNT. Such hybrid
structures might be of relevant importance for electronic and
optical applications such as carbon-based interconnects, field
emitters, sensors, NEMs, and optical devices.
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Nano-web sheets of polyacrylonitrile (PAN) reinforced by carbon nanotubes (CNT) were prepared by electrospinning process.
Multi wall nanotubes (MWNT) were dispersed mechanically by high shear mixing using a homogenizer device. It has been found
that the spinning solution presented an electrical percolation threshold less than 0.5 wt.% of MWNT. Electrical volume and surface
conductivity of the obtained nano-webs was studied by measuring the electrical volume resistance and surface resistance thanks to
home-made plate electrodes. Scanning electron microscope (SEM) has been used to characterize the nano-web sheets produced.
The average filament diameters range from 320 to 750 nm depending on the concentration of CNT and of PAN. From an electrical
point of view, it has been observed that the electrical volume conductivity increases by about six orders of magnitude from 2 ×
10−12 S/m for pristine PAN to 4 × 10−6 S/m for PAN charged by MWNT. Increasing the pressure on the specimen induces an
exponential decrease of the volume resistivity while surface resistivity shows no significant changes, neither between pristine PAN
and reinforced nano-webs, nor among reinforced nano-web in relation to MWNT concentration (in the limit of the study). This
observed behavior is very interesting in the context of sensor developments.

1. Introduction

Carbon nanotubes (CNTs) are a new shape of carbon, first
identified by Iijima in 1991 [1]. Since their discovery, they
have attracted a great interest in research field and in indus-
trial applications as well, owing to their magnificent thermal,
electrical, and mechanical properties [2–4]. The electrical
properties of carbon nanotubes are to a large extent derived
from their 1D character and peculiar electronic structure of
graphite [5]. In addition, they can carry the highest cur-
rent density of any known material, measured as high as
109 A/cm2 [6].

To employ CNTs as effective reinforcement in polymer
nanocomposites, the proper dispersion and appropriate
interfacial adhesion between the CNTs and polymer matrix
have to be guaranteed [7]. There is a sizable volume of lit-
erature on the techniques developed for CNT dispersion in

polymer matrix [8–11]. These techniques can be classified
into two distinct approaches: the mechanical approach, such
as ball milling, ball milling followed by ultrasonication, and
high shear mixing, and the chemical approach designed to
alter the surface energy of the solids. Chemical methods use
surface functionalization of CNT to improve their chemical
compatibility with the target medium (solvent or polymer
solution/melt), that is, to enhance wetting or adhesion char-
acteristics and reduce their tendency to agglomerate. Chem-
ical treatments include boiling in acids (H2SO4 + HNO3),
soaking in concentrated acids under ultrasonication, and
annealing at high temperature followed by boiling in con-
centrated acids [12, 13].

Their high aspect ratio makes carbon nanotubes capable
of possessing a percolation threshold at low CNT loading
in nanoweb [14]. Du et al. [15] have studied the influence
of loading percentage of single-wall carbon nanotubes
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(SWNTs) on the rheological properties of CNT-reinforced
poly(methyl methacrylate), PMMA, nanocomposites. Their
rheological and electrical measurements were performed on
solid aligned and unaligned composite reinforced by CNT
specimens prepared by the coagulation method. They found
that the threshold of rheological percolation (0.12 wt.%)
is significantly smaller than the threshold of electrical
percolation (0.39 wt.%). Ounaies et al. [16] have investigated
the electrical properties of SWNT-reinforced polyimide
(aromatic colorless polyimide, CP2) composites prepared
by in situ polymerization under sonication. The volume
electrical conductivity of pristine CP2 polyimide was about
6.3×10−18 S/cm. A sharp increase of the volume conductivity
value of solid samples was observed between 0.02 and
0.1 vol.% in solution, where the conductivity changed from
3×10−17 to 1.6×10−8 S/cm. Kota et al. [17] have studied the
electrical and rheological percolation of MWNT-reinforced
polystyrene composite prepared by a solvent evaporation
method. They found that the volume conductivity of
pure polystyrene is about 10−20 S/m, but adding MWNTs
increased the volume conductivity of the composites by 20
orders of magnitude, approaching a value of about 1 S/m at
8 vol.% loading percentage of MWNTs in solution. Guo et al.
[18] have investigated polyacrylonitrile (PAN)/carbon nan-
otube composites prepared by a solvent evaporation method
and their reinforcement efficiency using different types of
CNT, including single wall carbon nanotubes (SWNTs),
double-wall carbon nanotubes (DWNTs), multiwall carbon
nanotubes (MWNTs), and vapor-grown carbon nanofibers
(VGCNFs). It was found that PAN/SWNT films at 20 wt.%
exhibit the highest surface electrical conductivity among all
composite films prepared with the same loading of CNT
forms. Ra et al. [19] have researched the influence of MWNT
on morphological and electrical conductivity of carbonized
PAN nanofibers produced by electrospinning process. They
discovered that the surface electrical conductivity of the
carbonized PAN/MWNT aligned nanofiber sheets is highly
anisotropic, and they pointed out that the percolation
threshold was not reached, even at 10 wt.% of MWNT
loading percentage.

Although an electrical percolation threshold volume of
polymer/CNT composites can be reached for a low loading
percentage of CNT, obtaining percolated nanocomposite of
a polymer charged by CNTs with a very low concentration of
treated carbon nanotubes is an interesting challenge.

Our study is focused on the use of electrospinning
device in order to obtain a nanoweb of PAN charged with
MWNT. Two different conductivities are measured: volume
and surface ones. The fact that volume and surface electrical
behaviors could be different will present advantages for
sensor and actuator applications and developments.

2. Experimental

2.1. Materials. Polyacrylonitrile (PAN) with molecular
weight Mw = 150000 g·mol−1 was supplied by Sigma-Aldrich
(France). N,N-Dimethylformamide pure (DMF) (impurities
less than 152 ppm in which water is less than 50 ppm) was

Figure 1: Electrospinning setup.

purchased from Fisher Scientific (France). Purified multiwall
carbon nanotubes was prepared by vapor deposition on a
catalytic support, supplied by Arkema (France). The purity
of MWNT is about 93% with a mean external diameter of
11 nm and a thickness of about 3.2± 1 nm.

2.2. Protocol of Work

2.2.1. Preparing Solutions and Electrospinning Parameters.
Six dispersions of multiwall carbon nanotubes in DMF
with different loading percentages (0.2, 0.4, 0.5, 0.7, 1.0,
and 1.5 wt.%) were prepared using high shear homogenizer
from IKA (France) with the following conditions: 18 000 rpm
during 15 min. In order to avoid overheating nanotubes due
to high shear mixing, an aqueous bath was used for this
purpose. Then, samples were ultrasonicated for 30 min at
50◦C.

To prepare the charged colloids to be electrospun, proper
quantities of PAN equivalent to a concentration of 10 wt.%
were added to the treated dispersions of MWNTs in DMF.
Samples were stirred for 24 h at 70◦C to insure the homo-
geneity of the final spinning polymeric solutions.

The prepared solution was, then, electrospun by means
of an electrospinning setup manufactured at LPMT (France),
(see Figure 1). This setup is based on the vertical projection
of polymeric solution, where this later is fed to a syringe
using a pump located outside the electrospinning cabin. The
electrospinning process is carried out between the tip of
the needle, which is connected to the positive output of a
high-voltage-supplier-type (Heinzinger) LNC 30 kV, and a
grounded plat of copper covered with a foil of aluminum.

Table 1 gives the parameters of the electrospinning pro-
cess. The sheets produced were characterized by scanning
electron microscopy type (SEM, Hitachi S-2360N). Figure 2
shows a SEM micrograph of pristine PAN and CNT-
reinforced PAN nanocomposites, respectively, charged with
0.2, 0.4, 0.5, 0.7, 1.0, and 1.5 wt.% of MWNTs. On these
photos, 50 different fibers of each specimen were measured
by using Photoshop 6.0 ME in order to evaluate their
diameters.
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10 μmx 3 k

(a) 10% PAN

10 μmx 3 k

(b) 10% PAN + 0.2 wt.% MWNTs

10 μmx 3 k

(c) 10% PAN + 0.4 wt.% MWNTs

10 μmx 3 k

(d) 10% PAN + 0.5 wt.% MWNTs

10 μmx 3 k

(e) 10% PAN + 0.7 wt.% MWNTs

10 μmx 3 k

(f) 10% PAN + 1.0 wt.% MWNTs

10 μmx 3 k

(g) 10% PAN + 1.5 wt.% MWNTs

Figure 2: SEM micrograph of (a) 10% PAN and CNT-reinforced PAN electrospun nanocomposites with (b) 0.2 wt.%, (c) 0.4 wt.%, (d)
0.5 wt.%, (e) 0.7 wt.%, (f) 1.0 wt.%, and (g) 1.5 wt.% loading percentage of MWNTs.
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Table 1: Parameters of electrospinning process.

10% PAN
10% PAN
0.2% CNT

10% PAN
0.4% CNT

10% PAN
0.5% CNT

10% PAN
0.7% CNT

10% PAN
1.0% CNT

10% PAN
1.5% CNT

Voltage (kV) 11 12 12.5 11 14 14 12

Gap needle collector
(cm)

30 30 30 30 30 30 30

Feed rate (mL/h) 0.354 0.212 0.212 0.283 0.424 0.424 0.283

Period of spinning
(min)

60 60 60 60 60 60 60

2.2.2. Preparing Electrospun Specimens for Resistance Mea-
surements. A set of three specimens of each electrospun sheet
was cut in dimensions of 2× 2 cm for measuring the volume
resistance, and another set composed of three specimens
was also cut in dimensions of 2 × 6 cm for measuring
the surface resistance. Surface and volume resistance were
measured up to the American standard ASTM D 257-61
by using an assembly of plate electrodes. Table 2 illustrates
the parameters of electrical resistance measurements. An
assembly of loads was also used to study the effect of
compression on resistivity, as shown in Figure 3.

3. Results and Discussion

3.1. Influence of CNT on the Morphology of Nanofibers.
Electrospun fibers of 10% PAN have a mean diameter
of 568 nm, and reinforced fibers have average diameters
that range from 325 to 795 depending on the percentage
of MWNTs, as shown in Figure 4. It can be assumed
that adding CNT will increase the conductivity of the
solution that leads to accelerating the jet and therefore
reduces the diameter of filaments. In the case of 0.5 wt.%
MWNTs, this phenomenon is observed. With higher MWNT
concentrations, this behavior comes from a competing effect
between the previous described phenomenon and the size of
MWNT aggregates that still are not dispersed and generate
coarse diameter.

3.2. Percolation Threshold of Reinforced Nanocomposites and
the Influence of CNT on Volume Resistivity of Nanocomposites.
Figure 5 illustrates the relationship of electrical volume con-
ductivity in S/m of pristine PAN (at 0% loading percentage of
CNT) and CNT-reinforced PAN nanocomposites. According
to the results obtained, it is obvious that CNT-reinforced
PAN nanofibers have a clear percolation threshold between
0.4 and 0.5 wt.% loading percent of carbon nanotubes.
The volume conductivity of less than 0.5 wt.% shows no
significant change compared to the initial status, that is, PAN
nanofibers with no reinforcement, while the conductivity
after adding 0.5 wt.% or more increases by five orders
of magnitude from 1.85 × 10−11 S/m at loading percent
of 0.4 wt.% of CNT to 4.15 × 10−6 S/m at 0.5 wt.% of
CNT. This means that the electrical state of the material
(nanocomposite) has changed from an insulative material
(where conductivity equals or less than 1×10−11 S) into static

dissipative material (where conductivity is between 1×10−4 S
and 1× 10−11 S) [20].

On the other hand, plotting the volume resistivity values
of the mentioned nanocomposites after percolation thresh-
old, as shown in Figure 6, reveals that the volume resistivity
of the nanocomposite decreases exponentially when a load
is applied. It can be concluded from this result that these
nanocomposites can be used as pressure sensors and could
be integrated into an electrical circuit in the context of smart
textile applications.

3.3. Influence of CNT on Surface Resistivity of Nanocomposites.
Figure 7 shows a comparison of surface electrical resistivity
of the 7 produced nanowebs. It can be noted that there
is no significant change in the values of surface resistivity
among all specimens; that is, both pristine PAN electrospun
fibers and CNT-reinforced fibers have surface resistivities of
the same magnitude (teraohm). On the other hand, there is
no significant change in surface resistivity in relation to the
applied load (Figure 7).

These results can be explained by two approaches: the
first one is “electron hopping or tunneling,” and the second
one is “the percolation threshold theory.” When the percola-
tion threshold is reached, a conducting path of conclusions is
formed, where a distinct distance between fillers is reached.
Then, when the fillers are close enough but are not in
direct physical contact, hopping or even tunneling [21]
occurs. According to the percolation threshold, electrical
conductivity σdc is fitted by

σdc ∝ (P − Pc)
μ, P > Pc, (1)

where P is the MWNT mass fraction, Pc is the threshold
of electrical conductivity percolation, and μ is the critical
exponent.

Concerning the conductivity of percolation clusters,
there is no current below Pc that passes in the volume
direction of the sample, while σdc increases exponentially
by the low power indicated in formula (1). Within this
mechanism, carbon nanotubes should be in direct contact
so that they form a continuous conducting path [22–24].

Increasing the applied load decreases the distance
between fibers more and more, and taking into consideration
that carbon nanotubes exist both inside and outside of the
surface of fiber [25], this enhances the formation of con-
ducting networks which states the presence of direct contact
between embedded MWNTs. In this case, the percolation
theory is dominant.
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(a) (b)

Figure 3: Setup for measuring the surface (a) and volume (b) resistances in relation to applied load.

Table 2: Parameters of electrical resistance measurements.

Shape and dimensions of
specimen

Type and dimensions
of electrodes

Conditioning of
specimen

Test conditions Applied voltage
Time of

electrification

Square 2× 2 cm
Rectangular 2× 6 cm

Plates of copper
metalized by gold

2× 2 cm

No cleaning
No predrying

24 h of conditioning

20± 2◦C
60± 2% RH

Surface resistance:
500 V

Volume resistance:
10 V

2 min

568.05
325.78

748.38 795.54
668.18

0
100
200
300
400
500
600
700
800
900

1000

Fi
be

r
di

am
et

er
(n

m
)

10% PAN 10% PAN
0.5% CNT

10% PAN
0.7% CNT

10% PAN
1% CNT

10% PAN
1.5% CNT

Figure 4: Fiber average diameters of CNT-reinforced PAN
nanocomposites.
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Figure 5: Volume conductivity of 10% CNT-reinforced PAN
composite with different loading percentage of MWNTs.

Figure 6 reveals that the curves reached asymptotical
values when the applied load is greater than 65 g (i.e., 2.5 kPa,
where the active area of specimen is about 2.56 cm2).

This means that a saturation value of percolated charges
network has been attained. These results offered the possi-
bility of using this nanocomposite of CNT-reinforced PAN
(after percolation value) as a pressure sensor for low pressure
applications.

The surface resistivity behavior can be explained as
follows.

The carbon nanotubes are distributed inside and on
the surface of the fiber [25]. In this case, the percolation
threshold (Pc) for surface conductivity has not been reached;
therefore, within the theory of percolation theory, the
conducted network path is not formed.

4. Conclusion

Nanowebs of PAN nanofibers reinforced with MWNTs
were produced by means of electrospinning. It was found
that adding carbon nanotubes will reduce the diameter
of nanofibers when they are well dispersed and when
all process and ambience parameters are fully controlled.
The reinforced nanofibers obtained possess an electrical
volume percolation threshold at very low loading percentage
of MWNTs corresponding to 0.5 wt.%. Simultaneously,
the surface electrical percolation threshold has not been
reached even for a concentration of 1.5 wt.%. An exponential
relationship between the mechanical pressure applied and
the volume conductivity was observed experimentally by
assuming that the electrospun nanoweb of PAN reinforced
with MWNTs could be used as a pressure sensor.
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Perspectives

Additional characterization techniques, like TEM, Raman
spectroscopy, and so forth, will be used quantitatively and
qualitatively to characterize the nanowebs produced. In addi-
tion, a new device that enhances the distribution of carbon
nanotubes on the surface of the fibers can be envisaged.
Moreover, the increase of the MWNT concentration in order
to obtain percolation threshold of the surface conductivity
has to be implemented.
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Mechanothermal (MT) method is one of the methods used for large-scale production of carbon nanotubes/nanofibers. The
different peculiar morphologies of carbon allotropes are introduced with an extraordinary structure for the first time by MT
method. In this paper, the influence of milling time and annealing temperature on the crystallinity and morphology of the
synthesized nanopowders was investigated. Surprisingly, in this investigation, we report the synthesis of springlike multiwalled
carbon nanofibers (S-MWCNFs) by a two-step annealing of milled graphite in an Ar atmosphere. On the other hand, the MT
method could be used for the preparation of suitable structures with applications in nanocomposite materials, which is an
important task in the era of nanotechnology.

1. Introduction

Carbon nanotubes have attracted considerable interest since
their discovery by Iijima in 1991 [1]. Carbon nanotubes
have aroused great interest recently because of their unique
physical properties, which span a wide range from structural
to electronic. For example, nanotubes have a low weight and
high elastic modulus, and thus they are predicted to be the
strongest fibers and widely touted as attractive candidates for
use as fillers in composite materials due to their extremely
high Young’s modulus, stiffness, and flexibility [2–6]. These
latter applications will require vast quantities of nanotubes
at competitive prices to be economically feasible. Moreover,
reinforcing applications may not require ultrahigh purity
nanotubes. On the other hand, functionalization of nan-
otubes to facilitate interfacial bonding within composites
will naturally introduce defects into the tube walls; lessening
morphologies are needed for specified applications of CNTs.
For instance, usually it is needed to prepare knotted CNTs
to improve in rich interfacial adhesion, which can lead to
nanotube aggregation within the matrix composites. So,
there are many methods of producing these nanomaterials,

including electric arc discharge [1, 7], laser evaporation [8],
chemical vapor deposition (CVD), catalytic CVD [9–19],
hydrothermal treatment [20], and mechanothermal process
in which graphite powders were first mechanically ground
at room temperature and then annealed at 1400◦C [21], but
little is known about the possibilities of mechanothermal
processing aimed to the synthesis of carbon nanostruc-
tures in different conditions. Although significant research
progress has been made to synthesize carbon nanomaterials,
but developing an easy approach to large-scale production of
carbon nanotubes has still been limited to date. On the other
hand, most of the synthesizing methods are complicated and
uncontrollable. More recently, we have suggested that using
washable supported catalysts is accompanied by valuable
advantages and with an extraordinary structure [22–28].
Herein, we use an efficient method for the controlled synthe-
sis of multiwall carbon nanotubes/nanofibers by mechanical
activation-assisted annealed process. springlike MWCNFs
and MWCNTs were fabricated with advantages of mass
production, low cost, and high yield without adding any
presynthesized Fe/Co/Ni nanocatalysts. Finally, we report a
simple and convenient synthesis method of CNFs/CNTs with
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Figure 1: The X-ray diffraction spectra of mechanically alloyed
graphite powders at different milling times: 0 h, 10 h, 60 h and 160 h.

outstanding morphology structure. This method needs no
complicated process, relatively low cost and economically.

2. Experimental Procedures

Elemental graphite flakes (99.9% < 100 μm) with a purity of
99.8% were mechanically ground in a purified argon atmo-
sphere. Four grams with ten steel balls of diameter 15 mm
were used in the mechanical activation (MA) process. The
ball-to-powder weight ratio was kept at 20 : 1. Mechanical
activation was carried out at ambient temperature and at
a rotational speed (cup speed) of 700 rpm in a planetary
ball mill. The mechanical activation (MA) process was
interrupted at regular intervals with a small amount of the
MAed powder taken out from the vial to study changes in the
microstructures at selected milling duration. On the other
hand, mechanical activation was carried out in a planetary
ball mill that was directly connected to a closed glove box.
In order to avoid oxidization, loading and unloading of
powders were operated in a glove box under high pure
argon atmosphere.The final gas pressure in the vial was
kept to be 0.1 MPa. The Fe/Cr contents of the final sample
introduced from the milling media and the starting materials
were measured by the inductively coupled plasma (ICP)
method. Meanwhile, we removed Fe/Cr contamination by
treatment with a 30 mL aqueous solution containing 2 mL of
hydrochloric acid (36.5 wt.%), 5 mL of H2O2 (30 wt.%), and
20 mL of distilled water (HCl : H2O2 : H2O = 2 : 5 : 20 V/V) at
room temperature for 12 h. After full amorphization, one-
step and two-step annealing were applied on MAed graphite
to investigate the grain growth during the heat treatment.
The crystal phase was determined with powder X-ray diffrac-
tion. For these experiments, a Siemens diffractometer (30 kV

and 25 mA) with the Kα1, radiation of copper (λ = 1.5406 ̂̊A),
was used. The structural and compositional information of
the product materials was obtained with scanning electron
microscopy (SEM, Philips XL30), energy dispersive X-ray
spectroscopy (SEM/EDX, XL30), field emission transmission
electron microscopy, and selected area electron diffrac-
tion (FETEM/SAED, Philips CM200 transmission electron

1000 nm

(a)

0.005 m

(b)

Figure 2: Mechanically milled powder by a mechanical activation
via planetary mill: (a) transmission electron microscope (TEM) and
(b) selected area electron diffraction pattern (SAED).
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Figure 3: The grain size of graphite as function of mechanical
activation times.

microscope operated at 200 kV). Specific surface areas (SSAs)
of carbon/carbon nanotubes were also measured by the
Brunauer-Emmett-Teller (BET) method. The BET surface
areas, SBET, of the samples were determined from N2 ad-
sorption-desorption isotherms obtained at 77 K using an
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100 nm

Figure 4: MAed graphite powders for 150 h in argon gas atmo-
sphere.

ASAP 2010 surface area analyzer. The Brunauer-Emmett-
Teller (BET) method is the most widely used procedure for
the determination of the surface areas of solid materials and
involves the use of the BET equation:

1
W[(P0/P)− 1]

= 1
WmC

+
C − 1
WmC

(
P

P0

)
, (1)

in whichW is the weight of gas adsorbed at a relative pressure
of P/P0, and Wm is the weight of adsorbate constituting
one monolayer of surface coverage. The term C, the BET C
constant, is related to the energy of adsorption in the first
adsorbed layer, and consequently, its value is an indication
of the magnitude of the adsorbent-adsorbate interactions.
When the range of P/P0 is 0.05–0.35, a line will be obtained.
Through the slope and intercept, the adsorbate monolayer
saturation amount (Vm) can be obtained. The BET surface
area equation is

SBET = VmN0
σ

22400W
, (2)

where N0 is Avogadro’s number and σ is the cross-sectional
area of a single molecule. Raman spectra were taken at room
temperature under ambient condition using an Almega
Raman spectrometer with an Ar+ at an excitation wavelength
of 514.5 nm. The crystalline size, D, was estimated by
Williamson-Hall [29]:

β cos θ = 2ε sin θ + 0.9
λ

D
, (3)

where λ is the wavelength of the X-ray, β the full width at
half maximum (FWHM), θ the Bragg angle, and ε the micro-
strain.

3. Results and Discussion

XRD patterns of graphite powder mechanically mixed in
argon atmosphere for several activation times are shown in
Figure 1. Further milling (after 150 h MA) caused no change
in XRD patterns except the broadening of the peaks. So, this
broadening can be attributed to the decrease of grain size and

increasing of strain in the lattice. In general, we can conclude
that this method is a very successful method for amorphous
of graphite powders by mechanical activation (MA).

The constitution of this starting powder corresponds
to the elemental graphite powder and so, the diffraction
intensities drastically decreased after mechanical activation
(MA). The diffraction peaks corresponding to the graphite
(particularly the peak at about 2θ = 26.6◦) almost disap-
peared at an activating time of 10 h. The crystallite size of the
graphite after mechanical activation for 5 h is approximately
D = 30.1 nm, where that before MA is approximately
D = 31.1 (Table 1). An additional MA process in the argon
atmosphere (Figure 1) in which, diffraction intensities corre-
sponding to the graphite decrease gradually with increasing
activating time at the diffraction peaks at around 2θ =
26.6◦ cannot be eliminated after an activating time of 100 h,
suggesting that the formation of an amorphous-like phase
or very fine particles has been strongly enhanced in the
argon atmosphere after an activating time of 150 h. Figure 2
shows the transmission electron micrograph (Figure 2(a))
and selected area electron diffraction pattern (Figure 2(b))
of graphite nanostructures synthesizing according to the
method described previously. It is readily observed that the
nanostructures are in a high ultrafine dispersion and the
average crystalline size is 10 nm. The electron diffraction
(ED) pattern of the MAed graphite (Figure 2(b)) exhibits
two very weak diffuse rings, indicating highly disordered
wall in milled graphite. On the other hand, the electron
diffraction pattern reveals that the carbon nanostructures
have an amorphous structure. At the same time, this result
is consistent with the X-ray diffraction (XRD) pattern.
We believe that the very small size and the amorphous
structure are due to the high-energy ball milling of the
graphite powders activated by planetary mill. Also, Jiang and
Chen [30] recently developed a thermodynamic quantitative
model to describe the phase transitions of nanocarbon as
functions of its size and temperature through systematically
considering the effects of surface stresses and surface ener-
gies. The fine nanosize amorphous structure of pure carbon
nanostructures is thermodynamically unstable, owing to the
high amount of free energy. Therefore, crystallization at a
temperature regime might be expected.

The milled powders had an average crystallite size
of about 5–10 nm as determined by the Williamson-Hall
method as shown in Table 1 and Figure 3. Crystallite size
values determined in this way may be low when the con-
centration of defects in the sample is higher compared to
that in the reference large-particulate powder. The BET areas
are strongly different for all samples and between 5.5 and
211.2 m2/g as presented in Table 1. In the steady state, the
BET surface area of the MAed powders was determined at
about 211.2 m2/g for several samples (C200, C210, C220, etc.).

D is the average crystallite size, determined by the
Williamson-Hall; SA is the specific surface area, determined
by the BET-method.

Measuring the surface area of carbon nanostructures
via nitrogen adsorption by Brunauer-Emmet-Teller (BET)
method revealed a specific surface area of 211.2 m2/g which
seems relevant for surface area dependent applications such
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Figure 5: SEM images of MAed graphite powders for 150 h after one-step and two-step annealing with different morphologies: (a) high
yield springlike MWCNFs (two-step), (b) individual MWCNFs with ultrahigh aspect ratio (two-step), (c) springlike MWCNFs encapsulated
with carbon nanotubes (two-step), (d) S-MWCNF with an ultrahigh crystallinity structure (two-step), (e) high yield springlike MWCNTs
(one-step), and (f) aligned arrays of MWCNTs (one-step).

as diffusion process. Assuming that all particles have spher-
ical and theoretical density and form dBET = 6/S · ρ,
where S is the surface area and ρ is the particle density
(2.1 g/cm3 for graphite), a BET particle diameter, dBET, of
about 20 nm is found for these nanoparticles. At the same
time, these results are consistent with the HRTEM image

observations. Therefore, the obtained results of specific area
(SA), crystallite size (D) for milled graphite indicate that
graphite particles are highly chemically active.

According to TEM micrographs of the powders mechan-
ically milled for 150 h in argon gas atmosphere shown in
Figure 4, MAed powders are an ultrafine spherical particle
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Figure 6: (a) Schematic diagram of annealing patterns to synthesize
MWCNTs/S-MWCNFs by mechanothermal method and (b) S-
MWCNTs with ultrahigh flexible and toughness.

powder with approximately 100 ± 20 nanometers in size.
Because of highly chemically active carbon atoms, these are
strongly agglomerated.

Interestingly, Figures 5(a)–5(f) show the SEM different
images of MAed graphite powders (the sample of C150) after
one-step and two-step annealing. On the other hand, the
heating program is indicated in Figure 6(a). A two-step
annealing procedure was applied; that is, the samples were
first heated to 1300◦C at rate of 5◦C/min and held there
for 120 min, and they were then further heated to 1380◦C
at a rate of 5◦C/min and held there for 120 h under Ar
atmosphere. Furthermore, the usage of a two-step annealing
condition and a suitable mechanical activation are the two
crucial keys in ensuring the formation of S-MWCNFs under
the mechanothermal method. However, until now the role of
annealing for the formation of S-MWCNFs is not clear. SEM
observations in a wide field show that the powders prepared
with the heat-treated (C150) contain much more nan-
otubes/nanofibers with peculiar structure namely. springlike
multiwall carbon nanofibers (S-MWCNFs). The nanotubes

Table 1: Characteristic of different samples used to investigate
during milling.

Milling
time (h)

Sample
(Id)

S. A.
(m2/g)

Crystallite size = D
(nm)

0 C0 5.5 31.1

5 C5 21.2 30.1

10 C10 25.8 29.8

30 C30 35.1 27.4

50 C50 45.6 25.4

60 C60 50.1 24.6

80 C80 62.5 22.1

90 C90 70.2 20.1

100 C100 78.9 18.5

120 C120 115.2 13.9

130 C130 145.2 11.2

140 C140 175.5 8.5

150 C150 200.5 5.2

160 C160 205.5 4.9

170 C170 207.4 4.8

180 C180 209.1 4.7

190 C190 209.5 4.8

200 C200 211.2 4.8

210 C210 211.2 4.8

220 C220 211.2 4.8

are knotted and stretchy in appearance and are mainly S-
MWCNFs (for two-step annealing in Figure 5(a)) which will
be demonstrated later. In the SEM observation of C150, a few
multiwall carbon nanotubes (MWCNTs) were sporadically
observed (for one-step annealing in Figure 5(e)). However,
for the samples C70, C90, and C100, no CNTs or CNFs
were found in all observations after suitable annealing. A
detailed study of the growth mechanism of the S-MWCNFs is
underway. The interesting structure and physical properties
(high aspect ratio ca. 1000 and low density) of the S-
MWCNFs make it an obvious choice as obvious applications.
In this way, Figure 6(b) shows that an individual MWCNF
with a suitable aspect ratio was bent like a spring but still was
not broken, indicating that the fiber is very flexible and tough
for reinforcement in nanocomposite materials. Finally, in
this investigation, an effective method was developed for the
formation of ultracrystallinity S-MWCNTs and MWCNTs.
As a matter of fact, the MT method guarantees production
of CNT/CNF for different applications.

Meanwhile, TEM images of mechanically activated
graphite powders after a one-step and two-step annealing
are shown in Figures 7(a)–7(d). In Figures 5(a) and 5(b),
many S-MWCNFs can be observed, which is consistent with
the SEM observation. By TEM observation, we have found
that most of nanofibers in the annealed powders are S-
MWCNTs (for two-step annealing). Also, we confirmed that
synthesized MWCNTs have fibrous structures with ultrahigh
uniform grade (Figures 7(c) and 7(d)).
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Figure 7: TEM images of MAed graphite powders for 150 h after one-step and two-step annealing with different morphologies: (a) springlike
MWCNFs encapsulated with carbon nanotubes (two-step), (b) individual MWCNFs (two-step), (c) MWCNTs with an ultrahigh crystallinity
structure (one-step), and (d) individual MWCNTs with narrow channels (one-step).

The selected area electron diffraction (SAED) pattern
(Figure 8(a)) exhibits a pair of weak rings but strong spots for
(002), together with a ring for (100) and a pair of weak arcs
for (004) diffractions. The appearance of (002) diffractions as
a pair of spots indicates some orientation of the (002) planes
in the carbon tubes [31]. The yield of the prepared MWCNTs
estimated by TEM observations is about 95% relative to
the samples on copper grids, and the much less contents of
the obtained product are nanoparticles. Thus, the high yield
efficiency of this approach for the synthesis of MWCNT can
be concluded, with an ultrahigh crystallinity and an excellent
yield rather than previous works. In further investigation,
the MWCNTs were analyzed by HRTEM in detail, and
all nanostructures showed uniform lattice fringes, meaning
that no amorphous product was formed. Figure 8(b) is the
HRTEM image of a single CNT, which clearly indicates that
the CNT structurally is a uniform structure with ultrahigh
crystallinity. The interplanar spacing values are calculated
from Bragg’s diffraction equation using the diffraction ring
diameter and the camera length of the transmission electron
microscope. The calculated results indicate the interlayer

spacing in the walls, about 0.34 nm, corresponds to the
002 distance of graphitic carbon. The EDS spectrum of the
carbon nanotube shows that these are fully elemental carbon
except the elements of Ni, P, and Cu, which come from the
supported grid for TEM measurement (Figure 8(c)).

The most important feature of this specific structure is
related to the formation of springlike MWCNF structure.
It is difficult to distinguish individual walls and graphite
sheets in TEM images and even HRTEM images. XRD
was performed on the annealed powder. XRD investigation
(Figure 9) provided a possible model for the structure of such
springlike structure. According to the XRD pattern of the
sample, it is obvious that the peak of (100) is as broadening
as common peak of graphite in recrystallised carbon powder,
that is, (002). This indicates that the nanotubes walls
are not constructed from graphite sheets. This is not the
ideal hexagonal graphite as it is also oriented in c-axis
parallel to the diamond anvil cell axis and suggests polytype
modifications of graphite in the springlike structure. This
hypothesis provides a strong reason for the formation of
such outstanding structure making the springlike carbon
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Figure 8: Images of MAed graphite powders for 150 h after anneal-
ing at 1350◦C for 2 h: (a) the SAED pattern of the obtained MWC-
NTs, (b) HRTEM, and (c) energy dispersive spectroscopy (EDS) of
the purified carbon nanotubes.
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Figure 9: XRD Pattern of the springlike MWCNFs.
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Figure 10: Raman spectra of the obtained MWCNTs.

nanofibers; however, the mechanism of such structure under
specified mechanothermal condition is still unclear which is
under investigation.

The Raman spectrum shows the D- and G-bands at 1350
and 1670 cm−1, respectively. As shown before [31], the D-
band is representative for the disordered carbon structures
and defects, while the G-band shows the graphitization and
the crystalline properties of the nanofibers/nanotubes. The
graphite-related tangential G-band [32] at 1670 cm−1 was
derived from Raman-allowed optical mode, which is related
to vibration in all sp2 carbon materials. The disorder-
induced D-band [33] around 1350 cm−1 from the Raman
spectra of sp2-bonded carbon materials is strongly dispersive
as a function of laser excitation energy (Elaser). Generally, the
ratio between the intensity of the G-band and D-band
(IG/ID) can be used to show the structural defect and dis-
ordered carbon materials in a few micrometers scale. The
IG/ID ratio obtained (see Figure 10) was relatively high
compared with that of about 2.5. The IG/ID high ratio
indicates the high purity of the present specimen.

4. Conclusion

In summary, we have successfully developed a controlled
and specific method for synthesizing springlike MWCNFs
and MWCNTs via a mechanothermal (MT) process. The
versatility of this simple approach can be extended beyond
nanotechnological purposes to many applications such as
reinforcement in nanocomposite materials with desired
properties and a suitable aspect ratio for improving mechan-
ical properties. The purity and good quality of CNFs/CNTs
obtained by mechanothermal method make suitable synthe-
sis a promising method for the production of multiwall car-
bon nanotubes or other graphitic nanocarbons with different
morphologies.
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Carbon nanocomposite electrodes were prepared by adding carbon nanotubes (CNTs) into carbon black as counterelectrodes
of dye-sensitized solar cells(DSSCs). The morphology and structure of carbon nanocomposite electrodes were studied by scan-
ning electron microscopy. The influence of CNTs on the electrochemical performance of carbon nanocomposite electrodes is
investigated by cyclic voltammetry and electrochemical impedance spectroscopy. Carbon nano composite electrodes with CNTs
exhibit a highly interconnected network structure with high electrical conductivity and good catalytic activity. The influence of
different CNTs content in carbon nanocomposite electrodes on the open-circuit voltage, short-circuit current, and filling factor of
DSSCs is also investigated. DSSCs with 10% CNTs content exhibit the best photovoltaic performance in our experiments.

1. Introduction

Since the technological breakthrough of dye-sensitive solar
cells (DSSCs) in 1991, a great deal of progress has been made
in various aspects ranged from main critical materials con-
stituting DSSCs to the related manufacturing technologies,
which covers both fundamental studies on DSSCs with small
area and large-scaled industry researches.

The current studies on DSSCs are mainly focused on dye
synthesis [1, 2], electron transfer kinetics [3], photoanode
[4–7], solid (or quasi-solid) electrolyte [8–10], and so forth,
while the specific researches on counterelectrodes (CEs) are
relatively rare. As a important part of dye-sensitive solar cell,
counterelectrode usually consists of conductive glass loaded
with platinum or carbon as catalysts, which can enhance
the charge transfer between the CE and electrolyte inter-
face, decrease the recombination possibility of I3

− and the
electrons in the conduction band of TiO2, restrain the dark
current, and consequently improve the open circuit voltage
(Voc) [11, 12]. So far, the platinum (or other precious metals)
CEs have superior performance and thoroughly theoretical
research, but they cannot be applied in large due to their high
cost. Carbon, one low cost but high efficient catalyst [13, 14],
can be used in CEs, and after high temperature treatment,
the photoelectric properties of carbon CEs approach those

of platinum CEs. Carbon and its mixtures can contact
well with the substrate at low temperature, which facilitates
the manufacture of large-scaled electrodes, thus having a
promising application prospect.

Ramasamy et al. [15] used spray-coated multiwall carbon
nanotubes (CNTs) film on fluorine-doped tin oxide glass
as CEs, and got a maximum energy conversion efficiency
of 7.59% under one sun illumination (100 m W cm−2,
AM1.5G). Furthermore, electrochemical impedance spec-
troscopy analysis indicated a decrease in the charge transfer
resistance of multiwall CNT CEs with increase of spraying
time. Lee et al. [16, 17] made CEs for DSSCs by nanocarbon
powder, which received a 7.56% photoelectric conversion
efficiency, after 60 days of aging in dark room, the pho-
toelectric conversion efficiency still remained 6.35% (i.e.,
84% of its initial day efficiency (η)), with increases of open-
circuit voltage (Voc) and fill-factor (FF) but a decrease
of short-circuit current density (Jsc). Murakami et al. [18]
fabricated carbon CEs by using carbon black, under AM1.5
illumination simulation achieving a photoelectric conversion
efficiency (η), short-circuit current density (Jsc), open-circuit
voltage (Voc), and fill-factor (FF) up to 9.1%, 16.8 mA/cm2,
798 mV, and 68.5%, respectively. As is well known that the
fill-factor (FF) depends on the thickness of the carbon layer,
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when the thickness is less than 10 um, the photoelectric
conversion efficiency (η) improves as the thickness increases
and the impedance decreases as the carbon layer thins.
Huang et al. [19] manufactured CEs consisting of hard car-
bon spherules (HCSs), and the total photoelectric conversion
efficiency (η) was 5.7%, while that of platinum CEs under the
same circumstance was 6.5%. Trancik et al. [20] believe that
CNTs can provide accreted locations for reagents due to their
microdefects and offer excellent catalystic effect when serving
as CEs for DSSCs.

Nevertheless, at present researches on carbon nanocom-
posite CEs for DSSCs and the corresponding synergistic
effect are rarely reported. In this paper, multiwall carbon
nanotubes (MWCNTs) were added into nanocarbon black,
and the related influence on the catalytic activity of carbon
CEs were investigated as well.

2. Experimental Procedure

2.1. Electrode Plate Fabrication

2.1.1. Counterelectrode Fabrication. Carbon nanotubes
(99.9%, diameters: 40–60 nm, Shenzhen Nanotechnologies
Co. Ltd, China) were added into nanocarbon black (99.9%)
with the mass fraction 30%, 15%, 10%, 5%, 0%, and marked
as sample A, B, C, D, and E, respectively. To enhance the
dispersity of CNTs, a spot of emulsifying agent (Tianjin
FuChen Chemistry Ltd., China) was added into above
samples, and acetylacetone as pore-forming agent to enlarge
the interface between electrode and electrolyte, with ethyl
cellulose as adhesive. The mass ratio of CNTs, nanocarbon
black, ethyl cellulose, emulsifying agent, and acetylacetone
was x: 1: 0.125: 0.1: 0.1 (x altered from 0.3, 0.15, 0.1, 0.05 to
0), and appropriate amount of butanone was introduced as
solvent. The mixture solutions were dispersed by ultrasonic
cleaning to obtain homogeneous suspensions. Finally, a
specific amount of the suspension was dropped onto the
FTO glass, and then dried under room temperature for 1 h.
The CEs plates for DSSCs were prepared with the dimension
8 mm × 8 mm. Under the protection of nitrogen, the
as-prepared electrode plates were heated at 450◦C, 600◦C,
800◦C for 30 minutes, respectively.

2.1.2. Photoanode Plate Fabrication. The mixture comprising
of 3 g nano-TiO2 powder (Germany Degussa Ltd.), 10 mL
ethanol together with 0.5 mL emulsifying agent and acety-
lacetone was ultrasonically dispersed to homogeneous TiO2

suspension of proper viscosity. A specific amount of the
suspension was droped onto FTO glass, and then the FTO
glass was dried under room temperature for 1 h and then
heated at 450◦C in atmosphere for 30 minutes. Once the
as-obtained TiO2 plate was cooled, the TiO2 suspension
was once again dropped onto it, and the same drying
and heating as mentioned above were sequently conducted.
After 3 or 4 time repetitions of the same procedure, TiO2

multilayer membrane electrode plates were obtained with
the dimension of 8 mm × 8 mm, the same as that of the CE
plate.

2.2. Electrochemical Performance Testing

2.2.1. Carbon Electrodes Catalytic Performance and Interface
EIS Testing. The testing system consisted of nanocarbon
electrode, platinum (PT) electrode, and electrolytic cell. The
testing electrolyte was the mixture of KI and I2 ([I−] : [I2] =
10 : 1), 0.1 M KCL as supporting electrolyte. The mixed
solution of 25% anhydrous alcohol and 75% deionized water
was used to improve iodine solubility. PT electrode served as
the cathode.

The electrochemical reaction process of this electrolytic
cell is shown in the following equations:

I3
− + 2e− � 3I−,

3I2 + 2e− � 2I3
−,

I− + I2 = I3
−.

(1)

The reaction mechanism is as follows: I3
− and I2 are

deoxidized near the cathode and oxidized near the anode.
The reduction of I3

− and I2 dominates the whole electro-
chemical process. The more active the electrode material
is, the stronger the reduction of I3

− and I2, and the better
catalytic reduction performance for CEs is.

CHI660C electrochemical working station (Shanghai
ChenHua instrument Ltd, China) was employed for C-V
characteristic curve and EIS testing.

C-V characteristic curve:measuring the reduction perfor-
mance of CEs for I3

−, I2 (such as reduction potential, red-
uction current density). Testing conditions: initial potential
1.5 V, high potential 1.5 V, low potential 0 V, and scan rate
1–100 mV/s.

EIS testing: 0.6 V initial potential was applied to simulate
illumination for DSSCs and then test the interface impedance
between the electrolyte and the carbon electrode. Testing
conditions: initial potential 0.6 V, high frequency 100000 Hz,
low frequency 1 Hz, and amplitude 0.005 V. The test data
were fitted by ZView2 software.

2.2.2. DSSCs Photoelectric Properties and EIS Testing. A solar
simulator (xenon lamp, AM1.5,100 mW/cm2, calibrated by
silicon standard solar cell, facular area 30 cm × 30 cm,
intensity unhomogeneity less than 3%), and Keithley 2400
Source Meter were performed, testing parameters of the cell,
such as I-V characteristic curve, open-circuit voltage, short-
circuit current density. Testing conditions: initial potential
0 V, high potential 0.8 V, the quantity of measuring points
150.

EIS testing was employed by using CHI660C electro-
chemical working station, testing the complex impedance
to obtain the CT impedance of CEs and electrolyte. Testing
conditions: initial potential 0.6 V, high frequency 100000 Hz,
low frequency 1 Hz, amplitude 0.005 V. The test data was
fitted by ZView2 software.
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3. Results and Discussion

3.1. Surface Morphology Analysis of Electrodes. Scanning
electron microscope (SEM, S-3400N) was employed to
characterize the surface morphology of composite electrodes,
and the SEM images of composite electrodes before and
after thermal treatment were shown in Figures 1(a) and
1(b). It can be found in Figure 1(a) that, before thermal
treatment, CNTs with the diameter 40–60 nm distributes
near the carbon black, and the adhesive (ethyl cellulose)
remains on the surface of carbon black, which decreases
the contacting area between the carbon black and elec-
trolyte, consequently affecting the corresponding catalytic
performance. Figure 1(b) is the SEM image of composite
electrode after 600◦C thermal treatment under nitrogen
atmosphere, indicating that the ethyl cellulose distributed
between carbon black and CNTs surface decreases greatly.
Furthermore, CNTs forms a network, to which carbon black
evenly adheres, building a “grape cluster” structure and
then getting a synergistic effect. After thermal treatment the
outer diameters of CNTs decrease obviously. Due to high
conductivity of CNT, electrons can conduct via the CNTs
network distributed on the electrode film, which effectively
enhances the conductivity of the electrodes. Moreover, the
carbon black adhered to CNTs could enlarge the contacting
area with the electrolyte, resulting in an increase of catalytic
performance.

3.2. Electrochemical Performance Testing Results

3.2.1. Effects of CNTs Addition on the Reduction of I3
−/I−. At

the scan rate 1–100 mV/s, the current density peak curves
of PT CEs and CNTs-nanocarbon black composite CEs are
shown in Figure 2. By the comparison of the reduction
current peak of I3

− and I2 at different scan rates, it is revealed
that current densities are all approximately in direct ratio
with the square root of scan rates, which indicates that
the total reaction rate depends on the ion diffusion in the
electrolyte rather than the reduction rate of the ions absorbed
onto the electrode surface. Among the reactions taken place
on the electrode surface, the required potential of I3

− +
2e− = 3I− is higher than that of 3I2 + 2e− = 2I3

−, namely
I3
− is much more difficult to deoxidize than I2. However,

the transmission (or diffusion) rate of electrons and ions
within electrodes is less than the reduction rate of ions on the
electrode surface, thus the diffusion of I3

− is the determinant
of CEs activity.

We can also find in Figure 2 that, at the same scan
rate, composite carbon electrode with CNTs has a bigger
reduction current density for I3

− than that of PT electrode,
on the other hand, the reduction current density for I2 is
smaller than that of PT electrode. The above results indicates
that composite electrodes have stronger reduction for I3

−

than PT electrodes, but when it comes to the reduction for
I2, the situation is totally opposite.

Figure 3 reveals the curves of the electrochemical cat-
alytic performance of CEs versus the adding amount of
CNTs. CEs with CNTs adding weight of 30%, 15%, 10%,
5%, and 0% enable I2 with reduction potentials of −0.41,

−0.44, −0.51, −0.57, and −0.59 V sequently, as well as the
reduction current density 4.98, 5.37, 4.68, 4.41, and 2.78 mA,
respectively. Meanwhile, the corresponding parameters for
I3
− are similarly −0.77, −0.83, −0.92, −0.96 and −0.92 V

together with 5.82, 6.04, 5.31, 5.15, 3.44 mA.

It can be concluded that CEs with CNTs have obviously
superior catalytic reduction ability to those without. And the
catalytic reduction potentials of electrodes decrease after the
addition of CNTs.

By adding specific amount of CNTs into counterelec-
trode, the catalytic performance of CEs is enhanced effec-
tively; however, the enhancement is not direct ratio with the
adding amount. We discover that the electrode performance
of 15% CNTs adding is better than that of 5% and 10%,
nevertheless, when the adding amout reaching 30%, its
catalysis declines. Furthermore, once the mass fraction of
CNTs in carbon black exceeds 30%, the catalytic reduction
potential of electrodes increases and the current density
decreases.

3.2.2. Effects of CNTs Addition on Carbon Electrode/Electrolyte
Interface Impedance. The electrochemical impedance spec-
troscopy of nanocarbon electrode at 28◦C is displayed in
Figure 4, and the electrochemical impedance curves were
fitted via the equivalent circuit in Figure 4. When conducting
the fit, W , R(E), CPE(E), RS were set as fixed value in
the equivalent circuit model, where RCT(C), R(E), W , RS

stand for the interface impedance between carbon electrode
and electrolyte, PT electrode and electrolyte interface, War-
burg impedance of electrolyte together with the contact
impedance between C, TiO2, and FTO. RCT indicates the
resistance caused by charge transfer on the electrode surface.

CPE reveals the double-layer capacitance of the interface,
with the expression ZCPE = T( jw)−P (0 ≤ P ≤ 1).
ZCPE has two variables, that is, T and P, to be exactly,
T revealing the solid-liquid interface capacitance, and P
displaying the surface roughness of the electrode, namely,
the deviation from plate condenser, thus indicating the
capacitance characteristics of CPE. W characterizes the
electrolyte impedance due to diffusion.

Table 1 shows that, the RCT of carbon black-CNTs
composite electrodes decreases obviously compared with
nanocarbon black electrodes, that is, the resistance caused
by charge transfer on the electrode surface decreases, due
to the extraordinarily high conductivity and the netted
CNTs being the bridges for electron transfer between carbon
blacks. Moreover, there are some defects on the surface of
CNTs, which can provide attachment position for reagent
and accelerate the electron exchange between electrode and
reagents. Nevertheless, the CPE-P of composite electrodes
is less than that of carbon black, revealing the increase
of surface roughness of electrodes after the adding of
CNTs into carbon black, which may be caused by the
diameter variance between CNTs and carbon black. The
CPE-T of composite electrodes increases obviously, man-
ifesting the increase of double-layer capacitance between
the solid-liquid interface and the decrease of the interface
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Figure 1: SEM image of the composite electrode: (a) untreated composite electrode—(b) composite electrode treated at 600◦C in nitrogen.
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lent circuit of nanocarbon electrode.

electric potential difference between the electrode and elec-
trolyte.

3.2.3. Effects of CNTs Addition on the Impedance of DSSCs.
The electrochemical impedance spectroscopy for DSSCs with
different CNTs additions at 30◦C is shown in Figure 5, and
was fitted by the equivalent circuit insetted in Figure 5,
where RCT (TiO2) and CPE (TiO2) represent the interface
impedance between TiO2 electrode and electrolyte. It is
shown in Table 2 that, as the CNTs addition rises, the
CPE-P decreases, leading to increases of both the surface
roughness and the active catalytic points of the electrode
surface; furthermore, the CPE-T decreases, resulting in the
rise of the interface capacitance between the carbon electrode
and electrolyte and the diminution of the electric potential
difference of the two interfaces. Therefore, the catalytic
performance of the CE is improved totally, which can be
proved, in Figure 6, by all the increases of open-circuit
voltage, short-circuit current, and the fill-factor for DCSs as
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Table 1: Fitting results for electrochemical impedance spectroscopy of nanocarbon electrode.

Electrode material RCT(C) /Ω CPE-T CPE-P

Φ40–60 nm CNT 26.70 3.2462E−5 0.708

Nanocarbon black 104.3 9.6948E−5 0.568

Graphite scale 69.53 2.0033E−5 0.411

Composite electrode 43.04 2.1908E−4 0.512

Table 2: Fitting results for electrochemical impedance spectroscopy for DSSCs with different CNTs addition.

CNTs content RCT(C)/Ω CPE-T CPE-P RS

0% 356.4 2.42E − 5 0.922 65.1

5% 1125.0 9.09E − 5 0.718 121.4

10% 194.4 3.39E − 4 0.624 152.3

30% 198.4 4.78E − 4 0.573 242.3
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Figure 5: Electrochemical impedance spectroscopy for DSSCs and
its equivalent circuit with different CNTs addition.

the rise of CNTs addition. However, as the increase of CNTs
addition, RS has a certain rise, indicating the increasing of the
surface resistance between carbon film and FTO glass.

3.2.4. Effects of CNTs Addition on the Photovoltaic Perfor-
mance of DSSCs. Photocurrent-photovoltage characteristics
of DSSCs with different CNTs contents are shown in Figure 6.
Combined with Table 2, it can be concluded that adding
CNTs can improve the open-circuit voltage and short-circuit
current of DSSCs. When the addition is less than 10%,
the open-circuit voltage, short-circuit current, and fill-factor
increase as the CNTs contents rises, nevertheless, when the
adding amount reaches 30%, all the parameters mentioned
above begin to reduce. The reason may be that with much
CNTs addition, CNTs cannot be perfectly dispersed in
carbon black and aggregate, resulting in the reduction of the
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Figure 6: Photocurrent-photovoltage characteristics of DSSCs with
different CNTs additions.

electrode surface area, and the increase of resistance caused
by the charge transfer on the electrode surface.

4. Conclusion

CNTs with different content were added into nanocarbon
counterelectrodes of DSSCs, and the effects of CNTs addition
on the I− and I3

− oxidation reduction in the electrolyte
as well as the carbon electrode/electrolyte interface were
investigated by cyclic voltammetry and electrochemical
impedance spectroscopy. DSSCs were assembled to test
the parameters of photovoltaic performance. The results
indicated that carbon nanocomposite electrodes with CNTs
adding exhibit a highly interconnected network structure
with high electrical conductivity and good catalytic activity.
When the content of CNTs is 15%, the highest catalytic
reduction ability of the electrode is obtained. With the CNTs
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adding, the interface capacitance between carbon electrode
and electrolyte improves but the electric potential difference
of the interface decreases.
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Electrical double-layer capacitor (EDLC) was fabricated with addition of carbon nanotube (CNT) to polarization electrodes as a
conducting material. The CNT addition reduced the series resistance of the EDLC by one-twentieth, while the capacitance was not
increased by the CNT addition. The low series resistance leaded to the high electrical energy stored in the EDLC. In this paper,
the dependence of the series resistance, the specific capacitance, the energy, and the energy efficiencies on the CNT addition is
discussed.

1. Introduction

Electric double-layer capacitors (EDLCs), supercapacitors,
or ultracapacitors have the same type of electrical energy
storage device, which is based on a double electric charge
layer effect [1, 2]. Commercial EDLCs recently have capac-
itance value up to thousands F and the power density up to
thousands W/kg, which is higher than that of conventional
batteries (<1000 W/kg). Higher capacitance and power
density allow higher energy to be stored and discharged
at higher rate. Moreover, EDLCs have longer cycle lives
exceeding 500000 times. These features have generated great
interest in the application of EDLCs such as consumer
electronics, hybrid electric vehicle [3], and industrial power
managements. On the other hand, the energy density of
EDLCs is below 10 Wh/kg, which is lower than that of
batteries (35–40 Wh/kg of lead-acid batteries,−150 Wh/kg of
lithium ion batteries). The electrical energy (Lstored) stored in
the EDLC is calculated according to the following equation:

Lstored = 1
2
CV 2, (1)

where C is capacitance and V is voltage. This equation
indicates that an increase in the capacitance leads the
electrical energy stored in the EDLC to be high.

The capacitance of the EDLC is theoretically propor-
tional to surface area (S) of polarizable electrodes, as based
on the following equation:

C =
∫
ε0εr
d

S, (2)

where ε0 and εr are permittivity in vacuum and relative
permittivity of the double layer, respectively, and d is
thickness of double layer. Therefore, activated carbon is
widely used as a constituent of polarizable electrode in order
to obtain large capacitance, because it has high surface area
of over 1000 m2/g.

In addition to the surface area of the polarizable elec-
trodes, the energy density is also gravened by the series
resistance of the EDLC, because the charge and the discharge
currents are followed in the series resistance. The energy loss
(Lloss), which is caused by the current flowing in the serial
resistance during the charge or the discharge, is estimated
using the following equation:

Lloss = I2Rs · t, (3)

where I is the charge or the discharge current, Rs is the
series resistance, and t is the charge or the discharge time.
In the application of the EDLC to the second power system
in an electric vehicle, the discharge for the acceleration
and the charge by the deceleration take place over a short
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period. Therefore, these charge and discharge currents are of
a particularly high value when compared with those of other
applications. Higher charge and discharge currents cause the
energy loss to be increased. For these reasons, there is a strong
requirement for the series resistance to be decreased in order
to reduce the energy loss.

A decrease in series resistance (Rs) also allows the power
density of EDLC to be increased, because maximum output
power (Pmax) of EDLCs is theoretically calculated to the
following equation:

Pmax = V 2

4Rs
, (4)

where V is the voltage. Therefore, the series resistance of
EDLCs is also required to be reduced in order to increase the
energy and the power densities.

Activated carbon is the base material widely used for
the fabrication of polarizable electrodes [4, 5]. However,
the activated carbon in itself does not have a high enough
electrical conductance to act as a fully suitable material for
the polarizable electrodes. An EDLC fabricated exclusively
from activated carbon shows a high energy loss during the
charge and the discharge processes, because it has high series
resistance. Therefore, a conducting material such as acetylene
black is generally added to the polarizable electrodes in order
to decrease the series resistance.

Carbon nanotube (CNT) is one of the candidate mate-
rials for polarizable electrodes of the EDLC. The CNT is
tube shaped with a diameter of a few nm, which is expected
to be suitable for forming the double layer between the
surface and the electrolyte. Moreover, CNTs have a high
electrical conductivity [6] and chemical stability. It has been
reported that the EDLC fabricated from multiwalled CNT
showed high specific capacitance in high range of 4–135 F/g
[7, 8]. For single-walled CNT, the specific capacitance of
180 F/g and the power density of 20 kW/kg at the energy
density of 7 Wh/kg were reported [9]. Moreover, CNT-
based electrodes fabricated by direct synthesis of CNT on
the bulk Ni substrates have been reported to have the
specific capacitance of 38.7 F/kg [10]. However, a com-
parative investigation of the specific capacitance, achieved
with CNTs and activated carbon materials, revealed that
activated carbon materials exhibited significantly higher
capacitance [11]. On the other hand, the addition of CNT
to activated carbon instead of acetylene black or graphite
power for the polarizable electrodes also has been studied
[12–15].

In this paper, CNTs are added to the polarizable electrode
which is made of activated carbon. The CNT concentra-
tion in the polarizable electrode is from 0 to 100%. The
dependence of the series resistance, the specific capacitance,
the electrical energy, and the energy efficiency on the CNT
addition is studied.

2. Experimental Conditions

CNT (Ohashi Kasga Tsusho Inc.) and activated carbon
(Hohsen Corp.) were used as the base material for the

polarizable electrode. The ratio of the CNT to the activated
carbon was varied from 0 (pure activated carbon) to 100%
(pure CNT). These electrode materials were mixed in a
mortar made of agate. Polytetrafluoroethylene (PTFE) was
added to the mixture of CNT and activated carbon as binder
at 17% in weight. Acetylene black (Kanto Chemical Co., Inc)
was also mixed to some of the polarizable electrodes instead
of the CNTs for reference/comparison purposes. The total
mass of the polarizable electrode was varied from 30 mg to
120 mg.

The mixture was pressed at 20 MPa and formed into a
disk shape with an area of 1 cm2 (diameter of 11.5 mm)
using a steel mold-type pressure apparatus. The thickness of
the polarizable electrode hardly depends on the ratio of the
constituents. In this experiment, it was varied form 0.5 to
2 mm by increasing its weight from 30 to 120 mg.

The constituents of the polarizable electrode were
characterized by the scanning electron microscope (SEM)
(Hitachi High-Technologies Corp., HF-2200TU and S-4800).
The capacitance measurements were performed using a
symmetrical cell configuration (a two-electrode system). The
platinum plates were used as a collector electrode, because
contact resistance between the polarizable electrode and the
platinum plate is lower than any other metal such as stainless
steel. A pair of polarizable electrodes was set up in a glass
beaker or a can cell to provide both an anode and a cathode.
An organic solvent (1.5 M SBP-BF4/PC, Japan Carlit Co.,
Ltd.) was used as the electrolyte. This electrolyte has high
electrical conductivity of 16 mS/cm.

The constant current charge-discharge measurement was
carried out at 5 mA in the voltage range between 0.1 and
1.2 V using the source meter (Advantest Corp., R6243). The
voltage change during the charge-discharge was measured.
The series resistance and the capacitance of the EDLC were
estimated from the voltage change by the mathematical
fitting method described in Result and Discussion.

3. Result and Discussion

Figure 1 shows SEM images of (a) activated carbon (AC),
(c) carbon nanotube (CNT), and (e) acetylene black (AB),
which are constituents of the polarizable electrodes. The
activated carbon was a particle with a size of 2-3 μm. A
high-resolution SEM image shows that the activated carbon
contains a great number of mesopores on its surface.
The nitrogen adsorption measurements indicated that the
activated carbon was 2000 m2/g in the specific surface area.
The CNT was cylindrical-shaped material as shown in
Figure 1(c). The diameter and the length were approximately
10 nm and 100 μm, respectively. No traces of the metal
catalyst, which had been used for CNT growth, were found
at the tips of the CNT in this SEM image. Furthermore,
very little amorphous carbon, which is a byproduct of the
CVD process, was found. This SEM investigation suggests
that the CNT used is well purified by the post-acid washing
process used after the CNT growth. The acetylene black used
was a particle with a diameter of 50–60 nm, as shown in
Figure 1(e).
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Figure 1: SEM images of (a) activated carbon (AB), (c) carbon nanotube (CNT), and (e) acetylene black (AB) as constituents of the
polarizable electrodes. SEM images of polarizable electrodes fabricated from (b) exclusively activated carbon, (d) CNT and activated carbon,
and (f) acetylene black and activated carbon.

Figure 1 also shows SEM images of polarizable electrodes
fabricated from (b) exclusively activated carbon, (d) CNT
and activated carbon, and (f) acetylene black and activated
carbon. The concentration of CNT or acetylene black in
polarizable electrode is 20%. Particles of activated carbon are
stacked each other by the polytetrafluoroethylene (PTFE),
which was added as binder as shown in Figure 1(b). Thin
fiber-shaped PTFE was observed in this image. On the other
hand, the activated carbon particles were covered with the
CNT in the polarizable electrode containing CNT, as shown
in Figure 1(d). The CNTs kept their long shape and were
intertwisted on many particles of the activated carbon in the
polarizable electrode. The SEM image of the acetylene black
in Figure 1(f) shows their particles are distributed on the
activated carbon surface.

Figure 2 shows the charge-discharge curves of EDLCs
fabricated with the following three types of polarizable
electrodes: (a) those of exclusively activated carbon (no

CNT) and those containing (b) 10 and (c) 50% CNTs. Those
polarizable electrodes were fixed at the weight of 60 mg.
The charge-discharge measurements were carried out at a
constant current of 5 mA. A rapid voltage change at the initial
stage of the charge and the discharge, which is called the IR
drop, was observed for all types of EDLCs. The IR drops of
0.45 V and 0.04 V were observed for (a) the EDLC without
and (b) the EDLC with the 10% CNT addition, respectively.
At 0.04 V the IR drop of the EDLC containing CNT at 10%
was lower than that of the EDLC fabricated without using
CNT.

The voltage gradually increased with an increase in the
charging time after the initial stage of the charge. The
inclination of the voltage changes for the EDLC without and
EDLC with the 10% CNT was almost the same. This result
suggests that these EDLCs have almost the same electric
capacitance. However, the voltage of the EDLC without the
CNT addition reached 1.2 V in a shorter time than that of
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Figure 2: The charge-discharge curves of EDLCs fabricated with
the following three types of polarizable electrodes: (a) those of
exclusively activated carbon (no CNT) and those containing (b) 10
and (c) 50% CNTs.

the EDLC with the CNTs, because the IR drop is bigger. One
cycle of the charge and the discharge on the EDLC without
the CNT addition was 600 s. On the other hand, that of the
EDLC with the CNT addition was 1200 s. A longer cycle time
indicates that a higher amount of electric energy is stored in
the EDLC, because this measurement is carried out using a
constant current.

The EDLC containing CNT at 50% was 0.02 V in the IR
drop, which was lower than that of 10%. However, one cycle
of the charge and the discharge on this EDLC was as short
as 700 s, because the inclination of the voltage changes was
higher than that of 10%. Higher inclination suggests that the
EDLC with the 50% CNT concentration is lower than that of
10% in the electrical capacitance.

An equivalent electric circuit model for the EDLCs,
shown in Figure 3, was used to analyze the above charge-
discharge curves. In this circuit, the equivalent capacitance
(C) is originated from the formation of the electrical double
layer at the interface between surface of the polarizable
electrodes and the electrolyte. Larger surface area of the
polarizable electrode generally generates larger capacitance.
The parallel resistance (Rp) and the series resistance (Rs)
are connected to the capacitance. The parallel resistance

C

Rs

Rp

Figure 3: An equivalent electric circuit model for the EDLCs.

expresses the current leakage of the electrical double layer,
which influences long-term energy storage. The series resis-
tance consists of resistances of the polarizable electrodes and
electrolyte, and contact resistance between the polarizable
electrode and the collector electrode. The series resistance
causes the IR drop and energy loss during the charge-
discharge.

The equivalent series resistance (Rs) of the EDLC was
estimated from the value of the IR drop according to the
following equation:

Rs = VIR(
Icharge − Idischarge

) , (5)

where VIR is the voltage change at the time that the flowing
current changes from the discharge current Idischarge (negative
value) to the charge current Icharge (positive value). In this
study, the value of (Icharge− Idischarge) is 10 mA. Therefore, the
series resistance (Rs) was estimated to be 45, 4, and 2Ω for
the EDLCs without and those with CNT addition of 10%
and 50%, respectively. No dependence of the series resistance
on the charge-discharge current was observed in the range
between 0.5 and 50 mA.

The inclination of the voltage change during the charge-
discharge depends on the capacitance of the EDLC. There-
fore, the capacitance (C) of the EDLC was estimated using
the mathematical fitting technique according to the following
equation explaining the relationship between the charging
time and the voltage:

V(t) = Rp · Icharge

{
1− exp

(
− t

C · Rp

)}
+ VIR, (6)

where V(t) is the voltage as a function of the charging time
(t), the capacitance(C), and the equivalent parallel resistance
(Rp).

The capacitance was estimated to be 2.4 F for both EDLC
without and that with CNT at concentration of 10% from the
above method. On the other hand, the EDLC with 50% CNT
was estimated to be as low as 1.2 F, because the inclination of
the voltage change was high and the charge-discharge cycle
was short. No dependence of the capacitance on the charge
current was observed in the range from 0.5 to 50 mA.
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Figure 4(a) shows the dependence of the series resistance
on the ratio of CNT to activated carbon in the polarizable
electrode. Moreover, those of the EDLC containing the
acetylene black, instead of the CNT, are also shown. In this
figure, the ratio of 0 means the EDLC is fabricated exclusively
with the activated carbon without using the CNT and
acetylene black. The series resistance of the EDLC fabricated
with exclusively of the activated carbon showed as high as
value 45Ω. When the CNTs were mixed with the activated
carbon in the polarizable electrodes, the series resistance of
the EDLC decreased with an increase in CNT concentration.
The EDLC fabricated with a CNT concentration of 17%
has a series resistance as low as 2Ω. This series resistance
was approximately one quarter of an EDLC fabricated at the
same concentration of acetylene black. No series resistance
changed with an increase in CNT concentration above 20%.
However, it increased to 2.5Ω in the face of the EDLC
fabricated from 100% CNT, because clacks were formed in
the polarizable electrodes by sinking them in the electrolyte.

The addition of the acetylene black to the polarizable
electrode also decreased the series resistance of the EDLC.
Both the EDLCs for concentration of the acetylene black at 50
and 100% are 4Ω. No clacks were formed in the polarizable
electrodes formed from exclusively acetylene black. However,
the series resistance was higher than EDLCs with addition of
the CNT.

Figure 4(b) shows the dependence of the specific capaci-
tance (F/g) on ratio of the CNT or the acetylene black to the
activated carbon in the polarizable electrode. In this figure,
the value was indicated as the capacitance par the weight
of polarizable electrode. For example, the EDLC fabricated
from exclusively the activated carbon showed the 2.4 F in
the capacitance. This EDLC is fabricated with two pieces of
polarizable electrode containing carbon materials, such as
activated carbon, CNT, or acetylene black (120 mg in total
weight). Therefore, the specific capacitance of this EDLC was
calculated to be 24 F/g.

No significant change in the capacitance was observed
with mixture of the CNT and the acetylene black up to 17%.
The capacitance decreased with an increase in their ratio
above 20%. The EDLC fabricated exclusively from the CNT
showed the capacitance of 4 F/g. This value is higher than
that of the EDLC fabricated exclusively from acetylene black.
However, these values are extremely lower than that of the
EDLC fabricated from exclusively activated carbon.

The specific capacitances for the CNT and the activated
carbon in the polarizable electrode were estimated by the
mathematical fitting technique according to the following
equation:

C(x) = CCNT
x

100
+ CAC

(100− x)
100

, (7)

where C(x) is specific capacitance for the fabricated polariz-
able electrode. CCNT and CAC are the specific capacitances for
the CNT and the activated carbon, respectively. x is ratio of
the CNT to activated carbon. The result of the mathematical
fitting is also shown in Figure 4(b).

Table 1 shows the specific capacitance for the CNT, the
acetylene black, and the activated carbon estimated by the
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Figure 4: (a) The dependence of (a) the series resistance and (b) the
specific capacitance on the ratio of the CNT or the acetylene black
to the activated carbon in the polarizable electrode.

Table 1: Specific capacitance of various materials used for the
fabrication of EDLCs.

Material Specific capacitance

(F/g)

Carbon Nanotube 4.5

Acetylene black 1.7

Activated carbon 24

above method. The CNT and the acetylene black were 4.5
and 1.7 F/g in specific capacitance, respectively. The CNT was
higher than the acetylene black in the specific capacitance.
However, they were lower than the activated carbon (24 F/g).

Figure 5 shows the dependence of (a) the electrical energy
and (b) the energy efficiency on ratio of the CNT or the
acetylene black to the activated carbon in the polarizable
electrode, whose weight is fixed at 60 mg. The electric energy
L stored in the EDLC was estimated by the discharge curve
ranging between 1.2 V and 0.1 V with a constant current of
5 mA using the following equation:

L =
∫
V(t) · i dt. (8)

On the other hand, the energy efficiency η was defined
by the ratio between the discharged and the charged electric
power using the following equation:

η = Ldischarge

Lcharge
× 100, (9)
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where Lcharge and Ldischarge are, respectively, the electric power
charged and discharged between the voltage of 0.1 V and
1.2 V with a constant current of 5 mA.

The EDLC fabricated using exclusively activated carbon
without the addition of any conducting materials showed
a low electric energy of 0.7 mWh/g. When the CNTs were
added to the polarizable electrodes up to 15%, the electric
energy increased up to 5.1 mWh/g according to the increase
in CNT concentration. The electric energy was on the
contrary decreased by increasing the CNT concentration
above 20%. The EDLCs with addition of the acetylene black
also have the same trend in the electrical energy. However, the
electric energy for EDLCs fabricated with CNTs was higher
than that of those fabricated with acetylene black.

A low energy efficiency of 31% was observed for the
EDLC fabricated exclusively from activated carbon as shown
in Figure 5(b). The energy efficiency was improved by
the addition of CNTs to the polarizable electrodes and
linearly increased according to the increase in the CNT
concentration. A high energy efficiency of 86% was observed
for the EDLC with a 50% CNT concentration. The energy
efficiency of the EDLCs with addition of the CNT was higher
than that of the acetylene black.

Figure 6 shows the dependence of (a) the capacitance
and (b) the series resistance on the weight and the thickness
of the polarizable electrode in EDLC. The thickness of
the polarizable electrode is increased by an increase in its
weight, since the polarizable electrode is fixed at 11.5 mm
in the diameter. The CNT or the acetylene black in the
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Figure 6: The dependence of (a) the capacitance and (b) the
series resistance on the weight and the thickness of the polarizable
electrode.

polarizable electrodes was fixed at 10% in the weight ratio.
Both of the EDLCs fabricated with the CNT or the acetylene
black linearly increased from 1.5 to 4.5 F in capacitance
with an increase in the thickness of polarizable electrodes.
The specific capacitances at various thicknesses were almost
of the same value of 24 F/g. The series resistance of the
EDLCs added with the acetylene black was increased from
3.7 to 11Ω with increasing the thickness of polarizable
electrode. On the other hand, the series resistance of the
EDLCs fabricated with the CNT slightly increased from 2.5Ω
to 2.8Ω with an increase in the thickness of polarizable
electrode. The series resistance at the thickness of 0 mm
was estimated to be 2.5Ω by extrapolation method. The
EDLC formed with the acetylene black also showed the
same value. These series resistances represent the contact
resistance between the polarizable electrode and the counter
electrode, because the resistances of the polarizable electrode
and the electrolyte are neglected at the thickness of 0 mm.
Therefore, these results indicate that the series resistance
of the EDLCs fabricated using the CNT are governed by
the contact resistance, since the resistance of the polarizable
electrode containing CNT is low enough.

Figure 7 shows the schematic model comparing the elec-
trical conduction in the polarizable electrodes with addition
of (a) the acetylene black or (b) the CNT. Acetylene black is
particle with a diameter of 50–60 nm, which is smaller than
activated carbon by a one-30th to a one-60th approximately.
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The particles of the acetylene black cover activated carbon
particles in the polarizable electrode. The charge and the
discharge currents flow through a large number of the
acetylene black particles on the activated carbon. In this
conduction mechanism, the acetylene black particles must
connect to each other in order to effectively decrease
the resistance of polarizable electrode. Although CNT has
cylindrical shape with the diameter of 10 nm which is size
a similar to that of acetylene black the length of CNT is as
long as 100 μm. Therefore, one piece of CNT connects large
number of activated carbon particles, because the length of
CNT is longer than activated carbon by approximately 30–
50 times. Therefore, CNT forms the electrical conduction
mechanism in the polarizable electrode, which has higher
conductivity comparing with acetylene black.

Activated carbon is a particle with the specific surface
area of 2000 m2/g. Therefore, it is widely used as a consti-
tution of the EDLC. In this study, the specific capacitance
for the activated carbon was 24 F/g. On the other hand,
CNT also seems to have large surface area, because it has
cylindrical shape with small diameter. The small diameter
expects that CNT is more suitable constitution of the EDLC
than activated carbon. However, the CNT showed 4.5 F/g in
specific capacitance, which was smaller than the activated
carbon. Small capacitance in this study suggests that only
small surface area of CNT contributes to the double-layer
capacitor. One possibility of this reason is the hydrophobic
surface of CNT that causes its surface to be hardly wet with
electrolyte.

EDLC fabricated from exclusively activated carbon shows
high capacitance of 2.4 F. However, the electric energy stored
in its EDLC is as low as 0.7 mWh/g, because its series
resistance has value as high as 45Ω. High series resistance
loses electric energy during the charge and the discharge and
also decreases the energy efficiency. The CNT addition into
the polarizable electrode decreases the series resistance of the
EDLC up to 2Ω. Moreover, the EDLC with CNT addition
increases to 5.1 mWh/g in the electric energy, because lower
series resistance causes lower IR drop and longer charging

time. The small series resistance prevents losing electric
energy during the charge and discharge. Therefore, the
higher electric efficiency is observed from the EDLC with the
addition of CNT. The addition of acetylene black also has the
same trend in these characteristics. However, CNT is more
effective than acetylene black as a conducting material.

The significant decrease in the capacitance of the EDLC
with the addition of CNT was observed above 20%, because
the specific capacitance of CNT is lower than that of activated
carbon. The decrease of the capacitance leads to the lower
stored electric energy. However, the efficiency increases with
an increase in the CNT concentration, since the series
resistance is decreased.

The CNT addition decreases the series resistance of
EDLCs, because of its high aspect ratio. However, the CNT
addition above 20% does not decrease the series resistance,
because the series resistance becomes governed by the
contact resistance between the polarizable electrode and
the counter electrode. On the other hand, the capacitance
decreases with an increase in the CNT concentration above
20%, because of low specific capacitance of CNT. These
results suggest that the CNT is suitable material as the
conducting material under the concentration of 20%.

4. Summary

The CNT addition into the polarizable electrodes up to 20%
reduces the series resistance of the EDLC from 45 to 2Ω.
The reduction of the series resistance increases the electrical
energy stored in the EDLC, and also prevents losing the
energy loss during the charge and the discharge. However,
the CNT addition does not increase the capacitance, because
most of surface area of the CNT does not contribute to
the electrical double layer capacitor. The EDLC with the
20% CNT addition shows the capacitance of 24 F/g, which
is mainly contributed by activated carbon.

The EDLC with the CNT addition has lower than that
of acetylene black in the series resistance. Since the series
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resistance of the EDLC was decreased by the CNT addition,
the EDLC achieves to increase the electric energy stored in
it. Moreover, the energy efficiency for the charge and the
discharge is also improved.
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The thermal conductivities and elastic properties of carbon nanotubes (CNTs) are estimated by using the double-inclusion
model, which is based on rigorous elasticity approach. The model regards a CNT as one inclusion (the inner cylindrical void)
embedded in the other (the outer coaxial single-crystal graphite shell). The concept of homogenization is employed, and vital
microstructural parameters, such as CNT diameter, length, and aspect ratio, are included in the present model. The relationship
between microstructure and thermal conductivities and elastic stiffness of CNTs is quantitatively characterized. Our analytical
results, benchmarked by experimental data, show that the thermal conductivities and elastic stiffness of CNTs are strongly
dependent on the diameter of CNT with little dependence on the length of CNT.

1. Introduction

The present work employs and modifies the double-inclu-
sion model [1] to estimate, from a microstructural point
of view, the thermal conductivities and elastic stiffness of
carbon nanotubes (CNTs). Several models based on mole-
cular dynamics simulation are developed for estimating the
thermal conductive and elastic properties of CNTs [2–7] yet
are not very computationally efficient. Some of the existing
models are based on beam theories [8, 9] and can only esti-
mate the Young moduli of CNTs. Robertson et al. [10] and
Lu [11] employ energy methods to estimate the elastic pro-
perties of CNTs. Finite deformation is considered in Gao
and Li [12] where the formulation is aimed at single-
walled CNTs. A multiscale shear-lag-based approach later is
developed for estimating Young’s moduli of CNTs as well
as stresses in CNT-based composites [13]. Chantrenne and
Barrat [14] derive analytical expressions for the thermal con-
ductivities of a single graphene and a CNT as a function of
their characteristic lengths. Their analytical estimates show
good agreement for single graphene but not for CNTs.

The reported experimental data of thermal conductivities
and Young’s and shear moduli of CNTs from literature are
summarized in Tables 1 and 2, respectively. It is noted that
the reported data are significantly different from each other

as the thermal and elastic properties of CNTs are functions
of the microstructure of CNTs [15–18]. Qian et al. [19] also
collect many experimental data on the Young modulus of
CNTs, and they range from 320 GPa to 5.0 TPa. It is the
objective of the present work to develop an analytical model
to delineate the relationship between the microstructure and
thermal conductive and elastic stiffness of CNTs.

2. The Model

2.1. Mori-Tanaka Theorem. Consider an infinite medium
B, embodying a subregion V , which includes an inclusion
Ω undergoing a heat flux-free transformation temperature
gradient ∇T∗Ω. The matrix is denoted by M, and V =
M ∪Ω, see Figure 1. In view of the concept of Eshelby [20],
Mori and Tanaka [21], and Hatta and Taya [22], one may find
the disturbance temperature gradient {∇Td} = {∇Td

x ,∇Td
y ,

∇Td
z }T at a typical location, x, in V due to a transformation

temperature gradient {∇T∗Ω} = {∇T∗Ωx ,∇T∗Ωy ,∇T∗Ωz }T
in Ω as follows: {

∇Td(x)
}
=
[
SΩ
]{
∇T∗Ω

}
, (1)

where the case of ellipsoidal V and Ω are considered.
Eshelby’s matrix [SΩ] is a 3 × 3 matrix and is a function of
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Table 1: The reported data of thermal conductivity of CNTs.

CNT diameter (nm) CNT length (nm) CNT thickness (nm) K (W/m-K) SWCNT/MWCNT

Hone et al. [28] 1.4 100 NA 1750 ∼ 5850 SWCNT

Berber et al. [4] NA NA NA 6600 SWCNT

Osman and Srivastava [5] NA NA NA 1000 ∼ 2500 SWCNT

Kim et al. [29] 14 2.5μm NA >3000 MWCNT

Maruyama [6] NA 6 ∼ 404 0.34 280 ∼ 380 SWCNT

Bagchi and Nomura [30] 25 50 μm 10 3000 MWCNT

Bi et al. [7] NA 2.5 ∼ 25 NA 400 ∼ 600 SWCNT

Table 2: The reported experimental data of Young’s and shear moduli of CNTs.

Length (nm) Diameter (nm) Thickness (nm) SWCNT/MWCNT Young’s modulus (TPa) Shear modulus (GPa)

Salvetat et al. [31] 180 ∼ 370 4.5 ∼ 20 0.34 SWCNT 0.067 ∼ 0.5 0.7 ∼ 6.5

Salvetat et al. [32] 26 ∼ 76 MWCNT 1.28± 0.59

Krishnan et al. [33] 23.4 ∼ 36.8 1.12 ∼ 1.5 SWCNT 1.25 (average) 0.1

Yu et al. [34] 19 ∼ 41 0.34 SWCNT 0.32 ∼ 1.47

Yu et al. [35] 1800 ∼ 10990 13 ∼ 36 MWCNT 0.27 ∼ 0.95

B

M

Ω, T∗Ω∇

Figure 1: Mori-Tanaka model.

the geometry of inclusion Ω. In particular, the components
of [SΩ] for a circular cylindrical Ω are only functions of
the aspect ratio of the cylinder [22]. It can be shown in a
straightforward manner that the average temperature gradi-
ent of V , {〈∇Td〉V}, is given by

{〈
∇Td

〉
V

}
= f

{〈
∇Td

〉
Ω

}
+
(
1− f

){〈∇Td
〉
M

}
, (2)

where the angle brackets 〈〉 represent an average quantity,
{〈∇Td〉Ω} is the average temperature gradient field of the
inclusion, {〈∇Td〉M} is the average temperature gradient
field of the matrix, and f = Ω/V is the inclusion volume

fraction. The average disturbance temperature gradient in
region M due to∇T∗Ω is given by{〈

∇Td
〉
M

}
= 1

M

∫
M

{
∇Td(x)

}
dVx

= 1
M

(∫
v

{
∇Td(x)

}
dVx −

∫
Ω

{
∇Td(x)

}
dVx

)

= 1
M

(
Ω

V

∫
V

[
SV
]{
∇T∗Ω

}
dV

)

− Ω

M

[
SΩ
]{
∇T∗Ω

}
,

(3)

where SV is Eshelby’s matrix of inclusion V . Rearranging (3)
gives {〈

∇Td
〉
M

}
= Ω

M

([
SV
]
−
[
SΩ
]){

∇T∗Ω
}
. (4)

Substituting (1) and (4) into (2) gives the disturbance
temperature gradient averaged over V due to a uniform
transformation temperature gradient prescribed in Ω,{〈

∇Td
〉
V

}
= f

[
SV
]{
∇T∗Ω

}
. (5)

Now consider a uniform transformation temperature
gradient ∇T∗M in M. The heat flux and temperature
gradient fields can be obtained by superposing two fields—
one is due to −∇T∗M and distributed over Ω, and the other
is due to ∇T∗M and distributed over V . The average dis-
turbance temperature gradient in Ω due to ∇T∗M in M is
given by{〈

∇Td
〉
Ω

}
= 1

Ω

∫
Ω

[S(x;Ω)]dVx

({
−∇T∗M

})
+

1
Ω

∫
Ω

[S(x;V)]dVx

{
∇T∗M

}
=
([
SV
]
−
[
SΩ
]){

∇T∗M
}
.

(6)
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The average disturbance temperature gradient in M due to
∇T∗M prescribed in M is given by

{〈
∇Td

〉
M

}
= 1

M

∫
M

[S(x;Ω)]dVx

({
−∇T∗M

})
+

1
M

∫
M

[S(x;V)]dVx

{
∇T∗M

}
.

(7)

The first term on the right-hand side of (7) is in essence iden-
tical to (3) except∇T∗M being replaced by (−∇T∗M). Thus,
(4) can be used to give

{〈
∇Td

〉
M

}
= Ω

M

([
SV
]
−
[
SΩ
])({

−∇T∗M
})

+
[
SV
]{
∇T∗M

}
= f

1− f

[
SΩ
]{
∇T∗M

}

+
1− 2 f
1− f

[
SV
]{
∇T∗M

}
.

(8)

Substituting (8) and (6) into (2), one obtains the disturbance
temperature gradient averaged over V due to transformation
temperature gradient∇T∗M prescribed in M as follows:

{〈
∇Td

〉
V

}
= (1− f

)[
SV
]{
∇T∗M

}
. (9)

2.2. Extended Mori-Tanaka Theorem. Consider an infinite
homogeneous solid B with a thermal conductivity {K} =
{Kx,Ky ,Kz}T . The solid B contains two ellipsoidal inclu-
sions, V and Ω (Ω ⊂ V). Let Ω and M (= V − Ω) under-
go distinct heat flux-free transformation. The uniform
transformation temperature gradient in the absence of the
surrounding medium is ∇T∗Ω and ∇T∗M in Ω and M,
respectively. The average of the disturbance temperature
gradient resulting from∇T∗Ω is given by (1) and (5), and the
volume average of the corresponding heat flux field is given
by

{〈
qd
〉
Ω

}
= [K]

([
SΩ
]
− [I]

){
∇T∗Ω

}
, (10a){〈

qd
〉
V

}
= f [K]

([
SV
]
− [I]

){
∇T∗Ω

}
, (10b)

where I is the 3× 3 identity matrix.
Similarly, the temperature gradient resulted from ∇T∗M

is given by (6) and (9), and the corresponding heat flux fields
are given by

{〈
qd
〉
Ω

}
= [K]

([
SV
]
−
[
SΩ
]){

∇T∗M
}

, (11a){〈
qd
〉
V

}
= (1− f

)
[K]

([
SV
]
− [I]

){
∇T∗M

}
. (11b)

Combining (1), (6), (10a), and (11a) gives the average
temperature gradient and heat flux in Ω due to ∇T∗Ω and
∇T∗M ,

{〈
∇Td

〉
Ω

}
=
[
SΩ
]{
∇T∗Ω

}
+
([
SV
]
−
[
SΩ
]){

∇T∗M
}

,

(12a){〈
qd
〉
Ω

}
= [K]

([
SΩ
]
− [I]

){
∇T∗Ω

}
+ [K]

([
SV
]
−
[
SΩ
]){

∇T∗M
}
.

(12b)

The combination of (5), (9), (10b) and (11b) gives the
average temperature gradient and heat flux in V due to
∇T∗Ω and∇T∗M ,

{〈
∇Td

〉
V

}
=
[
SV
]{

f
{
∇T∗Ω

}
+
(
1− f

){∇T∗M}},
(13a)

{〈
qd
〉
V

}
= [K]

([
SV
]
− [I]

){
f
{
∇T∗Ω

}
+
(
1− f

){∇T∗M}}.
(13b)

The following relations can be derived in a straightforward
manner:

{〈
∇Td

〉
V

}
= (1− f

){〈∇Td
〉
M

}
+ f

{〈
∇Td

〉
Ω

}
, (14a){〈

qd
〉
V

}
= (1− f

){〈
qd
〉
M

}
+ f

{〈
qd
〉
Ω

}
. (14b)

Substituting (12a) and (12b), (13a) and (13b) into (14a) and
(14b) gives

{〈
∇Td

〉
M

}
=
[
SV
]{
∇T∗M

}
+

f

1− f

{([
SV
]
−
[
SΩ
])({

∇T∗Ω
}
−
{
∇T∗M

})}
,

(15a){〈
qd
〉
M

}
= [K]

([
SV
]
− [I]

){
∇T∗M

}
+

f

1− f
[K]

{([
SV
]
−
[
SΩ
])({

∇T∗Ω
}
−
{
∇T∗M

})}
.

(15b)

2.3. Thermal Conductivities and Elastic Constants of Double
Inclusion. Consider an ellipsoidal matrix M, containing an
ellipsoidal inhomogeneity Ω. The matrix M is embedded in
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B,K

M,KM ,T∗M

V

Ω,K ,T∗ΩΩ

Figure 2: Double-inclusion model.

an infinite medium B. The thermal conductivity ofΩ,M, and
B is given by

K = K(x) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
KΩ if x inΩ,

KM if x inM,

K otherwise,

(16)

respectively; see Figure 2. To solve the double-inhomogeneity
problem, one may replace the inhomogeneity, Ω, and the
matrix, M, by a reference material with thermal conductivity
{K}, which is the thermal conductivity of B. Then one
could prescribe transformation temperature gradient ∇T∗Ω
and ∇T∗M in Ω and M, respectively, to compensate the
material mismatch, which is essentially Eshelby’s concept of
equivalent inclusion [20]. When the infinity domain B is
subjected to far-field temperature gradient {∇T∞}, the heat
flux and temperature gradient fields of the double inclusion
V (= M ∪Ω) are in general not uniform, and their averages
are, with the help of (12a), (12b), and (15a) and (15b), given
by {〈

∇Td
〉
Ω

}
= {∇T∞} +

[
SΩ
]{
∇T∗Ω

}
+
([
SV
]
−
[
SΩ
]){

∇T∗M
}

,
(17a)

{〈
qd
〉
Ω

}
= [K]

{
{∇T∞} +

([
SΩ
]
− [I]

){
∇T∗Ω

}
+
([
SV
]
−
[
SΩ
]){

∇T∗M
}}

,

(17b)

{〈
∇Td

〉
M

}
= {∇T∞} +

[
SV
]{
∇T∗M

}
+

f

1− f([
SV
]
−
[
SΩ
])({

∇T∗Ω
}
−
{
∇T∗M

})
,

(18a)

{〈
qd
〉
M

}
= [K]

{
{∇T∞} +

([
SV
]
− [I]

){
∇T∗M

}
+

f

1− f

([
SV
]
−
[
SΩ
])

({
∇T∗Ω

}
−
{
∇T∗M

})}
.

(18b)

Since the temperature gradient and the heat flux fields must
be preserved after homogenization, the following constraint
conditions must be satisfied:[
KΩ

]{
{∇T∞} +

[
SΩ
]{
∇T∗Ω

}
+
([
SV
]
−
[
SΩ
]){

∇T∗M
}}

= [K]
{
{∇T∞} +

([
SΩ
]
− [I]

){
∇T∗Ω

}
+
([
SV
]
−
[
SΩ
]){

∇T∗M
}}

,

(19a)[
KM

]{
{∇T∞} +

[
SV
]{
∇T∗M

}

+
f

1− f

([
SV
]
−
[
SΩ
])({

∇T∗Ω
}
−
{
∇T∗M

})}

= [K]

{
{∇T∞} +

([
SV
]
− [I]

){
∇T∗M

}
+

f

1− f

([
SV
]
−
[
SΩ
])({

∇T∗Ω
}
−
{
∇T∗M

})}
.

(19b)

Solving (19a) and (19b) simultaneously, one finds{〈
∇T∗M

〉
M

}
= [A]{∇T∞}, (20a){〈

∇T∗Ω
〉
Ω

}
= [B]{∇T∞}, (20b)

where

[A] =
[

f

1− f

([
KM

][
SV
]
−
[
KM

][
SΩ
]

−[K]
[
SV
]

+ [K]
[
SΩ
])

+
(

[K]
[
SV
]
− [K]−

[
KM

][
SV
])

+
f

1− f([
KM

][
SV
]
−
[
KM

][
SΩ
]

−[K]
[
SV
]

+ [K]
[
SΩ
])

[[
KΩ

][
SΩ
]
− [K]

([
SΩ
]
− [I]

)]−1

(
[K]

[
SV
]
− [K]

[
SΩ
]

−
[
KΩ

][
SV
]

+
[
KΩ

][
SΩ
])]−1
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[
f

1− f

([
KM

][
SV
]
−
[
KM

][
SΩ
]

−[K]
[
SV
]

+ [K]
[
SΩ
])

[[
KΩ

][
SΩ
]
− [K]

([
SV
]
− [I]

)]−1

(
[K]−

[
KΩ

])
−
(

[K]−
[
KM

])]
,

(21)

[B] =
[[
KΩ

][
SΩ
]
− [K]

([
SΩ
]
− [I]

)]−1[(
[K]−

[
KΩ

])]
+
[[
KΩ

][
SΩ
]
− [K]

([
SΩ
]
− [I]

)]−1

[
[K]

([
SV
]
−
[
SΩ
])
−
[
KΩ

]([
SV
]
−
[
SΩ
])]

[A].

(22)

Substituting (17a) and (17b) and (18a) and (18b) into (14a)
and (14b), one finds

{〈
∇Td

〉
V

}
= {∇T∞}

+
[
SV
]{

f
{
∇T∗Ω

}
+
(
1− f

){∇T∗M}},

(23a){〈
qd
〉
V

}
= [K]

{
{∇T∞}

+
([
SV
]
− [I]

)
[
f
{
∇T∗Ω

}
+
(
1− f

){∇T∗M}]}.
(23b)

The thermal conductivities K of the double inclusion V are
defined by

{〈
qd
〉
V

}
=
[
K
]{〈

∇Td
〉
V

}
. (24)

The combination of (20a) and (20b), (23a) and (23b), and
(24) gives

[
K
]
= [K]

[{
[I] +

([
SV
]
− [I]

)[
f [B] +

(
1− f

)
[A]

]}]
[{

[I] +
[
SV
][

f [B] +
(
1− f

)
[A]

]}]−1
.

(25)

A reasonable choice for the reference material for homoge-
nization is the matrix material. Thus, ∇T∗M = 0. Letting
[A] = 0 in (25) gives

[
K
]
=
[
KM

][{
[I] + f

([
SV
]
− [I]

)
[([

KM
]
−
[
KΩ

])[
SΩ
]
−
[
KM

]]−1

([
KΩ

]
−
[
KM

])}]
[{

[I] + f
[

SV
]

[([
KM

]
−
[
KΩ

])[
SΩ
]
−
[
KM

]]−1

([
KΩ

]
−
[
KM

])}]−1
.

(26)

In the case of CNT, the inner inclusion Ω is a void, and
the outer M is a graphene. Therefore, the [KΩ] in (26) may
be neglected as the thermal conductivity of air is much less
than that of the graphene, or [KΩ] = 0 in the case of a
vacuum. Therefore, the thermal conductivities of a CNT can
be estimated by

[
K
]
=
[
KM

]([
SΩ
]
− [I]− f

([
SV
]
− [I]

))
([
SΩ
]
− [I]− f

[
SV
])−1

.

(27)

Specifically,

Kii = KM
ii

(
1− f

1− SΩii + f SVii

)
i = 1 ∼ 3; no sum on i.

(28)

In view of the analogy between heat conduction and
linear elasticity, the elastic constants [C], which is a 6 × 6
matrix, of a CNT can be estimated by

[
C
]
=
[
CM

]([
CΩ
]
− [I]− f

([
CV
]
− [I]

))
([
CΩ
]
− [I]− f

[
CV
])−1

,
(29)

where [CM] is the stiffness matrix of a single-crystal graphite,
[I] is the 6 × 6 identity matrix, and the components of
Eshelby’s matrix for anisotropic elastic inclusions are given
by Mura [23]. In particular, the shear moduli of a CNT can
be estimated by

Cii = CM
ii

(
1− f

1− SΩii + f SVii

)
i = 4 ∼ 6; no sum on i.

(30)
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Figure 3: Young’s modulus as a function of CNT length for t =
0.34 nm and D = 1.2 nm.

3. Results

The following elastic properties of a single-crystal graphite
are used in our calculations [24]:

[
CM

]
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1060 15 180 0 0 0

15 36.5 15 0 0 0

180 15 1060 0 0 0

0 0 0 4.5 0 0

0 0 0 0 440 0

0 0 0 0 0 4.5

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
GPa. (31)

As it is indicated in Figure 3, where the diameter and thick-
ness of CNT are assumed to be 1.2 nm and 0.34 nm, respec-
tively, the length of CNT does not affect its axial and
transverse Young’s moduli significantly. The relationship
between axial Young’s modulus and the diameter of CNT is
shown in Figure 4, where the length and thickness of CNT are
assumed to be 1 μm and 0.34 nm, respectively. The predicted
axial Young’s modulus increases with a decrease in CNT
diameter, which is consistent with the available experimental
data, yet is in contrast with what is predicted by Li and
Chou [18]. It is noted that axial Young’s modulus drops
significantly when the CNT diameter is greater than 1.2 nm.
The transverse Young modulus of CNT exhibits a similar
relation with CNT diameter. The relationship between CNT
diameter and thickness, for a fixed axial Young’s modulus of
1 TPa, is shown in Figure 5, which agrees with Thostenson
et al. [25].

The in-plane and out-of-plane thermal conductivities of
graphene are assumed to be equal to 2,000 and 10 W/m-
K, respectively [26] in the present calculations. The thermal
conductivity of air varies from 0.02 to 0.08 W/m-K as the
temperature varies from −55◦C to 1,000◦C and is negligible.
As it is indicated in Figure 6, where the diameter of CNT is
assumed to be 1.2 nm and 1.4 nm and the CNT thickness is
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Figure 4: Young’s modulus versus CNT diameter for t = 0.34 nm
and L = 1000 nm.
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Figure 5: The relationship between CNT diameter and CNT thick-
ness for E = 1 TPa.

assumed to be 0.34 nm, the length of CNT does not affect its
axial thermal conductivity significantly, which is consistent
to the findings of Yang et al. [27] and Hone et al. [28]. The
relationship between CNT diameter and its thermal con-
ductivity for a fixed length of 100 nm is shown in Figure 7,
where the thickness of CNT is assumed to be 0.34 nm, and
the axial thermal conductivity of CNT decreases dramatically
with an increase in CNT diameter when the CNT diameter
is less than 10 nm. When the CNT diameter is greater than
10 nm, the decrease in axial thermal conductivity of CNT
becomes gradual. Figure 8 shows the relationship between
CNT aspect ratio and its axial thermal conductivity. The
axial thermal conductivity increases with an increase in the
aspect ratio of CNT [17]. The relationship between the axial
thermal conductivity of MWCNT and its number of layers
is shown in Figure 9, where the MWCNT outer diameter,
length, and thickness of each layer are assumed to be 14 nm,
100 nm, and 0.34 nm, respectively.
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Figure 6: Axial thermal conductivity of CNT as a function of CNT
length for t = 0.34 nm, D = 1.2 nm, and D = 1.4 nm.
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Figure 7: Axial thermal conductivity as a function of CNT outer
diameter for t = 0.34 nm and L = 100 nm.

4. Conclusion

In the present work, the double-inclusion model [1], which
is based on elasticity solutions [20, 21] and is originally
presented in the context of linear elasticity, is employed and
extended to predict the thermal conductivities and elastic
constants of CNTs. Though the theorem proposed by Mori
and Tanaka [21] is not restricted to ellipsoidal inclusions,
the present work regards a CNT as a circular cylindrical shell
containing a concentric circular cylindrical void, that is, two
coaxial circular cylindrical inclusions—one is embedded in
the other. The outer shell is composed of a single-crystal
graphite sheet.

Our results indicate that (1) the length of CNT does
not significantly affect its thermal conductivities, axial and
transverse Young’s and shear moduli; (2) with an increase in
CNT diameter, axial and transverse Young’s moduli and ther-
mal conductivities as well as shear moduli decrease. This may
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Figure 8: Relationship between axial thermal conductivity and
CNT aspect ratio.
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Figure 9: Relationship between axial thermal conductivity of
MWCNT and its number of layers.

explain why the reported experimental data in the litera-
ture (see Tables 1 and 2) are scattered when the thermal con-
ductivity and elastic properties of a CNT are considered as
functions of its microstructure, in particular, its diameter.
The results derived from the present model agree quite well
with the available experimental measurement and observa-
tion.
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Carbon nanotube (CNT) is a promising one-dimensional nanostructure for various nanoscale electronics. Additionally, nanos-
tructures would provide a significant large surface area at a fixed volume, which is an advantage for high-responsive gas sensors.
However, the difficulty in fabrication processes limits the CNT gas sensors for the large-scale production. We review the
viable scheme for large-area application including the CNT gas sensor fabrication and reaction mechanism with a practical
demonstration.

1. Introduction

Due to the excellent and well-known properties of nanoscale
materials, intensive research has been performed in vari-
ous areas. The one-dimensional nanoscale structure of a
nanowire or a nanotube is attractive for use in effective cold
cathodes [1], field emitters [2], and vacuum microelectronics
[3, 4]. Recently, silicide nanowire has shown the possibility
of nanoscale interconnection with low resistance [5, 6].
Additionally, carbon nanotubes have been applied in various
applications such as energy storage devices, sensors [7,
8], and actuators. The electrical conductivity of carbon
nanotubes (CNTs) is prominent (106 S m−2), and thus CNT
films also possess a low sheet resistance while holding
an excellent optical transmittance in the visible spectrum
comparable to that of commercial indium-tin-oxide (ITO);
a transparent CNT film heater has been realized [9].

The one-dimensional nanoscale structure of CNT has a
large surface area to volume ratio, which is an advantage for
maximizing the surface response. Moreover, the radii, which
are comparable to the Debye length, offer greater potential in
sensing performance, compared to bulk, by showing sensitive
changes upon exposure to gas molecules.

CNTs have been intensively investigated for use in gas
sensing devices due to their unique physical and chemical
properties [10–18]. It has been proven that CNTs present
the p-type semiconducting property due to their unique
chirality. The absorbing gas molecules can significantly

change the conductivity of CNTs by withdrawing and
donating electrons [7, 10, 19]. Moreover, the high surface-
to-volume ratio of CNTs provides an advantage in sub-ppm
level gas detection. The theoretical concept of using metal-
nanoparticle functionalized CNTs has been reported and it
has been shown that metal nanoparticles act as reactive sites
to target gas molecules. A significant change in electrical
conductivity is driven by absorbing target molecules [15–20].

This paper reviews the previous reports on CNT-based
gas sensors. It discusses the deployment method of CNTs for
large-scale applications with a working mechanism.

2. Fabrication Methods

2.1. Fabrication of CNTs. Generally, three types of method
are used to growth CNTs [14]. The first method is the
arc-discharge method, which grows single and multi-walled
CNTs in a vacuum system under an inert gas atmospheric
condition. In laser ablation, a carbon target ablated by
intense laser pulses in a furnace and the formed CNTs are
collected on a cold substrate. The chemical vapor deposition
method is the most popular technique; it uses a gaseous
carbon source resulting in vertical grown CNTs. Moreover,
quality CNTs can be produced at a reduced growth tempera-
ture under 1000◦C, which compares favorably to the temper-
ature above 3000◦C of the arc-discharge or the laser ablation
processes. Recently, the hydrothermal method has been
developed for the formation of crystalline particles or films;
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this method provides more opportunity for the modification
of the CNT configuration [15]. Hetero-structured CNT
entities, such as CNT-ZnO film [21] and Fe3O4 nanoscale
crystal-treated CNTs [22], have demonstrated the quality
heterojunction between CNTs [15].

2.2. Dielectrophoresis. It is an essential process to assign
nanostructures at a designated spot for device applications
[5, 6]. Dielectrophoresis (DEP) is a promising approach to
align nanostructures at a designated position with high
reliability and accessibility. A motion is induced by the polar-
ization effect exerting a force on a dielectric particle under a
nonuniform electric field condition. The DEP method was
performed to align CNTs by dropping the CNT-containing
solution between the electric field applied to metal elec-
trodes.

2.3. Inkjet Printing. Although the benefit of nanomaterials
has been clarified in various applications, the assignment of
manipulating the nanoscale materials with certainty in prac-
tical applications still remained. It is an essential and inevita-
ble process to control the nanomaterials at designated posi-
tions. Inkjet printing is the demand-oriented technology by
dropping ink droplets when required. The drop-on-demand
scheme is realistic and large area available approach of
locating functional materials [8]. The inkjet printing method
provides the schemes of high sensitive CNT-embedded gas
sensor units on a wafer-scale by inkjetting carbon-nanotube-
contained solution following the conventional lithographical
metal lift-off processes.

3. Results and Discussion

3.1. CNT Mats. In the sensor fabrication, a Ti adhesion
layer of 5 nm thick was deposited before a 50 nm thick Pt
coating on an SiO2-coated wafer. Firstly, a CNTs dispersed
solution was prepared by ultrasonic vibrating from the CNTs
grown substrate, and then the CNT solution was dropped
between Pt electrodes under an ac electric field of 10 V at
10 kHz. The CNTs-connected electrodes were observed by
field emission scanning electron microscopy (FESEM, FEI
Sirion), as shown in Figure 1. No post contact treatment has
been performed to reinforce the contact formation between
CNTs to Pt electrodes.

The electrical measurement from the as-placed CNTs on
Pt electrodes gave a resistance of 64.5 kΩ swept by Keithley
2400, as shown in Figure 2. There was no significant contact
noisy resistance reported as much as Megohm unit [23],
which was supposed to be very small [6].

Figure 3 is the CNT sensor response to 100 ppb NO2 gas.
The CNT sensor response [R] was defined as the ratio R =
(Ri − Rr)/Ri, where Ri and Rr represent the initial resistance
and the reacted resistance to NO2 gas, respectively. Two dif-
ferent magnitude voltages of 0.5 and 2.0 V were applied and
four various processing steps were taken to investigate the
CNT sensor performance. The first process (I) was the sensor
response to NO2 for 50 min showing different responses by
changing the applied voltage. A higher input voltage of 2.0 V
enhanced the sensing response compared to that of 0.5 V

Figure 1: A SEM image of the as-deposited CNTs on Pt electrodes
by a DEP method. Inset shows a schematic cross-sectional view [7].
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Figure 4: The band diagram of the Pt and CNT junction [7].

applied case. The second process (II) was to recover the initial
resistance by UV illumination for a limited time span of
20 min. The third process (III) was performed to investigate
the transient NO2 responses and UV light recovery steps for
10 min time spans. The last step (IV) was performed for fully
recovering the initial resistance by longer time duration of
60 min, especially for the 2.0 V case.

The UV-illuminated recovery seems to be very effective;
otherwise, it takes more than 15 h. The UV illumination
decreases the desorption-energy barrier to facilitate NO2

desorption from the CNTs. As clearly shown in the figure,
the larger voltage input provided higher response in the first
region (I). More details will be discussed in the later part.
In the second step (II), the case of a lower voltage of 0.5 V
was fully recovered for 20 min, while the higher voltage of
2.0 V was partially recovered. For the transient responses
(III), the NO2 sensing and recovery were repeatedly achieved
in a 10 min time span. A long recovery time of 60 min was
needed to recover the initial resistance for the 2.0 V input case
denoted as region IV. It is remarkable that the applied voltage
controls the sensor responses. The gas sensing response
was improved by increasing the applied voltage. However,
the higher applied voltage case required a longer recovery
time of 60 min, resulting from the increased transferring
carriers from CNTs to electrodes. This can be explained by
changes in the Schottky junction formation between CNTs
and Pt electrodes, where the work function is 4.5 and 5.65 eV,
respectively. A corresponding schematic of the Schottky
formation of Pt and CNT contacts is shown in Figure 4.

There exists a potential barrier for the electron transfer-
ring from CNTs to the metal. The band bending or built-in
potential (Vbi) of the Pt and CNT connection is given by

Vbi = Φm −Φs. (1)

The initial built-in potential is equal to 1.15 eV from the
equation. Under the bias (Va), the carrier transferring from
CNTs to Pt is enhanced due to the reduced potential barrier
as given by

VP = Φm −Φs −Va. (2)

The easier electron transferring by the forward bias-induced
barrier lowering may enhance the gas reacting response,
which also explains the longer recovery time for the higher
applied voltage case. By increasing the number of transfer-
ring electrons from CNTs to the Pt electrode by increasing
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Figure 5: The time-dependent sensing response to 50 ppb NO2 of
the CNT sensor at room temperature [7].

the input voltage, more electrons might be captured by NO2

molecules resulting in the need of a longer recovery time.
Figure 5 shows the sensor response at an NO2 concen-

tration of 50 ppb. The bias voltage of 2 V was applied, and
the experimental conditions and processes were given similar
to the case of 100 ppb NO2. The CNT sensor detected the
50 ppb level of NO2 successfully and repeatedly. Due to the
low NO2 concentration, the first gas reaction was performed
in 20 min, and then the time was spanned as 10 min. This
CNT sensor operating at room temperature and atmospheric
pressure showed highly sensitive and reliable performances.
It is an advantage in fabrication to reduce the processing steps
and cost.

3.2. Pd-Decorated CNTs. In preparation of the CNT contain-
ing solution, commercial arc discharge synthesized single-
wall CNTs (Iljin nanotech, ASP-100) were dispersed in a
dimethylformamide (DMF) solution for hydrophilic condi-
tion to debundle and stabilize the CNT dispersion in solution
followed by centrifugation for 30 min to remove residuals.
The supernatant was decanted after the sonication process.
The concentration of the CNT solution was approximately
20 μg mL−1. To produce the Pd nanoparticle decoration on
CNTs, a palladium(II) chloride (Sigma Aldrich) solution was
mixed with the bare CNT solution at a volume ratio of 3 : 10.
The CNT-containing solution of 0.2 μL was dropped between
the Pt electrodes under an ac electric field of 10Vp-p (peak-
to-peak) at 1 kHz.

Figure 6 showed the Pd-decorated CNTs on the Pt metal
electrodes. The interdigitated Pt electrodes having 10 fingers
with a 2 μm gap were presented in Figure 6(a). The image
of a single finger was presented in Figure 6(b). The enlarged
images were shown in Figures 6(c) and 6(d). The Pt
nanoparticle-decorated CNTs were clearly observed. Ther-
mal treatment was performed by a rapid thermal process
(RTP 2000, SNTEK), which stabilized the contact between
the CNTs and Pt metal electrodes by lowering the contact
resistance. Raman spectroscopy was used to investigate the
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(a) (b)

(c) (d)

Figure 6: SEM images of Pd-CNTs between Pt electrodes assembled by the DEP method. (a) Ten finger Pt electrodes, (b) a single finger,
(c) Pd-CNTs aligned Pt electrodes, and (d) an enlarged image of (c) [24].
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defect level of Pd-CNT samples. The Raman spectra were
observed at 632.8 nm excitation (1.96 eV) on the dropped
and dried CNT solution on a silicon substrate. Three
different types of samples were thermally treated at 300, 450,
and 600◦C for 1 min in an N2 environment. The as-deposited
sample was also investigated.

Figure 7 depicts the G band Raman peaks obtained at
1592 cm−1 (G+) and 1572 cm−1 (G−). The ratio of G−/G+

indicates the portion of metallic CNTs. The high peak value
of D to G− suggests a band resonance condition or heavy
defect. Each peak of D was normalized by the G− peak as
the Pd-deposited CNTs showed 0.267 of the D/G− value. By
increasing the temperature, the D/G− signal was remarkably
reduced to 0.192 and 0.139 at 300◦C and 450◦C, respectively.
It is worth noting that the increased defect ratio of 0.552 at
a high annealing temperature of 600◦C implies the oxidation
of CNTs or damage on the CNT surface. It was found that
there exists an optimum heat treating temperature to cure
Pd-decorated CNTs, reducing the defect ratio. According to
the Raman investigation, the CNT samples were thermally
treated at 450◦C after the DEP process for sensor fabrication,
which also significantly reduced the initial sensor resistance
of 225 MΩ to 220Ω.
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EDS analyses of (e) and (f) present the transition of chemical composition by a thermal treatment [24].

TEM images of Pd-CNTs are presented in Figure 8 before
and after the thermal annealing. The aggregation of Pd
nanoparticles was observed from the as-synthesized Pd-CNT
sample as shown in Figures 8(a) and 8(b). Otherwise, the
thermally treated Pd-CNTs at 450◦C provided the uniformly
dispersed Pd nanoparticles ranging from 3 to 5 nm in
diameter, as shown in Figures 8(c) and 8(d). The EDS
analysis was performed to investigate the compositional
changes of the Pd-CNTs by thermal treatment. Figure 8(e)
depicts the chemical signals of Pd, carbon (C), molybdenum
(Mo), and chloride (Cl) as well. The Mo peak and Cl peak
mainly originated from the TEM grid and Pd solution of
palladium(II) chloride, respectively. After thermal treating at
450◦C, the Cl peak was significantly removed, as shown in
Figure 8(f), which contributed to reducing the sensor contact
resistance.

The two types of fabricated bare CNTs and Pd-CNT gas
sensors were loaded in a chamber for NO2 gas detection
with varying concentration levels of 100 ppb, 500 ppb, and
1 ppm. The response time and recovery time were limited
to 5 min and 10 min, respectively. The target gas level was
modulated by mixing the filtered clean air with pure NO2

gas (99.999%) in a calibrator with an accuracy resolution of
0.1%. The measurement was performed in an atmospheric
pressure condition without vacuum system assistance [25] or
a gate control [26], which is an important feature in realizing
the practical sensor application. The clean air was used as
a base gas and purged for 5 min, which stabilized the base

measurement condition. During the purging process, there
was little change in resistance values, showing the balanced
electron-hole transportation in the steady state.

The sensor response (SR) was defined as the ratio of
resistance change SR = ΔR/Rini, where ΔR and Rini represent
the resistance change by reacting to NO2 gas and an initial
resistance, respectively. The sensor responses were measured
at different operating temperatures of room temperature
(RT), 88, 145, and 321◦C controlled by a ceramic heater
with a digital power controller. The temperature was read
by a k-type thermocouple. The gas responses from a Pd-
CNT sensor and a bare CNT sensor were presented in Figures
9(a) and 9(b), respectively. During the limited response time
of 5 min, the maximum response was found at 88◦C from
the Pd-CNT. For 100 ppb NO2 detection, the sensor gave
0.25% response at RT without heating but the enhanced
response was achieved at 88◦C to be 3.67% and 2.79% from
the Pd-CNT sensor and the bare CNT sensor, respectively.
By increasing the gas concentration, the responses were
proportionally increased. At a fixed heating temperature of
88◦C, the Pd-CNT sensor response was found to be 8.54%
at 500 ppb and 9.91% at 1 ppm, respectively. The enhanced
response is attributed to the increase of gas absorption by
the heating operation. To investigate the effect of heating
temperature, the sensor response was scanned by varying the
operating temperature.

At a fixed concentration of 100 ppb, the Pd-CNT sensor
was more sensitive at 88◦C, giving 3.67% compared to 3.45%
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Figure 9: Sensor responses of (a) Pd-CNTs and (b) bare CNTs. The enhanced responses were achieved from the Pd-CNTs sensor. (c) The
heating operation improved the sensor responses. The optimum operating temperatures were reduced by Pd decoration [24].

at 145◦C or 2.17% at 321◦C, as presented in Figure 9(c).
It clearly indicates that there exists an optimum operating
temperature. Above the critical temperature, the thermal
conductivity of CNTs is decreased due to phonon scattering
[28] and accelerates the desorption of gas molecules from the
CNTs by lowering the energy barrier, resulting in a decrease
of the response [25, 29]. Otherwise, the bare CNT sensor
has a higher optimum operating temperature of 145◦C with
lower sensor response compared to the performance of the

Pd-CNTs. It is considered that the contribution of the Pd
nanoparticle decoration on CNTs is quite significant in
response to NO2 gas.

Figure 10 presents the sensing mechanism of the Pd-
CNTs sensor. A schematic of the Pd-CNT sensor is illustrated
in Figure 10(a). The reaction of Pd decoration spots on CNTs
was presented in Figure 10(b). Ideally, each Pd nanoparticle
on a CNT forms a Schottky contact localizing the depletion
region, which hinders the hole carrier mobility. Moreover,
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the depletion region by Pd nanoparticles [24].
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Figure 11: Gas sensor units fabrication steps [27].

the supply of electron carriers by reacting to the oxidizing
gas of NO2 causes an increase in electron-hole recombi-
nation, causing the lower hole carrier density in a CNT,
which raises the effect of localizing depletion regions. This
reaction conclusively reduces the hole carrier concentration,

which increases the sensor resistance, resulting in enhancing
the response of the Pd-CNT sensor. It presents the scheme
of a highly sensitive Pd-CNT gas sensor working in an
atmospheric pressure condition, which is freed from the
assistance of a vacuum system or a gate control, which may
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(a) (b)
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Figure 12: (a) A photograph image of 200 gas sensor units fabricated on a 4 in. wafer. (b) Interdigitated electrode fingers from a unit device.
Enlarged SEM images of circle spots from (b) to (c) and from (c) to (d). CNT arrays clearly underlaid the Pt electrode fingers [27].
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Figure 14: (a) The initial resistance values of unit sensors ranged from 172.7 to 169.2Ω. NO2 concentration was varied from 50 to 500 ppb
with scanning temperatures. (b) A chart of sensitivity changes by varying temperatures and gas concentrations. (c) A chart of temperature
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[27].

(a) (b) (c)

Figure 15: CNT array density was modulated by inkjet printing times. The resistance values were measured to be (a) 170Ω, (b) 315Ω, and
(c) 575Ω, respectively [27].
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provide advantages in sensor fabrication steps and practical
applications.

3.3. Inkjet Method

3.3.1. Gas Sensor Fabrication Steps. The location of nano-
material at designated positions is an essential process
to fabricate nanoscale-structure-embedded systems. Inkjet
method was applied to deposit the CNT arrays on a 4 in.
wafer. The gas sensor unit fabrication was prepared by fol-
lowing steps: (i) preparing the CNT-contained solution, (ii)
inkjetting the CNT-contained solution on an Si wafer, (iii)
metal (Pt) pattering on the deposited CNT arrays, and (iv)
slicing and packaging a sensor unit. The steps are illustrated
in Figure 11. In preparation of CNT-contained solution,
commercial CNTs (Iljin nanotech, ASP-100) were dispersed
in DMF (dimethylformamide) dispersant to debundle and
stabilize the CNT dispersion in solution and then centrifuged
for 30 min to remove residuals. The solution concentration
of 20 μg/mL was deposited on a 4 in. Si wafer according to
the align references. Metal contacts (Pt) were interdigitally
formed on the deposited CNT arrays by conventional metal
lift-off processes, which provide the spontaneous metal-
sitting structure above CNT arrays.

The 200-gas sensor units fabricated on a 4 in. wafer are
shown in Figure 12(a). The scanning electron microscopy
(SEM) images of a single sensor unit and interdigi-
tated electrodes were shown 12(b) and 12(c), respectively.
Figure 12(d) presents the uniformly distributed CNT arrays
under electrodes. Interdigitated electrode has a gap of 3 μm,
where is the CNT active region to response to gas species.
As shown clearly, CNT arrays are underlaid the Pt electrode
fingers, which ensure the response is derived from the CNTs
instead of metal contacts. The electrode metal of Pt has a

higherwork function (5.65 eV) than that of CNT (4.9 eV),
which derives the Ohmic contact formation [30].

3.3.2. Packed Units. Figure 13(a) is an image of the packed
unit sensor. Figure 13(b) shows that the electrical measure-
ments of unit devices randomly picked from slicing a wafer.
The resistance values are uniformly low (169.3–176Ω) due
to the structural benefit of metal-sitting on CNT arrays.
An attractive contact architecture of metal-sitting structure
provides physically and electrically solid contacts without
the posttreatment, such as focused-ion-beam (FIB) assisted
metal deposition, which may cause noisy contact resistances
[31].

3.3.3. Responses to NO2 Gas. Figure 14(a) shows the sensor
responses to NO2 gas. For gas sensing, the sensor was loaded
in a chamber and then N2 purged for 10 min to stabilize a
base measurement line. The gas responses were performed at
different temperature settings by room temperature (RT), 50,
100, and 150◦C. The sensing measurements were performed
for 10 min exposure to gas followed by a 10 min recovery
period for three times. It showed that the gas sensor is
sensitive to NO2 gas exposure and revealed the changes of
sensitivity by temperature modulation. 50 ppb level of NO2

were detected at RT, 50, and 100◦C. Interestingly, however,
no significant change was found from 150◦C case. The
sensitivity (S = ΔR/Ri) is defined as the ratio of resistance
changes (ΔR) by reacting to NO2 versus the initial resistance
value (Ri) and was shown in Figure 14(b). Figure 14(c)
shows the sensitivity chart by varying temperature at a
fixed gas concentration. It clearly presents the tendency of
sensitivity changes by heating temperatures. By increasing
temperature, the reaction between gas molecules to CNTs
is facilitated. However, beyond a critical temperature, the
thermal conductivity of CNT is decreased due to the
phonon scattering [31] and accelerates the desorption of
gas molecules from the CNT with lowering energy barrier
resulting in decreasing of sensitivity [32]. The metal-sitting
architecture has an advantage to prevent the modification of
Schottky barrier modulation by adsorbed gas molecules [33]
and ensures the responses to gas molecules come from the
active entity of CNT arrays.

3.3.4. CNT Density Modification. Due to the benefit of
inkjet printing method, the density of CNT arrays would
be modulated resulting in control of resistances as shown
in Figure 15. The sensors having a thinner dense CNT
arrays were fabricated, which have resistance of 570–590Ω.
Figure 16 showed that the detection level of sensors was
reached to 10 ppb NO2 with uniform performances at
room temperature and atmospheric pressure not at vacuum
condition [34, 35]. The sensitivity was obtained to be 5.73%
for 100 ppb NO2, which showed the higher response than
that of 0.58% from the sensor having a resistance of 170Ω at
room temperature as presented in Figure 14. The improved
detecting performance of thinner density case is attributed
to the enhanced active area of CNT array by being effectively
exposed to gas molecules with less inactive CNT entities
resulting from overlapping one to others. Detecting a target
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Figure 17: (a) A single sensor unit, (b) A sensor unit equipped USB, (c) A sensor kit.

Figure 18: Demonstration of the CNT gas sensor kit. The CNT sensor indicates an NO2 reading of 412 ppb.

gas at the atmospheric condition is a merit in sensor oper-
ation and fabrication as well by simplifying the structures.
It implies that the controlling exposing surface area of CNT
arrays may enhance the reaction to gas molecules to improve
sensitivity without a heating or a vacuum equipment. All
the samples responded similarly at each gas concentration,
which is a strong proof of the uniform fabrication of sensor
by inkjet printing method.

3.3.5. CNT Sensor Kit. Inkjet-printed CNT sensor units were
fabricated as a portable sensor kit. A single sensor unit was

Au-wired on a printed circuit board (PCB) as shown in
Figures 17(a) and 17(b). A sensor module has a universal
serial bus (USB) port to show its reading value on the
display, as shown in Figure 17(c). The sensor module has
a rechargeable Li-ion battery. The wafer-scale fabricated
CNT unit cells were tested for uniformity to NO2 gas
response. The resistance change according to the NO2 gas
concentration was previously programmed according to the
NO2 gas concentration. Figure 18 shows the setup of the
demonstration test. A CNT gas sensor kit was placed in a test
box and then a 400 ppb quantity of NO2 was injected into the
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box. After the gas response, the sensor kit indicated 412 ppb
(minimum) value.

3.3.6. Development Prospects. A two terminal device detects
the change of resistance due to exposure to the target gas.
This structure has the advantage of easy fabrication. As previ-
ously discussed, the sensing performance can be substantially
enhanced by modulating the operating voltage, heating
condition, and functional decoration in the CNT entities.
Having a three-device for a transistor would improve the
CNT sensor performance, especially in terms of producing a
significant reduction in recovery time [36] by means of a gate
signal. The CNT has advantages for use as a high sensitive
gas sensor that will be available to implantation in a compact
package. However, pristine CNTs have certain limits due to
their lack of selectivity and long recovery time [16]. To
resolve these problems, functionalized CNTs have been
proposed and intensively investigated. These functionalized
CNTs can be tuned to the binding energy [37] in order to
modulate the dynamic response of CNT sensors, leading to a
high potential for use in selective gas detection with a quick
response.

4. Conclusions

Two types of CNT sensors were fabricated with bare CNTs
and Pd-decorated CNTs. The dielectrophoresis method was
applied to align the CNTs between the Pt electrodes. Raman
spectroscopy revealed that postheat treatment at 450◦C was
effective in reducing the chemical residuals, giving a low
defect ratio of D/G− in the Pd-CNT composition. It has
been proved that the localized depletion region formed by Pd
nanoparticles on the CNTs significantly improves the sensor
reaction at atmospheric pressure conditions by control of the
carrier transportation.

Inkjet printing method was used to demonstrate the reli-
able mass production of highly sensitive CNT-based gas sen-
sors by producing 200 sensor units on a 4-inch wafer. Inkjet
method was adopted to control the deposition of carbon
nanotubes at designated positions via the modulation of den-
sity of CNT arrays. Direct metal patterning above the CNT
arrays provide simple and stable contact formation between
metal and CNT arrays. The performances of the sensors were
uniform and highly sensitive; they were sufficiently sensitive
to detect a 10 ppb level of NO2.

Although CNTs are potential materials for use in high
sensitive gas sensor applications, their promise has not yet
been fulfilled in terms of commercialization, mainly due to
the lack of selectivity and repeatability. Commercial success
may be attained in the near future by developing high func-
tioning CNTs and an effectively combined sensing mecha-
nism.
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We investigated properties of an armchair nanotube attached by specific numbers of diketone groups along the tube axis using
density functional theory (DFT) calculations. The results from DFT calculations show that multiple diketone attachments into an
armchair nanotube cleave the CC bonds along the tube axis, forming a large hole. Then, the six-membered rings surrounding the
hole are planarized, and zigzag edges appear. Due to these geometrical changes, the functionalized armchair nanotubes exhibit
properties similar to those in corresponding graphene ribbons with zigzag edges. For example, diketone-attached nanotubes have
a spin-polarized ground state with frontier orbitals whose amplitudes are localized at diketone O atoms. As a consequence of the
existence of the localized orbitals, unpaired electrons appear only on the diketone O atoms in an armchair nanotube.

1. Introduction

Honeycomb carbon sheets [1, 2] are contained in both sin-
gle-walled carbon nanotubes [3, 4] and single-layer graphite,
also called graphene [5]. The two carbon allotropes, which
use the same building blocks, exhibit similar and unique
electronic properties resulting from small band gaps [1, 2].
Although the unique properties primarily come from π
orbitals in the frontier orbital region, there are some differ-
ences in their electronic properties. The differences originate
from the dimensionality of the nanocarbon materials. In fact,
one-dimensional nanotubes exhibit metallic or semi-con-
ducting character, depending on how the honeycomb sheet
rolls up [6–9]. The properties of thin strips of graphene (gra-
phene-ribbons) are strongly influenced by their width and
edge structures (armchair- and zigzag-edges) [10–23]. In
particular, zigzagnanoribbons have radical character, which
is localized at their edges.

To demonstrate the ability to connect nanotubes and gra-
phene [24–30], Kosynkin et al. successfully converted a nano-
tube into a nanoribbon via a chemical treatment [26]. In this
intriguing experiment [26], KMnO4 oxidizes a nanotube and
unzips the nanotube longitudinally to form a nanoribbon,

as shown in Figure 1. In the proposed reaction mechanism,
KMnO4 binds initially to a CC bond in the nanotube. After
the binding, one diketone group is formed by cleaving the
attached CC bond. Because the first diketone formation dis-
torts the neighboring CC bonds, the distorted CC bonds
become a suitable site for the second KMnO4 addition. After
a sequence of oxidation reactions, the CC bonds of the
tube are successfully cleaved along the tube axis. Although
their proposal appears plausible and is consistent with the
experimental findings, atomic-scale views of the reaction
intermediates, which include a nanotube attached by multi-
ple diketone groups, are still required.

For this purpose, computer simulations based on density
functional theory (DFT) [31–38] can provide insights into
the reaction mechanism. Although several computational
studies have focused on unzipping nanotubes with and with-
out H-atom termination [31–35], there are a few reports dis-
cussing those created by the addition of oxygen pairs [36, 37].
For example, Rangel et al. used DFT calculations to inves-
tigate the sequential addition of oxygen pairs to a model
with a finite-length (5, 5) tube. The model, which included
100 atoms, has a tube length of ∼10 Å. Based on the tube
length, the maximum number of oxygen pairs attached to
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Figure 1: Reaction mechanism for unzipping a nanotube by KMnO4, proposed in [26]. The optimized structures for a nanotube ((5, 5)
nanotube) attached by KMnO4, and a one-diketone-attached nanotube bound by second KMnO4 were obtained in the PW91 calculation.
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Figure 2: (a) Cross-section of the hexagonal unit cell for the (5, 5) nanotube in periodic boundary condition (PBC) calculations, given by
blue hashed lines. (b) Side-view of the nanotube along the tube axis (the c vector). Its supercell was given by blue-hashed lines.

the tube (Nop) can be as many as 5. According to the DFT
calculations, cleaving the tube CC bonds by diketone forma-
tion was found for Nop larger than 3. Although their DFT
findings can partially explain the experimental results, the
structural features of the oxygen-pair attached nanotubes are
artificially affected by the model size. In fact, the separation
between the carbon atoms attached by oxygen pairs is
influenced by the tube edges. Furthermore, attached oxygen
atoms cannot line up along the tube axis at regular intervals.
Because these structural features have a strong impact on the
electronic properties, detailed insight into the properties of
diketone-attached nanotubes is still required.

To improve our understanding of the conversion of nan-
otubes into nanoribbons by multiple diketone attachments,
we employed DFT calculations for a sufficiently long tube
model and an infinite-length model using a periodic bound-
ary condition (PBC). In the current study, we focused on
how the properties of diketone-attached nanotubes change
as a function of the degree of oxidation (i.e., the number of
diketones formed on a nanotube surface (Nop)). It is expected
that the diketone-attached nanotubes have properties in
between a pristine nanotube and the resultant graphene-
nanoribbon. Thus, we focused on how a nanotube becomes
planar via a sequence of diketone formation and how the
planarization affects the electronic properties.

2. Method of Calculation

The DFT calculations used in the current study are based
on the Perdew-Wang (PW91) functional [39]. When some
numbers of diketones are formed on a CC bond perpen-
dicular to the axis of a (5, 5) armchair nanotube, the CC
bonds at the binding sites are proposed to be cleaved [26].
After cleaving the attached CC bonds along the axis, zigzag
edges appeared at the binding sites. Previous theoretical stud-
ies indicate that a spin-polarized solution for the zigzag
nanoribbons with attached ketone groups is energetically sta-
ble relative to its spin-unpolarized solution [18–20]. We per-
formed both spin-polarized and spin-unpolarized calcula-
tions to obtain local minima of the diketone-attached nano-
tubes.

In the PBC calculations implemented in the Vienna ab
initio Simulation Package (VASP v.4.6) [40], we employed a
hexagonal supercell in Figure 2. The supercell contains 200
C atoms in the (5, 5) nanotube and some number of oxy-
gen pairs. In the current study the number of attached oxy-
gen pairs (Nop) ranges from 1 to 7. The kinetic energy cut-
off of the plane-wave basis set is 349.5 eV with ultrasoft
Vanderbilt-type pseudopotentials [41]. We allowed full geo-
metry relaxation in the axial direction, but separations
between adjacent tubes are fixed at 15.5 Å (Figure 2)
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Figure 3: (a) Optimized structure for the (5, 5) nanotube attached by one diketone group, where the CC bond at the binding site opens. (b)
The other type of the nanotube attached by one oxygen pair, where the OO bond as well as the CC bond at the binding site retain.

(In the PBC calculations (Figure 2), we relaxed cell parameter
in c vector as well as position of included atoms. However
two cell parameters in a and b vectors were fixed, and even-
tually intertube separations are fixed). The intertube separa-
tions were large enough to avoid significant intertube inter-
actions [42–44]. The cell size is also large enough to avoid
interactions between the guests located on the neighbor-
ing unit cells. We employed a 1 × 1 × 5 k-point mesh
for geometry optimization of the nanotube systems. In
PBC calculations of metallic systems with no band gap,
we sometimes faced a difficulty in converging their total
energy. To avoid the difficulty, the convergence was enhanc-
ed in the VASP program using fractional occupancy gener-
ated by Gaussian broadening (σGB = 0.03 eV) of the one-
electron energy levels. As a result, the energy levels close
to the Fermi level have fractional occupations. Based on
the PW91 calculations, the CC bond length in graphene
was determined to be 1.421 Å, which is consistent with the
experimental value [1, 2] suggesting that the method of our
choice is appropriate for the present study.

In the finite-length model calculation performed with
the Gaussian 03 program [45], we fully optimized a (5, 5)
nanotube terminated by H atoms (C230H20) plus Nop oxygen
pairs. The length of the tube model was approximately 27 Å,
which was large enough to model the corresponding infinite-
length tube [46–49]. We used the 6–31G∗ basis set [50] for
the attached oxygen pairs as well as the neighboring 58 C
atoms, and the 3–21 G basis set for all of the other atoms
[51]. Similar to previous theoretical studies [18–20], single
and triplet spin states of the diketone-attached nanotubes
were obtained for the finite-length calculations.

3. Results and Discussion

3.1. Formation of One Diketone Group on a (5, 5) Nanotube.
As proposed by Kosynkin et al. [26], the diketone forma-
tion would be an indispensable reaction to cleave the tube
CC bonds at the binding sites. In this section, we describe
how DFT calculations were used to investigate relationships

between the diketone formation and the CC bond cleav-
age. For this purpose, we constructed two types of initial geo-
metries for the addition of two oxygen atoms into the (5, 5)
nanotube, which can be distinguished by whether the attach-
ed C–O bonds are longer or shorter. As a result of PW91
optimization, we obtained two local minima, as shown in
Figure 3. Figure 3(a) displays the optimized structure for the
formation of one diketone group on the (5, 5) nanotube.
As shown in Figure 3(a), the optimized CO bond length is
1.24 Å, which indicated the presence of two CO double bonds
(The optimized geometry was obtained by using the initial
geometry of the nanotube attached by one oxygen-atom pair
with shorter C–O bonds). Then, the CC bond at the bind-
ing site is broken (CC separation, 2.73 Å). Another type of
optimized structure was also obtained, and it is shown in
Figure 3(b) (The optimized geometry was obtained by using
the initial geometry of the nanotube attached by one oxygen-
atom pair with longer C–O bonds). The optimized structure
is 31.3 kcal/mol more unstable compared to the structure
in Figure 3(a). A similar value was obtained in [37]. In the
oxygen-pair addition shown in Figure 3(b), two single CO
bonds (1.47 Å) are formed. Then, the OO bond (1.52 Å)
stretches, but it does not completely break. The optimized
structure retains the tube CC bond at the binding site.

A comparison between the two optimized structures elu-
cidated the roles of the oxygen-pair addition in the CC
bond cleavage. To understand the different chemical bonds
between the two C2O2 networks, the valence concept was
utilized. Conceptually, the two C2O2 networks are connected
by an electron transfer, which is indicated by the arrows
in Figure 4. The green arrow in Figure 4 indicates a single-
electron transfer from the OO bond to the CO bond, while
a blue arrow indicates a single-electron transfer from the
attached CC bond to the CO bond. As a result of the elec-
tron transfer, the CC and OO bonds are cleaved, and two
double CO bonds are formed (Figure 4). This process can
be rationalized with the Mulliken charge populations, and
the calculated values are also presented in Figure 4. Thus,
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Figure 4: A view of oxygen pair-attached tubes from valence concept, and Muliken charge population.
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Figure 5: Overview of a series of optimized structures for diketone-attached nanotubes. The number of diketone groups (Nop) ranges from
2 to 7.

the DFT results support the experimental prediction posited
in [26].

3.2. A Series of Diketone-Attached Infinite-Length (5, 5)
Nanotube. In this section, we discuss a series of diketone-
attached infinite-length (5, 5) nanotube where the number
of attached diketone groups (Nop) ranges from 2 to 7. Their
local minima were obtained from spin-polarized and spin-
unpolarized DFT calculations. Table 1 shows the relative
energy between the spin-polarized and spin-unpolarized
solutions of each diketone-attached nanotube (ΔEstate =
Epolarized − Eunpolarized). The negative ΔEstate values in Table 1
suggest that a spin-polarized solution is energetically prefer-
able relative to a spin-unpolarized solution. In particular, 3-
and 4-diketone-attached nanotubes have substantial ΔEstate

values (−4.2 and−6.2 kcal/mol, resp.).
Figure 5 provides an overview of the structures for the

optimized Nop-diketone-attached nanotubes in the spin-
polarized ground state. For comparison, the optimized struc-
tures for the corresponding H-attached nanotubes are also
displayed in Figure 6. In Figure 5, the attached oxygen
(green) atoms are aligned along the tube axis irrespective

Table 1: Relative energy between spin-polarized and spin-unpo-
larized solutions of Nop diketone-attached nanotubes.

Nop
a

ΔEstate
b 2 3 4 5 6 7

0.0 −4.2 −6.2 −1.8 −3.0 −2.7
a
Nop: the number of diketone groups binding to the (5, 5) nanotube.

bΔEstate (kcal/mol): energy differences between spin-polarized and spin-
unpolarized states of an Nop-diketone-attached nanotube (Epolarized −
Eunpolarized). Negative values indicate that a spin-polarized state is stable
relative to a spin-unpolarized state.

of the number of attached oxygen atoms. It is important to
note that the OO separations along the tube axis are nearly
constant (∼2.5 Å) for largerNop values. Such geometrical fea-
tures cannot be found by Rangel et al. [36]. As in the case of
the 1-diketone-attached nanotube, the CC bonds break as the
multiple diketone groups are formed on the nanotube. With
an increase in Nop, larger CC separations are found. Accord-
ingly, a larger hole is generated in the Nop-diketone-attached
nanotube with a larger Nop value, as shown in Figure 5. For
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Figure 6: Overview of a series of optimized structures for hydrogen-attached nanotubes. The number of attached H atoms ranges from 4 to
14.
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Figure 7: Detailed optimized structures for 2-, 3-, 5-, and 7-diketone-attached nanotubes. We labeled six-membered rings that will be
attached by oxygen pairs. Values in Å indicate the optimized CC separations, created by diketone formation. Dihedral angles of the a, b, c,
and d carbon atoms are defined. Note that the carbon atoms labeled by “b” are the binding site for ketone formation.

example, the 7-diketone-attached nanotube has a hole of
19.4 × 6.6 Å. Interestingly, the hole width (6.6 Å) is com-
parable to the diameter of the pristine (5, 5) nanotube
(6.9 Å). In terms of the hole formation, similarities were
found in the H-attached nanotubes in Figure 6. However,
the H-attached nanotube has a slightly smaller hole than the
corresponding diketone-attached nanotube case. The differ-
ent hole sizes can be reproduced in the finite-length calcu-
lations. According to Mulliken population analyses in the
finite-length calculations, the attached oxygen atoms have
substantial negative charges (−0.38e∼−0.29e) (nanotubes
attached by smaller number of oxygen pairs have more signi-
ficant charges with negative signs). Between the paired oxy-
gen atoms attached to the nanotubes, repulsive forces exert,
forming the larger holes in the diketone-attached nanotubes

than those in the corresponding H-atom-attached nanotubes
where such negative charges do not appear on the attached
H-atoms.

Because of the large-hole formation, the 7-diketone-
attached nanotube cannot retain a tubular structure. How-
ever, some of the six-membered rings seem to be planarized
and are shown as circles in Figure 5. To determine how the
hole formation results in planarizing of the six-membered
rings, we investigate in detail the structural features of the
2-, 3-, 5-, and 7-diketone-attached nanotubes, as shown in
Figure 7. The six-membered rings attached by a ketone group
are labeled to identify the binding sites. For example, the
binding sites in the 7-diketone-attached nanotube have blue
carbon atoms in the six-membered rings with labels ranging
from “3” to “9.” The dependence of the CC bond cleavage on
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Figure 8: (a) Variations of CC bonds separated by diketone formation, depending on the binding sites. (b) Site dependences of the dihedral
angles (D) defined by a, b, c, and d in Figure 7. The absolute D values (in degree) are plotted. The number in the abscissa axis of (a) and (b)
corresponds to the label number of six-membered rings in Figure 7.

the location of the attached six-membered rings is displayed
in Figures 7 and 8(a). In Figures 7 and 8(a), the two carbon
atoms are significantly separated in the nanotubes with larger
numbers of attached diketone groups. In particular, the
longest CC separation was found in the middle of the hole
in the 7-diketone-attached nanotube and is labeled “6” in
Figure 7. On the other hand, smaller CC separations were
found in the nanotubes attached by a smaller number of
diketone groups (Nop = 2 or 3).

Planarization of the six-membered rings surrounding the
hole is quantified in Figure 8(b) using the dihedral angles (D)
of the four C atoms (a, b, c, and d (a′, b′, c′, and d′) in
Figure 7) neighboring the attached site. It is important to
note that the pristine (5, 5) tube and the planer graphene
have absolute D values of 19.8 (Dihedral angles of a, b, c,
and d atoms have positive D values, whereas those of a′, b′,
c′, and d′′ have negative values.) and 0, respectively, as shown
in Figure 9. Thus, the dihedral angles are useful parameters
for determining if a six-membered ring is planar in the

diketone-attached tube. In fact, their D values would
approach 19.8 degrees, when the diketone-attached nan-
otube exhibits a tubular structure. In contrast, the planarized
six-membered rings appear in the diketone-attached nan-
otube with D values close to 0.

As shown in Figure 8(b), we observe an increase in the
D values near the binding sites of the 2-diketone-attach-
ed nanotube. In addition to the D values larger than
19.8 degrees, two six-membered rings have a smaller D
value. Much smaller D values are observed for the 3-dike-
tone-attached nanotube where two diketone-attached rings,
labeled 4 and 6, have D values of approximately 10 degrees.
Decreasing D values indicate that the curvature of the ring
is substantially reduced. When larger numbers of diketone
groups are attached on a tube, nearly planar six-membered
rings are present. For example, some six-membered rings
have D values ranging from 0 to 10 degrees in the 7-diketone-
attached nanotube. More importantly, Figures 8(a) and 8(b)
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Figure 10: Isosurface spin densities of the optimized 7-diketone-attached nanotube in the triplet state. Pink; α spin; blue; β spin.

exhibit a clear correlation between the planarity of a six-
membered ring and the dissociation of a CC bond via dike-
tone formation. When carbon atoms are more than 5 Å apart,
their D values are less than 10 degrees. Because the plana-
rized six-membered rings have zigzag edges, the edge struc-
tures perturb the electronic properties of the armchair nano-
tube.

3.3. Electronic Properties of a Finite-Length Nanotube Attached
by Diketone Groups . In this section, we discuss the electronic
properties of the 7-diketone-attached nanotube using a
finite-length model. In the finite-length calculations, we
obtained results similar to the infinite-length cases in terms
of their geometrical features. Furthermore, the 7-diketone-
attached nanotube in the triplet state is 5 kcal/mol more
stable than that the singlet state. Because of the stability of the
triplet state, the 7-diketone-attached nanotube has radical
character. According to the DFT calculations, the unpaired
electrons are primarily localized on the diketone O atoms,
as shown in Figure 10, where isosurface α- and β-spin den-
sities are given by pink and blue, respectively. To understand
the unique radical character, we investigated representative
α-spin orbitals in the frontier orbital region of the 7-dike-
tone-attached nanotube in Figure 11. The HOMO-2 and
HOMO-4 are only 0.19 and 0.34 eV below the HOMO. These

orbitals have amplitudes localized on diketone-O atoms,
which is not the case for pristine and H-attached [32–35]
nanotubes. Similar orbital features are observed in the mag-
netic orbitals of ketone-attached nanoribbons [20]. There-
fore, the multiple diketone attachments yield an armchair
nanotube orbital properties similar to those in the corre-
sponding zigzag nanoribbon.

The patterns of the localized orbitals are reminiscent
of an iso-distant one-dimensional chain, whose molecular
orbital can be given by the following equation:

ψj =
√

2
n + 1

n∑
q=1

sin
(
π jq

n + 1

)
χq, (1)

where n is the number of atoms contained in the chain,
χq is an atomic orbital on the qth atom, and Ψ j is the jth
molecular orbital. As mentioned above, the diketone-attach-
ed nanotube has two chains with seven oxygen atoms occurr-
ing at nearly regular intervals. Thus, their orbital features
can be roughly understood from (1). In these systems,
χq corresponds to oxygen p (p(O)) orbitals parallel to or
perpendicular to a plane containing a newly formed zigzag
edge, which is depicted schematically in Figure 12. For exam-
ple, the HOMO-2 consists of perpendicular p(O) orbitals,
whereas the HOMO-4 consists of parallel p(O) orbitals. It
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(a) HOMO-2 (−0.19 eV) (b) HOMO-4 (−0.34 eV)

Figure 11: Representative α-spin orbitals of the 7-diketone-attached nanotube in the frontier orbital region. An energy value in parentheses
indicates the energy difference between the α-spin HOMO and a certain orbital.
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Figure 12: Couplings between an oxygen p orbital and a tube p orbital.

is interesting to note that the localized orbitals have nodes
resulting from the sine terms in (1). For example, the
HOMO-2 has three nodes along an oxygen-chain, and the
HOMO-4 has one node.

Based on the p(O) orbital orientation in the localized
orbitals, the two types of orbitals have different distributions
of π orbitals in the tube moiety. In fact, the HOMO-2 has
carbon p orbitals slightly distributed into the tube. On the
other hand, the HOMO-4 does not have p orbitals on the
tube C atoms, except for carbon atoms that are next-nearest
neighbor to a diketone oxygen atom. The different behaviors
can be understood from Figure 12 [52]. When parallel p(O)
orbitals are perpendicular to the tube π orbitals, they cannot
mix with the tube π orbitals. As a result, localized orbitals
containing parallel p(O) orbitals do not exhibit amplitudes
on the tube moiety. In contrast, perpendicular p(O) orbitals

can interact with the tube π orbitals. Because of the inter-
actions, some amplitudes appear in the tube moiety in the
frontier orbital containing perpendicular p(O) orbitals. Con-
sequently, the planarization of the six-membered rings with
multiple diketone attachments plays a significant role in det-
ermining the orbital features in the frontier orbital region.

Detailed analyses of the frontier orbitals revealed that
HOMO-4 is occupied by an α electron, but it is not occupied
by a β electron. Therefore, the α HOMO-4 is one of the
key orbitals that determines the spin density distribution in
the 7-diketone-attached nanotube. However, there are many
frontier orbitals with amplitudes that exist only on the dike-
tone groups. In fact, nine α-orbitals lie less than 0.5 eV below
the HOMO. These orbitals can be distinguished by the num-
ber of nodes as well as the orientation of the p(O) orbi-
tals involved (e.g., perpendicular or parallel orientation).
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Because many magnetic orbitals exist in the frontier orbital
region, we cannot identify all of the orbitals that determine
the spin density distributions in the diketone-attached nan-
otube. However, localized orbitals resulting from p oxygen
atoms, such as the HOMO-4, can contribute to the localized
radical character.

4. Conclusions

Density functional theory (DFT) PW91 calculations were
employed to investigate the properties of a (5, 5) nanotube
attached to some number of diketone groups. According to
the DFT calculations, the formation of two double CO bonds
on the nanotube cleaves one CC bond at the attachment site.
For the high degree of diketone formation on the armchair
nanotube, the CC bonds at the binding sites lengthen signif-
icantly, and, eventually, a large hole is formed. Then, the six-
membered rings surrounding the large hole are substantially
planarized. Because the planarized six-membered rings have
zigzag edges attached to diketone groups, the functionalized
armchair nanotubes exhibit electronic properties similar to
those in nanographene ribbons with zigzag edges. In fact,
orbitals with amplitudes primarily localized at diketone
groups appear in the frontier orbital region. Based on the
orbital features, diketone-attached nanotubes have a spin-
polarized ground state, with the unpaired electrons localized
on the oxygen atoms
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We propose an improvement for nanopore-based DNA analysis via transverse transport using graphene as transverse electrodes.
Our simulation results show conspicuous distinction of tunneling current during translocation of different nucleotides through
nanopore. Applying the single-atom thickness property of graphene, our findings demonstrate the feasibility of using graphene as
transverse electrodes in future rapid and low-cost genome sequencing.

1. Introduction

Nanopore-based DNA analysis is a fast rising star as a single-
molecule technique, and most apt to be the next generation
of DNA sequencing [1]. With longitudinal electric field,
DNA molecule is forced to pass through the pore with
nanometer scale, presenting obvious current blockage signal
by blocking the ion flux through the pore. Pioneer works
have been done with biological pores and channels, such as
α-hemolysin [2], which provides a predefined, repeatable,
and precise pore structure atomically and a series of lim-
itations, like short lifetime and sensitivity to environment
conditions, as well. To overcome these disadvantages, solid-
state nanopore [3] was introduced with the developing tech-
nology of nanofabrication [4], which shows great durability,
possibility for geometry controlling, and compatibility with
semiconductor industries [5]. Real-time DNA sequencing
is still a big challenge nowadays because the method of
longitudinal current detection only focused on the distinc-
tive geometry and structure of four kinds of nucleotides,
and great challenge remains such that the nanopore is too
thick to realize single-base resolution and translocation of
single base is too fast for recording (microseconds per base)
[6]. An alternative approach in measuring the transverse
current to get single-base resolution was put forward by
Zwolak and Ventra in 2005 [7]. The basic idea is when

the bases are passing one by one through a voltage-biased
tunnel gap inside a solid-state nanopore, they will alternately
change the tunneling current based on how the localized
base states contribute to the tunneling current since different
bases have different local electronic densities of states with
different spatial extent owing to their different chemi-
cal composition [8]. Intensive calculation work had been
reported based on transverse current of different electrode-
nucleotide couplings, spreading from the influence of noise
[9] and environment [10] to the modification of electrodes
[11]. However, most of them encountered the problem of
interference of adjacent nucleotides when they are in the
nanopore simultaneously. Since the length of DNA molecule
is 0.32 nm per nucleotide, much smaller than the thickness of
most available materials for transverse electrodes, it is hard
to distinguish the neighboring nucleotides, even using the
electrodes comprised of 3× 3 gold atoms arranged as a (111)
surface [8, 12].

Graphene is a two-dimensional hexagonal carbon lattice
that was recently discovered [13] and has attracted intensive
research attention due to its unique mechanical and electric
properties [14]. Its single-atom thickness, ability to survive
large transmembrane pressures, and intrinsic conducting
properties [15] make it particularly attractive in DNA
sequencing field since it holds hope for enabling transverse
conductance measurements with single-base resolution.
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Figure 1: Principal diagram of nanopore-based DNA analysis: ssDNA is driven through a nanopore with two graphene electrodes by a
longitudinal electric field; the transverse graphene electrodes are applied on defined voltage and used to measure the transverse current. The
graphene electrodes are 8.6 Å wide and 12.1 Å apart. The SiN membrane and insulating cover layer are hidden in the graph.

DNA translocation experiment through graphene nanopores
has been reported recently by three independent groups [16–
18], while, in their study, graphene only acts as supporting
membrane for nanopores, instead of the transverse electrode
to measure tunnelling current. Making graphene as trans-
verse electrode to resolve DNA conductance with single-base
resolution experimentally is still very challenging nowadays.
A numerical simulation was presented for achieving DNA
transverse conductance via graphene nanogap [19], making
grapheme-based transverse conductance a promising can-
didate for robust DNA sequencing. However, nanogap may
allow several DNA sequences to pass the gap simultaneously,
which may lead to interference problems.

Herein, we propose and theoretically demonstrate a
quantum transport simulation using graphene to comprise
the transverse electrodes embedded in an SiN nanopore,
which can avoid the problem of simultaneous DNA sequence
translocation from the nanogap since nanopore has less
dimension size compared with nanogap. SiN is used here
to act as supporting membrane for graphene. From the
simulation results, there exists a perfect exponential relation
between the transport current and transverse voltage applied
to the electrodes within an appropriate range, and, fortu-
nately, significant distinction between different nucleotides
has been demonstrated, implying the feasibility of this
method in rapid genome sequencing.

2. Model and Method

Figure 1(a) presents the working principle of a nanopore-
based DNA analysis: ssDNA is forced to translocate a
nanopore by a longitudinal electric field (EL), and the
transverse current is measured via graphene transverse
electrodes which are applied on defined voltage. Figure 1(b)
shows the cross-section view of our simulation system:
single-layer graphene electrodes are embedded in a 6 nm SiN
layer and covered with a 1∼2 nm insulating layer, which are
hidden in the graph. The graphene electrodes are 7.4 Å wide
and 12.1 Å apart, which is also the diameter of the nanopore
in the SiN membrane. SiN membrane is used because it is
most commonly used in DNA translocation experiment in
solid-state nanopore field. The diameter is wide enough for
a ssDNA to pass through and narrow enough to hamper
two ssDNAs to translocate simultaneously and achieve a

measurable tunneling current. Figure 1(b) only shows part
of the graphene electrodes and one nucleotide of a DNA
sequence, since the rest parts of the nanopore device do not
affect the tunneling effect and the thickness of electrodes is
much smaller than the scale of the nucleotide molecule.

The simulation process is implemented as follows. First,
the position of the nucleotides were set by manual control,
in order to get an appropriate coupling of the maximum
tunneling current with the electrodes’ atoms. The relative
positions of four kinds of nucleotides to the graphene
electrodes were set up the same, located by the same part,
the deoxyribose, of the nucleotides. Then the system of
this time section, in which the base is in the flat location
of the graphene electrodes, providing the strongest and
most characteristic signals of tunneling current in the entire
translocation process, was calculated by Atomistix ToolKit
(ATK), a quantum transport simulation software, within the
extended Hückel method, a semiempirical quantum chem-
istry method, developed by Hofmann in 1963 considering
both pi and sigma orbitals [20]. Using this method, we can
get the electronic distribution of the system and deduce the
corresponding electric properties, such as the transmission
spectra and so on. Finally, transverse currents from the
transmission spectra were calculated via nonequilibrium
Green’s function method [21] and the current curves were
contrasted to make our final conclusion. Regarding the issue
of strand orientation as it passes through the nanopore,
previous calculations showed that the proposed graphene
nanopore device is essentially insensitive to strand orien-
tation [22]. Therefore, we did not pay special attention to
strand orientation issue during simulation.

Figures 2(a)–2(d) show the transmission spectra of
adenosine, thymidine, cytidine, and guanosine under the
same bias voltage of 2.4 V (±1.2 V on each graphene
transverse electrode), respectively. Because the transmission
coefficient of each nucleotide, as well as the tunneling
current, is quite different from each other, nearly one or two
orders, to hold the maximums of four diagrams the same,
we use different scale in each figure. In Figure 2, we could
easily pick out the unique and characteristic resonance levels
for each kind of nucleotide. We see clearly the characteristic
resonance levels for each kind of nucleotide, which results
from their unique base types. This could be the foundation
of real sequencing in the future. Here, the “windows” of the
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Figure 2: ((a)–(d)) The transmission spectra of adenosine, cytidine, guanosine, and thymidine under the same bias voltage of 2.4 V (±1.2 V
on each electrodes, which determine the “window” of the transmission), respectively. Because the transmission coefficient of each nucleotide,
as well as the tunneling current, is quite different from each other, nearly one or two orders; to hold the maximums of four diagrams the
same, we use different scale in each figure.

spectra are determined by εR and εL, the bias voltages applied
on the graphene electrodes.

Consider the well-known formula for the transverse
current, as follows [23]:

ILR(V) = 2e
h

∫∞
−∞

dεTLR(ε)
[
f (ε − εL)− f (ε− εR)

]
, (1)

in which, L, R imply the left and right graphene electrode
of our system, V = εL − εR is the bias voltage, TLR is
the transmission coefficient, shown in Figure 2, which is
calculated from the Hamiltonian matrices of the system,
and f (ε − ε(L/R)) is the Fermi distribution function.
The equation shows that the transverse electrical current is
proportional to the sum of the transmission peaks inside
the bias voltage range, which is called the “window.” By this
method, the tunneling current could be calculated easily with
a Python script of ATK, using the extended Hückel method.

3. Simulation Results and Discussion

Figure 3(a) is V-ln I curve of adenosine base pair with bias
from 0.0 V to 3.0 V with a step of 0.2 V. Here, when voltage
is below 1.0 V, the tunneling current is very small, almost
hard to detect, as demonstrated in ln I value. ln I from−45 to
−42 means a null current, which is verified by a simulation
carried out on non-load electrode system, where no DNA
molecule was used. The current curve of non-load electrodes,
shown in Figure 3(a), gave all points below 10−19 A. The
V-ln I curve of adenosine clearly shows that, under 1.0 V,
the current approximates zero, suggesting the close of the
tunneling. The current quickly rises from 1.0 V to 1.4 V, and,
when the voltage is above 1.4 V, the current behaves a perfect
exponential relation with the bias voltage. This reveals a
great deal of useful information: first, there exists a threshold
voltage at about 1.2 V, above which the tunneling effect starts
to show; second, only within an appropriate range of bias,
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Figure 3: (a) The V-ln I curve of adenosine from 0 V to 3.0 V with a step of 0.2 V, and the current curve of non-load electrodes system from
0.0 V to 2.0 V with a step of 0.1 V. (b) Four distinguishable V-ln I curves of four nucleotides, A, C, G, T, respectively. All of which express
linear relationship from 2.0 V to 2.6 V with the same step of 0.2 V. At most voltages, they keep a difference of one or two orders to each other.

which is from 1.4 V to 3.0 V in our case, the conclusion
before could be held. Our next simulation with four different
nucleotides was carried out in this voltage range.

Figure 3(b) represents the transverse current ln I-V
curves of four nucleotides, ranging from 2.0 V to 2.6 V with
the same step of 0.2 V.

All four curves express linear relationship within this
voltage range and show conspicuous distinction between
different nucleotides, nearly one or two orders to each
other, which agrees with the results by Zwolak and ventra
[7], although in a different arrangement of the current
intensities. This may result from the different coupling of
nucleotides with graphene and nucleotides with Au, which
Zwolak used as transverse electrodes in his simulation. The
distinct difference in ln I at the same bias voltage for each
nucleotide indicates a potential sequencing approach by
using graphene transverse-electrode-based nanopore: we can
utilize transverse current to characterize electronic signatures
of each nucleotide.

Such transverse current distinction between different
nucleotides may result from the geometry dimensions of the
different base types. We could see clearly that the current
has a same arrangement as the sizes of the four base types
(i.e., G, T, C, A). Because the nanopore is just a little bigger
than the nucleotides, the tunneling effect is very sensitive
to the distance between transverse electrodes. So the small
difference in base size will lead to great discrepancy in
transverse current. The second reason may be the different
interaction between graphene electrodes and base atoms. For
instance, the guanosine and cytidine with three hydrogen
bonds in the bases have much higher currents than the
thymidine and adenosine with two ones. The tunneling
current may come from the hydrogen bond on the base,
which has been discussed before [24]. Because the thickness

of graphene is only single atom, the distance between the
electrode and the translocating nucleotide (less than 1 Å) is
much less than that of the neighboring ones (more than 3 Å),
as well as the interaction between them. Thus we need not to
consider the interference from the neighboring nucleotides
in our calculations.

At last, we could conceive the experimental realization of
the proposed method. First, transfer and locate a graphene
ribbon, narrow enough to compare with the diameter of
the nanopore we expect, on the SiN membrane. Then use
transmission electron microscope to fabricate a nanopore on
the membrane [25], where the graphene ribbon is located.
When the pore is fabricated, the graphene ribbon is cut off
into two segments, just on the two sides of the nanopore,
and can act as transverse electrodes. After being covered
with an insulating layer, the nanopore device with graphene
transverse electrodes is fabricated. Here, the most challenge
maybe the graphene ribbon is very difficult to manipulate at
such narrow scale.

4. Summary

In summary, quantum transport simulation using graphene
as transverse electrodes was carried out in nanopore-based-
DNA analysis, and the obtained ln I-V curves show exponen-
tial relation between the current and the voltage. Moreover,
distinguishable distinctions in ln I under same bias voltage
between different nucleotides were demonstrated, indicating
the feasibility of the nanopore-based DNA analysis via
graphene electrodes. Such findings are fundamentally useful
toward the ultimate goal of inexpensive and fast DNA
sequencing.
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Herein we present an inexpensive facile wet-chemistry-free approach to the transfer of chemical vapour-deposited multiwalled
carbon nanotubes to flexible transparent polymer substrates in a single-step process. By controlling the nanotube length, we
demonstrate accurate control over the electrical conductivity and optical transparency of the transferred thin films. Uniaxial
strains of up to 140% induced only minor reductions in sample conductivity, opening up a number of applications in stretchable
electronics. Nanotube alignment offers enhanced functionality for applications such as polarisation selective electrodes and flexible
supercapacitor substrates. A capacitance of 17 F/g was determined for supercapacitors fabricated from the reported dry-transferred
MWCNTs with the corresponding cyclic voltagrams showing a clear dependence on nanotube length.

1. Introduction

Carbon nanotubes, one-dimensional high aspect ratio car-
bon allotropes, have received significant interest in the past
two decades as a viable candidate material to replace the
industry pervading, and increasingly expensive, transparent
conductor, indium tin oxide (ITO). Although highly trans-
parent and highly conductive, ITO exhibits poor flexing per-
formance due to microcrack formation. Carbon nanotube
networks are extremely flexible [1–3], highly conductive [4–
6] and offer impressive optical transparency [4, 7–9]. Never-
theless, in order to fully exploit these features, films must be
free-standing or supported on substrates of similar opacity
and flexibility, namely, polymers and elastomers. Little work
on the direct deposition of aligned nanotubes onto polymers
has been reported [10], and as a result few applications
exploit the properties of pristine nanotubes. Direct nanotube
deposition on polymers necessitates substantial reductions
in growth temperatures. This most often results in the

deposition of inflexible pyramidal carbon nanofibres [11]
rather than highly graphitic and conductive nanotubes.

A variety of solution processes have been explored to
produce nanotube thin films [5, 12–14]. Nevertheless, such
detrimental chemi douche processing, employing aggressive
sonication and costly acid treatments, ultimately degrades
the nanotubes electronic properties. Nanotube alignment
has been demonstrated in a number of ways [15–17]
though solution processing produces isotropic networks
lacking the advantageous structural anisotropy associated
with the initial as-grown one-dimensional nanostructures.
Consequently, a wet-chemistry-free, inexpensive, and facile
transfer technique, that retains the nanotubes alignment,
is necessary for applications such as flexible optoelectronic
polarisers and supercapacitors for next-generation energy
storage [18–21] and display technologies.

Carbon nanotube-based thin films offer extremely high
surface areas which make them functionally desirable for
high-density energy storage, though binderless processes
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Figure 1: (a) Side profile SEM micrograph of the source MWCNTs. Inset: high-resolution SEM micrograph of the lower highlighted area
demonstrating the extremely linear growth. (b) Areal SEM micrograph of the upper highlighted area in (a) illustrating the spaghetti-like
morphology of the forest surface. Inset: HR-TEM micrograph showing four graphitic side walls. (c) Raman spectra (3 mW, 633 nm) of the
as-grown MWCNTs. No distinguishable RBM peaks were observed (100-500 cm−1 wave numbers not shown), relative to the spectrometers
noise floor, suggesting a largely multiwall population.

that offer strong surface and intertube adhesion combined
with excellent conductivities and nanotube alignment are
advantageous traits. We herein report on the dry-transfer
of multiwalled carbon nanotubes to polymer substrates and
demonstrate control over the sheet resistance and optical
transparency of the transferred thin films. Simple superca-
pacitor structures have also been demonstrated as one viable
application of the proposed technique.

2. Experiment

Multiwalled carbon nanotubes (MWCNTs) were synthesised
by thermal chemical vapour deposition (CVD) in a com-
mercially available cold-walled reactor (AIXTRON, Black
Magic). Bilayer catalysts were prepared by RF sputtering
10 nm Al2Ox onto 200 nm thermally oxidised Si substrates
which were subsequently exposed to ambient atmosphere
and coated with 1 nm thermally evaporated Fe (0.2 Å/s).
The chamber was prepressurised to 26 mbar with 8 sccm
C2H2 diluted in 192 sccm H2. An ohmically heated graphite
stage was ramped at 5◦C/s to 700◦C. Growth was repeatedly
observed to initiate at ∼520◦C. Figures 1(a) and 1(b) show
typical profile and areal scanning electron micrographs
(SEMs) of an as-grown MWCNT forest. A high-resolution
transmission electron micrograph (HR-TEM) of an individ-
ual MWCNT is given in the inset of Figure 1(b). The MWC-
NTs are formed from 2–5 graphitic walls, were 25± 13 (S.D)
nm in diameter, and had an initial growth rate of ∼0.8 μm/s
that monotonically decreased over time. Figure 1(c) is the
Raman spectra of the as-grown forest (Renishaw InVia,
He-Ne source operating at 633 nm/3 mW). The spectra are
characteristic of MWCNTs [22, 23] and were highly uniform
across samples, highlighting process reproducibility.

Figure 2 illustrates the dry-transfer process. A poly-
carbonate (PC) destination substrate is angled toward the
sources MWCNTs and is compressed using a quartz cylinder,

rotated and sheared at ∼1 cm/s. The MWCNTs readily de-
bond from the source substrate and adhere to the PC. The
dry-transfer process does not degrade the crystallographic
order of the MWCNTs, as evidenced via Raman spec-
troscopy. A variety of destination substrates were considered,
including poly(ethylene terephthalate), polycarbonate, and
Al foil. In the latter case, when transferring extremely
short nanotubes (<1 μm), self-assembled monolayer (SAM)
adhesion promoters were necessary, such as poly(lysine)
and aminopropyltriethoxy silane (APTES). Prior to SAM
treatment MWCNTs did not adhere to the Al foil, whereas
after treatment nearly 100% (by area) were successfully
transferred.

Figure 3(c) shows a 900 nm × 900 nm AFM micrograph
(Agilent) of a dry-transferred MWCNT film on a PC
substrate demonstrating the high degree of alignment. An
optical micrograph of poly(lysine)-treated Al foil with a dry-
transferred MWCNT film is given in Figure 3(d). The inset
depicts a schematic of the substrates cross-section.

MWCNT thin films were patterned by standard pho-
tolithography and O2 reactive ion etching (RIE: 0.2 mbar,
100 W, 120 s) (Figures 3(b) and 3(e)). Transparency control
was demonstrated using RIE. The transparency between the
polymer-protected 5, 20, and 50 μm dots was controlled,
as illustrated in Figure 3(f). Transparency control was also
demonstrated by adjusting the length of the MWCNTs
prior to the dry-transfer, (by varying the CVD growth
duration). In this instance, films were defined by patterning
the bilayer catalyst prior to growth. A Mo catalyst-passivation
process was used to prevent nanotube growth from particular
areas. No nanotubes grew from those areas coated with
Mo (20 nm). An inexpensive laser-jet patterning technique
was employed to achieve this. Patterned MWCNT forests
were then transferred, as afore mentioned. Repeatedly rolled
films became sufficiently compacted such that they formed
free-standing, pristine MWCNT “paper” that maintained
structural integrity even under rigorous mechanical strain.
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Figure 2: The dry-transfer process. (a) Cross-sectional illustration
of the Si/SiO2 (200 nm) growth substrate magnetron sputtered
with 10 nm Al2Ox/1 nm Fe thermally evaporated (Lesker PVD).
(b) MWCNT synthesis by thermal CVD: 700oC, 26 mbar, 192 sccm
H2 : 8 sccm C2H2, 10 min. Inset: Optical micrograph of an as-grown
550 μm tall MWCNT forest. (c) PET destination substrate angled
towards the source nanotube forest. PET and source nanotube
substrate are compressed by a rolled quartz cylinder, moving at a
rate of ∼1 cm/s. (d) Aligned MWCNT thin film.

Uniaxial strain and bend radii measurements were per-
formed using computer-controlled custom-built systems
connected to a Keithley 6430 source-measure unit. Experi-
ments were performed at room temperature and pressure.

3. Results and Discussions

Figure 4 shows optical micrographs of three prepatterned
transferred samples of differing MWCNT length. The sheet
resistance (Rs) and optical transmittance (T) were found to
be strongly dependent on the MWCNT length. Figure 5(a)
shows the UV-Vis-NIR transmittance of films fabricated
from MWCNTs < 1 μm to 500 μm in length. For the most
opaque and highly conductive films, Rs ∼1.2Ω/sq. with∼9%
transparency (550 nm). For nominally equivalent samples,
two- and four-probe conductivity measurements yielded

Rs ∼10.2Ω/sq. and ∼2.6Ω/sq., respectively, evidencing a
low contact resistance (7.6Ω/sq). The most transparent
films (85% for <1 μm long MWCNTs) had sheet resistances
as low as 550–1000Ω/sq. Reducing the nanotube length
substantially increased the optical transmission whilst only
increasing the sheet resistance by approximately one order of
magnitude (Figure 5(b)). This observation can be explained
in terms of the increased number of inter-nanotube junc-
tions for films comprised of shorter nanotubes. Furthermore,
one would expect longer nanotubes to increase the films
conductivity as the rolling process produces substantially
thicker films which offer lower bulk resistance. The DC con-
ductivity in such films is primarily dependent on tunnelling
between individual nanotubes. As a result, the conductivity is
critically dependent on the number of conduction pathways,
junctions, and the general network morphology—all of
which can be varied by adjusting the nanotube length and
degree of alignment. The films demonstrated optoelectronic
characteristics nearing the ITO benchmark and superior
characteristics to competing organic technologies such as
TDA and PEG-enhanced PEDOT:PSS [24, 25].

The sheet resistance (Rs) and optical transparency at
550 nm (T) are related by [26–28];

T =
[

1 +
(
tZ0

2

)
σopt

]−2

=
[

1 + 188.5
1
Rs

(
σopt

σdc

)]
,
−2

(1)

where Z0 is the impedance of free space (377Ω), σopt

is the optical conductivity, and σdc is the direct current
electrical conductivity. A viable transparent electrode must
demonstrate low-Rs and high-T throughout the optical
window (300–900 nm). For an ideal transparent conductor,
(σopt/σdc) → 0. Fitting (1) gives (σopt/σdc) = 1.7 ×
10−1. Graphite has a conductivity ratio of 9.1 × 10−2,
whereas current driven applications require 4.5 × 10−3.
The minimum industry standard for (brittle) transparent
conductors, typical for display applications, is 2.9 × 10−2

(>90% for <100Ω/sq.) [26, 29]. The reported conductance
ratio is someway off the industry standard but is nevertheless
close to the state-of-the-art for thin films prepared from
chemically modified graphene [26]. Though the pristine
thin films offer only modest performance, it is important
to stress that these films are chemically untreated. The films
have not been doped in anyway. Suitable doping will lead to
conductivity enhancements, for a given transparency, thus
allowing the films to compete with more traditional vacuum
and spray processing, which intrinsically employ en route
doping procedures.

The AC sheet resistance of the dry-transferred films
was investigated at microwave frequencies using a technique
described in detail in [30]. The transmissive sheet resistances,
in the 120–175 THz range, were found to be 0.3 and
640Ω/sq., for nanotubes 500 μm and 1 μm long, and were
broadly consistent with the DC measurements for films of
similar optical characteristics discussed previously.

The uniaxial strain response of the dry-transferred
MWCNTs and the primary competing technologies, namely
CVD grown (2–4 layer) hot press laminated graphene
(HPLG) [31] and commercially available PET-supported
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Figure 3: Patterned dry-transferred MWCNT thin films. (a) Patterning by Mo catalyst passivation. Al2Ox/Fe bilayer catalyst patterned using
laser-jet/paper transfer and Mo deposition. Patterned MWCNT films were transferred to the destination PC (as described in Figure 2). A
self-assembled monolayer, APTES was employed for PET/ITO substrates prior to transfer. (b, e) An aligned MWCNT film patterned into 5
μm interdigitated electrodes by standard photolithography and O2 RIE (0.2 mbar, 100 W, 120 s). Inset: optical micrograph of a Mo-passivated
prepatterned CNT film shear transferred to a PET substrate and a second perpendicularly aligned prepatterned forest shear transferred. (c)
AFM micrograph (900 nm × 900 nm) of a dry-transferred MWCNT film on a PC substrate. Inset: SEM micrograph of a transferred film
showing the high level of macroscopic alignment. (d) Optical micrograph of poly(lysine)-treated (right) with a dry-transferred MWCNT
film (left). Prior to treatment MWCNTs did not adhere. Inset: schematic of the substrate cross-section. (f) Transparency control by O2 RIE
with 5, 20, and 50 μm dots defined by conventional photolithography.
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Figure 4: (a-c) Optical micrographs of Mo-passivated patterned
MWCNT thin films transferred to PET showing controllable
transparency by adjusting the length of the source nanotubes. The
presented micrographs are for nanotubes that are (a, c) 30 μm and
(b) 500 μm in length.

ITO, is shown in Figure 6(a). Samples were electrically
contacted using mechanical clamps and conductive epoxy
(inset Figure 6(a)). The maximum uniaxial tensile strain
(ε), defined as the strain for which ∂(ΔR/R)/∂ε → ∞,
of commercially available ITO was ∼1.2%. HPLG samples
failed at ∼15% and showed excellent correspondence with
the theoretical values for single graphene flake failure [32,
33]. The dry-transferred MWCNT thin films withstood
strains of up to 140% (the limit of the apparatus) whilst
showing only a minor reduction in conductivity (ΔR/Ro ∼
5, where Ro denotes the initial/relaxed sheet resistance).
Similar performance has been reported elsewhere, though
predominately only in the case of solution-processed single-
walled carbon nanotube thin films [34]. As the films become
increasingly strained, the MWCNTs align. The individual
MWCNTs observe negligible strain during this aligning
stage. It is not until the film has maximised its degree of
alignment that the MWCNTs undergo nanoscopic straining
and eventually fail catastrophically. As a result, exceptionally
high failure strains are possible owing to the networks
porosity and anisotropy.

The cyclic strain performance is plotted in Figure 6(b).
Under equivalent conditions, ITO/PET was strained to
1% and then relaxed. The resistivity of the ITO/PET was
around 44% larger than the initial unstrained film. Straining
irreversibly increased the sheet resistance of the ITO through
microcrack formation. In contrast, dry-transferred films
were strained (50%), then relaxed, and the process repeated.
The initial strain (cycle 1) increased the sample resistance
by approximately 42%; however each cycle thereafter the
relaxed resistance repeatedly returned to this value. The long-
term flexing stability of the dry-transferred thin films was
considered by straining samples by 22%, over 100 cycles.
The dry-transferred films showed a negligible increase in
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Figure 5: Opto-electronic performance. (a) UV-Vis-NIR. Variation
in the optical transmission of dry-transfer MWCNT films consisting
of MWCNTs of increasing source length. (b) Sheet resistance and
optical transparency as a function of nanotube length.

resistance over time. Figure 6(c) depicts a dependence on
the electrode separation. Increasing the electrode separation
(L) tended to increase the maximum attainable strain as this
increased the amount of available material over which the
strain was distributed. Figure 6(d) shows the variation in
the normalised change in resistance (ΔR/Ro) as a function
of the radius of curvature. The inset(s) depict the apparatus
during a typical measurement. ΔR/Ro = 0.09 and was
largely independent of the radius of curvature over the range
considered. ΔR/Ro of the ITO samples increased by over
three orders of magnitude for curvatures <9.5 mm. Similarly,
HPLG samples showed a linear increase in ΔR/Ro for radius
<5 mm.

A key feature of the reported technique is the ability
to align the nanotubes during the inexpensive and rapid
dry-transfer process. The degree of nanotube alignment is
illustrated in Figure 7, which plots the Steridian 37 (Str37)
function for a transferred sample, calculated using the SPIP
image analysis software. Str37 is defined as the ratio of the
in-plane distance between the real autocorrelation centre
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Figure 6: (a) Normalised resistance (ΔR/Ro) for ITO, hot press
laminated grapheme (HPLG), and dry-transferred MWCNTs
(∼220 μm in length) as a function of uniaxial strain. Failure strains
of human skin, cotton fibre, and individual MWCNTs are included
for comparison. (b) cyclic performance of a dry-transferred
MWCNT thin film (for a fixed nanotube length of 130 μm). (c)
Strain (at ΔR/Ro = 4) as a function of electrode separation. (d)
Variation in sample resistance as a function of the radius of curva-
ture. Insets: optical micrographs taken during a typical measure-
ment. Note the lack of film de-binding, even under high curvature.
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Figure 7: (a, c) SEM micrographs of the polarisation selective, partially transparent electrodes. (b, d) Str37 quantifying the alignment of
the vertical (0.22) and horizontal (0.29) transfers, compared to (e, f) an unaligned compressed film (0.60). (g) SEM micrograph of crossed-
transfers on a single untreated PET substrate. Arrows denote the transfer direction.

and the boundary at which the height of the image has
decayed to 37% of the depth-range at this autocorrelation
centre. An autocorrelation is applied to the images depth-
range to infer the position. The decay in the depth-range in
all directions is evaluated and the Str37 value is calculated
[35, 36]. For perfectly aligned arrays Str37 = 0, whilst for
disordered networks which exhibit no directional preference,
Str37 = 1. Depending on the roll technique both well-
aligned (Figures 7(a)–7(d)) and highly isotropic networks
could be transferred (Figures 7(e) and 7(f)). Str37 = 0.26 for
the aligned transfers and 0.60 for the compressed/isotropic
transfers.

Aligned nanotube electrodes may find application as
tunable optical polorisors and advanced electrode materials
in next generation flexible display technologies. Figure 7(g)
shows a fabricated bilayer structure. Here crossed and aligned
structures, of controlled controlled pitch, were transferred to
a PET substrate by successive rolls of pre-patterned forests to
from optical polarisers that exploit the nanoscopic spacing
of the nanotubes, and also the microscopic spacing of the
patterned films.

To demonstrate one potential application of the dry-
transferred thin films, two-electrode electric double-layer

(EDLC) cells were constructed. Due to the films’ high
conductivity, the MWCNTs functioned as both the active
material and charge collector, reducing the overall mate-
rial requirements therefore increasing the weight frac-
tion of the active material in the device. The final
EDLC was 10 mm× 10 mm (Figure 8(a)). An insulat-
ing porous separator (Celgard 2500) was sandwiched
between two MWCNT electrodes soaked in electrolyte
(1 M Tetraethylammonium tetrafluoroborate (Et4NBF4) in
propylene carbonate, Sigma-Aldrich). Al tape was used
to externally electrically contact the cell. Three different
films, comprised of different MWCNT lengths, were con-
sidered. The nanotube lengths and active weights were
28.5 μm/0.6 mg·cm−2 (1 min growth), 96 μm/1.1 mg·cm−2

(5 min), and 235 μm/2.3 mg·cm−2 (10 min). Cells were char-
caterised by galvanostatic charge/discharge (1 mA/cm2) and
cyclic voltammetry (50 mV/s) measured using an Autolab
PGSTAT302N potentiostat (Figure 8(b)).

Thicker films offered higher conductivities and longer
nanotubes showed a higher capacitance per unit area as well
as a lower equivalent series resistance (ESR), both of which
are essential for high-power delivery. The capacitance of the
two-electrode MWCNT EDLCs was estimated to be between
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Figure 8: Dry-transferred MWCNT supercapacitor. (a) Schematic
of the supercapacitor structure using a Celgard 2500 porous
separator soaked in Et4NBF4. (b) Cyclic voltammetry for aligned
MWCNT electrodes synthesised for (1) 10 min, (2) 5 min and (3)
1 min. The inset shows a fabricated device under flexing.

6 and 17 F/g, for cells biased to 1 V. This is roughly twice the
capacitance reported for sprayed, solution-processed single-
walled carbon nanotube devices under similar experimental
conditions [37]. The ESR decreases with increasing film
conductivity and ranged from 1000Ω (28.5 μm) to 44Ω
(235 μm) corroborating the sheet resistance estimates made
previously. Nevertheless, the overall ESR is still somewhat
higher than expected. This is most likely attributed to
the relatively resistive Schottky barrier at the Al-MWCNT
interface, the intrinsic resistivity of the electrolyte, as well

as contributions from the multiple electrolyte/MWCNT
interfaces. Thicker electrodes increase the energy density
allowing the active material to occupy a greater volume ratio.
However, this is offset by higher ion diffusion barriers in
the inner regions of the electrode, resulting in substantial
internal resistance and consequently reducing high-power
performance. This limits the practical thickness of any
nanostructured electrode. Thus, ideally thick electrodes that
possess both high capacitance and that are operable at high
power are desired. Up to the thicknesses studied, approxi-
mately constant power densities were observed (2.48 W/g),
indicating that high permeability is maintained even for
thicker electrodes.

4. Conclusions

We have reported the development of an MWCNT dry-
transfer technique capable of transferring CVD-synthesised
aligned MWCNTs to a variety of flexible substrates without
chemically pre-treating the MWCNTs to enhance their adhe-
sion. Accurate control over both the optical transparency and
sheet resistance was shown to depend critically on the length
of the as-grown MWCNTs. The dry-transferred MWCNT
thin films showed a change in resistance as low as 5 for
strains in excess of 140%, outperforming PET-supported
ITO by two orders of magnitude and hot press laminated
graphene by one order of magnitude. The alignment of the
constituent MWCNTs was shown to be controllable and was
demonstrated to offer a viable approach to the fabrication
of flexible transparent polarisation selective electrodes for
advanced display technologies. Double-layer supercapacitor
cells were fabricated and showed a modest capacitance of up
to 17 F/g. The results demonstrated that the dry-transferred
MWCNT electrodes are excellent candidates for inexpensive,
compact, high-energy-density storage and offer industry
compatibility via a facile active material transfer approach.
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Compact model of single-walled semiconducting carbon nanotube field-effect transistors (CNTFETs) implementing the calcu-
lation of energy conduction subband minima under VHDLAMS simulator is used to explore the high-frequency performance
potential of CNTFET. The cutoff frequency expected for a MOSFET-like CNTFET is well below the performance limit, due to
the large parasitic capacitance between electrodes. We show that using an array of parallel nanotubes as the transistor channel
combined in a finger geometry to produce a single transistor significantly reduces the parasitic capacitance per tube and, thereby,
improves high-frequency performance.

1. Introduction

Carbon nanotubes belong to the fullerenes family and are
sheets of graphite rolled in the shape of a tube. Depending
on the direction in which the nanotubes are rolled (chi-
rality), they can be either metallic or semiconducting [1].
Semiconducting nanotubes have been used in high-per-
formance transistors where the channel is the nanotube
itself. Since the first demonstration of carbon nanotube field-
effect transistors (CNTFETs) in 1998 [2, 3], there has been an
immense research concerning the electrical properties and
the physical understanding of CNTFET [1, 4, 5]. The manu-
facturing of CNTFET processes progress continually: one of
the most advanced is the chemical vapor deposition tech-
nique (CVD). The CNTFET can be characterized by high
carrier mobility, low leakage current, important on state cur-
rent relatively to the applied voltages, and low inverse sub-
threshold slope. These properties allow us to consider the
design of high-speed and high-performance electronic cir-
cuits. High-performance CNTFET operating close to the
ballistic limit has been reported in [6–8]. However, due to the
large size of the probe pads relative to the CNT device, the
parasitic capacitance of the pads can dominate the measured
frequency response and inhibit measurement of the intrinsic
response of CNT transistors. Moreover, the low current drive
and high-input/output impedance of single CNTFET make

it difficult to perform direct measurements of high-frequen-
cy electrical properties using instrumentation based on a
reference impedance of 50Ω. In order to make a direct
measurement of a recognized high-frequency figure of merit,
such as fT small signal S-parameter measurements were
achieved by a newly developed multiple-channel CNTFET
structure whose output impedance is much lower than the
usual single-channel CNTFET and a deembedding scheme
that removes existing errors in measured S-parameters [9].
The authors of [9] measure fT = 10.3 GHz after de-embed-
ding. More recently, using one individual 100 μm long
single-walled carbon nanotube, 100 individual nanotube
top-gated field effect transistors are combined in a finger geo-
metry to produce a single transistor with a cutoff frequency
(after deembedding parasitic capacitance of the finger struc-
ture) of 7.6 GHz; before deembedding the cutoff frequency
is 0.2 GHz [10].

In this work, we use compact model, in a quasi-static ap-
proach simulations to examine the high-frequency perfor-
mance potential for a state-of-the-art CNTFET. Using an
array of parallel nanotubes as the transistor channel com-
bined in a finger geometry to produce a single transistor
significantly reduces the parasitic capacitance per tube and,
thereby, improves high-frequency performance. The results
presented here should prove useful for understanding and
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optimizing high-frequency characteristics of CNTFET and
assessing the potential of CNTFET for nanoelectronic RF
applications.

This paper is organized as follows. In Section 2, the com-
pact model is presented. In Section 3, the results of our mod-
el using VHDL-AMS simulator in the quasistatic approach
are shown and discussed. In Section 4 a new architecture is
proposed and the results of the proposed architecture are
presented. The conclusions are summarized in Section 5.

2. Approach

A simple model for ballistic nanotransitors is described in
[11, 12]. For details about this model, we refer the reader to
[13–15]. In this model, the gate voltage Vgs induces charge in
the CNTFET channel Qcnt. It also modulates the top of the
energy band between the source and the drain by an amount
Vcnt. As the source-drain barrier is lowered, current flows
between the source and the drain. The electrons coming
from the source fill +k states and the electrons coming from
the drain fill up the −k states. The control potential Vcnt is
computed self consistently using

Vcnt =
LCIVgi + CSEVsi + CDEVdi −Qcnt

LCI + CDE + CSE
, (1)

where Vgi, Vsi, and Vdi are the intrinsic gate, source, and
drain potential respectively. CSE, and CDE are the contact ca-
pacitance of the source and drain, CI , is the gate oxide capac-
itance (see Table 1), Qcnt depends on the number of carriers
in the channel ncnt which is the sum of the energy subband
contributions, and L is the nanotube length. The drain cur-
rent equation is derived from the Landauer formula which
describes ballistic transport with ideal contacts:

I = 4ekBT
h

∑
p

[
ln
(

1 + exp
−Vsi − Δp + Vcnt

kBT

)

− ln
(

1 + exp
−Vdi − Δp + Vcnt

kBT

)]
,

(2)

where Δp is the minima of the pth energy subband. The sub-
bands minima can be calculated using zone folding method
of the graphene electron dispersion:

εν(k) = εgraphene

(
|k| K2

|K2| + νK1

)
(3)

with

ν = −
(
N

2
+ 1

)
, . . . ,

N

2
,

− π

|T| < |k| <
π

|T| ,
(4)

where |T| is the unit vector for the carbon nanotube (CNT),
N is the number of hexagons in CNT unit cell, and K1 and
K2 define the CNT reciprocal unit cell [16].

Table 1: CNTFET parameters (see text for discussion about the
used values of the parameters).

Parameter Name Value Unit

n Helicity parameter 19

m Helicity parameter 0

d Diameter 1.49×10−9 m

T Temperature 300 K

Rd Drain contact resistance 17× 103 Ω

Rs Source contact resistance 23× 103 Ω

Rg Gate contact resistance 10 Ω

L Nanotube length 100× 10−9 m

VFB Flat band potential −40×10−3 V

CI Gate oxide capacitance 100×10−12 F/m

CDE Drain capacitance 0.1× 10−18 F

CSE Source capacitance 0.1× 10−18 F

3. Quasistatic Approach and
Results of Simulation

In the quasistatic approach to transistor modeling, dynamic
behavior is predicted by employing static equations for
charge (or carrier density) and transport current, but with
static voltages replaced by their time-dependent counter-
parts:

Q(VG,VD,VS) −→ Q(VG(t),VD(t),VS)(t),

I(VG,VD,VS) −→ I(VG(t),VD(t),VS)(t),
(5)

where Q is charge, I is current, t is time, and VG, VD,
and VS are the gate, drain, and source voltages, respectively.
Employing the model presented in the last section with the
quasistatic assumption, one can determine the ac behavior
of CNTFET. The standard procedure is to assume sinusoidal
excitation, write each time-dependent quantity in (5) in
terms of static (dc or bias) and dynamic (ac, or small-signal)
parts, for example, V(t) = Vc + Va exp( jwt) where Vc

refers to the dc value and Va refers to the complex ac am-
plitude, and then make simulation to solve the equations for
the ac terminal currents in terms of the ac terminal voltages.

3.1. VHDL-AMS Implementation. The MOSFET-like CNT-
FET compact model introduced in last section using the qua-
sistatic approach is implemented with VHDL-AMS sim-
ulation tool. The main quantities used in the model are
the control potential Vcnt, the subbands energy level Δp,
and the source (drain) Fermi level μS(D). A maximum
of 12 intrinsic parameters are necessary as input of this
model: the chirality vector (n,m), the diameter, the flatband
voltage VFB, the contact resistances (Rs,Rd,Rg), the contact
drain (source) capacitance CDE (CSE), and the gate oxide
capacitance per unit length CI . (The values of the parameters
shown in Table 1 are estimated under the assumption that
the compact model results for I-V characteristics should be
compatible with the results of the model based on Boltzmann
transport equation.) The value of CI can be calculated from,
CI = 2πε0εox/((2h + d)/d), for a nanotube surrounded by
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Figure 1: Intrinsic fT as function of Ids for Vds = 100 mV (solid
line), Vds = 225 mV (dotted line), and Vds = 350 mV (dashed line).

a coaxial gate, both separated by an oxide of thickness h with
permittivity εox. The device parameters used in the simu-
lation for the I-V characteristics are summarized in Table 1.
In Figure 1, we show the results of simulation based on our
model for the intrinsic FT as function of Ids for Vds = 100 mV
(solid line), Vds = 225 mV (dotted line), and Vds = 350 mV
(dashed line). The variation of FT with Ids, which is apparent
in Figure 1, can be divided into three regions. region I is
the low current region where FT decreases as Ids decreases,
region II is midcurrent region where FT is approximately
constant, and region III is the high-current region where FT
decreases as Ids increases. The reasons for this behavior of
FT with Ids can be appreciated by plotting Ids as function of
Vgs at constant Vds where gm = ∂Ids/∂Vgs|Vds

is zero in the
high-current region. The results of the simulation are very
promising: the maximum obtained value of fT ∼ 450 GHz.
However, if the extrinsic parasitic capacitance was included
the RF performance of the carbon nanotube transistor will
be reduced significantly. This will be our goal in the next sec-
tion where we propose a new architecture to improve the per-
formance of the CNTFET in the RF regime.

4. Multifinger Multitube
Field-Effect Transistors

In this section, a new architecture “multifinger multitube
field-effect transistor” (MMFET) is proposed that expected
to increase the performance of the nanotube in high-fre-
quency applications [10]. In the proposed architecture, using
an array of parallel nanotubes as the transistor channel

CNT

Gate

Figure 2: Schematic indication of MMFET device geometry (not
to scale). In total, there are 16 tubes and 25 fingers (gates) in our
design.
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Figure 3: Ids-Vds for the (19,0) CNTFET (color online).

combined in a finger geometry to produce a single transistor
significantly reduces the parasitic capacitance per tube and,
thereby, improves high-frequency performance. Shown in
Figure 2 a schematic indication of the MMFET geometry
(not to scale). In total, there are 16 tubes and 25 fingers (gate)
in our design. The distance between two nanotubes is taken
to be 2d [17]. In the next two subsection we will study the DC
performance and dispersion of this new architecture, and in
the last two subsections, we will study the RF performance
and applications of such architecture in RF circuits like ring
oscillator.

4.1. DC Performance of MMFET. Figure 3 shows the simu-
lated Ids-Vds characteristic for constant Vgs (see figure) at
room temperature of our device. The device parameters used
in the simulation are summarized in Table 1. The simulation
has taken into account the series resistances. As one can
expect, the current found for MMFET is 400× the single
CNTFET current for the same characteristics.

4.2. Dispersion. Many physical parameters values vary in a
wide range when nanotubes are manufactured. The most
important impact is due to diameter dispersion. Here we will
study the impact of the dispersion on the obtained diameters
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based on chirality vectors. The simulation is done using the
following steps.

(1) Find all chirality vectors (m,n) which produce a
diameter between 1.2 nm and 1.8 nm.

(2) Eliminate those vectors that give a metallic nanotube.
22 chirality vectors are found after elimination.

(3) Generate a uniform random number to pick up 16
chirality vectors out of the 22 chirality vectors. (Note
that, the 16 chirality vectors correspond to the 16 na-
notubes used in our simulation in the new architec-
ture.)

(4) Generate another uniform random numbers for each
trial.

In Figure 4, we show the minimum sub-band energy of the
nanotube versus tube diameter for each chirality vector. The
impact of the diameter dispersion on the Ids-Vgs charac-
teristic at Vds = 800 mV is shown in Figure 5. According
to the results shown in Figure 5, we can conclude that the
Ion/Ioff ratio is very sensitive to diameter spreading. To see the
distribution of Ids for fixed Vds = 0.8 V, we show the current
versus number of events that fall within Ids and Ids±ΔIds with
ΔIds = 0.2 mA. This distribution, as one can expect, can be
compared to gaussian distribution with, in this case, a mean
value Imean

ds ∼ 3.4 mA and σ ∼ 0.21 mA. Figure 6 shows the
number of trial versus the current at Vds = 800 mV.

4.3. RF Response with Parasitic Capacitance of MMFET.
From Section 3 we conclude that intrinsic device delay
metric of CNTFET has high performance. However, from a
circuit/system perspective, a realistic scenario should incor-
porate all the necessary parasitics. For the sake of compar-
ison, we have studied the MMFET device with same cha-
racteristics as Si MOSFETs of the 65 nm technology. The par-
asitic capacitance per nanotube Ctube (Ctube is the capacitance
added when a one nanotube is added to our device) between
the gate and the source (drain) electrode is computed using
Fastcap [18]. The thickness of the Pd source (drain) film is
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Figure 5: Impact of the diameter dispersion on the Ids-Vgs cha-
racteristic at Vds = 800 mV.
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Figure 6: The number of trial versus the current at Vds = 800 mV.

100 nm thick and 60 nm of length, the gate insulator Al2O3

thickness is 65 nm with dielectric constant ∼9, and the Al
gate is 150 nm thick and 140 nm length. It is assumed that
each nanotube introduces a 4 nm width. Using Fastcap, with
the geometries shown in Figure 7, we obtain Ctube ∼ 0.1 fF.
In Figure 10 we show the discretization used in Fastcap for
the geometries that we proposed. (For the sake of clearness
we give details on the simulation of the capacitor by Fastcap:

(i) we generate two cuboid with cubegen;

(ii) the generated objects are combined in a list were we
define their position with respect to each other and
the dielectric material;

(iii) we run Fastcap on the lst file with the option l.
To produce a picture of the capacitor the m option
should be used.)

In this simulation, we have used the measured parasitic
capacitance for the multifinger device found in [10] as our
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initial value Cexp ∼ 50 fF, and for each nanotube we have in-
troduced Ctube in such way:

Ctotal = Cexp + (Ntube − 1)NfingerCtube, (6)

where Ntube and Nfinger are the number of tubes and fingers
in the device, respectively. (With a new technology this value
can be reduced significantly.)

In Figure 8, we show the results of simulation based on
our model for the FT as function of Ids for Vds = 400 mV:
the intrinsic FT /100 (solid line), and from top down extrinsic
MMFET where the number of nanotube change from 16 to
2 by step of 2. The device parameters used in this simulation
are summarized in Table 2. As expected, the MMFET device
that we propose improves the performance of the carbon
nanotube in the RF regime where we found the maximum
extrinsic Fex

T ∼ 6 GHz (see Figure 9) and the maximum in-
trinsic F in

T ∼ 800 GHz value that has to be compared to the
maximal measured value F in

T ∼ 10.2 GHz [9].

4.4. Ring Oscillator with Carbon Nanotube. The parasitic
capacitors play important role in the delay characteristics of
a MMFET-based circuit. Simulations have been done with
a three-stage ring oscillator (see Figures 11 and 12) and the
effect of these parasitics has been studied. Figure 13 shows
the effect on the natural oscillation frequency of parasitic
capacitors with the parameters summarized in Table 2. (Of
course the parasitic capacitance is not taken from Table 2.)
It can be concluded from Figure 13 that in the range studied
here, the parasitics dominate the performance. It should be
noted, however, that the accurate estimation of the parasitics
would be possible only when the layout geometry and a
fabrication process of the MMFETs will be known. Further,
it is worthwhile to mention that, for long channel MMFET
under high bias, the effects of scattering with phonon are
important and have to be considered.
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Table 2: CNTFET parameters.

Parameter Name Value Unit

n Helicity parameter 19

m Helicity parameter 0

d Diameter 1.49× 10−9 m

T Temperature 300 K

Rd Drain contact resistance 17× 103 Ω

Rs Source contact resistance 23× 103 Ω

Rg Gate contact resistance 10 Ω

L Nanotube length 8250× 10−9 m

VFB Flat band potential −40× 10−3 V

CI Gate oxide capacitance 100× 10−12 F/m

CDE Drain capacitance 0.1× 10−18 F

CSE Source capacitance 0.1× 10−18 F

CGS Gate-source capacitance 87.5× 10−15 F

CGD Gate-drain capacitance 87.5× 10−15 F

ntube Number of tubes 16 —

nfinger Number of finger 25 —

Figure 11: Three-stage ring oscillator.

Vin Vout

V−

V+

Figure 12: Schematic representation of a single inverter with V+ =
0.4 V and V− = 0.4 V.

5. Conclusions

This paper use circuit-compatible modeling technique for
the ballistic CNTFET for applications to radio frequency cir-
cuits. Results of simulation for radio frequency circuits using
VHDL-AMS simulator in the intrinsic case are presented. A
new architecture was proposed to improve the performance
of the CNTFET. We found that the extrinsic FT and the
natural oscillation frequency of a three-stage ring oscillator
are ∼10 Ghz in the cases considered here. An experimental
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Figure 13: Natural oscillation frequency as function of Cpara under
ballistic transport.

validation for the obtained results is necessary. From our
analysis on the high-frequency performance of CNTFET, we
conclude the following.

(i) Classical lithography reproduces the same problem
as CMOS. To overcome this problem we propose a
metallic nanotube contacts.

(ii) Effect of phonon scattering can be important and
have to be considered in the RF regime.

(iii) Non-quasistatic effects may not be very important.

We hope to address some of these issues in the near future.
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High density of carbon nanotubes (CNTs) has been synthesized from agricultural hydrocarbon: camphor oil using a one-hour
synthesis time and a titanium dioxide sol gel catalyst. The pyrolysis temperature is studied in the range of 700–900◦C at increments
of 50◦C. The synthesis process is done using a custom-made two-stage catalytic chemical vapor deposition apparatus. The CNT
characteristics are investigated by field emission scanning electron microscopy and micro-Raman spectroscopy. The experimental
results showed that structural properties of CNT are highly dependent on pyrolysis temperature changes.

1. Introduction

In 1993, Iijima’s group reported the synthesis of carbon
nanotubes (CNTs) by a simple technique [1]. They had been
selected as excellent candidates, which were largely derived
from their unique structural, mechanical, and chemical
properties [2]. The CNT can be divided into three types:
single-walled, double-walled, and multiwalled nanotubes
[3]. From the application and industrial point of view it
is highly desirable to synthesize well-ordered and dense
arrays of purified CNT at low processing temperature and
cost and high mass production approach, and mostly it
should follow a safe and high-quality specification. Several
pyrolysis techniques have been introduced, including the
most prevailing method: thermal [4] or plasma [5] chemical
vapor deposition (CVD). In our approach, our group
appraise the potential custom-made two-stage catalytic CVD
[6] natural hydrocarbon camphor oil as a carbon source and
titanium dioxide (TiO2) solution as a catalyst to synthesize
CNT.

TiO2 is extensively used for wide-range applications such
as energy storage and conversion, starting photocatalyst
material, corrosive and bacterial protection and is also to
remove of organic contaminants from wastewater [7–10].
TiO2 powder and solution are commercially available in the
market but it is more recommended to use self-prepared
TiO2 solution for desired properties and to ease composi-
tional modification. This is due to its lower vaporization
temperature and molarity compared to the commercialize
samples.

2. Experimental

A standard ethanol (EtOH) solution with M = 46.07 g/mol,
purity ≈ 99.8% from Fluka chemical was used as a solvent,
and titanium (IV) isopropoxide (TTiP) (M = 340.33 g/mol,
purity ≈ 99.995%) from Sigma Aldrich was used as a
precursor. Glacial acetic acid (GAA) (M = 60.05 g/mol,
purity ≈ 99.98%) and triton-x (M = 646.8 g/mol, purity
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Figure 1: Schematic diagram of custom-made two-stage catalytic
CVD.

≈ 98.0%) were purchased from Baker. For this work, TiO2

solution was synthesized using the sol gel method [11, 12].
In present work, the simple synthesis procedure for TiO2

solution is as follows: the hydrolyzation process of 18.91 mL
of TTiP using 2.50 mL of GAA under room temperature,
0.20 mL of distilled water together with 0.02 mL of triton-
x as the stabilizer and 78.40 mL of EtOH as the solvent
are mixed under continuously mechanical stirring at 4 rpm
and 60◦C for 1 hour. After the period, the solution was
stirred continuously at 3 rpm. The solution was left for 24
hours of ageing time. The custom-made two-stage catalytic
CVD is a part of lab-scale equipment and compatible for
feasibility studies. The desired quantity of 10 mL purified
0.5 M TiO2 solution and 10 mL of camphor oil were placed
in a separate alumina boat without further treatment. Those
alumina boats were located side by side inside quartz tube at
the centre of the first furnace in the custom-made two-stage
catalytic CVD as in Figure 1. A slower 15-bubble-per-minute
nitrogen gas flow was used to remove atmospheric air from
the reaction tube for 5 minutes. The flow rate of nitrogen
gas was reduced to 10 bubbles per minutes simultaneously
activating the set vaporization temperature switch at the
first furnace. When the first furnace achieved this set
vaporization temperature, the set pyrolysis temperature at
reaction zone was activated to pyrolyze the carbon and
catalyst content for 1 hour. The operation was then followed
by thermal annealing at the same pyrolysis temperature
for 30 minutes, and then both furnaces were let to cool
down naturally to the ambient temperature under a flowing
nitrogen gas condition. Black powder was observed on the
inner wall of quartz tube at the second furnace zone [13].
The dimension, arrangement, and surface morphology of
the production CNT were characterized using field emission
scanning electron microscopy (FESEM) (ZEISS 77 Supra
40VP) and micro-Raman spectroscopy with a laser of 514 nm
(Horiba Jobin Yvon 79DU420A-OE-325).

3. Results and Discussion

In this work, our group successfully synthesized at various
pyrolysis temperatures from 700 to 900◦C at increments of
50◦C. The hydrocarbon source derived from camphor oil
was selected due to its low vaporization temperature, lower
dependence on crude oil, and safer handling material. To
the best of our knowledge, due to depletion of fossil-based
carbon precursor that leads to high prices, we were taking
proactive steps in strategizing to utilize camphor-oil-based
natural hydrocarbon to produce CNT. Based on our humble
knowledge, there was no documented experimental study on
the initial stage of the formation of CNT by custom-made
two-stage catalytic CVD. A hydrocarbon feedstock camphor
oil contains 10 carbon atoms, 16 hydrogen atoms, and 1
oxygen atom flowed to the reaction chamber. The pyrolysis
temperature range in the second furnace was sufficient
enough to break the chemical bonding between carbon
atoms, hydrogen atoms, and oxygen atom in the camphor
oil molecules. There were no attachments between carbon,
hydrogen, and oxygen atoms resulting in those free carbon
atoms to attach to the catalyst clusters due to perfect catalytic
effect and bind together with other carbon atoms to form
CNT. The Ti clusters were trapped inside the CNT structure
during deposition process. The major parameter used in this
process was pyrolysis temperature. The pyrolysis of CNT
was increased with the increasing of pyrolysis temperature.
This was supported by FESEM micrograph analysis that
shows the top view micrograph of CNT at various pyrolysis
temperatures as in Figure 2 where the numbers of CNT were
increasing directly with the pyrolysis temperature. In Figures
2(a), 2(b), and 2(c), the samples still contain traces of the
carbonaceous byproduct which in this case is the amorphous
carbon that caused the irregular structure. In Figures 2(d)
and 2(e), regular structure of CNT was formed. These results
show fairly good agreement with previous studies where
the shape of carbon-based materials gradually changes from
spherical-like structure to a perfect tubular structure with the
increase in pyrolysis temperature [14].

Figure 3 illustrates the micro-Raman measurements on
the samples synthesized at various pyrolysis temperatures
confirming the disappearance of the single-walled CNT
synthesized at 700 until up to 900◦C. The peaks in the
micro-Raman spectra, which laid in the Raman shift from
100 to 400 cm−1, can be attributed to the appearance of
single-walled type of CNT [15]. This pattern was known as
radial breath mode. Generally the carbon content has two
major peaks: a D band peak at 1325–1372 cm−1 and G band
peak at 1609–1630 cm−1 for samples synthesized at 700 to
900◦C. The D band peak represents a finite crystal size and
lattice defect inside the graphene atomic layer known as
disordered structure, on the other hand, the G band peak
represents a perfect hexagonal of graphite structure. The
intensity of micro-Raman patterns increases slightly with the
increasing of pyrolysis temperatures. This result confirms
that the graphite structure of the CNT is highly dependent
on the pyrolysis temperatures at the second furnace. The
main reason is that the catalytic activity of TiO2 solution
is becoming more excellent at higher temperature. This is
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(a) (b)

(c) (d)

(e)

Figure 2: FESEM top view of micrographs of the CNT at different pyrolysis temperatures: (a) 700, (b) 750, (c) 800, (d) 850, and (e) 900◦C.

due to the TiO2 solution total decomposition, which results
in the production of small Ti clusters with higher catalytic
effect that induces the pyrolysis of CNT at high reaction
temperature. It was slightly different when we measured
the intensity of micro-Raman spectra at lower temperature.
The Ti/C clusters produced cannot be fully decomposed
in the second furnace due to TiO2 and carbon feedstock
solution cannot be fully pyrolyzed. Subsequently, it has low
catalytic effect for the formation of CNT. The ratio of D and
G band (ID/IG) features intensity provides information on

the quality of production of CNT. The information on the
quality of the CNT is shown in Figure 4. The ID/IG ratio
decreases with an increase in pyrolysis temperature. The
lowest magnitude ratio gives the best well-ordered structure
of CNT. The smallest value of ID/IG ratio was registered at
900◦C and was about 0.76, the temperature that was highly
selective for synthesis of CNT. As discussed before, at higher
pyrolysis temperature Ti cluster is fully decomposed for the
formations of CNT and has higher catalytic activity effect.
Moreover, these observations show that the CNT synthesized
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Figure 3: Micro-Raman patterns of CNT at different pyrolysis
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Figure 4: ID/IG ratio patterns of CNT at different pyrolysis
temperatures.

at 700◦C has higher disorder compared to CNT synthesized
at higher temperature: 900◦C. This was due to the poor
catalytic activity of the Ti cluster over the CNT pyrolysis at
this lower temperature. The peak position and ID/IG ratio for
those samples are summarized in Table 1. It was noted that
micro-Raman results were consistent with FESEM analysis.

4. Conclusions

The analysis of pyrolysis temperatures to synthesis camphor-
oil-based CNT using TiO2 solution as a catalyst was studied.
The results show that the higher pyrolysis temperatures
favor the pyrolysis of CNT. The form of CNT was found to
grow at higher temperature (∼900◦C), with good dimension
which showed unique lateral alignment, uniform nanotubes
diameter within 10 to 40 nm, and distribution within the
bundle when compared to other samples at lower pyrolysis
temperature. In the same context, the production of TiO2

Table 1: The D and G peak position and ratio of ID/IG growth of
CNT at different pyrolysis temperatures.

Pyrolysis
temperature (◦C)

D peak (cm−1) G peak (cm−1) Ratio ID/IG

700 1352 1610 1.20

750 1350 1605 0.98

800 1351 1611 0.88

850 1353 1604 0.86

900 1352 1609 0.76

solution plays an important role as a catalyst to be used in
a custom-made two-stage catalytic CVD. Hence, it is a good
idea to grow CNT for laboratory commercialization.
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By using molecular dynamics method, thermal conductivity of (10, 10) carbon and boron nitride (BN) nanotubes under radial
compression was investigated, and the λ-T (thermal conductivity versus temperature) curves of the two nanotubes were obtained.
It is found that with the increase of temperature the thermal conductivity of two nanotubes decreases; the nanotubes, under both
the local compression and whole compression, have lower thermal conductivity, and the larger the compressive deformation is,
the lower the thermal conductivity is; the whole compression has more remarkable effect on thermal conductivity than the local
compression.

1. Introduction

As the feature sizes of MEMSs (microelectro mechanical
systems) continue to be scaled down, the problem of thermal
dissipation becomes even more important. It has been found
that very few materials are known to exhibit high thermal
conductivity at reduced dimensions, and traditional semi-
conductors like Si have a dramatic suppression of thermal
conductivity at the nanoscale [1].

Just like carbon nanotubes can be viewed as rolling a
graphite sheet into a cylinder, boron nitride (BN) tubes can
also be regarded as geometrically derived by rolling a hexago-
nal BN sheet into a cylinder. Due to low-dimensional effects,
carbon and BN nanotubes have been predicted to have
unusual thermal properties [2, 3]. The thermal conductivity
of an isolated carbon nanotube has been predicted to reach
1800–6000 W/mK at room temperature [4]. Similarly, the
thermal conductivity (290 K) of isolated BN nanotube has
been reported to be 1620 W/mK [5].

Recent Xu and Buehler [6] carried out a systematic
investigation of the effects of axial tensile, compressive and
torsional strain on the thermal conductivity of single-walled
carbon nanotubes using MD simulation, and found that
the thermal conductivity drops when the different strain is
applied to carbon nanotube, respectively. However, up to
now the work about the effects of radial compression on

carbon nanotube as well as BN nanotube is not found. Here
we perform nonequilibrium MD simulation to investigate
the thermal conductivity of the (10, 10) carbon and BN
nanotubes under radial compression and discuss the effects
of the local and whole compressive deformation on thermal
conductivity of the carbon and BN nanotubes.

2. The Investigated Objects and Method

2.1. The Investigated Objects. Figure 1 shows the investigated
objects, (10, 10) zigzag carbon and BN nanotubes. Consider-
ing that within the length range of 1 nm to 25 nm nanotubes
have little change in thermal conductivity [7], the present
tube length is taken to be 8.85 nm to 9.81 nm. The (10, 10)
carbon tube is generated by the nanotube generator [8], a
program module developed by us. The (10, 10) BN tube
is constructed by alternately replacing the carbon atoms of
(10, 10) carbon tube with boron or nitrogen atoms. After
geometrically optimizing the carbon and BN nanotubes
through MD simulation at 270 K, the initial configurations
are obtained. The initial diameter D of the carbon and BN
nanotubes is 1.36 nm and 1.52 nm, respectively.

2.2. Method. In classical MD, atoms are regarded as basic
particles, and the temperature of the simulated system is
given through the equipartition theorem of energy. When the
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practical temperature is lower than the Debye temperature
of material, the thermal capacity will be highly correlative
with the temperature of system, the equipartition theorem
of energy will become invalidated [9], and the quantum
correction to temperature must be performed. In the present
MD calculations of thermal conductivity, the temperature
of both the nanotube systems is taken above their Debye
temperature so that quantum effects can be ignored. The
Debye temperature of the carbon and BN nanotubes takes
420 K [10] and 400 K [11], respectively.

In this study the EMD (equilibrium molecular dynamics)
method with the time step of 0.5 fs is applied to geometrically
optimize the carbon and BN nanotubes, as well as to
calculate the thermal conductivity of the carbon and BN nan-
otubes locally or wholly compressed in radial direction (see
Figure 1). The process to calculate the thermal conductivity
can be described as the following: firstly relaxing the tubes
in the NTV ensemble for 3 × 105 time-steps, then locally
or wholly compressing the carbon and BN nanotubes in the
radial direction through two parallel rigid plates, where the
loading rate takes 0.03 nm per 1000 time steps, and the tem-
perature is controlled at 270 K through Nose method; fixing
the two rigid plates when the carbon and BN tubes reach
certain deformation, calculating the heat flux of each time
step for the subsequent 4 × 106 time-steps, and obtaining
the thermal conductivity of the compressed tubes through
integrating the autocorrelation function of heat flux [12].

In the present MD simulations, the Velocity-Verlet algo-
rithm is taken. Tersoff potential, one three-body potential
based on the concept of bond order, is used to describe the
interaction between atoms. The Tersoff potential explicitly
includes an angular contribution of the force and has been
widely used in various applications for III–V elements. The
Tersoff potential and its parameters for the carbon, BN
atomic systems see [13, 14]. In the simulations of the local
compression the width of two rigid-plates takes 0.74 nm. The
interaction between atoms and the rigid plates is described
using the L-J potential:

U(r) = 4ε

[(
σ

r

)12

−
(
σ

r

)6
]

, (1)

where r is the distance between atoms and rigid-plate;
the constants ε and σ take 0.440 kJ and 0.385 nm [15],
respectively.

In our EMD simulations, based on the Green-Kubo
linear response theory, the thermal conductivity has the
following formula [16]

λ = 1
KBT2V

∫ +∞

0

〈
q(t) · q(0)

〉
dt, (2)

where KB is the Boltzmann constant, T the simulative
temperature, V the volume of simulated system, that is, the
cross-section area (= πD2/4) multiplying the tube length, t
time, and q the effective heat flux.

A-A view

A

A

Figure 1: The carbon and BN nanotubes under local and whole
radial compression.
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Figure 2: The λ-T curves of carbon tube under (a) local and (b)
whole compression.

The effective heat flux q has the following expression [11]
of:

q(t) = d

dt

∑
i

�ri(t)ei(t), that is, q(t) =
∑
i

�viei +
∑
i

�ri
dei
dt

,

(3)

where vi is the velocity of the ith atom, ei the total energy of
the ith atom, and ri the coordinate.

3. Results and Discussion

It is proved that the contribution to thermal conductivity of
nanotube mainly comes from two parts, that is, (1) the inter-
action between electrons and phonons, that is dependent on
electronic structures (molecular configuration) and phonon
scattering, and (2) the interaction between phonons, that is,
correlative to atomic vibration.

Figure 2 gives the λ-T (thermal conductivity versus
temperature) curves of the carbon nanotube under different
local compressive strain and whole compressive strain ε, and
Figure 3 gives those of the BN nanotube. For convenience to
discuss, Figure 4 presents the λ-T curves of the carbon nan-
otube under different compression modes, that is, the local
compression and whole compression, and Figure 5 presents
those of the BN nanotube. In these figures the compressive
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Figure 3: The λ-T curves of BN tube under (a) local and (b) whole
compression.
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Figure 4: The λ-T curves of carbon tube under different compres-
sion mode of (a) ε = 35% and (b) ε = 57%.

strain ε is defined as the ratio of the radial compressive
deformation to the initial tube diameter D.

From Figures 2 and 3, it can be seen that,

(1) with the increase of temperature, the thermal con-
ductivity of both the carbon and BN nanotubes
decreases, and when temperature >1,800 K, their
thermal conductivity trends to be constant. What is
the reason? It can be explained as the following: due
to the increase of temperature, the U scattering pro-
cess of phonons increases, and the average free range
of phonons decreases, which causes the decreases in
thermal conductivity of both the carbon and BN
nanotubes;

(2) under the local compression, both the carbon and
BN nanotubes have lower thermal conductivity; the
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Figure 5: The λ-T curves of BN tube under different compression
mode of (a) ε = 35% and (b) ε = 57%.

larger the compressive strain (deformation) is, the
lower the thermal conductivity is. The phenomenon
can be explained as the following: firstly, the local
compression causes local cave-in on the tube wall,
that is, the change in local molecular structure, and
further the change of the local atoms in vibration
mode; secondly, the local cave-in on the tube wall
changes the heat exchange path and increases the
local phonon U scattering. In a word, the local radial
compression makes a bottleneck of heat exchange
on the nanotube wall; the larger the compressive
deformation is, the worse the thermal conductivity
becomes;

(3) at the same temperature, the whole compression
also makes the thermal conductivity of both the
nanotubes decrease; the larger the compressive defor-
mation is, the lower the thermal conductivity is.
The reason lies in that under whole compression the
chemical-bonds are tightened up, and the larger the
compressive deformation is, the tighter the chemical-
bonds become, which results in the change of atoms
in vibration mode, that is, vibration amplitude
and frequency, as well as the decrease in thermal
conductivity;

(4) at relatively low temperature, the effect of both
the local and whole compression on the thermal
conductivity of the carbon and BN nanotubes is
remarkable. At high temperature, the effect becomes
slight, which is because that the effect of compressive
deformation has been inundated by that of high
temperature.

According to Figures 4 and 5, it can be observed that,
under the same temperature and compressive-deformation,
the wholly compressed carbon (or BN) nanotube has lower
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thermal conductivity than the locally compressed one. The
phenomenon can be explained through the different heat-
transfer mechanism of the nanotubes under different com-
pression modes, that is, the tightened up chemical-bonds
in the wholly compressed nanotubes results in the change of
atom vibration mode as well as the change of thermal con-
ductivity; the bottleneck of heat exchange on the tube wall
decreases the thermal conductivity of the locally compressed
nanotubes.

The present (10, 10) carbon nanotube without com-
pressive deformation is predicted to have the thermal
conductivity of 180 W/mK and 94 W/mK, respectively, at
800 K and 1200 K. The corresponding MD results obtained
in [17] are 190 W/mK and 120 W/mK, respectively. Our
results are close to those of [17], which implies the effectivity
of the MD method in the present paper. In [18, 19], the
measurement of the thermal conductivity of single-layer
graphenes was reported, and the room temperature values of
the thermal conductivity were found to be in the range 3000
to 5300 W/mK. Conceptually, single-wall carbon nanotubes
can be considered to be formed by the rolling of a single-layer
of graphite/graphene. By the cubic polynomial interpolation
of the curves in Figure 2, it is found that the thermal conduc-
tivity of the (10, 10) carbon nanotube without deformation is
about 430 W/mK at 300 K, lower by one order of magnitude
than that of graphenes in [18, 19].

4. Conclusions

As the important components of future NEMSs (nanome-
chanical systems), one-dimensional nano-materials like car-
bon and BN nanotubes have broad application prospect,
and their thermal conductivity and thermal dispersion will
directly affect the system operation. In this study the EMD
method is used to investigate the effect of local and whole
radial compression on the thermal conductivity of carbon
and BN nanotubes. It is found that both the local and
whole compression can decrease the thermal conductivity of
nanotubes. The conclusion will be very helpful for the design
of carbon and BN nanotube thermal-conductivity-devices.
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Nanocomposites of silicon nanoparticles (Si NPs) dispersed in between graphene layers emerge as potential anode materials
of high-charge capacity for lithium-ion batteries. A key design requirement is to keep Si NPs dispersed without aggregation.
Experimental design of the Si NP dispersion in graphene layers has remained largely empirical. Through extensive molecular
dynamics simulations, we determine a critical NP dispersion distance as the function of NP size, below which Si NPs in between
graphene layers evolve to bundle together. These results offer crucial and quantitative guidance for designing NP-graphene
nanocomposite anode materials with high charge capacity.

Rechargeable lithium-ion batteries with high energy capacity
and long cycle life are in great demand for applications such
as portable devices and electric vehicles [1–3]. Silicon has
the highest known theoretical charge capacity, more than ten
times higher than the existing graphite anodes [4]. However,
the huge volume changes (up to 400%) of silicon upon
charging/discharging cause its pulverization and capacity
fading, posing a significant challenge to use silicon as anodes
[4, 5]. Nanocomposites of silicon nanoparticles (Si NPs)
dispersed in between graphene layers are emerging as a
novel and promising solution to high-performance Si-based
anode materials [6, 7]. Nanoscale silicon materials (e.g.,
nanoparticles and nanowires) have been shown to be able
to sustain much larger volume change without pulverization
than their bulk counterpart [6, 8]. The graphene layers of
high mechanical flexibility and large surface area serve as a
percolating scaffold network to help accommodate the vol-
ume change of the Si NPs during charging/discharging and
ensure facile electron transport. A key design requirement of
such nanocomposite anode materials is to keep the Si NPs
evenly dispersed in between the graphene layers [6, 9]. Given
their huge surface area over volume ratio, Si NPs that are
too close to each other tend to bundle together to reduce
surface energy. The aggregations of the Si NPs become more
prone to pulverization than dispersed Si NPs. On the other

hand, the charging capacity of the nanocomposite anode
material scales with the total volume of the Si NPs that can
be dispersed in between the graphene layers. Therefore, the
optimal design of Si NP-graphene-based anode materials
hinges upon determining the maximum dispersion density
of the Si NPs in the graphene layers without Si NP
aggregation. Such a critical dispersion of the Si NPs in the
graphene layers remains elusive so far, as most experimental
studies in this regard are largely empirical [6, 7]. To address
such a crucial but large unexplored issue, in this paper
we conduct extensive molecular dynamics simulations to
determine a critical dispersion distance of the Si NPs as the
function of NP size, below which Si NPs in between two
graphene layers evolve to bundle together.

The dispersion of the Si NPs in between graphene layers
is governed by the energetic interplay between the graphene
layers and the Si NPs [10]. The typical size of the Si NPs
dispersed in between graphene layers is a few nanometers
in diameter, much larger than the equilibrium graphene-
graphene interlayer distance (∼0.34 nm). As a result, the
graphene layers are locally separated by the Si NPs and
assume corrugated morphology to wrap around the Si
NPs [6]. Such corrugated morphology of the graphene
layers results from the following energetic interplay. On the
one hand, the graphene-graphene interlayer interaction is
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Figure 1: The morphology of graphene with the intercalation of a single Si NP of various diameters, dNP. For visual clarity, the top panel
shows the top graphene layer, and the bottom one shows the Si NP and the bottom graphene layer (only the portion near the Si NP is shown).
Note the ridged morphology formation as dNP increases.

mainly van der Waals type. Therefore, the graphene layers
tend to assume their equilibrium distance to reduce the
interaction energy. On the other hand, the corrugation
of graphene layers due to Si NP intercalation causes the
bending and stretching of the graphene, and thus leads to
an increase of the graphene strain energy. The tighter the
graphene layers wrap around the Si NPs, the higher the
resulting graphene strain energy, and the lower the graphene-
graphene interaction energy. The equilibrium morphology
of the graphene-NP structure is dictated by minimizing
the total free energy of the structure, which includes two
dominant contributions, that is, the graphene strain energy
and the graphene-graphene interaction energy. Given the
large in-plane dimension of the graphene (on the order
of microns or higher), the weak interaction between the
graphene and Si NPs (also van der Waals type) is of
secondary significance in the total free energy. So is the strain
energy of the Si NPs, which is negligible due to the weak
graphene-Si interaction and out-of-plane flexibility of the
graphene.

We first conduct molecular dynamics (MD) simulations
to determine the equilibrium morphology of the graphene
layers with a single Si NP intercalated in between, which
corresponds to the limiting case when the Si NPs are
widely dispersed in between graphene layers, thus the
interaction among Si NPs is negligible. In consideration
of the computational cost, we model a graphene bilayer
with a Si NP intercalated in between, corresponding to
the two closest neighbor graphene layers that wrap around
the Si NP in a real material. Such a simplified model can
capture the dominant energetic interplay, given that the
graphene-graphene interlayer interaction decays quickly as
their distance increases, and thus the contribution from the
next neighbor graphene layers to the interaction energy is of
secondary significance.

In the MD simulations, each graphene layer has a size of
50 nm by 70 nm. Single-crystal Si NPs of various diameters
(i.e., 2∼6 nm) are used to study the effect of NP size on the
corrugated graphene morphology. The carbon–carbon (C–
C) covalent bonds in the graphene are described by the adap-
tive intermolecular reactive bond order (AIREBO) poten-
tial [11]. The nonbonded graphene-graphene interlayer
interaction and the graphene-Si interaction are described

by two Lennard-Jones pair potentials [12], VC−C(r) =
4εC−C(σ12

C−C/r
12−σ12

C−C/r
6) and VC−Si(r) = 4εC−Si(σ12

C−Si/r
12−

σ12
C−Si/r

6), respectively, where εC−C = 0.00284 eV, σC−C =
0.34 nm, εC−Si = 0.00213 eV, and σC−Si = 0.15 nm. To
reduce the computation cost, the Si NP is assumed to be
rigid (i.e., whose bonding energy remains as a constant). In
each MD simulation case, the graphene bilayer, with free
boundary conditions for both layers, is prescribed with an
initial morphology that, near the Si NP, it bulges out into
a conical dome in each layer to house the Si NP inside and
far away from the Si NP, it remains flat with an interlayer
distance of 0.6 nm. The Si NP is first fixed, and the graphene
bilayer is equilibrated for 30 ps to minimize the dependence
of the final results on the initial prescribed morphology, then
the Si NP is set free to evolve with the graphene bilayer
until an equilibrium is reached. The MD simulations are
carried out using LAMMPS with Canonical Ensemble at
temperature 300 K and with time step 1 fs.

Figure 1 shows the simulated morphology of graphene
with a single Si NP intercalated in between of various
diameters, dNP = 2 nm, 3 nm, 4 nm, 5 nm, and 6 nm,
respectively. For visual clarity, the top panel in Figure 1
shows the top graphene layer and the bottom one shows
the Si nanoparticle and the bottom graphene layer. If the
Si NP is small (e.g., dNP = 2 nm), each graphene layer
bulges out into a dome to wrap around the Si NP. As the
size of the Si NP increases, the graphene layers start to
form ridged morphology to wrap around the Si NP. The
locations of such ridges are approximately complementary in
the top and bottom graphene layers. The formation of ridged
morphology in the graphene bilayer can be understood as
follows. As the size of the Si NP increases, forming a smooth
conical dome in each graphene layer to wrap around the
Si NP requires accommodating the out-of-plane deflection
of the graphene bilayer through the in-plane stretching in
radial direction and compressing in hoop direction of the
graphene bilayer. Such in-plane deformation of the graphene
is energetically unfavorable, given graphene’s ultrahigh in-
plane stiffness. By contrast, given the much amenable out-
of-plane flexibility of graphene, accommodating the out-of-
plane deflection of the graphene bilayer by bending each
graphene layer to form ridges corresponds to a lower total
free energy state, thus is more favorable.
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Figure 2: (a)–(e) the morphologic evolution of the Si NP-graphene system over simulation time. For visual clarity, only the bottom graphene
layer and the Si NPs are shown. When the distance between the two Si NPs is sufficiently large (here dNP = 5 nm, and S = 37 nm), the two Si
NPs remain dispersed and are wrapped individually by the graphene bilayer. The corrugated graphene morphology near each Si NP is similar
to that shown in Figure 1. (f)–(j) when the distance between the two Si NPs is below a critical value (here dNP = 5 nm, and S = 25 nm), the
two Si NPs evolve to come closer and eventually bundle together. (Supplemental materials: two videos showing the morphologic evolution
of the Si NP-graphene system corresponding to (a)–(e) and (f)–(j) are available at http://ter.ps/dispersed and http://ter.ps/bundled, resp.,
available online at doi: 10.1155/2012/375289).

We next consider how the structural morphology of the
Si NP-graphene nanocomposites evolves as the dispersion
distance between the Si NPs varies. To capture the dominant
underlying physics of such a morphologic evolution within
reasonable computation cost, we model a graphene bilayer
with two neighboring Si NPs intercalated in between.
Similar materials parameters and numerical strategy as those
described above are used in the MD simulations. For a given
Si NP size, MD simulations are conducted over a range
of Si NP dispersion distance. Two modes of morphologic
evolution emerge from the simulations, as illustrated in
Figure 2. If the dispersion distance between Si NPs, denoted
by S, is sufficiently large (e.g., S = 37 nm for dNP = 5 nm), the
graphene bilayer in between two neighboring Si NPs is first
corrugated to form a long tunnel (Figure 2(b)). The tunnel
formation, however, results in increased strain energy in the
graphene, therefore is energetically unfavorable. As a result,
the long tunnel in the graphene bilayer evolves to disappear,
preventing the two Si NPs to migrate toward each other
(Figures 2(c) and 2(d)). At equilibrium, the Si NPs remain
dispersed and are individually wrapped by the graphene
(Figure 2(e)). The corrugated morphology of the graphene
near each Si NP is similar to that depicted in Figure 1. If
the dispersion distance between the Si NPs is small (e.g., S
= 25 nm for dNP = 5 nm), the corrugated graphene bilayer
between the two neighboring Si NPs can form a short tunnel,
which facilitates the migration of the two Si NPs toward each
other. As the two Si NPs evolve to come closer, the length
of the tunnel becomes shorter (e.g., Figures 2(h) and 2(i)),
resulting in a decrease of the strain energy of the graphene,
which is thus energetically favorable. Eventually, the two Si
NPs evolve to form a bundle, which is wrapped together by
the graphene bilayer (Figure 2(j)).
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Figure 3: A phase diagram of the morphologic evolution of the Si
NP-graphene system in the space of NP distance and diameter. “+”
denote the MD simulation cases in which Si NPs remain dispersed
and “×” denote those in which Si NPs evolve to bundle together.
A critical dispersion distance of the Si NPs, Scr, can be determined,
which has an approximately linear dependence on dNP.

Also emerging from extensive MD simulations is a
critical dispersion distance of Si NPs, Scr, above which the
Si NPs remain dispersed and below which the Si NPs evolve
to bundle together. Figure 3 plots Scr as a function of the
diameter of the Si NP, dNP. There is an approximately
linear dependence of Scr on dNP, that is, Scr ≈ 10dNP − 16.8.
Results in Figure 3 can serve as guidance for the material
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and structural design of Si NP-graphene nanocomposites as
anode materials for lithium-ion batteries. For example, for
a given design criteria of charging capacity, the maximum
volume expansion of the Si NPs upon lithiation can be
estimated. The corresponding enlarged size of the Si NPs,
instead of the size of pristine Si NPs, should be used
to determine a critical dispersion distance to prevent the
aggregation of the Si NPs.

In summary, we conduct extensive MD simulations to
investigate the morphologic evolution of Si NPs intercalated
in between graphene layers, from which a critical dispersion
distance of the Si NPs can be determined below which
neighboring Si NPs evolve to form a bundle. A roughly
linear dependence of the critical distance of the Si NPs on
its size is revealed. The ridged morphology of graphene has
been observed in recent experiments of substrate-supported
graphene with NPs intercalated between the graphene and
the substrate [13]. It is further shown that tunneling ridges
form between NPs below a critical dispersion distance of the
NPs, though the rigid substrate to some extent inhibits the
neighboring NPs evolving to bundle together. In our MD
simulations, we consider the interaction between two closest
neighbor NPs of same size intercalated between graphene
layers. In real materials, the variation of the NP sizes and
the randomness of the NP distribution render more complex
morphologic features that pose significant challenge to be
characterized solely by modeling. Nonetheless, results from
the present study captures the dominant underlying ener-
getics of NP intercalated in between graphene layers. Fur-
thermore, since the graphene-NP interaction is of secondary
importance in determining the corrugated graphene mor-
phology, results from the present study are generally applica-
ble to graphene layers with other anode materials in NP form
(e.g., SnO2 and TiO2) intercalated in between [14–16]. While
the mechanistic understanding and quantitative determina-
tion of the critical dispersion distance of Si NPs intercalated
between graphene layers shed crucial light on optimizing
the design of Si NP-graphene nanocomposites as the high-
performance anode materials in lithium-ion batteries, sys-
tematic experimental explorations are desirable to validate
and further leverage the full potential of the present study.
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Surface modification is a good way to improve the surface activity and interfacial strength of multiwalled carbon nanotubes
(MWCNTs) when used as fillers in the polymer composites. Among the reported methods for nanotube modification, mixed acid
oxidation and plasma treatment is often used by introducing polar groups to the sidewall of MWCNT successfully. The purpose of
this study is to evaluate the effect of different surface modification of MWCNT on the mechanical property and electrical conducti-
vity of Fluoro-elastomer (FE)/MWCNT nanocomposites. MWCNTs were surface modified by mixed oxidation and CF4 plasma
treatment and then used to reinforce the fluoro elastomer (FE, a copolymer of trifluorochloroethylene and polyvinylidene fluo-
ride). FE/MWCNT composite films were prepared from mixture solutions of ethylacetate and butylacetate, using untreated CNTs
(UCNTs), acid-modified CNTs (ACNTs), and CF4 plasma-modified CNT (FCNTs). In each case, MWCNT content was 0.01 wt%,
0.05 wt%, 0.1 wt%, and 0.2 wt% with respect to the polymer. Morphology and mechanical properties were characterized by using
scanning electron microscopy (SEM), Raman spectroscopy, as well as dynamic mechanical tests. The SEM results indicated that dis-
persion of ACNTs and especially FCNTs in FE was better than that of UCNTs. DMA indicated mechanical properties of FCNT com-
posites were improved over ACNT and UCNT filled FE. The resulting electrical properties of the composites ranged from dielectric
behavior to bulk conductivities of 10−2 Sm−1 and were found to depend strongly on the surface modification methods of MWCNTs.

1. Introduction

CNT/polymer nanocomposites hold the promise of deliver-
ing exceptional mechanical properties and multifunctional
characteristics [1, 2], however, the scope of CNT applica-
tions in practical devices has been largely hampered by their
poor dispersibility in polymer resin and weak interfacial
bonding with polymer matrix. Ineffective interfacial bonding
and sliding of individual nanotubes within the ropes inhibit
load transfer from the matrix to the fillers in the composite,
making the amount of mechanical reinforcement unachiev-
able in polymer composites [3–6]. Therefore, surface modifi-
cation of carbon nanotubes is a useful approach to improve
their surface activity and processibility. Moreover, modifica-
tion introduces suitable covalent bonds on the sidewalls of
CNTs, by which the chemical bondings in the interface

between the CNT and the polymer matrix can be obtained
[7–9].

Reported methods for nanotubes modification include
chemical and physical treatments [10–14]. Among these
methods, mixed acid oxidation and the RF-plasma treatment
is often used because both of them can successfully graft
polar groups on CNTs [15–20]. For mixed acid oxidation,
hydroxyl and carbonyl groups are reported to be grafted on
the sidewalls of CNTs. On the other hand, many scientists
have reported that the surface of CNTs film can be fluorinat-
ed after exposure to CF4 plasma. The relative amount of fun-
ctional groups could be controlled by parameter adjustment
during CF4 plasma treatment. Besides semi-ionic/covalent
bonding on the surface [21], polymerization of a fluoropoly-
mer around the CNT surface could be also obtained, depend-
ing on the reaction conditions. Our previous work [22, 23]
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has provided a new way for the homogeneous fluorination
of MWCNT powder by using homemade plasma equipment.

As we all know, fluoro-elastomer is quite difficult to be
reinforced due to its bad compatibility with the filler and
high spatial shielding effect. The fluoro-elastomer we used in
the research is a copolymer of trifluorochloroethylene and
polyvinylidene fluoride with the volume ratio 1 : 1, which is
one of the important materials employed in the aerospace
and automotive industries. However, its application is lim-
ited by the relatively lower strength. In order to achieve opti-
mal enhancement in the mechanical properties of FE/CNTs
nanocomposites, two key issues should be considered:
homogeneous dispersion of CNTs in the fluoro-elastomer
and strong interfacial bonding between CNT and FE matrix
[24]. In order to accomplish these two tasks, surface modifi-
cation of CNTs is an effective way. But how to select suitable
surface modification method is still a challenge for polymer
scientists. In this paper, we report on our attempts to under-
stand the relationship between the surface modification of
carbon nanotubes and the resulting mechanical property and
the electrical conductivity of the nanocomposites. FE/CNTs
nanocomposites were fabricated by wet-casting with differ-
ent kinds of carbon nanotubes including untreated, acid
treated, and CF4 plasma treated. It is shown that fluorinated
carbon nanotubes can affect the dispersion in FE rubber and
also lead to enhancement behavior on mechanical properties
of FE/CNTs composites. In addition, the specific bulk con-
ductivity of the materials was analyzed by DC impedance
spectroscopy, and the results showed that the final electrical
network depended on the surface modification of CNTs and
its weight volume in the matrix. CNTs treated by mixed acid
can improve the electrical conductivity of FE/ACNTs with
lower percolation threshold. The FE/CNTs composites with
improved strength and electrical conductivity are expected to
be applied in the fields of automotive and aerospace industry.

2. Experiment

2.1. Samples and Its Modification

2.1.1. Samples. MWCNTs prepared by chemical vapor depo-
sition (CVD) were purchased from the Organic Chemical
Limited Company, Chengdu, China. The lengths were about
50 μm, and the outer diameters ranged from 60 to 80 nm.
Fluoro-elastomer is the copolymer of trifluorocholorethy-
lene and polyvinylidene fluoride with the malor ratio 1 : 1,
which was purchased from the Chenguang Company, Zig-
ong, China.

2.1.2. Mixed Acid Treatment. A raw-MWCNTs sample (4.0 g)
was mixed with the concentrated H2SO4 (98%) and HNO3

(65%) mixed solution (3 : 1 by volume) for 24 h at room
temperature with stirring. Finally, the solution was filtered
through a cellulose nitrate filter (pore size ∼0.2 mm) and
dried at 60◦C in a vacuum oven for 24 h. The as-prepared
MWCNTs (2.5∼3.0 g) with a yield of approximately 60∼70%
were obtained.

2.1.3. Plasma Treatment. Before being modified by CF4

plasma, the as-received MWCNT was cleaned by a classical
wet method using nitric acid in order to remove the metal
catalysts. The inductive coupled plasma was generated in the
radio frequency plasma modification equipment (RF-600,
Southwest Academy of Nuclear Physics) with a rotating bar-
rel fixed between the two discharge electrodes. A controlled
flow of CF4 gas was introduced into the chamber. The reflec-
tive frequency was 13.56 MHz. The diameter of radio-freq-
uency plate electrode was approximately 350 mm, and the
spacing of the electrode and samples was 150 mm. The CF4

plasma treatment conditions for MWCNT powder were as
follows: gas flow rate of 80 sccm, operating pressure of 10 Pa,
a bias of 200 V, power of 300 W, process duration of 10 min-
utes, and the average temperature of samples at about 100◦C
during the CF4 plasma treatment. Details were presented in
the previous papers [22, 23]. The untreated, acid-treated, and
plasma-treated carbon nanotubes were abbreviated as CNTs,
ACNTs, and FCNTs. And the scheme of modification and
mixing in FE is shown in Figure 1.

2.2. Preparation of the FE/CNT Composites. The fabrication
of FE/MWCNTs composites is based on a convenient solu-
tion process. In brief, FE was first dissolved in the mixture of
ethyl acetate and butyl acetate for 2 days till the uniform solu-
tion formed. The exact amount of MWCNTs was dissolved in
ethyl acetate with continuous ultrasonication for 30 minutes.
Then the FE solution was added to the MWCNT solution to
obtain a MWCNT-to-polymer weight ratio of 0.05–0.2 wt.%
while stirring continually. The solution was then sonicated
for 5 min using a high-power sonic tip (200 W) followed by
a mild sonication for 2 h in a sonic bath. After careful mixing
of FE solution with carbon nanotubes followed by subse-
quently casting and controlled solvent evaporation, free-
standing FE/MWCNTs composite films were obtained by
peeling off from Teflon disks. For the control sample, pure FE
films were obtained under the same fabrication processing.

2.3. Characterization

2.3.1. X-Ray Photoelectron Spectroscopy (XPS). In order to
determine the surface chemical changes during the treat-
ments, XPS measurements were used with a hemispherical
electron energy analyzer (ESCALAB250, England). A mono-
chromatized Al Kα line (hv = 1486.6 eV) was used as the
photon source, and the photoelectrons were collected at an
angle of 55◦ relative to the sample surface normal. The energy
resolution of system was 0.9 eV. In the spectrum analysis, the
background signal was subtracted by Shirley’s method. The
samples were prepared by attaching carbon nanotube pow-
ders to a scotch conductive tape in a form of thin film, in
order to avoid dispersion during the pumping. The software
Avantage 2.52 was used for peak fitting and quantitative anal
ysis.

2.3.2. Zeta-Potential Measurement. Zeta-potential of differ-
ent kinds of CNTs was measured by Malvem nanoparticles
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Figure 1: Scheme of surface modification and mixing: (a) CF4 plasma modification of MWCNT; (b) suggested hydrogen bonding of FE with
FCNT.

analyzer. CNTs were dispersed in distilled water at the same
percent (0.1%) and vibrated for 10 minutes.

2.3.3. Scanning Electron Microscopy (SEM). Samples were
fractured in liquid nitrogen, and the fracture surface was ob-
served under an acceleration voltage of 20 kV with a JEOL
JSM-5900LV for SEM experiment.

2.3.4. Micro-Raman Spectroscopy. Micro-Raman spectra
were recorded on a Renishaw system 2000 micro-Raman
spectrometer with Ar (514 nm wavelength) as excitation
source. The incident light was introduced to the sample
through a 50X objective as a spot less than 2 μm in diameter
with the power no more than 1 mW. Three different spots
were measured and overlapped.

2.3.5. Mechanical Property. The investigation of the thermo-
mechanical behavior was performed by dynamic-mechanical
thermal analysis, DMA, using TA RSA3 8500-0001 system.
For the measurements, rectangular specimens of 50 mm
length, 5 mm width, and 2 mm thickness were prepared. The
tests were performed in tensile mode at a frequency of 10 Hz
with a static strain of 0.6% and a dynamic strain of 0.1%, in a
temperature range between −20◦C and 70◦C with a heating
rate of 2◦C/min.

2.3.6. Electrical Conductivity. DC conductivity was measured
with a Keithley 6514 Digital Electrostatic Charge Meter in
a four-probe setup at room temperature and reported as an
average of three readings (see Table 1). The whole measure-
ments were operated under high vacuum conditions in pre-
venting environmental influence.
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Table 1: Experimental values of the conductivity for FE/CNT nanocomposites.

Sample Film thickness, μm Resistivity, Ω ·m Conductivity, S/m

FE/CNT0.01 102.0 — —

FE/CNT0.05 13.1 1.13× 108 8.8× 10−9

FE/CNT0.1 73.0 1.27× 107 8.1× 10−8

FE/CNT0.2 69.6 4.03× 102 2.5× 10−3

FE/ACNT0.01 82.7 3.58× 109 2.8× 10−10

FE/ACNT0.05 44.0 4.18× 103 2.4× 10−4

FE/ACNT0.1 30.0 7.96× 102 1.2× 10−3

FE/ACNT0.2 56.3 26.9 3.7× 10−2

FE/FCNT0.01 54.0 4.47× 109 2.2× 10−10

FE/FCNT0.05 100.0 4.66× 108 2.1× 10−9

FE/FCNT0.1 210.0 33.8 2.9× 10−4

FE/FCNT0.2 180.0 28.3 3.5× 10−3

3. Results and Discussion

First, the effects of surface modification on the chemical
states and morphology of the MWCNTs were estimated. XPS
C1s spectrum of untreated MWCNTs has three chemical
states, as shown in Figure 2. The main peak (1) at 283.8 eV
corresponds to the sp2 carbon atoms of original carbon
nanotube, similar to the graphite; (2) 284.7 eV matches with
the sp3 carbon atoms indicates the amorphous carbon layer
at the surface of CNTs; (3) 289.0 eV is attributed to the oxy-
gen-carbon from air contamination [17, 18]. This is consis-
tent with the fact that nonpurified nanotube powder also
contains amorphous carbon and that defects exist at the
surface of the nanotubes [5, 14]. After being modified by
mixed acid, the CNT main structure survived the irradiation
as the chemical state of sp2 carbon at 283.9 eV remains the
same. In addition, a new peak at 286.4 eV appears and is attri-
buted to oxidation carbon of C=O. After being modified by
CF4 plasma, more new peaks appear with higher binding
energy and are attributed to fluorinated species: C–C, C–CF,
C–O, C–O–F, and C–F, which indicates that CF4 plasma can
induce grafting of CFx or depositing of a layer of fluorine
polymer onto MWCNTs successfully. For a further compari-
son of different kind of MWCNTs, the SEM is used to observe
the morphologies of the carbon nanotube shown in Figure 2
accordingly. The tubes of untreated MWCNTs can be clearly
seen, where the amorphous carbon layer is deposited on the
surface of CNTs, connecting with each other. No more dis-
ordered and amorphous carbon is seen on the surface after
mixed acid oxidation. The diameter of the ACNT becomes
smaller and the tubes can be more clearly seen. After CF4

plasma treatment, the tubes of MWCNT expand again and
the surface becomes rough. A layer of white substrate coated
on the surface of MWCNT powder is observed, suggesting
a possible formation of fluoropolymer on the MWCNT sur-
face.

In general, the stability of colloidal particles in solution is
important for casting process and is greatly affected by their
surface charge density. The electrostatic potential of charged
particles dispersed in a liquid medium is governed mainly

by surface functionality, especially by its ionization ability to
produce a charged surface, and the preferential absorption of
ions of one charge sign from the solution [25]. Therefore, the
zeta potentials of CNTs, ACNTs, and FCNTs were measured
to understand the effects of surface charge on the dispersion.
As we all know, the higher the absolute value of the zeta
potential, the more opposite ions will occur in the diffusion
layer and the more stable the suspension will be, which in-
dicate the better dispersion of particles in the solvent. Mean-
while, the poorest quality dispersions occur when the magni-
tude of the zeta potential of particles is near zero. The lowest
value is for UCNTs (4.62 V), next the ACNTs (−11.9 V), and
the FCNTs have the highest value (−20.2 V). Obviously,
FCNTs exhibit negative shift of zeta potentials compared to
the CNTs and ACNTs. And also the negative shift can be
attributed to the negative surface charges of FCNTs in the sol-
ution. Although the values were measured in the distilled
water, the results indicated that the surface charge density of
CNTs was changed by surface modification. CNTs with C–F
groups grafted may reduce the agglomeration effectively by
the addition of electron-attracted groups. Therefore, the ad-
dition of C–F groups can improve the stability and dispersion
of CNTs in the medium, comparing with the pristine CNTs
and acid-treated CNTs.

Direct observations of the improved dispersion after add-
ing FCNT are shown in Figure 3, which shows SEM images
of the fracture surface of the FE/MWCNT film with MWCNT
loading of 0.2 wt%. CNTs without surface modification
cannot be dispersed well in the rubber matrix, and most of
them are clumped together in aggregates. The dispersion
property of ACNT in the FE matrix is a little improved com-
pared with the pristine MWCNT; there are more individual
nanotubes scattered in the matrix, while only some of them
are clumped together in aggregates in a smaller size. The
addition of fluorine functional groups to the CNTs signifi-
cantly improves the dispersion of the nanotubes in the elasto-
meric matrix. The different dispersion for three kinds of car-
bon nanotubes is well consistent with the results of zeta
potentials. It is estimated that the addition of containing
fluorinated functional group to CNTs surface can effectively
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Figure 2: XPS C1s spectra: (a) pristine; (b) acid-oxidation-treated MWCNTs; (c) CF4 plasma-treated MWCNTs. Also shown are the corres-
ponding SEM micrographs.
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Figure 3: SEM photographs of nanocomposite fracture surfaces
showing the dispersion state of MWCNT. (a) 0.2 wt% UCNT. (b)
0.2 wt% ACNT. (c) 0.2 wt% FCNT.

eliminate the Van der Waals force of carbon nanotubes due
to the exclusive force of F–F bond, finally resulting in the
improved dispersion of CNTs in the solvent and in the FE
matrix. Noticeably, seen from Figure 3, the FCNTs are not
pulled out from the matrix when samples were prepared for
SEM observation, indicating strong interfacial adhesions bet-
ween FCNT and polymer matrix. The strong interfacial
interactions may originate from the better compatibility bet-
ween fillers and polymer matrix. On the other hand, the
hydrogen bonding between FCNT and FE may also contri-
bute to the improved interfacial interaction.

For a further study on the interaction between CNTs and
polymer matrix, Raman was used to detect the interaction
between CNTs and the FE matrix. From Figure 4, all spectra
clearly display peaks at 1352 cm−1 (D line), 1596 cm−1
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Figure 4: Raman spectra for MWCNT under different treatment.

(G line), and 2650 cm−1 (G′ line). The D line indicates dis-
ordered or amorphous carbons, while the G line indi-
cates graphite or ordered carbons in the MWCNTs, and the
G′ line indicates a second harmonic of the D line [16]. Eval-
uating the D/G intensity ratio in this Raman spectra, which
is frequently used to assess the degree of crystallinity in
carbon samples, we can find that a higher ratio exists in the
treated MWCNT compared with that of pristine MWCNTs,
indicating more defects in the crystal structure (sp3 carbons
as a result of the formation of carboxyl and hydroxyl groups).
Among all kinds of CNT, the FCNT has the highest D/G
intensity ratio (0.86), next is the ACNT (0.73), and last is
the CNT (0.56). The results indicate that the addition of
fluorine to the nanotube sidewalls reduces the intensity of
the sp2 C=C stretching mode and increases the intensity
of the sp3C–C stretching mode. This change is indicative
of covalent modification as it reveals sp3 hybridization or
disorder within the nanotube framework. Thus the increase
in the relative intensity of the D-band can be attributed
to an increased number of sp3-hybridizated carbons in the
nanotube framework and can be taken as a crude measure of
the degree of modification. After mixing and casting process,
some of the fluorine is removed from the nanotubes, as
evidenced by the return of the sp2 peak at 1596 cm−1 seen
in Figure 5. The D/G intensity ratio of FE/FCNT decreased
comparing with FE/ACNT and FE/MWCNT composites,
which indicates the chemical bonding formed between the
FCNT and FE.

The DMA properties were measured for neat FE and
nanocomposite films, as shown in Figures 6, 7, and 8. The
storage modulus of FE/CNTs is enhanced on increasing the
content of CNTs to 0.1 wt%, while a decrease in modulus
is observed on further increasing the UCNTs and ACNTs
content to 0.2 wt%. The decrease of storage modulus for
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the nanocomposites with 0.2 wt% content of UCNTs and
0.2 wt% ACNTs may be due to the agglomeration in the poly-
mer matrix. On the contrary, the storage modulus for FE/
FCNTs shows a gradual increase of the FCNTs loadings. Even
when the loadings of FCNTs increased to 0.2 wt%, the mod-
ulus has reached up to maximum as a result of homogeneous
dispersion of FCNTs and good interaction between FCNTs
and the matrix. Thus the energy dissipation from the matrix
to carbon nanotubes due to the strong interaction which is
from the compatibility and hydrogen bonding as described
above can be achieved, resulting in the increase of storage
modulus.

Figure 9 shows the relationship between the conductivity
and the weight fraction of MWCNTs with different surface
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Figure 7: The storage modulus as a function of temperature for the
FE/ACNT with different ACNT loadings.
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Figure 8: The storage modulus as a function of temperature for the
FE/FCNT with different FCNT loadings.

modification in the composites. It is obvious that the con-
ductivity of the nanocomposites increases rapidly with in-
creasing MWCNT weight percentage. The electrical proper-
ties of the composites ranged from dielectric behavior to bulk
conductivities of 10−2 Sm−1. The increase in σ as a function
of the MWCNT mass fraction is usually due to the intro-
duction of conducting CNT paths to the polymer, indicative
of percolative behavior. Moreover, it was found that the elec-
trical property was dependent strongly on the surface modifi-
cation methods of MWCNTs. Apparently, the conductivity is
the highest for ACNT comparing with FCNT and CNT at
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FE composites.

the same weight loading [26]. It is reported that percolation
threshold depended on the shape and aspect ratio of fillers.
From SEM micrographs (Figure 2), we can find that CNTs
after being acid treated exhibits smooth surface compared
with UCNT and FCNT by removing amorphous carbon
effectively, which increases the aspect ratio at a given weight
percent as well. Therefore, electrical percolation threshold for
FE/ACNT is the lowest compared with that of FE/CNT and
FE/FCNT. On the other hand, there maybe exists a deposited
fluoro polymer layer on the surface of CNT after being CF4

plasma treated, which reduces the electrical conductivity
of CNT in the composites. But the conductivity is still
higher than that of UCNT, which might be attributed to the
improved dispersion state of FCNT in the polymer, and thus
reduces percolation threshold of the composite system.

4. Conclusions

Carbon nanotubes modified by CF4 plasma can reinforce the
fluoro elastomer matrix to yield the highest increase in mod-
ulus due to better dispersion and enhanced chemical com-
patibility by introducing electron-rich fluorine atoms. How-
ever, for electrical properties, carbon nanotubes modified by
mixed acid are predominant in the polymer matrix by re-
moving the amorphous carbon effectively, which results in
lower percolation threshold and higher conductivity. This
difference in the mechanical and electrical properties would
be understood in selecting suitable surface modification.
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Carbon nanotubes (CNTs) have excellent mechanical, chemical, and electronic properties, but realizing these excellences in
practical applications needs to assemble individual CNTs into larger-scale products. Recently, CNT fibers demonstrate the potential
of retaining CNT’s superior properties at macroscale level. High-performance CNT fibers have been widely obtained by several
fabrication approaches. Here in this paper, we review several key spinning techniques including surfactant-based coagulation
spinning, liquid-crystal-based solution spinning, spinning from vertical-aligned CNT arrays, and spinning from CNT aerogel.
The method, principle, limitations, and recent progress of each technique have been addressed, and the fiber properties and their
dependences on spinning parameters are also discussed.

1. Introduction

Carbon nanotubes (CNTs) are the stiffest (Yong’s modulus)
and strongest (yield strength) materials are yet measured.
Their tensile strength is about 11–63 GPa for individual
multiwalled CNTs (MWNTs) and 13–52 GPa for individual
single-walled CNTs (SWNTs) [1–3]. They are also good
conductors for electricity and heat [4–8]. These extraordi-
nary properties make them attractive for advanced applica-
tions. In order to fully utilize their superior properties at
practical scale, CNTs need to be prepared into larger size
assemblies, such as microscale CNT fibers. Recent progresses
[9–12] in neat CNT fibers demonstrate the possibility of
retaining CNT’s excellent properties at larger-scale and
more practicable level. The CNT fibers have been reported
to have tensile strength of 1∼3 GPa, Young’s modulus of
100∼260 GPa, toughness of 100∼900 J·g−1, and density of
0.2 g·cm−3 [9]. These progresses motivate further study
of lightweight and high-strength composites for possible
structural applications.

Numerous methods have been developed to assemble
such fibers [13]. Generally, these techniques could be divided
into two groups: solution-spinning methods [14–18] and
solid-spinning techniques. In solution-based spinning, CNTs
need to be dispersed into a liquid first, and then spun into
fibers, by a process similar to that used for polymeric fibers.

In solid-spinning processes, CNT fibers could be spun from
vertically aligned CNT arrays [19, 20], cotton-like CNT mats
[21, 22], or from an aerogel of CNTs formed in chemical
vapor deposition (CVD) reaction zone [23, 24]. The perfor-
mances of CNT fibers are strongly dependent on processing
methods and the detail process parameters. Here in this
paper, we will review several key spinning techniques and
their recent progress.

2. Solution-Based Spinning

CNT fibers could be produced by using “solution-spinning”
method, just like most synthetic fibers created from a con-
centrated viscous liquid. These processes consist of dispers-
ing the CNTs in solution and then recondensing them in a
stream of another solution, which serves as the coagulant.
The first critical challenge in development of this method is
the difficulty of processing CNTs in liquid state. CNTs are
inert in pristine state and tend to bundle together due to
the strong van der Waals interactions, making them difficult
to disperse uniformly in aqueous or any organic solvents.
Some methods have been utilized to overcome this problem
through oxidation and grafting with different functionalities
[25–29], but these methods normally destroy CNT’s intrinsic
structures and properties. Thus, they are not favored for fiber
spinning. Shaffer and Windle [30] have previously suggested
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that CNTs can be viewed as analogous to high-aspect ratio
and rigid-rod polymers. According to this analog, CNTs are
supposed to be applicable to two types of solution-based
spinning methods: coagulation spinning and liquid-crystal
solution spinning.

2.1. Surfactant-Based Coagulation Spinning. Generally, the
principle of the “coagulation spinning” used for synthetic
fiber processing could be depicted as when a polymer
solution is extruded through a thin capillary tube and
injected into a bath that contains a second liquid in which
the solvent is soluble but the polymer is not, the polymer
will condense and form a fiber due to the phase separation.
Employing this “coagulation spinning” method for CNT
fiber fabrication, the CNTs need to be dispersed into a
liquid solution at an almost molecule level so that they
could be manipulated and aligned well. Surfactants are
widely utilized for this purpose because of their ability to
absorb/wrap at the surface of individual CNTs and prevent
them from rebundling. This spinning approach was initially
adopted by Vigolo et al. [14]. In their fabrication process,
as shown schematically in Figure 1, arc-discharge-produced
SWNTs were firstly dispersed in an aqueous solution by
using sodium dodecyl sulfate (SDS) as surfactant, then
injected into a rotating bath of aqueous polyvinyl alcohol
(PVA) solution, which serves as the coagulant. During this
process, PVA displaced the surfactant, causing CNTs collapse
and forming ribbon-like elastomeric gel-fibers. These fragile
fibers were pulled from the coagulation bath at a rate of about
0.01 m·min−1 in order to form solid fibers. Such fibers were
washed by immersing in successive water container in order
to remove excess PVA and surfactant residues and then were
dried by pulling them out of water bath.

It is found that one critical parameter to obtain a
good dispersion of CNTs is the amount of SDS. When
the concentration of SDS is too low, large and dense
clusters of the CNTs will still exist in solution even after
sonication, which means that the amount of surfactant
is too low to produce an efficient coating and induce
enough electrostatic repulsion that could counterbalance
van der Waals attractions. On the other hand, when the
concentration of SDS is too high, the osmotic pressure of
the excess micelles causes depletion-induced aggregation.
They found that an optically homogeneous solution could be
formed with 0.35 wt% CNTs and 1 wt% SDS for CNTs with
particular diameter and length. In addition, flow-induced
alignment could lead to a preferential orientation of the
CNTs in fibers [14, 31] and has a close relationship to relative
flow rate between injection solution and coagulant solution,
as shown in Figure 2. The coagulant must flow faster than the
gel-fiber in order to stretch the fiber along the axis direction
and promote alignment of CNTs in the fiber. This could be
accomplished by rotating the coagulant container.

This coagulation-based fiber spinning technique is excit-
ing because of its simplicity and ability to produce fibers
with very high CNT loadings (60 wt. %). The final CNT/PVA
composite fibers exhibited a tensile strength in the order
of 0.1 GPa and a Young’s modulus varying between 9 and
15 GPa. In contrast to most ordinary carbon fibers, CNT

Injection of 
SWNTs dispersion

Pumping out
PVA solution

PVA solution

NeedleSyringe pump

SWNTs ribbon

Rotating stage

Figure 1: Schematic of the experimental setup used to make
SWNT ribbons. The capillary tip was orientated so that the SWNT
injection was tangential to the circular trajectory of the polymer
solution [14].

fibers (shown in Figure 3) can be heavily bent and even
tightly tied without breaking.

The main challenges existing in this method include
dispersion of SWNTs at high concentrations, low processing
rate, and the poor fiber performance. In order to improve
the mechanical performance of as-spun CNT fibers, various
modified methods have been developed. By drying CNT
fibers under load, improved mechanical properties were
obtained with a tensile strength of 230 MPa and a Young’s
modulus of 45 GPa [32, 33]. By hot drawing the fibers,
Miaudet et al. [34] drew such PVA fibers at elevated
temperatures, and the fibers yield a strength of 1.8 GPa, a
modulus of 45 GPa, and a toughness of 55 J·g−1 at 11%
strain. Dalton et al. [35] further advanced the spinning
apparatus to spin fibers continuously by injecting CNT
dispersion into a cylinder with the coagulant flowing in the
same direction. They were able to spin a reel of CNT gel fibers
and then converted it into 100 meters solid CNT-composite
fibers, at a rate of more than 0.70 m·min−1. The final fibers
exhibit an increased mechanical performance with a tensile
strength of 1.8 GPa and a Young’s modulus of up to 80 GPa.
Coagulation spinning has also been done with solutions
other than PVA. For example, Lynam et al. [36] produced
CNT biofibers based on a wet-spinning process in which
biomolecules acted as both the dispersant and coagulant.
These fibers possessed strength of 0.17 GPa and modulus of
0.146 GPa.

Since the existence of the second component polymer
will add complicity of processing and this second compo-
nent is usually an insulator, which will compromise the
conductive property of as-spun fibers, pure CNT fibers are
favorable in some circumstances. Kozlov et al. [17] devel-
oped a polymer-free solution spinning method. Pure CNT
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Figure 2: (a) When the coagulation bath does not flow or flows slower than injecting rate, a net compressive force acts on the gel-like fiber,
compromising the alignment. (b) When the coagulant flows along the extruded fiber and faster than the injecting rate, a net stretching force
will be resulted to increase the alignment [14].

(a)

(b) (c)

Figure 3: (a) A dry ribbon deposited on a glass substrate. (The black arrow indicates the main axis of the ribbon, which corresponds to the
direction of the initial fluid velocity.) (b) A CNT fiber. (c) Knots reveal the high flexibility and resistance to torsion of the CNT microfibers.
Scale bars: 500 nm and 25 μm for (a) and (b) [14].

fibers can be produced from CNT/surfactant/water solu-
tions. However, the mechanical properties of the as-spun
fibers are not impressive, showing a specific strength of
65 MPa·g−1·cm−3, specific modulus of 12 GPa·g−1·cm−3,
and electrical conductivity of 140 S·cm−1.

2.2. Liquid Crystal-Based Solution Spinning. Spinning from
lyotropic liquid-crystalline solution of rigid-rod molecules

is another important method used for fiber production. As
shown in Figure 4, CNTs are similar to high-aspect ratio and
rigid-rod polymers and exhibit liquid crystallinity feature
[37, 38]. Ericson et al. [16] first successfully produced well-
aligned macroscopic fibers composed solely of SWNTs from
lyotropic solutions in super acids. Fuming sulfuric acid
charges SWNTs and promotes them to order into an aligned
phase with individual mobile CNTs surrounded by acid
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(b) (a)

Figure 4: Scanning electron microscopy (SEM) images of a dried MWNT film. (a) The director fields around a pair of disclinations of
topological strength +1/2 and −1/2 and (b) the region toward the edge of the film which is free of disclinations [37, 38].
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Figure 5: A model illustrating the swelling of SWNT ropes in sulfuric acid. (a) A cartoon of SWNTs in van der Waals contact within a neat
fiber. (b) The same SWNT fiber after reexposure to sulfuric acid [16].

anions. This ordered dispersion was then extruded into a
coagulant bath (either diethyl ether, 5% sulfuric acid, or
water) to form continuous macroscopic CNT fibers.

The possible mechanism, that high concentration CNTs
could be dispersed in superacid (100 + % sulfuric acid), is the
repulsive interaction between CNTs generated in superacids
due to the formation of charge-transfer complexes: individ-
ual positively charged CNTs surrounded by a finite number
of sulfuric acid anions. At very low concentration, such
charged tube-anion complexes behave as Brownian rods.
At higher concentration, as shown in Figure 5, the CNTs
coalesce and form ordered domains, behaving similarly to
nematic liquid crystalline.

The CNT fibers spun by such a process have inter-
esting structural and physical properties, including high
orientation, good electrical, and thermal conductivities, and
reasonable mechanical properties. The alignment of CNTs
within these fibers is within ±15.5◦. The strength is 116 ±
10 MPa, and the Young’s modulus approaches to 120 ±
10 GPa. However, some protonation of the material occurs

because of prolonged contact with the sulfuric acid. The
CNT/acid system is very sensitive to water; the introduction
of even minimal moisture causes phase separation and
precipitation of discrete needle-like crystal solvates. And
superacid route is also found not effective for MWNTs. To
address the last problem, Zhang et al. [39] developed a
new coagulation process, by which they spun MWNTs from
a liquid-crystalline ethylene glycol dispersion. The MWNT
fibers have a Young’s modulus of 69 ± 41 GPa and a yield
strain of 0.3%. Fracture occurs typically at strains below 3%
and stresses of 0.15 ± 0.06 GPa.

3. Solid Spinning

3.1. Spinning Fibers from Vertical-Aligned CNT Arrays. In or-
der to eliminate the dispersion problem existing in solution-
based spinning methods, spinning CNT fibers directly from
as-grown CNT materials seems to be a more convenient way.
A breakthrough was made by Jiang et al. [19] in 2002 by sim-
ply drawing a neat CNT yarn from a vertically superaligned
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Figure 6: SEM images showing the structures formed during the draw-twist process [20].
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Figure 7: (a) As-spun and posttwisted small-diameter CNT fibers spun form a 650 μm array. (b) A comparison of fiber strengths at different
array heights. The black line shows that the strength of CNT fibers increases with the array height, and marks shows the strength dependence
on array morphology (the dot represents the data from oxygen-assisted growth that shows poor CNT alignment, the square represents the
data from the normal growth, and the triangle represents the data from the hydrogen-assisted growth that shows good CNT alignment)
[10, 12].

CNT array. They found that CNTs could be self-assembled
into yarns of up to 30 cm in length. Following that, Zhang
et al. [40] produced highly orientated, free-standing CNT
transparent sheets using a similar method, and further as-
semble CNTs into fibers by using a draw-twisting spin meth-
od [20]. The typical SEM images of fiber spinning processes
are shown in Figure 6.

Many applications of these fibers were proposed and
demonstrated [41–44], and different postspinning methods
were developed to improve their performances. Jiang et al.
[19] found that the strength and conductivity of their yarns
could be improved after being heated at high temperatures.
By introducing twist during spinning to make multiple,

torque-stabilized yarns, Zhang et al. [20] achieved yarn
strength greater than 460 MPa. They emphasized that the
load could be transferred effectively between CNTs because
of the twisting. In a twisted fiber, individual CNTs are
inclined at an angle αwith respect to the fiber axis, generating
transverse forces which lock the fibers together as a coherent
structure. They also found these twisted yarns deformed
hysterically over large strain ranges from 0.5% to 8%,
providing up to 48% energy damping. These yarns could
also retain their strength and flexibility even after being
heated in air at 450◦C for an hour or being immersed in
liquid nitrogen. In addition to using postspinning treatment,
Zhang et al. [9–11] found that mechanical properties can
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Figure 8: (a) Schematic of the direct spinning process. The liquid feedstock, in which small quantities of ferrocene and thiophene are
dissolved, is mixed with hydrogen and injected into the hot zone, where an aerogel of CNTs form. This aerogel is captured and wound out
of the hot zone continuously as a fiber or film. (b) SEM image of a fiber. (c) Well-aligned MWNTs within the fiber [23].

(a) (b)

Figure 9: Structure of the fiber product. (a) SEM image of knotted fiber. (b) High-resolution transmission electron microscopy (HR-TEM)
image of a bundle close to a fiber fracture revealing that the bundles consist, predominantly, of collapsed double-wall nanotubes greater than
5 nm [59].

be significantly improved by using longer CNT arrays. The
tensile strength and stiffness of their fibers spun from a
1 mm long CNT array were measured in the range of
1.35–3.3 GPa and 100–263 GPa, respectively, which are many
times stronger and stiffer per weight than the best existing
engineering fibers and CNT fibers reported previously. It
is obvious that the strength of CNT fibers increased with
increasing CNT array length which yields a much larger
friction between CNTs. Longer CNTs will also introduce
fewer mechanical defects (like the ends of CNTs) per unit
fiber length [45–48]. Other factors like structure, purity,
density, alignment, and the straightness of CNTs [49] have all

been investigated. For instance, in order to get dense packed
CNT fibers, surface-tension-driven densification [50, 51]
was employed during fiber spinning. Zhang et al. found
that after the CNT yarn was pulled through droplets of
ethanol, the several centimeters wide yarn shrank into a
tight fiber typically 20–30 μm in diameter and the strength
of the CNT yarn was dramatically improved. The CNT
alignment is found especially crucial for fiber properties
[52, 53] and could be measured by Raman and X-ray
diffraction [54, 55]. Zheng et al. [12] have observed a strong
correlation between the array morphologies (the straightness
of CNTs) and the fiber properties: well-aligned arrays yield
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Figure 10: specific strength distribution of CNT fibers at different gauge lengths [24].

high performance, while wavy arrays give poor performance.
Figure 7 summarizes the influence of several parameters on
fibers’ mechanical performances.

Since CNTs in a yarn are nearly parallel-aligned, the CNT
yarn is intrinsically an anisotropic material and has a special
axis along the drawing direction, which demonstrates many
fascinating properties and applications. However, some key
issues need to be solved in advance to realize their practical
applications. Currently the growth of CNT arrays is easy, but
not all CNT arrays could be spun into yarns or fibers. Zhang
et al. [50] found that strong van der Waals interactions exist
between individual CNTs within superaligned arrays, and
this van der Waals force makes the CNTs join end to end,
thus forming a continuous yarn during pulling. Meanwhile,
Zhang et al. [20] claimed that the formation of yarn was
due to the disordered regions at the top and bottom of
the CNT arrays, which entangled together forming a loop.
Further investigation is needed to understand the underlying
spinning mechanism.

3.2. Spinning Fiber from Aerogel of CNTs. Zhu et al. [56] have
first reported the formation of a 20 cm long CNT thread

after the pyrolysis of hexane, ferrocene, and thiophene. This
work shows the possibility of fiber formation directly in a
furnace. Based on this phenomenon, a totally different fiber
spinning method was developed by Li et al. [23]. They were
able to spin neat CNT fibers directly from an aerogel of CNTs
formed in CVD reaction zone, as shown in Figure 8. The
precursor materials include liquid hydrocarbon feedstock,
ferrocene which forms the iron nanoparticles that act as
nucleation sites for the growth of CNTs, and thiophene
which is an established rate enhancer for vapor grown
carbon fibers [57]. The key requirements for continuous
spinning are the formation of CNT aerogel and removal of
the product from reaction zone. These were realized through
the appropriate choice of reactants, control of the reaction
conditions, and continuous withdrawal of the products with
a rotating spindle used in various geometries.

Recently, systematic studies of this method have been
carried out [58, 59]. From the view of reactants and growth
conditions, the continuous spinning process is possible with
a range of oxygen-containing carbon sources. Aromatic
hydrocarbons lead to the deposition of carbon particles and
thick fibers, but cannot enable a continuous spinning process
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unless they are mixed with another oxygen-containing
source. Thiophene is found to be a necessary additive. It was
used as an established rate enhancer for vapor growth of
carbon fibers [57], but its actual role played in CNT aerogel
generation is still open to discussion. However, it is well
accepted that sulfur, another additive, plays a major role in
promoting carbon-hydrocarbon reactions, especially when
associated with iron [57]. Through carefully controlling
the growth conditions, the length and diameter of CNT
in aerogel could be tuned, and it is found that lower
concentrations of iron lead to a greater proportion of SWNTs
and double-walled nanotubes (DWNTs) which are favorable
for high-performance fibers. For example, it is found that the
large diameter DWNTs may collapse within fibers, leading
to an increase in friction between individual CNTs, which is
beneficial for mechanical performance of CNT fibers [60].
Regarding the processing parameters, it is found that CNT
alignment, the density, and microstructures of fibers can
be controlled by drawing/winding rate and postprocessing
methods. The degree of alignment could be manipulated by
adjusting the winding rate as there is a tension introduced
into this winding process, which supply a force to align CNTs
in the fiber. By introducing the wetting and evaporation of
volatile organic liquids such as acetone, the condensation of
the CNTs in fibers is greatly increased. Motta et al. [59] have
found that the improvement in mechanical strength relates
to a unique aspect of fiber microstructure with “dog-bone”
shape (shown in Figure 9). They have also shown that the
mechanical properties of the fibers directly relate to the type
of CNTs, which in turn, can be controlled by the careful
adjustment of process parameters.

Through the optimization process, Koziol et al. [24]
have found that, by drawing the aerogel at a winding rate
of 20 m min−1, the strength of the fiber, mainly containing
DWNTs, can reach around 10 GPa, which is the highest value
reported so far. As can be seen in Figure 10, it shows the
distribution of specific fiber strengths for a range of gauge
lengths (the measure length of the sample). The strength
of CNT fibers peaks at around 1 GPa in the case of 20 mm
gauge lengths. As the gauge length decreases, the strength
distribution becomes bimodal with a second peak at 6.5 GPa,
which indicates that the distance between “weak points”
along the fibers is on the same order as the gauge length.
These “weak points” exist inside the fibers without real
interlock between individual CNTs, leading to a decrease in
mechanical strength when the fiber is long.

4. Summary

In last few years, the development of CNT fibers has shown
a sign that superior properties of individual CNTs could be
retained at practical size level. A variety of fiber-spinning
techniques has been developed, and many posttreatments
are utilized to improve the fiber’s mechanical properties.
Nevertheless, the fiber’s performance is still poor compared
with individual CNTs or small CNT bundles. Future research
need to focus on the understanding of the failure mechanism
of CNT fibers, aiming at finding key limiting factors and

thus providing reliable and high performance CNT fibers for
practical applications.
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