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The assembly of single-walled carbon nanotubes (SWNTs) in
predetermined patterns is one of the most challenging tasks in the
fabrication and mass production of SWNT electronic devices, such
as sensors1 and field effect transistors.2 Carbon nanotubes have been
aligned by post-treatment techniques utilizing electrical,3 magnetic,4

mechanical5 forces and self-assembly6 and in situ during their
growth.7 In the post-treatment methods, it is very difficult to obtain
a uniform SWNT alignment with a small bundle size. The assembly
of individual tubes is even more difficult because of the very poor
solubility of SWNTs in organic solvents and their spontaneous
aggregation into large bundles. The tube aggregation problem also
occurs during in situ alignment because the as-prepared SWNTs
are usually produced as bundles. Moreover, the in situ method,
which has mainly been carried out by the chemical vapor deposition
(CVD) process,7 requires high temperatures (>800 °C) and a
reactive environment and is therefore not applicable to devices with
limited stability.

Electrospinning is an electrostatic method for the fabrication of
long organic fibers.8 Carbon nanotube-polymer composite fibers
have also been fabricated by using this technique.9 Although the
nanotubes are confined to the fiber, they are not aligned macro-
scopically because the fibers are randomly distributed.9 Recent
advances in the electrospinning technique have allowed the align-
ment of the resulting fibers in predetermined directions.10 By
applying this modified electrospinning technique we have succeeded
in fabricating SWNT-polymer composite fibers with all of the
SWNTs oriented along the axial direction of the fiber. After
removing the polymer component from the fiber, we obtained large-
scale aligned SWNT arrays. This method allows us to transfer the
local SWNT orientation in the electrospun composite fiber to
macroscopically aligned SWNT structures. Moreover, the SWNTs
resulting from this procedure exist primarily as individual nanotubes
that are apparently exfoliated by the electrostatic charging generated
during the electrospinning experiments.

We selected poly(vinylpyrrolidone) (PVP) to blend with SWNTs
for electrospinning because of the compatibility of PVP with
SWNTs and because the SWNTs are expected to form a homoge-
neous dispersion in the PVP matrix.11 When the PVP/SWNT
solution was electrospun using a single piece of grounded aluminum
sheet as negative electrode, the composite fibers were randomly
distributed (Supporting Information Figure 1). When two strips of
aluminum foil were attached to a polystyrene plate and used as the
negative electrode (Supporting Information Figure 2), the electro-
static force drives the positively charged composite fibers so that
they align between the two counter electrodes.

The aligned electrospun fibers were collected on a silicon wafer
(1 cm × 1 cm) placed between the two counter electrodes. The
SEM image (Figure 1a) indicates a high degree of alignment. The
existence of SWNTs inside the fiber is demonstrated by Raman
spectroscopy (Supporting Information Figure 3); the characteristic
SWNT peaks were observed in the SWNTs/PVP composite fiber
but not in pure PVP fiber.

The SWNT alignment within the electrospun fiber is clearly
evident on removal of the polymer component by heating or
chemical vapor etching. By raising the temperature of the fibers to
600 °C in an argon atmosphere, the PVP component in the
composite fiber is decomposed, leaving the aligned SWNTs; Figure
1b shows the SWNTs resulting from the thermal treatment of a
single fiber. On the basis of the fiber coverage in Figure 1a, a 1
cm × 1 cm silicon wafer contains many thousands of similarly
aligned SWNT arrays patterned along the same direction. The
number of nanotubes inside a particular electrospun composite fiber
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Figure 1. (a) SEM image of aligned electrospun fibers. (b-d) AFM images
of aligned SWNTs prepared by heating the electrospun fiber: (b) aligned
SWNT array, (c) single line of SWNTs, (d) aligned individual SWNTs,
and (e) their height cross-sectional analysis.
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can be controlled by adjusting the diameter of the nanofiber, and
decreasing the fiber diameter lowers the nanotube coverage to the
point that a single line of SWNTs can be observed in some cases
(Figure 1c).

The average diameter of the aligned tubes is∼2.2 nm, which is
much smaller than that of the tubes before electrospinning (∼4.0
nm). In most cases, the aligned SWNTs were observed to occur as
individual nanotubes (Figure 1d), and the AFM height cross-
sectional analysis (Figure 1e) indicates nanotube diameters of
approximately 1.4 nm, as expected for electric arc SWNTs. SWNTs
are known to aggregate because of the intertube van der Waals
attraction, and a high shear force is necessary to exfoliate the
nanotube bundles.12 The exfoliation of SWNT bundles observed
in the present study is probably due to the electrostatic repulsion
that is generated between the SWNTs during the electrospinning
process. As solvent evaporates, the radius of the jet becomes
progressively smaller, and this causes an increase in the local charge
density.8a At some point the Coulombic repulsion between nano-
tubes becomes sufficiently large to overcome the van der Waals
attraction, and bundles start to split into individual tubes. A rough
estimate based on atomic point charges indicates that this should
occur at a charge density of about 1 positive charge for every 15
SWNT carbon atoms.

For sensitive devices, low-temperature polymer removal is
desired, and we therefore developed a room-temperature ethanol
vapor etch to remove the polymer from the composite fiber. Because
of the small diameter of the electrospun fiber (several tens to a
few hundred nanometers), a 12-h exposure to a saturated ethanol
vapor at room temperature was sufficient to dissolve and spread
the polymer component on the silicon wafer. This exposed the
SWNTs and left them aligned along the axial direction of the fiber
after the vapor etch (Figure 2).

To demonstrate the directional control of SWNT alignment, we
deposited electrospun fibers along perpendicular directions by
simply rotating the substrate between depositions. The cross-aligned
nanofibers are shown in Figure 3a; after exposure to ethanol for
12 h, the polymer component was removed and the hierarchical
SWNT assembly was revealed (Figure 3b).

In summary, we have developed a flexible approach to SWNT
alignment that allows their hierarchical assembly by use of
electrospinning, and we show that the SWNT orientation is
directionally controllable. In addition, the electrospinning procedure
exfoliates the carbon nanotube bundles and leads to a high yield
of aligned individual SWNTs. The method offers great promise
for the controlled assembly of SWNT devices based on individual
nanotubes.
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Figure 2. AFM image of aligned SWNTs prepared by ethanol vapor etching
method.

Figure 3. AFM images of (a) cross-aligned SWNTs/PVP composite fibers
and (b) cross-aligned SWNT array.
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