
Ultrathin Carbon Nanotube Fibrils of
High Electrochemical Capacitance
Jun Ma,† Jie Tang,†,* Han Zhang,† Norio Shinya,† and Lu-Chang Qin‡

†1D Nanomaterials Research Group, National Institute for Materials Science, Tsukuba, Ibaraki 305-0047, Japan, and ‡Department of Physics and Astronomy, University of
North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255

C
arbon nanotubes (CNTs), especially
single-walled carbon nanotubes
(SWNTs), have attracted a tremen-

dous amount of interest in both fundamen-

tal research and technological development

because of their unique nanostructures and

extraordinary properties.1�5 Extensive stud-

ies have shown that SWNTs have excellent

mechanical, chemical, electrical, and elec-

tromechanical properties fitting for many

applications.6�9 For example, their unique

properties have led to proposed applica-

tions in a wide range of fields includ-

ing probe electrodes, biosensors, nano-

electronics, reinforced, and/or conductive

polymer nanocomposites, which often re-

quire carbon nanotubes in the form of fibrils

and/or films.10�12 Recently, there has

emerged a great interest in biocompatible

CNT fibrils, due to their unique electronic,

electrical, and mechanical properties. Most

of the experimental methods for preparing

CNT fibrils can be divided into two basic

classes: liquid- and solid-state spinning.12�14

In addition, other methods such as phase

separation have also been reported to pro-

duce macroscopic SWNT fibrils.15 Among

the spinning techniques, liquid-spinning

needs dispersing CNTs in solvents at first.

In addition, wet-spinning can also produce

CNT�polymer composite fibrils. For ex-

ample, Wallace and his group reported that

CNT fibers containing biopolymers pre-

pared using a wet-spinning method had ex-

cellent mechanical strengths (about 100

MPa) and high electrical conductivity

(100�500 S cm�1).16�18 Besides the poten-

tial applications as electrical conductors,

these composite CNT fibers can also be

used as actuating materials due to their

electromechanical properties.16 The fibrils

produced by the wet-spinning method are

usually glued together by polymers, and

their diameter is typically larger than 20
�m. Fabrication of thinner CNT fibrils re-
quires alternative techniques. Herein, we re-
port the preparation of long SWNT fibrils
with diameter smaller than 1 �m using a di-
electrophoretic technique. The dielectro-
phoretic technique has often been used to
attach short SWNT bundles on scanning
probes.19�23 This method has also been
used to separate metallic from semicon-
ducting SWNTs.24 In this work, we report
our study on morphological, mechanical,
and electrical properties of such thin CNT
fibrils prepared by dielectrophoresis.

RESULTS AND DISCUSSION
We have improved the dielectrophoretic

method to assemble bundles of SWNTs dis-
persed in pure water into long carbon nano-
tube fibrils. In our method, an alternating
current (AC) electric field drives the SWNT
bundles in water toward a sharp tungsten
needle tip, which had already been dipped
into the suspension. When the tungsten
needle tip is drawn away from the suspen-
sion at a certain speed, a meniscus is
formed between the tungsten tip and the
suspension. The tensile forces of the menis-
cus push the CNT bundles together to form
a fibril on the tip. As the tungsten needle
was pulled further, the SWNTs in the water
are assembled continuously into a long
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ABSTRACT We have assembled single-wall carbon nanotubes into ultrathin long fibrils using a

dielectrophoretic technique and studied the mechanical and electrochemical properties of carbon nanotube

fibrils. The diameter of the fibrils can be controlled in the range of 200 nm to 2 �m, and the length can reach as

long as 1 cm. The obtained fibrils have a tensile strength of about 65 MPa, electrical conductivity ranging from 80

to 200 S cm�1, and specific capacitance more than 200 F g�1. The results indicate that these ultrathin long carbon

nanotube fibrils are of great potential for applications as conductive wires and probe electrodes.
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fibril. After the water in the fibril is dried out in air, the
bundles of SWNTs are bonded via van der Waals
forces.19 By varying the operation parameters, such as
the concentration of SWNTs in the solution, the draw-
ing speed, the applied voltage, and the AC frequency, a
SWNT fibril can be produced to a length of several mil-
limeters when desired. On the other hand, because
these fibrils are assembled by pure SWNTs without any
additive agents, they are expected to retain a significant
portion of the mechanical and electrical properties of
the pristine carbon nanotube material. The ideal ten-
sile strength of SWNTs can reach 100 GPa. However, it
will decrease dramatically to below 1 GPa for SWNT
fibrils. The raw SWNTs (purchased commercially from
Cheap Tubes, Inc.) have a conductivity of more than 100
S cm�1, which is much lower than the calculated con-
ductivity (104 S cm�1) of the metallic SWNTs because
the starting SWNTs usually contain only one-third of
metallic SWNTs.14

The diameter of the fibrils can be easily tuned from
200 nm to 2 �m by controlling the concentration of
CNTs from 0.01 to 0.1 mg mL�1 in the sus-
pension. Besides the CNT concentration,
the drawing speed (15�300 �m s�1) is
also effective in affecting the diameter of
the formed fibrils, although it is not very
sensitive. We should also note that, since
the ultrathin fibrils (less than 200 nm in di-
ameter) are fragile and easy to break in
air, it is very challenging to recover experi-
mentally an ultrathin fibril longer than
100 �m.

The SWNT fibrils have a typical
tensile strength from 20 MPa to 1.8
GPa, and they were measured on CNT
fibers of diameter larger than a few
micrometers.14,17,18 To the best of our
knowledge, no experimental data have
been reported for the ultrathin fibrils pre-
pared by dielectrophoresis. In order to
measure the tensile force of the SWNT
fibrils that is estimated to be 0.1�10 �N,
we used a special setup consisting of a
rectangular cantilever beam of spring
constant 0.1 N m�1 and a micromanipula-

tion system. In this experiment, as shown in Fig-
ure 1a, one end of the SWNT fibril is fixed on the
cantilever by epoxy resin. By pulling the cantile-
ver slowly, as illustrated in Figure 1b, the tensile
strength of the SWNT fibril is obtained when the
CNT fibril is broken by the applied tensile force. At
the same time, the displacement of the holding
point on the cantilever was also monitored by a
microscope and recorded in a movie. From the re-
corded frames in the movie, the bending displace-
ment of the cantilever is then converted to the
tensile force. The diameter of the tested fibril was

measured from scanning electronic microscope

(SEM) images, and the cross section was taken as circu-

lar and uniform along the fibril axis. Three samples

have been tested successfully using this method. The

tensile strength of these fibrils was estimated to be

about 65 MPa by observing the displacement of a cali-

brated cantilever. For example, for a fibril with a diam-

eter of about 200 nm, it displaced the cantilever by

more than 20 �m before it broke.

The CNT fibrils were also examined in SEM. The

SEM images of two fibrils are shown in Figure 2. One

fibril has a diameter of 918 nm, and the other is 184

nm. The surface morphology of the thicker fibril is dif-

ferent from that of the thinner one. The SWNT bundles

can be seen along the axis, as shown in Figure 2b,d. It is

easier to distinguish the SWNT bundles on the thicker

fibril. Thinner fibril is usually packed together by SWNT

bundles more densely.

We also characterized the electrochemical proper-

ties of these conductive fibrils in a biological environ-

ment. We used an electrolyte solution of 0.2 M

Figure 1. Optical microscopic images of a SWNT fibril during test of mechanical
tension. (a) Before the test, one end of the fibril is attached onto a tungsten tip;
the lower end is immersed in glue at the end of the silicon cantilever. (b) Cantile-
ver is pulled upward by moving the tungsten tip until the fibril is broken.

Figure 2. SEM images of SWNT fibrils drawn from SWNT�water suspen-
sion by dielectrophoresis under the following two typical conditions: (a)
CNT fibril of diameter D � 918 � 88 nm; SWNT concentration � �0.1 mg
mL�1; drawing speed � 15 �m s�1. (b) Magnified image of a selected por-
tion of (a). The CNTs are aligned in the axial direction of the fibril. (c) CNT
fibril of diameter D � 184 � 10 nm; SWNT concentration � �0.02 mg mL�1;
drawing speed � 30 �m s�1. (d) Magnified image of a selected portion in
(c). The surface appears smoother than that shown in (b).

A
RT

IC
LE

VOL. 3 ▪ NO. 11 ▪ MA ET AL. www.acsnano.org3680



phosphate-buffered saline solution (PBS, pH 7.4).9,17,25

Cyclic voltammetric (CV) measurements gave a specific

capacitance of above 200 F g�1 even at a very high scan
rate (Figure 3). When the scan rate is 140�168 mV s�1,
the specific capacitance is about 210 F g�1 for this
sample. The obtained CVs are featureless voltammo-
grams, and no Faradic peaks were observed between
0 and 0.6 V. Only rectangular cyclic voltammograms
over a wide range of scan rates were observed. The cur-
rent plateau (at 0.4 V) increased as the scan rate in-
creased. The CV results indicate that the charging and
discharging processes are very fast at the interface be-
tween the fibril and the electrolyte solution. In addition,
the CNT fibrils are stable on cycling, and no significant
difference was ever observed after continuous cycles
during the experiment of more than 2 h.

The high specific capacitance of this kind of SWNT
fibrils also indicates that they have a large specific sur-
face area. Furthermore, SWNTs have very fast interfacial
electron transfers.26 Since no polymer or surfactant
was used in the fabrication of the CNT fibrils in our ex-
periment, only CNTs are on the surface of the fibrils. We
expect that such CNT fibrils will have great potentials
for applications as biosensors and bioelectrodes.5,27�30

Such nanoelectrodes can be used to de-
tect chemical substance at a nano- to pico-
molar concentration in solutions.28,31

The electrical conductivity of the pre-
pared long SWNT fibrils was measured us-
ing both the two-probe and the four-probe
methods. A long SWNT fibril was placed
on a glass slide and fixed with silver paste
at both ends and the testing point in the
experimental setup. By comparing the
current�voltage (I�V) curves for the two
configurations, we found that no significant
difference existed between the results from
the two-probe measurement and the four-

probe measurement, indicating that the con-
tact resistance between the fibril and the silver
paste in our experiment is insignificant for
such long fibrils. In addition, the contact area
between the fibril and the silver paste is so
large that the contact resistance had actually
been reduced to a very low value. The resis-
tance of the tested fibril, shown in Figure 4a,
was calculated to be 161.0 � 0.7 k�, and the
conductivity was estimated to be 80 S cm�1.
From the SEM images, we also observed that
the thicker fibril had many pores on the surface.
All of the I�V curves at low voltage (�10 V)
looked quite linear, and the squared correla-
tion coefficient (R2) was close to 1.

However, it is different when the I�V rela-
tionship is tested at higher voltages. After the
voltage is increased to more than 10 V, the re-
sistance of the CNT fibrils will reduce nonlin-

early as the current increases. A typical I�V curve by
the two-probe method is shown in Figure 4b. The resis-
tance dropped from 130 k� to below 90 k� (by about
30%). The high current would eventually burn the CNT
fibril when the maximum current density is reached. We
also found that the maximum current was related to
the diameter of the CNT fibrils, and the maximum cur-
rent density could be as high as 105 A cm�2. The SEM
images revealed the detailed structure of the CNT fibril
at the broken point (Figure 5). The conductivity experi-
ments were repeated for more than five samples with
different diameters. The conductivity ranged from 80 to
200 S cm�1. Every sample was examined using SEM af-
ter burn off. It is observed that one end is always very
sharp and the other is a little blunt in contrast.

Though individual SWNTs have excellent electrical
properties and the current-carrying capacity of metal-
lic SWNTs can be 1000 times larger than that of
copper,14,32 the structural defects, impurities, and semi-
conducting CNTs present in the assembled SWNT fibrils
are expected to reduce significantly the electrical con-
ductivity and current-carrying capacity. Nonetheless,
the maximum current density carried by the SWNT
fibrils prepared in our experiment is still comparable to
that of a copper wire. Besides the defects and pores, the

Figure 3. Cyclic voltammograms of a SWNT fibril measured in 0.2 M
PBS (pH 7.4) solution at a series of scan rates (from top to bottom): 56,
112, 140, 210, and 280 mV s�1.

Figure 4. Typical I�V curves of the SWNT fibrils. (a) Comparison of I�V curves between
four-probe and two-probe measurements on the same part of a fibril. The inset is an SEM
image of the fibril after the I�V measurements. (b) I�V and R�V curves of a fibril using
the two-probe method, and the fibril broke after the voltage reached 47.4 V.
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other reasons for the reduced electrical conductivity of

the produced fibrils are related to the SWNT quality,

length, and alignment. Because the individual SWNTs

have very high current-carrying capacity, the SWNT

fibrils are of great potential for improvement if SWNTs

of higher quality are used as the starting material.3

However, the contact areas between the SWNTs can-

not bear large current, resulting in a lower maximum

current density compared to the short and thin CNT

bundles. Similarly, the intertubular contacts also con-

tribute significantly to the increased electrical resis-
tance. We suggest that the electrical resistivity would
be further lowered when longer and better aligned
SWNT bundles are used in preparing the SWNT fibrils.

The reduction of electrical resistance with increas-
ing voltage is attributed to the electrostriction effects.
Higher electrical current will lead to more and closer
contact between the SWNT bundles due to the pres-
ence of an enhanced electrical field. On the other hand,
when the electrical field is higher than the threshold
value, the fibril would be pulled apart at a weaker point.
It is also interesting to note that the breaking process
is very fast.

CONCLUSIONS
We have prepared long SWNT fibrils of submicrome-

ter diameter without any additive agents by dielectro-
phoresis. These kinds of ultrathin CNT long fibrils have
improved mechanical strength and electrical conductiv-
ity as well as high electrochemical sensitivity required
for many biological applications as conductive thin
wires and biological probe electrodes.

METHODS
The experimental setup for preparing the SWNT fibrils is simi-

lar to the system described before.19,20 A three-dimensional mo-
torized stage controlled by a computer was used instead of the
manual manipulator. A tungsten tip prepared by chemical etch-
ing was used as the working electrode and a small metal ring as
the counter electrode, and the tungsten tip was mounted on
the motorized stage. The movement is controlled using a Lab
View program. The metal ring is mounted on another stage. A
high-resolution optical digital microscope is used to monitor the
drawing process.

SWNTs (purchased commercially from CheapTubes, Inc.)
were first purified, cut, and then dispersed in deionized water.33

The drawing speed of the tungsten tip is set and controlled by
the computer. A functional generator is used to supply the high-
frequency (2 MHz) AC voltage of 10 V (peak-to-peak).

SEM images were acquired using a JSM-6500 field-emission
scanning electron microscope (FE-SEM). Samples for FE-SEM ob-
servations were dried in air overnight.

CV was performed using a potentiostat/galvanostat (CH151,
Hokuto-Denko). The scanning triangle waveform was produced
by a functional generator. The specific capacitance is calculated
from the CV curves by Cg � I/(m�), where Cg is the specific elec-
tric double layer capacitance (F g�1), I is the electrical current (A),
m is the mass of the SWNT fibril, estimated by its density (1 g
cm�3) and the measured physical dimensions, and � is the poten-
tiostat scan rate (V s�1). The positive current at 0.4 V was used
in the calculations.25

Electrical conductivity measurements were carried out at
room temperature. A Keithley 6517B electrometer was used to
conduct the staircase scanning program to obtain the I�V curves
(two-probe method). For the four-probe measurement, an addi-
tional Keithley 2000 electrometer was used to obtain the voltage
value on the tested fibril.
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