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We present a process for synthesizing ionically self-assembled polyelectrolyte-complex-based carbon
nanotube fibers using a simple noncovalent stabilization of carbon nanotube aqueous dispersionswhere
no surface functionalizations of the nanotubes were necessary. The polyelectrolyte-carbon nanotube
composite fibers have mechanical, electrical and chemical properties which make them a choice of
materials in applications such as biosensors, chemical electrodes or flexible electronics. The fibers
showed reasonable strength and conductivity as high as 45 S/cm for single-walled carbon nanotubes and
80;90 S/cm for multiwalled carbon nanotubes, due to the presence of an interconnected network of
carbon nanotubes embedded inside the fibers. Fiber formationwas demonstrated for a variety of strong
polyelectrolyte combinations, including a conductive fiber matrix consisting of poly (ethylenedioxy-
thiophene) (PEDOT), with the presence of nanotubes causing a 2 orders of magnitude increase in the
conductivity of the base polymer. The self-assembled polyelectrolyte-carbon nanotube fibers have
potential applications in biosensing and flexible electronics.

1. Introduction

Polyelectrolytes are polymers that carry resident charge-
able groups within their intrinsic molecular structure.1,2

Examples of such polymers encompass naturally occurring
structures as DNA, amino acids,1 as well as synthetically
preparedpolymers suchas chitosanandpolystyrenesulfonate
(PSS).1 The distinctive properties of these polymers arising
from surface-charge-based interactions and their biocompa-
tible nature make them useful for a variety of applications
such as viscosity modifiers, flocculants,3,4 drug delivery
systems, biosensors,5-7 and membranes.8,9 Polyelectrolyte
complexes (PEC) are formed when two oppositely charged
polyelectrolytes interactwith eachother toneutralize someor
all of the resident charges on the macromolecular chains.1 A
polyelectrolyte complex may be soluble in the solvent med-
ium, or exist in a phase-separated form of a precipitate.1,10,11

Previous literature has shown the possibility of formation of
fibrous structures from self-assembly of certain polyelectro-

lyte complex precipitates.12-18 Yamamoto et al. reported in
2000 the formation ofmicrostructures such asmircocapsules
and fibers, by using biocompatible polyelectrolytes such as
chitosan and poly (R, L-glutamic acid) (PLG).14 These poly-
electrolytes can be spun into fibers and collected continu-
ously. These structures have potential use as drug delivery
systems, biosensors, and electrochemical electrodes.12-18

Our work focuses on understanding the carbon
nanotube-polyelectrolyte self-assembled complexa-
tion process to produce novel layered fibrous struc-
tures. The remarkable electrical19-25 and mechanical
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properties26-31 of carbon nanotubes make them useful
for a variety of applications such as chemical and bio-
logical sensors,32-34 interconnects,35 electrodes,36 super-
capacitors,37 and fuel cells.38 Nanotubes have also been
used as fillers for polymer composites;39-42 however,
conventional techniques to prepare nanotube based com-
posites require various functionalization schemes in order
to obtain a good interface between the polymer and the
nanotube surface.43 Our technique utilizes the self-assem-
bly of polyelectrolyte complex systems via a simple water-
based process requiring no functionalization of nanotube
surface, to prepare unique nanotube containing multi-
component composites combining the useful properties
of both nanotubes and polyelectrolytes. Besides provid-
ing an alternative route for fabrication of carbon nano-
tube-based fibers, this process also delineates the
structure-property relationships of nanotube-based
composites containing complex charge-carrying polymer
systems that have potential applications in biosensing,
ion-selective membranes, and fuel cells.

2. Experimental Methods

Single-walled carbon nanotubes (SWNTs), produced via the

HiPCO process, were purchased from Carbon Nanotechnolo-

gies Inc. Multiwalled carbon nanotubes (MWNTs) synthesized

using a catalytic chemical vapor deposition (CCVD) process44

were produced at University of Szeged, Hungary. The as-

produced MWNTs were oxidized in 0.1 M H2SO4 and KMnO4

with a resultant purity of more than 95% after the oxida-

tion process. Sodium salt of polystyrenesulfonate (PSS) of

molecular weight 70 000 was purchased from Sigma Aldrich.

Polydiallyldimethylammonium chloride (PDDA) was pur-

chased from Sigma Aldrich in molecular weight range of

400 000-500 000. Both PSS and PDDA were used as the

primary system for study of formation of polyelectrolyte com-

plexes based on carbon nanotubes. Other polyelectrolytes

also used in the study were poly(3,4-ethylendioxythiophene)

(PEDOT), a conductive polymer obtained as a polymer mixture

with PSS; chitosan (high molecular weight, >75% deacety-

lated), a biopolymer produced from deacetylation of chitin; and

poly (L-glutamic acid) (PLG) (sodium salt, molecular weight

50 000-100 000), all of which were purchased from Sigma

Aldrich.

A Cole-Parmer ultrasonicating bath (20 kHz) was used in

conjunction with a Sonics Vibracell ultrasonicating probe (20-
30% amplitude, 500 W) in order to assist dispersion of nano-

tubes. SEM characterization was carried out using a JEOL

JSM-6330F instrument equipped with an Oxford EDS detector.

Optical microscopy was carried out using an Olympus BH2

optical microscope with a 100� objective and an attached

camera for time lapse photography. Thermogravimetric analy-

sis was carried out using a Mettler Toledo 851e thermogravi-

metric analyzer using a temperature range of 25-1000 �Cwith a

heating rate of 10 �C/min. FTIR spectroscopy was performed

using a Perkin-Elmer Spectrum One instrument.

Uniaxial tensile testing of the fibers was carried out using the

Instron 5845 instrument. The fiber ends were mounted on a

small piece of paper (cut at the center) using epoxy, giving a

gauge length of around 10 mm. These were then mounted on

the Instron machine and tested at a constant rate of traverse of

0.03 mm min-1.

Electrical properties of the fibers weremeasured bymounting

on a substrate as shown in the inset in Figure 11, consisting of

copper prongs regularly spaced apart by 2mm, using silver paint

as the electrical contact. Both 2 probe and 4 probe measure-

ments were carried out using a Keithley 2400 sourcemeter for

currents ranging from 100 nA to 100 μA.

3. Results and Discussion

3.1. Fiber Synthesis. To prepare carbon nanotube
based fibers, both single- and multiwalled carbon nano-
tubes were dispersed in an aqueous solution of 1 wt %
PSS using ultrasonication, in three different concentra-
tions of 0.1, 0.5, and 1 wt %. PSS is known to be an
effective dispersant of nanotubes in water via noncova-
lent stabilization.45 The dispersion of nanotubes in PSS
solution is attributed to a polymer “wrapping” mechan-
ism where the hydrophobic portions of the polymer chain
tend to cover the nanotube surface forming uniform
monolayers and the polar hydrophilic part interacts with
water to effectively deaggregate nanotube bundles.45

Dispersion of carbon nanotubes in aqueous PSS
solution was assisted via the ultrasonication process,
by alternate treatments using an ultrasonication bath
(20 kHz) and an ultrasonicaing tip (30% amplitude) each
for an hour. This helped to debundle nanotube aggregates
thereby making larger amount of surface area available
for interaction with PSS, without causing too much
damage to the nanotube surface. Figure 1 shows scanning
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electron microscopy images of PSS based dispersions of
single- andmultiwalled nanotubes, depicting bundle sizes
of 20-40 nm for SWNTs and 15-30 nm for MWNTs.
Measured amount of CNT-PSS dispersion was then
added, using a pipet, to the surface of a 20 wt % aqueous
solution of polydiallyldimethylammonium chloride
(PDDA) without disturbing the interface of the PDDA
solution and nanotube dispersion. Because of high ionic
interaction between oppositely charged PSS and PDDA,
the dispersion instantaneously formed an insoluble pre-
cipitated complex at the interface, as shown in Figure 2b.
The complex formed on the surface could be picked up
using a pair of tweezers andmanually drawn resulting in a
fibrous structure, as shown in Figure 2c. The fibers were
then allowed dry in an oven at a temperature of 120 �C for
30 min. The fibers collapsed as ribbons if dried on a flat
surface but retained the fibrous structure upon drying as
freely suspended fibers, shown in Figure 2d. The order of
addition of polyelectrolytes (bulk vs solute phase) does
not matter for interfacial precipitate formation, however
the fiber formation process via drawing is influenced by
the properties, especially viscosity and molecular weight,
of the bulk polyelectrolyte. Although the low molecular
weight and hence lower viscosity of PSS is more suitable
for forming aqueous dispersions that can stabilize nano-
tubes with relative ease, the higher molecular weight and
higher viscosity solution of PDDA is more suitable to be
the bulk phase in the fiber drawing and formation pro-
cess. Hence, although the addition of PDDA (cationic
polymer) to the PSS-nanotube dispersion (anionic poly-
mer) does lead to formation of a thin film precipitate at
the interface, it cannot be easily drawn into fiber form.
The order of addition (bulk vs solute phase) depends on

relative viscosities and molecular weights of the polyelec-
trolytes involved. Although the lowmolecular weight and
lower viscosity of PSS was more suitable for dispersing
nanotubes in aqueous solution, higher molecular weight
and higher viscosity PDDA solution was more suitable as
a bulk phase for fiber drawing and synthesis process.
It should be noted that dispersions without nanotubes

(polyelectrolyte precipitate only) and those containing
0.1wt%carbon nanotubes could not be easily drawn into
fiber form, as they were very weak and usually broke

either during the drawing process or during drying. This
could be due to weak mechanical strength of the poly-
electrolyte precipitate as well as not enough threshold
viscosity of the precipitated mass to pull the mass into
fiber form. Moreover, 0.1 wt % nanotube content might
not be sufficient to provide appropriate mechanical sta-
bility, thereby leading to the formation of weaker fibers
that break easily. Thus, most of the characterization
studies, especially those involving mechanical properties
of the fibers, were carried out on 0.5 and 1 wt % disper-
sions of carbon nanotubes, which were relatively strong,
easy to handle, and could be drawn into long lengths
easily. A PSS/PDDA complex precipitate film was used
as a control sample for mechanical testing. When initially
drawn from the polyelectrolyte complex interface, the
fibers had small beads that could be the solvent-rich
polymer masses not fully stretched during fiber drawing.
The beads on the fiber surface usually collapsed and
disappeared upon drying (see Figure S1 in the Support-
ing Information). Using a motorized spinning process,
as shown in Figure 3, fibers in the diameter range of

Figure 1. Scanning electronmicroscopy imagesof (a) single-walled and (b)multiwalled carbonnanotubes dispersed in aqueous PSS solution. Images taken
after drying a few drops of the dispersions on pieces of silicon.

Figure 2. Schematic of the steps involved in the formation of CNT
polyelectrolyte complex fibers. (a) PSS/SWNT dispersion, (b) precipitate
of PSS/SWNT formedon the surface of PDDA (transparent solution), (c)
manual drawing of fibers using a glass rod, and (d) collecting and drying
fibers on flat surfaces or as freely suspended fibers.
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100-150 μm were produced (much shorter fiber lengths
of smaller diameters ∼10 μm could also be produced via
slower manual drawing using tweezers). The length of the
fibers was limited only by the amount of precipitate
formed (depending on initial amount of CNT dispersion
added) and the drawing process. The fibers produced
were tough, easy to handle, and pliable enough to be tied
into knots. Scanning electron microscopy images of the
fibers showed a scaly outer surface, as shown inFigure 4a,
which indicates similarity with other polyelectrolyte
fibers reported in previous literature.17,18 A number
of impurity aggregates were observed on the surface
as well, running throughout the length of the fiber. At
the cross-section of the polyelectrolyte fiber, well-dis-
persed nanotubes could be seen protruding from the
surface, as shown in Figure 4b. This dense network of
nanotubes runs throughout the body of the fiber, giving it
structural integrity, mechanical strength, and electrical
conductivity.
Having optimized the fiber synthesis process for the

PSS/PDDA system, other strong polyelectrolyte systems
were also used to form fibers via the polyelectrolyte
complexation process, such as chitosan being the cationic
polyelectrolyte and poly (L-glutamic acid) (PLG) as the
anionic polyelectrolyte. Both SWNT and MWNTs were
used to prepare these fibers. One of the most important

and useful system used was the PEDOT: PSS polymer
conjugate acting as the anionic polyelectrolyte and
PDDA as the cationic polyelectrolyte. Using PEDOT
provided a conducting polymer matrix that is proposed
to have significant effects on the electrical properties of
the resulting fibers. To prepare these fibers, single-walled
carbon nanotubeswere dispersed in a 1.3wt%solution of
the PEDOT:PSS conjugate polymer system, using a
successive ultrasonication technique similar to that
described earlier. This dispersion was then added to a
20 wt % PDDA solution in water, as the cationic base
polymer. A thin precipitate layer was immediately formed
on the surface of PDDA, which just like earlier cases
could be spun into long fibers. An interesting outcome of
this experiment was that we were able to synthesize
control PEDOT/PSS/PDDA fibers as well (without na-
notubes), in addition to fibers containing embedded
carbon nanotubes.
3.2. Fiber Formation Process. Previous research into

formation of polyelectrolyte complex (PEC)-based fibers
has shown the mechanism of fiber formation to be a
multistep process.18 The first step is the formation of a
polyelectrolyte complex film at the interface of two oppo-
sitely charged polymers, which when drawn leads to the
formation of micrometer-sized “nuclear fibers”. These
“nuclear fibers” further coalesce to form thicker fibers
along with formation of “beads” or coagulated gels at
regular intervals along the length of the fiber that collapse
during drying.18 These fibers, when viewed under a scan-
ning electron microscope, possess a scaly outer structure
thought to result from coalescing of multiple such micro-
meter-sized nuclear fibers.18 To establish this in the case of
SWNT/PSS/PDDA complex fiber synthesis, optical mi-
croscopy was performed at a 100� magnification during
the fiber drawing process, depicted in Figure 5.
The drawn fiber in its wet state comprises of various

small “nuclear” fibers forming the body of a larger thicker
fiber, as shown in Figure 5a. A surrounding “shell” of
PDDA polymer can also be seen in the image, contribut-
ing to fiber formation via complexation. The second part
of the figure shows a bunch of the small nuclear fibers
coalescing together at the air/polymer interface to form a
bigger fiber. Several individual polyelectrolyte complex

Figure 4. Scanning electron microscopy images of (a) fiber surface (notice surface impurities), and (b) fiber cross-section showing protruding nanotubes.

Figure 3. Continuous fiber drawing apparatus used for drawing and
collectingCNTpolyelectrolyte complex fibers.Note the presence of beads
on the surface of wet fibers.
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(PEC) particles are also found to be dispersed randomly
across the polymer matrix. The scanning electron micro-
scopy images of the resulting SWNT polyelectrolyte
complex fiber, such as shown in Figure 5c show a scaly
surface like that observed in previous polyelectrolyte
complexes.18

During the fiber drawing process, it was observed that
the fibers could be gently treated or “washed” with water
so as to remove any extraneous impurities on the surface
of the fiber. The process involved pouring a gentle stream
of water on the fibers held in a vertical position for about
10 s which was observed to remove most of the surface
impurities. Energy-dispersive X-ray spectroscopy (EDS)
used in conjunction with SEM showed the presence of
sodium chloride (NaCl) based impurities on the fiber
surface, formed as a byproduct of the complexation
reaction, and confirmed the removal of such impurities
from the fiber surface upon water treatment, shown in
Figure 6. The water treatment or “washing” of the fibers
also resulted in partial removal of the soluble polymer
matrix shell, which in turn was observed to lead to
densification of the embedded nanotube network, as
depicted in Figure 7. This, as discussed in subsequent
sections, was seen to have a profound effect on the
electrical and mechanical properties of the fiber.
FTIR spectroscopy performed for SWNT/PEC fibers

also delineated this difference in composition for pristine
vs washed fibers, as shown in Figure 8. The FTIR
spectrum shows characteristic absorption bands of PSS
and PDDA. The broad absorption band at ∼3520 cm-1

corresponds to the presence of moisture in the sample.
Absorbance bands at 2100 and 1640 cm-1 correspond to
amine group based on NR4

þCl- type linkages present in
PDDA.46 The region from 1500 to 1100 cm-1 consists of a
multitude of small bands belonging to the PSS structure.
For example, the absorption bands at 1490 and 1413 cm-

1 correspond to the stretching vibration of theC-Cbonds
in an aromatic ring, present in the PSS structure.47 There
is also a broadband in the region of 1190 cm-1 belonging
to SdO stretching vibrations. The intensities for both
polymers, especially PDDA, which forms the outer poly-
mer shell, are significantly reduced for the washed fibers.
The intensity for the 2100 cm-1 band was reduced by
more than half, whereas the 1640 cm-1 band almost
disappeared. For PSS, the 1490 and 1413 cm-1 bands
are replaced by a generic broader peak, whereas the broad
absorbance region at 1190 cm-1 was replaced by a new
band at ∼1240 cm-1, which may belong to C-O stretch-
ing modes of carboxylic acid groups, being visible due to
lower intensities of neighboring bands. Washing of
SWNT/PEC fibers was thus observed to be an important
step to control and manipulate the synthesis process
in order to improve or enhance the physical properties
of the resulting fiber, delineating the structure-property
relationship of the embedded nanotube network interact-
ing with the polyelectrolyte matrix.

Figure 5. Optical microscopy images depicting (a) surface of a recently drawn wet CNT/PEC complex fiber, (b) drawn fiber at the air/polymer complex
interface (100� magnification), and (c) scanning electron microscopy image of the scaly surface of the shown fiber after drying.
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3.3. Fiber Properties. Uniaxial tensile testing was car-
ried out on the fibers in order to investigate fiber strength
as a function of synthesis parameters. Figure 9 depicts
the engineering stress-strain curves obtained for 0.5 and
1 wt % concentrations of SWNT in PSS, including com-
parative tensile curves for the respective washed fibers.
Higher concentrations of nanotubes on average re-

sulted in higher values of tensile strengths (TS), Young’s
modulus and strain-to-break. This becomes intuitive
considering the network of nanotubes embedded inside
the polymer matrix providing structural integrity and
mechanical strength to the fibers. The tensile strength of
washed fibers was observed to be almost twice as high as
the unwashed fibers, indicating a possible effect of nano-
tube densification upon washing, as discussed earlier.
Fiber fracture surfaces studied via scanning electron

microscopy were found to be quite brittle and smooth, as
shown in Figure 10. The fracture surfaces also showed
presence of a large amount of surface impuritieswith crack
propagation initiated along microcracks running in an
orthogonal direction to the applied tensile stress direction.
UsingMWNTs, higher tensile strength (∼70MPa) and

Young’s modulus (3.8 GPa) values were obtained (TS for
0.5 wt % being ∼40 MPa with a Young’s modulus of 3.2
GPa) compared to SWNT based fibers (see Figure S2 in
the Supporting Information). Thus, both tensile strength
and Young’s modulus for MWNT based fibers were, on
average, a factor of 3-4 times higher than their SWNT

counterpart, for the same polyelectrolyte systems and
synthesis conditions used. Because there is not a signifi-
cant difference between the theoretical tensile strength
and Young’s modulus of single-walled and multiwalled
carbon nanotubes,48 this difference in fiber strength could
be attributed to a higher level of interaction between
MWNTs with PSS, as PSS acts as a glue and interacts
both with nanotubes and the PDDA polymer. Better
interaction of MWNTs with PSS could be traced back
to better dispersions of MWNTs in PSS as well as a
smaller particle size, as compared to SWNTs. One of
the possible reasons for better interaction and dispersi-
bility of MWNTs could arise from bigger diameters and
thus smaller curvature of MWNTs, making it easier for
polymer chains to wrap around their surface compared to
SWNTs. Although no experimental or modeling results
are presented to validate the above-mentioned hypoth-
esis, it might be one of the factors affecting the distribu-
tion of PSS around MWNTs and consequently the
properties of the fiber itself.
Tensile testing was also performed on other polyelectro-

lyte fiber systems using MWNTs, with the corresponding
data detailed in Figures S2 and S3 and Table 1 in the
Supporting Information). The choice of polyelectrolyte
system used seems to modulate fiber strength and Young’s
modulus to some extent, however, nanotube concentration
and their interaction with the base polymer system seem to
be major contributors toward mechanical properties of the
resulting fiber. This also explains higher tensile strengths
and Young’s modulus obtained for “washed” fibers where
nanotube densification greatly influences the mechanical
strength of the fiber, possibly because of greater interaction
between the reinforcing nanotubes (higher number of
nanotube junctions), leading to stronger fibers.
Electrical properties of the fibers also show a similar

trend, where the presence of an interconnected nanotube
network influences the electrical conductivity of the nano-
tube-polyelectrolyte complex fiber. The effect of nanotube
addition and densification due to “washing” on the elec-
trical conductivity of the fibers was investigated by calculat-
ing the four-probe resistivities of the different fibers, as
shown in Figure 11. About 1 order of magnitude difference
was observed in the conductivity of 0.5 wt % (2 S/cm) vs
1 wt % (20 S/cm) single-walled carbon nanotube based
complex fibers. Overall, four probe resistivity measure-
ments revealedhigher values of conductivitywith increasing
carbon nanotube concentration in the original dispersion.
Densification of nanotubes as a result of water treatment of
fibers during synthesis also seemed to influence the con-
ductivity of the resulting fibers. For the same concentration
of nanotubes, two- to four-fold enhancements in conduc-
tivities were obtained for both 0.5 wt % and 1 wt %
nanotube addition uponwashing. Scanning electronmicro-
scopy images taken from longitudinal sectioning of the fiber
show such a dense interconnected network running across
the fiber length, as depicted in Figure 12.

Figure 6. EDS spectra for (a) unwashed fiber surface with impurities
showing a high presence of Na and Cl and (b) washed fiber surface with
low levels of Na and Cl and higher amounts of C and S due to nanotubes
and PSS polymer.

(48) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R. Carbon 1995, 33(7),
883.
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Overall, conductivity values of around 45 S/cm were
observed for water treated 1 wt % SWNT/PSS/PDDA
fibers. This value is about 2 orders of magnitude higher
than the polymer-based coagulation spinning method.49

Much higher values of 35-40 S/cm and 75-90 S/cm were
obtained for 0.5 and 1 wt % MWNT-based complex
fibers respectively. In fact, the values of conductivity
obtained for both SWNT and MWNT are one of
the highest reported in literature for a nonconducting
polymer/SWNT composite fiber, except for fibers ob-
tained from a highly conducting polymer matrix with a

Figure 7. Cross-sectional scanning electronmicroscopy images of 0.5 wt% SWNT/PSS/PDDA fibers, with (a) depicting cross-section of unwashed fiber
and (b) cross-section of a “washed” fiber showing denser packing of nanotubes at the surface (larger amount of nanotubes in a given area).

Figure 8. Comparative FTIR spectra for washed and pristine 0.5 wt % SWNT/PSS/PDDA fiber.

Figure 9. Comparative engineering stress-strain curves for SWNT/PSS/PDDA fibers with different concentrations and water pretreatments.

(49) Vigolo, B.; Penicaud, A.; Coulon, C.; Sauder, C.; Pailler, R.;
Journet, C.; P. Bernier, P.; Poulin, P Science 2000, 290, 1331.



Article Chem. Mater., Vol. 21, No. 14, 2009 3069

significantly high value of conductivity before nanotube
addition (such as for nanotube addition to a polyaniline
matrix).50 This gave an indication toward the intimate
interaction of the polymer phase with the nanotubes
distributed throughout the fiber matrix. PSS here acts
as a binding agent, with the nonpolar part wrapped

around nanotube surface and polar part interacting with
oppositely charged polyelectrolyte.
In case of PEDOT-based fibers, given an already con-

ducting polymer matrix, presence of carbon nanotubes
further enhances the conductivity of the resulting fiber by
2 orders of magnitude, as shown in Figure 13. This
indicated a synergistic relation between the two conduct-
ing materials present in the fiber structure, with PSS (the
dopant for PEDOT dispersion) acting as “glue” between
the conducting PEDOT matrix and carbon nanotubes.
To determine the actual amount of nanotubes by weight

in the polyelectrolyte complex fibers, thermogravimetry
was performed on pristine nanotubes, polyelectrolyte
complex of PSS, and PDDA (without nanotube presence),
and SWNT/PSS/PDDA fibers. Figure 14 shows compara-
tive thermograms for control samples of SWNT, PSS/
PDDA complex, and SWNT-based PSS/PDDA fibers.
We estimated the residues for the control samples as well
as for the fiber at 1000 �C using TGA. The percentage of
nanotubes byweightwas estimated, based on residue, to be
∼12 wt% for 0.5 wt%SWNTdispersion-based fiber, and
∼20 wt % for 1 wt % SWNT dispersion-based fiber.
3.4. Fiber Applications. Aligned carbon nanotube

structures have been studied in previous literature as
potential field emitters.52 The small size, high aspect ratio,

Figure 10. Scanning electron microscopy images of (a) side view of the fractured fiber showing a brittle surface and (b) top view of the fracture surface
showing the presence of micrometer-sized cracks running across the surface, with aligned nanotubes across the interface.

Figure 11. Graph showing conductivity values of fibers obtained from
different concentrations of nanotubedispersions,with (W) representing the
“washed” fibers (inset showing device used for four probe measurements).

Figure 12. Scanning electron microscopy image of a longitudinal fiber
section showing distribution of nanotubes across fiber length.

Figure 13. Comparative conductivity values of fibers obtained using
different polyelectrolyte systems, viz. PEDOT fibers, PEDOT/SWNT/
PDDA fibers, and SWNTPSS/chitosan fibers.

(50) Mottaghitalab, V.; Spinks, G. M.; Wallace, G. G. Polymer 2006,
47, 4996.
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small radius of curvature at the tips, high chemical
stability, and high mechanical strength make carbon
nanotubes ideal candidates for field-emission applica-
tions. In case of nanotubes, field emission occurs when
the enhanced electric field around the tip of nanotubes
becomes greater than the work function of the nano-
tubes, leading to a tunneling current flowing across two
electrodes.52

In our study, protruding nanotubes present at the
cross-section of brittle fiber fracture surfaces presented
architectures that could be suitable for field-emission
applications. Figure 15 depicts a typical cross-section of
an ∼15 μm fiber synthesized from SWNTs using PSS/
PDDA complexation process. Well-aligned protruding
nanotubes can be seen at the fiber cross-section, and
because the fiber itself had reasonable conductivity, the
fibers could be attached to a voltage source and tested as a
field-emission device.51

Figure 16 shows an I-V plot obtained for a 0.5 wt %
SWNT/PSS/PDDA fiber showing emission behavior.
The inset depicts the measured data plotted fitting
a Fowler-Nordheim expression,52 which is used to de-
scribe characteristics of field emission behavior, demon-
strating successful field emission occurring from the
fiber cross-section. A turn-on electric field of ca.
14 V μm-1 was obtained for the fiber, considering the
minimum detectable change in field current by the mea-
suring device was around 1 nA. Bymeasuring the slope of

the Fowler-Nordheim plot, the field enhancement
factor, β, was calculated to be 1354. A current density
of 1.59 mA/cm2 was observed for an applied electric field
of around 20 V μm-1. Thus, the fibers seemed to exhibit
reasonable field emission behavior that could be useful
for appropriate applications. Besides the field emission
behavior shown here, these fibers could also be useful for
a number of applications such as chemical and biological
sensors, electrochemical electrodes, filtration mem-
branes, etc., because of their layered ionic composition,
flexible structure that can be used as fibers or woven into
sheets, and high conductivity values.

4. Conclusion

Carbon nanotube fibers were synthesized from an
ionically assembled polyelectrolyte precipitate using non-
covalent stabilization of carbon nanotube aqueous dis-
persion. A simple fiber formation technique was
demonstrated from the self-assembled polyelectrolyte
precipitate and carbon nanotube combination where no
functionalization of the nanotubes was necessary. The
role of carbon nanotubes and their interactions with the

Figure 14. Thermogravimetry curves for pristine SWNT (in powder/
particle form), PSS/PDDA complex (thin film precipitate without nano-
tubes) and 0.5 wt % SWNT/PSS/PDDA fibers (drawn fibers from
complex formed from 0.5 wt % SWNT-PSS dispersion & PDDA
precipitation).

Figure 15. Scanning electron microscopy image of SWNT polyelectro-
lyte complex fiber cross-section, with inset showing the low-magnification
image of fiber surface and cross-sectional edge.

Figure 16. Current vs electric field data plotted for a SWNT/PSS/PDDA
fiber. The inset shows a Fowler-Nordheim plot of the relevant data
showing field emission.

(51) To carry out field emission measurements, we mounted short
lengths (∼5 mm) of fiber in a normal direction on a metallic base
using silver paint and kept them at a distance ∼30 μm a part from
another metallic base. The assembly was then placed in a vacuum
chamber, where field emission measurements were carried out at
room temperature and pressure of ∼1 � 10-6 Torr. The values of
current passing between the two metallic bases was measured as a
function of a range of voltages applied, with the upper limit being
restricted to 210 V due to the limitations of the measuring device
(Keithley 2400 Sourcemeter).

(52) Jung, Y. J.; Kar, S.; Talapatra, S.; Soldano, C.; Viswanathan, G.;
Li, X.; Yao, Z.; Ou, F. S.; Avadhanula, A.; Vajtai, R.; Curran, S.;
Nalamasu, O.; Ajayan, P. M. Nano Lett. 2006, 6, 413.
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polyelectrolytes during complex precipitate formation
was addressed that has not been studied previously.
The polyelectrolyte-carbon nanotube fiber composite
systems show interesting electrical, chemical, and me-
chanical properties. Such systems of polyelectrolyte com-
plex fibers containing carbon nanotubes are promi-
sing for a variety of applications such as biosensors,
chemical electrodes, and flexible electronics where the
combination of flexibility as well as high conductivity is
required.
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