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ABSTRACT: Single-walled carbon nanotubes/polymer composites typically have
limited conductivity due to a low concentration of nanotubes and the insulating nature
of the polymers used. Here we combined a method to align carbon nanotubes with in-
situ polymerization of conductive polymer to form composite films and fibers. Use of
the conducting polymer raised the conductivity of the films by 2 orders of magnitude.
On the other hand, CNT fiber formation was made possible with in-situ poly-
merization to provide more mechanical support to the CNTs from the formed
conducting polymer. The carbon nanotube/conductive polymer composite films and
fibers had conductivities of 3300 and 170 S/cm, respectively. The relatively high
conductivities were attributed to the polymerization process, which doped both the
SWNTs and the polymer. In-situ polymerization can be a promising solution-
processable method to enhance the conductivity of carbon nanotube films and fibers.
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carbon nanotube alignment

In recent decades, electronic skins and wearable devices have
received intense interest.' > Development of these devices
calls for research on highly conducting thin films and weavable
fibers. Carbon nanotubes (CNTs), a strong candidate from a
materials consideration, have remarkable mechanical and elec-
trical properties. This has led to their applications in polymer
reinforcement and as electrodes and fibers. CNT thin films
have been explored as transparent, conductive electrodes.*”®
Carbon nanotube fibers have been explored since they expand
the applications beyond those found for carbon fibers, which
are only used in applications that demand lightweight, high-
strength materials. CNT fibers may also find applications in
supercapacitors’ "' and muscle actuators.'>'® Various methods
have been used to form CNT fibers, such as spinning from
CNT forests,'*'® spinning from CNT aerogels,'® twisting from
CNT thin films,"” gel spinning,18 electrospinning,19 and wet
spinning.””*'Chou et al. recently reviewed these techniques.**
However, in general there are two methods to spin nanosized
CNTs into macroscopic long fibers: using ultralong CNT's with
lengths on the order of centimeters'* or using a polymer binder
to adhere short and small CNTs into a macroscopic fiber.”®
However, the former method needs ultralong CNTs that are
expensive and not commercially available in large scale. Most of
the works related to the latter method used insulating polymer
as binders that greatly reduced the conductivity of CNTs fibers.

Herein, we proposed a novel method that used in-situ-
polymerized conducting polymer to aid in solidifying a single-walled
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carbon nanotube (SWNT) dispersed gel with a low yield stress
to form a SWNT/conjugated polymer composite film or fiber.
This method involves solution processes that are amenable to
large-area, roll-to-roll films or continuous fiber production. Our
results showed that the produced SWNT/conjugated polymer
composite thin film and fibers were composed of well-aligned
carbon nanotubes, which were aligned under shearing forces
during blading and extrudirzl‘g. This alignment was similar to our
findings in previous studies.”**> The carbon nanotube/conductive
polymer composite films and fibers exhibited high conductivities
of 170 and 3300 S/cm, respectively. Further investigation by ab-
sorption and Raman spectra indicated that both the polymers and
the carbon nanotubes were doped, which resulted in high
conductivities. Our in-situ polymerization of conducting polymer
can be a general solution-processable method to promote pro-
duction and conductivity of CNT films and fibers. A detailed
comparison between various methods to form carbon nanotube
fibers highlighting the advantages of this solution-processable

method is presented in the Results and Discussion section.

B MATERIALS AND METHODS

Arc-discharged single-walled carbon nanotubes (SWNT, ASP-100F)
were purchased from Hanwha Nanotech Corp., Korea. The nanotubes
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Figure 1. Scheme illustrating the method to use in-situ polymerization to form conductive films and fibers.

had an average diameter of about 1.4 nm. All other materials were
purchased from Sigma-Aldrich (US) unless otherwise specified.
Regioregular poly(3-hexyl thiophene) (P3HT) was used to disperse
and align the nanotubes. All chemicals were used as received. No
further purification of the materials was carried out. The composite
dispersions were made by adding the appropriate amounts of poly-
mer and CNT into a small vial so as to have a 1 to 1 weight ratio.
1,2-Dichlorobenzene (oDCB) was then added to make a 2 mg
SWNT/mL dispersion. Note that our past studies involved varying the
ratio of SWNT to polymer as well as the choice of solvent and poly-
mer.>® It was found that this particular dispersion led to the greatest
level of gel-like properties and alignment of SWNTs. The dispersion
was then sonicated using a Cole-Palmer Ultrasonicator at 300 W for
15 min in an ice bath. After sonication at the above conditions, the
average CNT length was about 1.5 ym. Note that no further centri-
fugation or purification was carried out after sonication due to the
good uniform dispersion as previously reported.”® For films and fibers
with in-situ polymerization of conductive polymer, the corresponding
monomer, pyrrole (Py) or 3,4-ethylenedioxythiophene (EDOT)
(Fisher Scientific, US), was then added to the dispersion at a 40/1
(monomer/CNT) weight ratio. Anhydrous iron(IIl) chloride was
added to anhydrous ethanol at a 0.5 M concentration. Phytic acid
dodecasodium salt (Fisher Scientific, US) was added to some ferric
chloride solutions at a 50/1 FeCl/phytic acid molar ratio.

Figure 1 schematically illustrated the process using in-situ-polymerized
conducting polymers to form SWNT/P3HT/PPy or SWNT/P3HT/
PEDOT films and fibers. The SWNT/P3HT/monomer dispersions
were prepared. Then the dispersion was coated onto a glass slide into a
film or extruded from a syringe to form fibers. The SWNT film and
fibers were brought to contact with iron(III) chloride. FeCl; initiated
polymerization of the conducting polymer, which formed a film on the
SWNT films and aided to solidify the SWNT fibers. Phytic acid was
added to the oxidizing solution for certain tests to cross-link the PPy
and PEDOT.

Films were made using a motorized film applicator with a Bird
attachment (Elcometer, UK). Films were cast at 100 mm/s with a
20 pm gap onto glass slides. A thin wet film was produced. For some
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samples, this wet film was immersed into the ferric chloride solution.
These samples were labeled “wet”. For other samples, the solvent was
evaporated at room temperature. Once dried, these films were placed
into the ferric chloride solution to induce polymerization of the con-
jugated polymer. These samples were labeled “dry”. After S min in the
FeCl; solution, the glass slide was immersed and gently shook in
ethanol to remove excess FeCl;. They were then dried in air.

Potentially continuous fibers were formed by flowing the ethanol
solution with the SWNT/P3HT/Py dispersion in oDCB using a
peristaltic pump and a syringe pump, respectively. The average fluid
velocity of the ethanol solution was 65 mm/s. The SWNT dispersion
was flowed into the center of the tubing at an average velocity of
15 mm/s. For a 30 gauge needle and 18 gauge tubing, these velocities
correspond to flow rates of 4.67 and 0.036 mL/min, respectively.
Teflon tubing and blunt Teflon needles were used for continuous
production. Various tubing and needle sizes were used, and the flow
rates were modified to maintain these velocities. The ratio of the inner
diameters of the needle and tubing was maintained at about 8. The
SWNT/P3HT/Py and FeCl; velocities were kept at 3 and 6.5 cm/s,
respectively. Initial tests used a 30 gauge Teflon needle with 18 gauge
Teflon tubing. The tubing length was about 2 m. For these tests the
FeCl; solution was kept in a freezer and the SWNT/P3HT/Py disper-
sion was kept in a refrigerator until use to lower the reaction tem-
perature to promote the exothermic reaction.

Films and fibers were imaged using a FEI XL30 Sirion Scanning
Electron Microscope (SEM). Some fibers were cut using tweezers or
scissors to image the breakage of the fibers. A two-point probe was
used to measure the resistance of at least three fibers with varying
lengths for each parameter set. By measuring varying lengths of each
fiber, a resistance per length was calculated. Silver paint was used as
the electrode contacts. The conductivity was calculated from the
resistance measurements and the diameters of the fibers as determined
from SEM images. A four-point probe with S mm spacing was used to
measure the sheet resistance for films. The sheet resistance of the films
was calculated using equations incorporating the geometry of a thin,
narrow, rectangular sample.”” > The conductivity was calculated from
these measurements using thickness measurements from a profilometer
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(Veeco Dektak 150). Films were further characterized using absorp-
tion spectroscopy (Varian Cary6000i) and Raman spectroscopy
(Horiba LabRam ARAMIS using a 633 nm laser). Transmittance
values are given at S50 nm.

Bl RESULTS AND DISCUSSION
SWNT/P3HT/PPy and SWNT/P3HT/PEDOT Films. We

previously reported that single-walled carbon nanotube/
regioregular poly(3-hexyl thiophene) (SWNT/P3HT) disper-
sions in oDCB can form gels that contain aligned domains
similar to liquid crystal solutions.”® Under a shear force, these
domains can be aligned along the shearing direction. We previ-
ously investigated this alignment and its effect on transparent
electrode performance.”* However, SWNT films conductive
enough for use as transparent electrodes required removal of
the dispersant polymer using high temperatures. Even though
the P3HT dispersing polymer was conjugated, it is insulating
and hindered the performance of the films when it was un-
doped. This prevented use of plastic substrates or required a
transfer process. An alternative approach is to enhance the
conductivity of SWNT/P3HT films by doping or adding a
conductive material like a conductive polymer. In-situ polymer-
ization of polypyrrole or PEDOT was done to enhance the
conductivity. This is illustrated in Figure 1. The respective
monomers, either pyrrole or EDOT, were added to the
SWNT/P3HT dispersion. The weight ratio was varied to form
a 1/1/4, 1/1/40, or 1/1/400 (SWNT/P3HT/monomer) dis-
persion. The 1/1/400 dispersion was not stable as this amount
of monomer destabilized the SWNT dispersion. Films were
made using a Bird film applicator with an automated shearing
table. The shear speed for depositing these films was 100 mm/s
with a 20 ym gap. This produced a wet SWNT/P3HT /Py film.
For some samples, this wet film was then placed into a 0.5 M
FeCl; ethanol solution. These samples are labeled “wet”. For
others, the dichlorobenzene was allowed to evaporate to lead to
a dried film before immersion into the FeCl; solution. These
samples are labeled “dry”. PPy or PEDOT was formed after ex-
posure to FeCl; to create a thin SWNT/P3HT /PPy or SWNT/
P3HT/PEDOT film.

Without addition of the conductive polymer, a SWNT/
P3HT film had a sheet resistance of 20 kQ/[] at 81% trans-
mittance. A popular benchmark for comparing transparent elec-
trodes is to use the DC to optical conductivity ratio (D/0).*
The corresponding DC to optical conductivity ratio for the
SWNT/P3HT film was 0.08. When this film was doped with
FeCls, a known dopant for SWNT's and conjugated polymers, it
had a S00 ©/[] sheet resistance at 88% transmittance corre-
sponding to a 5.64 D/O, a 2 orders of magnitude increase.
Films with addition of conductive polymer showed a further
increase in conductivity, reaching a D/O of 11. Compared to
the SWNT/P3HT films, this is an increase in transparent
electrode performance of 2 orders of magnitude. Those films
made under a wet polymerization were less conductive than the
dried films. The dried films had a 93 Q/[] sheet resistance at
68% transmittance compared to 290 Q/[] at 83% trans-
mittance for the wet films. These corresponded to DC to
optical conductivity ratios of 9.6 and 6.5, respectively. The con-
ductive polymer enhanced the electrical performance of these
films more than doping with FeCl;. SEM images of SWNT/
P3HT/PPy films are shown in Figure 2. A representative
SWNT/P3HT film with no additional polymer is shown in
Figure 2A. The multiple layers of SWNTs were partially
aligned. Addition of PPy did not change the morphology of the
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Figure 2. SEM images of SWNT/conjugated polymer films. (A)
SWNT/P3HT (1/1) film as cast. (B) SWNT/P3HT/ PPy film as cast.
SWNT/P3HT/Py (1/1/40) was allowed to dry before polymerization
of the PPy. (C) SWNT/P3HT/PPy film as cast. SWNT/P3HT/Py
(1/1/40) film was immersed into FeCl; before solvent evaporation
could occur. Scale bars are 500 nm.

film drastically. The CNTs remained partially aligned but
appeared wrapped with a thin PPy coating. The PPy coating
was rougher in the film that was polymerized before evapo-
ration of the oDCB, and this could account for the decreased
conductivities for the wet films. Films with PEDOT appeared
very similar to these images and are shown in Figure S1,
Supporting Information. The conductivities of the films are
shown in Table 1.

Absorption and Raman spectroscopies were used to probe
the doping of the conjugated polymers and SWNTs. Figure 3A
shows the absorption spectra for a SWNT/P3HT film before
and after immersion into a ferric chloride solution for 5 min.
The P3HT absorption peak at 570 nm dropped substantially
while a new geak appeared at 800 nm due to doped poly-
thiophene.*** In addition, the CNT peak at 1000 nm shifted
slightly and could not be distinguished from the 800 nm peak.
With the appearance of a peak at 800 nm, the polythiophene
wrapping the nanotubes appeared to be doped. The corre-
sponding Raman spectra are shown in Figure 3B. The intensity
of the polymer peak at 1440 cm™! was diminished, and the
shape of the G band of the carbon nanotubes sharpened and
shifted slightly to a higher wavenumber by about 1.5 cm™’,
indicating p doping of the SWNTs. Doping of both the SWNT's
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Table 1. Raman Peak Shifts (in cm™') and Transparent
Electrode Performance for Various SWNT-Conjugated
Polymer Films

CNT G*
upshift  average Ry %T at opc/ conductivity
film (em™) (Q/0) 550 nm Ooptical (S/cm)

SWNT/P3HT doped 1.52 500 88 5.6 1300

SWNT/P3HT /PPy 3.14 240 88 11 1700
1/1/4 dry”®

SWNT/P3HT /PPy 4.88 93 68 9.6 2800
1/1/40 dry

SWNT/P3HT /PPy 9.75 290 83 6.5 1000
1/1/40 wet”

SWNT/P3HT/ 3.68 170 82 11 2100
PEDOT 1/1/4 dry

SWNT/P3HT/ 4.66 85 71 12 3300
PEDOT 1/1/40 dry

SWNT/P3HT/ 7.37 340 79 4.4 770

PEDOT 1/1/40 wet

“Solvent was evaporated before immersion into ferric chloride

. b . o .
solution. “Solvent was not evaporated before immersion into ferric
chloride solution.
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Figure 3. (A) Absorption spectra for SWNT/P3HT films. Upon
immersion in ferric chloride, the polymer peak at 570 nm decreased
while the peak corresponding to doped P3HT at 800 nm rose. (B)
Raman spectra for SWNT/P3HT films. Upon immersion in ferric
chloride, the polymer peaks dropped in intensity while the G band
hardened and slightly upshifted. A SWNT/P3HT/PPy film had a
greater upshift.

and P3HT accounted for the decrease in sheet resistance from
20000 to 500 €2/[] after immersion in FeCl;. The spectrum
for a SWNT/P3HT/PPy film is also shown in Figure 3B. The
G-band shift is even greater by 8.2 cm™’, indicating a greater level
of p doping compared to the FeCl;-doped SWNT/P3HT film.

The level of doping for the various films made with varying
processing conditions was monitored by shifts in the Raman
spectra and changes in the absorption spectra. Using a SWNT/
P3HT as cast film as a control, shifts in the CNT G* peak are
tabulated in Table 1 for several SWNT/conjugated polymer
films. The largest shifts were found to occur when the film was
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still wet when immersed into the ferric chloride solution to
polymerize the conductive polymer. These processing con-
ditions resembled that to be used for producing fibers.
However, these highly doped films did not lead to the most
conductive films as shown in Table 1. The optimal conditions
for high conductivity involved allowing the oDCB to evaporate
before immersion into the ferric chloride. A 1/1/40 (SWNT/
P3HT/monomer) weight ratio yielded the best results.
Conductivities of 2800 and 3300 S/cm have been reached for
SWNT/P3HT/PPy and SWNT/P3HT/PEDOT films, respec-
tively. Other solution-processed films require strong acidic
dopants, which prevent universal use in flexible electronics.
This is the first use of industrial deposition methods to solution-
process conductive carbon nanotube composite films uniformly
over large areas.

SWNT/P3HT/PPy and SWNT/P3HT/PEDOT Fibers.
These low-yield stress, gelated SWNT/P3HT dispersions
should allow for fibers with aligned carbon nanotubes. We
can take advantage of the gel-like properties of the dispersions
so that the dispersion maintains its cylindrical shape when
injected into a second medium, resulting in a gel fiber. One
would suspect that the solvent could be removed from the gel
fibers through diffusion into a second medium, be it air or a
miscible solvent. This would result in a solid SWNT/P3HT
fiber. However, we found that the gel fibers were too fragile to
be processed via 0DCB evaporation, and no solvent allowed for
complete solidification of the gel fiber. More details on the
coagulant solvents that were attempted are in the Supporting
Information. Since the fibers did not solidify over time, another
method had to be used to strengthen the gel fibers so that they
could be processed.

Adding another component to these gel fibers to strengthen
the gel state was thus necessary. We excluded insulating mate-
rials as they could diffuse in between the SWNTs and lower the
conductivity. Conductive polymers were attractive candidates
as they could help to hold nanotubes together while enhancing
the overall conductivity of the fibers. Oxidation polymerization
of pyrrole or EDOT could be carried out upon exposure of the
monomer to the oxidizing ferric chloride. Similar to the
SWNT/conjugated polymer films, ferric chloride would dope
the polymers and the SWNTs to further enhance the overall
conductivity.**** Thus, formation of conductive polymer could
stabilize and dope the fiber in one step. One major concern
with conjugated polymers was the brittle nature commonly
associated with thick, doped conjugated polymer films.*>~*
The brittleness is strongly related to the microstructure of the
polymer coating; thus, optimization and sometimes addition of
cross-linkers are needed to form a strong film.* Figure 1 illus-
trates the in-situ polymerization process used to form con-
ductive films and fibers.

The in-situ polymerization process for the SWNT/P3HT
films was adapted for processing fibers to allow for conductive,
solid fibers. The in-situ polymerization during fiber processing
closely resembles that of the “wet” films described earlier.
Monomer was added to the SWNT/P3HT dispersions to form
a 1/1/4 or a 1/1/40 (SWNT/P3HT/monomer) dispersion.
The SWNT/P3HT/monomer dispersion was injected into a
ferric chloride oxidizing solution. After injection, the monomer
would undergo oxidation polymerization to form PPy or PEDOT.
Several parameters had to be optimized to form fibers. These
parameters included the flow rate of the SWNT/P3HT/Py
dispersion, the injection needle size, the monomer concen-
tration, the oxidant solution and concentration, and the drying
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condition. Fibers without carbon nanotubes were also
attempted using P3HT/Py solutions and 0.5 and 5 M FeCl,,
but no fibers could be formed in either case, indicating that the
presence of SWNTs strengthened the polymer to allow
formation of the observed fibers.

Infinitely long fibers could be formed by continuously
flowing a FeCl; ethanol solution with the SWNT/P3HT/
monomer oDCB dispersion. This process is shown in Figure 1.
The FeCl; solution was pumped using a peristaltic pump into a
T junction. The SWNT/P3HT/Py dispersion was pumped
using a syringe pump past the T junction using a long Teflon
needle. Thus, when the dispersion exited the needle it would
flow coaxially with the FeCl; solution. Teflon tubing and
needles were used to prevent any clogging. The tubing length
after the end of the needle was controlled to vary the residence
time of the fibers. Longer tubing lengths allowed for longer
polymerization times. Fibers were collected in a large shallow
dish. A shallow dish was needed as the fibers were very sensitive
to static electricity, most likely due to the polymers being in a
charged state. If the wet fiber adsorbed onto a surface, a film
rather than a fiber would form. Fibers were slowly removed
from this dish and allowed to dry in air to form solid fibers. The
variables in this system included the flow rates of the two
solutions, needle and tubing sizes, tubing length, and concen-
trations of the solutions. Initial conditions used were similar to
those used by Davis et al.*'

Optimization of this process is detailed in the Supporting
Information. The narrowest needle size that was tested was
optimal since it allowed a thin layer of conductive polymer to
stabilize the fiber. With larger needles, the fibers would break
up immediately after injection. We attributed this to the larger
cross-sectional area of the fibers when using larger needles.
More PPy must form to stabilize these thicker fibers due to the
increased cross-sectional area. The monomer concentration
needed to be great enough to lead to a sufficiently thick con-
ductive polymer layer for stabilization of the fiber but not too
great to induce SWNT precipitation. Varying the SWNT/
P3HT/monomer dispersion velocity led to two regimes. For
SWNT/P3HT/monomer velocities greater than the ferric
chloride velocity, thick, coiled fibers of regular length were
produced. The length of these fibers could be increased by
increasing the SWNT/P3HT/monomer flow rate though
continuous fibers could not be formed. Thin, straight, semi-
continuous fibers could be produced by lowering the SWNT/
P3HT /monomer flow rate well below the ferric chloride flow
rate. An average velocity of 1.5 cm/s (0.018 mL/min flow rate)
with a 6.5 cm/s FeCl; solution velocity produced these fibers.
These semicontinuous fibers were several feet long but could
not be dried without breakage due to their fragility. This
prevented quantitative characterization of the mechanical
properties of these fibers. Optical images of these two types
of fibers are shown in Figure S9, Supporting Information.

SEM images of these fibers are shown in Figures 4 and 5.
Thick, coiled fibers are shown in Figure 4. The diameters of the
fibers were about 70 pm. The fiber structure was very rough
with many wrinkles on the surface. The fibers had a large
surface area due to these wrinkles. Nanotubes were observed to
be within a PPy/PEDOT matrix with many PPy/PEDOT fibers
on the surface, as shown in Figure 4B and 4E, respectively. The
nanotubes appeared aligned along the folds in the fiber. The
fiber had wrinkles within it that seemed to consist of nanofibers
of about 30 nm in diameter as seen in Figure 4C and 4F. These
nanofibers seemed to have a preferred orientation parallel
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Figure 4. (A—C) SEM images of thick, coiled SWNT/P3HT/PPy
fibers. (D—F) SEM images of SWNT/P3HT/PEDOT fibers. Fibers
were formed by flowing SWNT/P3HT/monomer (1/1/40 weight
ratio) with a 0.5 M FeCl; ethanol solution. Both types of fibers have
similar morphologies. Polymerization was not uniform, leading to
regions with a collapsed structure as shown in A and D. A rough PPy
or PEDOT coating with many wrinkles was observed throughout the
fiber. Conductive polymer nanofibers with diameters of about 30 nm
were found among small CNT bundles in C and F.
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to the fiber orientation. It was difficult to determine if these
nanofibers consisted of only conjugated polymer or a mix with
carbon nanotubes. These fibers were mechanically weak,
leading to brittle fracture. A series of two-point probe resistance
measurements for several fibers of various lengths revealed
these fibers to have a conductivity of about 6 and 7 S/cm for
SWNT/P3HT/PPy and SWNT/P3HT/PEDOT fibers, respec-
tively. Though this conductivity was not high, the large sur-
face area could be of interest for certain applications, such as
supercapacitors.

Figure 5 shows SEM images of the semicontinuous fibers
at different locations along the fiber. The diameter was about
22 pm. The fibers were rigid, with a straight orientation. The
surface was much smoother than the thicker fibers, but folds
were still prominent. These likely occurred during the drying
process when the diameter of the fiber shrank. Slight cracks in
the PPy coating could be observed as in Figure SC. Figure SD—F
shows the fibers after fracture. Brittle fracture occurred as shown
by the clean break. PPy could be observed throughout the fiber.
Aligned CNTs could be seen protruding from the edge. No
voids in the fiber were observed. The conductivity of these
fibers was measured to be 170 S/cm. The smoother PPy films
and improved PPy embedding into the CNTs may account for
this increased conductivity. Though these fibers were conductive,
the weak mechanical properties had to be improved to make
these fibers practical. In addition, reproducibility of these fibers
was low. A microfluidic device, which would provide more
control, may be needed to consistently form these fibers.
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Figure 5. SEM images of semicontinuous SWNT/P3HT/PPy fibers.
Fibers were formed by flowing SWNT/P3HT/Py (1/1/40 weight
ratio) with a 0.5 M FeCl; ethanol solution. (A—C) Images of intact
fibers. A smooth PPy coating with small cracks was observed
throughout the fiber. (D—F) Images of the fibers after being cut
with scissors. PPy could be seen to be well incorporated within the
fiber. Aligned CNTs protruded from the edge.

Strengthening Mechanical Properties of SWNT/P3HT
Fibers. To enhance the reproducibility and strength of these
fibers, three strategies were employed: increasing the residence
time, increasing the FeCl; concentration, and using phytic acid
as a noncovalent cross-linker. Increasing the polymerization
time may increase the yield for PPy. However, increasing the
tubing length from 6 to 100 feet, which increased the residence
time from 1 mi to about 15 min, did not improve the strength
of the fibers. Increasing the FeCl; concentration increased the
polymerization rate. The 0.05, 0.5, and S M FeCl; ethanol
solutions were tested. Use of 0.05 M FeCl; lowered the
reaction rate such that only short fibers were produced. These
fibers were noticeably weaker than short fibers produced using
0.5 M FeCl;. Using S M FeCl, led to fast polymerization rates.
The resulting fibers were much thicker, with diameters greater
than the inner diameter of the needle. Two types of fibers were
formed when using 5 M FeCl;: coiled fibers produced at faster
flow rates and straight fibers produced at slow flow rates. These
fibers were similar to those produced with 0.5 M FeCl; but with
much thicker coatings of conductive polymer. The conductivity
of SWNT/P3HT/PPy coiled and straight fibers were 0.7 and
3 S/cm, respectively. Nonetheless, neither regime led to contin-
uous fiber production likely due to the large cracks in the poly-
mer coatings, as shown in SEM images in Figure S8, Supporting
Information.

Phytic acid allowed for cross-linking of the conductive
polymer through electrostatic interactions. It had been used to
form hydrogels with polyaniline by interacting with the
nitrogen on the backbones of the polymer.** Use of phytic
acid cross-linking may help to improve the mechanical strength
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of the fibers and produce continuous fibers more consistently.
Since phytic acid had limited solubility in dichlorobenzene, it
was added to the ferric chloride ethanol solution at a 6.6 mg/
mL concentration to have a 50/1 FeCl,/phytic acid molar ratio,
similar to the concentration used for preparing hydrogels in
previous studies.>® When used with SWNT/P3HT/ Py (1/1/40),
a semicontinuous coiled fiber could be formed in contrast to
the SWNT/P3HT /PPy fiber without the phytic acid, indicating
an increase in strength. Again, these fibers were several feet
long but could not be dried effectively to prevent breakage.
These semicontinuous fibers were formed with the FeCl; flow
rate of 4.6 mL/min (6.4 cm/s) and extrusion rate of 0.36 mL/
min (30 cm/s). Thin, straight continuous fibers could not be
formed due to fiber breakage near the injection point. The
coiled fibers are shown in Figure 6A—C. The diameters of

Figure 6. (A-C) SEM images of coiled SWNT/P3HT/PPy/phytic
acid fibers. Fibers were formed by flowing SWNT/P3HT/PPy
(1/1/40) with a 0.5 M FeCl; ethanol solution containing phytic
acid. (A) The fiber was very coiled, with many portions of the fiber not
being cylindrical. (B) Many wrinkles were observed (scale bar 2 ym).
(C) Upon fracture, the layers within the fiber appeared broken at
different points. (D-F) SEM images of coiled SWNT/P3HT/
PEDOT/phytic acid fibers. Fibers were formed by flowing SWNT/
P3HT/PEDOT (1/1/40) with a 0.5 M FeCl; ethanol solution
containing phytic acid. (D) The fiber was coiled but still mainly
cylindrical. (E) Fewer wrinkles were observed than in the PPy fiber.
(F) Upon fracture, the layers within the fiber corresponded with the
wrinkles found on the exterior of the fiber.

the fibers were about 46 ym. The fibers were not necessarily
cylindrical, however, with some regions being flat. Similar to
fibers without phytic acid, they had a large surface area due to
the many folds and wrinkles found in these coiled fibers. These
could be signs of a rapid drying process with a large change in
the structure of the fiber. The PPy seemed to be well integrated
within these folds. The end of a broken edge of a fiber is shown
in Figure 6C. Brittle fracture and multiple layers were observed
similar to other fibers. The multiple layers seemed to break
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independently, which could explain the weak, brittle nature of
even these stronger fibers. The nanotubes appeared to be well
dispersed in the layers and were aligned along the fiber orien-
tation. No nanofibers were observed. This may explain the
increase in conductivity up to 19 S/cm.

Phytic acid was also used with SWNT/P3HT/EDOT (1/1/40).
Coiled, semicontinuous fibers were also formed. Optical images
of these fibers are shown in Figure S10, Supporting Information.
These fibers were more cylindrical showing that during the
drying of the fiber the general shape was maintained as shown
in Figure 6D—F. This could indicate a more uniform poly-
merization of PEDOT compared to PPy. This could be due to
the lower oxidation potential of EDOT, which would allow
PEDOT to form more easily around the gel fiber, allowing
for a stronger cylindrical shell. The diameter of this fiber was
57 um. Fewer wrinkles and folds were found in the fibers with
PEDOT, though they were prevalent on the surface of the
fiber. In Figure 6F these folds were observed to persist within
the fiber, forming the layers that have been found in the other
fibers. The conductivity of these fibers is 64 S/cm. The stronger
interactions across polymer chains and lack of nanofibers may
explain this increase in conductivity. SWNT/P3HT/PEDOT
fibers with phytic acid were the strongest of all fibers pro-
duced as indicated by the ability to form semicontinuous
fibers and the ease in removal from the ferric chloride solution
without breakage. However, these fibers were still very brittle,
likely due to poor interactions between the layers in the
fiber. Thermogravimetric analysis was done for several fibers,
and these data indicated that these SWNT/P3HT/PEDOT
fibers with phytic acid contained the greatest carbon nano-
tube content. Details of this can be found in the Supporting
Information.

In this work, several SWNT/conjugate polymer fibers were
formed using in-situ polymerization of a conductive polymer.
Note that no fibers were formed without addition of conductive
polymer. All our fibers were relatively conductive, but past
studies of these doped conductive polymers surpassed the
conductivity of these fibers.*>** Compared to other solution-
processed fibers using typical solvents, the conductivity of these
SWNT/conjugated polymer fibers are promising. Vigolo et al.
formed SWNT/poly(vinyl alcohol) (PVA) fibers by injecting
surfactant-stabilized SWNT dispersions into an aqueous PVA
solution.”® The resulting fibers had a conductivity of 10 S/cm.
Chen et al. formed similar fibers with a conductivity of 0.005 S/cm
with the PVA and about 140 S/cm after annealing at 1000 °C
in hydrogen to remove the PVA.*' Foroughi et al. prepared
MWNT/PPy fibers using MWNT forests and chemical poly-
merization leading to fibers with a conductivity of 270 S/cm
compared to 215 S/cm without the PPy.** Compared to these
studies, fibers up to 170 S/cm are on the same magnitude as
the best CNT/PPy fibers with the added benefit of solution
processing. The conductivity and mechanical properties of
these fibers depended greatly on the processing conditions such
as the polymerization rate. Faster rates led to conductive
polymer films of lower uniformity and lower conductivity. Since
a fast polymerization rate was needed to stabilize these fibers,
they would inherently produce fibers with conductive polymer
films that have many nucleation sites. This led to rough films
with cracks. This was likely the cause of the brittle nature found
for all of the fibers. Another cause could be the layering of
conductive polymer in the fibers. These layers may not inter-
act strongly, allowing cracks in the conductive polymer surface
to propagate through the fiber. Because of these difficulties,
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Table 2. Summary of CNT Dispersion and Oxidant Solution
Conditions and the Resulting Fibers

max
conductivity
CNT dispersion oxidant solution fiber formation (S/cm)
SWNT/P3HT/ 0.5 M FeCl; in ethanol none
PPy (1/1/4)
SWNT/P3HT/ 0.5 M FeCl; in ethanol none
PPy (1/1/400)
SWNT/P3HT/ 0.05 M FeCl; in none
PPy (1/1/40) ethanol
0.5 M FeCl; in ethanol  semicontinuous 170
S M FeCl; in ethanol  discontinuous 3
0.5 M FeCl; + phytic  semicontinuous 19
acid in ethanol
SWNT/P3HT/ 0.5 M FeCl; in ethanol  discontinuous 7
EDOT (1/1/40)
0.5 M FeCl; + phytic  semicontinuous 64

acid in ethanol

quantitative measurements of the strengths of these fibers could
not be accomplished. The conditions leading to semicon-
tinuous fiber formation are summarized in Table 2.

B CONCLUSIONS

Solution-processed, conductive SWNT/conjugated polymer
composite films and fibers were formed using in-situ polymer-
ization of conductive polymer. In-situ polymerization increased
the processability of the SWNT/conjugated polymer gels
allowing for production of transparent electrodes as well as
composite fibers. The oxidant, FeCl;, doped both the polymer
and the SWNTs, leading to highly conductive composites. The
films reached conductivities of 2800 and 3300 S/cm for SWNT/
P3HT/PPy and SWNT/P3HT/PEDOT composites, respec-
tively. These films open up the possibility of using SWNT/con-
jugated polymer films as solution-processable transparent
electrodes. The fibers reach conductivities of up to 170 S/cm.
Two fiber-forming regimes were found, which depended on the
extrusion rate of the fiber. Phytic acid was needed as a
noncovalent cross-linker to strengthen the fibers. All additives
needed to make conductive films and fibers are inexpensive or at
low concentrations, which enables large-scale processing. These
results show that in-situ polymerization of conductive polymer
can be a promising tool in solution-processed manufacturing,
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