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This paper reports a novel, cost-effective, scalable, and simple method for
preparing poly(3-hexylthiophene)/multiwalled carbon nanotube (P3HT/
MWCNT) nanocomposite films. The PSBHT/MWCNT films were prepared by
oxidative polymerization of 3-hexylthiophene in chloroform solution contain-
ing dispersed MWCNT. The phase composition and microstructure of the
composite films were analyzed by x-ray diffraction (XRD), Fourier-transform
infrared spectroscopy, Raman spectroscopy, thermogravimetric analysis, and
field-emission scanning electron microscopy. The composite films were
smooth, dense, and uniform. The thermoelectric properties of the composite
films were measured at room temperature. The electrical conductivity and
Seebeck coefficient of the films with MWCNT content of 5 wt.% were

~1.3 x 1072 S/cm and 131.0 xV/K, respectively.
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INTRODUCTION

Solid-state cooling and power generation based on
thermoelectric (TE) effects have potential applica-
tions in waste heat recovery, air conditioning, and
refrigeration. The TE performance of a material is
evaluated by the material’s dimensionless figure of
merit ZT (=026¢T/x, where o is the Seebeck coeffi-
cient, o is the electrical conductivity, x is the thermal
conductivity, and T is the absolute temperature). To
obtain high ZT, it is necessary to optimize these
parameters simultaneously. However, as «, ¢, and x
are interdependent, changing one alters the others,
making optimization extremely difficult.®

Bismuth telluride (BiyTes)-based alloys are the
best commercially available inorganic TE materials
(ZT =~ 1 near room temperature). The predominant
techniques used to prepare Bi%Teg—based nanopow-
ders are rapid solidification,” atomization,® ball
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milling,* surfactant directed synthesis,” and ther-
molysis reduction methods.® Expensive raw materi-
als and facilities for fabrication, heavy-metal
pollution, and poor processability limit their wide
application.” '° Consequently, developing high per-
formance with relatively economical TE materials is
of key importance if the benefits of their properties
are to be realized.”!!

Conducting polymers are important materials
which can be applied in the field of sensors, energy
storage, corrosion inhibition, enzyme activity, elec-
tronic, and optoelectronic devices. Recently, increas-
ing attention has focused on the TE properties of
conducting polymers that have relatively high
chemical stability in ambient conditions, low density,
low thermal conductivity, low cost, and ease of syn-
thesis and processing into versatile forms. Such
polymers include f-naphthalene sulfonic acid-doped
polyaniline (PANI) nanotubes,'® poly(3-hexylthio-
phene) (P3HT) film," polz(3,4-ethy1enedi0xythio-
phene) (PEDOT) nanowires, '* PEDOT-tosylate films, '
as well as PEDOT nanotubes.'® Much progress has
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been made with some of these polymers and polymer-
based nanocomposites.”1+16-20

Carbon nanotubes (CNTs) are renowned for their
extraordinary electrical, mechanical, and thermal
properties. Furthermore, CNTs are nanosize and
have holey structure features which are beneficial
to achieving high ZT. Consequently, they are
promising candidates for TE materials in view of the
quantum confinement effect of the charge carriers
and the size effect of the heat carriers.?’ Yu et al.'
reported that, when CNTs were incorporated into
a polymer matrix, as the CNT concentration
increased, the electrical conductivity of the composite
increased dramatically while the thermal conduc-
tivity and Seebeck coefficient remained relatively
unchanged. This behavior results from thermally
disconnected but electrically connected junctions,
making it feasible to tune propertiesin favor of higher
ZT. Subsequently, several studies examining the TE
properties of polymer/CNTs composites have been
reported, such as PANI-coated CNT sheet,'® PANI/
single-walled carbon nanotube (SWCNT) composite,’
and poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS)/CNT compos-
ite.?® The Seebeck coefficients of these composites
were relatively low (~11 uV/Kto 50 uV/K). However,
more recently, Sun et al.’® reported that tetra-
fluorotetracyanoquinodimethane (F,TCNQ)-doped
P3HT film had a much larger Seebeck coefficient
(~400 uV/K to 580 uV/K).

Preparation of PSHT/CNT nanocomposites may
be an effective route to produce relatively low-
density, high-performance TE materials, by taking
advantage of the properties of CNT (high electrical
conductivity) and PSHT (low thermal conductivity)
to potentially have a synergistic effect. To the best of
our knowledge, no research on the TE properties of
PSHT/MWCNT nanocomposite films has been
reported. In this work, PSHT/MWCNT TE compos-
ite films were prepared and the TE properties of the
prepared films were investigated.

EXPERIMENTAL PROCEDURES
Raw Materials

3-Hexylthiophene (3HT) monomer (97%), chloro-
form, anhydrous iron (III) chloride (oxidant), and
other organic solvents were purchased from Sigma—
Aldrich Chem. Co (reagent grade). MWCNT (main
range of diameter: 10 nm to 20 nm, length: 5 ym to
15 um, purity: >95%) were purchased from Shenzhen
Nanotech Port Co., Ltd. All of these were used with-
out further purification.

Preparation of PSBHT-MWCNT Films

A typical procedure for preparing PSHT/MWCNT
films was as follows: 100 mL CHCIl; solution con-
taining MWCNT (5 wt.% with respect to the 3HT
monomer weight) was placed in a 500-mL beaker
and then sonicated for 1 h at room temperature

(solution A). Secondly, 0.168 g (1 mmol) 3HT
monomer dissolved in 50 mL CHCl; solution was
added to solution A and further sonicated for
30 min (solution B). Then, 0.649 g (4 mmol) FeCl;
was dissolved in 50 mL: CHCls solution and added
through a separating funnel to solution B, then
continuously stirred at constant rate for 24 h at
room temperature. The resultant PSHT/MWCNT
composite was precipitated in methanol and then
centrifuged for 10 min at 3000 rpm. When centri-
fuging was finished, the composite formed a layer on
the bottom of the flask. After separating the meth-
anol, the composite was carefully washed with dis-
tilled water without stirring, followed by
centrifuging. The upper water was then removed.
This washing step was repeatedly many times until
the upper solution became colorless. Finally, the
product was dried (in the centrifuge container)
under vacuum at 60°C. A PBHT/MWCNT composite
film was obtained at the bottom of the container. A
pure P3HT film, containing no nanotubes, was
synthesized using the same procedure as described
above for comparison. The process for preparation of
PSHT/MWCNT composite films is schematically
depicted in Fig. 1.

Characterization

The molecular weight of the prepared PSHT film
was measured using gel permeation chromatogra-
phy (GPC) in tetrahydrofuran (THF) at 30°C. The
prepared PSHT/MWCNT composite film was exam-
ined by x-ray diffraction (XRD, Bruker D8 Advance)
with Cu K, radiation (1= 1.5406 A), Fourier-
transform infrared spectroscopy (FTIR, Nicolet 6700,
spectral range: 650 cm ! to 10,000 cm 1), and Raman
spectroscopy (Nicolet Almega XR model) using a laser
diode at excitation wavelength of 514 nm and 10%
laser power level. The thermal stability of the film
was examined by thermal gravimetric analysis
(TGA) using a Pyris 1 TGA under nitrogen atmo-
sphere at heating rate 10°C/min. The morphology of
the film was observed by field-emission scanning
electron microscopy (FE-SEM) using a Quanta 200
FEG.

The electrical conductivity and Seebeck coeffi-
cient of the film were measured at room tempera-
ture. A standard four-probe method was used for the
electrical conductivity measurement, while the
Seebeck coefficient was determined from the slope of
the linear relationship between the thermoelectro-
motive force and temperature difference (~10 K)
between two points on the film.

RESULTS AND DISCUSSION

The molecular weights determined by GPC were
167,536 (M,,) and 53,657 (M,) for the P3HT film,
with 3.12 as a measure of polydispersity. The M.,
and M, of the prepared PSHT film were greater
than those reported in Ref. 22 (39,717 and 12,778,
respectively, polydispersity = 3.11).
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Fig. 1. lllustration of the process for preparation of PSHT/MWCNT composite film.
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Fig. 2. XRD patterns of (a) P3HT and (b) PBHT/MWCNT composite
films.
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Fig. 3. FTIR spectra of (a) P3HT and (b) PSHT/MWCNT composite
films.

XRD patterns of the PSHT and PSHT/MWCNT
composite films are presented in Fig. 2. For P3HT,
the peak at 20 = 5.15° corresponds to d = 17.13 A,
which is the in-plane interchain distance between
thiophene rings, and the weak peak at 20 = 10.24°
corresponds to d = 8.596 A, representing second-
order reflections from the interlayer spacing.
When compared with the XRD pattern of the PSHT
film, the PSHT/MWCNT composite film showed a
similar XRD pattern but with a weaker and wider
XRD peak, indicating that the polymorphlc nature
of the PSHT remained unchanged®® and that the
size of the PSBHT in the PSHT/MWCNT composite
film was smaller.

Figure 3 shows the FTIR spectra of PSHT and
PSHT/MWCNT composite films. For P3HT, all the
peaks agree with the results refl)orted in Ref. 22. The
absorption peaks at 3053 cm ™' and 2955 cm ™! are
attributed to the Cs—H aromatic stretching mode
and the —-CH3 asymmetry stretch v1brat10n respec-
tively; those at 2922 cm™! and 2853 cm™! to the

—CH,— stretch vibration, those at 1378 cm ™! to the
—CHs bending vibration,?* and those at 1150 cm ™!
and 720 cm™ " to the characteristic out-of-plane and
in-plane rocking vibration of —(CHjy),— group
(n > 4).>* The absorption peak at approximately
1455 cm ! belongs to the symmetric C=C stretch,
while the antlsymmetrlc stretch of this Vlbratlon
(1508 cm™ 1), which is very weak in the P3HT, is not
shifted in the P3HT/MWCNT composite films.
These results suggest that there was no strong
interaction between the PSHT and the MWCNT but
only simple n—n stacking.??

Raman spectroscopy is sensitive to both electronic
and vibrational structures of carbon nanotubes and
has been used to probe the structure of polymer
nanocomposites.?* In the present case, Raman
spectroscopy of MWCNT powder and the
as-prepared P3HT and PSHT/MWCNT films was
performed, and the results are presented in Fig. 4.
The peaks at 1380 cm ! and 1448 cm ! correspond
to the thiophene ring mode of regioregular PSHT.?®
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Fig. 4. Raman spectra of (a) MWCNT powder, and (b) P3HT and
(c) PBHT/MWCNT composite films.

In the MWCNT trace, the important peaks at
1312 cm ! and 1605 cm™! correspond to the sp®
mode (D band) and the tangential mode (G band) of
the nanotubes, respectively.?® A redshift (~15 cm 1)
of the MWCNT peaks was observed in the P3HT/
MWCNT composite films, which agrees with results
reported in Ref. 25 Possible reasons for this may be
(i) the MWCNTSs donate electronic charge to the
P3HT matrix,?’ and (ii) because the MWCNT con-
tent was low (5 wt.%), most of their surface is likely
covered by PSHT matrix. Consequently, the free-
dom of the C—C vibration on the graphene plane will
be restricted due to CH-n interactions (CH-=x
interactions observed between nanotube and PSHT
are stronger than =n—r interactions observed
between nanotube bundles).?® A similar redshift of
the G band (~17 cm™ ') has also been reported for
SWCNT/polyg(l)ropylene29 and SWCNT/reinforced
epoxy resins.

The TGA results of PSBHT and PSHT/MWCNT
composites compared with pure MWCNT powder
are presented in Fig. 5. MWCNT powder was more
stable than the composite samples in the tempera-
ture range of 300 K to ~900 K, with the higher
residual weight of MWCNTs due to the presence of
undegraded MWCNT. Degradation typically starts
at >873 K.>! The P3HT and PSHT/MWCNT com-
posite films started degrading at 664 K and 648 K,
respectively. When the content of MWCNT is 5%,
PSHT/MWCNT composite films have lower thermal
stability than that of pure PSHT, which agrees with
the result reported in Ref. 23.

Figure 6 shows FESEM images of the prepared
PSHT/MWCNT composite film. Top-view FESEM
observation indicates that the PSHT/MWCNT film
is dense and has a smooth surface with uniform
morphology, similar to the P3HT film reported in
Ref. 22, but it is difficult to see the MWCNT in the
P3HT matrix (possibly because the MWCNT con-
tent is very low). FESEM images of the fracture
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Fig. 5. TGA curves of (a) MWCNT powder, and (b) P3HT and
(c) PBHT/MWCNT composite films.

surface of the film, however, clearly show the wire-
like nanostructure of the MWCNT in the P3HT
matrix (Fig. 6d).

The electrical conductivity of the PSHT/MWCNT
composite film is ~1.3 x 10~% S/cm, which is greater
than that of the pure P3HT film (2.5 x 107" S/cm)
prepared under the same procedure and higher than
that of the F,TCNQ-doped P3HT film (~1.8 x
107° S/em to 3.8 x 10~° S/cm).*® This value is also
higher than that of P3HT/double-walled carbon
nanotube (DWCNT) composites (5.3 x 10~ S/cm,
with 5 wt.% DWCNT)?? and poly(3-octylthiophene)/
SWCNT composites® (5.4 x 10° S/ecm, with 5 wt.%
SWCNT). This may be because the as-prepared
PSHT/MWCNT composite films have a smooth,
dense, uniform morphology. However, the electrical
conductivity of the PSHT/MWCNT composite film is
still lower than that of PANI-coated CNT sheet
(~30 S/cm to 90 S/cm),'®* PANI/SWCNT composite
(~10 S/cm to 125 S/cm),” PEDOT:PSS/CNT com-
posite (~0 S/cm to 124 S/cm),?° and poly(vinyl ace-
tate)/CNT composite (~0 S/cm to 48 S/cm).'! The
main reason might be that the electrical conductiv-
ity of PANI and PEDOT:PSS is much higher than
that of pure PSHT.

The Seebeck coefficient of the prepared P3HT/
MWCNT composite film is ~131.0 uV/K (see plot of
thermoelectromotive force versus temperature dif-
ference from two points on the film in Fig. 7; the
Seebeck coefficient of the pure P3HT film could not
be measured, probably due to its low electrical
conductivity), indicating that the film is a p-type
conductor. The Seebeck value is much higher
than that of PANI-coated CNT sheet (~12 uV/K to
28 uV/K),'®* PANI/SWCNT composite (~11 gV/K to
40 uV/K),” PEDOT:PSS/CNT composite (~17 uV/K
to 40 uV/K),2° and poly(vinyl acetate)/CNT compos-
ite (~40 uV/K to 50 uV/K),'' but smaller than
that of F,TCNQ-doped P3HT film (~400 uV/K to
580 uV/K).'? This means that the preparation route
reported in this paper for polymer/CNT films can
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Fig. 6. Photograph of the prepared PSHT/MWCNT composite film
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a); the inset in (a) shows a bent strip of the prepared film. (b) Top-view

FESEM image of the PBHT/MWCNT composite film. (c) FESEM image of the fracture surface of the film, and (d) high-magnification FESEM

image of the area marked by a square in (c).
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Fig. 7. Thermoelectromotive force versus temperature difference
from two points on the film. Inset is a schematic diagram of the
Seebeck coefficient measurement.

significantly increase the electrical conductivity
while maintaining the Seebeck coefficient at a high
value. Furthermore, given the low thermal conduc-
tivity of these composite films, a high ZT value can

be expected. The TE properties of the film may be
further improved by adjusting the MWCNT content
and by doping with dopants such as Iy or F,TCNQ.

CONCLUSIONS

Smooth, dense, and uniform PSHT/MWCNT films
were prepared. For MWCNT content of 5 wt.%, the
electrical conductivity and Seebeck coefficient were
~1.3 x 1072 S/cm and 131.0 uV/K, respectively. The
preparation route for the PSHT/MWCNT film is
novel, cost-effective, scalable, and simple. This route
has potential for use in other polymer systems.
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