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ABSTRACT: The influence of processing conditions, such as
ink concentration and coating method, on the thermoelectric
properties of SWCNT/P3HT nanocomposite films was
investigated systematically. Using simple wire-bar-coating,
SWCNT/P3HT nanocomposite films with high thermo-
electric performance could be obtained without additional
P3HT doping. The wire-bar-coated SWCNT/P3HT nano-
composite films exhibited power factors of up to 105 μW m−1

K−2 at room temperature. The SWCNT bundles with
diameters in the range of 6−23 nm formed an interconnected
network in the wire-bar-coated nanocomposite films. Network
formation in these nanocomposite films was expected to be strongly related to the development of electrical pathways due to
inter-SWCNT bundle connections. This study suggests that the thermoelectric performance of SWCNT/P3HT nanocomposite
films could be optimized by controlling their processing conditions and morphology.
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■ INTRODUCTION

Thermoelectric materials are emerging green energy materials
because they can convert waste heat into electricity via the
Seebeck effect. The thermoelectric performance of materials
can be evaluated by the dimensionless figure of merit, ZT =
S2σT/κ, where S is the Seebeck coefficient, σ is the electrical
conductivity, T is the absolute temperature, and κ is the thermal
conductivity. Thermoelectric materials with a high Seebeck
coefficient (S = −ΔV/ΔT, where ΔV is the thermoelectric
voltage generated by a temperature difference of ΔT across a
thermoelectric material), high electrical conductivity, and low
thermal conductivity are expected to show good thermoelectric
performance. Because direct measurement of the thermal
conductivity of thin films is difficult, the power factor, S2σ, is
used as an alternative measure of thermoelectric performance.
Among the various types of thermoelectric materials,

conjugated polymer-based materials are thought to be
promising candidates for creating flexible low-cost printed
thermoelectric generators.1−11 However, the performance of
conjugated polymer-based thermoelectric materials needs to be
further improved to allow for their use in thermoelectric
applications. In recent years, carbon nanotubes (CNTs) were
found to be effective additives for enhancing the thermoelectric
properties of conjugated polymers.12−14 Yu et al. reported that
single-walled CNT/poly(3,4-ethylenedioxythiophene)-poly-
(styrenesulfonate) (SWCNT/PEDOT−PSS) nanocomposite
films exhibited power factors of up to 25 μW m−1 K−2 at room
temperature.12 Chen et al. reported that SWCNT/polyaniline
nanocomposite films exhibited power factors of up to 176 μW

m−1 K−2 at room temperature.13 Poly(3-hexylthiophene)
(P3HT) has also been considered for use as a conjugated
polymer matrix. Because P3HT is soluble in common organic
solvent, unlike many other conjugated polymers such as
PEDOT, P3HT-based thermoelectric solutions or dispersions
are suitable for various solution-processes including bar-coating,
inkjet-printing, and screen-printing. Müller et al. reported that
SWCNT/P3HT nanocomposite films doped with ferric
chloride exhibited power factors of 95 ± 12 μW m−1 K−2 at
room temperature.14

Even though CNT/conjugated polymer nanocomposite films
exhibit excellent thermoelectric performance, there is a lack of
research on the processing methods used in their preparation. It
is well-known that the processing method has a direct impact
on the morphology and physical properties of the resulting
nanocomposite films. Because previously reported CNT/
conjugated polymer nanocomposite films were mainly prepared
by drop-casting, their morphologies and thermoelectric proper-
ties were not fully optimized.
In this study, we report a wire-bar-coating process for

creating thermoelectric SWCNT/P3HT nanocomposite films
in which SWCNTs form well-dispersed networks. These wire-
bar-coated SWCNT/P3HT nanocomposite films exhibited
excellent thermoelectric performance with power factors of
up to 105 μW m−1 K−2 at room temperature. Interestingly, in
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our process, P3HT doping is not necessary for obtaining high
thermoelectric performance. Whereas, drop-cast SWCNT/
undoped P3HT nanocomposite films have been reported to
exhibit a power factor of only ∼10 μW m−1 K−2 at room
temperature.14 For direct comparison, we also prepared drop-
cast SWCNT/P3HT nanocomposite films; these films
exhibited noticeably poorer thermoelectric performance. To
the best of our knowledge, optimization of the thermoelectric
performance of CNT/conjugated polymer nanocomposites by
controlling processing conditions such as ink concentration and
coating method has not yet been reported. Our results suggest
that the processing method and morphology should be
carefully considered for the enhancement of the thermoelectric
properties of thermoelectric nanocomposites.

■ EXPERIMENTAL SECTION
Purified SWCNTs were purchased from Unidym. Regioregular P3HT
(Mw 37 685 g mol−1, regioregularity 98.5%) was purchased from
Sigma-Aldrich. o-Dichlorobenzene (oDCB) was purchased from
Junsei. All chemicals in this study were used as received. The P3HT
was dissolved in oDCB. The SWCNTs were then added to this
solution. The mixture was sonicated in an ice bath using a probe
sonicator (VCX-750 Vibra-Cell, Sonics & Materials) at 10 W for 1 h.
This ink was then bar-coated onto a glass substrate (76 mm × 52
mm). More precisely, a 6.35 mm diameter bar closely wound with a 32
μm diameter wire was used and the carrying speed of the wire-bar was
maintained at 10 mm/s during the bar-coating process.
The Seebeck coefficients of the films were measured under dark

ambient conditions utilizing a custom built system. Before measure-
ment, silver paste was printed onto the SWCNT/P3HT nano-
composite films through a screen mask. Two silver electrodes, 5 mm in
width, were separated by a distance of 20 mm. The temperature
gradient between the two electrodes was varied from 1 to 15 °C. The
thermoelectric voltage generated by the temperature difference was
measured with a Keithley 2182A Nanovoltmeter. The electrical
conductivity was measured by a four-probe method (Keithley 195A
digital multimeter and Keithley 220 programmable current source).
UV−vis spectra were recorded with a Scinco UV S-2100. The
thickness of the SWCNT/P3HT nanocomposite films was determined
with an alpha-step surface profiler (α-step DC50, KLA Tencor). The
surface morphology of the SWCNT/P3HT nanocomposite films was
observed with a field-emission scanning electron microscope (SEM,
MIRA3, TESCAN) operating at 20 kV and a tapping-mode atomic
force microscope (AFM, Nanoscope IV, Digital Instruments). The
fracture surface morphology of the SWCNT/P3HT nanocomposite
film was observed with a field-emission high-resolution SEM (HR-
SEM, Magellan 400, FEI) operating at 3 kV. Thermal conductivity was
calculated from the measured thermal diffusivity, density, and specific
heat capacity. The thermal diffusivities of the films were determined by
the laser flash method (ASTM E1461) with a Netzsch laser flash
thermal diffusivity apparatus (LFA 447 NanoFlash). The density and
specific heat capacity of the films were measured with a Protech Gas
Pycnometer (Accupyc 1330) and a TA Instruments modulated
differential scanning calorimeter (MDSC Q200), respectively.

■ RESULTS AND DISCUSSION

Because oDCB is a good solvent for P3HT, the strong π−π
interaction between P3HT and SWCNT is advantageous for
SWCNT dispersion in the ink. To investigate the effect of the
SWCNT composition on the thermoelectric properties of the
nanocomposite films, the composition was varied while keeping
the total solid concentration of the inks fixed at 2 mg mL−1.
After sonication of the mixture, the inks were stable for more
than 1 day without any precipitation. We investigated the
interaction between P3HT and SWCNT by UV−vis spectra.
Figure 1 shows the UV−vis spectra of the SWCNT dispersion

in oDCB, P3HT solution in oDCB, and SWCNT/P3HT ink
with 60 wt % SWCNTs. The SWCNT dispersion showed no
characteristic peaks. The P3HT solution exhibited an
absorption peak centered at 460 nm, which is a characteristic
peak of the regioregular P3HT with a rod-like chain
conformation.15,16 Interestingly, a red shift of absorption was
observed in the SWCNT/P3HT ink. The absorption peaks
centered at 568 and 604 nm coincide with peaks from solid
state regioregular P3HT, characteristic peaks of π−π stacked
P3HT chains.15−17 The red shift in this study indicates π−π
interaction between P3HT and SWCNT in the ink. The π−π
interaction between P3HT and SWCNT might be the main
reason for the dispersion stability of the SWCNT/P3HT ink.
Using a simple wire-bar-coating process, SWCNT/P3HT
nanocomposite films were prepared (Figure 2). The volume

of the gap between the substrate and wire-bar was precisely
determined by varying the diameters of the bar and wire wound
closely onto the bar surface. When using inks with less than 20
wt % SWCNT, films were not formed by the wire-bar-coating
due to the low viscosity. The nanocomposite films prepared
from inks with more than 70 wt % SWCNT were not uniform.
However, uniform SWCNT/P3HT nanocomposite films were
prepared from inks with 30, 40, 50, and 60 wt % SWCNT. A
dependence of the film thickness, measured to be in the range
of 41−53 nm, on the quantity of SWCNT present in the ink
was not found.
To estimate the thermoelectric properties of the SWCNT/

P3HT nanocomposite films as a function of SWCNT
composition, the SWCNT composition-dependent Seebeck
coefficient, electrical conductivity, and power factor were
measured, as shown in Figure 3. The SWCNT composition
significantly affects the thermoelectric properties of the
SWCNT/P3HT nanocomposite films. As the SWCNT

Figure 1. UV−vis spectra of the SWCNT dispersion in oDCB, P3HT
solution in oDCB, and SWCNT/P3HT ink with 60 wt % SWCNTs.

Figure 2. Schematic diagram of the wire-bar-coating process.
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composition increased, the Seebeck coefficient decreased and
the electrical conductivity drastically increased. The Seebeck
coefficient and electrical conductivity of the nanocomposite
film with 30 wt % SWCNT were 60.7 ± 2.4 μV K−1 and 24.8 ±
9.9 S cm−1, and those with 60 wt % SWCNT were 37.5 ± 1.1
μV K−1 and 501 ± 32 S cm−1, respectively. The power factor,
calculated from the measured Seebeck coefficient and electrical
conductivity, increased as the SWCNT composition increased.
The power factors of nanocomposite films prepared with 30
and 60 wt % SWCNTs 8.99 ± 3.16 μWm−1 K−2 and 71.8 ± 5.2
μW m−1 K−2, respectively. This increase in the power factor
originated from the drastic increase in the electrical
conductivity of the films. As the SWCNT composition
increased, the density of the SWCNT−SWCNT junctions in
the wire-bar-coated nanocomposite films was expected to
increase exponentially.
Figure 4 shows the SEM images of the wire-bar-coated

SWCNT/P3HT nanocomposite films. The SWCNTs compo-
sition significantly affects the surface morphology of the films.
As the SWCNT composition increased, the network of
SWCNT bundles in the nanocomposite films was more clearly
visible. Network formation in the nanocomposite film should
be related to the electrical pathways composed of inter-
SWCNT bundle connections. Figure 5 shows the AFM images
of the wire-bar-coated SWCNT/P3HT nanocomposite film
with 60 wt % SWCNTs. An interconnected network of one-
dimensional SWCNT bundles with diameters in the range of
6−23 nm was observed in the AFM height and phase images.
From the surface morphologies of the films, it can be concluded
that SWCNTs were well-dispersed in the ink and that the

strong π−π interaction between P3HT and SWCNT efficiently
prevented restacking of the SWCNTs.
The wire-bar-coated film thickness and quality have been

observed to be significantly affected by the total solid content of
the ink, wire diameter, and carrying speed of the wire-bar.18−20

To investigate the effect of ink concentration on the
thermoelectric properties of the films, we varied only the
total solid content of the ink while all other parameters such as
wire diameter and carrying speed of the wire-bar were kept

Figure 3. Dependence of the (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor on the quantity of SWCNTs in the SWCNT/
P3HT nanocomposite films.

Figure 4. SEM images of the wire-bar-coated SWCNT/P3HT
nanocomposite films with (a) 30, (b) 40, (c) 50, and (d) 60 wt %
SWCNTs.
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constant. The SWCNT composition was also fixed at 60 wt %.
Figure 6 shows the variations in thickness, Seebeck coefficient,
electrical conductivity, and power factor of the SWCNT/P3HT
nanocomposite films as a function of the total solid
concentration of the ink. The thickness of the wire-bar-coated
films was controlled and found to be in the range of 50 to 188
nm. The Seebeck coefficient slightly increased with increasing
total solid content, reaching a peak of 47.0 ± 2.2 μV K−1 for the
film prepared with the 6 mg mL−1 ink. The electrical
conductivity of the films from the 6 mg mL−1 and 8 mg
mL−1 inks, 289 ± 17 S cm−1 and 257 ± 26 S cm−1, are much
lower than those with the 2 mg mL−1 and 4 mg mL−1 inks, 501

± 32 S cm−1 and 524 ± 56 S cm−1, respectively. The electrical
properties of CNT/polymer nanocomposites have been
observed to be strongly affected by the dispersion state of
CNTs.21−24 The degree of dispersion of the 1-dimensional
CNT bundles is positively related to the density of the CNT-
CNT junctions. The SWCNTs, in this study, might, therefore,
be better dispersed in the less concentrated inks. The maximum
power factor was calculated to be 105 μW m−1K−2 for an ink
with a total solid content of 4 mg mL−1. Interestingly, to
achieve the high thermoelectric performance observed here,
additional P3HT doping is not necessary. It is noteworthy that
drop-cast SWCNT/undoped P3HT nanocomposite films have

Figure 5. AFM (a) height and (b) phase images (1 μm × 1 μm) of the wire-bar-coated SWCNT/P3HT nanocomposite film with 60 wt %
SWCNTs.

Figure 6. Solid content dependence of the (a) thickness, (b) Seebeck coefficient, (c) electrical conductivity, and (d) power factor of the SWCNT/
P3HT nanocomposite films.
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been observed to exhibit power factors of only ∼10 μW m−1

K−2.14 After submersion in a FeCl3/nitromethane solution for
P3HT doping, these drop-cast nanocomposite films exhibited
power factors of 95 ± 12 μW m−1 K−2.14 The thermoelectric
performance of the wire-bar-coated SWCNT/undoped P3HT
nanocomposite films, in this study, is comparable to that of the
drop-cast SWCNT/P3HT doped with FeCl3, as summarized in
Table 1. Elimination of the doping process would be
advantageous for thermoelectric applications because of
improved processability.

For comparison, we also prepared drop-cast SWCNT/P3HT
nanocomposite films using the 4 mg mL−1 ink with 60 wt %
SWCNTs. Depending on the coating method, the film
thickness was significantly different. The thicknesses of the
wire-bar-coated and drop-cast films were 94.6 ± 3.2 nm and
7.37 ± 0.94 μm, respectively. The Seebeck coefficient, electrical
conductivity, and power factor of the wire-bar-coated films were
40.3 ± 1.5 μV K−1, 524 ± 56 S cm−1, and 86.6 ± 16.2 μW m−1

K−2, whereas those of the drop-cast films were 32.7 ± 3.8 μV
K−1, 383 ± 47 S cm−1, and 41.7 ± 12.5 μW m−1 K−2,
respectively. The wire-bar-coated SWCNT/P3HT nanocom-
posite films showed noticeably better thermoelectric perform-
ance, as summarized in Table 1. Figure 7 shows the SEM

images of the wire-bar-coated and drop-cast SWCNT/P3HT
nanocomposite films prepared using the 4 mg mL−1 ink with 60
wt % SWCNT. An interconnected network of SWCNT
bundles is clearly visible in the wire-bar-coated film. However,
in the case of the drop-cast film, a rather smooth surface is
observed. Figure 8 shows the AFM height and phase images of
the same wire-bar-coated and drop-cast SWCNT/P3HT
nanocomposite films. An interconnected network of 1-dimen-
sional SWCNT bundles with diameters in the range of 6−28
nm is clearly visible in the AFM images of the wire-bar-coated
film. On the other hand, the drop-cast film shows much thicker
bundles with diameters in the range of 28−56 nm and a largely
reduced interconnection density. The dispersion state of
SWCNTs in the ink could be directly transferred onto the
wire-bar-coated film because of the fast film formation by the

high carrying speed of the wire-bar of 10 mm/s. However, in
the case of drop-casting, a few hours are needed for solvent
drying. During solvent evaporation, the ink would become
more concentrated and the dispersion state of the SWCNTs
could change. In this concentrated ink, the SWCNT bundles
could form some agglomerates, which could reduce the density
of the SWCNT−SWCNT junctions in the final nanocomposite
films. To confirm the inter-SWCNT bundle connections, HR-
SEM image of the fracture surface of the wire-bar-coated
SWCNT/P3HT nanocomposite film was obtained (Figure 9).
The SWCNT bundles that might be wrapped by P3HT chains
are densely interconnected.
To estimate the thermoelectric properties, we require

information about the thermal conductivity (κ = Cpρα, where
Cp, ρ, and α are specific heat capacity, density, and thermal
diffusivity, respectively). Unfortunately, because of our
experimental limitations, thermal conductivities of the wire-
bar-coated thin films were not directly measured. Instead, the
specific heat capacities, densities, and thermal diffusivities of 38
μm thick P3HT and 11 μm thick SWCNT/P3HT nano-
composite freestanding films were measured. The thermal
conductivity of the P3HT films was calculated to be 0.18 ± 0.02
W m−1 K−1, which agrees well with previously reported
values.10,14 Surprisingly, despite a high SWCNT composition
(60 wt %), the thermal conductivity of the SWCNT/P3HT
nanocomposite films, 0.085 ± 0.006 W m−1 K−1, was much
lower than that of the P3HT films. This reduced thermal
conductivity might be due to the blockage of phonon transport
through the nanostructured interfaces, which can function as a
scattering sites of phonons.14,25−28 Similar behaviors in
SWCNT/P3HT, SWCNT/PEDOT−PSS, SWCNT/polyani-
nile, and Te/PEDOT−PSS nanocomposite films have been
reported.14,25−28 The addition of SWCNTs could enhance the
electrical conductivity of the nanocomposite films, however, the
increase in the thermal conductivity might be impeded by
phonon scattering. Note that the in-plane thermal conductivity
of the wire-bar-coated SWCNT/P3HT nanocomposite films
might be higher than the through-plane thermal conductivity of
the freestanding films. Generally, thermal conductivity, κ, of
thermoelectric materials can be expressed as a sum of the
electronic thermal conductivity, κe, and the lattice thermal
conductivity, κl (κ = κe + κl). The electronic thermal
conductivity can be calculated by Weidemann-Franz relation,
κe = L0σT, where L0 is Lorentz constant of 2.45 × 10−8 V2 K−2,
σ is the electrical conductivity, and T is the absolute
temperature. From the in-plane electrical conductivity of 524
S cm−1, the electronic thermal conductivity of the wire-bar-
coated SWCNT/P3HT nanocomposite film is calculated to be
0.38 W m−1 K−1, which is higher than the thermal conductivity
of the SWCNT/P3HT nanocomposite freestanding films.
We demonstrated that the wire-bar-coated SWCNT/P3HT

nanocomposite films exhibited excellent thermoelectric per-
formance. The thermoelectric properties of the wire-bar-coated
SWCNT/P3HT nanocomposite films were optimized by
controlling the SWCNT composition and total solid content
of the ink. The thermoelectric performance could be discussed
with the density of the nanocomposite films, as well as the
interconnection density of the SWCNT bundles. For example,
as the total void volume of the film increases, the electrical
conductivity should decrease. Formation of the nanoscopic
voids in the nanocomposite films might be influenced by the
processing method. The research work to investigate the effect
of the film density on the thermoelectric performance and the

Table 1. Summary of the Thermoelectric Properties of the
SWCNT/P3HT Nanocomposite Films with Comparison to
Previously Reported Data

coating method dopant power factor (μW m−1K−2) ref

drop-casting FeCl3 95 ± 12 14
drop-casting none ∼10 14
drop-casting none 41.7 ± 12.5 this work
wire-bar-coating none 86.6 ± 16.2 this work

Figure 7. SEM images of the (a) wire-bar-coated and (b) drop-cast
SWCNT/P3HT nanocomposite films prepared using the 4 mg mL−1

ink with 60 wt % SWCNTs.
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densification methods of the nanocomposite films such as hot
rolling is currently being investigated.

■ CONCLUSION
Using a wire-bar-coating process, we prepared SWCNT/P3HT
nanocomposite films in which SWCNT bundles with diameters
in the range of 6−23 nm developed an interconnected network.
The wire-bar-coated SWCNT/P3HT nanocomposite films
exhibited excellent thermoelectric properties with power factors
of up to 105 μW m−1K−2 at room temperature. Such a high

thermoelectric performance did not require additional P3HT
doping. To investigate the effect of the coating method on the
thermoelectric properties of the film, drop-cast SWCNT/P3HT
nanocomposite films were prepared and their thermoelectric
properties compared with those of the wire-bar-coated films.
The drop-cast films exhibited noticeably poorer thermoelectric
performance. We found that processing conditions such as ink
concentration and coating method significantly affected the
surface morphology and thermoelectric properties of the
SWCNT/P3HT nanocomposite films, and should be carefully
considered for the enhancement of their thermoelectric
performance.
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Gonzaĺez, M. S.; Goñi, A. R.; Yerushalmi-Rozen, R.; Müller, C.
Thermoelectric Composites of Poly(3-Hexylthiophene) and Carbon
Nanotubes with a Large Power Factor. Energy Environ. Sci. 2013, 6,
918−925.
(15) Chen, T.-A.; Wu, X.; Rieke, R. D. Regiocontrolled Synthesis of
Poly(3-Alkylthiophenes) Mediated by Rieke Zinc: Their Character-
ization and Solid-State Properties. J. Am. Chem. Soc. 1995, 117, 233−
244.
(16) Zou, J.; Liu, L.; Chen, H.; Khondaker, S. I.; McCullough, R. D.;
Huo, Q.; Zhai, L. Dispersion of Pristine Carbon Nanotubes Using
Conjugated Block Copolymers. Adv. Mater. 2008, 20, 2055−2060.
(17) Ai, X.; Anderson, N.; Guo, J.; Kowalik, J.; Tolbert, L. M.; Lian,
T. Ultrafast Photoinduced Charge Separation Dynamics in Poly-
thiophene/SnO2 Nanocomposites. J. Phys. Chem. B 2006, 110,
25496−25503.
(18) Ouyang, J.; Guo, T.-F.; Yang, Y.; Higuchi, H.; Yoshioka, M.;
Nagatsuka, T. High-Performance, Flexible Polymer Light-Emitting
Diodes Fabricated by a Continuous Polymer Coating Process. Adv.
Mater. 2002, 14, 915−918.

(19) Khim, D.; Han, H.; Baeg, K.-J.; Kim, J.; Kwak, S. W.; Kim, D.-Y.;
Noh, Y. Y. Simple Bar-Coating Process for Large-Area, High-
Performance Organic Field-Effect Transistors and Ambipolar Com-
plementary Integrated Circuits. Adv. Mater. 2013, 25, 4302−4308.
(20) Tracton, A. A. Coatings Technology Handbook, 3rd ed.; CRC
Press: Boca Raton, FL, 2006.
(21) Song, Y. S.; Youn, J. R. Influence of Dispersion States of Carbon
Nanotubes on Physical Properties of Epoxy Nanocomposites. Carbon
2005, 43, 1378−1385.
(22) Li, J.; Ma, P. C.; Chow, W. S.; To, C. K.; Tang, B. Z.; Kim, J.-K.
Correlations between Percolation Threshold, Dispersion State, and
Aspect Ratio of Carbon Nanotubes. Adv. Funct. Mater. 2007, 17,
3207−3215.
(23) Chang, T.-E.; Kisliuk, A.; Rhodes, S. M.; Brittain, W. J.; Sokolov,
A. P. Conductivity and Mechanical Properties of Well-Dispersed
Single-Wall Carbon Nanotube/Polystyrene Composite. Polymer 2006,
47, 7740−7746.
(24) Kim, Y. J.; Shin, T. S.; Choi, H. D.; Kwon, J. H.; Chung, Y.-C.;
Yoon, H. G. Electrically Conductivity of Chemically Modified
Multiwalled Carbon Nanotube/Epoxy Composites. Carbon 2005, 43,
23−30.
(25) Kim, Y. J.; Shin, T. S.; Choi, H. D.; Kwon, J. H.; Chung, Y.-C.;
Yoon, H. G. Electrically Conductivity of Chemically Modified
Multiwalled Carbon Nanotube/Epoxy Composites. Carbon 2005, 43,
23−30.
(26) Yu, C.; Choi, K.; Yin, L.; Grunlan, J. C. Light-Weight Flexible
Carbon Nanotube Based Organic Composites with Large Thermo-
electric Power Factors. ACS Nano 2011, 5, 7885−7892.
(27) Yu, C.; Choi, K.; Yin, L.; Grunlan, J. C. Enhanced
Thermoelectric Performance of Single-Walled Carbon Nanotubes/
Polyaniline Hybrid Nanocomposites. ACS Nano 2010, 4, 2445−2451.
(28) See, K. C.; Feser, J. P.; Chen, C. E.; Majumdar, A.; Urban, J. J.;
Segalman, R. A. Water-Processsable Polymer-Nanocrystal Hybrids for
Thermoelectrics. Nano Lett. 2010, 10, 4664−4667.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00626
ACS Appl. Mater. Interfaces 2015, 7, 6550−6556

6556

http://dx.doi.org/10.1021/acsami.5b00626

