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ABSTRACT: A pure organic PEDOT:PSS nanofilm was used as a working electrode for the first time :"/‘—J\;ﬂ“‘@ :
to electrodeposit polymer films of polythiophene (PTh) and its derivatives in a boron trifluoride G

diethyl ether (BFEE) solution, fabricating a novel generation of bilayered nanofilms. Cyclic
voltammetry (CV) demonstrated good electrochemical stability of the as-formed films. Structures and
surface morphologies were systematically investigated by the characterizations of cross-section SEM,
FT-IR, UV—vis, SEM, and AFM. The resulting films revealed stable and enhanced thermoelectric
(TE) performances. The electrical conductivity values of PEDOT:PSS/PTh, PEDOT:PSS/P3MeT,
and PEDOT:PSS/P3HT nanofilms were determined to be 123.9, 136.5, and 200.5 S cm™},
respectively. The power factor reached up to be a maximum value of 5.79 yW m™' k™% Thus, this
technique offers a facile approach to a class of bilayered nanofilms, and it may provide a general
strategy for fabricating a new generation of conducting polymers for more practical applications.
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1. INTRODUCTION

Materials that combine optical, electrical, and thermal proper-
ties, such as conducting polymers, are scientifically interesting
as well as technologically useful."” In spite of their relatively
short history, conducting polymers have been of particular
significance in specialized industrial applications,® including
solar cells, light-emitting diodes, sensors, electrodes, super
capacitors, thermoelectric (TE) materials, and so forth.*”®

Up to now, a large amount of work has been devoted to the
fundamental research'® and applications of conducting
polymers. Among the family of conducting polymers,
polythiophene (PTh), and its derivatives such as poly(3-
methylthiophene) (P3MeT), poly(3-hexylthiophene) (P3HT),
and poly(3,4-ethylenedioxythiophene) (PEDOT) have at-
tracted the greatest interest."' ™" Dlaz et al.'' first synthesized
PTh through electrochemical polymerization, one of the fastest
and most reliable conventional synthetic methods, and the films
exhibited high electrical conductivity. Then, Shi et al'® put
forward for the first time that the applied potential of
electrochemical polymerization would be reduced and obtain
high-quality films using boron trifluoride diethyl ether (BFEE)
system. In order to improve the water-solubility of PEDOT,
polystyrenesulfonate (PSS) was introduced to synthesize
PEDOT:PSS, which possesses excellent stability, flexible
mechanical properties, and high transparency.'” Ouyang and
co-workers have proven that the electrical conductivity of
PEDOT:PSS films could increase by 3 orders of magnitude
when secondarily doped with organic solvents such as dimethyl
sulfoxide (DMSO), ethylene glycol (EG), tetrahydrofuran
(THF), and dimethyl formamide (DMF),'® some of which
have also been reported by our group.'**° Groenendaal and co-
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workers have indicated that PEDOT:PSS films could be heated
in air at 100 °C for over 1000 h with only a minimal change in
conductivity.”! On the basis of the existing research findings, it
is considered that a secondary-doped PEDOT:PSS nanofilm
with high electrical conductivity and stability is expected to be a
potential material for electrodes.

Despite the progresses listed above, it is widely perceived
that the design and synthesis of novel conducting polymers
with unique structures and properties is still very necessary and
significant. With the development of nanoscience and nano-
technology, and rapid progress in inorganic nanoscale materials
and devices such as the recent report of nanogenerator by
Wang,22 intensive studies have focused on fabricating various
kinds of nanostructure conducting polymers, for the beneficial
characteristics derived from their small dimensions and high
surface-to-volume ratios.”> At the same time, numerous
approaches have been put forward regarding the preparations
of such polymers. Spin-coating techniques have been used to
prepare PEDOT:PSS nanofilms.>* Meanwhile, a vapor
deposition process, interfacial polymerization, and seeding
polymerization methods have also been introduced to fabricate
nanomaterials.”> ">’ The synthesized samples exhibited good
properties such as high electrical conductivity that provided
great potential advantages for optimization of the performances
of organic devices.

Composite materials, especially with multilayer structures,
are another type of novel materials, where the composite would
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ideally possess the advantages of each component. Not long
ago, Liu et al.”® obtained three-dimensional (3D) graphene/
PPy via a convenient hydrothermal process, followed by in situ
electrochemical polymerization of pyrrole, and this system
appeared ideal for investigation in this study for applications in
advanced actuator systems. Similarly, single-walled carbon
nanotube (SWCNT)/PEDOT:PSS films were prepared,”*°
and they concluded that the enhanced electrical conductivity
was attributed to the synergistic interaction between the two
components. Moreover, PPy/PTh/PPy trilayer films were
electrochemically synthesized by successive oxidation of pyrrole
in aqueous solutions and thiophene in BFEE solution.”’ When
combining the multilayered structures with the nanostructure,
the materials possessed better properties and a wider array of
potential applications. For example, a simple and scalable
method was described for fabricating 3D few-layer graphene/
multiwalled carbon nanotube (MWNT) hybrid nanostructure
on industrial-grade metal foam foils via a one-step ambient
pressure chemical vapor deposition (APCVD) process,>> which
exhibiting numerous merits, indicating that this unique
structure was promising for future energy storage applications.

It is known from inorganic semiconductors that a multi-
layered structure can improve the electrical performances by
the quantum effect.> Herein, we posit that multilayered even
other composites, especially nanostructure conducting poly-
mers, will also exhibite similar properties. Until now, there have
been few reports®* on the preparation and TE performances of
multilayer nanostructure composite conducting polymers. On
the basis of our current knowledge, compared with inorganic
materials, conducting polymers inherently possess advantages
of potentially low cost due to plenty of carbon resources,
scalable manufacturing, and easy processing into versatile
forms.*

In the present work, a PEDOT:PSS nanofilm electrode was
used to electrodeposit polymer films of PTh and its derivatives
to fabricate PEDOT:PSS/PThs bilayered nanofilms. It was
revealed that the PEDOT:PSS/PTh, PEDOT:PSS/P3MeT,
and PEDOT:PSS/P3HT bilayered nanofilms possessed good
electrochemical stability and enhanced TE performances.
Additional properties of the as-formed nanofilms, such as
structures and surface morphologies, were also investigated in
detail through cross-section SEM, FT-IR, UV—vis, SEM, and
AFM.

2. EXPERIMENTAL SECTION

Materials. PEDOT:PSS aqueous solution (PH1000; Baytron).
Thiophene (99%; J&K Chemical Ltd.), 3-methylthiophene (99%; J&K
Chemical Ltd.), 3-hexylthiophene (98%; J&K Chemical Ltd.), DMSO
(analytical grade; Beijing Chemical Works), H,SO, (95—98%; Beijing
Chemical Works), and H,0, (30%; Beijing Chemical Works) were
used directly as received. BFEE (Beijing Changyang Chemical Plant)
was purified by distillation and stored at —20 °C before use.

Preparation of PEDOT:PSS/Polythiophenes bilayered nanofilms.
First, PEDOT:PSS/5% DMSO (herein referred to as PEDOT:PSS)
nanofilms were prepared by spin-coating at a speed of 2000 r min™".
Then, the as-formed PEDOT:PSS nanofilms were used as working
electrodes for the electropolymerization of thiophene, 3-methylthio-
phene, and 3-hexylthiophene in the BFEE system to fabricate the
bilayered structures.

Characterizations. The electrochemical properties were measured
by a Model 263 potentiostat/galvanostat (EG&G Princeton Applied
Research, Oakridge, TN) under the control of a computer. The
thicknesses of the PEDOT:PSS and PEDOT:PSS/PThs nanofilms
were measured with an F20 thin-film analyzer (Filmetrics, American).
The F20 measures thin-film characteristics by reflecting light through

the sample over a range of wavelengths. FT-IR and UV—vis absorption
spectra were carried out using a Bruker Vertex 70 Fourier Transform
Infrared Spectrometer and a Perkin-Elmer Lambda 900 UV—vis—near-
infrared (NIR) spectrophotometer. SEM measurements were
performed with a VEGA\\TESCAN scanning electron microscope,
and cross-section SEM with a JEOL JSM-5600. The AFM measure-
ments were operated on a NanoScope IIla MultiMode in contact
mode at room temperature under ambient conditions with
commercially available etched silicon nitride probes. HMS-3000 was
used to determine the carrier mobility and carrier concentration.

Before the TE measurements, samples of PEDOT:PSS and
PEDOT:PSS/PThs nanofilms were cut into rectangular shape (length,
20.0 mm; width, 5.0 mm) and suspended by using a thermal paste
between two thermoelectric devices (typically about 20 mm apart)
used for creating a temperature difference. Electrical conductivity was
measured by a homemade shielded four-point probe apparatus along
with a Keithley 2700 Multimeter (Cleveland, OH) in conjunction with
the Labview (National Instruments, Austin, TX) after four metal lines
were patterned with silver paint. For the Seebeck coefficient
measurement, a Keithley 2700 Multimeter (Cleveland, OH) and a
regulated DC power supply (MCH-303D-[], China) in conjunction
with the Labview (National Instruments, Austin, TX) were utilized.
Temperature gradients along the long edge of the sample were
measured by two T—tyg)e thermocouples. A similar method has been
reported by Kim et al.*®

3. RESULTS AND DISCUSSION

The preparation process of the bilayered nanostructure films is
shown in Schema 1. It contains the layer of glass substrates,

Scheme 1. Schematic Diagram of the Preparation of
Bilayered Nanostructure Films

PEDOT:PSS nanofilms obtained via spin-coating techniques,
and PTh (or P3MeT, P3HT) nanofilms prepared by
electrochemical polymerization. The thickness of PEDOT:PSS
films was 99 nm. The thicknesses of the PEDOT:PSS/PTh,
PEDOT:PSS/P3MeT, and PEDOT:PSS/P3HT bilayer films
were 175, 183, and 131 nm, respectively. The cross-section
SEM images of (a) PEDOT:PSS, (b) PEDOT:PSS/PTh (c),
PEDOT:PSS/P3MeT, and (d) PEDOT:PSS/P3HT films are
shown in Figure 1. It may be not obvious enough to distinguish
the boundaries. One reason is that the bilayered films are
organic materials, and their composition is almost the same.
Another reason is likely due to the process of electro-
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Figure 1. Cross-section scanning electron microscope (SEM) images of the nanofilms: (a) PEDOT:PSS, (b) PEDOT:PSS/PTh, (c) PEDOT:PSS/

P3MeT, (d) PEDOT:PSS/P3HT.

polymerization, which formed a compact junction between the
layers. Even so, when seen from the thickness, it is clear that the
PThs have been deposited on the PEDOT:PSS electrodes,
indicating the successful formation of bilayered structures.
The applied potential is one of the most significant
parameters in an electrochemical polymerization process. In
order to determine the proper conditions for electrochemical
polymerization, the oxidation was carefully examined. Figure 2
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Figure 2. Anodic polarization curves of the monomers: (a) 0.025 M
thiophene, (b) 0.05 M 3MeT, (c) 0.03 M 3HT. The potential
scanning rate was 100 mV s™'. j denotes the current density.

represents the anodic polarization curves of (a) 0.025 M
thiophene, (b) 0.05 M 3-methylthiophene, and (c) 0.03 M 3-
hexylthiophene in the BFEE system at a scanning rate of 20 mV
s™'. The onset oxidation potential was determined to be
approximately 1.0, 0.95, and 0.9 V, respectively. As time went
on, the PTh, P3MeT, and P3HT nanofilms were deposited on
the electrodes, and the nanofilms obtained were used for all the
characterizations mentioned below. At the same time, cyclic
voltammetries (CVs) of the three monomers were investigated
in the BFEE system, as shown in Figure 3. Successive potential
scans of (a) thiophene, (b) 3-methylthiophene, and (c) 3-
hexylthiophene led to the formation of the corresponding films.
The increase in the anodic and cathodic peak current densities
in the CVs implied that the amount of the polymer films
increased on the surface of the electrodes.

The electrochemical behavior of the as-formed nanofilms was
determined carefully in a monomer-free BFEE solution at
scanning rates from 25 to 250 mV s™'. As shown in Figure 4a,
the CVs of the PEDOT:PSS nanofilm were performed over a
wide range from —0.5 to +1.2 V, and the current densities
increased as the scanning rate increased, showing the stability of
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Figure 3. CVs of the monomers: (a) 0.25 M thiophene, (b) 0.5 M

3MeT, (c) 0.3 M 3HT in BFEE system. Potential scanning rate: 100
mV s

the PEDOT:PSS nanofilm electrodes in the BFEE system.
Similarly, the CVs of the PEDOT:PSS/PTh (Figure 4b),
PEDOT:PSS/P3MeT (Figure 4c), and PEDOT:PSS/P3HT
(Figure 4d) nanofilms were tested over the potential ranges of
—02 to +1.0 V, =02 to +1.0 V, and —0.05 to +0.9 V,
respectively. The current densities increased with the increasing
scanning rates. Broad anodic and cathodic peaks were
presented,®® and the peak current densities were proportional
to the scanning rates (inset of Figure 3b—d), indicating the
reversible redox behavior of the nanofilms. During the
experiments, color changes were observed. Moreover, these
nanofilms could be cycled repeatedly between the conducting
(oxidized) and insulating (neutral) state without significant
decomposition of the materials, indicating the high structural
stability of the nanofilms.***” On the basis of the previous
discussion, it can be reasonably concluded that the electrode
and the nanofilms that were electrochemically polymerized
from BFEE exhibited good stability.

Several characteristic peaks are found in the PEDOT:PSS
nanofilms, as shown in the inset of Figure SA. The vibrations at
1316 and 1520 cm™ are caused by the C—C and C=C
stretching of the quinoidal structure and the ring stretching of
the thiophene ring of the PEDOT chains. The band at about
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Figure 4. CVs of the samples: (a) PEDOT:PSS electrodes, (b) PEDOT:PSS/PTh nanofilms, (c¢) PEDOT:PSS/P3MeT nanofilms, and (d)
PEDOT:PSS/P3HT nanofilms, recorded in the monomer-free BEEE solution at different potential scan rates. a—f refer to 25, 50, 100, 150, 200, and
250 mV s~ For the inset images, j is the current density, and jpa and ji, . denote the anodic and cathodic peak current densities, respectively.
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Figure 5. FT-IR spectra of the samples: (a) PEDOT:PSS/PTh, (b) PEDOT:PSS/P3MeT, (c) PEDOT:PSS/P3HT. The inset refers to PEDOT:PSS

nanofilms.

831 cm™ is related to the C—S bond vibration in the thiophene
ring.*® For the (a) PEDOT:PSS/PTh, (b) PEDOT:PSS/
P3MeT, and (c) PEDOT:PSS/P3HT films in Figure SA, the
bands around 1426 and 1190 cm™ are attributed to the C=C
stretching vibration and the C—H bending of the thiophene
ring. Although the band at about 715 cm™" is assigned to C—$
bending, and the band at 638 cm™! is related to C—S—C ring
deformation, which is in consistent with other literature
reports.”” "' As shown in Figure 5B with a narrow range
from 600 to 1000 cm™', the band at 880 cm™! for the
PEDOT:PSS/P3MeT and PEDOT:PSS/P3HT films is related
to —CHj terminal rocking,** which differs from PEDOT:PSS/
PTh. Additionally, the C;—H bending of the thiophene ring of
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the PEDOT:PSS/P3MeT and PEDOT:PSS/P3HT was located
at 803 cm™!, while it was located at 823 cm™' for the
PEDOT:PSS/PTh films, which maybe due to the —CH; and
—CgH,; substituents on the thiophene ring.

The UV—vis absorption spectra (Figure 6) of the as-prepared
nanofilms were studied carefully, and the measurements were
carried out at room temperature in the wavelength range of 300
to 900 nm. The inset refers to the absorption of the
PEDOT:PSS nanofilms, and there was an increasing
absorbance after 500 nm. a, b, and c represent PEDOT:PSS/
PTh, PEDOT:PSS/P3MeT, and PEDOT:PSS/P3HT nano-
films, respectively, which have respective maximum absorptions
at 514, 462, and 507 nm. The current work showed good
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Figure 6. UV—vis absorption spectra of the samples: (a)

PEDOT:PSS/PTh, (b) PEDOT:PSS/P3MeT, (c) PEDOT:PSS/
P3HT. The inset refers to PEDOT:PSS nanofilms.

agreement with the literature results.'”*** The values were all
around 500 nm because of the z—x* (HOMO-LUMO)
transition of the PTh backbones. Because the alkyl group was
electron-donating, its presence can result in the reduction of
electron density, which could make the average conjugation
length became smaller. Thus, when —H of PTh was replaced by
—CHj; or —C¢H 5, the maximum absorption blue-shifted.

The SEM micrographs of PEDOT:PSS, PEDOT:PSS/PTh,
PEDOT:PSS/P3MeT, and PEDOT:PSS/P3HT nanofilms are
presented in Figure 7. For the PEDOT:PSS electrode (Figure
7a), the SEM image exhibited a uniform and smooth surface
morphology. PTh (Figure 7b), P3MeT (Figure 7c) and P3HT
(Figure 7d) films produced cauliflower-like, small grain-like,
and particle-packing morphologies on the PEDOT:PSS

electrodes, reggectively. It was in consistent with previous
reports.20’39’43’

The two main parameters related to the TE performance,
namely the electrical conductivity and Seebeck coeflicient, were
also carefully investigated. As for the electrode of PEDOT:PSS
nanofilm, it possess an electrical conductivity of 393 S cm™ and
a Seebeck coefficient of 15 uV K™'. Figure 8 displays the
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Figure 8. Temperature dependence of the electrical conductivity of
the samples: (a) PEDOT:PSS/PTh, (b) PEDOT:PSS/P3MeT, (c)
PEDOT:PSS/P3HT.

temperature dependence of the electrical conductivity over the
temperature range of 300—100 K. It was found that the
electrical conductivity of all the three samples decreased with
the decreasing temperature, indicating a semiconductor
behavior. The curve tendency of PEDOT:PSS/P3MeT was
similar to that of PEDOT:PSS/P3HT, but was different from
that of PEDOT:PSS/PTh, which might be due to the diversity

200 nm

200 nm

200 nm

Figure 7. SEM images of the samples: (a) PEDOT:PSS electrode, (b) PEDOT:PSS/PTh, (c) PEDOT:PSS/P3MeT, (d) PEDOT:PSS/P3HT.
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of their molecular structures. At 300 K, freshly prepared
PEDOT:PSS/PTh nanofilms exhibited good electrical con-
ductivity of 123.9 S cm™!, whereas those of PEDOT:PSS/
P3MeT and PEDOT:PSS/P3HT were as high as 136.5 and
200.5 S cm™. In our previous work, the PTh and P3MeT free-
standing films prepared in the BFEE system exhibited the
electrical conductivity of 46.1 and 98.5 S em™.* Thus, the
electrical conductivity of PEDOT:PSS/PTh and PEDOT:PSS/
P3MeT in our present work was enhanced and preferable. Until
now, there has been no report on the TE performance of P3HT
obtained from a BFEE system. Xuan et al.*® have systematically
investigated the TE performance of P3HT, where the undoped
P3HT showed the electrical conductivity around 1.67 X 107 S
cm™, which is much lower than that of PEDOT:PSS/P3HT
(200.5 S cm™). It has been reported that the substrate
contribution to the electrical resistivity is considered negligible
when the resistivity ratio between substrate and film is lager
than 10000:1.*° However, the electrical resistivity between the
PEDOT:PSS-glass substrate and PThs films are of little
differences. Thus, we consider that the high-conductive layer
of PEDOT:PSS is beneficial for the electrical conductivity
enhancement of the bilayered nanofilms.

The electrical conductivity can also be defined as ¢ = eny,
where ¢, n, and p are the electric charge, carrier concentration,
and carrier mobility, respectively. The electrical conductivity is
proportional to the carrier concentration and the carrier
mobility.*” The experimentally measured carrier mobility and
carrier density are given in Table 1. The PEDOT:PSS

Table 1. Characteristic Carrier Mobility, And Carrier
Density at Room Temperature for PEDOT:PSS,
PEDOT:PSS/PTh, PEDOT:PSS/P3MeT, and PEDOT:PSS/
P3HT Nanofilms

carrier mobility carrier density

samples (em? V71 s7h) (cm
PEDOT:PSS 0.0168 4.62 x 10*
PEDOT:PSS/PTh 0.07 82 x 10*
PEDOT:PSS/P3MeT 0.113 446 x 10*
PEDOT:PSS/P3HT 0.245 243 x 10*!

nanofilms show the carrier mobility of 0.0168 cm® V™' s7%. It
was observed that the carrier mobility increases in the order of
PEDOT:PSS/PTh, PEDOT:PSS/P3MeT, and PEDOT:PSS/
P3HT nanofilms, with values of 0.07, 0.113, and 0.245 cm? V!
s, respectively, which is in agreement with the electrical
conductivity. The improvement of electrical conductivity is
mainly considered to come from the carrier mobility enhance-
ment.*® It was also found that PEDOT:PSS nanofilms possess
the highest carrier concentration of 4.62 X 1022 cm™3, and the
carrier concentration of the bilayered films does not change
substantially when the carrier mobility dramatically increases.
In addition, the atomic force microscope (AFM) results are
exhibited in Figure 9. The spin-coated PEDOT:PSS nanofilms
(a) with surface roughness value of 1.5 nm exhibit the most
smooth and homogeneous morphology. After electropolyme-
rization, PEDOT:PSS/PTh (b), PEDOT:PSS/P3MeT (c), and
PEDOT:PSS/P3HT (d) bilayered films were obtained. Micro-
scopically, the surface morphology significantly changed,
showing the surface roughness values of 10.4, 18.7, and 20.4
nm. As mentioned above, the electrical conductivity of
PEDOT:PSS/P3MeT is higher than that of PEDOT:PSS/

PTh, but lower than that of PEDOT:PSS/P3HT, agreeing well
with the corresponding surface roughness values.”*

Figure 10 presents the temperature dependence of the
Seebeck coefficient (S) over the temperature range of 200—300
K. For all the three samples, the values of the Seebeck
coefficient were positive at room temperature, suggesting the
presence of holes as majority carriers.*” Meanwhile, the
Seebeck coeflicient decreased with the decreasing temperature,
and the same behavior was observed for the electrical
conductivity. At 300 K, the PEDOT:PSS/PTh nanofilms
revealed a Seebeck coefficient of 11.2 4V K™, and those of
PEDOT:PSS/P3MeT and PEDOT:PSS/P3HT were measured
to be 18 and 17 uV K. There is still much room for
optimization of the Seebeck coefficient, and, therefore, the
power factor. Further improvement is necessary to meet the
needs of applications for TE materials.

For TE materials, it is often difficult to realize high electrical
conductivity and high Seebeck coefficient at the same time.
Meanwhile, it is considered difficult to enhance TE properties
through composites, because early theoretical numerical
simulations indicated that the Seebeck coefficient and the ZT
value of the composites could not be higher than the maximum
of one of its components.>®' Teehan et al>* have also
reported that the resultant Seebeck coefficient of the multilayer
structures is actually an intermediate between that of the two
parent films it is composed of.

Researchers have revealed that the Seebeck coefficient is
mostly governed by effective mass and carrier concentration.>
Gao et al.>*** have reported that the Seebeck coefficient is very
sensitive to the doping concentration, and the Seebeck
coefficient of polythiophene decreases with the increase of
the hole concentrations. Band-structure calculations indicate
that materials with high Seebeck coefficient are often associated
with very high density of states near the Fermi level.’* Because
there is a much higher density of states at the Fermi level in
low-dimensional structures, three-dimensional (3D) materials,
just like the bilayer nanofilms we fabricated tend to have
inferior Seebeck coefficient than the 1D or 2D ones.>

In theory, the energy filtering effect connected to a potential
barrier, which forms at the interface in semiconductors, is often
regarded as a method for increasing the Seebeck coeflicient in
nanostructured materials.>”>® In detail, when a large number of
carriers hop together mainly in one direction, a process called
energy filtering may arise,”® where appropriate potential
barriers at crystallite boundaries preferentially allow the carriers
with higher energy to pass, thereby increasing the mean carrier
energy in the flow, hence, the Seebeck coeflicient. In addition,
the Seebeck coefficient could be improved by the following
methods: the metal/polymer/metal design,®' antiresonant
nanoparticle scattering,”> or electron energy barrier filtering.*®
Our further investigation will be focused on the aspects
mentioned above to obtain better properties.

Figure 11 shows the variation of the power factor (P) with
temperature for all the samples, where P is equal to 65> At 300
K, PEDOT:PSS/PTh nanofilms revealed a power factor of 1.57
UW m™' k72, whereas those of PEDOT:PSS/P3MeT and
PEDOT:PSS/P3HT were 4.43 and 5.79 W m™' k™2 Because
of the square dependence of the power factor on the Seebeck
coefficient, further improvement will be expected to occur with
the improvement of the Seebeck coeflicient. Further improve-
ment in electrical conductivity and Seebeck coeflicient could be
achieved by tailoring the nanostructure scale of the conducting
polymers,** allowing new opportunities to control electrical
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Figure 9. Atomic force microscopy (AFM) images of the samples: (a) PEDOT:PSS, (b) PEDOT:PSS/PTh, (c) PEDOT:PSS/P3MeT, (d)

PEDOT:PSS/P3HT.
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Figure 10. Temperature dependence of the Seebeck coefficient of the
samples: (a) PEDOT:PSS/PTh, (b) PEDOT:PSS/P3MeT, (c)
PEDOT:PSS/P3HT.

conductivity and Seebeck coefficient quasi-independently in
order to improve the power factors and achieve better
thermoelectric properties.”®

4. CONCLUSIONS

In conclusion, a novel working electrode of PEDOT:PSS
nanofilm with good electrochemical stability, homogeneous
surface morphology, and high electrical conductivity was raised
for the first time to electrodeposit PTh and its derivatives. A
series of bilayered nanofilms of PEDOT:PSS/PTh, PE-
DOT:PSS/P3MeT, and PEDOT:PSS/P3HT were prepared
based on PEDOT:PSS nanofilm electrodes in BFEE system.
CVs demonstrated their good electrochemical stability in the
monomer-free BFEE system. The structures and surface
morphologies were systematically investigated. The bilayered
nanostructure films exhibited TE properties of enhanced
electrical conductivity and stable Seebeck coeflicient, and

12817

60F o
a5t b o A
e Sy A
= Ne. A
g 30l e Sl
a o_. A, N
= .
R .- o
&ost 2., T,
TEem g .
~m L I
.“"l—-\-
nl\.\._.r_.;-_.
00 1 1 1 1 1
300 280 260 240 220

Temperature (K)

Figure 11. Temperature dependence of the power factor of the
samples: (a) PEDOT:PSS/PTh, (b) PEDOT:PSS/P3MeT, (c)
PEDOT:PSS/P3HT.

their power factor reached a maximum of 5.79 yW m™ k™2
Most importantly, this approach may potentially be extended to
prepare other materials systems such as PEDOT:PSS/PANI
and PEDOT:PSS/graphene, or replace PEDOT:PSS with other
conducting polymers, and provide a facile and general method
for synthesizing materials with better TE performance for a
wider array of applications.
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Bl ABBREVIATIONS

PTh, polythiophene

BFEE, boron trifluoride diethyl ether

CV, cyclic voltammetry

TE, thermoelectric

P3MeT, poly(3-methylthiophene)

P3HT, poly(3-hexylthiophene)

PEDOT, poly(3,4-ethylenedioxythiophene)
PSS, polystyrenesulfonate

DMSO, dimethyl sulfoxide

EG, ethylene glycol

THEF, tetrahydrofuran

DMEF, dimethyl formamide

3D, three-dimensional

SWCNT, single-walled carbon nanotube
APCVD, ambient pressure chemical vapor deposition
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