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ABSTRACT: Conducting polymer poly(3,4-ethylenedioxythiophene) nanowires (PEDOT NWs) were synthesized by a modified
self-assembled micellar soft-template method, followed by fabrication by vacuum filtration of self-supporting exfoliated WSe2-
nanosheet (NS)/PEDOT-NW composite films. The results showed that as the mass fractions of WSe2 NSs increased from 0 to 20
wt % in the composite films, the electrical conductivity of the samples decreased from ∼1700 to ∼400 S cm−1, and the Seebeck
coefficient increased from 12.3 to 23.1 μV K−1 at 300 K. A room-temperature power factor of 44.5 μW m−1 K−2 was achieved at 300
K for the sample containing 5 wt % WSe2 NSs, and a power factor of 67.3 μW m−1 K−2 was obtained at 380 K. The composite film
containing 5 wt % WSe2 NSs was mechanically flexible, as shown by its resistance change ratio of 7.1% after bending for 500 cycles at
a bending radius of 4 mm. A flexible thermoelectric (TE) power generator containing four TE legs could generate an output power
of 52.1 nW at a temperature difference of 28.5 K, corresponding to a power density of ∼0.33 W/m2. This work demonstrates that
the fabrication of inorganic nanosheet/organic nanowire TE composites is an approach to improve the TE properties of conducting
polymers.
KEYWORDS: thermoelectric, composite, WSe2, conducting polymer, flexibility

1. INTRODUCTION
Thermoelectric (TE) materials can directly convert thermal
and electrical energies.1,2 TE generators can provide electrical
energy for wearable and portable electronic equipment using
low-level-grade heat energy and have the advantages of no
moving parts, long service life, and no noise.3,4 The efficiency
of TE generators5 is related to the dimensionless figure of
merit ZT (ZT = S2σT/κ), where σ, S, κ, and T are the electrical
conductivity (S cm−1), Seebeck coefficient (μV K−1), thermal
conductivity (W m−1 K−1), and temperature in Kelvin (K),
respectively. Mechanically flexible TE materials are useful in
wearable applications and for improved connection to heat
sources.6−9 Conventionally, conducting polymer-based materi-
als and devices are used for this purpose.10−12

Poly(3,4-ethylenedioxythiophene) (PEDOT) is important
for polymeric TE materials because of its high electrical
conductivity12−14 and adjustable morphology that can be

tuned by adjusting the synthesis conditions. While PEDOT in
itself has modest thermoelectric properties, PEDOT nanofibers
can exhibit higher thermoelectric properties. Hu et al.15

synthesized PEDOT with different nanostructures through
chemical oxidation polymerization and found that one-
dimensional PEDOT nanofibers yielded a high power factor
(S2σ) of 16.4 μW m−1 K−2. Therefore, preparation of one-
dimensional PEDOT structures may be of significance to
improve the TE properties of PEDOT-based materials. To this
end, the self-assembled micellar soft-template method is easy
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to operate and suitable for large-scale production, and many
researchers investigated the synthesis of one-dimensional
PEDOT structures in this method.14,16,17

Beyond PEDOT-based nanostructures, introducing thin or
two-dimensional inorganic materials in inorganic/organic
composites offers further possibilities for improved TE
materials and devices. Transition-metal dichalcogenides
(TMDCs), whose chemical formula can be expressed as
MX2, in particular, sulfides and selenides, exhibit good
thermoelectric properties.18−20 Mixing TMDCs with conduct-
ing polymers to prepare organic/inorganic composites is thus
an approach to enhance the TE properties of conducting
polymers. Jiang et al.21 synthesized molybdenum disulfide
(MoS2) nanosheets (NSs) by a liquid exfoliation method and
then prepared poly(3,4-ethylenedioxythiophene):poly(4-styr-
enesulfonate) (PEDOT:PSS)/MoS2 composite films by the
direct vacuum filtration method, yielding a room-temperature
power factor of 45.6 μW m−1 K−2 for a sample with 4 wt %
MoS2 NSs. MoSe2/PEDOT:PSS

22 and WS2/PEDOT:PSS
23

composite films were also prepared by the same process and
exhibit similar power factor values.
Tungsten diselenide (WSe2) is a semiconducting TMDC

with a band gap of ∼1.5 eV,24 high mobility,25 and good
thermoelectric properties.20,26 This suggests that WSe2-NS/
PEDOT-NW composites would be of interest for flexible
thermoelectrics, but such nanocomposites have not yet been
reported. Here, we synthesized one-dimensional PEDOT NWs
through a modified self-assembled micellar soft-template
method and prepared two-dimensional WSe2 NSs by lithium
ion (Li+) intercalation−−hydrothermal method. Flexible and
self-supporting WSe2-NS/PEDOT-NW composite films were
prepared by a vacuum filtration method. The effects of the
contents of WSe2 NSs on microstructures, compositions, TE
performance, as well as mechanical flexibility of the composite
films have been investigated.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. EDOT monomer (chemical grade), lithium

hydroxide monohydrate (LiOH·H2O, 99%, guaranteed reagent),
anhydrous ferric chloride (FeCl3, ≥99%), sodium dodecyl sulfate
(SDS, pharmaceutical grade), ethylene glycol (EG, ≥99.5%, analytical
reagent), acetone (≥99.5%, analytical reagent), methanol (≥99.5%,
analytical reagent), and nylon membrane (the average pore size was
0.22 μm) were bought from Shanghai Titan Scientific Co., Ltd.,
China. WSe2 (>99%) was bought from Nanjing JCNANO
Technology Co., Ltd., China. All chemicals were used as received
without further purification.
2.2. Synthesis of PEDOT NWs. PEDOT NWs were synthesized

by a modified self-assembled micellar soft-template method. 10 mmol
SDS powder was dissolved in 100 mL of deionized water under
stirring to form a homogeneous SDS solution. 15 mmol FeCl3 was
added into the solution and stirred for 1.5 h at 50 °C, and the color of
the mixture solution changed into dark yellow. Afterwards, 7 mmol
EDOT monomers were added into the above mixture solution and
polymerized at 50 °C for 6 h. After the reaction, the precipitates were
left to cool down to room temperature in an oil bath. Then, the
PEDOT-NW precipitates were centrifuged at 6500 rpm for 5 min and
washed with methanol until the supernatant was colorless. The
synthesized PEDOT NWs were dispersed in 500 mL of methanol
with sonication to form a homogeneous dispersion.
2.3. Preparation of WSe2 NSs.WSe2 powders (0.5 g) and LiOH·

H2O (0.48 g) were added into EG (60 mL) under stirring for 30 min.
The mixture suspension was transferred to a Teflon-lined autoclave
(100 mL) and reacted at 200 °C for 24 h to intercalate Li+ into WSe2
multilayers. After the reaction, the mixture suspension was naturally
cooled down to room temperature and centrifuged at 10,000 rpm for
5 min, and the Li+-intercalated WSe2 precipitates were washed several
times with acetone to eliminate the residual reactants. The Li+-
intercalated WSe2 products were added into 100 mL of deionized
water and sonicated at 300 W for 6 h. The dispersions were
centrifuged at 3000 rpm for 10 min, and the supernatant was collected
and filtered on a nylon membrane. After drying at 80 °C for 12 h in a
vacuum atmosphere, the exfoliated WSe2 NSs were acquired.

Figure 1. Schematic diagrams for the preparation procedures of (a) PEDOT NWs, (b) WSe2 NSs, and (c) freestanding WSe2-NS/PEDOT-NW
composite film.
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2.4. Preparation of Self-Supporting WSe2-NS/PEDOT-NW
Composite Films. A certain weight of WSe2 NSs was dispersed in 15
mL of PEDOT NW dispersion under sonication for 0.5 h. Flexible
WSe2-NS/PEDOT-NW composite films were prepared by a vacuum
filtration method on a nylon membrane and dried for 12 h at 60 °C in
a vacuum atmosphere, in which the contents of WSe2 NSs were 0, 5,
10, and 20 wt %, respectively. The dried WSe2-NS/PEDOT-NW
composite films were easy to peel off from the nylon substrate.
2.5. Assembly of Flexible TE Generators. Four TE legs (20

mm × 5 mm) were prepared by cutting the WSe2-NS/PEDOT-NW
sample and pasting on a polyimide film with a double-sided adhesive.
The spacing between two legs was 5 mm. The TE legs were
connected in series via silver pastes, and the silver pastes were dried in
a vacuum at 60 °C overnight.
2.6. Characterization and Measurement. The morphologies of

PEDOT NWs and WSe2 were characterized by transmission electron
microscopy (TEM, FEI Tecnai 12, USA and FEI Talos F200x G2,
USA). The microstructures and morphologies of the films were
imaged by scanning electron microscopy (SEM, FEI Quanta 200
FEG, the Netherlands, and ZEISS Sigma 300, Germany). SEM

mapping was performed with energy-dispersive spectroscopy (EDS,
OXFORD Xplore 30, UK). X-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy measurements of PEDOT-NW films were
performed with a Thermo Fisher Scientific ESCALAB 250Xi
instrument (USA) with an Al Kα X-ray source (1486.6 eV) and a
DXR laser Raman spectrometer (Thermo Fisher Scientific, USA)
using DPSS laser at an excitation wavelength of 532 nm. The phase
compositions of PEDOT NWs, WSe2, and WSe2-NS/PEDOT-NW
samples were characterized by X-ray diffraction (XRD, D/max
2200PC, Japan) with Cu kα radiation (λ = 1.54056 Å). The
roughness of the PEDOT-NW film and WSe2-NS/PEDOT-NW
composite film was obtained by using an atomic force microscope
(Bruker Dimension Icon, Germany).
The Seebeck coefficient and electrical conductivity were measured

in a low vacuum (≤40 Pa) from 300 to 380 K by a thin-film TE test
system (MRS-3, Wuhan Giant Instrument Technology Co., Ltd.,
China). The flexibility of the PEDOT-NW film and WSe2-NS/
PEDOT-NW composite film was studied by a home-made equipment
at a bending radius of 4 mm, and the size of the tested sample was 20
mm in length and 5 mm in width.

Figure 2. (a, b) TEM images of PEDOT NWs. (c) XRD patterns of the PEDOT-NW film. (d) Raman spectrum of the PEDOT-NW film. (e)
Survey and (f) S2p XPS spectra of the PEDOT-NW film.
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The output performance of the TE generator was measured by a
home-made equipment. During the measurement, the two ends of the
tested generator along the length of the TE legs were placed on the
Peltier platforms, and temperature differences were generated
between the two ends of the generator by regulating the current
generated by the source meter (Keithley 2400) passing through the
Peltier platforms. The open-circuit voltage (Eoc), output voltage (U)
of TE generators were collected by a data acquisition instrument
(Keysight 34970A). The output current (I) was calculated by dividing
U by external resistive load (REL). The output power (P) was
measured by the following formula: P = U × I. The resistance change
of the generator was tested by a home-made equipment when the
generator was bent for different times at a radius of 15 mm.

3. RESULTS AND DISCUSSION
Figure 1a,b shows the schematic diagrams of the preparation
procedures of PEDOT NWs and WSe2 NSs. Figure 1c shows a
schematic diagram for the preparation procedure of flexible
and self-supporting WSe2-NS/PEDOT-NW composite films.
Figure 2a,b shows the TEM images of PEDOT NWs. The

PEDOT NWs are entangled with each other into bundles due
to their high surface energy as well as strong π−π stacking
interactions between the PEDOT chains.14,17 The length and

diameter of PEDOT NWs were measured (Figure 2a) by the
ImageJ software. The length of PEDOT NWs was above 1000
nm, and the average diameter was ∼10 nm.
Figure 2c shows the XRD patterns of a PEDOT-NW film.

The PEDOT NWs exhibit peaks at 2θ = 6.2°, 12.4°, 19.4°, and
25.6°, respectively, which can be assigned to the (100), (200),
(400), and (020) crystal planes of PEDOT, respectively.27−30

The sharp peak at 2θ = 6.2° indicates satisfactory crystallinity
of PEDOT NWs,14 and the peak at 2θ = 12.4° shows the
degree of distortions from the ideal crystalline lattice in
PEDOT NWs.27 The characteristic peak at 2θ = 25.6° is
ascribed to the interchain planar ring-stacking distance.16,27,30

According to Bragg’s law (2d sin θ = nλ, where d represents the
interplanar spacing, θ represents the angle between the
incident X-ray and the relevant crystal plane, n is the
diffraction order, and λ represents the X-ray wavelength),31
the π−π spacing distance of PEDOT NWs was 3.42 Å. Further
insight into the composition of PEDOT NWs was provided by
Raman (Figure 2d) and XPS (Figure 2e,f) analyses. As shown
in Figure 2d, three bands can be observed at 1358, 1420, and
1505 cm−1, which correspond to C−C stretching, symmetric
C�C stretching, and asymmetric C�C stretching, respec-

Figure 3. (a) XRD patterns of WSe2 and exfoliated WSe2 NS powders. TEM images of (b) WSe2 powders and (c, d) exfoliated WSe2 NSs. (e) HR-
TEM image of WSe2 NSs. (f) XRD patterns of WSe2-NS/PEDOT-NW composite films with different mass fractions of WSe2 NSs.
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tively.32,33 The elements C, O, and S were observed in the XPS
survey spectrum of the PEDOT-NW film (Figure 2e). Figure
2f shows the S2p spectrum of the PEDOT-NW film; the
doublets at 163.2 and 164.4 eV (S1_2p3/2 and S1_2p1/2) and
164.0 and 165.2 eV (S2_2p3/2 and S2_2p1/2) are ascribed to
the neutral sulfur atoms (S0) and positively charged sulfur
atoms (Sδ+) from PEDOT chains.14,16 The higher binding
energy doublets at 167.3 and 168.5 eV (S3_2p3/2 and
S3_2p1/2) are attributed to the sulfur atoms of dodecyl sulfate
anions (DS−1).14 These results show the synthesis of PEDOT
NWs.

Figure 3a shows the XRD patterns of WSe2 and exfoliated
WSe2 NS powders. The characteristic peaks of WSe2 and
exfoliated WSe2 NSs are consistent with the standard PDF card
of WSe2 (no. 38-1388),

34 and the relative peak intensities of
WSe2 powders were changed after the exfoliation treatment.
That is, the relative intensities at 2θ = 13.4°, 41.5°, and 56.5°
corresponding to the (002), (006), and (008) planes of WSe2
were enhanced, while that at 2θ = 31.4° corresponding to the
crystal plane of (100) was reduced, which infers that the
exfoliated WSe2 NSs have a highly c-oriented crystal structure.
This phenomenon is similar to a previous report of exfoliated
MoSe2 NSs.

35 Figure 3b shows the TEM images of raw WSe2
powders; Figure 3c,d shows the TEM images of WSe2 NSs,
revealing that the obtained nanosheets own a few layers. Figure
3e shows the high-resolution (HR-TEM) image. The lattice
spacing is 0.285 nm, which correspond to the (100) crystal
plane of WSe2 NSs. Figure 3f shows the XRD patterns of
WSe2-NS/PEDOT-NW composite films. The peak intensities
of the (002), (006), and (008) planes of WSe2 were enhanced
as the content of WSe2 NSs increased in the composite film.
The characteristic peaks of PEDOT NWs were not observed in
the composite films, which might be because of the low
intensities of PEDOT NWs.
Figure 4a shows a surface SEM image of the PEDOT-NW

film. The image shows that the PEDOT-NW film exhibits a
relatively smooth morphology, and intersecting bundles of
single PEDOT NWs can be clearly observed. Figure 4b,c−f
shows the SEM image of a WSe2-NS/PEDOT-NW composite
film with 5 wt % WSe2 NSs and the corresponding EDS
mappings of W, Se, O, and S. The presence of W and Se is
attributed to WSe2 NSs, while O and S come from PEDOT
NWs. It is seen that WSe2 NSs are dispersed in the composite
film, which demonstrates the synthesis of WSe2-NS/PEDOT-
NW composite films. Moreover, after the addition of WSe2
NSs, the surface roughness of the composite film increased

Figure 4. Surface SEM images of (a) PEDOT-NW film and (b)
WSe2-NS/PEDOT-NW composite film with 5 wt % WSe2 NSs. SEM-
EDS mappings of (c) W element, (c) Se element, (e) O element, and
(f) S element corresponding to (b).

Figure 5. Surface topography measured by AFM. (a, b) Pristine PEDOT-NW film and (c, d) WSe2-NS/PEDOT-NW composite film with 5 wt %
WSe2 NSs.
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(see Figure 4a,b), and this phenomenon was also observed by
the AFM analyses below.
Figure 5 shows the surface topography of the PEDOT-NW

film and WSe2-NS/PEDOT-NW composite film with 5 wt %
WSe2 NSs. It can be seen that the surface root-mean-square
roughness (Rrms) values of PEDOT-NW and WSe2-NS/
PEDOT-NW composite films were 233 and 324 nm,
respectively.
Figure 6a displays the relationship between the temperature

and electrical conductivity of WSe2-NS/PEDOT-NW compo-
site films with different contents of WSe2 NSs. As the content
of WSe2 NSs increased from 0 to 20 wt %, σ reduced from
∼1700 to ∼400 S cm−1 at 300 K. The reasons for the
reduction of σ of the composite films may be due to the
presence of fillers (WSe2 NSs) with different morphology and
electrical behavior compared with the matrix (PEDOT NWs),
which can alter the charge carrier concentration, carrier
mobility, and thus the electrical conductivity. As the σ of
WSe2 is very low (1.9 × 10−3 S cm−1 for WSe2 bulk at room
temperature),36 the addition of WSe2 NSs would reduce the σ
value of the WSe2-NS/PEDOT-NW composite films. The
surface roughness of the composite (Figures 4 and 5) appears
increased with the addition of WSe2 NSs, which may be
detrimental to the carriers’ transportation.37 When the
temperature rose from 300 to 380 K, σ of the WSe2-NS/
PEDOT-NW composite films containing different mass
fractions of WSe2 NSs was not significantly changed, and at
380 K, σ of the WSe2-NS/PEDOT-NW composite film with 5
wt % WSe2 NSs was 1412 S cm−1.
The carrier concentrations and mobilities were measured for

different WSe2 content. With the increasing of WSe2 NS
content, the carrier mobility is increased up to ∼85 cm−2 V−1

s−1, and the carrier concentration decreased to ∼5 × 1019 cm−3

for the sample with 20 wt% WSe2 NSs, resulting in the
reduction of electrical conductivity and enhancement of the
Seebeck coefficient.
Figure 6b presents the temperature dependence of S of

WSe2-NS/PEDOT-NW composite films. S is positive,
revealing that holes are the majority carriers.38 S revealed an
increasing tendency on the content of WSe2 NSs, and when
the content of WSe2 NSs increased to 20 wt %, S increased to
23.1 μV K−1 at 300 K, which was ∼1.9 times than that of the
PEDOT-NW film. WSe2 has high S (786.8 μV K−1 at room
temperature for WSe2 bulk);

36 thus the S value of the

Figure 6. Temperature dependence of (a) σ, (b) S, and (c) power
factor of WSe2-NS/PEDOT-NW composite films with different
contents of WSe2 NSs.

Figure 7. (a) Photo of the vacuum-filtrated freestanding WSe2-NS/PEDOT-NW composite film. (b) Resistance change ratios of the PEDOT-NW
film and WSe2-NS/PEDOT-NW composite film after bending for different times at a radius of 4 mm. The content of WSe2 NSs in the WSe2-NS/
PEDOT-NW composite film was 5 wt %.
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composite film could be enhanced after the addition of WSe2
NSs. Besides, the addition of WSe2 NSs can induce more
interfaces between PEDOT NWs and WSe2 NSs, which may
enhance the S value of the composite films by energy
filtering.39,40 The S value of the composite films increased
with the increasing temperature from 300 to 380 K, reaching a
value of 27.7 μV K−1 for the sample containing 20 wt % WSe2
NSs. As a result, a power factor of 44.5 μW m−1 K−2 was
achieved for the composite film with 5 wt % WSe2 NSs at 300
K (Figure 6c). As the temperature increased, a power factor of
67.3 μW m−1 K−2 was obtained at 380 K, which is higher than
the previous reports on the MoS2/PEDOT:PSS composite film
(45.6 μW m−1 K−2)21 and WS2/PEDOT:PSS composite film
(45.2 μW m−1 K−2)23 but still lower than those of the 1-ethyl-
3-methylimidazolium dicyanamide (EMIM:DCA)@PEDOT
NW composite film (83.8 μW m−1 K−2) and MXene/
PEDOT:PSS composites (155.0 μW m−1 K−2), which might
be because solvent treatment was employed in the earlier
work.27,41

Figure 7a shows a photo of the freestanding WSe2-NS/
PEDOT-NW composite film. Figure 7b shows the resistance
change ratios of the WSe2-NS/PEDOT-NW composite film
after bending for different cycles. For comparation, the
resistance change ratio of the PEDOT-NW film was also
measured. For 500 bending cycles, the resistance change ratio
of the 5 wt % WSe2-NS/PEDOT-NW composite film was
7.1%, which was comparable to that of the freestanding
PEDOT-NW film (6.9%).
A flexible WSe2-NS/PEDOT-NW TE generator was

fabricated, and EOC generated at different temperature
gradients (ΔT) is shown in Figure 8a. For ΔT of 31 K, the
TE generator can generate an EOC of 1.98 mV. Figure 8b
shows the output of the generator at different ΔT. The outputs
U, I, and P were obviously increased with ΔT, and the TE

generator achieved an output power of 52.1 nW (ΔT = 28.5
K), which corresponded to the maximal power density (

= ×PD P
N Amax

max , where Pmax represents the maximal output
power, N represents the number of TE legs, and A represents
the cross-sectional area of the TE leg) of ∼0.33 W/m2. Figure
8c shows the resistance change ratio of the WSe2-NS/P-NW
TE generator for different bending times with a bending radius
of 15 mm. The TE generator revealed good flexibility since the
resistance change ratio was lower than 5% after bending for
500 times. Figure 8d shows a photo of how Eoc is generated by
the flexible TE generator and the corresponding real-time
infrared thermal image. It was observed that the flexible TE
generator on a drinking glass with hot water could generate an
open-circuit voltage of 0.23 mV.

4. CONCLUSIONS
In summary, PEDOT NWs were synthesized by a modified
self-assembled micellar soft-template method. Flexible and
freestanding WSe2-NS/PEDOT-NW composite films were
prepared by a vacuum filtration method. As the mass fractions
of WSe2 NSs increased from 0 to 20 wt %, the Seebeck
coefficient of WSe2-NS/PEDOT-NW composite films was
increased. A power factor of 44.5 μW m−1 K−2 was achieved at
300 K when the content of WSe2 NSs was 5 wt %, and it was
increased to 67.3 μWm−1 K−2 when the temperature increased
to 380 K. The self-supporting WSe2-NS/PEDOT-NW
composite films were mechanically flexible, and a flexible
four-leg thermoelectric power generator was assembled,
generating an output power of 52.1 nW at a temperature
difference of 28.5 K. This work thus shows that the preparation
of inorganic nanosheet/organic nanowire composites is an
approach to improve the TE properties of conducting
polymers.

Figure 8. (a) Eoc as a function of temperature gradient, (b) U and P vs output current under different temperature gradients of the WSe2-NS/
PEDOT-NW TE generator. (c) Resistance change ratio of the WSe2-NS/PEDOT-NW TE power generator at different bending times. The inset is
a schematic diagram of the bending test of the generator. (d) Photo of how Eoc is generated by the flexible TE generator with hot water (half-filled
cup) as the heat source and the corresponding real-time infrared thermal image.
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