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Abstract: Hybrid thermoelectric flexible films based on poly(3,4-ethylenedioxythiophene)
(PEDOT) nanoparticles and carbon nanotubes were prepared by using layer-by-layer (LbL)
assembly. The employed PEDOT nanoparticles were synthesized by oxidative miniemulsion
polymerization by using iron(III) p-toluenesulfonate hexahydrate (FeTos) as an oxidant and
poly(diallyldimethylammonium chloride) (PDADMAC) as stabilizer. Sodium deoxycholate (DOC)
was used as a stabilizer to prepare the aqueous dispersions of the carbon nanotubes. Hybrid
thermoelectric films were finally prepared with different monomer/oxidant molar ratios and different
types of carbon nanotubes, aiming to maximize the power factor (PF). The use of single-wall (SWCNT),
double-wall (DWCNT), and multiwall (MWCNT) carbon nanotubes was compared. The Seebeck
coefficient was measured by applying a temperature difference between the ends of the film and
the electrical conductivity was measured by the Van der Pauw method. The best hybrid film in this
study exhibited a PF of 72 µW m−1 K−2 . These films are prepared from aqueous dispersions with
relatively low-cost materials and, due to lightweight and flexible properties, they are potentially good
candidates to recover waste heat in wearable electronic applications.
Keywords: PEDOT; nanoparticles; carbon nanotubes; hybrid material; thermoelectricity;
miniemulsion; layer-by-layer assembly; electrical conductivity

1. Introduction
Most of the energy produced today comes from classical energy sources, which are unfortunately
non-renewable and generate many environmental problems. There is, therefore, a serious need
to look for more sustainable and environmentally friendly sources. Thermoelectric generators can
significantly contribute to this purpose, recovering energy from waste heat. In the last decade,
thermoelectric materials have been attracting great interest in the field of energy harvesting [1].
The thermoelectric efficiency is determined by the dimensionless figure of merit, ZT, given by the
expression ZT = S2 σT/κ, where S, σ, and κ are the Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively. Thermoelectric materials should not only be highly efficient, but also
low-cost, manufacturing-scalable, and eco-friendly. Traditionally, the use of inorganic semiconductors
has dominated thermoelectric applications. However, their inherent problems, such as toxicity, scarcity
of raw materials, and high production cost, have motivated the search of new materials capable to
overcome such problems [2]. Because of their promising values of thermoelectric efficiency, conducting
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polymer nanocomposites and hybrids can be a real alternative to typical inorganic semiconductors
based, for instance, on Bi2 Te3 [3–5]. Conducting polymers based on poly(3, 4-ethylenedioxythiophene)
(PEDOT) have shown efficient values of ZT in the range from 0.1 to 0.4 [1,6,7]. On the other hand, carbon
nanotubes (CNTs) have been shown to be good nanofillers to develop high efficient thermoelectric
nanocomposites, reaching very high values of power factor (PF), defined as PF = S2 σ [8–10]. It is
known that the electrical properties of conducting polymers depend significantly on the arrangement
of the polymer chains [11–13]. Since CNTs are rolled graphene sheets, π–π interactions can occur
between the graphene ring of the carbon nanotube and the aromatic ring or double bonds of the
conducting polymer, which can act as a template for an optimal ordering and, thus, produce a
synergistic effect on thermoelectric properties [14]. In addition, the combination of conducting polymer
and inorganic semiconductor-based on Te and Bi2 Te3 has demonstrated an enormous potential in terms
of thermoelectric efficiency, being in some of the cases even higher than for the starting materials [15,16].
Multilayered materials based on conducting polymers and carbon nanostructures (CNTs
and graphene) stand out over the rest because their thermoelectric efficiency can be higher
than bulk Bi2 Te3 . For example, very high power factors have been obtained for multilayered
thin films prepared using layer-by-layer (LbL) assembly and based on polyaniline (PANI),
double-walled carbon nanotubes (DWCNT) and graphene (1750 µW m−1 K−2 ), or PANI, DWCNT,
poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS), and graphene (2710 µW
m−1 K−2 ) [17,18]. LbL assembly also allows the preparation of n-type thermoelectric materials,
as previously reported for the system PEI–DWCNTs/PVP-graphene (PEI: polyetherimide, PVP:
polyvinylpyrrolidone) [19]. Although there is no doubt about the interest of this kind of layered
materials, the lack of studies on their thermoelectric properties highlights the need for more research
to open the gate to a new generation of highly efficient organic thermoelectric materials.
Additionally to the stated above, flexible thermoelectric materials have also attracted interest
for their use in wearable devices, in which the body temperature can be used to obtain energy.
When using inorganic materials, high power factor were obtained, for instance, for n-type and p-type
Sb2 Te3 by electrochemical deposition (−80 and 100 µW m−1 K−2 , respectively) [20,21]. However,
conducting polymers are much more flexible than inorganic materials and offer the possibility
to produce highly flexible films for thermoelectric applications [22] in different substrates, such
as paper with PEDOT:PSS [23,24] or polyimide with poly(3-hexylthiophene-2,5-diyl) (P3HT)/CNT
nanocomposites [25].
In this work, we have prepared films from PEDOT nanoparticles, which embed single-wall
(SWCNT), double-wall (DWCNT), and multiwall (MWCNT) carbon nanotubes. We analyze the effect
of different types of CNTs on the thermoelectric properties. The use of PEDOT nanoparticles allows
us to tune the electrical properties and the surface charge, which can be influenced by experimental
parameters, such as the nature of the stabilizer used during nanoparticle synthesis (nonionic, cationic
or anionic) or the oxidant concentration.
2. Experimental Section
2.1. Materials
Poly(diallyldimethylammonium chloride) (PDADMAC, 20 wt.% in water), iron(III)
p-toluenesulfonate hexahydrate (FeTos) and sodium deoxycholate (DOC, ≥ 97% by titration) were
purchased from Sigma-Aldrich. 3, 4-Ethylenedioxytiophene (EDOT) 97% was obtained from Alfa
Aesar. Hydrogen peroxide 30 wt.% was purchased from PanReac AppliChem (Barcelona, Spain).
Multiwalled carbon nanotubes (MWCNTs, 12–15 nm outer and 4 nm inner wall diameter, > 1 µm
length, C ≥ 95 wt%) were obtained from Bayer MaterialScience (Leverkusen, Germany). Double-walled
carbon nanotubes (DWCNTs, 2–4 nm outer and 1–3 nm inner wall diameter, > 50 µm length, C > 60%)
and single-walled carbon nanotubes (SWCNTs, 1–2 nm wall diameter, 5–30 µm length, C = 90%) were
purchased from Nanostructured & Amorphous Materials, Inc. (Houston, TX, USA). Polyethylene
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terephthalate (PET), with a thickness of 179 µm (trade name ST 505 by DuPont Teijin, purchased
from Tekra Corp, New Berlin, WI, USA) were rinsed with deionized water, methanol, and deionized
water again, and dried with filtered air before use. Corona treatment (a BD-20C Corona Treater,
Electro-Technic Products Inc., Chicago, IL, USA) was used to improve adhesion of the first layer by
oxidizing the polymer surface.
2.2. Synthesis of PEDOT Nanoparticles
The synthesis of PEDOT nanoparticles was carried out by chemical oxidation polymerization
in miniemulsion, using FeTos as an oxidizer and PDADMAC as a stabilizer. First, the commercial
PDADMAC aqueous solution (20 wt.%) was diluted in 40 mL of water and then EDOT was added and
stirred at 800 rpm for 5 min. To obtain the miniemulsion, the mixture was ultrasonicated with the aid
of a Branson Sonifier 450 (1/2 inch tip, amplitude of 70%, pulse of 90% for 10 min). The polymerization
was carried out by slowly adding to the miniemulsion a solution of FeTos in 10 mL of water, according
to the proportions shown in Table 1. Afterward, hydrogen peroxide was added. The samples were
purified by centrifugation at 13,000 rpm for 20 min, which was repeated 3 times by discarding the
supernatant. The purified samples were redispersed in 40 mL of water.
Table 1. Quantities of reagents used for the preparation of the nanoparticles shown in this work.
Molar Ratio
EDOT:FeTos
PDADMAC (wt.%)
EDOT (M)
FeTos (M)
H2 O2 (M)

1:1

1:1.5

1:2

0.5
0.037
0.037
0.001

0.5
0.037
0.056
0.001

0.5
0.037
0.075
0.001

2.3. Film Preparation
Carbon nanotubes (0.05 wt.%) were dispersed in an aqueous solution of DOC (0.1 wt.%). The CNT
suspensions were placed in an ultrasound bath for 30 min, followed by 20 min of ultrasonication
with a Branson Sonifier 450 (1/2 inch tip, 70% amplitude, continuous mode), while cooling in an ice
bath. Finally, the suspensions were placed for 30 min in the ultrasound bath. CNT dispersions were
then centrifuged at 4000 rpm for 5 min to discard the nonstabilized CNTs. The assembly of PEDOT
nanoparticles and CNT layers was carried out by using the layer-by-layer (LbL) technique via dip
coating on a pre-treated polyethylene terephthalate (PET) substrate to improve film adhesion [26].
PET substrates were immersed in a cationic PEDOT: PDADMAC suspension for 5 min, followed by
3 washing steps of dipping in water, immersion in the anionic CNT:DOC suspension for 5 min, and
eventually 3 further steps of washing in water. This process results in one deposition sequence of a
PEDOT: PDADMAC–CNT:DOC bilayer (bL). This cycle was repeated to deposit the desired number
of bilayers. Deposited multilayer films were washed and air-dried overnight, and then stored in a
desiccator prior to further processing or characterization. The process of formation of the nanoparticles
and the subsequent films is schematically depicted in Figure 1.
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2.4. Characterization Techniques
2.4 Characterization Techniques
The morphological characterization of PEDOT nanoparticles was carried out by transmission
The morphological characterization of PEDOT nanoparticles was carried out by transmission
electron microscopy (TEM) at an accelerating voltage of at 100 kV in a JEOL JEM-1010 microscope (JEOL
electron microscopy (TEM) at an accelerating voltage of at 100 kV in a JEOL JEM-1010 microscope
Ltd., Japan, coupled with a digital camera MegaView III (GEMSIS GmbH, Germany). Zeta potential
(JEOL Ltd., Japan, coupled with a digital camera MegaView III (GEMSIS GmbH, Germany). Zeta
measurements of PEDOT:PDADMAC and CNT:DOC suspensions were measured in a Zetasizer
potential measurements of PEDOT:PDADMAC and CNT:DOC suspensions were measured in a
Nano ZS (Malvern Instruments), diluting previously the samples in KCl 0.3 M (aqueous solution).
Zetasizer Nano ZS (Malvern Instruments), diluting previously the samples in KCl 0.3 M (aqueous
Particle size of PEDOT:PDADMAC suspensions was measured by dynamic light scattering (Zetasizer
solution). Particle size of PEDOT:PDADMAC suspensions was measured by dynamic light scattering
Nano ZS).
(Zetasizer Nano ZS).
The thickness of PEDOT–CNT films was measured by using a profilometer (Dektak 150, Veeco,
The thickness of PEDOT–CNT films was measured by using a profilometer (Dektak 150, Veeco,
USA). Reported values represent an average of at least 5 separate measurements of each film.
USA). Reported values represent an average of at least 5 separate measurements of each film.
Morphological characterization of the films was carried out by scanning electron microscopy (SEM) by
Morphological characterization of the films was carried out by scanning electron microscopy (SEM)
using a Hitachi S-4800 microscope at an accelerating voltage of 20 kV and a working distance of 14 mm
by using a Hitachi S-4800 microscope at an accelerating voltage of 20 kV and a working distance of
for palladium−gold coated surfaces. TEM was also conducted for samples prepared by embedding a
14 mm for palladium−gold coated surfaces. TEM was also conducted for samples prepared by
small piece of coated PET in Durcupan ACM resin (Sigma-Aldrich), curing overnight, and then cutting
embedding a small piece of coated PET in Durcupan ACM resin (Sigma-Aldrich), curing overnight,
cross-sections using an Ultra 45◦ diamond knife (Diatome, Hatfield, PA). These samples were imaged
and then cutting cross-sections using an Ultra 45° diamond knife (Diatome, Hatfield, PA). These
by using copper grids with the same equipment and accelerating voltage as for the nanoparticles.
samples were imaged by using copper grids with the same equipment and accelerating voltage as for
For the electrical characterization, four contacts with silver paint were coated on the film surface.
the nanoparticles.
The electrical conductivity was measured with a Keithley 2400 SourceMeter equipment by using the
For the electrical characterization, four contacts with silver paint were coated on the film surface.
Van der Pauw equation:
The electrical conductivity was measured
with a Keithley 2400 SourceMeter equipment by using the
e−π·d·R1 σ + e−π·d·R2 σ = 1
(1)
Van der Pauw equation:
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PEDOT nanoparticles were synthesized by chemical oxidation polymerization in miniemulsion
with PDADMAC as a stabilizer, as schematically shown in Figure 1a. During the polymerization of
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For 30 bilayers (Figure 5a,b), PEDOT nanoparticles are uniformly distributed over the MWCNTs
fibers due to the electrostatic interactions between PDADMAC and DOC. The morphology of these
nanoparticles remains essentially spherical. However, for 40 bilayers (Figure 5c,d), agglomerates of
PEDOT nanoparticles that cover the nanotubes are observed on the surface of the films. These
agglomerates increase the film thickness and the proportion of insulating material at the surface. TEM
images of the cross-section of 30 and 40 bilayer films using MWCNTs (Figure 5e,f) indicate again an
interdiffusion phenomenon, with a noticeable increase of the film thickness. Figure 5f shows that the
formation of the first layers of MWCNT–PEDOT nanoparticles proceeds uniformly, but when
reaching about 2 µm, the film formation is less uniform, with a much greater amount of insulating
material. Photographs of the films obtained with 10 to 60 bilayers, shown in Figure 6, demonstrate
how the homogeneity of the film is gradually lost with increasing the number of bilayers.
Figure 7 shows the thermoelectric parameters of the different systems as a function of the
number of bilayers. The electrical conductivity increases until reaching 30 (in case of MWCNTs) or
40 bilayers (for DWCNTs and SWCNTs). Then, it decreases due to the interdiffusion phenomenon
between PDADMAC and DOC, which increases the proportion of insulating material on the surface
of the film, as already described above. On the other hand, according to the Van der Pauw method
for measuring electrical conductivity, an increase in thickness leads to a decrease in electrical
conductivity [37]. The best result of electrical conductivity, with values up to 35 S cm−1, was obtained
by using SWCNTs with PEDOT nanoparticles with an EDOT:Fe-Tos molar ratio of 1:2. The Seebeck
coefficient has a similar tendency: it increases until 40 bilayers and then it decreases because the
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Figure
5. SEM and TEM cross-section images of (a), (b), (e) 30 bL of MWCNT-PEDOT and (c), (d), (f)
of
MWCNT-PEDOT.
of temperature. Using SWCNTs with PEDOT nanoparticles at EDOT:FeTos molar ratio of 1:2, the
40 bL of MWCNT-PEDOT.
Seebeck coefficient reached a maximum of 145 µV K−1, higher than water-based polymer emulsion
For 30 bilayers (Figure 5a,b), PEDOT nanoparticles are uniformly distributed over the MWCNTs
methods containing SWCNTs and PEDOT:PSS [9]. As the electrical conductivity increases with the
fibers due to the electrostatic interactions between PDADMAC and DOC. The morphology of these
number of bilayers, the Seebeck coefficient remains relatively constant. This decoupling between the
nanoparticles remains essentially spherical. However, for 40 bilayers (Figure 5c,d), agglomerates
Seebeck coefficient and the electrical conductivity does not occur in conventional thermoelectric bulk
of PEDOT nanoparticles that cover the nanotubes are observed on the surface of the films.
materials, which is explained by the fact that, in the composites with CNT, the thermal conductivity
These agglomerates increase the film thickness and the proportion of insulating material at the
decreases and the electrical conductivity is improved [9]. Finally, the power factor follows the same
surface. TEM images of the cross-section of 30 and 40 bilayer films using MWCNTs (Figure 5e,f)
trend as the electrical conductivity: it increases progressively until 30 (MWCNTs) or 40 bilayers
indicate again an interdiffusion phenomenon, with a noticeable increase of the film thickness. Figure−1 5f−2
(DWCNTs and SWCNTs) and then sharply decreases. The best power factor was 72 µW m K ,
shows that the formation of the first layers of MWCNT–PEDOT nanoparticles proceeds uniformly,
achieved by using SWCNTs with PEDOT nanoparticles at an EDOT:FeTos molar ratio of 1:2. This
but when reaching about 2 µm, the film formation is less uniform, with a much greater amount of
value is three orders of magnitude higher than the power factor of pristine PEDOT nanoparticles
insulating material. Photographs of the films obtained with 10 to 60 bilayers, shown in Figure 6,
prepared at the same molar ratio. We suggest that this fact might be explained by the synergistic π−π
demonstrate how the homogeneity of the film is gradually lost with increasing the number of bilayers.
interaction between the benzene ring of the CNTs and the aromatic ring of the PEDOT, which induces
Figure 6.
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deposited by spin-casting [38], composites by in situ polymerization of EDOT in the presence of
MWCNT and graphene stabilized by PSS [39], and flexible thermoelectric composite films of
polypyrrole and carbon nanotubes [40].
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Figure 6. Films with different number of bilayers (bLs) of PEDOT – MWCNT.

Figure 7 shows the thermoelectric parameters of the different systems as a function of the number
of bilayers. The electrical conductivity increases until reaching 30 (in case of MWCNTs) or 40 bilayers
(for DWCNTs and SWCNTs). Then, it decreases due to the interdiffusion phenomenon between
PDADMAC and DOC, which increases the proportion of insulating material on the surface of the film,
as already described above. On the other hand, according to the Van der Pauw method for measuring
electrical conductivity, an increase in thickness leads to a decrease in electrical conductivity [37].
The best result of electrical conductivity, with values up to 35 S cm−1 , was obtained by using SWCNTs
with PEDOT nanoparticles with an EDOT:Fe-Tos molar ratio of 1:2. The Seebeck coefficient has a
similar tendency: it increases until 40 bilayers and then it decreases because the agglomerates of
PDADMAC and DOC hinder the passage of the current produced by the difference of temperature.
Using SWCNTs with PEDOT nanoparticles at EDOT:FeTos molar ratio of 1:2, the Seebeck coefficient
reached a maximum of 145 µV K−1 , higher than water-based polymer emulsion methods containing
SWCNTs and PEDOT:PSS [9]. As the electrical conductivity increases with the number of bilayers,
the Seebeck coefficient remains relatively constant. This decoupling between the Seebeck coefficient
and the electrical conductivity does not occur in conventional thermoelectric bulk materials, which
is explained by the fact that, in the composites with CNT, the thermal conductivity decreases and
the electrical conductivity is improved [9]. Finally, the power factor follows the same trend as the
electrical conductivity: it increases progressively until 30 (MWCNTs) or 40 bilayers (DWCNTs and
SWCNTs) and then sharply decreases. The best power factor was 72 µW m−1 K−2 , achieved by using
SWCNTs with PEDOT nanoparticles at an EDOT:FeTos molar ratio of 1:2. This value is three orders of
magnitude higher than the power factor of pristine PEDOT nanoparticles prepared at the same molar
ratio. We suggest that this fact might be explained by the synergistic π−π interaction between the
benzene ring of the CNTs and the aromatic ring of the PEDOT, which induces a greater ordering of
the polymeric chain thus improving thermoelectric properties. Interestingly, this value is also higher
than previously reported ones for different PEDOT-based materials, including polymer emulsions of
PEDOT:PSS/SWCNT/Arabic-gum [9], PEDOT:PSS/SWCNT deposited by spin-casting [38], composites
by in situ polymerization of EDOT in the presence of MWCNT and graphene stabilized by PSS [39],
and flexible thermoelectric composite films of polypyrrole and carbon nanotubes [40].
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4. Conclusions
Hybrid thermoelectric flexible films with high Seebeck coefficient were prepared through layerby-layer (LbL) assembly by using as building blocks PEDOT nanoparticles functionalized with
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4. Conclusions
Hybrid thermoelectric flexible films with high Seebeck coefficient were prepared through
layer-by-layer (LbL) assembly by using as building blocks PEDOT nanoparticles functionalized
with PDADMAC and different types of carbon nanotubes functionalized with DOC. Depending on the
EDOT:FeTos molar ratio used during the nanoparticle synthesis, the electrical conductivity and the
Seebeck coefficient increase in parallel to the molar ratio. The maximum power factor was achieved at
an EDOT:FeTos molar ratio of 1:2. Thanks to the electrostatic interaction of PDADMAC with DOC,
the layers of the films grew homogeneously. However, when the film reached 30 or 40 bilayers (for
MWCNTs or DWCNTs/SWCNTs, respectively) an interdiffusion phenomenon of the components
appeared, as observed by SEM and TEM, and the proportion of insulating material increased. This fact
influence negatively the thermoelectric properties and the homogeneity, so that we conclude that 30
and 40 bilayers are the limit for these materials. The maximum power factor of the hybrid flexible
films was achieved for 40 bilayers at an EDOT:FeTos molar ratio of 1:2 and SWCNT. According to the
obtained results, PEDOT nanoparticles with carbon nanotubes, especially SWCNTs, are very suitable
candidates to make flexible films for thermoelectric applications.
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