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Organic thermoelectric films: achieving high
conductivity and power factor through
sulfonated-poly(3,4-ethylenedioxythiophene)
and single-walled carbon nanotube composites
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The quest for sustainable energy solutions is critical amidst environmental challenges. Thermoelectric
(TE) devices present a promising approach by converting waste heat into electricity through the Seebeck
effect. These devices are advantageous due to their direct energy conversion, solid-state construction,
reliability, scalability, long lifespan, and compatibility. However, their efficiency is often low, and they
heavily depend on rare, expensive, and toxic inorganic materials. Carbon-based thermoelectric materials,
such as carbon allotropes and organic thermoelectric materials such as conductive polymers, offer a
sustainable alternative due to their abundance, low cost, eco-friendliness, and high mechanical flexibility,
though their efficiency requires improvement. This study explores two generations of thermoelectric
materials combining sulfonated-poly(3,4-ethylenedioxythiophene) (PSEDOT), a water-soluble and self-
doped polymer, and single-walled carbon nanotubes (SWCNTs). The first generation optimized SWCNT
dispersion and purification conditions, while the second generation improved the performance using
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better materials, resulting in a flexible film with a high conductivity (2000 S cm™?) and a power factor of
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Introduction

The urgent quest for sustainable energy solutions has become
more pressing in the face of environmental challenges. Among
the different possibilities, thermoelectric devices offer a pro-
mising way to tap into renewable energy from waste heat
sources.” A thermoelectric generator (TEG) is a heat engine that
can produce an electromotive force via the Seebeck effect when
exposed to a temperature difference. They offer many advantages
such as direct energy conversion, solid-state devices with no
moving mechanical parts, high reliability, good scalability, inter-
esting lifespan, and high compatibility.>* However, TEG mostly
suffers from low efficiency and a high reliance on traditional
inorganic materials that are rare, expensive, brittle, rigid, and
often contain toxic elements. In this regard, organic thermo-
electric materials have emerged as a potential solution due to
their abundance, affordability, and potentially renewable nature.’
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The performance of thermoelectric (TE) materials is evalu-
ated through a dimensionless value called figure of merit (Z7)
(eqn (1)). The higher the value, the more efficient the material’s
conversion capacity. The average reported values are around
1.6 at room temperature with the highest value reaching 2.8 at
1000 K.°® In order to achieve the desired outcome, it is
necessary to identify a temperature (7) at which a combination
of high Seebeck coefficient (S) and electrical conductivity (o)
values, in conjunction with low thermal conductivity (x) values,
can be attained.

S?q
ZT = — (1)

In order to optimize the figure of merit, it is therefore
necessary to adjust all three parameters precisely and simulta-
neously. However, considering that the thermal conductivity
value is generally low for polymers® (0.1-0.5 W m~* K", the
study of these organic thermoelectric materials could be carried
out by mainly focusing on the Seebeck effect and electrical
conductivity to obtain the power factor (PF) according to the
following formula:

PF = S%¢ (2)
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This study examines two promising approaches to develop-
ing organic thermoelectric materials: conducting polymers
and carbon nanotubes (CNTs).'®*® Both have advantages
and disadvantages with respect to thermoelectric applications.
On one hand, polymers offer flexibility, low thermal conductivity,
and the capacity to adjust their electrical properties, rendering
them a versatile candidate for thermoelectric applications. Notable
examples could be found among them such as pure polypyrrole
(PPy), exhibiting a PF of 0.45 yW m~ ' K 2, or even doped poly(3-
hexylthiophene) (P3HT) with a PF of 27 yW m ' K~ 2.'® One of the
most commonly used polymers for TE applications is poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS)."” >
This polymer is also particularly attractive because of its water
processability and good electrical conductivity. The highest
thermoelectric figure of merit reported for PEDOT:PSS is
approximately 0.42 with a power factor of 469 W m™ ' K 2.
This value was achieved by optimizing the material through
post-treatment processes, including the addition of DMSO
and ethylene glycol, which enhanced the electrical conductivity
and Seebeck coefficient while maintaining low thermal conduc-
tivity.”® Some issues remain regarding the use of PEDOT: PSS,
including the use of complex post-treatment processes neces-
sary to limit the influence of the PSS component.

On the other hand, CNTs are highly conductive and stable
materials, offering exciting possibilities for energy conversion.
Some of the highest ZT values achieved for CNT-based
materials are in the range of 0.34-0.5.>* Notably, multi-walled
CNT (MWCNT)/Ag,Se composites have achieved an impressive
ZT value of around 0.5 at room temperature and a power factor
of 533 yW m™~' K 2, which are quite high values for carbon-
based materials.

However, challenges remain with their synthesis, processing,
and cost.”®> The primary challenge in using CNTs for thermo-
electric (TE) applications is their poor processability, which often
necessitates the use of costly, high-boiling-point solvents.
A common solution is to combine CNTs with conjugated poly-
mers, exploiting the polymers’ solubility and their strong n-n
interactions with the CNTs’ sp”-hybridized carbon scaffold.”®
Significant improvements in the power factor have been
observed when combining polymers with CNTs. For example,
a single-walled carbon nanotube-polypyrrole (SWCNT-PPy) com-
posite achieved a PF of 37.6 yW m™" K2, which is three orders
of magnitude higher than that of PPy alone. Additionally,
a SWCNT-P3HT composite showed a PF of 110 yW m~ " K2,
five times greater than that of doped P3HT. These examples
demonstrate that the combination of CNTs with polymers can
significantly enhance the thermoelectric properties of the poly-
mer while also improving the processability of the CNTs.'**”

In this work, two generations of thermoelectric (TE) materi-
als have been developed, involving a mixture of a water-soluble
self-doped polymer (PSEDOT), which is a derivative of PEDOT:
PSS, and SWCNTs.*®?° The first generation focused on getting
the optimized dispersion conditions and data of the purifica-
tion process. It also helped find the best conditions for the
preparation of free-standing films from this blend. The second
generation aimed at enhancing the performance by using
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starting materials with higher electrical conductivity. This
effort led to a flexible and more processable free-standing film
with a conductivity of 2000 S cm™' and a power factor of
96.8 uW m ' K~ 2 with good long-term air stability.

Experimental section

Materials

SWCNT samples RN120 (with 10-15% metallic impurities) and
XFS16 (99% pure) were purchased from Raymor and used without
further purification. Sulfonated-poly(3,4-ethylenedioxythiophene)
P1 (M,, = 20000 g mol ')*® and P2 (M, = 160000 g mol ')*°
polymers have been synthesized via direct (hetero)arylation poly-
merization (DHAP) according to the literature (see Fig. 1) with their
molecular weight measured by asymmetrical flow field-flow frac-
tionation equipped with a multiangle light scattering detector.*®

Dispersions of the materials and fabrication of the composite
free-standing films

100 mg of polymer was solubilized in 150 mL of deionized water
and sonicated for 5-10 min until a homogeneous solution was
obtained. 100 mg of SWCNTs was added to the mixture and
sonicated for 30 min with a Q-Sonica Ultrasonicator equipped
with a 6.4 mm microtip and set at max amplitude (100%). The
crude dispersion is then centrifuged for 30 min at 13 000 rpm to
separate the dispersed and undispersed SWCNTs. The super-
natant was then carefully collected and filtered over a 0.45 um
nylon filter to remove the excess polymer. A free-standing film of
the SWCNT/polymer is then peeled off from the filter, washed
with chloroform and dried under vacuum at 100 °C for at least 2 h
to remove the remaining water.

Characterization

After centrifugation, 10 mL of the supernatant was collected
and diluted by a factor of 10. Analyses were then performed on
thin films made by dropcasting 100 pL of the diluted composite
solution on a silicon wafer. Analyses were also performed on
free-standing films. AFM analyses were carried out on an MFP-
3D Origin Asylum Research AFM from Oxford Instrument. The
analysis was performed in tapping mode and with an AC 160 TS
silicon tip. SEM analyses were carried out on a Tescan Vega 3
equipped with a thermionic electron beam (W wire) and with
an EDAX Element X-ray probe. Raman spectroscopy analysis
was performed on a Bruker (Senterra II) equipped with a
532 nm laser. X-Ray fluorescence (XRF) was carried out on a
Rigaku 25X Primus II. Conductivity measurements were con-
ducted on an Ossila four-probe sensing apparatus. For the
polymer, thick films were fabricated by drop casting a 1 wt%
solution of P1 or P2 on a 15 x 15 mm glass substrate. For
the composite, measurements were performed directly on the
freestanding film when the film was sufficiently robust to
withstand the experimental conditions. Three conductivity
measurements were obtained for each film, and the resulting
values were averaged. The exact polymer mass fraction in G1

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

and G2 could not be determined due to experimental limita-
tions following centrifugation and filtration.

Seebeck measurements and power factor calculations were
carried out using a homemade apparatus consisting of two copper
blocks separated by a distance of 10 mm. The freestanding
composite film was mounted horizontally between copper plates.
One side of the copper block was heated using a Peltier device (TE
Tech Inc., Model CP-031) with a temperature controller (TE Tech
Inc., Model TC-48-20), and the other side was kept at room
temperature. The difference in temperature between the two
copper blocks ranged from 0 to 50 °C, measured by thermocouples
(type K), which were attached to the copper plates and very close to
the sample. All the measurements were performed in an ambient
atmosphere. Voltage and resistance measurements were recorded
using a Keithley Model 2000 multimeter, and digital thermometers
(National Instrument, Model USB-TC-01) were used to measure
the temperature difference between the two copper blocks. The
LabVIEW program was used for controlling the measurement
parameters, monitoring, and collecting data.

Additional state-of-the-art techniques such as UV-Vis analysis,
fluorescence and thermal conductivity measurements were per-
formed but did not yield any conclusive results (SI).

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Two types of composites have been studied in this work.
As shown in Fig. 1, Generation 1 (G1) consisted of the mixing
of RN120-SWCNTs with P1. RN120-SWCNT contains a 2 : 1 ratio
of semiconductor and metallic CNTs and also contains 10-15%
of metal impurities coming from a catalytic mixture (iron,
nickel, and cobalt) that can, if not removed, influence the
electrical properties of the final composite. This raw sample
is insoluble in water, making it not processable. However, it is
very affordable in terms of production and price due to the
absence of tedious purification steps. P1 was chosen for this
study, thanks to two interesting properties. First, the conju-
gated system of the repeating unit will allow for the formation
of m-interactions with the sp>-hybridized carbon scaffold of
CNTs. Also, the presence of sulfonated side chains attached
to the repeating unit in P1 makes the polymer soluble in
aqueous medium, while keeping its electrical properties stable
for a long period of time. A series of CNT-to-polymer ratios were
evaluated in a small-scale experiment. An excess of CNTs did
not allow adequate dispersion of the final mixture, which
exhibited two distinct phases. Furthermore, an excess of poly-
mer did not yield any discernible improvement compared to a

J. Mater. Chem. C
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1:1 ratio. The excess polymer was filtered out during purification.
Only the 1:1 ratio was retained, as observed in the experiments
and in good agreement with the literature.*® This led to the
determination of three objectives regarding this generation. First,
the combination of the raw nanotubes and the polymer should
give a water-dispersed/processable composite. Then, the protocol
should show a decrease in the amount of catalytic impurities
present in the final product. Finally, the composite should show
higher performance regarding the electrical conductivity and
thermoelectric properties compared to the polymer alone.

Generation 2 (G2) was designed as a potential upgrade of
Generation 1. XFS16 SWCNTs were chosen as an ultra-purified
CNT sample (as opposed to the raw RN120 sample) containing
a negligible amount of catalytic impurities and composed of
only semiconducting CNTs allowing for higher Seebeck coeffi-
cient and lower thermal conductivity than metallic CNTs.
This implies a significant increase in pricing, but can allow for
the fabrication of high-performance materials.>* P2 shares the
same final structure as P1, which makes it also soluble in
aqueous medium, but it differs in its synthesis approach, which
allows for higher molecular weight and higher conductivities.>
This also led to the determination of two objectives regarding
this generation. Firstly, it ensured that the protocol used could
be robust enough to be applied to other CNT samples, and
secondly, it ensured that G2 dispersions have better mechan-
ical and electrical properties compared to G1 dispersions.
Dispersions D3 (XFS16 + P1) and D4 (RN120 + P2) have also
been prepared as controls.

Optical characterization

Raman spectroscopy analyses of the PSEDOT-type polymer
and both dispersions G1 and G2 have been performed
(Fig. 2). Two broad peaks are observed on the Raman spectrum
of the polymer at 1400 cm™ " and 2800 cm ™. Those two peaks
are then observed on both composite analyses. The presence of
a radial breathing mode (RBM) sharp peak at around 250 cm ™ *
in dispersion G1 (Fig. 2A) coupled with a high intensity G band
at 1575 em~ ', confirms the presence of both types of CNTs
(metallic and semiconducting, respectively) in the final
composite.**

On the other hand, dispersion G2 (Fig. 2B) only shows an
intense G band, confirming the presence of semiconducting
CNTs (as described by the manufacturer). The intensity ratio
between the D band and the G band (Ip/Ig) gives information
about the amount of defects in the CNT structure after the
dispersion protocol.>* In both cases, the Ip/I ratios were low
(= 0.06), indicating that the final composite does not possess
any major defects. This means that the sonication protocol did
not affect the electron mobility, so the electrical properties were
not degraded.

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) analyses have been performed on both G1
and G2 composite free-standing films (see Fig. 3).

As observed in the AFM results (Fig. 3A) and SEM results
(Fig. 3B), the G1 composite exhibits well-defined domains
comprising ordered structures (approximately 10 pm in length
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Fig. 2 Raman spectra of the drop-casted films of polymer P1 (A), disper-
sion G1 (B) and G2 (C) at 532 nm.

with diameters of 3-4 pum), resulting probably from a crystal-
lization phenomenon (a phenomenon appearing only for
this combination of polymer and CNT). Crystallization was
only qualitative suppositions based on surface morphology
observations. XRD analysis regarding this phenomenon
couldn’t be performed. This resulted in a brittle film not
suited for potential flexible applications. In contrast, the G2
composite displays (Fig. 3C and D) an amorphous structure,
lacking the presence of well-defined domains. This resulted in
a flexible film. As observed in the AFM images, isolated CNTs
can be measured at 1-2 um in length and 10-20 nm in
diameter.

Following AFM and SEM analyses, each composite was
characterized with a specific technique. XRF was performed
on G1 to assess its composition while G2 was analyzed through
EDX elemental mapping to assess its atom distribution.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 AFM and SEM analyses of dispersion G1 (A) and (B) and dispersion
G2 (C) and (D).
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Fig. 4 X-Ray fluorescence of composite G1 and raw RN-120 SWNT.

Fig. 4 presents the results from XRF analysis of the raw
sample of SWCNT RN120 (green) and the composite G1
(orange). As mentioned earlier, the RN120-SWCNT sample is
not a pure sample. The manufacturer announces the presence
of 10-15% of remaining metal catalysts such as iron, nickel and
cobalt, which can be seen in the XRF results. After the disper-
sion and centrifugation, a free-standing film of G1 was analyzed
in the same conditions and shows a significative decrease in
metal content in the composite going from 10% to 1.7%
(Table 1), which implies that the simple protocol used in this
study is effective at purifying the RN120-SWNT sample.

Following the analysis of the dispersion of the G2 film in
SEM, elemental analysis has been performed to assess the

This journal is © The Royal Society of Chemistry 2025
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Table 1 Amount of catalyst impurities in the raw CNT sample RN120
compared to composite G1

Atoms RN120 (%) G1 (%)
Fe 2.54 0.38
Co 1.80 0.43
Ni 6.29 0.87
Cu 0.03 0.01
Total 10.66 1.69

Fig. 5 Elemental mapping of composite G2 exhibiting a uniform distribu-
tion of the atom in the freestanding film with (A) the SEM image, (B) the
carbon atoms distribution, (C) the oxygen atoms distribution and (D) the
sulfur atoms distribution.

distribution of CNTs on the polymer matrix (Fig. 5A). A uniform
distribution of carbon (Fig. 5B), oxygen (Fig. 5C) and sulfur
(Fig. 5D) atoms has been observed throughout the film without
any evidence of clusters. While carbon can be found in both the
CNTs and polymer, oxygen and sulfur atoms are only present
on the backbone and sidechain of the polymer. These results
confirmed the excellent dispersion of CNTs in the polymer
matrix giving an amorphous morphology in the composite.

Electrical characterization

An investigation into the electrical properties of free-standing
films of composite G1 and G2 has been conducted and is
reported in Table 2. Although it exhibits a well-improved
electrical conductivity (300 S cm™ ' for the composite as
opposed to 3 S ecm ™! for the polymer alone) and the highest
Seebeck coefficient of all the samples prepared in this work
(26 uv K '), composite G1 displays a smaller power factor
compared to other similar systems reported in the literature
(green solvent and flexible freestanding film).>'~** Additionally,
the film lacks flexibility, making it unsuitable for flexible
thermoelectric applications. In contrast, G2 exhibits the high-
est electrical conductivity and a power factor that is ten times
greater than that of G1, while also demonstrating much better
flexibility. It also does not require any post-treatment compared
to other types of composites reported in the literature and it
only uses a single type of polymer as a dispersing agent.*"**

J. Mater. Chem. C
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Table 2 Conductivity, Seebeck coefficient and power factor of dispersion G1, G2, D3 and D4

Conductivity ~ Seebeck coefficient =~ Power factor Thickness
Sample Solvent (Sem™) (VK™ (MW m 'K %  Flexible (um) Ref.
G1 Water 300 26 9.7 No 80 This work
G2 Water 2000 22 96.8 Yes 80 This work
SWCNT/PEDOT-PSS Ethanol 900 31 83.9 Yes — 31
SWCNT/PEDOT-PSS + ionic liquid Ethanol 1600 33 182.7 — — 32
Multiwalled + PEDOT: PSS Ethanol 740 68 339.6 Yes 20 33
Complementary dispersions
D3 Water 50 nd* nd* No 120 This work
D4 Water 670 22 33.2 Yes 80 This work

nd*: not determined.

In order to investigate the origin of the flexibility and the
good electrical properties of composite G2, the complementary
composite free-standing films of D3 (XFS16 + P1) and D4
(RN120 + P2) have also been prepared. The free-standing film
of composite D3 exhibited the lowest electrical conductivity
among the samples under investigation. Additionally, the film
was the most brittle, which made the Seebeck measurement
impossible. In contrast, the free-standing film of D4 demonstrates
both flexibility and favorable electrical properties, indicating that
the freestanding film characteristics are predominantly influ-
enced by the quality of the polymer used. The improved thermo-
electric properties from G1 to G2 can then be attributed to the
higher molecular weight of polymer P2, which promotes better
charge transport and network homogeneity, resulting in higher
electrical conductivity and power factor.

Flexibility and durability testing

Another G2-type dispersion was prepared and subsequently
freeze-dried. The resulting powder was then redispersed in
water at the appropriate concentration. Next, the solution was
blade-coated on a flexible PET substrate (Fig. 6A) to ascertain its
durability following a series of bending cycles (Fig. 6B). Subse-
quently, the electrical conductivity, Seebeck coefficient, and
power factor were measured following the blade coating, after
500 bending cycles, and finally seven days after the bending
step (Table 3).

This was done to assess the overall stability of the material
after deformation. Following the 500 bending cycles, there
was a decrease of the electrical conductivity, from 420 to
225 S cm ™!, which was attributed to delamination from the
film on the PET substrate (Fig. 6C). Despite this decline in

Fig. 6 Flexible testing before and after 500 bending cycles of composite
G2 blade-coated onto a PET substrate with (A) the coated film before
bending, (B) the film during the bending experiment and (C) the film after
bending.

J. Mater. Chem. C

Table 3 Conductivity, Seebeck coefficient and power factor of a G2-type
composite blade-coated onto a PET substrate in a flexibility test before
and after 500 bending cycles

Thickness o Seebeck  Power factor
Film (nm) (Sem™) (VK (Wm 'K?)
Day 1 3.4 420 23 21.8
Day 1 after 34 225 20 9
500 bending cycles
Day 7 3.4 225 20 9

performance, the results remained positive and stable over
time after the bending step, but there is a clear need for further
improvement. A plasma treated or a coated PET substrate
and/or the addition of additive in the dispersion could fix the
wettability issue and provide a better blade-coated film.

Conclusions

The capacity of the PSEDOT polymer to achieve a stable
dispersion of SWCNTs in an aqueous medium has been
reported, resulting in the preparation of several freestanding
films. The G1 composite, even with its brittle nature and lack of
electrical properties compared to the literature, provided cru-
cial information such as the dispersion conditions needed to
produce free-standing films in a repeatable manner. The G2
composite demonstrated the highest conductivity, reaching up
to 2000 S cm ™', and a power factor of 96.8 y4W m ™" K2, which
aligns with values reported in the existing literature. Notably,
this performance was achieved without any post-treatment,
suggesting the potential for further enhancements. The
material is also fully water-processable and flexible, making
it an excellent candidate for wearable thermoelectric (TE)
applications.
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