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This study describes a reproducible process for forming highly mesoporous, mechanically robust, and
handleable aerogels based on entangled poly(3-hexylthiophene) (P3HT) and syndiotactic polystyrene
(sPS) nanofibers for thermoelectric applications. The highly porous structure results in low thermal
conductivity, allowing the temperature difference (between the hot and the cold side) to be maintained
across the aerogel sample. Porosity also enables dopants to diffuse efficiently within the sample. When
using 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane (F,TCNQ), the highest dopant uptake leads
to a maximum apparent electrical conductivity of 2 x 1072 S cm™* and a Seebeck coefficient (58 pV K™
close to the values obtained in thin films. The Seebeck coefficient is not affected by the high porosity of
the material. To improve the doping level of the P3HT:sPS aerogels, FeCls or a mixture of F;,TCNQ:FeCls
is also used as a dopant. This enhances the power factor (0.2 pW m™ K™2) without significantly
increasing the thermal conductivity (30-40 mW m~% K=, Finally, the use of the doped aerogel as a ver-
tical thermoelectric generator with one leg is demonstrated by generating a few tens of nW at a thermal
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difference of 11 K. This result highlights the potential for integrating these polymer aerogels into wear-
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Introduction

Organic thermoelectric (TE) materials, mostly based on n-conjug-
ated polymers, offer a promising route for harvesting low-grade
waste heat, especially in room-temperature applications. This is
becoming attractive with the rise of wearable and flexible
electronics.”® Their tunable molecular structures, low thermal
conductivity, cost-efficiency, and mechanical flexibility make them
ideal candidates for energy harvesting in flexible electronics.>*
Achieving a high thermoelectric figure of merit (Z7) remains
essential. Optimizing the ZT of materials includes maximizing
their Seebeck coefficient (S) and electrical conductivity (g), while

S2
minimizing their thermal conductivity («), as ZT = JTT. These

parameters are often interdependent, making simultaneous opti-
mization challenging. As a result, most research has centred on
improving the power factor (PF = ¢$%), whereas thermal conduc-
tivity reduction has received comparatively less attention.

“ Université de Strasbourg, CNRS, Institut Charles Sadron UPR22, F-67000
Strasbourg, France. E-mail: laure.biniek@ics-cnrs.unistra.fr

b Institut de Chimie et Procédés pour | ’Energie, I’Environnement et la Santé, CNRS-
Université de Strasbourg, UMR7515, Strashourg, France

¢ Université de Lorraine, CNRS, IJL, F-57000 Metz, France

This journal is © The Royal Society of Chemistry 2025

able thermoelectric generators for powering microelectronics.

Strategies for enhancing PF focus on improving charge transport
properties of the polymer and doping efficiency,” and include
macromolecular engineering,®® chemical doping conditions®® or
structural tailoring of m-conjugated polymers.'>*?

Another approach to enhancing the TE performance of n-
conjugated polymers is by introducing ordered porosity in their
structure. In such nanostructures, phonon scattering can help
reduce x without significantly reducing ¢. As a recent example,
imprinted porous films (with 25% porosity) of PDPPSe-12 (a
n-conjugated polymer based on diketopyrrolopyrrole) exhibit half
the thermal conductivity of pristine films, while maintaining nearly
unaffected power factors.”® In parallel, the interest in aerogels (3-
dimensional porous materials with a high porosity and surface
area) in TE is growing."*"® Their unique structure can lead to an
ultra-low x, and provide a lever for optimizing the ZT, as well as for
maintaining a temperature gradient throughout the sample. As
additional advantages, their structure can be integrated into vertical
TE module architectures or modular shapes (surfaces/thickness),
and sometimes with flexible properties. Different production tech-
niques for bulk and porous materials are reported in the literature,
resulting in a wide variety of structures, including cryogels, foams,
and aerogels with more or less controlled pore sizes and shapes.

Gordon et al. reported, for the first time, the fabrication of
porous PEDOT:PSS by rehydrating thick films followed by
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freeze-drying. Even though the method yielded a gradient of
pore sizes and shapes throughout the sample thickness, the
electrical conductivity for the non-treated film was maintained
at 35 S cm ™! because of a moderate density of 0.25 g cm 3. The
thermal conductivity was not measured in such films.'” Wein-
bach et al. successfully obtained a macroporous unidirectional
honeycomb-like structure using the ice-templating technique,
resulting in a low value of x =37 mW m ™' K~ but a limited o of
1.2 S em ™" (due to the low density of 0.03 g cm™*)."® Feng et al.
combined the ice-templating method with a thawing process in
an H,S0, solution, which enhances the electrical conductivity of
the macroporous sample to 12 S cm ' along the freezing
direction.”® Baysal et al used omnidirectional 3D printing
followed by freeze-drying to produce stretchable PEDOT:PSS
aerogels with a k value of 65 mW m™ ' K. The 3D printed pillars
generated a high thermoelectric power density of 26 nW cm >
under conditions mimicking a wearable device attached to the
skin and operating indoors.”® Controlling the self-assembly of the
polymer chains and the freezing conditions is necessary in order
to tune the final porous structures and thus to optimize their
properties. The porosity achieved by the freeze-drying technique is
in the range of macropores (with pore sizes >50 um), which
limits the electrical conductivity.

Another strategy for obtaining smaller pore sizes is the salt
leaching technique, followed by drying. It has been used by
Kroon et al. to introduce porosity to poly(3-hexylthiophene)
(P3HT), resulting in foams with 66% porosity (with pore sizes
~14 um interconnected with nanopores of 63 nm). Doping by
immersion in 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane
(F4TCNQ)/acetonitrile solution resulted in a comparable ZT value
(1.8 x 10*) to that for P3HT films.>!

Supercritical drying has been demonstrated as an efficient
method to produce a mesoporous (pore sizes <50 nm) 3D
network with minimum structure shrinkage and a good com-
promise between low thermal conductivity and sustained elec-
trical conductivity.?** A relatively high power output of
2 uW was obtained for a temperature difference of 36.5 K on
a single PEDOT:PSS aerogel (mesoporous and with a fibrillar
structure).”” Fabricating porous conducting polymers for TE
applications is therefore possible, but often the tradeoff
between o, S, and « is difficult to optimize (as in the case of
thin films). Poor mechanical strength can also be a limitation
of the porous structure for use in final device applications.

An often-overlooked approach, due to its complexity, consists
of polymer blending, either to optimize the TE properties or to
improve the mechanical strength of the network. Blending two
organic semiconductors, chosen for their compatible density of
states, can lead to high Seebeck coefficients.>®> Combining semi-
conducting polymers with insulating (and thermoplastic) poly-
mers not only reduces the effective cost, but also enhances the
mechanical properties. In some cases, the addition of an appro-
priate insulating polymer can lead to an improvement of the
electrical conductivity.”®*” However, improved thermoelectric
performance of conjugated polymers when using an insulating
matrix has rarely been reported. An intriguing work by Okada
et al.?® highlights that the combination of P3HT and polystyrene
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nanofibers and high air content leads to a giant Seebeck
coefficient (>10 mV K '). However, their P3HT:PS cryogels
(freeze-dried) are brittle and doped with an unstable dopant
(i.e. iodine vapor) leading to ¢ = 8 x 107> S em™'. The same
research team attempted to enhance the mechanical properties
by replacing polystyrene with polyurethane (foam-like structure),
but the low content of P3HT resulted in poor electrical
conductivity.>®

Zhang et al. demonstrated that a cellulose nanofiber skele-
ton mixed with (3-glycidyloxypropoyl) trimethoxysilane can
provide elastic structures with pore sizes between 10 and
100 pum (after freeze-drying). Mixing this porous skeleton with
PBFDO or PEDOT:PSS yielded n-type and p-type thermoelectric
and elastic aerogels.*® A maximum power of 1 pW was pro-
duced at a temperature difference of 50 K by connecting 12 legs
of these aerogels to form a TE module. The work of K. Liu and
co-workers is another example of a synergic combination of
properties between n-type doped conjugated polymers and
insulating elastomers.®* Uniform bulk nanophase separation
between the elastomer (itaconate-butadiene rubber) and the
conjugated polymer (P(TDPP-BT-LEG)) leads to an improved
elasticity (90% elastic recovery rate beyond 100% strain) and a
decrease in thermal conductivity of 50% as compared to the
doped semi-conducting polymer. The ZT values of the compo-
sites exceeded twice those of the pristine polymers, achieving a
peak ZT value of 0.49 at 300 K. Elastic TE generators achieved
maximum power outputs of 229 nW at AT = 48 K.

Inspired by our previous work on fibrillar and mesoporous
p->* and n-type* aerogels, for which the 3D structure of the gels
was maintained through supercritical drying, and by the work
of Okada et al.,”® we propose a new strategy combining both the
control of the porous structure (3D fibrillar network) and the
use of semi-conducting/insulating polymer blends. P3HT is
chosen as the semi-conducting polymer and thermoelectric
model material. Syndiotactic polystyrene (sPS) is selected as
the insulating polymer for its semi-crystalline character and its
ability to form fibrillar gels in a wide variety of organic solvents,
as well as self-assembled structures with polyalkylthiophenes.*?

Specifically, we investigate binary aerogels of P3HT and
syndiotactic polystyrene (sPS) in a 1:1 weight ratio, fabricated
through doping of the gels (immersed in a solution of the
dopant in acetone), followed by supercritical drying. A gradual
approach is chosen. First, the effect of F,TCNQ solution
concentration on the thermoelectric performances is investi-
gated by assessing morphology and structure-property relation-
ships. The intercalation of the F,TCNQ dopant molecules into
the crystalline phase of P3HT yields similar results to those
previously observed in thin films. Then, it is demonstrated that
a similar doping and drying protocol can be applied to other
dopants without impacting the aerogel’s structure. However, in
the case of more oxidative dopants, such as FeCl;, the TE
properties are further improved. Finally, we demonstrate the
feasibility of these materials in application by evaluating the
power output of a single-leg device at room temperature,
achieving a few tens of nanowatts at 11 K temperature
difference.

This journal is © The Royal Society of Chemistry 2025
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Experimental

Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT, average M,, = 60156 g mol *,
b = 2.1, 97.6% RR), syndiotactic polystyrene sPS (M,, = 179.000 g mol
b = 3.08), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F,TCNQ), iron(m) chloride (FeCl;), p-xylene, and anhydrous
acetone were purchased from commercial suppliers and used
as received. Liquid CO, and liquid ethane were obtained from
Linde. The silver paste was purchased from Agar Scientific
(AGG3691).

Gel and aerogel preparation

The fabrication of the gels and aerogels is illustrated in Fig. 1.

For the polymer blend, the rational choice of P3HT:sPS
blend content of 0.5: 0.5 weight fraction is discussed in the SI.

P3HT, sPS and P3HT:sPS gel fabrication. For the preparation
of the gels, a weighted amount (between 80 and 100 mg) of the
polymer is introduced into a flat bottom Pyrex tube (inner
diameter 25 mm) with an SVL screwcap, to which p-xylene is
added to obtain a final polymer concentration of 6 wt%. The
polymer solution is heated at a temperature of 135 °C in an oil
bath, under stirring for four hours to ensure complete dissolu-
tion (and homogenous mixing of the polymer chains in the case
of the blend). After four hours, the heater of the oil bath is
turned off, the magnetic stirring bar is removed, and the
solution is allowed to reach room temperature (at a cooling
rate ~1 °C min~"). Gels (in the cylindrical shape of the Pyrex
tube, with no apparent supernatant, nor volume shrinkage) are
formed after crossing the gelation temperature of the polymer
(Tgelation Of P3HT ~ 31 °C; sPS ~ 54 °C; P3HT:sPS ~ 51 °C). The

T=50°C T=25°C ’ RT
v =
sPSgelation P3HTaggregation P3HT:sPSgel

Fig. 1
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p-xylene gels are aged for approximately 36 hours. An orthogo-
nal solvent of the polymers, fully miscible with p-xylene and
compatible with the supercritical drying process (fully miscible
with liquid CO,) is needed for the next step. Anhydrous acetone
is chosen for this purpose and exchanged with p-xylene. 40 mL
of acetone is slowly added to the tube, left for 12 hours, and
then removed. This process is repeated four times in a lap of
48 hours, to exchange the pre-existing p-xylene from the gels
fully. No change of color, nor gel shrinkage, is observed during
the solvent exchanges. The gels are strong enough to be
manipulated with a spatula.

Sequential solution doping of the gels. F,TCNQ doping
solutions, of various concentrations ranging from 0.1 g L™ " to
2 g L', are prepared by dissolving the dopant in anhydrous
acetone at room temperature. The solutions are then purged
with argon for 15 minutes to remove any remaining oxygen
(allowing the doping process to be performed out of the glove-
box). The gels are then doped by fully submerging them in the
doping solution for 12 hours. UV-Vis absorption spectroscopy
measurements showed that the dopant is stable in the solvent
under such conditions, see Fig. S3 in the SI. A change in colour
(from pink/violet to dark blue) of the gels is observed after only
a few minutes of contact with the doping solution, providing
visual proof of doping. After this, the doping solution is
replaced with a fresh one and the gels are left in it for an
additional 12 hours. A shorter doping time could have been
used, but the doping kinetic study was not within the scope of
this work. Similarly, the gels are doped with 2 g ™" of FeCl; or
F,TCNQ:FeCl; (1:1.7 molar ratio). The concentrations of the
FeCl; and mixture dopant solutions are selected in order to
achieve a maximum electrical conductivity. The doped samples

P3HT:sPS

Solvent exchange

(a) Flow chart of the gel and aerogel preparation method. (b) Chemical structures of the different components. (c) Images of the final P3HT, sPS,

and P3HT:sPS aerogels all prepared from the same volume and a 6 wt% p-xylene solution. (d) SEM images revealing the inner structure of the sPS, P3HT,

and P3HT:sPS aerogels.

This journal is © The Royal Society of Chemistry 2025
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are removed from the dopant solution, without further wash-
ing, and then subjected to supercritical drying.

Supercritical drying (SCD) with CO,. Supercritical drying is
done with an SFT-110 supercritical fluid extractor. The gel is
loaded, with a splash of acetone, into a 100 mL capacity
autoclave, which is then sealed. Initially, the autoclave is
supplied with CO, in the liquid phase (4 °C, 750 psi in the
bottle). The temperature in the autoclave is maintained at
20 °C, and the pressure at 1200 psi. The gel, in the autoclave,
is immersed in liquid CO, for 30 min, and then the liquid CO,
is half-drained (50 mL) and flushed with fresh one from the
CO, bottle. This solvent exchange (from acetone to liquid CO,)
is repeated five times in 30-minute intervals to replace
acetone with liquid CO, in the gel completely. Then, the
autoclave (at 1200 psi) is heated to 45 °C for 1.5 h, to induce
the transition of CO, from the liquid to the supercritical phase.
Then, the outlet valve is slightly opened to create a dynamic
flow inside the autoclave, allowing supercritical CO, to flow
through the gel. The sample is kept under these conditions
(45 °C and 1200 psi) for 30 min, followed by slow release of
pressure while keeping the temperature constant. After com-
plete venting (approx. 20 min), the sample is transferred to a
vial and degassed for a few minutes in the antechamber of the
glove box. The aerogels are stored in a glove box under an inert
atmosphere with oxygen and moisture levels below 5 ppm.

Characterization
The apparent density of the aerogel is calculated by dividing the

sample weight by the volume, p = ™ on average, the samples
v

are 22-24 mm in diameter and 3-4 mm thick (see Fig. 1c).
Then, the porosity is determined from the density values
using the following equation:

Al 1 densit
% Porosity = erogel density )

(1 ~ density(sPS) x (1 — r) + density(P3HT) x r
x 100
1)

where p(sPS) = 1.04 g cm™>,** p(P3HT) = 1.10 g cm ™ *,** and r is
the wt% of the P3HT, in this case, r = 0.5. The densities and
porosities of the samples are given in Table 1.

Nitrogen physisorption

Textural characterization is done using a Micromeritics ASAP
2420 apparatus by determining nitrogen physisorption iso-
therms at 77 K. The aerogel sample is cut into small pieces
and loaded into an analysis tube. Before adsorption measure-
ments, the sample is outgassed at room temperature for

View Article Online
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5 hours under vacuum to remove the moisture from the
aerogel. The specific surface area (Sger) is calculated according
to the criteria provided in the literature,**® and by using the
Brunauer-Emmett-Teller (BET) method applied in the 0.05 <
p/p° < 0.30 ranges.

Differential scanning calorimetry (DSC) measurements are
performed using a DSC 8500 from PerkinElmer under nitrogen
gas flow. Samples, placed in a stainless steel pan, are heated from
25 °C to 280 °C at a rate of 5 °C min~" and then cooled to room
temperature at the same rate. Only the first cycle was considered,
as it is more representative of the aerogel’s thermal history.

The degree of crystallinity y. is evaluated using y, =
AHy/AH? with AH? =33J ¢! the melting enthalpy for a
100% crystalline sample of P3HT*” and AH; = 53.2J g7! the
melting enthalpy for a 100% crystalline sample of sPS.*® In the
blend, the melting enthalpy is weighted by r and 1 — r,
respectively, giving AH, = 43.1 J g! the melting enthalpy for
a 100% crystalline sample of P3HT: sPS (0.5:0.5).

Compressive tests are performed using an electrodynamic
tensile/compressive machine (Instron ElectroPuls E3000) under
ambient conditions. The measurements are repeated on three
samples, and the average Young’s modulus is determined.

Scanning electron microscopy (SEM) is used to examine the
morphologies and porous structures of various samples. The
measurements are performed using a FEG-cryo-SEM (Hitachi
SU8010) operating at an accelerating voltage of 1 kv at room
temperature.

Cryo-SEM. A small piece of gel in p-xylene was sliced off with
a razor blade, quickly dipped into slush nitrogen and then
transferred under high vacuum (10~® mbar) and low tempera-
ture (—150 °C) into the Quorum PT 3010 chamber attached to
the microscope. There, the frozen sample is fractured with an
adapted razor blade and etched (via a slight sublimation) at
—70 °C to reveal the details of the morphology. The sample is
then transferred into the FEG-cryo-SEM (Hitachi SU8010) and
observed at 1 kV at —150 °C (under 10~° mbar).

SEM-EDX. Elemental mapping is carried out by energy
dispersive X-ray spectroscopy (EDX) analysis. Backscattering
electron images are obtained using the “in-chamber” dedicated
backscattered electron detector of a Zeiss Gemini SEM 500
microscope at 5 kV. A vertical cross-sectional cut of the sample
is prepared and mounted on a sample holder. SEM-EDX
measurements are then carried out at multiple locations from
the top to the bottom, including the central region, to assess
the dopant distribution throughout the sample.

Wide angle X-ray scattering measurements (WAXS) on
undoped and doped samples (Fig. 2 and Fig. S11) are per-
formed at the DiffériX platform of the Institut Charles Sadron

Table 1 Structural and thermal characterization studies of neat and composite aerogels (prior to doping)

Non doped aerogel ~ Density (g cm™®)  Porosity (%)  Melting temperature (°C) AH, (g™ Degree of crystallinity (%)

P3HT 0.21 80 247 26 79

P3HT:sPS 0.07 93 P3HT sPS P3HT sPS P3HT sPS P3HT:sPS
242 274 4.3 11.2 13 21 36

sPS 0.03 95 275 25.3 48

J. Mater. Chem. C

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

(a) WAXS intensity profiles as a function of the scattering vector g for P3HT aerogel (red), sPS aerogel (black), and P3HT:sPS aerogel (blue). (b)

WAXS intensity profiles as a function of the g vector of pristine and doped P3HT:sPS aerogels. The F,TCNQ dopant concentration in acetone was varied
between 0.1 and 2 g L% (c) Evolution of the diqq alkyl layer spacing and the dg»o m-stacking period of the crystalline phase of P3HT as a function of the

dopant concentration.

using two diffractometers installed on a Rigaku rotating anode
(MicromaxTM-007 HF, operating power 40 kV - 30 mA). The
collimated monochromatic beam (Cu-Ka radiation, wavelength
A =0.154 nm) was obtained using a confocal multilayer mirror
(Max-Flux OpticsTM, Osmics, Inc.) and a pinhole system. The
scattered intensity is collected either on a Pilatus 3R 300 K
camera (Dectris Ltd., Switzerland) at 20 cm downstream of the
sample (transmission mode), or on Fuji imaging plates at
10 cm, covering scattering angles from 20 = 0.6 to 44°
and a scattering vector range from g = 0.04 to 3 A™* (with ¢ =
4 sin(0)/4).

Complementary measurements on F,TCNQ-FeCl; doped
samples were performed on a XEUSS Pro HR diffractometer
(Xenocs, France) equipped with a GeniX 3D Cu HF VL micro-
focus source (50 kV, 0.6 mA, / = 0.154 nm). A monochromatic
and collimated beam was obtained using a FOX3D single-
reflection multilayer optic combined with scatterless slit
modules. The scattered intensity was collected with an
EIGER2 R 1M detector (Dectris Ltd, Switzerland, beamstop-
free mode) positioned 10 cm from the sample, providing a g-
range of 0.04-2.3 A™",

Electrical conductivity. The electrical resistance is measured
using a standard collinear four-probe method with a probe
space of 1.6 mm. The electrical resistivity and conductivity are
calculated using the following equation extracted from Serdar

This journal is © The Royal Society of Chemistry 2025

Yilmaz’s geometrical factor report:*’

1 V
P—E—G'77 (2)
and
t d
G =2ns X F) <E> X Fy (E) (3)

where p is the electrical resistivity, o the electrical conductivity,
V the voltage, I the current intensity, s the probe space
(1.6 mm), ¢ the sample thickness, d the sample diameter and

t d . . .
Fi (—) and F> (7> are correctional factors for the thick circular
s s

sample of finite thickness (with ¢ > 2s ~ 3.2 mm).

The experiment was performed on two aerogels, and the
measurements were repeated four times on each sample.

Seebeck coefficient. The Seebeck coefficient is measured
using a differential temperature method. A homemade setup
consisting of one heating and one cooling Peltier cell allows an
in-plane controllable temperature gradient. Measurements are
performed by gradually increasing the temperature difference
between the two Peltier cells up to 12.8 K (starting from 293 K,
the midpoint temperature). For each temperature step, the
tension is measured five times with a 20 s interval (see the
previous report*° for a description of the setup). To ensure good

J. Mater. Chem. C
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thermal contact between the Peltier cells and the aerogels,
copper legs (1 x 1 x 0.2 mm) are affixed to the bottom of the
sample with conducting silver paste. The thermovoltage is
measured directly on the silver paste. The experiment is per-
formed on two aerogels.

Cross-plane measurements. Cross-plane Seebeck coeffi-
cients and output power are measured with a homemade setup,
where the samples are sandwiched between hot and cold
copper disks 1 ¢cm in diameter.*"**> To ensure good electrical
and thermal contact with the sample, a minimum slight
pressure is applied to each sample using a torque screwdriver
(tightening torque = 0.3 N m™"). Using Peltier modules as
heating and cooling sources and thermocouples embedded
inside each copper disk, a temperature gradient is then
imposed and measured across the two sides of the samples.
An external cooling flow system, aided by a cryostat, is used to
maintain a uniform thermal gradient across the sample thick-
ness. The operating temperature is set at 293 K, while the
maximum thermal gradient is fixed at 11 K. The system allows
measuring the potential difference AU and the temperature
difference AT, giving the Seebeck coefficient o from the slope
AU/AT of the voltage-temperature curve. Considering the sam-
ple as a thermoelectric generator, the output power is deter-
mined as a function of an adjustable external load circuit.
When the output power is at its maximum, the load resistance
is equal to the internal resistance of the sample.

The thermal conductivity of the aerogels is measured using
the transient plane source (TPS) technique by utilizing a
commercial apparatus (Hot Disk®™, TPS 1000) as described in
a previous report.>?

The experiments are performed under ambient conditions.
The input power and time duration are set at 5 mW and 20 or
40 s. The measurements are repeated four to five times, with 30
min stabilization between each measurement.

Results and discussion

Fabrication of the aerogels

Aerogels are formed in two steps: first, by polymer gelation in a
solvent, inducing the formation of a 3D network, followed by
solvent extraction under supercritical conditions (see Fig. la
and experimental part). sPS is known to form a fibrillar
thermoreversible gel in p-xylene at 45 °C.** P3HT forms
whisker-like nanofibers in the same solvent but at a lower
gelation temperature (between 26 and 34 °C).****> The polymer
gels with » = 0, 0.5 and 1 are prepared by thermally induced
phase separation (TIPS) during the gradual cooling of the
polymer solution in p-xylene from 135 °C to room temperature.
Cryo-SEM confirms the fibrillar nature of P3HT:sPS gels in their
p-xylene native solvent (see the SI, Fig. S2). For the P3HT: sPS
blend (0.5:0.5), the orange solution (at elevated temperature)
undergoes a gradual transition to a reddish, viscous solution,
which then gels and darkens to a deep brown after 36 hours at
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room temperature (see Fig. 1a). These color changes suggest
P3HT aggregates, but also that possible interactions between
sPS and P3HT take place. Spectroscopic evidence of the aggre-
gation phenomenon, inducing a change in color, was indeed
observed by Samanta et al. in a similar system (0.5:0.5 P3HT:
PS in p-xylene, but at a low polymer concentration).*

The gels are then subjected to supercritical drying (SCD)
with CO, to produce aerogels with minimized shrinkage and
structural distortion. SCD prevents the collapse of the gel’s
porous structure caused by capillary forces®® and avoids the
mechanical stress imposed by the freeze-drying method, which
often results in a cracked and fragile structure (as was the case
with the P3HT:PS composites prepared by Okada et al.).”®

As the gel initially contained p-xylene (immiscible with
liquid CO,), this solvent was first replaced by acetone
(fully miscible with p-xylene and liquid CO,, and a non-
solvent of both polymers), followed by an exchange with liquid
CO, (at higher pressure) before reaching the supercritical
conditions of CO,.

After drying, a dark purple, robust, and lightweight
(0.07 g em™>, 95% porosity) P3HT:sPS aerogel is obtained (see
Fig. 1a and Table 1). A slight volume shrinkage of 10-20% is
observed compared to the initial shape of the wet gel. For
comparison, 100% P3HT and 100% sPS aerogels are also
produced (with a similar process: gel formation in 6 wt%
p-xylene followed by solvent exchange with acetone and drying
under supercritical conditions with CO,). While the sPS aerogel
also exhibits a low density of 0.03 ¢ cm™> and a slight
shrinkage, pristine P3HT yields a significantly denser aerogel
(0.23 g cm™®) and a shrinkage of 80% as compared to its gel
state. This is likely due to the drying conditions, particularly the
temperature of 41 °C (needed to reach the supercritical state of
CO,), which exceeds the sol-gel transition temperature of 26 °C
of P3HT.** This probably disrupts the preformed three-
dimensional structure of the P3HT thermoreversible gel, result-
ing in substantial shrinkage of the final aerogel (as illustrated
in Fig. 1c). Furthermore, the P3HT aerogel is very brittle and
breaks easily while being manipulated (limiting its TE property
measurements and its potential use in a TE generator). The
P3HT:sPS aerogels are handleable with tweezers and exhibit an
average Young’s modulus of 0.53 MPa under compression (see
the SI, Fig. S4), compatible with their use in device applications.
This value is in the same range as the one found for the § form
of the sPS aerogel (96% porosity).*® Blending sPS with P3HT,
combined with the supercritical drying method, is therefore an
interesting strategy to enhance the mechanical strength of the
final aerogel.

The porosity of the P3HT:sPS aerogels is evaluated using the
nitrogen physisorption technique. The average specific surface
area is found to be Sggr = 382 + 130 m? ¢~ and the average
mesopore volume of Vinesopores = 0.61 & 0.13 em® g~ ' (see the SI,
Fig. S5). We find a broad mesopore size distribution, ranging
from ~2 to ~50 nm with a majority population at 5 nm. A
minor fraction of macropores (> 50 nm) is also present (as seen
in SEM images), but nitrogen physisorption is not well adapted
to probe such large pore sizes. The slight initial rise in the curve

This journal is © The Royal Society of Chemistry 2025
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(at p/p° < 0.05) is associated with micropore filling (but this
concerns a minor fraction of pores, described in the SI).

The SEM images of the blend aerogel (Fig. 1d) depict a
fibrillar network that combines long fibers with denser con-
nection points, forming a 3D porous network. The average
diameter of the thinner fibers is measured at dpsyr.sps = 18 +
5 nm. The voids between the fibers are in the range of a few
tens of nanometers (consistent with the nitrogen physisorption
results). The technique does not allow the distinction between
P3HT and sPS in the blend (as it is insensitive to chemical/
electronic contrast).

The structural agreement between cryo-SEM and SEM
images provides strong evidence for the preservation of the
native gel architecture formed in p-xylene, which persists
through both the solvent exchange and drying processes. These
imaging techniques suggest that the aerogel preparation
method effectively maintains the original structural character-
istics of the gel network.

As seen in DSC, the aerogels are semi-crystalline with a
crystalline fraction of 13% for P3HT and 21% for sPS (see the
SI, Fig. S6, and Table 1).

In the 0.5:0.5 blend, the expected degree of crystallinity
would be 24% for sPS and 39.5% for P3HT, assuming a similar
degree of crystallinity to that of the 100% polymer aerogels,
weighted by r.

The crystalline fraction of P3HT observed in the blend is
much lower than that in 100% P3HT (13% compared to 79 X
0.5 = 39.5%), whereas the sPS crystallinity degree is in a similar
range (21% compared to 48 x 0.5 = 24%). Upon cooling, sPS
crystallizes at 235 °C, while P3HT crystallizes at a lower tem-
perature of 197 °C. The crystallization temperatures in the
blend aerogel are 274 °C for sPS and 242 °C for P3HT. These
results suggest that in the gel state, the formation of the sPS
network occurs before that of P3HT, creating an sPS matrix for
P3HT, before the actual crystallization of the latter and limiting
this process. There is no experimental evidence that sPS acts as
a nucleating agent for P3HT.

Investigation on the homogeneity of the dopant distribution
within the aerogel

To make the aerogels conductive, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,TCNQ) is first used as the
electron-accepting dopant for P3HT. The P3HT:sPS blend is
doped with F,TCNQ in the gel state (before drying, to preserve
the porous structure) during the solvent exchange steps in
acetone (see the experimental part and Fig. 1a). Different
dopant solution concentrations are investigated (from 0.1 to
2 g L™" in acetone). A maximum dopant diffusion/doping level
was aimed for and was obtained after two immersions of the
gels in the doping solution (see Fig. S3b in the SI). A change of
color from violet to dark blue is observed in the gel state upon
doping (which can be correlated with the typical polaronic
band emerging from the ion pair formation and the electron
transfer from the polymer to the dopant).'* The dark blue color
is maintained after drying.

This journal is © The Royal Society of Chemistry 2025
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Cross-sectional SEM imaging of the doped samples, coupled
with energy-filtered dispersive X-ray spectroscopy (EDX), is used
to visualize the distribution of dopant molecules throughout
the sample thickness (SI, Fig. S7 and S8). SEM-EDX imaging
of the doped sample is performed at multiple points along
the sample height. P3HT (identified by the sulfur atom) is
well dispersed within the aerogel. The consistent detection of
fluorine signals (originating from the F,TCNQ molecules), on
both the aerogel surfaces and within the sample core, indicates
efficient diffusion of F,TCNQ throughout the porous structure
across the sample thickness of 4 mm. No evidence of phase
separation (between non-doped amorphous P3HT phase, non-
doped sPS and doped crystalline phase) can be visualized. This
indicates that P3HT and sPS are well intermixed, since the
fluorine atoms are homogeneously distributed.

The exact amount of F,TCNQ in the polymer matrix is
difficult to estimate with EDX due to the uncertainty of the
probed depth (because of the roughness and the porosity of the
sample).

Nevertheless, porosity allows for efficient dopant diffusion
through a thickness of 3-4 mm, as opposed to dense cubic
P3HT samples, where only 250 pm were found to be doped after
14 hours of sequential doping.*’

Structural analysis of the doped aerogels

WAXS intensity profiles of the neat polymer aerogels and of the
blend are shown in Fig. 2a. For P3HT, the typical 700 (k= 1-2, at
0.38 and 0.76 A™*) scattering peaks due to the lamellar stacking
as well as the 020 peak (at 1.67 A™") of the m-stacking are
observed.®*?

Syndiotactic polystyrene (sPS) exhibits four distinct crystal
structures (a, B, v, and §), along with intermediate forms with
different molecular conformations. The polymorphism of sPS is
complex, with o and B crystalline phases having a planar zigzag
all-trans chain conformation (T,), and y and & polymorphs
showing a closely packed helical T,G, chain.’®! The absence
of 110 and 020 peaks at respectively g = 0.48 and 0.43 A~ is
evidence of not having an o or § form of sPS but rather a helical
structure with T,G, conformation.’” The characteristic peaks at
q values of 0.6, 0.96, 1.21, 1.46, and 1.67 A~ coincide with the
main peaks of the § (8e) form. This particular de form has been
described as a result of a co-crystal between the solvent and the
sPS, leaving behind empty nano-porous cavities after complete
solvent removal.>>>* The presence of a signal at 0.02 < p/p° in
the nitrogen physisorption curves is consistent with a minor
fraction of microporosity (pore size <2 nm) in the sample. This
could be attributed to the presence of the nano-cavities in the
de form of sPS.

The WAXS intensity profile of the blend aerogel (in blue,
Fig. 2a) shows the characteristics of both the crystalline phase
of P3HT and the § form of sPS. No new peak or significant shift
in the peaks is observed, indicating the absence of co-crystal
formation or a particular crystalline interaction between the
two polymers. Upon doping with F,TCNQ at different concen-
trations (Fig. 2b), a shift of the 700 P3HT scattering peaks to
lower g values and a shift of the 020 P3HT peak to higher g
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values are observed. The shifts are continuous. The increase in
the lamellar distance and the decrease in the m-stacking dis-
tance of P3HT (Fig. 2c) are known phenomena in doped thin
films, and have been ascribed to the intercalation of F,TCNQ
molecules between the alkyl side chains of the crystalline phase
of P3HT."

A maximum of d;0 = 20.01 A (d100 = 2T/q100) and a minimum
dozo = 3.57 A (doao = 2M/qo20) are obtained with a concentration of
2 g L' of the F,TCNQ dopant solution. It was not possible to
increase further the concentration of the dopant due to solubility
limitations in the solvent. Nevertheless, a maximum dopant
intercalation into the crystalline structure has been reached (as
also confirmed by the plateau reached in the electrical conduc-
tivity and the Seebeck coefficient at high concentration). The
variation of the unit cell of P3BHT upon doping the aerogels
follows the variation observed in highly crystalline rubbed thin
films. Still, the unit cell volume is much higher for the aerogels.
Interestingly, at saturation (maximum electrical conductivity),
the layer spacing of the doped fibrillar aerogel reaches a higher
value (20 A) than that of rubbed thin films (17.9 A).>®

We conclude that the dopant molecules diffuse well into the
fiber-like structure of the aerogel, intercalating within the
lamellar structure of P3HT. The peaks attributed to the § form
of sPS do not change upon doping (neither in position nor in
intensity). Therefore, the F,TCNQ molecules do not disturb the
crystalline structure of sPS. No crystalline phase of F,TCNQ is
seen in the WAXS patterns of the doped aerogels (see the WAXS
pattern of F,TCNQ crystalline powder, Fig. S11b, SI).

As also seen in the electrical conductivity measurement, the
solvent exchange with liquid CO, and supercritical drying does
not affect or wash out the F,TCNQ molecules from the gels. We
assess that the aerogels contain a high fraction (~37% according to
DSC) of amorphous P3HT. We cannot comment on whether those
amorphous phases are partially doped, due to the lack of an
analytical method suitable for these mm-thick and porous materials.

Thermoelectric properties of the composite aerogels doped
with F,TCNQ

The electrical and thermal conductivities and the Seebeck
coefficient of the aerogels are measured using the method we
have developed for porous conducting polymers and described
in ref. 22.

Fig. 3 illustrates the evolution of the thermoelectric proper-
ties of the P3HT:sPS aerogel as a function of the doping
solution concentration. The non-doped aerogels feature a low
electrical conductivity (2 x 107° S em™") but a high Seebeck
coefficient (877.8 uv K 1).

A significant increase of the electrical conductivity (more
than three orders of magnitude) is obtained at a low concen-
tration of the dopant of 0.1 g L™". The electrical conductivity
then reaches a plateau at a concentration of 0.5 g L', and a
maximum value of 4.6 x 107> S cm™ " for a concentration of
1 g L' These values correspond to the apparent electrical
conductivities of the aerogels, which include the contribution
of approximately 95% of air and a sPS insulator content of
50 wt%.
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To compare with a dense material, we can use a theoretical
model to estimate the electrical conductivity (g,) considering
the volume fraction of the pores and the pore geometry (for
open-cell porous materials). The one developed by Ashby et al.*®
follows eqn (4):

oo = Oporous ( 4)

1 3
s|i-@+20-06)
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where oporous is the apparent electrical conductivity measured
on the porous material, and @ the porosity of the material
(e.g. 0.95, for the 0.5:0.5 P3HT:sPS aerogel). The g, value
(~2 S cem™, for 1 g L) is close to the standard values of
P3HT doped with F,TCNQ in thin films,?” although 50 wt% of
the solid content of the aerogel is isolating (sPS). We can
therefore conclude that the doping of the aerogel is quite
efficient, and that a maximum doping level has been reached
(as shown by the plateau of the electrical conductivity).

Concurrently, S decreases from 877 to 58 pv K ', with a
plateau reached at 0.5 g L™". The low Seebeck values achieved
are similar to those obtained for a relatively highly doped P3HT
film with F,TCNQ,***" also indicative of effective doping in the
aerogel. As opposed to the claims of Okada et al.,*® there is no
experimental evidence that either the fibrillar structure or the
presence of sPS plays a role in the Seebeck coefficient, since the
values obtained for P3HT:sPS are similar to those reported in
the literature for P3HT.

The Seebeck coefficient and the electrical conductivity follow
the empirical relationship S ~ ¢ * proposed by Glaudell
et al®® and observed for similar P3HT foam and solid
samples®" (see the SI, Fig. S9).

At a dopant concentration of 0.5 g L™ ", the P3HT:sPS aerogel
achieves an electrical conductivity of 3.5 x 107> S cm ™" and a
Seebeck coefficient of 76.8 pV K, resulting in a maximum PF
of 2 x 107> yWm ' K2

The transient plane source method is used to measure the
thermal conductivity of the aerogels. The undoped polymer
blend aerogel exhibits a low thermal conductivity of 34 +
1 mW m ' K, attributable to its very low density and
fibrous structure. The thermal conductivity of the sPS aerogel
(35 mW m™ ' K™ ) is similar to that of the undoped P3HT:sPS
sample. The thermal conductivity of P3HT aerogels could not
be measured using the TPS method due to geometrical con-
straints of the shrunken P3HT sample.

By increasing the dopant concentration in solution (and the
doping level of the final aerogel), the thermal conductivity
decreases further, reaching a record low value (as compared to
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the state of the art on conducting polymers) of 29 + 1mW m ' K"
for the sample doped at 2 g L™" in acetone. A discussion on the
possible origin of this effect is provided in the SI.

Nevertheless, the impact of F,TCNQ on « is less significant
than on the electrical conductivity and the Seebeck coefficient.
The evolution of ZT (calculated at 300 K, shown in Fig. 3c),
follows the evolution of the power factor as a function of the
dopant concentration, with a maximum obtained at 2 x 10~*
for a dopant concentration of 0.5 g L™ ". Thus, in such a highly
porous material, the thermal conductivity is not a limiting
factor for the material’s thermoelectric efficiency ZT, unlike
the electrical conductivity.

Further improvement of TE efficiency by changing the dopant
molecule

To increase the electrical conductivity of the aerogel, a more efficient
dopant of P3HT can be used."' To maintain the preparation method
(and the structure) of the aerogels, a dopant stable in acetone and
compatible with the gelling and drying processes is required. FeCl;
appears to be the dopant of choice for our system. We used both
pure FeCl; and a mixture of F,TCNQ:FeCl; to maximize the doping
efficiency of the aerogels. Mixing complementary dopants (ie.
molybdenum complexes and FeCl;) has already been proven as
an efficient strategy to increase the electrical conductivity of P3HT.*
But, to the best of our knowledge, the F,TCNQ:FeCl; mixture has
not yet been reported. We hypothesise that the F,TCNQ:FeCl;
mixture will dope both the amorphous and the crystalline phase
of P3HT. The F,TCNQ:FeCl; molar ratio (1:1.7) has not been
optimized and will be the scope of further studies.

The thermoelectric properties are summarized in Fig. 4a and
Table 2.

As compared to the sample doped with F,TCNQ, the appar-
ent electrical conductivity is increased by 32 and by 52-fold for
the aerogels doped, at saturation, respectively with FeCl; and
F,TCNQ:FeCl;. This demonstrates that the doping at the gel
state and the supercritical drying processes are compatible with
other dopant molecules. An apparent electrical conductivity of

afew S em™ " is achievable in highly porous samples containing
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(a) Electrical conductivity and Seebeck coefficient of P3HT:sPS as a function of dopant nature. (b) Output voltage and output power as a function

of current for typical P3HT:sPS aerogels doped with F4,TCNQ or the dopant mixture for a temperature gradient set at 11 K.
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Table 2 Thermoelectric properties of the aerogels doped with different dopants (at a similar concentration of 2 g LY. The mean values are given for
two to three samples, with at least two measurements per sample. The output power density is measured on only one sample

Output power

Electrical Thermal density at
P3HT:sPS aerogel conductivity Seebeck Power factor conductivity AT=11K
doped at 2 g L™'  Porosity (%) (Sem™) coefficient WWK™") (mWm ™' K?) mWm K" ZT(@300K) (nW cm?)
Non-doped 93 2x107°4+9x1077 924 +12 0.2 3441 1.6 x 10°¢ —
F,TCNQ 95.8 0.02 £ 0.004 58 £ 2 6.4 29+1 6.9 x 107° 16.7
FeCl; 91.6 0.64 £ 0.02 61 £ 5 234.3 4 £1 1.6 x 1073
F,TCNQ + FeCl3 96.8 1.05 £ 0.25 43 £2 194 301 1.9 x 1073 83.3

50 wt% insulating material by increasing the doping efficiency.
To compare with dense films reported in the literature,
the oy, calculated with eqn (4), reaches a value of 14.5 and
72.5 S cm™ " for the sample doped with FeCl; and F,TCNQ:FeCl,,
respectively.

FeCl; (which has strong oxidation capabilities) is also known
to dope the amorphous phase of the P3HT"'*° (which represents
a majority fraction in the polymer blend, according to DSC).

The crystalline structure of the samples doped with FeCl; is
similar to that of those doped with F,TCNQ, as seen in the
WAXS intensity profile (SI, Fig. S11a). The lattice parameters of
P3HT are also affected by FeCl; dopant molecules with d;oo =
19 A and dyy, = 3.58 A. This indicates that FeCl; dopant
molecules may also intercalate within the layers of the alkyl side
chain of P3HT. However, the variation of the P3HT unit cell with
FeCl; is less important than with F,TCNQ. The structure with the
mixed dopant is in an intermediate state between those of the
FeCl;- and F,TCNQ-doped samples (see Table S1 in the SI). The
increase in electrical conductivity of the aerogels doped with
FeCl; could be attributed to the doping of both amorphous and
crystalline phases of P3HT. The combination of FeCl; and
F,TCNQ results in an even higher electrical conductivity.

To the best of our knowledge, this synergetic combination
has never been reported and may be attributed to a higher
doping level.

Interestingly, the Seebeck coefficient of the FeCl;.doped
aerogel is as high as that of the F,TCNQ-doped sample. Iron
chloride is known to sustain the Seebeck coefficient while
increasing the electrical conductivity of the samples. The
decrease in the Seebeck coefficient with the use of the mixture
of dopants is challenging to analyze.

The thermal conductivity is not affected by the dopant
nature and remains at low values below 30-40 mW m ' K .
The slight increase in the thermal conductivity of the FeCl;-
doped sample is related to the slight density variation from
sample to sample.

Overall, ZT values of 1.6 x 10> and 1.9 x 10> are obtained
for FeCl; and F,TCNQ:FeCl;, respectively, thanks to the impor-
tant increase in the electrical conductivity as compared to the
F,TCNQ-doped aerogel. These figures of merit are among the
highest reported ones for porous polymer systems (see Table S3
in the SI).

Under inert storage conditions in the glove box, the aerogels
doped with the three conditions are stable for more than a

J. Mater. Chem. C

hundred days (see Table S2 in the SI). This is a promising result
for stability, which needs to be considered with other storage
conditions.

To evaluate the potential of the P3HT:sPS aerogels for TE
applications, the materials were tested as thermoelectric gen-
erators with a single vertical pillar. The setup is described in
ref. 22 and the experimental part. The output powers are
measured in air as a function of an adjustable external load
circuit. A low temperature difference of 11 K was applied (with
the average temperature at 293 K).

The P3HT:sPS aerogel doped with F,TCNQ (F,TCNQ:FeCl;,
respectively) shows a maximum power output of 13 nW (65 nW)
with an internal resistance of 7.2 Q (0.95 Q). The measurement
area was 0.78 cm?, and thus a maximum power output per area
is obtained at 16.7 nW cm™ > (83.3 nW c¢cm > for F,TCNQ:FeCl;).
The absolute values of power output must be taken with
caution, as only one sample was measured. However, the higher
TE properties of the sample doped with the mixture of dopants
resulted in higher power output generation (five times higher
than the sample doped with F,TCNQ alone).

The most significant finding is that aerogels can act as
thermoelectric generators capable of delivering output powers
of a few tens of nW when subjected to moderate temperature
differences (approximately 10 K), despite having a low figure of
merit. The power output generated by a single aerogel is much
higher than that of most organic thermoelectric thin-film
devices, which are made up of several legs.®

Conclusions

Reproducible P3HT:sPS fibrillar and mesoporous aerogels are
fabricated by TIPS, solvent exchange, and supercritical drying
with CO,. sPS brings mechanical strength to the final aerogels.
sPS and P3HT fibers are well-intermixed. F,TCNQ can easily
dope the gel and sustain the drying conditions. This method
yields robust samples that could be well-characterized. The
structural variation of the crystalline lattice of P3HT upon
doping follows that of thin films. We assume that F,TCNQ
molecules mainly dope the crystalline phase of the P3HT and
intercalate in the lamellar packing of the side chains. By
increasing the dopant solution concentration, a saturation of
doping is probably reached. A plateau is observed in the
variation of electrical conductivity and the Seebeck coefficient
with the doping concentration, indicative of a maximum

This journal is © The Royal Society of Chemistry 2025
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dopant uptake. The limited electrical conductivity measured
reflects the high porosity of the aerogel and an optimum
porosity are still to be found. A low thermal conductivity record
(29 mwW m ' K ') is achieved in this highly porous and
conducting polymer system.

The Seebeck coefficient of the doped P3HT:sPS aerogels is
close to that achieved for F,TCNQ-doped P3HT thin films.>’
The giant Seebeck coefficient (>10 mV K™ ') obtained on freeze-
dried P3HT:PS by Okada et al.>® was not reproduced with our
P3HT:sPS aerogel dried under supercritical conditions (with a
similar porosity >95%). Herein, high Seebeck coefficients
(>900 pv K ') are only obtained for the non-doped aerogel
samples. Our results do not support the assumption by Okada
and co-workers that porosity, fibrillar structure, and the
presence of sPS can enhance the Seebeck coefficient. Despite
a fairly low Seebeck coefficient in our case, higher PF and ZT
were nevertheless obtained for a comparable porous blend
based on P3HT and PS. In particular, the FeCl; dopant and a
mixture of FeCl;:F,TCNQ are a good strategy to further enhance
the power factor without compromising the thermal conductiv-
ity. We assume that FeCl; also dopes the amorphous phase of
P3HT. The higher figure of merit obtained with the mixture of
dopants is reflected in the final output power generated with a
thermal gradient of 11 K through the sample.

Producing porous and bulk samples helps maintain a small
thermal difference throughout the sample. The sample size,
shape, and mechanical stress are compatible with integration
in a vertical thermoelectric generator.

Further optimisation options (such as decreasing the overall
porosity of the sample to reach higher electrical conductivity,
and the use of more efficient dopants or the ion exchange
doping method) are under investigation. The strategy can easily
be applied to n-type materials to produce TE modules
composed of low-cost and lightweight materials.
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