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Thermoelectric (TE) materials are attractive as a technology able to directly convert heat into electricity.
Most of the successful strategies to improve TE performance are based on decreasing the thermal
conductivity, while approaches aiming at increasing the power factor (PF = ¢S% where ¢ is the
electrical conductivity and S the Seebeck coefficient) have been limited. Here, we introduce a new
strategy to significantly improve this parameter by using a porous, nanostructured TE solid (Sb-doped
SnO,) functionalized with a redox molecule: bis-(2-phosphonoethyl)-4,4’-bipyridinium dichloride. We
found that, after functionalization, a 50% average reduction in the electrical resistivity, with a small
increase of 9% in the absolute value of the Seebeck coefficient, takes place, leading to a remarkable
2.5 times PF improvement. In order to explain the effects observed, impedance spectroscopy

measurements were performed, concluding that the electrical resistivity decrease is produced by the
Received 15th April 2025 donation of electrons from the red lecules into the oxide material. Thi trat kabl
Accepted 31st May 2025 onation of electrons from the redox molecules into the oxide material. This new strategy remarkably
achieves a substantial decrease in electrical resistivity without a Seebeck coefficient reduction (there is
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1. Introduction

More than 60% of the energy used globally is lost as waste heat
that is released into the atmosphere without being utilized.*
Apart from this, many heat sources are widely available, such
as the sun and our own bodies. Thermoelectric (TE) devices
allow the direct conversion of heat into electricity, and vice
versa, under silent, reliable, secure and eco-friendly condi-
tions.>* They can be used in radioisotope TE generators for
spacecrafts, as solar TE generators, in vehicles and industries
utilizing heat from hot exhaust gases and refrigeration
circuits, and to power wearable devices and sensors, among
other applications.*®

However, the widespread application of TE materials for
energy harvesting is mainly limited by their low conversion
efficiencies. Generally, the TE performance of a material is
assessed by its dimensionless figure of merit ZT = $*¢T/k, where
S, g, k, and T represent the Seebeck coefficient, the electrical
conductivity, the thermal conductivity, and the absolute
temperature, respectively. The term $%¢ is known as the power
factor (PF). Most of the existing performance improvement
strategies are based on introducing modifications within the
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material lattice (e.g. doping, grain boundary and defect engi-
neering, nanostructuring, etc.), which have mainly achieved
a reduction of the thermal conductivity.® In contrast, strategies
to improve the PF have been limited, and involve the difficult
task of decoupling the Seebeck coefficient from the electrical
conductivity.”

Here, we introduce a new strategy to improve the TE PF
which is not based on producing modifications in the material
lattice, but on acting on the material surface. In this way, this
new approach involves functionalizing the surface of a porous,
nanostructured material by covalently attaching redox mole-
cules to its surface. To evaluate the potential of this strategy,
a porous, nanostructured Sb-doped SnO, film was employed,
which provides a large surface area for functionalization.
Although it is a material with modest TE properties, it is easy to
prepare and possesses the morphology needed.*® As a redox
molecule, bis-(2-phosphonoethyl)-4,4’-bipyridinium dichloride,
which belongs to the family of viologen compounds, was used.
This molecule is typically used to functionalize electrodes in
fields such as electrochromics.'®** A viologen can offer three
different redox states, as shown in Fig. 1.

In our study, we investigate the effect of the functionaliza-
tion on the PF of the Sb:SnO, film, identifying remarkable PF
improvements. By using impedance spectroscopy, we identify
the mechanisms behind the improvements observed. Our
results establish this new strategy as a PF enhancement route
that can be possibly extended to other materials.
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Fig. 1 Redox states of a viologen molecule.

2. Experimental section
Film preparation

Porous, nanostructured Sb:SnO, films were deposited on soda-
lime glass substrates of 25 mm x 15 mm size with a 1.8 mm
thickness. Before the film deposition, the substrates were
cleaned by following three sonication steps, each lasting
15 min, in different media. First, sonication was carried out in
a soap (Labkem, SOAP-0685K0)/water solution (1:10 v/v). The
second sonication step involved using distilled water to remove
any residual soap, and the final step involved sonication in
isopropanol (Labkem, PROL-POP-5K0). The substrates were
then dried completely under compressed air flow, and treated
in a UV/ozone cleaner (Ossila, L2002A2-UK) for 20 min. After-
wards, four layers of a commercially available colloidal aqueous
dispersion of Sb:Sn0O, (Keeling & Walker, A20W) were deposited
by spin coating (Laurell, WS-650MZ-23NPPB) at 2500 rpm for
15 s, covering a centered area of the substrate of 10 mm x 5
mm, which was obtained by masking with Magic Scotch tape.
Films were dried after each deposition on a hot plate at 100 °C
for 10 min and subsequently cooled down in air for 10 min.
Finally, the films were heated at 550 °C for 45 min in a furnace
(Nabertherm, 400-1) at a 3 °C min~" heating rate. Scanning
electron microscopy (SEM) images of the films were obtained
using a JEOL 7001F instrument (Oxford Instruments).

Radical cation, intensely colored
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Functionalization

Pt contacts were deposited at both ends of the films by sput-
tering deposition (Quorum, Q300T D Plus) for 60 s, following
the initial deposition of a Cr seeding layer for 15 s (see Fig. 2a).
The viologen redox molecule bis-(2-phosphonoethyl)-4,4"-
bipyridinium dichloride was synthesized as previously
described.* For the functionalization, a 0.5 mM viologen solu-
tion in methanol (=99.8%, VWR Chemicals) was prepared. The
functionalization of 3 samples (S1 to S3) was achieved by first
heating the Sb:SnO, films at 100 °C for 10 min, allowing them to
cool down, and finally, immediately after cooling, immersing
them in the prepared viologen solution overnight. Once
removed from the viologen solution, the films were rinsed with
methanol and dried in air overnight. A fourth sample (S4) was
prepared using the same process, but employing a solution with
only methanol (no viologen). This is in order to evaluate if
methanol produces some effect.

TE measurements

Seebeck coefficient and electrical resistance measurements
were carried out in a homemade setup. In this setup, two copper
blocks were used to create a temperature difference, as shown in
Fig. 2b. A copper block with 30 mm x 30 mm x 10 mm
dimensions and three cartridge heaters inserted (Watlow, ref.

voltage probes

Fig. 2
the setup contacted by different probes and thermocouples.
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current probes
<\

Images of (a) one of the films prepared, (b) a sample placed on top of the two Cu blocks connected by a PTFE bridge, and (c) a sample in
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C1E13-L12) served as the heat source. Another copper block,
with 50 mm X 50 mm X 30 mm dimensions, was used as the
heat sink. The prepared films were positioned on top of the
copper blocks establishing a hot and cold side, as shown in
Fig. 2b. Both copper blocks were separated by a polytetra-
fluoroethylene (PTFE) bridge. Thermal grease (RS, ref. 2173835)
was applied at the glass/copper interfaces to enhance the
thermal contact and improve heat transfer.

To measure the Seebeck coefficient, the temperature differ-
ence was monitored using two K-type thermocouples (RS, ref.
8140134) placed on top of the glass substrate near the ends of
the film (see Fig. 2¢) with a small amount of thermal grease at
their tips to improve the thermal contact. Two spring probes
(RS, ref. 2615092) were positioned on top of the glass substrate,
close to the contact surface of Pt and the oxide film at each side,
to perform the open-circuit voltage measurements (see Fig. 2c).
Seebeck coefficient values were obtained from the slope of the
open-circuit voltage V,. versus the temperature difference AT
curves. The V,. was measured with a Keithley 2182A nano-
voltmeter. The error of the Seebeck coefficient measurements,
obtained from the error provided by the linear fitting, was below
4%.

To measure the electrical resistance, the same probes used to
measure V,. above were used to measure the voltage. In addi-
tion, two more spring probes were positioned on the edge of the
Pt contacts at each side to measure the current (see Fig. 2c). The
electrical resistance was obtained from the slope of current-
voltage (I-V) curves at no temperature difference using a Keith-
ley 2450 source meter, scanning the current with a delay time of
1 ms. The error of the electrical resistance measurements, ob-
tained from the linear fitting of the I-V curve, was below 2%. All
electrical measurements were taken with coaxial cables to
minimize electrical interference from the surroundings.

Electrochemical measurements

Impedance spectroscopy measurements of the films were also
performed using the same configuration of the probes as for the
electrical resistance determination described above and under
AT = 0 K. Measurements were conducted in potentiostatic
mode at 0 V dc voltage in the 0.01 Hz to 1 MHz frequency range
and applying a 20 mV amplitude. Cyclic voltammetry
measurements were performed in a standard 3-electrode cell at
10 mV s~ scan rate. N, was bubbled through the electrolyte for
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20 min before carrying out the experiments, and then a N, flow
was maintained at the top of the cell throughout the experi-
ments. A Pt sheet (Glentham Life Sciences, ref. GX2917) and
a Ag wire (Alfa-Aesar, ref. 11469) were used as counter and
pseudo reference electrodes, respectively. For these cyclic vol-
tammetry measurements, a Sb:SnO, film deposited on a fluo-
rine-doped tin oxide (FTO) glass substrate (Sigma Aldrich, ref.
735167-1EA), following the same procedure mentioned above,
was used as the working electrode. In order to avoid the contact
between the non-covered FTO surface and the electrolyte,
Scotch Magic tape was used in this non-covered part to block
the electrolyte access. A 0.1 M solution of tetrabutylammonium
tetrafluroborate (Sigma Aldrich, ref. 217964) in 3-methox-
ypropionitrile (Sigma Aldrich, ref. 443778) was used as the
electrolyte. A Metrohm-Autolab PGSTAT204 instrument equip-
ped with a FRA32M frequency response analyzer was employed
for both impedance and cyclic voltammetry measurements.

3. Results and discussion

Fig. 3 shows the SEM images of the Sb:SnO, films prepared
before functionalization. It can be seen that the film consists of
interconnected nanoparticles ranging in size from 6 to 10 nm.
Moreover, the presence of pores in the 2-50 nm range is also
observed, and the film thickness is approximately 1.0 pm, as

100 T T T T T
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—— Not functionalized

-150 - Functionalized

-200 +

-250 T T T T T
-1.0 -0.5 0.0 0.5 1.0
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Fig. 4 Cyclic voltammograms of a functionalized and non-function-
alized Sb:SnO, film.

Fig. 3
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(a) Top and (b) cross-sectional SEM images of a bare Sb-doped SnO, film.
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Table 1 Seebeck coefficient and electrical resistance values, and their variations, for the Sb:SnO, films before and after their functionalization.
The power factor ratio between functionalized and non-functionalized films is also given

Seebeck coefficient (LV K )

Electrical resistance (kQ)

Sample Non-func. Func. Variation (%) Non-func. Func. Variation (%) PFfunc/PFnot
S1 —33.12 —34.04 2.77 26.75 12.48 —53.32 2.26
S2 —43.87 —49.25 10.92 48.79 20.45 —58.08 3.01
S3 —40.05 —45.22 12.90 38.00 20.70 —45.52 2.34
S4 —44.88 —41.13 —8.33 16.21 14.74 —9.02 0.92

shown in Fig. 3b. It should be noted that the expected phase
(cassiterite SnO,) was previously identified by XRD experiments
in a previous article.® Also, it can be seen in that reference that
no changes in the XRD patterns were observed after the
annealing process. In addition, an EDX analysis from the same
article showed no changes in the chemical composition of the
film after the thermal treatment.

In order to verify that the viologen molecules were successfully
attached to the porous solid, cyclic voltammetry measurements
were carried out, before and after the functionalization process,
on the Sb:SnO, film deposited on FTO (see Fig. 4). It can be
observed that the main difference between both voltammograms
is the presence of a peak around —0.35 V in the functionalized
sample, which is related to the reduction of the viologen mole-
cules to their blue-colored redox form. In fact, the functionalized
film turned from transparent to blue around that voltage.'*** This
change in color was not observed in the non-functionalized film.

In order to evaluate the effect of the functionalization on the
TE properties, the Seebeck coefficient and the film electrical
resistance were measured for three Sb:SnO, samples (S1 to S3)
before and after the functionalization process. Results are
shown in Table 1 and Fig. S1, S2.7 It can be observed that the
absolute value of the Seebeck coefficient did not vary much after
the functionalization process. It only experienced an 8.9%
average increase. However, the electrical resistance R showed
a remarkable decrease of 49.7% on average. This significant

40 . . .

—e— Not functionalized

307 —=— Functionalized

Z" (kQ)

Z' (kQ)

Fig. 5 Impedance spectroscopy response for sample S3 before and
after functionalization.
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reduction of the resistance with even a slight increase in the
absolute value of S led to a remarkable average 2.5 times PF
improvement. It should be noted that similar PF improvements
have been reported by us when combining the same oxide with
different liquid or polymer electrolytes®>** but here this is
achieved without the need for an electrolyte. Although varia-
tions in the PF are reported here, we would like to mention that
the electrical conductivity and the PF values of these oxide films
were reported by us previously [130 Sm ™" and 0.26 pW (K> m) 7,
respectively],”® which can be useful in order to establish
a meaningful comparison with other materials in the literature.

To evaluate whether the solvent used in the functionalization
process (methanol) affects the TE properties of the oxide film, the
TE properties of S4, which is the sample immersed just in
methanol (without viologen molecules), were also measured (see
Table 1). It is clearly observed that there are no significant vari-
ations in S and R and, hence, no PF improvement was observed
for this sample. Also, to assess the stability of these systems, we
measured the Seebeck coefficient and electrical resistance of S3
after one week, obtaining similar results (see Table S17).

To try to identify the mechanisms behind the variation of the
TE properties analyzed, we conducted impedance spectroscopy
experiments for S3, before and after its functionalization. The
impedance response (see Fig. 5) shows a semicircle in both
cases. No additional features appear after functionalization,
such as new semicircles, capacitive vertical rises or diffusion
(Warburg-like) trends, which leads to the conclusion that the
electrical conduction through the film, governed by its ohmic
resistance (intercept with the Z' axis) is the dominant mecha-
nism before and after the functionalization. This ohmic resis-
tance decreased from 36.22 kQ to 20.70 kQ when the film was
functionalized. These values are in good agreement with those
provided in Table 1, and we attribute this decrease to a rise in
the carrier concentration of the film by the donation of elec-
trons from the viologen molecules upon functionalization. A
similar mechanism, but involving electron injection from
electrolytes, was also suggested for the same material.>**

4. Conclusions

We have investigated the variation in the TE power factor of
a porous Sb:SnO, film after been functionalized with the viologen
redox  molecule bis-(2-phosphonoethyl)-4,4"-bipyridinium
dichloride. It was found that the functionalized film exhibited an
average 49.7% reduction in its electrical resistance and an average

This journal is © The Royal Society of Chemistry 2025
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8.9% increase in the absolute value of its Seebeck coefficient,
leading to a remarkable 2.5 times average PF improvement.
Impedance spectroscopy measurements were performed to
understand the reasons behind this enhancement. No additional
features appeared in the impedance spectrum of the film after
functionalization, concluding that an ohmic response is taking
place in all cases, with the difference that a higher carrier density
exists in the functionalized case due to the donation of electrons
upon functionalization. This new approach is of high interest
since it improves the TE power factor while decreasing the elec-
trical resistivity and keeping the Seebeck coefficient unchanged
(there is even a slight increase), which is uncommon. Its
successful application in materials with better TE performance
than Sb:SnO,, which is our future work, could lead to remarkably
high power factors and TE performance.
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