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Abstract

This study explores the development of a water-based hybrid thermoelectric (TE) material composed
of Sb,Te; nanoparticles (NPs) synthesized via solution chemistry and microwave-assisted heating,
and polyethylene oxide (PEO). X-ray diffraction confirmed the purity and quality of the Sb,Te; NPs.
Key properties, including the Seebeck coefficient (S), electrical conductivity (s), power factor (PF),
and long-term stability were studied. X-ray photoelectron spectroscopy (XPS) analysis revealed that
exposure to water and oxygen leads to NP oxidation, which can be partially mitigated by
hydrochloric acid (HCI) treatment, though this does not halt ongoing oxidation. Scanning electron
microscopy (SEM) images displayed a percolation network of NPs within the PEO matrix. While the
initial s was high, a decline occurred over eight weeks, resulting in similar conductivity among all
samples. The effect of surface treatments, such as hexane dithiol (HDT), was evaluated and found to
enhance long-term stability. The results highlight both the challenges and potential of Sb.Tes/PEO
hybrids for TE applications, especially regarding oxidation and durability, and underscore the need
for improved synthesis and treatment techniques to optimize their performance. This study provides
valuable insights for the design of next-generation flexible TE materials and emphasizes the
importance of surface chemistry control in polymer-inorganic nanocomposites.

Keywords: Thermoelectric Materials; Sb,Te; nanoparticles; polyethylene oxide (PEO) composites

1. Introduction

As fossil resource reserves are being depleted and the risks of climate change are increasing,
new renewable energy sources are needed. The most popular renewable energy sources are biomass,
hydropower, solar panels, and wind turbines [1]. Waste heat is a form of thermal energy and is
abundant but often less prevalent and neglected. In manufacturing industries, temperatures
exceeding 1000°C are frequently achieved. It has been reported that up to 24% of waste heat energy
can be recovered during the steelmaking process [2]. However, most wasted heat energy occurs
below 150°C [3]. Even low-temperature sources like the human body could be used to generate
electrical energy [4]. There are many different sources of high and low temperature waste heat
thermal energy. Given the growing energy demand, it is crucial to utilize all available renewable
energy sources to ensure opportunities for sustainable development. The thermoelectric (TE) effect
can be used to convert thermal energy to electricity without any moving parts. The efficiency of TE
materials is characterized by the figure of merit

ZT = S20k~1T, 1)

where S is the Seebeck coefficient, o is the specific electrical conductivity, k is the thermal
conductivity, and T is the temperature. The multiplication of S? and s defines the power factor (PF),
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a common parameter for assessing thermoelectric efficiency in thin films, especially since measuring
thermal conductivity in thin films can be challenging. A high Seebeck coefficient, high electrical
conductivity, but low thermal conductivity, is desired to obtain an effective TE material.

The specific electrical conductivity o can be expressed as a product of three components,

oc=eun, ()

where e is the elementary charge, p is the charge carrier mobility, and n is the charge carrier
concentration, which also affects the S. As the charge carrier concentration increases, the S decreases
[5]. Therefore, the optimal charge carrier concentration for TE materials is ~ 10 to 102 cm-[6,7].
Consequently, achieving the highest possible charge carrier mobility is essential for maximizing both
the figure of merit and the specific electrical conductivity. Several factors affect the mobility of charge
carriers, such as material composition, doping level, temperature, nano-structuring, and defects and
impurities. For organic materials, molecular structure, material purity, and the concentration of
defects and traps play significant roles [8,9]. For example, oxygen in polymers can lead to a reduction
in charge carrier mobility [10]. Additionally, oxidation-induced oxide layers on the metal powder
particle surface can significantly reduce electrical conductivity [11].

There is active research being conducted on hybrid TE materials [3]. TE composites consist of TE
nanoparticles within an organic matrix. Various organic materials, including conducting or
insulating polymers and charge transport materials, can be used. For this purpose, various polymers
have been studied, such as PANI (polyaniline) [12], P3HT (poly(3-hexylthiophene-2,5-diyl)) [13],
PEDOT (poly(3,4-ethylenedioxythiophene)) [14], and PMMA (poly(methyl methacrylate)) [15-17].
Hybrid materials have several advantages over traditional TE materials, such as mechanical
flexibility, solution processability [18], reduced thermal conductivity, and increased S [19-21].
Additionally, composite materials possess reduced density, decreased cost, and environmental
impact [22]. While composite materials offer numerous advantages, their performance can be
hindered by certain challenges. These materials, composed of NPs, contain numerous interfaces
between components. Consequently, optimizing interfacial transport is essential to maintain charge
carrier mobility within the nanostructure of composite materials.

A small barrier at the NP and polymer matrix interface can potentially enhance the S by filtering
low-energy charge carriers. Ideally, the barrier height should be within the range of 0.04 to 0.10 eV to
achieve high electrical conductivity [23]. Nonetheless, empirical observations indicate that the energy
filtering effect is minimal [24]. The oxidation of TE NPs may introduce an interfacial barrier impacting
charge transfer [23]. Effective control of oxidation in hybrid materials is crucial for improving
interfacial transport within these materials [25]. Consequently, increased charge carrier mobility has
led to significant improvements in both the § and electrical conductivity [26].

Sb2Tes is one of the best p-type TE materials with a high S and electrical conductivity at room
temperature. Sb2Tes NPs can be synthesized by various methods, such as thermal decomposition,
solvothermal, and hydrothermal synthesis [19,27-29]. With these methods, it is possible to fine-tune
the morphology of the NPs; however, the synthesis times are lengthy, taking up to 12 hours. An
alternative method is microwave-assisted heating, which can produce NPs within minutes [30-35].
During the preparation of the hybrid material and the synthesis of the TE material, the NPs are
exposed to various solvents and high temperatures. This may lead to oxide formation on the surface
of the nanostructures, which can impact the properties of the composite materials.

A detailed study on the bulk Sb2Tes oxidation process was conducted by Volykhhov et al. [36].
The authors have shown that oxidation is a 3-step process. It starts with molecular adsorption,
followed by surface reaction and oxide layer growth. Upon oxidation, the Sb-to-Te ratio changes to
approximately 1:1 at the surface, resulting in the formation of a Sb2Te207 layer. While oxygen is
directly responsible for the oxidation of Sb2Tes, a separate effect is caused by water. Water may cause
Sb leaching and enrich the surface with Te. Additionally, it may accelerate the rate of oxidation [36].
Oxidation has also been observed for Sb2Tes NPs synthesized with microwave-assisted thermolysis.
The porous films have a high interface surface between the TE material and voids, which causes
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charge carrier scattering and trapping [37]. A study by Fang et al. [38] has demonstrated a promising
technique for removing surface oxides on Sb2Tes thin films. Results show that the material can be
restored to its original condition by using a 1% hydrochloric acid (HCI) solution etch to remove
oxides, followed by annealing at 150°C to reduce the increased Te concentration at the surface [38].

Hybrid TE materials are environmentally friendly, but their manufacturing often involves toxic
solvents. There's a lack of research on eco-friendly, water-based alternatives. This study presents a
hybrid TE material made from a water-soluble polymer, specifically PEO (polyethylene oxide),
combined with Sb:Tes NPs produced through solution chemistry using microwave-assisted
heating.

2. Materials and Methods

2.1. Synthesis of Sb2Tes Nanoparticles

The chemicals used in the typical synthesis are SbCls (99.95%), Te powder (99.8%), ethylene
glycol (EG, 99%), thioglycolic acid (TGA, 98%), and tri-octylphosphine (TOP, 90%), thioglycolic acid
(TGA, 98%). All the chemicals were purchased from Sigma Aldrich and used directly without any
purification.

The synthesis process was carried out using microwave-assisted thermolysis in a SynthWAVE-
Milestone system (1500 watts) equipped with a high-pressure rotor capable of handling multiple
vessels. This method was conducted in a 70 mL Teflon container across four parallel reaction setups,
all of which were run simultaneously. The synthesis began with the creation of two precursor
solutions. First, a Te precursor was prepared by heating a mixture consisting of 3.7 mmol of Te and
10 mL of TOP on a hot plate for 10 minutes at 200 °C, with continuous stirring. The Te-TOP complex
exhibited an olive-yellowish color before being allowed to cool. 2.5 mmol of SbCls was dissolved in
20 mL of ethylene glycol for the Sb precursor. The ratio of the binary components can be readily
adjusted by changing SbCls with an equivalent quantity of Te precursors. 1 mL of TGA was added as
a directing agent into the dissolved precursors and stirred for 10 minutes to achieve a uniform
mixture. The Te-TOP complex and the Sb-EG solutions were then combined and placed in a 70 mL
Teflon vessel, which underwent microwave processing for 2 minutes at 220 °C under 40 mbar of
nitrogen gas and with constant stirring. The particles were washed with isopropanol and acetone
several times and dried in an oven at 80°C overnight.

2.2. Sample Preparation

The samples were made on 25x13 mm glass substrates. Substrates were cleaned with acetone,
detergent, and isopropanol, followed by plasma cleaning. 10 nm of the chrome adhesion layer and
100 nm of the gold layer were thermally evaporated in a vacuum (Edwards Auto 306) to create 4 gold
electrodes 2 mm apart. Substrates were stored in isopropanol after electrode deposition.

Three different sample types, with 80% nanoparticle and 20% polymer concentrations, were
made using a mortar. 7.5 mg of PEO (Polysciences, MW = 1,000,000) was dissolved in 200 ul of
deionized water for the first sample. Afterwards, 30 mg of Sb2Tes NPs were added and mixed until a
thick, homogeneous paste was obtained. For the second type of samples, 37% HCI (Sigma Aldrich,
1003172500) was diluted to a 5% concentration and used instead of the deionized water. For the third
type of samples, nanoparticles were ultrasonicated in the 5% HCl solution for 5 minutes. The treated
NPs were rinsed with isopropanol 3 times after removing the excess solvent, and then the particles
were dried on a hot plate at 60°C for 30 minutes. Slurry preparation was then repeated the same way
as for the first type samples. The TE slurry was drop-cast onto glass substrates with electrodes. The
samples were dried on a hot plate at 50°C and then annealed at 90°C for 10 minutes. The two-stage
drying process was used to prevent the formation of cracks and defects in the films.
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Figure 1. Schematic drawing of the sample, and film preparation process.

2.3. Sample Characterization

X-ray powder diffraction (XRD) analysis was performed using a MiniFlex X-ray diffractometer,
equipped with a copper anode (Cu-Kal radiation, A = 1.5406 A), to identify the crystalline phase of
the synthesized material. A step size of (20) =0.2° and a scan speed of 0.1°/s were set in the continuous
scan mode. The crystalline phases of the samples were determined via High-score Pro software.

The sample morphology and microstructure were studied using a scanning electron microscope
SEM/FIB Tescan Lyra 3 at an electron accelerating voltage of 20kV. A secondary electron detector was
used.

Current-voltage characteristic measurements were carried out using the 4-point probe method
with a Keithley SMU 2450 source meter unit. Silver paste was applied between the spring-loaded
probes and gold electrodes to improve electrical contact. Measurement currents were set in the range
of 10-100 pA. Each measurement was repeated 3 times. Thin film thicknesses were determined with
a profilometer Veeco Dektak 150, by measuring the complete thin film profile between the two central
electrodes. Thin film thicknesses were in the range from 137 pm to 238 pm. Specific electrical
conductivities were calculated from the obtained data.

Seebeck coefficient was measured by placing the samples on 2 Peltier elements at an initial
temperature of 20°C. Both Peltier elements were gradually heated and cooled, reaching a maximum
temperature difference of 4°C. Heating and cooling were then reversed 3 times, resulting in 4 Seebeck
coefficient measurements. The slope factors from measured AT/U slopes correspond to the Seebeck
coefficients. The Peltier elements were controlled with a temperature controller (Stanford Research
Systems PTC10), and the TE voltage was measured with a nanovoltmeter (Keithley 2182A). Two
external K-type thermocouples were used to measure the actual temperature difference between
electrodes. A more detailed setup description is given in [39].

Electrical conductivities and Seebeck coefficients were remeasured once a week for 8 weeks to
study the ageing effect of the materials.

X-ray photoelectron spectroscopy (XPS) was used to study sample oxidation and HCl content.
The measurements were carried out with the photoelectron spectrometer ThermoFisher ESCLAB Xi.
The first measurement was performed on the unaffected sample surface. Sample surfaces were then
etched using a monatomic argon ion beam with an energy of 2000 eV for 30 seconds. The etch and
measurement cycle was repeated five times for each sample. The samples were measured
immediately after fabrication and eight weeks later.

3. Results

The phase purity of the synthesized Sb:Tes particles was examined using X-ray diffraction
(XRD), with the diffraction patterns indicating high phase purity for Sb2Tes, as illustrated in Figure
2. The main crystalline phases are indexed to Sb2Tes (ICDD 03-065-3678), which has a rhombohedral
crystal structure. Figure Al in Appendix A.1 compares treated particles with the original ones.
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Figure 2. X-ray powder diffraction (XRD) pattern of the as-made sample, with Miller indices indexed to
rhombohedral Sb2Tes (ICDD 03-065-3678).

High-resolution XPS scans of Sb 3d and Te 3d were conducted to investigate surface oxidation
(see Figure 3). At first, bare Sb2Tes NPs were studied. In the Sb spectra (top spectra of Figure 3a), we
can see the two peaks at 528.7 and 530.0 eV, which correspond to the metallic Sb and the oxidized
antimony in the Sb20s, respectively. After the surface etching, the oxide peak diminished while the
peak corresponding to the metallic Sb grew. The Te 3d scans (top spectra of Figure 3b) also show two
peaks- at 572.7 eV and 576.1 eV- corresponding to the metallic and oxidized Te, respectively. The
peak corresponding to TeOs (576.1 eV) disappears after surface etching. After 8 weeks in the air, the
peaks corresponding to the oxidized states of Sb and Te have grown and remain visible even after

the surface etching.
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Figure 3. XPS spectra of (a) Sb 3d peaks and (b) Te 3d peaks of Sb2Tes nanoparticles.
Bottom spectra of Figure 3a,b show that washing nanoparticles in (HCl) and rinsing them in IP

is an efficient way to remove the oxide layer at the surface of the particles. Only a tiny amount of
Sb20s can be detected at the surface of the particles, and it completely disappears after the surface
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etching. In the Te 3d spectra (Figure 3b), only metallic Te can be observed after washing the NPs with
HCI and rinsing them in isopropyl alcohol.

SEM micrographs reveal that most NPs are configured as two-dimensional nanosheets. These
NPs exhibit sizes with lengths extending up to 2 um. The thickness of these nanosheets ranges from
29 nm to 121 nm, with the majority being approximately 60 nm thick for the Sb2Tes in PEO sample
and the treated Sb2Tes in PEO sample (Figure 4). However, the median NP thickness for Sb2Tes in
HCI/PEO is 46 nm. NPs embedded in pure polymer exhibit a smooth surface, while HCI/PEO and
treated NP have a rough surface. SEM images show that the surface of Sb2Tes NPs has been etched,
but the thickness remains unchanged. NPs in HCI/PEO have been exposed to more aggressive
etching, which has resulted in an additional reduction in NP thickness. The NPs predominantly
orient with their narrower edges protruding from the block or wire-like structures.

-
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Figure 4. SEM images of PEO Sb2Tes hybrids: (a) pristine NPs in deionized water; (b) NPs after exposure to 5%

HCl solution; (c) NPs after 5% HCl-ultrasonication in deionized water polymer solution.

The water-based inks were made with untreated particles at various concentrations embedded
in PEO (Figure 5). The conductivity of the composite film is very low (<0.03 S/m) below 40% NP
concentration due to the lack of a percolation network and low PEO conductivity. From the NP
concentration of 40% to 80%, conductivity increases linearly, peaking at 80%. As the Seebeck
coefficient remains stable, PF values also follow this linear trend. Therefore, an 80 wt% Sb2Tes/PEO
concentration was chosen for detailed study due to its superior properties. Various NP treatment
methods were tested to maintain these properties over time.
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Figure 5. Electronic transport properties (a) electrical conductivity and Seebeck coefficient, (b) power factor

(PF)—of composite films with different Sb2Tes NP contents in a PEO matrix.

For stability studies, the time dependence of the specific electrical conductivity and Seebeck
coefficient of the samples was measured. The results are presented in Figure 6. The initial
measurement was performed immediately after sample fabrication. Subsequently, the samples were
stored in the air at room temperature and remeasured weekly for 8 weeks. The highest s observed
was 89 + 1 S/m for the sample with HCl-treated NPs. However, it shows the highest decrease in s over
time. This may be due to HCI treatment removing the protective TGA shell, which encapsulated the
particles to prevent oxidation. The second most conductive sample, containing pristine NPs,
exhibited an s value of 70 + 1 S/m. The sample treated with a 5% HCI solution shows an initial s of 52
+1 S/m. The S for pristine and HCI sonicated NP samples were similar within the margin of error,
with measured values of 170 + 2 uV/K and 173 + 3 uV/K, respectively.
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Figure 6. Stability test of transport properties — (a) s (filled symbols) and S (empty symbols), (b) — power factor
(PF).

Over 8 weeks, the s of all samples degraded exponentially (see Figure 6a). Initially, conductivity
varied among fresh samples, but all of them converged to the value of around 5 S/m because of Sb2Tes
re-oxidation. The HCl-treated NP sample, initially the most conductive, showed rapid s loss but then
exhibited the slowest decrease of s after the second week. Despite starting with the lowest s, the
HCI/PEO sample remained the most conductive post-second week due to the presence of HCl which
dissolves the oxide layer of Sb2Tes particles in the polymer. The overall trend of the S dependence on
time shows a slight decrease but remains close within the margin of measurement errors for all the
samples. The s values for all samples tend to converge to a single value after 7 weeks, indicating that
the tested particle treatment methods do not provide a long-term effect on stability, although
different methods affect the initial properties and their changes in the first weeks differently.

The power factor values are shown in Figure 6b. The sample with HCI treated NPs has shown
the highest PF value of 2.56 + 0.05 uWmK-=2, which is attributed to the highest s. The sample with
pristine NPs and the HCl-treated sample show similar power factor values of 1.82 + 0.04 pWm-K?2
and 1.55 + 0.05 uWm K=, respectively. After 8 weeks, the power factors are significantly lower at =
0.1 pWm'K=2

XPS studies reveal that mixing the NPs in polymer (PEO) introduces an additional peak in Sb
high-resolution scan spectra at 532 eV (see Figure 7a). This peak corresponds to the Sb20s (Sb-O bond)
and also is overlapping with C-O bond peak from PEO polymer. Another peak at 530 eV represents
Sb20s, due to the partial oxidation of the NPs by oxygen, most likely originating from water. When
the NPs are mixed with HCl and PEO, the Sb20s peak slightly decreases and a new peak appears at
530.9 eV, corresponding to SbCls, indicating that the oxide on the surface of Sb2Tes has partially
dissolved and SbCls has formed (see middle spectra of Figure 7a). After deep profile XPS etching, the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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peak at 528.8 eV corresponding to the Sb-Te bond becomes more clearly visible. Meanwhile, only
metallic Te peaks at 572.7 eV could be observed (Figure 7b). HCI treatment before mixing in the PEO
does not hinder the oxidation of the Sb2Tes NPs. Before the etching (deep profile XPS), most of the
obtained signal comes from the oxidized states of the Sb and Te (see bottom spectra of Figure 7a,b).
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Figure 7. XPS spectra of a) Sb 3d peaks and b) Te 3d peaks of Sb2Tes NPs in PEO;.

After 8 weeks in air, the XPS spectra for Sb2Tes mixed in PEO are similar to the initial samples,
but with larger peaks indicating more oxidation of metals (Figure A2). This suggests that particles
from aqueous solutions continue to oxidize, leading to low conductivity after 8 weeks, and causing
conductivity values to converge over time despite different treatments.

It is known that HDT improves the performance of Sb.Tes PMMA composites [37]. The stability
of water-based solution composite treatment with HDT was tested. In this case, old particles were
used and treated with HCI to remove the oxide layer, as previously done. Additionally, in the final
rinsing cycle with isopropanol (IP), HDT was added to IP. This method binds the HDT to the Te in
the particles. Figure 8 presents the long-term stability comparison between standard-treated samples
and HDT-treated samples over 50 days. Untreated old particle composite displays low conductivity
values, indicating the significance of oxide removal from the surface of particles. The low s of the
untreated samples does not allow us to perform reliable S measurements. The addition of HDT as a
surface modification agent demonstrates remarkable effects on the transport performance of Sb,Te;
NPs. The HDT-treated samples consistently outperform other treatments, maintaining higher PF
(above 0.12 pyW m™ K-¢) and more stable s throughout the testing period. This superior performance
is attributed to the strong chemical bonding between the dithiol groups and the NPs surface, which
provides effective protection against oxidation and environmental degradation.
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Figure 8. TE transport properties stability test for samples prepared from 1 year old particles. XPS analysis

reveals that HDT treatment leads to significant changes in the surface chemistry, with the appearance of new
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peaks and shifts in binding energies that indicate successful chemical bonding between the dithiol groups and

the NP surface.

—— Surface
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Figure 9. XPS spectra of S 2p peaks of NPs with the added HDT during their treatment.

Figure 9 shows XPS spectra of sulfur (S 2p) peaks of nanoparticles with and without the added
HDT during the treatment process. The top spectra show that without the addition of HDT, there’s
no detectable amount of the sulfur in the nanoparticles. In the spectra of pure nanoparticles and when
the nanoparticles are mixed in PEO, the sulfur peak is centered at 163.5 eV which corresponds to the
thiol (R-S-H) chemical group (see middle and bottom spectra in Figure 9). After the surface etching,
the peak widens and extra shoulder at 161.7 eV can be seen. This extra signal shows that the HDT has
been attached to the nanoparticle surface, forming a metal sulfide.

Figure 10 shows the XPS spectra comparison between old NPs in PEO, treated samples in PEO,

and HDT-treated samples.

.......... Surface e Surface
Etched r —— Etched
® 1 \ Old nanoparticles » _OId nanoparticles
T | = ™. *,\in PEO = S
S |7 i =
9 3 @ R H : 3|
2 \_Treated, in PEO ,g """"""""""""" i) i~ A Treated, in PEO
: -1 - S
8 3
o Added HDT
7 T T T T v T M — 1 M 1 7 T T T T M T T T T T T 1
545 540 535 530 525 520 600 595 590 585 580 575 570 565 560
Binding energy, eV Binding energy, eV
(a) (b)

Figure 10. XPS spectra of (a) Sb 3d peaks and (b) Te 3d peaks of 1 year old Sb2Tes nanoparticles in PEO after their

treatment.

The top spectra of Figure 10a shows 1 year old Sb:Tes particles mixed in PEO. Here, before the
etching, almost all the signal comes from the Sb20s (peak at 530.0 eV) and oxygen in the PEO (peak
at 532.5 eV)- the signal of metallic Sb is small. Similarly, the top spectra of Figure 10b show only the
oxidized states of Te before the surface etching. The asymmetric nature of the peak suggests that there
is a mixture of two oxides on the surface of the particles- TeOz and TeO:s. This is even more evident

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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when the NPs are treated with HCI and washed with IP. This treatment has only partially removed
the metal oxides from the surface of the particles (see middle spectra of Figure 10a,b).

4. Discussion

The results of this study confirm the high purity and quality of the synthesized Sb,Te;
nanoparticles, as evidenced by X-ray diffraction (XRD) analysis. The S, s, PF, and long-term stability
of the Sb,Tes/PEO hybrid material were thoroughly evaluated. These findings align with previous
studies that have highlighted the potential of Sb.Te; as a high-performance TE material due to its
high S and s at room temperature.

X-ray photoelectron spectroscopy (XPS) measurements revealed that exposure to water and
oxygen leads to oxidation of the NPs, which can be partially mitigated by a 5% hydrochloric acid
(HCI) solution. However, this treatment does not completely prevent the ongoing oxidation process.
This observation is consistent with the findings of Volykhhov et al. [36], who described the oxidation
of Sb,Te; as a multi-step process involving molecular adsorption, surface reaction, and oxide layer
growth. The study by Fang et al. [38] also supports the effectiveness of HCI treatment in removing
surface oxides, although it does not halt oxidation entirely. XPS analysis indicated that incorporating
the nanoparticles into PEO generates an additional peak in the high-resolution antimony spectra at
532 eV. This peak is associated with the oxygen atom in the polymer’s C-O bond, which overlaps
with the Sb—O bond peak of Sb,Os. Adding HCl to the polymer facilitates the formation of Sb.Os, as
determined by the peak at 530.9 eV. Meanwhile, only metallic Te peaks at 572.7 eV were observed.
HCI treatment before mixing in the PEO does not hinder the oxidation of the Sb,Te; nanoparticles.

The TE transport properties of the Sb,Te;/PEO hybrid material investigated in this study are
consistent with those reported by Batili et al. [37] for electrophoretically deposited films; however, a
long-term stability assessment is not provided.

This study shows that the initial PF of the Sb2Tes/PEO hybrid materials are close to those of
plastic ductile SnSe1.95Broos single crystals and outperform AgCySe-based plastic TE materials [40,41].
Hybrid films enable flexible TE materials, and optimizing their porous morphology, as observed in
SEM images, could further enhance the power factor.

5. Conclusions

This study underscores the critical importance of surface modification in developing stable,
high-performance TE nanocomposites. The key findings indicate that surface modification
treatments significantly enhance both the initial TE transport performance and long-term stability of
Sb,Tes/PEO nanocomposites. Chemical treatments effectively reduce surface oxidation and improve
interfacial compatibility, as evidenced by XPS analysis. Treated samples achieve power factors up to
2.6 yW m™ K o and maintain stable performance over 50 days. Hexane dithiol (HDT) treatment
represents the most effective surface modification approach, providing superior chemical stability
and maintaining power factors above 0.12 pyW m™ K-efor extended periods. These results provide
valuable insights for the design of next-generation flexible TE materials and highlight the importance
of surface chemistry control in polymer-inorganic nanocomposites.
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Abbreviations

The following abbreviations are used in this manuscript:

EG ethylene glycol
HCI hydrochloric acid
HDT Hexane dithiol
IP isopropanol
P3HT poly(3-hexylthiophene-2,5-diyl)
PANI polyaniline
PEDOT:PSS  poly(3,4-ethylenedioxythiophene)
PMMA poly(methyl methacrylate)
PF Power factor
SEM Scanning Electron Microscopy
TE Thermoelectric
TGA thioglycolic acid
TOP tri-octylphosphine
XPS X-ray Photoelectron Spectroscopy
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Figure A1l. X-ray powder diffraction (XRD) patterns of the as-made and HCl treated Sb2Tes particles.
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Figure A2. XPS spectra of (a) Sb 3d peaks and (b) Te 3d peaks of Sb2Tes nanoparticles in PEO, measured after 8
weeks;.
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