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A B S T R A C T

Flexible polymer thermoelectrics were realized by dispersing core–shell HESO8@Sb2Te3 particulates within a 
PEG-assisted PEDOT:PSS matrix. Leveraging the high-entropy spinel (HESO8) core for mass-fluctuation/point- 
defect phonon scattering, the composites suppress thermal conductivity (κ), while the Sb2Te3 shell contributes 
to interfacial carrier-transport modulation and percolation-aided charge transport across the conducting 
network. Solution processing yielded self-supporting films with filler contents of 5–20 wt%. Among them, the 10 
wt% specimen provided the most balanced response throughout 300–475 K, exhibiting a monotonic rise in 
Seebeck coefficient with temperature and a peak conductivity near 425 K. At ~425 K, the film delivered ZT ≈
0.50 with κ ≈ 0.21 W m− 1 K− 1 and PF ≈ 2.4 × 102 μW m− 1 K− 2. The performance stems from the dual action of 
(i) κ reduction via the spinel core and abundant polymer–filler interfaces and (ii) PF enhancement associated 
with Sb2Te3-mediated interfacial carrier transport together with PEG-induced PEDOT-rich pathways. This 
spinel–telluride core–shell strategy offers a scalable route to low-κ, high-PF polymer thermoelectrics operating 
from room to mid-temperature.

1. Introduction

Recovering low-grade heat as electricity is increasingly vital for 
sustainable energy systems. Thermoelectric (TE) technology enables 
direct heat–to–electric conversion in solid-state devices, offering 
compactness, zero local emissions, and high reliability—attributes 
attractive for energy harvesting from distributed low-temperature 
sources such as industrial equipment, data centers, electronics, and 
wearables [1–4]. In practice, meaningful efficiency gains originate at the 
materials level: device or system design cannot compensate for limita
tions in intrinsic charge- and heat-transport properties. Consequently, 
TE materials are often deemed “promising yet still short of commercial 
efficiency,” a judgment rooted in their transport constraints [5,6]. For 
research, development, and fair comparison, performance is consistently 
expressed by two material metrics: 

PF= S2σ (1) 

ZT=
S2σT

κ
, κ = κL + κe (2) 

where S is the Seebeck coefficient, σ the electrical conductivity, κ the 
total thermal conductivity comprising lattice (κL) and electronic (κe) 
parts, and T the absolute temperature [7–9]. Maximizing ZT ideally 
requires large S, high σ, and low κ at once, yet these quantities are 
mutually entangled: increases in σ typically raise κe via the Wiede
mann–Franz relation, while S anticorrelates with carrier concentration 
(Pisarenko trend), creating tension with σ. Lowering κ—dominated by 
κL—by introducing more grain boundaries, defects, or interfaces 
strengthens phonon scattering but may degrade mobility μ and thus σ. 
The design imperative is therefore a selective partition of transport: 
retain continuous electronic pathways while suppressing lattice heat 
conduction [10–14].

At near-room temperature, Sb2Te3-based p-type chalcogenides serve 
as representative benchmarks owing to their high carrier mobility and 
favorable electronic transport characteristics. However, their intrinsi
cally high crystallinity leads to a long phonon mean free path, making it 
difficult to suppress lattice thermal conductivity (κ) without concur
rently compromising electrical conductivity (σ). This inherent σ–κ trade- 
off limits further improvement of the thermoelectric figure of merit, 
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particularly under conditions where phonon scattering must be inten
sified. In parallel, oxide thermoelectrics such as spinel-type high-en
tropy oxides exhibit intrinsically strong phonon scattering arising from 
mass and elastic disorder, resulting in inherently low κ together with 
excellent thermal and chemical stability. Yet their localized electronic 
states typically yield low σ, constraining the achievable power factor 
despite moderate or high Seebeck coefficients. To complement these 
inorganic systems, conductive polymers such as PEDOT:PSS provide 
intrinsically low κ, mechanical flexibility, and solution processability, 
making them attractive matrix candidates for flexible and large-area 
devices [15–18]. However, their electrical conductivity and long-term 
stability still lag behind those of inorganic chalcogenides, so that poly
mers alone cannot meet the requirements for high-performance ther
moelectrics. Bridging these contrasting profiles—high-σ but κ-limited 
Sb2Te3-based chalcogenides, low-κ but σ-deficient oxides, and flexible 
yet moderately conducting polymers—has motivated extensive efforts in 
nanostructuring, hierarchical interfaces, core–shell heterostructures, 
and organic–inorganic hybrids. Nevertheless, many of these systems 
continue to suffer from interface-limited carrier transmission, shell 
discontinuity, aggregation-induced mobility loss, and scale-up chal
lenges within polymer matrices [19–21].

In particular, PEDOT:PSS/Sb2Te3 composites have demonstrated the 
utility of Sb2Te3 for improving thermoelectric transport in flexible 
polymer-based systems. At the same time, further expanding the role of 
the inorganic filler toward more effective suppression of lattice heat 
transport remains an important design opportunity. In this context, the 
incorporation of a high-entropy oxide component offers an additional 
structural route to intensify phonon scattering while retaining the 
established thermoelectric advantages of Sb2Te3-based phases. This 
provides the basis for exploring composite architectures in which charge 
transport and lattice heat transport can be more effectively balanced 
within PEDOT:PSS-based thermoelectrics.

Motivated by this design opportunity, this work employs a core–
shell/polymer hybrid comprising high-entropy spinel oxide (HESO8) 
cores wrapped by Sb2Te3 shells and dispersed in PEG/methanol-treated 
PEDOT:PSS. The design aligns with Eqs. (1) and (2) through three 
complementary elements. (i) The HESO8 core, characterized by mass/ 
elastic disorder and local strain fields, is expected to suppress κL by 
promoting phonon scattering. [22–27]. (ii) A continuous Sb2Te3 shell 
network preserves p-type pathways and sustains σ, while the aligned 
molecular structure of the PEG/methanol-treated PEDOT:PSS matrix 
contributes to electronic percolation [28–30]. (iii) The multiphase in
terfaces among core, shell, and polymer add thermal boundary resis
tance, further suppressing lattice heat transport [9,31,32]. Overall, the 
architecture is designed to combine the favorable p-type transport 
characteristics of Sb2Te3 with the enhanced phonon-scattering potential 
of the HESO8 core in a solution-compatible PEDOT:PSS platform, with 
the aim of lowering κ while maintaining a practical PF.

2. Results and discussion

The stepwise fabrication process of the HESO8@Sb2Te3/PEDOT:PSS- 
PEG composites is outlined in Fig. 1.

2.1. Characterization of HESO8

HESO8 nanoparticles (NPs) with the composition 
(Co,Mg,Mn,Ni,Zn)(Al,Co,Cr, Fe,Mn)2O4 were synthesized. Electron 
microscopy reveals particle diameters in the range of approximately 
50–100 nm (Fig. 2a), while EDS mapping confirms spatially uniform 
distributions of Mg, Mn, Co, Ni, Zn, Al, Cr, Fe, and O across the particles 
(Fig. 2b). The XRD pattern is indexed to a single spinel phase (Fd-3m), 
with no secondary reflections detectable within instrumental limits 
(Fig. 2c). To further verify the elemental composition of HESO8, ICP- 
AES analysis was additionally conducted (Table S1). The measured 
elemental contents were Mg 1.62 wt%, Mn 14.92 wt%, Ni 5.65 wt%, Co 
17.52 wt%, Cr 9.58 wt%, Al 3.20 wt%, Fe 10.26 wt%, and Zn 5.93 wt%. 
Because ICP-AES quantifies only the metallic elements, oxygen was not 
included in the reported composition. These results, together with the 
observed particle size, compositional homogeneity, and diffraction 
pattern, are consistent with literature reports of high-entropy spinels 
[22], validating HESO8 as a suitable precursor for subsequent core–shell 
synthesis and composite fabrication.

2.2. Characterization of HESO8@Sb2Te3

TEM reveals discrete HESO8@Sb2Te3 particles in which a 
~100–200 nm HESO8 core is surrounded by a lighter-contrast Sb2Te3 
shell, evidencing a clear core–shell contrast (Fig. 3a). STEM–EDS 
elemental maps corroborate this architecture: Sb and Te are distributed 
across the entire particle, while the core-forming elements (Mg, Mn, Co, 
Ni, Zn, Al, Cr, Fe) together with O are enriched in the interior core region 
(Fig. 3b). The XRD pattern indexes to rhombohedral Sb2Te3 (R-3m) and 
shows no detectable impurity reflections within instrumental limits, in 
agreement with the Sb2Te3 reference pattern (PDF #15-0874) (Fig. 3c). 
The absence of discernible spinel reflections is attributed to the domi
nant diffraction of the shell and/or the limited scattering volume of the 
buried core. Collectively, TEM/EDS/XRD unambiguously confirm the 
successful formation of an Sb2Te3 shell and a chemically uniform cor
e–shell structure suitable for subsequent thermoelectric measurements. 
The Sb2Te3 shell thickness was further quantified from the TEM images, 
yielding an average thickness of 10.13 nm with a standard deviation of 
σ = 1.02 nm (10.1%) (Fig. S1). This result provides quantitative support 
for the observed core-shell morphology.

Fig. 1. Diagrammatic representation of the fabrication procedure for the composites.
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2.3. Characterization of PEDOT:PSS-PEG matrix

Fig. 4 compares pristine PEDOT:PSS, a PEG-400–blended film, and 
the same blend after brief methanol immersion. In the FT-IR spectra 
(Fig. 4a), the neat PEDOT:PSS film exhibits only weak and broad fea
tures under our measurement conditions. Upon PEG-400 addition, 
distinct bands arising from both the host polymer and the plasticizer 
appear: a broad O–H stretching envelope at ~3200–3500 cm− 1 attrib
utable to hydrogen-bonded PEG within the sulfonated matrix, PEG C–H 
stretching modes in the 2950–2870 cm− 1 region (with a clear compo
nent near 2875 cm− 1), and backbone-related C–S/C–O–C vibrations 
within 900–1200 cm− 1. The enhanced intensities at 2875 cm− 1 (PEG 
C–H), 1645 cm− 1 (C–O–H bending), and within the broad ~3300 cm− 1 

region confirm the incorporation and retention of PEG within the 
PEDOT:PSS matrix. After MeOH immersion, the PEG-related C–H 
stretching modes (2950–2870 cm− 1) and the broad O–H envelope 
around 3200–3500 cm− 1 both decrease markedly in intensity, while the 

residual backbone bands become slightly sharper. These spectral 
changes indicate that a significant fraction of electrically insulating, 
weakly bound/free PEG-400 is removed from the film by the MeOH 
treatment and that the remaining polymer network undergAES a mild 
reorganization associated with secondary doping.

XPS S 2p spectra (Fig. 4b) further elucidate the evolution of the 
PEDOT:PSS–PEG matrix. The pristine PEDOT:PSS film (bottom spec
trum) exhibits two well-resolved doublets, with a low-binding-energy 
pair at ~163.5–164.5 eV assigned to thiophene sulfur in PEDOT and a 
high-binding-energy pair at ~168.5–169.5 eV attributed to sulfonate 
sulfur in PSS. After PEG-400 blending (top spectrum), the overall S 2p 
intensity decreases and both the PEDOT- and PSS-related peaks appear 
substantially weaker than in the pristine film. In contrast, the MeOH- 
soaked PEDOT:PSS–PEG film (middle spectrum) recovers clearly 
resolved PEDOT- and PSS-derived doublets. Notably, the relative in
tensity of the high-binding-energy PSS-derived SO3

− doublet is appre
ciably lower than in the pristine film, whereas the PEDOT thiophene 

Fig. 2. (a) SEM image of High-Entropy Spinel Oxide8 (HESO8) particles, (b) EDS elemental mapping of HESO8 (Mg, Mn, Co, Ni, Zn, Al, Cr, Fe, O), (c) XRD pattern 
of HESO8.

Fig. 3. (a) TEM image of HESO8@Sb2Te3 core–shell particles; (b) STEM–EDS elemental maps; (c) XRD pattern of HESO8@Sb2Te3.
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contribution remains comparable. This systematic reduction of the PSS 
signal, without a corresponding loss of PEDOT-S, indicates that electri
cally insulating PSS together with S-free PEG-400 domains is selectively 
removed from the near-surface region during the MeOH treatment.

C 1s spectra (Fig. 4c) show that PEG-400 blending increases the 
relative contribution of the higher-binding-energy C–O/C–O–C compo
nents, leading to a more pronounced C–O character in the overall peak 
envelope. After MeOH soaking, this C–O-related contribution is reduced 
and the C 1s line shape reverts to a profile closely resembling that of 
pristine PEDOT:PSS. A similar trend is observed in the O 1s spectra 
(Fig. 4d): the PEDOT:PSS–PEG film exhibits an enhanced C–O/C–O–C 
contribution, which diminishes after MeOH treatment, yielding an O 1s 
peak distribution comparable to that of the neat PEDOT:PSS film. Taken 
together with the FT-IR and S 2p/P 2p results, these changes indicate 
that MeOH soaking partially removes PEG-400 and PSS from the near- 
surface region and reorganizes the matrix toward a more PEDOT- 
centered configuration.

Transport measurements (Fig. S2) exhibit a monotonic increase in 
room-temperature conductivity from ~8 S cm− 1 for pristine PEDOT:PSS 
to ~15 S cm− 1 for the PEG-400 blend and ~34 S cm− 1 for the PEG-400 
+ MeOH film. The first enhancement is consistent with literature reports 
that PEG-induced charge screening between PEDOT and PSS promotes 
phase separation and rearrangement of PEDOT chains into larger, 
better-connected conducting domains, thereby improving interchain 
percolation [33]. The additional conductivity gain after MeOH soaking 
is ascribed to a secondary purification effect, in which electrically 
insulating PEG-400 and PSS are partially removed from the near-surface 
region, increasing the effective PEDOT volume fraction and connectiv
ity. Overall, PEG reorganizes the intermolecular network and MeOH 
further refines the composition and morphology, yielding a PEDOT: 
PSS–PEG matrix with substantially enhanced conductivity while 
retaining sufficient solution processability for subsequent 
inorganic-filler integration.

Fig. 4. (a) FT-IR spectra of PEDOT:PSS, PEDOT:PSS–PEG, and PEDOT:PSS–PEG (MeOH-soaked), (b) high-resolution XPS S 2p spectra of the same films, (c) high- 
resolution XPS C 1s spectra, (d) high-resolution XPS O 1s spectra.
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2.4. Characterization of HESO8@Sb2Te3/PEDOT:PSS-PEG composite

Fig. 5a shows a bent HESO8@Sb2Te3/PEDOT:PSS composite film 
(inset: top-surface view), confirming that the disk-shaped specimen (ϕ 
≈ 22 mm) remains self-supporting and flexible after incorporation of the 
core–shell filler. In cross-sectional FE-SEM images, neat PEDOT:PSS- 
PEG (Fig. 5b) exhibits a relatively continuous, feature-poor lamellar 
cross-section characteristic of a densely packed polymer film. By 
contrast, the 10 wt% HESO8@Sb2Te3/PEDOT:PSS-PEG composite 
(Fig. 5c) displays a more pronounced laminated microtexture with 
elongated interlamellar gaps, indicating that the core–shell particles are 
embedded within the PEDOT:PSS-PEG matrix while the overall layered 
integrity is retained. At a higher loading of 20 wt% (Fig. 5d), the cross- 
section becomes rougher and shows particle-rich protrusions and un
dulating layers, suggesting increased microstructural heterogeneity and 
partial aggregation of the inorganic domains. These observations imply 
that, at moderate filler levels (10 wt%), the core–shell particulates can 
be accommodated within the PEDOT:PSS-PEG framework without se
vere disruption, whereas higher loadings (20 wt%) introduce additional 
interfaces and defects that are expected to further enhance phonon 
scattering but may also begin to compromise the continuity of the 
electronic transport pathways.

2.5. Thermoelectric properties of HESO8@Sb2Te3/PEDOT:PSS-PEG 
composite

Temperature-dependent electrical conductivity (σ), Seebeck coeffi
cient (S), and power factor (PF––S2⋅σ) for composites with various filler 
loadings are summarized in Fig. 6a–c. In brief, σ reaches 89.5 S cm− 1 at 

425 K for the composition with 10 wt% filler. As seen in Fig. 6a, σ 
generally increases up to 375 K and then declines beyond 425 K. The 
high-temperature downturn arises from the combined effects of pho
non–carrier scattering, the dominance of grain/defect-mediated scat
tering, and microstructural relaxation (grain coarsening, interface 
degradation, local lattice distortion), which shorten the carrier mean 
free path and reduce mobility [34,35].

Fig. 6b confirms p-type behavior with positive S across the measured 
range. Among the examined compositions, the 10 wt% sample exhibits 
the highest σ, whereas S increases with filler content and attains 201.03 
μV K− 1 at 475 K for 20 wt%.

To rationalize these trends, we invoke the standard transport re
lations: 

σ = n e μ⋯ (3) 

S=
8π2kB

2

3eh2 m*T
( π

3n

)2
3⋯ (4) 

where n, e, μ, kB, h, and m* denote the carrier concentration, elementary 
charge, mobility, Boltzmann constant, Planck constant, and effective 
mass, respectively [36]. Equations (3) and (4) directly explain the 
anticorrelation between S and n and the mobility penalty at high load
ings: as filler content increases, enhanced interfacial scattering and 
possible particle agglomeration suppress μ, while chemical 
de-doping/trapping may reduce n [37,38]. Consequently, a trade-off 
emerges and σ peaks around 10 wt% (see Fig. 6c). The PF evolution 
(Fig. 6c) mirrors this balance, reaching 240.72 μW m− 1 K− 2 at 425 K for 
10 wt%. To further substantiate the necessity of the Sb2Te3 shell, we 
compared these results with the electrical properties of composites 

Fig. 5. (a) Digital photograph of the HESO8@Sb2Te3/PEDOT:PSS-PEG composite; inset: top-surface view. Cross-sectional FE-SEM images of (b) neat PEDOT:PSS- 
PEG,(c) 10 wt% HESO8@Sb2Te3/PEDOT:PSS-PEG and,(d) 20 wt% HESO8@Sb2Te3/PEDOT:PSS-PEG composite.
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incorporating bare HESO8 fillers (Fig. S3). The HESO8-only composites 
exhibit extremely low electrical conductivity over the entire tempera
ture range (Fig. S3a), which leads to severely limited power factors 
(Fig. S3c). These observations demonstrate that HESO8 alone cannot 
provide continuous electronic pathways, confirming that the Sb2Te3 
shell is indispensable for sustaining σ and enabling meaningful PF 
enhancement. For comparison, the Sb2Te3-only composite exhibited 
slightly higher electrical conductivity and power factor than the 
HESO8@Sb2Te3 core-shell composite. (Fig. S4) This result indicates that 
Sb2Te3 primarily governs charge transport in the present system, while 
the role of the core-shell structure is not to maximize σ or PF alone, but 
to achieve a more balanced thermoelectric performance.

To further probe the carrier transport characteristics, temperature- 
dependent Hall measurements were carried out (Fig. S7). The Hall 
data show that the optimally loaded HESO8@Sb2Te3/PEDOT:PSS 
composite maintains relatively favorable mobility together with a 
moderated carrier concentration across the investigated temperature 
range. This trend indicates that the core-shell interfacial architecture 
influences carrier transport in a selective manner and provides addi
tional support for a possible energy-filtering contribution. Moreover, 
although the carrier concentration generally increases with tempera
ture, the carrier mobility decreases noticeably at higher temperature, 

particularly above 425 K. This behavior indicates that the conductivity 
degradation at elevated temperature is mainly associated with mobility 
loss rather than carrier depletion. Taken together, these results also help 
explain why 10 wt% is the optimal filler loading. At lower filler contents, 
the contribution of the HESO8@Sb2Te3 filler to interfacial transport 
modulation and thermal conductivity suppression is still limited. By 
contrast, at higher filler contents, the Hall results indicate a more pro
nounced mobility loss, which offsets the benefit of the increased Seebeck 
coefficient. Therefore, the 10 wt% composite provides the most favor
able balance between electrical transport and thermal transport, 
resulting in the highest overall thermoelectric performance.

Total thermal conductivity (κ) is plotted in Fig. 7a and decreases with 
both temperature and filler fraction. To quantify this behavior, we 
decompose κ and evaluate the electronic contribution using the standard 
relations:. 

κ = κe + κl⋯ (5) 

κe = L T σ⋯ (6) 

L=
[

1.5+ exp
(

−
|S|

116

)]

× 10− 8⋯ (7) 

Fig. 6. Temperature-dependent thermoelectric properties of HESO8@Sb2Te3/PEDOT:PSS-PEG composites with 5, 10, 15, and 20 wt% filler: (a) electrical con
ductivity (four-probe), (b) Seebeck coefficient, (c) power factor (PF––S2⋅σ).

Fig. 7. Temperature-dependent thermophysical properties of HESO8@Sb2Te3/PEDOT:PSS-PEG composites with 5, 10, 15, and 20 wt% filler: (a) total thermal 
conductivity (LFA), (b) dimensionless figure of merit (ZT).
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where κe and κL are the electronic and lattice thermal conductivities, L is 
the Lorenz number estimated from the measured S via Eq. (7), T is ab
solute temperature, and σ is the electrical conductivity. Using Eqs. (5)– 
(7), we obtained L, κe, and κL at 300 K (Table S2), confirming that lattice 
heat transport (κL) dominates in these composites [39,40]. To further 
examine the thermal role of the HESO8 core, its contribution was 
examined through comparison with HESO8-only composites, as shown 
in Fig. S5. The HESO8-only composites exhibit a pronounced decrease in 
total thermal conductivity, which is consistent with enhanced phonon 
scattering associated with mass/elastic disorder in the high-entropy 
oxide phase (Fig. S5a). However, because these composites suffer from 
extremely low σ (Fig. S3a), their resulting ZT values remain significantly 
limited (Fig. S5b). This comparison suggests that although HESO8 is 
effective in reducing κ, the shell component is essential for balancing 
electrical and thermal transport. In comparison with the Sb2Te3-only 
composite, the HESO8@Sb2Te3 core-shell composite showed lower 
thermal conductivity and slightly higher ZT, even though its electrical 
conductivity and power factor were somewhat lower (Fig. S6). This 
suggests that the core-shell configuration is more effective in improving 
the overall thermoelectric balance by suppressing thermal transport. 
Taken together, the results from Figs. S3 and S5 suggest that the Sb2Te3 
shell serves as a key structural component for linking electrical transport 
with thermal conductivity reduction, supporting the usefulness of the 
core–shell strategy for flexible low-to mid-temperature thermoelectrics.

To assess the sensitivity of this analysis to the Lorenz-number model, 
additional calculations were also performed using L = 1.5× 10− 8 and 
L = 2.44 × 10− 8 W Ω K− 2, corresponding to the nondegenerate acoustic- 
scattering limit and the degenerate Sommerfeld limit, respectively 
(Tables S3 and S4). Although the absolute κe and κL values vary slightly 
depending on the assumed L, the electronic contribution remains minor 
and the conclusion that lattice heat transport dominates is unchanged. 
The observed reduction in κL is likely associated with the combined ef
fects of (i) the high-entropy spinel (HESO8) core, which introduces 
chemical/mass disorder, elastic mismatch, and local strain fields; (ii) 
multiphase boundaries (core–shell–polymer), which increase thermal 
boundary resistance; and (iii) grain-boundary and shell-related nano
structural scattering in the Sb2Te3 shell. Together, these structural fea
tures suppress phonon transport, yielding a minimum κ of 0.19 W m− 1 

K− 1 at 475 K for the 10 wt% composite. Consistent with the reduction in 
κ, the figure of merit ZT = S2σT/κ (Fig. 7b) reaches 0.49 at 425 K for the 
10 wt% composite. This improvement is attributed to the retained 
electronic transport through the continuous p-type Sb2Te3 shell 
network, together with reduced lattice heat transport promoted by the 
HESO8 core and the heterogeneous interfacial architecture. In combi
nation with the optimized balance between S and σ, the composite ex
hibits a more favorable transport balance for mid-to low-temperature 

thermoelectric applications
To further clarify the significance of the present thermoelectric 

performance, the peak PF and ZT values of the 10 wt% HESO8@Sb2Te3/ 
PEDOT:PSS-PEG composite were quantitatively compared with those of 
recently reported flexible thermoelectric composites, as summarized in 
Fig. S8. The present composite is positioned among the better- 
performing systems in the PF–ZT plot. Although its PF is not the high
est among the compared flexible composites, it achieves a high ZT of 
0.49 owing to its low thermal conductivity. This result indicates that the 
HESO8@Sb2Te3 core-shell architecture is effective in enhancing overall 
thermoelectric efficiency by reducing thermal conductivity while 
maintaining practical electrical transport.

2.6. Cycling stability of HESO8@Sb2Te3/PEDOT:PSS-PEG composite

To evaluate thermal stability near 150 ◦C, repeated thermal cycling 
tests were performed for the HESO8@Sb2Te3/PEDOT:PSS-PEG com
posite between room temperature and 150 ◦C. As shown in Fig. 8, the 
electrical conductivity gradually decreased after cycling, whereas the 
Seebeck coefficient remained relatively stable. Accordingly, the power 
factor showed a moderate decline, while retaining about 94.4% and 
82.8% of its initial value after 5 and 10 cycles, respectively. This result 
indicates reasonable thermoelectric stability under repeated thermal 
cycling near 150 ◦C. Environmental stability is also an important 
consideration for PEDOT:PSS-based systems, since humidity, oxidation, 
and time-dependent resistance changes may affect long-term perfor
mance. Although these factors were not examined separately in the 
present study, they should be considered in future efforts toward prac
tical device implementation. In addition to thermal cycling stability, the 
mechanical bending stability of HESO8@Sb2Te3/PEDOT:PSS, 
HESO8@Sb2Te3/PEDOT:PSS-PEG, and HESO8@Sb2Te3/PEDOT:PSS- 
PEG (MeOH) films was also evaluated. As shown in Fig. S9, the PEG- 
containing film exhibited the smallest resistance change during 
repeated bending at a fixed radius of 4 mm and under different bending 
radii, indicating improved mechanical flexibility and electrical stability. 
By contrast, the MeOH-treated film showed a relatively larger resistance 
variation, suggesting that the solvent treatment partially reduced the 
bendability of the film.

3. Conclusions

This work establishes a flexible thermoelectric platform by inte
grating high-entropy spinel oxide (HESO8) cores with Sb2Te3 shells in a 
PEDOT:PSS-PEG matrix, implementing a decoupled-transport architec
ture that preserves electronic conduction while selectively suppressing 
lattice heat flow. Disorder-driven phonon scattering from the HESO8 

Fig. 8. Thermal cycling stability of the 10 wt% HESO8@Sb2Te3/PEDOT:PSS-PEG composite near 150 ◦C: (a) electrical conductivity, (b) Seebeck coefficient, and (c) 
power factor of the pristine sample and after 5 and 10 cycles.
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core, together with the thermal boundary resistance at core–shell–pol
ymer interfaces, effectively lowers the total thermal conductivity 
without compromising charge transport through the Sb2Te3 shell 
network. As a result, the composite achieves σ = 89.5 S cm− 1, S = 164 
μV K− 1, PF = 240.7 μW m− 1 K− 2, κ = 0.21 W m− 1 K− 1, and ZT = 0.49 at 
10 wt% and 425 K (Figs. 6 and 7, Table S1). The PEG/methanol-treated 
PEDOT:PSS matrix contributes to the formation of flexible, self- 
supporting composite films, while the added thermal cycling results 
indicate reasonable stability near 150 ◦C under repeated heating–cool
ing conditions. Collectively, these results demonstrate that the high- 
entropy core–shell design can deliver low κ alongside practical PF, 
yielding flexible composites with potential for low-to mid-temperature 
thermoelectric applications.
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