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Flexible thermoelectric (TE) materials that can efficiently convert low-grade heat into electricity have
received increasing attention for wearable and portable energy-harvesting systems. In this study, hollow
Ag@Ag,Se core-shell fillers were synthesized via a NaCl-templated method and incorporated into a
PEDOT:PSS/PEG hybrid matrix to construct flexible TE composites. The hollow structure effectively
reduced thermal transport through phonon scattering, while the metallic Ag core and semiconducting
Ag,Se shell provided continuous electron pathways and interfacial energy filtering. The addition of PEG
improved interfacial compatibility and introduced thermal buffering behavior within the polymer network.
As the filler content increased, both electrical conductivity and Seebeck coefficient were enhanced due
to synergistic carrier transport between the hybrid phases. For the optimized composite containing
10 wt% hollow Ag@Ag.,Se, the maximum electrical conductivity of 41913 S m~ was achieved at 375 K,
whereas the highest Seebeck coefficient of —151.5 pV K™t and the maximum power factor of 876 pW m™
K2 were obtained at 300 K. Despite the increased electrical performance, the overall thermal conduc-
tivity remained as low as 0.4 W m™ K™%, resulting in a peak figure of merit (ZT) of 0.62. Moreover, the
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flexible device exhibited stable and reproducible output power of 3.8 pW at a temperature difference of
50 K. These results demonstrate that the combination of hollow Ag@Ag,Se fillers and the PEDOT:PSS/
PEG matrix provides an effective strategy for realizing high-performance, flexible thermoelectric materials

rsc.li/dalton suitable for low-grade waste heat recovery and wearable energy applications.
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1. Introduction

Thermoelectric (TE) materials capable of directly converting
heat into electricity have attracted considerable attention for
sustainable energy harvesting and waste-heat recovery
applications.”” However, the widespread use of inorganic TE
materials such as Bi,Te;, PbTe, and SnSe is limited by their
high cost, brittleness, and complicated fabrication processes.
In contrast, organic or hybrid polymer-based TE materials
have emerged as promising alternatives due to their low
density, mechanical flexibility, solution processability, and low
thermal conductivity.>> Among them, poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS) has been
widely studied because of its high electrical conductivity and
environmental stability.® Nevertheless, its relatively low

“School of Chemical Engineering, Chung-Ang University, Seoul 06974, Republic of
Korea. E-mail: jooheonkim@cau. ac.kr

bDepartment of Intelligent Energy and Industry, Graduate School, Chung-Ang
University, Seoul 06974, Republic of Korea

‘Department of Mechanical and Aerospace Engineering, University of California,
Irvine, CA 92679, USA

This journal is © The Royal Society of Chemistry 2026

Seebeck coefficient and limited carrier mobility restrict further
improvements in thermoelectric performance, defined by the
dimensionless figure of merit

ZT = [S%c/k] x T (1)
where S, o, and k denote the Seebeck coefficient, electrical con-
ductivity, and thermal conductivity, respectively.

To overcome these limitations, numerous strategies such as
secondary doping, hybridization with inorganic fillers, and
interfacial engineering have been explored.'>'! In particular,
incorporating high-performance inorganic fillers into polymer
matrices can enhance the carrier transport pathways and intro-
duce energy-filtering effects that boost S without severely sacri-
ficing 6. Among various inorganic candidates, silver selenide
(Ag,Se) has drawn significant attention as an n-type semi-
conductor with intrinsically high electrical conductivity and
large Seebeck coefficient.">"* In addition, its relatively low tox-
icity and flexibility compared with traditional inorganic ther-
moelectrics make it suitable for hybrid systems. However, the
dense nature of Ag,Se and the interfacial mismatch with soft
polymer matrices often lead to filler aggregation, poor dis-
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persion, and thermal short-circuiting, which diminish the
expected TE performance.

Recently, hollow or core-shell structured metallic fillers
have been introduced to address these issues by simul-
taneously improving electrical conduction and suppressing
heat transport.""® The internal voids of hollow structures
effectively scatter phonons and reduce thermal conductivity,
while the metallic framework preserves high carrier mobility.
Building upon this concept, constructing a hollow Ag@Ag,Se
core-shell filler can leverage the superior electrical transport
of Ag and the semiconducting behavior of Ag,Se to achieve a
favorable balance between o, S, and «.

In this work, we report the synthesis of hollow Ag@Ag,Se
core-shell fillers via a NaCl-template-assisted method and their
integration into a PEDOT:PSS/PEG hybrid matrix to form flex-
ible thermoelectric composites. Polyethylene glycol (PEG) was
introduced to enhance the interfacial compatibility between
the polymer and the inorganic phase while simultaneously pro-
viding thermal buffering through its phase-change properties.
The combination of a hollow metallic-semiconducting filler
and a soft, conductive polymer matrix enables the design of a
hybrid system with improved energy conversion efficiency and
mechanical robustness. This study demonstrates that the syner-
gistic interplay between the hollow Ag@Ag,Se architecture and
the PEDOT:PSS/PEG matrix leads to a remarkable enhancement
in electrical conductivity, Seebeck coefficient, and power factor,
while maintaining low thermal conductivity. Furthermore, the
resulting flexible composite films exhibit stable thermoelectric
power generation under practical temperature gradients,
offering a promising pathway toward high-performance, light-
weight, and wearable thermoelectric energy-harvesting devices.

2. Results and discussion

Fig. 1 shows a schematic illustration of the fabrication process
of the hollow Ag@Ag,Se/PEDOT:PSS/PEG composites. Hollow
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Ag particles were first synthesized using a NaCl-templated
method, followed by an in situ Se®~ substitution reaction with
Na,SeSO; in diethylene glycol to form the Ag,Se shell. In paral-
lel, a conductive and thermally buffering polymer matrix was
prepared by chemically incorporating PEG into PEDOT:PSS.
Finally, the hollow Ag@Ag,Se particles were dispersed into the
polymer matrix and drop-cast into flexible films, enabling a
synergistic design that combines high electrical conductivity,

enhanced Seebeck coefficient, and reduced thermal
conductivity.
2.1. Characterization of hollow Ag@Ag,Se filler

Fig. 2 shows the morphological evolution of the samples. The
pristine NaCl particles (Fig. 2a) exhibit irregular and nearly
spherical shapes, whereas the NaCl templates (Fig. 2b) trans-
formed into well-defined cubic crystals with smooth facets and
uniform size, indicating successful shape control during the
process. Particle size analysis was performed to quantitatively
evaluate the size distribution and uniformity of the NaCl tem-
plates. As shown in Fig. S1, the differential particle size distri-
bution exhibits a narrow and unimodal profile, indicating
good uniformity of the NaCl templates. The cumulative distri-
bution further confirms the limited size dispersion, suggesting
that the template particles are well controlled. The mean par-
ticle size of the NaCl templates was determined to be approxi-
mately 1.93 pm. Such a uniform size distribution is beneficial
for achieving reproducible hollow structures and plays a criti-
cal role in the subsequent formation and microstructural evol-
ution of the hollow Ag and Ag@Ag,Se structures. The hollow
Ag particles (Fig. 2¢) maintain this cubic framework but reveal
a distinct internal cavity and partially opened edges, confirm-
ing the hollow structure. After surface modification, the
hollow Ag@Ag,Se particles (Fig. 2d) preserve the cubic outline
while exhibiting a rougher surface, suggesting uniform coating
and formation of a core-shell morphology. These observations
confirm that each stage of transformation proceeds without
loss of structural integrity, resulting in uniform hollow and
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Fig. 1 Schematic illustration of the fabrication of the hollow Ag@Ag,Se/PEDOT:PSS/PEG composite.
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Fig. 2 Morphologies of (a) pristine NaCl, (b) NaCl template, (c) hollow Ag, and (d) hollow Ag@Ag,Se.

core-shell architectures. As shown in Fig. S2a, the FE-SEM
image clearly reveals the hollow architecture of the Ag@Ag,Se
particles, characterized by a well-defined internal cavity sur-
rounded by a continuous shell. The corresponding EDS
elemental mapping images (Fig. S2b and c) show that Ag and
Se are uniformly distributed throughout the shell region. The
presence of distinct shell-void interfaces and compositional
confinement of Ag and Se to the outer framework indicate suc-
cessful selenization of the hollow Ag template into hollow
Ag@Ag,Se, consistent with the proposed structural evolution.

The crystalline phases of the samples were identified by
X-ray diffraction, as shown in Fig. 3a and b. Both pristine NaCl
and the NaCl template (Fig. 3a) display diffraction peaks at 26
=27.3°, 31.7°, 45.5°, and 56.5°, which correspond well to the
(111), (200), (220), and (222) planes of cubic NaCl (PDF # 00-
005-0628). The identical peak positions and sharp intensities
confirm that the templating process did not alter the crystallo-
graphic structure or crystallinity of NaCl.

In Fig. 3b, the diffraction pattern of hollow Ag exhibits
reflections at 38.1°, 44.3°, and 64.4°, indexed to the (111),
(200), and (220) planes of cubic Ag (PDF # 01-087-0717). After
surface modification, additional peaks appear at 33.4°, 34.7°,
36.9°, and 39.9°, matching well with orthorhombic Ag,Se (PDF
# 01-080-7685). The coexistence of Ag and Ag,Se diffraction
peaks confirms the formation of a core-shell structure in
which crystalline Ag,Se is uniformly deposited on the hollow
Ag surface without phase impurities.

This journal is © The Royal Society of Chemistry 2026

The chemical states of the elements were further analyzed
by X-ray photoelectron spectroscopy (Fig. 3c-f). The Ag 3d
spectrum of hollow Ag (Fig. 3c) shows two peaks at 368.3 eV
(Ag 3ds,,) and 374.3 €V (Ag 3d3,), consistent with metallic Ag®.
Fig. 3d shows the XPS survey spectrum of the hollow
Ag@Ag,Se structure, where distinct Ag 3d and Se 3d signals
are observed, along with minor O 1s and C 1s peaks attributed
to surface-adsorbed species. Notably, no sulfur-related peaks
are detected, indicating that sulfur is not incorporated into the
final Ag@Ag,Se structure. The atomic percentages derived
from the survey spectrum further confirm that the compo-
sition is dominated by Ag and Se, supporting the formation of
sulfur-free Ag@Ag,Se rather than a mixed Ag,(S,Se) phase. In
our synthesis, Na,SO; was employed solely to generate the
Na,SeSO; selenium precursor by dissolving elemental Se in a
sulfite solution, which is a well-established and widely
adopted approach for solution-based Ag,Se synthesis.'®'” In
this process, Na,SO; functions as a reducing and complexing
agent that facilitates the formation of reactive selenium
species, rather than serving as a sulfur dopant source. In the
case of hollow Ag@Ag,Se (Fig. 3e), the Ag 3d peaks slightly
shift toward higher binding energy and can be deconvoluted
into Ag® and Ag" components, indicating partial oxidation of
Ag and the presence of Ag-Se bonding. The Se 3d spectrum
(Fig. 3f) exhibits characteristic doublets at 54.1 eV (Se 3ds,)
and 54.9 eV (Se 3dj,), corresponding to Se*” in Ag,Se."®™°
These results verify that Ag in the outer shell exists in a mixed

Dalton Trans., 2026, 55, 2111-2122 | 2113
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Fig. 3 XRD patterns of (a) pristine and prepared NaCl, and (b) hollow Ag and Ag@Ag,Se. (d) XPS survey spectrum of Ag@Ag,Se with an inset
showing the atomic percentages. High-resolution XPS spectra of (c) hollow Ag and (e and f) hollow Ag@Ag,Se.

valence state of Ag°/Ag”*, while Se maintains the reduced Se*~
state, confirming the successful formation of the Ag,Se phase
on the hollow Ag framework.

2.2. Characterization of PEDOT:PSS/PEG matrix

Fig. 4 presents the structural and thermal analyses, as well as
surface morphologies of the PEDOT:PSS/PEG matrix. The FT-IR
spectra (Fig. 4a) reveal the characteristic peaks of each com-
ponent. Pure PEG shows typical C-H stretching vibrations near
2880 cm™" and a strong C-O-C stretching band at 1100 cm™,
while PEDOT:PSS exhibits absorption bands associated with
the C=C stretching of the thiophene ring (%1510 cm™") and
the S=O stretching of sulfonate groups (%1130 ecm™"). In the
PEDOT:PSS/PEG spectrum, the major peaks of both polymers
are simultaneously observed, and a slight shift in the C-O-C
and S=O bands indicates weak intermolecular interactions—
likely hydrogen bonding—between PEG chains and PSS
segments.”?*> This suggests good miscibility and interfacial
compatibility between the two components.

The DSC curves (Fig. 4b) show an endothermic peak for
pure PEG corresponding to its melting transition at around
315 K. In the PEDOT:PSS/PEG composite, this melting peak
shifts slightly to higher temperature and broadens, implying

214 | Dalton Trans., 2026, 55, 2111-2122

restricted crystallization of PEG within the polymer matrix and
enhanced interfacial interaction with PEDOT:PSS.>* Such
thermal behavior demonstrates that PEG maintains its latent
heat functionality while being partially confined by the con-
ductive polymer network. Fig. S3 shows the variation in latent
heat and electrical conductivity of the PEDOT:PSS/PEG matrix
as a function of PEG1000 content. As the PEG content
increased, the latent heat of the matrix increased monotoni-
cally, indicating enhanced phase-change behavior. In contrast,
the electrical conductivity decreased with increasing PEG
content, reflecting the insulating nature of PEG and the dis-
ruption of continuous PEDOT:PSS conductive pathways at
higher loadings. These results reveal a clear trade-off between
latent heat performance and electrical transport. Notably, a
PEG1000 content of 10 wt% provided a distinct latent heat
(~20 J ¢7") while retaining relatively high electrical conduc-
tivity compared to higher PEG loadings. Therefore, consider-
ing the balance between achieving meaningful latent heat per-
formance and minimizing electrical conductivity deterioration,
10 wt% PEG1000 was selected as the optimal composition for
this study.

The SEM images (Fig. 4c-e) further illustrate the morphologi-
cal differences among the matrices. Pure PEDOT:PSS (Fig. 4c)

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) FT-IR spectra and (b) DSC curves of the matrices during the
PEG, and (e) PEDOT:PSS/PEG.

exhibits a relatively smooth and dense surface, whereas PEG
(Fig. 4d) shows a rough and fractured morphology due to its
crystalline nature. In contrast, the PEDOT:PSS/PEG composite
(Fig. 4e) displays an interconnected, wrinkled texture, suggesting
the formation of a continuous mixed phase. The wrinkled and
layered surface structure is beneficial for flexible thermoelectric
applications, as it enhances mechanical compliance and pro-
vides continuous electron transport pathways through the
PEDOT:PSS framework.

2.3. Characterization of final composite film

Fig. 5 shows the macroscopic and microscopic morphologies
of the PEDOT:PSS/PEG matrices incorporating different load-
ings of hollow Ag@Ag,Se fillers. The digital photograph in
Fig. 5a demonstrates that the final composite forms a flexible,
free-standing film with a uniform black appearance and
smooth surface, confirming good film integrity and homogen-
eity over a large area.

Cross-sectional FE-SEM images (Fig. 5b-e) reveal the dis-
persion behavior of the hollow Ag@Ag,Se fillers within the
polymer matrix at various concentrations. At 2.5 wt% loading
(Fig. 5b), a small number of isolated filler particles are sparsely

This journal is © The Royal Society of Chemistry 2026

preparation of PEDOT:PSS/PEG. Morphologies of (c) pure PEDOT:PSS, (d)

embedded within the dense polymer network. Increasing the
filler content to 5 wt% (Fig. 5¢c) results in a more uniform dis-
tribution with minimal interfacial voids, suggesting improved
compatibility between the inorganic fillers and the organic
matrix. At 7.5 wt% (Fig. 5d), the fillers are well interconnected
while still maintaining a continuous polymeric phase, forming
a percolated microstructure that can facilitate efficient charge
transport. However, at 10 wt% loading (Fig. 5e), partial aggre-
gation of fillers becomes apparent, with densely packed clus-
ters observed throughout the cross section. At Ag@Ag,Se load-
ings above 10 wt%, severe filler aggregation and loss of film-
forming ability prevented the fabrication of continuous com-
posite films, imposing a practical upper limit on the filler
content in this system.

The elemental mapping images (Fig. 5f) further confirm
the presence and homogeneous distribution of Ag and Se
within the composite, corresponding to the hollow Ag@Ag,Se
phase, while the C signal originates from the PEDOT:PSS/PEG
matrix. The co-localization of Ag and Se signals without signifi-
cant segregation verifies that the fillers are evenly dispersed
and maintain their core-shell composition within the polymer
framework.

Dalton Trans., 2026, 55, 2111-2122 | 2115
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Fig. 5 (a) Digital photograph of the final composite and the inset shows the top surface of composite. Cross-sectional FE-SEM images of composite
using (b) 2.5 wt%, (c) 5 wt%, (d) 7.5 wt%, and (e) 10 wt% of filler. (f) EDS elemental mapping images of final composite.

2.4. Thermoelectrical properties of composite film

Fig. 6 presents the temperature-dependent electrical transport
properties of the PEDOT:PSS/PEG composites with different
Ag@Ag,Se filler contents. As shown in Fig. 6a, the electrical
conductivity increases monotonically with increasing filler
loading across the entire temperature range, indicating that
the incorporation of Ag@Ag,Se effectively promotes charge
transport within the composite. This enhancement can be
attributed to the formation of percolated conductive pathways
through the Ag core and the efficient carrier transport enabled
by the semiconducting Ag,Se shell.**2° The 10 wt% composite
exhibits the highest electrical conductivity (41913 S m™),
which is attributed to the formation of interconnected con-
ducting pathways through the Ag@Ag,Se fillers and improved
interfacial charge transport between the inorganic and poly-
meric phases. In addition, all composites exhibit a conduc-
tivity maximum at approximately 375 K, which reflects the
interplay between thermally activated carrier generation and
mobility degradation at elevated temperatures.>”*

To further analyze, the electrical conductivity and Seebeck
coefficient can be expressed using the following equations:

c=nxexypu (2)

2116 | Dalton Trans., 2026, 55, 211-2122

78><7'C2><k]32
T 3xexh?

) ()

><m*><T><<
3xXn

where n, e, u, kg, h, and m* denote the carrier concentration,
electron charge, carrier mobility, Boltzmann’s constant,
Planck’s constant, and effective mass of the carrier, respect-
ively.”® Based on eqn (2), the increase in electrical conductivity
with filler content can be directly correlated with the enhanced
carrier concentration and the establishment of additional con-
ductive pathways. This interpretation is further supported by
Fig. 6b, which shows that the carrier concentration of the
10 wt% composite increases steadily with temperature, indicat-
ing enhanced thermal activation of charge carriers and
effective carrier injection from the Ag@Ag,Se fillers into the
polymer matrix. Conversely, the carrier mobility decreases with
increasing temperature due to intensified carrier-phonon scat-
tering and structural disorder. The observed conductivity
maximum around 375 K therefore arises from the competition
between increasing carrier concentration and decreasing mobi-
lity, with carrier activation dominating at intermediate
temperatures.

The Seebeck coefficient behavior shown in Fig. 6¢ can also
be rationalized using eqn (3). The absolute value of the
Seebeck coefficient increases with increasing Ag@Ag,Se

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Temperature-dependent (a) electrical conductivity, (b) carrier concentration and mobility, (c) Seebeck coefficient, and (d) power factor of

each composite.

content, reflecting the dominant contribution of the n-type
Ag,Se shell to the overall thermopower of the composite.**>!
According to eqn (3), an increase in carrier concentration leads
to a reduction in the Seebeck coefficient, which explains the
gradual decrease in |S| with increasing temperature as carrier
concentration increases. This behavior is consistent with the
typical trade-off between electrical conductivity and thermo-
power in thermoelectric materials.

Consequently, the power factor (PF) shown in Fig. 6d exhi-
bits a combined dependence on electrical conductivity and
Seebeck coefficient. The 10 wt% composite achieves the
highest power factor of 876.2 pW m™" K> at 300 K, represent-
ing an approximately 86-fold enhancement compared to the

This journal is © The Royal Society of Chemistry 2026

pristine PEDOT:PSS/PEG matrix without Ag@Ag,Se fillers
(10.2 pW m~" K~?). This improvement demonstrates the syner-
gistic effect of the highly conductive Ag core and the semicon-
ducting Ag,Se shell within the flexible PEDOT:PSS/PEG matrix.
Overall, these results confirm that the incorporation of an
optimal amount of hollow Ag@Ag,Se fillers significantly
enhances charge carrier transport and thermoelectric perform-
ance while maintaining stable temperature dependence.

Fig. 7a shows the temperature-dependent thermal conduc-
tivity (x) of the PEDOT:PSS/PEG composites with different
Ag@Ag,Se filler contents. The thermal conductivity increases
gradually with increasing filler loading over the entire temp-
erature range, which is primarily attributed to the intrinsically

Dalton Trans., 2026, 55, 2M-2122 | 2117
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Fig. 7 Temperature-dependent (a) thermal conductivity and (b) figure-of-merit of each

figure-of-merit at 300 K with other previous studies.

higher thermal conductivity of the Ag@Ag,Se fillers compared
to the polymer matrix. Nevertheless, the overall x values
remain relatively low (<0.45 W m™" K™ even at 10 wt%), indi-
cating that phonon transport is effectively suppressed by the
polymer-rich matrix and abundant polymer-inorganic inter-
faces.*” The weak temperature dependence of x further
suggests that phonon-dominated heat transport governs the
thermal conduction behavior of the composites.

The thermoelectric properties of the pristine PEDOT:PSS/
PEG matrix were examined to provide a reference for compari-
son with the Ag@Ag,Se-containing composites. As shown in
Fig. 6a and 7a, the electrical conductivity and thermal conduc-
tivity of the PEDOT:PSS/PEG matrix are comparable to those of
the final composites over the measured temperature range,
indicating that the polymer matrix itself provides continuous
electrical transport pathways and a low thermal conductivity
framework. However, as summarized in Table S1, the Seebeck
coefficient of the PEDOT:PSS/PEG matrix is very low and
decreases with increasing temperature, which results in extre-
mely small power factor and figure of merit values. These
results demonstrate that, despite favorable electrical and
thermal transport properties, the intrinsic thermoelectric per-
formance of the PEDOT:PSS/PEG matrix is limited by its low
thermopower. Consequently, the significant enhancement in
thermoelectric performance observed in the composites is pri-
marily attributed to the incorporation of Ag@Ag,Se fillers
rather than the polymer matrix itself.

To further analyze this trend, the total thermal conductivity
(x), electronic thermal conductivity (k.) and Lorentz number
(L) can be expressed using the following equations:

K = Ke + K1 (4)

ke=LXT X0 (5)

L= |1.5+exp _Bs x 1078 (6)
116
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composite. (c) Comparison of thermal conductivity and

where «j, T, 6, and S denote the lattice thermal conductivity,
absolute temperature, electrical conductivity, and Seebeck
coefficient, respectively.>*>* Based on the measured Seebeck
coefficient and electrical conductivity, the L, x., and « values
calculated at 300 K are presented in Fig. S4. As shown in
Fig. S4, the k. increases with both temperature and filler
loading and is substantially higher than the x; over the entire
temperature range. The x remains markedly suppressed
because the designed polymer-inorganic interfaces and
hollow architectures effectively scatter phonons, thereby limit-
ing lattice-mediated heat transport. These interfaces, inten-
tionally introduced to disrupt phonon propagation, ensure
that phonon transport is strongly hindered and that the lattice
contribution remains minimal at higher filler
loadings.?>*® As a result, the k. becomes the dominant com-
ponent of the total thermal conductivity. This pronounced
dominance of k. originates from the highly conductive Ag core
and the semiconducting Ag,Se shell, which together form con-
tinuous and percolated pathways for charge carriers, thereby
enhancing carrier-mediated heat transport in accordance with
the Wiedemann-Franz relation.'™*’

Fig. 7b presents the temperature-dependent figure of merit
(ZT) for the composites. Despite the moderate increase in
thermal conductivity with increasing filler content, the ZT
values are significantly enhanced at higher Ag@Ag,Se load-
ings. This improvement arises from the substantial enhance-
ment in power factor, which outweighs the unfavorable effect
of increased k. The 10 wt% composite exhibits the highest ZT
across the entire temperature range, demonstrating that the
optimized balance between electrical transport and thermal
conduction is achieved at this filler content. The gradual
decrease in ZT with increasing temperature is mainly attribu-
ted to the reduction in power factor, as discussed in Fig. 6,
rather than to changes in thermal conductivity.

Fig. 7c compares the thermal conductivity and ZT values of
the present composites at 300 K with those reported in previous
studies.*®** The hollow Ag@Ag,Se/PEDOT:PSS/PEG system
demonstrates a substantially lower x and a comparable or higher

even
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ZT than most polymer-based thermoelectric composites, high-
lighting the effectiveness of integrating hollow metallic-semi-
conducting fillers within a flexible organic matrix. These results
suggest that the designed composite structure successfully
achieves a favorable balance between electrical and thermal
transport, rendering it a promising candidate for flexible and
energy-efficient thermoelectric applications.

To evaluate the thermal-cycle stability of the optimized compo-
site, the thermoelectric properties of the 10 wt% Ag@Ag,Se/
PEDOT:PSS/PEG composite were measured after repeated
heating—cooling cycles between 300 and 400 K (Table S2). As the
number of cycles increased from 0 to 20, the electrical conduc-
tivity exhibited a gradual decrease from 38174 to 36019 S m™".
This moderate reduction is attributed to minor rearrangements at
the filler-polymer interfaces and slight relaxation of percolated
conductive pathways induced by thermal cycling. In contrast, the
Seebeck coefficient remained highly stable, showing only a mar-
ginal change from —151.5 to —149.1 pV K ' after 20 cycles.
Meanwhile, the thermal conductivity remained nearly unchanged,
with values fluctuating within a narrow range of 0.42-0.43 W m ™
K™, suggesting that the phonon transport characteristics and
interfacial phonon-scattering structures are well maintained.
Overall, the minimal variations in electrical conductivity, Seebeck
coefficient, and thermal conductivity demonstrate that the
Ag@Ag,Se/PEDOT:PSS/PEG composite possesses good thermal-
cycle stability and repeatability, supporting the reliability of the
observed thermoelectric performance under repeated heating-
cooling conditions relevant to practical operation.

Fig. S5 presents the environmental stability of the optimized
composite containing 10 wt% Ag@Ag,Se fillers, evaluated by
monitoring the time-dependent thermoelectric properties under
humid air conditions (RH 70%) at 300 K. As shown in Fig. S5a,
the electrical conductivity exhibits a gradual and limited
decrease over 14 days, retaining 94.1% of its initial value. This
slight reduction can be attributed to mild humidity- and air-
induced interfacial relaxation within the polymer-inorganic
composite, while the overall conductive network remains well
preserved. The Seebeck coefficient (Fig. S5b) shows only a minor
decrease in its absolute value during the same period, with a
retention exceeding 95%. The relatively stable Seebeck response
indicates that the dominant carrier transport mechanism and
the energy-filtering effect at the Ag@Ag,Se-polymer interfaces
are largely maintained despite prolonged exposure to humid
air.*® In contrast to the electrical conductivity, the Seebeck coeffi-
cient is less sensitive to interfacial relaxation and environmental
perturbations, resulting in enhanced stability. As shown in
Fig. S5¢, the thermal conductivity remains nearly constant, with
only a marginal increase (<3%) over 14 days. This behavior
suggests that heat transport is primarily governed by the
polymer matrix and the hollow filler architecture, and that
phonon scattering mechanisms are not significantly altered by
environmental exposure. The negligible change in thermal con-
ductivity further confirms the structural integrity of the compo-
site under humid air conditions.

Overall, the results demonstrate that the optimized
Ag@Ag,Se/PEDOT:PSS/PEG composite exhibits good environ-

This journal is © The Royal Society of Chemistry 2026
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mental stability, with minimal degradation in electrical, ther-
moelectric, and thermal transport properties over time. These
findings indicate that the composite is resistant to combined
humidity and oxidative environments relevant to practical
operation, supporting its potential applicability in flexible
thermoelectric devices.

The thermoelectric output characteristics of the final com-
posite device were evaluated under different temperature gradi-
ents, as shown in Fig. 8. The voltage-current (V-I) curves
(Fig. 8a) exhibit a linear relationship at all temperature differ-
ences (AT = 10-50 K), confirming the ohmic behavior of the
composite film and stable carrier transport across the device.
The open-circuit voltage (Voc) increases proportionally with
AT, indicating a consistent Seebeck response. The inset of
Fig. 8a compares the measured and calculated Vo values,
which show nearly identical slopes, verifying the reliability of
the experimental results and the reproducibility of the thermo-
electric effect. Under AT conditions of 30 and 40 K, the open-
circuit voltages were found to be 21.6 and 28.8 mV, respect-
ively, which straighten well with the theoretical predictions
based on the equation:

Voc =N X ‘S| X AT (7)

Here, N represents the total number of thermoelectric legs
(N = 6 in this study).*”*®* By applying this formula, the esti-
mated Vo for AT = 40 K is around 30.3 mV, which shows good
agreement with the experimentally obtained result. The slight
reduction in the measured Vo compared to the theoretically
predicted value can be attributed to thermal contact losses
and the temperature-dependent nature of the Seebeck coeffi-
cient. Due to thermal resistance at the hot-side block, polyi-
mide substrate, and Ag-paste junctions, the actual temperature
difference across the legs is smaller than the set AT value.
Moreover, while the theoretical Vo was calculated using the
Seebeck coefficient measured at 300 K, the actual S value
tends to decrease with increasing temperature.’® As a result,
these experimental factors lead to a lower measured Vo than
the theoretical prediction.

The corresponding power-current (P-I) characteristics
(Fig. 8b) show parabolic trends typical of thermoelectric gen-
erators, where power output increases with current, reaches a
maximum, and then decreases as resistive losses dominate.
The P is calculated using the following expression:

Vi
o (L
Rioad + Rin

)ZXRload (8)

where R;, is the internal resistance, and Rj,.q is the load resis-
tance of the TEG. The maximum power output is achieved
when Ry, equals Rjuq.”° The maximum output power (Ppax)
systematically increases with the applied temperature differ-
ence, reaching approximately 3.8 pW at AT = 50 K. This
enhancement reflects the combined effect of the improved
electrical conductivity and high Seebeck coefficient of the com-
posite, which together facilitate efficient conversion of thermal
energy into electrical power.
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Overall, these results confirm that the flexible hollow
Ag@Ag,Se/PEDOT:PSS/PEG composite device exhibits stable
and reproducible thermoelectric performance under varying
temperature gradients, demonstrating its potential applica-
bility for low-grade waste heat harvesting and flexible energy
generation systems.>’

3. Conclusions

In this study, flexible thermoelectric composites based on a
PEDOT:PSS/PEG matrix and hollow Ag@Ag,Se core-shell
fillers were successfully fabricated through a solution-proces-
sable approach. The NaCl-templated method enabled the syn-
thesis of well-defined hollow Ag particles, and subsequent
selenization produced uniform Ag,Se shells while preserving
the cubic morphology. The conductive polymer matrix, modi-
fied with PEG, exhibited enhanced interfacial compatibility
and latent-heat buffering characteristics, which effectively
stabilized the composite microstructure.

The incorporation of hollow Ag@Ag,Se fillers significantly
improved the thermoelectric performance of the composites.
The 10 wt% sample achieved an electrical conductivity of
41913 S m™' and a Seebeck coefficient of —151.5 pv K%,
leading to a maximum power factor of 876 pyW m™~* K2
Despite the high filler loading, the overall thermal conductivity
remained low (~0.4 W m~" K™'), owing to phonon scattering at
the polymer-inorganic interfaces and the hollow interior struc-
ture of the fillers. Consequently, a peak figure of merit (ZT) of
0.62 was obtained at 300 K, surpassing most previously
reported polymer-based thermoelectric systems. Furthermore,
the flexible device demonstrated stable and reproducible
output characteristics, generating an open-circuit voltage of
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(a) Output voltage and (b) power as functions of current at various temperature differences. The inset shows calculated and measured open-

~40 mV and a maximum power of ~3.8 yW at a temperature
gradient of 50 K. These results highlight the synergistic effects
of the conductive polymer network, thermally adaptive PEG
phase, and hollow Ag@Ag,Se architecture.

Overall, this work provides a simple and effective strategy
for designing hybrid thermoelectric composites that combine
high electrical conductivity, low thermal conductivity, and
mechanical flexibility. The proposed system shows strong
potential for low-grade waste heat recovery and wearable
energy-harvesting applications.
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