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Stretchable p/n-Pair Thermoelectric Fibers Based on Core
(Ag)-Shell (Ag,Se) Structure for Wearable Electronics

Chaebeen Kwon, Sanghyeon Lee, Sungjoon Cho, Chihyeong Won, Byeonggwan Kim,

Kyung-In Jang, and Taeyoon Lee*

The development of stretchable p/n-pair thermoelectric (TE) fibers holds
significant promise for multifunctional wearable electronics, yet remains
challenging due to complex processing and limited mechanical durability.
Here, a novel strategy is presented for the facile fabrication of stretchable
Ag@Ag,Se-based TE fibers using a selective in situ chemical reduction
process, eliminating the need for thermal treatment or specialized equipment.
The resulting fibers feature a robust core—shell architecture, with conductive
Ag cores and n-type Ag,Se shells, achieving a Seebeck coefficient of —96.75
uV K=" under 100% strain and stable electrical conductivity under 200% strain.
Notably, the fibers exhibit excellent cyclic stability with AV/V, maintained
within 1.75% under mechanical deformation. When patterned into p/n-pair
arrays through localized chemical treatment, the fibers function as efficient
energy harvesters and strain/temperature sensors. Integrated into wearable
platforms, these fibers demonstrate simultaneous mechanical and thermal
sensing and effective energy harvesting from body heat. This work establishes
a versatile platform for scalable, miniaturized, and multifunctional TE

fiber systems, advancing the future of smart textiles and wearable electronics.

1. Introduction

Over the past decade, electronic devices
have become smaller and evolved into
wearable appliances seamlessly integrable
with healthcare monitoring,['*! virtual
and augmented reality*] and human-
machine interfaces.*® This progress
has caused applicability and user inter-
action improvements and increased the
demand for multifunctional fibers, which
are widely used in wearable electronics
as interconnects,® ' sensors,'>* and
power sources.'>V7] Particular attention
has been drawn to fibers based on ther-
moelectric (TE) materials,'%2%  which
exploit the Seebeck effect to convert tem-
perature differences into electrical power
and vice versa®'??l and therefore have a
broad application scope (e.g., temperature
sensors??! and power sources26-28))
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and hold great promise for wearable
electronics.

Recent progress in TE fibers has broadened the range of
materials and methods used to develop multifunctional wear-
able electronics.[2*?°] The rigidity of inorganic TE materials has
led to a preference for their organic counterparts.?%! Previ-
ously, we incorporated Bi,Te; nanoparticles (NPs) into a flexi-
ble substratel?}] to create a stretchable TE fabric capable of sens-
ing lateral strain, normal pressure, and temperature, demon-
strating the potential of inorganic TE materials in wearable plat-
forms. However, this TE fabric contained only an n-type ma-
terial (Bi,Te;) and had to be integrated with p-type fibers to
function as a power source. This integration is challenging and
can cause fiber damage, as it typically involves soldering or the
use of adhesives.132] The formation of continuous p/n-pair TE
fibers enables the realization of true fiber multifunctionality and
helps solve the abovementioned problem.[?>33] In the study of
Ding et al., p/n-pair TE fibers based on single-walled carbon
nanotubes were prepared using gelation extrusion!?’! and wo-
ven onto a curved surface to enable sensing and energy har-
vesting. However, this fabrication process required specialized
equipment and was therefore deemed complex and poorly ac-
cessible. Sun et al. coated carbon nanotube fibers with poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) and oleamine as
p- and n-type materials, respectively, showing that the fabric wo-
ven from these p/n-pair TE fibers demonstrated a power density
of 70 mW m~2 at a temperature difference (AT) of 44 K.3¥] How-
ever, the coated p- and n-type materials are prone to delamination
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Figure 1. a) Schematic fabrication of Ag@Ag, Se stretchable thermoelectric (TE) fibers. b) Optical and c) Cross-sectional scanning electron microscopy
(SEM) images of a representative Ag@Ag,Se stretchable TE fiber. d) High-magnification SEM image showing Ag,Se nanoparticles grafted on the TE
fiber. e) Cross-sectional SEM image of a single-filament TE fiber. f) Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
images of a representative TE fiber processed using a focused ion beam: i) TEM image; ii) Ag and iii) Se mappings.

upon cyclic mechanical deformation. Moreover, most p/n-pair TE
fibers are based on organic TE materials, and purely stretchable
p/n-pair TE fibers have not been reported, which indicates that
stretchable p/n-pair TE fibers that withstanding mechanical de-
formation while maintaining their TE properties are required for
multifunctional electronics.

Adv. Funct. Mater. 2026, 36, €21163 e21163 (2 0f8)

Herein, stretchable Ag@Ag,Se NP-based p/n-pair TE fibers
were rapidly and easily fabricated in the absence of specialized
equipment using selective in situ chemical reduction. Ag and
Ag,Se NPs were densely formed within spandex fibers to es-
tablish a robust core (Ag)-shell (Ag,Se) structure. Owing to the
durable and conductive Ag core, the fibers maintained a high
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Figure 2. a) X-ray diffraction pattern and b) thermogram of Ag@Ag,Se stretchable TE fibers. c) Ag and Ag,Se contents of Ag@Ag,Se stretchable TE
fibers determined by inductively coupled plasma analysis. d) Seebeck coefficients of Ag and Ag@Ag,Se stretchable TE fibers under applied strains of
up to 100%. e) Resistance of Ag@Ag,Se stretchable TE fibers under applied strains of up to 200%. f) Resistance changes of Ag@Ag,Se stretchable TE

fibers over 10000 stretching cycles at 20% strain with a gauge length of 1cm.

Seebeck coefficient of ~—96.75 pV K~! under tensile strains of
up to 100%. Additionally, these fibers preserved their electrical
conductivity under strains of up to 200% and exhibited an excel-
lent electrical performance stability under a cyclic strain of 20%.
Remarkably, fibers exposed to a temperature difference main-
tained a AV/V, of <1.75% under various tensile strains, thus
holding promise for wearable electronics. When woven into wear-
able platforms, the fibers enabled energy harvesting and strain
and temperature sensing. The development of these multifunc-
tional and miniaturized fibers represents considerable progress
in wearable electronics, paving the way for innovative and inte-
grated applications.

2. Results and Discussion

Figure 1a illustrates the fabrication of the Ag@Ag,Se stretch-
able TE fibers. Pure polyurethane (PU) fibers were used as a ma-
trix to prepare Ag NP—embedded stretchable TE fibers through
Ag precursor absorption and reduction. Subsequently, the Ag
NP-embedded fibers were reacted with a Se precursor solution
to form an Ag,Se shell on the surface. The hydrophilicity of
PU hindered the deep penetration of the aqueous Se precur-
sor solution (Na,SeO; + Na,SO; + (NH,),S,0,), thus restrict-
ing Ag,Se formation to the near-surface region. Na,SO; and
(NH,),S,0, reacted with the Ag NPs on the fiber surface to form
Ag* ions, which reacted with Na,SeO; to form the Ag,Se shell.
Owing to this shell, the Ag@Ag,Se TE fibers appeared black
(Figure 1b). Figure 1c presents a side-view scanning electron mi-
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croscopy (SEM) image of a representative Ag@Ag,Se TE fiber,
with higher-magnification imaging revealing a surface uniformly
and densely covered with Ag,Se NPs (Figure 1d). These NPs en-
hanced the ability of the fibers to withstand mechanical deforma-
tion to a level superior to that achieved using traditional coating-
based methods, allowing for structural integrity and performance
preservation under various mechanical stresses. Furthermore,
the SEM images of the multifilament configuration and the fiber
under tensile strain are presented in Figure S1 (Supporting Infor-
mation). The multifilament structure effectively distributes me-
chanical stress, while crack propagation during stretching reveals
the robust core-shell (Ag—Ag,Se) structure. These combined
structural features significantly improve the fiber’s mechanical
and electrical stability under repeated deformation. Figure le
shows a cross-sectional SEM image of an Ag@Ag,Se TE fiber,
and Figure 1f presents representative transmission electron mi-
croscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS)
images of an Ag@Ag, Se TE fiber processed using a focused ion
beam. The fiber interior contained Ag (i.e., Ag NPs; Figure 1f-(ii))
but not Se (i.e., Ag,Se NPs; Figure 1f-(iii)). Remarkably, both Ag
and Se were abundantly present on the fiber surface, represent-
ing its dense coating with Ag,Se. The line EDS analysis shown
in Figure S2 (Supporting Information) further confirms this re-
sult, indicating an Ag,Se shell thickness of ~0.33 pm with an
underlying Ag core. The Ag,Se shell predominantly contributes
to electrical conductivity, while the Ag core serves as a duc-
tile framework bridging microcracks and enhancing mechanical
integrity.34]
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Figure 3. a) Experimental and calculated output voltages of Ag@Ag, Se stretchable TE fibers at various temperature differences (AT). b) Seebeck coeffi-
cients of Ag@Ag, Se stretchable TE fibers at various AT. c) Current-dependent output voltage and power of Ag@Ag, Se stretchable TE fibers at various AT.
d) Relative changes in the output voltage of Ag@Ag, Se stretchable TE fibers under different strains. e) Current-voltage curves of Ag@Ag, Se stretchable
TE fibers measured at AT = 0-50 K. f) Output voltage changes of Ag@Ag, Se stretchable TE fibers in response to being touched by a finger.

The X-ray diffraction patterns of the Ag@Ag,Se TE fibers
(Figure 2a) revealed the presence of crystalline Ag ((111) and
(220) peaks) and Ag,Se ((102), (112), (013), (123), (141), and (230)
peaks),>3] in agreement with the Ag core-Ag,Se shell struc-
ture. Based on the results of thermogravimetric analysis (TGA;
Figure 2b), the combined Ag and Ag, Se loading was determined
as ~27.9 wt.% with respect to PU. The Ag:Ag, Se molar ratio was
determined as 7.27:7.89 using inductively coupled plasma anal-
ysis (Figure 2c). Figure 2d shows the Seebeck coefficients of the
Ag and Ag@Ag,Se TE fibers as functions of the applied tensile
strain (up to 100% in steps of 10%). In the former case, the See-
beck coefficient was constant (22489.66 uV K™!) at all strains, with
its positive value indicating the p-type-like TE response of the Ag
fiber. In the latter case, the Seebeck coefficient was also constant
(~=96.75 puV K1), indicating the n-type behavior of Ag,Se de-
spite its low loading suggested by the data in Figure 2a,b. The
Seebeck coefficient of the Ag@Ag,Se stretchable TE fibers re-
mained nearly unchanged under 100% strain. This behavior can
be explained by the Mott relation, which indicates that S depends
on the energy derivative of the electronic conductivity near the
Fermi level rather than on geometric factors. Although tensile
strain elongates the conduction path and slightly reduces the ab-
solute conductivity, the ductile Ag core maintains electronic per-
colation across Ag, Se grains, preventing disruption of the under-
lying energy-dependent transport. In addition, most of the ap-
plied stress is absorbed by the elastic spandex and the Ag frame-
work, minimizing band-structure distortion in the Ag,Se shell.
To further confirm this interpretation, Ag, Se shell thickness was
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adjusted by varying the concentration of the Ag precursor solu-
tion (Figure S3, Supporting Information)). Fibers prepared with
30 wt.% precursor exhibited the most stable Seebeck coefficient
under strain, suggesting that an optimal Ag/Ag, Se ratio ensures
balanced mechanical compliance and electronic stability. The re-
sistance of the Ag@Ag,Se TE fibers increased with the increas-
ing tensile strain, while the overall electrical transport remained
stable under tensile strains of up to 200% (Figure 2e). Although
tensile stretching reduces the effective cross-sectional area of the
fibers, resistance was used here as a representative metric to illus-
trate the strain-dependent electrical trend. Moreover, these fibers
did not exhibit notable electrical property deterioration during
10 000 stretching cycles at a strain of 20% with a gauge length
of 1 cm (Figure 2f).

Figure 3a presents the experimental and calculated output volt-
ages of the Ag@Ag, Se TE fibers at various AT. The experimental
output voltage linearly increased with the increasing AT, closely
matching the calculated values. This linearity was attributed to
the marginal effect of AT on the Seebeck coefficient (Figure 3b).
Figure 3c shows the current-dependent output voltage and power
of the Ag@Ag, Se TE fibers at various AT, showing that the max-
imum power at AT =5, 10, 15, 20, 30, 40, and 50 K equaled
~0.21, 0.64, 1.20, 2.13, 5.05, 7.72, and 11.21 nW, respectively. The
AV/V, of the Ag@Ag, Se TE fibers at a given AT remained within
1.75% under various tensile strains, highlighting the suitability
of this material for wearable electronics (Figure 3d). Figure 3e
shows the current—voltage (I-V) curves of the Ag@Ag,Se TE
fibers at AT = 0-50 K, demonstrating their temperature-sensing
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Figure 4. a) Schematic of p/n-pair Ag@Ag, Se stretchable TE fibers. b-i) Image of five turns of Ag fiber wound around an acrylic bar. b-ii) Image showing
the selective chemical modification of the Ag fiber using a gelatin-based Se solution. c) Output voltages of p/n-pair Ag@Ag, Se stretchable TE fibers with
varying numbers of p/n pairs. d) Design of p/n and n/n pairs in Ag@Ag,Se TE fibers. e) Output voltages of p/n- and n/n-pair TE fibers at a given AT.
f-i) Enhanced output voltage in the p/n pairs of the TE fiber aligned with the heat flow. f-ii) Reduced output voltage in the n/n pairs of the TE fiber.

capability. The absolute values of the x-axis intercepts indicate
the output voltages due to the Seebeck effect, equaling 0.39, 1.03,
1.65, 2.41, and 2.88 mV at AT = 10, 20, 30, 40, and 50 K, re-
spectively. With the increasing AT, the I-V curves shifted upward
without a change in slope, which indicated that fiber resistance
was not affected by AT. When touched by a finger, the Ag@Ag, Se
TE fibers experienced an output voltage change due to heating,
with the response and recovery times equaling 5.35 and 4.50 s, re-
spectively (Figure 3f). These times were defined as those required
for the output voltage to stabilize and recover to the baseline value
(0 mV), respectively. The thermal response and recovery test us-
ing the Ag@Ag2Se TE fibers is provided in Movie S1 (Supporting
Information).

Figure 4a illustrates the structure of p/nm-pair stretchable
Ag@Ag, Se TE fibers prepared by applying a gelatin-based Se pre-
cursor solution to the targeted regions of Ag stretchable fibers.
In this case, the original aqueous Se precursor solution was sup-
plemented with gelatin to increase viscosity and prevent unnec-
essary diffusion. The Ag shell in the treated region transformed
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into an Ag,Se shell, as described above. Figure 4b-(i) shows an
image of five turns of an Ag fiber wound around an acrylic bar.
The Se precursor solution was applied to the front side of the fiber
to form continuous p/n pairs, with Ag fibers and Ag,Se fibers
acting as the p-type-like and n-type TE components, respectively
(Figure 4b-(ii)). Ata AT of 20 K, the output voltage of the p/n-pair
Ag@Ag,Se TE fibers increased with the increasing pair number
(Figure 4c; Movie S2, Supporting Information). Figure 4d illus-
trates the design of p/n- and n/n-pair Ag@Ag, Se TE fibers. Un-
der an applied heat flow, the output voltages of 11-turn p/n- and
n/n-pair TE fibers were 5.86 and ~0 mV, respectively (Figure 4e).
Each Ag,Se segment develops a thermovoltage V, , with the hot
side being positive and the cold side negative, whereas each Ag
segment develops a thermovoltage V,, with the cold side positive
and the hot side negative. In the p/n-pair TE fibers, the output
voltages of the segments act synergistically and are summed as
(V,+V,+V,+V, ..). In contrast, in the n/n-pair TE fibers, the volt-
ages canceled each other (V,-V, +V, -V, ...) due to their oppos-
ing directionality. Because the Ag segments arranged at hot-hot
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Figure 5. a) i) Schematic integration of Ag@Ag, Se stretchable TE fibers into a woven fabric. i) Temperature distribution of a TE fiber embedded into the
fabric, demonstrating the thermal gradient across the system. b) Selective chemical reaction—based fabrication of 1D p/n-pair Ag@Ag, Se stretchable TE
fibers. c) Application of p/n-pair Ag@Ag, Se stretchable TE fibers in wearable platforms achieved through weaving. d) Utility demonstration of a wearable
device for harvesting the thermal energy of the body (AT = 7 K). e) Performance of Ag@Ag, Se stretchable TE fibers for simultaneous temperature and

strain sensing.

or cold—cold junctions do not experience a temperature gradient,
their contribution to the thermovoltage is effectively zero. This in-
dicates the importance of aligning p/n pairs with the heat flow for
maximizing the energy harvesting efficiency (Figure 4f). There-
fore, the selective chemical reaction-based pair design enhanced
the flexibility of TE fiber pair structures, enabling the effective
design of power sources for various heat flows.

The chemical engineering of the p/n components of the TE
fibers allows one to precisely control the spacing between the

Adv. Funct. Mater. 2026, 36, €21163 e21163 (6 0f8)

TE components without using complicated equipment and thus
makes them adaptable to the thermal flux of any wearable plat-
form, facilitating the integration of TE fibers into wearable plat-
forms. Figure 5a-(i) illustrates a wearable platform with incorpo-
rated p/n-pair Ag@Ag,Se TE fibers, and Figure 5a-(ii) presents
the temperature distribution of this platform for top and bot-
tom temperatures of 32 and 25 °C, respectively. Aligning the
Ag,Se component in the direction of the heat flux facilitated
energy harvesting, which underscores the benefits of using the
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chemically selective reaction. The spacing between the TE com-
ponents was easy to control, which is particularly important for
wearable applications, ensuring a perfect fit with the applied
wearable platforms. Figure 5b illustrates the fabrication of 1D
p/n-pair Ag@Ag,Se stretchable TE fibers through the selective
chemical reaction. The gelatin-based Se precursor solution was
applied to the targeted region, which enabled precise control over
the intervals between the p and n components. After the chem-
ical reaction, this solution was removed by washing with deion-
ized (DI) water. Figure 5c shows an optical image of a wearable
platform incorporating the abovementioned TE fibers, reveal-
ing their seamless blending into the textile background. When
touched by the palm, this integrated textile generated an out-
put voltage in response to a AT of =7 K (Figure 5d), which
demonstrates the possibility of harvesting the thermal energy of
the body in wearable applications. The developed system simul-
taneously detected temperature differences and tensile strains
(Figure 5e). The output voltage increased with the increasing
AT because of the Seebeck effect, and the relative resistance
linearly increased with the increasing tensile strain because of
the intrinsic piezoresistance of Ag,Se NPs. Importantly, the out-
put voltage and relative resistance changes were independent of
each other, which ensured the precise and simultaneous detec-
tion of thermal and mechanical stimuli. A benchmarking com-
parison shown in Table S1 (Supporting Information) highlights
that the present Ag@Ag, Se stretchable TE fibers represent the
all-inorganic, stretchable single-fiber p/n-pair system, uniquely
combining 200% stretchability, durable electrical stability, and
simple, equipment-free fabrication.

3. Conclusion

Ag@Ag,Se NP-based p/n-pair stretchable TE fibers were fabri-
cated using an in situ chemical reaction. The Ag and Ag, Se NPs
were densely formed within spandex fibers to create a robust core
(Ag)—shell (Ag, Se) structure. This structure allowed the TE fibers
to maintain a high Seebeck coefficient of ~—96.75 pV K~! un-
der tensile strains of up to 100%, preserve electrical conductiv-
ity under strains of up to 200%, and exhibit an excellent elec-
trical performance stability upon cyclic stretching at a strain of
20%. The AV/V, of the fibers at a fixed AT remained within
1.75% under various tensile strains, highlighting their suitabil-
ity for wearable electronics. The selective chemical reaction en-
abled the easy and rapid fabrication of these fibers without the
need for specialized equipment. When woven into wearable plat-
forms, the fibers acted as strain and temperature sensors, as well
as energy harvesters, substantially advancing the field of wearable
electronics.

4. Experimental Section

Fabrication of Ag@Ag,Se Stretchable TE Fibers: Creora Power Fit PU-
based spandex fibers (Hyosung) were immersed into an ethanolic solu-
tion of AgCF;COO (30 wt.%) for 20 min, and ethanol was subsequently
evaporated over 5 min at room temperature. The impregnated fibers
were treated with a 50 vol% solution of hydrazine hydrate in ethanol
for 3 min, rinsed with deionized (DI) water to eliminate residual hy-
drazine hydrate, and left to dry. The resulting Ag stretchable fibers were
soaked in the Se precursor solution (5 wt.% Na,SeOs, 15 wt.% Na,SOj3,
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and 30 wt.% (NH,),S,0; in DI water) for 2 h and rinsed with DI wa-
ter to afford Ag@Ag,Se stretchable TE fibers. In this system, Na,SeO;
serves as the selenium source, while Na,SO; and (NH,),S,0; func-
tion as reducing agents that provide electrons to convert Se(lV) species
into selenide anions (Se?”). The generated Se?~ ions subsequently re-
act with the surface Ag NPs to form an Ag,Se shell around the metallic
Ag core.

Characterization: Imaging was performed using field-emission SEM
(7610F-Plus, JEOL) and TEM-EDS (JEM-F200, JEOL). TGA was performed
using a thermal analyzer (Q50, TA Instruments). Electrical and mechanical
properties were probed using a source meter (B2901A, Keysight Technolo-
gies) and a force transducer (S2M, HBM), respectively. Stretching tests
were performed using a customized machine equipped with a motorized
x-axis stage (X-translation stage, Jaeil Optical Corp). TE properties were
examined using a custom-built machine. Thermal analysis was conducted
using Hypermesh (Altair).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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