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Abstract

Organic thermoelectric fibers have great potential as wearable thermoelectric textiles because of their one-dimensional
structure and high flexibility. However, the insufficient thermoelectric performance, high fabrication cost, and mechanical
fragility of most organic thermoelectric fibers significantly limit their practical applications. Here, we employ a rapid and
cost-effective wet-spinning method to prepare dimethyl sulfoxide-doped poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) fiber bundles, followed by rational post-treatment with concentrated sulfuric acid (98% H,SO,) to
enhance their thermoelectric performance. The wearable fiber bundles composed of multiple individual PEDOT:PSS fibers
have effectively reduced resistance and overall high tensile strength and stability. Rational treatment with H,SO, partially
removes excessive PSS, thereby increasing the electrical conductivity to 4464 S cm™!, while the parallel bundle is also a
major factor in improving the power factor of up to 80.8 pW m™' K2, which is super-competitive compared with those of
currently published studies. Besides, the thermoelectric device based on these fiber bundles exhibits high flexibility and
promising output power of 2.25 nW at a temperature difference of 25 K. Our work provides insights into the fabrication of

all-organic flexible high-conductivity textiles with high thermoelectric properties.
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Introduction

Electronic devices have gradually developed towards minia-
turization and integration, bringing new opportunities for the
development of implantable and wearable electronics [1].
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However, the application of traditional batteries in wearable
and implantable electronic products is necessarily limited
because they require frequent replacement, charging, and
additional maintenance [1]. Therefore, the development
of maintenance-free and self-powered power sources is of
great significance for the next generation of wearable and
implantable electronics. Thermoelectric materials, which
directly convert heat from the surrounding environment into
electricity via the thermoelectric effect without polluting
the environment, have become one of the most competitive
candidate materials for environmentally friendly energy con-
version [2]. The dimensionless figure-of-merit, ZT'= S?6T/x,
is mainly used to evaluate the thermoelectric potential of a
material, which is composed of the Seebeck coefficient S,
the electrical conductivity o, the absolute temperature 7, and
the thermal conductivity « [3]. However, traditional bulk
thermoelectric materials have many drawbacks including
complex processing, large and rigid volumes, and high cost,
making them unsuitable for wearable devices [4]. In this
regard, flexible thermoelectric materials exhibit significant
advantages since they can effectively contact and collect heat
from bent heat sources [4]. Compared to other rigid devices,
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flexible thermoelectric devices (FTEDs) are lighter in weight
and can be comfortably attached to human skin to directly
collect electrical energy from body heat without the need for
charging, and they can also prevent or minimize heat loss
during energy transfer [1]. These advantages make them a
promising contender for one of the most competitive power
supply systems for wearable electronic devices [1].

Inorganic thin films [5], conducting polymers [6], and
their composites [7] are the main candidates for fabricating
FTEDs. Among them, inorganic thin films usually exhibit
high thermoelectric performance, but their flexibility is poor
[7]. Conducting polymers and inorganic/organic compos-
ites possess much better flexibility, but their thermoelectric
properties need to be improved due to their poor S [7]. As
a promising conductive polymer, poly(3,4-ethylenedioxyth
iophene):poly(styrene sulfonate) (PEDOT:PSS) is a highly
valuable flexible material because of its unique characteris-
tics including high o, low «, low cost, and facile preparation
[6], which enables PEDOT:PSS having wide application
prospects in flexible electronics, energy conversion, and
thermal management. Moreover, it is easy to tune the elec-
trical and thermal properties of PEDOT:PSS by controlling
its chemical structure and physical morphology. Historically,
there are mainly four routes used to improve the thermo-
electric performance of PEDOT:PSS, including (1) doping
conductive fillers (such as metals [8], and carbon nanotubes
[9]) into PEDOT:PSS to increase the o, but the k may be
simultaneously increased, (2) changing the post-treatment
conditions of PEDOT:PSS (such as solvent [10], concentra-
tion [11], temperature [12]), by which the crystal structure
of PEDOT:PSS can be controlled to adjust the electrical
and thermal properties, (3) introducing chemical modifica-
tion groups (such as hydrophilic/hydrophobic groups [13,
14], and surfactant [15]) to change the molecular structure
and surface properties of PEDOT:PSS, and (4) controlling
the molecular weight of PEDOT:PSS to adjust the electri-
cal and thermal properties via rational treatments [6]. Other
methods such as controlling the oxidation level of PEDOT
electrochemically were also employed to improve the ther-
moelectric properties of PEDOT:PSS [16, 17].

Compared with two-dimensional (2D) PEDOT:PSS
films, one-dimensional (1D) PEDOT:PSS thermoelectric
fibers have stronger structural design flexibility in practical
applications, and their ease of bending and weaving make
them more suitable for wearable thermoelectric devices
(TEDs) [18]. Therefore, the development of highly
thermoelectric and ultra-flexible fibers is of significance
for the rapid development of wearable electronic devices
[19]. Currently, pre- and post-treatments and hybridizations,
developed in 2D PEDOT:PSS films [20], are used to prepare
1D PEDOT:PSS thermoelectric fibers. However, there
are still many issues in PEDOT:PSS fibers for practical
applications. For example, the poor controllability of
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PEDOT:PSS thermoelectric fibers easily induces fiber
fracture or excessive structural modification during pre-
and post-treatments, leading to significantly reduced
thermoelectric performance. Moreover, the mechanical
properties of thermoelectric fibers are poorer than those of
2D films, which seriously affects their flexibility, wearability,
and performance stability. Therefore, exploring new design
routes is urgent for the development of PEDOT:PSS
thermoelectric fibers with high tensile strength and
thermoelectric performance.

Historically, most studies on PEDOT:PSS thermoelectric
fibers mainly focus on single fibers, and the conductivity
improvement of a single fiber is limited [21, 22] and this
is one of the reasons that cause the above issues includ-
ing the difficulty in concisely controlling the treatments and
the low mechanical properties. The PEDOT:PSS fibers are
combined with carbon nanotube [23] or tellurium nanow-
ires [8]; the thermoelectric properties of the fibers after acid
or alkali treatment are improved, but the subsequent two-
step treatment process is complex and the economic cost of
additives is increased. The introduction of tellurium nanow-
ires increased the Seebeck coefficient while reducing the
rheological properties of the fibers. In fact, compared with
individual PEDOT:PSS thermoelectric fibers, fiber bundles
composed of multi-fibers exhibit better performance due to
their higher strength, stiffness, and toughness, which enable
them to withstand greater stress, better maintain shape and
structure, and reduce the risk of damage during use. The
innovation in this work lies in the optimization of the tradi-
tional wet-spinning process, producing thermoelectric fiber
bundles composed of multiple fibers. The unique feature is
that the conductivity of the fiber bundle is enhanced with-
out any post-treatment, thanks to the aggregation of fibers.
The increased diameter of the fiber bundle improves the
tensile strength of the fibers, enhancing their resistance to
deformation in practical applications. Because, fiber bun-
dles have a more flexible surface area and a certain depth,
allowing them to provide positive feedback on pre- and/or
post-treatments without compromising their structures and
resulting in greater flexibility. Based on this concept, we
employ a rapid wet-spinning method to prepare dimethyl
sulfoxide (DMSO)-doped PEDOT:PSS fibers (DPFs) and
combine the as-achieved fibers into fiber bundles, followed
by rational post-treatment with concentrated sulfuric acid
(98% H,SO,) to further enhance the thermoelectric per-
formance of the fiber bundles, as illustrated by Fig. la.
DMSO addition could help to improve the fiber spinnabil-
ity [24] and hydrogen bonding between PSSH and DMSO
is the dominant interaction in DMSO-treated PEDOT:PSS,
which causes to charge screening and phase separation of
PEDOT:PSS [25]. After forming hydrogen bonds with PSS,
dipole—dipole or dipole—charge interactions can occur [26].
Therefore, electrical conductivity can be improved and
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Fig. 1 Introduction of PEDOT:PSS thermoelectric fiber bundle
and their performance. a Illustration of fabricating dimethyl sulfox-
ide (DMSO)-doped poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) fiber (DPF) bundles by wet-spinning, fol-
lowed by rational post-treatment with concentrated sulfuric acid (98%

DMSO is a good additive for PEDOT:PSS for wet spin-
ning. Here, the fiber bundles are defined as DPFn, where n
is the number of individual fibers in a bundle (for example,
DPF10 indicates a fiber bundle composed of 10 individual
fibers). We obtained different fiber bundles by control-
ling the rotation of the coagulation bath (see Supporting
video). When the coagulation bath is rotating uniformly
in a circular motion, the needle is stationary at 6 cm from
the center of the circumference. When the coagulation bath
rotates 360° with respect to the needle, the collected fiber
is DPF1; similarly, repeated rotation for n 360° is defined
as DPFn. Figure 1b shows the molecular structures of
PEDOT, PSS, and DMSO. As DMSO is a polar solvent,
DMSO pre-treatment can reduce the charge inhibition effect
of PSS in PEDOT:PSS, leading to enlarged o [27]. At the
same time, DMSO can promote the formation and growth
of PEDOT:PSS crystals, thereby enhancing their crystalline
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H,SO,). b Structures of PEDOT, PSS, and DMSO. ¢ Photographs of
as-fabricated PEDOT:PSS fiber bundles and their wearable, highly
tensile strength, electrically conductive, and wearable features. d The
room-temperature power factor S%¢ of this work and reported works
based on pure PEDOT:PSS fibers [21, 22, 28-31]

quality and thermoelectric properties [27]. Besides, H,SO,
post-treatment on PEDOT:PSS fiber bundles can partially
remove excessive PSS molecules from PEDOT:PSS, lead-
ing to an increase in the ¢ [27]. Finally, considering the
certain depth of the bundles, H,SO, post-treatment does
not damage the structure of PEDOT:PSS. Figure 1c shows
the typical photographs of the as-fabricated PEDOT:PSS
fiber bundles and their engineering, which exhibit wearable,
tensile strength, electrically conductive, and wearable fea-
tures. The as-fabricated bundles can withstand the weight of
heavy objects without breaking. Additionally, the bundles
have good knitting ability and can adhere well to fabrics.
Moreover, the bundles treated with H,SO, can act as con-
ductors to light-emitting diodes (LEDs) in a circuit with bat-
teries. Figure 1d compares the room-temperature power fac-
tor $%¢ of this work with the reported works based on pure
PEDOT:PSS fibers (detailed parameters are summarized in
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Table S1 in the Supporting Information) [21, 22, 28-31].
The as-achieved S%6 of >80 pW m~! K2 is highly competi-
tive compared with those of the previously published works.
Furthermore, we fabricated the fiber bundles into FTEDs
to measure their applicability, and the results indicate the
potential for charging low-grade wearable electronics.

Experiment Sections
Chemicals

The poly (3,4-ethylenedioxythiophene):poly (styrene sul-
fonate) (PEDOT:PSS) aqueous dispersion (Clevios PH1000)
was purchased from Heraeus. Dimethyl sulfoxide (DMSO,
AR) was purchased from Shanghai Macklin Biochemical
Co., Ltd. Isopropanol (IPA, AR, 99.7%) and ethanol absolute
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Ethylene glycol (EG, AR, 99%) and sulfuric acid (H,SO,,
AR, 98%) were purchased from Shanghai LingFeng Chemi-
cal Reagent Co., Ltd. Formamide (CH;NO, AR, 99%) was
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. The deionized water is made by the Laboratory
Water Purification System from Hitech Instruments Co., Ltd.

Wet-Spinning of Dimethyl Sulfoxide (DMSO)-Doped
PEDOT:PSS Fiber Bundles

The spinning solution was prepared by heating the
PEDOT:PSS (1 ml) containing 5 wt% DMSO at 90 °C for
2 h with stirring. The spinning solution was then kept at 0 °C
for 24 h to increase the viscosity. DMSO-doped PEDOT:PSS
single fiber and fiber bundles were prepared at room tem-
perature using a micro syringe pump device from Badding
Longer Precision Pump Co., Ltd. A 3 ml syringe and a 25 G
needle were used for the wet-spinning procedure. Isopropyl
alcohol on the rotary table was used as a coagulation bath.
The wet-spinning rate was controlled at 50 pl min™'. When
the needle rotates one turn relative to the IPA coagulation
bath, paused the syringe pump. The sample collected at this
moment is a single fiber named DPF1. Similarly, when the
syringe pump was paused after 5, 10, 15, 20, and 25 con-
secutive rotations, the collected samples were fiber bundles
consisting of 5, 10, 15, 20, and 25 single fibers. The pro-
cess of wet-spun DPF10 is shown in the supporting video.
These samples were named DPF5, DPF10, DPF15, DPF20,
DPF25, respectively. All the samples collected from the IPA
coagulation bath were rinsed with ethanol and then dried on
a heating plate at 60 °C for 10 min. All the samples were
collected from the IPA coagulation bath and then rinsed with
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a mixture of ethanol absolute and deionized water (3:1 v/v)
and then dried on a heating plate at 60 °C for 10 min.

Post-Treatment of Dimethyl Sulfoxide
(DMSO)-Doped PEDOT:PSS Fiber Bundles

The dried DPF1 was immersed in EG, DMSO, CH;NO, and
H,SO, for 120 min, respectively. The post-treated samples
were repeatedly rinsed with a mixture of ethanol and deion-
ized water (3:1 v/v) and then dried on a heating plate at 90 °C
for 15 min. For the concentrated sulfuric acid post-treatment
process of fiber bundles, DPF5, DPF10, DPF15, DPF20, and
DPF25 were immersed into 98% H,SO, and left to stand for 1,
5, 10, 30, 60, and 120 min, respectively. Similarly, the soaked
fiber bundle samples were repeatedly rinsed with a mixture
of ethanol and deionized water (3:1 v/v) and then dried on a
heating plate at 90 °C for 15 min.

Characterization and Thermoelectric Property
Measurement

The surface morphology and cross-sectional morphologies of
the single fiber and fiber bundles were conducted on scan-
ning electron microscopy (SEM, S-4800). The oxidation
levels of the samples were characterized by X-ray photoelec-
tron spectroscopy (XPS, Thermo ESCALAB 250, country).
Raman spectroscopy was performed from 1200 to 1800 cm™!
on a confocal Raman microscope (LabRAM HR Evolution)
using a 553 nm laser. The mechanical testing was conducted
with a homemade tensile Testing Machine at a strain rate of
0.2 mm min~!. A four-probe test sample was prepared by tak-
ing a 5 cm length of DPF10 with H,SO, post-treated on a
polyvinyl chloride (PVC) film. The bending durability test was
conducted at different diameters and held for at least 1 day and
then measured the S and R.

The S of the samples was measured at room temperature
with PTM-3 from WuHan Jouleyacht Science & Technology
Co., Ltd. The o were measured using a homemade four-probe
method. The electrical resistance R was determined by a clas-
sical 4-probe in-line contact method with a Keithley 2450
source/meter. The diameter of the samples was measured by
metallographic microscopy (CX40M) from Ningbo Shunyu
Instrument Co., Ltd. The ¢ was calculated using Eq. (1);

o =L/AR, ey

where R () is the electrical resistance, A (cm?) is the
cross-sectional area, and L (cm) is the distance between
electrodes. For all samples, their diameters, R, and o values
were averaged by measuring at least five times. For a single
fiber, the cross-sectional area of DPF1 is calculated from the
diameter measured by metallographic microscopy, according
to Eq. (2);
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A = nD*/4, )

where D (pm) is the diameter of a single fiber. For fiber
bundles, the cross-sectional area of the fiber bundles is cal-
culated to be equivalent to the area of a rectangle, according
to Eq. (3);

A=2DXxDorA=3DXD. 3)

The length of the cross-sectional area was the data meas-
ured by metallographic microscopy D' (pm); the width was
twice the diameter of the single fibers (2D) for DPF1 and
DPFS5 and three times the diameter of the single fibers (3D)
for DPF10, DPF15, and DPF25. The error bars in the figure
originate from the standard variance calculated based on
multiple measurement values.

Device Fabrication and Performance Evaluation

Thermoelectric devices were prepared from five fiber bun-
dles of 2.5 cm in length and were neatly arranged on a PVC
film and the fiber bundles were connected using a highly
conductive silver paste. Two copper leads are connected
at the ends of the device with conductive copper tape for
testing. When the device used the human arm as the heat
source, the open circuit voltage was tested by a Keithley
DAQG6510 multimeter. In the case of using a heating plate
as a heat source, the other end was exposed to air to obtain a
higher thermal voltage by increasing the temperature of the
heating plate. The maximum output power P of the device
was obtained by adjusting the constant value resistor in the
circuit. We have obtained full consent from human research
participants in this work for wearable devices.

Results and Discussion
Thermoelectric Performance of PEDOT:PSS Fiber

We first evaluated the room-temperature thermoelectric
performance of PEDOT:PSS fiber bundles, including DPFn
(n=1,5, 10, 15, 20, and 25). Figure 2a compares the o, S,
and S%¢ of DPFn (n=1,5, 10, 15, 20, and 25) without any
post-treatment. With increasing the number of individual fib-
ers n in the fiber bundle, the o shows an initially increasing
trend followed by a decreasing trend. The best performance
for the thermoelectric fiber bundle can be achieved when
the bundle consists of 10 individual fibers, which exhibits a
significantly higher ¢ compared to other bundles. When n is
10, the intensity of interfaces between individual fibers is an
optimized value for electrical transport; however, when n is
> 10, the reason for the drop of o is that the increased num-
ber of fibers leads to loosen bonding between the fibers and
the appearance of gaps that increase interfacial resistance.

Another reason could be that the isopropanol used to coagu-
late the fibers may hinder charge carrier transport by being
trapped within the fiber bundle. Besides, with increasing the
n, the S is almost the same value, this is because the S is not
sensitive to the structures (interfaces) but the composition,
which further explains the phenomenon discussed above.

To improve the thermoelectric performance of DPF,
we tested different post-treatment methods, including
EG, DMSO, CH;NO, and H,SO, for 120 min. The results
indicate that the DPF post-treated with H,SO, possesses
the highest thermoelectric performance (Fig. S1), which
should be attributed to that H,SO, is the most effective
post-treatment method to remove the excessive PSS, con-
firmed by the Raman spectrum and high-resolution X-ray
photoelectron spectroscopy (XPS) results (Fig. S2). After
H,SO, treatment, a portion of the PSS ions is neutralized
by the protons from H,SO,, leading to the disappearance of
the Coulombic attraction between PEDOT and PSS. This
results in the substitution of the PSS unit by the hydro-
gen sulfate ion as the counterion for the PEDOT particle.
The deconvolution of the S2p spectra for DPF treated with
H,SO,for 120 min (Fig. S2c) reveals that the binding ener-
gies at 164.1-165.2 eV and 167.2-168.3 eV are attributed
to sulfur in the thiophene ring and PSS, respectively. The
peak at the binding energy of 169.5-170.4 eV corresponds
to sulfate, indicating the successful substitution of bisulfate
for PSS in PEDOT. Based on these results, we choose H,SO,
to post-treat the as-achieved bundles and explore the suitable
treatment time. Figure 2b shows the o, S, and 26 of DPF10
post-treated by 98% H,SO, at different treating times. As can
be seen, 120 min treatment can induce the highest ¢ and in
turn the highest $%6. This is because a longer treatment time
can remove too much PSS, leading to damaged DPF10. On
this basis, 120 min should reach the upper limit. Figure 2¢
plots the o, S, and S°c of DPFn post-treated by 98% H,SO,
with a treatment time of 120 min. As can be seen, when
n=10, a peak o of ~4464 S cm~! can be seen, leading to
an optimized $%¢ of 80.8 pW m~! K2, Such a phenomenon
is also derived from the optimized interface intensity. Fig-
ure 2d compares the ¢ between our study and the reported
in PEDOT:PSS-based fibers [8, 9, 21-24, 28-53]. As can be
seen, our as-achieved o is the highest. More detailed param-
eters are summarized in Table S2 in the Supporting Informa-
tion for reference.

Morphology and Structure Characterization
of PEDOT:PSS Fiber

To understand the as-achieved high thermoelectric proper-
ties in our PEDOT:PSS fiber bundles, we investigated com-
prehensive structural and morphological characterizations.
Figure 3a—c shows SEM images of DPF1 (single fiber),
DPF10, and DPF25, which are all without post-treatment.
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Fig.2 Room-temperature thermoelectric performance of

PEDOT:PSS fiber bundles. a Electrical conductivity o, Seebeck coef-
ficient S, and S%¢ of DPFn (n=1, 5, 10, 15, 20, and 25). Here, n indi-
cates the number of individual fibers in one bundle. b o, S, and S% of

As can be seen, when the number of individual fibers is
small, PEDOT:PSS fibers form tightly packed fiber bundles
in the solidification bath. However, when the fiber bundle
has 10 fibers (n> 10), due to the rapid solidification of the
fibers in the bath, the subsequent fibers are unable to bond
tightly with the previous fibers, resulting in a less uniform
fiber arrangement with gaps in the middle. The SEM images
of DPF5, DPF15, and DPF20 are shown in Fig. S3 for refer-
ence. In addition to SEM results, Fig. 3d compares Raman
spectra of DPFn (n=1, 5, 10, 15, 20, and 25). The main
forces between PEDOT:PSS are electrostatic interactions
and n—= stacking. PEDOT is responsible for conductivity,
while PSS balances electrode polarity and facilitates the
dissolution of PEDOT. The enhancement of the conduc-
tivity of PEDOT:PSS is primarily achieved by disrupting
the electrostatic binding forces between PEDOT and PSS,
thereby increasing the crystallinity of PEDOT itself. As the
number of fiber bundles increases, the Raman characteristic
peak width decreases at 1427 em™!, indicating an increase in
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crystallinity [26]. Consequently, the fiber bundle resistance
measured by the four-probe method decreases. The conduc-
tivity is calculated by considering the fiber resistance and
the corresponding cross-sectional area. The cross-sectional
area of the fiber bundle increases with the increasing number
of fibers, leading to an initial rise and subsequent decrease
in the overall conductivity (Fig. 2a). Figure 3e compares
high-resolution XPS patterns of DPFn (n=1, 5, 10, 20, and
25) for S2p. No significant shifts or changes can be seen
in both Raman and XPS, indicating that the formation of
fiber bundles did not alter their molecular structure. It can
be inferred that the enhancement of electrical performance
in fiber bundles is due to physical changes (mainly inter-
faces). Figure 3f shows high-resolution S2p XPS patterns of
DPF10 post-treated by 98% H,SO, at different times. The
peaks shifting toward lower binding energy indicates the
effective removal of PSS parts. Figure 3g shows an SEM
image of DPF1 post-treated by 98% H,SO,. The diam-
eter was reduced from 18.2 to 7.9 pm after 98% H,SO,
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Fig.3 Characterizations of PEDOT:PSS fiber bundles. Scanning
electron microscopy (SEM) images of a DPF1, b DPF10, and ¢
DPF25. d Raman spectra of DPFn (n=1, 5, 10, 15, 20, and 25). e
High-resolution X-ray photoelectron spectroscopy (XPS) patterns of
DPFn (n=1, 5, 10, 20, and 25) for S2p. f High-resolution XPS pat-
terns of DPF10 post-treated by 98% H,SO, with different treating

post-treatment, further confirming the partial removal of
the excessive PSS. The metallographic microscope images
of DPFn (n=1, 5, 10, 15, 20, and 25) post-treated by 98%
H,SO, with 120 min are shown in Fig. S4 for reference.
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Cross-sectional SEM image of severed DPF10 by a scissor. i Meas-
ured resistance R of DPFn (n=1, 5, 10, 15, 20, and 25). The inset
shows the cross-sectional area of a fiber bundle that is used to calcu-
late the conductivity

Figure 3h shows a cross-sectional SEM image of severed
DPF10 by a scissor. So the shape of the soft polymer was
changed slightly. As can be seen, when there are many indi-
vidual fibers in the bundle, fiber stackings occur instead of
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all fibers arranged in a single layer. Also, there is no obvious
boundary between individual fibers, indicating that the ¢
should be high due to the less carrier scattering. The cross-
sectional SEM images of DPF5, DPF15, DPF20, and DPF25
can be referred to in Fig. S5, which further confirms this
result. Based on this phenomenon, Fig. 3i shows the meas-
ured resistance R of DPFn (n=1, 5, 10, 15, 20, and 25). The
inset shows the cross-sectional area of a fiber bundle that
was used to calculate the o. In the wet-spinning process, the
needle diameter, injection rate, and rotation speed of the
coagulation bath are consistent. Individual fibers are neatly
aligned and undergo slight morphological changes in the
coagulation bath due to factors such as the gravity of the fib-
ers before solidification, resulting in a non-ideal cylindrical
shape. We captured the surface morphology of individual
fibers using SEM and found that each fiber is uniform with
a cross-sectional circular shape. The measured length on the
fiber surface corresponds to the cross-sectional diameter of
the fiber. Fiber bundles are formed by the accumulation of
individual fibers, thus reasonably deducing that the ideal
cross-sectional model of a fiber bundle is an assembly of
individual fibers. Due to experimental factors, fiber bundles
do not exhibit an ideal arrangement of cylindrical shapes but
rather form a surface with integrated fiber structures. As a
result, the cross-section of the fiber bundle is a multiple of
the uniform cross-sectional diameter of individual fibers.
Here, we assume that each fiber can be treated as a resistor,
and the fiber bundle can be regarded as a system of resistors
in parallel. According to Ohm’s Law, the more resistors in
parallel, the lower the overall resistance of the system. With
increasing the number of individual fibers in the bundle (n),
the resistance of the fibers was rapidly decreased except for
n=25. The R of the fiber is calculated from the average of
five measurements. Based on the resistance values and the
method of calculating the cross-sectional area, we meas-
ured the o of the fiber bundle using a homemade four-probe
method, which is the original of the measured ¢ shown in
Fig. 2.

In addition to the improved thermoelectric properties,
PEDOT:PSS fiber bundles also exhibited much higher
mechanical performance than individual fibers. Figure 4a
shows a photograph of a knotted DPF10. During the knotting
process, the fiber bundle is stable without damage, especially
for the knotted area, as shown in the SEM image in Fig. 4b.
Figure 4c shows the measured normalized Seebeck coef-
ficient S/S, and resistance R/R;, of DPF10 as functions of
knot number. Obviously, with increasing the knot number,
the S/S,, is stable because the S is not sensitive to the struc-
ture, while the R/R,, only slightly increases, indicating good
stability and wearability. In addition to the knotting test, we
also performed traditional flexibility and strain—stress tests.
Figure 4d shows a photograph of the flexibility test of DPF10
with a radius of curvature of 12.5 mm, and Fig. 4e shows the
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measured S/S, and R/R;, of DPF10 as functions of bending
radius. Obviously, with decreasing the bending radius, both
the /S, and R/R, maintain stability, indicating outstanding
flexibility. We further measured the tensile strength of DPFn
(n=1,5, 10, 15, 20, and 25), and the results are shown in
Fig. 4f. The test results show a nonlinear slope of the stress
as a function of strain. For DPF10, the initial slope is large
and gradually slows down. When the maximum stress is
reached, the fiber bundle breaks completely. The fracture
length of fiber bundles increases as n increases. This may be
due to the relaxation of the fiber bundles in the test perfor-
mance [54]. With increasing the n, the tensile strength sig-
nificantly increases, indicating outstanding rigid and strong
bearing capacity. These results indicate that the as-designed
fiber bundles can be applied to scenarios of any shape, and
their thermoelectric properties remain largely unchanged,
making it convenient to further process fiber bundles into
wearable and wearability devices.

Home-Made Thermoelectric Device of PEDOT:PSS
Fiber Bundles

To evaluate the practical application potential of as-fab-
ricated PEDOT:PSS fiber bundles, we fabricated FTEDs
composed of these fiber bundles as thermoelectric elements.
Figure 5a illustrates the structure of the as-designed FTEDs
composed of five DPF10 as p-type legs and we connected
the two ends for testing using copper wires and an electrical
meter. Figure 5b shows its optical image, in which a PVC
film acted as the substrate to support the fiber bundles and
wires. Figure 5c shows the photo of the power output (P)
evaluation of the FTED composed of DPF10 under a tem-
perature difference AT of 2.1 K between the environment
and the human arm. The maximum output power P, of the
FTED was obtained by adjusting the constant value resistor
in the circuit. In addition to the FTED composed of DPF10,
we also fabricate FTEDs composed of DPF5, DPF15,
DPF20, and DPF25, respectively, and their photographs are
shown in Fig. S6 for reference. Figure 5d compares meas-
ured open-circuit voltage V and R of the FTEDs composed
of DPFn (n=5, 10, 15, 20, and 25). With increasing the n,
the R decreases while V increases. In terms of the FTED
composed of PDF10, Fig. Se, f shows measured V and P as
a function of loading current /, 4 under different ATs (10 K
and 25 K). With increasing the /.4, the V decreases, and the
P peaks at ~1.75 pA. Besides, with increasing the AT, both
the V and P increase. A high P of 2.25 nW was achieved
when AT=25 K, indicating the potential of charging low-
grade wearable electronics. Besides, with increasing n, the
P increases, as indicated by Fig. S7 for reference.

The wearable TEDs prepared from fiber bundles are
expected to play a significant role in energy harvesting
and human health monitoring. This self-sustaining energy
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knot in a. ¢ Measured normalized Seebeck coefficient S/S, and resistance R/R;, of DPF10 as a function of knot number. d Photograph of
the flexibility test of DPF10 with a radius of curvature of 12.5 mm. e Measured S/S, and R/R,, of DPF10 as a function of bending radius. f
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solution will reduce reliance on traditional batteries, driving
the development of sustainable energy technologies. With
advancements in nanotechnology and materials science,
the performance of these TEDs is poised for significant
improvement, making their applications in daily life and
special environments more widespread and practical.

Additionally, these TEDs can be integrated with other
smart materials and devices, such as optoelectronics for
multifunctional capabilities like illumination and display.
With the continuous progress of technology, we have reason
to believe that these materials will play crucial roles in the
future of smart textiles and energy technology.
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Conclusions

In this work, a rapid and cost-effective wet-spinning
method has been employed to prepare PEDOT:PSS fiber
bundles, which were doped with DMSO and post-treated
by 98% H,SO,. The fiber bundles, consisting of multi-
ple individual PEDOT:PSS fibers, process low resist-
ance and high tensile strength and stability. The H,SO,
post-treatment partially removes excessive PSS units and
increases the o to 4464 S cm™! and power factor up to
80.8 pW m~! K72, ranking PEDOT:PSS fiber bundles as
the best in the current PEDOT:PSS fibers. In addition to
this, the fiber bundles exhibit high mechanical properties,
and the FTEDs assembled by these fiber bundles show a
promising output power of 2.25 nW at a AT of 25 K. Our
work provides insights into the manufacture of all-organic,
flexible, and highly conductive textiles.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-024-00374-z.
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