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ABSTRACT: The construction of fibrous ionic conductors and
sensors with large stretchability, low-temperature tolerance, and
environmental stability is highly desired for practical wearable
devices yet is challenging. Herein, metallogels (MOGs) with a
rapidly reversible force-stimulated sol—gel transition were
employed and encapsulated into a hollow thermoplastic elastomer
(TPE) microfiber through a simple coaxial spinning. The resultant
MOG@TPE coaxial fiber exhibited a high stretchability (>100%)
in a broad temperature range (—S0 to SO °C). The MOG@TPE
fibrous strain sensor demonstrated a high-yet-linear working curve,
fast response time (<100 ms), highly stable conductivity under
large deformation, and excellent cycling stability (>3000 cycles).
The MOG@TPE fibrous sensors were demonstrated to be directly
attached to the human skin to monitor the real-time movements of large/facet joints of the elbow, wrist, finger, and knee. It is
believed that the present work for preparing the stretchable ionic conductive fibers holds great promise for applications in fibrous
wearable sensors with broad temperature range, large stretchability, stable conductivity, and high wearing comfort.
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1. INTRODUCTION polymer matrix and conductive filler and (2) modifying the
polymer yarns and fibers via depositing or printing conductive
materials on their surface. Usually, the first method could
obtain composite fibers with good filler dispersion and strong

Stretchable wearable strain sensors have achieved growing
attention in recent years due to a broad range of potential
applications including human health monitoring, human—

machine interfaces, and soft robotics.' ™ Currently, conductive interaction between the filler and matrix.”* Moreover, the
polymer films are commonly employed as stretchable electro- properties of the resulting fibers could also be readily
des to assemble stretchable sensors."”” The resulting sensors controlled by tuning the conductive filler amount.”**°
exhibit many good properties, such as biocompatibility, real- However, the conductive fibers fabricated by this method
time monitoring, non-invasive wear, etc.®”'’ Stretchable show limited stretchability and long response times, thereby
conductive fibers as one of the important conductive materials significantly hindering their application in related areas. As for
are also exploited for the fabrication of electronic devices." =" the second method, even though the produced materials
As compared with film-type strain sensors, besides the features exhibit high stretchability, they suffer from the gradual
ascribed to the stretchable polymers, the sensors based on deterioration in conductivity because of the conductive layers
stretchable conductive fibers show some unique qualities to be delaminating or peeling off from the substrate under repeated
directly woven into or stitched onto textiles to detect body stretching, bending, or scratching. So, the development of

motions in the desired direction, further providing wearing
comfort and integrality to the resulting wearable sensors.”>™*
Therefore, stretchable conductive fibers can be considered as

ideal candidates to develop high-performance wearable
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highly stretchable conductive fibers with stable conductivity is
of significance, but it still remains challenging.

sensors.

To date, various kinds of stretchable conductive fibers with
different compositions and architecture have been deliberately
designed and fabricated.”' >’ In general, the methods for the
preparation of stretchable conductive fibers can be divided into
two categories: (1) spinning the solution of a stretchable
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Figure 1. Schematic procedure of the MOG@TPE fiber via coaxial spinning. (a) Schematic illustration of the coaxial spinning for the MOG@TPE
fiber. (b) Photograph showing the sol—gel transition behavior of the MOG. (c) Continuous step-stress measurements of the MOG at S and 50%
strain, respectively. (d) Photograph showing MOG@TPE fibers soaked in EtOH bath. (e) Photograph showing MOG@TPE fibers collected on a
spindle. (f) Photograph showing MOG@TPE fibers woven into knots.

Formation of a core—sheath structure via the coaxial
spinning technique, wherein the conductive fluids are
encapsulated into hollow stretchable polymer fibers, has been
proposed as an alternate approach to fabricate hybrid
conductive fibers.””** As compared with the fibers prepared
by traditional methods, using a core—sheath structure, it is
possible to obtain functional fibers possessing excellent
stretchability from the polymer-based sheath and outstanding
conductivity of an electroactive core simultaneously.” A few
core—sheath stretchable conductive fibers, such as graphene/
chitosan and carbon nanotube/cellulose coaxial fibers, have
been designed and prepared by the coaxial spinning of aqueous
conductive carbon material suspension and polymer solu-
tion.””*" Although the produced fibers exhibit good stretch-
ability, the conductive fillers of graphene sheets or carbon
nanotubes have a high tendency to form irreversible
aggregation during repeated stretching/releasing processes,
which might lead to the unstable conductivity and further limit
their applications.

Metallogels (MOGs), emerging as a new kind of functional
materials, are one of the supramolecular assemblies through
metal—ligand coordination interactions, as well as other weak
bonds.”®™** One of the MOGs’ promising properties is their
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good conductivity endowed by their unique composi-
tions.** > Importantly, non-covalent weak interactions make
MOGs readily take reversible sol—gel transition under external
stimuli such as shaking, light, pH, and temperature.”’40
Herein, we report the facile fabrication of a novel core—sheath
conductive fiber for wearable sensor applications in which
MOG and thermoplastic TPE have been chosen as the
conductive core component and sheath constituent, respec-
tively. The as-prepared fibers exhibit high stretchability
benefiting from the good properties of the sheath TPE.
Furthermore, they display significantly stable conductivity
deriving from the rapidly reversible sol—gel transition of core
MOG under shear stress during repeated stretching/releasing
processes. In addition, the fibrous strain sensors based on the
MOG@TPE fiber are able to directly attach onto the elbow,
wrist, finger, and knee to monitor various human movements.
The human movements could be easily monitored by the
fibrous strain sensors in real time. Overall, the present work
provides a new avenue to prepare a MOG-based fibrous strain
sensor with broad temperature range, large stretchability, stable
conductivity during large deformation, and high wearing
comfort.
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Figure 2. The mechanical properties of the MOG@TPE fiber. (a, b) Cyclic loading and unloading tests on the MOG@TPE fiber (a) and n-TPE
fiber (b) from 0 to 100% strain at a rate of 5 cm min™". (c) Normalized maximum stress of the MOG@TPE fiber and n-TPE fiber, respectively. (d)
Time-dependent stress response of the MOG@TPE fiber. (e) Tensile work and energy loss of MOG@TPE fibers at the first cycle. (f) Cycle-
dependent energy loss and energy loss coefficient of MOG@TPE fibers. (g) Cyclic loading and unloading tests on the MOG@TPE fiber at various
temperatures. (h) Typical strain—stress curves of the MOG@TPE fiber at various temperatures. (i) Fracture mechanical strengths of the MOG@
TPE fiber at various temperatures.

2. RESULTS AND DISCUSSION was formed quickly. Immediately afterward, the MOG was

The fabrication procedure of MOG@TPE fibers is demon- injected into the holl.ow TPE ﬁl,)e? t}1be, and the MOG@TPE
strated in Figure la. First, folic acid was dissolved in a solution fiber was finally obtained by solidifying the as-spun fiber in an
of KOH containing ethylene glycol and H,0 (EG-H,0) mixed oven for 2 days. o .

solvent, and the carboxyl groups (—COOH) on folic acid had a Rheolog)f and in situ attenuated total reflectance Fourier
higher coordination activity after losing protons in the KOH transform 1nfrareq spectroscopy (ATI_{'FTIR) w?.re used to
solution. Zinc chloride (ZnCl,) of an equimolar amount with study the mechanism of sol—gel transition. A contl{luous step-
the folic acid was then added to the folic acid solution. Finally, strain measurement of the MOG at 5 and 50% strain was used

the coordination bonds formed by —COO™ and Zn>* offered to simulate the shear stress and rest, respectively (Figure 1c).*!
the MOG skeletons, and EG and H,O were trapped into the At 5% strain, the values of the storage modulus (G’) were
MOG skeletons by hydrogen bonds between the amine groups constantly higher than those of the loss modulus (G”) (G' >
(=NH,) and solvent molecules. Since the coordination bonds G"), indicating that the MOG was in a gel state. When the
and hydrogen bonds in the MOG were easy to be broken and applied strain increased to S0%, the values of G’ were
regenerated, the MOG had a reversible sol—gel transition constantly lower than those of G” (G’ < G”), indicating that
behavior (Figure 1b). The reversible sol—gel transition allowed the MOG was in a liquid state. After the applied strain was
the MOG to be controllably switched between gel and liquid decreased back to 5%, the gel state was recovered (G’ > G”)
states, which laid the foundation for the successful within a few seconds. Furthermore, even after applying the
implementation of the coaxial spinning. The TPE/CH,Cl, continuous step-strain for three cycles (about 20 min), the
solution and MOG were extruded into the coagulation bath MOG can still get back to the gel state, showing that the MOG
from the outer and inner channel, respectively. The CH,CI, had excellent sol—gel transition. Figure S1 shows the in situ
was dissolved into the ethanol, and a hollow TPE fiber tube attenuated total reflectance Fourier transform infrared spec-
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troscopy (ATR-FTIR) when the MOG was in the continuous
step-strain measurement. The coordination bond
(—COO™Zn™) was broken under the applied large strain
(50%), evidenced by the intensities of the —COO~Zn** peak
clearly reducing. The intensities of the —COO™Zn*" peak were
capable of restoring to original values when the applied strain
was decreased to 5%. Herein, the mechanism of sol—gel
transition for the MOG was that the shear stress broke the
—COO™Zn*" (which transformed the gel state of MOG into
the liquid state), and —COO~Zn*" was able to regenerate after
resting the liquid state of MOG (Figure $2).%

With the help of the quick sol—gel transition of the MOG,
the MOG@TPE fiber can be easily fabricated in an ethanol
coagulation bath (Figure 1d), and a single fiber with a length of
more than S m was collected on a winding shaft (Figure le).
The outer and inner diameters of MOG@TPE fiber were 600
and 515 pum, respectively (Figure S3). The results showed that
the synthetic method in this article holds a potential for the
large-scale production of the core—sheath structure conductive
fiber. Besides, MOG@TPE fibers showed large stretchability
with the strain range of more than 100% strain (Figure S4). A
200 g weight was hung on the MOG@TPE fiber (Figure SS),
implying the resultant fiber’s excellent mechanical properties.
Moreover, MOG@TPE fibers were woven into knots (Figure
1f), indicating that the MOG@TPE fiber had high flexibility
and stretchability.

Scanning electron microscope (SEM) images of the xerogel
are shown in Figure S6. The xerogel exhibited a three-
dimensional (3D) porous network structure with a pore size of
2—3 um, indicating that the skeletons of the MOG were
porous.*”™* The changes of functional groups during the
formation of the MOG were shown in the Fourier transform
infrared spectroscopy (FTIR) of the xerogel and folate
dipotassium salt (Figure §7).***” The peak of —COO~ (folate
dipotassium salt) at 1607 cm™" shifted to 1570 cm™" (xerogel)
due to the formation of —COO™Zn*', but the peak of —NH,
remained at 1509 cm™' during the formation of the MOG.
This result indicated the —COO™ was the only functional
group coordinating with Zn**.**7°" In the strain sweep
measurements, a linear regime between 1 and 8% can be
observed, and the value of G’ was higher than that of G” for
the MOG (Figure S8a). In the frequency sweep experiment, a
wide range of angular frequencies of 1—100 rad s™' was
observed in the linear response of G’ and G” (Figure S8b).
The rheological results showed that the elastic characteristics
of the MOG were consistent with the related literature,
indicating that the gel networks of the MOG had been
successfully constructed.*”*® To investigate the influence of
EG on the gel networks, H,O-MOG without EG was
synthesized. Differential scanning calorimetry (DSC) was
used to evaluate the anti-freezing performance of H,0-MOG
and MOG (Figure $9).°* A sharp peak near —$ °C can be
observed on the DSC of H,0-MOG, indicating that the
freezing point of H,O-MOG was lower than that of pure water,
which was attributed to the large amount of Zn*" in H,O-
MOG. However, no peak was observed on the DSC of the
MOG, which illustrated that the freezing point of MOG was
lower than —75 °C. Based on the above results, the mechanism
of MOG formation was the —COO™ coordinating with Zn** to
form the 3D network skeletons, and solvent molecules were
trapped into 3D network skeletons by the hydrogen bond
(Figure S10).

4545

To investigate the influence of the MOG on the mechanical
properties of the MOG@TPE fiber, a neat hollow TPE (n-
TPE) fiber was also synthesized. The stress—strain curves of
MOG@TPE and n-TPE fibers are shown in Figure 2a,b,
respectively. In the first cycle, the maximum stress values of
MOG@TPE and n-TPE fibers were similar, which were 61.5
and 61.9 kPa, respectively. The stress—strain curves of Figure
2a show a negligible decrease of the maximum stress for the
MOG@TPE fiber in the primary 10 cycles. The fatigue loss of
the MOG@TPE fiber was inevitable.”> The maximum stress
decrease of the MOG@TPE fiber was up to 6% after 100
cycles and 10% after 1000 cycles. More than that, the MOG@
TPE fiber showed a slight maximum stress decrease (13%)
after 3000 cycles. As a comparative sample, the maximum
stress decrease of the n-TPE fiber was 12% after 100 cycles and
17% after 1000 cycles. The results showed the MOG@TPE
fiber had a better fatigue resistance than the n-TPE fiber. The
excellent fatigue resistance of the MOG@TPE fiber benefited
from the MOG playing the role of lubricant. During the
process of stretching, the MOG always remained in the liquid
state and effectively avoided the stress concentration of the
MOG@TPE fiber. However, the lubrication of MOG was not
enough to completely eliminate the stress concentration, and
the repeated mechanical tension eventually caused permanent
damage to the TPE, i.e., plastic deformation. An 18% decrease
of the maximum stress (reaching 50.9 kPa) of the MOG@TPE
fiber can be observed after being stretched for 5000 cycles,
which was very close to the maximum stress decrease of the n-
TPE fiber (20%) after S000 cycles. Compared with the
MOG@TPE fiber, the maximum stress of the n-TPE fiber
increased sharply after 10 cycles, and the maximum plastic
deformation was reached after 1000 cycles (Figure 2c). This
was because there was no MOG as lubricant in the n-TPE
fiber, and the stress concentration effect greatly destroyed the
microstructure of TPE in the primary 1000 cycles.

The 100% strain was applied on the MOG@TPE fiber at
various frequencies (Figure 2d). Each time—stress curve in the
results was almost symmetrical, which further showed that the
MOG@TPE fiber had highly mechanical properties.”* ™ The
plastic deformation during the stretching process can be
quantified as energy dissipation (AU), which was the
difference between the works of loading and unloading.
Taking the first cycle of the MOG@TPE fiber at 100% strain
as an example (Figure 2e), the loading work (U) was 0.39 m],
and the unloading work remained at 0.047 mJ. The energy loss
coefficient (1) of the MOG@TPE fiber in the first cycle can be
calculated by the following eq 1:

_ AU
U (1)

Therefore, the 7 of the MOG@TPE fiber was 0.12 in the
first cycle, which was attributed to the inevitable micro-
structure damage caused by stretching the MOG@TPE fiber.
After the first cycle, the # did not change significantly and
remained at ~0.12 (Figure 2f). Specifically, the U was still able
to reach 0.31 mJ (Figure S11) after S000 cycles, indicating that
the MOG@TPE fiber had excellent mechanical stretchability.

The effect of temperature on the mechanical properties of
the MOG@TPE fiber was also investigated (Figure 2g).
Typical stress—strain curves of the MOG@TPE fiber showed
the maximum stress slightly increasing with the temperature
decreasing, which was attributed to the low temperature
restricting the chain motions of TPE. Figure 2h,i shows that
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—30 °C (a) and 50 °C (b), respectively. (c) Relative resistance variations of MOG@TPE fibrous sensors at various

the fracture strength of the MOG@TPE fiber also decreases
with rising temperature, but the breaking elongation increases
with the temperature rising. The results were mainly attributed
to TPE having two different glassy transition temperatures
(—60 and 70 °C), which corresponded to the chain motions of
isoprene and styrene segments, respectively. It should be
pointed out that the MOG had negligible mechanical

4546

properties between —S50 and SO °C. Therefore, low temper-
atures would induce the TPE into a crystalline state, and the
breaking strength of MOG@TPE fiber increased at low
temperatures.

A wide strain range is an important characteristic for
wearable strain sensors.” At the frequency of 0.08 Hz, MOG@
TPE fibrous sensors based on MOG@TPE fibers were able to
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output stable and repetitive signals under different strains in
the range of 0—100% strain (Figure 3a). When the MOG@
TPE fibrous sensor was applied to dynamic tension of 0.1—-0.5
Hz under 100% strain (Figure 3b), the output signals of the
MOG@TPE fibrous sensor were highly frequency dependent.
Figure 3¢ shows that the response times of tensile and release
were all less than 100 ms. The results were attributed to the
sheath TPE having few microdefects during wet spinning.
Moreover, the resistance signals were very stable before and
after stretching. The results were attributed to the fact that the
fast and reversible sol—gel transition enabled core MOG in the
MOG@TPE fiber to quickly restore to the gel state after
stretching. Figure 3d shows that the area enclosed by the
curves of loading and unloading was nearly negligible. The
results showed that the hysteresis of the MOG@TPE fibrous
sensor was very low. The low hysteresis gave MOG@TPE
fibrous sensors the ability to output signals quickly. Figure S12
shows that the minimum strain that the MOG@TPE fibrous
sensor is capable of detecting is 0.9%, and the AR/R, of the
MOG@TPE fibrous sensor at 0.9% strain is 0.69%.”° The
MOG@TPE fibrous sensor was stretched repeatedly for
12,000 s (>3000 cycles) at 0.25 Hz, showing that the
MOG@TPE fibrous sensor had a long-term working life
(Figure 3e). The high repeatable signals presented in the insert
of the Figure 3e proved that the MOG@TPE fibrous sensor
had high cycling stability.

The effect of temperature on the tensile performance of the
fabric woven by MOG@TPE fibers in a harsh environment
was studied (Figure 4a,b). The fabric had excellent tensile
performance (about 100% strain) at S0 °C (Figure 4a) and
—30 °C (Figure 4b). The excellent resistance to extreme
temperatures was ascribed to the high anti-freezing perform-
ance of EG-H,0 and the great tensile performance of TPE at
extreme temperatures. The conductivity of the MOG@TPE
fiber was proportional to temperatures (Figure S13). The
results were attributed to the fact that the high temperature
was able to accelerate the ion migration rate. After 6 months of

4547

storage at various temperatures, the MOG@TPE fiber showed
an only 2% weight loss (Figure S14) and had a constant
conductivity (Figure S1S5). The excellent stabilities were
ascribed to the fact that the sheath TPE had excellent
hydrophobicity and prevented water molecules from entering
the MOG@TPE fiber. Figure S16 shows that a slight
disturbance was able to accelerate the self-healing speed. The
results were attributed to the fact that the contact probability
between —COO~ and Zn** was increased by the slight
disturbance. The quick self-healing performance provided the
MOG@TPE fiber resistance to complicated deformations such
as stretching and folding. It should be pointed out that the
applied strain would partially destroy the coordination
networks of the MOG, which in turn makes the metal ions
(such as Zn®*) restricted in the coordination networks become
free, resulting in the resistance decrease (Figures S1 and S2).
However, the MOG@TPE fiber would become thin during the
stretching process, thus leading to the increase of the
resistance. The results demonstrate that the resistance actually
increased during the stretching process, meaning that it was
mainly affected by the diameter change of the fibers. To further
confirm the above-mentioned results, an EG-H,O solution
containing K* and Zn** free ions, which are the same as the
metal ionic concentration in the MOG, was prepared and
injected into the TPE hollow fiber tube to obtain a free-ion@
TPE fiber. As shown in Figure S17, the resistance change rate
of the prepared free-ion@TPE fiber clearly increased during
the stretching process with the same strain range, which further
confirmed the dependence of the resistance change on the
diameter change of the fiber. Figure S18 shows the working
curves (0—100% strain) of the MOG@TPE fibrous sensor at
—50 to 50 °C. The working curves were similar at various
temperatures. More than that, the gauge factor (GF) values
(0—100% strain) of the MOG@TPE fibrous sensor were also
similar at various temperatures (Figure 4c). The results
indicated that the MOG@TPE fiber had the ability to work
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stably in a complex environment, which was still a great
challenge for traditional fibrous sensors.

The MOG@TPE fibrous sensor was able to monitor
different bending angles, indicating that the MOG@TPE
fibrous sensor had high sensitivity and broad strain range
(Figure Sa). As a proof of concept, MOG@TPE fibrous
sensors were attached to human joints as a wearable sensor
(the insets in Figure Sb—f). The MOG@TPE fibrous sensor
was easy to be worn on humans, and the human skin did not
feel discomfort, which showed that the MOG@TPE fibrous
sensor had high wearing comfort. Figure Sb shows that the
MOG@TPE fibrous sensor was able to monitor the motion of
the human knee joint, and a series of real-time simulation
curves were obtained. The results show that the MOG@TPE
fibrous sensor was able to monitor the motion of large joints.
The MOG@TPE fibrous sensor was also capable of simulating
the bending and recovery of human fingers (Figure Sc). In
addition, the bending angles of the finger can also be accurately
monitored in real time by the MOG@TPE fibrous sensor
(Figure Sd). The results show that the MOG@TPE fibrous
sensor was able to monitor the motion of facet joints. Similarly,
the MOG@TPE fibrous sensor was capable of monitoring and
accurately simulating different angles of human elbow motion
in real time (Figure Se,f). Figure S19 shows that the MOG@
TPE fibrous sensor is also able to monitor human
respiration.”® In conclusion, the MOG@TPE fibrous sensor
had high sensitivity, wide strain range, and excellent wearing
comfort.

3. CONCLUSIONS

In summary, coaxial spinning has been successfully used to
fabricate a stretchable conductive fiber with a core—sheath
structure. The sol—gel transition of core MOG gave the
MOG@TPE fiber a stable conductivity (3.6 mS cm™) after
large deformation. Sheath TPE with excellent hydrophobic
properties enabled the MOG@TPE fiber to be stored stably
for 6 months at various temperatures. The highly mechanical
properties of sheath TPE made the MOG@TPE fibrous sensor
have a long-term life (12,000 s, >3000 cycles). The mixed
solvent of EG-H,0 gave the MOG@TPE fibrous sensor the
ability to work stably at various temperatures. As a proof of
concept, the MOG@TPE fibrous sensor was able to be worn
on human joints, and the large and facet human joints can be
accurately and stably monitored in real time by the MOG@
TPE fibrous sensor. The present work thus opens a new
avenue to fabricate stretchable conductive fibers with broad
temperature range, large stretchability, stable conductivity after
large deformation, and high wearing comfort.

4. EXPERIMENTAL PROCEDURES

4.1. Materials. Zinc chloride (ZnCl, AR), potassium chloride
(KCl, AR), ethylene glycol (EG, >99.5%), and potassium hydroxide
(KOH, >90%) were purchased from Sinopharm Chemicals. Folic acid
was purchased from Aladdin Chemicals (Shanghai, China). Styrene—
isoprene—styrene block copolymer (TPE, styrene 22 wt %), ethanol
(>99.5%), and dichloromethane (CH,Cl,, >99.5%) were purchased
from Sigma-Aldrich. All the chemicals were used as received unless
otherwise stated. Deionized (DI) water was used throughout the
experiments. All the reagents were used as received without further
purification.

4.2, Preparation of the MOG@TPE and Neat TPE Hollow (n-
TPE) Fiber. The sheath spinning solution was prepared as follows: 10
g of TPE was dissolved in 20 g of CH,Cl, at room temperature. The
folate dipotassium salt was prepared as follows: KOH (0.22 g) and
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folic acid (0.88 g) were dissolved in 10 mL of DI water. A brown and
transparent solution was obtained by stirring the solution at room
temperature for S min (solution A). Folate dipotassium salt was finally
obtained by evaporating the solvent of solution A. The H,0-MOG
was prepared as follows: solution B was obtained by dissolving 0.28 g
of ZnCl, in 10 mL of H,O. The H,0-MOG was obtained after the as-
stirred solution (A and B) stood for 2 days at room temperature. The
MOG spinning solution was prepared as follows: solution C was
obtained by dissolving KOH (0.22 g) and folic acid (0.88 g) in 10 mL
of EG-H,0 (volume ratio: 5:5). Solution D was obtained by
dissolving 0.28 g of ZnCl, in 10 mL of EG-H,0 (volume ratio: 5:5).
Then, solutions C and D were mixed by stirring for S min. The MOG
spinning solution was obtained after the as-stirred solution (C and D)
stood for 2 days at room temperature. All the spinning solutions were
degassed for 10 min before wet spinning. The coaxial needle was
obtained by an inner-channel needle (21G) being inserted into an
outer-channel needle (15G). The core MOG and sheath TPE
spinning solution was extruded into an ethanol bath from the inner
and outer channel, respectively. The MOG@TPE fibers were
obtained after the as-spun fiber was washed and air-dried at room
temperature. The n-TPE fibers were obtained by extracting the core
MOG from the MOG@TPE fibers. The free-ion@TPE fiber was
prepared as follows: KCl (0.30 g) and ZnCl, (0.28 g) were dissolved
in 10 mL of EG-H,0O (volume ratio: 5:5). The free-ion@TPE fiber
was obtained by injecting the solution containing free ions into the
TPE hollow fiber tube.
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