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Abstract The development of conductive hydrogels with stretchability, adhesiveness, self-healing, antibacterial and ionic conductivity is crucial
for wearable electronic devices such as motion and health monitoring sensors and flexible generators. In this study, a novel multifunctional con-
ductive hydrogel with high conductivity, excellent stretchability, antibacterial property, antifreeze and moisture retention, as well as self-healing
and self-adhesive capabilities was successfully prepared by introducing the dynamic redox reaction between phenolic hydroxyl groups and Fe3*
through the addition of tannic acid (TA) to the acrylic acid (AA)-based hydrogel system, and the addition of LiTFSI. This material not only has good
mechanical flexibility (tensile strength of 0.3048 MPa and elongation at break of 1657%), but also stable electrical properties (conductivity of 1.47
S'm™"). The excellent antibacterial and self-healing properties also endow it with long-term stability in complex environments. The triboelectric
nanogenerator (PTFL-TENG) constructed with this hydrogel can achieve an open-circuit voltage of approximately 100 V, with excellent and sta-
ble output performance, capable of providing self-powering ability for small electronic devices and enabling signal transmission. In addition, the
self-powered sensor assembled with PTFL hydrogel can respond quickly and accurately to deformation and transmit electrical signals, demon-
strating high sensitivity and good repeatability. Based on its comprehensive performance, this hydrogel has broad application prospects in flexi-

ble wearable sensors, intelligent medical monitoring, and self-powered systems.
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INTRODUCTION

With the rapid development of the Internet of Things, artificial
intelligence, and flexible electronics technology, flexible wear-
able devices have shown broad application prospects in fields
such as electronic skin, health monitoring, human-computer in-
teraction, and soft robots.'"? How to provide a continuous and
stable energy supply for flexible sensors has become a key issue.
Flexible mechanical energy harvesters (such as triboelectric
nanogenerators and piezoelectric ionic devices) can convert
mechanical energy into electrical energy.”! As an energy con-
version device, the triboelectric nanogenerator (TENG) holds
promise for integration with energy storage units* enabling in-
tegrated energy harvesting, conversion, and storage. By inte-
grating energy-harvesting units, self-powered sensors enable
sensors to achieve autonomous driving and signal perception
without an external power supply, providing an effective way to
overcome this bottleneck.>® Triboelectric nanogenerators
(TENGS) can efficiently collect low-frequency and disordered
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mechanical energy in the environment through the coupling ef-
fect of contact electrification and electrostatic induction, pro-
viding an ideal technical path for building self-powered sensors
based on TENG.”? TENG mainly includes four basic working
modes: vertical contact-separation mode, horizontal sliding
mode, independent friction layer mode, and single-electrode
mode.®! Among them, the single-electrode mode TENG re-
quires only a single side electrode to be grounded, with a sim-
ple and portable structure, which is especially suitable for direct
interaction scenarios between wearable devices and the hu-
man body.”! It can directly obtain energy from human move-
ment and drive the sensor to work, thereby achieving true self-
powered sensing.

In applications of self-powered sensors, the mechanical
and electrical compatibility of electrode materials is of critical
importance. Traditional triboelectric nanogenerators (TENGSs)
often employ rigid conductors, such as metals and carbon-
based materials,['% which, despite their excellent conductivi-
ty, are prone to fatigue cracks under repeated deformation
and have poor mechanical matching with soft human skin, af-
fecting both wearing comfort and signal collection stability.
The introduction of hydrogel materials offers a new ap-
proach for overcoming this bottleneck. As a soft material with
a three-dimensional hydrophilic network,['"'2 hydrogel-
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based TENGs exhibit significant advantages: their elastic
modulus is adjustable, enabling mechanical matching with
human tissues such as skin and cartilage, and their excellent
mechanical durability ensures the integrity of the conductive
network under complex deformations such as repeated
stretching and twisting. Through ion doping and solvent en-
gineering, hydrogels can maintain high electrical conductivi-
ty over a wide temperature range, overcoming the failure of
traditional materials in extreme environments. These charac-
teristics make hydrogel-based TENGs ideal for constructing
highly adaptable and long-lasting self-powered sensors.

Introducing free ions is the most direct strategy for con-
structing conductive hydrogels, which conduct electricity by
relying on the migration of hydrated ions in salt solutions
(such as NaCl and LiCl).['3141 Compared with conductive poly-
mer systems (such as PEDOT:PSS and polypyrrole), the salt ion
system uses physical doping, does not require complex in situ
polymerization or strongly acidic environments, has a mild
process, high biocompatibility, and maintains stable ionic
conductivity under high stretching, avoiding the problem of
polymer chain orientation destroying the conductive path.
Cui et al. utilized the synergistic effect of Zn2* coordination
crosslinking and SO,2- salting out, which increased the ten-
sile strength of the hydrogel by 530 times and the toughness
to 39 kJ-m-2, while maintaining an ionic conductivity of 1.5
S'm-1.U51 Zhang et al. suppressed ice crystal formation
through the Li* hydration structure, enabling the hydrogel to
remain unfrozen at -18 °C, and the assembled TENG achieved
a low-temperature output of 169.99 V.I'SI LiTFS|, as a lithium
salt, provides ions that can form ion-dipole interactions and
lithium bonds with polar groups (such as carbonyl, hydroxyl)
on the polymer chain,'”l enhancing the network density.
Meanwhile, the strong hydration of Li* can disrupt the hydro-
gen bond network between water molecules, effectively in-
hibiting ice crystal formation, and thus lowering the freezing
point.'8 Additionally, the dissociated ions (Li* and TFSI-) of
LiTFSI act as charge carriers, significantly enhancing the con-
ductivity and providing a guarantee of high-sensitivity sens-
ing.[19:201

The traditional preparation of hydrogels often relies on ul-
traviolet (UV) light or heating to initiate polymerization,
which is time-consuming and requires external energy. The
phenolic hydroxyl groups in tannic acid can act as reducing
agents, forming dynamic redox pairs with metal ions (such as
Fe3+ and Ag*), and serve as free radical polymerization activa-
tors to achieve rapid gelation at room temperature.2'221 Hao
et al. utilized a tannic acid-silver (TA-Ag) dual catalytic system
to initiate the polymerization of acrylamide within 30 s at
room temperature to prepare conductive hydrogels with
high stretchability and self-adhesion.[3] Yu et al. used a tan-
nic acid-aluminum ion (TA-AI3*) dual self-catalytic system to
achieve rapid gelation at 25 °C, resulting in hydrogels with ex-
cellent mechanical properties (tensile stress of 240 kPa and
strain of 920%).121 Tannic acid is a low-cost plant-derived
polyphenol,[2526] and its catechol structure, inspired by ma-
rine mussels,2”] can achieve strong and tough adhesion to
various substrates through hydrogen bonding, metal coordi-
nation, and hydrophobic interactions.

In this study, acrylic acid was used as the polymerization

monomer and tannic acid and trivalent iron ions (Fe3+) were
introduced to construct a TA-Fe self-catalytic redox system.
This system was utilized to rapidly activate ammonium per-
sulfate at room temperature to generate free radicals, there-
by inducing the rapid polymerization of the polyacrylic acid
network. LiTFSI was added to endow the hydrogel with excel-
lent conductivity, water-retention capacity, freeze resistance,
and antibacterial properties. The introduction of tannic acid
not only resulted in a dynamic and reversible physical
crosslinking network through catechol-metal coordination
and hydrogen bonding, endowing the hydrogel with self-
healing ability and strong tissue adhesion, but also imparted
antibacterial properties to the material. The prepared PTFL
hydrogel is expected to exhibit good potential for applica-
tion in flexible strain sensors and self-powered triboelectric
nanogenerators.

EXPERIMENTAL

Materials

Acrylic acid (AA), tannic acid (TA), iron(lll) chloride hexahydrate
(FeCl3-6H,0), ammonium persulfate (APS), and bis (trifluo-
romethane)sulfonimide lithium salt (LiTFSI) were supplied by
Shanghai Aladdin Biochemical Technology Co., Ltd. (China). Sili-
cone rubber (Ecoflex) was acquired from Smooth-On Inc. (USA).
All the experiments were conducted using deionized water. All
chemicals were used as received.

Preparation of PTFL Hydrogel

Add 0.035 g of ammonium persulfate was added to deionized
water (10 g), then tannic acid (4 mg) was added, and the solu-
tion was stirred to completely dissolve the ammonium persul-
fate and tannic acid. Subsequently, add 0.04 g of ferric chloride
hexahydrate and was stirred for 10 min. Subsequently, 4 g of
acrylic acid was added and stir for 20-30 min to ensure thor-
ough mixing. After thorough mixing, the solution was poured
into a mold and allowed to stand at room temperature for ap-
proximately 3 min to rapidly gel, resulting in a PTF hydrogel. The
PTF hydrogel was immersed in a saturated solution of bis(triflu-
oromethane)sulfonimide lithium salt (LiITFS)®?® for 30 min to
obtain the PTFL hydrogel.

Preparation of PTFL-TENG

The A and B components of liquid Ecoflex were mixed at a mass
ratio of 1:1, poured into a prefabricated mold, and allowed to
cure at room temperature for 24 h. Place a PTFL hydrogel with
dimensions of 20 mm x 20 mm Xx1.5 mm on the cured Ecoflex
layer and connect them using conductive tape as an external
electrode. Unsolidified Ecoflex was poured onto the surface of
the PTFL hydrogel and allowed to cure at room temperature for
24 h. Finally, a PTFL-TENG device with dimensions of 30 mm x
30 mm x 3 mm was fabricated.

Material Characterization and Electrical
Measurements for Self-powered Sensor and TENG

The surface morphology of the freeze-dried hydrogels was char-
acterized by scanning electron microscopy (SEM, Inspect) at an
accelerating voltage of 20 kV. The chelate redox products were
detected using an X-ray photoelectron spectrometer (XPS, Ther-
mo ESCALAB 250XI). Fourier-transform infrared spectroscopy
(FTIR, Nicolet 6700, Thermo Fisher Scientific, USA) was em-
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ployed to analyze freeze-dried samples with a wavenumber
range of 4000-400 cm™' at a resolution of 4 cm™. The hydro-
gels were scanned using a Raman spectrometer (Finder Vista)
with an excitation wavelength of 532 nm and a scanning range
from 60 cm™ to 2800 cm™. The tensile properties of the hydro-
gels were evaluated using a universal testing machine (Model
5576) equipped with a 1 kN load cell at 25 °C and a crosshead
speed of 100 mm/min. Differential scanning calorimetry (DSC)
analysis of the hydrogels was performed using a TA Q200 differ-
ential scanning calorimeter in the temperature range of -40 °C
to 20 °C. Electrical characterization: the test was performed by
connecting a digital source meter (Keithley 2400) to both ends
of the hydrogel sample. In the human body test, the hydrogel
was attached to the joint of a human volunteer, electrodes were
connected to both ends, and electrical signals were recorded
using a digital source meter. Output performance test of the tri-
boelectric nanogenerator (TENG): a linear motor (LinMot PSO1-
37x120-C) was used to drive the contact-separation motion be-
tween the TENG components, and Measure the open-circuit
voltage and short-circuit current using a digital source measure
unit (Keithley 2450) was used to measure the open-circuit volt-
age, and short-circuit current. Charge was measured using an
electrometer (Keithley 6514).

Antimicrobial Zone Test

The Escherichia coli suspension was diluted with sterile phos-
phate-buffered saline (PBS) to a final concentration of 10
CFU/mL. Subsequently, 100 L of the diluted suspension was
spread uniformly onto LB agar plates. Wells (10 mm in diameter)
were created using a sterile punch, and 100 L of each sterilized
test sample was carefully loaded into individual wells. The plates
were incubated at 37 °C for 24 h in a constant-temperature in-
cubator. After incubation, the plates were removed and pho-
tographed using a standard digital camera under consistent
lighting and distance conditions, and the diameters of the inhi-
bition zones were measured and recorded.

Ethics Statement

All the experiments involving human subjects were conducted
in accordance with the Declaration of Helsinki of the World
Medical Association. The volunteer for the human motion sens-
ing test (fingers, wrists, elbows, knees, and feet) was the first au-
thor of this study, Xinyu Ye. Volunteers’ gender had no impact
on the research results.

RESULTS AND DISCUSSION

Formation Mechanism and Characterization of PTFL
Hydrogel

In this study, a one-pot method was adopted to prepare con-
ductive hydrogels (PTFL); the preparation process is shown in
Fig. 1(a). A TA-Fe3* self-catalytic system was used.

Compared with the traditional free radical polymerization
of acrylic acid monomers to prepare polyacrylic acid, which
requires the activation of ammonium persulfate by heating or
light to generate free radicals and takes a relatively long
time[2930], the TA-Fe3+ self-catalytic system can achieve rapid
free radical polymerization of acrylic acid monomers at room
temperature and simultaneously construct a polyacrylic acid
hydrogel with a dynamic reversible crosslinking network. At
the same time, it solves the problems of traditional methods

that require photothermal initiation, takes a long time, and
results in gels that lack self-healing ability.

First, ammonium persulfate (APS) was dissolved in deion-
ized water, followed by the sequential addition of tannic acid
(TA), FeCl3:6H,0, and acrylic acid (AA). Finally, LiTFSI was im-
mersed in the hydrogel. Tannic acid, with its hydroxyl (cate-
chol) structure, increases the number of hydrogen bonds,
thereby enhancing the hydrogen bond interactions between
the poly(acrylic acid) chains. Meanwhile, the introduction of
tannic acid provides chelating sites for Fe3+13], enabling Fe3+
ions to form dynamic coordination bonds directly with car-
boxylate ions on the PAA chains, but also to interact with
each chain through the formation of chelates with the pheno-
lic hydroxyl groups in tannic acid, resulting in a dense net-
work in the hydrogel and improved mechanical properties.
The TFSI- introduced by LiTFSI forms hydrogen bonds with
the polyacrylic acid chains and also introduces Li*, jointly en-
dowing the PTFL hydrogel with conductive and antibacterial
properties. Additionally, the salting-out effect of LiTFSI en-
hances the interaction between the hydrophobic chains
through intermolecular aggregation, further improving the
mechanical properties of the hydrogel.l32

In addition, tannic acid interacts with Fe3* to form a redox
pair, triggering rapid copolymerization of polyacrylic acid.
Tannic acid acts as a reducing agent to reduce Fe3+ to FeZ*, X-
ray photoelectron spectroscopy (XPS) analysis of the post-re-
action system revealed the coexistence of Fe?+ and Fe3+ (Fig.
1b). Meanwhile, the peak area of the C—O single bond de-
creased significantly, and the relative content of C—0/C—OH
groups was low, whereas that of C=0 groups was high (Figs.
1c and 1d). This indicated that the catechol groups in tannic
acid were oxidized to quinone and semiquinone groupst33:34
confirming the occurrence of a redox reaction between tan-
nic acid and Fe3+. Additionally, a 71-m excitation satellite peak
around 292 eV was observed, which is a typical feature of sp?
hybridized aromatic carbon, and its peak intensity was deter-
mined by the contribution ratio of the C=C bond in the C1s
full spectrum.B5 The interaction between tannic acid and
Fe3+ forms a dual catalytic system. Fe2* activates ammonium
persulfate through single-electron transfer to generate free
radicals, whereas the catechol, quinone, and semiquinone
groups in tannic acid synergistically catalyze the decomposi-
tion of ammonium persulfate, generating active free radicals
through dual pathways and rapidly initiating the polymeriza-
tion of acrylic acid. The formation of a dynamic and reversible
coordination noncovalent crosslink between tannic acid and
iron ions endows the hydrogel with the ability to be rapidly
initiated at room temperature without light or heat and to
self-heal.

FTIR analysis was performed to further clarify the synthesis
mechanism. The FTIR spectra of the hydrogels are shown in
Figs. 2(a) and 2(b). The characteristic absorption peak of the
PTFL hydrogel at 1338 cm~! is attributed to the asymmetric
stretching vibration of the sulfonyl group (0=S=0), the
peak at 1133 cm~' mainly corresponds to the symmetric
stretching vibration of the sulfonyl group (O=S=0), and the
peak at 1054 cm~' corresponds to the stretching vibration of
the S—N—S skeleton. Therefore, LiTFSI was introduced into
the hydrogel.38] Meanwhile, by comparing the PAA hydrogel,
PAA/TA-Fe3+ (PTF) hydrogel, and PAA/TA-Fe3*/LiTFSI (PTFL)
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two surface regions of the same sample.
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hydrogel, it can be found that with the introduction of TA, the
peak at 3211 cm~' becomes more obvious and the wavenum-
ber shifts, indicating the formation of hydrogen bonds.7:38!
Fig. 2(c) uses Raman spectroscopy to characterize the vibra-
tion and functional groups of the molecules in the hydrogel,
and the Raman spectra of the PAA, PTF, and PTFL hydrogels
were measured. The vibration peak at 741 cm~! corresponds
to the stretching vibration of the TFSI- anion, and the vibra-
tion peaks at 1124 and 1228 cm~' correspond to the stretch-
ing vibrations of the sulfonyl group (SO,) and the trifluo-
romethyl group (—CF5).3%4% The cross-sections of the freeze-
dried hydrogels were observed by scanning electron mi-
croscopy (SEM) (Fig. 2d), and it was observed that the hydro-
gels have a unique three-dimensional network structure. First,
all the hydrogels showed clear networks and porous struc-
tures. The pore walls of the pure polyacrylic acid hydrogel
were smooth, while the pore walls of the PTF hydrogel with
tannic acid were rougher, and filamentous connection struc-
tures appeared, making the hydrogel structure more com-
pact.[41]

Mechanical Properties
The PTFL hydrogel, based on the covalent framework of poly-
acrylic acid, dynamic coordination network of TA-Fe3*, and in-
termolecular hydrogen bonds, exhibits excellent mechanical
properties. As shown in Fig. 3(a), this hydrogel can withstand
various deformations, such as stretching, twisting, bending, and
knotting. Meanwhile, the PTFL hydrogel can support a 200 g
weight.

To explore the effect of LiTFSI on the mechanical proper-
ties of the hydrogels, a series of tensile tests were conducted
on the hydrogels with different soaking times. The results

a
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shown in Fig. 3(b) indicate that the tensile strength and elon-
gation at break of the PTFL hydrogel were optimal when the
soaking time was 30 min (PTFL3), as shown in Figs. 3(c) and
3(d), which were 0.3048 MPa and 1657%, respectively. How-
ever, as the soaking time in the saturated salt ion solution in-
creased, the tensile strength and elongation at break of the
PTFL hydrogel decreased. These results suggest that the me-
chanical properties of the PTFL hydrogel are better than
those of the PTF hydrogel without LiTFSI. The addition of
LiTFSI forms lithium bonds!*? with polar groups (such as car-
bonyl and hydroxyl groups) on the polyacrylic acid chain and
interacts with the polymer network through hydrogen bonds
and electrostatic forces, thereby increasing the crosslinking
density.*3] At the same time, the salting-out effect of LiTFSI
occurs, where high-concentration salt ions force the polymer
chains to approach each other, further enhancing the me-
chanical properties of the hydrogels. However, when the
soaking time is too long, LiTFSI enhances the interaction
while restricting the migration of molecular chains and defor-
mation of the network structure, leading to a decrease in
strain.*¥) Therefore, 30 min was chosen as the optimal immer-
sion time, and all subsequent tests used PTFL hydrogels that
were immersed for 30 min. After immersion of the hydrogel in
a saturated LiTFSI solution for different durations, followed by
freeze-drying and then oven-drying, the mass gain ratios cor-
responding to various immersion times were obtained (Fig.
S1in the electronic supplementary information, ESI).

To further evaluate the mechanical stability of the PTFL hy-
drogel, cyclic tensile loading-unloading tests were conduct-
ed on the PTFL hydrogel immersed for half an hour under dif-
ferent strain conditions. As shown in Fig. 3(e), with increasing
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Fig. 3 Mechanical properties of PTFL hydrogels. (a) Photographs showing the PTFL hydrogel under stretching, twisting, bending, and knotting, as
well as the PTFL hydrogel supporting a 200 g weight; (b) Tensile stress-strain curves of PTFLy, PTFL;q, PTFL,o, PTFL3g, PTFL4o and PTFLs, hydrogels; (c)
Tensile stress of various hydrogels at different immersion time; (d) Tensile strain of various hydrogels at different immersion time; (e)
Loading-unloading stress-strain curves of the PTFL hydrogel at strain levels of 100%, 200%, and 300%; (f) Stress-strain curves of cyclic loading-

unloading behavior of the PTFL hydrogel at 300% strain.

strain, the hysteresis loop became more pronounced, indicat-
ing that the material effectively dissipated energy during de-
formation. Fig. 3(f) shows that after 10 consecutive loading-
unloading cycles at 300% strain, the first cycle had the largest
hysteresis loop and the highest energy dissipation, while the
subsequent cycles tended to stabilize, indicating that the PT-
FL hydrogel had excellent fatigue resistance and mechanical
stability under repeated deformation. These results demon-
strate that the PTFL hydrogel exhibits outstanding mechani-
cal stability and reusability, making it suitable for wearable
devices that require long-term stable operation.

Adhesiveness of PTFL Hydrogel

Self-adhesiveness is another characteristic of PTFL hydrogels,
and its adhesiveness mainly stems from the abundant catechol
groups in TA*I Fig. 4(a) and Fig. S2 (in ESI) show that the PTFL
hydrogel adheres to various substrates, including glass, ceram-
ics, rubber, metals, plastics, and wood. Fig. 4(b) shows a
schematic diagram of adhesion. The mechanism by which the
hydrogel can bond with different substrates is attributed to the
fact that the catechol groups can form hydrogen bonds with
polar substrates and its aromatic structure can bond with hy-
drophobic substrates through hydrophobic interactions, m-m
stacking, and cation-77 interactions.*”) When the substrate is a
metal or its oxide, it can also form reversible metal coordination
bonds with metal ions, thereby enhancing the adhesiveness of
the hydrogel.

In this study, the adhesion performance of the hydrogel on
different substrates was evaluated using a lap shear adhesion
test (Fig. 4c). Fig. 4(d) shows the adhesion strength of the PT-
FL hydrogel on various substrates, such as paper, plastic, cop-
per foil, and glass. Among these, the adhesion to the metal
copper foil is the strongest, reaching 0.031 MPa (Fig. 4e),
which is attributed to the metal-ion coordination bonds!*7:48]
formed between the phenolic hydroxyl groups on the cop-
per foil surface and the hydrogel surface. The catechol groups
can form strong bidentate coordination chelate structures
with the surfaces of metals, such as copper and iron.

Self-healing Property of PTFL Hydrogel
The self-healing ability of hydrogels is an important property for

their long-term use as substrates in flexible electronic devices.
By autonomously repairing mechanical damage, the mechani-
cal and electrical properties of the devices can be restored,
thereby extending their durability and service life. Fig. 5(a)
shows that when an intact PTFL hydrogel is cut, autonomous
healing can be achieved simply by being pieced together with-
out external stimuli, forming a continuous and complete whole,
and can still withstand tensile deformation.

The mechanical properties of the healed PTFL hydrogel are
shown in Fig. 5(b). After 18 h, the fracture strain of the healed
PTFL hydrogel was 1255% and the stress was 0.1535 MPa. Af-
ter 24 h, the fracture strain of the healed PTFL hydrogel fur-
ther increased to 1452% and the stress was 0.2273 MPa. The
mechanical properties gradually recovered with increasing
recovery times. As shown in Fig. 5(c), the self-healing efficien-
cy of the hydrogel (ratio of the fracture elongation of the
healed hydrogel to that of the original hydrogel) was as high
as 87.66% after 24 h of repair. The experimental results con-
firmed that the PTFL hydrogel had a good self-healing ability.
A power supply circuit was constructed to investigate the
electrical recovery capability. When the hydrogel was cut, the
circuit was interrupted, and the LED turned off; upon recon-
nection after the severed ends contacted and healed, the LED
lit up again, indicating restoration of the electrical pathway
(Fig. S3in ESI).

The self-healing property of the PTFL hydrogel stems from
the synergy of multiple dynamic interactions: trivalent iron
ions form highly dynamic reversible metal coordination
bonds with the abundant catechol groups of tannic acid and
at the same time coordinate with the carboxyl groups on the
polyacrylic acid chains. These coordination bonds can re-form
crosslinking points at the fracture interface through a dissoci-
ation-recombination mechanism, restoring the crosslinking
network through dynamic coordination.[9501 Meanwhile, hy-
drogen bonds are formed between the carboxyl groups of
polyacrylic acid and the phenolic hydroxyl and catechol
groups of tannic acid,"! providing a rapid initial driving force
for crack closure. This multiple reversible network, which
combines rapid relaxation (hydrogen bonds) and energy dis-
sipation (coordination bonds), endows the hydrogel with the

https://doi.org/10.1007/510118-026-3764-9
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Fig. 5 (a) Photo showing the self-healing characteristics of PTFL hydrogel; (b) Stress-strain curves of PTFL hydrogels after different healing time
and the original hydrogel; (c) Stress and strain healing efficiency at different healing time.

ability to repair itself efficiently after damage.

The Anti-freezing, Water-retaining, and Antibacterial
Properties of PTFL Hydrogel

Owing to their high water content, hydrogels are prone to
freezing at low temperatures, which significantly reduces their
flexibility and conductivity, thus limiting their application in low-

temperature environments. To address this issue, LiTFSI was in-
troduced into a PTFL hydrogel as an antifreeze agent. By com-
paring the low-temperature performance of the PTFL hydrogel
containing LiTFSI with that of the PTF hydrogel without LiTFSI
(Fig. 6a), after being frozen at -20 °C for 24 h, the PTF hydrogel
lost its flexibility, while the PTFL hydrogel still maintained good
elasticity and flexibility. Differential scanning calorimetry (DSC)

https://doi.org/10.1007/510118-026-3764-9
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analysis in Fig. 6(b) revealed that the PTF hydrogel showed a
distinct exothermic peak at 1.91 °C, corresponding to the freez-
ing process of water in the hydrogel. In contrast, the PTFL hy-
drogel soaked in LiTFSI did not exhibit a significant exothermic
peak within —40 °C, confirming its antifreeze performance. The
LiTFSI molecules compete with water molecules in the polymer
to form hydrogen bonds, disrupting the formation of hydrogen
bonds between water molecules, inhibiting ice crystal forma-
tion, and lowering the freezing point.

In addition, the PTFL hydrogel exhibited better water re-
tention. Fig. 6(c) shows photographs of the PTFL hydrogel
and the PTF hydrogels before and after being storage at 25 °C
for 7 days. It can be seen that the PTFL hydrogel containing
LiTFSI shows almost no change, while the PTF hydrogel with-
out LiTFSI shows obvious shrinkage. Fig. 6(d) compares the

Fig. 6

Ratio of mass (%)

mass changes before and after. It is found that The mass re-
tention rates of the PTFL hydrogel after being storage at 25 °C
for 6 days were 50.32% and 50.27% after 7 days, while those
of the PTF hydrogel were only 33.08% and 32.93%, respec-
tively. These results indicate that the addition of LiTFSI en-
dows the PTFL hydrogel with good application potential in
extreme environments. Li* forms strong hydration with wa-
ter molecules, converting free water into bound water and re-
ducing water activity. The salting-out effect makes the poly-
mer network denser,>3 forming a physical barrier and reduc-
ing the escape channels for water molecules. The combined
effect of the two enables the hydrogel to exhibit an anti-des-
iccation ability in an open environment.

For long-term use, the antibacterial performance of the hy-
drogel is crucial for preventing bacterial growth and main-
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PTFL hydrogel and PTF hydrogel after being left at room temperature for 7 days; (d) Mass ratio of PTFL and PTF hydrogels after being stored at room
temperature for 7 days; (e) Antibacterial photos of (i) blank control, (i) PTF hydrogel, and (i) PTFL hydrogel.
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taining the sensor performance. The results of the anti-Es-
cherichia coli performance tests are shown in Fig. 6(e). Com-
pared with the PTF hydrogel without LiTFSI, the PTFL hydro-
gel with LiTFSI added formed a more obvious inhibition zone
around it, with inhibition diameters of (20.33+0.58) mm and
(25.00£1.00) mm for Escherichia coli, respectively. The diame-
ter of the inhibition zone was measured to be twice the dis-
tance from the edge of the sample to the outer edge of the
inhibition zone (Table S1 in ESI). This indicated that the hy-
drogel with LiTFSI showed better antibacterial effects against
Escherichia coli, and its antibacterial performance was en-
hanced. In the hydrogel, tannic acid (TA) interacts with com-
ponents such as proteins and lipopolysaccharides on the bac-
terial cell membrane;l>45%) at the same time, it has antioxi-
dant capacity and can effectively inhibit bacterial growth and
remove excessive reactive oxygen species.>® The antibacteri-
al principle of LiTFSI mainly lies in its ability to disrupt the
functional integrity of the bacterial cell membrane, affect the
metabolic process of bacteria, cause the death of surround-
ing bacteria, and thus form a hydrogel with good antibacteri-

al effects.l57]

Triboelectric Nanogenerator (PTFL-TENG) and Self-
powered Sensor Based on PTFL Hydrogel
The PTFL hydrogel exhibits excellent electrical conductivity,
reaching 1.47 Sm™" after being immersed in a saturated salt so-
lution for half an hour. The electrical conductivities of the PTFL
hydrogels with different immersion times are shown in Fig. 7(a).
The introduction of LiTFSI resulted in a large number of conduc-
tive ions, which, in synergy with the addition of trivalent iron,
enhanced the conductivity of the hydrogel. As the immersion
time increased, the conductivity of the hydrogel increased grad-
ually, reaching 1.73 Sm™ after 50 min. Considering the me-
chanical properties of the PTFL hydrogel, immersion for half an
hour was selected as the optimal experimental ratio in this
study. Electrical conductivity was also measured at different
temperatures (Fig. S4 in ESI), showing that the electrical proper-
ties of PTFL are temperature-dependent, with conductivity in-
creasing as the temperature increased.

PTFL hydrogel, with its excellent flexibility, conductivity,
and self-healing ability, is an ideal flexible electrode material
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(a) Electrical conductivity graphs of hydrogels with different soaking time; (b) Structure principal schematic of PTFL-TENG; (c) Working

principle of the PTFL-TENG; (d) Output voltage of different materials; (e) Short circuit current and (f) open circuit voltage of PTFL-TENG at different
frequencies; (g) Output voltage with one finger, two fingers and three fingers; (h) Output voltage of PTFL-TENG during continuous operation.

https://doi.org/10.1007/510118-026-3764-9


https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9

10 Ye, X. Y. etal./Chinese J. Polym. Sci.

for constructing triboelectric nanogenerators. The PTFL-TENG
was a single-electrode triboelectric nanogenerator. As shown
in Fig. 7(b), the PTFL hydrogel was wrapped between Ecoflex
film layers, with Ecoflex serving as the friction layer and the
PTFL hydrogel as the electrode layer connected to external
wires.

The working principle of the PTFL-TENG (Fig. 7c) is based
on the synergistic coupling of triboelectric charging and elec-
trostatic induction. (1) When nitrile rubber comes into con-
tact with Ecoflex, the difference in electronegativity between
the two materials causes nitrile rubber to more readily cap-
ture negative charges; thus, the nitrile rubber layer becomes
negatively charged, and the Ecoflex layer accumulates posi-
tive charges. (2) During the separation process, the positive
charges on the Ecoflex surface induced negative charges in
the PTFL hydrogel through electrostatic induction, and free
electrons flowed from the ground into the PTFL hydrogel lay-
er, thereby generating an electrical signal. (3) When the ni-
trile rubber layer moves a certain distance, the free electrons
are sufficient to neutralize the positive charges on the Ecoflex
layer, and the current stops. (4) When the nitrile rubber layer
approached Ecoflex, the negative charges on the nitrile rub-
ber layer caused free electrons to flow from the hydrogel sur-
face to the ground, generating a reverse electrical signal.
Therefore, repeated contact and separation of the nitrile rub-
ber and Ecoflex produces an alternating signal.

Various material layers can be used as friction materials for
the PTFL-TENG. In this study, the electrical output perfor-
mance of common materials, such as polyethylene (PE), pa-
per, nitrile rubber, and polyimide (Pl), was tested and com-
pared, as shown in Fig. 7(d). The results indicated that nitrile
rubber generated the highest output voltage of approximate-
ly 100 volts, whereas polyethylene produced the lowest out-
put voltage of approximately 62 volts. Therefore, nitrile rub-
ber was selected as the negative-friction-layer material for the
PTFL-TENG. Tests on the current and voltage under different
contact-separation frequencies were conducted, as shown in
Figs. 7(e) and 7(f). The short-circuit current of the PTFL-TENG
increased with frequency, reaching approximately 4.8 pA at 3
Hz, while the open-circuit voltage remained relatively stable
at approximately 100 V across all frequencies. This is because
the charge transfer rate in the hydrogel electrode accelerat-
ed as the frequency increased. The change in charge during
the contact-separation process of the TENG was measured
(Fig. S5 in ESI). The effective charge density>8>9 per working
cycle was calculated to be approximately 80.53 uC/m2. By ap-
plying different pressures to contact the TENG, a voltage-
pressure curve was obtained (Fig. S6 in ESI), indicating that
the voltage increases with increasing pressure.[® The PTFL-
TENG demonstrated good triboelectric performance. Fig. 7(g)
shows the influence of different contact areas on the output
voltage. Tapping the PTFL-TENG with fingers of different ar-
eas can generate electrical signals, and the larger the contact
area, the higher the output voltage. The increase in the inter-
face friction area effectively increased the accumulation of in-
terface charges. To evaluate the durability and stability of the
PTFL-TENG, a long-term contact-separation cycle test was
conducted, as shown in Fig. 7(h). After continuous operation
at a frequency of 3 Hz for 1800 s, a stable electrical signal out-

put was maintained, indicating that the PTFL-TENG has excel-
lent reliability and potential for long-term use.

To evaluate the output performance of the PTFL-TENG
comprehensively, load characteristic tests were conducted, as
shown in Fig. 8(a). By connecting the external resistors of dif-
ferent loads, the corresponding output voltages and currents
were measured, allowing the determination of the optimal
matching resistance for the maximum output power (Fig. S7
in ESI). The results indicate that the output voltage increases
with increasing load resistance, whereas the output current
decreases because of Ohmic loss as the resistance increases.
To further verify the power supply capability of the PTFL-
TENG in practical applications, charging experiments were
performed on capacitors ranging from 2.2—-47 uF using this
device. As shown in Fig. 8(b), larger the capacitance of the ca-
pacitor, the slower the charging speed. Compared with re-
cent hydrogel-based TENGs, the performance of the PTFL-
TENG was at a normal level (Table S2 in ESI).61-651 In the pow-
er generation application shown in Fig. 8(c) and Fig. S8 (in
ESI), the PTFL-TENG could easily light up an LED, demonstrat-
ing its potential as a self-powered device.

As shown in Fig. 8(d), when the PTFL-TENG is equipped
with auxiliary functions, such as rectification and energy stor-
age, it can even power small electronic devices, such as calcu-
lators. By connecting the PTFL-TENG to a small calculator
through a rectifier circuit, the generated electrical energy can
support the calculator's normal operation and calculation,
demonstrating its excellent potential for a practical power
supply. Morse code represents letters, numbers, and other in-
formation through different combinations of "dots" and
"dashes,” as illustrated in Fig. 8(e). By integrating the electri-
cal output characteristics of the PTFL-TENG with the Morse
code and controlling the duration of the tapping to adjust the
output electrical signal, information encryption and transmis-
sion can be achieved. Short open-circuit voltage signals rep-
resent "dots,” and long signals represent "dashes.” Different
combinations of dots and dashes correspond to different let-
ters, successfully encoding distress signals such as "HELP" and
"SOS,” as shown in Fig. 8(f). The PTFL-TENG exhibited out-
standing information transmission capabilities.

The PTFL hydrogel, owing to its excellent mechanical prop-
erties and stable conductivity, is an ideal material for flexible
wearable sensors. When wrapped between Ecoflex film lay-
ers with Ecoflex serving as the friction layer, a self-powered
sensorl®667] can be fabricated based on the contact-separa-
tion principle. A self-powered sensor made from the PTFL hy-
drogel can also be used to detect human motion signals. By
attaching the sensor to different joints such as the finger (Fig.
9a), wrist (Fig. 9b), elbow (Fig. 9c), and knee (Fig. 9d), the cor-
responding voltage output signals can be collected, enabling
rapid and accurate real-time monitoring of joint movements
without the need for an external power source, thus achiev-
ing a self-powered sensing mode where "signal is power.” To
further verify its capability for dynamic motion monitoring,
the sensor was embedded in the heel of a shoe (as shown in
Fig. S9 in ESI), and the periodic contact-separation electrical
signals generated by the heel during walking were collected
to obtain the voltage output under different motion patterns.
Three typical motion states, namely, slow walking (Fig. 9e),
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Fig. 8 (a) Voltage, and current of PTFL-TENG under different external load resistances; (b) Charging curves of commercial capacitors with different
capacitances by PTFL-TENG; (c) Photograph of LEDs lighted by gently tapping PTFL-TENG with a hand; (d) Voltage curve of PTFL-TENG charging a
capacitor and powering a commercial calculator; (e, f) Morse code transmission via electrical signals generated by tapping PTFL-TENG.

fast walking (Fig. 9f), and running (Fig. 9g), were set up in the
experiment. The average peak voltage in each motion state
was positively correlated with the intensity of the motion.
These results indicate that the PTFL hydrogel-based self-pow-
ered sensor can not only be attached to joints for real-time
motion monitoring, but can also be embedded in the foot for
dynamic motion analysis, without the need for an external
power source, demonstrating promising application pro-
spects in the field of wearable health monitoring.

CONCLUSIONS

In this study, a hydrogel (PTFL hydrogel) was successfully pre-
pared. This hydrogel forms a three-dimensional network struc-
ture through the dynamic coordination of PAA, TA-Fe3*, and

LiTFSI and possesses excellent tensile properties, adhesion, and
self-healing capabilities. The addition of LiTFSI significantly en-
hances the electrical conductivity (1.47 Sm™"), mechanical prop-
erties (tensile strength up to 0.3048 MPa, elongation at break up
to 1657%), freeze resistance, and antibacterial properties. The
TA-Fe3* system rapidly gels under mild conditions, initiates
quickly at room temperature, and is cheaper and more readily
available than TA-Ag or TA-Al. Most existing TA-metal ion sys-
tems offer either antibacterial or mechanical modulation prop-
erties; however, few combine freeze resistance, moisture reten-
tion, antibacterial activity, and high tensile performance. The in-
troduction of LiTFSI synergistically enhanced these properties.
Meanwhile, LiTFSI improves the electrical conductivity, and the
hydrogel-assembled PTFL-TENG can stably output approxi-
mately 100 V. Moreover, the PTFL-TENG fabricated with the PT-

https://doi.org/10.1007/510118-026-3764-9


https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9
https://doi.org/10.1007/s10118-026-3764-9

12 Ye, X. Y. etal./Chinese J. Polym. Sci.

0L . . . .
0 2 4 6 8 1
Time (s)

O r——m

 ——

|

20}
§U15-
10t
5|
ol

0 2 4 6

25+

8 10 12

20
b —
161+ e I ‘
= 12r
<
>9’8.

Time (s)
60
e
50
40
230} 230t
=] o
>20- > 50}
ol M ol
Ot ; . 4 ) O ! )
0 2 4 6 8 0 2
Time (s)
Fig. 9

=
>8 301
20+
10
0 L
4 6 8 10 0 1 2 3 4 5
Time (s) Time (s)

Self-powered sensor was respectively attached to the (a) fingers, (b) wrists, (c) elbows, (d) knees, and the corresponding open circuit

voltages. Voltage signal graphs of three typical motion states: (e) slow walking, (f) fast walking and (g) running.

FL hydrogel as the electrode has stable output signals and can
be applied to lighting small bulbs, driving calculators normally,
and transmitting Morse code signals. The self-powered sensor
prepared with the PTFL hydrogel has a fast response, stable
electrical signal output, and a wide working range and can ac-
curately monitor human movements (such as wrist, elbow, fin-
ger, and knee joint bending). This study demonstrates that tri-
boelectric nanogenerators and self-powered sensors based on
conductive hydrogels have broad application prospects in the
fields of motion health monitoring, information encryption
transmission, wearable electronic skin, self-powered systems,
and human-machine interaction.
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A multifunctional hydrogel via room-temperature TA-Fe3* self-initiation and LiTFSI incorporation exhibited high stretcha-
bility, high conductivity, antibacterial properties, and other properties for triboelectric nanogenerators and self-powered
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