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Hydrogel based triboelectric nanogenerators (H-TENGs) are deemed as one of most promising flexible energy
harvesting and self-powered systems due to its multifunctionality, but the poor mechanical properties of
hydrogel electrode bring a major risk of shortening the service life of H-TENGs in case of huge physical impact.
Herein, a durable conductive hydrogel electrode with breakage-resistant capacity is developed utilizing the
Hofmeister effect on starch polymers through solvent-exchange strategy. Owing to bundled starch chains within
hydrogel, the breakage-resistant hydrogel electrode possesses excellent mechanical reliability, including
outstanding modulus, fracture energy, anti-puncture capacity and long-term stability. Furthermore, the reliable
hydrogel electrode endows triboelectric nanogenerator with good electrical output performances and superb
damage immunity, prolonging its service life under accidental physical impact. More significantly, this fabricated
triboelectric nanogenerator shows great potential in high-impact application. This investigation offers a versatile
and effective way to design next generation hydrogel-based triboelectric nanogenerator with superior damage
immunity and long-service life.

attracted increasing attention due to unique properties [22]. Benefitting
from their tunable ionic conductivity and fascinating modifiability,

1. Introduction

Since Wang et al [1] first proposed the concept of triboelectric
nanogenerators (TENGs) in 2012, it has made rapid development and
achieved various breakthroughs because of its attractive advantages of
simple fabrication, multiple structures, cost-effectiveness, and great ef-
ficiency at low operating frequencies [2,3]. As a promising technology in
the field of energy harvesting and self-powered systems, TENGs can
convert various forms of mechanical energy into electrical energy based
on the combination of contact electrification and electrostatic induction
[4-7]. Nowadays, TENGs have been widely applied in various intelligent
fields, such as biomedical/implantable electronics [8] sports detection
[9], human-machine interaction [10], real-time event assistance [11],
intelligent library [12], security protection [13], water harvesting [14]
and so on [15-18], Among numerous electrode materials (e.g. metal
materials, carbon materials, polymer materials and MOFs) [19-21]
playing a crucial role in TENGs, conductive hydrogel electrode has

hydrogel electrodes exhibit great potential to improve the comprehen-
sive performance and broaden their application by endowing TENGs
with multifunctionality[23]. For example, Sun et al [24] reported an
anti-freezing and anti-drying organogel electrode through a convenient
solvent-exchange strategy, which greatly improve the environmental
tolerance and the harvest energy efficiency of TENGs under extreme
temperatures (-60 °C to 60 °C). Similarly, Wang’s group [25] fabricated
a flexible TENG by employing MXene/PVA hydrogel electrode, this
hydrogel electrode not only promotes the stretchability of TENG, but
also induced an extra output via a streaming vibration potential mech-
anism. In addition, compared to other electrode materials, hydrogel
electrodes possess excellent properties of large stretchability [26], high
transparency [27], good biocompatibility [28] and environmental
friendliness [29].

Although hydrogel based TENGs (H-TENGs) have made great
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progress in improving electrical output performances and achieving
multifunctionality, there is still a major concern about its physical
reliability during the long-term operation. Hydrogel electrode with bad
mechanical strength is easier to be damaged physically by unpredictable
external force (such as strong impact, puncture and multiple cuts),
which greatly shorten the service life and restrain the development
potential of H-TENGs. Thus, it is of great significance to solve the
physical damage of H-TENGs for improving their physical reliability and
prolonging their life. To date, the main method to solve this problem is
to design self-healing hydrogel electrodes by introducing dynamic bonds
[30,31], expecting that the performance of damaged H-TENG can be
recovered after self-healing treatment. For example, Wang’s group
developed a self-healing conductive hydrogel electrode for wearable H-
TENGs utilizing the thermally reversible sol-gel transition [32] and it
exhibited a high self-healing efficiency of 85 % at 60 °C. Unfortunately,
there exist some shortcomings in practice for the self-healing strategy,
such as long healing time, harsh healing conditions, low healing effi-
ciency, narrow and irregular broken section. Therefore, how to effec-
tively extending its service life remains an urgent challenge for H-
TENGs.

Actually, the distressing short-life of H-TENGs in case of mechanical
damage is mainly caused by the poor mechanical strength of hydrogel
electrodes. Thus, enhancing the intrinsic mechanical strength of
hydrogel electrodes contributes to improving the physical reliability and
prolonging the service life of H-TENGs fundamentally. Inspired by this,
herein, we developed a simple and efficient method for preparing
breakage-resistant conductive hydrogel (BRC hydrogel) with ultrahigh
mechanical reliability via solvent-exchange strategy (Fig. 1a). Employ-
ing this BRC hydrogel as electrode material, an excellent H-TENG with
high mechanical safety and long life was fabricated successfully.
Benefiting from the BCR hydrogel electrode, this reliable H-TENG
showed satisfactory performance of resisting physical damage, and even
can be used for real-time monitoring high-impact movements, such as
running (Fig. 1c).
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2. Materials and methods
2.1. Materials

Starch, Hydroxyethyl mathacrylate (HEMA), Dimethyl sulfoxide
(DMSO), Sodium citrate (NaCit), N, N’ -Methylenebis(acrylamide)
(MBAA) were purchased from Shanghai Aladdin Biochemical Tech-
noligy Co., Ltd. Acrylamide (AAm) was purchased from the Sinopharm
Chemical Reagent Co., Ltd. N, N’ -Bis(acryloyl)cystamine (BACA) was
purchased from Shanghai Macklin Biochemical Technoligy Co., Ltd.
Ammonium persulfate (APS) and N, N, N’, N’ -Tetramethylethylenedi-
amine (TEMED) were purchased from Aladdin Chemistry Co., Ltd.
Deionized water was used in all experiments. VHB™ 4905 was obtained
from 3 M Corporation. All chemicals were used as received.

2.2. Preparation of organogel

Typically, starch (0.8 g) was added to DMSO (7.2 mL) and then
stirred intensely for at least 24 h at room temperature. After starch was
completely dissolved, HEMA (2.0 mL) and BACA (0.02 g) were added to
the mixed liquid and stirred for 1.5 h. Then, APS (0.0667 g) and TEMED
(100 pL) were dissolved in the above mixed solution, and the final so-
lution was injected into glass cell that was separated with a 1 mm-thick
Polydimethylsiloxane (PDMS) spacer through a needle tube. After fully
polymerization at 30 °C for 48 h, the organogel was obtained.

2.3. Preparation of breakage-resistant conductive hydrogel (BRC
hydrogel)

BRC hydrogel was prepared through a simple solvent-exchange
strategy. Typically, the prepared organogel was soaked in 1 M sodium

citrate solution for 24 h, and then the BRC hydrogel was obtained
successfully.

2.4. Fabrication of BRC hydrogel based triboelectric nanogenerator:

The breakage-resistant conductive hydrogel based triboelectric
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Fig. 1. Breakage-resistant conductive hydrogel and its potential application in mechanical-reliable TENG. (a) Schematic illustration of preparing the BRC hydrogel.
(b) Key components of precursor solution. (¢) Architecture, mechanical reliability and its self-power sensing application of the BRC hydrogel based TENG.
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nanogenerator (BRCH-TENG) was fabricated by sandwiching the BRCH
hydrogel and copper foil between two pieces of VHB™ 4905 elastomer.
The thickness of the BRCH hydrogel and elastomer were 0.8 mm and 1
mm, respectively.

2.5. Mechanical tests

The Zwick Roell Z1.0 universal material testing machine (Zwick,
Germany) was employed for mechanical tests. For tensile test, the
organogel or the hydrogel samples were cut into 10 x 30 mm? The
speed of tensile test was 50 mm/min. The strain was calculated as (I-lp)/
Ip x 100 %, where [y was the initial length, [ was the real-time length.
The modulus was determined as the slope of stress-strain curve in the
strain range of 5-15 %. The toughness was characterized as the area
surrounded by the stress-strain curve. For compressive test, the samples
were cylindrical, and the diameters of samples were 8 mm, the heights
were 4 mm. The speed of compression test was 50 mm/min. For fracture
energy test, an unnotched sample and a notched sample (with a 3 mm
gap in the middle) were stretched under the same condition. The size of
sample is 10 x 30 mm?. The fracture energy (I') was calculatedas I’ =A/
(d-1), where A was the area surrounded by force-displacement curve of
the unnotched sample (Note that the displacement is the maximum
displacement of the notched sample), d was the thickness of the samples,
[ was the width of the samples. For puncture force strength test, the
sample (60 x60 mm?) was punctured by a needle with the tip of 0.3 mm
at the speed of 50 mm/min.

2.6. Performance characterization of BRCH-TENG

The Keithley 6514 electrometer was employed for the performances
(including I, Voc and Qg) of BRCH-TENG. The output signals were
treated with baseline correction in the walking test. The resistors with
different resistance values are connected in the circuit to measure
different I, and V. in the output power density measurement.

3. Results and discussion

The breakage-resistant conductive hydrogel was synthesized by a
simple solvent-exchange strategy as illustrated in Fig. la. Firstly, the
homogeneous precursor solution was prepared by dissolving starch,
monomer (Hydroxyethyl mathacrylate, HEMA), crosslinker (N, N’ -Bis
(acryloylcystamine, BACA), thermal initiator (Ammonium persulfate,
APS), accelerator (N, N, N’, N’ -Tetramethylethylenediamine, TEMED) in
Dimethyl sulfoxide (DMSO) under continuous magnetic stirring. Then a
transparent organogel was obtained by thermal-initiation polymeriza-
tion at 30 °C for 48 h. Finally, the organogel was immersed in sodium
citrate (NaCit) solution, and the desired breakage-resistant conductive
hydrogel was obtained successfully after fully replacement due to the
Hofmeister effect. Notably, starch was chosen as the component of the
BRC hydrogel due to its abundant hydroxyl group and remarkable
Hofmeister effect on ions, which is crucial to improving its mechanical
properties. Besides, most of the components in the BCR hydrogel are
non-toxic, and even biodegradable, ensuring that the BCR hydrogel were
biocompatible and eco-friendly.

Starch is insoluble in water because of the strong hydrogen bonds
between polymer chains, but DMSO can destroy these hydrogen bonds
and dissolve starch efficiently. Thus, the organogel can be prepared
successfully in DMSO solvent, and there are abundant hydrogen bonds
between S—O of DMSO and H—O of starch polymers, which maintain
the stability of starch chains in the organogel. After soaking treatment,
the DMSO was fully replaced by NaCit solution, and the starch chains
tend to fold and curl under the Hofmeister effect of kosmotropes (Na™,
citrate™). Finally, the bundling starch chains were aggregated and sta-
bilized attributed to the formation of new hydrogel bonds between inter-
or/and intra-molecules. Hydrophobic chain association plays the role of
physically crosslinked domains, which increase the polymer chain
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density and chain friction and improve the hydrogel’s mechanical
properties, including excellent breakage resistance. This process was
proved by the Fourier transform infrared (FTIR) test. As shown in
Fig. 2a, the broad characteristic peak ascribed to the O—H stretching
vibration of starch polymer was found at 3358 cm ™! when the organogel
was fully soaked in deionized water. However, after soaking treatment
with 0.5 M and 1.0 M NaCit solution, the peak position of O—H
stretching vibration shifts to lower wavenumbers of 3336 cm™! and
3313 cm ™}, respectively, indicating that there is an enhanced hydrogen
bonding interaction among bundled starch polymers. Besides, the peaks
at 1056 cm ! and 1013 cm ™! are attributable to the ordered region and
amorphous region of starch, and the absorbance ratio of 1056 cm ™1/
1013 cm ! can be used to evaluate its crystallinity [33]. It is significant
that the absorbance ratio of characteristic peaks increased remarkably
when the concentration of NaCit solution increased from 0 M to 1.0 M,
suggesting the increase of the crystallinity of starch molecules due to the
formation of hydrogel bonds between inter- or/and intra-molecules
under Hofmeister effect. The new peak occurred at 1580 cm™?, repre-
senting the symmetric vibration of the carboxylate ion (i.e. citrate™)
[34], confirmed the NaCit was introduced into the hydrogel system
successfully.

The change in transmittance of gel was also verified the above
mechanism from the side. As shown in Fig. 2b, the transmittance of
organogel was about 87 % in the visible wavelengths, while the value
dropped below 70 % after solvent-exchange treatment. This is because
the Hofmeister effect-induced chain entanglement leads to the forma-
tion of hydrophobic zone and the microphase separation within BRC
hydrogel. The porous structure of hydrogels was observed using scan-
ning electron microscope (SEM). As shown in Fig. 2d, the pore size of
BRC hydrogel is ~4 pm, far smaller than that of the hydrogel treated by
deionized water (~12 pm, Fig. 2c). The smaller pores for BRC hydrogel
demonstrated that the starch chain interactions induced by Hofmeister
effect increased the crosslink density, which contribute to improve the
mechanical properties. As visual evidences, some experiments were
carried out in this investigation. For example, the BRC hydrogel can be
rolled, knotted and stretched, exhibiting high flexibility and stretch-
ability (Fig. S1). More importantly, the BRC hydrogel possesses excellent
penetration resistance, there is no any breakage under the puncture of a
sharp steel needle (Fig. 2e). Besides, the BRC hydrogel string can readily
lift a weight of 1 kg (Fig. 2f), revealing superb mechanical strength. In
addition to the enhancement of mechanical properties, the solvent-
exchange process also endows the hydrogel with large amounts of
ions, leading to a good ionic conductivity. As shown in Fig. 2g and
Fig. S2, due to the competitive effect of ion concentration and chain
crosslinking density, the BRC hydrogel reached the highest ionic con-
ductivity of 6.02 mS/cm when the concentration of NaCit solution is 1 M
and the content of starch is 8 wt%. Thus, 1 M was selected as the con-
centration of NaCit solution in the following study. This satisfactory
ionic conductivity enables it to work as electrode material for flexible
TENG.

Some mechanical measurements were carried out to systematically
evaluate the enhancement effect of solvent-exchange strategy. For
comparison, three types of gels (organogel without solvent-exchange,
hydrogel soaking with NaCit solution, hydrogel soaking with deion-
ized water) were prepared in these measurements, and they were
denoted as “SyD”, “SyN” and “SyW” (the value of “x” means the mass
fraction of starch), respectively. As shown in Fig. 3a, the tensile stress at
fracture of the BRC hydrogel is more than 0.7 MPa due to the increased
chain density and chain friction, far greater than that of the organogel
(~0.018 MPa). Although the chain density and chain friction have
reached a high value when the starch content is 6 wt%, there is still a
small increase in tensile properties when the starch content increased
from 6 wt% to 10 wt%, and the BRC hydrogel reached the highest tensile
strength of 0.86 MPa when starch content is 10 wt%. The similar phe-
nomenon can be observed from the compression test. Compared to the
organogel without solvent-exchange treatment, the compressive
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strength of BRC hydrogel increased greatly, and the maximum strength
even reached about 6.83 MPa at a strain of 80 % (Fig. 3b). After NaCit
solvent-exchange, the biggest increment value of modulus of BRC
hydrogel achieves 189 times, compared with the original organogel.
Rheological characterization (Fig.S3) further proved the effectiveness of
solvent replacement strategy. Besides, the BRC hydrogel exhibits good
stability in the repeated compression. As shown in Fig. 3c and Fig. 54,
although the compressive stress of BRC hydrogel gradually decreased
during cycle compression due to the inevitable break of polymer and the
irreversible destruction of network structure, it exhibited a satisfactory
stability owing to its physical crosslinking network and efficient energy
dissipation. And the effect of compression rate and strain on mechanical

stability is negligible (Fig. S5). This stable mechanical property under
continuous beat is benefit for improving the long-term stability of the
BRC hydrogel based TENG. As a contrast, the mechanical properties of
hydrogel treated with deionized water (Sx\W) were analyzed using the
same measurements, and these studies showed that the mechanical
strength of hydrogel could not be increased by deionized water im-
mersion (Fig. S6). This result confirmed again that the enhancement
effect of solvent-exchange method is mainly attributed to the Hofmeister
effect of NaCit solution.

In addition to the threat from continuous high-intensity work, the
risk of accidental physical damages (such as cutting, tearing and punc-
ture) can severely shorten the lifespan of hydrogel electrode and H-
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TENG. Therefore, we assessed the fracture energy and anti-puncture
properties of BRC hydrogel. As shown in Fig. 3d, the fracture energy
was measured referring to the work reported by Suo, [35] and the BRC
hydrogel (SgN) exhibited a superior value of 7.45 kJ /mz, about 50 times
that of other samples (Fig. S7), indicating the BRC hydrogel possesses
unique notch-insensitive property due to the efficient energy dissipa-
tion. The anti-puncture property was tested by puncturing with a steel
needle at speed of 50 mm/min. As shown in Fig. 3e, the puncture stress
of BRC hydrogel at fracture was about 15 MPa, proving the excellent
reliability and safety when it suffering physical damage. Among the
three types of gel, the BRC hydrogel treated with NaCit solution exhibits
the best synthesized mechanical properties (Fig. S8), including modulus,
strain, stress, toughness and fracture energy, which sufficiently proves
the effectiveness of our solvent-exchange strategy. To our knowledge,
compared to other previously reported hydrogel electrodes for H-TENGs
[27,31,36-39], the BRC hydrogel shows the highest mechanical strength
so far (Fig. 3f). The outstanding mechanical properties of BRC hydrogel
electrode provides a higher safety guarantee for H-TENG, and helps to
resist the damage caused by external force and prolong its service life.

Considering its good comprehensive performance in mechanical
properties and electrical properties after solvent replacement, the SgN
BRC hydrogel was chosen to apply as electrode material for a breakage-

Chemical Engineering Journal 454 (2023) 140261

resistant flexible TENG in the following work. Besides, the commercial
VHB™ elastomer was used as friction layer at the surface of TENG
(Fig. S9).

As shown in Fig. 4a, the BRC hydrogel based TENG (BRCH-TENG)
operated as the single-electrode mode, and its working principle could
be attributed to the coupling effect of contact electrification and elec-
trostatic induction. When the nylon film (positive tribo-material) con-
tact with the surface of BRCH-TENG (VHB™ elastomer, negative tribo-
material), equivalent charges with opposite polarities were generated on
the nylon film and elastomer due to triboelectric effect, but there was no
electric current occurred in BRCH-TENG as the two surfaces stayed in
contact with each other (Fig. 4a, step I). Once the nylon film moved
away from the BRCH-TENG, the positive static charges and negative
static charges on the contact surface were also separated from each
other. The electrostatic charge on the surface of the insulating elastomer
driven the ions in BRC hydrogel to move in order to balance the static
charge. Meanwhile, due to electrostatic equilibrium, electrons flowed
from the electrode to the external circuit through metal wire, forming an
electric current signal (Fig. 4a, stepll). After that, a new electrostatic
equilibrium was established to balance all the static electricity in the
elastomer (Fig. 4a, step III). When the nylon film approached the surface
of BRCH-TENG, electrons transferred from the external circuit to BRC
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Fig. 4. Working mechanism and output characteristics of BRCH-TENG. (a) short-circuit current (I;) and (b) open-circuit voltage (V,.) of the BRCH-TENG (40 mm X
40 mm) in a contact-separation cycle, the illustration show the working mechanism of the BRCH-TENG. (c) I, (d) V,. and (e) short-circuit charge quantity (Q.) of the
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hydrogel, resulting in a reverse electric current (Fig. 4a, steplV). By
repeating these contact-separation steps above, the BRCH-TENG can
generate a continuous alternating electric current signal. When the
single-electrode BRCH-TENG were fabricated by elastomers and
hydrogel electrode with area of 40x40 mm?, it generated a maximum
short-circuit current (I;) of ~0.59 pA (Fig. 4a). During this contact-
separation process, the open-circuit voltage (V,.) of the BRCH-TENG
also changed with the induced charges, and it reached a maximum
value of ~87 V when the electrostatic equilibrium was established in the
step III (Fig. 4b).

Thanks to the good stretchability of BRC hydrogel, the TENG fabri-
cated by this BRC hydrogel electrode possesses favorable stretchability.
The electrical output performances of BRCH-TENG (the size is 10 mm X
20 mm) under different stretched conditions were measured to evaluate
the stretch’s influence on performances. As shown in Fig. 4c, when the
BRCH-TENG was stretched from 0 % to 150 %, the I, increased from
0.19 to 0.24 pA. This change in electrical output performance is mainly
caused by the shape change of the BRCH-TENG. The contact area be-
tween the surface of BRCH-TENG and the nylon film increased when the
BRCH-TENG was tretched, resulting in attracting more electric charges.
Similarly, the V,, and Q. of the BRCH-TENG also showed an increasing
trend as the tensile strain increasd (Fig. 4d and e). Besides, its electrical
output performances were restored to original level when the BRCH-
TENG was recovered from stretched state to initial state without
strain, meaning there was no obvious performance degradation in this
process. This enhanced performance and recoverability is beneficial to
its wearable application, which often get stretched during use.
Furthermore, the electrical output performances of the BRCH-TENG at
various tapping frequency were also studied. As shown in Fig. S10, the
values of I, V, slightly increased with the increasing frequency varying
from 2.8 Hz to 8.3 Hz. This phenomenon is because the continuous
tapping behavior was driven by a linear motor in this test, and there was
a greater the accumulated charge per unit time on BRCH-TENG when
the frequency increased, which lead to the enhanced electrical output
performances. This ability of distinguishing and harvesting different-
frequency mechanical energy makes it promising for monitoring mo-
tion and collecting energy from movement.

In order to evaluate the output power density (P) of the BRCH-TENG,
its output voltage (U) and output current (I) were measured by con-
necting in series with external load resistances, and the output power
density was calculated as the formula P = U x I/A, while A was the
contact area of BRCH-TENG. As shown in Fig. 4f, the power density
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reached a maximum value of 57.5 mW/m? at 100 MQ (the size of H-
TENG is 35 mm x 35 mm). Besides, the BRCH-TENG possessed excellent
long-term durability in practice. As shown in Fig. 4g, there was no
performance degradation for the BRCH-TENG (40 mm x 40 mm), and
even a slight improvement in V, after being exposed to 6000 contact-
separation cycles, which may be attributed to the improved contact
between the hydrogel electrode and the elastomer resulted from the
persistent external force. The superior electrical output performance and
long-term durability provide a good guarantee for its practical
application.

As a demonstration, a self-charging system was established by BRCH-
TENG (40 mm x 40 mm), capacitor and electronics as Fig. 5a. When S
was closed, the BRCH-TENG could directly power serial light-emitting
diodes (LEDs) by continuous beating (Fig. 5b, Video S1,2,3). When Sy
is closed, the BRCH-TENG can charge the capacitors. After charging for
180 s, the 4.7 pF capacitor, 10 pF capacitor and 47 pF capacitor were
charged to ~2.8 V, ~2.5 Vand ~1.0 V, respectively (Fig. 5c). When S3
was closed, the collected energy can be used to drive electronics. The
real-time charge/discharge curve of capacitor driving an electronic
watch was displayed in Fig. 5d, and the photograph was shown in
Fig. S11 and Video S4. During practical use, TENGs may suffer from
huge impact of external forces, resulting in a foreseeable mechanical
damage for hydrogel electrode and partial or total loss of performance
for TENGs, shortening its service life. Thus, the damage immunity of the
BRCH-TENG was investigated when it was subjected to destructive
impact loads. As shown in Fig. 5e, a BRCH-TENG that had undergone
cyclic beating (over 5000 times) was hammered hard. There was no
obvious damage to the BRCH-TENG after suffering from external forces,
and it maintained its initial electrical output performance (Fig. 5f). As a
comparison, the H-TENG fabricated by common polyacrylamide
hydrogel electrode (AAmH-TENG) occurred numerous cracks after
being hammered (Fig. 5e), and the V,. reduced heavily due to the
damage of hydrogel electrode (Fig. S12).

The outstanding damage immunity to impact loads enables some
high-impact applications for the BRCH-TENG, such as collecting me-
chanical energy of walking/running and detecting the motions of
walking/running by assembling the BRCH-TENG under the sole of the
shoe. For example, we explored the application of BRCH-TENG in
walking energy harvest, human motion stride recognition and infor-
mation communication (Fig. 6a). As shown in Fig. 6¢, the BRCH-TENG
(40 mm x 40 mm) attached to the sole of the shoe output a stable and
high V, of 36 V when volunteer walked in a slow mode (the frequency is
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Fig. 5. The basic application of BRCH-TENG in practice. (a) The equivalent circuit of a self-charging system that uses the energy harvested from the BRCH-TENG to
power electronics. (b) Photographs showing lighting 6 LEDs by tapping the BRCH-TENG. (c) Charging the capacitors with various capacitance values by tapping the
BRCH-TENG. (d) Voltage profile of a 4.7 pF capacitor being charged by the BRCH-TENG and used to power an electronic watch. (e) Photographs of BRCH-TENG and
AAmMH-TENG before and after hammering. (f) The V,. of the BRCH-TENG (40 mm x 40 mm) before and after hammering.



R. Liet al

Chemical Engineering Journal 454 (2023) 140261

~

[Before walk \

slow walk : f~0.8 Hz 604 fast walk : f~ 1.1 Hz run: f~1.4 Hz

40 60

s s 40 4 S 40
320+ >‘e’ 8

20 20 4

04 04 0

T T T T T T T T
0 6 9 0 2 4 6 0 . 6
Time (s) Time (s) Time (s)
60 long signal: T~1.3s 60 1 short signal: T~0.6 s 60 1 B
ANNNNI

40 40+ ‘ | ‘ 404
S s LT s
3 3 [ ‘ ] 8
> > ‘ ‘ >

20 20 [ | ‘ ‘ 20

| ‘ |
U
04 0 y Y\ N (\J \ 0
T T T T T T T T T
0 4 8 12 16 4 0 10 15 20
Time (s) Time (s) Time (s)

Fig. 6. Potential application for the damage-resistant BRCH-TENG in high-impact environment. (a) Illustration shows the BRCH-TENG was used to harvest walking
energy, detect motion state and send information by assembling the BRCH-TENG under the sole of the shoe. (b) Photographs showing the BRCH-TENG (40 mm x 40
mm) attached to the sole of the shoe before and after walk. (c-e) V,. generated by the BRCH-TENG when human (c) slow walk, (d) fast walk and (e) run. (f, g) BRCH-
TENG output (f) long signal and (g) short signal by adjusting the time interval of walk. (h) Demonstration of the BRCH-TENG send a message of “ABC” through

Morse code.

about 0.8 Hz). With the frequency of walk/run increased to 1.1 Hz and
1.4 Hz, the V. also increased to ~48 V and ~60 V due to the bigger
impact force and greater deformation from fast walk and run (Fig. 6d
and e), which is beneficial to harvesting more mechanical energy. It is
worth noting that there was no any obvious damage for the BRCH-TENG
after long-time repeated trampling (Fig. 6b), once again proving that the
BRCH-TENG employing with the durable breakage-resistant hydrogel
electrode possesses superb mechanical safety under the rapid and
repeated impact of a large load. Therefore, working as a wearable self-
power sensor, the BRCH-TENG exhibits great potential in human mo-
tion monitoring and posture correction (Video S5). More significantly,
the BRCH-TENG attached to the sole also can be used in information
encryption and communication. The holding time of the maximum V.
can be controlled by adjusting the time interval of walk, and the V,. can
be divided into long signal and point signal as shown in Fig. 6f and g. By
analogy with the mechanism of Morse code (Fig. S13), different per-
mutations and combinations of “dots” (short-time V,. signal) and
“dashes” (long-time V,, signal) can be used to represent different letters.
As shown in Fig. 6h, as a validation, a short message of “ABC” was edited
and send by rhythmically walk to communicate secretly with partner.

4. Conclusion

In summary, an eco-friendly conductive hydrogel with great
breakage-resistant ability was developed by an effective enforcement
method of solvent-exchange. Benefitting from the Hofmeister effect on
starch polymers, there is a significant improvement in mechanical
properties for the BRC hydrogel after solvent replacement by NaCit so-
lution. Due to the formation of the bundling starch chains, the BRC

hydrogel exhibits excellent modulus (~0.87 MPa), fracture energy
(7.45 kJ/mz), anti-puncture capacity (~15 MPa) and long-term stabil-
ity, which ensure its mechanical reliability in case of accidental physical
impact. Besides, the solvent-exchange strategy endows the hydrogel
with good electrical properties by introducing free ions (Na™, Cit™) into
the hydrogel, providing a basis for the application of electrode material
in flexible TENG. Compared with the traditional TENG based on
hydrogel, the BRC hydrogel based TENG not only exhibits satisfactory
electrical output performances, but also possesses better mechanical
safety attributed to the breakage-resistant ability of hydrogel electrode,
which is crucial for TENG to prolong its service life when it suffered from
destructive impact. Furthermore, the BRCH-TENG shows great potential
application in the field of walking energy harvest, real-time motion state
detection and information communication. The breakage-resistant
hydrogel electrode is of great significance for promoting the further
development of hydrogel based TENG, including improving its me-
chanical reliability, prolonging its service life and expanding its appli-
cation areas.
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