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ARTICLE INFO ABSTRACT

Keywords: The development of soft electronic devices capable of autonomous self-healing (SH) holds immense potential
MXene across various endeavours, promising to revolutionize product durability, reliability, and maintenance practices.
Self-healing

Despite some progress has been made, underwater stable SH continues to be an active area of research. Herein,
SH polymer PDMS-MDIj 4-TFBg ¢ (SHP) with excellent mechanical property was composited with MXene to
investigate the piezoelectric nature under various circumstance. By leveraging MXene into SHP not only im-
proves the material properties of mechanical stress but also permittivity of the elastomer. Thus, MXene incor-
porated SHP (mSHP) induce high polarized charges under mechanical pressure. The fabrication of mSHP
piezoelectric nanogenerator (mSHP-PENG) device via spray coating AgNWs on the surface forms ohmic contact,
which facilitate high sensitivity and flexibility. Nevertheless, the generated piezoelectricity (30 V, 4.2 pA: 3 Hz)
upon mechanical pressure gives maximum power density of 128 pW/m? indicating that our device can act as a
reliable power source for portable electronic gadgets. In addition, SHP with amphiphilic functional groups
sustain the original shape even after immerse into water for so long. Taking this into account, our device un-
dergoes effective deformation even at low pressures, thus render to fabricate touch sensitive piezo-switches for
both atmospheric and aquatics environments.

Piezoelectric nanogenerator
Underwater sensing

type sensors. In the development of piezoelectric sensors, there are many
advancements have been made including high sensitivity, flexibility and

1. Introduction

Evaluation of wearable biomechanical sensors that can transduce
human biophysical motion into electrical signals has gained extensive
attention due to their ability towards human-machine interfaces, smart
robotics, electronic E-skins, and healthcare monitoring [1-5]. Espe-
cially, piezoelectric materials have proven to be excellent in the field of
bio-motion sensors because internal charge polarization upon mechan-
ical deformation exhibited high sensitivity, thus rendering high ampli-
tude signals as compared with the other resistive type and capacitive
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long-time durability etc, [6]. This added additional feature brings
piezoelectric research to the next level. Despite the increasing popularity
of wearable electronics, concerns about their durability, sustainability,
and waterproofing persist [7-9]. Therefore, identifying suitable mate-
rials for all the circumstances has become a critical issue. Developing
wearable devices that incorporate SH capabilities and waterproofing is
essential to ensure their long-term reliability and operation in chal-
lenging environments.
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In the past few decades, plenty of PENGs were reported by using
PVDF and its copolymer as piezoelectric semi-crystalline polymers. So
far, researchers discovered that enhancing the crystalline phase could
improve the PENGs performance of PVDF [10]. Despite this, increasing
the crystallinity by adding filler could reduce the agility of PVDF and
increase the brittleness which is not recommended in wearable elec-
tronics. Therefore, discovering material with high flexibility and reus-
ability even after several cycles can bring limelight to the current
research. In this regard, the SH tendency of polymer can sustain the
device from extreme pressures and cure damages similar to skin tissue
[11]. Polydimethylsiloxane (PDMS) and its derivatives are commonly
used as a host polymer to create soft electronic and actuators due to their
high dielectric properties, and outstanding mechanical strength. Be-
sides, PDMS is also a silicone elastomer which exhibits high flexibility,
stretchability, free chain mobility, low glass transition temperature
(-123°C), thermal stability, frost and UV resistance [12,13]. These fea-
tures make PDMS elastomers a desirable material for encapsulating in
electrical equipment. A tremendous effort has been made to fabricate
autonomous self-repairing materials with increased durability to
enhance the elastomer’s visibility among researchers. For instance, Yang
et al. [14] modified the 3-amino-propyl terminated poly-
dimethylsiloxane = (NHy-PDMS) derivative using 4,4-methylene
bisphenyl urea and isofordone biuret to fabricate a PENG pressure
sensor. Although the PZT piezo ceramic incorporation gives stable
output, the obtained voltage amplitude was limited to a smaller window,
which indicates that the device was particularly designed for a lower
pressure range. On the other hand, the water-assisted hydrogen bonding
mechanism demonstrated faster SH; however, the water molecules were
still a major concern because of swelling property deforms the structure
of PENG under applied pressure. While Haick et al.[15] demonstrated a
piezo-resistive sensor by using SH thermoplastic co-polymer for under-
water pressure monitoring, but its pressure sensitivity in such applica-
tions is still underperformance. By taking all into account, it is important
to design SH elastomer for all environmental adaptability.

MXene is a new class of 2D transition metal carbide obtained by wet
chemical etching from MAX layered ternary carbide. It exhibits several
advantages of non-centrosymmetric lattice structure, excellent conduc-
tivity, good water dispersibility, and reactive functional groups on the
surface [16-18]. Owing to this MXene gained significant attention in
various fields, including electromagnetic wave shielding, thermoelec-
tric, electrochemical sensing, capacitors, photocatalysts and desalina-
tion seawater [19-22]. Especially, blending with the polymer can pave
numerous advancements in energy harvesting and energy storage de-
vices. Since the MXene nano/micro sheets attributes a large surface area
and active functional groups, this forms a strong interconnection with
polymer chains and provides sites to store the polarized charges at the
shared interface with dielectric polymers [23].

This present work, demonstrates the mSHP-PENG energy-harvesting
device for biomechanical pressure sensing in ambient and aquatic en-
vironments. By leveraging MXene, we improvised the charge polariza-
tion ability of as synthesized SHP for its versatile PENG application.
With regards, the tensile and dielectric properties of SHP before and
after incorporation of MXene were investigated. Intriguingly, the high
surface functionality of MXene forms a strong interfacial interaction
with SHP polymer chains, resulting in strengthening the chain entan-
glement, as well this crosslinking levitated the water insensitivity of SHP
that can sustain its original shape. In addition, the high surface area of
MXene helps to store the induced charges thereby the capacitance of
SHP increased. Interestingly, the water sustainity and self-repairing
nature of our PENG device extend its application to underwater pres-
sure sensing. Therefore, our high sensitive piezo-pressure sensors
demonstrated the ambient and aquatics environment pressure sensing.

2. Result and discussion

As described in the Fig. S1, the water insensitive, biocompatible SHP
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was synthesized via a one-pot two step approach. Firstly, the bis(3-
aminopropyl)-terminated PDMS (HaoN-PDMS-NHj) was blended with
MDI and TFB composites to form a covalent reversible imine bond and
hydrogen bond (PDMS-MDI g 4 -TFB  ¢; Detail mechanism was discussed
in the previous work). As synthesized SHP has proved to be used as a
flexible substrate for the biocompatible e-skin electronic devices.
Interestingly, MXene incorporation into SHP not only improves its
capacitance and charge polarization but also cross-linkage with SHP
enhances the mechanical toughness which sustains the shape of mSHP-
PENG upon mechanical pressure. Fig. 1(a) shows the synthesis of MXene
via the acid etching process, along with FE-SEM and its corresponding
EDS (Fig. S3) analysis showing the multilayer structure of MXene that
the Al layer is completely removed from the MAX phase. Consecutively,
Fig. 1(b) shows the MXene powder being added to the SHP and subjected
to ultra-sonication to ensure uniform mixing, the interaction of MXene
with SHP is illustrated in Fig. S2. Then the distributed polymer solution
was perfectly shaped using a PTFE mould. Then, the mSHP-PENG with
sandwich structure is achieved by spraying Ag NWs on flat surfaces, and
copper tape is used for extension. Lastly, a thin SHP was coated on the
electrodes to complete the mSHP-PENG device encapsulation (Fig. 1(c)).
The digital photographic image shows our high-pressure sensitive
mSHP-PENG device.

X-ray diffraction (XRD) and Raman spectroscopy were used to
characterize the MXene structure. For a better understanding of MXene
formation XRD peak patterns of MAX phase and MXene is displayed in
Fig. 2(a). It could be clearly seen that the Ti3AlCy showed (002)
diffraction peak at 20 ~ 9.6°, however after acid treatment, the (002)
diffraction peak was shifted to a lower angle at 20 ~ 6.4° and the most
intense peak of TizAlC; at 20 ~ 39° corresponding to Al disappears,
confirming the formation of MXene. The XRD patterns of SHP and
MZXene composite materials in different concentrations (mSHP) show an
increase in the intensity of (002) peak with an increase in the concen-
tration of MXene as in Fig. S4 indicating a high degree of crystallinity.
Compared with the pure MXene powder, the mSHP showed a lower
diffraction angle for (002) peak at 260 ~ 6due to the SHP polymer chain
intercalation that can influence the structure of MXene spacing, also the
functional group on the surface of MXene might interact with some
atoms at SHP like H or O, which can easily expand the spacing between
MXene interlayer. Fig. 2(b) shows the Raman spectroscopy of SHP,
MXene and mSHP. PDMS show two most intense peaks between 2800
and 3000 cm ™! corresponding to the symmetric and antisymmetric
stretching vibrations of CH; while the peak at 495 cm™! corresponds to
the symmetric Si-O-Si stretching [24]. The feature peaks of pure MXene
lies between 100 and 800 cm ™! as in Fig. S4. The peak at 219 cm™! is
attributed to the out of plane (A; ) vibrations of titanium and carbon
atoms while 403 cm ™! corresponds to the in-plane (Eg) vibrations of
surface groups attached to titanium atoms indicating the etching of Al as
well as the vibrations of C and surface groups involved. Furthermore, the
peaks in the region from 580 to 730 cm™! represented the carbon vi-
brations (A; z and Eg). Moreover, two new peaks were observed in the
spectrum from 1300 to 1700 cm ™! which are the characteristic carbon
peaks of D-band and G-band [25,26]. As a result, an increase in the
charge transfer ability of MXene, and enhanced material polarization
effect in SHP can be attained. These results conclude the successful
synthesis of mSHP composite. In order to understand the surface
chemistry of MXene, SHP and mSHP XPS analysis was carried out and
the results are shown in Fig. 2(c-h). In the C1s spectra of MXene (Fig. 2
(c)) peaks corresponding to O—C-O, C-F, C-C/C=C, and C-Ti-O were
observed at 290.8 eV, 287.6 eV, 284.5 eV, and 281.9 eV, respectively.
The C-Ti-O is the signature signal that confirms the MXene formation. In
the case of SHP (Fig. 2(d)), the peak corresponding to C-C/Si-C was
observed at binding energy of 284.5eV [27]. Subsequently, this
C-C/Si-C from SHP and C-Ti-O peak of MXene was easily observed in the
C1s pattern of mSHP (Fig. 2(e)), however, a shift in the binding energy
from 281.9 eV to 283.1 eV was observed for C-Ti-O due to the high
electronegativity of MXene that alters the electron density resulting in a
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Fig. 1. (a) Schematic illustration of the MXene acid etching process corresponding FE-SEM surface morphology. (b) Preparation of MXene reinforced self-healing
elastomer inset FE-SEM shows the incorporated MXene. (c) Illustrate the SHP-PENG device fabrication with photographic image.

positive shift in the binding energy. Furthermore, O1s spectra of MXene
and SHP in Figs. 2(f) and 2(g) revealed peaks corresponding to H5O,
C-Ti-(OH)y, C-Ti-Oy, and Ti-O at 538.0 eV, 535.4 eV, 532.9 eV, and
530.0 eV, respectively, with HyO presumed to be residual water
remaining in the MXene structure while SHP showed Si-O [27,28].
Interestingly, the O1s XPS of mSHP showed both Si-O and Ti-O with a
shift in binding energy from 530.0 eV to 530.9 eV (Fig. 2(h)), which is
due to the higher electronegativity of MXene compared to SHP. These
results further confirm the successful formation of mSHP composite
blending.

The piezoelectric working mechanism of mSHP-PENG was sche-
matically illustrated in Fig. 3(a). When a mechanical force is applied to
the device, the electric dipole charge balance of the dielectric polymer is
disturbed, resulting in an electrostatic potential generated between the
electrodes. During the periodic pressure-release cycle, the static poten-
tial charge imbalance causes the electron flow on the external circuit.
MXene is a class of material with good electric conductivity with high
surface area rendering the charge storage properties. Interestingly,
MXene’s non-centrosymmetric stacked atomic structure makes them
high-directional piezoelectric materials. Further, charge accumulation
at the MXene and SHP interface improved the capacitance and piezo-
electric coefficient towards attaining a high electrical output. Moreover,
Ag NWs spray coating forms ohmic contact on the surface of SHP
providing reliable and complete energy transfer. To evaluate this charge
polarization, the surface charge of SHP film with and without MXene
was observed using a Kelvin probe force microscope (KPFM), this study
measured the contact potential difference (CPD) between the probe tip
and the sample contact surface. As shown in Fig. 3(b) we compared the
CPD values obtained from the pristine SHP(+0.63 V); it is observed that
the addition of MXene to the SHP (—0.57 V); shifted the surface charge
potential toward negative values. The fact that SHP becomes more
electronegative as a result of the addition of MXene is confirmed by a

negative sign on the surface potential value (Fig. 3(c)). Briefly, PENG
architecture is similar to the capacitor model in which the electric
charges are separated by the piezoelectric effect. The Max-
well-Wagner-Sillars polarization effect describes that the gel-like SHP
dielectric with conductive fillers can accumulate the charges at the in-
terfaces this produces a strong polarization under pressure, whereby
more static charges are induced on the electrode surface. On accounting
for this interfacial polarization, we calculated the dielectric constant of
SHP with various amounts of MXene doping at a frequency range be-
tween 1 Hz to 10 MHz. Fig. 3(d) demonstrates the permittivity of SHP
film increased gradually upon MXene addition. Specifically, 25 wt%
doped film shows an exponential increase in permittivity, it is obvious
that conductive fillers yield significant relaxation at lower frequencies
[29]. Whereas high concentration (30 wt%) causes charge leakage due
to the reduced inter-particle distance that forms the conductive network
of MXene. To further support this argument a finite element simulation
was performed to qualitatively determine the stress and piezo-potential
distribution in mSHP-PENG, in which the same mass fraction of MXene
(25 wt%) loaded was identical to mSHP-PENG piezo-composite film. As
revealed in Fig. 3(e), the stress deformation of the composite films and
colour-coded piezo potential distribution were stimulated as downward
bending (Model-I), and vertical compressive force (Model-II). Herein,
composite film corners were fixed (two corners -Model-I, four corners
—Model-II), and load pressure was applied on the film surfaces. In Model
I, the downward bending stress causes an upward extrusion force, that
results in the distribution of piezo-potentials at corners and at both ends
in the middle. It is easier to understand that the application of bending
force on the upper surface causes compression of both ends resulting in
stretching of the middle portion in an curved structure. Whereas, in
Model II, the compressive force applied from the vertical direction,
shows more downward extrusion force resulting in the distribution of
potential in a circular motion. The extrusion force causing a
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displacement enhances the piezo-potential as same as the variation of
stress. In comparison between the two models, it can be concluded that
the bending stress of the piezo-potential difference is lower (Model I)
than the compressed state (Model II) which is in good agreement with
the experimental results.

To optimize the electric output performance, the SHP composite film
was fabricated with various amounts of MXene doping. It was found that
the open-circuit voltage (Voc) and short-circuit current (Isc) gradually
raised when the amount of MXene reached 25 wt% the Voc and Isc given
the maximum output of 30 V and 4.2 pA under periodic pressure (Fig. 4
(a)). As we described earlier, when MXene loading exceeds the perco-
lation limit the inter-particle distance is reduced and forms the MXene
cluster, this creates a tunneling network that enables the charge
neutralization with the counter electrode charges. Resulting in the weak
charge polarization depleted the electric output, and a similar result is
observed in the Isc plot (Fig. 4(b)). To understand the adaptability of the
mSHP-PENG (hereafter denoted as mSHP,5-PENG) device under various
imparting pressures, the optimized sample was repeatedly imparted
with various frequencies, where the output data depicted a gradually
increasing trend (Fig. 4(c) and (d)). This distinctive change is expected
from the impedance of incorporated MXene. At low frequencies, the
induced potential charges are easily neutralized by electrode charges;
therefore, the electron flow in the circuit was reduced. Whereas at
higher frequency ranges induced potential charges were not completely

neutralized instead created a strong electric field to amplify the output
performance of SHP—PENG. This frequency-dependent power output
test results promise that our piezoelectric device can undergo contin-
uous structural deformation without swelling or Ag NWs electrode
network breakage. Furthermore, a switching polarity test was performed
to prove the obtained charges were the result of piezo-potential differ-
ences under mechanical deformation and not from other phenomena. As
depicted in Fig. 4(e), similar voltage peaks were observed in both for-
ward and reverse bias connections. To further support this, a cross-
sectional FE-SEM image of the mSHP,5-PENG device was taken after
repeated finger imparting (Fig. S5). The image clearly demonstrates that
the conductive Ag NWs layer remains well-adhered to the piezo-
dielectric surface. This suggests that the possibility of forming any
micro-sized gap between the Ag NWs and the SHP is minimal, thus
excluding the possibility of additional frictional charge generation
during finger imparting. Consecutively the device flexibility and
compatibility was investigated upon various bending angles (30°, 60°,
90°, and 180°) in repeated modes of operation. With optimal agility and
stretchability of mSHP5-PENG, enable the sensor to provide reliable
and continuous electric pulse information, which facilitates real-time
monitoring of human health care as a wearable sensor (Fig. 4(f)).
Owing to the high charge polarity and flexibility our piezo device
gives a fast response even for low-weight pressure. To demonstrate this
pressure sensing ability, we measured the output voltage of our
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Fig. 3. (a) Illustrated the piezoelectric working mechanism upon compress- release cycle. (b) and (c) shows the KPFM surface charge distribution comparison of on
SHP and mSHP. (d) Dielectric constant of various doping amount of MXene into SHP. (¢) COMSOL elemental distribution of stress and surface charge potential image.

champion device by fixing the 30 g load object (Ball) to free fall on the
device from various distances. The imparting kinetic force was esti-
mated in supporting information. When the load weight hits the surface
of mSHP,5-PENG from various distances, more potential charge is
stimulated in the dielectric, which arises from imparting pressure.
Resulted oscilloscope voltage peak intensity shows linear agreement
with impacting pressure (Fig. 5(a), Inset image shows the imparting of
free fall load on the PENG). The sensitivity value is defined as the
relative voltage change upon the impacting pressure. As drawn linear
slope gives a maximum sensitivity value of 0.53 V/kPa at mid-range
force and optimal response to the low (0.056 V/kPa) and high-
pressure region (0.017 V/kPa). Because SHP material is highly flexible
and the spray-coated AgNWs electrode has ohmic contact with the
polymer surface, therefore mSHP25-PENG undergoes effective

deformation and improves the result accuracy. To demonstrate the de-
vice performance in practical applications, various mass load objects
(cotton bud, 1 g, 2 g, 5g, and 10 g) voltage responses were studied in
Fig. 5(b). As shown in Fig. 5(c), the voltage peak of the sensor with
loading and unloading of the weight, and the corresponding loading
peak response time was given 30 ms. This experimental result proves
that the sensor has undergone effective deformation. To support this, we
have compared the electrical behavior of our device with various
piezoelectric devices in Table S1 (Supporting information). With a small
active area, feasible structure and high-pressure response concluding
that our mSHP,5-PENG can be integrated as a flexible mechanosensing
device into healthcare pressure monitoring equipment.

In addition, to prove our PENG is a reliable power source for portable
electronic equipment, it is essential to investigate how this mSHPys-
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PENG can be made suitable in real-time applications. As shown in Fig. 5
(d) the mSHP,5-PENG device demonstrates the maximum power gen-
eration ability across various external load resistance from 1MQ to
10MQ. Such as the voltage increased proportionally upon resistance (R)
increase and reached saturation point, thus proving that the mSHPys-
PENG attained maximum voltage at 8MQ. Meanwhile, the evaluated
power density provides their maximum intensity of 128 pW/m? with a
similar resistor(PD = P/A; P — power,A — area). Whereas at infinites-
imal resistance the Isc value has become smaller, thus indicating the PD
graph decline. Inset ohms law circuit indicates the mSHP,5-PENG device
relation with V, I, and R. Such energy output can be satisfyingly utilized
to charge a variety of commercial capacitors. Before storing the gener-
ated power into parallel plate capacitors, it required DC power rectifi-
cation because the AC exhibits the capacitor charge and discharge
simultaneously. Therefore, we designed mSHP,5-PENG device into a
circuit where the capacitor is connected through the four-way bridge
rectifier (Fig. 5(e)). Resulted rectified voltage is shown in Fig. 5(f),
where the AC sign wave was fully converted into DC form. Followed by a
series of (1 pF, 2.2 pF, 4.7 pF, 10 pF) capacitors charging was success-
fully demonstrated in Fig. 5(g) under 3 Hz frequency at constant

pressure. Compared to other reported works our mSHP25-PENG takes
less time to charge the capacitors (Table S1; Supporting information),
this affirms that our device has the potential to charge wearable smart
garments in real-time applications. In addition, the long-term durability
of the device was measured by applying constant force up to 1500 cycles
(Fig. 5(h)). Interestingly, SH nature can cure scratches and damages on
the surfaces quickly; such as, a completely packed device architecture
can protect the electrodes peel-off. This suggesting excellent stability
over a long period can put mSHP25-PENG in the front line for wearable
sensing applications. To demonstrate the real-time energy harvesting, a
series of LED turn-on experiments were performed as shown in Fig. 5(i).
This proves that our complete mSHP,5-PENG device can power up 5 LED
lights instantly (Video S1).

Foreforth of this research mainly depends on the underwater SH
mechanism, thus when water molecules contact with SHP assists in
chain entanglement to heal the damages. Nevertheless, the amphiphilic
nature of SHP mitigates the water ingress. Fig. 6(a) illustrates a scheme
of the healing mechanism of SHP in an aquatic environment. The
diffusion of water provokes the healing process as a combination of
dynamic covalent imine bonds and H-bonds. The soft segment TFB
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Fig. 5. (a) Shows the sensitivity graph of mSHP,5-PENG. (b) Voltage extrusion peak upon various load. (c) Shows voltage response time. (d) Reveals the power
density of mSHP,5-PENG upon various external resistor. (e) Shows the integration of mSHP,5-PENG sample into circuit to convert the DC power. (f) Shows the
rectified voltage through the bridge rectifier. (g) Capacitor charging. (h) Shows the voltage of life cycle test. (i) Indicate photograph image of the LED power

up experiment.

undergoes an imine metathesis facilitating strain energy diffusion. While
MDI hard segment forms a strong intermolecular H-bonds through urea
based cross-linked network. The photographic image shown in Fig. 6(b)
confirms that the scratch on the mSHPy5-PENG had completely dis-
appeared on submersion into water. The observed seamless surface
formation restores the AgNWs conductive network of mSHP,5-PENG.
Furthermore, the complete SH has been further reflected by the voltage
studies as shown in Fig. 6(b), thus the underwater healing process has
completely restored the device performance. The tensile behavior of
pristine SHP is investigated in Fig. 6(c), the result shows that water
molecules enchant the tensile modulus more stretchable from (elonga-
tion 3911 %, maximum strain 0.55 MPa) to (elongation 4463 %,
breaking strength 0.92 MPa). The deliberate incorporation of MXene
reinforcement is found to enhance the mechanical stiffness and diminish
the elasticity of SHP (elongation 2252 %, maximum strain 0.56 MPa).
Nevertheless, even with the optimized ratio, the material still demon-
strates promising healing capabilities. Notably, underwater healing of
mSHP results in a substantial improvement in its tensile properties
(elongation 3332 %, maximum strain 0.99 MPa), as illustrated in Fig. 6
(d). This enhancement is ascribed to the hydrophilic properties of
MXene, which facilitate the interaction between water molecules and
the polymer interface, thereby reinforcing chain entanglement. Fig. 6(e-
f) shows the output voltage performance in air and under aquatic en-
vironments, these experimental results confirm that the induced

polarized charges are only upon applied mechanical stimulation.
Further to support this, we have demonstrated the underwater pressure
sensing by integrating the mSHP,5-PENG device as a communicating
key to the Arduino Uno (Video S2). This prototype experiment proves
that our mechanosensitive device can be beneficial in forming an
aquatic human-machine interface for transmitting signals from under-
water to the surface world.

3. Conclusion

Concisely, we have designed an mSHP,5-PENG that sets a new trend
and paves the way for underwater mechanical pressure switches. The
incorporation of MXene with SHP exhibited outstanding mechanical and
dielectric properties due to the strong interfacial interaction with the
polymer chain. In addition, the non-centrosymmetric nature providing
piezoelectric nature to MXene with SHP increased the capacitance of
SHP by storing more induced charges resulting in a maximum output
power density of 128 mW/m?2. At 25 wt% of MXene a high piezoelectric
output of 30 V and 4.2 pA was attained. Interestingly, mSHP5-PENG
could sustain good performance even after 1500 cycles and can glow 5
blue LED lights. The excellent self-healing and its functioning in the
water further guarantee its stable functioning in air and aquatic condi-
tions. This research showcases significant advancements in underwater
energy harvesting technology.
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Fig. 6. (a) Schematic illustration of propagation of crack healing mechanism of SHP by reversible imine bond and hydrogen bonds with water molecule upon
underwater healing process. (b) Voltage comparison of mSHPs-PENG before and after crack and SH. (c) Stress- strain curves of SHP. (d) Stress-strain curve of (25 wt
%) mSHP with cut healing. (e) Voltage comparison of mSHP,5-PENG in air and aquatic conditions. (f) Real-time demonstration of LED glowing by the device under

normal and underwater.

4. Materials and methods
4.1. Materials

Ti3AlCy (MAX) powder was purchased from Jilin 11 technology Co.,
Ltd, Polydimethylsiloxane (PDMS) was purchased from Gelest Inc., sil-
ver nanowires (AgNWs) was purchased from Zhejiang Kechuang Tech.,
Lithium fluoride (LiF, 99.98), Hydrochloric acid (HCl, 12 M), Ethanol
(EtOH), chloroform (CHCl3), Triformaldedhyde benzene (TFB), methy-
lene diphenyl diisocyanate (MDI), were purchased from Sigma-Aldrich,
All the materials were used without any purifications.

4.2. Preparation of Ti3Cy (MXene) and PDMS-MDIy 4-TFBy ¢ Self-
healing Polymer (SHP)

As described in the schematic, to etch the MAX phase, 0.8 g of LiF
powder was added to 6 M HCl at 30°C in a Teflon beaker and stirred at
350 rpm. Then, 0.5 g of MAX powder was slowly added to the solution

and stirred for 24 hours. The resulting solution was washed with DI
water and centrifuged at 3500 rpm for 5 minutes until the pH of the
supernatant reached around 6-7 pH. The MXene was then dispersed in
ethanol and sonicated for 1 hour in an ice bath to delaminate the
nanosheets. Finally, the product was centrifuged at 5000 rpm for
30 minutes to collect the MXene nanosheets. The MXene powder was
obtained by drying it overnight in a vacuum oven at 60°C. The SHP
synthesis method is illustrated in Fig. S1 and was prepared using the
method reported in our previous work [30].

4.3. Fabrication of mSHP-PENG device

The fabrication of the SHP-PENG device is as follows, 300 mg of SHP
was dissolved in chloroform with different ratios of MXene which were
25 mg, 50 mg, 75 mg, 100 mg, and 200 mg, then stirred at room tem-
perature for 24 hours. Subsequently, the mixture was poured into a 3 x
3cm? area Teflon mould and sonicated to ensure the film was
completely flat during the solvent evaporation. After 12 h of drying at
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room temperature, a thin film was peeled off from the mold with a
thickness of 0.25 mm. Then, the silver nanowire solution was loaded
into a spray gun and evenly sprayed over an area of 2.5 x 2.5 cm? with a
thickness of 0.005 mm on the surface of the film. The spray gun was
positioned 10 cm above the material, and the spraying process was
carried out for 5 minutes on both sides. A copper tape was stuck on the
silver nanowires for electrical measurements.

4.4. Simulation

The piezoelectric charge induced and stress distribution of the SHP-
PENG device were studied by using the COMSOL simulation multi-
physics software (6.2 version). The rectangle geometry was modelled
based on the SHP original values. The dielectric constant and mechan-
ical strength of the blank material were employed based on 25 wt% of
MXene. Further applied pressure and bending were performed as
following the reference [31]. The number of corners was fixed
depending on the model used, the top of the surface given as floating
potential and the bottom of the surface given as ground.

4.5. Characterization

Fourier transform infrared spectroscopy (FT-IR) was performed on
spectrum Two (PerkinElmer, UK) in the region of 4000-400 cm ! with
16 scans at a resolution of 4 cm !, The XRD patterns of the prepared
films were characterized by PAN alytical diffractometer S6 (X’ Pert3
Powder). Raman spectrometer (LabRAM HR 800 UV; Horiba). A tensile
test QC 508 (Cometech Testing Machines Co., Ltd., Taiwan) was con-
ducted to determine the mechanical properties. The measurements were
conducted at different loading rates (20 mm min’l, 50-70 mm minfl).
Surface potential was observed using a Kelvin probe force microscope
(KPFM Bruker-Dimension Icon) and an electrostatic voltmeter. A field
emission scanning electron microscope (FE-SEM) was performed on an
S4800 (HITACHI, Japan). X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific Theta probe). The contact angle was measured
using an FTA125 contact angle analysis system (FTA). Electrical per-
formances such as the open-circuit voltage and short-circuit current
were studied through Oscilloscope and Keithley 6500 respectively. The
capacitance was collected using an LCR meter (Agilent E498E preci-
sion). Scale bar and fiber diameter were identified by ImageJ software.
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