
 

https://doi.org/10.1007/s10118-025-3253-6

Chinese J. Polym. Sci. 2025, 43, 572–580

MXene Nanosheet-enhanced Ionotronic Hydrogels for Wireless
Powering and Noncontact Sensing

Yao-Qian Han, Zhou-Yue Lei*, and Pei-Yi Wu*

State  Key  Laboratory  for  Modification  of  Chemical  Fibers  and  Polymer  Materials,  College  of  Chemistry  and  Chemical  Engineering,  Center  for  Advanced  Low-
Dimension Materials, Donghua University, Shanghai 201620, China

 Electronic Supplementary Information

Abstract   Smart actuators and wearable and implantable devices have attracted much attention in healthcare and environmental sensing. Flexi-

ble electronic and ionic materials are the two main approaches used to construct these devices. Among them, hydrogel-based ionic materials of-

fer unique advantages, such as biocompatibility and adaptable mechanical properties. However, ionic hydrogels encounter challenges in achiev-

ing wirelessly powered and noncontact sensing. To address this, we introduce MXene nanosheets to construct ionotronic hydrogels. Leveraging

the rich  surface  charges  and electronic  conductivity  of  MXene nanosheets,  ionotronic  hydrogels  can harvest  vibrational  and electromagnetic

waves as electrical energy and enable noncontact sensing. Under ultrasound, it can continuously generate voltages up to 85 V and light up light-

emitting diodes, promising wireless charging of implanted devices. In addition, it achieves an absorption coefficient of 0.2 for 915 MHz electro-

magnetic waves, enabling noncontact sensing through radio frequency identification. Notably, the physically crosslinked network of the MXene-

based hydrogels maintained structural and performance stability under ultrasonic stimulation and exhibited self-healing properties. Even when

cut  into  two halves,  the  self-healing hydrogel  fully  regenerates  its  original  performance.  This  study provides  insight  into  the development  of

ionotronic hydrogels for wirelessly powered and noncontact sensing in smart actuators and wearable and implantable applications.
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INTRODUCTION

Smart  actuators  and  wearable  and  implantable  devices  for
healthcare and environmental  sensing have received consider-
able  attention  in  recent  years.[1−6] Flexible  electronic  and  ionic
materials are the two main approaches used to construct these
devices.[7−11] Among them, ionic hydrogels offer unique advan-
tages, such as biocompatibility and adaptable mechanical prop-
erties.[12−16] However, ionic hydrogels face challenges in achiev-
ing  wirelessly  powered  and  noncontact  sensing.  Existing  ener-
gy  conversion  methods,  including  thermoelectric,[17] humidity-
driven,[18] and  piezoelectric  techniques,[19,20] suffer  from  low
voltage outputs,  typically less than 1 V,  which is insufficient for
power  actuators  and  monitoring  devices.[21] In  addition,  non-
contact  sensing  methods  have  limitations  and  often  involve
complex and less efficient mechanisms.

Fortunately,  hydrogels,  which  have  a  composition  similar
to skin tissue, exhibit low acoustic impedance and high pene-

tration depth,  making them suitable for ultrasound-powered
wireless  implantable  devices.[22,23] Compared  with  thermo-
electric  and  moisture-electric  technologies,  ultrasound  ener-
gy  harvesting  offers  more  stable  and  efficient  subcutaneous
energy stimulation.  Ultrasound-driven energy harvesting has
emerged as a safe and effective method for wirelessly power-
ing  implantable  medical  devices  capable  of  generating  volt-
age  outputs  in  the  range  of  tens  of  volts.[24−28] On  the  other
hand, radio frequency identification (RFID) technology, which
enables wireless data exchange via electromagnetic waves, is
a promising approach for noncontact sensing.[29−31] Integrat-
ing  the  efficient  use  of  vibration  and electromagnetic  waves
for  wireless  power  and  noncontact  sensing  could  lead  to
more integrated and efficient systems. However,  existing hy-
drogels  primarily  rely  on  simplex  ionic  or  electronic  conduc-
tivity, leading to insufficient sensitivity to vibrational and elec-
tromagnetic  waves.  The  development  of  ionotronic  hydro-
gels with dual ionic and electronic carriers offers a promising
solution to this issue.[24,32−34]

Here, we present MXene nanosheets for the construction of
ionotronic hydrogels. By utilizing the rich surface charge and
electronic  conductivity  of  MXene  nanosheets,[32,34−37] the
generated  streaming  vibration  potential  (SVP)  in  ionotronic
hydrogels  enables  the  conversion  of  ultrasonic  energy  into
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electrical  energy,  resulting in a high output voltage for  wire-
less  power  supply.  Moreover,  the  inherent  high  conductivity
of  MXenes  makes  ionotronic  hydrogels  suitable  for  electro-
magnetic  wave  communication,  enabling  noncontact  infor-
mation  transmission  with  high  sensitivity  and  real-time  re-
sponse.  In  addition,  ionotronic  hydrogels  exhibit  excellent
self-healing  properties  and  flexibility,  making  them  ideal  for
use as  actuators  and wearable and implantable devices.  This
work proposes a feasible strategy for creating highly integrat-
ed, durable, and easily moldable wirelessly powered and non-
contact sensing devices.

EXPERIMENTAL

A detailed Experimental Section can be found in the electronic
supplementary information (ESI).

RESULTS AND DISCUSSION

Design of the Ionotronic Hydrogels
The  structural  design  of  the  hydrogel  is  illustrated  in Fig.  1(a).
The  carboxyl  groups  (―COOH)  of  poly(acrylic  acid)  (PAA)
chelate  with  Ca2+ ions  from  amorphous  calcium  carbonate
(ACC),  forming a soft,  malleable,  and self-healing hydrogel  ma-
trix.  MXene,  a  two-dimensional  nanosheet  with  rich  terminal
groups  and  metallic  conductivity,  further  enhances  the  me-
chanical  and  ionotronic  properties  of  the  hydrogel.  The  intro-
duction  of  MXene  nanosheets  provides  ionotronic  hydrogels
with  abundant  negatively  charged  groups.  This  facilitates
charge  migration  and  accumulation  within  the  hydrogel,  en-
abling  the  conversion  of  ultrasonic  and  electromagnetic  wave
energy  into  electrical  energy.  Therefore,  we  incorporated
MXene  nanosheets,  ranging  from  200  nm  to  600  nm  in  width

and 5 nm in thickness, into the PAA/ACC matrix (see Figs. S1 and
S2 in ESI).  Its  high specific  surface area provides an abundance
of electronegative terminal groups (such as ―F, ―OH, ―O, and
―Cl).  These  groups  can  engage  in  synergistic  supramolecular
interactions with PAA and Ca2+ ions,  forming a dynamic physi-
cal  entanglement  network.  The  three-dimensional  intercon-
nected network of the hydrogel is also evident in the scanning
electron microscopy (SEM) images (Fig. S3 in ESI). This dynamic
physical  entanglement  network  imparts  excellent  mechanical
adaptability to the hydrogel. The ionotronic hydrogel is soft and
highly stretchable (Fig. S4 in ESI). The hydrogel is easily molded
into various shapes,  such as cups,  flowers,  butterflies,  and stars
(Fig. 1b). Furthermore, owing to its dynamic network, the hydro-
gel  exhibited outstanding self-healing properties.  After  the  hy-
drogel  is  cut  into  four  pieces,  the  application  of  external  force
enables rapid restoration to its original shape, without any visi-
ble cracks or other changes (Fig. 1c). This demonstrates that the
mechanical  performance of  the ionotronic  hydrogel  after  heal-
ing is nearly indistinguishable from its original state, with negli-
gible damage. The observed self-healing ability of the ionotron-
ic hydrogel can be explained by the synergistic supramolecular
interactions  among  the  PAA  chains,  Ca2+ ions,  and  groups  on
the  MXene  nanosheets.  Upon  recontacting  the  fractured  sam-
ples, the synergistic supramolecular interactions promote chain
diffusion and re-entanglement at the fractured interface, result-
ing  in  the  reformation  of  a  new,  intact  physically  crosslinked
network.  Additionally,  external  pressure  accelerates  the  forma-
tion  of  an  intact  physically  crosslinked  network.  When  com-
pletely dried,  the hydrogel  becomes rigid and tough.  Upon re-
hydration, it recovers its original soft and stretchable properties,
demonstrating  the  excellent  recyclability  of  the  hydrogel  (Fig.
S5 in ESI).

Rheological  tests  were  subsequently  employed  to  scruti-
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Fig.  1    Mechanical  properties  of  the  ionotronic  hydrogel.  (a)  Schematic  illustration of  the  dynamically  crosslinked structure  of  the  ionotronic
hydrogel;  (b)  The ionotronic  hydrogel  can be shaped into a  cup,  a  flower,  a  butterfly,  or  a  star  (scale  bar:  1  cm);  (c)  Photos  indicating the self-
healing ability of the ionotronic hydrogel (scale bars: 1 cm); (d) Frequency dependency of the storage (G’) and loss (G”) moduli of the ionotronic
hydrogel;  (e)  Strain  sweeping of  the ionotronic  hydrogel  from 0.01% to 10% strain;  (f)  Continuous step-strain  oscillatory  measurements  of  the
ionotronic hydrogel from 10% to 0.1% and back to 10% strain.

  Han, Y. Q. et al. / Chinese J. Polym. Sci. 2025, 43, 572–580 573

 
https://doi.org/10.1007/s10118-025-3253-6

 

https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6


nize  the  influence  of  MXenes  on  the  dynamic  physical  net-
work of the hydrogel. The addition of MXene could tailor the
mechanical  properties  of  the  ionotronic  hydrogel  (Fig.  S6  in
ESI).  Without  the  addition  of  MXene  nanosheets,  the  loss
modulus  (G”)  and  storage  modulus  (G’)  of  the  PAA/ACC  hy-
drogel  significantly  differ  at  low  frequencies.  At  an  MXene
content of 2 wt%, G” surpasses G’ in the low-frequency range,
indicating the characteristics of a viscoelastic fluid. When the
MXene  content  reaches  6  wt%,  the  ionotronic  hydrogel  dis-
plays  an  equal  storage  modulus  (G’)  and  loss  modulus  (G”)
within the low-frequency range. At a 10 wt% MXene content,
the ionotronic hydrogel has G’ > G” across the entire frequen-
cy range, indicating characteristics akin to those of an elastic
solid (see Fig. 1d).  However,  excess MXene nanosheets make
the hydrogel brittle. Therefore, the ionotronic hydrogel with a
10  wt%  MXene  content  was  selected  as  the  optimal  sample
for subsequent tests and applications.

Under  low-amplitude  oscillation  (γ<7%), G’ is  greater  than
G”, demonstrating that the hydrogel behaves as an elastic sol-
id.  Strain  sweep  measurements  ranging  from  0.01%  to  10%
revealed that at γ=7%, G’ equaled G”, indicating the onset of a
gel-sol transition.[38] Under high-amplitude oscillation (γ>7%),
G’ is  lower  than G”,  implying  that  the  crosslinked  network  is
disrupted at  high amplitudes (Fig.  1e).  However,  during con-
tinuous  step-strain  testing,  alternating  between  amplitudes
of 0.1% and 10%, G’ and G” could promptly recover over 98%.
Even after  multiple  cycles,  the ionotronic  hydrogel  exhibited
excellent  self-healing  behavior.  This  suggests  that  the
crosslinked network of the ionotronic hydrogel can be contin-
uously disrupted and reshaped in a short period, resulting in
outstanding self-repair capabilities (Fig. 1f). Moreover, the ap-
parent  activation  energy  of  the  physically  crosslinked  net-
work  was  calculated  from  the  Arrhenius  equation,  which  is
135.3  kJ·mol−1 (Fig.  S7  in  ESI),  comparable  to  that  of  many
tough and self-healing hydrogels.

Wirelessly Powering through Ultrasonic Waves
When  subjected  to  ultrasonic  waves  (Figs.  2a and  2b),  the
ionotronic  hydrogel  generates  an  open-circuit  voltage  of  ap-
proximately 85 V at a frequency of 22 kHz and a power of 6.5 W
(Fig. 2c). Under high-intensity ultrasound, the hydrogel can sta-
bly output electrical energy. The ionotronic hydrogel maintains
its physical integrity and no noticeable damage to the hydrogel
is  observed after ultrasonic stimulation (Fig.  S8 in ESI).  Remark-
ably,  the sinusoidal  waveform of  the voltage generated by the
hydrogel  at  22  kHz  perfectly  matches  the  ultrasonic  wave  fre-
quency (Fig. 2d), confirming that the electrical energy is derived
from ultrasonic  energy conversion.  Additionally,  the  ionotronic
hydrogel has a high conductivity of up to 2 S·m−1,  whereas the
conductivity  of  the  PAA/ACC  hydrogel  without  MXene
nanosheets  is  only  0.2  S·m−1.  The conductivity  of  the PAA/ACC
hydrogel increases with the addition of MXene nanosheets (Fig.
2e, Figs. S9 and S10 in ESI). At the same ultrasound intensity, the
hydrogel  with  a  higher  MXene  content  shows  a  significant  in-
crease  in  the  output  voltage.  This  occurred  because  the  addi-
tion of MXene nanosheets increases the density of ionic groups
within  the  hydrogel,  confirming  the  necessity  of  ionotronic
MXene  nanosheets  for  high-voltage  generation  (Figs.  S11  and
S12 in ESI).  However,  excessive MXene nanosheets  result  in  in-
creased stiffness and brittleness of the hydrogels. Therefore, 10

wt% MXene nanosheets were chosen for the subsequent exper-
iments. The output voltage of the ionotronic hydrogel was mea-
sured in air,  pork,  water,  and coupling media (Figs.  2f−2h).  No-
tably, in air, substantial voltage attenuation is observed. With an
air gap of only 100 μm, the voltage decreases to 20 V. As the gap
further  increases,  reaching  300  μm,  the  output  voltage  is  9  V
(Fig. 2f and Fig. S13 in ESI). This is attributed primarily to signifi-
cant  ultrasonic  wave attenuation in  air,  resulting in  the low ul-
trasonic  wave  energy  received  by  the  ionotronic  hydrogel.  In
contrast,  in  pork,  the  voltage  exhibits  minimal  variation.  Even
with  an  8  cm-thick  pork  layer,  the  output  voltage  was  main-
tained at 61 V (Fig. 2g and Fig. S14 in ESI), indicating its promis-
ing  application  in  biological  tissues.  Across  water,  coupling
agent, and polyacrylamide (PAM) hydrogel media, the attenua-
tion of the output voltage is small, which is only approximately
30% in the coupling agent and PAM hydrogel (Fig. 2h and Fig.
S15  in  ESI).  The  output  voltage  of  ionotronic  hydrogels  varies
across different media, which is attributed primarily to the vary-
ing  degrees  of  acoustic  impedance  mismatch  between  differ-
ent  media  interfaces.[39] These  observations  underscore  the  in-
fluence  of  different  media  on  the  output  voltage  of  the
ionotronic hydrogel,  demonstrating its versatility and effective-
ness in various environmental  conditions.  Moreover,  the short-
circuit current of the ionotronic hydrogel reached approximate-
ly 1.4 μA (Fig. 2i). Then, we conduct tests under varying external
resistances to evaluate the output voltage (Fig. 2j and Fig. S16 in
ESI) and output current (Fig. 2k and Fig. S17 in ESI). The output
power reaches an impressive 85 μW with an external resistance
of  0.01  MΩ ( Fig.  2l).  When  the  input  power  of  the  ultrasonic
waves is  6.5 W, the Umax is  about 89 V (Fig.  S18a in ESI).  There-
fore, the η is calculated to be 3.05 %. When the input power of
the  ultrasonic  waves  increases  to  65  W,  the Umax increases
slightly  to  100  V  (Fig.  S18b  in  ESI),  while  the η decreases  to
0.38%. These findings underscore the potential of ionotronic hy-
drogels  as  promising  candidates  for  use  as  implantable  power
sources within the human body.

Energy Harvesting to Charge Electronics
When MXene nanosheets were embedded in the hydrogel, they
introduce  many  electrical  double  layer  (EDL)  interfaces  in  the
hydrogel.  Ultrasonic  waves  drive  the  cations  at  the  EDL  inter-
face  to  move  along  the  direction  of  wave  propagation.  This
leads to the exposure of negatively charged surfaces of the MX-
ene  nanosheet.  To  maintain  charge  balance  in  the  EDL,  elec-
trons  in  the  MXene  nanosheets  flow  towards  an  external
grounded electrode. It thus creates a potential difference in the
direction  of  ultrasonic  wave  propagation.  This  potential  differ-
ence  is  known  as  the  streaming  vibration  potential  (SVP).[24]

Since the ultrasonic wave is periodic, the pressure applied to the
hydrogel  is  intermittent.  During  the  absence  of  pressure,  the
cations return to their original positions, and the electrons flow
back  to  restore  charge  balance.  This  cyclical  process  repeats
with each passing ultrasonic wave, causing the electrons to os-
cillate  through  the  external  circuit  between  the  MXene
nanosheets  and  the  grounded  electrode,  generating  alternat-
ing voltage and current (Fig. 3a).

To  validate  the  potential  of  ionotronic  hydrogels  as  clean
generators that efficiently convert ultrasonic wave energy in-
to electrical power with high output, we design a circuit dia-
gram  and  demonstrate  various  applications  (Fig.  3a).  The
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ionotronic  hydrogel  generator,  before  rectification,  could  di-

rectly generate an alternating voltage of 85 V, which reached

a direct voltage of up to 120 V after rectification (Fig. 3b). The

alternating  voltage  generated  by  the  ionotronic  hydrogel

lights  an  electroluminescent  device.  The  electroluminescent

device  emitted  a  stable  blue  light,  demonstrating  that  the

ionotronic  hydrogel  can  sustainably  provide  high  voltage

(Fig. S19 in ESI). After ultrasonic wave energy is converted in-
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Fig. 2    Electrical generation by ultrasonic propagation in the ionotronic hydrogel. The ultrasonic power used is 6.5 W. (a) Schematic illustration
of  harvesting  ultrasonic  energy  into  electrical  energy  by  the  ionotronic  hydrogel;  (b)  A  photo  showing  the  testing  setup  with  the  ionotronic
hydrogel in contact with the ultrasonic probe (scale bar:  2 cm);  (c)  Output voltages of the ionotronic hydrogel stimulated by ultrasonic energy
with a power of 6.5 W and a frequency of 22 kHz; (d) Local magnified data from (c); (e) Impedance spectrum of the ionotronic hydrogel with 10
wt%  MXene;  (f)  Statistic  output  voltages  of  the  ionotronic  hydrogel  measured  with  different  air  gaps  between  the  ultrasonic  probe  and  the
hydrogel; (g) Statistic output voltages of the ionotronic hydrogel with different thicknesses of the pork medium; (h) Statistic output voltages of
the ionotronic hydrogel with different media between the ultrasonic probe and the hydrogel; (i) Short-circuit currents of the ionotronic hydrogel;
(j) Statistic output currents of the ionotronic hydrogel with different load resistances; (k) Statistic output voltages of the ionotronic hydrogel with
different load resistances; (l) Statistic output powers of the ionotronic hydrogel with different load resistances.
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to  electrical  power,  the  ionotronic  hydrogel  is  capable  of
rapidly  charging  capacitors.  When  a  10  μF  capacitor  is
charged,  the ultrasonic  wave-driven ionotronic  hydrogel  can
charge it to 83 V within 20 s (Figs. 3c and 3d, Video S1 in ESI).
For capacitors with capacities of 22 and 47 μF, the voltages af-
ter 20 s of charging are 58 and 36 V, respectively. When a 10
μF  capacitor  charged  for  20  s  is  used  as  a  power  source,  its
high direct current voltage (83 V) can drive various electronic
devices.  For  example,  it  can  be  connected  to  a  smartwatch,
enabling its  successful  operation (Fig.  3e,  Video S1 in  ESI).  In
addition,  the  ionotronic  hydrogel  self-heals  during  energy
harvesting and charging. The original ionotronic hydrogel ex-
posed  to  ultrasonic  waves  can  illuminate  light-emitting
diodes (LEDs) (Fig. 3f, Video S2 in ESI). After the ionotronic hy-
drogel was cut into two halves, the LEDs were turned off (Fig.
3g). However, when the broken parts of the ionotronic hydro-
gel come into contact, the LEDs are instantly lit again (Fig. 3h).
This  is  attributed  to  the  excellent  self-healing  performance
conferred  by  the  dynamic  physical  cross-linking  network  of
the ionotronic  hydrogel.  Therefore,  ionotronic  hydrogels  can
not  only  harvest  wave  energy  into  electricity  but  also  have
potential for long-term stable and durable operation in prac-
tical applications.

Underwater Noncontact Sensing
Through the conversion of acoustic energy into electrical power,
ionotronic  hydrogels  can  be  engineered  into  self-powered  un-
derwater  detectors  for  tasks  such  as  underwater  sonar  detec-
tion  and  source  localization  (Fig.  S20  in  ESI).  Leveraging  the
propagation of ultrasound underwater, the ionotronic hydrogel
can receive  ultrasound signals,  enabling the monitoring of  un-
derwater  object  movements  and  facilitating  a  deeper  under-
standing of  submerged environments.  It  swiftly  captures  ultra-
sound  energy  from  various  angles  to  rapidly  generate  voltage
signals,  which are then transmitted to a  computer  terminal  for
processing.  When  the  ionotronic  hydrogel  is  in  the  horizontal
motion of the detector facing the ultrasound probe, the voltage
signal  linearly  decreases  with  increasing  distance  (Fig.  4a,  Figs.
S21 and S22 in ESI). When the ionotronic hydrogel conducts cir-
cular motion (radius: 12 cm) around the ultrasonic probe, it gen-
erates a stable 65 V voltage signal (Fig. 4b, Figs. S23 and S24 in
ESI). Furthermore, as the detector undergoes vertical motion rel-
ative to the ultrasound probe (horizontal  distance is  8 cm),  the
voltage  signal  initially  increases  and  then  decreases  with  in-
creasing  detector-cylinder  bottom  distance  (Fig.  4c,  Figs.  S25
and  S26  in  ESI).  The  ionotronic  hydrogel  excels  in  multidirec-
tional underwater ultrasonic detection.
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There  is  a  decrease  in  the  output  voltage  signal  with  in-
creasing  distance.  These  outputs  of  diverse  voltage  signals
along  different  trajectories  demonstrate  that  the  ionotronic
hydrogel  detector  achieves  rapid  and  precise  localization  of
the sound source, enabling real-time monitoring of underwa-
ter  object  movement.  Real-time  responsive  output  voltage
signals are detected when a plastic fish with an attached de-
tector  swim.  As  the  fish  swims  further  away  from  the  ultra-
sound  source,  the  voltage  signal  diminishes.  Conversely,  as
the fish swims toward the ultrasound source, the voltage sig-
nal increases, aligning with the initial voltage signal when the
fish  is  close  to  the  ultrasound  source  (Fig.  4d).  This  provides
real-time  feedback  on  the  underwater  position  and  move-
ments  of  the  fish.  Similarly,  when  a  plastic  boat  with  an  at-
tached  detector  performs  circular  motion  around  the  sound
source, corresponding voltage signal responses are detected.
As  the  plastic  boat  moves  around  the  ultrasound  source,
maintaining  a  consistent  distance  from  it,  the  subsequent
change  in  the  voltage  signal  is  minimal  (Fig.  4e).  The
ionotronic hydrogel thus demonstrates the capability for ob-
ject  localization  and  real-time  detection  in  underwater  envi-
ronments,  indicating  significant  potential  applications  in  the

field of marine exploration.

Ionotronic Hydrogel Antennas for Radio Frequency
Identification (RFID) Applications
The  severe  attenuation  of  ultrasonic  waves  in  the  air  hinders
their use as an energy stimulus source for sensors and prevents
energy and information exchange in the air. However, ultrahigh-
frequency  (UHF)  electromagnetic  waves  offer  robust  informa-
tion exchange capabilities,  compensating for  the  limitations  of
ultrasonic  waves.  The  ionotronic  hydrogel  not  only  efficiently
converts  high-intensity  acoustic  energy  into  electrical  energy
but  also  captures  UHF  electromagnetic  waves  and  converts
them into electricity. This dual capability underscores its poten-
tial  applications  in  fields  such  as  high-frequency  wireless  com-
munications.  In  addition,  compared  with  their  conventional
metallic  antennas  and  ink-based  counterparts,  ionotronic  hy-
drogels  exhibit  outstanding  self-healing  and  shape-adaptable
properties. Hydrogel antennas hold promise for endowing elec-
tronic tags with superior tear resistance and enhanced flexibility.

To validate its ability to harvest UHF electromagnetic waves
in  air,  an  ionotronic  hydrogel  is  used as  an  antenna to  fabri-

 

4 8 12 16 20 24 28
0

20

40

60

80

V
o

lt
a

g
e

 (
V

)

0

20

40

60

80

V
o

lt
a

g
e

 (
V

)

0

20

40

60

80

V
o

lt
a

g
e

 (
V

)

Distance (cm)

Direction of

movement 

a

90 180 270
Angle (°)

b

6 8 10 12 14 16 18
Depth (cm)

c

0 5 10 15 20 25
Time (s)

5 s 12 s 18 s 25 s

0 5 10 15 20 25

Time (s)

5 s 12 s 19 s 26 s

65

60

55

50

45

V
o

lt
a

g
e

 (
V

)

65

60

55

50

45

V
o

lt
a

g
e

 (
V

)

d

e

 
Fig. 4    Underwater noncontact sensing. The ultrasonic power used is 650 W. (a) Output voltage changes of the ionotronic hydrogel sensor at
different distances from the ultrasonic probe; (b) Output voltage changes of the ionotronic hydrogel sensor at different angles to the ultrasonic
probe; (c) Output voltages of the ionotronic hydrogel sensor moving to different depths below the water surface; (d) Output voltage changes of
the ionotronic hydrogel monitoring the movement of a plastic fish. The hydrogel is attached to the plastic fish. (e) Output voltage changes of the
ionotronic hydrogel monitoring the movement of a plastic boat. The hydrogel was attached to a plastic boat.
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cate  electronic  tags  for  RFID  (Fig.  5a).  The  ionotronic  hydro-
gel  antenna  receives  the  UHF  electromagnetic  wave  energy
emitted by the reader, converts it to electrical energy, and ac-
tivates the electronic chip. The signal stored in the electronic
chip  is  then  converted  into  the  corresponding  electromag-
netic wave signal, which is then transmitted to the reader. Fi-
nally,  the  reader  receives  the  signal  and  transmits  it  to  the
computer terminal for processing. In the design of the tag an-
tenna, the power reflection coefficient S11 of the antenna de-
scribes the power transfer ratio from the antenna to the chip.

MXene nanosheets exhibit strong interactions with electro-
magnetic waves, significantly enhancing the electromagnetic
wave  absorption  capabilities  of  hydrogels  when  used  as
fillers.[32,36,40] We characterized the electromagnetic wave ab-
sorption  performance  of  the  ionotronic  hydrogel  by  testing
its absorption coefficient (A).[41] For comparison, we also test-
ed PAA/ACC hydrogels and PAM/NaCl hydrogels without MX-
ene nanosheets. Unlike the negligible absorbance of the con-
trol  hydrogels,  the  ionotronic  hydrogel  exhibited  an  absorp-
tion  coefficient  of  0.16−0.28  in  the  frequency  range  of
600−1000 MHz (Fig. 5b), indicating significantly enhanced ab-

sorption  of  electromagnetic  waves.  Moreover,  at  the  com-
monly used RFID frequency of 915 MHz, the ionotronic hydro-
gel  achieves an electromagnetic  wave absorption coefficient
of  0.2  (Fig.  5c).  The  ionotronic  hydrogel  achieves  an  absorp-
tion  coefficient  of  0.2  at  915  MHz,  with  a  maximum  value  of
0.28 at 710 MHz, outperforming the PAM hydrogel by 3280%
and  5850%  respectively.  Therefore,  the  ionotronic  hydrogel
has  the  significant  advantage  of  a  higher  absorption  coeffi-
cient compared to conventional hydrogels.

On the other hand, flexible antennas made from ionotron-
ic  hydrogels  enable  wireless  sensing and signal  transmission
with wearable electronics.[30,31] Therefore, we fabricate an an-
tenna  from  an  ionotronic  hydrogel  tuned  to  respond  to  915
MHz  electromagnetic  waves  (Fig.  S27  in  ESI).  The  reflection
coefficient S11 of  the antenna is  typically used to evaluate its
performance.  The S11 of  the ionotronic  hydrogel  antenna re-
mains  below −10  dB  across  a  broad  frequency  range  of
690−935 MHz (Fig. 5d),  indicating that the antenna could re-
ceive more than 90% of the electromagnetic wave energy in-
put.[29] Specifically,  at  a  frequency of  915 MHz,  the S11 of  the
ionotronic  hydrogel  antenna  was −11.7  dB.  This  further
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Fig.  5    Hydrogel  antenna  for  RFID  applications.  (a)  Schematic  diagram  of  RFID  application  based  on  the  ionotronic  hydrogel  antenna;
(b) Absorption coefficient (A) of the ionotronic hydrogel, PAA/ACC hydrogel, and PAM/NaCl hydrogel; (c) Absorption coefficient of the ionotronic
hydrogel,  PAA/ACC hydrogel,  and PAM/NaCl  hydrogel  at  a  frequency of  915 MHz;  (d) S11 of  the ionotronic  hydrogel  antenna;  (e)  Photo of  the
ionotronic hydrogel antenna and photograph showing it enabling information sensing and reading; (f) Photo of the hydrogel antenna without
MXene nanosheets  and photograph showing its  failure in  information sensing and reading;  (g)  Photo of  the ionotronic  hydrogel  antenna and
photograph showing it enabling underwater information sensing and reading.
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demonstrates the potential of ionotronic hydrogels as anten-
nas for passive RFID tags.

The practical communication performance of the ionotron-
ic  hydrogel  antenna is  tested through reading electronic  tag
information in RFID applications.  When the antenna receives
ultra-high-frequency  electromagnetic  wave  energy  emitted
by the reader, converts it into electrical energy, and activates
the electronic chip. The stored signal in the electronic chip is
then  converted  into  a  corresponding  electromagnetic  wave
signal,  which  is  transmitted  back  to  the  reader.  Finally,  the
reader  receives  the  signal  and  sends  it  to  a  computer  termi-
nal  for  processing.  The ionotronic  hydrogel  antenna embed-
ded  with  an  electronic  chip  responsive  to  the  915  MHz  fre-
quency band was read by a reader emitting 915 MHz electro-
magnetic waves. The entire process is performed in real time.
The ionotronic hydrogel electronic tags successfully allow the
reader  to  retrieve  corresponding  information  stored  in  the
electronic chip,  which is  then processed via a  computer (Fig.
5e).  However,  the  hydrogel  electronic  tags  lacking  MXene
nanosheets fail to elicit a response from the commercial read-
er  (Fig.  5f).  These  findings  demonstrate  that  the  addition  of
MXene nanosheets effectively enhances the interaction of the
hydrogel  antenna  with  electromagnetic  waves,  enabling  the
application  of  ionotronic  hydrogel  antennas  in  RFID.  More-
over, when placed in water, the ionotronic hydrogel tags dis-
play  even  higher  sensitivity,  indicating  their  efficacy  in  ener-
gy harvesting and communication in both underwater and air
environments (Fig.  5g).  This  also confirms the stability  of  the
ionotronic hydrogel in aqueous environments.

Notably, conventional antennas typically employ metal ma-
terials to convert sound energy into electrical power. Howev-
er, once damaged, they are challenging to repair. Conversely,
ionotronic hydrogel antennas exhibit remarkable self-healing
capabilities (Fig. S28 in ESI). When subjected to external dam-
age,  the  ionotronic  hydrogel  tags  initially  fail  to  trigger  a  re-
sponse from the reader (Fig. S29 in ESI) but can swiftly recov-
er within 1–2 s. Compared with undamaged tags, self-healing
tags can still be sensitively detected by the reader at approxi-
mately 3–4 cm, with no compromise in performance (Fig. S30
in  ESI).  This  underscores  its  great  potential  to  serve  as  a  ro-
bust antenna for electronic tag fabrication.

Therefore,  ionotronic  hydrogel  antennas  effectively  trans-
mit  information via RFID  technology  on  the  basis  of  electro-
magnetic  wave  conversion  principles.  This  position  has  vast
application prospects  for  the Internet  of  Things (IoT),  includ-
ing  real-time  sensing,  identity  recognition,  and  near-field
communication,  as  well  as  mobile  communication  systems,
large-scale  data  transmission,  and  high-volume  information
exchange scenarios.

CONCLUSIONS

In  summary,  this  work  develops  physically  cross-linked
ionotronic  hydrogels  that  utilize  the  rich  surface  charges  and
electronic conductivity of MXene nanosheets to harvest energy
from ultrasonic and electromagnetic waves, enabling wirelessly
powered  and  noncontact  sensing.  When  stimulated  by  ultra-
sound, the hydrogel can continuously generate a voltage of up
to 85 V, which is sufficient to light LEDs and has the potential for
wireless powering of implantable devices. Ionotronic hydrogels

can  also  sense  ultrasound  to  monitor  the  position  and  move-
ment  of  underwater  objects  in  real  time.  In  addition,  the
ionotronic hydrogel antenna achieves a reflection coefficient of
−11.7 dB at 915 MHz electromagnetic waves, enabling noncon-
tact  sensing via RFID  technology.  Importantly,  the  physically
cross-linked  network  of  the  ionotronic  hydrogel  maintains  its
structural  and  performance  stability  under  ultrasonic  stimula-
tion and exhibits self-healing properties. Even when cut in half,
the  self-healing  hydrogel  can  fully  recover  its  original  perfor-
mance. This research provides valuable insights for the develop-
ment  of  hydrogel-based  wireless  power  and  noncontact  sen-
sors suitable for smart actuators and wearable and implantable
devices.

Conflict of Interests

The authors declare no interest conflict.

 Electronic Supplementary Information
Electronic  supplementary  information  (ESI)  is  available  free  of
charge  in  the  online  version  of  this  article  at http://doi.org/
10.1007/s10118-025-3253-6.

Data Availability Statement

The  data  that  support  the  findings  of  this  study  are  available
from the corresponding author upon reasonable request.

ACKNOWLEDGMENTS

This  work  was  financially  supported  by  the  National  Natural
Science  Foundation  of  China  (No.  22305033  received  by  Z.Y.L.,
No.  52161135102  received  by  P.Y.W.)  and  the  Fundamental
Research  Funds  for  the  Central  Universities  (No.  2232024A-05
received by Z.Y.L.).

REFERENCES 

 Lei,  Z.;  Xu,  W.;  Zhang,  G. Bio-inspired  ionic  skins  for  smart
medicine. Smart Med. 2023, 2, e20220026.

1

 Yang, J. C.; Mun, J.; Kwon, S. Y.; Park, S.; Bao, Z.; Park, S. Electronic
skin:  recent  progress  and  future  prospects  for  skin-attachable
devices  for  health  monitoring,  robotics,  and  prosthetics. Adv.
Mater. 2019, 31, 1904765.

2

 Jian, M.; Zhang, Y.; Liu, Z. Natural biopolymers for flexible sensing
and energy devices. Chinese J. Polym. Sci. 2020, 38, 459−490.

3

 Zhao,  W.;  Wu,  B.;  Lei,  Z.;  Wu,  P. Hydrogels  with  differentiated
hydrogen-bonding  networks  for  bioinspired  stress  response.
Angew. Chem. Int. Ed. 2024, 63, e202400531.

4

 Yang,  C.;  Suo,  Z. Hydrogel  ionotronics. Nat.  Rev.  Mater. 2018, 3,
125.

5

 Wang,  M.;  Jiang,  C.-F.;  Yang,  H. Electrically  driven  crosslinked
liquid crystal polymers. Chinese J. Chem. 2023, 41, 2925−2938.

6

 Lei,  Z.;  Wu,  P. Bioinspired quasisolid  ionic  conductors:  materials,
processing, and applications. Acc. Mater. Res. 2021, 2, 1203−1214.

7

 Ma, W. L.;  Cai,  Z. H.;  Zhang, Y.;  Wang, Z. Y.;  Xia, L.;  Ma, S. P.;  Li,  G.
H.;  Huang,  Y. An  overview  of  stretchable  supercapacitors  based
on  carbon  nanotube  and  graphene. Chinese  J.  Polym.  Sci. 2020,

8

  Han, Y. Q. et al. / Chinese J. Polym. Sci. 2025, 43, 572–580 579

 
https://doi.org/10.1007/s10118-025-3253-6

 

https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1002/SMMD.20220026
https://doi.org/10.1002/adma.201904765
https://doi.org/10.1002/adma.201904765
https://doi.org/10.1007/s10118-020-2379-9
https://doi.org/10.1002/anie.202400531
https://doi.org/10.1038/s41578-018-0018-7
https://doi.org/10.1002/cjoc.202300185
https://doi.org/10.1021/accountsmr.1c00165
https://doi.org/10.1007/s10118-020-2386-x
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6


38, 491−505.
 Yu, L.; Zhi, C.; Sun, Z.; Guo, H.; Chen, J.; Dong, H.; Zhu, M.; Wang, X.
A  machine-learning-enabled  approach  for  bridging  multiscale
simulations  of  CNTs/PDMS  composites. Natl.  Sci.  Open 2024, 3,
20230055.

9

 Li,  J.;  Liu, Y.;  Wu, M.;  Yao, K.;  Gao, Z.;  Gao, Y.;  Huang, X.;  Wong, T.
H.; Zhou, J.; Li, D.; Li, H.; Li, J.; Huang, Y.; Shi, R.; Yu, J.; Yu, X. Thin,
soft,  3D  printing  enabled  crosstalk  minimized  triboelectric
nanogenerator  arrays  for  tactile  sensing. Fundam.  Res. 2023, 3,
111−117.

10

 Zarei,  M.;  Lee,  G.;  Lee,  S.  G.;  Cho,  K. Advances  in  biodegradable
electronic  skin:  material  progress  and  recent  applications  in
sensing,  robotics,  and  human-machine  interfaces. Adv.  Mater.
2023, 35, 2203193.

11

 Yuk,  H.;  Lu,  B.;  Zhao,  X. Hydrogel  bioelectronics. Chem.  Soc.  Rev.
2019, 48, 1642−1667.

12

 Wang, S.;  Sun, Z. Hydrogel and machine learning for soft robots’
sensing  and  signal  processing:  a  review. J.  Bionic  Eng. 2023, 20,
845−857.

13

 Li,  X.;  Gong,  J.  P. Design  principles  for  strong  and  tough
hydrogels. Nat. Rev. Mater. 2024, 9, 380−398.

14

 Wu, M.;  Peng, Q. Y.;  Han, L.  B.;  Zeng, H. B. Self-healing hydrogels
and  underlying  reversible  intermolecular  interactions. Chinese  J.
Polym. Sci. 2021, 39, 1246−1261.

15

 Javan  Almasi,  M.;  Xiong,  D. Recent  progress  in  bionic  hydrogels
for articular cartilage: tribological and mechanical characteristics.
J. Bionic Eng. 2024, 21, 653−673.

16

 Lei,  Z.;  Gao,  W.;  Wu,  P. Double-network  thermocells  with
extraordinary  toughness  and  boosted  power  density  for
continuous heat harvesting. Joule 2021, 5, 2211−2222.

17

 Lei,  Z.;  Wu,  P. A  highly  transparent  and  ultrastretchable
conductor  with  stable  conductivity  during  large  deformation.
Nat. Commun. 2019, 10, 3429.

18

 Zhu, W.; Wu, B.; Lei, Z.; Wu, P. Piezoionic elastomers by phase and
interface  engineering  for  high-performance  energy-harvesting
ionotronics. Adv. Mater. 2024, 36, 2313127.

19

 Peng,  B.;  Chen,  X.;  Yu,  G.;  Xu,  F.;  Yang,  R.;  Yu,  Z.;  Wei,  J.;  Zhu,  G.;
Qin,  L.;  Zhang,  J.;  Shen,  Q.;  Yu,  Y. A  neuron-readable  artificial
photoreceptor  composed  of  photodeformable  liquid  crystal
polymers and piezoelectric materials. Adv. Funct. Mater. 2023, 33,
2214172.

20

 Zou,  Y.;  Bo,  L.;  Li,  Z. Recent  progress  in  human  body  energy
harvesting for smart bioelectronic system. Fundam. Res. 2021, 1,
364−382.

21

 Wang,  C.;  Chen,  X.;  Wang,  L.;  Makihata,  M.;  Liu,  H.  C.;  Zhou,  T.;
Zhao,  X. Bioadhesive  ultrasound  for  long-term  continuous
imaging of diverse organs. Science 2022, 377, 517−523

22

 Hu, H.; Huang, H.; Li, M.; Gao, X.; Yin, L.; Qi, R.; Wu, R. S.; Chen, X.;
Ma, Y.; Shi, K.; Li, C.; Maus, T. M.; Huang, B.; Lu, C.; Lin, M.; Zhou, S.;
Lou, Z.; Gu, Y.; Chen, Y.; Lei, Y.; Wang, X.; Wang, R.; Yue, W.; Yang,
X.; Bian, Y.; Mu, J.; Park, G.; Xiang, S.; Cai, S.; Corey, P. W.; Wang, J.;
Xu,  S. A  wearable  cardiac  ultrasound  imager. Nature 2023, 613,
667−675.

23

 Lee,  K.  H.;  Zhang,  Y.  Z.;  Jiang,  Q.;  Kim,  H.;  Alkenawi,  A.  A.;
Alshareef,  H.  N. Ultrasound-driven  two-dimensional  Ti3C2Tx
MXene hydrogel generator. ACS Nano 2020, 14, 3199−3207.

24

 Lee, D. M.; Rubab, N.; Hyun, I.; Kang, W.; Kim, Y. J.; Kang, M.; Choi,
B.  O.;  Kim,  S.  W. Ultrasound-mediated  triboelectric  nano-
generator  for  powering  on-demand  transient  electronics. Sci.
Adv. 2022, 8, eabl8423.

25

 Lim, C.;  Shin, Y.;  Jung, J.;  Kim, J.  H.;  Lee, S.;  Kim, D. H. Stretchable
conductive  nanocomposite  based  on  alginate  hydrogel  and
silver  nanowires  for  wearable  electronics. APL  Mater. 2018, 7,
031502.

26

 Sen, P.; Kantareddy, S. N. R.; Bhattacharyya, R.; Sarma, S. E.; Siegel,
J.  E. Low-cost  diaper  wetness  detection  using  hydrogel-based
RFID tags. IEEE Sens. J. 2020, 20, 3293−3302.

27

 Zhao,  P.;  Chen,  T.;  Si,  J.;  Shi,  H.;  Hou,  X. Fabrication  of  a  flexible
stretchable  hydrogel-based  antenna  using  a  femtosecond  laser
for miniaturization. Opt. Express 2023, 31, 32704−32716.

28

 Zhao, W.; Ni, H.; Ding, C.; Liu, L.; Fu, Q.; Lin, F.; Tian, F.; Yang, P.; Liu,
S.;  He,  W.;  Wang,  X.;  Huang,  W.;  Zhao,  Q.  2D  titanium  carbide
printed  flexible  ultrawideband  monopole  antenna  for  wireless
communications. Nat. Commun. 2023, 14, 278.

29

 Sun,  Y.;  Cui,  J.;  Feng,  S.;  Cui,  J.;  Guo,  Y.;  Liang,  C.;  Gao,  W.;  Lu,  Z.;
Liu,  F.;  Zhang,  B. Projection  stereolithography  3D  printing  high-
conductive  hydrogel  for  flexible  passive  wireless  sensing. Adv.
Mater. 2024, 36, 2400103.

30

 Kong,  L.;  Li,  W.;  Zhang,  T.;  Ma,  H.;  Cao,  Y.;  Wang,  K.;  Zhou,  Y.;
Shamim, A.; Zheng, L.; Wang, X.; Huang, W. Wireless technologies
in  flexible  and  wearable  sensing:  from  materials  design,  system
integration to applications. Adv. Mater. 2024, 36, 2400333.

31

 VahidMohammadi,  A.;  Rosen,  J.;  Gogotsi,  Y. The  world  of  two-
dimensional  carbides  and  nitrides  (MXenes). Science 2021, 372,
1165.

32

 Li,  X.;  He,  L.;  Li,  Y.;  Chao,  M.;  Li,  M.;  Wan,  P.;  Zhang,  L. Healable,
degradable, and conductive MXene nanocomposite hydrogel for
multifunctional  epidermal  sensors. ACS  Nano 2021, 15,
7765−7773.

33

 Li, X.; Huang, Z.; Shuck, C. E.; Liang, G.; Gogotsi, Y.; Zhi, C. MXene
chemistry,  electrochemistry  and  energy  storage  applications.
Nat. Rev. Chem. 2022, 6, 389−404.

34

 Zhu,  Y.;  Zheng,  S.;  Qin,  J.;  Ma,  J.;  Das,  P.;  Zhou,  F.;  Wu,  Z.  S.  2.4 V
ultrahigh-voltage  aqueous  MXene-based  asymmetric
microsupercapacitors  with  high  volumetric  energy  density
toward  a  self-sufficient  integrated  microsystem. Fundam.  Res.
2024, 4, 307-314.

35

 Cheng,  M.;  Ying,  M.;  Zhao,  R.;  Ji,  L.;  Li,  H.;  Liu,  X.;  Zhang,  J.;  Li,  Y.;
Dong,  X.;  Zhang,  X. Transparent  and  flexible  electromagnetic
interference  shielding  materials  by  constructing  sandwich
AgNW@MXene/wood  composites. ACS  Nano 2022, 16,
16996−17007.

36

 Zhang,  Y.;  Gong,  M.;  Wan,  P. MXene  hydrogel  for  wearable
electronics. Matter 2021, 4, 2655−2658.

37

 Lei,  Z.;  Wang,  Q.;  Sun,  S.;  Zhu,  W.;  Wu,  P. A  bioinspired  mineral
hydrogel as a self-healable, mechanically adaptable ionic skin for
highly sensitive pressure sensing. Adv. Mater. 2017, 29, 1700321.

38

 Cen, J.; Ye, X.; Liu, X.; Pan, W.; Zhang, L.; Zhang, G.; He, N.; Shen, A.;
Hu, J.;  Liu,  S. Fluorinated copolypeptide-stabilized microbubbles
with  maleimide-decorated  surfaces  as  long-term  ultrasound
contrast agents. Angew. Chem. Int. Ed. 2022, 61, e202209610.

39

 Zhao, Y.; Hao, L.; Zhang, X.; Tan, S.; Li, H.; Zheng, J.;  Ji,  G. A novel
strategy  in  electromagnetic  wave  absorbing  and  shielding
materials  design:  multiresponsive field  effect. Small  Sci. 2022, 2,
2100077.

40

 Kong,  L.;  Yin,  X.;  Yuan,  X.;  Zhang,  Y.;  Liu,  X.;  Cheng,  L.;  Zhang,  L.
Electromagnetic  wave  absorption  properties  of  graphene
modified  with  carbon  nanotube/poly(dimethyl  siloxane)
composites. Carbon 2014, 73, 185−193.

41

580 Han, Y. Q. et al. / Chinese J. Polym. Sci. 2025, 43, 572–580  

 
https://doi.org/10.1007/s10118-025-3253-6

 

https://doi.org/10.1016/j.fmre.2022.01.021
https://doi.org/10.1002/adma.202203193
https://doi.org/10.1039/C8CS00595H
https://doi.org/10.1007/s42235-022-00320-y
https://doi.org/10.1038/s41578-024-00672-3
https://doi.org/10.1007/s10118-021-2631-y
https://doi.org/10.1007/s10118-021-2631-y
https://doi.org/10.1007/s42235-024-00480-z
https://doi.org/10.1016/j.joule.2021.06.003
https://doi.org/10.1038/s41467-019-11364-w
https://doi.org/10.1002/adma.202313127
https://doi.org/10.1002/adfm.202214172
https://doi.org/10.1016/j.fmre.2021.05.002
https://doi.org/10.1126/science.abo2542
https://doi.org/10.1038/s41586-022-05498-z
https://doi.org/10.1021/acsnano.9b08462
https://doi.org/10.1126/sciadv.abl8423
https://doi.org/10.1126/sciadv.abl8423
https://doi.org/10.1109/JSEN.2019.2954746
https://doi.org/10.1364/OE.496360
https://doi.org/10.1002/adma.202400103
https://doi.org/10.1002/adma.202400103
https://doi.org/10.1002/adma.202400333
https://doi.org/10.1021/acsnano.1c01751
https://doi.org/10.1038/s41570-022-00384-8
https://doi.org/10.1021/acsnano.2c07111
https://doi.org/10.1016/j.matt.2021.06.041
https://doi.org/10.1002/adma.201700321
https://doi.org/10.1002/anie.202209610
https://doi.org/10.1002/smsc.202100077
https://doi.org/10.1016/j.carbon.2014.02.054
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6
https://doi.org/10.1007/s10118-025-3253-6

	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Design of the Ionotronic Hydrogels
	Wirelessly Powering through Ultrasonic Waves
	Energy Harvesting to Charge Electronics
	Underwater Noncontact Sensing
	Ionotronic Hydrogel Antennas for Radio Frequency Identification (RFID) Applications

	CONCLUSIONS
	REFERENCES

