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Mechanoelectrical energy conversion is a potential solution for the power
supply of miniaturized wearable and implantable systems; yet it remains

challenging due to limited current output when exploiting low-frequency
motions with soft devices. We report a design of a hydrogel generator with
mechanoionic current generation amplified by orders of magnitudes with
engineered structural and chemical asymmetry. Under compressive loading,
relief structures in the hydrogel intensify net ion fluxes induced by defor-
mation gradient, which synergize with asymmetric ion adsorption character-
istics of the electrodes and distinct diffusivity of cations and anions in the
hydrogel matrix. This engineered mechanoionic process can yield 4 mA

(5.5 Am™) of peak current under cyclic compression of 80 kPa applied at
0.1Hz, with the transferred charge reaching up to 916 mC m™ per cycle. The
high current output of this miniaturized hydrogel generator is beneficial for
the powering of wearable devices, as exemplified by a controlled drug-
releasing system for wound healing. The demonstrated mechanisms for
amplifying mechanoionic effect will enable further designs for a variety of
self-powered biomedical systems.

Progress towards the intimate integration of electronics into organ-
isms calls for soft and biocompatible mechanoelectrical energy con-
verters, which could either be responsive to mechanical stimuli for
physiological sensing/monitoring or be able to harvest the rich bio-
mechanical energy for power supply'~. Conventional electromagnetic
generators, despite the large electrical outputs at relatively high fre-
quencies, obviously fall short due to the large mechanical mismatch
with the biological systems*’. The substantially developed tribo-
electric and piezoelectric nanogenerators, capable of employing var-
ious soft materials, are, nevertheless, characterized by high internal
impedance and low output current®®. Given the facts that most bio-
mechanical energy originating from human physiological activities are
low-frequency and low-speed”'®, whereas some significant biomedical

applications, like muscle electrical stimulation™? and bone

regeneration”, require high electrical currents, it is of particular
importance to develop soft mechanoelectrical devices that can yield
high current and high transferred charge at low-frequency and low-
speed mechanical energy inputs.

Current generation through mechanoionic mechanisms is a pro-
mising approach to meeting these requirements™™". In analogous to
piezoelectric mechanism where the dipoles in dielectric materials are
polarized by mechanical pressure, electrolytic materials, such as
hydrogels, can also be polarized mechanically due to the deformation-
induced unbalanced distribution of cations and anions. The essence
is to produce gradient deformation, and therefore, an asymmetric
cation/anion distribution at the two-electrode/hydrogel interfaces.
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This asymmetry can be induced by a streaming current of polyelec-
trolyte hydrogels with single-sign free ions®, or produced in
neutral hydrogels with cations and anions diffusing at different
rates. The latter mechanism was recently demonstrated as a piezoionic
effect®. Actually, analogous asymmetric ion distribution/diffusion has
also been achieved thermally via temperature gradient for thermo-
electric generation®, and chemically via functional groups gradient®
for moisture-induced”* or water-evaporation-induced electricity
generation®”, Nevertheless, the achievable current output from
mechanoionic effect remains at a low level of ~1 pA?°, which is not
sufficient as a power supply for most practical devices”.

In this work, we achieved unusually high mechanoionic electricity
generation by the synergy of enhanced structural and chemical
asymmetry in a hydrogel generator, as depicted in Fig. 1a. A pyramid-
structured hydrogel was designed to induce high deformation gra-
dient under compression and, therefore, a net ionic current generation
due to the unbalanced diffusion of cations and anions at different
rates. This mechanoionic current generation was further amplified by
the two electrodes with different surface functional groups and,
therefore, distinct properties of ion adsorption at the electrode/
hydrogel interfaces. The structural and chemical asymmetry of the
hydrogel generator collectively contributes to the enlarged electricity
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generation, yielding milliampere scale current at 0.1Hz cyclic com-
pression (0.25mA at 2kPa and 4mA at 80kPa), transferring
916 mC m™ charge per cycle, far beyond that of the previous reports
(Supplementary Table. 1).

Results

Design and structures

Figure 1a illustrates the design and principles of the hydrogel gen-
erator achieving enhanced mechanoionic electricity generation. The
structural asymmetry was realized by designing the hydrogel into a
pyramid-shaped array, which was fabricated by pouring 15wt% PVA
solution into a 3D-printed mold and demolding after physical cross-
linking. Subsequently, the crosslinked hydrogel was loaded with
mobile ions by immersing it in 4 M LiCl solution for 1 day before use.
The section area of the hydrogel pyramid changes with the height,
resulting in a high-strain gradient under normal compression, as ver-
ified by finite element analysis (FEA) (Fig. 1c). This strain gradient dis-
places the water from the region with large compressive strain to that
with smaller strain, and then the resulting gradient of the ion con-
centration leads to the cation/anion diffusion along the strain gradient.
Due to the different diffusivity of cations and anions, a net ionic cur-
rent will be generated inside the hydrogel and, therefore, an electric
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Fig. 1| Mechanoionic asymmetry and high current output of the hydrogel
generator. a A schematic illustration of the device (top) and a photograph of the
CC-PVA part. The device contains an activated carbon cloth (ACC) as the working
electrode, a PVA hydrogel with pyramid arrays, and a raw carbon cloth (CC) as the
counter electrode. Scale bar: 1cm. b The mechanism of mechanoionic current
generation. The strain gradient displaces CI (blue) with a higher diffusivity than
that of Li* (red). On the other hand, the ACC possesses stronger adsorption to Li*

cations than CI anions, leading to an enhanced separation of charges. The enlarged
figure shows the electrode-ion interaction at the ACC/hydrogel interface. ¢ FEA-
simulated strain before (left) and after (right) applying compression to the
hydrogel structure. d Cls XPS spectra for CC and ACC, indicating incorporated
oxygen on ACC. e Profiles of the generated short-circuit current, open-circuit vol-
tage and applied pressure. f Power density and output current as functions of
loading resistance.
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current through the external circuit. We note that the strain gradient-
induced by the pyramid structures (Supplementary Fig. 1) is ~9.5 times
higher than that in a uniform hydrogel layer without structuring,
which should facilitate the generation of ionic current (see details in
Supplementary Fig. 2 and Methods). We further amplify this mechan-
oionic effect by designing two electrodes with different surface che-
mistries and ion adsorption capabilities. A piece of carbon cloth (CC)
was used as-received without treatment as the bottom counter elec-
trode; another activated carbon cloth (ACC) undergoing an electro-
chemical activation process (see experimental details in Methods) was
utilized as the top working electrode®. The CC counter electrode was
immersed inside the hydrogel precursor so as to ensure a robust
interface after cross-linking. The abundant oxygen-containing func-
tional groups on the surface of the ACC working electrode were con-
firmed by the X-ray photoelectron spectroscopy (XPS) (Fig. 1d and
Supplementary Fig. 3), and elemental mapping of scanning electron
microscopy (SEM) images (Supplementary Fig. 4). The C1s XPS spec-
trum of the ACC exhibits a much-intensified peak of C-OH species
(285.9eV) and an additional peak of COO- species (288.1eV)¥, as
compared with that of the CC. The total oxygen content for ACC and
CC was determined to be 16.95at% and 3.16 at%, respectively. This
functionalized working electrode (ACC) with abundant oxygen is
expected to anchor the cations at the interface due to the improved
cation adsorption capability, and therefore intensify the net ionic
current generation.

The hydrogel generator outputs a large current pulse under
compressive deformation (Fig. 1e). The current can be as high as 4 mA
(5.5 Am™) under 80 kPa pressure, with the transferred charge being
916 mC m™, three to five orders of magnitude larger than existing
devices (Supplementary Table 1), reaching the threshold for direct
electrical stimulation for muscles®®. Supplementary Fig. 5 and Fig. 1f
illustrate the corresponding current, voltage, and power for various
loads. The maximum peak power density of 475 mW m is achieved
with an external load of 122 Q, suggesting that the internal resistance of
the hydrogel generator is less than one thousandth of triboelectric or
piezoelectric nanogenerators (TENG or PENG) (Supplementary
Table 1). Compared to the recently reported generator based on pie-
zoionic effects, this hydrogel generator also shows advantages in the
current (4 mA verse 1 pA) and power (475 mW m2 verse 0.85 pW cm™)
outputs. The detailed theoretical thermodynamic analysis of the cur-
rent generation (see details in Supplementary Note) also supports that
enlarging the cation and anion diffusion flux is essential for high
electrical outputs. We also excluded the contribution of the tribo-
electric effect to the current output (Supplementary Fig. 6).

Work mechanism

The asymmetric surface functionalization of the electrodes is playing
an important role in the significantly improved mechanoionic elec-
tricity generation. Specifically, maximum output is achieved only if
differential ion adsorption properties of electrodes are in accordance
with the differential ion diffusion in the hydrogel matrix. It is known
that CI' anions diffuse at a higher rate than Li* cations in aqueous
solution®, and this difference in diffusivity is even greater in PVA
hydrogels™. Therefore, it is highly desired to have a Li*-anchoring ACC
electrode interfacing with the high-strain region to further reduce the
diffusion flux of Li*. On the other hand, the Li* anchoring effect is not
desired at the counter electrode since it does not help with the
separation of cations and anions for electricity generation. Indeed, a
set of control experiments well demonstrate these effects. For
instance, two generators with symmetric pairs of electrodes (using two
CC or ACC electrodes) were tested for comparison, both showing
electrical current generation but a much smaller peak value. On the
other hand, little generation of current was observed if the ACC
working electrode and CC counter electrode were reversed (Fig. 2a),
since the ion-anchoring effects were flipped and counteracted with the

differential diffusion of cations and anions. As for the optimized
electrode layout, the current and voltage increased with the time
duration of electrochemical oxidation of the ACC working electrode
(Fig. 2b and Supplementary Fig. 7).

To confirm the role of oxygen-containing functional groups for
the anchoring of Li*, we calculated the charge redistribution when CC
and ACC are in contact with the electrolyte by density functional
theory (DFT) (Fig. 2¢c). The charge redistribution process mainly occurs
between H,0 molecules and CC for CC/Li*/H,0 system; whereas, for
ACC/Li*/H,0 system, it is evident that Li* gains electrons while ACC
loses electrons. Hence it is not surprising that the adsorption energy of
LiCl on ACC (1.2 eV) is higher than that on CC (0.18 eV). For ACC, the
adsorption energies of Li* and CI are calculated to be 2.515eV and
-0.384 eV (Fig. 2d), respectively. These results indicate that when ACC
is in contact with the hydrogel, Li* cations tend to accumulate at the
ACC-hydrogel interface, while CI" anions tend to stay away from the
interface. In an experimental investigation, we changed the top
working electrode from ACC to gold (Au) film or stainless-steel foil.
Oxygen plasma treatment was applied to these metal electrodes for
introducing oxygen-containing groups on the surface®. As illustrated
in Supplementary Figs. 9-S11, it is evident that surface functionaliza-
tion with abundant oxygen-containing groups of the working elec-
trode can greatly enhance the current output due to the possible
anchoring effect for Li*. When the PVA hydrogel is replaced with a
gelatin methacrylate (GelMA) hydrogel, this phenomenon can still be
observed, demonstrating the generality of the proposed mechanism
(Supplementary Fig. 12). When using PAAM for the hydrogel layer,
however, the output current is significantly lower. In fact, PAAM
hydrogel exhibits much greater viscidity than PVA and GelMA hydro-
gels. The distinct interfacial interactions may affect the surface func-
tionality of ACC, which is worth future investigations®.

Another set of control experiments further demonstrates the
importance of selective ion adsorption on mechanoionic current gen-
eration. Specifically, we changed the surface functionalization of the
ACC working electrode (Fig. 2e) to be capable of anion adsorption,
which is opposite to its optimal design. Polyethyleneimine (PEI), a
typical cationic polymer®, was applied on the surface of the ACC by
immersing the ACC into a 25 wt% PEI solution and drying it in an oven.
We observed that the direction of current was reversed when changing
the working electrode from ACC to ACC-PEI (Fig. 2f). When using ACC
as the working electrode and 1 M LiCl hydrogel as the electrolyte in the
optimum configuration, a positive peak current of 1.051mA was
obtained at 12kPa pressure. However, the output changed to an
opposite current of —0.111mA when using ACC-PEI as the working
electrode. Subsequently, the ACC-PEI was rinsed with DI water for 2 min
to partly remove the PEl and dried again to reduce the PEI content. The
response current returned positive with a small value of 0.0349 mA.
Further reducing the PEI content by rinsing ACC-PEI for 2 days in DI
water recovered the response current back to 0.722 mA. The small
amount of PEI residue on the ACC was responsible for the slight
decrease in the current compared with the initial value. The variation of
PEI content in each step was characterized by FTIR spectroscopy
(Fig. 2g and Supplementary Fig. 13). Peaks located at 3250 cm™ for
v(N-H) and 2925 cm™ and 2830 cm™ for v(C-H) were identified as the
characteristic peaks of PEI*’. The changes in the intensity of these peaks
indicate the successful modification and the gradual removal of PEIL
Furthermore, by employing ACC-PEI as the counter electrode and ACC
as the working electrode, we achieved a higher output current com-
pared to that with CC as the counter electrode (Supplementary Fig. 14).
These results indicate that the anion adsorption superiority of the ACC-
PEI working electrode can overwhelm the strain gradient-induced net
anion flux, and lead to the reversed sign of net cation flux. In this regard,
the mechanoionic effect can be well tuned by appropriately designing
asymmetric chemical functionalization of the electrodes, which is
convenient for diverse device applications.
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Fig. 2 | Differential ion adsorption characteristics of the electrodes for
enhanced mechanoionic current generation. a Variation of current outputs when
changing the layout of the working and counter electrodes. Devices are named as
“counter electrode-working electrode”. The highest output current is achieved
when ACC serves as the working electrode and CC as the counter electrode.

b Current outputs of CC-ACC devices with an increased activation time of the ACC
electrodes. ¢ Simulated charge redistribution in CC/Li*/H,0 system and ACC/Li*/

H,O0 system (yellow, gaining electron; blue, losing electron). d Calculated adsorp-
tion energy of the electrodes to various species. e Schematic illustration of the
process of PEl treatment on ACC, altering the ion adsorption characteristics of ACC.
f Distinct current outputs of the devices with different treatments of the ACC
working electrode. g FTIR spectra of ACC at the four stages during the PEI mod-
ification process.

Output performance and applications

With a mechanistic understanding of the devices, we further char-
acterize the performance of these mechanoionic hydrogel generators
in the context of practical applications. The optimized electrode lay-
out (ACC as the working electrode and CC as the counter electrode)
was used for all the tests thereafter. The influences of ionic con-
centration and applied pressure on the current output were first stu-
died (Fig. 3a). No current signal was observed under any pressure when
DI water-based hydrogel served as the electrolyte. When using
hydrogel with 1M LiCl, the response current went up apparently from
0 mA to 3.3 mA with increasing pressure from O kPa to 88 kPa. Higher
current output was obtained using hydrogel with 4 M LiCl. The current
increased with pressure but reached a saturation of about 4 mA at
around 60 kPa.

Next, we studied the influences of recovery time between cycles
and strain rates on the current generation. With the loading rate fixed
at 16 mm ™ (strain rate: 2 s™), the response current increases with the
extension of the recovery time from 1s to 8s (frequency:1Hz to

0.125Hz) and keeps constant when recovery time exceeds 8s
(Fig. 3b and Supplementary Fig. 17). This phenomenon can be
explained as the ions cannot restore the initial uniform distribution
within a short recovery time. Transferred charge per pressing-
releasing cycle presents the same trend. Even if the recovery time
was shortened to 1s, the amount of transferred charge was up to
180 puC per cycle. In the next experiment, with recovery time fixed
at 10.4 s, the strain rate was changed from 2 mms™ to 30 mms™, with
the corresponding peak current increasing from 0.4 mA to 2.9 mA
(Fig. 3c and Supplementary Fig. 18). A higher strain rate leads to a
higher gradient in ion concentration due to limited response time
for ion redistribution, hence enhancing the differential ionic diffusion
flux*®. On the other hand, a higher strain rate shortens the duration of
the current output, reducing the transferred charge per cycle. At a
2mms? strain rate, the transferred charge reached 668 pC
(916 mCm™) per cycle, which outperforms the reported mechan-
oelectrical energy converters”*°, Due to the high capability in
charge transfer, the hydrogel generator can charge capacitors quickly.

Nature Communications | (2024)15:1494
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Fig. 3 | Output performance of the hydrogel generator. a Peak short-circuit
current as a function of applied pressure, with the hydrogels soaked with different
electrolytes: DI water (gray), 1M LiCl (blue) and 4 M LiCl (red). b Peak current and
charge transferred per cycle as functions of the recovery time between cycles.

c Peak current and charge transferred per cycle as functions of the strain rate.d The
charging profile of a 2 F capacitor charged by the hydrogel generator. e Current
output over 7500 cycles of 5 kPa compression, showing durability and stability of

the device. The test parameters are listed in Supplementary Table 3. f Comparison
of this device with state-of-the-art SDC-TENG*®, EMG*, TENG*°, and PENG* in the
domains of internal resistance, current density, softness, transferred charge, and
density. g Current outputs of this hydrogel generator under various frequencies of
mechanical input, as compared with those of TENG and EMG. The test parameters
are listed in Supplementary Table 3.

As shown in Fig. 3d, a 2 F capacitor can be charged to 29 mV in 350,
with the charging rate being as high as 166 pCs™. The fluctuation of
current during the cycle is similar to that when charging the capacitor
using a potentiometer (Supplementary Fig. 19). Together with a power
management system, the hydrogel generator can collect mechanical
energy and charge a 2 F capacitor, which then powered a LED, a ther-
mometer, and a liquid crystal display (Supplementary Fig. 20
and Supplementary Fig. 21). An insole integrated with the hydrogel
generator was designed to harvest mechanical energy from walking
and store the charge in a capacitor (Supplementary Fig. 20). Further-
more, the hydrogel generator has outstanding durability, showing no
significant degradation of output over 7500 compression cycles
(Fig. 3e). This durability originates from the excellent elasticity of the
device during loading cycles (Supplementary Fig. 22). The device can
also be scaled up, achieving a peak current approaching 13 mA with
the device area increased to 29 cm* (Supplementary Fig. 23). In addi-
tion, it is not surprising that the device can keep stable output
even in a high-humidity environment (Supplementary Fig. 25), which
would be otherwise difficult for TENG. Due to the physical

cross-linking of PVA, the hydrogel part can be recycled for disused
devices (Supplementary Fig. 26).

Compared with state-of-the-art mechanoelectrical energy
converters, including semiconductor direct-current triboelectric
nanogenerator (SDC-TENG)*, magnetoelastic generator*?, TENG” %3,
and PENG*, this mechanoionic hydrogel generator is advantageous
in terms of internal resistance, current density, transferred charge
density, and device softness (Fig. 3f and Supplementary Table 1).
In contrast to EMG and TENG, our hydrogel generator is
especially suitable for harvesting very-low-frequency mechanical
energy (Fig. 3g and Supplementary Table 1), and the current out-
put increases with decreasing frequency®. Furthermore, considering
the mechanical softness and biocompatibility of the hydrogel gen-
erator, it is promising for applications in soft robotics and biomedical
devices”.

To demonstrate its utility in biomedical applications, we used the
hydrogel generator as the power source for an integrated drug-
releasing system. A polypyrrole (PPy) layer doped with dopamine and
an antibiotic (cefazolin sodium) was electrodeposited onto a CC

Nature Communications | (2024)15:1494
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(Supplementary Fig. 27 and Supplementary Fig. 28). As illustrated in
Supplementary Fig. 29, a two-electrode system was employed, in
which the drug-loaded CC was the working electrode, a Pt foil was the
counter electrode, and 10 ml PBS buffer was the electrolyte. Under
periodic tapping (tapping for 1 min and resting for 5 min), the gener-
ated current transforms PPy from the oxidized state to the reduced
state, releasing the negatively charged cefazolin from PPy to PBS
solution®’. The concentration of the drug was calibrated by UV-VIS
spectroscopy*® (Supplementary Fig. 30). Due to the high current out-
put of the generator, the drug release rate when tapping the device is
much higher than that without tapping (Fig. 4a), suggesting a design
for electromechanically controlled release of drugs.

This device was further demonstrated in an in vivo application as a
self-powered anti-bacterial patch (SAP) with sustained release of anti-
biotics, which is useful for the treatment of wound infection. Figure 4b
presents an exploded view schematic image and a photograph of
SAP, which includes an adhesive bandage substrate, Ag/AgCl reference
electrode, ACC electrode, arched PVA hydrogel electrolyte, CC elec-
trode, cefazolin modified carbon cloth (CC-CZ) patch, and wet cotton
immersed in PBS for drug diffusion and protection. The SAP was

employed to promote wound healing in infected mice. After anes-
thesia and cleaning the operative area, we generated two symmetrical
full-thickness skin incisions in the dorsal flank region of mouse
and then infected with Staphylococcus aureus (S. aureus). Subse-
quently, the SAP was fixed to cover the wound on the right side,
while a commercial adhesive bandage was fixed to cover the other
wound as control (Supplementary Fig. 31). Movements of the mou-
se induce stretching of the bandages, which deform the arched
hydrogel and change the physical contact between hydrogel layer
and the working electrode. The generated current flows from ACC
through the silver/silver chloride, the PBS-containing cotton cloth, to
the drug-loaded CC-CZ and back to CC, as described in Supplementary
Fig. 32. The sizes of the wounds were recorded every two days to
evaluate the treatment efficiency, as presented in Fig. 4c, d. Evidently,
the area of the wound covered by SAP is smaller than the area of the
other wound covered by commercial bandage during the 9-day healing
period. On the last day, the wound area covered by the SAP and regular
patch was reduced to 13% and 45% of the initial wound area, respec-
tively. The significant improvement of the wound healing by SAP
indicates effective drug release driven by mechanoelectrical energy
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conversion. Indeed, the biocompatibility, high current output, low
voltage, and low impedance of the hydrogel generator could enable
diverse applications in controlled drug-delivery as the chemistry and
dosage can be further engineered.

Discussion

In summary, we have realized a high current hydrogel generator based
on amplified mechanoionic effects. Engineered structural and chemi-
cal asymmetry was optimized in synergy to enhance the net ionic
current generation. The excellent outputs of current and charge
transfer are advantageous for biomedical applications, as exemplified
by a self-powered drug-releasing patch for wound healing. This ionic
current generation mechanism is naturally compatible with living
organisms* and living hydrogels*’, where ions are the dominant
charge/information/energy carriers. On the other hand, hydrogel
materials can be further engineered with additional properties, such as
bioactivity, biodegradability, bioadhesion, and other characteristics
useful in advanced bio-interfaces. Considering these attributes, this
design of hydrogel mechanoionic generator will enable many pro-
mising applications in soft electronics, biomedical devices, etc.

Methods

Activated carbon cloth (ACC)

A reported method was used to fabricate ACC*, In brief, a piece of CC
was cleaned with acetone, isopropyl alcohol (IPA), and de-ionized
water (DI water) before activation. The electrochemical oxidative
process was carried out in a two-electrode system in 0.1 M (NH4),SO4
aqueous solution using a Pt electrode as the counter electrode. A
voltage of 10V was applied for 15min. Then the electrochemical
reduction process was carried out in a three-electrode system in 1M
NH,4Cl aqueous solution with the Pt and Ag/AgCl electrodes serving as
the counter and reference electrodes, respectively. The oxidized CC
was reduced at -1.2V for 30 min. After cleaning and drying, the as-
fabricated ACC was collected for further use.

CC-PVA counter electrode

First, 15wt% PVA (alcoholysis degree: 99+%, molecular mass:
146,000-186,000) solution was poured into a 3D-printed PTFE mold,
frozen at —18 °C for 8 h, and thawed at 25 °C for 3 h. This process was
repeated four times to improve mechanical performance. Then, a
piece of cleaned CC was immersed into 10 wt% PVA solution and
placed onto the back side of the demolded PVA hydrogel. After that,
another two freezing-thawing cycles were conducted. The integrated
CC electrode-PVA hydrogel was kept in the electrolyte solution (4 M
LiCl) for 1 day. Here, high-concentration PVA solution (15wt%) was
utilized to prepare the hydrogel matrix to ensure excellent mechanical
properties (high modulus, high resilience) after multiple freezing-
thawing processes and its easiness to be completely detached from the
mold. However, 15 wt% PVA solution is too viscous and cannot pene-
trate the CC electrode. Therefore, at the CC electrode surface, low-
concentration solution (10 wt%) was used in order to integrate the PVA
hydrogel with the CC electrode.

PI/Au and steel electrodes
PI/Au electrode: A piece of PI film (thickness: 50 um) was cleaned with
acetone, IPA, and DI water. Then a bilayer of chromium (Cr, 5 nm) and
gold (Au, 200 nm) was sputtered (Denton desktop pro sputter system)
on the PI film.

Steel electrode: A piece of stainless-steel foil (50 pm) was cleaned
with sandpaper (7000 mesh), acetone, IPA, and DI water.

The oxygen plasma treatment (40 sccm oxygen flow, 100 W, and
30 s) was carried out by an RIE etcher (Tailong Electronics).

PI/Au-PVA counter electrode: A piece of PI/Au electrode without
plasma treatment was used, and other steps were the same as the
mentioned CC-PVA electrodes.

PEI modified ACC, and the removal process

After cleaning, a piece of ACC was immersed into 25 wt% PEI solution
(600 MW, Aladdin Company). PEI with positively charged groups was
adsorbed onto the surface of ACC during the 24 himmersion. Then the
PEI-modified ACC, named ACC-PEI, was completed by drying it in an
oven at 85°C.

After measurement, this electrode was rinsed with DI water for
2 min and dried again. This step aims to reduce the content of PEI. After
that, the electrode was tested again. Afterward, the ACC was immersed
in DI water for 2 days at 85 °C to remove most of the adsorbed PEI. The
as-fabricated ACC was tested after drying.

For ACC-PEI as the counter electrode, we adopted a slightly dif-
ferent method for modification with better chemical stability*’. After
cleaning, a piece of CC was placed in 65% HNO3 at 90 °C for 3 h. Then
this CC was placed in DCM solution with 10% PEI at 50 °C for 2 h.

Drug-delivery patch (CC-CZ)

A three-electrode system was constructed, in which a piece of cleaned
CC, a Pt electrode, and an Ag/AgCl electrode serve as the working
electrode, the counter electrode, and the reference electrode,
respectively. A constant voltage of 0.8 V was applied to the system for
300 s with the electrolyte solution containing 0.1M pyrrole, 0.01M
dopamine hydrochloride, and 0.01 M cefazolin sodium. After that, a
layer of chloride-doped polypyrrole was deposited via electrodeposi-
tion (0.8V, 605s) to slow down the natural release of the drug (the
electrolyte contains 0.1 M pyrrole, 0.01M dopamine hydrochloride,
and 0.1M sodium chloride). The as-prepared patch CC-CZ was
immersed in PBS buffer and DI water to remove the residual reagents.

Self-powered anti-bacteria patch

Fabrication of the arched CC/PVA structure: a flattened CC/PVA elec-
trode was first obtained by casting the PVA solution onto CC and
freezing. After the first freezing-thawing cycle, the CC/PVA electrode
was put into a beaker to introduce the bending deformation. Another
three freezing-thawing cycles were applied to fabricate the arched CC/
PVA electrode.

Fabrication of the SAP: a commercial adhesive bandage was
employed as the substrate. Then the Ag/AgCl circuit was printed by
coating a layer of Ag/AgCl ink with a mask on the central cotton pad,
followed by annealing. The ACC electrode, arched CC/PVA electrode,
drug-delivery patch, and another cotton pad was put onto the band-aid
layer-by-layer. Finally, the upper cotton pad was fixed with waterproof
medical tape.

Characterization of materials

SEM and EDS mapping of ACC were characterized by Hitachi S-3400N.
ESCALab 250 XI was used for the X-ray photoelectron spectrometry.
SEM images of the drug-delivery patch (CC-CZ) were obtained by
Hitachi S-4800. The contact angle was tested by Attention Theta, Biolin
Scientific. FTIR spectrum was tested by Thermo Scientific Nicolet™ iS™ 5
FTIR Spectrometer. EIS data was obtained by an electrochemistry
workstation Autolab PGSTAT 302 N. The ion conductivity and ion dif-
fusion rate are calculated from the EIS data using reported methods™ .

Characterization of the mechanical-electrical responses

A mechanical tester (Zwick Roel) was used to control the movement of
the working electrode at 24-27 °C. Testing parameters are listed in
Supplementary Table 3. Electrical signals were measured by an elec-
trochemistry workstation Autolab PGSTAT 302 N. Unless otherwise
specified, measurements were repeated for five cycles for each
experiment.

The power density (P) was calculated by

P=I*/(RxS) @
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with /, R, S being the recorded current, the resistance of loading, and
the area of the device, respectively. The transferred charge amount (Q)
was calculated by

Q= /Idt )

where/ is the current and ¢ is the time. Before testing, the surface of the
hydrogel and the counter electrode were wiped dry.

Finite element analysis

A commercial FEA software COMSOL was used for the simulation. A
pyramid hydrogel supported with a rectangular base and a cubic
hydrogel were constructed (Fig. 1c and Supplementary Table 2). We
modeled the hydrogel as an elastic solid and introduced a stainless-
steel plate to compress the hydrogels in the z direction shown in
Fig. 1c. A fixed boundary condition was applied to the bottom of the
hydrogels. We calculated the principal strain e,, which significantly
contributes to the mechanoionic effect.

The strain e,, in the central cross section of each sample per-
pendicular to y direction was plotted. We determined the average
strain gradient d‘% near the top surface (The depth from the surface is
10% of the height of hydrogel, as shown in Supplementary Fig. 2. The
boundary is indicated as a dashed line.). After converting the strain
results from the heatmap (Supplementary Fig. 2a, c) to the contour
map (Supplementary Fig. 2b, d), the density of the contours is calcu-
lated at six equally spaced points in the electrode-electrolyte interface.

DFT calculation
All spin-polarized first-principle computations were performed under
the framework of DFT. Perdew-Burke-Ernzerhof function with a gen-
eralized gradient approximation was introduced to describe the
exchange and correlation effect of electrons. The projector aug-
mented wave method was employed to describe the electron-ion
interaction. The kinetic energy cutoff for plane wave was set to 400 eV.
The Brillouin zone was sampled by a 3 x 3 x1 Gamma grid. The criter-
ion of structure relaxation was set to 10™*eV for total energy and
0.02 eV/A for the force of each atom. DFT-D3 method was employed
for the correction of vdWs force. A 4 x 4 single-layer graphite supercell
containing 32 atoms was employed to model the pristine CC. The
oxidized CC was simulated by adding an oxygen atom on the above
single-layer graphite, forming a C-O-C epoxy group.

The adsorption energy G, of Li" and CI ions adsorbed on the
pristine/oxidized CC is given by:

Ga == Gions@substrate + Gsubstrate + Gions/water (3)

where Gions@substrater Gsubstrate and Gions/water denote the Gibbs free
energy of the pristine/oxidized single-layer graphite with water-
coordinated ions, pristine/oxidized single-layer graphite and ions with
water layer, respectively.

Electrical-responsive drug release in vitro

In order to achieve a calibration curve, a series of PBS buffers con-
taining different concentrations of the drug (cefazolin sodium) were
prepared. A UV-Vis spectrometer defined the relationship between the
absorbance and the drug concentration at 272 nm, which is the char-
acteristic absorbance band of cefazolin sodium. Therefore, a standard
calibration curve of cefazolin sodium was plotted, as shown in Sup-
plementary Fig. 30, with R? =0.99744.

A piece of CC-CZ (1.2cm x 1.4 cm), Pt electrode, and 10 mL PBS
buffer formed a two-electrode system. The Pt electrode was connected
to a piece of ACC. The CC-CZ was fixed by a Pt clip and connected to a
CC-PVA electrode, as shown in Supplementary Fig. 29. Hand-tapping

the ACC placed on the CC-PVA electrode generated a current pulse and
released the drug. After 1min tapping, 2 mL of the PBS buffer was
moved to a quartz cuvette and tested by the UV-Vis spectrometer.
Then the PBS buffer was poured back into the two-electrode system
and kept for 5min before the next test. This process was repeated
4 times.

Electrical-responsive drug release in vivo

All experimental animal procedures were performed in accordance
with ethical approval by the Animal Research Ethics Sub-Committee of
City University of Hong Kong. Balb/c mouse (female, 6-8 weeks,
20-25g) were used to perform this experiment and were group-
housed until the start of this experiment. The environment was
maintained at 24-27 °C and 50-80% humidity Lights were kept on a
12-h on/12-h off cycle. All experiments were performed during the
light time.

After anesthesia (pentobarbital, 1.5mg/100g, intraperitoneal
injection), an electric razor and hair removal cream was applied to
shave the hair from a dorsal flank region of the mice. Two symmetrical
skin incisions were generated on both sides of each mouse. Then the
wounds were infected by 200 pL Staphylococcus aureus (S. aureus)
with an initial density of 10°CFUmL™. After that, all wounds were
covered by transparent waterproof wound dressing bandage (Nexcare,
3 M). Mice were kept in cages overnight.

The initial areas of wounds were recorded the day after sur-
gery. After anesthesia, a camera (EOS RS, Canon) was used to
record the areas of wounds. Then the self-powered anti-bacteria
band-aid covered a wound on one side of the mice. Before using,
the upper cotton pad was wetted with sterile PBS buffer. A normal
band-aid covered the other wound. This process was repeated
every two days until the ninth day. The areas of wounds were
measured using Image] software. After experiments, mice were
euthanized by carbon dioxide asphyxiation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Additional data are available from the corresponding author upon
request. The data supporting the findings of this study are available
within the article and its Supplementary Information, as well as Source
Data. Source data are provided with this paper.

References

1. Liu, R., Wang, Z. L., Fukuda, K. & Someya, T. Flexible self-charging
power sources. Nat. Rev. Mater. 7, 870-886 (2022).

2. Cho, K. W. et al. Soft bioelectronics based on nanomaterials. Chem.
Rev. 122, 5068-5143 (2022).

3. Ates, H. C. et al. End-to-end design of wearable sensors. Nat. Rev.
Mater. 7, 887-907 (2022).

4. Saha, C.R., O'Donnell, T., Wang, N. & McCloskey, P. Electro-
maghnetic generator for harvesting energy from human motion.
Sens. Actuator A Phys. 147, 248-253 (2008).

5. Makarov, D. Energy supply from magnetoelastic composites. Nat.
Mater. 20, 1589-1590 (2021).

6. Panda, S. et al. Piezoelectric energy harvesting systems for bio-
medical applications. Nano Energy 100, 107514 (2022).

7. Chen, J. & Wang, Z. L. Reviving vibration energy harvesting and self-
powered sensing by a triboelectric nanogenerator. Joule 1,
480-521 (2017).

8. Zi, Y. et al. Harvesting low-frequency (<5 Hz) irregular mechanical
energy: a possible killer application of triboelectric nanogenerator.
ACS Nano 10, 4797-4805 (2016).

Nature Communications | (2024)15:1494



Article

https://doi.org/10.1038/s41467-024-45931-7

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

Wang, S. et al. A facile respiration-driven triboelectric nanogen-
erator for multifunctional respiratory monitoring. Nano Energy 58,
312-321(2019).

Anaya, D. V. et al. Contactless tracking of humans using non-
contact triboelectric sensing technology: enabling new assistive
applications for the elderly and the visually impaired. Nano Energy
90, 106486 (2021).

Khodabukus, A. et al. Electrical stimulation increases hypertrophy
and metabolic flux in tissue-engineered human skeletal muscle.
Biomaterials 198, 259-269 (2019).

Lozano, R. et al. Electrical stimulation enhances the acetylcholine
receptors available for neuromuscular junction formation. Acta
Biomater. 45, 328-339 (2016).

Srirussamee, K., Mobini, S., Cassidy, N. J. & Cartmell, S. H. Direct
electrical stimulation enhances osteogenesis by inducing Bmp2
and Spp1 expressions from macrophages and preosteoblasts. Bio-
technol. Bioeng. 116, 3421-3432 (2019).

Gennes, P. G. D., KO, O., Shahinpoor, M. & Kim, K. J. Mechano-
electric effects in ionic gels. EPL 50, 513 (2000).

Takashima, W., Hayasi, K. & Kaneto, K. Force detection with Donnan
equilibrium in polypyrrole film. Electrochem. Commun. 9,
2056-2061 (2007).

Frank, E. H. & Grodzinsky, A. J. Cartilage electromechanics—I.
Electrokinetic transduction and the effects of electrolyte pH and
ionic strength. J. Biomech. 20, 615-627 (1987).

Sawahata, K., Gong, J. P. & Osada, Y. Soft and wet touch-sensing
system made of hydrogel. Macromol. Rapid Commun. 16,

713-716 (1995).

Prudnikova, K. & Utz, M. Electromechanical characterization of
polyelectrolyte gels by indentation. Macromolecules 43,

511-517 (2010).

Fiumefreddo, A. & Utz, M. Bulk streaming potential in poly(acrylic
acid)/poly(acrylamide) hydrogels. Macromolecules 43,

5814-5819 (2010).

Dobashi, Y. et al. Piezoionic mechanoreceptors: force-induced
current generation in hydrogels. Science 376, 502-507 (2022).

Li, T. et al. Cellulose ionic conductors with high differential thermal
voltage for low-grade heat harvesting. Nat. Mater. 18, 608-613 (2019).
Schroeder, T. B. H. et al. An electric-eel-inspired soft power source
from stacked hydrogels. Nature 552, 214-218 (2017).

Wang, H. et al. Bilayer of polyelectrolyte films for spontaneous
power generation in air up to an integrated 1000 V output. Nat.
Nanotechnol. 16, 811-819 (2021).

Liu, X. et al. Power generation from ambient humidity using protein
nanowires. Nature 578, 550-554 (2020).

Xue, G. et al. Water-evaporation-induced electricity with nanos-
tructured carbon materials. Nat. Nanotechnol. 12, 317-321 (2017).
Zhang, Z. et al. Emerging hydrovoltaic technology. Nat. Nano-
technol. 13, 1109-1119 (2018).

Chortos, A. High current hydrogels: Biocompatible electro-
mechanical energy sources. Cell 185, 2653-2654 (2022).

Ye, D., Yu, Y., Tang, J., Liu, L. & Wu, Y. Electrochemical activation of
carbon cloth in aqueous inorganic salt solution for superior capa-
citive performance. Nanoscale 8, 10406-10414 (2016).

Li, Y. et al. An oxygen reduction electrocatalyst based on carbon
nanotube-graphene complexes. Nat. Nanotechnol. 7,

394-400 (2012).

Wang, J., Wang, H., Thakor, N. V. & Lee, C. Self-powered direct
muscle stimulation using a triboelectric nanogenerator (TENG)
Integrated with a flexible multiple-channel intramuscular elec-
trode. ACS Nano 13, 3589-3599 (2019).

Zhong, C. et al. A review of electrolyte materials and compositions
for electrochemical supercapacitors. Chem. Soc. Rev. 44,
7484-7539 (2015).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Chen, B. et al. Giant negative thermopower of ionic hydrogel by
synergistic coordination and hydration interactions. Sci. Adv. 7,
eabi7233 (2021).

Yuk, H., Zhang, T., Lin, S., Parada, G. A. & Zhao, X. Tough bonding of
hydrogels to diverse non-porous surfaces. Nat. Mater. 15,

190-196 (2016).

Gong, S., Yap, L. W., Zhu, B. & Cheng, W. Multiscale soft-hard
interface design for flexible hybrid electronics. Adv. Mater. 32,
1902278 (2020).

Li, J. et al. Surface functional modification boosts the output of an
evaporation-driven water flow nanogenerator. Nano Energy 58,
797-802 (2019).

la Barrera, E. D. On the sesquicentennial of Fick’s laws of diffusion.
Nat. Struct. Mol. Biol. 12, 280-280 (2005).

Long, L. et al. High performance floating self-excited sliding tribo-
electric nanogenerator for micro mechanical energy harvesting.
Nat. Commun. 12, 4689 (2021).

Yang, D. et al. Self-healing and elastic triboelectric nanogenerators
for muscle motion monitoring and photothermal treatment. ACS
Nano 15, 14653-14661 (2021).

Wang, H. L., Guo, Z. H., Zhu, G., Pu, X. & Wang, Z. L. Boosting the
power and lowering the impedance of triboelectric nanogenerators
through manipulating the permittivity for wearable energy har-
vesting. ACS Nano 15, 7513-7521 (2021).

Cheng, L., Xu, Q., Zheng, Y., Jia, X. & Qin, Y. A self-improving tribo-
electric nanogenerator with improved charge density and increased
charge accumulation speed. Nat. Commun. 9, 3773 (2018).

Zhang, Z. et al. Semiconductor contact-electrification-dominated
tribovoltaic effect for ultrahigh power generation. Adv. Mater. 34,
2200146 (2022).

Zhou, Y. et al. Giant magnetoelastic effect in soft systems for
bioelectronics. Nat. Mater. 20, 1670-1676 (2021).

Wu, H. et al. Achieving remarkable charge density via self-
polarization of polar high-k material in a charge-excitation tribo-
electric nanogenerator. Adv. Mater. 34, 2109918 (2022).

Ye, S. et al. High-performance piezoelectric nanogenerator based
on microstructured P(VDF-TrFE)/BNNTs composite for energy har-
vesting and radiation protection in space. Nano Energy 60,
701-714 (2019).

Xu, G. et al. Battery-free and wireless smart wound dressing for
wound infection monitoring and electrically controlled on-demand
drug delivery. Adv. Funct. Mater. 31, 2100852 (2021).

Pedroso, T. M., Nunes & Salgado, H. R. Development and validation
of amicrobiological assay by turbidimetry to determine the potency
of cefazolin sodium in the lyophilized powder form. Anal. Chem. 6,
1391-1396 (2014).

Yang, C. & Suo, Z. Hydrogel ionotronics. Nat. Rev. Mater. 3,
125-142 (2018).

Liu, X., Inda, M. E., Lai, Y., Lu, T. K. & Zhao, X. Engineered Living
Hydrogels. Adv. Mater. 34, 2201326 (2022).

Liu, C., Ding, Y., Wu, W. & Teng, Y. A simple and effective strategy to
fast remove chromium (VI) and organic pollutant in photoelec-
trocatalytic process at low voltage. Chem. Eng. J. 306,

22-30 (2016).

Yang, J. et al. Antifreezing zwitterionic hydrogel electrolyte with
high conductivity of 12.6 mS cm™ at =40 °C through hydrated
lithium ion hopping migration. Adv. Funct. Mater. 31,

2009438 (2021).

Chien, Y.-C. et al. Rapid determination of solid-state diffusion
coefficients in Li-based batteries via intermittent current interrup-
tion method. Nat. Commun. 14, 2289 (2023).

Lee, Y.-S. & Ryu, K.-S. Study of the lithium diffusion properties and
high rate performance of TiNb6017 as an anode in lithium sec-
ondary battery. Sci. Rep. 7, 16617 (2017).

Nature Communications | (2024)15:1494



Article

https://doi.org/10.1038/s41467-024-45931-7

53. Rudy, A. et al. Determination of diffusion coefficients of lithium in
solid electrolyte LiPON. Batteries 7, 21 (2021).

54. Nguyen, T. Q. & Breitkopf, C. Determination of diffusion coefficients
using impedance spectroscopy data. J. Electrochem. Soc. 165,
E826 (2018).

Acknowledgements

L.X. acknowledges funding support from Research Grants Council
(RGC), University Grants Committee (UGC) (Project 17200722 and
17200320), and Environment and Conservation Fund (project 125/2021).
This work was also supported by the Health@InnoHK program of the
Innovation and Technology Commission of the Hong Kong SAR Gov-
ernment. The authors are thankful for the helpful discussion with Prof.
Zhonglin Wang from Georgia Institute of Technology, Dr. Wei Xu from
Zhejiang Lab, Mr. Huimin He and Ms. Sijia Wang from The University of
Hong Kong, and the technical support from Dr. He Zhang, Mr. Shenghua
Zhou, and Mr. Yiyang Fei from The University of Hong Kong.

Author contributions

Hongzhen Liu conceived the idea and completed the experimental
investigation. Xianglin Ji, Hongzhen Liu, and Peng Shi designed and
completed the animal experiment. Zihao Guo contributed to the figure
presentation. Hongzhen Liu and Xi Wei contributed to the FEA calcula-
tion. Jinchen Fan provided critical insights for the working mechanism of
the device. Feng Gong contributed to the DFT calculation. Hongzhen Liu
and Xiong Pu developed the working mechanisms of the devices.
Hongzhen Liu, Xiong Pu, and Lizhi Xu completed the manuscript. Lizhi
Xu supervised the whole project.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45931-7.

Correspondence and requests for materials should be addressed to
Xiong Pu, Feng Gong or Lizhi Xu.

Peer review information Nature Communications thanks Sheng Xu and
the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:1494

10


https://doi.org/10.1038/s41467-024-45931-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A high-current hydrogel generator with engineered mechanoionic asymmetry
	Results
	Design and structures
	Work mechanism
	Output performance and applications

	Discussion
	Methods
	Activated carbon cloth�(ACC)
	CC-PVA counter electrode
	PI/Au and steel electrodes
	PEI modified ACC, and the removal process
	Drug-delivery patch (CC-CZ)
	Self-powered anti-bacteria�patch
	Characterization of materials
	Characterization of the mechanical-electrical responses
	Finite element analysis
	DFT calculation
	Electrical-responsive drug release in�vitro
	Electrical-responsive drug release in�vivo
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




