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Inspired by the electrical discharge mechanism of electric fish, we report a bio-inspired power source based on agarose hydrogels.
The device generates electrical energy by exploiting ion concentration gradients across high- and low-salinity hydrogels, in
combination with polyelectrolyte membrane gels exhibiting ion selectivity based on Donnan exclusion. Systematic optimization
of hydrogel composition identified optimal ion concentrations and agarose content that balance energy output and mechanical
stability. To further enhance performance, asymmetric redox pairs—ferrocyanide/ferricyanide at the anode and vanadium oxide at
the cathode—were introduced, boosting both voltage and current outputs. Additionally, a continuous flow system was incorpo-
rated to replenish ionic gradients, addressing limitations from ion gradient depletion during extended operation. Simulations and
experimental results confirmed that the flow-assisted configuration maintained stable ion distributions, enabling sustained power
output over time. This work demonstrates a safe, scalable, and environmentally friendly platform for water-based energy harvest-
ing, with potential applications in bio-interfacing and soft energy devices.
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1. Introduction

Among various strategies for bio-inspired energy conversion,
electrochemical devices that mimic the electric energy genera-
tion mechanisms of electric fish, including species such as elec-
tric eels, catfish and rays, have been extensively investigated [1]
due to their intrinsic modularity, compatibility with soft
and aqueous systems, and potential for sustainable and

biocompatible power generation. Electric fish generate electric-
ity through the sequential activation of specialized cells called
electrocytes, which act as biological capacitors by establishing
transmembrane ion gradients and synchronously discharging
them to produce high-voltage electric pulses. Electrocytes gen-
erate membrane potentials primarily by leveraging ion-
selective membranes and sustaining transmembrane ion
concentration gradients (Figure 1a). In the resting state without
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external stimulation, a high concentration of Na+ ions is main-
tained outside the electrocyte, while the intracellular space is
rich in K+ ions. The K+ channels remain open, whereas the
Na+ channels are predominantly closed, maintaining the zero
resting membrane potential. Upon receiving an external stim-
ulus, neurons associated with the electrocyte are activated, trig-
gering the opening of Na+ channels and the closing of K+

channels in the left membrane. Consequently, Na+ ions flow
into the cell from the extracellular space on the left side. Simul-
taneously, K+ ions are transported from the intracellular to the
extracellular region on the right side. This coordinated ion
exchange results in an accumulation of positive charges outside
the right side of the cell and a relative deficit of cations on the
left side, thereby establishing a potential difference across the
membrane. Through this process, each electrocyte can generate
a potential difference of approximately 130–150mV. The elec-
trocytes of electric fish are organized in flattened plate-like
structures that are arranged in series. The overall assembly of

the electrocytes is reported to produce high voltages as high as
600V [2, 3].

Hydrogels are frequently employed as matrix materials in
energy devices designed to emulate the potential-generating
mechanisms of electric fish [4–8]. The incorporation of hydrogels
offers several advantages, as their high water content facilitates
efficient ion transport while maintaining excellent biocompatibil-
ity. Additionally, hydrogels can be readily fabricated into diverse
shapes and architectures through gelation processes [9–14].
Schroeder et al. [4] demonstrated a miniature system of artificial
electrocyte cells based on polyacrylamide hydrogels fabricated via
3D printing and microfluidic assembly techniques, which
enabled the mass production of cells subsequently connected in
series. Each fabricated cell generated an open-circuit voltage in
the range of approximately 130–185mV, and by connecting
thousands of such cells, a maximum output voltage of 110V
and a power density of approximately 27mW/m2 were achieved
[4]. Guha et al. [7] reported a torpedo ray-inspired energy device
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FIGURE 1: Schematic illustration of (a) the electric potential generation mechanism of electrocytes in the electric eel, (b) the structure of an
agarose hydrogel-based power source, and (c) its power generation mechanism inspired by electrocytes.
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in which gel precursors were cast onto paper substrates and
subsequently gelled, allowing the stacked paper layers to serve
as the active elements. This approach resulted in thin-sheet
devices capable of delivering a current density of upto
1.75W/m2 and a voltage of 250mV per cell, with 16 stacked
cells producing an overall output voltage of approximately
3.5V [7]. In another example, Bütün et al. [8] fabricated simi-
lar bio-inspired energy devices based on poly(methyl meth-
acrylate) blends with high ion conductivity. They investigated
the effect of current collector metals on output voltage to
maximize power generation. Most previous studies have
relied on artificially synthesized polymers. In addition, the
use of closed-system architectures leads to the gradual loss
of ion concentration gradients due to ion diffusion, causing
the output voltage and current to eventually decay to zero.

In this study, we developed an electric fish-inspired energy
device utilizing ion concentration gradients within an agarose
hydrogel matrix. Agarose, a natural polysaccharide extracted
from red algae, is an economical, environmentally friendly, and
highly biocompatible. It is capable of forming hydrogels with a
water content exceeding 98%, and its mechanical strength can
be readily adjusted by varying the polymer concentration
[15–17]. Furthermore, agarose exhibits thermally reversible
sol–gel transition behavior, which facilitates the fabrication of
various geometries via general replica molding processes.
Owing to these advantageous properties, agarose hydrogels
have been widely applied as electrophoretic gel media [18, 19],
scaffolds for cell culture and tissue engineering [20–22], and
drug delivery systems [23, 24]. Their high ionic conductivity,
derived from their substantial water content, has led to exten-
sive research on integrating agarose hydrogels into diverse
ionically driven devices [25]. In addition, physical incorpo-
ration of particles or polymers during gelation can impart new
functionalities, such as ion selectivity [26, 27], photocatalytic
activity [28–30], improved mechanical properties [31, 32],
and enhanced ion conductivity [33, 34]. In this work, we incor-
porated a polyelectrolyte into the agarose hydrogel to immobi-
lize charged species, thereby introducing ion selectivity.

To induce current generation in the bio-inspired devices
with the established electrical potential, it was confirmed that
the presence of redox pairs at both current collector interfaces
was essential to promote charge transfer reactions and mitigate
charge imbalance issues. Notably, as a novel strategy not previ-
ously explored, asymmetric redox pairs—ferricyanide/ferrocy-
anide and vanadium oxide—with different electrode potentials
were introduced and experimentally evaluated for their ability
to generate significantly enhanced output voltage and initial
current. The effects of polyelectrolyte, agarose polymer, and
ion concentrations on the output voltage and current were
also investigated to optimize the hydrogel composition.

Finally, to enable long-term operation, we implemented
a continuous flow system inspired by the design principles of
a reverse electrodialysis (RED) power plant [35–38]. RED is a
salinity-gradient energy harvesting technology that shares con-
ceptual similarities with the electrochemical mechanism of
electrocytes. In RED power plants, seawater and freshwater
are continuously supplied through alternating ion-exchange
membranes to generate electrical energy. Adopting this open,

continuous-flow architecture to our soft hydrogel devices, we
designed a low-flow channel system that continuously supply
and drain saline solutions to maintain the ionic concentration
gradient required for sustained operation. Numerical simula-
tions were conducted to predict gradient sustainability, and the
agreement between simulations and experiments demonstrates
improved long-term stability.

2. Materials and Methods

2.1. Materials. Agarose (BioReagent, molecular biology, low
EEO) for molecular biology, poly(sodium 4-styrenesulfonate)
(PSS, 30 wt.% aqueous solution), poly(diallyldimethylammo-
nium chloride) (PDAC, 20wt.% aqueous solution), potassium
hexacyanoferrate(II), potassium ferricyanide(III) (powder or
chunks, <10 μm, 99%), potassium chloride (99%), and
vanadium(IV) oxide sulfate hydrate (97%) were purchased
from Sigma–Aldrich (NY, USA). Sodium chloride (99%) was
purchased from DAE JUNG (Siheung, Republic of Korea).
Graphite felt electrodes were supplied by Naracelltech Co.,
Ltd. (Seoul, Republic of Korea). Sulfuric acid (70%) was pur-
chased from Samchun Chemicals (Seoul, Republic of Korea).
Multiwalled carbon nanotubes (CNTs, 3 wt.% dispersed in
water, diameter: 20–30 nm, length: 10–30μm) were acquired
from Nanostructured & Amorphous Materials (TX, USA).
Polydimethylsiloxane (PDMS) Sylgard 184A was sourced
from Sewang Hightech Co., Ltd. (Gimpo, Republic of Korea),
while the Sylgard 184A silicone elastomer curing agent was
obtained from Dow Corning (MI, USA). Deionized (DI) water
with a resistivity of 18.2MΩ cm was utilized in all procedures.
Prior to use, all gel solutions were preheated in an oven to
ensure homogeneity.

2.2. Preparation of Hydrogel Layers and Device Assembly.
Four types of hydrogels were employed as the functional com-
ponents of the device: high-salinity gel, low-salinity gel, cation-
selective gel, and anion-selective gel. The high-salinity gel
solution was composed of 4M NaCl and 2wt.% agarose in
DI water. The low-salinity gel solution contained 20mM
NaCl and 2wt.% agarose in DI water. The cation- and anion-
selective gel solutions were prepared using 1M PSS or 1M
PDAC, respectively, along with 3wt.% agarose and DI water.
All gel solutions were stirred at 550 rpm for 1h. Subsequently,
each solution was heated in a microwave oven for 30 s and then
cast into PDMS molds (1 cm×2 cm). Gelation was performed
at ambient temperature for 20min. The contact area between
the gels was 1 cm×2 cm. The thickness of the low-salinity gel
was 1mm, while the thickness of the other gels was 2mm.

Graphite current collectors were heat-treated in a furnace
at 400°C for 1 h to render the surface hydrophilic [39]. Follow-
ing this treatment, the electrodes were immersed for 1min in
either 5mL of a premixed solution containing 100mMK4(Fe
[CN]6), 100mMK3(Fe[CN]6), and 1M KCl, or 5mL of a
mixed solution containing 1.6M vanadium(IV) oxide and
2.8MH2SO4 [40, 41], which had been thoroughly mixed for
30min prior to use. After immersion, the electrodes were dried
in an oven at 60°C for 10min. Finally, 4mL of a 3wt.% CNT
aqueous dispersion was applied to the graphite felt, which was
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subsequently dried in an oven at 60°C for 20min to complete
the electrode fabrication.

The five prepared hydrogels were assembled in a stacked
arrangement for contact. Graphite felt current collectors were
placed in contact with both high-salinity gels at each end. The
resulting device was connected to a Keithley 2450 Sourcemeter
(Tektronix, Beaverton, OR, USA). The open-circuit potential
(Voc) was measured with no applied current, while the short-
circuit current (Jsc) was recorded under zero applied voltage.

2.3. Implementation of the Flow System. A syringe pump (NE-
4000, NY, USA) equipped with 30mL syringes was used to
deliver the high- and low-salinity solutions, thereby maintain-
ing the concentration gradient across the device. Tygon tubing
(inner diameter: 0.4 mm; outer diameter: 1.08mm, Saint-
Gobain, Paris, France) was connected to each syringe and
attached to the PDMS spacers, defining the source and drain
channels. Additional tubing was connected at the outlets. The
system consisted of two source channels supplying a high-
salinity solution (6M NaCl solution) and one drain channel
carrying DI water. The source channels were positioned to
contact one side of each high-salinity gel, whereas the drain
channel was placed between the two low-salinity gels. The
contact area between each salinity gel and the flow channels
was set to one-quarter of the total gel area. Copper tape was
applied as a current collector by contacting both sides of the
high-salinity gels. The assembly was stacked in the following
order from bottom to top: source channel, high-salinity gel,
ion-selective gel, low-salinity gel, drain channel, low-salinity
gel, ion-selective gel, high-salinity gel, and finally, another
source channel. To prevent potential leaks, two glass plates
were placed on both sides and securedwith clamps. The syringe
pump was operated at a flow rate of 10mLh−1.

2.4. Simulation. The ion concentration distribution was simu-
lated using COMSOL Multiphysics software (Comsol AB,
Stockholm, Sweden) with the Transport of Diluted Species
module. The governing equation for species i is expressed as
a mass balance:

∂ci
∂t

¼ ∇ ⋅ Di∇cið Þ þ Ri ; ð1Þ

where ci is the concentration of species i (molm−3), Di is the
diffusion coefficient of species i (m2 s−1), and Ri represents
the reaction term accounting for local generation or con-
sumption (molm−3s−1). This diffusion equation was solved
under time-dependent conditions to capture the evolution of
the concentration profiles. It was assumed that the flow rates
of the source and drain solutions were sufficiently high to
maintain constant concentrations within the source and
drain channels, therefore, convective effects were negligible.
Accordingly, the concentrations of the high-concentration
source and low-concentration drain solutions were set to 6
and 0M, respectively. All surfaces other than the specified
interface between gels were assigned no-flux boundary con-
ditions to prevent mass transfer across those boundaries.

The dimensions of the simulation domains were defined as
follows: the high-salinity gel measured 1 cm× 2 cm× 0.3 cm,

the low-salinity gel (1 cm× 2 cm× 0.2 cm), the ion-selective,
polyelectrolyte gel (1 cm× 2 cm× 0.2 cm), and the source and
drain PDMS chambers (0.5 cm× 1 cm× 0.3 cm). The diffusion
coefficient of salt ionsin all agarose hydrogel layers was
assumed to be identical at 1.64× 10−9m2s−1 [42]. The physical
and chemical properties of the polyelectrolyte hydrogel were
assumed to be identical to those of the pristine agarose gel.

3. Results and Discussion

The structure of the agarose gel-based ionic power source
(AGIPS) is illustrated in Figure 1b. This system comprises
five hydrogel layers. High-salinity gels containing concentrated
salt solutions are placed at both ends, while a low-salinity gel
containing dilute salt solution is positioned at the center to
create an ion concentration gradient. At the interfaces between
the high- and low-salinity gels, cation- and anion-selective
membrane gels are asymmetrically placed. The ion-selective
membrane gels are fabricated by incorporating polyelectrolytes
into the agarose hydrogels. The polyelectrolyte chains bearing
fixed charges are physically entangled within the agarose poly-
mer network, suppressing the transport of co-ions through the
electrostatic exclusion. Graphite felt was employed as the cur-
rent collector and interfaced with the high-salinity gels at both
ends. To facilitate electron exchange and sustain charge neu-
trality at the electrode surfaces, the graphite felt was impreg-
nated with a redox pair of Fe(CN)6

4− and Fe(CN)6
3−.

The power generation mechanism of the AGIPS is illus-
trated in Figure 1c. Upon contact between the gels and expo-
sure to a salinity gradient, directional ion diffusion is driven by
Donnan exclusion originating from the fixed charges of the
polyelectrolyte membranes, resulting in the formation of an
electric potential across the device. Negatively charged poly-
electrolyte membranes repel anions, permitting only cations to
diffuse into the adjacent low-salinity gel. Conversely, positively
charged polyelectrolyte membranes repel cations, selectively
allowing anions to migrate. The potential generated across a
single selective membrane can be described by the following
equation derived from the Goldman–Hodgkin–Katz (GHK)
equation (Supporting Information):

VOC ¼ RT
F

ln
PNaþCNaþout þ PCl−CCl−in

PNaþCNaþin
þ PCl−CCl−out

 !
; ð2Þ

where R is the gas constant, T is the temperature, F is the
Faraday’s constant, Pion is the permeability of ions, and Cion

is the concentration of ions. This equation highlights that
the formation of Voc in AGIPS requires both ion selectivity
arising from Donnan exclusion by the polyelectrolyte gel
membrane and an ion concentration gradient across the
membrane. In the case of an asymmetric arrangement of
the cation- and anion-selective membranes, the overall Voc

of the AGIPS device is determined by the sum of the poten-
tials generated across the two membranes.

For the efficient charge transfer at the current collector, a
redox pair consisting of Fe(CN)6

4−/Fe(CN)6
3− was incorpo-

rated. Figure 2a,b compare the Voc and Jsc of the AGIPS,
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respectively, in the presence and absence of the redox pair. The
results indicate that the Voc did not differ significantly regard-
less of the inclusion of the redox pair. Therefore, introducing
identical redox pairs at both electrodes contributes minimally

toVoc, while theVoc is primarily determined by the asymmetric
configuration of ion-selective membranes and the ion concen-
tration gradient. Figure 2b, however, shows that the Jsc was
markedly affected by the presence of the redox pair. AGIPS
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FIGURE 2: Time-dependent (a) Voc and (b) Jsc of the AGIPS. (c) Schematic illustrating the role of the redox pair at the electrode–high-salinity
gel interfaces. (d) Current and voltage response of the AGIPS and (e) the resulting output power density plot. For the measurement in (d), the
AGIPS was connected with various external load resistances in series (Supporting Information). The concentrations of the high- and low-
salinity gels were 4M and 20mM, respectively.
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incorporating the redox pair exhibited current densities over 20
times higher than those without it. This significant improve-
ment is due to the ferrocyanide/ferricyanide pair’s role in miti-
gating charge imbalance, as depicted in Figure 2c. Without the
redox pair, the unidirectional migration of ions from the high-
to low-salinity gel leads to charge imbalance at the electrodes,
suppressing continuous electron transfer. Upon introduction
of the ferrocyanide/ferricyanide redox pair, reversible redox
reactions occur. At the anode, where Na+ ions are depleted,
Fe(CN)6

4− is oxidized to Fe(CN)6
3−, releasing electrons. Con-

versely, at the cathode, where Cl− ions are depleted, Fe(CN)6
3−

is reduced to Fe(CN)6
4−, accepting electrons. In this way, the

redox pair mitigates the charge imbalance caused by selective
ion transport, thereby facilitating electron flow and signifi-
cantly enhancing output current, as shown in Figure 2b.

To evaluate the power density of the AGIPS device, various
external load resistances were connected in series, and the cor-
responding current–voltage responses were measured

(Figure 2d and Supporting Information). Figure 2e shows the
calculated power density derived from the current–voltage
curve. The device achieved a maximum power density of
0.28Wm−2 when the voltage reached approximately half of
the open-circuit voltage (Voc/2), which is consistent with the
maximum power transfer theorem [4, 6, 7].

According to Equation (1), the primary origin of the volt-
age and current generation in AGIPS devices arises from the
asymmetric arrangement of ion-selective membranes in con-
junction with the ionic concentration gradient. Figure 3a,b
compare the Voc and Jsc of AGIPS devices with ion-selective
membranes to those of devices containing non-selective aga-
rose gels without polyelectrolytes. The device lacking ion-
selective membranes exhibits negligible Voc and Jsc, as the
absence of cation- and anion-selective membranes renders
the device structurally symmetric. Consequently, no electric
potential is established across the device, thereby preventing
any net charge migration or current generation. The measured
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FIGURE 3: (a) Voc and (b) Jsc of AGIPS devices with and without ion-selective membranes. (c) Voc and (d) Jsc of AGIPS devices with and
without ion concentration gradients.
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Voc and Jsc of AGIPS devices, in comparison with control
devices lacking ion concentration gradients, are presented in
Figure 3c,d. To eliminate the gradients, the low-salinity gel in
the original AGIPS configuration was replaced with a high-
salinity gel, forming a uniform ion concentration across all
layers. The control device exhibits negligible Voc and Jsc. These
results confirm that both the asymmetric ion-selective mem-
brane configuration and the presence of ion concentration
gradients are the essential prerequisites for generating electrical
potential and current in the system.

Given that the electrochemical output of AGIPS is gov-
erned by the ion concentration gradients and the charge selec-
tivity of the polyelectrolyte membranes, modulating the
concentrations of ions and polyelectrolytes is expected to sig-
nificantly impact device performance, and their effects were
therefore systematically investigated. Figure 4a shows Voc and
Jsc values of AGIPS as a function of salt concentrations in the
high-salinity gel, while maintaining the low-salinity gel at 20
mMNaCl. Increasing the high-salinity concentration from 2 to
4M proportionally enhanced both current and voltage, but
further increase to 5M led to a decline in both. This reduction
is attributed to incomplete NaCl dissolution at 5M, resulting in

visible precipitation on the hydrogel surface after gelation.
Moreover, the mechanical integrity of the gel layers deterio-
rated, likely due to disruption of hydrogen bond-mediated
crosslinking within the agarose network at high ionic strength.

As the ion concentration in the low-salinity gel was varied
with the high-salinity gel fixed at 4M NaCl, the corresponding
measurements are illustrated in Figure 4b. Consistent with
prior observations, a larger difference in salinity between the
two gels enhances the ionic driving force, leading to increased
Voc and Jsc. As the low-salinity gel concentration increased
from 20 to 100mM, both current and voltage gradually
declined. Notably, when the low-salinity gel contained no
added salt (0mM), the current decreased sharply, which can
be attributed to markedly reduced ionic conductivity and
higher internal resistance.

The influence of the polyelectrolyte concentration in ion-
selective membranes on the current and voltage output of
AGIPS is demonstrated in Figure 4c. As the polyelectrolyte
concentration increased, the Voc and Jsc improved, likely due
to enhanced ion selectivity. However, excessively high concen-
trations impeded the formation of robust gel networks during
gelation, compromising the mechanical stability of the
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hydrogel and the reproducibility of device fabrication. In
this study, the concentration of 1M was selected as the
optimal polyelectrolyte concentration to ensure reliable
device fabrication.

Agarose content significantly affects the mechanical prop-
erties and ionic conductivity of the resulting gel. Generally,
increasing the agarose concentration enhances the mechanical
strength of the gel, thereby improving the reproducibility of
device assembly. However, excessive agarose content leads to
the formation of dense polymer networks that impede ion
transport in the gel. Figure 4d shows the effect of varying
agarose content in the high- and low-salinity gels on the cur-
rent and voltage output. Both Voc and Jsc reached their maxi-
mum at an agarose concentration of 2wt.%. At 3wt.% agarose,
both values decreased relative to those at 2wt.%, presumably
due to decreased ionic conductivity. At 1wt.% agarose, both
were lowest. One possible reason is that the lower agarose
content in the salinity gels, compared to the polyelectrolyte
membrane gels (3 wt.% agarose), created an osmotic effect
that drew water into the membrane gels and reduced the
effective polyelectrolyte concentration. Based on these results,

2wt.% agarose was determined to be the optimal concentration
for the AGIPS device.

In our baseline AGIPS configuration, redox pairs were
employed symmetrically, contributing primarily to current
generation without affecting the potential. However, introduc-
ing asymmetric redox pairs with distinct electrode potentials at
each side can potentially enhance the overall potential output.
To achieve this, we introduced the vanadium oxide redox pair
(VO2+/VO2

+) at the cathode, which possesses a more positive
electrode potential as shown in Figure 5a. The electrode poten-
tial of the vanadium oxide redox pair (1.0V vs. SHE) is higher
than that of the ferrocyanide/ferricyanide pair (0.36V vs. SHE),
thereby enabling an increased potential difference across the
electrodes.

A comparison of the voltage and current output of the
AGIPS devices with symmetric and asymmetric redox pairs
applied at both electrodes is shown in Figure 5b,c. When an
asymmetric redox pair was applied, the device produced a Voc

exceeding 500mV, approximately eight times higher than that
of the symmetric configuration. Such voltage levels are signifi-
cantly higher than those reported for a single cell in previously
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FIGURE 5: (a) Schematic illustration of the AGIPS configuration incorporating asymmetric redox pairs. (b) Voc and (c) Jsc of AGIPS devices
employing symmetric and asymmetric redox pairs.
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published studies [4–7]. The elevatedVoc wasmaintained with-
out significant decay over time. This contrasts with the sym-
metric configuration, where the Voc decreased more
significantly over time (Figure 2a). Notably, the ferrocyanide/
ferricyanide redox pair carries a negative charge, which can
lead to diffusion losses at the cathode through the anion-
selective membrane. In contrast, the positively charged
vanadium oxide redox pair is likely retained near the cathode,
minimizing undesired diffusion through the membrane and
thereby contributing to output voltage stability. The initial Jsc
was also five times higher in the asymmetric redox pair system.
However, this elevated current rapidly declined, eventually
reaching levels comparable to those in the symmetric case.
This transient behavior suggests that the initial current output
is primarily governed by charge transfer kinetics driven by the
large potential difference, while over time, the mass transport
limitations progressively dominate, diminishing the impact of
the asymmetric redox pair configuration. To confirm the role
of the asymmetric redox pair, we compared the Voc and Jsc of
AGIPS devices containing the asymmetric redox pairs under
conditions with and without ion-selectivemembranes andwith
and without ion concentration gradients (Figure S3). These
measurements consistently showed that the asymmetric redox
configuration significantly increased Voc, whereas Jsc was pre-
dominantly governed by the presence of the ionic gradient and
the membrane selectivity. Overall, these results demonstrate
that electrode potential engineering using appropriate redox
pairs enables the AGIPS device to generate a more stable and
enhanced voltage output while producing elevated initial
currents.

The intrinsic challenge in the AGIPS device is that ion
diffusion from the high-salinity gel to the low-salinity gel causes
the concentration gradient to gradually diminish, eventually
leading to the equilibration of ion concentrations and termi-
nating voltage and current generation. To enable extended
operation of AGIPS, a flow system that sustains the ionic gra-
dient was introduced, analogous to the operational principle of
a RED power plant. Figure 6a illustrates the AGIPS configura-
tion incorporating flow channels. In this setup, a high-
concentration source solution flows adjacent to the high-
salinity gel layers, while a low-concentration drain solution
flows through the middle layer adjacent to the low-salinity
gel. A 6M NaCl aqueous solution and DI water were used as
the source and drain solutions, respectively.

Numerical simulations were conducted to predict the tem-
poral evolution of the ion concentration distribution within the
gels, depending on the presence or absence of the flow system.
Figure 6b presents the simulation results for the AGIPS con-
figuration with integrated flow channels. In the simulations, the
flow rates of the source and drain solutions were assumed to be
sufficiently high to maintain steady-state boundary concentra-
tions at 6 and 0M, respectively. After 1000 s, a continuous
concentration gradient was established across the gels. As
time progressed, the gradient slope slightly decreased; however,
a near steady-state distribution was achieved after approxi-
mately 3000 s, with minimal further changes in concentration.
The simulation results for the standard AGIPS system without
the flow system are shown in Figure 6c. As expected, over time,

diffusion leads to a gradual decrease in the ion concentration
within the high-salinity gel and a corresponding increase in the
low-salinity and ion-selective gels. After 6000 s, the ionic con-
centrations within all gels converged to similar levels, eliminat-
ing further potential and current generation.

To assess the extended operational capability enabled by
theflow system, anAGIPS device with the configuration shown
in Figure 6a was fabricated as shown in Figure S2, and its time-
dependent Voc and Jsc were monitored. Figure 6d,e show the
Voc and Jsc retention of AGIPS devices with and without the
flow system, respectively. In the absence of the flow system,
both Voc and Jsc continuously declined, approaching zero
within 100min. In contrast, when the flow system was
employed, both values initially declined due to the relaxation
of the ion concentration gradient, but subsequently stabilized
after 40–50min, as the gradient was maintained by continuous
replenishment from the source and drain flows. These findings
confirm that the experimental results closely align with the
simulation predictions and validate the long-term operational
feasibility of AGIPS devices integrated with the flow system.

4. Conclusion

In this study, we developed the agarose gel-based power source
inspired by the electrochemical energy generation mechanism
of electric fish. By integrating high- and low-salinity hydrogels
with asymmetric ion-selective polyelectrolyte membranes, the
device generated Voc and Jsc driven by ion concentration gra-
dients and Donnan exclusion effects. Systematic optimization
of the material compositions revealed that a high-salinity gel
concentration of 4MNaCl and a low-salinity gel concentration
of 20mM NaCl achieved the highest performance, while an
agarose content of 2wt.% provided the best balance between
ionic conductivity andmechanical stability. Importantly, incor-
porating asymmetric redox pairs, specifically ferrocyanide/fer-
ricyanide at the anode and vanadium oxide at the cathode,
significantly enhanced the voltage and current output while
mitigating charge imbalance during operation. To address
the intrinsic performance decay caused by ionic gradient deple-
tion over time, the flow system was implemented to continu-
ously replenish the high- and low-salinity conditions.
Numerical simulations and experimental validation demon-
strated that the flow-assisted configuration effectively main-
tained the ionic gradient, enabling sustained voltage and
current output over extended durations. In particular, the cur-
rent and voltage retention measurements showed strong agree-
ment with simulation predictions, confirming the long-term
operational feasibility of the system.

Overall, the proposed AGIPS device demonstrates a safe,
robust, scalable, and environmentally benign platform for gen-
erating electricity. The combination of material optimization,
electrode potential engineering via asymmetric redox pairs, and
maintenance of ion gradients through flow channels offers an
effective strategy to enhance both the performance and dura-
bility of the hydrogel-based power systems. This work provides
valuable insights into the design of next-generation bio-
inspired energy harvesters and paves the way for future
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applications in sustainable power generation for soft robotics
[43], on-body electronics [44], and wearable sensor sys-
tems [45].
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