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Mimicking biological systems’ sensing, learning, and memory capabilities in
synthetic soft materials remains challenging. While significant progress has
been made in sensory functions in ionogels, their learning and memory cap-
abilities still lag behind biological systems. Here, we introduce cation-tt
interactions and a self-adaptable ionic-double-layer interface in bilayer iono-
gels to control ion transport. Fast ion response enables sensing and learning,
while slow ion relaxation supports long-term memory. The ionogels achieve
bioinspired functions, including sensitization, habituation, classical con-
ditioning, and multimodal memory, with low energy consumption (0.06 pJ per
spike). Additionally, the ionogels exhibit mechanical adaptability, such as
stretchability, self-healing, and reconfigurability, making them ideal for soft
robotics. Notably, the ionogels enable a robotic arm to mimic the selective
capture behavior of a Venus flytrap. This work bridges the gap between bio-

logical intelligence and artificial systems, offering promising applications in
bioinspired, energy-efficient sensing, learning, and memory.

Biological intelligence arises from the seamless integration of rapid
sensing, associative learning, and long-term memory, processes fun-
damentally controlled by the selective transport and dynamic relaxa-
tion of ions'™. These ion-regulated mechanisms allow biological
systems to respond, adapt, and store information with efficiency.
Inspired by these natural processes, synthetic ionic materials such as
hydrogels and ionogels have garnered significant attention for their
potential to mimic sensory functions. Recent advances have enabled
these materials to replicate basic sensory behaviors, demonstrating
their utility in bioinspired systems® . However, their ability to achieve
higher-order functions such as learning and memory remains severely
limited, falling far short of the capabilities of their biological coun-
terparts. Bridging this gap is critical to advance the development of
intelligent soft materials that integrate perception, learning, and
memory, offering transformative opportunities in wearable devices,
soft robotics, and adaptable systems'.

To compensate the limitations of soft ionic materials, traditional
solid-state semiconductors are used for signal processing and data
storage due to their tunable electronic properties, including

rectification and non-linear current-voltage characteristics”. More
recently, semiconductor heterostructures have also been combined
with ionic interfacial layers to enable environmental sensing and signal
processing within these hybrid devices'>”. While these approaches
achieve high efficiency, they fundamentally rely on the charge injec-
tion and storage properties of inorganic semiconductors, rather than
fully utilizing the intrinsic capabilities of the ionic materials. The reli-
ance on solid-state components inherently lacks the flexibility,
stretchability, and self-healing properties that are features of biologi-
cal tissues, ultimately restricting their mechanical compatibility and
adaptability for real-time interaction with soft biological and ionic
systems’. In the search for more biologically compatible solutions,
people have explored polyelectrolyte fluids within confined micro- or
nanochannels to develop fluidic ionic diodes, transistors, and
memristors>'*", While promising, these approaches are often ham-
pered by stability issues, particularly the risk of leakage associated with
aqueous media’®. Quasi-solid ionogels offer an alternative, as they can
mitigate leakage while translating external stimuli into changes in ion
distribution, enabling the stimulus sensing and signal rectification
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observed in biological systems®’2°, However, existing ionogels still
face a challenging trade-off between fast response and slow relaxation
dynamics of ions, which is critical to achieving high sensitivity, asso-
ciative learning, and long-term memory functionalities in a unified
framework* .,

Herein, we present a non-volatile bilayer ionogel that exploits
cation-Tt interactions and a self-adaptable ionic-double-layer (IDL)
interface to achieve both fast response and slow relaxation dynamics
of ions. Cation-Tt interactions within the ionogel selectively bind
cations, facilitating fast response and transport of free anions. While
the IDL promotes ion accumulation at the interface, providing the
basis for slow relaxation dynamics of bound ions. This design enables
the ionogel to perform associative learning and bioinspired memory
functions, significantly enhancing the intelligence of conventional soft
ionic materials. In addition, both of the two layers in the ionogel
exhibit mechanical adaptability, with physically cross-linked networks
that allow them to be reconfigured and reshaped like “Lego blocks”.
This work paves the way for the development of a generation of soft
materials capable of dynamic sensing, learning, and memory.

Results

Bioinspired design of self-adaptable IDL

In biological sensory nervous systems, interaction-gated ion channels
within cell membranes control selective ion transport and distribution,
facilitating ionic signal selectivity, adaptation, and gain modulation.
For instance, neurotransmitters such as acetylcholine utilize cation-tt
interactions to bind with their receptors, triggering selective ion
transport that induces synaptic depolarization or hyperpolarization,
thereby modulating postsynaptic neuronal excitability (Fig. 1a)”’. Here,
we design ionogels with the bioinspired cation-mt interaction to mod-
ulate ion distribution and relaxation dynamics (Fig. 1a and Supple-
mentary Fig. 1). A hydrophobic and environmentally stable [EMIM]*
[TFSI] ionic liquid is selected as the primary ionic carrier. The ionogels
are composed of a cationic polyacrylate block (CPB) and a neutral
polyacrylate block (NPB), thus forming a Janus interface. In the NPB,
oligo(ethylene glycol) methyl ether acrylate (OEGA) and methyl acry-
late (MA) are used to fabricate a polymer matrix with soft chain seg-
ments. In the CPB, benzyl acrylate (BzA) monomers engage in cation-Tt
interactions with the cations from the comonomers ([DMAEA-QJ*
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Fig. 1| The design of the bilayer ionogel. a Schematic illustration of neuro-
transmitter modulation of postsynaptic nerve excitability and self-adaptable IDL
modulation of the ion transports in ionogels. The yellow square indicates CPB and
the green square indicates NPB. Schematic lines are used to represent the internal
polymer chains. Red spheres represent positively charged cations, and blue
spheres represent negatively charged anions. b Schematic description of fast
response and slow relaxation characteristics of the bilayer ionogel. ¢ Relaxation
time spectra of CPB (orange) and NPB (green). d Time-temperature superposition
shifts at a reference temperature of 25 °C. e The 180° peeling force-displacement
curve of the CPB and NPB. f The finger-like patterns at the Janus interface. The CPB

1800

is dyed yellow and the NPB green. Scale bar: 10 mm. g Open-circuit voltage of the
bilayer ionogel. h A photo of the transparent and stretchable bilayer ionogel
composed of CPB and NPB. Scale bar: 10 mm. i The stretching curves before (red)
and after (blue) the self-healing of the bilayer ionogel. j The bilayer ionogel
demonstrating exceptional mechanical adaptability by conforming to an irregular
pentagonal plastic surface. The ionogel is dyed green for better visualization. Scale
bar: 5 mm. k A photo of the bilayer ionogel is prepared in a butterfly-shaped mold,
in which CPB and NPB are dyed yellow and green, respectively. Scale bar: 5mm. 1 A
photo of the self-healing bilayer ionogel. Scale bar: 5 mm.
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[TFSIT") and the ionic liquid ((EMIM]* [TFSI]") (Supplementary Fig. 2).
When the two ionogels (CPB and NPB) are combined, an IDL forms at
the interface of the bilayer ionogels. Upon stimulation, the bilayer
ionogels achieve rapid electrical signal responses through the fast
transport of free anions and require only a short learning time to reach
the set threshold (Fig. 1b). After the response, the slow relaxation of the
ions within the bilayer ionogel allows long-term memory to be
maintained.

The cation-t interactions are quantitatively analyzed by iso-
thermal titration calorimetry (ITC)***. When mixed [EMIM]* [TFSI]
and [DMAEA-Q]* [TFSI]” are titrated with BzA, the cation-Tt interactions
result in an exothermic enthalpy (AH=-1.9 k] mol”, Supplementary
Note 1 and Supplementary Fig. 3). Moreover, the binding of BzA units
to [DMAEA-Q]J* and [EMIM]" cations leads to increased dissociation of
anions from their counterions, as evidenced by the elevated entropy
(AS=31.8) mol K™). On the one hand, these high-entropy anions tend
to diffuse towards the NPB side. On the other hand, they are attracted
by the excess cations in the CPB. Consequently, the presence of strong
cation-Tt interactions propels the anions to accumulate at the Janus
interface of CPB and NPB and form an IDL (Supplementary Note 2). To
confirm the existence of the IDL, AC-impedance measurements are
conducted, and the data are analyzed by an equivalent circuit
model®*. The IDL capacitance (Cjp,) values of the CPB/CPB and NPB/
NPB homojunctions are about 1.31 uF cm™ and 0.29 pF cm™, respec-
tively, while the CPB/NPB heterojunction exhibits a significantly lower
capacitance of only 0.02 pF cm™ (Supplementary Fig. 4, Supplemen-
tary Note 3, and Supplementary Table 1). This difference indicates the
presence of a low-capacitance planar IDL at the CPB/NPB interface'®.
Furthermore, when a reverse bias of -1V is applied, mobile ions
accumulate at the interface, disrupting the IDL and resulting in a
decrease in interfacial resistance. This disruption leads to a reduction
in low-frequency (<100 Hz) impedance (Supplementary Fig. 5). In
contrast, applying a forward bias of +0.35 V strengthens the IDL, which
increases the low-frequency impedance. These observations are con-
sistent with previous studies on IDL behavior and provide strong evi-
dence for the existence of the IDL at the CPB/NPB interface'".

The physically cross-linked networks in the CPB exhibit two dis-
tinct relaxation modes: slow relaxation at 13 s and ultrafast relaxation
at 0.003 s (Fig. 1c)*. As ion transport is governed by the relaxation
modes of polymer segments, the transport rates of the [EMIM]" cation
and [TFSI] anion in CPB are linked to the slow and ultrafast segmental
relaxations, respectively”’?%. In contrast, the NPB exhibits a single
relaxation peak at 0.03 s, associated with the relaxation time of neutral
polyacrylate segments. Consequently, the transport rates of both
cations and anions in NPB are similar, slower than the anion transport
rate in CPB but faster than its cation transport rate. Additionally, the
strong cation-T interactions in CPB attract [TFSI]™ anions from NPB,
accumulating at the Janus interface. This ionic distribution further
stabilizes the slow diffusion of [TFSI]™ in NPB, providing the tunable
relaxation dynamics of the ions. The thermodynamic model of the IDL
is further summarized in Supplementary Note 4.

Finite element modeling (FEM) is employed to reveal the ion
distribution under different electric fields (Supplementary Fig. 6 and
Supplementary Note 5)**'®. Upon the stimuli of an external electric
field, the ions especially the [TFSI]™ anions are away from the equili-
brium state. When an electric field capable of eliminating the IDL is
applied, it induces a high current in the ionogel. Conversely, an
opposite electric field which strengthens the IDL, leads to a relatively
small current due to the depletion of mobile ions in the IDL. After the
removal of the external electric field, the spontaneous movements of
[TFSI] anions are driven by entropy and the restoration of IDL.

The cation-Tt interactions and polymer entanglement contribute
to physical crosslinking in the ionogels. The time-temperature super-
position analysis reveals an apparent activation energy (E,) of
~107 k) mol™ for the physically cross-linked networks in the ionogels

(Fig. 1d, Supplementary Fig. 7, and Note 6)*. Moreover, the internal
electric field of the IDL provides electrostatic force and self-adhesion
between CPB and NPB with an interfacial toughness exceeding
439Jm™ in 180-degree peel tests (Fig. 1e). As the peeling force
increases, the presence of finger-like patterns before the interfacial
crack propagation further demonstrates the tough bonding of the
Janus interface (Fig. 1f). In the absence of BzA, the bilayer ionogels
exhibit significantly lower interfacial toughness of only 179)m™
(Supplementary Fig. 8). It indicates that the cation-mt interactions
induced by BzA enhance the interfacial adhesion between CPB and
NPB. Moreover, the IDL demonstrates tunable interfacial adhesion
upon the application of a bias voltage (Supplementary Fig. 9)*°. When a
forward bias is applied, the IDL is reinforced, leading to an increase in
interfacial adhesion. In contrast, applying a reverse bias disrupts the
IDL, thereby weakening the adhesion. While the same electric fields
applied to the NPB/NPB homojunction result in minimal changes in
adhesion. These electrostatic adhesion behaviors observed in peel
tests further confirm the formation of the IDL at the CPB/NPB interface
and its ability to be modulated by the applied bias.

Under resting conditions, mobile ions are located at an equili-
brium state and depleted in the IDL. The internal electric field within
the IDL directs from the CPB to the NPB. The open-circuit voltage of
the ionogels is ~63 mV (Fig. 1g), which closely aligns with the resting
potential of neural cell membranes (70 mV). However, in the bilayer
ionogels without BzA, there is no cation-1t interaction to selectively
bind cations or facilitate the transport of free anions. As a result, the
open-circuit potential of the bilayer ionogels without BzA is sig-
nificantly reduced, measuring only around 43mV (Supplemen-
tary Fig. 10).

The bilayer ionogels display high transparency and stretchability
(Fig. 1h). CPB and NPB exhibit different moduli and elongations at
break (Supplementary Fig. 11). When combined to form a bilayer
ionogel, the strong interfacial adhesion provided by the IDL enables
the two layers to sustain deformation in tandem. The nearly hor-
izontal plateau observed in the strain range of 500%-800% can be
attributed to the influence of the NPB (Fig. 1i). At the strain around
600%, the NPB begins to develop defects due to its lower modulus
and mechanical limits compared to CPB. However, thanks to the
strong interfacial adhesion with the CPB via the IDL, the NPB remains
partially intact and does not fully delaminate or separate from the
CPB surface. Therefore, the bilayer ionogels experience negligible
stress mismatch within the strain range of 0-600%. The bilayer
ionogels show a Young's modulus of about 100 kPa, which is
mechanically comparable to many biological tissues. The maximum
elongation-at-break reaches 1603%. They exhibit perfect mechanical
adaptability on irregular surfaces, maintaining strong bonding
between the CPB and NPB (Fig. 1j). Even with a notch, the ionogels
can be stretched to a strain of about 1320% (Supplementary Fig. 12).
The toughness is calculated to be about 1850 ) m™2, comparable to
that of biological cartilages (Supplementary Note 7)*2,

The ionogels also exhibit self-healing capabilities and reconfi-
gurability. A notch in the material autonomously self-heals at room
temperature within 12 h (Supplementary Fig. 13). When the ionogels
are cut into two halves, their self-healing efficiency reaches 99% within
12 h at room temperature (Fig. 1i, k, I, Supplementary Note 8). Mean-
while, the open-circuit voltage recovers to 101.6% of its initial state,
indicating successful self-healing (Supplementary Fig. 14). Besides,
when subjected to cyclic shear strains ranging from 1000% to 0.1%, the
storage modulus and loss modulus of the bilayer ionogels rapidly
recover at small strains (Supplementary Fig. 15). The bilayer ionogels
can be easily assembled into various shapes (Supplementary Fig. 16).
These properties arise from the viscoelastic nature of the bilayer
ionogels and further highlight their reconfigurability, similar to
assembling “Lego blocks” without compromising their functional or
mechanical integrity. It is distinct from, but complementary to, the
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Fig. 2 | Biological associative learning of the bilayer ionogel. a The /-V curve of
the bilayer ionogel (scan rate: 1 mVs™). b The voltage response of the bilayer
ionogel upon being triggered by paired pulses with the At of 10 ms. ¢ An expo-
nential fitting curve showing the PPF behavior and characteristic timescales of the
bilayer ionogel. d The PPF behavior of the bilayer ionogel triggered by different
currents at 1 (red), 0.5 (orange), 0.1 (yellow), 0.05 (blue), 0.01 (deep blue) pA and
frequencies. e Voltage response of the bilayer ionogel triggered by different cur-
rents at1(red), 0.5 (orange), 0.1 (yellow), 0.05 (blue), 0.01 (deep blue) pA and pulse
numbers. f The number of pulses required to saturate the response voltage of the

bilayer ionogel under different pulse currents at 1 (red), 0.5 (orange), 0.1 (yellow),
0.05 (blue), 0.01 (deep blue) pA. g Voltage response of the bilayer ionogel under
forward and backward current pulses. h Voltage response of the bilayer ionogel by
applying a food (red) pulse of 0.8 pA and a bell (blue) pulse of 0.2 pA. i The bilayer
ionogel exhibits a voltage response exceeding the “salivation” threshold in
response to bell stimuli after undergoing conditional learning. Sketches of a bell
and food represent different stimuli. The red curve represents the food or bell
+food stimulus, while the blue curve represents the bell stimulus alone.

gel's self-repair capability. Importantly, unlike hydrogels that lose
water and shrink in open air after 48 h, the ionogels incorporated with
the [EMIM]" [TFSI]" ionic liquid maintain their original shapes and
demonstrate environmental stability (Supplementary Fig. 17).

Bioinspired associative learning

The electrical self-adaptability of the IDL imparts the ionogels with
asymmetric and non-linear rectification effects for ion flows (Supple-
mentary Note 9)*. The current density in the “on” state of the bilayer
ionogels with BzA is significantly higher than that of the structure
without BzA (Fig. 2a and Supplementary Fig. 18). However, an exces-
sive amount of the BzA monomer leads to a decreased current density
due to the increased mechanical stiffness of the polymer networks,
which limits the ion mobility and the rectification effect**. The optimal
molar ratio of the [DMAEA-Q]* [TFSI], BzA, and OEGA is 3.4:2:1. The
maximum rectification ratio reaches about 11 at a scan rate of ImVs™,
which is higher than that of some hydrogel ionotronics (Fig. 2a)*. The
hysteresis loop area of the /-V curve increases with the scan rate,
indicating that there are slow ion relaxation dynamics and non-faradaic
behaviors (Supplementary Fig. 19)**. In addition, the ionogels have a
wider electrochemical window (-2 to 2V) compared to hydrogels
(usually in the range of -1.2 to 1.2 V) because they avoid redox reac-
tions from water splitting (Supplementary Fig. 20).

When paired electrical stimuli are applied to the bilayer ionogel,
they induce a voltage increase (AV) at the second stimulus, analogous
to the paired-pulse facilitation (PPF) observed in the short-term plas-
ticity (STP) of biological sensory neuron systems (Fig. 2b)*. The PPF
index of the ionogels is defined as A,/A; x100%, where A; and A, are
the amplitudes of the first and the second response voltage,
respectively®®. The bioinspired PPF behavior may be attributed to the
first stimulus strengthening the IDL and dissociating more ions from
cation-1t and ionic interactions (Supplementary Note 10). During the
intervals between pulse stimuli, the relatively slow relaxation mode of
[TFSI]™ anions on the NPB side helps partially maintain the strength-
ened IDL state. This dynamic sets the stage for the second stimulus,
effectively encoding the memory of the first stimulus and enhancing
the amplitude of the second response. The AV and PPF increase as the
time interval (Af) decreases, and vice versa. This behavior demon-
strates the ability of the ionogels to mimic the modulation of the
synaptic weight (i.e., the strength of a synapse) observed in biological
STP (Fig. 2c and Supplementary Fig. 21). Upon a paired electrical sti-
mulus of 1pA, the characteristic timescales (7; and 7,), fitted by an
exponential curve, are determined to be 52 and 395 ms, respectively.
These timescales are comparable to those of neuron activities in the
human brain, which are on the order of milliseconds. Furthermore, the
PPF behavior of the ionogels is observed across a broad range of
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stimulus (pulse) strengths (Fig. 2d and Supplementary Figs. 22-26).
Moreover, there is a slight increase from 111% to 115% when the sti-
mulus current is raised from 0.01 to 1pA (at 10 Hz), likely because
higher-strength stimuli exert more influence on ion enrichment and
IDL state. Besides, stimulation at higher frequencies allows the ions to
reach the saturation state more quickly, resulting in a smaller increase
in the amplitude of the voltage. Importantly, even fractured ionogels
can fully recover the PPF behavior after self-healing, highlighting the
robustness and reliability of the bilayer ionogel (Supplemen-
tary Fig. 27).

For subsequent stimuli, the IDL and external electric field jointly
determine the short-term distribution of the ions during the pulse
interval. This behavior closely resembles sensitization, which is an
elementary form of biological associative learning (Supplementary
Note 11). As the number of pulses increases, the response voltage
continues to rise (Fig. 2e and Supplementary Fig. 28). After receiving
ten consecutive stimuli at 1 pA, the response voltage reaches -0.23 V.
On the other hand, the ionogels exhibit different plateau voltages in
response to stimuli of varying strengths and pulse numbers (Fig. 2f and
Supplementary Fig. 28). Compared to larger pulse stimuli, smaller
pulse stimuli generate lower plateau voltages. Moreover, weaker sti-
muli require a greater number of pulses to reach the plateau state. This
behavior is because the IDL and enriched ions at the ionogel-electrode
interface approach saturation as the stimulus strength and pulse
number reach a threshold. The presence of cation-mt interactions and
the IDL stabilizes the ion-enriched state, resulting in even slower
relaxation dynamics under saturation, which enhances the voltage
memory. Consequently, the AV between neighboring stimuli gradually
diminishes to zero, indicating the adaptation of the ionogels to
external stimuli, similar to habituation which is also an elementary
form of biological associative learning.

The energy consumption (W) of the ionogels is further calculated
based on the integration of the V-t response curves under single pulses”.
The W is determined by the integration over the pulse width, which is
also related to the size of the ionogels (Supplementary Fig. 29a). For the
bilayer ionogels with an area of 150 mm?, W is only 0.06 pJ per spike
(Supplementary Fig. 29b). The ultra-low energy consumption is close to
the biological energy consumption and even an order of magnitude
lower than that of a previously reported fluidic memristor'*,

When subjected to a series of 100 pulses, the bilayer ionogel can
achieve 100 distinct states, enabling an information writing process
(Fig. 2g). By injecting a forward pulse, the ionogel exhibits different
ionic signals, effectively representing information. Conversely, back-
ward stimuli can erase this information. The writing-erasing state can
be programmed by varying the number or amplitude of the stimuli
pulse (Supplementary Fig. 30). For stimuli of the same frequency
(50 Hz) and duration (10 ms), lower amplitude current stimuli result in
smaller incremental voltage changes, allowing for the generation of
multiple distinct writing states.

In addition to sensitization and habituation, classical conditioning
as another fundamental form of associative learning in biological
systems®, can also be emulated by implementing dual inputs on the
bilayer ionogel. Here, we mimic classical Pavlovian conditioning by
applying a food pulse of 0.8pA and a bell pulse of 0.2 pA. The
threshold for the “salivation” response is set at 146 mV. After five
consecutive food stimuli, the voltage response reaches 247 mV, sig-
nificantly higher than the salivation threshold and the response
observed with the five bell stimuli, which is only 135mV (Fig. 2h).
However, after conditional learning, the ionogels can generate a
robust response of 552mV solely to the bell pulse, surpassing the
threshold and eliciting a salivation response (Fig. 2i). This learning
behavior is due to the cumulative effect of slow ion relaxation fol-
lowing each stimulus. The slow relaxation preserves the effects of
previous stimuli, enabling the ionogels to retain a persistent memory
of past learning experiences.

Temporal effects on associative learning behaviors

The ability to encode and process information based on precise tem-
poral sequences and intervals is a fundamental aspect of associative
learning in biological systems. By studying the temporal dynamics and
modulating the ion distribution of the bilayer ionogel, we provide
insights into the design principles for developing quasi-solid ionic
systems that can imitate and harness the temporal aspects of asso-
ciative learning. When two individual stimuli each composed of five
spike trainings are applied, the responses depend on the spike
strength and number (Fig. 3a, b). Notably, when the two stimuli arrive
successively, the ionogels demonstrate the capability to recognize
distinct temporal sequencing and time intervals (A¢), yielding different
response patterns. Following the first stimulus of high spike strength,
the second stimulus with low spike strength leads to an enhanced
response of 190 mV, surpassing the response toward a single stimulus
of low spike strength (96 mV). Moreover, exchanging the temporal
sequences of the two stimuli also results in different responses. This
behavior is likely due to ion accumulation and the slow diffusion
relaxation mode induced by the enhancement of the IDL from the first
stimulus, which further amplifies the electrical response to the second
stimulus. As the time interval between the two stimuli is reduced to
0.1s, the history-dependent plasticity becomes more evident. The
response to the second high-strength stimulus increases to 262 mV.
Furthermore, the superposition of the two stimuli generates the
highest response, reaching up to 376 mV. The characteristics of spike
training can be further analyzed using time-averaging techniques
commonly employed in neuroscience, wherein At and mean firing
rates are correlated with synaptic responses (Supplementary Fig. 31
and Supplementary Note 12)*°. These findings shed light on the capa-
city of ionogels to imitate the temporal aspects of associative learning
and provide a foundation for the development of advanced neuro-
morphic computing systems.

When stimuli consisting of different frequencies of positive spike
training are applied, the response voltage increases with increasing
frequency (Fig. 3c). As a result, the bilayer ionogel demonstrates
history-dependent as well as spike-rate-dependent behavior, enabling
the emulation of the Bienenstock-Cooper-Munro (BCM) rule
observed in neural activities. Here, we apply four sets of spike training
to the ionogels (Fig. 3d). Each set contains five positive spikes with the
same amplitude of 1 pA but different frequencies, 50, 5,2, and 50 Hz, in
sequence. The initial spike training elevates the response level, leading
to even higher response voltages for the second and third spike
trainings. Although the fourth spike training has the same frequency
and strength as the first train, it generates an enhanced response
because of the influence of the previous training. Furthermore, we
introduce an additional application of negative spike training (the
amplitude of each is 0.6 pA and the frequency of each is 50 Hz), which
has an inhibitory effect, after each of the positive spike trainings. This
rapid reduction in the response voltage suppresses the BCM effect
(Fig. 3e). Consequently, the associative learning behaviors of the
ionogels can be tuned through both strengthening and resetting,
providing a means to modulate the responsiveness of quasi-solid
ionogels in an event-based manner.

When four positive spike trainings and one negative spike training
are applied to the bilayer ionogel, different occurrence orders of the
negative spike lead to distinct memory curves (Fig. 3f). Notably, the
occurrence order of the negative spike train significantly affects the
decay rate of the ionogels’ memory curve (Fig. 3g). To characterize the
memory time quantitatively, we employ a modified Kohlrausch equa-
tion, which is widely used as a forgetting function in psychology
(Fig. 3h and Supplementary Note 13)"**. The later the negative spike
training occurs, the faster the memory curve decays, leading to a
shorter characteristic memory time (7). These findings highlight the
potential of ionogels for the versatile and adaptable memory function,
akin to neural plasticity observed in biological systems.
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Fig. 3 | Associative learning behaviors of the bilayer ionogel. a The voltage
response of the bilayer ionogel by applying two different current stimuli (red for
0.8 pA and blue for 0.4 pA). b The voltage response of the bilayer ionogel when two
different current stimuli arrive in different sequences and time intervals. ¢ The
voltage response of the bilayer ionogel when the stimuli consisting of different
frequencies of positive spike trainings are applied. d The voltage response of the
bilayer ionogel when a series of positive spike trainings with different frequencies
are applied. e The voltage response of the bilayer ionogel when a series of positive

and negative spike trainings with different frequencies are applied. f Four groups of
spike trainings (red for Group 1, orange for Group 2, blue for Group 3, and deep
blue for Group 4) with different occurrence orders of the negative spike applied to
the bilayer ionogel. g The voltage memory curves of the bilayer ionogel after four
different groups of spike training (red for Group 1, orange for Group 2, blue for
Group 3, and deep blue for Group 4). h The characteristic memory time of the
bilayer ionogel after four different groups of spike training.

Bioinspired multimodal memory

Memory is a fundamental aspect of biological systems. The transition
from sensory memory to short-term memory (STM) and long-term
memory (LTM) based on different training numbers and duration time
enables the encoding, storage, and retrieval of information (Fig. 4a). In
this study, the memory behavior of the bilayer ionogel arises from
dynamic changes of the open-circuit voltage (Supplementary Note 14).
Upon applying a single 50 s training (10 pA), the bilayer ionogels with
BzA retain a voltage of 190 mV after 90 min, maintaining a higher
memory strength (about 17%). In contrast, after the same training
conditions in the bilayer ionogels without BzA, the memory strength
reduces to O in only about 33 min (Supplementary Fig. 32). This
demonstrates that the inclusion of BzA and the resulting cation-1t
interaction significantly enhances the memory effect by slowing the
ionic relaxation at the interface. For the bilayer ionogels with BzA, its
memory voltage remains at 270 mV after 1.5h when the training
duration is increased to 500s (Fig. 4b). The modified Kohlrausch
equation is used to characterize the STM-LTM transition quantita-
tively. When the training duration increases from 50 to 500s, 7

increases from 19.3 s to 259 s, indicating the feasibility of the STM-LTM
transition in bilayer ionogel (Supplementary Fig. 33)". Even with an
equivalent total training duration, memory enhancement can be
achieved by employing multiple sets of stimulus training. For example,
after 5 sets of 100-s stimulus training, the memory voltage remains at
320 mV even after 1.5 h, exceeding the memory voltage attained after a
single 500-s stimulus training (Fig. 4b). This function is similar to the
human brain’s memory, where repeated learning, as opposed to one-
time learning, allows for better memory retention. Furthermore, it
takes about 5 days (113 h) for the ionogels to completely forget the
training information after the 5 sets of 100-s stimuli (Supplementary
Fig. 34). It is anticipated that the memory time of the ionogels can be
further extended with an increase in the number or duration of the
training sessions. Compared to a prior study using hydrogels for
memory effects based on optical signals, the bilayer ionogels exhibit
significantly faster electrical signal responses on the millisecond scale,
as well as a wider tunable memory retention range, from tens of min-
utes to several days*. Compared to previous reports on polymer gels
and elastomers demonstrating rectifying effects, transistor switching
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Fig. 4 | Memory behaviors of the bilayer ionogel. a The psychological memory
model and schematic illustration of training programs for the bilayer ionogel.

b Memory voltage of the bilayer ionogel after different training programs (red for
500 s, orange for 200 s, blue for 100's, and deep blue for 505s). ¢ 2D-COS spectra
(upper panel) and PCMW spectrum (lower panel) of the bilayer ionogel after 500 s
training, red colors represent positive intensities, while blue colors represent
negative intensities. d A photo of the 3 x 3 array of the transparent bilayer ionogel.
Scale bar: 10 mm. e Images of the uppercase letter “L” and the number “1” are
memorized into the 3 x 3 array by inputting “L” for 500 s and “1” for 50s. f The

image of the letter “L” is stored in LTM mode and the number “1” is stored in STM
mode. The transition from red to yellow to green represents varying levels of
memory intensity. g Memory comparison of the two numbers “1” which are indi-
vidually inputted by 5 sets of 100-s stimulus training (left column) and a single 500-
s stimulus training (right column). The transition from red to yellow to green
represents varying levels of memory intensity. h The multimodal memory after
three different training programs. The training programs end at the same time. The
transition from red to yellow to green represents varying levels of memory
intensity.

functionalities, and excitatory postsynaptic currents, the materials
with the introduction of cation-mt interactions and ionic interactions
not only achieve comparable fast response, but also fill a gap in rea-
lizing long-term memory effects lasting several days'®"’.

The bioinspired memory of the bilayer ionogel is mainly attrib-
uted to the ion diffusion dynamics, which are synergistically modu-
lated by the IDL and the external electric field. After the 500s of
training (10 pA), the anion diffusion is tracked by in-situ attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectra at the
CPB-electrode interface. In the FTIR spectra, the peak at 1052 cm™
originates from the antisymmetric stretching vibration of S-N-S in
[TFSI]™ anion (Supplementary Fig. 35). After the training, the intensity
of the characteristic peak at 1052 cm™ continually decreases, indicat-
ing a decline in [TFSI]™ anion concentration. The anions gradually dif-
fuse back into the polymer matrix and reassociate with cations. During
the memory process, the decrease in [TFSI]” anion concentration is
further analyzed using two-dimensional correlation spectroscopy (2D-
COS) and the perturbation correlation moving window (PCMW)
technique (Fig. 4c and Supplementary Note 15)%. 2D-COS analysis
reveals different states of the [TFSI]™ anions after external stimuli,
including free and bound states, corresponding to the characteristic
peaks at 1056 and 1050 cm™, respectively. The free anions have a fast
relaxation mode while the bound anions have a slow relaxation mode.
In the dynamic memory process, the free [TFSI]” anion (located at

1056 cm™) migrates back first, followed by the recovery of the bound
[TFSI]™ anions (located at 1050 cm™). In the 2D PCMW spectra, it is
further evident that the most significant change in the [TFSI]™ anions
occurs at 45 min after the training. This suggests that, at this point, the
majority of [TFSI]™ anions return to their initial equilibrium positions.
This behavior is consistent with the trends observed in the voltage
memory curve and also reveals the ion dynamics underlying the long-
term memory capability of the bilayer ionogel.

The mechanical adaptability and bioinspired memory cap-
abilities of the ionogels present exciting prospects for advancing
memory devices and systems. Here, we develop a soft array for
information storage and encryption. Fabricated through screen
printing, the 3 x3 array comprises individual pixels composed of
bilayer ionogel with identical compositions and geometries (Fig. 4d
and Supplementary Fig. 36). Distinct memory voltages correspond to
varying memory strengths. Employing two training programs of
500 s and 50 s, we temporarily store images of the uppercase letter
“L” and the number “1”, respectively (Fig. 4e). Importantly, the
training programs end at the same time. At the end of the training,
both patterns display a deep red color, indicating high memory
strength. However, after 12 min, the number “1” shifts to green,
while the letter “L” retains an orange color. After 20 min, the number
“1” changes to the background green, whereas the yellow letter
“L” remains distinguishable (Fig. 4f).

Nature Communications | (2025)16:4573


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59944-3

Additionally, multiple reviews of the stimuli lead to enhanced
memory retention compared with one-time stimulus training. After 5
sets of 100-s stimulus training, the number “1” exhibits a higher
intensity of yellow after 15 min, whereas the number “1” from a single
500-s stimulus training session appears closer to the background
green (Fig. 4g). Comparing the patterns resulting from 5 sets of 100-s
stimulus training, a single 200-s stimulus training, and a single 50-s
stimulus training, the pattern from the 50-s stimulus is the quickest
to be forgotten. After 10 min, the patterns from 5 sets of 100-s sti-
mulus training and a single 200-s stimulus training retain their
orange color, whereas only the pattern from the 5 sets of 100-s sti-
mulus training remains readable after 20 min (Fig. 4h and Supple-
mentary Movie 1). These results underscore the potential of using
bilayer ionogel with multimodal memory as dynamic pixels for
information storage and encryption®>*>*>, The information stored in
the LTM mode can be accessed after the STM mode information has
been forgotten.

Integrating information perception, processing, and memory
The bilayer ionogel integrates information sensing and memory
functions through a serial connecting design. For instance, when a pair
of the bilayer ionogels with microstructures and without micro-
structure are connected in series, the ionogels with microstructures
could serve as pressure-sensing units, modulating the response vol-
tage of the memory ionogels without microstructures. (Fig. 5a and
Supplementary Fig. 37). We subsequently construct a 3 x 3 array, where
the top and bottom rows represent background pixels, and the middle
row depicts each pixel’s color, reflecting the voltage intensity of the
memory ionogels in the serially connected structure. Three sets of
serially connected structures are subjected to the same constant cur-
rent stimulus (0.1 pA). Without external pressing, the memory ionogel
reaches 148V after 200s because of the ion migration under an
external electric field. Pressing the microstructured sensing ionogels
generates higher voltage responses in the memory ionogels. (Fig. 5b
and Supplementary Note 16).
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Fig. 5 | Integrated information sensing, processing, and memory of the bilayer
ionogel. a Schematic illustration and a photo of an ionogel array to demonstrate
the information sensing and memory capabilities through a serial connecting of
three pairs of the ionogels with microstructures (sensing ionogels) and without
microstructures (memory ionogels). The yellow square indicates CPB, and the
green square indicates NPB. b The voltage response of three different memory
ionogels. The three pairs are applied with the same 0.1 pA current stimulus but
three different pressing durations (red represents pressing for 200 s, blue repre-
sents pressing for 50 s, and purple represents without pressing) are applied on
three different sensing ionogels. ¢ Three different memory states of the three
memory ionogels after their series-connected sensing ionogels experiencing

different pressing durations. d Voltage response of the memory ionogels when the
series-connected sensing ionogels experiencing low-frequency pressing. e The
photos recording the initial state and still state (after 12 times of low-frequency
pressing) of the robotic arm. f Voltage response and memory curve of the memory
ionogels when the series-connected sensing ionogels experiencing 8 times of high-
frequency pressing. g Photos recording the initial state and grasping state (after 8
times of high-frequency pressing) of the robotic arm. h Voltage sensing ionogels
experiencing 12 times of high-frequency pressing. i Photos recording the initial,
grasping, rotating, and returning states of the robotic arm when the sensing
ionogels experiencing 12 times of high-frequency pressing.
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At the moment the external electric field is removed, the three
middle pixels on the array display a similar deep red color, indicating
that all the memory ionogels are in a high-intensity memory state
(Fig. 5¢). This feature allows for effective encryption of the pressing
information. However, after 120 s, the colors of the pixels corresponding
to no-pressing or 50-s pressing change significantly, while the pixel
corresponding to 200-s pressing retains a deep red color, indicating the
LTM effect after the pressing stimulus lasting for 200 s. After 600 s, the
left pixel changes to green, indicating the absence of pressing and
reading out the no-pressing information. The middle pixel shifts to a
light green color, revealing the 50 s pressing information. Only the right
pixel remains orange, showing the 200 s pressing information. There-
fore, the bilayer ionogel could not only integrate information sensing
and memory functions, but also enable information encryption and
decryption through the temporal dimension. Importantly, all ionogels
(e.g., CPB, NPB, and bilayer ionogels) can withstand 90% compressive
strain without breaking (Supplementary Fig. 38). The compression curve
of the bilayer structure mainly reflects the compression behavior of NPB
at small strains. At large strains, a rapid increase in modulus is observed,
similar to the stress enhancement phenomenon in skin under large
deformation.

To demonstrate the potential of applying integrated perception,
processing, and memory capabilities for developing intelligent
robotics, we test the ionogel system using a robotic arm (Supple-
mentary Fig. 39). The movements of the robotic arm are determined
by the voltage response of the memory ionogels (Supplementary
Note 17). When the sensing ionogels are pressed, the voltage response
of the memory ionogels increases. With an increasing number of
presses, the voltage of the memory ionogels continues to rise due to
the STP effect. This effect is related to the sensitization learning
behavior of the ionogels discussed earlier, which enables autonomous
processing of the pressing information. However, at a low pressing
frequency (0.1Hz), the relatively long interval between stimulations
enables most ions to relax and return to their equilibrium positions. As
a result, even after 12 presses on the sensing ionogels, the voltage
output of the memory ionogels only reaches 119 mV, which is below
the threshold (132 mV) for triggering the movement of the robotic arm
(Fig. 5d, e, and Supplementary Movie 2).

In contrast, when the pressing frequency is increased to 1.2 Hz,
even with only 8 presses on the sensing ionogel, it could trigger the
robotic arm to grasp a woolen ball (Fig. 5f, g, Supplementary
Movie 2). With continued high-frequency pressing, the ionic signal of
the memory ionogels maintains above the 132mV threshold for
about 1s, subsequently triggering the robotic arm to rotate (Fig. Sh, i,
Supplementary Movie 2). After stopping the pressing, the voltage
response of the memory ionogels gradually decreases, falling below
the rotation threshold of 140 mV at 14 s, leading to the robotic arm
returning to its original position. At 16 s, the voltage drops below the
grasping threshold of 132 mV, causing the robotic arm to release the
ball. Through the integrated perception, processing, and memory
capabilities of the bilayer ionogel, the robotic arm emulates the
intelligent response observed in the Venus flytrap. Typically, the
Venus flytrap does not react to single, low-frequency stimuli. How-
ever, if its sensory hairs are touched multiple times within a short
period, the trap rapidly closes. This smart response prevents acci-
dental closure due to nonprey stimuli, such as raindrops. Similarly,
the ionogels require continuous high-frequency pressing, which
drives the ions to diffuse toward the interface of the bilayer ionogel,
progressively approaching the ionic saturation state of the IDL. This
process enhances the IDL and promotes slow relaxation of the ions,
extending their diffusion time and amplifying the voltage signals. As
a result, the ionogels enable the robotic arm to learn and make
decisions based on these enhanced signals. The robotic arm effec-
tively avoids unnecessary energy consumption caused by low-
frequency interference. In addition, the timing of the robotic arm’s

return to its original position depends on the duration of the iono-
gels’ memory after the sensitization learning.

Discussion

In this work, we demonstrate that through rational structural design
and modulation of ion transport behaviors, the ionogel can transcend
conventional skin-like sensory functions to emulate key biological
learning and memory capabilities. By introducing an IDL interface
regulated by cation-Tt interactions, the bilayer ionogel achieves an
integration of fast response and slow relaxation dynamics across dif-
ferent ions, enabling bioinspired functions such as sensitization, habi-
tuation, classical conditioning, and multimodal memory with an ultra-
low energy requirement of only 0.06 pJ per spike. In contrast to rigid
semiconductor devices, the ionogel offers mechanical adaptability,
including stretchability, self-healing, and reconfigurability, making
them ideal for soft robotics applications. Furthermore, the ionogel
demonstrates autonomous decision-making capabilities, allowing a
robotic arm to mimic the selective trapping behavior of the Venus
flytrap. This work highlights the transformative potential of modulated
ion distribution and transport in soft materials, bridging the gap
between biological intelligence and artificial systems. Our findings pave
the way for advancements in soft robotics, human-machine interfaces,
and bioinspired artificial intelligence, where adaptable, energy-efficient
sensing, learning, and memory functions are essential.

Methods

Materials

Oligo(ethylene glycol) methyl ether acrylate (OEGA, average Mn=
480), [2-(acryloyloxy)ethyl]trimethylammonium chloride (DMAEA-Q,
80% aqueous solution), 1-Ethyl-3-Methylimidazolium  Bis(Tri-
fluoromethylsulfonyl)imide ([EMIM]* [TFSI]", purity~-99%) and 2-
hydroxy-2-methylpropiophenone (HMPP, purity ~-98%) were pur-
chased from Sigma-Aldrich Co. Methyl acrylate (MA, purity ~ 98.5%)
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, purity ~ 99%) and
Benzyl acrylate (BzA, purity ~ 97%) were purchased from Aladdin Co.
Acetone (purity - 99%) was bought from Sinopharm Chemical Reagent
Co. Green and yellow dyes were purchased from fleurcouleur Co.
Carbon paper (TGP-H-060) was purchased from Toray Co.

Preparation of the CPB and NPB

For the preparation of NPB, the molar ratio of MA to OEGA was 1:1, and
the ionic liquid [EMIM]" [TFSI]™ accounts for 5wt% of the total mass.
The mass concentration of HMPP was 0.5 wt%. The mixed precursor
solution was vortexed, degassed, and then poured into a glass mold for
UV-photoinitiated polymerization. The NPB was obtained after irra-
diation with UV light (12 W) for 30 min.

For the preparation of CPB, the [DMAEA-Q]" [TFSI]” monomer was
first prepared according to a previous report*. Briefly, DMAEA-Q
(11.3 g) was weighed into a round-bottom flask, heated to 70 °C with
magnetic stirring, and stirred for 10 min. An aqueous LiTFSI solution
(16.1g in 30 mL of deionized water) was then added. The mixture was
stirred for 2 h at room temperature. The upper aqueous phase was then
decanted and the oil phase was washed with deionized water to remove
inorganic salts. Finally, the oil phase was evaporated at 60 °C for about
1.5 h to obtain a colorless viscous product ((DMAEA-Q]* [TFSI]- mono-
mer). Afterward, the [DMAEA-Q]" [TFSI]” monomer was mixed with the
BzA and OEGA monomers. The monomer ratio was varied to tune the
IDL strength and rectification effect. The optimal molar ratio of
[DMAEA-QJ" [TFSIT", BzA, and OEGA was 3.4:2:1. The concentrations of
[EMIM]" [TFSI] and HMPP were the same as those in NPB. Poly-
merization of the CPB was also performed under UV light irradiation
(12W) for 30 min. Unless otherwise noted, the length, width, and
thickness of the tested CPB and NPB were 10, 10, and 1 mm, respec-
tively. For photography, different food dyes were added to the pre-
cursor solution to indicate CPB (yellow color) and NPB (green color).
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Preparation of the bilayer ionogels

After separate preparation of the CPB and NPB ionogels, they were
stored on silicone sheet substrates for later use. To fabricate the
bilayer ionogels, free-standing CPB or NPB ionogels (unless otherwise
specified, with dimensions of 10 x 10 x 1 mm) were carefully peeled off
from the silicone substrates. The CPB/NPB bilayer structures were then
assembled by directly attaching the bare surfaces of the two ionogels.
To ensure sufficient contact between the two layers, the assembled
bilayer ionogels were left to rest for 30 min before conducting any
further testing. When the CPB and NPB layers come into contact, an
IDL is naturally formed due to the migration of free anions and sub-
sequent ion accumulation at the interface. This process generates
electrostatic adhesion, and the resting period enhances the interfacial
adhesion without requiring any additional treatments. For NPB/NPB or
CPB/CPB bilayer structures, the inherent stickiness of the ionogels
allows effective adhesion by simply bringing the surfaces into contact
and leaving them undisturbed for 30 min.

Fabrication of the bilayer ionogel array

Jelcon CH-8 conductive carbon paste was purchased from JuJo Che-
micals Co. Ltd. and used to screen print the carbon electrodes onto a
flexible silicone substrate®*. The array consists of two layers of elec-
trodes and sandwiched ionogels as shown in Supplementary Fig. 36.
The electrodes were fabricated by screen printing the carbon paste.
The screen (200 mesh) was made of polyester fabric and a coating
layer of photosensitive adhesive (PLUS8000). The blade was made of
polyurethane rubber with a Shore hardness of 85. The screen fabric
was fixed to a flexible silicone substrate, then the carbon paste was
applied to the screen fabric and quickly screen printed onto the sub-
strate. A pressure of ~0.4 MPa was used when the blade was applied to
produce the printed pattern. After drying at room temperature for 8 h,
the printed electrodes were obtained. 9 pairs of bilayer ionogel were
sandwiched between the screen-printed carbon electrodes, with CPB
connected to the working electrode and NPB connected to the refer-
ence electrode.

Characterizations and measurement
FTIR spectra were collected in the ATR mode on a Nicolet iS50 FTIR
spectrometer. The rheological behavior of the bilayer ionogel was
investigated on a Thermo Scientific HAAKE MARSTM 60 (modular
advanced rheometer) instrument with a 25 mm parallel plate in an
oscillation mode. To investigate the self-healing and reconfiguration
capability of the ionogels, cyclic step-strain oscillatory tests from
low-amplitude oscillations (0.1% strain) to high-amplitude oscilla-
tions (1000% strain) were performed at the frequency of 1Hz
and room temperature (25°C). Tensile stress-strain curves were
recorded on a universal testing machine (UTM2103, Shenzhen Suns
Technology Co., Ltd.) at room temperature. The stretching rate was
50 mmmin.

ITC measurements were performed using an SV Nano instrument
(TA Instrument, USA) to precisely analyze the titration process. The
details of the experimental setup are as follows. Acetone was used as the
solvent for both the BzA solution (80 mM) and the mixture ([EMIM]
[TFSI]” and [DMAEA-Q]* [TFSI]") solution, with the latter prepared in
proportions identical to those in CPB. The calorimeter sample cell was
thoroughly cleaned with acetone and rinsed with the prepared solution
before the experiment. The titration began with an initial 4 pL injection
of the BzA solution, followed by subsequent injections of 10 pL solution
at 300-s intervals. The calibrated effective volume of the matrix solution
cell was 950 pL. During the measurements, the solution in the sample cell
was stirred continuously at 200 revolutions per minute to ensure uni-
form mixing. Heat signals were recorded starting 3 min before the first
injection. All experiments were performed at 298 K.

All 180-degree peeling tests were conducted in ambient air at
room temperature. The adhesion energy between different layers of

the ionogels was measured using the 180-degree peeling tests. Polye-
ster films were fixed to the ionogel samples as inextensible backing
layers using cyanoacrylate glue. For sample preparation, CPB and NPB
were cut to dimensions of 25 mm in length, 10 mm in width, and 1 mm
in thickness. To ensure efficient interfacial adhesion, CPB and NPB
were bonded together at their interface and left at room temperature
for 2 h. Unless otherwise specified, the 180-degree peeling tests were
performed on a mechanical testing machine (UTM2103, Shenzhen
Suns) at a peeling speed of 100 mm min™. Once the peeling process
reached a steady state, the measured peeling force plateaued. The
adhesion energy was determined as two times the plateau value of the
ratio of force to width. The interfacial toughness was calculated as
I'=2Fs/W, where Fs is the steady-state peeling force and W is the width
of the sample. To qualitatively analyze the influence of BzA and IDL on
the interfacial adhesion, a DC power supply applied a DC voltage of
+0.35/-1V to each bilayer ionogel. In all of the asymmetric bilayer
ionogels, the CPB was connected to the working electrode during the
DC power application.

The voltage and current responses were recorded by electro-
chemical stations (CHI 760E). The open-circuit voltage (Voc) of bilayer
ionogels was recorded on a CHI 760E instrument. The resistance (R) of
the ionogels was measured through electrochemical impedance
spectroscopy (EIS) on a CHI 760E instrument. The conductivity (o) was
calculated based on the relationship of o =[/AR, where [ is the length,
and A is the cross-sectional area. Conductive carbon paper was used as
the electrode. Unless otherwise specified, the thicknesses of the CPB
and NPB were both 1 mm and the distance between the electrodes was
2 mm. The CPB was connected to the working electrode, while the NPB
was connected to the reference electrode.

During the /-V sweeping test, the sweep scan rate of the current
vs. voltage (I-V) curves was 1mVs™. The current density of the /-V
curves was calculated from the current divided by the original cross-
sectional area of the ionogel device, which was 1 x 1 cm?. Here the NPB
was connected to the working electrode, while the CPB was connected
to the reference electrode.

Alternating current impedance (AC impedance) were measured
by electrochemical stations (CHI 760E) over a frequency range of
1000-0.1Hz and an amplitude of 5 mV. Conductive carbon paper was
used as the electrode. Unless otherwise specified, the cross-sectional
area of the CPB/NPB, CPB/CPB, and NPB/NPB was fixed at 1cm? The
working electrode was connected to CPB. The reference electrode was
connected to NPB for electrochemical measurements. The ZSimpWin
software (version 3.60) was used to fit the experimental impedance
data using equivalent circuits'®".

To evaluate the PPF behavior, the time interval (A¢) of the two
consecutive current pulses and the amplitude of the current pulses
were changed. The PPF index of the ionogels was defined as Ay/
A; x100%, where A; and A, are the amplitudes of the first and the
second response voltage, respectively. To explore the multi-spiking
effect of the bilayer ionogel, successive current pulses with an ampli-
tude of 1pA and different frequencies were applied. The energy con-
sumption is calculated from the integration of the applied stimulus
current and the response voltage over a time width. During the energy
consumption test, the cross-sectional area of the ionogel device is
varied. The W is determined by W= [IdVdt. For the memory eva-
luation, the training current was 10 pA (in the forward direction) and
the real-time Voc was recorded immediately at the end of the training.
To obtain a real-time display of an array’s memory voltage on a
smartphone screen, a Bluetooth module was connected to the array in
Supplementary Fig. 37, allowing real-time transmission of the voltage
signals to a smartphone.

Statistics and reproducibility
All experiments (Fig. 2d-f) were repeated independently with similar
results at least three times.
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Data availability

All data supporting the findings of this study are available within this
article and the Supplementary Information or from the corresponding
author upon request. The data generated in this study are provided in
the Supplementary Information/Source Data file. Source data are
provided with this paper.
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