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ABSTRACT

Organic electrochemical synaptic transistors (OESTs) are promising neuromorphic platforms, yet their nonvolatile operation
is fundamentally limited by rapid ion back-diffusion governed by interfacial ion relaxation at the electrolyte—semiconductor
boundary. Channel-level optimization alone cannot prevent post-bias ion relaxation driven by concentration gradients in the
electrolyte. In this context, polymer additives offer an effective route to regulate interfacial ion transport without modifying
the semiconductor channel. Here, bio-derived sodium alginate is incorporated into a Na-TFSI electrolyte to reconstruct the
electrolyte/channel interface and modulate ion redistribution. The resulting interfacial ion-trapping barrier suppresses back-
diffusion and prolongs relaxation times of doped ions. This electrolyte-level control markedly enhances synaptic retention and
improves linearity and dynamic range in long-term potentiation/depression (LTP/D) characteristics. These findings establish
interfacial ion regulation at the electrolyte level as a decisive design principle for organic neuromorphic systems and highlight
naturally derived polyelectrolytes as promising additives for stable synaptic operation.

due to unstable ion transport [8, 9]. When the external bias is
removed, doped ions rapidly back-diffuse into the electrolyte
under concentration gradients and interfacial electrochemical
driving forces. This rapid ion back-diffusion destabilizes the pro-

1 | Introduction

Organic electrochemical synaptic transistors (OESTs) have
emerged as promising platform for next-generation neuromor-

phic devices owing to their high conductivity, biocompatibility,
and excellent mechanical flexibility [1-7]. In OESTs, electrolyte
ions migrate into the organic semiconductor channel, where
their accumulation modulates channel conductance to emulate
synaptic weight states. However, achieving nonvolatile synaptic
behavior, which is essential for stable memory retention in neu-
romorphic systems, remains challenging in OEST-based devices

grammed ionic distribution and compromises long-term memory
retention [10]. To address these limitations, channel-centric
strategies based on molecular-level tuning of organic semicon-
ductors have been proposed. These strategies have improved
nonvolatile synaptic properties through various polymer inter-
face controls, including the backbone and side chains [8, 11-
14]. Among various organic semiconductors, thiophene-based
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polymers have been widely adopted as channel materials in
OECTs owing to their excellent electrochemical stability and
tunable ion permeability enabled by glycol side chains [15, 16].
Specifically, high charge carrier mobility has been reported to
effectively enhance ion doping characteristics [16, 17]. Although
these strategies enhance doping efficiency during ion injection,
the depth of ion penetration and the stability of the doped state
are ultimately dictated by electrolyte-controlled ion transport. In
particular, fixed channel structures impose intrinsic constraints
on non-volatile operation, owing to the difficulty in actively
controlling long-term ion retention and interfacial trapping
behavior.

In this context, electrolyte design emerges as a key determinant
of ion back-diffusion after bias removal. Controlling electrolyte
composition has attracted increasing interest because it enables
modulation of ion dynamics without altering the structure of
organic semiconductor channels [18, 19]. However, in most
electrolyte systems, interfacial ions rapidly back-diffuse into the
electrolyte as the electric double layer (EDL) depolarizes [20, 15].
This reflects the absence of effective physical or kinetic barriers
at the electrolyte/channel interface to stabilize the doped ionic
state. Unlike the structurally fixed semiconductor channel, the
electrolyte represents a dynamically reconfigurable medium in
which ion transport and interfacial interactions can be tailored.
From this perspective, polymer matrix-based functional addi-
tives have been proposed to localize ion transport and promote
stable interfacial ion retention [21]. Specifically, polymer addi-
tives can potentially regulate interfacial ion diffusion pathways
while preserving the intrinsic ion transport characteristics of
the electrolyte. However, the relationship between the physic-
ochemical properties of electrolyte additives and the resulting
synaptic device characteristics remains insufficiently understood.
In particular, how additive-induced interionic interactions and
interfacial ion redistribution influence ion retention and back-
diffusion in synaptic transistors has not been clearly established.
Therefore, establishing a clear correlation between electrolyte
additive properties and synaptic device behavior is criticall
needed.

Here, we introduce bio-derived sodium alginate (SA) into the
[Na-TFSI] electrolyte and systematically investigate its impact
on ion transport and synaptic retention in OESTs. The abun-
dant hydroxyl and carboxyl functional groups in SA enable
electrostatic interactions with mobile ions, reshaping interfacial
ion distribution and relaxation dynamics. These interactions
establish effective interfacial barriers that suppress rapid ion
back-diffusion and stabilize the doped ionic state. Compre-
hensive physicochemical and electrochemical analyses were
conducted to elucidate the underlying mechanism of ion reg-
ulation. The incorporation of SA facilitates efficient ion pen-
etration during programming while stabilizing ion retention
during relaxation. This control over ion dynamics leads to
enhanced nonvolatile retention, reliable paired-pulse facilitation
(PPF), and improved linearity and dynamic range in long-term
potentiation/depression (LTP/D) characteristics. Artificial neural
network (ANN) simulations based on these stabilized synaptic
responses achieve high learning accuracy. Collectively, these find-
ings establish a direct electrolyte—ion transport-synaptic function
relationship and define electrolyte-level regulation as a decisive
design parameter for organic neuromorphic systems.

2 | Results and Discussion

Figure 1a presents a schematic illustration of biological synapses
and OESTs mimicking their operating principles. A biolog-
ical synapse consists of a presynaptic neuron, a postsynap-
tic neuron, and a synaptic cleft. When a biological pulse
reaches the presynaptic neuron, neurotransmitters diffuse across
the synaptic cleft to the postsynaptic neuron. This process
is regulated by synaptic weights, resulting in increased or
decreased neurotransmitter transport [22, 23]. Inspired by this
mechanism, OESTs emulate synaptic signal transmission by
controlling ion migration within the electrolyte under an
applied gate bias applied through an Au tip inserted
directly into the electrolyte. In OESTs, the gate voltage, elec-
trolyte, and Poly[3,3’-bis[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]-
2,2":5',2"-terthiophene-5,5"-diyl] (p(g2T-T)) channel correspond
to the presynaptic neuron, neurotransmitter, and postsynaptic
neuron, respectively. Upon applying a gate voltage, anions in
the electrolyte migrate into the channel, with the extent of
ion migration governed by the applied voltage. This process
modulates the postsynaptic current (PSC), leading to its potenti-
ation or depression [10]. To replicate this mechanism, P(g2T-T)
was spin-coated onto a Si/SiO, substrate to form the channel
layer (Figure S1). To enhance synaptic characteristics, sodium
alginate (SA) was incorporated into the [Na-TFSI] electrolyte
(Figure 1b). [SA] contains abundant hydroxyl and carboxyl
groups, which impart polyanionic properties [24, 25]. Owing
to these properties, sodium alginate migrates toward the poly-
mer film under an applied electric field [26]. Due to its large
molecular size, however, it cannot penetrate the channel bulk
and instead accumulates at the electrolyte/channel interface.
This interfacial accumulation facilitates ion doping at the chan-
nel surface. To verify the electrolyte mixing characteristics,
Raman spectroscopy was performed (Figure 1c). In [Na-TFSI]
and [SA], distinct peaks appear near 745 and 826 cm™!, respec-
tively, corresponding to [TFSI]- and sodium alginate [27-30].
In contrast, both peaks are simultaneously present in [SA][Na-
TFSI], confirming the successful incorporation of [SA] into
the [Na-TFSI] electrolyte. UV-Vis spectroscopy further reveals
characteristic absorption peaks in both [SA] and [SA][Na-TFSI]
(Figure 1d). This suggests uniform mixing within the electrolyte
while maintaining the characteristics of [SA] in the mixed
solution.

To evaluate the electrical characteristics of the fabricated OESTSs,
transfer curves were measured over a gate voltage range from +2
to —3 V (Figure S2). All devices exhibited clockwise hysteresis,
originating from the diffusion of mobile ions into the channel
under the applied voltage. Quantitatively, the [SA][Na-TFSI]
OEST exhibited a positive shift in V;, from —1.54 to —1.00 V and
an increase in I ., from 0.10 to 0.32 mA, indicating that SA
reduces the effective programming bias and enhances the on-
current (Table S1). The enlarged hysteresis window from 0.99
to 1.75 V further indicates stronger ion-induced conductance
modulation and enhanced ion retention after [SA] incorporation
[21]. To further investigate synaptic characteristics, short-term
plasticity (STP) was evaluated under single pulses with varying
amplitudes (V. = —1.5, —1.8, —2.0, and —2.2 V) (Figure 2a,b).
STP was measured using a pulse width of 60 ms and a drain
voltage of —0.01 V. In all OESTs, the EPSC rapidly reached its
peak upon pulse application. In both devices, the EPSC reached
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FIGURE 1 | (a) Schematic illustration of a biological synapse transmitting signals from a presynaptic neuron to a postsynaptic neuron through

neurotransmitters, and an artificial synapse based on organic electrochemical synaptic transistors (OESTs) that mimic the biological synapse.
(b) Synthesis procedure for the Na-TFSI-based sodium alginate electrolyte introduced into OESTs. (c) Raman and (d) UV-Vis spectra of [SA], [Na-TFSI],

and [SA][Na-TFSI] to evaluate electrolyte interactions.

its peak within the 60 ms programming pulse, indicating that
SA incorporation does not slow the switching response. In the
[Na-TFSI] OEST, the EPSC quickly returned to its initial level
after pulse removal, whereas the [SA][Na-TFSI] OEST exhibited
pronounced EPSC retention. Additionally, PPF was investigated
at time intervals (A¢) ranging from 60 to 2500 ms (Figure S3).
PPF refers to the enhancement of the second EPSC relative to the
first under two consecutive pulses (Figure 2c). The PPF index,
defined as A,/ A,, (where A, and A, are the first and second
EPSC peaks, respectively), was used to quantify this behavior [31,
32]. The [SA][Na-TFSI] OEST exhibited a higher PPF index than
that of the [Na-TFSI] at all time intervals, while the PPF index
decreased with increasing interval (Figure 2d). The PPF index was

fitted using a double exponential equation [33-35].

PPF =C, + C, exp <—§> + C,exp <—$> @

1 2

where C,, C;, and C, represent the facilitation magnitudes. At is
the time interval between two consecutive pulses, and 7; and 7,
are the relaxation times of each phase. The parameters extracted
from the [Na-TFSI] OEST were C, = 0.998, 7, =37.81 ms, and 7, =
648.46 ms, while the [SA][Na-TFSI] OEST exhibited C, = 1.271,
7, = 84.44 ms, and 7, = 1640.59 ms. Furthermore, the [SA][Na-
TFSI] OEST showed larger 7, and 7, values than those of the
[Na-TFSI] OEST, indicating enhanced synaptic plasticity. The
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FIGURE 2 | Analysis of non-volatile characteristics of OESTs. Short-term plasticity (STP) characteristics of (a) [Na-TFSI] and (b) [SA][Na-TFSI]
OESTs. A single pulse was applied at four different amplitudes (1.5, —1.8, —2.0, and —2.2 V). (c) EPSC response triggered by two consecutive pulses
applied to [SA][Na-TFSI] OESTs with a 600 ms pulse interval. (d) Paired-pulse facilitation (PPF) index based on the interval between two consecutive
pulses, measured over intervals ranging from 60 to 2500 ms. (¢) Maximum EPSC responses of [Na-TFSI| and [SA][Na-TFSI| OESTs as a function of
pulse width and pulse number. EPSC responses of (f) [Na-TFSI] and (g) [SA][Na-TFSI] OESTs under 10 consecutive pulses applied at four different
amplitudes (-1.5, —1.8, —2.0, and —2.2 V). (h) Maximum EPSC (EPSC,,y) and memory level (%) of [Na-TFSI| and [SA][Na-TFSI] OESTs across five
devices. (i) Memory level (%) of [Na-TFSI] and [SA][Na-TFSI| OESTs up to 1000 s. (j) Normalized EPSC curves for [Na-TFSI| and [SA][Na-TFSI| OESTs.
Inset: First derivative of the normalized EPSC curve. (k) Schematic illustration of the ion diffusion process after pulse removal in the electric double
layer, amorphous, and crystalline domains. 1) Relaxation time constants (77, 7,, and 73) calculated from the tri-exponential decay function. (m) “Learning-

Forgetting” behavior induced by applying 10 identical consecutive pulses to [SA][Na-TFSI] OESTs. (n) Demonstration of learning-forgetting behavior

obtained from normalized current.

increased 7, and 7, values in the [SA][Na-TFSI| OEST indicate
that SA prolongs the residual ionic state between consecutive
pulses, thereby enhancing PPF behavior and short-term synaptic
facilitation. Subsequently, to analyze the non-volatile synaptic
characteristics, EPSC changes were examined as a function of
pulse number and pulse width (Figure S4). In both [SA][Na-
TFSI] and [Na-TFSI| OESTs, the EPSC increased with increasing
pulse number and width (Figure 2e), indicating progressive
ion accumulation within the channel. This behavior suggests

that [TFSI]~ ion migration under repeated stimulation enhances
synaptic plasticity and nonvolatile characteristics. To further
assess nonvolatile memory performance, 10 consecutive pulses
with varying amplitudes (V. = —1.5, 1.8, —2.0, and —-2.2 V)
were applied (Figure 2f,g) [36]. Both the pulse width and pulse
interval were fixed at 60 ms. After 10 consecutive pulses, the
[Na-TFSI] OEST rapidly returned to its initial state, whereas
the [SA][Na-TFSI] OEST retained an EPSC under all ampli-
tude conditions, demonstrating enhanced retention behavior. To
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quantitatively evaluate non-volatile properties, the maximum
EPSC (EPSC,,,c) and memory level were extracted (Figure 2h).
The memory level was defined as the ratio of the EPSC mea-
sured after 20 s to the maximum EPSC (EPSC,,,/EPSC,,,,)-
The [SA][Na-TFSI] OEST exhibited higher EPSC,,,, and memory
levels than the [Na-TFSI| OEST, and this trend is consistently
observed across five devices (Figure S5). Additionally, to confirm
the temporal scalability of EPSC responses, the memory level was
monitored up to 1000 s (Figure 2i). The [SA][Na-TFSI] OEST
exhibited a memory level of 24.5%, approximately seven times
higher than that of the [Na-TFSI] OEST (3.37%), demonstrating
significantly improved non-volatile synaptic characteristics. The
nonvolatile retention performance of the [SA][Na-TFSI|] OEST
was further benchmarked with representative OECT/OEST-
based synaptic devices (Table S2). To analyze the diffusion
kinetics of doped anions, the first derivative of the normalized
EPSC was evaluated (Figure 2j). The [SA][Na-TFSI] OEST showed
a shorter transient response than the [Na-TFSI] OEST, indicat-
ing suppressed back-diffusion and prolonged ion retention at
the electrolyte/channel interface. To investigate the nonvolatile
characteristics of the doped ions, a tri-exponential model was
employed to describe their dynamics within the channel layer
(Figure S6) [37, 38].

—(t—t) —(t—1)
ID, norm = IIOO, norm t Al exXp <T—O + A2 exp T—O

1 2

+ Asexp <M> 2

73

where 5y horm iS the normalized EPSC measured after 100 s,
and A,, A,, and A; are EPSC pre-factors. t represents time,
t, denotes the end time of the last pulse, and 7, 7,, and 74
are relaxation times. 7, corresponds to depolarization at the
electrolyte/polymer interface, while 7, indicates the rapid back-
diffusion of doped anions. The 3, a key parameter determining
non-volatile retention characteristics, denotes the slow back-
diffusion of doped anions (Figure 2k) [39]. The [SA][Na-TFSI]
OEST exhibited higher time constants than the [Na-TFSI] OEST
under all conditions (Figure 21). In particular, the 7; extracted
from the [SA][Na-TFSI] OEST was 89.8 s, which is significantly
longer than that of the [Na-TFSI] OEST (35.5s). This suggests that
[SA][Na-TFSI] OEST exhibits long-term retention characteristics
and effectively suppresses the back-diffusion of anions.

The [SA][Na-TFSI] OEST enables the emulation of a psychologi-
cal model for human learning and memory [40]. To systematically
mimic brain functions such as learning, forgetting, and memory,
10 identical pulses were applied to the [SA][Na-TFSI] OEST. The
learning—forgetting process was constructed by applying pulses
with fixed time intervals in an alternating manner (Figure 2m).
Learning, forgetting, and relearning were sequentially imple-
mented. The increase in current upon pulse application is defined
as the learning stage, whereas the decay after pulse removal
corresponds to the forgetting stage [41]. During relearning, three
pulses were sufficient to reach the maximum EPSC of the
initial learning stage, while only a single pulse was required in
the second relearning cycle. The reduced number of required
pulses highlights the enhanced learning efficiency and stable
memory retention of the [SA][Na-TFSI] OEST [42]. Moreover,
the EPSC peak progressively increased over repeated cycles,

indicating cumulative learning behavior. The learning-forgetting
process was visually analyzed using normalized current values
(Figure 2n). The current values measured in the experiment were
normalized with I,,,, = 1 and I,;, = 0. Thus, the normalized
current was defined as I,,,, = I. In the visualization process,
the normalized current values were directly applied to the image
projection. After 20 s of forgetting, the normalized current
decreased from 0.25 to 0.072, resulting in a blurry icon that
was difficult to identify. However, after 42 s of relearning, the
value increased to 0.52, resulting in a much clearer icons than
before. Moreover, it maintained a value of 0.29 even after a longer
forgetting process of 60 s, resulting in a relatively clear icon. These
results demonstrate that the [SA][Na-TFSI] OEST effectively
emulates human learning and memory processes, particularly by
enhancing relearning efficiency. Overall, the incorporation of SA
into the electrolyte enables stable nonvolatile synaptic behavior
and supports the implementation of neuromorphic functions,
highlighting its potential for advanced neuromorphic computing
applications.

To observe structural changes induced by ion doping in the
polymer films in [Na-TFSI] and [SA][Na-TFSI] OESTs, Raman
spectroscopy was performed (Figure 3a,b). Ion doping was
induced by applying a —2.2 V pulse for 10 s, followed by
nitrogen drying. Before pulse application, characteristic Raman
peaks appeared at 1400 and 1445 cm™. Upon electrochemical
doping, these peaks shifted toward lower wavenumbers [43],
reflecting increased backbone planarity and enhanced 7-electron
delocalization associated with polaron formation [44, 45]. In
contrast, the [Na-TFSI] OEST showed negligible peak shift before
and after pulse application, indicating the absence of stable
polaron formation due to the rapid back-diffusion of anions. This
suggests that the incorporation of [SA] promotes ion-polymer
interactions, thereby inducing the formation of stable polaron
structures.

To observe the real-time adsorption and diffusion behavior
of ions within the polymer, in situ UV-Vis absorption spec-
troscopy was performed (Figure 3c). Electrochemical doping
was induced by applying a bias to the film coated on an ITO
substrate (Figure 3d,e). Upon doping, the absorbance at 555 nm
decreases, while a broad absorption above 800 nm increases
due to polaron formation [46]. To quantitatively compare the
doping behavior, the normalized absorbance of the [Na-TFSI]
and [SA][Na-TFSI] OESTs was analyzed (Figure 3f). After pulse
application, the [Na-TFSI] OEST shows a moderate decrease
in absorbance to 0.55 of its initial value, indicating limited ion
injection into the polymer. In contrast, the [SA][Na-TFSI] device
exhibits a pronounced decrease from 0.71 to 0.41, confirming
enhanced electrochemical doping enabled by [SA]. Additionally,
the [SA][Na-TFSI|] OEST exhibits a pronounced increase in
absorbance over the 750-900 nm range with increasing voltage,
indicating enhanced polaron formation during electrochemical
doping [47]. These UV-Vis results support that SA facilitates
electrochemical doping under bias, as reflected by the stronger
polaron-related absorption and enhanced conductance modula-
tion. Importantly, the enhanced doping response is accompanied
by a slower de-doping process after bias removal, suggesting that
the SA-modified interfacial environment helps retain the doped
ionic/polaronic state and retards ion back-diffusion into the
electrolyte.
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FIGURE 3 | Electrochemical doping and de-doping characteristics of [Na-TFSI] and [SA][Na-TFSI] OESTs. Raman spectra of (a) [Na-TFSI] and
(b) [SA][Na-TFSI] OESTs before and after bias application. (c) Schematic illustration of the experimental setup for UV-Vis absorption spectroscopy
measurements. In situ UV-Vis spectra of (d) [Na-TFSI] and (e) [SA][Na-TFSI] OESTs before pulse application and under applied voltages ranging from
0.2 V to 1.2 V. (f) Normalized absorbance of [Na-TFSI] and [SA][Na-TFSI] at a wavelength of 555 nm. (g) Schematic illustration of the experimental
setup for cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements. (h) CV measurements of [Na-TFSI| and [SA|[Na-
TFSI] using an Ag/AgCl reference electrode at a scan rate of 20 mV s™. (i) Nyquist plots of [Na-TFSI] and [SA][Na-TESI] OESTs. X-ray photoelectron
spectroscopy (XPS) C 1s spectra of (j) pristine, (k) [Na-TFSI] and (1) [SA][Na-TFSI] OESTs. Schematic representation of ion migration between polymers

and (m) [Na-TFSI] and (n) [SA][Na-TFSI] electrolytes in response to pulses.

CV measurements were performed to investigate the interaction
between the polymer film and ions. A three-electrode configura-
tion was used with an ITO-coated polymer film as the working
electrode, a Pt wire as the counter electrode, and Ag/AgCl as the
reference electrode (Figure 3g). Since the polymer films coated
on the ITO substrates were identical in both conditions, the
differences in electrochemical behavior observed between [Na-
TFSI] and [SA][Na-TFSI] are attributed to the incorporation of SA
into the electrolyte. The oxidation behavior of the [Na-TFSI] and
[SA][Na-TFSI] OESTs was analyzed (Figure 3h). The [SA][Na-

TFSI] OEST exhibits a higher current and a distinct oxidation
peak at 0.28 V, whereas the [Na-TFSI] OEST shows no clear
peak within the range of —0.5 to 0.5 V. These results indicate
more efficient ion injection and enhanced ion-polymer doping in
the [SA][Na-TFSI] OEST. Collectively, these findings demonstrate
that the incorporation of [SA] enhances electrostatic interactions
under bias, promoting deeper ion penetration and improved
anion doping efficiency. This efficient doping process is coupled
with the subsequent stabilization of the doped ionic state by the
SA-modified interfacial region after bias removal.
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To further elucidate ion transport behavior at the interface and
within the bulk polymer film, electrochemical impedance spec-
troscopy (EIS) measurements were performed. Figure 3i presents
the Nyquist plots of the [Na-TFSI| and [SA][Na-TFSI] OESTs.
Nyquist plots show a semicircle in the high-frequency region
and a Warburg impedance in the low-frequency region [48-
50]. The semicircle diameter reflects interfacial charge transfer
resistance at the polymer-electrolyte interface [10]. The [SA][Na-
TFSI] OEST exhibited a smaller semicircle diameter than the
[Na-TFSI] OEST, indicating facilitated ion transport across the
interface. This reduced interfacial resistance indicates that [SA]
does not simply impede ion motion in the electrolyte, but
instead promotes ion injection and charge transfer at the elec-
trolyte/channel interface. The coexistence of reduced interfacial
resistance and enhanced Warburg behavior indicates that SA
enables efficient interfacial ion transfer during bias application
while restricting long-range ion diffusion and post-bias relax-
ation within the polymer channel. Therefore, the SA-modified
interfacial region serves as an ion-diffusion barrier, retarding the
back-diffusion of interfacially retained ions into the electrolyte
after bias removal and stabilizing the electrochemically doped
state.

To further examine ion de-doping behavior, XPS analysis was
performed to track binding energy changes in the polymer
film. This analysis provides chemical information on the ionic
species retained in the polymer channel region adjacent to
the electrolyte/channel interface after bias application and
electrolyte removal. Before pulse application, the pristine film
exhibited C—C/C=C and C—S/C—O peaks in the C 1s spectrum
(Figure 3j) [51, 52]. After pulse application, both the [Na-TFSI]
and [SA][Na-TFSI] OESTs exhibited CF;, C—S, and O=C—0
peaks (Figure 3k,1), confirming the incorporation of [TFSI]-
and [SA] related species into the polymer. In particular, the
[SA][Na-TFSI] OEST showed enhanced CF; and O=C—O peaks
[53, 54], indicating that [SA] promotes the retention of [TFSI| -
derived species together with [SA]-related carboxylate species
near the electrolyte/channel interface. In addition, we analyzed
the F 1s XPS spectrum associated with [TFSI]" (Figure S7).
While no signal was detected in the pristine film, distinct peaks
appeared in both OESTs after pulse application, confirming the
presence of CF; groups originating from [TFSI]~ ions [55]. The
stronger [TFSI] -related chemical signatures in the [SA][Na-
TFSI] OEST indicate that SA suppresses the post-bias release
of interfacially retained ions back into the electrolyte. These
results confirm that SA stabilizes doped ionic species in the
polymer channel region adjacent to the electrolyte/channel
interface, thereby contributing to the interfacial ion-retention
mechanism.

Based on the previous analyses, we propose a mechanistic frame-
work describing the role of electrolyte additives in regulating
ion doping retention characteristics in OESTs (Figure 3m,n).
Incorporating a polymeric additive into the electrolyte mod-
ulates ion transport pathways, thereby governing doping effi-
ciency and retention, which are key determinants of nonvolatile
memory characteristics. In the [Na-TFSI| OEST, [TFSI]~ ions
migrate into the polymer channel under an applied electric
field, inducing electrochemical doping. However, due to the
lack of effective interfacial confinement, the ions rapidly back-
diffuse into the electrolyte, resulting in poor retention of the

doped state. In contrast, the [SA][Na-TFSI| system exhibits
fundamentally different behavior. The SA matrix, rich in neg-
atively charged carboxyl groups [56, 57], induces electrostatic
interactions that regulate ion transport pathways and promote
efficient ion injection into the channel [58, 59]. This accounts
for the lower effective programming voltage, higher on-current,
and stronger polaron formation observed in the [SA][Na-TFSI]
OEST. In this context, the proposed ion-trapping barrier is
defined as a dynamic interfacial barrier formed by the polymeric
SA network and carboxylate-rich environment through steric
and electrostatic effects. After bias removal, this SA-modified
interfacial region retards the back-diffusion of retained ions
into the electrolyte. As a result, the retained ions are released
more slowly, allowing the doped ionic/polaronic state to remain
stabilized for a longer period. This bias-dependent dual role of
SA explains the simultaneous enhancement of doping efficiency
and prolongation of de-doping kinetics in the [SA][Na-TFSI]
OEST.

LTP/D is a key functionality in neuromorphic applications [60].
Key parameters including G,/ Gy, and nonlinearity (NL) criti-
cally influence the accuracy of ANN simulations [61]. To evaluate
the LTP/D characteristics of [Na-TFSI| and [SA][Na-TFSI] OESTs,
50 consecutive potentiation and depression pulses were applied.
Potentiation pulses (60 ms) were fixed at —2.2 V, while depression
pulses (60 ms) were applied at +1.0, +1.5, and +2.0 V (Figure 4a,b).
The [SA][Na-TFSI] OEST exhibited improved linearity compared
to the [Na-TFSI] OEST, indicating more uniform and gradual
weight updates enabled by [SA]. Furthermore, the G,./Guin
ratio and NL values were quantitatively extracted from the LTP/D
curves of both OESTs. The G,,,/Gy, is the ratio of maximum to
minimum conductance, and the NL value was extracted by fitting
the normalized LTP/D curves to a nonlinear function (Figure
S8). Under all conditions, the [SA][Na-TFSI] OEST exhibited a
high G.x/Gnin and lower NL values, demonstrating enhanced
linearity and wider dynamic range in both the potentiation and
depression processes (Figure 4c,d). Moreover, stable operation
under repeated cycling is essential for practical neuromorphic
applications. To evaluate device stability, 2500 consecutive pulses
were applied (Figure 4€). The [SA][Na-TFSI] OEST maintained
stable G,,,,/Gni, and NL values throughout the entire operation
(Figure 4f,g), indicating robust synaptic performance under
repeated cycling. Reproducibility was further assessed across
five devices under identical conditions (Figure 4h). The LTP/D
curves of all [SA][Na-TFSI] OESTs exhibited consistent behav-
ior, confirming negligible device-to-device variation and stable
performance.

Finally, ANN-based simulations were performed to evaluate the
neuromorphic potential of the [Na-TFSI|] and [SA][Na-TFSI]
OESTs. Recognition accuracy was evaluated using a multi-layer
perceptron (MLP) trained on the MNIST handwritten digit
dataset (28 x 28 pixels) (Figure 4i). The network consisted of
784 input neurons, 100 hidden neurons, and 10 output neurons.
As shown in Figure 4j, the parallel crossbar array implemented
in the simulation is presented. Characteristic parameters such
aS Gpax/Gmin and NL, derived from the measured LTP/D char-
acteristics, were incorporated into the simulation model. For
both OESTSs, the recognition accuracy increased with epochs
and converged to a stable value (Figure 4k,l). Notably, the
[SA][Na-TFSI] OEST consistently exhibited higher recognition
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FIGURE 4 | Long-term potentiation/depression (LTP/D) operations for neural-inspired computing simulations. LTP/D responses of (a) [Na-TFSI|

and (b) [SA][Na-TFSI] OESTs under 50 potentiation pulses at —2.2 V and 50 depression pulses at different amplitudes (+1.0, +1.5, and +2.0 V). NL and
Gpax/ Gmin derived from the (c) LTP and (d) LTD region of [Na-TFSI| and [SA][Na-TFSI] OESTs. (e) Cycle-to-cycle variations of LTP/D of [Na-TFSI]
and [SA][Na-TFSI] OESTs over 25 cycles. NL and Gyy,x/Gpin Values of the (f) LTP and (g) LTD regions extracted from 25 LTP/D cycles. (h) LTP/D
characteristics of [SA][Na-TFSI] OESTs measured across five devices. MNIST simulation based on ANN for neuromorphic computing of OESTs. (i)
A three-layer ANN consisting of 784 input neurons, 100 hidden neurons, and 10 output neurons. (j) Schematic illustration showing a crossbar array
comprised of OESTs. Recognition accuracy for (k) [Na-TFSI| and (1) [SA][Na-TFSI] OESTs in ANN simulations with depression pulses at different
amplitudes (+1.0, +1.5, and +2.0 V). (m) Recognition accuracy of [Na-TFSI] and [SA][Na-TFSI| OESTs reflecting cycle-to-cycle variation in LTP/D
curves. Confusion matrices representing maximum recognition accuracy of (n) [Na-TFSI] and (o) [SA][Na-TFSI] OESTs.

accuracy across all conditions, attributed to its improved lin-
earity and dynamic range. Under optimal conditions (-2.2 V
potentiation and +1.0 V depression), the [Na-TFSI| and [SA][Na-
TFSI] devices achieved maximum accuracies of 89.19% and 93.7%,
respectively. Even when accounting for cycle-to-cycle variations
(Figure 4m), the [SA][Na-TFSI] OEST maintained superior recog-
nition performance, demonstrating robust and reliable synaptic
behavior. Confusion matrix analysis further confirms this trend
(Figure 4n,0), where the [SA][Na-TFSI] device exhibited near-
ideal diagonal dominance with minimal misclassification. These
results demonstrate that the incorporation of [SA] significantly
enhances recognition accuracy and reliability, highlighting the

potential of the [SA][Na-TFSI| OEST for advanced neuromorphic
computing applications.

3 | Conclusion

In summary, this work demonstrates that nonvolatile synap-
tic behavior in OESTs can be effectively achieved through
electrolyte-level additive design incorporating a bio-derived poly-
mer. The introduction of SA induces electrostatic repulsion
between its abundant hydroxyl and carboxyl groups and mobile
ions, leading to the formation of interfacial physical barriers
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within the electrolyte. These barriers regulate ion redistribution
and relaxation dynamics, suppress rapid ion back-diffusion, and
stabilize the electrochemical doping and dedoping processes. As a
result, the devices exhibit enhanced synaptic retention, improved
linearity in LTP/D characteristics, a higher Gmax/Gmin ratio,
and reduced nonlinearity compared with pristine electrolyte
systems. Benefiting from the stabilized weight-update behavior,
ANN simulations using the MNIST dataset achieved a learn-
ing accuracy of 93.7%, reflecting the improved weight update
stability. Collectively, these findings establish a direct electrolyte—
ion transport-function relationship and highlight electrolyte
modulation as an effective strategy for advancing neuromorphic
systems.

4 | Experimental Section
4.1 | Materials and Synthesis

Poly][3,3’-bis[2-[2-(2-methoxyethoxy)ethoxy|ethoxy]-2,2":5',2"-
terthiophene-5,5"-diyl] (P(g2T-T), M,, = 12.5 kg/mol, PDI =
2.56) was purchased from Derthon and used without further
purification. Sodium bis(trifluoromethylsulfonyl)imide (Na-
TFSI) was purchased from Sigma-Aldrich. Sodium alginate (SA)
was purchased from Samchun Chemicals. Na-TFSI solution was
prepared by completely dissolving 52.2 mg of Na-TFSI in 0.5 mL
of deionized (DI) water. SA solution was prepared by gradually
adding 40 mg of SA to 0.6 mL of DI water at 60°C, stirring the
mixture at 350 rpm for 10 min, and then adding 0.4 mL of DI
water. The prepared Na-TFSI solution was added dropwise to the
SA solution, followed by additional stirring at 60°C for 20 min.
Subsequently, 0.4 mL of glycerol was added dropwise. Finally,
the [SA][Na-TFSI] electrolyte was obtained by evaporating water
while stirring the mixture on a hot plate at 80°C for 3 h.

4.2 | Device Fabrications

Si/Si0, (285 nm) wafers were cut into 1.5 x 1.5 cm? pieces. These
wafers were ultrasonically cleaned in isopropyl alcohol (IPA)
for 20 min, rinsed with DI water, and dried with nitrogen gas.
To modify the wafer surface, ultraviolet ozone treatment was
performed for 5 min. A P(g2T-T) solution (4 mg mL™!) was
prepared by dissolving P(g2T-T) in chloroform and stirring at
50°C for 20 min. The obtained solution was filtered through a
polytetrafluoroethylene (PTFE) syringe filter with a pore size of
0.45 um. Subsequently, the channel layer was spin-coated at 1000
rpm for 60 s onto the Si/SiO, wafer. The gate, source, and drain
electrodes were thermally evaporated as Au (40 nm) electrodes
using a patterned shadow mask within a high-vacuum chamber
maintained at approximately 3 x 1073 Torr. The width and length
of the defined channel are 800 and 100um, respectively. The
electrolyte was drop-cast into the channel region between the
source and drain electrodes using a micropipette.

4.3 | Characterization of Synaptic Properties
To evaluate the electrical characteristics of OESTS, measurements

were performed in the dark at ambient temperature using a
Keithley 4200A-SCS system.

4.4 | Cyclic Voltammetry (CV) and
Electrochemical Impedance Spectroscopy (EIS)

The working electrode was fabricated by spin-coating a P(g2T-T)
solution onto an ITO substrate at 600 rpm for 60 s. A three-
electrode system was configured using the P(g2T-T)-coated ITO
as the working electrode, an Ag/AgCl reference electrode, and a
Pt counter electrode. For the CV and EIS measurements, the [Na-
TFSI] and [SA][Na-TFSI] electrolytes were each prepared with
a total volume of 1.5 mL using the same procedure described
above. The electrodes were immersed in the prepared electrolyte
to perform electrochemical analysis. CV measurements were
performed at a scan rate of 20 mV s! over a potential range
from —0.5 to +0.5 V versus Ag/AgCl. EIS measurements were
conducted using an AC amplitude of +0.1 V over a frequency
range from 0.1 Hz to 1 MHz.

4.5 | In Situ UV-Vis Spectroscopy

In situ UV-vis spectroscopy was performed using a PerkinElmer
Lambda 465. The P(g2T-T) solution was spin-coated onto an
ITO substrate at 600 rpm for 60 s. A two-electrode system was
configured using P(g2T-T)-coated ITO and a Pt wire as the
working and counter electrodes, respectively.

4.6 | Simulation of Artificial Neural Network

Artificial neural network (ANN) simulations were performed
on a Linux platform using NeuroSim (ver. 3.0). The simulation
parameters include the number of conductance states, device-to-
device and cycle-to-cycle variations, dynamic range, nonlinearity
(NL), and pulse voltage and width.
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