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Temperature-Resilient Polymeric Memristors for Effective
Deblurring in Static and Dynamic Imaging

Ziyu Lv, Ming-Hao Jiang, Hui-Ying Liu, Qing-Xiu Li, Tao Xie, Jingya Yang, Yan Wang,
Yongbiao Zhai, Guanglong Ding, Shirui Zhu, Jia-Hua Li, Miao Zhang,* Ye Zhou,
Bobo Tian, Wai-Yeung Wong,* and Su-Ting Han*

Organic memristors have emerged as promising candidates for neuromorphic
computing due to their potential for low-cost fabrication, large-scale
integration, and biomimetic functionality. However, their practical
applications are often hindered by limited thermal stability and
device-to-device variability. Here, an organic polymer-based memristor
using a thiadiazolobenzotriazole (TBZ) and 2,5-Dioctyl-3,6-di(thio-
phen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP)-based conjugated
polymer is presented that exhibits exceptional thermal stability and reliable
resistance switching behavior over a wide temperature range (153–573 K).
The device leverages a charge-transfer mechanism to achieve gradual and
uniform resistance switching, overcoming the challenges associated with
filamentary-based mechanisms. The memristor’s exceptional thermal stability
and consistent performance enable its integration into various applications,
including image processing. The device’s ability is demonstrated to effectively
deblur images, even under varying temperature conditions, showcasing its
potential for robust and reliable neuromorphic computing. This study
establishes a pathway toward high-performance, thermally stable organic
memristors for advanced neuromorphic computing and artificial intelligence
applications.
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1. Introduction

The pursuit of electronic systems with cog-
nitive, decision-making, and interactive ca-
pabilities has driven significant advance-
ments in artificial intelligence.[1–6] This en-
deavor has also catalyzed the development
of advanced functional materials and de-
vices optimized for information storage and
processing.[7–15] A pivotal milestone in this
field was the landmark study of Williams
and Strukov in 2008, which spurred the
rapid evolution ofmemristor technology.[16]

Memristors, with their ability to modulate
resistance based on the history of electri-
cal bias, along with high data density, relia-
bility, low power consumption, fast switch-
ing speeds, and a compact footprint, of-
fer a compelling alternative to conventional
charge-based memory technologies.[11,17–21]

In addition, memristors enable intrinsic in-
formation processing through “compute-in-
physics,” utilizing physical phenomena to
carry out complex signal transformations.
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This capability significantly enhances both area and energy ef-
ficiency, positioning memristors as promising candidates for
applications in neuromorphic chips, artificial intelligence, and
in-sensor computing.[20,22–26] Regarding material selection, a di-
verse range of materials—encompassing inorganic oxides,[27,28]

low-dimensional systems,[18,29–32] phase-change materials,[33,34]

organic compounds[35] and heterojunction materials[36–38]—has
been investigated for memristor development. Among these,
oxide-based devices have proven to be particularly promising due
to their considerable application potential.[39–46] However, chal-
lenges such as elevated forming voltages and currents, signif-
icant set/reset voltages, as well as spatial and temporal non-
uniformity, hence hindering the advancement of high-density
memory technologies.[47–50]

Among other genres, organic memristors garnered consid-
erable interest from the research community. This is due to
their inherent nanometer-scale material properties and their
versatile ionic-electronic behaviors, which offer significant ad-
vantages for data storage and processing. Additionally, their
solution processability facilitates cost-effective manufacturing,
while their chemically tunable functionalities further enhance
their attractiveness.[51–54] To fabricate high-performancememris-
tors and neuromorphic chips, considerable effort has been de-
voted to developing organic memristors with diverse resistance-
switchingmechanisms—including redox processes,[55–58] molec-
ular conformation reconstruction,[59] ion migration,[60,61] and
charge transfer[62,63]—that enable precise modulation of elec-
tronic and electrical states within organic molecules. Recent pi-
oneering studies, for example, showcase the development of a
metal-organic complex with five distinct redox states to create
a molecular memristor capable of performing advanced condi-
tional logic and highlight the advancement of an organic macro-
molecule with enhanced ion-molecule interactions and precise
structural ordering, thus achieving exceptional device miniatur-
ization (50 × 50 nm2) and remarkable uniformity, with con-
ductance variation minimized to just 0.29%.[64] Despite signif-
icant research investment, the commercial translation of or-
ganic memristors remains unachieved, with key performance
aspects, such as device stability and endurance, still requiring
improvement.[65–67] For instance, organic memristors are often
hindered by inadequate thermal stability, which poses a sub-
stantial challenge to maintaining optimal device functionality.
Robust thermal resilience is paramount for the integration of
thesememristors as artificial synaptic/neuronic elements in neu-
romorphic systems, particularly when intended for deployment
in extreme environments, such as aerospace (i.e., space explo-
ration), energy (i.e., geothermal energy), and military applica-
tions (hypersonic vehicles). Despite the critical nature of thermal
stability, few investigations have thoroughly examined this char-
acteristic in organic memristors. Furthermore, the operational
temperature ranges reported thus far fall short of meeting the
stringent requirements for advanced applications, particularly in
the aerospace and military sectors.
In this study, we propose an organic polymeric memris-

tor based on acceptor-acceptor (2,5-dioctyl-3,6-di(thiophen-2-yl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP) acts as the accep-
tor 1; thiadiazolobenzotriazole (TBZ) acts as the acceptor 2) con-
jugated polymer-(PTBZ-DPP) capable of operation under a wide
temperature range (153–573 K, thermal treatment) and forming-

free switching behavior with good uniformity. The polymer-
based memristor in PTBZ-DPP, constructed with two strong
electron-withdrawing units to facilitate intramolecular charge
transfer (ICT), achieves gradual resistance switching. Under elec-
trical stimulation, the stable charge transfer process in the device
effectively regulates charge transport within the polymer film, re-
sulting in a reliable gradual memristive response. In contrast,
filamentary memristors, while the most widely studied and ex-
hibiting excellent performance characteristics, face challenges
such as stochastic ion migration leading to poor device unifor-
mity and difficulties in constructing prototypes with a wide op-
erational range. In our study, the charge transfer mechanism
inherently avoids problems associated with the overgrowth or
random formation of conductive filaments. The charge trans-
fer process utilized in this system ensures superior spatiotem-
poral consistency, with low operational voltage variations, and
multi-bit storage capabilities. Moreover, the polymer system ex-
hibits excellent thermal tolerance and environmental stability,
with its memristive properties remaining virtually unaffected af-
ter both low- and high-temperature treatments. Collectively, the
charge transfer-based memristor in our study synchronously im-
proves device uniformity and expands the operational tempera-
ture range, making it highly suitable for specialized application
scenarios. Thanks to its good stability and consistent resistance
switching behavior, this memristor is well-suited for applications
such as blurred image recognition andmotion deblurring. For ex-
ample, in the blurred image recognition task, the memristor ar-
ray maintains robust image processing capabilities across differ-
ent temperatures, enhancing recognition accuracy by over 30%
compared to untreated blurred images, further demonstrating
the device’s thermal robustness.

2. Results and Discussion

2.1. Organic Memristors and Their Switching Behaviors

Detailed synthetic procedures for the polymer are available in
Figure S1 (Supporting Information). The PTBZ-DPP thin film
described herein was deposited onto a pre-patterned ITO glass
substrate via spin coating. The choice of Au as the top electrode
material is based on its inert nature. Our fundamental device
architecture and cross-sectional scanning electron microscopy
(SEM) image, illustrated in Figure 1a,b, feature a PTBZ-DPP
layer sandwiched between Au and ITO electrodes. The thickness
of the switching material is ≈130 nm. Comprehensive details
of the device fabrication process are outlined in the Experimen-
tal Section and Figure S2 (Supporting Information). Figure 1c
presents the chemical structures of two acceptors, TBZ and
DPP(containing -Sn end group), serve as monomers for poly-
merization. Figure 1d shows the typical I–V curves of the PTBZ-
DPP memristor under successive 10 cycles of positive and nega-
tive voltage sweeps at room temperature. The memristor shows
pinched hysteresis loops upon bipolar periodic intuitive illustra-
tion of the evolution of peak current with the voltage sweep cy-
cle (Figure 1e,f). For instance, the peak current increases grad-
ually from 0.2 mA to over 0.4 mA, whereas negative current
sweeps lead to a gradual recovery of the current to its initial
value. Increasing the molecular weight can negatively impact the
solubility and uniform distribution of polymer molecules in the
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Figure 1. Schematic and characterization of the PTBZ-DPP-based memristor. a) Schematic and b) cross-section SEM image of the polymeric memristor
in this study, with PTBZ-DPP as the switching material, scale bar: 100 nm; c) Molecular view of the TBZ-DPP; d) I–V characteristics of PTBZ-DPP-based
memristor under successive positive (red) and negative (blue) voltage sweeps. e,f) I–t characteristics of PTBZ-DPP-based memristor under successive
e) positive and f) negative voltage sweeps (0 → 2(-2) → 0), extracted from (d), step: 0.02 V. g) Schematic illustration of ICT induced molecular state
change (one repeating unit). h) Energy level variations as a function of the number of repeating unit.

solvent, leading to non-uniformity in the resulting film. This of-
ten results in significant fluctuations in the memristor curves,
and in some cases, the memristive effect may become unob-
servable (Figures S3–S5, Supporting Information). Decreasing
the thickness of the PTBZ-DPP film can cause to a reduction or
even elimination of hysteresis, as shown in Figures S5 and S6
(Supporting Information). The PTBZ-DPP introduces two accep-
tors with different electron-withdrawing capability, facilitating
intramolecular charge transfer under electrical stimulation and
consequently inducing changes in the molecular dipole moment
(Figure S7, Supporting Information). By examining an individ-
ual repeating unit using DFT calculation, we observe that electri-
cal excitation triggers charge transfer within the molecule, lead-
ing to enhanced electron mobility and conductivity (Figure 1g
and Figure S8, Supporting Information). The use of inert elec-
trodes in our device eliminates the possibility of conductive fil-
ament formation as the mechanism for resistive switching. In-
stead, we attribute the observed resistive switching to intramolec-
ular charge transfer, consistent with findings reported in pre-
vious studies.[68] Moreover, as the molecular weight increases
(i.e., the number of repeating unit), the energy bandgap nar-

rows (Figure 1h). A higher number of repeating unit implies a
greater number of potential charge transfer pathway within the
molecule.

2.2. Temperature and Environmental Stability

Subsequently, we evaluated the stability of the memristor un-
der various thermal and environmental conditions. First, the de-
vices were subjected to different temperatures (153, 373, 473, and
573 K) for 30 min, followed by memristive performance testing
(Figure 2a). We observed that under 20 voltage pulses, the de-
vices exhibited highly consistent memristive behavior, demon-
strating good high-temperature tolerance and potential for ap-
plications under extreme conditions. The surface roughness of
PTBZ-DPP films treated at different temperatures was also char-
acterized. AFM images revealed no significant changes in film
morphology or roughness after either low or high-temperature
treatments, indicating excellent thermal stability of the polymer
film (Figure 2b). A comparative graph of peak currents under
pulse stimulation further confirmed the temperature robustness
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Figure 2. Temperature and environmental stability tests of the PTBZ-DPP-based memristor. a) Conductance response induced by successive voltage
pulses (Vpulse = 3 V, duration 1 ms) of PTBZ-DPP-based memristor and b) corresponding AFM topography images of the PTBZ-DPP film, treated at
different temperatures (153 K, 373 K, 473K and 573K). All devices or films were conditioned at different temperatures for one hour before being tested
at room temperature. c) Histogram of the peak currents of PTBZ-DPP-based memristor induced by successive voltage pulses, at different temperatures
(153 K, 373 K, 473K and 573K). d) thermogravimetric analysis (TGA) of the PTBZ-DPP film. I–V characteristics of e) PTBZ-DPP-based memristor at
pristine state, and f) stored under ambient condition for seven months.

of the devices after different thermal treatments (Figure 2c).
Thermogravimetric analysis showed that the polymer material
exhibits good thermal responsiveness, with only a 5% mass
loss at 681 K (Figure 2d). Additionally, the memristive effect of
the devices remained nearly unchanged after being stored in a
normal environment (at room temperature in air, without any
specific protection from light exposure) for seven months, fur-
ther proving the excellent environmental stability of the devices
(Figure 2e,f).

2.3. Neuromorphic Behavior

In addition, the charge transfer behavior between acceptor 1
and acceptor 2 within the PTBZ-DPP film can be employed to
simulate neurotransmitter transmission in biological synapses
(Figure 3a). The charge transfer behavior induces the forma-
tion and disruption of conductive pathways within the dielec-
tric layer. With increased voltage stimuli, these pathways demon-
strate prolonged relaxation or retention times. As a result, the
steady-state evolution of these conductive pathways can be har-
nessed to simulate synaptic plasticity. Long-term plasticity, en-
compassing both long-term potentiation (LTP) and long-term de-
pression (LTD), is essential for memory-related and learning-
related behaviors. Based on the multibit storage characteristics
of the memristor, LTP and LTD are simulated through continu-
ous positive and negative pulse stimuli. As shown in Figure 3b,
40 continuous positive and negative voltage stimuli gradually

increase or decrease the conductance state, with blue and red
dots representing synaptic current changes in LTP and LTD,
respectively. The device exhibits excellent LTP and LTD perfor-
mance, with linearity coefficients of 0.937 and -1.172 for LTP and
LTD, respectively. The polymer memristor in this study uses a
charge transfermechanism that induces gradual resistive switch-
ing under electrical stimulation. The conductance changes are
linear with the number of voltage pulses, as opposed to abrupt
jumps in filamentary memristors, enabling precise and pro-
gressive tuning of synaptic weights. This symmetrical and lin-
ear conductance modulation is advantageous for enabling brain-
inspired hardware with “blind” synaptic weight update capa-
bility. After exposure to both low and high-temperature treat-
ments, the memristor exhibits similar synaptic plasticity, indi-
cating its excellent thermal stability (Figure S9, Supporting In-
formation). As shown in Figure 3c, under 400 pulses (alternat-
ing between 20 positive and 20 negative pulses), the synaptic
weight updates exhibit excellent symmetry and reproducibility.
Additionally, this gradual rise and fall of current responses of-
fer a fundamental framework for modeling the complex inter-
play of excitation and inhibition in biological synapses. Paired-
pulse facilitation (PPF) and paired-pulse depression (PPD) are
forms of short-term synaptic plasticity mechanisms that play crit-
ical roles in shaping neuronal responses to rapidly occurring
spike trains. PPF enhances the response to a second spike, while
PPD suppresses it, thereby enabling the fine-tuning of synaptic
transmission. By adjusting the interval between pulses, themem-
ristor can also emulate PPF and PPD phenomena. As depicted
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Figure 3. Neuromorphic behavior. a) Schematics illustration of a biological synapse, and its electronic counterpart. b) Long-term potentiation (LTP)
and depression (LTD) displaying 20 discrete conductance states when the memristor is controlled with input pulses (3.0 V, -4.2 V duration, 5 ms). c)
Synaptic weight updates were induced by a 400 pulse protocol consisting of alternating 20 positive and 20 negative pulses. Experimental demonstration
of d) paired-pulse facilitation (PPF) and e) paired-pulse depression (PPD) in the PTBZ-DPP-based memristor. Postsynaptic currents evoked by varying
amplitudes of positive (f: 2.0 V, 2.5 V and 3.0 V) and negative voltage pulses (g: -2.6 V, -3.0 V and -3.6 V).

in Figure 3d,e, the PPF and PPD phenomena were simulated
by applying two consecutive voltage pulses of the same polar-
ity (3 V, 5 ms) and opposite polarity (−4.2 V, 5 ms), respectively.
The observed PPF can be attributed to the temporal summation
of neurotransmitter release. When the second stimulus arrives
at the presynaptic terminal, residual neurotransmitter from the
first stimulus remains in the synaptic cleft, leading to an en-
hanced postsynaptic response. Consequently, PPF is directly cor-
related with the inter-stimulus interval. We investigated the PPF
synaptic function index in our basic memristor using the follow-
ing equation:

PPF =
A2 − A1

A1
× 100% (1)

where A1 and A2 denote the current amplitudes measured in
response to the initial and subsequent 3 V positive stimuli.
Figure 3d illustrates a significant decrease in PPF increment

with increasing pulse intervals. Moreover, we can flexibly switch
between short-term and long-term plasticity by modulating the
pulse amplitude. As shown in Figure 3f,g, with lower voltage am-
plitude stimulation (2.0 V, -2.6 V), the post-synaptic current recov-
ers to its initial state within a few seconds; increasing the voltage
amplitude (2.5 V and 3.0 V, -3.0 V and -3.6 V) significantly pro-
longs the retention time of the post-synaptic current, enabling
the simulation of long-term plasticity.

2.4. Dynamic Response of the Memristors

Subsequently, the dynamic response of the memristors was
comprehensively examined using sequences of voltage stimuli
with varied frequencies, durations and pulse amplitudes. To
investigate the effect of stimulation frequency on the dynamic
response of the memristors, we first kept the input voltage du-
ration and amplitude constant. As shown in Figure 4a, under
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Figure 4. a) Current response measured during the application of 20 input pulses at varying frequencies (1, 10, 25, and 100 Hz). b) Variation in peak
current with pulse number, derived from (a); the conductance gain is defined as the ratio Ax/A1. c) Current response recorded during the application
of 20 input pulses with different durations (1, 2, 5, and 10 ms). d) Variation in peak current with pulse number, derived from (c). e) Current response
measured during the application of 20 input pulses at different amplitudes (0.5, 1.0, 2.0, 3.0, and 3.5 V). f) Peak current induced by the 20-th input pulse,
derived from (e). Inset: Variation in conductance gain with pulse number.

a 1 Hz voltage stimulus, the peak current of the device gradu-
ally increases with the number of pulse, similar to the synaptic
behavior observed in our previous studies. With higher stimula-
tion frequencies (10 Hz, 25 Hz, and 100 Hz), the rate of current
increase accelerates, allowing higher currents to be achieved af-
ter 20 pulses. We define the current gain as Ax/A1, where Ax
represents the peak current of the x-th voltage pulse. As illus-
trated in Figure 4b, higher frequency stimuli result in greater cur-
rent gains, with a gain of approximately 1.4 observed at 100 Hz.
Specifically, at low temperature, and high temperature, the cur-
rent gain shows similar behavior, underscoring the device’s re-
liable performance across a broad temperature range (Figure
S10, Supporting Information). The increase in current gain with
higher frequency can be attributed to the relaxation time re-
quired for the device to return to its initial state after each volt-
age stimulus. As the input frequency increases, the influence of
each preceding pulse on the subsequent one becomes more pro-
nounced, resulting in a significant enhancement in the peak cur-
rent. In addition to pulse frequency, significant current gain can
also be achieved by extending the pulse duration. As shown in
Figure 4c,d, when the pulse width is increased from 1 to 10 ms,
the peak current at the 20-th pulse rises from 0.34 to 0.64 mA,
with the current gain increasing from 121% to 228%. Further-
more, we observed a strong linear relationship between the peak
current and the number of pulse from the third pulse onwards,
demonstrating potential for “blind” synaptic weight updating.
Due to the threshold switching characteristics of memristors, the
amplitude of the input voltage has a pronounced effect on their

dynamic response. When the input voltage pulses are below or
near the threshold, the device exhibits little to no peak current
gain, as depicted in Figure 4e. However, as the voltage increases,
additional input pulses lead to a significant rise in current. At a
pulse voltage of 2.5 V, the peak current at the 20-th pulse reaches
approximately 0.7mA, with a gain approaching 1.8 (Figure 4f). In
addition to achieving various current gains through the methods
described above, ourmemristors can also exhibit distinguishable,
multilevel conductance states within voltage pulse sequences,
which is critical for neuromorphic applications such as reservoir
computing.[69–71] Our experimental results show that, under a se-
quence of four pulse trains (3 V, 100 Hz, 5 ms), our device can
achieve at least sixteen distinct and highly distinguishable resis-
tance levels. Within a wide temperature range (153–573 K), the
memristor canmaintain distinguishablemulti-level conductance
states, as shown in Figure S11 (Supporting Information). Multi-
level conductance and dynamic response of the polymermemris-
tor enable efficient data storage, time-dependent processing, and
are ideal for reservoir computing tasks like pattern recognition,
and predictive modeling.

2.5. Memristor-Assisted Blurred Image Recognition Task

The presence of noise significantly degrades image quality and
impedes effective information transmission. In the realm of arti-
ficial intelligence, models are generally trained on datasets char-
acterized by clear, distinct features and minimal disturbances.
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Figure 5. Simulations of blurred image recognition in a neuromorphic system utilizing PTBZ-DPP-based memristors. a) Schematic representation of a
neuromorphic system leveraging a memristor array for image deblurring, integrated with an artificial neural network for subsequent image recognition.
b) Examples depicting blurred images (left) and the corresponding images after memristor-based pre-processing. The memristor was subjected to
temperature treatments at 153, 300, and 573 K. c) Comparative analysis of image recognition rates for the original, blurred, and processed images (The
memristor was subjected to temperature treatments at 153, 300, and 573 K).

Consequently, their performance is often substantially compro-
mised when exposed to noisy input data, leading to reduced
accuracy in recognition and prediction tasks. The introduction
of noise (blurred image) not only diminishes the values of key
feature pixels but also introduces non-zero values to originally
zero pixels, thereby complicating the prediction process. Thus,
the challenge in image denoising is to effectively preserve crit-
ical feature information while eliminating noise. In this study,
we first employ the threshold-switching properties of memris-
tors to denoise blurred images. Subsequently, we utilize artificial
neural networks to analyze the processed images, as depicted in
Figure 5a. Figure 5a demonstrates the image deblurring perfor-
mance of the memristor array (Figure S12 in the Supporting In-
formation). The array processes images containing “5” body pat-
terns against a noisy background. Brighter pixels, representing
the body patterns, are represented by intense electrical input with
a 3 V pulse amplitude, while the background pixels are simulated
with weaker electrical input at a 0.5 V voltage pulse. The blurred
images display a contrast ratio of 6 between the body patterns and
the background noise. The images are consecutively input into
the memristor array, which is emulated by continuously applied
pulse input (N= 20). Due to thememristor’s threshold-switching
characteristics, it remains predominantly in the high-resistance
state (HRS) with minimal current (0.53 μA) when subjected to
0.5 V pulse input (corresponding to the background pixels). In
contrast, under 3 V pulse input (corresponding to the body pat-
tern pixels), it produces progressively higher currents (680 μA).
The output signals from the memristors in the array are rep-
resented by the spiking currents recorded after the 20-th input
pulse. The contrast between the body pattern and background
noise in the output is significantly enhanced compared to the

input blurred image. As a result, the background noise is effec-
tively filtered, allowing for a much clearer delineation of the body
pattern. As illustrated in Figure 5b, the delineation of the digits
“1,” “2,” “3,” and “4” is significantly sharper after denoising with
the memristor array, which was subjected to different tempera-
ture treatments of 153, 300, and 573 K, respectively. To recog-
nize handwritten digits in the 28 × 28 pixel images, we developed
a four-layer neural network architecture consisting of 784 input
nodes, two hidden layers with 200 and 20 nodes, and an output
layer comprising 10 nodes. Figure 5c illustrates the accuracy dur-
ing the recognition process for original, blurred, and processed
images. After 500 epochs, the neural network attains a recogni-
tion accuracy of 92.78% for the original images. In contrast, for
blurred images, the network’s accuracy is markedly lower, reach-
ing just 54.37%. However, when the images are denoised using
the proposed system, the recognition accuracy improves signifi-
cantly, surpassing 85% after 500 epochs. These results demon-
strate that the image deblurring process using the memristor
can effectively enhance the image recognition accuracy. More-
over, under different temperature treatments (153, 300, and 573
K), the system consistently achieves high recognition accuracy,
with all conditions maintaining performance above 85%, high-
lighting the robustness of the memristor-based approach across
a broad temperature range.

2.6. Memristor-Assisted Motion Deblurring of License Plates

Beyond static deblurring, we further investigated the perfor-
mance of the memristor in dynamic tasks. The motion deblur-
ring task plays a pivotal role in enhancing image recognition

Adv. Funct. Mater. 2025, 35, 2424382 2424382 (7 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Schematic illustration of a license plate motion deblurring task facilitated by memristive hardware. b) Diagram of the CNN architecture used
to identify motion parameters, including angle and length. c) Schematic depiction of the memristor-assisted CNN deblurring process and its resulting
deblurred image.

performance, as blurred images can significantly degrade the ac-
curacy of neural networks. Effective deblurring techniques re-
store image clarity, enabling more precise feature extraction and
improved classification outcomes, which are critical for various
applications in computer vision and artificial intelligence. The ca-
pabilities of image processing for license platemotion deblurring
are further illustrated through the use of the proposed PTBZ-
DPP-based memristors (Figure 6a). The blind deconvolution al-
gorithm is the most widely used method for tackling image de-
blurring. This approach necessitates the estimation of blur kernel
parameters, such as the length and orientation, which are cru-
cial for correcting image distortion. Manually inputting param-
eters is a tedious trial-and-error process. To address this issue,
we developed a convolutional neural network (CNN) that lever-
ages the memristor’s LTP/LTD characteristics (Figure 3b) to up-
date weights and optimize the model. The CNN was optimized
to derive an optimal model through iterative updates of synap-
tic weights in the spiking mode. This optimization process is fa-
cilitated by the implementation of both long-term potentiation
(LTP) and long-term depression (LTD) mechanisms. The nonlin-
ear current-voltage characteristic of the device was well-described
by the following equations:

In+1 = In + ΔIp = In + 𝛼p exp
[
𝜅d

(
Gmin −Gn

)
∕
(
Gmax −Gmin

)]

(2)

In+1 = In + ΔId = In + 𝛼d exp
[
𝜅d

(
Gn −Gmax

)
∕
(
Gmax −Gmin

)]

(3)

where 𝛼 represents the change in conductance and k quanti-
fies the degree of nonlinearity. The blurred image is fed into
the model, where multiple convolutional and pooling layers ex-
tract features, ultimately producing the blur kernel parameters
(length and angle) through the fully connected layer (Figure 6b
and Figure S13, Supporting Information). Once the blur kernel
parameters are obtained, deconvolution can be applied to the im-
age using a deblurring algorithm. As shown in Figure 6c, the
blurred car image becomes noticeably clearer after deblurring.
Previously illegible details, such as the license plate number (i.e.,
5CCD082), become distinguishable.

3. Conclusion

In this study, we developed and characterized PTBZ-DPP-
based organic memristors, demonstrating their potential for
neuromorphic and image-processing applications. The mem-
ristors exhibit reliable analog switching behavior with pinched
hysteresis loops, arising from intramolecular charge transfer
between two acceptor units. This mechanism is further sup-
ported by the device’s molecular design, which facilitates in-
creased conductivity under electrical stimulation, without the

Adv. Funct. Mater. 2025, 35, 2424382 2424382 (8 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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formation of conductive pathways. Our findings also reveal
that the memristors exhibit excellent thermal stability, main-
taining performance across a wide temperature range, and re-
markable environmental robustness, with memristive proper-
ties preserved after prolonged storage. In terms of neuromor-
phic behavior, the PTBZ-DPP memristors successfully emu-
late synaptic plasticity mechanisms such as long-term poten-
tiation (LTP) and depression (LTD), paired-pulse facilitation
(PPF) and depression (PPD), through controlled voltage stim-
uli. These characteristics provide a foundation for the devel-
opment of brain-inspired hardware capable of dynamic synap-
tic weight updates, essential for in-memory computing tasks.
Beyond neuromorphic functions, the memristors also demon-
strate promising capabilities in image processing, particularly
in image denoising and deblurring tasks. We demonstrated that
the threshold-switching characteristics of the memristor enable
effective noise filtering, significantly enhancing the clarity of
blurred images. This approach improves the accuracy of neu-
ral network-based image recognition, as evidenced by improved
performance in handwritten digit recognition tasks. Addition-
ally, the memristor’s LTP/LTD characteristics were employed
in a convolutional neural network (CNN) for motion deblur-
ring of license plate images, achieving successful restoration of
image clarity and readability. The precise regulation of charge
transfer in PTBZ-DPP memristors is crucial for building high-
performance neuromorphic hardware. Two strategies could be
explored to enhance this system. First, optimizing molecular de-
sign to enable multilevel electrically-driven charge transfer pro-
cesses could allow for the construction of neuromorphic hard-
ware with higher storage density. Second, through chemical
modification, charge transfer driven by other external fields—
such as light-driven processes—can be realized. This would en-
dow the device with multimodal programming capabilities, ad-
vancing its application in areas like in-sensor computing and
beyond.

4. Experimental Section
Device Fabrication: The initial patterned ITO glass substrate (2 cm ×

2 cm) was thoroughly cleaned using sequential ultrasonication in deion-
ized water and ethanol for 15 min each, followed by UV-ozone treatment
to remove organic residues and improve surface wettability. A PTBZ-DPP
solution with a concentration of 15 mg mL−1 in o-dichlorobenzene was
prepared for subsequent spin coating. The cleaned ITO substrate was
mounted in a spin coater, where vacuum suction was applied to secure
it. A measured quantity of the polymer solution was dispensed onto the
substrate, and spin coating was initiated with a two-step process: first at
500 rpm for 5 seconds, followed by 1000 rpm for 40 s to achieve a uni-
form film. For post-deposition, the sample was annealed at 150 °C for 1
h under a nitrogen atmosphere to improve film stability and morphology.
Finally, an Au top electrode was deposited onto the active layer using vac-
uum thermal evaporation through a shadowmask,maintaining a chamber
pressure of 4.0 × 10−4 Pa.

Electrical Measurements: The electrical characteristics of PTBZ-DPP-
based memristors were systematically evaluated using a Keithley 4200 pa-
rameter analyzer in the voltage-sweep mode, with a current compliance
of 1.0 mA implemented to safeguard the device from permanent damage.
For dynamic pulse measurements, a Keysight B2902A source meter was
employed to generate precise input pulses, while output characteristics
were continuously monitored in real-time to capture transient switching
behavior accurately.

Simulations of Blurred Image Recognition: To assess the denoising ca-
pability of the memristor, Gaussian white noise was randomly applied to
images from the original dataset using MATLAB to generate noisy sam-
ples. The memristor’s denoising effect was then simulated in Python, af-
ter which the processed results were input into an artificial neural network
(ANN) to evaluate and compare the training performance.

Memristor-Assisted Motion Deblurring: When a camera captures a
moving object, relative motion results in image blurring, which can be rep-
resented as a convolution of the original image with a motion blur kernel.
Restoring such images requires accurate estimation of the blur direction
and length. In this study, this challenge is addressed using a convolutional
neural network (CNN) implemented in Python, which leverages the mem-
ristor’s LTP/LTD characteristics to optimize weight updates for accurate
model derivation. After determining the blur kernel parameters, these val-
ues are input into an inverse convolution algorithm to recover the original
image with high fidelity.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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