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To tackle the current crisis of Moore’s law, a sophisticated strategy entails the development of multistable
memristors, bionic artificial synapses, logic circuits and brain-inspired neuromorphic computing. In com-
parison with conventional electronic systems, iontronic memristors offer greater potential for the mani-
festation of artificial intelligence and brain—machine interaction. Organic iontronic memristive materials
(OIMs), which possess an organic backbone and exhibit stoichiometric ionic states, have emerged as
pivotal contenders for the realization of high-performance bionic iontronic memristors. In this review, a
comprehensive analysis of the progress and prospects of OIMs is presented, encompassing their inherent
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advantages, diverse types, synthesis methodologies, and wide-ranging applications in memristive devices.
Predictably, the field of OIMs, as a rapidly developing research subject, presents an exciting opportunity
for the development of highly efficient neuro-iontronic systems in areas such as in-sensor computing
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devices, artificial synapses, and human perception.

1. Introduction

The conventional von Neumann architecture, which has been
the foundation for computing since its inception, segregates
processing and memory units and thus results in a well-known
bottleneck commonly referred to as the “von Neumann
bottleneck”." The bottleneck arising from the constant
shuttle of data between the processing and memory units not
only produces significant energy consumption but also
imposes limitations on the computing speed.*” The academia
and industry are actively seeking alternative computing archi-
tectures to sustain the advancement of computational power,
given the termination of Moore’s law and the limitations in
further transistor miniaturization.®”® The most promising
alternative is neuromorphic computing, which draws inspi-
ration from the human brain and integrates processing and
memory into a unified entity.”'® The brain serves as the
central processing unit, and it is known that information
transmission only consumes about 10-20 W.' Therefore,
scientists have replicated brain-inspired computing by develop-
ing new principle paradigms known as neuromorphic comput-
ing, which aim to emulate the cognitive functions observed in
the human brain.

To the best of our knowledge, the human nervous system is
comprised of over 86 billion neurons. As depicted in Fig. 1a,
these neurons form an intricate network interconnected
through synapses, facilitating the transmission of chemical
mediators (e.g., Ca", Na', and K') from presynaptic to postsyn-
aptic terminals. Inspired by this, iontronics have emerged as
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Fig. 1 (a) Schematic image of an artificial synapse. (b) Stimulation of
frog's leg muscles under electrical stimulation.*” Reprinted with per-
mission from ref. 47, © 2019 American Chemical Society.

an integral component in the field of electronics, affording the
intricate interplay between ion regulation, coupled ion/elec-
tron charge transfer and signal exchange,>™* and exerting a
significant influence in areas such as data storage and
bionics.”>'® As shown in Fig. 1b, the earliest studies of ion/
electron coupling can be traced back to the galvanic frog
muscle electrophysiological experiments in the 18th century,
covering interdisciplinary subjects such as energy, sensing,
and information transmission."” Afterward, investigation into
these fundamental scientific issues, such as iontronic
materials, ion/electron coupling interfaces, iontronic devices
and so on, has established a solid groundwork for future ion/
electron logic circuits and neuromorphic computing.'®*°

The ionic-type organic semiconductor materials, which
typically consist of electrovalent bonds and charged groups,
possess distinct advantages and attract greater attention com-
pared to conventional neutral organic functional
materials.”’>*" These materials exhibit electron and ion con-
duction, providing enhanced functionalities like ion diffusion
and adsorption, electrochemical activityy, and tunable
conductivity.”>>* Besides, their high ion mobility, selectivity,
and reversible redox make them ideal for multifunctional
devices performing both electronic and ionic functions.***
Therefore, ion-doped organic materials and their iontronic
devices have been further applied to various areas, such as
light-emitting devices (LEDs), field-effect transistors (FETS),
sensors, and especially memristors and neuromorphic
computing.”***  Accordingly, organic ionic
materials (OIMs) and memristive devices have emerged as new
electronics relying on ion migration and electron permeation
in the solid ion transport layer.>**® OIMs hold great promise
in artificial intelligence (AI), neuromorphic computing, brain-

memristive
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computer interfaces, etc. to enable information processing,
recognition, memorizing and forgetting, learning, and
decision-making.?”~*?

This review aims to summarize the development and status
of various OIMs in the field of memristor and neuromorphic
computing, which possess an organic backbone and exhibit
stoichiometric ionic states. As a class of emerging memristive
materials,*® OIMs have garnered great attention due to their
low cost, easy synthesis, high stability and ion/electron coup-
ling properties. Here, we discuss in depth the progress and
prospects of OIMs, including their inherent advantages,
diverse types, synthesis methodologies, and wide-ranging
applications in memristive devices, and propose their appli-
cations in highly efficient neuro-iontronic systems, such as in-
sensor computing devices, artificial synapses, and human per-
ception. However, the future challenges of OIMs in stability
and reproducibility still need to be addressed, which are also
summarized and discussed.

2. Organic iontronic memristive
materials (OIMs)

2.1. Brief concept and advantages of OIMs

A plethora of inorganic memristive materials have been uti-
lized to construct memristor devices, and continued to domi-
nate the field of memristor preparation, due to their excep-
tional processing efficiency and immense storage capacity.*’ "
Nevertheless, they often lack sufficient functional groups to be
modified for diverse functionalities. By contrast, OIMs exhibit
simultaneous electronic and ionic conductivity, and have
attracted considerable attention in recent years due to their
simple tuning ability and potential for a wide range of elec-
tronic applications, particularly in the field of organic iontro-
nic memristors.>>>? Generally, these OIMs consist of skeletons
embedded with charged ions, which confers additional advan-
tages compared to traditional memristive materials.”* As sum-
marized in Fig. 2, the primary advantage of OIMs lies in their
capability to address intricate issues and specific needs
through appropriate structural and functional design, thereby
solving challenges pertaining to energy conversion, sensing,
memory, and logic applications.>® Secondly, OIM-based mem-
ristors may exhibit enhanced energy efficiency in both oper-
ation and control.’® Furthermore, due to their insensitivity to
magnetic fields, OIMs enable effective mitigation of electro-
magnetic interference in high-frequency and high-density
environments, distinguishing them from electronic devices.®”
Finally, the deformable and flexible properties of OIMs facili-
tate more natural and comfortable contact with the human
body, inducing the prospects for intelligent applications, such
as wearable devices, implantable devices, and smart surfaces.
To sum up, OIMs possess the advantages of addressing
complex problems, exhibiting low energy consumption, resist-
ing interference, and facilitating seamless human-computer
interaction,”®**>® and can serve as robust contenders for the
development of innovative electronic devices and systems.”® %

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The performance comparison between inorganic ionic memristive materials and organic ionic memristive materials.”*”? Reprinted with per-

mission from ref. 71, © 2022 Oxford University Press; ref. 72, © 2021 Wiley.

Until now, a series of OIMs have been developed and
yielded several distinctive advantages. For ionic small mole-
cules, they usually exhibit good conductivity, enabling rapid
response to external electrical signals and enhanced sensi-
tivity. They also have high mechanical flexibility and plasticity,
rendering them suitable for fabricating flexible electronic
devices that afford extensive applications in smart watches,
medical stickers and other fields.®>®> Ionic polymers have
excellent ion transport properties, which can realize data
storage through ion migration and energy storage through ion
conductance. Consequently, this kind of material finds wide
applications not only in memristors but also in super-
capacitors and battery energy storage systems.’>®* Due to their
exceptional chemical stability and precise control over ions,
ionic liquids have also been extensively studied and applied in
the fields of solar cells and flexible fuel cells, while they can
also be prepared into thin films for metal protection, elec-
tronic device packaging, biomedicine, and so on.**"®” In
addition, OIMs can be applied in the domains of configurable
circuits and multilevel memory, owing to their adjustable
molecular structure, excellent optoelectronic properties, large
specific surface area, controllable porosity, etc.®®”° Qverall, the
unique characteristics of OIMs enable them to exert excellent
performance and application in diverse fields, thereby mani-
festing their significance for further development and investi-
gation in the future.

This journal is © The Royal Society of Chemistry 2024

2.2. Specific categories of OIMs

OIM-based memristors typically exhibit ion transport charac-
teristics, showing nonlinear resistance-current character-
istics.”> When a voltage bias is applied, the transport speed
and direction of ions in OIM-based memristors will change,
leading to a corresponding variation in the resistance value.
According to the principle of memristors, the inherent nonli-
nearity performance enables memristive devices to efficiently
store and process vast amounts of data, facilitating compu-
tation and logic operations based on ion transport. In
addition, owing to the high diffusion velocity and low response
time of the ion-active medium, OIM-based memristors hold
immense potential for diverse applications encompassing arti-
ficial intelligence, neuromorphic computing, memory devices,
and energy storage.*”

Generally, OIMs can be divided into two categories, namely,
ionically rigid conjugated materials (IICs) and ionically flexible
spacer materials (IIFs).”* IICs pertain to organic compounds
featuring rigid conjugated molecular frameworks and cationic
or anionic groups. Once an external electric field is applied,
the IIC-based memristor will present resistive switching behav-
ior. Considering the existence of rigid molecular frameworks,
IICs wusually exhibit high stability and a prolonged
lifetime.”*”"® 1IFs refer to organic materials with ions attached
to flexible molecular chains. Under the application of an elec-
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tric field, a reorganization of ions in the ionic liquid or colloid
may lead to a modified resistance. Due to the presence of a
flexible molecular framework, IIFs have a high ion transport
speed and a fast response speed.””””® These two aforemen-
tioned categories of OIMs have broad application potential in
the fields of energy storage, information storage, and sensing.
However, it is imperative to meticulously select the appropriate
material category according to the specific application
requisites.

To give a more refined classification, OIMs can be divided
into organic ionic small molecules and polymers, including
ionic liquids,”®"®" polymeric ionic liquids,®* ionic gels,"® ionic
conducting polymers,**®® coordination compounds (e.g.,
metal-organic frameworks (MOFs)),®” "% some specific com-
plexes, and so on.?*%%9%161 All of these categories are intro-
duced as follows (Fig. 3). (a) Ionic liquids can be designed and
synthesized with varying compositions of ion pairs. They nor-
mally possess the advantages of low melting point, wide
chemical resistance window, excellent ion transport properties,
high adjustability, good thermal stability, and low volatility.
Due to the relatively straightforward design and preparation
process, ionic liquids with low fabrication costs can be easily
synthesized on a large scale with a controllable size.”””®" (b)
Polyionic liquids are composed of ionic groups attached to
polymer chains. In comparison with ionic liquids, polyionic
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liquids exhibit enhanced stability and plasticity. Besides, they
exhibit exceptional ionic conductivity, rapid ion transport vel-
ocity and reduced energy consumption. Polyionic liquids also
demonstrate relatively high electrochemical stability and
thermal stability.®* (c) Ionic gels utilize organic gels containing
ionic liquids as the active layer. The ionic liquid components
provide high ionic conductivity, while the gel network offers
mechanical stability and flexibility. At the applied voltage, the
migration of cations and anions within the ionic gel enables
resistive switching. The crosslinked gel structure helps main-
tain the ion distribution after removing the voltage. The inte-
gration of high conductivity and shape retainability makes
ionic gels suitable for high-performance memristive devices.
Ionic gels combine the dynamics of ionic liquids and robust-
ness of gels, exhibiting both fast ion transport capability and
form stability.'* (d) Besides polyionic liquids and gels, other
ion-conducting polymers are widely used in iontronic memris-
tors. These ion-conducting polymers enhance ion transport
properties by incorporating ionic groups into their molecular
structures. They possess remarkable tunability and flexibility,
where their electrochemical characteristics can be tuned by
chemical modification. In addition, this kind of polymer gen-
erally exhibits exceptional conductivity and good
durability.**"® (e) Ionic coordination compounds represent a
category of structures wherein metal atoms and organic
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Fig. 3 Different types of ionic memristive materials.9>95-97:160161 Raprinted with permission from ref. 93, © 2017 Wiley; ref. 95, © 2023 Wiley; ref.
96, © 2021 American Chemical Society; ref. 97, © 2021 Open Access; ref. 160, © 2023 Open Access; and ref. 161, © 2023 American Chemical

Society.
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ligands are linked by coordinate bonds. As a representative,
MOFs show unique properties of high tunability, porosity and
large surface areas. These materials can offer precise control
over ion transport channels in iontronic memristors, while
facilitating the storage and release of various ions within the
material. Additionally, MOFs have superior thermal and
chemical stability, along with remarkable scalability.*”"*° (f)
Organic complexes exhibit both electronic and ion conduc-
tivity, serving as active layers in memristive devices. Under the
stimulus of voltage, the resistive state of memristors can be
modulated by the migration of ions in and out of the active
layer. The unique electrochemical properties inherent to
organic complexes make them attractive for utilization in
memristors, resulting in low-power and energy-efficient
operation.®*°°** Conclusively, ionic liquids and polyionic
liquids have the advantages of low cost, easy preparation, high
stability and plasticity. Other ion-conducting polymers, ionic
coordination compounds and complexes exhibit the benefits
of high tunability, excellent ion transport properties and good
stability. All of these materials can cater to diverse application
requirements including memristors.’*

2.3. Preparation methods

To achieve these OIMs, various synthesis methods have been
developed, including the ion exchange method, free radical
polymerization method, solvothermal method and self-assem-
bly method. (1) For the ion exchange method, the ion
exchange reactions are performed between organic ligands
and ions to form organic ionic materials,”® which are suitable
for the synthesis of organic ionic materials with specific struc-
tures and functions at high selectivity and a fast reaction rate.
For instance, cation exchange resin is one of the most com-
monly used organic ion materials, due to its excellent ion
exchange capacity and chemical stability.”> However, it has
limited regularity in terms of methodological procedures and
preparation diversity, restricting its applicability to the prepa-
ration of specific types of ions.'®® (2) Free radical polymeriz-
ation involves the polymerization of monomers containing
ionic groups, resulting in the formation of ionic polymer
materials with desired properties.’®® The key to this method
lies in conducting monomer polymerization reactions using
catalysts to form organic ionic polymer materials.'®® During
atom transfer radical polymerization (ATRP), transition metal
catalysts and upstream radicals can realize high selectivity and
controllable polymerizations, offering predictable and diverse
chemical structures.'® (3) The solvothermal method needs the
elevated temperature and pressure conditions of organic sol-
vents to facilitate the formation of OIMs through dissolution
and recrystallization.'® This technique is particularly suitable
for synthesizing OIMs with high crystal quality and uniform
distribution.'®®> Notably, solvothermal synthesis is employed to
produce organic perovskite materials by the solvothermal
method,'® showing the high photoelectric conversion
efficiency of solar cells and LED performances.'”” (4) The
process of self-assembly involves the spontaneous arrange-
ment of organic molecules into specific structures through

This journal is © The Royal Society of Chemistry 2024
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intermolecular interaction.'®® By selecting suitable organic
ligands and the corresponding metal ions, organic ionic
materials with specific morphologies and structures can be
readily formed for various applications, such as liquid crystal
displays, optoelectronic devices and sensors.'*>'® Qverall, the
ongoing research efforts in developing OIMs are expected to
discover more novel synthetic methodologies that improve the
properties and performance of OIMs for various electronic
applications.

3. Memristive switching mechanisms

Unlike traditional electronic components, OIM-based memris-
tors demonstrate a different operational mechanism. The
memristive effect in OIM-based memristors depends on the
quantity of charge and ions, holding promise to mimic human
memory functions."'"'"* Specifically, when current flows
through the memristor, the corresponding resistance may
change as the increased applied voltage. If the resistance state
of the device can be well maintained even after the removal of
voltage, this device demonstrates typical nonvolatile memory
behaviors.""® Until now, some mechanisms have been pro-
moted, including conductive filament formation,"**"*® charge
trapping modulation,"**** etc.

3.1. Formation of conductive filaments

The formation of conductive filaments in memristors is attrib-
uted to the oxidation of active metal ions (e.g. Cu and Ag) into
cations under an electric field, which migrate toward the
cathode and are reduced back into metals, forming conductive
paths between the electrodes and decreasing resistance.'**
After power removal, the instability of such paths causes the
rupture and recovery of the high resistance state."*> The for-
mation and dissolution of conductive filaments can be modu-
lated by the magnitude and polarity of the applied voltage.
Recently, Sun et al. reported a memristor with a Ag/IGZO-
TiO,/Al structure whose switching mechanism can be tuned by
ionic liquids.’® As illustrated in Fig. 4a, the operating principle
of this device was elucidated through the following steps: (1)
upon positive bias, metal ions (Ag*, Vo**, H) drift toward the
cathode while 0>~ and e~ move to the anode. (2) When Ag” is
reduced into Ag atoms and connected with Vo>*, a conductive
filament forms around the cathode. (3) Under reversed bias,
opposite cations migrate back to the anode and anions back to
the cathode. (4) As the reverse bias further increases, gradual
rupture of the filamentary path occurs, recovering the high-re-
sistance state.

In addition, ion migration is a critical mechanism govern-
ing resistive switching in memristors, participating in the for-
mation and rupture of conductive filaments.''® External
stimuli such as light, electricity, heat, or chemical effects can
induce the migration of ions, leading to the formation of con-
ductive channels or non-conductive barriers and the corres-
ponding switching of memristor resistance. Therefore, precise
control of ion migration is crucial for the design of memristors

Nanoscale, 2024, 16, 1471-1489 | 1475
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Fig. 4 (a) Schematic illustration of the formation of conductive filaments.® (b) Model of the resistive switching mechanism.'® (c) Schematic band
diagrams to explain the resistive switching model.>? Reprinted with permission from ref. 96, ©® 2021 American Chemical Society; ref. 118, © 2022
Science China Press and Springer; ref. 122, © 2018 Royal Society of Chemistry.

with desired performance."'” Zhang et al. reported an ultrathin

bio-memristor based on silk nanofiber films and analyzed its
resistive switching behavior."'® As depicted in Fig. 4b, multiple
traps associated with sodium ions (Na*) exist in the nanofiber
layer. When a positive voltage is applied on the top electrode,
electrons migrate from the bottom electrode while cations in
the layer move toward the negatively biased bottom electrode.
An electric double layer (EDL) enriched with Na* forms at the
interface, facilitating carrier trapping and migration. As the
voltage further increases, instant saturated trap-filling leads to
redundant carriers forming a conductive channel, inducing an
abrupt transition from the high-resistance state (HRS) to the
low-resistance state (LRS). The memristor recovers to the HRS
when an opposite voltage is applied, releasing the trapped
electrons toward the bottom electrode.

3.2. Modulation of charge trapping

The charge trapping mechanism refers to the process of modu-
lating the trapping and release of charge carriers in the mem-
ristive layer.''® Some certain carriers become trapped in
defects or impurities in the insulating layer, leading to
reduced resistance of the memristor.'*® Conversely, when a
reverse bias is applied, the trapped charge carriers are released
from their confinement, resulting in an increased resistance of
the memristor. This charge-trapping modulation serves as a
fundamental mechanism for the operation of specific types of
memristors such as organic and amorphous oxide variants.'*
Zhou et al. employed a full solution process to prepare an Ag
nanowire/citric acid quantum dot-PVA/Ag nanowire structure
volatile memory device, and proposed a resistance switching
mechanism model for memory devices."?* As shown in Fig. 4c,

1476 | Nanoscale, 2024, 16, 1471-1489

the thermally excited carriers dominate the conduction at a
low bias voltage (0-0.7 V), wherein the device shows a high-re-
sistance state. At a medium bias voltage (0.7-1 V), the injected
carriers are dominant through trap-controlled space charge-
limited mechanisms, which fall within the secondary region.
When all traps are fully saturated, the injected carriers can
move freely, leading to a sharp transition of the device into a
low-resistance state. Upon removal of the bias voltage, the
shallow traps fail to trap carriers, causing the device to revert
back to a high-resistance state. The model elucidates the for-
mation and destruction process of the conductive path in the
dielectric layer driven under an external electric field, and
explains the reversible resistance-switching behaviors.

3.3. Redox mechanism

Redox reactions serve as a significant mechanism for resistive
switching in certain types of memristors. The active layer in
these devices typically contains electrochemically active
species that can undergo oxidation or reduction when sub-
jected to an electric field.">" For example, in electrochemical
metallization cells with a solid electrolyte, metal ions such as
Cu** and Ag" can be reduced at the cathode, leading to the for-
mation of conductive metallic filaments that bridge the elec-
trodes.'”” Reversing the voltage bias will result in the oxidation
and dissolution of these filaments, thereby increasing the re-
sistance of the device.'>

In organic memristors, the redox-active groups embedded
in the organic matrix play a crucial role in modulating charge
transport and resistance states, which have been observed in
certain types of memristive devices. These redox-active groups,
such as nitro and acene, undergo reversible oxidation/

This journal is © The Royal Society of Chemistry 2024
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reduction reactions when subjected to external voltage. During
these redox reactions, ion migration occurs as counterions
need to balance the charges generated by the oxidation or
reduction processes. The movement of ions within the organic
matrix further influences the overall resistance state of the
memristor."® To develop high-performance memristors, it is
essential to have precise control over these redox processes.
Understanding the reaction kinetics involved and studying ion
migration dynamics can greatly contribute to optimizing the
memristor performance, including device stability, switching
speed, and increasing endurance.®® Therefore, this knowledge
will pave the way for advancements in memristor technology
that could revolutionize various fields including data storage,
neuromorphic computing systems, and flexible electronics.

4. OIM-based memristor applications

OIM-based memristors utilize both the semiconductor charac-
teristics and ionic transport properties during the device oper-
ation. Active media encompass various substances, such as
small molecules, complexes, ionic liquids, ion-conducting
polymers and polymeric ionic liquids.’"8*°1:93:123:124 [ the
context of memristive devices, the resistive states can be modu-
lated by the migration of ions in and out of the active layer
under an externally applied electric field.**"*> The potential of
these devices in low-cost and flexible electronics, as well as
their ability to exhibit analog behavior, has garnered signifi-
cant attention (Table 1). Therefore, developing high-perform-
ance OIMs is crucial to advancing the field of organic iontro-
nic memristors and realizing their potential in a range of elec-
tronic applications.*?

4.1. Small molecule OIM-based memristors

Small molecule OIM-based memristors utilize organic small
molecule OIMs as the data-storage medium, where the
migration of ions or electrons is controlled to adjust their re-
sistance/conductance. Typically, ions or electrons can migrate
within the active layer at an applied voltage. Different ion or
electron migration behaviors result in varying resistance altera-

Table 1 The summary of the performance of different OIM-based devices
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tions, leading to information storage and reading operations.
Unlike inorganic materials with well-defined crystalline pro-
perties, organic materials often present isotropic molecular
orientations and diverse organizational forms, giving rise to
unpredictable morphologies and device performance.
Commonly, the performance of organic small molecule mem-
ristors could be enhanced by modifying the chemical structure
of the active layer. For example, Zhang et al. synthesized two
fresh ionic and zwitterionic donor/acceptor (D/A) conjugated
small molecules (LD-IOM and LD-ZIOM)."*® Compared to
neutral parent structures, these two newly-synthesized ionic
and zwitterionic D/A conjugated small molecules show
improved optoelectronic performances (Fig. 5a). In addition,
Zhang et al. also synthesized a new pyridine-based organic
conjugated molecule (NCPy) and converted it into an organic
pyridinium salt (NCPy-salt).”” The transition from NCPy to
ionic NCPy salts produced highly oriented nanofibers and
high-quality films. The NCPy salt-based devices undergo two
“writing” processes, transitioning from the OFF state to the
medium conductivity (ON1) state and further to the high con-
ductivity (ON2) state. The device exhibits a current switching
ratio of 10%/10%/1. Owing to the salification, a unique ternary
resistive switching memory behavior was observed, implying
potential applications in high-density data storage and
memory (Fig. 5b). The stability and repeatability of the small
molecule memristor were fully confirmed through measure-
ments conducted on over 50 device units, as well as a persist-
ence test lasting more than 5000 s.

The inclusion of small molecule ionic liquid materials has
expanded the selection range of memristive materials. Ionic
liquids have high ionic conductivity, resulting in reduced
threshold voltage and low power consumption for these mem-
ristors. To increase the storage density, Sun et al used an
indium gallium zinc oxide (IGZO)-TiO, bilayer film as the
functional layer within the memristive device (Fig. 5¢).°® By uti-
lizing diethylmethyl(2-methoxyethyl)Jammonium bis(trifluoro-
methylsulfonyl)imide (DEME-TFSI), an ionic liquid known for
its flexibility, it was able to fine-tune the memory behavior of
the device. The device exhibits excellent switching stability and
retention, with the HRS and the LRS lasting for a minimum of

Materials Category Current ratio Other features Ref.
NCPy Small molecule 10° — 73
NCPy-salt Small molecule 10%/10° Retention time > 5 x 10° s 73
DEME-TFSI Small molecule — Retention time > 10° s 96
SA-Bu Zwitterionic 10°/10* Retention time > 10* s 128
Response time 190 s (NO,)
CA-Bu Zwitterionic 107 Retention time > 10* s 128
PTeVTPA Polymer — High-pass filter 97
Ni-BTA Complex 107/10° Retention time > 10* s 93
Ni-BPTA Complex 10%/10* Retention time > 10* s 93
Au-NPs MOFs 10* High stability > 200 times 87
Ag-NPs MOFs 10° High stability > 200 times 87
SNFs Bio-nanofibrils 10° Retention time > 10° s 118

This journal is © The Royal Society of Chemistry 2024
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true random number generator.’® Reprinted with permission from ref. 73, © 2018 the Royal Society of Chemistry; ref. 96, ® 2021 American

Chemical Society; and ref. 126, © 2020 the Royal Society of Chemistry.

150 cycles when subjected to a readout voltage of 1.0
V. Additionally, the device successfully passed a hold test
lasting 10° s. This research demonstrates that integrating
memristors into computing systems can lead to high-density
storage capabilities and advanced artificial intelligence proces-
sing (Fig. 5d). However, the research in the field of small mole-
cule OIM-based memristors is still in its early stage. Some
exciting results have been shown in terms of device perform-
ance and stability. The ongoing advancement of novel small
organic molecules, along with the optimization of device archi-
tectures and processing methods, is anticipated to propel this
field further and facilitate a wide range of potential appli-
cations in areas such as flexible electronics, wearable devices,
and neuromorphic computing.

4.2. Zwitterionic OIM-based memristors

Zwitterionic materials refer to a material containing both posi-
tive and negative functional groups, showing reversible ion
migration behaviors under an electric field. Zwitterion-based

1478 | Nanoscale, 2024, 16, 1471-1489

memristors are also known as ion conductive memristors,
which can realize information storage and retrieval.
Zwitterionic memristors offer several advantages, including
high durability and stability, reduced power consumption, and
scalability. Furthermore, they can exhibit multilevel resistive
switching states for memory, logic operations, and neuro-
morphic computing. Recently, some zwitterionic memristors
have been developed and investigated. How to design high-
quality zwitterionic materials for high-performance memory
devices become an important research topic. Wei et al
designed two molecules named SA-Bu and CA-Bu to explore
the impact of conjugation on the properties of IIC materials
(Fig. 6a and b).'*® These molecules are used as components of
the active layer for memristors. As shown in Fig. 6¢c and d, they
found that SA-Bu exhibits favorable ternary memory behavior,
displaying excellent conductivity and high sensitivity to NO,
detection at low concentrations. The perfect conjugation of the
SA-Bu-based devices allowed for a remarkably low limit of
detection, reaching as low as 10 ppb. To assess reproducibility,

This journal is © The Royal Society of Chemistry 2024
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sensors with an increase in NO, concentration.'?® Reprinted with permission from ref. 128, © 2021 Elsevier.

statistical analysis was performed on 120 samples, revealing
an approximate device yield of 41% for the three-component
system. Consequently, SA-Bu is able to realize three different
resistance states in the memory device cell, giving it more
capacity and flexibility for information storage. For CA-Bu, due
to the steric distortion of a conjugated structure, it exhibits a
binary memory behavior with reduced conductivity and
responsiveness to NO,. The implication here is that the estab-
lishment and regulation of the conjugated structure play a
pivotal role in attaining optimal electrical conductivity and
memory performance when designing organic zwitterionic
memristors.

Wang et al. adopted commercially available organic dyes,
Rhodamine B and Rhodamine 6G, as active materials for low-
cost, easy-to-manufacture multilevel RRAM devices.'** The as-
fabricated RRAM exhibits a ternary write-once-read-many
(WORM) type memory behavior with a retention time of up to
5000 s. Due to the strong intermolecular interactions between
the dye molecules, these rhodamine-based memristors can
work stably at temperatures up to 80 °C. Furthermore, they
demonstrate that the flexible RRAMs can be fabricated on
different substrates, such as polyethylene terephthalate (PET),
postage stamps and leaves, while maintaining their retention
even after being bent more than a thousand times. The

This journal is © The Royal Society of Chemistry 2024

research in the field of zwitterionic memristors is still in its
nascent stage, yet it has exhibited promising device perform-
ance and functionality. The ongoing advancement of novel
materials incorporating amphoteric ions, along with the
optimization of the device architecture and manufacturing
techniques, is in urgent need.

4.3. Polymer OIM-based memristors

Organic polymer memristors generally adopted D/A conjugated
polymers as the active layer. These kinds of devices can
operate by modulating the charge transport properties of the
polymer under an external electric field, resulting in resistance
changes and non-volatile memory behavior. Organic polymer
memristors often exhibit high switching speeds and large on/
off ratios, making them highly attractive for applications in
high-speed memory and neuromorphic computing. In the
field of organic polymer memristors, researchers are striving
to improve the performance and stability of these devices.
Through optimization of the geometric construction, ratio and
synthesis method of the polymer, superior electrical conduc-
tivity and memristive properties have been achieved. As shown
in Fig. 7a and b, Zhao et al. successfully designed and syn-
thesized a series of D/A conjugated polymer PCVTPA by
directly coupling cation-anion V-TPA units containing sulfur
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(a) Synthesis of PCVTPA (PSVTPA, PSeVTPA, PTeVTPA) and PBPTPA. (b) Electrochromic photographs of the PTeVTPA thin film coated onto

the ITO substrate. (c) /-V characteristics of the Al/polymer/ITO devices. (d) Synaptic function simulation in human brain memory behavior, including
repetitive learning forgetting (STP/STD).%” Reprinted with permission from ref. 97 ® 2021 Open Access.

(PSVTPA), selenium (PSeVTPA) and tellurium (PTeVTPA).?” The
sandwich structure device of A/PCVTPA/ITO showed a typical
memristive effect. By incorporating S, Se and Te into the V-TPA
unit, the device demonstrated superior performance. The
process of simulating the “learning, forgetting, and re-learn-
ing” of the human brain is achieved by applying continuous
pulses. The third time it reaches the same learning level only
requires 15 pulses out of the first 50 continuous pulses, while
simultaneously exhibiting a significantly slower rate of forget-
ting compared to the second time (Fig. 7c and d). This study
achieves the integration of high-performance synaptic simu-
lation and brain-like computing functions within a single elec-
tronic device, presenting a novel approach to build intelligent
computing systems. The research demonstrates the significant
potential of this material in constructing artificial neural net-
works for neuromorphic computing and intelligent computing
systems, which is capable of performing arithmetic operations
on decimal numbers.

Wang et al. combined a MXene/thermoplastic polyurethane
(TPU) tensile sensor to construct an Ag ionic polymer-metal
composite (IPMC) actuator, a new flexible threshold switch
2% By uti-
lizing the internal silver nanowire (NW) channel, the system

(TS) device for an unconditional reflective arc system.

can be adjusted according to varying operating conditions,
which can effectively emulate a fundamental reflection arc and
enable basic self-control capabilities. NW-based memristors
exhibit significant potential for various applications, because
of their simple preparation process, versatile modulation con-
straints and inherent self-recovery characteristics. The relative

1480 | Nanoscale, 2024,16,1471-1489

resistance change rate reaches a remarkable value of 525.62
when the maximum effective stretching reaches 40%.
Simultaneously, the actuator demonstrates its reversibility and
reliability by withstanding 10 cycles of cyclic voltage switching
from 3 to —3 V. The field of polymer OIM-based memristors
has witnessed significant advancements in recent years, with
numerous studies highlighting exceptional device perform-
ance and stability.®® However, challenges persist in terms of
achieving prolonged stability and reproducibility. Continuous
development of novel conjugated polymer OIMs, alongside the
optimization of device architecture and processing techniques,
is anticipated to propel this field forward.

4.4. Complex OIM-based memristors

Organic complex memristors utilize an organic complex as the
active layer, which is composed of central metal ions and
organic ligands. The performance of memristors can be regu-
lated by adjusting the properties of metal ions and ligands.
Compared with traditional inorganic memristors, organic
memristors have higher adjustability and controllability,
offering multi-level resistance changes and fast switching
speeds. Similar to organic small molecule memristors, organic
complex memristors also possess the advantage of low power
consumption, flexibility and ease of processing. For organic
complexes, they have been extensively investigated to improve
the device performance through the optimization of the
coordination environment, complex structure and ligand selec-
tion. For example, diverse storage behaviors and performances
can be achieved by conducting devices under various synthetic

This journal is © The Royal Society of Chemistry 2024
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conditions. Zhang et al. proposed a simple interfacial syn-
thesis method and successfully prepared large-area 2D coordi-
nation polymer films.?* The polymer film can be transferred to
any independent substrate, providing the possibility to develop
solution-processed non-volatile memory devices. The device
exhibits a stable current of about 0.04 A at a constant voltage
stress of 0.5 V, lasting up to 10* s, maintaining a high on/off
current ratio of 10°, and precise control of the on and off
states ensures the memory device’s low misreading rate. This
work demonstrates an innovative approach to designing
memory devices based on 2D coordination polymer films
through interface nanostructure engineering, and thus, pro-
posing new ideas for the further development of non-volatile
memory devices.

As shown in Fig. 8a and b, Cheng et al. reported the suc-
cessful fabrication of ternary resistive random access memory
(RRAM) devices using 1D =n-d conjugated coordination
polymer chains as the active layer.”® The two polymers, Ni-BTA
and Ni-BPTA, were synthesized via a solution-based method
and exhibited good thermal stability, attributed to their robust
intermolecular interactions. As shown in Fig. 8c and d, these
materials demonstrate maximum switching current ratios as
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high as 107 and 10%, and all three levels of both aged devices
can last and read for more than 10" s after 100 days of storage.
High temperature stability and long-term environmental dura-
bility make it very promising for next-generation data storage
through RRAM technology. Besides, these materials also own
potential applications in molecular-based ferromagnets, syn-
thetic metal conductors, nonlinear optical materials, iron elec-
tricity, and other electronic fields. The significance of mole-
cular structure tuning in the design of organic complex mem-
ristors is evident from these studies. Rational design and
optimization of molecular structures can facilitate diverse
storage behaviors and superior performance. Therefore, this
work offers novel ideas and prospects for advancing high-per-
formance and tunable properties in complex OIM-based
memristors.

4.5. Other OIM-based memristors

In addition to the aforementioned types of memristors, there
are several other types of memristors that have been investi-
gated in recent years. For instance, an organic composite
memristor contains the interaction between the organic and
inorganic components.'® Zhao et al. reported the synthesis of
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Fig. 8 (a) Synthetic routes and geometry of Ni-BTA and Ni-BPTA. (b) Typical sandwiched structure of memory devices. (c and d) Characteristic -V
curves, stability, threshold voltage and ternary device yield of (c) Ni-BTA and (d) Ni-BPTA.%* Reprinted with permission from ref. 93, © 2017 Wiley.
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Au and Ag nanoparticles (NPs) embedded in 3D Cd-based
MOF matrixes via a photoreduction method, producing Au
(Ag)-NP@MOF composite materials.®” Electrical bistability
measurements on the sandwiched ITO/NP@MOF/Ag device
showed two switchable conductivity states of the device with
non-volatile memory behaviors. This was attributed to an elec-
tric-field-induced charge transfer process aided by confor-
mational changes in the active layer. Among the tested
samples, the ITO/Au NP@2/Ag device with a neutral MOF

(a) TEMPO NaBr

NaOH /

]

Ag electrodes
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matrix had the highest ON/OFF current ratio of 10*, owing to a
better dispersion of Au NPs in the MOF matrix resulting in
more efficient electron tunneling.

Another type is a bio-memristor, inspired by biological
systems like synaptic connections between neurons in the
brain.'**"** Zhang et al. reported the fabrication of an ultra-
thin bio-memristor based on silk nanofibrils (SNFs) (Fig. 9a).
As shown in Fig. 9b-g, the SNF-based device showed a low
operating voltage, good stability and environmental friendli-
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(a) Schematic diagram illustrating the preparation of the ultra-thin SNF-based memristor. (b) Typical /-V characteristics of the SNF-based

memristor. (c) Endurance performance and (d) time retention measurements of the Ag/SNFs/ITO memristor. (e and f) The Ve, Vieset and the resis-
tance distributions of Ag/SNFs/ITO memristors. (g) Comparison of the set voltages for different memristors.**® Reprinted with permission from ref.

118, © 2022 Science China Press and Springer.
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ness.""® Besides, the device demonstrated a high dielectric per-
formance due to its intrinsic ionic conductivity and nanoscale
thickness. As a result, the SNF-based memristor presented
stable resistive switching over 180 cycles and a retention time
of up to 10° s. The integration of SNF-based memristors into a
crossbar array achieves consistent memristive performance for
image memorization as well as logic operation functions. All
of these types of memristors offer unique advantages and
opportunities, prompting ongoing research efforts to develop
novel materials and devices that can optimize their perform-
ance and facilitate new applications.

5. Extended applications

The unique properties of memristors, such as nonvolatile
memory, low power consumption, and analog computing capa-
bilities, have demonstrated significant potential in various
device applications.”?*'*> Specifically, OIM-based memristors
offer distinct advantages in neural simulation, brain-computer
interfaces and the efficient photoelectric effect, due to their
utilization of ionic-electronic materials with exceptional
properties.’****® Some distinct properties of OIM-based memris-
tors should be noted. Firstly, OIM-based memristors have good
biocompatibility and can be directly integrated into organisms,
providing the possibility to build bioelectronic interfaces. The
polymorphism properties of OIMs can complete different oxi-
dation states, simulating the potential functionality of neurons
and multi-level data-storage behavior, thereby facilitating the
realization of a more realistic neural network. OIMs can be easily
prepared by simple solution deposition or printing techniques,
which hold promise to produce large-scale neural networks. By
adjusting the chemical structure of OIMs, their electrical pro-
perties can be precisely regulated. Therefore, the electrophysio-
logical parameters of various neurons can be customized.
Additionally, some OIMs have strong photo-responsiveness,
which can directly convert light signals into electrical signals,
meaning that the highly sensitive optoelectronic neurons can be
mimicked. Consequently, OIMs play a significant role in fabricat-
ing flexible devices, which is conducive to achieving wearable
neuroelectronic applications.

The utilization of OIM-based memristive materials offers
distinct advantages in the field of biomimetic electronics,
facilitating efficient emulation of neural networks and inter-
faces for human-computer interaction."*® Through fast switch-
ing and programmable conductivity states, these materials are
able to mimic the excitatory and inhibitory states of neurons,
enabling intricate computations within neural networks. In
addition, its low power consumption and high stability render
it highly suitable for the development of brain-computer inter-
faces.'®” By integrating with biocompatible materials, OIMs
can effectively interact with the human brain and promote the
advancement of brain-computer interface technology.
Meanwhile, OIMs also exhibit a diverse range of photosensitive
properties, which can achieve fast and reversible responses.
Such characteristics will greatly actuate the advancement of

This journal is © The Royal Society of Chemistry 2024
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efficient light control devices and optical memory."*® OIMs
have broad application prospects in the fields of biomimetic
electronics, intelligent computing and medical electronics.

5.1. Simulated biological synapse simulation

The importance of human brain synapses in memory and
learning lies in their remarkably low power consumption and
superior performance compared to supercomputers.”® To
develop suitable electronics for artificial neural networks
(ANNs), the OIM-based device must demonstrate energy
efficiency comparable to that of human brain synapses.'**'*°
Synapse simulation is considered an important step toward
efficient ANNs similar to the brain."*“'** However, previous
attempts to take advantage of complementary metal-oxide-
semiconductor (CMOS) technology have resulted in increased
energy consumption and complexity, posing challenges for
high-density neural networks.'** By contrast, Zhang et al. pro-
duced an artificial synapse based on flexible PET substrates,
exhibiting unique history-dependent memory behaviors,*® ana-
logous to the synaptic enhancement and inhibition in neuro-
biology. The device also showed basic synaptic plasticity and
some human memory and learning behaviors. Furthermore,
the study showed that even with a bending radius of less than
10 mm, the device still showed a unique synaptic performance.
This indicates the potential utilization of such devices in con-
structing wearable neuromorphic computing systems. In
addition to mimicking neural pathways in the brain, OIMs are
also used for simulating biological behaviors. Wang et al. pre-
sented an innovative artificial device to replicate the bladder
relaxation reflex arc found in biological systems (Fig. 10a)."**
This device successfully converted continuous extension
signals into control signals, adhering to the all-or-nothing
principle. As shown in Fig. 10c and d, by combining an
MXene/TPU tensile sensor, an Ag IPMC actuator and a new
flexible threshold-switching device, they constructed an uncon-
ditional reflective arc system, with a 10%-40% strain range
similar to bladder expansion and a maximum strain response
up to 225%. As the bladder expands when filled with fluid, the
sensor is stretched and modulates the memristor’s resistance
through parallel connection, triggering the actuator contrac-
tion upon reaching a threshold to simulate the bladder relax-
ation reflex. They proposed to use flexible materials with neu-
romorphological control in medical and intelligent robotics
applications, while simulating unconditional reflexes through
the utilization of threshold-switching memristors as sympath-
etic nerve centers.

5.2. High-density data storage

The utilization of OIMs in memristors presents numerous
advantages in the realm of high-density data storage. These
devices possess non-volatile memory properties, enabling
them to retain the as-stored data for extended periods even
during power outages.'** This property exhibits enormous
advantages in scenarios involving temporary power disrup-
tions or interruptions. Owing to their operating mechanism
based on ion transport or charge injection, organic iontronic
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Fig. 10 (a) Statistical diagram of urine accumulation and excretion in the bladder and schematic representation of the resistance. (b) The bladder
diastolic reflex and corresponding electrical tests.'?* Reprinted with permission from ref. 124, © 2022 Wiley.

memristors can achieve higher information densities com-
pared to conventional memory technology.'*>'*® Therefore,
OIM-based memristor holds high promise for large-scale high-
density data storage. Sun et al. designed an IGZO-based mem-
ristor regulated by DEME-TFSI ionic liquids. A memristor array
was integrated to produce a true random number generator for
secure communication or radar waveform design, etc.’® They
found that such devices could be applied not only for data
storage, but also opened up potential applications in crypto-
graphy. Besides, this device showed high packing density and
excellent compatibility with the existing CMOS processes.
Therefore, this work paves the way for advancing nanoscale
technologies that can potentially supplant current CMOS
technologies. In addition, OIM-based memristors also favor
achieving high-frequency writing/reading speeds and low
power consumption. Wang et al. successfully fabricated cost-
effective and easily manufacturable multileve]l RRAM using
commercially available dyes Rhodamine B and Rhodamine
6G."** The as-fabricated RRAM exhibited ternary WORM-type

1484 | Nanoscale, 2024, 16, 1471-1489

memory behaviors, which could be attributed to the strong
intermolecular interactions between the dye molecules. These
rhodamine-based reservoirs could even work stably at tempera-
tures up to 80 °C.

5.3. Integrated photovoltaic memristors

The application of memristors in optoelectronic devices also
presents broad prospects. By combining memristors with opto-
electronic elements, it becomes feasible to realize memristor-
based optoelectronic memory devices for controlling and
storing optical properties.'*” Simultaneously, memristors can
also be used to achieve photoelectric conversion devices,
thereby converting light energy into electrical energy or vice
versa. By introducing light-absorbing materials into the device,
OIM-based memristors can realize efficient photoelectric con-
version. These applications will play a vital role in the fields of
photoelectric information, photoelectric sensing and detec-
tion, and photoelectric devices, offering vast development
potential.**®

This journal is © The Royal Society of Chemistry 2024
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Yang et al. carried out the development of photovoltaic
memristors based on bulk photovoltaic effect (BPVE) devices
with similar synaptic plasticity to biological synapses.'”” The
photovoltaic synaptic plasticity in BPVE devices is closely
associated with the dynamics of domain switching in ferro-
electric thin films. This device demonstrates highly discernible
changes in the photovoltaic response that can be continuously
adjusted from low to high levels. Additionally, spike timing-
related plasticity (STRP) can be harnessed through the diverse
modes of domain switching dynamics of double pulses.
Photovoltaic memristors employ optical reading instead of
high-frequency electrical reading, thereby increasing the
reading speed and reducing the energy consumption.

6. Conclusions and perspective

In summary, OIMs and their memristors, as a novel category
of memristive materials and devices, have received increasing
attention due to their advantages such as a high switching
ratio, low power consumption, substantial switching dura-
bility, and compatibility with flexible substrates."*® Over the
past decade, they have been extensively investigated. These
newly-designed materials and their doped complexes have sig-
nificantly enhanced device performance, making them suit-
able for various applications, including neuromorphic com-
puting, artificial intelligence, energy storage, and so on."*® In
this review, we introduced the basic concept and synthetic
methods of OIMs, and discussed the various applications of
OIM-based memristors. Their advantages relative to other
memristors were also highlighted. The different types of OIMs
possess different transmission speeds, power consumption,
storage capacities, etc. Therefore, the functionality of organic
iontronic memristors can be determined by a comprehensive
analysis. The topics covered in this section encompass ion
transport kinetics and some other typical memory mecha-
nisms. For OIMs, the kinetics of ion transport is a core factor
influencing the performance of iontronic devices, including
response speed, power consumption and stability of the
devices. The modulation strategies of ion transport kinetics
involve the design and optimization of the device structure,
materials selection, device interface engineering, etc., which
can be used to improve the efficiency and controllability of ion
transport. Therefore, an in-depth understanding and control
of ion transport kinetics will provide important guidance for
the development of ion electronics. By exploring new
materials, interface engineering, and optimizing device struc-
tures, it is expected to further improve the efficiency and con-
trollability of ion transport properties, bringing more opportu-
nities for the application fields of ion electronics.

Although significant progress has been achieved in the
development of OIMs as well as their memristors, some chal-
lenges still remain to be addressed in the future. Firstly, the
switching speed and response time of OIM-based memristors
need to be further improved through interface engineering
and nanostructure optimization to meet the demands of high-

This journal is © The Royal Society of Chemistry 2024
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speed information processing and transmission. For example,
novel electrode materials and device architectures could be
explored to lower the energy barriers for ion migration.
Secondly, the durability and cyclability of OIM-based devices
should be enhanced by improving material stability and con-
ducting appropriate encapsulation. The device lifespan could
be extended by inhibiting the side reactions between the active
layer and electrodes. Developing OIMs with high thermal/
chemical stability is also vital. Thirdly, new electrode materials
such as graphene, carbon nanotubes and conductive polymers
could be explored to improve the charge injection efficiency at
the electrode/OIM interface. Appropriate electrode selection
and surface modification are keys to achieving ohmic contacts.
Fourthly, more theoretical and experimental efforts are still
needed to reveal the detailed ion transport mechanisms and
kinetics in OIMs. Advanced characterization techniques, such
as conductive atomic force microscopy, could provide valuable
insights. Molecular dynamics simulations may help under-
stand the ion conduction processes. Fifthly, the integration
and compatibility of OIM-based memristors with CMOS cir-
cuits remain a challenge. Innovative device fabrication pro-
cesses and creative circuit designs are required to address this
integration issue. Finally, new OIMs with superior comprehen-
sive performances, including high speed, large ON/OFF ratio,
long endurance, and excellent stability, need to be developed
through molecular design, synthesis and nanoengineering.
Systematic material optimization is the key to achieving ideal
OIMs.'*%!7 We believe that with continuous research efforts,
the challenges faced by OIM-based memristive devices could
be gradually conquered, unleashing their application potential
in next-generation electronics.

Overall, OIM-based memristors have demonstrated great
potential in various applications, such as data storage, artifi-
cial intelligence, neuromorphic computing, energy storage,
sensors and other fields."”®'*® We believe that the challenges
discussed here can be effectively solved through collaborative
efforts. Future work on OIMs will undoubtedly continue to
pave the way for further development of memristive devices,
and we remain optimistic regarding the applications of these
devices in the forthcoming years. With the advancement of
technology and the expansion of prospects, iontronic memris-
tors will play a significant role in the future intelligent elec-
tronic field.
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