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PUBLIC SUMMARY

= Nanoionics in two-dimensional (2D) materials and its impact on electrical properties are summarized.
= |on-driven 2D materials-based reconfigurable devices for information technology are discussed.

= Opportunities for developing reconfigurable devices and expanding their multifunctionality are presented.
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The rapid advancement of artificial intelligence (Al) and the Internet of
Things (loT) has triggered an escalating demand for high-performance,
miniaturized, and multifunctional electronic information devices. Silicon-
based electronics, which have laid the foundation for the electronics industry
over the past few decades, are now approaching the physical limitations
with the extension of Moore's law. Two-dimensional (2D) van der Waals
(vdW) materials have emerged as promising candidates for next-genera-
tion electronic devices, due to their atomic-scale thickness, wide range of
material choices, and excellent physical property tunability. Notably, it has
been demonstrated that 2D vdW materials can facilitate ion migration
under an electric field, enabling the reversible and efficient modulation of
electrical resistance. Such a characteristic unlocks new possibilities for the
design and construction of multifunctional and reconfigurable information
devices. This review delves into the generation and transport of nanoionics
in 2D vdW materials and their impact on modifying electrical properties. It
explores strategies for device architecture design and their applications in
advanced information processing. The latest progress in ion-driven recon-
figurable devices for memory, logic-in-memory, neuromorphic computing,
and data encryption is systematically summarized. Challenges in this field
and future research directions are also discussed.

INTRODUCTION

Over the past few decades, silicon-based materials have played a pivotal
role in advancing semiconductor technology, significantly boosting the
performance of electronic devices and profoundly shaping modern life."
These achievements have primarily relied on the continuous downscaling of
metal-oxide-semiconductor field-effect transistors (MOSFETs).”" In recent
years, the rapid emergence of information technologies, such as artificial
intelligence (Al) and the Internet of Things (IoT), has led to increasingly strin-
gent demands on data processing capabilities.”"” To meet the performance
requirements of next-generation electronics, numerous efforts have been
devoted to enhancing functionality and system integration.' " Among vari-
ous strategies, reconfigurable devices have gained attention for their ability to
consolidate muiltiple device functionalities into a single unit.""'® This
approach enables flexible adaptation to diverse application scenarios,
reduces system complexity, and supports further miniaturization. While
conventional silicon-based reconfigurable devices offer relatively stable
performance and have reached a certain level of maturity, scaling challenges
like electron drift and leakage current persist.'"'"® Moreover, silicon-based
integrated circuit technology is approaching its physical limits in the sub-
10 nm regime, as structural limitations and reliance on auxiliary peripheral
circuitry hinder further miniaturization.'*” Therefore, it will be of great signifi-
cance in investigating novel materials and reconfigurable intelligent devices
for the next generation of information processing technologies.

Two-dimensional (2D) van der Waals (vdW) materials are atomic-scale
layered materials with either a single or a few layers of atoms arranged in a
planar lattice. Saturated covalent bonds connect the atoms in the layer, and
vdW interactions occur across layers. Inspired by graphene, researchers have
explored various classes of other 2D vdW materials, and the majority of them
derive from Group -Vl elements (such as B, C, N, and S) and their
compounds, along with transition metals (such as Ti, Mo, and W) in layered
structures like metal carbides or nitrides (MXenes) or transition metal

dichalcogenides (TMDs).”"** These materials range from conductors (such as
graphene) to semiconductors (such as MoS,) and insulators (such as h-BN),
confines electron transport perpendicular to the 2D plane, with quantum
confinement effect shaping their band structure.”* In addition, owing to the
inert surface free of dangling bonds, the interface of 2D vdW materials is
nearly defect-free.””*' This high-quality interface significantly reduces charge
scattering, enabling high charge carrier mobility.*** Consequently, materials
such as MoS,**" WS,** WSe,,* MoTe," and h-BN,"" have demonstrated
excellent electronic performance in ultra-short gate length and ultra-thin
channel field-effect transistors (FETs),"* significantly reducing energy
consumption by mitigating short-channel effects and optimizing efficiency.****
Although the excellent electronic performance has enabled 2D materials to
achieve remarkable success in electronic devices, ™' further strategies are
needed to enhance the functionality of 2D material-based electronic devices
for energy-efficient miniaturization.

Recently, reconfigurable nanoionic devices based on 2D vdW materials
have garmered widespread attention in the field of information technology.”
The layered structure of 2D vdW materials leads to highly anisotropic ion
transport, whereby ions migrate either within the vdW gap or across layers
under the influence of electric fields.”*™ Controlled ion migration within these
materials enables reversible modulation of local electronic states, allowing
devices to switch between distinct functional states.””°" This ion-driven
reconfigurability facilitates tunable electrical responses, such as adjustable
resistance, memristive behavior, and phase transitions, thereby significantly
enhancing device multifunctionality.””> Additionally, defects within 2D mate-
rials, such as vacancies and grain boundaries, can be intentionally engi-
neered to optimize ion migration pathways.” These defects provide more
precise control over ion transport dynamics and spatial distribution, enabling
the design of devices with rapid switching speeds (120 ps),* robust retention
(10° s),” excellent endurance (107 cycles),” and low energy consumption (8.8
zJ)."" These capabilities open new avenues for compact, multifunctional
reconfigurable electronic devices. Therefore, a detailed understanding of the
dynamic behavior of ions in 2D vdW materials and their impact on device
operation is crucial for advancing next-generation intelligent information
devices.

Here, we present a review of the advancements in ion-driven 2D materials-
based novel electronic devices, aiming to facilitate the development of minia-
turized, multifunctional, and reconfigurable electronic devices (Figure 1). The
mechanisms of ion migration in 2D materials have been thoroughly analyzed,
and their impact on reversibly modulating the electrical properties of 2D
materials, including phase structure, band structure, and interfacial barriers,
has been discussed. The dynamic and non-destructive modulation, along
with precise control over the resistance of 2D materials, was achieved
through electric field-driven nanoionics, which possess outstanding reconfig-
urable electrical performance. The design strategies of device architecture
were further summarized to enable diverse resistance states and advanced
information processing. In addition, recent advancements in ion-driven 2D
materials-based reconfigurable devices across various areas were outlined,
including high-density storage, in-memory computing, data encryption, and
sensing. Finally, the current challenges and potential innovation directions of
reconfigurable electronic devices are highlighted, providing an important
guidance for the development of future intelligent devices.
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Figure 1. Schematic diagram of ion migration within 2D vdW materials-based devices, diverse electrical characteristics of these devices, and their applications for informa-
tion processing The left panel: A device prototype based on 2D vdW materials involving ion migration. The middle panel: Distinct electrical characteristics of ion-driven reconfig-
urable devices fabricated from 2D vdW materials, including digital and analog switching. Digital switching refers to abrupt, discontinuous resistive switching behavior, where the
device's resistance changes sharply and dramatically. Analog switching refers to gradual, continuous resistive switching behavior without abrupt current jumps. The right panel:
Diverse functional applications leveraging these devices, including neuromorphic computing, memory storage, logic computing, and encryption.

ION MIGRATION IN 2D VDW MATERIALS

2D vdW materials have atomic-scale thickness and ultra-high specific
surface area, distinguishing them significantly from conventional bulk materi-
als. They have been studied in fields such as energy storage, catalysis, and
sensors, demonstrating vast potential for future applications.””’* lon migra-
tion plays a crucial role in governing the physical and chemical properties of
2D vdW materials, directly affecting the crystal structure, band structure,
carrier concentration, interface transport efficiency, and reconfigurability of
2D materials.”**"" The abundant modulation methods of ion migration have
injected new vitality into the development of next-generation reconfigurable
devices.

Origin of mobile ions

Mobile ions within 2D materials can be categorized into two main types
based on their origin: intrinsic and extrinsic. The migration of these ions plays
a crucial role in determining the electrical, optical, and chemical properties of
2D materials.**"® Intrinsic ions originate from the 2D materials and contribute
to the characteristics and stability of the material. Extrinsic ions are exter-
nally introduced via processes such as electrochemical ion injection and ion
intercalation. Under an applied electric field, both types of ions migrate within
the 2D lattice. Thus, understanding their origins is essential for enhancing the
stability and functionality of 2D materials.

Intrinsic ions. Intrinsic ions in 2D vdW materials arise from ionization,
where atoms in the lattice gain or lose electrons due to structural defects or
external stimuli, forming charged vacancies and interstitials that significantly
influence material physical properties.”** A representative example is the Cu*

ions in the 2D monoclinic CulnP,Ss. The crystal structure of CulnP,Sg
consists of a sulfur framework, with metal cations (Cu and In) and P—P pairs
occupying the octahedral voids.** The unstable Cu* ions can occupy three
crystallographic sites: (1) intralayer position shifted from the centers of the
octahedra (position 1 and Ill), (2) interstitial position at the centers of the
octahedra (position 1), and (3) interlayer position located in the vdW gap
(position V) (Figure 2A). Under an external electric field, Cu* ions migrate
among lattice sites, vacancies, interstitial and interlayer positions, creating
multiple potential wells states.*" This dynamic migration has been directly
observed via aberration-corrected scanning transmission electron
microscopy,” providing critical insights into intrinsic ion migration in 2D
materials and guiding the design of nanoionics-driven devices.

Moreover, intrinsic ions can be created through the formation of vacancies
triggered by external excitation such as mechanical strain, irradiation, and
electric fields.*** When an atom acquires sufficient energy to overcome the
vacancy formation barrier, it breaks covalent bonds, escapes from its original
lattice site, and becomes an ion, creating a charged vacancy (Figure 2B). This
charged vacancy can migrate under an electric field, as exemplified by sulfur
vacancies in MoS, and WS,, boron vacancies in h-BN, and copper vacancies
in Cu,S.***" Notably, vacancy migration is commonly accompanied by ion
migration, as surrounding ions may hop into nearby vacancies, generating a
new vacancy at the original site (Figure 2C).”” As these ions and vacancies
shift, they create paths for charge carriers. This coupled migration behavior
facilitates continuous ion transport within the 2D lattice and plays a critical
role in modulating the electrical and ionic conductivity of 2D materials.”

Extrinsic ions. Extrinsic ions in 2D vdW materials primarily originate from
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Figure 2. Schematic representation of the categories of mobile ions in 2D materials (A-B) Intrinsic ions in 2D materials, including (A) interstitial ions and (B) charged vacancies,
as well as free ions formed by lattice atoms that have escaped from their original positions. Adapted with permission.” Copyright 2024, Springer Nature. (C) Vacancy-assisted
jon migration processes in 2D materials. Adapted with permission.” Copyright 2019, American Physical Society. (D-E) Schematic of extrinsic ions introduced into 2D materials
via (D) ion intercalation and ion (E) electrochemical redox reaction. Adapted with permission.” Copyright 2014, Springer Nature. Adapted with permission.'”” Copyright 2019,

Wiley-VCH.

heteroatoms introduced during synthesis or processing, as well as ions
incorporated through ion intercalation and electrochemical redox reactions.
lon intercalation enables the reversible insertion of metal cations, such as Li*,
Na*, and K* ions, dissolved in a solvent into the vdW gap (Figure 2D),” thereby
enhancing the functionality of 2D materials.>® For example, Li* ions can be
introduced into MoS, using a reagent such as butyllithium.®” The correspond-
ing lithiation reaction is as follows:

xLi" +MoS, +xe~ — Li,MoS, m

During the reaction process, Li* ions migrate into the interlayer of MoS,,
and the insertion is fully reversible when x is in the range of 0 < x < 1.
Furthermore, many studies have demonstrated that defects in 2D materials
facilitate the migration of intercalated ions. For instance, the result of the first-
principles calculation showed that the creation of sulfur vacancies effectively
reduce the energy barrier for the insertion of K" ions into the interlayer of
WS,.” Luo et al. reported that the interlayer defects serve as active sites that
can absorb more Na* ions, it will significantly reduce the diffusion barrier for
Na* ion migration in WS,.'" These intercalated ions have profound effects on
2D materials, such as doping, enhancing energy storage capabilities, and
inducing phase transitions.'”'"'*

In addition, when 2D materials are in contact with active metal atoms (e.g.,
Ag, Cu), electrochemical redox reactions enable the introduction of metal
cations generated by the electrode into the 2D material.”*'**"'® This process
typically requires an external electric field to drive the following reaction:

M—ne™ < M™ 2)

where M represents the metal atoms such as Ag, Cu, Ti, and Ni, and M™
represents the corresponding metal cations such as Ag*, Cu®, Ti**, and Ni**
ions (Figure 2E)."" Many studies have shown that the migration of these
external metal ions into 2D materials often leads to the formation of conduc-
tive filaments or clusters, which is the driving force behind the operation of
conductive bridge random access memory.'*#'%

Mechanisms of ion migration. 2D materials provide a confined,
anisotropic environment for ion migration, where ions are constrained within
an atomically thin interlayer."” lon migration is determined not only by

conventional driving forces such as concentration gradients (thermal-driven
stochastic migration from high-concentration to low-concentration regions)
and electric fields (directional migration under the net electrostatic force),
"1 but also by the intrinsic structure of 2D lattices, including layer stacking
order, interlayer spacing, and defects.'“ These factors create a highly hetero-
geneous energy landscape with direction-dependent migration pathways and
energy barriers, which significantly influence ion migration dynamics.

lon migration involves both diffusion and drift, which rely on the hopping of
ions from one location to another. In 2D vdW materials, ions migrate through
the specific energy landscape of potential wells, which provide localized
states for ion trapping (Figure 3A)."°" In the absence of electric fields, ion
diffusion exhibits pronounced anisotropy due to significant variations in diffu-
sion energy barriers U, along different crystallographic directions, which arise
from the different atomic bonding and lattice symmetry within the 2D plane
and between layers.'"*""® Consequently, the ion diffusion rates are strongly
governed by the migration direction, as illustrated dramatically by the room-
temperature diffusion of Na* in borophene, which is 8.1x10* times faster
along the zigzag direction than along the armchair direction."® Additionally,
under an applied electric field, the energy barrier for ion hopping along the
field direction is effectively reduced by a factor of agV, where g, V, and a are
the elementary charge, potential difference, and a constant, respectively. For
instance, the migration barrier of Ag* ions on the MoS, surface is lowered by
qVd/2 under an electric field, where d is the migration distance.'”” Due to the
exponential dependence of ion migration on the barrier, it is significantly
enhanced along the electric field direction, resulting in directional ion drift
predominantly along specific in-plane or interlayer pathways.

For ions migrating in 2D materials with an electric field strength of E, the
dynamic evolution of the ion migration can be quantitatively described by the
drift-diffusion continuity equation:

dan,/dt=V-(DVn, —LEn,) (3)

Here, the ion diffusivity D is temperature-activated through the Arrhenius
equation:

D = Dyexp(—U, /KkT) 4
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Figure 3. Schematic representation of the ion migration mechanism in 2D materials (A) The comparison of the migrating barriers of ions with and without an electric field.
Adapted with permission.'’” Copyright 2019, Wiley-VCH. (B) Schematic of the dissociation-diffusion-adsorption model for Au ion migration in MoS,. Adapted with permission.'*
Copyright 2020, Wiley-VCH. (C) Migration barriers for B ions with different charges in h-BN. Adapted with permission.” Copyright 2024, Wiley-VCH.

And the ion mobility u relates to D obeying the Einstein relation
(u=qgD/kT).n,, Dy, k, and T are the ion concentration, pre-exponential factor
of D, Boltzmann's constant, and temperature, respectively.'” Therefore, the
efficiency of ion migration strongly depends on U,. As the energy barrier U,
decreases, the ion mobility p increases, leading to higher ion conductivity.
Zhai et al. facilitated a 10.4 nm-thick AgCrS, flake that shows a large ionic
condugctivity of 192.8 mS/cm at room temperature,'”" exhibiting the potential
of 2D vdW materials for developing high-efficiency ion-driven electronic
devices.

Moreover, the migration process in 2D materials involves not only diffusion
and drift within the lattice, but also significant interaction with intrinsic
defects, particularly vacancies, which act as localized traps that influence ion
distribution and migration pathways. For metal ions, this interaction often
follows a dissociation-diffusion-adsorption model (Figure 3B), in which metal
ions can either adsorb onto vacancies or directly migrate before adsorption,
forming localized conductive points that alter charge carrier pathways by
reducing scattering.'”” Furthermore, due to the layered structure of 2D mate-
rials, ion migration exhibits distinct behaviors depending on whether ions
move within the 2D plane (in-plane migration) or across the layers (out-of-
plane migration). The interaction between ions and defects varies across
these two modes. These differences in migration pathways and defect inter-
actions result in unique transport characteristics that are crucial for under-
standing both in-plane and out-of-plane ion migration in 2D materials.

Modes of ion migration

In-plane migration. In-plane ion migration primarily occurs through the
vdW gaps between layers, resulting in low migration energy barriers and
allowing ions to move more freely parallel to the atomic plane.'” Due to vari-
ations in lattice arrangement and electrostatic interactions, ions favor path-
ways with weaker atomic bonding and lower diffusion barriers, exhibiting
direction-dependent behavior.”""*'* In addition, defects such as grain
boundaries and vacancies significantly influence the in-plane ion migration
pathways and kinetics in 2D materials by altering local atomic arrangements,
electronic environments, and energy barriers.'”"'* Grain boundaries facilitate
in-plane ion migration by reducing the energy barriers,'” and play a crucial
role as pathways for ion migration. For instance, grain boundaries in MoS,
mediate the in-plane ion migration, enabling resistance modulation. Their

geometries determine the switching behaviors of the MoS,-based device:
intersecting-grain boundaries allow bistable resistance states and bridge-
grain boundaries facilitate pronounced negative differential resistance, with
vacancy migration playing a key role." Lee et al. reported that the laterally-
interconnected 2D-SnO nano-crystallites include lots of charged states at
grain boundaries, which would help the effective transport of both Ag” ions
and electrons, thus the migration pathways can be easily constructed inside
the 2D layer.””' Grain boundaries govern the distribution of defects and the
behavior of ion migration, which influences the electrical performance of 2D
vdW materials-based devices. Controlling the crystalline orientation during
the synthesis process effectively regulates in-plane ion migration, thereby
enhancing the performance of ion-driven reconfigurable information and
energy storage devices.

A vacancy results in the formation of a potential trap that captures migrat-
ing ions, hindering reversible in-plane ion migration. Taking Li* ion migration
in Mo,C with Mo vacancies as an example, the Li* ion is designed to move
along the path from the top site of the Mo atom to its nearest neighboring Mo
atom. Then it crosses the top site of the C atom to the vacancy site. The
migration barriers of these two processes are 0.115 eV and 0.258 eV, respec-
tively. The Li* ion requires overcoming a high barrier of 0.93 eV to escape
from the vacancy site; it will be trapped and probably cannot migrate
reversibly."*> Actually, ions tend to diffuse at a flat surface with lower migra-
tion barriers and need to overcome larger obstacles to enter vacancy sites;
hence, the influence of these potential traps on in-plane ion migration is
limited. Additionally, vacancy engineering enables atomic-level directional
control of ion migration in 2D materials. Through first-principles calculation,
Wang et al. reported that the migration barriers of H* ion in B-vacancy and N-
vacancy h-BN are 1.83-2.47 eV and 1.71-2.30 eV, respectively, which are
much larger than the 0.72 eV of intrinsic h-BN. The migration of H* ions in h-
BN can be directionally controlled by controlling the position of vacancies,
which can be artificially constructed through defect engineering.' This
method offers a novel approach to constructing next-generation ion-driven
reconfigurable devices.

Out-of-plane migration. In 2D materials, out-of-plane ion migration is
hindered by strong interlayer interactions, which require ions to cross dense
atomic layers. These layers, characterized by strong chemical bonds and
spatial constraints, create physical and electrostatic barriers, leading to
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higher ion diffusion barriers than in-plane migration."*'* For example, the
activation energy for the Cu® ion migrating in the in-plane direction of
CulnP,Sg is 0.23 eV, which is significantly lower than the 0.85 eV in the out-of-
plane direction.”*""" Actually, the migration across layers necessitates the
transmission of ions through interstitial sites, frequently accompanied by
temporary distortion or rupture of bonds within the 2D lattice."* Moreover,
the ease of out-of-plane migration is closely related to the intrinsic structural
characteristics of the 2D materials. Increased interlayer spacing or dimin-
ished interlayer coupling can result in wider migration channels, thereby
reducing the diffusion barriers. In contrast, densely packed layers impose
more substantial barriers. Thus, the interstitial gap size and the ionic radius
emerge as pivotal factors that regulate out-of-plane ion migration. For
instance, Li et al. utilized density functional theory to calculate the diffusion
barriers of Ag* ions migrating through graphene, PtTe, and InPS; layers.'™
Their results indicate that the diffusion barrier in graphene (4.27 V) and
PtTe, (2.03 eV) is higher than that in InPS; (0.22 eV). This difference mainly
arises from variations in the atomic bonding strength of 2D materials, with
Ag* ions overcoming the highest barrier when migrating through the
graphene due to its dense sp” hybridization.

Additionally, atomic-scale defects, such as vacancies, grain boundaries,
and substitutional dopants, can locally disrupt the lattice structure, creating
rapid pathways that facilitate ion penetration through the layers.'”'*’ Defect
engineering has been widely employed to modulate out-of-plane ion migra-
tion in 2D materials, and a higher defect density facilitates the formation of
migration paths.'""'** In almost defect-free h-BN (~1.0 x 10" cm™), it
requires a relatively high voltage (8.7 V) to create Ag* ion migration pathways
randomly. As the defect density increases, migration paths are more likely to
form at the defective regions, leading to a decrease in operating voltage and
mitigating the stochastic formation of migration pathways. An optimized
defect density (6.5 x 10" cm™) designed by Kang et al. results in self-
confined vertical channels that minimize excess energy loss for Ag® ion
migration, which is necessary for ultralow-power operations.'*® Furthermore,
the diffusion barrier is significantly influenced by the charge state of migrat-
ing ions. Electrostatic interactions between ions and lattice atoms can either
impede or facilitate migration, depending on the materials and the charge of
the ions. Du et al. reported that boron ion migration in h-BN becomes
substantially easier when the ions carry a higher positive charge, effectively
lowering the diffusion barrier (Figure 3C).*” This charge-dependent behavior
highlights the complex interplay among ion charge, lattice structure, and
migration kinetics. Consequently, in-depth investigation of the relationships
between material, defects, and ion charge provides valuable guidance for
designing 2D materials with tailored ion transport properties for advanced
applications.

Physical properties modulation of 2D vdW materials under ion migration

lon migration induces changes in the composition, crystal structure, and
other properties of 2D materials, often accompanied by a range of physical
effects. These dynamic and non-destructive behaviors can be precisely
controlled through electric fields, allowing for the efficient modulation of the
fundamental physical properties of the 2D materials. To date, ions have been
employed to modulate crystal phase, carrier concentration, band structure,
and interfacial barriers in 2D materials under external electric fields. This real-
time, field-programmable nanoionics technology provides a novel strategy for
developing reconfigurable electronic devices.

lon-induced phase transition. Charge-carrying ions intercalated or dein-
tercalated in the vdW gap can interact with neighboring atoms in the 2D
materials and transfer charge.'**"* This process alters the electronic struc-
ture of the 2D material, inducing a phase transition. A phase transition refers
to the transformation from one phase structure to another, often accompa-
nied by significant changes in physical properties, such as conductivity.'*"'**
It predominantly occurs in transition metal dichalcogenides (TMDs), MXenes,
and black phosphorus (BP).""""** For TMDs (e.g., MoS,, WS,, and WSe,), vari-
ous crystal structures have been observed, including 2H and 1T (or 1T")
phase, which are attributed to differences in atomic bonding and the
manner in which the layers are stacked. The 2H phase is characterized by a
hexagonal structure with trigonal prismatic coordination of the metal atoms
and typically exhibits semiconducting behavior, whereas the 1T (or 1T")

phase has a tetragonal structure with distorted octahedral coordination,
exhibiting metallic behavior.""*'** The transformation between these phase
structures can be achieved through controlling the ion migration.'*

Since Hearing et al. have demonstrated that the phase transition of MoS,
can be induced by Li* ions intercalation,’®” ion intercalation has become a
common method for inducing phase transition in 2D materials.'**'*” Li* ions
can lead to the 2H — 1T' structural phase transition of MoS,, due to elec-
tron transfer from the intercalated Li* ion to Mo 4d orbitals that destabilizes
the 2H phase,'™ and the conversion to the 1T' phase was verified by the
appearance of the characteristic Raman peaks (200, 225 and 355 cm™).'*
Electric fields can drive the in-plane migration of Li* ions and modulate the
local Li concentration in a lithiated 1T'-MoS, film, resulting in reversible and
localized phase transition between 2H and 1T’ phase (Figures 4A-B).'"*
Recently, Zhai et al. reported a reversible phase transition in the semimetal-
lic 1T'-WS, driven by proton intercalation and deintercalation, and discov-
ered a novel semiconducting 1T'4-WS,. Both 1T' phase and 1T'4 phase had
a tetragonal structure with distorted octahedral coordination, with the
difference lying in the distance between the W atoms in zigzag chains. The
distance between W atoms was 0.32 nm in the 1T' phase, whereas in the
1T "4 phase, W atoms formed W dimers with distances of 0.29 nm and
0.35 nm (Figure 4C). Specifically, after applying a gate voltage exceeding
0.96 V in a 0.5 M H,S0, aqueous electrolyte, protons intercalated into the
vdW gaps of 1T'-WS, and injected ~1 electron per formula unit of WS,. The
electron injection modified the electronic configuration of W atoms, induc-
ing the asymmetric displacement of W atoms in zigzag chains to generate
one line of W dimers and thereby reconfiguring the lattice into the 1T"'4
phase. Due to the reversible nature of ion intercalation and deintercalation,
the 1T'-1T'4 phase transition of WS, was also reversible. A large switching
ratio exceeding 10° has been achieved during this process.'®® Therefore, the
dynamic modulation of phase transitions in 2D materials provides a
reversible approach that goes beyond conventional methods. It is of great
significance in enhancing the functionality and application potential of 2D
materials, such as contact resistance reduction, memory devices, energy
storage, and sensors.

lon-induced band structure modulation. Except for inducing phase tran-
sitions, ion migration can modulate the band structure of 2D materials. lons
introduced into 2D materials can act as electron donors or acceptors, and the
resulting charge transfer alters the position of the Fermi level relative to the
conduction band and valence band, directly affecting the band structure and
carrier concentration.'””'”” For example, the migration of metal cations
induces charge redistribution in 2D materials, due to charge transfer from the
ions to the 2D material, which leads to significant electrostatic effects and
charge accumulation within the material.'”*'™ Consequently, the Fermi level
of 2D materials rises with the number of migrating ions.'” Yang et al.
revealed dynamic band structure modulation of WSe, by controlling Pd" ion
migration within its interlayers (Figure 4D)."*® Under positive or negative volt-
age, Pd* ions accumulate near the cathode or anode, respectively. Calcula-
tions of the work function at varying Pd doping concentrations showed that
the Fermi level of WSe, shifts toward the conduction band as ion concentra-
tion increases, indicating that Pd doping drives a transition to n-type semi-
conducting behavior (Figure 4E). Moreover, the extent of charge transfer
primarily influences the ability of ions to modulate the band structure. For
example, migration of monovalent cations (e.g., Li*, Na*) has minimal impact
on the band gap, whereas divalent cations (e.g., Mg*, Ca*) can significantly
reduce the band gap, suggesting enhanced charge transfer rates (Figure 4F)."*’
Therefore, ion migration can effectively modulate the band structure of 2D
materials, achieving reversible changes in critical parameters, including
carrier concentration, band gap, and Fermi level position, offering a flexible
and efficient strategy for modulating the performance of reconfigurable elec-
tronic devices.

lon-induced interface barrier engineering. In addition to modulating the
phase structure and band structure, ion migration can reversibly tune the
interface barrier height of 2D material-based devices, enabling a reconfig-
urable rectification function.'™®'"® Under an applied electric field, ions migrate
and accumulate at the edges of 2D materials, generating a localized and non-
uniform potential gradient near the interface, thereby inducing band bending
and changing the interface barrier height.”'"" For metal-2D semiconductor
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Figure 4. Modulation of the physical properties of 2D materials through nanoionics (A-B) Li* ions-induced phase transition of MoS, from 1T’ to 2H, and the corresponding
Raman spectra on the right. Adapted with permission.'®* Copyright 2018, Springer Nature. (C) Atomic structural models of 1T'-WS, and 1T'-WS, during the reversible phase
transition, with the percentage of the 1T' phase being modulated under an electric field. Adapted with permission.'*® Copyright 2023, American Chemical Society. (D) Band bend-
ing of WSe, induced by non-uniform distribution of Pd" ions. (E) The influences of ion doping concentration on the Fermi level of WSe,. Adapted with permission. 1% Copyright
2025, American Chemical Society. (F) Modulation of the band gap in 2D materials by ion migration. Adapted with permission.'®” Copyright 2024, under a CC-BY license. (G)
Modulation of |nterface barriers in 2D materials induced by ion migration and accumulation. (H) Cu* ion-induced reconfigurable rectification behavior in 2D materials. Adapted

with permission.'® Copyright 2025, Elsevier. (I) Regulation of charge carrier transport behavior at the interface of 2D materials by ion migration. Adapted with permission.'
Copyright 2020, Wiley-VCH.

contacts, ion migration modulates the Schottky barrier height (SBH), which  bias, ion migration reduces (increases) the SBH, facilitating (impeding) carrier
governs carrier injection efficiency.' "' Specifically, the SBH decreases or  transport, thereby increasing (decreasing) the current. For example, Zhong et
increases depending on whether cations or anions accumulate, resulting in  al. reported a reconfigurable rectifier based on CulnP,S;, where Cu* ion-
rectification behavior in 2D material-based devices. Under forward (reverse)  induced band bending near the electrode modulates the metal-semiconductor
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contact resistance, thereby exhibiting tunable rectification behavior (Figures
4G-H)."" Belete et al. demonstrated that OH" ion migration changes the
barrier at the Si/MoS, interface, controlling charge transfer from Si to MoS,
(Figure 41). Calculations of the corresponding MoS, valence bands show that
the hole barrier at the Si/MoS, interface decreases under negative bias due to
OH" ions being driven toward the interface, leading to enhanced carrier injec-
tion efficiency, and it increases under positive bias due to OH™ ions being
pulled away from the interface, resulting in reduced injection efficiency.'®
Hence, the ion-induced interface barrier modulation directly leads to recon-
figurable rectification behavior in 2D materials, allowing for the construction
of multifunctional circuits that enable function switching without requiring
changes to electrical components. This holds great promise for the fabrica-
tion of reconfigurable electronic devices.

lon-induced local filament formation. The application of an electric field
to drive the migration and rearrangement of external active metal cations
(e.g. Ag*, Cu®, Ti*") or intrinsic ions (e.g., Cu*, S%, Se*) induces the formation
of localized conductive filaments within 2D materials.'*'*"'®* Metal cations
drift along low-energy pathways inside the confined vdW gaps, toward the
cathode, where they gain electrons and are reduced to atoms through elec-
trochemical reduction reactions. These atoms then aggregate to form clus-
ters that continuously grow into metal-type filaments.'*'® In the absence of
metal cations, intrinsic anions migrate toward the anode, creating positively
charged vacancies along their pathways. As anions continue to migrate,
these vacancies accumulate near the cathode, forming vacancy-type fila-
ments.”*'*"% Owing to the high electrical conductivity of metal filaments and
the defect energy levels associated with vacancy filaments, the efficiency of
electron transport within 2D materials is greatly enhanced. Consequently,
these filaments dominate the electrical properties of the 2D materials, effec-
tively converting their semiconducting behavior into metallic behavior. When
an opposite electric field is applied, these filaments rupture and regroup into
discrete nanoparticles.'**'®" This phenomenon opens up exciting opportuni-
ties to design and modulate the composition and structure of 2D materials in
a highly reconfigurable manner.'” By carefully controlling the electric field, the
width of ion-induced filaments can be reduced to only a few atoms. Together
with the quantum confinement effect inherent to 2D materials, electron
transport becomes restricted to this nanoscale region, providing an ideal
platform for studying the electrical properties of one-dimensional (1D)
nanostructures.

lon migration in 2D materials can be reversibly controlled by an external
electric field, offering exceptional potential to directly modulate their physical
properties, including crystal phase, band structure, interface barrier, and the
formation of conductive filaments. It enables dynamic tuning of carrier trans-
port within 2D materials, leading to the reversible reconfiguration of electrical
resistance. Therefore, devices based on 2D materials driven by nanoionics
present a promising approach for the development of multifunctional, recon-
figurable electronics.

RECONFIGURABLE RESISTANCE MODULATIONBASED ON 2D MATERIALS

2D vdW materials have attracted considerable interest in modern electron-
ics due to their unique electrical properties. The incorporation of mobile ions
further enhances their functionality, enabling the development of robust,
multifunctional, and reconfigurable devices. As discussed in Section 2, these
materials are susceptible to ion migration, allowing for the reversible modula-
tion of their electrical characteristics under the external electric fields. This
capability facilitates tunable resistance states through reconfigurations of
phase, band structure, carrier concentration, and interface barriers. Structural
design strategies, which leverage ion migration dynamics within the vdW gap,
can further modulate device resistance by varying the positions and number
of device terminals.

Resistance switching modes

To gain a clear understanding of the resistive switching modes in ion-
driven 2D materials-based devices, a representative two-terminal architec-
ture was selected for investigation. This simple yet versatile configuration
enables the exploration of various 2D materials and their resistance switch-
ing behaviors, offering clear insights into the underlying mechanisms.'**'%
Resistance modulation primarily depends on the applied bias, which drives

ion migration either within the 2D material or along its interfaces.'*® Depending
on the stacking method relative to electrodes, devices are categorized into
vertical or lateral structures, each exhibiting distinct resistance modulation
modes. Vertical structures typically exhibit digital switching, characterized by
abrupt and discrete transitions between high and low resistance states,
whereas lateral structures display analog switching, featuring gradual and
continuous resistance changes.'”"'” These different resistance modulation
modes influence the potential applications: digital switching is suitable for
non-volatile memory, whereas analog switching is advantageous for neuro-
morphic computing.” It is crucial to understand and control these modes
when designing next-generation reconfigurable 2D material-based electronic
devices.

Digital switching. Digital switching in 2D materials-based devices refers to
abrupt, discontinuous resistive switching behavior, where the device's resis-
tance changes sharply and dramatically. It is described “digital” because the
transition between the high resistance state (HRS) and the low resistance
state (LRS) resembles binary steps, similar to the 0 and 1 states in digital
circuits, making it widely used for rapid resistance modulation. The corre-
sponding current-voltage (I-V) curve shows a sudden current surge at a
threshold voltage, enabling swift and reversible transitions between the HRS
and the LRS. This switching originates from filament formation and rupture
within the 2D vdW materials. When the applied voltage exceeds a critical
threshold, ions migrate rapidly and then accumulate to form filaments, dras-
tically reducing resistance. A large number of studies have shown that digital
switching mainly appears in devices with a vertical structure, which consists
of the 2D material active layer sandwiched between source and drain elec-
trodes (Figure 5A). In this unique structure, the interelectrode distance is
reduced to the nanoscale or sub-nanoscale, which facilitates a strong,
surface-perpendicular local electric field that drives the rapid ion migration
along the field direction and controls their accumulation or depletion within
the 2D materials.'® The formation or rupture of the filament during this
process leads to abrupt current changes (Figure 5B). Recently, Ahmed et al.
reported an ITO/BP/Ag device that exhibits an on/off ratio of 10" (Figure 5C)
with good endurance.'” Such high on/off ratios enable wide resistance
adjustment ranges and strong immunity to resistance variations, supporting
more distinguishable resistance states for high-density storage applications.
This digital resistance switching provides steep turn-on characteristics of < 1
mV dec™" and a high on/off ratio up to 10'°, which is widely used to fabricate
selectors and memory devices to suppress sneak currents in passive cross-
bar arrays.”*%

Moreover, the bandgap of 2D materials has an obvious impact on digital
switching. The carrier injection is commonly restricted by a wide bandgap,
which can enhance interfacial electric fields and facilitate ion migration,
thereby presenting faster and more energy-efficient digital switching.”**** As
a barrier layer, the electron transport and digital resistance switching behav-
ior are directly affected by the thickness of 2D materials. The tunneling barri-
ers for electrons increase with thickness, which further lowers the current of
different states, possessing a significant impact on the on/off ratio of digital
switching. Liu et al. reported that an 8 nm h-BN interlayer was used to
suppress the off-state current, resulting in a large on/off ratio of 108 (Figures
5D-E).”” Electrons are transported through conductive filaments and subse-
quently tunnel across the h-BN interlayer. As the thickness of the h-BN layer
increases, both the on/off current ratio and the HRS initially improve and then
deteriorate. This trend suggests that tuning the thickness of 2D materials
offers an effective strategy for optimizing the performance of digital switch-
ing devices.

Another significant factor affecting digital switching is the compliance
current.**1%2% The number of migrating ions in 2D materials is proportional
to the magnitude of the compliance current. Consequently, multiple discrete
intermediate resistance states within the device can be precisely realized.””’
For example, Feng et al. reported an Ag/MoS,/Ag device with reconfigurable
LRS ranging from 6.0 GQ to 28 Q through applying compliance current from 1
uA to 10 mA, while achieving 6 discrete resistance states (Figure 5F).””° Simi-
larly, Yang et al. obtained 8 discrete resistance states in a MoTe,-based
device.”” Shen et al. repeatedly programmed the resistance state of the
MoSe,-based device to different levels, and successfully demonstrated the
excellent reconfigurability of distinguishable resistance modulation through
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sion."®' Copyright 2021, Elsevier.
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digital switching.””

Furthermore, filament-mediated digital switching has been demonstrated
to be a feasible method for controlling both non-volatile and volatile resis-
tance modulation, enabled by the formation of stable and unstable filaments,
respectively. Specifically, stable filaments maintain their structure after
programming, with rupture primarily attributed to the out-diffusion of metal
atoms into the host 2D materials due to electrochemical oxidation processes
under reverse bias.”'*”'" Conversely, upon removing the bias and in the
absence of any applied reverse voltage, unstable filaments spontaneously
relax, resulting in their rupture and the subsequent reversion of the device to
HRS.*'*?19 1t is essential to clarify that these relaxation processes are
primarily driven by the concentration gradient or surface energy minimization,
particularly for filaments at the sub-10 nm scale with high surface-to-volume
ratios.”'* These driving forces can induce ion relaxation and surface diffusion,
which subsequently result in atomic clustering and eventual fragmentation
into spherical nanoclusters. This process, identified as Ostwald ripening,”"®
has been confirmed by molecular dynamics simulations and in situ trans-
mission electron microscopy (TEM) observations.”'#***'¢

Analog switching. Analog switching in ion-driven 2D materials-based
devices refers to gradual, continuous resistive switching behavior without
abrupt current jumps. It is described as "analog" because the resistance
change takes place progressively, resembling the smooth transitions in
analog systems. It enables refined modulation of the device's resistance,
leading to multiple intermediate levels.”'”'® It is particularly suitable for
emulating synaptic weight modulation in neuromorphic systems.”**" This
behavior primarily occurs in lateral-structure devices, where source and drain
electrodes align in the same plane as the 2D material (Figure 5G). Unlike digi-
tal switching, the |-V curve of analog switching shows a smooth transition
with a small memristive hysteresis window and an on/off ratio typically below
10? (Figure 5H).""%%1%%2?1 The atomically confined channels provided by the
layered structure allow ions to migrate within vdW gaps or along the 2D
surface under a parallel electric field, forming dispersed conductive filaments.
These filaments slightly reduce the resistance of the 2D materials, producing
continuous analog states rather than direct transitions from HRS to LRS.*
For example, Yin et al. reported that the conductance of the Ag/MoS,/Pt
device could be continuously potentiated and depressed by a series of posi-
tive pulses and negative pulses exceeding 300 cycles (Figure 51)."°" Similarly,
after applying consecutive voltage pulses to trigger the gradual migration of
Cu" ions, the CulnP,Ss-based device showed linear states up to 1350 and low
operation current of 100 pA, indicating its strong numeration ability and low
energy consumption advantage.*

Moreover, one of the critical performance metrics for analog switching is
the linearity of resistance modulation, which equals 1 in the ideal case (linear
conductance change). Linearity is defined as the consistency of the change in
resistance state in response to input signals, such as the number of applied
voltage pulses, indicating whether the resistance variation approximates a
linear relationship. It has been demonstrated that the process is modulated
by the pulse width and spike rate, where increasing either parameter results
in an improved linear potentiation process. A high linearity of 1.07 has been
demonstrated in a lateral MoS,-based device,”'? which not only enhances the
predictability and programmability of multi-level resistance states but also
significantly mitigates the adverse effects of nonlinear mismatches in neuro-
morphic computing and other analog computing tasks. Meanwhile, the power
consumed by each set pulse and read pulse is lower than 0.25 pW and 2 nW,
indicating the potential of analog switching for energy-efficient information
devices. The grain boundary of the 2D surface plays a crucial role in facilitat-
ing the reliability of analog behavior in lateral devices by offering low-energy
barrier sites,”” such as when Ag* ions migrate along the grain boundaries of
the intertwingled nano-crystallites of 2D-SnO (Figure 5J), enabling continu-
ous resistance changes.”' In lateral devices, the channel length is typically
much greater than the channel thickness in vertical devices, which necessi-
tates the application of higher operating voltages to drive ion migration effec-
tively. Previous studies have demonstrated a positive linear relationship
between the channel length and the applied voltage required to achieve the
same current density.** Therefore, minimizing the channel length emerges as
an effective strategy to realize low-power consumption analog switching in
lateral ion-driven 2D material devices.

Interestingly, the resistance modulated through analog switching often
exhibits a time-dependent decay after the electric fields are removed, due to
ions gradually redistributing from their metastable positions.”**** This relax-
ation behavior closely resembles the temporal response characteristics
observed in biological synapses, where synaptic weights exhibit short-term
plasticity and gradual decay over time. It allows 2D materials-based devices
to emulate biological synaptic connections and complex neural processes
easily. Hence, 2D materials-based devices exhibiting analog resistive switch-
ing present a promising hardware foundation for neuromorphic systems,
enabling the development of intelligent information processing units that
combine high efficiency, low power consumption, and strong adaptability for
complex computational tasks.

Resistance modulation in multi-terminal configuration

Despite significant progress in resistance modulation of two-terminal
devices, their single-input configuration limits the ability to control ion migra-
tion, thereby restricting the tunability of resistance states. Recent studies
have shown that incorporating multiple terminals and spatially diverse elec-
trode architectures enables more precise regulation of ion migration dynam-
ics in 2D vdW materials.”*?"*?¢??* These multi-terminal devices primarily
adopt structures similar to FETs, where more complex field-effect and elec-
trochemical modulation can be achieved by introducing additional gate
terminals.”******* Through field-induced migration of ions or vacancies within
the 2D materials, such architectures enable multilevel resistance modulation
with enhanced endurance and reliability.””” This improved capability fosters
the development of reconfigurable electronic devices with greater functional
complexity and adaptability, promising significant advancements in next-
generation information processing and memory technologies.

Building upon the enhanced control of ion dynamics enabled by multi-
terminal configurations, this modulation offers transformative advantages
that fundamentally enhance both the performance and versatility of resistive
switching devices.”'”* It is feasible to achieve dynamic, real-time monitor-
ing and precise control of the resistance state. Moreover, this approach
supports simultaneous and decoupled read and write operations, effectively
mitigating read-disturb effects by physically and functionally separating
these processes.””*** The device can be continuously monitored during
programming or reconfiguration, addressing the critical issue of write-distur-
bance. For instance, Chung et al. demonstrated that a contralateral-gated
MoS,-based device exhibited outstanding stability, ultralow charge loss, and
negligible read disturb degradation. The device achieved 55 distinct resis-
tance states with near-zero nonlinearity, which is attributed to the physical
separation of read and write terminals.”*® This example demonstrates that a
multi-terminal configuration is beneficial for enhancing the reliability of in-
memory computing and neuromorphic applications, where uninterrupted
data flow and real-time feedback are essential for efficient and adaptive
information processing.

Moreover, the multi-terminal configuration introduces additional degrees of
freedom for controlling resistive switching characteristics. It allows for the
decoupled and independent modulation of the HRS and LRS, which is crucial
for improving device reliability, functionality, and adaptability in emerging
computing paradigms.”***" Specifically, gate-mediated electrostatic doping
enables precise and independent tuning of the HRS, providing enhanced
control over the off-state behavior. Meanwhile, the compliance current
applied at the drain terminal offers a robust modulation of the LRS, ensuring
reliable and reproducible switching to the on-state. For example, Farronato et
al. reported reconfigurable resistance modulation in a MoS,-based device
with a back-gate configuration. The results demonstrated that the HRS and
LRS can be independently controlled by gate voltage and compliance current.
The observed reduction in HRS at higher gate voltages was attributed to the
increased electron concentration in the MoS, channel due to enhanced elec-
trostatic doping. In contrast, the decrease in LRS with increasing compliance
current was linked to the progressive growth of Ag conductive filaments
(Figure 6A).”" They also demonstrated the select/unselect properties of this
resistance modulation during programming and reading.

In addition to enhancing the on/off ratio, the multi-terminal configuration
also facilitates reconfigurable tuning, providing greater flexibility and adapt-
ability for electronics. It is advantageous for implementing neuromorphic
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Figure 6. lon-driven resistance modulation in a multi-terminal structure based on 2D materials (A) Schematic diagram of a MoS,-based device with a back-gate electrode, and
the reconfigurable modulation of HRS by gate-source voltage and LRS by compliance current. Adapted with permission.”” Copyright 2022, Wiley-VCH. (B) Schematic diagram of
a MoS,-based device with a top-gate electrode, and the results of reconfigurable resistance states regulated by drain-source voltage and gate-source voltage, respectively.
Adapted with permission.””” Copyright 2019, Wiley-VCH. (C) Schematic diagram of a five-terminal Li,MoS,-based device with ionic coupling effect, consisting of four planar
devices sharing a common gate, and continuous changes of reconfigurable conductance states controlled by a voltage pulse in one of the devices, which can modulate the
conductance of other devices. Adapted with permission.'® Copyright 2018, Springer Nature.

computing, where signal-dependent responses and multi-terminal coordina-
tion are essential. For example, Wang et al. reported a MoS,-based device
with a top-gate terminal, which exhibited source-drain voltage-dependent
behaviors and gate-tunable resistive switching characteristics (Figure 6B).”*"
The on/off ratio increased from 34 to 1 x 10* as the sweeping source-drain
voltage was raised from +6 V to +12 V, but decreased from 1 x 10° to 10 with
increasing gate voltage. Utilizing this gate-controllable resistive switching, the
synaptic plasticity simulations were achieved through modulating the resis-
tance as a function of electrical pulse number and amplitude, demonstrating
tunable synaptic weight updates under varying stimulation conditions. Addi-
tionally, Hu et al. demonstrated an all-2D-materials-based device capable of
performing multiple neuromorphic operations by reconfiguring output termi-
nals in response to stimuli.”*® The realization of these complex functions
relied on the ability to modulate resistance states in a reconfigurable manner.
Furthermore, the migration direction of ions within the vdW gaps can be
effectively modulated by changing the electrode orientation of multi-terminal
devices. This approach demonstrates that spatially controlling ionic trans-
port pathways introduces new design flexibility for reconfigurable architec-
tures, presenting great potential in the fabrication of multifunctional and
adaptive electronic devices. For example, in a five-terminal device composed
of four Li,MoS,-based devices sharing a common electrode, Li* ions were
distributed across the device and shared among the four terminals. The local
Li* concentration at each terminal could be precisely controlled by applying
bias voltages to different terminals. Remarkably, its own resistance would be
modulated when a voltage was applied to a single input terminal, as well as
those of the other interconnected elements via ionic redistribution (Figure 6C)."**

This effect is attributed to ionic coupling through shared conduction path-
ways, resembling synaptic interactions in biological neural networks. More
importantly, the concept of ionic-coupling-induced reconfigurable modula-
tion can be generalized to other vdW materials with mobile ions, thus paving
the way for the implementation of artificial neural networks. It is of great
significance for brain-inspired electronics design, offering new opportunities
for neuromorphic computing, adaptive logic circuits, and dynamic memory
architectures.

2D materials enable reconfigurable resistance modulation through
reversible ion migration under the influence of electric fields. lons migrate
laterally or vertically within vdW gaps, guided by structural design and the
orientation of the electric field. Two-terminal configurations, valued for their
simplicity in fabrication, support both reconfigurable discrete (digital) and
continuous (analog) resistance switching. Multi-terminal architectures offer
additional degrees of freedom, facilitating complex operations and enhancing
device functionality. These highly tunable resistance states make ion-driven
2D material-based devices increasingly vital for applications in machine
learning, bio-inspired electronics, and emerging quantum technologies.

APPLICATIONS

Electric field-driven ion migration enables precise resistance modulation in
2D material-based devices, facilitating dynamic reconfiguration of functions
and offering significant potential for advanced information devices.”**"!
These devices enable controllable electron transport at the atomic scale,
promoting the development of highly integrated and miniaturized electronic
devices. Precise resistance state control enhances operational accuracy and
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stability, while allowing for fast dynamic responses, low power consumption,
and stable multifunctional configurations that overcome the limitations of
fixed structures “ This reconfigurability allows real-time adaptation to
diverse applications, increasing versatility and reducing hardware complexity.
Therefore, ion-driven 2D material-based devices promise high-performance,
multifunctional, and reconfigurable information technologies.

Memory

The formation and rupture of ion-induced local filaments enable the device
to exhibit LRS and HRS, and the implementation of storage becomes achiev-
able by assigning the binary values “0" and "1" to the HRS and LRS, respec-
tively. The ability to scale 2D material thickness down to a few layers
presents a promising opportunity to facilitate rapid filament dynamics,
enabling high-speed, energy-efficient, and miniaturized memory devices with
outstanding performance metrics. To date, the shortest switching speed (120
ps) among 2D memory devices has been observed in a h-BN memristor, with
a low switching energy of 2 pJ.”” More importantly, the strong covalent bonds
in 2D materials endow the memory with excellent thermal stability. Wang et
al. reported a robust graphene/MoS,_0,/graphene memory that exhibits
excellent switching performance with endurance exceeding 107 cycles. Both
HRS and LRS can remain stable for over 10° s at a high operating tempera-
ture of 340 °C, suggesting potential applications of 2D memory in future high-
temperature harsh electronics.”” Furthermore, the storage density can be
significantly enhanced through array configuration. The wafer-scale, high-
density memory crossbar arrays have been fabricated using h-BN as the
resistive switching layer, and the arrays exhibit a high yield (98%), low cycle-
to-cycle variability (1.53%), and low device-to-device variability (5.74%)."
Thus, it is feasible to write and store image information in crossbar
arrays.”****" A 10 x 10 BP-based memory crossbhar array has been demon-
strated to write and store the letters "H", "U", and "N" separately, with each
memory unit defined as an independent pixel.”’ This high-density memory at
array level provides the hardware foundation for next-generation information
processing.

Notably, when the thickness of the 2D material active layer decreases to a
monolayer, introducing a single metal atom in or removing it from a vacancy
can markedly modulate the resistance of the device, an emergent device
known as atomristor.”*” This extreme sensitivity enables precise control of
the resistance at the atomic scale, representing a breakthrough in memory
technology. It effectively overcomes the thickness limitations and offers
promising applications in ultra-compact energy-efficient storage, since the
resistance states can be switched cyclically and retained without a power
supply.”“*" The atomristor was first demonstrated by Akinwande et al. in a
vertical Au/monolayer MoS,/Au device with non-volatile resistive switching
behavior, and both the HRS and LRS had stable retention over a week at
room temperature (Figure 7A).”*“ In another study, they revealed the mecha-
nism of the atomristor. The substitution of metal atoms into sulfur vacancies
resulted in non-volatile changes in resistance (Figure 7B).”** Compared with
monolayer MoS,, the one-atom-thin h-BN film further reduces the vertical
scaling to 0.33 nm and has been used to fabricate the thinnest memory. Wu
et al. reported a h-BN atomristor with a large on/off ratio (10”) and rapid
switching speed (< 15 ns) for accurate data storage, holding broad applica-

In addition, the non-volatile, multi-level resistance states of 2D material-
based devices have been used to achieve multi-bit memory, thereby funda-
mentally increasing storage density.”**" Li et al. reported a MoS,/h-
BN/MoS,/graphdiyne oxide/WSe, memory with an ultrahigh operation speed
(20 ns), a low operation voltage (2 V), and an ultralow energy consumption
(10 fJ). By adjusting the amplitude of the write voltage pulse, the conductive
filaments within the device can effectively control the injection of electrons
from WSe, to MoS,, allowing the resistance of the device to be modulated to
various levels. Based on this principle, they demonstrated 8 distinct storage
levels with excellent retention over 10* s, which can be used for 3-bit storage.
The memory was programmed to the “111" state by a positive voltage pulse,
while the other seven states of 110" to “000" could be reconfigured by apply-
ing negative voltage pulses (Figure 7C).*** Critically, the precision of ion
migration in 2D materials enables storage capacity to be significantly

expanded beyond 3 bits.**" These studies indicate the remarkable capability

of 2D material-based memory to achieve high-density, energy-efficient storage.

To further enhance the storage density, the design of stacked memory
architectures has been broadly investigated.'”"*****” Memory based on 2D
vdW materials delivers a promising candidate due to its atomic-level minia-
turization capability and potential for heterogeneous integration. Its unique
structure and properties allow for the vertical integration of memory units,
significantly increasing the number of storage layers within a limited foot-
print. Tang et al. fabricated a 3D stacked MoS,-based memory, where each
layer of the MoS, memory stack is accessible and programmable indepen-
dently. With these properties, a monolithic 3D circuit-based approach was
proposed (Figure 7D).” Similarly, Sivan et al. proposed a high-density 3D
monolithic stacked WSe,-based memory, which consists of a 1T1R cell inte-
grating a surface-functionalized WSe, FET and solution-processed WSe,
Resistive Random Access Memory (RRAM).'® The authors demonstrated its
good compatibility with CMOS processes and achieved high-density storage
(Figure 7E). Thus, the 3D stacked 2D material-based memory not only
improves space efficiency but also enables faster data access and process-
ing speeds, making it a promising solution to meet the growing demands for
data storage in the big data era.

Logic-in-memory

By integrating memory and processing functionalities into a single unit, in-
memory computing minimizes the latency and energy consumption associ-
ated with data transfer, resulting in highly parallel and energy-efficient infor-
mation processing.””' ™ Recently, ion-driven 2D materials-based devices
have been demonstrated to perform Boolean logic, enabling multiple recon-
figurable logic operations.”*** These devices significantly reduced the foot-
print of logic circuits, while their rapid switching speed and substantial on/off
ratio facilitate logic operations in a manner that is both efficient and reliable.
lon-induced rectification and resistance modulation can be employed to
fabricate reconfigurable logic gates. Dynamic switching between OR and
AND logic functions within a fixed circuit has been achieved by modulating
the rectification behavior of two CulnP,Ss-based devices.'®® This process
involved regulating Cu* ion migration to modulate the interfacial potential,
thereby reversing the polarity of the devices. In the OR mode, the two devices
were tuned to pn-type and np-type by applying a 20 V and a -20 V bias,
respectively. Using the common electrode as output and the other two as
inputs, the output voltage reached a high level (logic “1") when either input
voltage was high (5 V, logic “1"). It dropped to 0 V (logic “0") when both input
voltages were low (logic “0"), consistent with the truth table of OR logic
(Figures 8A-C). Moreover, the large breakdown voltage of 170 V and ultralow
leakage current of 100 fA of the device provide reconfigurable 2D logic
circuits with the advantages of low energy consumption and strong anti-
interference capability.

In addition, the ion-driven 2D materials-based devices with a vertical struc-
ture enable the realization of various logic functions within a single device,
leading to a reduction in the number of devices required for logic-in-memory
and the elimination of unwanted energy consumption. An Ag/Ins,,P,Se/Au
device has been demonstrated to implement 14 distinct logic operations (e.g.,
NIMP, NOT, AND, NAND) by changing the applied voltage signals to two
terminals, where the formation and rupture of voltage-controlled Ag filament
were the driving forces behind the implementation of logic-in-memory
(Figures 8D-F).”*" The two logic variables were defined as "0" or “1", corre-
sponding to low (QV) or high (2V) voltage levels applied to the device termi-
nals. The LRS and HRS of the device represented output logic values “1" and
"0", respectively. Logic operations were executed by applying specific voltage
pulse sequences designed based on the truth table, and the output current
reflected the computed result. Thus, different logic operations could be
configured by varying the input voltage pulse sequences, demonstrating the
feasibility and reliability of ion-driven 2D materials-based devices as logic-in-
memory hardware. Furthermore, these memory devices can be readily inte-
grated into crossbar arrays, where any single unit can be selectively
addressed to execute different logic operations, showing significant potential
for the realization of high-density, multifunctional logic-in-memory blocks.
Liu et al. reported a HfSe,-based crosshar device as a promising candidate
due to its outstanding resistive switching characteristics, including a large
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Figure 7. Memory based on reconfigurable resistance modulation (A) Schematic of a
HRS and LRS. Adapted with permission.”*® Copyright 2018, American Chemical Society
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n atomristor with the metal/monolayer MoS,/metal structure, as well as the retention of

. (B) The in situ scanning tunnelling microscopy images, which reveal the evolution of the

sulfur vacancy in monolayer MoS, during the switching process of the atomristor. Adapted with permission.”” Copyright 2020, Springer Nature. (C) The operation mechanisms of
the MoS,/h-BN/MoS,/graphdiyne oxide/WSe, memory, and its 8 distinct resistance states modulated by voltage pulses for 3-bit storage, all of which can maintain over 10* s.

228

Adapted with permission.””” Copyright 2022, Springer Nature. (D) Schematic diagram

Adapted with permission.”™” Copyright 2022, Springer Nature. (E) lllustration of 3D monolithic stacking of CMOS logic and 3D-stacked WSe, memory. Adapted with permission.

Copyright 2019, Springer Nature.

on/off ratio (> 10%), fast switching speed (< 50 ns), small operating current
(100 pA), and low energy consumption (ranging from 0.1 fJ to 0.1 pJ)
(Figures 8G-I). By modulating the migration of oxygen vacancies within the
HfSe,0, layer, they successfully demonstrated in-memory computing with

of 3D stacked Ti/MoS,/Pt memory with buried metal interconnects and logic circuits.
187

XOR, IMP, and NAND operations, all of which aligned well with the corre-
sponding truth table.”®
implementation. Future research should focus on further verifying the logic

% However, these studies remain at the level of device

operations in high-density integrated crossbar arrays.
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Figure 8. Logic-in-memory based on reconfigurable resistance modulation (A-B) Schematic diagram of working mode switching between OR and AND logic by modulating the
migration of Cu* ions within CulnP,Sg, with input connections remaining unchanged. (C) Schematic of the logic circuit alongside the truth table of OR and AND logic operations.
Adapted with permission.'® Copyright 2025, Elsevier. (D) Logic operations by a single Ag/Ins,P,Se/Au device. (E) The truth tables and the operation sequence for the NIMP logic
operation. (F) Experimental demonstration of the 1 NIMP 0 = 1 logic operation corresponding to the red box in (E). Adapted with permission.”” Copyright 2024, The American
Association for the Advancement of Science. (G) Schematic illustration of Ti/HfSe,0,/HfSe,/Au device. (H) Schematic of the logic circuits. (I) Experimental results of the XOR
logic operation by the device in (G). Adapted with permission.”* Copyright 2021, Wiley-VCH.

Neuromorphic computing

As another computational paradigm for in-memory computing, neuromor-
phic computing takes inspiration from the architecture of the biological
human brain, where neurons collect and integrate electrical signals through
synaptic connections.”*"" When these signals reach a certain threshold, the
neuron generates an action potential, which is transmitted to the next neuron
via the axon. The strength of these signals is modulated based on synaptic
weight, either enhancing or diminishing the transmission. The introduction of
2D materials offers anisotropic ion transport properties, facilitating ion migra-
tion and coupling between devices. Benefiting from their inherent reconfig-
urable resistance, ion-driven 2D materials-based devices can simulate
neuronal functions and neural network architectures, offering opportunities to
construct reconfigurable neuromorphic devices with simple circuitry and low
energy consumption.****** For example, Hu et al. simulated neuronal func-
tions using digital resistive switching in a carbon nanotube/h-BN/silver
nanowire cross-point structure (Figure 9A).”” The amount of Ag" ions was
limited by the ultra-small active area (120 nm?), resulting in the formation of
thin and unstable Ag filaments (Figure 9B). Under a continuous voltage pulse
train, the device demonstrated the ability to simulate the integrate-and-fire
function. The spike excitation frequency was further co-modulated to realize
frequency encoding by changing the input width and interval of the pulse
(Figure 9C). Notably, the power consumption within a single spike cycle was
only 4.85 nW. Combined with the ultra-small size of the device, this fully
demonstrates the advantages of ion-driven 2D materials in realizing energy-
efficient and miniaturized neuromorphic devices, providing a solid foundation

for the development of next-generation electronic devices.

The synapse serves as the connection between neurons, facilitating infor-
mation processing through the transmission of neurotransmitters.”® lon-
driven 2D material-based devices primarily rely on external electrical stimuli
to induce the migration of metal ions or vacancies. The resistance changes
caused by the formation and rupture of conductive filaments can effectively
mimic synaptic behaviors (Figure 9D).”**"" Among these, synaptic plasticity
plays a pivotal role in information transmission, including long-term potentia-
tion (LTP) and long-term depression (LTD), which involve synaptic weight
updating over extended periods. Moreover, short-term potentiation (STP) and
short-term depression (STD) help the synapse recover more quickly to its
original state.””*’” Lee et al. presented the coexistence of STP and LTP by
applying the Au-atom-relaxation phenomenon in the Au/MoS,/Au device.””
The resistance of the device increased or decreased with continuous positive
or negative voltage pulses, respectively, closely mimicking LTP and LTD
behaviors of synapses (Figure 9E). By changing the programming pulse width
and amplitude to simulate different frequencies and strengths, the relaxation
behavior of Au* ions can be well controlled, and they demonstrated the tran-
sition from STP to LTP, perfectly mimicking the learning and memory func-
tions of the human brain (Figure 9F). Ren et al. reported the reconfigurable
LTP and LTD behaviors exhibited by Te/WS, heterojunctions, enabling the
emulation of an artificial perception system.” Defects at the interface of the
heterojunctions can capture or release charge carriers by applying a gate
voltage, allowing the device to simulate synaptic plasticity. Subsequently, a
classification accuracy of 90.5% for MNIST handwritten digit images was
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Figure 9. Neuromorphic computing based on reconfigurable resistance modulation (A) Schematic diagram of the information processing flow of biological neurons in the
human brain. (B) Schematic illustration of the CNT/h-BN/Ag NW structure, which successfully simulates the integrate-and-fire behavior of a biological neuron. (C) The mtegratef
and-fire characteristics of the device in (B) at different voltage pulse amplitudes, and the spike firing frequency can be modulated by the voltage. Adapted with permission.”
Copyright 2025, Wiley-VCH. (D) Schematic of the imitation between a synaptic neural structure and device synaptic plasticity, and the change in device resistance can simulate
the change of synaptic weight. (E) Schematic diagram of the LTP and LTD behaviors simulated by the Au/MoS,/Au device. (F) Learning simulation result of Au/MoS,/Au device.
Adapted with permission.””” Copyright 2024, American Chemical Society. (G) Overall process of the gesture image convolution with the Cu,S-based crossbar array. (H) The
comparison of the hardware and software processed gesture images using the Laplacian kernel. Adapted with permission.”” Copyright 2025, Elsevier.

obtained through neural network simulation. materials-based devices enables the imitation of continuous weight updates
In addition, the reconfigurable resistance modulation in ion-driven 2D  in neural networks. For example, Jo et al. demonstrated the hardware imple-
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Figure 10. Data encryption based on reconfigurable resistance modulation (A) Schematic diagram of the encryption implementation based on the Bi,0,Se with RTN mode and
switching probability mode. (B) Diagram of the Diffie-Hellman Key Exchange protocol based on TRNG, in which Bob and Alice successfully exchange a key through an insecure
channel. Adapted with permission.”” Copyright 2022, American Chemical Society. (C) Schematic diagram of the working principle of encryption achieved by utilizing the resis-
tance value corresponding to a specific condition during the resistance modulation process. (D-F) Typical |-V plot, resistance-cycle plot of the resistance, and statistical analysis
of the resistance in HRS measured in graphene/h-BN/graphene device. (G) The result of the random number sequences generated by the graphene/h-BN/graphene device
(arranged as a pattern) in NIST tests, all of which passed. Adapted with permission.””' Copyright 2024, Wiley-VCH.

mentation of a neural network, where neuronal and synaptic functions were
simulated using volatile and non-volatile devices based on h-BN with Ag and
Ti active layers, respectively.”®’ The weight updates of synaptic devices
enabled the modulation of the number of firing spikes generated by neuron
devices, highlighting the advantages of ion-driven 2D materials-based
devices in developing highly integrated artificial neuromorphic systems.
Based on their experimental data, the emulation of MNIST handwritten digit
image classification achieved a recognition accuracy of 83.45%, comparable
to the 90.65% accuracy observed in the ideal case.

Through simulating the parallel information processing capability of
biological neural networks, it is feasible to perform more complex image
recognition and classification tasks with high accuracy in an energy-efficient
manner.”**** Convolutional image processing has been demonstrated to

enable feature extraction from an image using 2D crossbar array differential
circuits that perform matrix operations based on Ohm's and Kirchhoff's laws,
where the voltage matrix mapped by the pixel matrix is applied to the cross-
bar array, and the output currents are converted into the processed
images.”****** Feature extraction from gesture images has been achieved
using a Laplacian kernel mapped onto a 3x6 Cu,S-based crosshar array
differential circuit (Figure 9G). The kernel weights (W) were mapped by calcu-
lating conductance differences between the average high-resistance state
(HRS) and LRS values obtained under different compliance currents (LRS50
for 50 pA and LRS200 for 200 pA) (i.e., Wy = Gygs = Gurs = 0, Wa/W, = (G gsooo -
Girs) / (Gurs — Girsso) = 4/-1). The edge features extracted by this hardware
convolutional kernel exhibited a high structural similarity index (SSIM) of 0.94

9

and were tailored for gesture recognition preprocessing (Figure 9H).** The
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accuracy of subsequent recognition and classification is expected to be
significantly improved, as the subtle features of the image are magnified.
These findings highlight the critical role of ion-driven 2D materials-based
devices in advancing neuromorphic computing for high-precision informa-
tion processing, thereby injecting new vitality into the development of recon-
figurable intelligent information electronics.

Data encryption

With the rapid development of the 10T, there is an increasing demand for
energy-efficient, stable, and miniaturized true random number generator
(TRNG) circuits to ensure the secure encryption of massive volumes of
sensitive data.””* Traditional encryption techniques typically rely on
complex mathematical algorithms and auxiliary circuits, which are often
constrained by high energy consumption and limited scalability, thus hinder-
ing their miniaturization and integration. In contrast, ion-driven 2D materials-
based devices have emerged as promising candidates for next-generation
TRNGSs, owing to their ultralow power consumption, atomic-scale thickness,
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and intrinsic physical randomness derived from ion transport dynamics. In
these devices, the operating voltage and resistance act as natural entropy
sources, exhibiting variability due to nanoscale variations in the ion distribu-
tion within 2D materials, governed by probabilistic ion hopping over energy
barriers. These random variations give rise to measurable electrical signals
that can be used to produce truly random binary sequences, which are
essential for secure and reliable data encryption in modern electronic
systems.

Thanks to their reconfigurable resistance modulation, the intrinsic random-
ness and tunability of these devices make them ideal candidates for next-
generation encryption techniques. For instance, Liu et al. demonstrated a
Bi,0,Se-based TRNG, where the entropy sources were attributed to random
telegraph noise (RTN) signals caused by electron trapping/detrapping near
conductive filaments, as well as non-uniform switching voltages (Figures 10A-
B).”* This stochastic behavior enabled the encryption of auditory and secure
communications, with the inherent randomness ensuring reliable informa-
tion transmission and supporting cryptographic protocols such as the
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Figure 11. Sensors based on reconfigurable resistance modulation (A) Schematic of the 2D materials-based FET sensor with ion-sensitive surface functionalization
membrane. (B) Normalized conductance transient responses of the graphene-based sensors to changing concentrations of Na* ions. (C) The I-V characteristics of the devices in
(A), measured in the solution containing K*, Na*, and Ca?" ions. Adapted with permission.””® Copyright 2022, Springer Nature. (D) Photographs of the wafer-sized graphene-based
sensor array for real-time toxins monitoring and a single device with a droplet of test solution on the surface. (E-F) Response transient patterns of the device for single ion (Pb?")
and multiple ions (Pb*" and Hg*"). Adapted with permission.””" Copyright 2023, Springer Nature. (G) Schematic of the MoS,-based respiration sensor and its sensing mechanism.
(H) Current response of the MoS,-based sensor in the relative humidity range of 30% to 60%. (I) Current response of the MoS,-based sensor depending on repeated respiration
and comparison with a commercial sensor. Black: MoS,-based sensor; red: commercial sensor. Adapted with permission.”*” Copyright 2025, Wiley-VCH.
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Table 1. Multifunctional ion-driven 2D materials-based reconfigurable devices.

Device lon _ ReS|stance_ Switching Number of Retention Energy _ application Ref.
species changeratio speed states consumption
Au/Ti/h-BN/Au Ti* 50 120 ps 2 10°s 2pJ Ultra-fast memory &
Graphene/MoS,_,0,/graphene 0% 10 100 ns 2 10°s NA High-temperature storage 0
Ti/h-BN/SiOxN,/Si H* 10° NA 3 4x10*s NA Image storage 02
Ag/In,3P,Se/graphene Ag' 108 50 ns 278 500 s 1.171J High-density storage 199
Ag/In,5P,Se/Au Ag* 10° 100 ns 5 10°s 18.5fJ Logic operations of NIMP, NOT, NAND, ***
NOR, and etc.
Dual-gated MoS, transistor DEME', 10° 5.5ms 20 4s 12.71J AND, OR, and NOT logic gates 03
TFSI
Cr/Au/monolayer-MoS,/Au/Cr Au 10° NA 2 10*s NA AND and OR logic gates, half adder ~ ***
Ag/WS,/Si0, Na* 10° NA 64 10*s 1pJ Synaptic plasticity (potentiation and ~ **°
depression), image recognition
Ag/SnS/Pt Ag* 108 1.5ns 2 10°s 100 fJ Simulation of synaptic learning 305
behavior
Graphene/CulnP,S¢/graphene Cu* NA NA 1350 10°s NA Simulation of neuronal signal transport®*
Graphene/h-BN/graphene C,B,N 10 100 ps 2 NA NA Flexible encryption circuit 21
defects
Ag/h-BN/Pt Ag* 10 1ms 3 10°s NA True random number generator 292
Ni/h-BN/Au B NA NA NA NA One-time password generator 290
vacancy
Electrolyte-gated graphene Ca* NA 51+1.1s >5 NA NA Multi-ion sensor 298
field-effect transistor
Reduced graphene Hg* NA 10s >5 NA NA Heavy-metal ion sensor 306
oxide/thioglycolic acid-Au
Ti/Au/MoS,/Au/Ti H"OH 2 1s >3 NA NA Humidity sensor 2%

Diffie—Hellman key exchange. Similarly, Wen et al. developed TRNG circuits
using RTN signals generated from Ni/h-BN/Au devices to produce one-time
passwords for advanced encryption. Their circuits exhibited low power
consumption (operating voltage = 0.1V, operating current = 200nA), a high
degree of randomness (a long string of 2% - 1 bits), and a high data through-
put of TMbit s, providing a practical hardware solution for secure communi-
cations.””

In addition to RTN, specific resistance values provide another source of
intrinsic entropy acquired during resistive switching. The resistance at a user-
defined trigger point is determined by the transient ionic configuration, which
is inherently unpredictable by conventional algorithms. Han et al. fabricated a
TRNG circuit based on a graphene/h-BN/graphene heterostructure, which
exhibited significant cycle-to-cycle variations. The resistance value at the first
data point during a reverse voltage sweep served as the entropy source.””' By
extracting the three least significant bits (LSBs) of the binarized resistance
from each sweep, the system generated random bitstrings, which functioned
as dynamic encryption keys and successfully passed all the National Insti-
tute of Standards and Technology (NIST) tests (Figures 10C-G). Meanwhile,
the device-to-device variations of the initial resistance and the forming volt-
age were also exploited as hardware security primitives. Inkjet-printed Ag/h-
BN/Pt devices demonstrated considerable randomness in both their initial
and post-bias resistance states. The inkjet printing process introduced
unpredictable morphology, such as the thickness and orientation of the h-BN
films. As a result, it is impossible to predict which devices will be in HRS or
LRS within an integrated circuit. This characteristic enables the devices to
serve as physical unclonable functions (PUF) for identifying objects or
entropy sources. Moreover, the currents of the RTN signals generated by
these devices were demonstrated never to exceed the nanoampere regime,
ensuring low power consumption while making them highly suitable
for energy-efficient security applications in resource-constrained environ-
ments.”” These findings demonstrate the flexibility and reliability of leverag-
ing resistance modulation via nanoionics within 2D vdW materials to achieve
energy-efficient, highly secure, and miniaturized devices for data encryption,
paving a new avenue for the development of advanced information security

technologies.

In addition to the aforementioned applications, ion-driven 2D materials-
based devices can also be used for sensor applications.”** The mecha-
nism stems from the change of carrier density under the influence of the
migration and adsorption of ions onto the 2D vdW materials. The adsorption
of charged ions causes an increase/decrease in the surface potential, lead-
ing to the accumulation of electrons/holes at the surface. Consequently, the
Fermi level of the 2D vdW materials shifts towards the conduction band mini-
mum/valence band maximum, resulting in a measurable variation in the
device's resistance or current.”® These devices have been demonstrated to
classify the ion species, such as Hg*, Pb?, Na*, Ca®*, and OH" ions, monitor-
ing their concentration at the ppb (cfu/mL) level.”*** For instance, Xue et al.
functionalized graphene with different ion-selective membranes (ISM) to
fabricate multi-ion sensors. The concentration of target ions (K*, Na*, and
Ca?) was quantitatively detected by monitoring the shift of the Dirac point
(the location of the minimum conduction point), demonstrating highly sensi-
tive, reversible, and real-time responses in complex solutions (Figures 11A-C).”*
Maity et al. developed a graphene-based FET sensor capable of detecting
Pb* and Hg* ions both separately and simultaneously in real time (Figures
11D-F).””" Their study provides a reliable quality control protocol to enhance
the potential of reconfigurable 2D materials-based sensors for monitoring
pollutants in flowing water.

Other 2D vdW materials, such as MoS,, WS,, and h-BN, have also emerged
as novel materials for sensors.”**' The layered structure of them enables
highly efficient ion and charge transfer, endowing the superiority of 2D vdW
materials in rapid sensing applications. For instance, Youn et al. reported a
MoS,-based sensor that could monitor humidity changes within the 30% to
60% range relevant to respiration (Figure 11G). At a bias of 5 V, the current
increased with rising humidity and decreased with falling humidity (Figure 11H),
attributed to OH" ions (generated from water molecule dissociation) adsorb-
ing onto MoS, to donate electrons, while proton hopping facilitated charge
transport and enhanced conductivity. This device exhibited excellent perfor-
mance, with a fast response time of 1 s and a recovery time of 3.96 s, signifi-
cantly faster than commercial sensors (> 200 s) (Figure 111).° These stud-
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Figure 12. The schematic illustration of perspectives and challenges for ion-driven 2D materials-based devices, including precise ion migration, high device performance,
and scalable system integration. Adapted with permission.’** Copyright 2025, Elsevier. Adapted with permission.**® Copyright 2024, Springer Nature.

ies open new avenues for the application of ion-driven 2D materials-based
devices in advanced sensing and electronic devices.

Recent advances in multifunctional, reconfigurable devices based on ion-
driven 2D vdW materials are summarized in Table 1, highlighting key perfor-
mance metrics relevant to memory, logic, neuromorphic computing, encryp-
tion, and sensor applications.

SUMMARY AND OUTLOOK

In this review, we have discussed the reversible modulation of physical
properties induced by ion migration in 2D vdW materials, along with recent
advancements in ion-driven 2D materials-based reconfigurable devices for
information processing. Under an applied electric field, mobile ions (such as
Ag', Cu’, and Li* ions) within 2D vdW materials migrate and redistribute
across the layered structure. By precisely controlling this reversible ion
migration, it is possible to dynamically modulate the material, including the
crystal structure phase, band structure, and interfacial barriers, thereby
enabling reconfigurable resistance states in devices. Various strategies were
outlined for regulating ion migration, which allow for different resistance
modulation modes, including digital switching and analog switching. This
tunable functionality empowers ion-driven 2D materials-based reconfig-
urable devices to perform diverse tasks, such as non-volatile memory, in-
memory computing, and hardware-based encryption. Furthermore, the inher-
ent flexibility of these devices shows great promise for the development of
miniaturized, multifunctional, and energy-efficient electronics, paving the way
for next-generation information technologies.

Despite tremendous progress, several technical challenges must be
addressed to transition these devices toward practical applications (Figure 12).
The main problems associated with ion-driven 2D materials-based reconfig-
urable devices are manifested in several aspects.

(1) At the fundamental principle level, the controllability of ion movement in
2D materials-based reconfigurable devices presents formidable challenges.
2D materials, with their unique atomic-scale structures, have emerged as a
revolutionary platform. However, precisely controlling ion movement at the
atomic scale within these materials remains difficult. The atomic-scale struc-
ture of 2D materials creates a complex potential-energy landscape with
numerous non-deterministic barriers and channels. Moreover, intrinsic
defects in 2D materials can act as ion traps, making it challenging to direct
ions along a specific path. These issues also impact the control of the quan-
tity of ions moving in 2D materials, which is crucial for the proper functioning
of reconfigurable devices. For example, in a 2D material-based memory
device, an excess or deficiency of ions can cause errors in data storage and
retrieval. Recent studies suggest that engineering atomic defects, such as
nanopores, may enhance the controllability of ion movement."**" By

precisely controlling the size, shape, and location of these nanopores, it is
possible to guide ions along specific paths and selectively allow certain ions
to pass through while blocking others, thereby effectively improving the
controllability of ion movement.

(2) In performance evaluation, there is a significant shortfall in comprehen-
sively assessing device parameters. Current research landscape is predomi-
nantly skewed towards demonstrating single-aspect performance. This
narrow focus fails to provide a holistic view of the device's potential for prac-
tical applications. The failure to comprehensively evaluate these aspects
restricts the practical application of ion-tuned 2D material devices, as a
device that excels in one parameter but performs poorly in others may not be
suitable for large-scale use. In addition, other vital performance indicators for
practical applications have been largely overlooked. Endurance, which is of
paramount importance for devices that are frequently used, has rarely under-
gone systematic research. A device with poor endurance may fail after a
limited number of operations, rendering it unreliable for long-term use. Stabil-
ity under diverse environmental conditions, including temperature and
humidity interference is not well studied. These environmental elements can
significantly impact the device's performance and reliability. Device produc-
tion yield is also a critical aspect that has not received due attention. A low
production yield means higher costs per device and limited availability, which
are major obstacles to the widespread application of ion-driven 2D materials-
based reconfigurable devices.

(3) Integrating ion-driven 2D materials-based devices with diverse func-
tionalities shows great potential for advancing high-performance chips. This
approach provides a feasible way for ‘More than Moore' development, aiming
to overcome the traditional limitations of Moore's Law. A practical approach
to achieving this integration is to incorporate devices with different function-
alities onto the same chip.”” Ensuring compatibility and reliable communica-
tion between different functional layers is crucial. However, disparities in
mechanical characteristics and communication across different functional
layers can give rise to challenges during the integration process. These
differences necessitate collaborative optimization.”” The alternative is the all-
in-one strategy, where multiple functions are configured within the same
device, instead of physically assembling different components. Through a
comprehensive understanding of these material attributes, researchers can
develop new principles and design methods to enable the co-existence and
interaction of multiple functions within a single device. This strategy has the
potential to simplify the integration process, reduce the system's size and
cost, and enhance its overall performance, making it more suitable for high-
performance chip applications.

Looking ahead, nanoion-tuned 2D vdW materials play a crucial role in revo-
lutionizing future reconfigurable nanoelectronics, enabling smaller footprint,
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lower energy consumption, and additional functionalities. Devices based on
these materials hold great potential for next-generation intelligent informa-
tion technologies.
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