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MXene-Based Flexible Memory and Neuromorphic Devices

Yan Li, Guanglong Ding,* Yongbiao Zhai, Ziyu Lv, Yan Yan, Shuangmei Xue, Kui Zhou,
Meng Zhang, Yutong Zhang, Qi-Jun Sun, Yi Liu, Vellaisamy A. L. Roy, Ye Zhou,*
and Su-Ting Han*

As the age of the Internet of Things (IoTs) unfolds, along with the rapid advance-
ment of artificial intelligence (AI), traditional von Neumann-based computing
systems encounter significant challenges in handling vast amounts of data
storage and processing. Bioinspired neuromorphic computing strategies offer
a promising solution, characterized by features of in-memory computing, mas-
sively parallel processing, and event-driven operations. Compared to traditional
rigid silicon-based devices, flexible neuromorphic devices are lightweight, thin,
and highly stretchable, garnering considerable attention. Among the materials
utilized in these devices, transition metal carbides/nitrides (MXenes)
are particularly noteworthy materials with their excellent flexibility, exceptional
conductivity, and hydrophilicity, which confer remarkable properties upon
these devices. Herein, a comprehensive discussion is provided on the appli-
cations of MXenes in flexible memory and neuromorphic devices. This review
covers the basic principles and device structures of memory and neuromorphic
devices, common parameters and emerging materials of flexible devices, as
well as the common synthesis, functionalization methods, and distinct proper-
ties of MXenes. The remaining challenges and future opportunities of MXenes
in relevant devices are also presented. This review can serve as a valuable
reference and lay a cornerstone for the practical and feasible implementation
of MXenes in flexible memory and neuromorphic technologies.
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1. Introduction

The advancement of the IoTs, Big data,
and AI technologies has raised great re-
quirements for enormous data storage and
energy-efficient information processing.[1]

The rapid advancement of the informa-
tion industry drives the exploration of novel
intelligent architectures capable of low
power consumption, high-density integra-
tion, and fast speed.[2] However, traditional
von Neumann-based computing architec-
ture faces challenges such as relatively low
information processing efficiency along-
side high power consumption because of
the separation between memory and cen-
tral processing units (CPUs),[3] a limita-
tion named the von Neumann bottleneck.[4]

Consequently, developing new-generation
data storage and computing technology is
becoming imperative and challenging.[5]

In contrast to traditional computers, the
human brain exhibits simultaneous infor-
mation storage and processing capabili-
ties while being significantly more energy-
efficient by several orders of magnitude,[6]
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thereby inspiring researchers to explore novel hardware architec-
tures. Memory devices with high-density data storage capacities
are a fundamental building block in electronics, particularly in
the era beyond Moore’s Law. Neuromorphic devices with excel-
lent nonvolatile features can also offer programmable informa-
tion recording via switching adjustable resistance when they are
in response to external stimuli, thereby enabling applications in
data storage and intelligent perception.[7]

With the developments of novel device concepts and man-
ufacturing technologies, various memory and neuromorphic
devices have been investigated, based on different architec-
tural structures (two- and three-terminal devices).[8] In addi-
tion to low energy consumption, two-terminal devices (mainly
memristors) offer advantages such as simple construction and
high compatibility with complementary metal oxide semiconduc-
tors (CMOS) technology.[9] By contrast, three-terminal devices
(mainly transistor-based devices) can perform programming and
reading operations simultaneously, similar to the learning pro-
cess in biological synapses, enabling significant potential for con-
structing advanced neuromorphic engineering and intelligent
systems.[10] A wide range of functional materials have been ex-
plored for fabricating memory and neuromorphic devices. Crit-
ical parameters such as retention, endurance, and variability
have been thoroughly investigated.[11] In terms of neuromor-
phic functions, various short/long-term plasticity (STP/LTP), in-
cluding pair pulse facilitation/depression (PPF/PPD), long-term
potentiation/depression, and spike-timing/spike-rate dependent
plasticity (STDP/SRDP), have been implemented successfully.[12]

Furthermore, advanced neuromorphic computing functions
have also been achieved, including pattern classification and
recognition,[13] in-memory logic,[14] and data preprocessing,[15]

enabling their applications in the fields of robotics, machine vi-
sion, and autonomous systems.[16]

Flexible devices have garnered intense interest owing
to their potential applications in modern electronics like
health monitoring,[17] biomimetic systems, and implantable
technologies.[18] High-performance flexible memory and neuro-
morphic devices are expected to be competitive in applications
like intelligent wearable electronics and smart medical, due to
their advantages of thin, lightweight, and conformability.[19] The
mechanical flexibility of neuromorphic devices is also important
in emulating synaptic functions because the real biological
neurons and synapses are generally soft and exhibit adaptability
to various mechanical deformations.[20] Conventional silicon
materials are typically rigid, which limits the development of
flexible devices. To achieve superior properties, it is imperative
that every functional component of flexible devices, including
substrates, electrodes, as well as intermediate/dielectric and
semiconductor layers, should demonstrate remarkable mechan-
ical flexibility. Therefore, the exploration of novel materials
becomes indispensable.

Various materials have been utilized in multifunctional flexi-
ble electronic devices, such as semiconducting polymers and two-
dimensional (2D) materials.[21] Typically, 2D materials provide
rich platforms for advanced flexible memory and neuromorphic
devices owing to their excellent flexibility, atomic-scale thickness,
and distinctive physico-chemical properties.[22] MXenes, first dis-
covered in 2011 and possessing 2D graphene-like structures,[23]

offer unique advantages, including high hydrophilicity,[24] ex-

cellent conductivity,[25] favorable bio-compatibility, superior
flexibility,[26] and good optical properties.[27] To date, MXenes
have gained growing attention across multiple fields, including
batteries,[28] supercapacitors,[29] sensors,[30] water purification,[31]

electrocatalysis,[32] photocatalysts,[33] and electromagnetic inter-
ference shielding.[34] In recent years, 2D MXenes have garnered
intense interest in high-performance memory devices and neu-
romorphic systems, endowing these devices with remarkable fea-
tures like a large ON/OFF ratio and high recognition accuracy.[35]

Moreover, the interest in their flexible applications stems from
their superior electronic and mechanical properties, along with
the hydrophilic surface with feature tunable functional groups,
they are also suitably applied in flexible electronics.

Up to now, several reviews discussing the common synthe-
sis, distinct properties, and diverse applications of MXenes have
been published.[24,36] For instance, Ding et al. reviewed the com-
mon structural features and synthetic processes of MXenes,
particularly highlighting their applications in memristors and
their operational mechanisms.[36a] Lian et al. discussed the ad-
vances in MXene-based memristors for neuromorphic intelli-
gence applications.[36d] However, these reviews have provided
limited coverage of MXene-based flexible applications. This re-
view is centered on the most recent reports of flexible memory
and neuromorphic devices based on MXenes (Figure 1). It be-
gins in Section 2 with some basic principles about flexible mem-
ory and neuromorphic devices, involving device structures, op-
eration mechanisms, synaptic plasticity, parameters of flexible
devices, and common flexible materials. In Section 3, the struc-
tures, synthesis methods, as well as properties of 2D MXenes are
introduced. Section 4 provides recent developments in MXene-
based flexible memory and neuromorphic devices. Finally, Sec-
tion 5 summarizes the remaining challenges of MXenes in rele-
vant devices and outlines their prospects.

2. Flexible Memory and Neuromorphic Devices

2.1. Device Structures and Mechanisms

2.1.1. Two-Terminal Devices

Two-terminal structure-based devices, primarily memristors,
possess active layers sandwiched between two electrodes.[37]

Memristor, also referred to as resistive switching random ac-
cess memory (RRAM), is classified as one of the fundamen-
tal passive circuit components, alongside resistors, capacitors,
and inductors.[38] They offer merits like low power consump-
tion, simple structure,[39] and excellent miniaturization.[40] The
structure of the memristor closely resembles that of a biologi-
cal synapse,[41] where top electrodes (TEs) and bottom electrodes
(BEs) can be likened to pre- and postsynaptic membranes respec-
tively, while the active layer functions as synaptic cleft. Therefore,
memristors are suitable for simulating the functions of biologi-
cal synapses and biological neural networks (BNNs),[42] exhibit-
ing significant potential to advance the semiconductor field and
provide data storage for high-throughput computing.[43]

The underlying switching mechanisms of memory devices
have been explored through filamentary- and interface-type
mechanisms, which explain specific memristive behaviors based
on given theoretical calculation and experimental analysis
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Figure 1. This review article focuses on MXenes-based flexible memory and neuromorphic devices, encompassing devices, materials, and recent ad-
vancements.

(Figure 2a).[44] The development and formation of conductive fil-
aments (CFs) are often related to the type of electrodes and resis-
tive switching (RS) materials used.[45] Electrochemical metalliza-
tion (ECM) is a typical filamentary-type operation mechanism,
involving the electrochemical redox processes of metal atoms in

electrodes and RS layers. For ECM memristors, electrochemi-
cally active metals like Cu and Ag are commonly adopted as the
TEs,[46] while inert metals like Pt and Au are used as the BEs.[47]

In this process, active metal atoms undergo oxidation and are
transformed into cations, which are driven toward the BE by an

Figure 2. Structures, mechanisms, and electronic characteristics of memristors. a) Four typical operation mechanisms of memristors categorized into
filamentary- and interface-type. b) Typical digital switching I–V curve of nonvolatile memristor illustrated on double-linear coordinates. c) Typical digital
switching I–V curve of nonvolatile memristor replotted with current on a logarithmic scale. d) Retention characteristics of memristor. e) Analog switching
I–V curves when scanned by five consecutive voltage cycles. f) Current and voltage data in the consecutive pulses as a function of time.
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electric field. At the inert BE, these cations undergo reduction and
are converted back into metal atoms. During the process, the re-
duced metal atom precipitates are produced to form CFs. When
the CFs create connections between the TEs and BEs across the
RS layers, the SET process occurs with the device’s transit to
the low-resistance state (LRS). In contrast, by applying reverse
voltage bias, the RESET process occurs due to the decomposi-
tion of the CFs. The devices recover from the LRS to the high-
resistance state (HRS). Since ECM memristors generally exhibit
nonvolatile behaviors with good retention properties as well as a
large ON/OFF ratio, they are ideal for data storage applications.

The mechanisms of charge trapping/de-trapping mechanism
and valence change mechanism (VCM), primarily depending
on the characteristics of the RS materials, can manifest as ei-
ther filamentary- or interface-type. Bipolar switching behaviors
attributed to the charge trapping/de-trapping process are of-
ten related to the abundant charge-trapping sites within the RS
layers.[48] Taking the filamentary-type mechanism as an exam-
ple, charge carriers will be transmitted from electrodes to charge-
trapping sites by applying external voltage bias. When external
electric field applied reaches a specific value, nearly all the charge-
trapping sites are occupied by charge carriers which accumulate
to eventually form a CF linking the TE and the BE, resulting
in the switching from HRS to LRS. Oppositely, the charge car-
riers captured before will be released by applying reverse volt-
age bias, resulting in the decomposition of CF and the recov-
ery from LRS to HRS. The charge-trapping phenomenon pro-
motes slow change in resistance, facilitating the successful em-
ulation of synaptic functions. Nanostructures of RS materials
can provide additional adjustable charge-trapping sites, enhanc-
ing the device’s performance. Up to now, various nanomaterials
have been reported to charge trapping/de-trapping-based RS ma-
terials, including MXenes,[49] carbon nanotubes (CNTs),[50] and
metal nanoparticles (NPs).[51]

VCMs are commonly found in the oxide- and perovskite-
based memristors, involving the movements of oxygen or halo-
gen vacancies.[52] The migration and redistribution of donor-type
defects result in the change of valence, thereby resulting in the
alteration of local conductivity of the active layers.[53] For exam-
ple, in filamentary-type oxide-based memristor, oxygen ions can
migrate to the anode under external voltage bias. The emergence
of abundant oxygen vacancies in the active layers can form anoxic
CFs, thereby decreasing the resistance to the LRS. Inversely, the
reverse switching to HRS occurs when oxygen vacancies recom-
bine under reverse voltage bias, leading to the breakdown of CFs
and RESET behavior. Besides, for interface-type VCM, the RS be-
havior usually occurs at the interface, probably stemming from
the modulation of Schottky barrier,[54] which can be influenced
by varying the strength of external voltage bias or adjusting the
initially formed CFs.[55]

Ferroelectric memristor represents another interface-type
device based on the ferroelectric polarization properties of
applied functional materials/structures including ferroelectric
polymers,[56] ferroelectric tunnel junction (FTJ),[57] and metal-
ferroelectric-metal.[58] Their conductance variations are driven
by the switching of lattice noncentrosymmetry-induced polariza-
tion, which represents a purely electronic mechanism distinct
from filament formation or rupture. With the characteristics of
spontaneous, high controllable, and nonvolatile polarization,[59]

ferroelectric devices not only exhibit advantages like nonvolatility,
precise conductance control, high energy efficiency (<1 fJ bit−1),
and switching speeds (<600 ps),[60] but also overcome the limita-
tions observed in filamentary-type devices regarding the number
of conduction states and the uniformity of cycle-to-cycle/device-
to-device performance.[61] Ferroelectric memristors have shown
promising potential as analog, multibit memory components.[62]

For example, a HfxZr1–x-O2-based FTJ memristor was fabricated
achieving more than 16 distinguishable conductance states along
with a mean cycle-to-cycle variation of less than 1.5%,[55] estab-
lishing the competitive potential of FTJs as memristive devices
for multilevel storage applications.

Memristors are categorized into digital and analog types ac-
cording to the mode of current change when applying external
electric fields, and. the phenomenon of co-existing digital and
analog RS behaviors can be observed in some memristors.[63]

As depicted in Figure 2b, for digital-type memristors with grad-
ually increasing voltage applied, the current across the RS layer
abruptly changes when the applied voltage exceeds SET voltage
(VSET). Under reverse voltage sweeping, the current suddenly
drops, which means the RESET process. A typical I–V curve is
depicted in Figure 2c on a logarithmic scale, exhibiting two dis-
tinguished resistance states (LRS and HRS). Based on the resis-
tance state retention capacity, memristors can be classified as
nonvolatile and volatile. In a nonvolatile memristor, the resis-
tance state can be retained after the external input is removed,
and the duration time is called “retention time”.[64] Figure 2d
demonstrates the retention performances at a given read volt-
age. The nonvolatile behaviors are characterized by exceptional
stability and imperceptible degradation of the ON/OFF ratio dur-
ing a retention period, where the ON/OFF ratio is defined as the
resistance between LRS and HRS. Another term, “endurance”,
refers to the ability to resist fatigue degradation, quantified as
the maximum number of write/erase cycles performed before
the memristor becomes unreliable. A higher number of testing
cycles without significant degradation demonstrates better dura-
bility of the device.

On the contrary, in analog-type memristors, as depicted in
Figure 2e, the measured current exhibits a gradual rather abrupt
change during voltage sweeping. With an increasing number of
pulses, the response current progressively rises (Figure 2f), indi-
cating the conductance can be gradually modulated. This resis-
tance variation process under different voltage pulse simulations
resembles the alteration of synaptic weight (SW) observed in nat-
ural synapses,[65] which is advantageous for simulating artificial
synapse functions and constructing neural networks capable of
adaptive learning.[66]

Additionally, the current conduction mechanisms of the mem-
ristor, primarily depending on the electrodes, dielectric layer,
and the properties of the interfaces formed, can be broadly
divided into bulk-limited and injection-limited types.[67] Trap-
limited space charge limited current (SCLC) and trap-assisted
tunneling (TAT) are typical bulk-limited mechanisms observed
in memristive devices, elucidating charge trapping/de-trapping
phenomena as well as corresponding RS behaviors.[68] At low
applied fields, the bulk contains a limited number of ther-
mally generated mobile carriers, leading to ohmic conduc-
tion where the current density is proportional to the electric
field.[69] As sufficient carriers are injected from the contact and
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Figure 3. Structures, mechanisms, and electronic characteristics of transistors. a,b) The transfer (a) and output (b) curves of typical FETs. c) Scheme of
device operation for transistor-based memory. d–f) Diagrams of three typical types of transistors under positive gate voltage bias: FGT (d), FeFET (e),
and EGT (f).

accumulate within the bulk to form a space charge region, the
material’s conductivity diminishes, and the current is governed
by the drift velocity of the accumulated carriers. This mode of
conduction mechanism is referred to as SCLC.[70] TAT is a con-
duction process where electrons from the cathode are trapped
and then tunnel through barriers, allowing carriers to tunnel
through energy barriers that are too high for direct tunneling.[71]

In contrast, Schottky emission is considered a type of injection-
limited mechanism, where electrons are heated and then injected
across a Schottky barrier into the conduction band (CB) of the
insulating material, resulting in enhanced carrier transport and
reduced impedance in the memristor.[72] Thus, the interplay be-
tween these mechanisms governs the overall electrical behavior
and switching dynamics of the memristor. Multiple mechanisms
can coexist within a single memristor, depending on the resis-
tance state (whether it is filamentary or interface) as well as oper-
ating conditions and parameters.

2.1.2. Three-Terminal Devices

Despite the simplicity and ease of manufacturing, two-terminal
devices encounter issues when integrated into crossbar arrays
since inaccurate reading and programming can occur when cur-
rent flows through unselected cells.[73] In contrast, three-terminal
transistors independently modulate SW through the gate (G) ter-
minals, eliminating the need for additional circuit components
to select target cells.[74] This facilitates synchronous information
transmission and learning processes. In addition, by exploiting
functional expandability, three-terminal devices better emulate
neural functions of brain and body synapses,[6] revealing poten-
tial applications in artificial neuromorphic systems. In a synaptic
transistor, the G electrodes perform as presynaptic neurons while

the semiconductor channels between the source (S) and drain
(D) electrodes simulate postsynaptic neurons. When the external
voltage is applied to the G electrode, it modulates the conduc-
tance of the channel. The variable channel conductance in tran-
sistors can be viewed as adjustable SWs in biological systems.
Hence, three-terminal devices can be implemented to mimic
more complex synaptic functions, which is an effective technol-
ogy in the fabrication of bionic synapses for neuromorphic en-
gineering. Additionally, three-terminal devices can provide more
functional diversity such as multilevel storage,[75] nondestructive
reading,[76] and array-level isolation.[77] According to the work-
ing mechanisms, three-terminal transistor-based devices can be
broadly categorized into several types, including floating gate
transistors (FGTs), ferroelectric field effect transistors (FeFETs),
as well as electrolyte-gated transistors (EGTs).

FETs are active devices in which the channel materials’ con-
ductive capability can be modulated via the controlled electric
field.[78] Specifically, charges that flow through the channel are
controlled by gate-source voltage (VGS).[79] As shown in Figure 3a,
the transfer characteristic is described as channel current (IDS)
changed with the variation in VGS at constant drain-source volt-
age (VDS). Similarly, when VGS is kept constant, the variation
of IDS with VDS is known as the output characteristic. A typical
output curve with distinguishing current saturation is shown in
Figure 3b. In the saturation regime, when the VGS exceeds the
threshold voltage (VTH), IDS can be calculated based on the fol-
lowing equation:

IDS = W
2L

𝜇Ci

(
VGS − VTH

)2
(1)

where L and W denote the length and width of the channel, re-
spectively; 𝜇 represents charge mobility; and Ci is the capacitance
per unit area of the dielectric layer.
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Structurally speaking, the FGTs, FeFETs, and EGTs are com-
monly developed based on typical FET structures. Compared to
the typical FET, the FGT has an additional floating gate (FG) and
tunneling layer for trapping charge carriers and blocking cap-
tured charges, respectively (Figure 3d).[80] The trapped charges
can produce a built-in electric field, thereby modulating IDS. Un-
der the influence of VGS, charges are captured and released from
the FG layer, known as programming and erasing operations,
leading to the programmed and erased states of IDS (Figure 3c),
which are also named “ON” and “OFF” states, respectively. The
FGT is widely employed as a device structure for data storage
and synaptic behavior emulation due to its ability to achieve mul-
tiple conductance states through modulation of FG materials
and stimulation conditions (e.g., VGS).[81] Moreover, FGTs have
the advantage of high memory capacity and long-term retention.
However, the use of FGTs in flexible neuromorphic computing
systems faces limitations in achieving flexible compatibility and
high-power consumption resulting from the requirement for a
large operation voltage for charge injection.[82]

Except for two-terminal memristors, ferroelectric materials
have also been employed for constructing FeFETs,[19] as shown
in Figure 3e. The polarization state can be finely tuned by ad-
justing VGS, which influences the carrier concentration through
coulomb interaction with the channel layer and polarization in
the ferroelectric layer.[83] Compared with FGTs, FeFETs exhibit
simpler structures and are also suitable to be applied as non-
volatile memory and neuromorphic devices. Moreover, ferroelec-
tric polymers exhibit exceptional flexibility and cost-effectiveness,
making them highly promising candidates for developing flexi-
ble electronics.[84]

Both FGTs and FeFETs are commonly more likely to exhibit
LTP than STP behaviors. In comparison, EGTs (Figure 3f) can
exhibit both LTP and STP.[85] EGTs encompass electric-double-
layer transistors (EDLTs) as well as electrochemical transistors
(ECTs). In EDLTs, IDS is modulated by VGS via a capacitive field-
effect mechanism at channel/electrolyte interface, using ions of
electrolyte to induce conductance changes in the channel.[86] The
creation of a sub-nanometer gap capacitor at the interface enables
EDLTs to achieve significant capacitance (≈μF cm−2) and oper-
ate at ultralow voltages,[87] thereby presenting a novel approach
for fabricating energy-efficient artificial synapses.[88] The chan-
nel conductance of ECTs is effectively modulated by the electro-
chemical doping and restoration of ions in the electrolyte dielec-
tric layer, resulting in low voltage and large capacitance. These
characteristics, combined with their compatibility with aqueous
environments, render ECTs, particularly organic ECTs (OECTs),
highly suitable for bioelectronic applications such as neuromor-
phic devices.[87] Moreover, due to the ability to deposit and pat-
tern electrolytes using solution-processing methods, EGTs offer
flexible architectures and are compatible with flexible devices.[89]

2.1.3. Synaptic Plasticity

Building hardware-level neuromorphic computing systems
based on artificial neural networks (ANNs) becomes a research
hotspot,[90] demonstrating appealing prospects in executing AI

algorithms for applications like image analysis with latency and
energy efficiency unachievable by conventional computing.[91] At
the biological level, BNNs are composed of ≈1011 neurons, mas-
sively interconnected by synapses for information processing.
As shown in Figure 4a, a biological synapse is a connection be-
tween axon and dendrite,[92] facilitating signal transmission be-
tween neurons, which generates synaptic plasticity—an essen-
tial foundation for learning and memory. Similarly, ANNs enable
self-learning between artificial neurons by connecting numerous
processing units, as shown in Figure 4b. At the device level, the
functions of axons, dendrites, somas, and synapses are emulated
by various memristor- and transistor-based technologies.[93] The
SWs, referring to the strength of connections between pre- and
postsynapses, are depicted by the conductance values of these de-
vices in ANNs. Consequently, ANNs are adaptive nonlinear in-
formation processing systems featuring self-organizing and real-
time learning capabilities.[94]

Synaptic plasticity, indicating the variation of SW,[44a,95] is the
important research content for synaptic devices.[96] In practice, to
evaluate synaptic functionality, the postsynaptic current (PSC) is
measured in response to stimulation. Figure 4c illustrates a typi-
cal excitatory PSC (EPSC) induced by a single pulse. Similarly, the
stimulating pulse can induce an inhibitory PSC (i.e., IPSC).[97]

Based on the duration of the SW changes after stimulations,
synaptic plasticity is classified into STP and LTP,[98] which range
from milliseconds to hours, or even days. For two consecutive
pulses, the synaptic devices exhibit an increased response to the
latter pulse compared to the previous one, resulting in PPF be-
havior (Figure 4d), which serves as a fundamental mechanism for
temporal information processing between artificial neurons.[99]

Inversely, the PPD refers to a gradual attenuation of subsequent
synaptic responses. PPF/PPD index is the evaluation of the STP
behavior in relation to the time interval (Δt) between successive
pulses.[100] For instance, as depicted in Figure 4e, a gradual de-
crease in the PPF index is observed with increasing Δt, where a
higher PPF index signifies enhanced tunability of the EPSC by
voltage pulses. Through appropriate training protocols involving
variations in stimulus repetition number, amplitude, frequency,
and duration, STP can be transformed into LTP. Conversely,
Figure 4f illustrates long-term potentiation/depression phenom-
ena induced by successive positive/negative voltage pulses result-
ing in an increase/decrease in SW. These mechanisms underlie
fundamental biological processes associated with memory for-
mation and learning activities wherein SW can either strengthen
or weaken over time.[9b]

Hebbain learning rule, with STDP and SRDP as
paradigms,[101] is important for high-level learning and memory
processes, which have been adopted in ANNs to effectively ad-
dress complex scenarios with enhanced learning efficiency.[102]

STDP represents the dependence of change in SW (Δw) on the
spike order and Δt between pre- and postsynaptic spikes.[35b,103]

As described in Figure 4g, four distinct forms of STDP behaviors
arise from varying Δw.[104] By comparison, SRDP relies on the
firing rate of presynapse for the weight update.[105] Commonly,
high-frequency (> 20 Hz) pulses to the presynapse lead to
long-term potentiation, while low-frequency (<5 Hz) pulses lead
to long-term depression.[104]

Small 2025, 2410914 © 2025 The Author(s). Small published by Wiley-VCH GmbH2410914 (6 of 32)
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Figure 4. Schematic diagrams of BNNs and ANNs, and the simulations for typical synaptic behaviors. a) Schematic of BNNs (inset: a biological synapse
composed of pre- and postsynaptic structures). b) Basic structure of basic ANNs comprising input, hidden, and output layers. c–g) The typical curves
obtained by mimicking various synaptic behaviors based on neuromorphic devices: EPSC (c); PPF(d); PPF index (e); long-term potentiation/depression
(f); and four types of STDP related to asymmetric/symmetric Hebbian/anti-Hebbian rule (g).

2.2. Flexible Devices

Flexible devices, characterized by their lightweight, thin, and
stretchable properties, have garnered considerable interest in
both research and industry.[106] To address the limitations of tradi-

tional rigid devices, particularly in terms of mechanical deforma-
bility, substantial efforts have been dedicated in recent years.
For example, by applying free-standing architecture (Figure 5a),
Jang et al. reported an ultrathin organic flexible synaptic de-
vice that demonstrated reliable synaptic functions under folded

Small 2025, 2410914 © 2025 The Author(s). Small published by Wiley-VCH GmbH2410914 (7 of 32)
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Figure 5. Illustrations and parameters of flexible devices. a) Images of flexible artificial synapse containing an illustration of the device structure. Repro-
duced with permission.[107] Copyright 2019, American Chemical Society. b,c) Illustrations of flexible devices bent in convex (b) and concave (c) directions.
Reproduced with permission.[108] Copyright 2009, AIP Publishing. d) Three parameters describing the bending state (bending angle (𝜃), bending radius
(R), and end-to-end distance (L)). e) Mechanical endurance of the device evaluated by testing ON/OFF current (Ion/Ioff) over 1000 bending cycle tests.
Reproduced with permission.[109] Copyright 2023, Wiley-VCH.

conditions for more than 6000 spikes, demonstrating its poten-
tial applications in wearable intelligent electronics.[107] The per-
formance of these flexible devices is closely connected with the
materials used and is typically evaluated based on common pa-
rameters such as bending radius and bending cycle. This section
briefly discusses key characterization parameters and commonly
used materials for flexible applications.

2.2.1. Key Parameters

In the context of flexible electronics, ensuring reliable data
collection poses a significant challenge as it necessitates op-
timal performance even during processes involving bending,
folding, compression, or stretching.[110] In practice, it is evalu-
ated by testing and recording bending deformations under ten-
sile/compressive strain in convex/concave directions, as indi-
cated by Figure 5b,c.[107]

Generally, bending states are described by three parameters:
bending angle (𝜃), bending radius (R), and end-to-end distance
(L) (Figure 5d). Individual L can be controlled by fixing one side
of the translation table and moving the other, providing a rough
assessment of the bending process. In most cases, for devices in
convex/concave directions, R and 𝜃 (0–180°) are applied to char-
acterize the flexibility of the device. Smaller R indicates better
flexibility as it correlates with the tensile/compressive strain of
flexible devices, in addition to the device’s intrinsic thickness (D)
and Young’s modulus of the device.[111]

Commonly, the bending cycle test under a certain R is applied
to evaluate the reliability of the device’s flexibility, known as dura-
bility. As shown in the durability illustration in Figure 5e, no obvi-
ous differences in current after applying multiple bending cycles
are observed, thus demonstrating excellent flexibility and me-
chanical stability.[109] The evaluation of flexibility necessitates the
consideration of stretchability as a crucial parameter. Stretchable
devices must maintain their electrical performance even when
subjected to mechanical elongation deformation (ΔL/L0), where
L0 and ΔL represent the initial and stretchable lengths of the de-
vice, respectively.[112]

Other parameters such as bio-compatibility, chemical stabil-
ity, and optical transmittance are also important for various ap-
plications, such as medicine. Exceptional bio-compatibility en-
sures the seamless integration of flexible electronics with soft
body tissues and facilitates their spontaneous degradation, pro-
moting applications in artificial e-skin, biomedical implants,
and environmental monitoring.[113] Concerning chemical stabil-
ity, noble metals such as Pt and Au with good chemical sta-
bility in various physiological environments, play a crucial part
in neural interface electrodes for flexible implantable devices
like medical robotics.[114] Flexible electronics with excellent op-
toelectronic properties especially high optical transmittance are
of the essence for potential applications like human augmen-
tation and health monitoring.[115] With the emerging prolifer-
ation of e-skin, high transparency facilitates the reduction of
the psychological discomfort of wearing flexible devices on the
skin.[116]

Small 2025, 2410914 © 2025 The Author(s). Small published by Wiley-VCH GmbH2410914 (8 of 32)
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2.2.2. Materials

Conventional materials used in memory and neuromorphic de-
vices are typically thick and rigid, which makes them unsuitable
for flexible electronics.[117] Therefore, the careful selection of ma-
terials for each component of high-performance flexible devices
is crucial. In this section, the common flexible materials for each
functional part of the flexible devices including substrates, elec-
trodes, intermedia/dielectric layers, semiconductor layers, and
related design/selection strategies are briefly discussed.

Substrates: The choice of substrates influences the mechan-
ical responses of the devices.[118] In specific applications, such
as soft robotics, it is imperative to investigate the vulnerability
of substrate materials to physical damage, encompassing bend-
ing, twisting, and folding. Therefore, it holds great significance
to carefully select flexible substrate materials with distinctive
characteristics.[119] First, key requirements include excellent di-
mensional mechanical and chemical stability to support the de-
vice, as well as the consideration for potential strain-induced
damage and cracking from thermal expansion. Second, excel-
lent flexibility and functional consistency under different circum-
stances are needed for various wearable applications. Third, sub-
strates should possess good surface uniformity so that the elec-
trodes can be directly grown or deposited on their surface. Finally,
considering the potential industrial application, issues like cost
and machinability cannot be ignored.

Plastic films, metal foils, and fibrous materials belong
to common flexible substrates. Among these, plastic films
(e.g., organic polymer substrates) are prominent due to their
low modulus, lightweight, cost-effective, chemical stability,
ideal mechanical properties, relatively flat surface, and optical
transparency.[120] Here, the common flexible polymer substrates,
including polyethylene-2,6-naphthalate (PEN),[121] polyethylene
terephthalate (PET),[122] polyimide (PI),[123] polydimethyl silox-
ane (PDMS),[124] and polyethersulfone (PES),[125] are discussed.

PEN and PET are low-cost plastic films with outstanding sta-
bility, excellent optical transmittance, and high flexibility in the
out-of-plane direction, making them primary substrates of choice
for building flexible devices. By comparison, PEN exhibits bet-
ter insulation, stability, and hydrolysis resistance, but relatively
high tensile and compressive stiffness limit its stretchability.
PET offers advantages such as low cost and high transparency
(>85%) but suffers from the issue of relatively low glass transi-
tion temperature (about 78 °C), hindering its high-temperature
applications.[126] Conversely, PI can serve as a substrate for ap-
plications involving temperatures up to 300 °C due to its higher
transition temperature.[127] By unique thermal polymerization
and precursor coating preparation, PI flat films exhibit sur-
face roughness around 1 nm, much less than that of PET and
PEN. However, PI usually appears yellow with poor transmit-
tance (60–70%), which limits its suitability for developing optical
flexible devices. Besides, PDMS exhibits not only high flexibil-
ity and stretchability but also super-high transparency and bio-
compatibility, which is a promising substrate candidate for at-
tachment to the skin or insertion into the body. Its remarkable
durability against mechanical deformations promotes its wide
application in the fields such as strain sensors.[128] However, the
working temperature of PDMS is limited between −45 and 200
°C, which is also inappropriate for high-temperature fabrications

and applications. PES exhibits significant resistance to acid or
base environments and presents excellent optical transparency
(> 90%).[119] However, the current overall manufacturing devel-
opment is constrained by the exorbitant cost of PES.

In general, each flexible substrate materials present unique ad-
vantages, necessitating careful selections based on device prepa-
ration conditions and application requirements.

Electrodes: The mechanical characteristics of flexible devices
are also significantly affected by electrodes.[129] To achieve high-
performance and diversified applications, several requirements
for flexible electrodes such as high flexibility, superior conductiv-
ity, desirable bio-compatibility, and suitable work function need
to be underlined.[118,130] Indium tin oxide (ITO) films have been
extensively employed as electrodes because of their optical trans-
parency and electrical conductivity.[131] But with mechanical char-
acteristics of stiff and brittle,[132] ITO films could easily rupture
under small stretching strains.[133] To overcome this disadvan-
tage, researchers have investigated an array of flexible alternative
electrode materials including metals, conductive polymers, and
nanomaterials.[134]

Metal electrodes like Au and Al are widely utilized in previous
studies on flexible electronics owing to their excellent conductiv-
ity, mature preparation technologies, and stability.[135] Although
metals are not intrinsically flexible in bulk form,[136] approaches
like constructing conductive networks based on metal nanomate-
rials have been studied. Simultaneously, special structural design
(e.g., ultrathin form,[137] three-dimensional (3D) structure,[138]

oxide/metal/oxide structure)[138] can largely enhance their flex-
ibility, promoting wide applications. However, their applications
as flexible electrodes also face challenges such as diffusions of
metal atoms, easy oxidation in the air, and thickness limitation
due to the Ostwald ripening effect.[139]

Conductive polymer is another kind of flexible electrode
with excellent flexibility and processability.[140] Among poly-
mer electrodes, poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate (PEDOT: PSS) has been extensively employed because
of their outstanding film uniformity, attractive bio-compatibility,
and easy fabrication techniques (e.g., inject printing).[141] Since
pure PEDOT: PSS faces the challenges of inherent brittleness,
low conductivity, and easy degradation under ambient condi-
tions, it’s not suitable for flexible applications.[142] Incorporat-
ing ionic liquids (e.g., 1-ethyl-3-methylimidazolium tetracyanob-
orate) can help soften polymer chains as well as enhance electri-
cal conductivity.[143]

Moreover, nanomaterials such as silver nanowires (Ag NWs)
and CNTs possess low contact resistance, high mechanical flexi-
bility, and easy fabrication, promoting their applications in flex-
ible electrodes.[144] Ag NWs exhibit some distinctive character-
istics including excellent light transmittance, high conductiv-
ity, and excellent mechanical deformability, which facilitates the
commercialization of Ag NW inks/films, application expansion,
and technological innovation.[145] However, fractures at wire–
wire junctions can cause a significant increase in sheet resis-
tance of Ag NWs under bending and stretching conditions. Re-
cently, it’s reported that electrodeposited hierarchical silver net-
work electrodes consisting made from Ag NWs and Ag mi-
cromesh exhibit less degradation in sheet resistance during re-
peated bending, outperforming commercialized ITO.[146] CNTs,
categorized as single- or multiwalled based on the number of
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graphene sheets, generally offer superior mechanical robustness,
excellent conductivity, and good thermal stability, with simple
fabrication methods like drop-casting and spin-coating.[147] Nev-
ertheless, the high Young’s modulus from their strong internal
C-C networks limits their use in stretchable electronics.[148]

Intermedia/Dielectric Layers: Intermedia and dielectric layers
are crucial components of devices that simulate neurotransmit-
ter conduction in synaptic cleft, as well as memory and learning
functions.[73b] In memristors, intermedia layers resist deforma-
tion while simultaneously altering resistance under the influence
of electric fields; in transistors, dielectric layers are applied to sep-
arate G electrodes from the semiconductor layers to prevent cur-
rent flow and produce the capacitance effect.[73b] To optimize the
device’s flexibility, intermedia and dielectric layers must be easily
deformable under mechanical strain.

Organic polymer materials exhibit inherent softness and flexi-
bility, high compatibility with semiconductors and polymer sub-
strates, and energy-efficient processability, which are suitable in
flexible memristor- and transistor-based electronics.[149] In the
realm of flexible memristors, composite materials incorporating
nanofillers such as Ag NPs into elastic polymer hosts also of-
fer practical methods for creating flexible intermedia layers.[150]

For transistors, conventional oxide insulators with complicated
fabrication processes and brittle nature have limited applica-
tion in flexible electronics.[151] In comparison, polymer mate-
rials like poly(methyl methacrylate) (PMMA) along with poly-
mer elastomers (e.g., polyurethane (PU) elastomers) have been
reported as dielectrics in artificial synaptic devices to improve
flexibility.[152] To address the issue of large leakage current caused
by low dielectric constant and poor film density in certain or-
ganic polymers, performance enhancements have been achieved
through the use of polymers with higher dielectric constants such
as polyvinyl alcohol (PVA), or by the implementation of double-
layered structures.[116]

For EGTs, dielectric layers are generally polymer-based elec-
trolyte materials including polymer electrolytes, polyelectrolytes,
and ion gel electrolytes.[153] Polymer-based electrolytes have the
advantages of tunable viscosity characteristics and processing
temperatures, allowing films prepared by various coating and
printing techniques. Ionic-gated transistors (IGTs), in particular,
have garnered widespread attention owing to their various mer-
its (e.g., low operating voltage) and wide applications (e.g., wear-
able electronic devices).[154] The ion gels can be fabricated by mix-
ing ionic liquids and cross-linked polymer networks, which offer
lightweight, good physical/chemical stability, and transparency.

Semiconductor Layers: Within the realm of flexible electron-
ics, a range of candidate semiconductor materials, including
semiconducting polymers and nanomaterials,[6a] have witnessed
substantial progress.[155] Semiconducting polymers provide the
merits of intrinsic flexibility, reliability, and solution process-
ability, indicating their potential flexible and wearable electronic
applications.[156] Zero-dimensional (0D) materials (e.g., quantum
dots (QDs),[157] NPs) can enhance the performance of both mem-
ristors and transistors because of their excellent electrical and
optical properties.[158] Meanwhile, one-dimensional (1D) materi-
als (e.g., nanotubes (NTs) and nanowires (NWs)) have also been
widely studied for flexible devices in recent years with the ad-
vantages of high conductivity, excellent mechanical deformabil-
ity, and high transparency.[159]

In comparison to 0D and 1D materials, 2D materials—
characterized by having one or a few atomic layers—have in-
trigued many researchers owing to their extraordinary properties
in the fields of thermal, optics, and electricity.[160] These unique
characteristics bestow upon devices distinct advantages such
as high-density integration and low power consumption[136a,161]

Composed of strong in-plane chemical bonds and weak van
der Waals interactions out-of-plane, planar structures impart 2D
materials excellent compatibility and convenience with wafer
semiconductor technology.[162] Notably, materials such as tran-
sition metal dichalcogenides (TMDs) are seen as candidates
to replace conventional silicon-based semiconductors for the
development of memory and neuromorphic devices.[163] Espe-
cially, it’s reported that 2D materials can generally endure strain
above 10%,[164] which is larger than that of conventional bulk
materials.[165] For example, due to good flexibility as well as
adhesion on flexible substrates, graphene is suitable for devel-
oping flexible devices like stress and strain sensing.[166] As a
derivative of graphene, graphene oxide (GO) has unique surface
properties due to abundant oxygen-containing functional groups,
which is conducive to constructing high-performance graphene-
based flexible devices’ performances.[167] TMDs, with a single-
layer thickness of 0.7–1 nm, exhibit high flexibility as well as
light transmittance.[168] In brief, 2D materials have emerged as
promising materials for next-generation flexible devices.[161d,169]

3. MXenes

MXenes, another 2D material with atomic thickness, possess a
couple of advantages such as planar nanosheet structure, out-
standing electrical conductivity, and excellent flexibility, mak-
ing them suitable for applications as flexible semiconductor lay-
ers and electrodes. The diverse surface terminating functional
groups present on MXenes enable various functionalities, such
as charge trapping and catalyzing. The compatibility with other
2D materials further facilitates the development of multifunc-
tional devices with enhanced performance. In this section, mate-
rials structures, synthesis approaches, surface modification and
functionalization, and distinct properties of MXenes are dis-
cussed.

3.1. Structures

The general formula for MXene is Mn+1XnTx (n = 1, 2, 3, or 4),
where M represents one or two early transition metals, such
as Ti, Cr, and W; X denotes C and/or N; and Tx signifies sur-
face functional groups (typically –O, –F, –Cl, and –OH).[170] As
shown in Figure 6a, the parent compounds of MXenes, known
as MAX phases (general formula Mn+1AXn (n = 1, 2, 3, or 4)),
with A primarily consists of group IIIA or IVA elements (Al,
Si, and other elements).[171] X atoms occupy octahedral sites
between the M-layers, with the A-layer interspersed with the
Mn+1Xn layers. The M-A bond is purely metallic but the M-X
bond exhibits both covalent and metallic bonding characteris-
tics. Consequently, MXenes are obtained by etching away the
A-layer from the MAX phases.[172] MAX phases typically ex-
hibit layered hexagonal phases with symmetry and belong to
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Figure 6. Synthesis schematic and characterization of MXenes. a) Synthesis of four kinds of typical MXenes (M2X, M3X2, M4X3, and M5X4) from MAX
phases through etching and delamination processes. b,c) HRTEM images of Nb2AlC MAX phase (b) and Nb2C MXene flake (c) (inset: corresponding
SAED patterns). Reproduced with permission.[175] Copyright 2017, American Chemical Society.

space group P63/mmc.[173] It has been demonstrated by high-
resolution transmission electron microscopy (HRTEM) as well
as selected area electron diffraction (SAED) (Figure 5b). After A-
layers are selectively moved, the corresponding 2D layered MX-
enes are gained with both M and X atoms arranged similarly to
MAX phases (Figure 5c).[174]

3.2. Synthesis Approaches

On account of variations in starting materials, surface modifica-
tion techniques, and other factors, synthesis strategies for MX-
enes are crucial in determining their lateral dimensions, chem-
ical composition, surface terminations, and distinct properties.
Generally, synthesis approaches are categorized into “top-down”
and “bottom-up” types.[176] “Top-down” approaches concentrate
on exfoliating crystals into MXene flake, while “bottom-up” ap-
proaches emphasize the direct growth of MXenes from atoms
or molecules.[177] This section discusses the mechanisms, advan-
tages, and disadvantages of various synthesis approaches.

3.2.1. Top-Down Approaches

Currently, “top-down” is the predominant type employed in labo-
ratories for synthesizing MXenes,[178] involving selective etching
of element A from MAX phases to yield one or several-layered
flakes.[179] Common techniques include wet chemical etching or
molten salt etching, further categorized into fluoric acid (HF)
etching, fluoride-based salt etching, alkali-based etching, electro-
chemical etching, as well as Lewis acid molten salt etching.

HF etching, for instance, is widely used for preparing single-
or few-layer MXene nanosheets[180] HF at a concentration of
50 wt.% was first utilized to etching Ti3AlC2 MXene in 2011, as
depicted in Figure 7a.[181] Multiple chemical reactions occur dur-

ing the etching process:

Ti3AlC2 (s) + 3HF (aq) = AlF3 (aq) + Ti3C2 (s) + 3
2

H2

(
g
)

(2)

Ti3C2 (s) + 2H2O (aq) = Ti3 C2(OH)2 (s) + H2

(
g
)

(3)

Ti3C2 (s) + 3HF (aq) = Ti3 C2F2 (s) + H2

(
g
)

(4)

Equation 2 represents the primary reaction between solid
Ti3AlC2 and HF solution, which selectively removes Al atoms.
The scanning electron microscopy (SEM) images (Figure 7b,c)
illustrate the transformation of Ti2AlC3 morphology from com-
pact particles to loosely arranged accordion-like lamellae after the
etching process.[182] Equations 3 and 4 indicate that surface ter-
minals, such as –OH and –F, can form on the layered Ti3C2.
The Ti atoms exposed on both sides of the Ti3C2 layer easily link
with Tx to lower the total surface energy.[182,188] Ultrasonic treat-
ment then disperses the accordion-like Ti3C2Tx into single or few
layer(s). Over time, numerous MXenes have been synthesized
utilizing HF under etching times, HF concentrations, and reac-
tion temperatures, resulting in various morphology and surface-
terminating functional groups of MXenes.[189] Although HF is
effective for the etching process, it presents safety concerns due
to its smoky nature, high irritability, and corrosiveness. As an al-
ternative to HF, fluoride-based salt etching agents such as the
LiF/HCl mixture have been considered highly suitable. Conse-
quently, fluoride-based salt etching agents like LiF/HCl are con-
sidered suitable alternatives, as they are milder and generate HF
in situ through reactions (Equation 5).

LiF + HCI = HF + LiCl (5)

LiF/HCl etching agent can produce high-quality MXene with
good hydrophilicity, excellent electrical conductivity, and abun-
dant surface terminals. Additionally, preintercalation with Li+
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Figure 7. Different synthesis approaches of MXenes. a) Schematic of the exfoliation process of Ti3AlC2. Reproduced with permission.[181] Copyright
2011, Wiley-VCH. b,c) SEM images of Ti3AlC2 before (b) and after etching with HF (c). Reproduced with permission.[182] Copyright 2012, American
Chemical Society. d) Transmission electron microscopy (TEM) image of Ti3C2Tx obtained by employing LiF/HCl as etching agent (inset: overall SAED
pattern). Reproduced with permission.[183] Copyright 2014, Springer Nature. e) Schematic of preparing Ti3C2Tx etched by NaOH. Reproduced with
permission.[184] Copyright 2018, Wiley-VCH. f) Schematic diagram of electrochemical etching of Ti3C2Tx followed by a layering process. Reproduced with
permission.[185] Copyright 2018, Wiley-VCH. g) Schematic of preparing Mo2C by using the CVD technique (inset: the growth process of Mo2C films).
Reproduced with permission.[186] Copyright 2022, AIP Publishing. h) Schematic diagram of Ti2CCl2 produced by the CVD method. Reproduced with
permission.[187] Copyright 2023, Amer Assoc Advancement Science.

ions can weaken interlayer interactions, promoting larger inter-
layer spacing. This results in MXenes with large lateral sizes
(about 0.5–1.5 μm level), ultrathin thickness (1–2 layers), and few
defects (as depicted in Figure 7d). After the etching and washing,
the resulting MXenes have clay-like plasticity, allowing them to
be rolled into thin films with thicknesses on the order of tens
of microns. Except for LiF/HCl, other fluoride salts like NaF,[190]

NH4F, and KF, as well as acids like H2SO4 can be applied as etch-
ing agents.[191]

To circumvent hazardous HF and fluoride salts, milder,
greener, and safer alkali-based etching was further discovered
and developed. Benefiting from the strong bonding ability with
the A atoms, alkali thereby can achieve selective etching of the
MAX phases. For example, Ti3AlC2 can react with NaOH un-
der high temperatures (270 °C) to fabricate supercapacitors with
high-purity (92 wt.%) Ti3C2Tx electrodes (Figure 7e).[184] MXenes
can also be synthesized through electrochemical etching, which
utilizes an electrolyte solution, anode, and cathode. Yang et al.

reported an anodic corrosion of Ti3AlC2, peeled by an electrolyte
(pH > 9) of 1.0 M ammonium chloride (NH4Cl) and 0.2 M
tetramethylammonium hydroxide (TMAOH), enabling destroy-
ing Ti-Al bond because of the strong binding affinity of Cl- to Al
(Figure 7f).[185] The Lewis acid molten salt etching method is also
environmentally friendly without hazardous chemicals.[192] Dur-
ing the etching process, the cations of the molten salt can capture
the A-layer, thereby exfoliating MAX phases. However, the syn-
thesis process involves annealing Lewis acid salt to 550–800 °C,
which is heat- and energy-consuming.[192,193]

3.2.2. Bottom-Up Approaches

The MXene nanosheets obtained from “top-down” strategies of-
ten exhibit diminutive dimensions and extensive defects. To over-
come this issue, “bottom-up” synthetic approaches including
chemical vapor deposition (CVD) and template methods, have
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been developed.[194] “Bottom-up” approaches produce MXenes
from the atomic level, resulting in films with high-quality, large-
area, and ultra-thin thickness.

The synthesis of MXenes with precise thickness and composi-
tion by the CVD system has been successfully demonstrated,[195]

undergoing a gas phase reaction under a high temperature.[195a]

Öper, et al. successfully synthesized large-area Mo2C flakes with
controlled thickness on a Cu/Mo substrate using a CVD system
and CH4 gas as the carbon source. The thickness of Mo2C flakes
was modulated by adjusting the N2/H2 gas ratio and CH4 flow
rate (Figure 7g).[186] Moreover, Wang et al. synthesized Ti2CCl2
MXenes, which are widely employed, through CVD by reacting
TiCl4 and CH4 on a Ti metal surface. This led to the perpendicu-
lar growth of Ti2CCl2 sheets on the surface (Figure 7h).[187] How-
ever, the stringent preparation conditions employed in CVD, in-
cluding elevated temperatures and pressures, prolonged reaction
time, as well as expensive equipment and materials, impose lim-
itations on the scalability of this synthetic approach.[196]

In conclusion, no universally applicable synthetic approach for
MXenes exists yet. For instance, HF etching is commonly em-
ployed to prepare small planar size and defective MXenes, while
the combination of acids and salts is utilized to synthesize large
plane and less defective MXenes; however, both methods involve
the use of hazardous HF and fluoride salts, raising safety con-
cerns. While various methods offer distinct advantages and lim-
itations, careful selection based on specific applications is es-
sential to obtain desired MXenes with optimal properties and
performances.[197]

3.3. Surface Modification and Functionalization

Despite the remarkable physicochemical properties exhibited by
MXene materials, they still fall short of meeting the specific re-
quirements for certain applications. For instance, in the biomed-
ical field, MXenes encounter challenges related to their toxic-
ity and slow degradation.[198] To solve these issues and achieve
enhanced properties, surface modification and functionaliza-
tion including the termination with functional groups, polymer
modification and composites, and small-molecule organic com-
pound functionalization, are necessary.[199] Typically, as-prepared
MXenes are terminated with functional groups, a process that
can be controlled during etching through the selection of etch-
ing agents and methods. Polymer-based surface chemistry strat-
egy is one of the popular and low-cost surface modification
strategies of MXenes, involving the immobilization of selected
polymers on the MXene surfaces.[199] An example is poly[(9,9-
dihexyl-9H-fluorene)-alt-(1,4-diethynylbenzene)] (PDFD)-MXene
for nonvolatile memory devices with excellent environmental sta-
bility and solution processability (Figure 8a).[200] Due to the com-
plete encapsulation of MXene in the polymer matrix, PDFD-
MXene demonstrates significantly enhanced stability, leading to
consistent device performance even after prolonged exposure to
moist air (> 60 days, humidity of 50%, temperature of 30 °C).
This exemplifies the strong evidence supporting the feasibility of
covalent functionalization between MXenes and conjugated poly-
mers.

Furthermore, the interaction between terminating functional
groups on MXenes and small-molecule organic compounds en-

ables desirable properties tailored for specific requirements.[202]

For instance, to enhance the surface smoothness and function-
alize MXenes, a spiropyran MXene (MXene-SP) exhibiting bet-
ter material/metal contact and hole/electron transport was fab-
ricated from 4-bromophenyl-functionalized MXene (MXene-BP)
(Figure 8b).[201] The resulting ITO/MXene-SP/ITO device ex-
hibits nonvolatile and optoelectronic dual-response RS charac-
teristics, attributed to high yield (>90%) reversible structural iso-
merization capability of MXene-SP and MXene-MC (MC: ring-
opened merocyanine) under different light illuminations.

3.4. Properties

The diverse composition, tunable surface, and bulk chemistry of
MXenes offer valuable and distinctive properties,[203] rendering
them promising candidates for fabricating advanced flexible ma-
terials for memory and neuromorphic devices.[204] The following
sections present an overview of MXene properties encompassing
electrical, mechanical, stability, optical, and ferroelectric charac-
teristics.

3.4.1. Electrical Property

The electrical characteristics of MXenes are influenced by
material structure, bonding nature, surface terminations, and
defects.[205] Especially, due to the variations in the composition
and surface functionalization, MXenes can be viewed as metallic,
semiconducting, and topologically insulating.[206] For example,
Ti3C2Tx MXene has excellent conductivity (>2.40 × 104 S cm−1),
primarily attributed to the surface functional groups on the
nanosheet surfaces and electrons of Ti atoms, positioning it as
a competitive candidate for electronic applications.[25,207] As in-
dicated by density functional theory (DFT) calculations, pris-
tine MXenes without terminal groups generally behave as met-
als, as evidenced by the overlapping of CBs and valence bands
(VBs) at the Fermi level.[208] The presence of abundant surface
terminations may lower the Fermi level below d orbital of M
atoms, leading to the generation of band gap and transforma-
tion into semiconductors. However, most Mn+1XnTx MXene (e.g.,
Ti3C2Tx) exhibit metal properties owing to the large n value, re-
gardless of whether there is a surface termination.[209] For mono-
layer MXenes, electronic structures are possibly tuned by ad-
justing surface functional groups and corresponding geometric
conformation,[210] while intercalating agents in multilayer MX-
enes can increase resistance by expanding interlayer spacing.[211]

In addition, MXene possesses other merits such as high mobility
(1 cm2 V−1 S−1), high charge carrier density (3.8 × 1022 cm−3),
and tunable work function via controlled surface chemistry.[212]

By leveraging the high conductivity and nanoscale carrier trans-
port channel length of MXene, synaptic transistors with MXene
electrodes can realize linear conductance tuning.

3.4.2. Mechanical Property

By theoretical calculations (DFT and molecular dynamics (MD)),
it’s predicted that in-plane Young’s modulus of Ti2C, Ti3C2, and
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Figure 8. Surface modification and functionalization of MXenes. a) Synthesis scheme of PDFD-MXene. BB-MXene is synthesized by reacting Ti3C2Tx
with 4-bromobenzoyl chloride, with PDFD polymer chains grown directly on the surface of BB-MXene. Reproduced with permission.[200] Copyright 2023,
American Chemical Society. b) Synthesis scheme of MXene-BP, MXene-SP, and MXene-MC. MXene-BP is prepared by the reaction between MXene and p-
bromophenyl diazonium salt; MXene-SP is synthesized via the Sonogashira coupling reaction of 6-bromo-1,3′,3′-trimethylspiro [chromene-2,2′-indoline]
and MXene-BP. Reproduced with permission.[201] Copyright 2023, Wiley-VCH.

Ti4C3 exceeds 500 GPa.[213] The experimental results indicate
that single-layer Ti3C2Tx has Young’s modulus of 330 ± 30 GPa,
which is higher than that of other 2D materials having the same
thickness (e.g., reduced graphene oxide (rGO), GO). At break, the
tensile strength of single-layer Ti3C2Tx is 17.3± 1.6 GPa.[213b,214]

As evidenced by theoretical calculations and experimental re-
search, various parameters, including structural characteristics,
film thickness, flake size, compositions, and surface termina-
tions, contribute to the diverse mechanical properties of 2D
MXenes.[36a,215] Young’s modulus of M2X, M3X2, and M4X3 ex-
hibit a decreasing trend as the film thickness increases.[216]

Considering different transition elements, Nb-based single-layer
Nb4C3T MXene exhibits higher Young’s modulus (386± 14 GPa)
than Ti-based single-layer Ti3C2Tx MXene.[26] Additionally, com-
posites like PVA/MXene benefit from interfacial interactions, re-
sulting in improved tensile strength than pure MXene.[217]

3.4.3. Stability

Stability is essential for their practical applications of MX-
enes, as these materials may undergo a series of chemical and
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thermal treatments during device fabrication and in the work-
ing environment. Under inert gas atmospheres or vacuum, since
the lattice energy is negative, MXenes have relatively high ther-
mal stability.[218] But notably, MXenes are very susceptible to oxy-
gen and water environments and gradually transform to TiO2.[219]

This transformation may result in sacrificing the merits like high
conductivity and good solution processability of MXenes.[220]

Other parameters like temperature can also affect the oxidative
stability of MXenes.[221] The reduced kinetic rate at low tempera-
tures decelerates oxidation, resulting in excellent antioxidant pro-
tection of frozen Ti3C2Tx MXene films while maintaining their
electrical conductivity.[222] However, when exposed to an oxygen
environment at elevated temperatures (e.g., 450 °C), single-layer
Ti3C2Tx can rapidly undergo a fast transformation into TiO2.[223]

3.4.4. Optical Property

MXenes exhibit significant electron transport properties and im-
pressive optical properties from UV to near-infrared ranges,
making them suitable for optical applications like optoelectronic
memristors.[224] The optical properties of MXenes include excel-
lent transparency, photo-thermal effect,[225] and remarkable plas-
monic effect.[226] 5 nm thick Ti3C2Tx films can achieve a trans-
mittance of up to 91.2%, with light absorption capabilities within
the range of 300–500 nm, which holds significant importance
for applications involving transparent conductive electrodes and
other optoelectronic devices.[227] Surface functional groups and
chemical compositions also significantly manipulate their opti-
cal characteristics.[228] By employing DFT calculations, it’s con-
cluded that in the UV region, all surface terminations contribute
to higher absorption and reflectivity of Ti3C2Tx MXenes; in the
visible range, F- or OH-terminated Ti3C2Tx exhibits lower ab-
sorption and reflectivity compared to that of pristine MXene.[229]

Furthermore, elemental substitution on M and X sites, such as
partially substituting C with N in Ti3AlC2 MAX phases, results in
the formation of Ti3CNTx MXenes, which exhibit a blue shift in
the main absorption peak relative to Ti3C2Tx.[228b] Surface mod-
ifications, including the doping of magnetic transition metals
(e.g., Fe, CO, and Ni), can increase the optical absorption coef-
ficient of Ti3C2 across the UV, visible, and near-infrared regions,
likely related to alterations in the electronic structure resulting
from the addition of magnetic atoms.[230] Certain MXene materi-
als possess electrochromic attributes where their optical absorp-
tion shifts in response to an applied electrical field, making them
ideal for applications in smart windows, screens, and other gad-
gets that demand color changes adjustable transparency, or the
ability to change colors.[231] Additionally, given the irreversible
oxidation of MXenes, previous studies have shown that partially
oxidized Ti3C2Tx can produce photocurrent under visible optical
pulse stimulation,[232] facilitating the simulation of visual image
processing in brain-inspired devices.

3.4.5. Ferroelectric Property

Among the structural phases of MXene, the mixed configura-
tion without inversion symmetry has been identified,[233] result-
ing in an internal dipole moment. Sc2CO2 MXene was first

predicted to be ferroelectric, with both in- and out-of-plane
polarization.[234] Since then, the prediction of ferroelectric MX-
ene (e.g., Nb2CS2, Y2CO2, Zr2C(OH)2, and Nb2NF2) as well as
multiferroic Hf2VC2F2 are also been verified.[233,235] In the ex-
periment, pure Ti3C2Tx MXenes are known as electrically con-
ductive materials. However, owing to the presence of TiO2 af-
ter heat treatment, the crystal structure of MXenes is distorted,
which induces the coexistence of in-plane and out-of-plane elec-
tric polarization under an external field and they start to exhibit
ferroelectric behavior.[236] Tahir et al. reported the existence of
ferroelectric and multiferroic in free-standing Ti3C2Tx MXene
film at room temperature upon heating.[237] Moreover, in double
transition metal carbide Mo2TiC2Tx, the co-existence of ferroelec-
tric and magnetic is verified, which may provide a platform for
future data storage applications.[238]

4. Applications of MXenes in Flexible Memory and
Neuromorphic Devices

Due to their superior properties, MXene materials, mostly
Ti3C2Tx, have been widely employed in memory and neuromor-
phic devices.[24,100,239] Numerous efforts focus on the applica-
tions of data storage devices, artificial synapses, and neuromor-
phic systems.[24] MXenes, with their excellent metallicity, open
up possibilities for fabricating more stable nonvolatile data stor-
age devices with long data retention times, high-speed switch-
ing, and low power consumption.[240] In artificial synapses and
neuromorphic computing, MXenes offer excellent electron trans-
port dynamics, high mobility, and short ion transport distances,
thereby facilitating the creation of synaptic devices with notable
synaptic plasticity as well as learning capabilities.[241] Addition-
ally, as portable and wearable electronic technologies advance,
MXenes with great flexibility have the potential to develop high-
performance flexible memory and neuromorphic devices.[45] We
will introduce some typical two- and three-terminal flexible
MXene-based devices in this section.

4.1. MXenes for flexible memory

MXenes, known for their exceptional electrical conductivity, are
not directly suitable for use as RS layers. To overcome this lim-
itation and enhance device performance, extensive research has
focused on doping, surface modification and functionalization,
and other strategies.[40] This section delivers a discussion of the
utilization of MXenes in flexible memory (Table 1).

Recent studies have notably explored MXene-polymer hy-
brid materials as RS layers in memristors.[29d,250] In 2019,
Ding et al. first demonstrated an RRAM using MXene (Ti3C2)-
polyvinylpyrrolidone (PVPy) composite films as active RS ma-
terials on a flexible PEN substrate.[242] The remarkable wetting
properties and water solubility of PVPy facilitate the fabrica-
tion of Ti3C2@PVPy composites. The RS behaviors can be ex-
plained by charge-trapping-assisted hopping conduction model
(Figure 9a). Initially, Ti3C2@PVPy composite behaves as an in-
sulator. Upon the application of positive bias, charge carriers
are injected into Ti3C2 nanosheets. As the voltage increases,
trapped carriers accumulate, resulting in the formation of CFs.
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Table 1. MXenes for flexible memory.

Structure Substrate ON/OFF
ratio

Endurance Retention time
(s)

Bending
radius (mm)

Bending
cycle

Application Refs.

Al/Ti3C2@PVPy/ITO PEN 104 1000 5 × 104 13 1000 Multistate
information

storage

[242]

Ag/Ti3C2Tx-PVA/ITO PET <10 50 7.5 × 103 – 100 Nonvolatile
memory

[243]

Al/Ti3C2Tx-OP/ITO PET 104.1

102.7

– 4000 21 5000 Multilevel
resistive
memory

[244]

Ti3C2Tx/GO/Ti3C2Tx – <10 2400 104 – – Data storage [245]

Mo2TiC2Tx/GO/ Mo2TiC2Tx – 100 5000 105 – – Data storage [246]

Ti3C2Tx/Ag/NPs@Ti3C2Tx/Ag/Ti3C2Tx/ZnO/
PM6:Y6:PC71BM/ MoO3/Ag

PEN 103 4 × 103 104 6 2000 Memristive solar
cell

[247]

Mo2TiC2Tx/FE-Ti3C2Tx/Mo2TiC2Tx – 103 200 104 – – Data storage [248]

Mo2TiC2Tx/FE-Ti3C2Tx@nFE-Ti3C2Tx/Mo2TiC2Tx – 103 1000 4000 – – Data storage [240a]

Ti3C2Tx/Fe-Ti3C2Tx@BFO/Ti3C2Tx – 102 1000 104 – – Multifunctional
memory

[249]

Conversely, applying reverse voltage releases the trapped carri-
ers, resulting in CF rupture and triggering the RESET process.
Under voltage pulses, the device exhibited typical bipolar RS
behavior, with excellent reliability (>1000 cycles). Figure 9b il-
lustrates the stability of current values during 10 voltage pulse
repetitions across various compliance currents (ICC), indicating
distinct and stable resistive states for multilevel data storage.
Furthermore, these states can be retained for at least 5000 s
(Figure 9c,d), showcasing excellent retention capacity suitable
for high-density storage. Notably, the flexible device could main-
tain reliability under mechanical stress with the 𝜃 = 90° and
R = 13 mm (Figure 9e), affirming Ti3C2’s potential for high-
performance flexible multilevel data storage devices in the future.
In 2023, Ling et al. constructed a robust MXene-based memris-
tor with the Ag/Ti3C2Tx-PVA/ITO/PET structure, demonstrating
outstanding flexibility.[243] Atomic force microscope (AFM) im-
age of Ti3C2Tx-PVA hybrid nanofilm (Figure 9f) reveals a uni-
form dispersion of Ti3C2Tx in PVA layer, originating from its
hydrophilicity. The device retained stable bipolar RS character-
istics after 100 mechanical bending tests (Figure 9g,h), thereby
demonstrating exceptional mechanical stability and reproducibil-
ity, making it ideal for intelligent wearable electronics.

Surface modification, a crucial step for optimizing the proper-
ties of nanomaterials,[251] often involves the use of organic com-
pounds as modifiers to affect the structure and properties of MX-
enes. For instance, by introducing octyl phosphonic acid (OP)
to the surface of Ti3C2Tx, Sun et al. achieved enhanced electri-
cal as well as optical properties.[244] The successful modification
of Ti3C2Tx-OP is confirmed by X-ray photoelectron spectroscopy
(XPS) (Figure 9i). By utilizing the modified Ti3C2Tx-OP alongside
Al and PET as the active layer, electrode, and substrate, respec-
tively, the authors fabricated a flexible multilevel resistive mem-
ory device with impressive flexibility, long retention time, and a
high ON/OFF ratio (Figure 9j). The RS mechanism is thought to
involve a filamentary-type charge trapping/de-trapping process
influenced by Al ion diffusion. When the bias voltage reaches
the first threshold voltage (VTH1), the CFs are developed since

charge traps are quickly filled. As the voltage rises to the sec-
ond threshold voltage (VTH2), TEs and BEs are fully connected by
these CFs, resulting in Ohmic conduction (Figure 9k). Remark-
ably, after 5000 bending cycles with a 2.1 cm radius, this device
maintained stable ternary RS characteristics, showing no degra-
dation even after 4000 s. This demonstrates that OP effectively
modifies MXene, providing a new avenue for developing high-
performance flexible memory.

Benefiting from excellent mechanical strength and electri-
cal conductivity, MXenes also serve as effective electrodes for
flexible device development.[252] In 2021, Fatima et al. utilized
free-standing Ti3C2Tx as electrodes to create a flexible memris-
tor with an MXene/GO/MXene structure.[245] The uniform MX-
ene paper, produced via the fluoride-based salt etching method
(LiF/HCl), exhibited conductive behavior similar to rGO elec-
trodes. The resulting device demonstrated excellent retention
characteristics (104 s) and high durability (>2400 cycles). In 2022,
they replaced Ti3C2Tx with Mo2TiC2Tx to construct a flexible
Mo2TiC2Tx/GO/Mo2TiC2Tx memristor,[246] achieving impressive
durability of 5000 cycles and retention time extended to 105 s, lay-
ing a foundation for practical flexible data storage. However, the
flexibility and mechanical durability tests of these free-standing
Ti3C2Tx and Mo2TiC2Tx films are missing and need further ex-
amination. Except for free-standing MXene film, MXenes hybrid
systems with good flexibility and excellent conductivity also have
attracted significant interest. Nirmal et al. reported multilayer hy-
brid MXene/Ag/MXene structures as flexible, transparent, and
conductive electrodes in a flexible organic solar cell with memory
functionalities.[247] The device maintained flexibility over 2000
bending cycles and operated through 4000 switching cycles with-
out discernible degradation, underscoring its reliability as a flex-
ible nonvolatile memory device.

The development of MXene-based ferroelectric memristors re-
mains in its infancy compared to other 2D materials.[253] Self-
standing MXene films, benefiting from ferroelectricity after heat
treatment, can be utilized to develop flexible ferroelectric mem-
ristors for data storage. In 2023, Fatima et al. used Ti3C2Tx and
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Figure 9. MXene-based flexible memristors for data storage. a) Schematic illustrations of RS mechanism involving charge-trapping-assisted hopping.
b) Reversible RS behaviors under 60 cycles, with decreasing ICC from left to right. c) Illustration for testing the device retention capacity under four
different ICC values. The devices under different ICC values for forming four English letters. “F”: 0.01 A; “M”: 0.005 A; “E”: 0.0005 A; “G”: 0.0001 A. d) LRS
current values recorded after 5000 s of the SET process (read: –0.3 V). e) I–V curves of flexible memory under compression and tension compared to
the unbent state. Reproduced with permission.[242] Copyright 2019, Royal Society of Chemistry. f) AFM image of uniform Ti3C2Tx-PVA hybrid film (inset:
AFM cross-sectional profile of a single Ti3C2Tx nanosheet). g) I–V curves over 100 bend cycles with the structure diagram of the flexible memristor.
h) I–V curves from 50 consecutive tests after 100 bending times. Reproduced with permission.[243] Copyright 2023, Elsevier. i) Comparison of XPS of
MXene before and after OP modification. j) Schematic of flexible Ti3C2Tx-OP MXene memory device with main view (i) and top view (ii). k) Steady ternary
characteristic of the device recorded after 5000 bending cycles. Reproduced with permission.[244] Copyright 2020, American Chemical Society.
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Figure 10. MXene-based flexible ferroelectric memristors for data storage. a) Synthesis diagram of Ti3C2Tx and Mo2TiC2Tx MXene films. The Ti3C2Tx
MXene film is subjected to heat treatment in an ambient environment to induce ferroelectricity. b) RS behavior of the device at “ON” state with polariza-
tion inside FE-MXene. Reproduced with permission.[248] Copyright 2023, AIP Publishing. c) Operation mechanism of rGO/FE-MXene/nFE-MXene/rGO-
based memristor. d) The hysteretic polarization curves of FE-MXene film under four frequencies (inset: curves of nFE-MXene). e) The first I–V cycle of
three memristors. Reproduced with permission.[240a] Copyright 2023, Elsevier.

Mo2TiC2Tx to create a flexible nonvolatile ferroelectric mem-
ristor with all MXene-based middle layers and electrodes.[248]

The Ti3C2Tx film was pretreated at high temperatures to in-
duce ferroelectricity and then connected to Mo2TiC2Tx electrodes
using a PVPy binder (Figure 10a). As shown in Figure 10b,
the dipoles within the ferroelectric Ti3C2Tx (FE-Ti3C2Tx) align
with the external electric field, enabling switching between LRS
and HRS. This all-MXene device exhibits nonvolatile bipolar
switching behavior with improved endurance (200 cycles) and
retention time (104 s) under a voltage window of ±4 V. By
incorporating nonferroelectric (nFE) Ti3C2Tx with FE-Ti3C2Tx
as an active layer, the researchers fabricated a flexible ferro-
electric memristor demonstrating nonvolatile bipolar switching
characteristics.[240a] As depicted in Figure 10c, the application of
an external bias aligns ferroelectric domains, leading to nonzero
electric polarization in FE-MXene layer and facilitating CF for-
mation in the nFE-MXene layer. The hysteresis loops illustrat-
ing polarization behavior for both nFE-MXene and FE-MXene
are presented in Figure 10d (inset), demonstrating ferroelectric-
ity linked to TiO2 formation upon heating. Compared to de-
vices utilizing individual nFE-MXene or FE-MXene, the rGO/FE-
MXene/nFE-MXene/rGO memristors exhibited significantly en-
hanced switching characteristics with an improved ON/OFF ra-
tio (103) (Figure 10e), requiring low operating voltage require-
ments (±3 V) and demonstrating exceptional endurance capa-
bilities (1000 cycles). These high-performance FE-MXene de-
vices present substantial potential for ferroelectric memristive
storage.

For MXene hybrid composites, incorporating Ti3C2 into per-
ovskite ferroelectrics, such as lead zirconate titanate (PZT) and

Bismuth Ferrite (BFO), has enhanced RS properties,[254] with fur-
ther improvements of ferroelectric response observed after heat
treatment.[240b] Nonvolatile MXene-PZT ferroelectric memristive
devices have demonstrated their capability for logic calculations
and neuromorphic systems,[253] providing potential solutions to
communication bottlenecks and enhancing computing efficiency
for data-intensive tasks. Similarly, Sattar et al. utilized Fe-Ti3C2Tx-
assisted BFO as the intermediate layer to fabricate a flexible fer-
roelectric memristor with Ti3C2Tx free-standing electrodes.[249]

This device exhibited co-existing negative differential resistance
and resistive switching, maintaining reproducibility up to 103 cy-
cles, alongside an enhanced memory window after doping MX-
ene into BFO, indicating its potential for multifunctional and
multilevel data storage.

While the development of MXene-based flexible memristors
remains nascent, their unique characteristics render them suit-
able for high-quality data storage, particularly in multilevel ap-
plications. However, as previously mentioned, the lack of dura-
bility tests on free-standing MXene films necessitates further
evaluation and enhancement of their flexibility for practical
applications.[240a,245,246,248,249] Additionally, it is essential to explore
other MXenes beyond Ti3C2Tx for flexible memory applications.

4.2. MXenes for Flexible Neuromorphic Devices

For flexible neuromorphic computing applications, MXenes have
been utilized in both two- and three-terminal devices. In this
section, we will discuss the applications of the MXenes in flex-
ible neuromorphic devices (Table 2).
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] The strategies including metal oxide doping, partial oxida-
tion, and controlled etching can be employed in two-terminal de-
vices to improve the device properties. The integration of MX-
enes with metal oxides effectively mitigates the random forma-
tion of CFs, leading to devices that exhibit a high ON/OFF ra-
tio and low power consumption.[262] Irreversible oxidation of-
ten occurs at the defects or edges of MXene films, converting
the MXene into TiO2.[263] Although oxidation limits the life-
time of MXenes, it also enables the synthesis of MXene-TiO2
composites. Previous studies have demonstrated that devices
based on MXene-TiO2 composites exhibit excellent nonvolatile
memory characteristics and emulate synaptic functions.[212b] In
2023, Huang et al. developed a flexible artificial synapse cross-
bar array with Ag/TiOx/Ti3C2Tx/Au structure (Figure 11a).[255]

The TiOx/Ti3C2Tx film was fabricated through a straightfor-
ward annealing process, exhibiting exceptional optical trans-
parency (≈ 90%) as well as excellent oxidation resistance (>30
days). The proposed device demonstrated remarkable flexibility
with R = 1.0 mm, mechanical endurance of 104 bending cycles
(Figure 11b), and low device-to-device variability (12.91% for SET
process and 11.83% for RESET processes). Additionally, leverag-
ing continuous conductance modulation, the synapse was uti-
lized to construct an ANN that achieved high handwritten digit
recognition precision (>96.44%) from the National Institute of
Standards and Technology (MNIST) dataset (Figure 11c).

Gosai et al. demonstrated an Ag/partially-etched MXene (p-
Ti3C2Tx)/ITO/PET flexible device by controlling the etching of
Al ions in Ti3C2Tx MXene.[239c] The RS mechanism, as depicted
in Figure 11d, involves the infiltration of Al ions and the migra-
tion of oxygen vacancies. In comparison to the fully-etched MX-
ene (f-Ti3C2Tx)-based device, the incorporation of a minor frac-
tion of Al ions (8%) significantly reduces the operating voltage
from 7 to 1 V, due to decreased series resistance and enhanced
ion migration efficiency. Additionally, the p-Ti3C2Tx-based device
exhibited remarkable nonvolatile data storage characteristics, in-
cluding multilevel retention (25 states), ON/OFF ratio of ≈103,
retention time of up to about 106 s, endurance of around 104 cy-
cles, and low power consumption of 0.24 nJ. As illustrated in
Figure 11e, the device demonstrated high mechanical stability
(up to a bending angle of ≈73°) with consistent switching behav-
ior under diverse temperature and humidity conditions without
encapsulation. This observation highlights the exceptional me-
chanical flexibility and reliability of the device. Furthermore, by
leveraging the synaptic performance (PPF, LTP, and STDP) of
the flexible p-Ti3C2Tx-based artificial synapses to construct ANN,
an impressive accuracy rate of ≈95% was achieved in recognizing
MNIST dataset using only 29 training epochs under both flat and
bending configurations, underscoring the potential application
of MXene-based devices in advancing future flexible data storage
and neuromorphic computing.

A high-accuracy neuromorphic system with adaptive SW
adjustment plays a significant role in high-performance com-
puting but remains challenging. Inspired by energy storage
devices, Zhao et al. proposed high-accuracy flexible artificial
synapses based on Ti3C2Tx MXene.[256] The circuit and structure
design of the proposed device is illustrated in Figure 11f. By
fine-tuning resistance, the coupling gel electrolyte and MXene
enable precise control over ion accumulation and dissipation,
effectively modulating SW. The potentiation and depression
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Figure 11. Two-terminal MXene-based flexible neuromorphic devices for recognition by ANN. a) Schematic illustration of TiOx/Ti3C2Tx-based artificial
synapse with atom distribution of Ti, O, and C. b) Device endurance evaluated through resistance testing of HRS and LRS after 10, 102, 103, and 104

bending cycles. c) The weight distribution and recognition accuracy of the device under ±2.0 V spike. Reproduced with permission.[255] Copyright 2023,
Wiley-VCH. d) Schematic of the switching mechanism from HRS to LRS. e) I–V characteristics at 73° angle after several bending cycles (1, 100, 250, 500,
and 1000 cycles). Reproduced with permission.[239c] Copyright 2024, American Chemical Society. f) Operating principle circuit and ionic distribution
diagram of the MXene-based device. g) Monitored PSC under several successive voltage pulses. The blue and red lines indicate repression and poten-
tiation processes, respectively. h) Schematic illustration of the constructed ANN for handwritten digit classification. Reproduced with permission.[256]

Copyright 2022, Oxford University Press.

behaviors exhibit remarkable linearity across various resistance
states (Figure 11g), facilitating the construction of neuromorphic
computing systems. By incorporating an MXene-supercapacitor
for weight storage and an adjustable resistance for synaptic
performance modulation, the synaptic device enables adaptive
approaches to construct ANN with intricate synaptic capabilities
and operational modes. Through training and machine learning
algorithms, adaptive handwritten number classification achieves
a recognition accuracy of 95% based on ANN (Figure 11h). De-
spite the lack of mechanical property tests, this device presents
a pioneering approach for leveraging flexible, self-adaptive, and
highly precise neuromorphic computational networks.

The afferent nervous system (ANS) plays a significant role
in organisms perceiving external stimuli, where synapses and
hub points in nerve fibers relay neural signals from receptors
to central nerves.[264] With rich functional groups on its sur-
face, MXenes are suitable for ionic conduction in developing
ANS. In 2021, Wang et al. constructed a flexible biomimetic
ANS device, integrating Ti3C2Tx artificial synapse with an ion
conductive elastomer (ICE), as shown in Figure 12a.[257a] The
internal porous network structure of ionic elastomer, shown in
Figure 12b, exhibits a significant tactile response. The MXene-
Ti3C2Tx film reduces ion migration dispersity of the ICE layer,
thereby increasing the signal-to-noise ratio and generating more
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Figure 12. Two-terminal MXene-based flexible artificial ANS. a) Schematic of biomimetic ANS based on MXene layer. b) Cross-section SEM image
of ionic elastomer with internal 3D porous network. c) Response current of the ICE layer for touch actions. d,e) EPSC in the first training stage (d)
and the second personal experience stage (e), emulated by clicking test and heat stimuli. Reproduced with permission.[257a] Copyright 2023, Elsevier.
f) Schematic illustration of the working mechanism of the proposed ANS device. g) Illustration of current response signals when contacting different
materials like PET, polyvinyl chloride (PVC), glass, and metal. h) Accuracies at eight joints of nine machine learning methods. The highest accuracies of
each joint for recognizing motion degrees are marked. i) The confusion matrix of different positions of moving joints (motion recognition), indicating
an average accuracy of 90.21%. Reproduced with permission.[257b] Copyright 2023, Wiley-VCH.
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stable PSC. The MXene-based flexible ANS device exhibited
good reliability after 1000 bending cycles and could generate a
stable electronic response to real body motions, such as touch
(Figure 12c), making them a strong candidate for constructing
ANS. Furthermore, the device emulated “operant conditioned
reflex behavior” through classical “trial and error learning,”
which is stimulated by actual clicking action and heat exposure.
In the first training stage (Figure 12d), EPSCs enhanced from 1.0
to 1.4 μA in a length-by-length manner, triggered by 10 repetitive
clicks; once clicking action ceased, EPSCs returned to around
1.0 μA, reflecting short-term memory (STM). In the second stage
named personal experience (Figure 12e), the introduction of
heat stimuli increased EPSCs from 1 to 12 μA, which remained
stable at ≈12 μA with continuous contact with a hot object, sim-
ulating transition to long-term memory (LTM). This experiment
connects artificial synapses to real-world external stimuli, offer-
ing possibilities for AI robots and tactile neuromorphic chips.
Additionally, this device enabled gesture and motion recognition
using the same flexible ANS.[257b] This device operates based
on the mechanism of migration-modulated MXene synapse CF
model (Figure 12f). The distributions of positive and negative
ions in the ICE can be dynamically modified by external stimuli,
leading to the expulsion or attraction of charged vacancies within
the MXene layer, resulting in the formation of CFs. Utilizing the
multimodal sensitivity of the synapse to pressure, temperature,
and deformation, the ANS device could distinguish between var-
ious materials (e.g., PET, PVC, glass, metal) (Figure 12g), achiev-
ing an average recognition accuracy of 80%. The integration of
multimode sensitivity and nine machine learning algorithms
was further expanded to eight limb joints for motion recognition
(Figure 12h), attaining an average accuracy of 90.21%, with the
optimal machine learning algorithm (AdaBoost) (Figure 12i).
Thus, this synapse-based ANS, with its low power consumption,
may serve as a viable alternative to conventional ANS strategy.

MXenes, with excellent conductivity, large specific surface
area, and partial auto-oxidation properties, are promising sens-
ing materials for flexible stimuli-responsive sensors.[265] For in-
stance, leveraging the large specific surface area and partial
auto-oxidation properties, Zeng et al. prepared oxidized MX-
ene (O-MXene) by heating diluted pure MXene at 60 °C for
24 hours.[266] This process endowed the material with pho-
toresponse to 365 nm light. Subsequently, a Ti3C2Tx MXene-
based optoelectronic memristor was demonstrated, capable of
efficiently emulating synaptic functions through the coordina-
tion of light and electrical stimulation. This highlights the ap-
plication potential of MXene for developing multifunctional
and high-performance optoelectronic neuromorphic systems.
For flexible applications, Wang et al. developed a flexible mul-
timode ITO/Ti3C2-ZnO/Al/PDMS sensory memristor in 2021
(Figure 13a), capable of sensing both visual data and relative hu-
midity, while also performing preprocessing functions that real-
ize environmental adaptability simulation of the neuromorphic
visual system.[258] Compared to the pure ZnO-based memristor,
the Ti3C2-ZnO memristor, optimized for Zn/Ti atomic ratio, ex-
hibited a larger ON/OFF ratio (104) and a lower VSET (–0.4 V),
thereby enhancing resistive state identification and providing sta-
ble information storage properties. XPS analysis of the MXene-
ZnO revealed distinct differences in the TiO2 2p signal between
the HRS and LRS (Figure 13b), suggesting oxygen ion migration

and subsequent formation of CFs after the SET operation, as il-
lustrated in Figure 13c. The stability of current readings was con-
firmed over 400 bending cycles, indicating potential for flexible
applications. MXene-ZnO devices were employed in neuromor-
phic visual systems with humidity-adaptability to sense as well
as preprocess raw data, showcasing emulation of retinal func-
tionality. Preprocessed information was transmitted to the ANN
(784 × 25 × 10) for training in recognition tasks, as depicted in
Figure 13d. Capitalizing on the high accuracy of the image pre-
processing system with the MXene-ZnO memristor (Figure 13e),
the researchers demonstrated an artificial retina sensing system
for preprocessing information and implementing a weight up-
dating process. Consequently, MXene composites exhibit poten-
tial applications in developing flexible and intelligent neuromor-
phic visual systems at the device level.

Recently, leveraging the exceptional mechanical properties of
MXenes, Huang et al. developed an all-MXene near-sensing
memory computing system by directly integrating a flexible
MXene-based pressure sensor array (3× 3) with a flexible MXene-
based memristor array (9 × 3) to capture tactile signals and sim-
ulate perceived behaviors.[259] As shown in Figure 13f, tactile sig-
nals are transmitted from the sensor unit (MXene-based pressure
sensor) to the artificial neural synapse unit (MXene-based mem-
ristor). The memristor array, featuring an Ag/TiOx/Ti3C2Tx/Au
crossbar structure on a PI substrate, exhibited good memory
retention (>100 cycles) and endurance (>103 s) under bending
conditions (R = 1.0 mm). The tactile perception processing sys-
tem is illustrated in Figure 13g,h, which inputs data collected by
MXene-based pressure sensors into an ANN constructed with
MXene-based memristors. This ANN comprises six input neu-
rons, nine hidden neurons, and four output neurons correspond-
ing to four human respiratory states (apnea, bradypnea, eupnea,
tachypnea), achieving a classification accuracy of 93.21%. This
advancement represents a significant contribution toward next-
generation robotics skins and wearable electronic devices.

In the context of three-terminal flexible synaptic devices, 2D
MXenes can function as both FG and channel materials bene-
fiting from their layered structure, exceptional conductivity, and
adjustable surface chemistry.[267] Oxidation-induced TiO2 layer
that serves directly as a high-k tunneling layer, combined with a
tunable work function of Ti3C2Tx MXenes, enables MXenes to
function as effective FGs.[268] For example, Kim et al. presented
an electrolyte-gated graphene FET with a flexible PEN substrate
with shell-like Ti3C2Tx/TiO2 nanoflakes serving as the FG
(Figure 14a).[260] The surface oxidations are controlled (50 °C,
120 min) so that metallic Ti3C2Tx is surrounded by ≈6 nm of
TiO2 shell. The device exhibited ambipolar transfer character-
istics with an apparent hysteresis loop, attributed to sluggish
ionic motion caused by both the ion-gel and charge trapping/de-
trapping processes in the Ti3C2Tx/TiO2 nanoflakes. Due to
the sluggish movement of ions caused by ion gels and charge
capture/de-trapping processes in Ti3C2Tx/TiO2 nanosheets, the
device showed bipolar transfer characteristics with apparent hys-
teresis loops. As depicted in Figure 14b, this device underwent
mechanical bending cycles under repeated flat and bending
conditions (R = 4.62 mm). After 1000 bending cycles, it demon-
strated exceptional retention characteristics and LTP behaviors
akin to those observed in the initial state, indicating promising
applications for constructing flexible neuromorphic computing
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Figure 13. Two-terminal MXene-based flexible devices for in- and near-sensor computing. a) Structure diagram of the memristor with MXene-ZnO as a
resistive layer. b) Ti 2p XPS of MXene-ZnO with fitted peaks of the HRS (top) and LRS (bottom). c) Distribution diagram of oxygen ion and vacancy in the
LRS of the memristor, and the dash line shallows the depth of the resistive layer) (O2−: oxygen ion; and VÖ: oxygen vacancy). d) Schematic diagram of the
processing system employing the memristor to sense information and suppress/filter noises. e) Image preprocessing by enhancement and denoising
under eye-comfortable humidity conditions. Left panel: the contrast between input and output image, with the latter derived from curve fitting based on
different light intensities of electric current. Right panel: comparison of the image recognition rates of the preprocessed and unpreprocessed artificial
retina sensing system. Reproduced with permission.[258] Copyright 2021, Wiley-VCH. f) Connection circuit illustration of all-MXene sensory neuron.
g) Schematic diagram of the ANN with six input, nine hidden, and four output layer neurons for classifying human respiratory state. h) Recognition
accuracy of train and test processes, with an inset showing the confusion matrix of four human respiratory states. Reproduced with permission.[259]

Copyright 2024, Elsevier.
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Figure 14. Three-terminal MXene-based flexible neuromorphic devices. a) Left panel: Structure diagram of the synaptic transistor featuring Ti3C2Tx/TiO2
nanoflakes as an FG. Right panel: structure illustration and optical microscope image of Ti3C2Tx/TiO2 nanoflakes. b) Photographic image of the device
at a flat and bending state. Reproduced with permission.[260] Copyright 2022, Wiley-VCH. c) Structure diagram of the Ti3C2F-based FGT. d) Pavlovian
associative learning behavior emulated by the FGT under the bending state (R = 6 mm). Reproduced with permission.[261] Copyright 2024, Wiley-VCH.
e) Transfer curve of the S-Ti3C2Tx transistor (inset: structure diagram of the device). f) IDS response of the S-Ti3C2Tx transistor to VDS under different
bending angles. g) Probability diagram of the letter (“M,” “A,” and “X”) recognition rate based on the S-Ti3C2Tx/Ti3C2Tx-based artificial vision sensory-
neuromorphic system. The output classification of softmax function was displayed in the form of probability (0–1) of the sample collected. Reproduced
with permission.[109] Copyright 2023, Wiley-VCH.

systems. Additionally, Ti3C2F can also serve as FG for fabricating
synaptic transistors (Figure 14c).[261] This device maintained its
performance (e.g., transfer characteristic) without significant
degradation after 1000 bending cycles, showcasing commend-
able mechanical flexibility and durability. Furthermore, under
bending conditions (R = 6 mm), this MXene-based synap-
tic transistor can effectively emulate a Pavlovian experiment
(Figure 14d). The device was also applied for handwritten digit
recognition, achieving a high recognition accuracy of 92.0%.

Because of their narrow band gap (0–0.1 eV),[181] common
Ti3C2Tx MXenes with –F, –OH, and –O terminations are un-
suitable to be directly used as photosensitive material. To open
the band gap and enhance the optical applications of MXene
in flexible vision sensory-neuromorphic system, Hu et al. pre-
pared semiconducting MXene (S-Ti3C2Tx) by linking phenyl sul-
fonic acid groups (-phSO3H) with metallic Ti3C2Tx.[109] Utiliz-

ing S-Ti3C2Tx as the channel material, the resulting transistors
demonstrated a gate voltage regulation effect, as demonstrated in
Figure 14e, with a Vth of 1.76 V, indicating the opening of band
gap. Additionally, by employing S-Ti3C2Tx as the photosensitive
material and unmodified Ti3C2Tx as electrodes, a “full MXene”
device was fabricated, exhibiting excellent flexibility and mechan-
ical stability (Figure 14f). Based on this “full MXene” imagine
sensor array, a flexible artificial vision sensory-neuromorphic sys-
tem was constructed to perform image recognition, like human
eyes. (Figure 14g).

MXene-based flexible neuromorphic systems exhibit signifi-
cant advantages, including low power consumption, exceptional
mechanical flexibility, and high pattern recognition accuracy.
However, limitations in device integration fabrication contribute
to pose challenges for their further development. Current re-
search on MXene-based transistor-type devices remains nascent,
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highlighting the need for exploration into the potential of MX-
enes as semiconductor, FG, and electrode materials in various
applications. Addressing these challenges will expand poten-
tial applications of MXene-based devices, particularly in fields
like smart wearable devices, robotics, and high-performance
computing.

5. Challenges and Outlook

In summary, this review comprises 1) the basic principles of
flexible memory and neuromorphic devices, involving operation
mechanisms, synaptic plasticity, common parameters, and com-
mon flexible materials, 2) the brief presentation of the structure,
synthesis approaches, and distinct properties of MXenes, and 3)
the most recent research works concerning MXene-based flexi-
ble memory and neuromorphic devices. Undoubtedly, 2D MX-
enes exhibit distinctive advantages and diverse functionalities
that should not be underestimated. Therefore, they provide var-
ious novel inspirations for flexible memory and neuromorphic
devices. Through a comprehensive understanding of MXenes, it
is possible not only to identify domains with significant develop-
ment potential but also to establish a theoretical foundation for
optimizing their structure and functionality. Despite notable ad-
vancements, current research on MXenes remains nascent with
numerous challenges that necessitate resolution.

First, the synthesis of MXenes and their structure–
performance relationship necessitates further exploration.
Chemical etching is a prevailing approach for MXene synthe-
sis but necessitates enhancement due to its employment of
corrosive solvents or low yield of MXene flakes. Therefore,
the future of the synthesis needs to be green, easy, low-cost,
high-yield, and high-quality. Additionally, most reported devices
are based on Ti3C2Tx MXene, so further efforts are needed to
develop novel MXenes with improved properties. Furthermore,
understanding the impact of different material structures on
MXene properties and investigating the ramifications of vari-
ous synthesis methods are crucial. For instance, the stability
of flexible devices is crucial; however, the surface-active func-
tional groups make them susceptible to oxidation in humid
environments. Hence, the enhancement of MXene oxidation
resistance during nanostructure integration should be explored.
For instance, employing dry nitrogen to evacuate dissolved
oxygen and maintaining MXenes at reduced temperatures
serves as a potent strategy to decelerate their oxidation process.
Additionally, the lack of comprehensive insight into the impact
of surface termination on MXene functional properties calls
for a systematic study. The investigation of appropriate surface
engineering techniques considering the type, concentration,
and distribution of surface functional groups, plays a vital role
in enhancing stability as well as other physicochemical prop-
erties of MXenes. With unique structures and hydrophilicity,
MXene nanosheets provide solid foundations for integrating
other 2D materials or polymers to fabricate composite materials,
indicating the potential of composite-based flexible devices with
broader applications and enhanced properties like lower power
consumption. Additionally, the exceptional optical properties
of MXene QDs (MQDs) have garnered significant attention in
optoelectronic applications, especially as water-soluble polymer
dispersants and charge-trapping centers within active layers.[269]

Hybrid MQDs-polymer hybrid architectures could enable the
development of flexible optoelectronic devices for neuromorphic
computing.[270]

Second, in terms of device performance, innovative designs
of flexible devices are crucial. While flexible devices have made
significant progress, challenges remain in terms of efficiency,
durability, sensitivity, and complexity. Maintaining a balance be-
tween mechanical attributes like strength, toughness, and flex-
ibility, alongside electrochemical characteristics remains a test
in the fabrication of flexible electronics. Although performances
have improved, current devices are not yet capable of compet-
ing with their rigid counterparts in terms of features and per-
formance. As many prior studies have indicated that the mecha-
nism/principle of devices are influenced by all their constituent
parts, gaining a comprehensive insight into how the influence
mechanisms of MXene- or MXene-composite-based devices af-
fect performance is crucial for advancing the field further. Be-
yond the development of novel materials, there is a need for
novel device designs and advances in existing flexible electron-
ics. Additionally, the lack of comparable parameters and non-
standard testing protocols from different studies creates signif-
icant challenges. Therefore, universal evaluating standards and
testing protocols to quantify flexible devices are urgently needed
to accelerate the development of flexible electronic technologies.
In most proof-of-concept studies, memristors typically adopt a
common BE-based RS structure.[271] Future lateral and vertical
MXene-based flexible devices are expected to operate at higher
integration density, significantly reduced footprint, faster switch-
ing speeds, and lower power consumption.[91] Scaling down the
feature size of MXene-based devices enables the construction of
high-density, large-scale crossbar arrays, which is crucial for com-
plex neural networks utilized in real-world applications.[272] Last
but not least, the quest for energy efficiency in ANN systems
that can match their biological equivalents, consuming as little
as femtojoules per operation, remains a significant challenge.
In many reported literature, energy/power consumption is fre-
quently overlooked, calling for a more thorough evaluation in
subsequent investigations.

Third, in terms of the application, MXene-based flexible de-
vices offer diverse prospects for practical uses. MXenes face chal-
lenges such as patterning, which complicates device integration
and fabrication. As a result, current MXene-based devices still
exhibit significant gaps that hinder practical commercial applica-
tions. Most studies focus solely on utilizing devices with differ-
ent MXene materials and device structures to simulate common
synaptic behaviors, lacking the capabilities to fully replicate the
complex functions of the human brain. The issue arises because
these flexible systems fail to have the required level of function-
ality and performance needed to facilitate complex biological be-
haviors, warranting further investigation. Additionally, a promis-
ing research direction involves constructing flexible optoelec-
tronic neuromorphic devices by leveraging previous findings that
demonstrate enhanced optical response intensity through par-
tially oxidized MXene FGs.[268] The exceptional bio-compatibility
of MXenes also holds great potential for future applications. The
single-function or dual-function nature of devices generally fails
to suffice for replicating the intricate behaviors found in BNNs.
Hence, there is an urgent need to facilitate devices’ collabora-
tive interaction to build adaptable artificial neural systems. The
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fabrication of memristor/transistor arrays has become a focal
point, representing a critical milestone toward the achievement
of future neuromorphic computing systems. Exploring highly
integrated MXene-based neuromorphic computing-assisted flex-
ible tactile sensors also offers unconventional possibilities for
advanced soft robotics and intelligent interactive equipment,
such as human-machine interfaces,[273] AI interaction.[241] For
AI-enabled tactile sensing applications, MXene-based neuromor-
phic computing systems have already demonstrated the recogni-
tion of complex handwritten input signals by ANN. Therefore, it’s
a promising approach to actualizing realistic sensory interaction
systems for telemedicine, education, entertainment, etc.[241] Inte-
grating sensors with MXene-based neuromorphic devices to fab-
ricate sensory perception systems based on spiking neural net-
works (SNN) is also a fascinating direction of research.

In conclusion, the development of MXene-based flexible mem-
ory and neuromorphic devices is progressing rapidly. Future
progress in this domain is anticipated to emerge from the con-
vergence of materials science, device fabrication, and system ar-
chitecture. The continuous advancement of technology and the
growing demand for flexible devices are expected to expedite
their transition from laboratory research to large-scale manufac-
turing. Flexible MXene-based devices are poised to play pivotal
roles in data storage, synaptic function emulation, and neuro-
morphic computing. With ongoing breakthroughs in key tech-
nologies such as patterning, MXene-based flexible memory and
neuromorphic devices will significantly contribute to advancing
next-generation information technology and facilitating device-
level implementations in AI applications.
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