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Abstract

In the post-Moore’s Law era, conventional Von Neumann architectures face critical limita-
tions, such as the “memory wall” and excessive power consumption, particularly when
processing unstructured data. Neuromorphic computing, inspired by the human brain,
offers a promising solution through parallel processing and adaptive learning. Among the
candidates for artificial synapses, memristors based on two-dimensional MXenes (specif-
ically Ti3C,yTx) have attracted significant attention due to their unique layered structure,
high metallic conductivity, and tunable physicochemical properties. This review pro-
vides a comprehensive analysis of MXene-based memristors, from material synthesis to
system-level applications. We examine how different synthesis strategies, including etching
methods, directly influence device performance and elucidate the underlying resistive
switching mechanisms driven by ion migration, valence change, and interfacial processes.
Furthermore, the review demonstrates the efficacy of MXenes in emulating biological
synaptic functions—such as spike-timing-dependent plasticity (STDP) and long-term po-
tentiation/depression (LTP/LTD)—and their application in tasks like handwritten digit
recognition. Finally, we highlight emerging frontiers in flexible electronics and in-sensor
computing, offering insights into the future trajectory of integrated sensing, memory,
and computation.

Keywords: neuromorphic computing; Memristor; MXene; artificial synapse; resistive
switching; in-sensor computing

1. Introduction

The rapid development of artificial intelligence (Al) and the Internet of Things (IoT)
has imposed extraordinary demands on the computing power and energy efficiency of
devices. In recent years, enhancements in language model performance have predomi-
nantly coincided with the exponential increase in computational capacity for training [1]
(as illustrated in Figure 1). Currently, conventional digital computing systems segregate
storage units from processing units, leading to significant energy consumption and slow-
ness in data transmission, a phenomenon referred to as the “von Neumann bottleneck”.
Lu et al. estimate that data movement energy consumption may constitute 60% to 90% of
the total energy expenditure in the computing process [2]. Figure 2 illustrates a graphical
representation of the “von Neumann bottleneck.”
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Figure 1. Training computational power is experiencing explosive growth. Reprinted with permission
from Ref. [1]. Copyright 2024 Anson Ho et al.
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Figure 2. The CPU and memory transfer data via the bus.

In contrast, the human brain contains roughly 10!! neurons and 10'°

synapses, allow-
ing it to execute intricate cognitive functions with minimal power usage (approximately
20 W) and exhibiting remarkable energy efficiency of several million trillion analogue
operations per watt (TAOPS/W) [3]. Consequently;, it is essential to create neuromorphic
devices that replicate the functions of organic synapses and neurons. Neuromorphic sys-
tems can significantly reduce data transmission expenses and enhance energy efficiency
and parallel processing capabilities by closely integrating computing and storage, while
employing event-based sparse distributed information encoding [4]. This design is antici-
pated to transform contemporary computer systems and demonstrate significant benefits,
particularly in tasks like pattern recognition, perception, and adaptive learning [4]. While
Phase-Change Memory (PCM) technology has been widely explored for neuromorphic
computing applications owing to its mature large-scale integration and multi-level storage
capabilities [5], it continues to face critical challenges regarding high switching energy
consumption and resistance drift [6].

To achieve the previously mentioned neuromorphic systems with superior energy
efficiency and parallel processing capacities, it is essential to create a hardware basis
that can replicate the dynamic behaviours of biological synapses and neurons. In this
context, memristors, as a novel category of electrical devices, exhibit significant potential
for the realisation of neuromorphic capabilities. They are passive two-terminal dynamic
devices whose resistance values can be altered based on the history of the charge passing
through them or the voltage provided, and this state can be preserved even after power is
disconnected. Theoretically introduced by Professor Leon O. Chua in 1971, this notion is
defined as the fourth fundamental circuit element, succeeding resistors, capacitors, and
inductors [7]. Jo et al. built a nanoscale memristor utilising silver/amorphous silicon
(Ag/Si) (Figure 3a,c) and proved that a hybrid system including CMOS neurons and
memristor synapses (Figure 3b) can perform essential synaptic functions, notably spike-
timing-dependent plasticity (STDP) (Figure 3d) [8].
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Figure 3. Device structure and working principle. (a) Schematic illustration of the concept of using
memristors as synapses between neurons. The insets show the schematics of the two-terminal device
geometry and the layered structure of the memristor. (b) Schematic of a neuromorphic with CMOS
neurons and memristor synapses in a crossbar configuration. (c) Measured (blue lines) and calculated
(orange lines) I-V characteristics of the memristor. Inset: calculated (orange lines) and extracted
(blue lines) values of the normalized Ag front position w during positive DC sweeps. (d) The current
and voltage data versus time for the device in (c) highlighting the change in current in sequential
voltage sweeps. Reproduced with permission from [8]. Copyright 2010, American Chemical Society.

Two-dimensional (2D) materials offer novel solutions to the performance limitations
encountered by conventional memristors, owing to their distinctive atomic-scale archi-
tectures and physicochemical characteristics. Their application benefits in memristors
are mostly evident in three areas: intrinsic material characteristics, device efficacy, and
functional enhancement. They have emerged as a pivotal material system propelling the
advancement of high-energy-efficiency neuromorphic computing and next-generation
memory technologies [9]. The epoch of 2D materials commenced when Novoselov and
Geim adeptly exfoliated monolayer graphene from graphite using the “scotch tape method”.
Notwithstanding its superior electrical conductivity, graphene’s absence of a band gap
constrains its utility in logic circuits. Consequently, the Mak team created MoS;, a proto-
typical two-dimensional semiconductor, and elucidated the impact of dimensionality on
its band structure. It was observed that as MoS; crystals are reduced from multilayer to
monolayer, a change from an indirect band gap to a direct band gap takes place, resulting
in substantial fluorescence increase [10]. This marked the beginning of research on 2D
semiconductor optoelectronics. In addition to natural layered materials, MXenes were
developed by selectively etching the A-layer (typically aluminium) from MAX phases [11].

The precursor of MXenes is a layered ceramic material known as MAX phase, whose
general chemical formula is Mn+1AXn (e.g., TipAlC). Herein, the M layer consists of
transition metals (e.g., Ti, V, Nb), serving as the skeleton of MXene; The A layer consists of
main-group elements (e.g., Al, Si, Ga), serving as the “interlayer”; the X layer comprises
carbon, nitrogen (C/N) (Figure 4). It is important to note that layered transition metal
borides are distinct materials known as MBenes, derived from MAB phases, and are
structurally analogous but chemically different from MXenes [12].
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Figure 4. The MAX element range, where orange represents the M element, blue represents A, and
green represents X. Reprinted with permission from Ref. [12]. Copyright 2025 Zhiyao Lu et al.

Researchers chemically remove the A layer from the MAX phase, resulting in the
residual layered structure known as MXene. In contrast to other prevalent two-dimensional
(2D) materials like graphene and transition metal dichalcogenides (TMDs, e.g., MoS,),
the primary and distinctive advantage of MXenes is their exceptional amalgamation of
metallic-level electrical conductivity and hydrophilicity. The surface of MXenes is adorned
with numerous hydrophilic functional groups (-OH, -O, -F), imparting exceptional hy-
drophilicity and water dispersibility, equivalent to that of clay. Consequently, MXenes
can be readily synthesised into aqueous inks for processing methods such as spin-coating
and inkjet printing [13]. Simultaneously, their inner transition metal carbide structure
maintains a metal-like high electrical conductivity of up to 20,000 S/cm. The uncommon
“conductive and hydrophilic” characteristic of 2D materials enhances their exceptional
efficacy in electromagnetic shielding and volumetric specific capacitance, in conjunction
with a comparatively high density. Furthermore, swift ion intercalation and deintercalation
are facilitated between their layers, where pseudocapacitive reactions transpire. This allows
MXene electrodes to attain a volumetric specific capacitance of up to 900 F/cm? [14], much
surpassing that of graphene and conventional activated carbon electrodes, rendering them
exceptionally appropriate for small supercapacitors.

Confronted with the pressing need for enhanced computing power and energy effi-
ciency in the age of artificial intelligence (AI) and the Internet of Things (IoT), the issues of
“power wall” and “memory wall” arising from the disjunction of storage and computation
in the conventional von Neumann architecture have become increasingly salient. Moti-
vated by the remarkable efficiency of the human brain, memristor-based neuromorphic
computing has surfaced as a major technological avenue to overcome this limitation. In the
investigation of materials for fabricating high-performance memristors, two-dimensional
materials have garnered significant interest owing to their distinctive quantum confine-
ment effects and physical characteristics. MXenes, a novel category of 2D transition metal
carbides/nitrides, demonstrate unique advantages that set them apart from graphene and
TMDs: they feature a 2D layered architecture originating from the etched MAX phase,
while seamlessly combining metal-level high conductivity with clay-like hydrophilicity.
This addresses the inadequate processability of conventional 2D materials while delivering
superior volumetric specific capacitance. These attributes make MXenes a highly inter-
esting candidate material for the development of next-generation neuromorphic devices
characterised by low power consumption and high parallelism.

https://doi.org/10.3390/jlpeal6010008


https://doi.org/10.3390/jlpea16010008

J. Low Power Electron. Appl. 2026, 16, 8 5 of 35

2. Synthesis, Modification, and Structural Engineering of MXene Materials

The physicochemical characteristics of MXenes, including as electrical conductivity,
work function, interlayer spacing, and surface active sites, directly influence their efficacy
in memristors and neuromorphic computing systems. In contrast to conventional semicon-
ductor materials, MXenes constitute a class of materials that may be extensively tailored
using synthetic methods—specifically top-down synthesis and an alternative known as
bottom-up synthesis—as well as post-treatment modification. This section will systemati-
cally examine the synthetic pathways of MXenes, encompassing a detailed comparison of
complete and partial etching strategies, as well as an extensive analysis of the regulatory
mechanisms of oxidation engineering, doping engineering, and interface modification on
the efficacy of neuromorphic devices.

2.1. Top-Down Synthesis Strategy
2.1.1. High-Concentration Hydrofluoric Acid Etching

This is the initial synthesis technique, utilising Ti3 AlC; as the precursor for MXene and
conducting etching with high-concentration hydrofluoric acid (30-50 wt.%) (the reaction
process is depicted in Figure 5a—c). Hydrofluoric acid can selectively etch the aluminium
layer in Ti3AlC; while maintaining the integrity of the transition metal carbide/nitride
framework. From a microscopic morphological standpoint, the effectively etched prod-
uct displays a characteristic accordion-like multilayer structure and is abundant in -F
and -OH groups on its surface. The intense character of the reaction typically results in the
introduction of a considerable number of vacancy defects within the Ti atomic layers. While
faults are typically viewed as detrimental, in memristors, these defect sites can frequently
act as nucleation sites for the development of conductive filaments, hence contributing to a
reduction in forming voltage [11].
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Figure 5. Different strategies for MXene etching methods. (a—c) Reproduced with permission [11].
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Reprinted from Ref. [15]

Copyright 2024 Henrique Teixeira et al. (e) Reproduced with permission [16] © 2018 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Its core chemical reaction equation is generally expressed as follows:

Ti3A1C2 + 3HF—TizCp + A1F3 + 1.5H, (1)
Ti3C2 + 2H20—>T13C2(OH)2 + H; (2)
Ti3C2 + 2HF—>T13C2F2 +H, (3)

2.1.2. In Situ HF Generation Etching

To circumvent the direct application of dangerous high-concentration HF, researchers
have devised and implemented a method that produces HF in situ through a mixed
solution of LiF and HCI [15,17] (the reaction mechanism is depicted in Figure 5d). In
contrast to the direct application of high-concentration HEF, this technique offers the benefits
of more moderate reaction conditions, as well as increased flake sizes and reduced flaws
in the produced MXenes. Leveraging the intercalation effect, Li* ions in the solution are
spontaneously inserted between MXene layers during the etching process, facilitating
the acquisition of monolayer or few-layer MXene dispersions through manual shaking or
low-power ultrasonication in following stages.

MXenes synthesised with the in situ HF production process typically have enhanced
electrical conductivity, reaching approximately 20,000 S/cm. This attribute is beneficial for
electrode materials necessitating low contact resistance; nonetheless, when utilised as the
resistive switching layer in memristors, excessively high conductivity may diminish the
on/ off ratio of the devices. Consequently, for memristive applications, further treatments
are typically necessary to moderately diminish their electrical conductivity [18].

2.1.3. Molten Salt Etching

Atomic vacancies typically arise during the HF etching of MAX phases. Furthermore,
the application of fluorine (F)-containing solutions invariably results in the incorporation
of -F functional groups on the product surface, which is challenging to properly control.
Kamysbayev et al. effectively generated TizC,Clp, TipCCly, and NbyCCl, MXenes by
etching Tiz AlIC, MAX phase in molten ZnCl, and various other Lewis acidic molten salts
at 500 °C [19]. Modifying the etching temperature and time allows for the regulation of
surface functional groups, hence facilitating the targeted enhancement of the materials’
electrochemical characteristics.

2.1.4. High-Concentration Hot Alkaline Solution Etching

To satisfy the etching criteria for acidic A-layer elements, pertinent research has
suggested a fluorine-free, high-concentration hot alkaline solution hydrothermal etching
technique, modelled after the Bayer process utilised in bauxite refining [16]. Multilayer
Ti3CpTx MXene, with a purity of 92 wt.%, was effectively synthesised from Tiz AIC, MAX
phase powder via etching in a 27.5 M high-concentration aqueous NaOH solution at 270 °C
in an argon-protected environment [16]. The reaction mechanism is illustrated in Figure 5e.

2.1.5. Mechanochemical Synthesis Strategy

Mechanochemical synthesis, particularly ball milling, offers a greener, solvent-free, or
low-solvent alternative that leverages mechanical shear forces to facilitate the peeling of the
A-layer. Theoretical calculations based on density functional theory (DFT) by Guo et al. [20]
revealed that under tensile and shear deformation, the M—Al bonds in MAX phases (e.g.,
Ti3 AlC;,, Nby AIC) are more prone to breakage than the strong M—X bonds. Specifically,
shear deformation leads to significant slipping between the Al and M,C layers, providing
a microscopic theoretical basis for mechanically exfoliating MXenes from MAX phases [20].
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Experimentally, high-energy mechanical milling (HEMM) has proven effective in
achieving high-yield delamination. Wu et al. demonstrated a scale delamination method
by milling Ti3AlC; in the presence of dimethyl sulfoxide (DMSO). The DMSO acts as
an intercalation agent and an antioxidant, preventing the oxidation of MXenes during
the high-energy impact, thereby producing few-layer TizC,Tx nanosheets with enhanced
electrochemical properties for sodium-ion batteries [21]. Furthermore, to eliminate fluorine
contamination entirely, Xue et al. developed a chemical-combined ball-milling strategy
using an alkaline etchant (TMAOH) and LiCl. In this process, the mechanical force destroys
the passivation layer on the MAX phase, allowing the alkali to continuously etch the
Al layer via pitting corrosion. This fluorine-free method yielded MXenes with a unique
hierarchical porous structure (P-Ti3C,), exhibiting a specific surface area eight times higher
than that of HF-etched samples, which is highly advantageous for ion transport and storage
applications [22].

2.2. Bottom-Up Synthesis Strategy

The current approach employed for this synthesis strategy is chemical vapour depo-
sition (CVD), a thin-film fabrication technique that deposits solid materials by chemical
reactions of gaseous precursors on a substrate’s surface. The process primarily encompasses
the transport and adsorption of precursors, surface chemical reactions and nucleation, along
with the desorption and expulsion of by-products. This process offers homogeneous film
formation, adjustable composition and thickness, superior coverage, and suitability for
large-area and difficult substrates, making it extensively utilised in the fabrication of thin
films, coatings, low-dimensional materials, and functional devices.

Wang et al. initially achieved the direct synthesis and morphological regulation of two-
dimensional carbide and nitride MXenes by chemical vapour deposition (CVD). The study
utilised titanium foil as both the substrate and titanium source, titanium tetrachloride (TiCly)
as the halogen source, and either methane (CHy4) or nitrogen (N5) as the carbon or nitrogen
source, respectively. The reaction was conducted at elevated temperatures (e.g., 950 °C)
and atmospheric pressure [23]. Through meticulous regulation of the precursor flow rate,
reaction temperature, and duration, they effectively synthesised vertically oriented, carpet-
like TipCCl, MXene films, and subsequently observed intricate morphologies, including
multi-layer bending and hollow vesicle-like structures generated by growing stress. This
CVD technique is suitable to the synthesis of MXenes that are challenging to produce
using conventional etching procedures, such as Zr,CCl, and the initially reported chlorine-
terminated nitride Ti;NCly, highlighting its significant advantages in component expansion
and structural design [23].

2.3. Partial Etching Engineering

The conventional perspective posits that the total elimination of the Al layer is essential
for the preparation of high-quality MXenes. Recent studies by research teams indicate that
“incomplete etching” may yield unforeseen performance enhancements in neuromorphic
computing applications.

Gosai’s research team discovered that the full removal of the Al layer from TizC, Ty,
followed by intercalation with DMSO (dimethyl sulfoxide), results in a substantial ex-
pansion of the interlayer spacing of MXenes. The increased interlayer spacing and the
incorporation of DMSO molecules provide a significant energy barrier between the lay-
ers, resulting in a configuration akin to a “Multiple Quantum Well”. Regarding device
architecture, carriers must surmount a significant potential barrier to transition, leading to
an exceptionally high SET voltage of the device (about 4.1 V=7 V). This not only elevates
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power consumption (~0.128 pJ /mm?) but also constrains its applicability in low-power
neuromorphic electronics [24].

Researchers prepared partially etched MXenes with around 8% Al retention by metic-
ulously regulating the reaction duration and acid concentration (Figure 6). This change
further modified their structural properties: the leftover Al atoms functioned as “Conduc-
tive Bridges,” linking adjacent TizC; layers, so effectively mitigating the excessive growth
of interlayer space and diminishing the potential barrier for electron transit between layers.
Simultaneously, the device’s performance experienced a qualitative transformation: the
SET voltage was diminished to 1.0 V or lower. The energy consumption each pulse was
reduced to 1.36 nJ/mm?, and the mechanical stability was markedly enhanced. The left-
over aluminium atoms augmented the mechanical resilience of the multilayer structure,
resulting in negligible loss of the device’s electrical performance after 1000 bending cycles
at an angle of 73° [24].
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Figure 6. (a) XRD analysis of MAX phase, partially etched (p-Ti3C,Tx) and fully etched (f-TizC,Tx)
MXene. (b) Field emission scanning electron microscopy (FE-SEM) image of the TizC,Tx powder.
Reproduced with permission from [24]. Copyright 2024, American Chemical Society.

This partial etching technique, as a significant advancement in material engineering,
facilitates novel applications of MXenes in low-power neuromorphic computer devices.

2.4. Oxidation Engineering and Heterostructure Construction

Oxidation of Ti3C,yTx in humid settings is typically considered a form of instability;
nevertheless, in neuromorphic devices, regulated oxidation has been repurposed as a
technique for fabricating high-performance resistive switching layers.

2.4.1. Hydrothermal In Situ Oxidation

Kundale et al. exhibited a methodology for the in situ synthesis of TiO, nanocrystals
on the MXene surface by the hydrothermal technique (Figure 7a). MXene dispersions under-
went treatment at elevated temperature and pressure, resulting in the oxidation of certain
titanium atoms into anatase TiOp. The procedure led to the creation of a Ti3CyTx/TiOp
micro-heterojunction (Figure 7b—i). This configuration preserves the highly conductive core
of MXene while employing the TiO; shell to offer many oxygen vacancies. The movement
of oxygen vacancies within the TiO, layer constitutes the primary resistive switching mech-
anism, hence augmenting the valence change memory (VCM) mechanism and enhancing
the on/off ratio of the device. The oxidised surface provides numerous gas adsorption
sites, allowing the device to demonstrate a substantial resistive response to gases like CO,
or NO,, so achieving the olfactory synaptic function with integrated sensing, memory, and
computation capabilities [25].
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g

o
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Figure 7. (a) Schematic illustration of the synthesis of MXene from the MAX phase followed by
hydrothermal oxidation to obtain oxidised MXene. (b) Scanning electron microscopy (SEM) image
and energy-dispersive X-ray spectroscopy (EDS) elemental mapping of pristine MXene. (c) SEM
image and EDS elemental mapping of oxidised MXene. Microstructural characterisation of pristine
and oxidised MXene. (d,g) Field-emission transmission electron microscopy (FE-TEM) images,
(e,h) magnified TEM images, and (f,i) high-resolution TEM (HR-TEM) images. Reprinted from
Ref. [25] Copyright 2025 Somnath S. Kundale et al.

2.4.2. Edge Modification and Antioxidation

Wang et al. delineated a method for passivating the edges of MXenes with organic
compounds or polymers to tackle the problem of long-term stability [26]. For example,
the incorporation of positively charged polyelectrolytes or the application of antioxidants
(such as ascorbic acid) can effectively inhibit water molecules from interacting with the Ti
atoms at the edges, consequently prolonging the storage lifespan of the devices to several
months or even years while preserving their memristive functionality.

2.5. Doping

Compounding MXenes with other functional materials has emerged as a prevalent
strategy to alleviate the performance bottleneck of single-component materials. Doping
imparts multi-functional qualities to materials, hence improving their performance in
composite applications.
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2.5.1. Metal Nanoparticle Doping

Both Wang et al. and Teixeira et al. noted the incorporation of Ag, Pt, or Au nanopar-
ticles within or on the surface of MXene layers. These metallic nanoparticles function as
Electric Field Concentrators, resulting in the amplification of localised electric fields. This
markedly diminishes the randomness of conductive filament generation, hence substan-
tially enhancing device-to-device (D2D) and cycle-to-cycle (C2C) consistency, as well as
the stability of the devices. For example, Ag-doped MXene devices can attain switching
properties without undergoing a forming procedure.

2.5.2. Nitrogen Doping and Wrinkled Structure

Nitrogen-doped wrinkled MXenes can be synthesised using the melamine-formaldehyde
(MF) template technique. The wrinkled architecture inhibits the restacking of MXene
nanosheets and preserves a high specific surface area. The incorporation of nitrogen
atoms modifies the electron cloud distribution and increases the adsorption sensitivity to
neurotransmitters (e.g., acetylcholine), which is essential for developing biocompatible
brain interfaces [26].

2.6. Correspondence Between Synthesis Strategies, Microstructures and Physical Mechanisms

The effects of different treatment strategies on electron and ion transport, along with
their dominant physical mechanisms, are summarized in Table 1.

Table 1. Effects of Different Treatment Strategies on Electrons/Ions.

Synthesis/Processing Microstructural Impact on Dominant Physical Typical Application
Electron/Ion .
Strategy Features Mechanism Advantages
Transport
Complete Etching with Accordion-like fon migration N Suitable for digital
. ) structure, large channels open, but Ion Migration O
High-Concentration . : o memory requiring
interlayer spacing, with high (ECM) ) .
HF . high on/off ratio
numerous defects energy barriers
Laree-sized flakes Facilitates electron Suitable for electrode
In Situ MILD Etching fe vg defects. high ’ transport, may lead Ohmic materials or
(LiF+HCI) > 18 to higher Conduction/ECM compositing with
conductivity .
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3. Resistive Switching Mechanisms and Physical Models

Comprehending the microscopic operational mechanism of MXene-based memristors
is essential for optimising device performance and customising neuromorphic functions. In
contrast to conventional metal oxide memristors, the distinctive two-dimensional layered
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architecture of MXene, along with its adjustable metal-semiconductor-insulator electri-
cal properties and abundant surface chemical environment, imparts varied and hybrid
characteristics to its resistive switching mechanisms, as summarized in Table 2.

Table 2. Comparison of Key Electrical Performance Parameters of Different MXene-based Memristors.

o1 Operating .
Device Structure MXene TyPe Sw1tch1‘ng Voltage On/Off Ratio Endurance Retgntlon Power/Ene_r 8y
and Processing Mechanism (VSET/VRESET) Time Consumption
. Hybrid
PET/ITO/ Par’ﬁagy mecﬁanism
: P etched, uantum well ~ ~1.0V/—1.0V ~103 ~10* cycl 100 ~1.36 2
Ti3CoTx/Ag retaining Al (190 pping + Ion / cycles >1U0%s 36 nJ/mm
ion pillars migration)

PET/ITO/{- Conventional ion 5 _ 3 3 2 5
TizCoTx/Ag Fully etched migration (ECM) 41V/=59V ~10 ~10° cycles ~10% s ~0.128 pJ /mm’
%?(?ctlﬁéeﬁ Valence change ~4.1 (regulated >100's

Au/oxidised- : (VCM) + '
TisCpTx/Au geI}[eirC'c)l’;mg Schottky barrier £V concbe}r,1’cgrzstion) >200 cycles (ugsliresg)as /
nanocrystals modulation
. Electrochemical
: t 1 el
Ag/TizCoTx /Pt Cﬁ%"g&:ﬁﬂ; met(%llclﬁiﬂon 02V/-02V ~10%-10% ~10%-104 ~ 10%s pJ level
Al/TizCyTy MXene Type Switching _ 5 6 5 ”;
(Ag/Pt) and Processing Mechanism 2V/=2v ~10 ~10 ~10%s 3.5x 107 nJ
Partially m?cﬁggi m
Ag/V2C/W etched, (Quantum well 4V/-5V ~ 104 50 cycles >103s 4 % 1010 nW
retaining Al hopping + lon
ion pillars migration)
Vanadium- : :
PET/ITO/p- Ion migration 5 B 3 4 5 2
TisCoTx/Ag base(%i\é[:))(ene (ECM) 1.0V/-10V ~10 ~10* cycles >10%s ~1.36 nJ/mm

3.1. Electrochemical Metallization Mechanism (ECM)

The Electrochemical Metallisation Mechanism (ECM), sometimes referred to as Con-
ductive Bridge Random Access Memory (CBRAM), is the predominant mechanism in
MXene-based memristors, particularly in devices utilising active metals (e.g., Ag, Cu) as
the upper electrode.

Under forward bias, the active electrode (using Ag as an example) experiences oxi-
dation, resulting in the formation of metal cations (Ag—Ag" + e™) (Figure 8). Propelled
by the electric field, these cations traverse the MXene insulating /semiconducting layer,
subsequently undergoing reduction and deposition at the inert bottom electrode (e.g., Pt,
Au, ITO). A continuous metallic conductive filament is ultimately formed, transitioning
the device from the High Resistance State (HRS) to the Low Resistance State (LRS). In a
reverse bias, the conductive filament disintegrates and breaks, restoring the device to its
initial state.

Wang et al. indicated that MXene functions not only as a basic solid electrolyte in
the ECM mechanism; its structural properties significantly impact the development of
conductive filaments [26]. The numerous electronegative functional groups (notably -F
and -O) on the MXene surface can establish electrostatic contacts with metal cations (e.g.,
Ag™). These functional groups act as “binding sites” for ion hopping, directing cations
to travel along the edges or interlayer gaps of MXene nanosheets, thus mitigating the
unpredictability of conductive filament production. Moreover, titanium vacancies created
during the etching process are deep-level imperfections that can efficiently capture metal
ions and serve as nucleation sites for the development of conductive filaments. The pre-
established nucleation sites markedly decrease the device’s forming voltage.
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Figure 8. Schematic diagram illustrating the Electrochemical Metallization (ECM) mechanism within
avertical Ag/TizC,Tyx/Au memristor. (I) The initial state of the device with an insulating MXene layer
and no conductive path. (IT) The electroforming process, where the active Ag top electrode is oxidized
to generate Ag* ions that migrate through the MXene layer and nucleate at the bottom electrode.
(III) The Low Resistance State (LRS) is achieved during the SET process once the accumulated Ag
atoms form a continuous conductive filament bridging the two electrodes. (IV) The High Resistance
State (HRS) is restored during the RESET process when the conductive filament ruptures under a
reverse bias. Reprinted from Ref. [26] Copyright 2025 Wang, K. et al.

3.2. Valence Change Mechanism (VCM)

The Valence Change Mechanism (VCM) is fundamentally based on the movement of
anions, predominantly oxygen ions (O?~), and the creation of conductive pathways formed
by oxygen vacancies (Vp). This behaviour is most evident in MXene devices undergoing
oxidation treatment.

Kundale et al. [25] demonstrate that the in situ synthesised TiO; nanocrystal layer
on the Ti3C, Ty surface, produced using a hydrothermal process, functions as the central
region for the VCM mechanism.

1. SET Procedure

The SET process pertains to the creation of conductive channels by oxygen vacancies.
Imposing a forward electric field generates a potential difference; the electric field force
influences O?~ within the TiO, lattice, prompting their detachment from lattice sites and
migration towards the cathode or capture by functional groups on the MXene surface.
Positively charged oxygen vacancies (Vo) remain in the lattice following the removal of
O?~. The sustained application of the electric field results in a progressive increase in the
concentration of oxygen vacancies. Upon reaching the percolation threshold of oxygen
vacancy concentration—wherein the vacancies are adequate to establish a continuous
“pathway” between the anode and cathode—electrons are swiftly conducted through these
oxygen vacancies. Ultimately, the device resistance decreases significantly, transitioning
from the High Resistance State (HRS) to the Low Resistance State (LRS), so finalising the
“writing” operation.

2. RESET Procedure

The RESET process is the inverse of the SET process. An opposing electric field propels
oxygen ions to replenish the vacancies. As numerous oxygen vacancies are replenished, the
previously continuous conductive pathways are disrupted, impeding electron transport
and causing the device resistance to revert to the high resistance state, so accomplishing
the “erasing” operation.

X-ray Photoelectron Spectroscopy (XPS) is an essential method for validating the VCM
mechanism. Yan et al. determined that the reduction of Ti** to Ti®* is commonly observed
in the LRS, correlating with a decrease in oxygen content and an increase in oxygen vacancy
concentration [27]. Redox processes predominantly transpire at the peripheries of MXene
or the interface of the oxide layer.
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3.3. Charge Trapping and Quantum Well Effect

Not all resistive switching entails the physical migration of atoms. In certain high-
performance and high-stability MXene devices, electron transport within the band structure
predominates the resistive switching behaviour.

The I-V characteristics of numerous MXene/polymer or MXene/oxide composite
devices adhere to the Space-Charge-Limited Current (SCLC) concept. Defect energy levels
are present inside the materials, and the processes of carrier injection and transport are gov-
erned by these flaws and the space-charge effect. As illustrated in Figure 9, the conduction
mechanism of fully etched MXene (f-Ti3C,Tx) is primarily dominated by charge trapping
and de-trapping processes. Injected electrons are captured by defect sites within the MXene
layers, which severely restricts current flow until all traps are filled, aligning with the SCLC
model.The space-charge-limited current model typically comprises three distinct areas,
each characterised by specific properties and underlying physical mechanisms, as detailed
in Table 3 below.

Conduction Mechanism of f-7i.C,T,

‘_l\)e-:rappmg

O Electrons Y

Figure 9. Schematic diagram of the composition mechanism of fully etched (f-Ti3CTx). Reproduced
with permission from [24]. Copyright 2024, American Chemical Society.

Table 3. Core Characteristics and Corresponding Physical Mechanisms of the Space-Charge-Limited

Current Model.
Region Characteristics of Dominant Physical Mechanisms and Ref
8 the I-V Relationship Conditions )
Dominated by thermally excited
carriers. At low voltages, conduction is
. primarily due to intrinsic carriers
Ohmic
. Linear relationship: generated from thermal equilibrium
Conduction o . . -
Resion IV within the material, with minimal
& injected charge. The current is
determined by the sample’s
ohmic resistance.
. . _E115 28
Trap-Filling S}lperl%n'ear ) Domlnated.by the trap-filling process. [28]
Resion relationship: IV As voltage increases, the current rises
& (n>2) sharply with voltage in this stage.
Dominated by space-charge-limited
current (SCLC). When the voltage is
Trap-Free Square-law sufficiently high, subsequently injected
Region relationship: IecV2 free carriers form a space-charge field

within the material, and the current is
limited by this space charge.

Gosai et al. developed a novel physical model in their research on partially etched MX-
ene (p-Ti3C,Tx) [24]. The leftover Al ion pillars and DMSO molecules in p-TisC, Ty increase
the interlayer gap, creating alternate conductive layers (MXene nanosheets) and insulating
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barrier layers (Al/DMSOQ layers). This configuration appears as a sequence of quantum
wells in the band diagram. Electrons are restricted within the quantum wells, unable
to traverse the barriers, leading to diminished electrical conductivity. When the applied
voltage surpasses the threshold (~1 V), electrons gain the energy to traverse the barriers
through tunnelling or thermal emission, or engage in defect-assisted transport facilitated
by defects within the barrier layers, resulting in a sudden increase in current. Research has
demonstrated that the fabrication of van der Waals heterojunctions between MXene and
other two-dimensional materials can efficiently alter the contact type and Schottky barrier
height. This theoretically substantiates the viability of artificially constructing tunable
barriers via structural design [29]. Theoretical investigations of Ti3C,O, quantum dots
have demonstrated that reducing the size of MXene to the zero-dimensional scale results in
a pronounced quantum confinement effect, causing substantial alterations in its electrical
structure and optical characteristics. This indirectly confirms that electron behaviours
can be efficiently controlled in dimensionally constrained devices [30]. In contrast to the
significant atomic rearrangement involved in the ECM method, this switching mechanism,
reliant on the electronic band structure, allows Gosai’s devices to demonstrate remarkable
mechanical stability and cycling longevity exceeding 10,000 cycles.

3.4. Schottky Barrier Modulation

The modulation of interfacial barriers is the crucial technique for achieving the
integration of sensing and memory in devices equipped with sensing, memory, and
computational functions.

Kundale et al. [25] discovered that the resistive switching behaviour of the Au/Oxidised-
MXene/Au device is influenced by both voltage and the surrounding atmosphere. The
oxidised MXene displays n-type semiconductor properties, creating a Schottky barrier
upon contact with the Au electrode. Upon the adsorption of oxidising gases (e.g., NO;), gas
molecules extract electrons from MXene, resulting in the expansion of the depletion layer,
the rise in the Schottky barrier, and the augmentation of device resistance (suppression of
synaptic weight) [25,31,32]. The adsorption of reducing gases (e.g., NH3) or CO, under
particular conditions (dependent on surface adsorption configuration) alters carrier concen-
tration, leading to a drop in barrier height and a decrease in resistance, hence enhancing
synaptic weight. Research has demonstrated that the combination of noble metals (e.g., Au)
and MXene can create heterojunctions, whose interfacial barriers are responsive to gases
and are crucial for signal amplification [33]. This technique enables chemical compounds
to function as “gate” signals for the regulation of memristor synaptic weight, accurately
mimicking the depolarisation and hyperpolarisation processes of real olfactory neurones.

Teixeira et al. noted that the integration of MXene with ferroelectric materials (e.g.,
HfZrO, BFO) can modify the direction of band bending on the MXene surface by the rever-
sal of ferroelectric polarisation, thereby achieving non-volatile resistive switching. This is
an entirely electronic switching apparatus with exceptional speed. The resistive switching
mechanism in the Cu/Ti3C,/BaFe1,019/Pt memristor is attributed to the combined effects
of barrier alterations induced by ferroelectric polarisation and oxygen vacancies. This be-
haviour corresponds with the ‘dual-regulation process’ recently documented by Yue et al.,
wherein ‘oxygen vacancy redistribution and ferroelectric polarisation dynamically govern
the parameters of the Schottky barrier.” [34]. This device exhibits a significant switching
ratio, minimal operating voltage, and reliable multi-level storage capacity, successfully
simulating several forms of synaptic plasticity. A separate study involved the integration
of ferroelectric MXene (TizC,Tx) with the traditional ferroelectric material BiFeO3 (BFO)
to construct a flexible memristor. The research indicated that the incorporation of MX-
ene enhances the interface and promotes resistive switching behaviour, while the device

https://doi.org/10.3390/jlpeal6010008


https://doi.org/10.3390/jlpea16010008

J. Low Power Electron. Appl. 2026, 16, 8 15 of 35

demonstrates intricate functionalities like multi-level storage and negative differential
resistance [35].

3.5. Mixed Mechanism

In practical application, a singular mechanism often fails to account for all phenom-
ena. Gosai et al. and Wang et al. both underscored the presence of the “mixed mecha-
nism” [24,26]. In Gosai’s p-TizCy Ty device, researchers noted that trap-assisted electron
tunnelling and quantum well hopping predominated as the primary processes at low
voltages. Conversely, with elevated voltages or extended electrical stress, the migration
of Ag* ions may commence, resulting in the creation of weak conductive filaments. This
hybrid mechanism explains the device’s capability to demonstrate both analogue slow
resistive switching, appropriate for synaptic simulation, and digital switching behaviour,
suited for data storage, facilitating the transition between both modes through modulation
of the compliance current.

The physical mechanisms of MXene-based memristors encompass a diverse spectrum,
from atomic-scale migration to electronic-scale transformation. ECM and VCM systems
provide elevated switching ratios and non-volatility, rendering them appropriate for high-
density data storage. The charge trapping and quantum well methods, such as those in
p-TizCy Ty, provide exceptional homogeneity and little power consumption, which are
advantageous for high-precision neuromorphic computing [24]. Simultaneously, Schottky
barrier modulation offers a physical interface for the integration of environmental sensing,
such as gas sensors, and memory functions [25].

A comprehensive understanding and disaggregation of these mechanisms will es-
tablish the theoretical foundation for the future design of MXene-based devices with
customised functionality (e.g., ultra-low power consumption or multimodal sensing).

4. Implementation of Neuromorphic Computing Functions

The fundamental objective of neuromorphic computing is to develop hardware sys-
tems that exhibit efficiency, fault tolerance, and adaptive learning capabilities comparable
to those of the human brain. The basis for attaining this objective resides in the construction
of artificial synapses. Biological synapses adjust the connection strength between two
neurones (i.e., synaptic weight) by controlling the quantity of neurotransmitter release
and the sensitivity of receptors. In electronic engineering, the conductance value (G) of a
memristor is closely correlated with the synaptic weight (W). This chapter will comprehen-
sively examine recent advancements in MXene-based memristors for emulating biological
synaptic functions, concentrating on the evaluation of the physical realisation of short-term
and long-term plasticity, Hebbian learning principles, and the pattern recognition efficacy
in artificial and spiking neural network simulations.

4.1. Basic Simulation of Synaptic Plasticity

Teixeira et al. define synaptic plasticity as comprising two categories based on tem-
poral scale: Short-Term Plasticity (STP) and Long-Term Plasticity (LTP) [36]. Due to its
distinctive ion-electron hybrid conduction mechanism, the MXene device can effectively
include these two time frames [37].

4.1.1. Short-Term Plasticity (STP) and Paired-Pulse Facilitation (PPF)

Short-term synaptic plasticity functions as the physiological foundation for temporal
information encoding and high-pass filtering in biological brain systems [38]. Paired-pulse
facilitation (PPF) is characterised by the phenomenon in which two consecutive pulses,
separated by a time interval of At, stimulate the presynaptic membrane, resulting in a
greater amplitude of the postsynaptic current induced by the second pulse compared to

https://doi.org/10.3390/jlpeal6010008


https://doi.org/10.3390/jlpea16010008

J. Low Power Electron. Appl. 2026, 16, 8 16 of 35

the first. It is acknowledged as a principal manifestation of short-term plasticity (STP) [38].
This dynamic attribute is essential for the temporal processing of brain impulses and the
filtration of signals at specific frequencies.

In MXene-based memristive devices, PPF properties have been effectively replicated
and thoroughly measured. Research has shown that the PPF index displays an exponential
decay pattern as the pulse interval At increases, and this decay can be precisely charac-
terised by a double-exponential function comprising fast and slow components [39]. This
mathematical relationship closely aligns with the behaviours of biological synapses. The
PPF behaviour in MXene devices mostly arises from the partial relaxation of conductive
filaments or the charge trapping effect. The movement of metal ions caused by the initial
electrical pulse or the injected charge carriers (e.g., electrons) does not entirely dissipate
during the pulse duration. Thus, upon the arrival of the second pulse, the device exhibits
an elevated baseline conductance, leading to an amplified current response.

The PPF features of MXene devices confer upon them intrinsic use in processing
dynamic time-series data, including speech recognition and Morse code decoding. The
exponential decay filtering characteristic resembles the response function of a Butterworth
high-pass filter, indicating that MXene-based artificial synapses may efficiently eliminate
low-frequency noise and enhance signal edges. Consequently, they exhibit immediate
applicability in neuromorphic perception systems, including tactile sensing [40] and picture
edge enhancement [41].

4.1.2. Long-Term Plasticity (LTP/LTD) and Weight Update

Long-Term Potentiation (LTP) and Long-Term Depression (LTD) are fundamental
mechanisms of memory formation and neural network learning. Wang et al. summarised
the capacity of MXene devices to continuously modulate conductance by applying a
sequence of successive positive and negative pulses. An optimal LTP/LTD curve must
have superior linearity and symmetry. Traditional filamentary memristors (e.g., Ag/oxide-
based devices) typically experience a sudden SET process followed by a slow RESET
phase, leading to considerable asymmetry. Conversely, the partially etched p-TizC,Tx
device created by Gosai et al. exhibits remarkable linearity under both identical and
nonidentical pulse schemes (Figure 10a,b). This advantage is ascribed to its “quantum well”
mechanism, which limits the sudden increase in current and facilitates a more regulated
creation and dissolution of conductive channels. This feature is essential for enhancing
the training accuracy of neural networks. Figure 10c clearly demonstrates the primary
purpose of artificial synapses in emulating the “potentiable and depressible” attributes of
biological synapses, together with their nonlinear and asymmetric plasticity characteristics.
To quantify this behaviour, the conductance (G) and pulse number (P) are used to calculate
the nonlinearity parameter.

Grrp = Gpin + Gy (1 — e PLreP) (4)

Girp = Gax — G1(1 — e PO=P)) )

In Equations (4) and (5), G; = %, B gives the linearity, Gux/Gyin, are the

maximum/minimum conductance values, and P is the normalised pulse number [15].

4.2. Hebbian Learning Rule and STDP

The principle that neurones that activate simultaneously will have their connections
reinforced is fundamental to Hebbian learning theory. Spike-Timing-Dependent Plasticity
(STDP) serves as its quantitative biological principle.
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Figure 10. (a) Identical pulse. (b) Nonidentical pulse. Reproduced with permission from [24].
Copyright 2024, American Chemical Society. (c) Relationship between conductance update and its
nonlinearity and asymmetry. Reprinted from Ref. [18] Copyright 2016 Zhang, T. et al.

Physical Implementation of STDP

Spike-Timing-Dependent Plasticity (STDP) is a fundamental bio-inspired learning
principle in neuromorphic computing. This rule delineates that the alteration in weight (Aw)
of a synaptic connection—typically denoted by the conductance of an artificial synaptic
apparatus—hinges on the temporal disparity (At = tpost — tpre) between the presynaptic
spike (tpre) and the postsynaptic spike (tpost) [42]. The mathematical expression and physical
significance are as follows: when At > 0, meaning the presynaptic neurone activates before
the postsynaptic neurone, the synaptic weight is enhanced (Aw > 0), reflecting the causal
relationship in neural activities and forming the foundation for Long-Term Potentiation
(LTP). Conversely, when At < 0, the synaptic weight is diminished (Aw < 0), indicative
of Long-Term Depression (LTD) [42]. This weight updating mechanism, predicated on
the relative timing of spikes, underpins the execution of sophisticated cognitive functions,
including unsupervised learning and pattern recognition.

The simulation of STDP behaviour via MXene-based memristive devices has emerged
as a leading area of research. Researchers have effectively replicated the traditional an-
tisymmetric STDP curve [15] by engineering particular voltage pulse sequences (e.g.,
superimposed rectangular or triangular waves) to serve as pre- and postsynaptic spikes,
which were subsequently applied to the device. Experimental data demonstrate that the
correlation between weight change Aw and spike timing difference At can be precisely
modelled by the exponential decay function Aw = Aexp(—At/T), aligning closely with
the STDP model of biological synapses. Distinct STDP behaviours have been found in
MXene-based stacked devices with varying architectures, where the maximum weight
change rate (Max Aw) and the requisite pulse amplitude differ according to the specific
device architecture.
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Notably, STDP does not exist in a singular, fixed form. By meticulously controlling
the internal physical mechanisms of the device (e.g., integrating ferroelectric polarisation
switching with oxygen vacancy migration) or altering the configuration of external stimulus
pulses, a symmetric STDP learning window can be attained [43]. The “symmetric Hebbian
learning” rule is essential for developing associative memory networks; for instance,
in Hopfield-type recurrent networks, it can significantly improve the network’s pattern
recognition and recall capacities in noisy conditions [44].

4.3. Neural Network Simulation and Pattern Recognition

To assess the viability of MXene devices in actual Al applications, researchers typically
use artificial neural networks (ANNSs) for software simulation utilising device parame-
ters obtained from studies (e.g., nonlinearity o, dynamic range Gmax/Gmin, and cycle
consistency o).

4.3.1. MNIST Handwritten Digit Recognition

In neuromorphic computing, handwritten digit recognition tasks, exemplified by the
classification of the MNIST dataset, are frequently considered a “fruit fly”-style benchmark
for assessing the efficacy of novel artificial synaptic devices, due to their established datasets
and standardised network architectures [26]. These tests can accurately measure the ability
of devices to replicate the fundamental function of biological synapses, specifically plasticity,
and forecast their potential in more intricate brain networks.

Networks intended for these benchmark evaluations generally utilise a conventional
multi-layer perceptron (MLP) architecture. A example study utilised a configuration with
784 input neurones (representing 28 x 28 pixel images), one hidden layer with 250 nodes, a
second hidden layer with 125 nodes, and 10 output neurones (representing digits 0-9) [26].
The training procedure utilises the error backpropagation algorithm, which fundamentally
involves the precise correlation of the theoretical weight updates computed by the algorithm
with the conductance alterations of physical devices (e.g., memristors). The correlation
between software algorithms and hardware responses is the primary criterion for evaluating
the appropriateness of devices for compute-in-memory architectures.

MXene-based synaptic devices have exhibited exceptional performance in benchmark
evaluations, primarily evident in three major aspects:

1.  Systems utilising MXene materials, such as Ti3C,Tx, can attain around 95% accuracy
in MNIST classification tasks [45];

2. Superior device linearity promotes swift network convergence. A study indicated
that its MXene array could achieve nearly flawless pattern training accuracy after just
9 training epochs [46];

3. Device homogeneity is essential for array applications. Research indicates that memory
devices utilising MXene-TiO, Schottky junctions demonstrate superior device-to-
device repeatability [47].

4.3.2. Fashion-MNIST

Kundale et al. advanced beyond basic digits to tackle the more intricate Fashion-
MNIST dataset, which consists of greyscale images of apparel, footwear, accessories, and
other things, as depicted in panels ¢ and d of Figure 11 below. Kundale utilised the re-
sponse of oxidised MXene to CO; gas to achieve multi-level weight states regulated by gas
concentration. The results attained an accuracy of 82% in the Fashion-MNIST challenge.
Despite this value being inferior to the state-of-the-art performance achievable by pure
software algorithms on the same dataset (e.g., specific deep convolutional networks can
surpass 99%) [48], its pivotal importance resides in the inaugural experimental confirmation
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of the viability of directly modulating the learning process of hardware neural networks
through external chemical environmental signals. This study illustrates the applicability
of MXene-based devices in intricate perceptual computing tasks and, more significantly,
establishes a novel trajectory for the advancement of next-generation neuromorphic sys-
tems with environment-adaptive learning capabilities—specifically, a new category of
intelligent hardware capable of directly perceiving and integrating chemical information
for computation, akin to the biological olfactory system.
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Figure 11. (a) Schematic of a three-layer fully connected ANN with 784 input neurons, 300 hidden
layer neurons, and 10 output neurons. (b) Weight distribution, recognition accuracy. Reprinted from
Ref. [26] Copyright 2025 Wang, K. et al. (c) Classification accuracy of simulated ANN models based
on the synaptic behaviour of the device under different CO, concentrations for the digit MNIST
dataset. (d) Classification accuracy of simulated ANN models based on the synaptic behaviour of the
device under vacuum and different CO, concentrations for the fashion-MNIST dataset. Reprinted
from Ref. [25] Copyright 2025 Somnath S. Kundale et al.

4.4. Associative Memory and Pavlovian Experiments

Alongside their exceptional performance in supervised learning (e.g., image classifica-
tion), MXene-based neuromorphic devices demonstrate distinctive potential for executing
unsupervised associative learning, resembling biological instincts, with the simulation
of classic Pavlovian conditioning serving as the most illustrative example [49]. This ex-
periment is considered a significant advancement in the development of hardware with
adaptive learning capabilities.

This experiment has confirmed the establishment of associative memory in hardware
by emulating the renowned behavioural paradigm of “Pavlov’s dogs.” The essence resides
in using the property of MXene devices, wherein their conductance, indicative of synaptic
weight, may be altered by training history [50]. The behavioural benchmark assessments
are displayed in Table 4 below.

This learning behaviour has been empirically validated in multiple MXene devices.
Research has confirmed that TizC, Ty MXene memristors can function as monolithic devices
to exemplify classical conditioning learning [49]. Moreover, flexible MXene floating-gate
synaptic transistors can replicate Pavlovian training in response to external stimuli, demon-
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strating its promise in cognitive learning [51]. A further study has utilised the photoelectric
response properties of MXene to replicate the modelling of Pavlovian conditioning for
associative learning [52].

Table 4. Behavioural Paradigm of “Pavlov’s Dogs”.

Element Correspondence and Underlying Principle
Input 1: A neutral stimulus, such as a “bell ring”. In the initial state, this
Conditioned stimulus alone cannot trigger sufficient postsynaptic current output
Stimulus (i-e., “no salivation”).
Input 2: ) " B .. . ..
.. A potent stimulus, such as “food”. This stimulus itself can elicit a
Unconditioned strong postsynaptic current output (i.e., “salivation”)
Stimulus g postsynap put i€, '
Repeatedly and synchronously applying the two stimuli in time.
Trainin Assisted by the strong stimulus, a mechanism analogous to
Process{; spike-timing-dependent plasticity (STDP) occurs within the device,

leading to long-term potentiation (LTP) of the conductance
(connection weight) for the neutral stimulus pathway.

After sufficient training, applying only the conditioned stimulus (e.g.,
the bell ring) can trigger a high-amplitude output current. This
indicates that the device has successfully established an associative
link between the two initially unrelated inputs.

Training Result

The above experiments demonstrate that MXene-based memristors provide signif-
icant potential for simulating synaptic plasticity, implementing learning rules, and con-
structing associative memory. Zhang et al. concentrated on the collaborative design
of multifunctional reconfigurable devices and compute-in-memory integrated architec-
tures to enhance the progression of neuromorphic computing from individual devices to
system integration [53]. The researchers constructed ferroelectric memristors featuring
a Cu/TizCy/BaFe,019 architecture, achieving dual-mode reconfigurable operations of
threshold switching and resistive switching within the same device by modulating the com-
pliance current, thereby fulfilling the functional requirements of both dynamic synapses
and non-volatile memory on a single hardware platform. This device effectively replicated
comprehensive biological synaptic functions, encompassing short- and long-term plasticity,
paired-pulse facilitation, and spike-timing-dependent plasticity. A convolutional neural
network was developed, attaining an 85% accuracy in online learning for the CIFAR-10 im-
age classification test [53]. Simultaneously, its non-volatile resistive switching property was
employed for circuit-level logic operations, achieving AND and OR gates as well as 1-bit
adder functions, thus showcasing multi-task processing capabilities in compute-in-memory
systems. This study offers a viable technical pathway for the advancement of low-power
(<1 V), highly compatible, and versatile neuromorphic computing hardware from the
viewpoints of device physics and system applications. It also reflects and enhances the
design concept of MXene-based devices within integrated systems of complex perception,
computation, and storage.

As summarized in Table 5, this chapter illustrates the comprehensive capabilities of
MXene-based memristors in neuromorphic computing. At the physical level, they can
precisely replicate diverse plasticity rules of biological synapses (STP, LTP, STDP, PPF); at the
algorithmic level, leveraging their superior linearity and low-power attributes, they attain
an accuracy near the theoretical maximum (~95%) in standard tasks such as handwritten
digit recognition; at the system level, they demonstrate the ability to manage intricate
patterns (Fashion-MNIST) and associative memory.
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Table 5. Implementation of Neuromorphic Computing Functions Based on MXene-Based Devices.

Synaptic Function

Experimental Implementation Method Key Results and Parameters

Short-Term Plasticity

Paired-pulse stimulation with varying  The PPF index decays exponentially with

(STP/PPF) inter-pulse intervals (At) At, reaching a maximum A, /A1 of ~160%.
p g
Long-Term . . Achieved highly linear and symmetric
Potentiation /Depression Application of continuous conductance modulation. The modulation
P positive /negative voltage pulses : 4 o
(LTP/LTD) remains stable under bending conditions.

Spike-Timing-Dependent

Successfully emulated the biological STDP

Application of specific overlapping curve, fitting the relationship Aw = A

Plasticity (STDP) pulse waveforms exp(—At/).
MNIST Handwritten Digit Software simulation (based on Achieved high recognition accuracy
Recognition (ANN) experimental data) (~95.10%) and fast convergence.

Fashion-MNIST Recognition

Software simulation (incorporating

gas variables) Achieved relatively high accuracy (82%).

5. Multifunctionality and Cutting-Edge Applications: Toward Integration
of Sensing, Memory and Computing

The proliferation of edge devices for the Internet of Things (IoT) presents significant
bandwidth limitations and energy consumption difficulties when delivering large analogue
signals collected by sensors to the cloud or central processing units (CPUs) for processing.
The amalgamation of sensing, memory, and computing necessitates equipping sensors
with “memory” and “computing” functionalities to perform preprocessing and feature
extraction directly at the signal acquisition stage.

Leveraging their distinctive surface chemical sensitivity, photoelectric response prop-
erties, and mechanical flexibility, MXene materials have emerged as an optimal foundation
for the development of multimodal neuromorphic systems. This chapter will methodically
discuss the innovative applications of MXenes in flexible tactile sensing, artificial olfactory
sensing, and nociceptive perception.

5.1. Flexible Wearable Electronics and Mechanical Sensing

Flexible neuromorphic devices are essential components for the development of elec-
tronic skin (E-Skin) and soft robotics. The stratified architecture of MXene provides it with
an intrinsic ability to dissipate stress during flexion; nonetheless, preserving the stability of
memristive performance under significant strain is a considerable difficulty.

5.1.1. Structural Engineering and Mechanical Stability

The flexible MXene memristive device demonstrated outstanding performance in me-
chanical and environmental reliability tests. Systematic limit tests indicated that the device
could sustain typical SET/RESET resistive switching capability even at a bending angle of up
to 73° (Figure 12a). Subsequent mechanical durability assessments indicated that during 1000
continuous bending cycles at a 73° angle, no notable deterioration was detected in its critical
switching parameters (Figure 12b), which included a set voltage of around 1 V and a high/low
resistance state ratio of up to 103 [24]. The device successfully maintained its short-term
synaptic plasticity, as the paired-pulse facilitation (PPF) index exhibited highly consistent
decay behaviors under both flat and curved conditions (Figure 12c). Moreover, due to the
efficient encapsulation with PET materials, the device demonstrated exceptional electrical
resilience across a relative humidity spectrum of 40% to 70% and a temperature range of 25 °C
to 80 °C. These results collectively affirm that the device structure exhibits strong stability to
endure severe mechanical deformation and fluctuating environmental conditions.
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Figure 12. (a,b) curves at different bending angles and bending cycle test data (c) Synaptic plasticity
testing under curved conditions. Reproduced with permission from [24]. Copyright 2024, American

Chemical Society.

This research developed a stacked device architecture comprising PET/ITO/p-
TizC,Tx/Ag. Within this structure, the partially etched p-TizC,Tx served a pivotal function:
the remnant aluminium atomic pillars functioned as structural supports, securely linking
adjacent MXene nanosheets and significantly improving the interlayer adhesion of the two-
dimensional material. This distinctive structure can markedly inhibit interlayer slippage
or delamination that may arise after repetitive bending, so establishing the basis for the
device’s mechanical stability.

5.1.2. Tactile Memory Function

Researchers have recreated the “adaptability” of touch perception based on the afore-
mentioned flexible gadgets. For example, piezoelectric materials (such as PVDF) or tribo-
electric nanogenerators (TENG) are employed to transform pressure signals into voltage
pulses for operating MXene memristors. As the frequency of pressure stimulation escalates,
the device’s conductance progressively increases, emulating the cumulative effect and
short-term memory of the skin in reaction to pressure signals.

5.2. Chemically Reconfigurable Memristors and Artificial Olfaction

The biological olfactory system is capable of detecting gases as well as memorising and
categorising odours (e.g., the perception of a specific scent evokes memories). Conventional
metal oxide gas sensors (e.g., SnO;) often possess solely a sensing capability and experience
elevated operating temperatures and prolonged recovery durations. Kundale et al. created
innovative “chemically reconfigurable” memristors utilising oxidised MXene [25].
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5.2.1. Gas-Sensing-Memristive Coupling Mechanism

The operational principle of the Au/Oxidised-MXene/Au memristor fundamentally
depends on the reversible physicochemical manipulation of the Schottky barrier at the
MXene surface by surrounding gas molecules [25]. Upon exposure to gases with varying
characteristics, gas molecules experience adsorption and charge transfer on the MXene
surface. Upon exposure to oxidising gases (e.g., NO,), NO, molecules function as electron
acceptors, removing electrons from the MXene surface. This results in a reduction of major-
ity carriers (electrons) in n-type MXene, an expansion of the depletion layer, an increase in
the Schottky barrier, and a rise in the overall resistance of the device, emulating long-term
depression (LTD) behaviour. Simultaneously, when exposed to reducing gases, these gases
function as electron donors, transferring electrons to the MXene surface. This elevates the
carrier concentration, diminishes the depletion layer, decreases the Schottky barrier, and
mitigates the device resistance, so emulating long-term potentiation (LTP) behaviour.

Gas adsorption is a dynamic equilibrium process in which the partial pressure of the
gas immediately influences the quantity of molecules adsorbed on the MXene surface,
hence accurately controlling the overall amount of transferred charge. Consequently, by
regulating the gas concentration in the environment (e.g., accurately adjusting NO; to
varying levels such as 5, 10, 15 ppm), the Schottky barrier of the device can be constantly
and reversibly adjusted to a range of various steady-state heights. This immediately
relates to a series of distinct and stable device resistance (conductance) states, facilitating
multilevel non-volatile memory that is programmed externally by chemical signals. Each
gas concentration corresponds to a distinct “weight” condition, accurately reflecting the
property that biological synaptic weights are influenced by the chemical environment.

5.2.2. Olfactory Synaptic Function Demonstration

MXene-based neuromorphic devices possess distinctive capabilities in emulating the
biological olfactory system, with their primary advantage being the direct conversion of
chemical gas signals into programmable non-volatile conductance states, facilitating the
perception, memory, and adaptive processing of odour information [54].

A fundamental characteristic of the devices is their sensitivity to pure gas pulses. Upon
exposure to particular gases (e.g., CO; NO,), gas molecules engage in charge transfer with
the MXene surface, thereby immediately altering its conductance (Figure 13); subsequent to
the removal of the gas, this conductance state might persist for many seconds to hours, ef-
fectively creating a “memory” of gas exposure events. This chemically induced non-volatile
resistive switching obviates the dependence on conventional electrical pulse programming,
establishing a hardware basis for the direct recording of chemical information. Research
has validated that the “gas memristor” utilising V,CTx can react to SO, gas in milliseconds
and maintain its conductance state, exemplifying the capability of gas pulse memory [55].

The gadgets facilitate the synergistic regulation of synaptic weights by electrical stimuli
(voltage pulses) and chemical stimuli (gas concentrations). Voltage pulses provide rapid
and accurate incremental modifications of conductance, but the gaseous environment can
universally alter the conductance baseline of the devices. This dual-modulation capacity
enables the devices to concurrently process spatiotemporal electrical signals and chemical
concentration gradients, establishing a physical basis for the development of multimodal
perception-computation integrated systems. The synaptic plasticity of memristors made
from oxidised MXene and ZrO, quantum dots may be efficiently regulated by the external
chemical environment, illustrating the potential for electrical-chemical synergy [56].

In functional verification, the Fashion-MNIST and Digit-MNIST datasets were utilised
as benchmark tasks. Incorporating gas concentration as an extra input parameter (simu-
lating environmental interference), the developed hardware neural network sustained an
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identification accuracy of 82-95% despite gas changes. This signifies that the system may
flexibly modify its computational techniques based on the surrounding chemical context,
similar to the resilient detection capabilities of the biological olfactory system in intricate
odour situations. This confirms the applicability of MXene devices in environment-adaptive
neuromorphic computing, offering guidance for the advancement of next-generation intel-
ligent sensing-computation integrated systems [54].
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Figure 13. (a) NO; response; (b) CO; response. Reprinted from Ref. [25] Copyright 2025 Somnath S.
Kundale et al.

5.3. Nociceptive Perception and Nociceptors

The sense of pain is an essential mechanism for organisms to safeguard themselves
against harm. Artificial nociceptors must exhibit threshold characteristics, lack flexibility,
and incorporate sensitisation traits [57,58].

5.3.1. Threshold Switching Characteristics

Huang et al. [59] indicate that specific MXene-based memristors, particularly those util-
ising Ag diffusion in TS devices, demonstrate volatile threshold switching properties. The
device will only initiate an action potential (SET) when external stimuli (voltage, pressure,
temperature) surpass a designated threshold. This emulates the “all-or-none” paradigm
of biological nociceptive neurones. Upon the cessation of the stimulus, the conductive
filaments spontaneously fracture, causing the device to return to a high-resistance state, so
emulating the attenuation of pain perception.

5.3.2. Sensitization and Hyperalgesia

To replicate the advanced self-defence mechanisms of biological nervous systems,
MXene-based memristors can be enhanced with the dynamic learning ability associated
with hyperalgesia. Research indicates that the application of prolonged heat impacts or
electrical stress preconditioning to these devices can efficiently alter and lower the trig-
gering threshold of their resistive switching [60]. This process emulates the physiological
phenomena of “hyperalgesia” in biological tissues, when nociceptors demonstrate exces-
sively heightened responses to stimuli that are typically innocuous following injury. The
fundamental physical mechanism is that external energy input (e.g., heat or electricity)
can modify the kinetic processes of conductive filament formation or the interfacial barrier
within the device, thus facilitating the generation of action potential-like signals at reduced
voltages upon subsequent stimulation [61]. Bionic devices equipped with adaptive thresh-
old modulation capabilities are crucial for developing feedback protection networks in
intelligent prosthetics and robotic systems. They enable dynamic adjustments in sensitivity
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to potential hazard signals based on “injury” history, akin to living organisms, thereby
facilitating enhanced environmental interaction and self-protection [62].

5.4. Near-Sensor Computing

To achieve a highly energy-efficient and low-latency neuromorphic sensing system, an
effective approach is the heterogeneous integration of MXene memristor arrays at the back-
end of sensor chips [63]. This “near-sensor” or “in-sensor memory computing” architecture
significantly reduces the transmission distance of raw analogue signals and can entirely cir-
cumvent the energy-consuming analogue-to-digital conversion (ADC) process, facilitating
direct information processing and feature extraction in the analogue domain [63]. Due to its
superior electrical conductivity, mechanical flexibility, and solution-processable properties,
MXene has become an exemplary contender for actualising this concept. Research has
shown that optimising semiconductor-compatible processes such as centrifugation, spin-
coating, photolithography, and dry etching enables high-resolution and high-performance
MXene patterning at the wafer scale, facilitating monolithic integration with silicon-based
CMOS sensors (e.g., image or pressure sensor arrays) [64]. This comprehensive integration
strategy markedly decreases system power usage and latency, establishing a vital technical
framework for the advancement of next-generation intelligent edge-sensing devices.

The emergence of MXene materials is propelling the advancement of neuromorphic
devices from individual “electronic synapses” to “multimodal intelligent units”. In practical
applications, flexible devices (Gosai et al.) have resolved the mechanical compatibility
challenges of wearable electronics; chemically reconfigurable memristors (Kundale et al.)
have introduced a novel approach for intelligent olfaction; and nociceptive devices (Huang
et al., Wang et al.) have broadened the sensory capabilities of robots.

This trend of integrating sensing, memory, and computing significantly reduces power
consumption and latency in edge computing devices, while also establishing a hardware
foundation for developing brain-inspired intelligent systems with autonomous sensing
and decision-making abilities.

5.5. Comparative Analysis: M Xenes vs. Other 2D Neuromorphic Materials

To thoroughly assess the capabilities of MXenes, it is crucial to compare them with
other prominent two-dimensional (2D) neuromorphic materials, including Transition Metal
Dichalcogenides (TMDs), Graphene, and hexagonal Boron Nitride (h-BN). Table 6 sum-
marises the key indicators from relevant research papers.

MXene-based memristors generally exhibit extremely low working voltages (<1 V)
due to their elevated intrinsic conductivity and minimal ion migration barriers. Conversely,
grain-boundary mediated MoS, memristors generally necessitate elevated set fields (about
8.3 V) to facilitate dopant migration, although providing distinctive gate-tunability rarely
observed in two-terminal MXene devices [65] Phase-change MoTe, devices use an electric-
field-induced transition between the semiconducting 2H and metallic Td phases, facilitating
switching at moderate voltages (about 2.3 V) with remarkable speed (less than 10 ns) [66].

Linearity in synaptic weight modifications is essential for the precision of neural
network training. Recently, h-BN memristors have attained very linear and symmetric
analogue switching by constraining numerous nano-filaments with GaN nano-cones, re-
sulting in a classification accuracy of 96.2% in MNIST simulations [67]. Although planar
Graphene nanogap structures can attain high On/Off ratios (>10%) and multilevel stor-
age, their switching frequently depends on the thermally assisted redox of the substrate,
potentially constraining the requisite precision for high-accuracy analogue computing in
comparison to the confined filament growth in optimised h-BN or phase-change TMDs [68].
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Table 6. Benchmark Comparison of MXene-based Memristors against Leading 2D Material Synaptic

Devices.
Material Class MXenes TMD(MoS;) TMD(MoTe;) Graphene h-BN
Au/MoS; .
. . . MoTe,/ Graphene/SiO, E
Device Structure TizCy T based /Au (Irgg)sectmg Moy _ W, Te, Nanogap Au/h-BN/GaN
Switching Ion Migra- Grain Boundary Phase Chanee 5iO4 Redox Filament
Mechanism tion/Hybrid Migration & (Filamentary) Confinement
Operating ~83V B
Voltage 02~1.0V (Gate tunable) 23V 4.0/80V 20/+15V
Endurance 103-10° / >10° >10% >103
. Low current
Energy pJ ~ 1] level Low static power  Sub-pA current / (<200 nA)
Linearity High Dynamic NDR ng}(llCo)én)/Off >5 states High Linearity
. . Vacuum . .
Environment Air/Vacuum (<2 x 1 05 Torr) Ambient Vacuum Ambient
Ref. [24,26] [65] [66] [67] [68]

High-performance graphene nanogap devices and grain-boundary MoS, memristors
frequently necessitate vacuum settings (e.g., <2 x 107> Torr) to provide reliable switching
and to avert oxidation [65,68]. Conversely, MXene devices exhibit greater potential for
practical application as they can function in ambient air, given appropriate encapsulation is
utilised. Moreover, in contrast to CVD-grown TMDs and h-BN that necessitate intricate
transfer procedures, MXenes have distinctive solution processability, facilitating extensive,
cost-effective production on flexible substrates.

6. Conclusions, Challenges and Outlook
6.1. Conclusions

MXenes, a novel class of two-dimensional transition metal carbides/nitrides, exhibit
significant potential in neuromorphic computing and memristors due to their distinctive
layered architectures, customisable surface chemistries, superior electrical conductivity,
and hydrophilicity. This paper comprehensively examines recent advancements in MXene-
based memristors, focussing on material synthesis, physical mechanisms, synaptic function
emulation, and the integration of sensing, memory, and computing, highlighting their
potential as a crucial material for developing brain-inspired hardware characterised by low
power consumption and high parallelism.

The production and post-treatment techniques of MXenes significantly impact their
electrical and memristive properties in materials engineering. While the traditional full
etching technique produces MXenes with elevated electrical conductivity, such materials
frequently encounter challenges related to high operating voltage and substantial power
consumption in memristive applications. The newly devised partial etching technique
preserves a minimal quantity of aluminium ions as structural supports, which effectively
mitigates excessive interlayer expansion, diminishes carrier transport impediments, and
facilitates ultra-low voltage (=1.0 V) operation with enhanced mechanical stability, thereby
establishing a material basis for the advancement of flexible neuromorphic devices. More-
over, techniques such as controlled oxidation, metal nanoparticle doping, and heterostruc-
ture fabrication have enhanced the capabilities of MXenes in gas sensing, multilevel storage,
and high-uniformity devices.
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MXene-based memristors demonstrate a variety of resistive switching behaviours at
the level of resistive switching mechanisms, primarily encompassing the electrochemical
metallisation mechanism, valence change mechanism, charge trapping/detrapping, and
interfacial Schottky barrier modulation. The “quantum well” electron transport model
utilising partly etched MXenes introduces a novel approach for achieving low power
consumption and excellent linearity in analogue resistive switching. Simultaneously, the
interfacial charge transfer between oxidised MXenes and gaseous molecules facilitates
the direct alteration of synaptic weights by chemical signals, establishing a basis for the
amalgamation of sensing, memory, and computation.

MXene-based memristors have effectively replicated diverse types of biological synap-
tic plasticity in the implementation of neuromorphic functionalities, encompassing short-
term plasticity, long-term potentiation/depression, and spike-timing-dependent plasticity.
Leveraging their advantageous continuous conductance modulation properties, simulated
neural networks utilising MXene devices have attained performance on par with software
algorithms, achieving recognition rates exceeding 95% in pattern recognition tasks such as
MNIST and Fashion-MNIST. Additionally, first advancements have been achieved in the
hardware realisation of sophisticated cognitive functions, including associative memory
and conditioned reflex simulation.

MXenes are propelling the advancement of neuromorphic technologies towards ver-
satile and innovative multimodal intelligent sensing units. In the domain of flexible
electronics, MXenes have exceptional mechanical resilience and can be utilised in bionic
tactile devices. “Olfactory synapses” exhibiting environmental adaptation have been devel-
oped by the integration of gas-phase sensing and memristive properties. The integration of
threshold switching and sensitisation attributes has enabled the preliminary realisation of
artificial nociceptive perception. These advancements collectively indicate the trajectory of
“sensing—-memory-computing integration,” offering low-power and low-latency hardware
solutions for edge intelligent devices.

In conclusion, because to their extensive performance benefits, MXenes are pivotal in
overcoming the limitations of conventional computer architectures and advancing next-
generation neuromorphic systems. By means of interdisciplinary material innovation,
mechanism exploration, and system construction, MXene-based sensing-computing in-
tegrated chips are anticipated to have extensive applications in future domains such as
edge computing, intelligent sensing, flexible electronics, and brain-inspired intelligence,
establishing a robust foundation for the development of high-efficiency, adaptive, and
low-power consumption artificial intelligence hardware. In the future, the standardisation
of material synthesis techniques and advancements in large-scale integration technologies
will position MXene-based neuromorphic devices as crucial to edge computing, intelligent
robotics, and human-machine interaction interfaces.

6.2. Challenges
6.2.1. Challenges at the Material Level

Nonetheless, the practical deployment of MXene-based neuromorphic devices en-
counters several challenges: the oxidative stability of the material in ambient conditions
requires significant enhancement; the stochastic nature of memristive mechanisms results
in suboptimal device uniformity; complications such as sneak currents and IR drops in
crossbar array integration necessitate resolution; and the selectivity and recovery speed of
chemical sensing devices also demand optimisation. Further study is necessary to attain on-
going advancements in domains like as material stability engineering, precise mechanism
regulation, array integration processes, and algorithm-hardware co-design.

1.  Environmental Stability and Oxidative Degradation
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MXenes, particularly TizC, Ty, demonstrate significant potential in next-generation
electronic devices due to their superior electrical conductivity and customisable surface
chemistry [69]. Nonetheless, their spontaneous oxidative breakdown, induced by ther-
modynamic instability in oxygen-rich or humid conditions, resulting in the formation of
TiO; and carbon, presents a significant impediment to their practical deployment [70]. The
gas-sensing application facilitated by controlled oxidation, as demonstrated by Kundale
et al., has transformed this trait into a benefit. However, for non-volatile memory devices
necessitating a data retention duration exceeding 10 years, such uncontrolled oxidation
processes will cause erratic variations in device conductivity, thereby undermining stored
logic states and significantly jeopardising the long-term reliability of the devices [71]. To
tackle this difficulty, researchers have suggested multi-tiered solutions, including intrinsic
material change and exterior encapsulation.

Edge Capping Strategy Oxidation generally commences at the exposed reactive edge
sites, such as titanium atoms, of MXene nanosheets [71]. Consequently, creating particular
antioxidative ligands aimed at these regions for “edge capping” constitutes an efficient
strategy to prevent deterioration at the source. Research indicates that polyanions (e.g.,
polyphosphates) can strongly adhere to positively charged titanium edges through elec-
trostatic interactions, creating physical and chemical barriers that effectively impede the
penetration of water molecules and oxygen, thereby substantially slowing the oxidation
process [72]. Alongside inorganic ligands, organic molecules, such as neutral amino acids
like serine and threonine, have demonstrated remarkable antioxidative protection by form-
ing Ti-N bonds with edge titanium atoms, significantly prolonging the lifespan of MXenes
in aqueous dispersions and devices [71].

Composite and Encapsulation Strategy Incorporating MXenes into polymer matri-
ces (e.g., PVA, PDMS) or utilising physical encapsulation with flexible substrates like
PET/PMMA represents an alternative practicalization approach. Polymers serve as barri-
ers to water and oxygen permeability while also improving the mechanical and thermal
durability of composites via interfacial interactions, such as hydrogen bonding, between
the polymer matrix and MXene nanosheets [69]. Research by Gosai et al. has confirmed the
efficacy of encapsulation techniques in enhancing the environmental stability of devices.
Researchers are concentrating on the fabrication of ultra-thin, dense, and conformal inor-
ganic passivation layers (e.g., Al,O3 SnO,) on MXene surfaces by atomic layer deposition
(ALD) technology to advance next-generation high-performance devices [73]. Such ALD
layers can nearly flawlessly shield MXenes from environmental degradation. These layers,
with their manageable nanoscale thickness, are anticipated to prolong device longevity to
comply with commercial memory standards while optimising the conservation of MXenes’
inherent electrical features, such as tunnelling capabilities [73].

2. Wafer-Scale Synthesis and Uniformity

The advancement of MXene materials from laboratory research to industrial applica-
tions hinges on surmounting the challenge of scalable, high-quality thin-film production.
Contemporary mainstream technologies depend on laboratory-scale solution-based tech-
niques, leading to considerable batch-to-batch variability and a range of intrinsic flaws,
including disordered stacking, inconsistent thickness, and residual impurities [74]. The
principal problem is that MXenes do not possess developed, precisely regulated large-
area chemical vapour deposition (CVD) generation techniques such to those accessible
for graphene or molybdenum disulphide [74]. In anticipation of fulfilling the integration
demands of sophisticated electronic devices, the advancement of wafer-scale assembly
techniques is essential, such as Langmuir-Blodgett deposition or automated spray printing.
These methods are anticipated to attain nanoscale precision in thin-film homogeneity on
8-inch or 12-inch wafers, facilitating the use of MXenes in large-scale integrated circuits [75].
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6.2.2. Challenges at the Device Level

In neuromorphic computing, the attainment of high-precision network training is
significantly reliant on the stability of the artificial synaptic devices.

Variations between devices and fluctuations over cycles are the primary variables
contributing to accuracy degradation, primarily associated with the physical mechanisms
of memristors (Table 7).

Table 7. Main Challenges of MXene Memristors in Uniformity and Linearity and Corresponding

Material and Structural Solutions.

Core Challenge

Physical Origin

Main Impact

Solution Strategies and Directions

Randomness of
Filamentary
Mechanism

Random nucleation and
growth of conductive
filaments within MXene
interlayers [76].

Wide distribution of
SET/RESET voltages and
discrete resistance states,
leading to significant
device-to-device (D2D) and
cycle-to-cycle
(C2C) variability.

Structural Confinement:
Constructing confined spaces (e.g.,
nanochannels) to guide ion
migration [77];

Doping Induction: Introducing
nucleation sites (e.g., metal
nanoparticles) to control filament
location;

Mechanism Substitution: Adopting
interface-type switching
mechanisms (e.g., Schottky barrier
modulation).

Nonlinearity and
Asymmetry in
Weight Update

Abrupt filament
formation vs.
gradual/incomplete
rupture; asymmetric
charge trapping/
detrapping kinetics
at interfaces.

High nonlinearity in
long-term potentiation
(LTP) and long-term
depression (LTD) curves,
requiring complex write
algorithms for
compensation, which
increases peripheral circuit
overhead and

Materials Engineering: Precise
tuning of MXene surface
terminations and oxidation states
to improve switching linearity;
Mechanism Innovation: Exploring
pure electronic switching
mechanisms such as ferroelectric
polarisation switching [78].

power consumption.

Device-to-network co-simulation connects the physical properties of materials with
the precision of neural networks. Benchmark frameworks such as NeuroSim+ have demon-
strated that weight update nonlinearity (NL) and cycle-to-cycle variability (C2C,0) are the
primary factors constraining online learning efficacy. Chen et al. demonstrated that in a
2-layer MLP network trained on MNIST, a nonlinearity factor beyond 1 leads to a signifi-
cant decline in accuracy, while a minor nonlinearity (less than 0.5) sustains accuracy above
96% [79]. C2C variability (o) over 3% substantially impairs learning convergence [79].

In the realm of MXene devices, these theoretical limitations underscore the necessity
of material optimisation. Zhang et al. created a ferroelectric Cu/Ti3C, /BFO/Pt memristor
exhibiting highly symmetric and linear conductance modifications. By integrating the
experimental device characteristics into a VGG-8 Convolutional Neural Network (CNN)
simulation, the system attained a recognition accuracy of 85% (on-chip) and 90% (off-chip)
on the intricate CIFAR-10 dataset [53]. This outcome verifies that addressing non-idealities
at the device level—particularly through the utilisation of the MXene layer to enhance
ferroelectric polarisation and ion diffusion—directly correlates with improved system-level
computing performance.

https://doi.org/10.3390/jlpeal6010008


https://doi.org/10.3390/jlpea16010008

J. Low Power Electron. Appl. 2026, 16, 8 30 of 35

6.2.3. Challenges at the System Level

The fabrication of extensive, high-density crossbar arrays is essential for progress-
ing MXene-based brain-inspired computing circuits from individual units to system-level
integration. This approach faces two primary engineering challenges: the sneak current
problem due to the absence of inherent rectifying properties in the devices, and the compat-
ibility difficulty with silicon-based semiconductor technologies.

e  Sneak current

In passive crossbar arrays devoid of selection devices, accessing a particular mem-
ristive cell results in current leakage to adjacent parallel cells in the low-resistance state,
creating “sneak paths” that provide distorted or entirely erroneous readout signals [80].
MXene, being a highly conductive material, inherently lacks nonlinear rectifying character-
istics, hence intensifying this challenge [81].

o  Compatibility with CMOS

Incorporating MXene into conventional silicon-based electronics encounters numerous
process compatibility issues. Halogen elements, including fluorine and chlorine, are fre-
quently incorporated during the chemical production of MXene, and these compounds may
be considered pollutants in stringent CMOS foundries [81]. Consequently, it is imperative
to establish low-temperature, clean deposition, patterning, and encapsulating techniques
for MXene thin films that align with CMOS back-end processes. Future research must
concentrate on the development of precursor materials and deposition techniques that
comply with semiconductor manufacturing standards, alongside a comprehensive process
flow for the monolithic integration of MXene (as a functional layer or contact electrode)
with silicon-based circuits.

6.3. Outlook

The eventual commercialisation of MXene-based neuromorphic devices depends on
methodically overcoming various hurdles related to materials and integration, despite
their exceptional performance potential. Future research will progress towards multi-
dimensional collaborative evolution.

The developmental emphasis will transition from exterior encapsulation to intrinsic
stabilisation engineering with atomic accuracy. High-quality wafer-scale integration com-
patible with silicon-based CMOS will be attained through the development of innovative
capping ligands and refined fabrication techniques.

At the device level, the objective is to advance beyond random filamentary switching to
non-volatile processes, including ferroelectric polarisation and self-rectifying heterojunction
design, to achieve linear and symmetric weight updates while mitigating sneak currents
in arrays.

The key challenge at the system level involves creating specialised algorithms capable
of accommodating non-ideal device attributes and investigating novel paradigms of MXene-
based integration of sensing, memory, and computing, ultimately converting the distinctive
material benefits into transformative applications in flexible electronics and ultra-low-
power edge intelligence.
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Abbreviations

The following abbreviations are used in this manuscript:

2D two-dimensional

ADC Analogue-to-Digital Conversion

Al artificial intelligence

ALD atomic layer deposition

ANNs artificial neural networks

c2C cycle-to-cycle

CBRAM Conductive Bridge Random Access Memory
CPU central processing unit

CVD chemical vapour deposition

D2D device-to-device

DMSO dimethyl sulfoxide

ECM Electrochemical Metallization

EDS energy-dispersive X-ray spectroscopy
E-Skin electronic skin

FE-SEM Field emission scanning electron microscopy
FE-TEM Field-emission transmission electron microscopy
h-BN hexagonal Boron Nitride

HRS High Resistance State

HR-TEM high-resolution Transmission Electron Microscopy
IoT Internet of Things

ITO Indium Tin Oxide

LRS Low Resistance State

LTD long-term depression

LTP long-term potentiation

MF melamine-formaldehyde

MLP multi-layer perceptron

PCM Phase-Change Memory

PDMS Polydimethylsiloxane

PET Polyethylene Terephthalate

PPF Paired-Pulse Facilitation

PVA Polyvinyl Alcohol

PVDF Polyvinylidene Fluoride

SCLC Space-Charge-Limited Current

SEM Scanning electron microscopy

STDP spike-timing-dependent plasticity
STP Short-Term Plasticity

TAT Trap-Assisted Tunnelling

TENG triboelectric nanogenerators

TMDs transition metal dichalcogenides
VCM valence change Mechanism
VSET/VRESET  SET Voltage/RESET Voltage

XPS X-ray Photoelectron Spectroscopy
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