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HIGHLIGHTS

•	 The latest research progress in the field of MXene-based neuromorphic computing is reviewed.

•	 The design strategy of MXene-based neuromorphic devices encompasses multiple factors are summarized, including material selec-
tion, circuit integration, and architecture optimization.

•	 Future development paths for MXene-based neuromorphic computing are discussed, including large-scale manufacturing, stability 
enhancement, and interdisciplinary integration.

ABSTRACT  As emerging two-dimensional (2D) materials, carbides 
and nitrides (MXenes) could be solid solutions or organized structures 
made up of multi-atomic layers. With remarkable and adjustable elec-
trical, optical, mechanical, and electrochemical characteristics, MXenes 
have shown great potential in brain-inspired neuromorphic comput-
ing electronics, including neuromorphic gas sensors, pressure sensors 
and photodetectors. This paper provides a forward-looking review of 
the research progress regarding MXenes in the neuromorphic sensing 
domain and discussed the critical challenges that need to be resolved. 
Key bottlenecks such as insufficient long-term stability under envi-
ronmental exposure, high costs, scalability limitations in large-scale 
production, and mechanical mismatch in wearable integration hinder 
their practical deployment. Furthermore, unresolved issues like inter-
facial compatibility in heterostructures and energy inefficiency in neu-
romorphic signal conversion demand urgent attention. The review offers insights into future research directions enhance the fundamental 
understanding of MXene properties and promote further integration into neuromorphic computing applications through the convergence 
with various emerging technologies.
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1  Introduction

Since their discovery in 2011, two-dimensional transition 
metal carbides and nitrides (MXenes) have stood out for 
their unique layered structure and tunable surface chemical 
properties [1–6], becoming a revolutionary class of mate-
rials [3]. Derived from the selective etching of the MAX 
phase, MXenes features outstanding electrical conductiv-
ity [7–10], mechanical flexibility and hydrophilicity, ena-
bling a wide range of applications from energy storage [11, 
12] to advanced sensing technologies. Their composition 
(Mn+1XnTx) and surface functional groups (such as –O, 
–F, –OH) allow for precise modulation of photoelectric, 
electrochemical and mechanical properties, making them 
an ideal choice for brain-inspired neuromorphic devices 
[13–15]. Despite the promising prospects, challenges such 
as unstable environments, scalability limitations, and inter-
face compatibility in heterogeneous structures have hindered 
actual deployment. The focus of this article is on MXenes, 
as their multi-functionality and adaptability address a key 
gap in next-generation sensors and intelligent systems, 
providing a way to overcome the limitations of traditional 
materials through advanced surface engineering and defect 
modulation.

Neuromorphic computing inspired by biological neural 
architectures has become increasingly urgent as traditional 
von Neumann architectures struggle with low energy effi-
ciency and the "memory wall" bottleneck [9, 16–19]. By 
simulating synaptic plasticity and parallel processing, neu-
romorphic systems have achieved energy-saving computing 
and real-time data integration, which is crucial for applica-
tions such as robotics and the Internet of Things. However, 
the existing memory materials usually lack the tunability 
and stability required for scalable implementation. MXenes, 
with its metallic conductivity, ion insertion capability and 
compatibility with flexible substrates, offers a transformative 
opportunity to bridge this gap. Their ability to simulate syn-
aptic functions (for example, long-duration enhancement) 
and integrate with multimodal sensors meets the demand for 
adaptive, low-power neuromorphic hardware. This synergy 
prompts us to focus on Mxene-based neuromorphic devices, 
as their unique electronic states and interface dynamics can 
redefine the paradigms of intelligent sensing and computing.

This paper systematically explores the evolution of 
MXenes from basic material properties to neuromorphic 

intelligent systems. Figure 1 illustrates the developmental 
trajectory of MXenes since their discovery in 2011, encom-
passing advancements from sensor applications to the inte-
gration within intelligent systems. First, we analyzed the 
structural and functional attributes of MXenes, emphasiz-
ing their roles in photodetectors, pressure sensors and gas 
sensors. MXene-based neuromorphic devices can simulate 
biological sensory processing capability for constructing 
emerging visual, tactile and olfactory systems. Finally, 
we have addressed the challenges in wearable integration, 
large-scale production and stability, and at the same time 
proposed future development directions, such as the hybrid 
CMOS-MXene architecture and the third-generation peak 
neural network. By placing MXenes within the framework 
of neuromorphic computing, this work aims to accelerate 
their transition from laboratory breakthroughs to real-world 
AI-driven applications.

2 � Overview of MXenes

2.1 � Structure and Classification

The "A" layers of MAX phase precursors, which are usually 
elements from groups IIIA or IVA, are chemically etched to 
create MXenes, a family of newly discovered two-dimen-
sional transition metal carbides or nitrides. Their crystal 
structure is similar to that of the MAX phase, belonging 
to the hexagonally close-packed (HCP) structure with P63/
mmc space group symmetry. In this structure, the “M” sites 
are composed of closely packed layers of transition metal 
atoms, while the “X” atoms occupy the octahedral sites 
between these metal atom layers. The reported MXenes can 
include “M” elements such as Ti, V, Nb, Mo, Cr, Zr, Hf, Sc, 
Ta, W, and Y. Notably, Cr, Sc, W, and Y are often reported 
to act in conjunction with other metals and have only been 
documented under specific conditions in ortho-xylene or 
meta-xylene [32]. As research advances, the methods for 
synthesizing MXenes have become increasingly diverse, 
as illustrated in Fig. 2, including various processes such as 
chemical etching with HF, LiF, and NH4F, anhydrous etch-
ing, and direct growth via chemical vapor deposition (CVD).

Mn+1XnTx is the general formula for MXenes, where M 
stands for transition metals (such as Ti, Zr, Hf, V, and Nb), X 
for carbon and/or nitrogen, and T for terminal groups (such 
as =O, –OH, and –F). As shown in Fig. 3, over 30 different 
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MXenes, such as Ti₃C₂, Nb₂C, V₂C, and Mo₂TiC₂, have 
been successfully synthesized [33]. For example, the chemi-
cal formula of titanium carbide MXene with two layers of 
transition metals (n = 1) and random terminations is Ti2CTx, 
where the fully oxidized or fully chlorinated variants are 
denoted as Ti2CO2 and Ti2CCl2, respectively [34]. If two 
randomly distributed transition metals occupy the M sites in 
the MXene structure and form a solid solution, the formula 

can be expressed as (M′, M′)n+1XnTx, where M′ and M′ rep-
resent two distinct metals (e.g., (Ti, V)2CTx). For specific 
metal compositions, the concentration of each element is 
indicated as a decimal (e.g., (Ti0.66V0.34)2CTx). When these 
two metals are arranged in an ordered manner within the 
plane and form alternating chains of M’ and M’ atoms within 
the same M layer, the resulting MXene structure is referred 
to as i-MXene. To date, all known i-MXenes conform to the 

Fig. 1   Timeline of the development of MXenes. MXenes were discovered in 2011. Reproduced with permission [3]. Copyright 2011, Wiley‐
VCH. The development of the MXenes principle and various MXenes preparation methods was verified by Density Functional Theory (DFT) 
(Reproduced with permission [29]. Copyright 2012, Wiley‐VCH.), and MXenes-based pressure sensors, photodetectors, and gas sensors were 
born in turn after 2018. (Reproduced with permission [26]. Copyright 2013, Springer Nature. Reproduced with permission [30]. Copyright 
2017, Wiley‐VCH. Reproduced with permission [31]. Copyright 2018, Wiley‐VCH. Reproduced with permission [27]. Copyright 2018, Amer-
ican Chemical Society. Reproduced with permission [23]. Copyright 2019, Wiley‐VCH. Reproduced with permission [20]. Copyright 2017, 
American Chemical Society). Combined with neural network algorithms, intelligent tactile systems, visual systems, olfactory systems, multi-
modal integrated systems and wearable systems are further born (Reproduced with permission [24]. Copyright 2020, Springer Nature. Repro-
duced with permission [22]. Copyright 2021, Wiley‐VCH. Reproduced with permission [21]. Copyright 2022, Wiley‐VCH. Reproduced with 
permission [25]. Copyright 2024, Wiley‐VCH. Reproduced with permission [28]. Copyright 2025, Wiley‐VCH)
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formula (M’4/3 M’2/3)Xₜₓ, where the concentration of each 
element is expressed in fractional form. In most i-MXenes, 
M’’ atoms can be selectively etched to create ordered vacan-
cies, resulting in i-MXenes with the formula M’4/3Xtₓ, pre-
viously referred to as M’1.33Xtₓ. Additionally, M’ and M’ 
atoms can also be situated on independent atomic planes 
with out-of-plane order, known as o-MXenes, where M’ 
atoms constitute the inner metal layer while M’ atoms reside 
in the outer layer. Currently, known o-MXenes have two 
formulas: (M’2 M’’)X2Tx and (M’2 M’’2)X3Tx. Moreover, all 
MXenes can be produced in the form of multilayer particles 
(ml-MXene) or as monolayer sheets (d-MXene) [32].

2.2 � Fundamental Properties

2.2.1 � Optical Properties

Due to their broad range of absorption band gaps and suit-
able energy level distributions, MXenes exhibit substan-
tial appeal in optical applications, such as photothermal 
and photoelectrochemical devices. Essentially, the opti-
cal responses of MXenes (including light absorption and 
transmittance) are primarily determined by their structural 

and electronic characteristics. Berdiyorov has validated 
the crucial function of surface termination in the opti-
cal and dielectric characteristics of TiC2Tx using density 
functional theory (DFT) computations [35]. For instance, 
Ti3C2O2, treated with –F and –OH, demonstrates lower 
light absorption and reflection characteristics compared 
to the pristine Ti3C2O2. However, in the ultraviolet region, 
surface termination with –F, =O, and –OH can enhance 
the reflectivity of Ti3C2, thereby endowing it with excel-
lent UV resistance. Gao et al. used Z-scan and transient 
absorption methods to study the broadband nonlinear opti-
cal responses and carrier relaxation properties of Mxenes 
[36]. They found that the multiphoton absorption effects 
of these materials might result in saturable absorption and 
reverse saturable absorption phenomena. Furthermore, 
Bai et al. revealed that the optical band gap of Ti2CO2 
is approximately 1 eV, while in the out-of-plane direc-
tion, this band gap can be expanded to 2.3 eV, a phenom-
enon also observed in the metallic Ti2CF2 and Ti2C2O2 
[37]. These studies indicate that the optical properties of 
MXenes can be effectively modulated through surface 
functionalization, showcasing their immense potential in 
the field of light energy capture and utilization.

2.2.2 � Mechanical Properties

The mechanical properties of MXenes are critical param-
eters for their practical applications, such as in pressure 
sensors and artificial skin, and are influenced by various 
factors. Firstly, the surface terminal groups significantly 
affect the mechanical strength of MXenes. Dai et al. pro-
posed an interface engineering approach that combines 
aramid (Kevlar) nanofibers with borate ions to enhance the 
mechanical characteristics of Mxenes [38]. The optimized 
MKB fibers exhibited a mechanical strength that was 3.86 
times greater than that of the original MXene nanosheets, 
demonstrating a high stress characteristic of 242.6 MPa. 
The improved mechanical flexibility can be attributed to 
the surface termination, which alleviates the collapse of 
the titanium layers. Furthermore, studies indicate that 
MXenes terminated with functional groups (e.g., =O) 
exhibit higher elasticity compared to bare Mxenes [39]. Fu 
et al. analyzed the impact of functional groups on mechan-
ical strength using DFT [40], revealing that terminated 

Fig. 2   Preparation, types, applications, and intelligent devices of 
MXenes. Among them, the preparation methods of MXenes include 
wet chemical etching, non-traditional etching and other. MXenes 
include TigC2, Nb2C, V2C, and Mo2TiC2, among others. Repro-
duced with permission [59]. Copyright 2021, Wiley‐VCH. The smart 
devices prepared by MXenes include visual system, artificial skin, 
and olfactory system. Reproduced with permission [56]. Copyright 
2024, Wiley‐VCH. Reproduced with permission [57]. Copyright 
2024, Elsevier. Reproduced with permission [58]. Copyright 2021, 
American Chemical Society
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Ti3C2Tx outperforms the original Ti3C2 in terms of in-
plane Young’s modulus (228 N m⁻1), with functionalized 
Ti3C2 achieving the highest Young’s modulus value of 347 
N m⁻1, surpassing other two-dimensional materials such as 
WS2 (approximately 177 GPa) and GO (approximately 340 
N m⁻1) [41]. This phenomenon is attributed to the strong 
bond interactions between Ti and O within MXenes, which 
weaken the Ti–Ti bond interactions, thereby enhancing 
mechanical performance. Additionally, the thickness of 
MXenes may also exert a potential influence on mechani-
cal stiffness, particularly in the context of M–M bonding 
interactions.

2.2.3 � Electronic Properties

MXenes’ composition, structure, and the chemical makeup of 
their surfaces and interlayers all have a major impact on their 
physical and (electro) chemical properties. Most MXenes have 

electrical transport behavior similar to that of metals, with a 
linear decrease in resistance with increasing temperature [42, 
43]. However, some MXenes display semiconducting quali-
ties as a result of the negative connection between resistivity 
and temperature caused by changes in the kind of transition 
metal and the structure of the “M” site in Mxenes [44, 45], 
such as Mo2CTx, Nb2CTx, and V2CTx [46, 47]. In contrast, 
Ti3C2Tx MXenes demonstrate metallic conductivity, while the 
substitution of Ti layers by Mo to form Mo2TiC2Tx results in 
semiconducting behavior [48].

Anasori et al. altered the density of states (DOS) of MXenes 
by modifying the structure of the “M” sites and enhanced the 
antiferromagnetic properties of MXenes through changes in 
the outer transition metals (M′′) [45]. In certain simulated 
MXenes, the central M′′ layer is in a non-spin-polarized state, 
while the surface M’ layer experiences band splitting of its 3d 
orbitals under the influence of an octahedral crystal field, thus 
defining the magnetic ordering of MXenes [49].

Fig. 3   Presents a schematic diagram of the MXene structure. The general formula for binary MXenes is Mn+1XnTx, where M denotes early 
transition metals, X represents carbon and/or nitrogen, and Ta refers to the surface terminations of the outer metal layers. The value of n can vary 
between 1 and 4, depending on the number of transition metal layers and carbon and/or nitrogen layers within the MXene structure. For instance, 
Ti2CTx (n = 1), Ti3C2Tx (n = 2), Nb4C3Tx (n = 3), and (Mo,V)5C4T (n = 4) represent different examples. The sites in MXenes can be occupied by 
one or more transition metaatoms, forming solid solutions or ordered structures. Ordered double transition metal MXenes may exhibit in-plane 
order, in-plane vacancies, or out-of-plane order with one layer of M" transition metal situated between two layers of M’transition metals, or two 
layers of " transition metals sandwiched between two layers of ’transition metals. Furthermore, other arrangements, such as a single or triple 
layer of" situated between ’ layers (as illustrated at the bottom of the figure), may also occur in the 5 × 4 structure. The light-colored schematic 
at the bottom of the figure indicates predicted structures such as high-entropy MXenes and higher-order single or o-MXenes that have yet to be 
experimentally verified
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The surface terminations allow for customizable electronic 
characteristics by modulating the DOS and changing the fermi 
level, in contrast to conventional metals [48]. Significant 
changes in work function have been expected along with the 
bandgap expansion and the switch from metallic to semicon-
ducting behavior for a number of MXenes, with the exception 
of Ti3C2Tx [43, 50]. While superconductivity has been seen in 
Nb2CTx (where Tx = Se, S, or NH), no superconducting transi-
tion was detected in non-terminated or O-terminated multi-
layer Nb2C [51]. It has been noted that as the number of layers 
increases, the bandgap gradually decreases, primarily due to 
weak interlayer coupling effects [16]. Zhou et al. [52] con-
ducted a systematic study of semiconductor M2CO2 MXenes 
(M=Ti, Zr, or Hf) with varying layer numbers, revealing that 
the bandgaps of bilayer Ti2CO2, Zr2CO2, and Hf2CO2 (0.039, 
0.729, and 0.824 eV, respectively) are all smaller than those 
of single-layer M2CO2 (0.281, 0.950, and 1.020 eV), which 
is mainly attributed to the rise in electronic states toward the 
Fermi level due to interlayer interactions in multilayer M2CO2.

Moreover, thicker MXenes (e.g., M3X2Tx and M4X3Tx) are 
generally considered metallic materials under any termination 
state [29]. Intercalants commonly used between the layers can 
also impact the electronic properties of multilayer films and 
thin films [44]. The incorporation of large organic cations, 
such as dimethyl sulfoxide (DMSO), between MXene sheets 
increases the interlayer spacing, hindering electron hopping 
and consequently reducing the conductivity of the films [26, 
53]. In contrast, intercalated alkali metal cations often main-
tain smaller interlayer spacing and higher conductivity in 
Mxenes [54, 55].

2.3 � Applications and Intelligent Devices

As of now, MXenes have demonstrated significant potential 
in the field of sensors, primarily attributable to their excep-
tional electronic, optical, and mechanical properties, as well 
as their diverse terminal groups and tunable active sites. Ma 
et al. developed an aerogel piezoresistive sensor in conjunc-
tion with graphene, which can effectively capture signals 
as low as 10 Pa, thereby enabling the clear identification of 
adult pulses. This sensor outperforms conventional sensors 
based solely on reduced graphene oxide (rGO) or Mxene 
[27]. Velusamy et al. fabricated Mo2CTx films that fully 
leverage the unique optical properties of MXenes, achiev-
ing breakthroughs in applications such as photodetectors for 

the first time using photoelectronic spectroscopy techniques 
[23]. The diverse functional groups and electronic charac-
teristics of MXenes provide significant insights for the field 
of gas sensing. Lee et al. developed a Ti3C2Tx MXene gas 
sensor capable of detecting various gases, including ethanol, 
ammonia, and acetone, at room temperature, marking an 
important advancement in the operation of gas sensors at 
ambient conditions [20]. Furthermore, with the rise of neu-
romorphic computing, the integration of MXenes with vari-
ous sensors has led to the emergence of a range of MXene-
based neuromorphic vision systems [22, 56], artificial skin 
[24, 57], olfactory systems [21, 58], and multimodal intel-
ligent integrated systems [25].

3 � MXenes‑Based Sensors

3.1 � Photodetectors

MXene, as a two-dimensional transition metal carbon/
nitride, exhibits unique photoelectric properties: Its band gap 
can be flexibly regulated by surface terminal groups (such 
as –O, –F, –OH) (0.1–2.3 eV), supports wide-spectrum light 
absorption from ultraviolet to near-infrared (325–808 nm), 
and has high carrier mobility (~ 103 cm2 V⁻1 s⁻1) and local 
surface plasmon resonance effect (LSPR). Significantly 
enhance the light-matter interaction. In addition, the 
adjustable range of the work function of MXene is wide 
(1.81–6.15 eV), and the charge extraction efficiency can be 
optimized through interface energy level matching (such 
as when combined with semiconductor heterojunctions). 
MXenes exhibit exceptional potential as active light-absorb-
ing layers in photodetectors due to their tunable bandgap, 
broadband light absorption (from UV to near-infrared), 
and high carrier mobility. These properties stem from their 
unique electronic structure and surface terminations, which 
enable efficient photon-to-electron conversion [60]. For 
instance, Ti3C2Tx MXenes demonstrate strong light-matter 
interactions owing to their localized surface plasmon reso-
nance and adjustable work function (1.81–6.15 eV), allow-
ing precise alignment with adjacent semiconductor layers to 
minimize energy barriers for charge extraction [61]. Its high 
conductivity and tunable work function ensure low energy 
barriers for hole injection, facilitating the application of 
MXenes in devices, such as photodetectors [62], OLEDs 
[63], and photonic diodes [64].
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Figure  4a illustrates a photodetector structure where 
MXene serves as the active layer, leveraging its high photore-
sponsivity and fast carrier dynamics [62]. Under repeated 
illumination conditions with bias voltages of 15 and 1.5 V, it 
exhibits clear optical pulse current switching characteristics 
(Fig. 4b), indicating that MXenes has excellent performance 
and good reliability and reversibility in photodetectors [62]. 
Utilizing laser light sources with wavelengths of 325, 405, 
450, 532, 660, 780, and 808 nm, MXenes exhibit excel-
lent optoelectronic output (Fig. 4c). In continuous multi-
ple pulse testing, MXenes generate maximum photocurrent 
when stimulated by a 405 nm laser (Fig. 4d) [65]. Figure 4e 
demonstrates that the dark current density of the device, 
tested at a bias voltage of − 0.5 V under dark conditions, 
is 0.2 µA cm⁻2, indicating that MXenes devices possess an 
extremely low dark current. This lower dark current con-
tributes to enhanced sensitivity in photodetectors, allowing 

for more effective detection of weak optical signals [66]. 
For photodetectors, a short response time is crucial, as it 
enables the device to rapidly sense changes in light intensity 
and respond accordingly. The response time is determined 
by the recombination of excess charge carriers and the time 
required to eliminate interlayer defects [67]. For example, Di 
et al. achieved sub-microsecond response times in Ti₃C₂Tₓ/
PbS quantum dot heterostructures by eliminating deep-level 
traps through solution-processed interfacial engineering, 
effectively suppressing dark current while maintaining high 
conductivity (Fig. 4f) [66]. Figure 4g illustrates the linear 
relationship between photocurrent and optical power in a 
self-powered state (I_ph ∝ P_in⁰⁹⁹) [66]. The linear dynamic 
range (LDR) is another critical metric for photodetectors, 
characterizing the consistency of the detector’s response to 
variations in light intensity.

Fig. 4   Applications of MXenes in optoelectronics and sensors: a A schematic diagram of the MXenes photodetector structure. b Test results for 
the switching characteristics of the pulsed current. Reproduced with permission [62]. Copyright 2024, Wiley‐VCH. c, d Performance evaluation 
of MXenes under different laser wavelengths (325, 405, 450, 532, 660, 780, and 808 nm). Reproduced with permission [65]. Copyright 2024, 
Wiley‐VCH. e Dark current test data. f Response and recovery time testing of the Ti3C2Tx/PbS quantum dot photodiode. g Analysis of the linear 
relationship between photocurrent and optical power. Reproduced with permission [66]. Copyright 2024, Wiley‐VCH
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Table 1 summarizes the performance metrics of three 
representative MXene-based photodetectors under different 
material configurations. The Ti3C2Tx MXene photodetector 
operates at a wavelength of 1064 nm, achieving a response 
time of 0.207 ms and a photoresponsivity of 0.41 A W−1. 
The ITO/Ti3C2Tx/MAPbI3/Au heterostructure demonstrates 
broadband detection capabilities spanning 325–780 nm, 
with a response time of 2.8 ms and a photoresponsivity of 
0.0014 A W−1. Notably, the ZnO/PbS/MXene hybrid device 
exhibits ultrafast response characteristics (0.5 μs) across a 
broad spectral range (400–1100 nm), though its photore-
sponsivity remains unreported in the referenced study. These 
results highlight the tunability of MXene-based photode-
tectors, where structural modifications and heterojunction 
engineering significantly influence wavelength sensitivity, 
temporal resolution, and photon-to-current conversion effi-
ciency. The Ti3C2Tx MXene showcases superior photore-
sponsivity, while the ZnO/PbS/MXene configuration excels 
in ultrafast response, underscoring the trade-offs between 
sensitivity and speed in optoelectronic design.

3.2 � Pressure Sensors

Flexible and wearable self-powered sensors, especially pres-
sure sensors in the fields of clinical health and electronic 
skin, have been a major area of research interest in recent 
years [68]. MXenes have gained increasing recognition as 
critical materials for fabricating high-performance pressure 
sensors, owing to their exceptional mechanical strength, out-
standing electrical and thermal conductivity, and remarkably 
large specific surface area [69]. However, the range of appli-
cations for traditional current-based pressure sensors is lim-
ited since they are frequently employed in conjunction with 
polymer substrates or encapsulating layers, which can cause 
discomfort during wear (e.g., low air/vapor permeability and 
mechanical mismatch) [70]. Zheng et al. successfully created 
a flexible and breathable pressure sensor by using nonwoven 

textiles as electrodes and coating them with MXene/silver 
nanowires in order to solve this problem [71]. By ingen-
iously utilizing the multilayered porous characteristics of 
MXenes, this sensor not only exhibits high sensitivity but 
also demonstrates outstanding cycling stability and puncture 
resistance, capable of detecting various human activities, 
including subtle pulses, pulse vibrations, and large-scale 
movements, such as walking and running.

The operational principle of MXene-based pressure sen-
sors primarily relies on their mechanical properties. When 
pressure is applied to the device’s surface, it induces a 
change in resistance (as illustrated in Fig. 5a) [71]. Spe-
cifically, the sensor undergoes deformation under pressure, 
resulting in a reduction of the gap between electrodes, which 
subsequently enhances the contact between MXene materi-
als and significantly decreases the resistance. Within dif-
ferent pressure ranges (0–25 kPa), as shown in Fig. 5b, the 
current–voltage (I–V) curves of the pressure sensors indicate 
that the current response sharply increases with the applica-
tion of pressure, and the relative current change exhibits a 
monotonically increasing relationship with the external pres-
sure [71]. Notably, within the range of 50–503 Pa, the sensor 
maintains a stable and nearly linear current response. Due to 
the exceptional elasticity of materials such as MXene-based 
aerogels, these pressure sensors exhibit very short response 
and recovery times (67.3 and 44.8 ms, respectively) (Fig. 5c) 
[72]. As depicted in Fig. 5d, MXene pressure sensors can 
accurately identify external pressures of varying frequencies, 
an important metric for evaluating sensor performance that 
aids in more precise predictions of human motion speeds 
(e.g., distinguishing between walking and running) [72].

The MXene self-powered sensor converts mechani-
cal energy into electrical energy through piezoelectric 
or triboelectric effects, thereby achieving sensing func-
tions without the need for an external power supply. 
For instance, the MXene aerogel piezoresistive sensor 
developed by Yue et al. (Fig. 5e) [73], combined with the 
nano-fluid channel design, is capable of self-generating 

Table 1   Performance comparison of mainstream MXene photodetectors

Materials Wavelength (nm) Response time (s) Photoresponsivity (A 
W−1)

References

Ti3C2TX 1064 0.000207 0.41 [62]
ITO/Ti3C2Tx/MAPbI3/Au 325–780 0.0028 0.0014 [65]
ZnO/PbS/MXene 400−1100 0.0000005 – [66]
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electricity at a low pressure of 10 Pa. And stably identify 
the pulse signal. After 10,000 cycles of pressure tests, 
the current signal of the pressure sensor based on MXene 
maintained an amplitude similar to its initial state, verify-
ing the stability of the MXene pressure sensor in long-
term use and providing a guarantee for commercial appli-
cations. This self-powered characteristic stems from the 
synergistic effect of the high conductivity of MXene and 
flexible substrates (such as polydimethylsiloxane), gener-
ating a potential difference through structural deformation 
caused by external pressure. Furthermore, the surface ter-
minal groups of MXene (such as -O and -F) can optimize 
the interfacial charge distribution and further enhance 
the energy conversion efficiency. Gao et  al. installed 

MXene-based pressure sensors in footwear (Fig. 5f) [74] 
and analyzed trends in physical activity through fast Fou-
rier transform (Fig. 5g) and the collection of step data 
(Fig. 5h) [74]. In gait testing, the pressure exerted by the 
foot on the ground gradually increases from the first to the 
second step, peaking at the maximum contact point (third 
step), and finally returning to the original state when the 
foot is lifted (fourth step). Monitoring the frequency of 
pressure changes confirms that MXene-based pressure 
sensors can successfully track human activities such as 
standing, walking, and running [75]. The self-powered 
design not only reduces the power consumption of the 
sensor but also enhances its applicability in wearable 

Fig. 5   Applications of MXenes in pressure sensors: a Schematic diagram illustrating the operating principle of resistive pressure sensors. b 
Current–voltage (I–V) curves within a static pressure range of 0–25 kPa. Reproduced with permission [71]. Copyright 2023, Wiley‐VCH. c 
Response and recovery time test data. d Pressure response tests conducted at various frequencies. Reproduced with permission [72]. Copyright 
2022, Wiley‐VCH. e Stability testing after 10,000 cycles of applied pressure. Reproduced with permission [73]. Copyright 2022, Wiley‐VCH. 
f Schematic representation of MXenes-based pressure sensors in practical applications. g, h Data collection during human walking and running 
processes. Reproduced with permission [74]. Copyright 2021, Springer Nature
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devices, such as long-term physiological monitoring or 
environmental energy harvesting scenarios.

Table 2 systematically compares the performance metrics 
of four MXene-based pressure sensors with distinct mate-
rial configurations. The MXene/Ag NW nonwoven fabric 
sensor exhibits a response/recovery time of 70/81 ms, a 
detection limit of 1 Pa, and a sensitivity of 770.86 kPa⁻1 
in the low-pressure range (0–0.75 kPa), which decreases to 
5.87 kPa⁻1 at higher pressures (10–100 kPa). The MXene/PU 
composite demonstrates faster response/recovery dynam-
ics (67.3/44.8 ms), a detection limit of 7.8 Pa, and a sen-
sitivity of 509.78 kPa⁻1 in the intermediate pressure range 
(1.7–5.7 kPa). The MXene/CNF configuration, while achiev-
ing rapid response (52 ms) and recovery (89 ms), lacks 
reported sensitivity values but highlights dual-mode current 
and voltage outputs (− 23.64 nA kPa⁻1 and 13.24 μV kPa⁻1, 
respectively). Notably, the MXene/PVA-KOH sensor 
achieves an ultrahigh sensitivity of 46,730 kPa⁻1 at a detec-
tion limit of 20 Pa, attributed to its ionic conductive mecha-
nism. These results underscore the critical influence of 
material composition and structural design on sensor per-
formance, with MXene composites demonstrating trade-offs 
between sensitivity, dynamic range, and gantemporal resolu-
tion. The variability in sensitivity across pressure regimes 
emphasizes the need for tailored material engineering to 
optimize sensor functionality for specific applications.

3.3 � Gas Sensors

Gas sensors based on MXenes are capable of effectively 
detecting volatile organic compounds (VOCs) and non-
polar gases, such as ammonia, ethanol, and acetone, at room 
temperature [76, 77]. This efficiency is primarily attributed 
to the strong adsorption capabilities of their metallic core 
channels and surface functional groups toward these gas 

molecules. Compared to other two-dimensional material-
based gas sensors, Ti3C2Tx-based gas sensors demonstrate 
a significantly improved signal-to-noise ratio at room tem-
perature and exhibit higher sensitivity in detecting volatile 
organic compounds [20, 78]. MXenes have thus emerged as 
ideal materials for high-performance wearable gas sensors 
[77].

Figure 6a illustrates the working mechanism of MXenes 
in gas sensing [79]. The primary sensing mechanisms 
include surface charge transfer and Schottky barrier modu-
lation. When gas molecules adsorb onto the surface of the 
material, the resistance of MXenes changes [80–83]. During 
the surface charge transfer process, the interaction between 
gas molecules and MXenes can result in either an increase 
or decrease in resistance, depending on the type of charge 
carriers in the semiconductor and the electronic properties of 
the gas molecules. For instance, strongly reducing gases can 
lower the barrier, significantly facilitating electron transport, 
thereby producing a large gas sensing response when holes 
are the predominant charge carriers [83].

In the design of gas sensors, humidity is one of the main 
interfering factors affecting gas sensitivity. Under high 
humidity conditions, water molecules can cover the surface 
of the material and occupy the active sensing channels, lead-
ing to a reduction in sensor response [84]. To address this 
issue, Chen et al. successfully developed humidity-interfer-
ence-resistant gas sensors by surface treating MXenes with 
fluoroalkyl silane (FOTS) [85]. As shown in Fig. 6b, the sen-
sor exhibits minimal response variation to 30 ppm ethanol 
across a relative humidity range of 5%–80% [85].

By testing the dynamic response curves of different con-
centrations of gas (Fig. 6c) [86] and performing linear fitting 
(Fig. 6d) [87], the limit of detection (LOD) for the gases can 
be predicted. Additionally, the short response and recovery 
times indicate the high sensitivity of the sensor (Fig. 6e) 
[87]. Although many MXenes modification methods can 

Table 2   Performance comparison of mainstream MXene pressure sensors

Materials Response/recovery 
time (ms)

Detection limit 
(Pa)

Sensitivity (kPa−1) References

MXene/Ag NW nonwoven 
fabric

70/81 1 770.86(0–0.75 kPa), 136.91(1–2 kPa), 43.81(2.5–7.5 kPa), 
5.87(10–100 kPa)

[71]

MXene/PU 67.3/44.8 7.8 281.54/(0.2–1.7), 509.78/(1.7–5.7), 66.68/(5.7–20.3) [72]
MXene/CNF 52/89 – − 23.64 nA kPa−1, 13.24 uV kPa−1 [73]
MXene/PVA-KOH 98/70 20 46,730 kPa−1 [74]
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enhance gas sensing performance, they often compromise 
stability. Kim et al. achieved significant stability improve-
ments—up to six weeks—by functionalizing MXenes with 
ADOPA and rapidly fabricating nanoscale films (Fig. 6f) 
[86]. Thanks to the excellent performance of MXenes-based 
gas sensors, these sensors can provide early non-invasive 
clinical warnings of diseases by detecting volatile gases in 
human breath or urine. Ding et al. developed a portable urine 
detection platform combining gas flow control with a signal 
reading module. As illustrated in Fig. 6g, h, this platform 
integrates with smartphones to facilitate the visualization of 
urine information, thereby enabling disease warning func-
tionalities [88].

Table 3 systematically compares the performance indi-
cators of MXene gas sensors configured with four differ-
ent materials. The response/recovery time of the TiO2/
Ti3C2 sensor is 70/81 s and the response rate is 20%. The 
Ti3C2Tx-F structure has better kinetic properties, with a 

response/recovery time of 39/139 s, a variable response 
range (2.1%–14.1%), and a detection range of 5–12 ppm. 
The AD-MXene sensor achieves a response of 1.0% and 
a wide detection range of 1–100 ppm. It is worth noting 
that the Mo2TiC2Tx/MoS2 heterostructure has excellent per-
formance, with a response/recovery time of 34.8/140.5 s, a 
response rate as high as 415.8%, and a detection range of 

Fig. 6   Applications of MXenes in gas sensors: a Role of MXenes heterojunction engineering in gas sensing mechanisms. Reproduced with per-
mission [79]. Copyright 2020, Wiley‐VCH. b Dynamic response curves to 30 ppm ethanol under varying humidity conditions. Reproduced with 
permission [85]. Copyright 2022, American Chemical Society. c Dynamic response curves under changes in gas concentration. Reproduced with 
permission [86]. Copyright 2024, Wiley‐VCH. d Linear fitting curves for different gas concentrations of Mo2TiC2Tx, MoS2, and Mo2TiC2Tx/
MoS2 e Response and recovery time testing. Reproduced with permission [87]. Copyright 2022, Wiley‐VCH. f Results of long-term stability 
testing. Reproduced with permission [86]. Copyright 2024, Wiley‐VCH. g Schematic diagram of urine sample collection. h Design and applica-
tion of a portable volatile gas detection platform for urine. Reproduced with permission [88]. Copyright 2022, American Chemical Society

Table 3   Performance comparison of mainstream MXene gas sensors

Materials Response/
recovery 
time (s)

Response 
(%)

Detec-
tion range 
(ppm)

References

TiO2/Ti3C2 70/81 20 – [79]
Ti3C2Tx-F 39/139 2.1–14.1 5–12 [85]
AD-MXene – 1.0 1–100 [86]
Mo2TiC2Tx/

MoS2

34.8/140.5 415.8 0.2–50 [87]
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0.2–50 ppm. These results emphasize the crucial influence 
of material composition and heterojunction engineering on 
sensor performance. Mo2TiC2Tx/MoS2 exhibits excellent 
sensitivity due to the synergistic interfacial charge transfer 
effect. The variations in detection range and response ampli-
tude emphasize the importance of tailoring material designs 
for specific gas-sensitive applications, such as trace-level 
detection or broad-spectrum environmental monitoring.

4 � Transition of Sensors to Neuromorphic 
Devices

In recent decades, significant advancements have been made 
in traditional von Neumann computer architectures; how-
ever, as Moore’s Law approaches its limits, this architecture 
faces challenges in overcoming the von Neumann bottle-
neck [89, 90]. In this context, the demand for capabilities 
that meet the requirements of future high-performance arti-
ficial intelligence systems has become increasingly daunt-
ing. Consequently, the need to develop novel computational 
paradigms that offer higher energy efficiency and process-
ing power is more urgent than ever. Neuromorphic com-
puting, as an emerging computational paradigm, provides 
a potential solution to the challenges posed by traditional 
computer architectures in the era of flexible electronics by 
mimicking the operational mechanisms of biological nerv-
ous systems [91–93]. Inspired by the complexity of the 
human brain, neuromorphic computing aims to effectively 
integrate storage and computation, adhering to the energy-
saving principles of biological neural systems. Meanwhile, 
the combination of self-powered MXene sensors and neu-
romorphic computing provides a new direction for edge 
intelligence. For example, many researchers have integrated 
the MXene piezoelectric sensor with the spiking neural net-
work (SNN), achieving self-powered real-time processing 
of gait signals. The MXene sensor in the system directly 
converts mechanical stimuli into electrical pulse signals and 
performs spatiotemporal feature extraction through SNN, 
reducing the reliance on the central processing unit. This 
self-powered—neuromorphic collaborative architecture sig-
nificantly reduces the overall energy consumption of the sys-
tem, providing a paradigm for distributed perceptual com-
puting in Internet of Things devices. This paradigm holds 
the promise of bringing about profound transformations in 
the fields of artificial intelligence and cognitive computing 

[94–96]. In recent years, neuromorphic computing has been 
implemented across various application domains, ranging 
from robotic vision to real-time recognition in multimodal 
integration, demonstrating its significant practical potential 
and broad prospects [97, 98].

Recent advances in MXene-based memristors have dem-
onstrated their potential to bridge the gap between data 
storage and neuromorphic computing. MXenes’ tunable 
electronic properties, such as controllable surface termi-
nations and defect engineering, enable precise modulation 
of resistive switching (RS) behavior, which is critical for 
non-volatile memory and synaptic weight simulation. For 
instance, Ti3C2Tx MXene memristors exhibit stable bipo-
lar RS characteristics with low operating voltages (< 1 V) 
and high ON/OFF ratios (> 103), mimicking biological 
synaptic plasticity for both short-term and long-term poten-
tiation (LTP) [99, 102]. The intercalation of ions (e.g., Li⁺, 
Na⁺) between MXene layers facilitates dynamic conduct-
ance modulation, enabling analog switching suitable for 
in-memory computing architectures. Furthermore, MXene/
polymer heterostructures have achieved multi-level storage 
capabilities by leveraging interfacial charge trapping effects, 
which are essential for high-density neuromorphic systems 
[100, 138]. Integrating MXene memristors with sensor 
arrays could enable real-time signal processing and storage 
at the edge, significantly reducing energy consumption and 
latency in intelligent systems. Future research should focus 
on optimizing MXene memristor endurance (> 106 cycles) 
and scalability for large-scale integration with spiking neural 
networks (SNNs).

4.1 � Neuromorphic Visual Systems

Inspired by simulation studies and the ongoing advance-
ments of MXenes in the field of high-performance optoelec-
tronic detectors, numerous researchers are actively exploring 
new methods to expand the applications of MXenes in opto-
electronics. With the development of neuromorphic comput-
ing, MXenes have been successfully utilized as photosen-
sitive materials in transistors, facilitating their widespread 
application in visual neuromorphic contexts. The interlayer 
ion intercalation ability of MXene (such as Li⁺, Na⁺) and its 
tunable electron state density (DOS) enable it to simulate 
the ion migration and charge storage behavior of biological 
synapses. Furthermore, its mechanical flexibility provides 
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unique advantages for the design of wearable neuromorphic 
devices. By constructing an array of MXenes-based opto-
electronic detectors and integrating them with neuromorphic 
computing, intelligent applications such as image learning, 
optoelectronic signal conversion, and trained recognition 
have been achieved [99].

The surface-end groups of MXene (such as –O, –F) 
reduce the potential barrier for electron migration by adjust-
ing the interfacial energy level matching, thereby optimizing 
the threshold voltage stability of the device. In this process, 
the movement and accumulation of ions inevitably lead to 
the formation of charge traps in the active layer, which is one 
of the reasons for the realization of switchable photovoltaic 
or memristive behaviors. This effect can be effectively har-
nessed for data storage and processing. Figure 7a illustrates 
the structural schematic of the neuromorphic visual device 
[100]. By applying a small voltage to the device’s surface, 
the switching effect of resistance is excited (Fig. 7b), elimi-
nating the need for inserting electron transport layers and 

hole transport layers, thereby achieving a stable bipolar 
resistive switching (RS) loop [100]. To simulate the poten-
tiation and depression learning characteristics of synapses, 
90 positive and negative pulses were employed for synaptic 
function simulation. Figure 7c shows that through synaptic 
function simulation, MXenes-based optoelectronic devices 
exhibit plasticity [100]. Furthermore, the broadband light 
absorption characteristics of MXene and the synergistic 
effect of the organic photosensitive layer have achieved the 
dynamic mapping of optical pulse signals and conductance 
states, providing a multi-physical field coupling platform for 
visual neuromorphic coding. As depicted in Fig. 7d, under 
voltage stimulation, the MXenes device demonstrates a 
lower set voltage and a narrower threshold voltage distribu-
tion characteristic [101].

To further validate the capabilities of MXenes in con-
junction with neuromorphic characteristics, a spiking neural 
network (SNN) composed of MXenes sensors, artificial syn-
apses, and neurons was constructed for image recognition 

Fig. 7   Neuromorphic Visual System Based on MXenes: a Schematic diagram of the device structure. Reproduced with permission [103]. 
Copyright 2023, Elsevier. b I–V switching characteristics. c Neuromorphic enhancement and inhibition characteristics, as well as spike timing 
dependent plasticity (STDP) characteristics. Reproduced with permission [100]. Copyright 2023, Wiley‐VCH. d I–V characteristic curve exhib-
iting threshold switching behavior. e SNN digital pattern recognition and spatiotemporal integration of EI and OI. Reproduced with permission 
[101]. Copyright 2022, Elsevier. f Example of multi-pixel imaging. Reproduced with permission [102]. Copyright 2023, Wiley‐VCH
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(Fig. 7e) [101]. This recognition process involves training 
by converting image pixels into spike signals, during which 
neurons receive sequences of electrical spikes from the SNN 
and are illuminated by ultraviolet light at different time 
points. Through computation and array processing, light 
perception can be achieved, successfully producing a 196-
pixel (28 × 7) array for imaging the word "MXene" (Fig. 7f) 
[102]. The potential of MXene sensor arrays and spike-based 
neural networks in multi-pixel imaging was verified through 
their combination.

It is worth noting that although the above-mentioned stud-
ies have differences in the application scenarios of MXene, 
their cores all revolve around the tunable electronic density 
of states (DOS) of MXene and the dynamic regulation abil-
ity of surface terminal groups. In future research, the com-
bination of interface engineering and heterogeneous integra-
tion strategies may further break through the bottlenecks of 
response speed and energy efficiency of MXene devices, 
laying the foundation for the practical deployment of bionic 
vision systems.

4.2 � Neuromorphic Tactile Systems

Multifunctional tactile neurons integrate pressure sensors, 
memristors, and neuromorphic computing technologies, 
achieving significant advancements in human–computer 
interaction systems in recent years. However, traditional 
independent pressure sensors typically adjust through simple 
electrical signals, which imposes considerable limitations on 
their application in perceptual computing [104–107]. Con-
sequently, the integration of artificial synaptic devices based 
on neuromorphic computing with sensors into intelligent 
tactile systems within multimodal sensing electronic skin 
has garnered widespread attention [108, 109].

In the human body, the system relies on multifunctional 
neurons to convert external physical stimuli into electri-
cal impulses, which are transmitted to the cerebral cor-
tex via neural networks for further perception, learning, 
and response [110, 111]. When the brain needs to assess 
the body’s health status, it must receive information from 
various receptors for comprehensive analysis [110, 112, 
113]. By processing and interpreting feedback informa-
tion, the brain can ascertain the individual’s condition 
(such as exercising, working, or being frail) and respond 

accordingly (as illustrated in Fig. 8a) [57]. The tactile 
system based on MXenes materials continues to exhibit 
stable multi-cycle resistive switching characteristics after 
100 bipolar cycling voltage tests (Fig. 8b) [57]. Combin-
ing the properties of neuromorphic synapses, an artificial 
neural network (ANN) was constructed for handwritten 
digit recognition, achieving an accuracy rate of 93.21% 
(Fig. 8c, d) [57]. As shown in Fig. 8e, the intensity and 
quantity of periodic spikes significantly increase with the 
scanning speed [114].

Moreover, the MXenes tactile system demonstrates 
exceptional stability, with the current remaining stable 
after 2000 cycles of testing (Fig. 8f) [115]. As depicted in 
Fig. 8g, the MXenes smart tactile system can perceive the 
spatial distribution of different surface textures and their 
perceptual intensity, distinguishing various roughness lev-
els based on the intensity of piezoelectric current output. 
Thus, this system enables precise detection of surface fea-
tures. In Fig. 8g, red and green represent surfaces of high 
and low roughness, respectively [114].

4.3 � Neuromorphic Olfactory Systems

Inspired by biological sensory principles, artificial synap-
tic electronic devices have demonstrated extensive mul-
tisensory functionality within neuromorphic computing 
platforms [116–121]. While significant advancements 
have been made in biologically-inspired tactile sensing and 
visual systems, neuromorphic olfactory systems remain 
in the exploratory phase [122–125]. The olfactory system 
plays a crucial role in the perception of environmental 
information, odor intensity assessment, and even toxic-
ity detection. However, traditional gas sensors typically 
convert gas signals into electrical signals and require data 
to be uploaded to the cloud for further identification and 
analysis, a process that is both complex and inefficient 
[126, 127]. Moreover, conventional sensors often strug-
gle to accurately distinguish between multiple gases and 
their concentrations under varying humidity conditions. 
The calibration of humidity effects is essential for many 
practical applications beyond just gas detection.

With ongoing technological advancements, intelligent 
olfactory systems based on artificial synaptic characteris-
tics and neuromorphic computing can directly convert gas 
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signals into electrical signals for identification, thus cir-
cumventing the complex processes of uploading, analyz-
ing, and downloading characteristic of traditional systems 
[128]. Thanks to the excellent hydrophilicity, large specific 
surface area of two-dimensional structures, and unique 
electronic properties of MXene materials, MXene synapses 
exhibit potential for responding to changes in atmospheric 
conditions in gas sensing applications. Figure 9a illustrates 
the interaction between vision and olfaction in the human 
perceptual system when recognizing the same stimulus. In 
visual information processing, the activation of specific 
odors may enhance or suppress visual perception [129]. 
The chemical resistance effect in MXene layers is caused 
by electron barrier transport, a mechanism that determines 
the transfer function of the sensor, as shown in Fig. 9b [130].

By comparing with commercial sensors, Fig. 9c shows 
the impedance changes of three different MXene sensors 

under varying H2O concentrations, demonstrating good 
reproducibility and reversibility [130]. A positive correlation 
is observed between transient resistance and gas concentra-
tion. Under high humidity conditions, these sensors maintain 
stable signal output even after continuous operation for sev-
eral days. The inset in the upper right corner depicts linear 
ohmic behavior under two different environmental condi-
tions, ruling out the possibility of large barrier formation at 
the MXene heterojunction interfaces [128]. The increase in 
excitatory postsynaptic current (EPSC) is associated with 
a decrease in dark current, while the shortening of decay 
time may be attributed to the combination of dissociated 
H⁺ and OH⁻ from water molecules with electrons and holes, 
thereby accelerating the disappearance process of captured 
photogenerated carriers. Figure 9d, e illustrates the recogni-
tion and forgetting processes of the letter "X" under different 
relative humidity (RH) conditions, with results indicating 

Fig. 8   MXenes-based neuromorphic tactile system: a Schematic diagram of the biological tactile processing system, where environmental and 
self-signals are converted into electrical impulses and transmitted to the brain for processing. b I-V curve after 100 voltage scans. c Schematic 
diagram of the neural network used for handwritten digit recognition. d Recognition accuracy of the training set after 20 epochs. Reproduced 
with permission [57]. Copyright 2024, Elsevier. e Scanning patterned surfaces at speeds of 0.5–2.5 mm s−1, observing changes in piezoelectric 
current and FFT. Reproduced with permission [114]. Copyright 2021, Elsevier. f Stability test after 10,000 cycles. Reproduced with permission 
[115]. Copyright 2023, Springer Nature. g Schematic diagram of the MXenes electronic skin array fingerprint patterns. Reproduced with permis-
sion [114]. Copyright 2021, Elsevier
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that as RH levels (i.e., odor concentration) increase, both the 
rate of EPSC rise and decay significantly accelerate [129].

4.4 � Comparative Analysis of MXene with Mainstream 
Memristive Materials

To further emphasize the unique advantages of MXenes in 
neuromorphic applications, we conducted a comprehensive 
comparison of MXenes with other mainstream memory 
materials (such as HfOx, TaOx, and MoS2) in terms of reten-
tion, linearity, switching speed, and multi-level modulation 
capability (Table 4).

Compared with HfOx (~ 6000 cycles) and TaOx (~ 104 
cycles), MXenes exhibited excellent retention capacity 
(~ 104 cycles), which was attributed to their strong interlayer 
ion migration kinetics and defect-resistant surface termina-
tion. The linearity (nonlinearity factor < 0.3) of memris-
tor conductance modulation based on mxene can provide 
accurate synaptic weight updates for neuromorphic algo-
rithms. In addition, MXenes achieves an ultrafast switching 
speed (< 100 μs), comparable to MoS2, while maintaining 
low energy consumption (< 1 pJ/peak) due to its metallic 
conductivity.

It is worth noting that MXenes performs exception-
ally well in multi-level modulation through surface 

Fig. 9   MXenes-based intelligent olfactory system: a Schematic diagram illustrating the relationship between vision and olfaction in the recogni-
tion of the same object within the human perceptual system. Reproduced with permission [129]. Copyright 2024, Springer Nature. b General 
concept of measuring effects with multi-chip electrodes, indicating that the transfer function is driven by electron transport controlled by poten-
tial barriers, with the receptor function dependent on the adsorption process of the analyte on the crystal surface. c Measured transient R(t) under 
multiple exposures to different concentrations of water vapor at room temperature, compared to results from commercial capacitive sensors. The 
upper right inset shows the I-V curves measured under dry and high humidity conditions. Reproduced with permission [130]. Copyright 2021, 
Wiley‐VCH. d, e Analyze the recognition and forgetting processes under different relative humidity (RH) environmental patterns. Reproduced 
with permission [129]. Copyright 2024, Springer Nature

Table 4   Performance comparison of MXenes with mainstream memristive materials

Material Retention Linearity Switching speed Multi-level states References

Ti3C2Tx MXene > 104 – 100 μs 21-bit [131]
Ti2AlN/HfOx/Ti 6000 ~ 0.3 – 9-bit [132]
Pt/TaOx/TiN > 104 ~ 0.2 – 5-bit [133]
Ge3Se7 > 106 – 25 ns 6-bit [134]
MoS2 > 105 – 100 μs – [135]
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terminal engineering and heterogeneous structure design. 
For instance, MXene/ polymer composites exhibit a 21-bit 
analog state, surpassing the 4–6 bit analog states of tra-
ditional materials such as Ge3Se7 and Pt/TaOx/TiN. This 
tunability stems from the tunable electron density of states 
(DOS) and intercalation-driven ionic dynamics of MXenes, 
which is not obvious in oxide-based systems.

5 � Integration of Multimodal Intelligent 
Systems

Humans acquire environmental information through vari-
ous sensory modalities such as vision, olfaction, and hap-
tics, as well as their cross-modal interactions, subsequently 
transmitting this information to the brain for processing to 
elicit appropriate responses [136–139]. The integration of 
sensory information enhances environmental perception, 
facilitating functions such as emotional regulation, scene 
memory, and learning. These processes rely on the complex 
multimodal plasticity mechanisms, adaptive computational 
abilities, and the synergistic effects of evolutionary pro-
cesses within networks of neurons and synaptic plasticity. 
Inspired by the human multisensory system, neuromorphic 
sensing and computing systems combine biomimetic sensors 
with neural networks to perceive and process various sen-
sory inputs, achieving cross-modal integration [140–143]. 
However, research at the device level remains insufficient. 
Therefore, the development of visual-olfactory-haptic cross-
modal perceptual optoelectronic synapses capable of simu-
lating multisensory interactions holds significant academic 
value and promising application prospects for constructing 
neuromorphic visual systems.

Figure 10a illustrates the modulation effects of multi-
modal signals on neural excitatory signals across five dif-
ferent activity scenarios [25]. These representative scenes 
correspond to varying intensities of visual input and ampli-
tudes of respiratory relaxation; during relaxation activities 
(such as reading and yoga), the amplitude of respiration 
exceeds that of visual input, and the frequencies also dif-
fer. Conversely, in states of excitement (such as watching 
movies, in fearful situations, or attending parties), visual 
input significantly surpasses the amplitude of respiratory 
relaxation, with distinct frequency characteristics. Combined 
with the neural network shown in Fig. 10b, the accuracy 
of action judgment can reach 91.1% [144]. Furthermore, 

the integration with intelligent haptic systems enables the 
development of a multi-level encryption protection system. 
As depicted in Fig. 10c, the input terminal acquires pres-
sure signals through haptic perception, which are processed 
and read by a microcontroller, then wirelessly transmitted 
to a mobile phone using bluetooth technology [145]. This 
input terminal is simultaneously stimulated by pressure and 
temperature changes, with these stimuli converted into cur-
rent and voltage signals, respectively. Subsequently, these 
electrical signals are transformed into digital data and sub-
jected to encryption. Ultimately, the system can only unlock 
successfully when both passwords are correct.

Finally, this study integrates MXenes devices with 
third-generation spiking neural networks (SNNs), which 
are considered to be more efficient than traditional artifi-
cial neural networks (ANNs). This efficiency arises from 
the significantly lower demand for high-precision multi-
plication operations in SNNs compared to ANNs. Further-
more, the binary spike density of SNNs is considerably 
lower than that of ANNs, which helps effectively reduce 
storage and energy requirements [146]. Relevant research 
indicates that SNNs operating on spiking neuromorphic 
hardware can achieve an energy-delay product that is four 
orders of magnitude lower than that of conventional deep 
neural networks (DNNs) [147]. As illustrated in Fig. 11a, 
the fully connected SNN allows the MXenes multimodal 
intelligent system to transform detected information into a 
sequence of spikes, thereby completing recognition tasks 
[148]. The highest spike frequency of the output neurons 
corresponds to the predicted results. Figure 11b presents 
an application of integrated multimodal MXenes-based 
neural prosthetic contact lenses, with the left side showing 
a photo of the wearer, demonstrating good biocompatibil-
ity, and the right side highlighting the aesthetic appeal and 
transparency of the MXenes device [149]. Through multi-
ple MXenes sensor arrays and data reading circuits, we can 
implement multimodal sensing circuits based on princi-
ples of biological neuromorphology, as shown in Fig. 11c 
[25]. This system is capable of simultaneously processing 
dynamic signals from vision and respiration, along with 
static body data. The output current signals are transmit-
ted to a signal acquisition module for further analysis and 
sent to a computer for feature extraction. By combining 
machine learning algorithms with linear discriminant anal-
ysis models, we can identify and reproduce complex emo-
tional actions [138, 150]. The neural excitation triggered 
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by light stimulation, the relaxation effects induced by res-
piration, and the fundamental signal variations caused by 
body movements enable the interactive devices based on 
intelligent MXenes technology to simulate human emo-
tions and behaviors. By adjusting light pulses (such as 
intensity, frequency, duration), airflow pulses (such as 
hydroxyl content, frequency, and duration), and near-static 
bodily signals, various combinations of action signals can 
be generated in specific scenarios.

6 � Outlook and Challenges

In summary, this study provides a comprehensive review 
of the current applications of MXenes in the integra-
tion of multimodal intelligent systems. As a class of 
two-dimensional materials with unique physicochemical 
properties, MXenes exhibit significant application poten-
tial in areas, such as optoelectronic detection, gas sensing, 
and pressure sensing. Despite the ongoing expansion of 

Fig. 10   MXenes multimodal intelligent system: a Visual and respiratory signal patterns in different scenarios. The PSC triggered by multimodal 
pulse sequences exhibits varying presentation patterns and integrated excitatory and inhibitory characteristics, replicating neural excitability 
in different contexts. Reproduced with permission [25]. Copyright 2024, Wiley‐VCH. b Convolutional neural network composed of MXenes 
synaptic devices. Reproduced with permission [144]. Copyright 2021, Wiley‐VCH. c Preparation of a multi-layer encryption protection sys-
tem using a haptic system, including its working mechanism and practical demonstration. Reproduced with permission [145]. Copyright 2024, 
Wiley‐VCH
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their applications in the integration of multimodal intel-
ligent systems, particularly the new opportunities arising 
from their incorporation into neuromorphic computing, 
the commercialization of MXenes still faces numerous 
challenges. As shown in Fig. 12, this paper presents the 
prospects and challenges for the future development of 
MXenes-based neuromorphic intelligent systems.

6.1 � Outlook

(1)	 Intelligent integration: The integration of MXenes in 
multimodal intelligent systems involves the acquisi-
tion and processing of sensory information, including 

visual, olfactory, and tactile inputs. Thanks to their 
exceptional sensitivity, rapid response capabilities, 
and excellent biocompatibility, MXenes offer poten-
tial for achieving high-precision, low-power multi-
modal sensing systems. Meanwhile, the self-powered 
characteristics of MXene combined with the low power 
consumption characteristics of neuromorphic devices 
are expected to promote the development of passive 
intelligent systems. Future research needs to further 
explore the potential of MXene in various energy har-
vesting mechanisms (such as photothermal and thermo-
electric), and optimize its compatibility with flexible 
circuits.

(2)	 Neuromorphic computing: Neuromorphic computing, 
which aims to mimic biological neural systems, seeks 

Fig. 11   Integration and applications of MXenes multimodal systems. a Conversion of detected information into a series of spike sequences, 
input to a fully connected spiking neural network (SNN) to complete recognition tasks. The number corresponding to the output neuron with the 
highest spike rate represents the predicted result. Reproduced with permission [148]. Copyright 2023, Springer Nature. b Photographs of multi-
modal intelligent contact lenses for pressure, temperature, etc. Reproduced with permission [149]. Copyright 2024, Springer Nature. c Schematic 
diagram of a biomimetic multi-intelligent system integration for scene recognition and information flow processing, involving multimodal data 
acquisition processes. Reproduced with permission [25]. Copyright 2024, Wiley‐VCH
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to enhance the energy efficiency and processing capa-
bilities of computers. The application of MXenes in 
this field primarily focuses on the construction of effi-
cient synaptic elements and neural networks. With their 
superior conductivity and electrochemical properties, 
MXenes contribute to the development of high-perfor-
mance neuronal networks, enabling rapid information 
processing and complex pattern recognition. Addition-
ally, the low power consumption and good long-term 
stability of MXenes networks provide strong support 
for the practical applications of neuromorphic comput-
ing.

(3)	 Mechanisms: The operational mechanism of MXenes 
in the integration of multimodal intelligent systems 
relies on the synergy of their unique physicochemical 
properties with neuromorphic computing. Through the 
cooperative interaction between MXenes and neuro-
morphic computing, systems can simulate the complex 
information processing processes of biological neural 
systems, thereby achieving efficient computational 
and learning capabilities. MXenes sensors can convert 

multimodal information from the environment (such 
as visual, olfactory, and tactile signals) into electri-
cal signals, which are then processed and recognized 
by MXenes-based neuromorphic computing systems, 
ultimately producing corresponding outputs to trigger 
feedback. This mechanism not only enhances the sen-
sitivity and accuracy of the system but also reduces 
energy consumption and costs.

6.2 � Challenges

Despite the significant progress made in integrating MXenes 
into multimodal intelligent systems, several technical chal-
lenges remain that urgently need to be addressed:

(1)	 Wearable integration: The successful incorporation 
of MXenes into the development of wearable devices 
is crucial. However, achieving this goal necessitates 
resolving issues related to the large-scale fabrication 

Fig. 12   Outlook and challenges of MXenes in smart system integration. MXenes has achieved good development in locations intelligent inte-
gration, neuromorphic computing, and mechanisms. Reproduced with permission [151]. Copyright 2020, Springer Nature. Reproduced with per-
mission [152]. Copyright 2019, American Chemical Society. There are still significant challenges at locations wearable integration, large-scale 
preparation, and material stability. Reproduced with permission [153]. Copyright 2019, Wiley‐VCH
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and stability of MXenes on flexible substrates. Future 
research should focus on the flexible processing tech-
niques of MXenes and their integration with flexible 
electronic devices to promote widespread application 
in the wearable technology sector.

(2)	 Large-scale preparation: Currently, the production of 
MXenes primarily relies on chemical etching meth-
ods, which are limited by low yield and high costs. 
Therefore, there is an urgent need to develop new fab-
rication processes and technologies, such as physical 
vapor deposition and chemical vapor deposition, for 
the production of MXene films. Additionally, exploring 
composite fabrication methods involving MXenes and 
other materials may enhance their overall performance 
and broaden their application scope.

(3)	 Material stability: The stability of MXenes directly 
impacts their performance in practical applications. 
Environmental factors may lead to degradation or 
performance decline during long-term use. Thus, it is 
essential to conduct in-depth research on the stability 
mechanisms of MXenes and the factors influencing 
them. Surface modification can enhance their oxida-
tion resistance and corrosion resistance, while explor-
ing composite applications with other materials can 
further improve their overall stability.

Although MXenes performs well in terms of conductivity 
and tunable electronic characteristics, its integration with 
traditional CMOS processes still faces challenges. The ther-
mal stability of MXenes (typically below 400 °C) limits its 
application in high-temperature annealing processes. Recent 
studies have successfully achieved the patterned growth of 
MXene films on silicon-based wafers through low-tempera-
ture plasma-enhanced chemical vapor deposition (PE-CVD) 
technology, providing a new idea for hybrid integration. In 
addition, the interface contact resistance between MXene 
and metal electrodes (such as Au, TiN) needs to be further 
optimized to match the performance requirements of stand-
ard logic devices. The mechanical compatibility of MXenes 
with flexible polymer substrates such as PDMS and PET is 
of crucial importance. For packaging issues, Al₂O₃ or HfO₂ 
films deposited by atomic layer deposition (ALD) can effec-
tively prevent the penetration of water and oxygen, extend-
ing the environmental stability of MXene devices to more 
than six months. At present, the large-scale preparation of 
MXene mainly relies on the wet chemical etching method, 
but this process has problems such as complex waste liquid 

treatment and low yield. Emerging gas-phase exfoliation 
techniques (such as the molten salt-assisted method) can 
increase the yield of monolayer MXene to 80% and are suit-
able for roll-to-roll continuous production. In the future, it is 
necessary to further develop green synthetic routes, reduce 
production costs, and promote the transformation of MXene 
from the laboratory to industrial applications.

Overall, MXenes exhibit tremendous potential and a 
wide range of application prospects in the field of multi-
modal intelligent system integration. However, a series of 
critical technical issues must be resolved to facilitate the 
widespread application and commercialization of MXenes. 
Future research will focus on flexible processing technolo-
gies, large-scale fabrication methods, and long-term stabil-
ity, thereby advancing their applications in intelligent inte-
gration and neuromorphic computing.

Looking ahead, further exploration of composite usage 
technologies involving MXenes and novel materials may 
lead to the development of higher-performance, broader 
application multimodal intelligent systems. With the con-
tinuous advancement of artificial intelligence and Internet of 
Things technologies, MXene-based multimodal intelligent 
systems will deeply integrate with cutting-edge technolo-
gies, jointly driving innovation and development in the fields 
of intelligent perception and interaction. It is believed that, 
in the near future, MXenes will play an increasingly impor-
tant role in the integration of multimodal intelligent systems 
and contribute more significantly to social progress.

Acknowledgements  This work was supported by the NSFC 
(12474071), Natural Science Foundation of Shandong Province 
(ZR2024YQ051, ZR2025QB50), Guangdong Basic and Applied 
Basic Research Foundation(2025A1515011191), the Shang-
hai Sailing Program (23YF1402200, 23YF1402400), funded by 
Basic Research Program of Jiangsu (BK20240424), Open Research 
Fund of State Key Laboratory of Crystal Materials (KF2406), Tais-
han Scholar Foundation of Shandong Province (tsqn202408006, 
tsqn202507058), Young Talent of Lifting engineering for Science 
and Technology in Shandong, China (SDAST2024QTB002), and 
the Qilu Young Scholar Program of Shandong University.

Author Contributions  Lin Lu has made contributions in areas 
such as methodology, investigation, original manuscript writ-
ing, and drawing. Bo Sun and Zheng Wang made contributions 
to the methodology. Jialin Meng provided assistance in terms of 
resources, methods, review, and editing. Tianyu Wang has been 
involved in the project’s conception, fundraising, research methods, 
supervision, review and editing.



	 Nano-Micro Lett.           (2026) 18:64    64   Page 22 of 28

https://doi.org/10.1007/s40820-025-01902-1© The authors

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 A. VahidMohammadi, J. Rosen, Y. Gogotsi, The world of 
two-dimensional carbides and nitrides (MXenes). Science 
372(6547), 1165 (2021). https://​doi.​org/​10.​1126/​scien​ce.​
abf15​81

	 2.	 M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu et al., 
Two-dimensional transition metal carbides. ACS Nano 6(2), 
1322–1331 (2012). https://​doi.​org/​10.​1021/​nn204​153h

	 3.	 M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu et al., Two-
dimensional nanocrystals produced by exfoliation of Ti3AlC2. 
Adv. Mater. 23(37), 4248–4253 (2011). https://​doi.​org/​10.​
1002/​adma.​20110​2306

	 4.	 M. Sokol, V. Natu, S. Kota, M.W. Barsoum, On the chemical 
diversity of the MAX phases. Trends Chem. 1(2), 210–223 
(2019). https://​doi.​org/​10.​1016/j.​trechm.​2019.​02.​016

	 5.	 M. Ghidiu, M.R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi, M.W. 
Barsoum, Conductive two-dimensional titanium carbide 
‘clay’ with high volumetric capacitance. Nature 516(7529), 
78–81 (2014). https://​doi.​org/​10.​1038/​natur​e13970

	 6.	 T. Omori, T. Kusama, S. Kawata, I. Ohnuma, Y. Sutou et al., 
Abnormal grain growth induced by cyclic heat treatment. Sci-
ence 341(6153), 1500–1502 (2013). https://​doi.​org/​10.​1126/​
scien​ce.​12380​17

	 7.	 X. Wang, S. Kajiyama, H. Iinuma, E. Hosono, S. Oro et al., 
Pseudocapacitance of MXene nanosheets for high-power 
sodium-ion hybrid capacitors. Nat. Commun. 6, 6544 (2015). 
https://​doi.​org/​10.​1038/​ncomm​s7544

	 8.	 M. Naguib, J. Halim, J. Lu, K.M. Cook, L. Hultman et al., 
New two-dimensional niobium and vanadium carbides as 
promising materials for Li-ion batteries. J. Am. Chem. Soc. 
135(43), 15966–15969 (2013). https://​doi.​org/​10.​1021/​
ja405​735d

	 9.	 B. Anasori, M.R. Lukatskaya, Y. Gogotsi, 2D metal car-
bides and nitrides (MXenes) for energy storage. Nat. Rev. 

Mater. 2(2), 16098 (2017). https://​doi.​org/​10.​1038/​natre​
vmats.​2016.​98

	 10.	 N.C. Frey, J. Wang, G.I. Vega Bellido, B. Anasori, Y. 
Gogotsi et al., Prediction of synthesis of 2D metal carbides 
and nitrides (MXenes) and their precursors with positive 
and unlabeled machine learning. ACS Nano 13(3), 3031–
3041 (2019). https://​doi.​org/​10.​1021/​acsna​no.​8b080​14

	 11.	 M. Shen, W. Jiang, K. Liang, S. Zhao, R. Tang et al., One-
pot green process to synthesize MXene with controllable 
surface terminations using molten salts. Angew. Chem. Int. 
Ed. 60(52), 27013–27018 (2021). https://​doi.​org/​10.​1002/​
anie.​20211​0640

	 12.	 Y. Li, H. Shao, Z. Lin, J. Lu, L. Liu et al., A general Lewis 
acidic etching route for preparing MXenes with enhanced 
electrochemical performance in non-aqueous electrolyte. 
Nat. Mater. 19(8), 894–899 (2020). https://​doi.​org/​10.​1038/​
s41563-​020-​0657-0

	 13.	 H. Riazi, S.K. Nemani, M.C. Grady, B. Anasori, M. 
Soroush, Ti3C2MXene–polymer nanocomposites and their 
applications. J. Mater. Chem. A 9(13), 8051–8098 (2021). 
https://​doi.​org/​10.​1039/​d0ta0​8023c

	 14.	 G. Chen, Y. Xie, Y. Tang, T. Wang, Z. Wang et al., Unrave-
ling the role of metal vacancy sites and doped nitrogen 
in enhancing pseudocapacitance performance of defective 
MXene. Small 20(12), 2307408 (2024). https://​doi.​org/​10.​
1002/​smll.​20230​7408

	 15.	 L. Gao, W. Bao, A.V. Kuklin, S. Mei, H. Zhang et al., 
Hetero-MXenes: theory, synthesis, and emerging applica-
tions. Adv. Mater. 33(10), 2004129 (2021). https://​doi.​org/​
10.​1002/​adma.​20200​4129

	 16.	 K. Deshmukh, T. Kovářík, S.K.K. Pasha, State of the art 
recent progress in two dimensional MXenes based gas 
sensors and biosensors: a comprehensive review. Coord. 
Chem. Rev. 424, 213514 (2020). https://​doi.​org/​10.​1016/j.​
ccr.​2020.​213514

	 17.	 C. Dai, Y. Chen, X. Jing, L. Xiang, D. Yang et al., Two-
dimensional tantalum carbide (MXenes) composite 
nanosheets for multiple imaging-guided photothermal 
tumor ablation. ACS Nano 11(12), 12696–12712 (2017). 
https://​doi.​org/​10.​1021/​acsna​no.​7b072​41

	 18.	 Y. Dong, H. Shi, Z.-S. Wu, Recent advances and promise of 
MXene-based nanostructures for high-performance metal 
ion batteries. Adv. Funct. Mater. 30(47), 2000706 (2020). 
https://​doi.​org/​10.​1002/​adfm.​20200​0706

	 19.	 M.K. Aslam, Y. Niu, M. Xu, MXenes for non-lithium-ion 
(Na, K, Ca, Mg, and Al) batteries and supercapacitors. Adv. 
Energy Mater. 11(2), 2000681 (2021). https://​doi.​org/​10.​
1002/​aenm.​20200​0681

	 20.	 E. Lee, A. VahidMohammadi, B.C. Prorok, Y.S. Yoon, 
M. Beidaghi et al., Room temperature gas sensing of two-
dimensional titanium carbide (MXene). ACS Appl. Mater. 
Interfaces 9(42), 37184–37190 (2017). https://​doi.​org/​10.​
1021/​acsami.​7b110​55

	 21.	 C.-W. You, T. Fu, C.-B. Li, X. Song, B. Tang et al., A 
latent-fire-detecting olfactory system enabled by ultra-
fast and sub-ppm ammonia-responsive Ti3C2Tx MXene/

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1021/nn204153h
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1016/j.trechm.2019.02.016
https://doi.org/10.1038/nature13970
https://doi.org/10.1126/science.1238017
https://doi.org/10.1126/science.1238017
https://doi.org/10.1038/ncomms7544
https://doi.org/10.1021/ja405735d
https://doi.org/10.1021/ja405735d
https://doi.org/10.1038/natrevmats.2016.98
https://doi.org/10.1038/natrevmats.2016.98
https://doi.org/10.1021/acsnano.8b08014
https://doi.org/10.1002/anie.202110640
https://doi.org/10.1002/anie.202110640
https://doi.org/10.1038/s41563-020-0657-0
https://doi.org/10.1038/s41563-020-0657-0
https://doi.org/10.1039/d0ta08023c
https://doi.org/10.1002/smll.202307408
https://doi.org/10.1002/smll.202307408
https://doi.org/10.1002/adma.202004129
https://doi.org/10.1002/adma.202004129
https://doi.org/10.1016/j.ccr.2020.213514
https://doi.org/10.1016/j.ccr.2020.213514
https://doi.org/10.1021/acsnano.7b07241
https://doi.org/10.1002/adfm.202000706
https://doi.org/10.1002/aenm.202000681
https://doi.org/10.1002/aenm.202000681
https://doi.org/10.1021/acsami.7b11055
https://doi.org/10.1021/acsami.7b11055


Nano-Micro Lett.           (2026) 18:64 	 Page 23 of 28     64 

MoS2 sensors. Adv. Funct. Mater. 32(44), 2208131 (2022). 
https://​doi.​org/​10.​1002/​adfm.​20220​8131

	 22.	 Y. Wang, Y. Gong, L. Yang, Z. Xiong, Z. Lv et al., MXene-
ZnO memristor for multimodal in-sensor computing. Adv. 
Funct. Mater. 31(21), 2100144 (2021). https://​doi.​org/​10.​
1002/​adfm.​20210​0144

	 23.	 D.B. Velusamy, J.K. El-Demellawi, A.M. El-Zohry, A. 
Giugni, S. Lopatin et al., MXenes for plasmonic photode-
tection. Adv. Mater. 31(32), 1807658 (2019). https://​doi.​
org/​10.​1002/​adma.​20180​7658

	 24.	 H. Tan, Q. Tao, I. Pande, S. Majumdar, F. Liu et al., Tac-
tile sensory coding and learning with bio-inspired opto-
electronic spiking afferent nerves. Nat. Commun. 11, 1369 
(2020). https://​doi.​org/​10.​1038/​s41467-​020-​15105-2

	 25.	 D. Tan, Z. Zhang, H. Shi, N. Sun, Q. Li, S. Bi, J. Huang, Y. 
Liu, Q. Guo, C. Jiang, Bioinspired artificial visual-respira-
tory synapse as multimodal scene recognition system with 
oxidized-vacancies MXene. Adv. Mater. 36(36), 2407751 
(2024). https://​doi.​org/​10.​1002/​adma.​20240​7751

	 26.	 O. Mashtalir, M. Naguib, V.N. Mochalin, Y. Dall’Agnese, 
M. Heon et al., Intercalation and delamination of layered 
carbides and carbonitrides. Nat. Commun. 4, 1716 (2013). 
https://​doi.​org/​10.​1038/​ncomm​s2664

	 27.	 Y. Ma, Y. Yue, H. Zhang, F. Cheng, W. Zhao et al., 3D 
synergistical MXene/reduced graphene oxide aerogel for a 
piezoresistive sensor. ACS Nano 12(4), 3209–3216 (2018). 
https://​doi.​org/​10.​1021/​acsna​no.​7b069​09

	 28.	 C.W. Lee, S.J. Kim, H.-K. Shin, Y.-J. Cho, C. Yoo et al., 
Optically-modulated and mechanically-flexible MXene arti-
ficial synapses with visible-to-near IR broadband-respon-
siveness. Nano Today 61, 102633 (2025). https://​doi.​org/​
10.​1016/j.​nantod.​2025.​102633

	 29.	 M. Khazaei, M. Arai, T. Sasaki, C.-Y. Chung, N.S. Venka-
taramanan et al., Novel electronic and magnetic properties 
of two-dimensional transition metal carbides and nitrides. 
Adv. Funct. Mater. 23(17), 2185–2192 (2013). https://​doi.​
org/​10.​1002/​adfm.​20120​2502

	 30.	 D. Geng, X. Zhao, Z. Chen, W. Sun, W. Fu et al., Direct 
synthesis of large-area 2D Mo2C on in situ grown graphene. 
Adv. Mater. 29(35), 1700072 (2017). https://​doi.​org/​10.​
1002/​adma.​20170​0072

	 31.	 Z. Fan, Y. Wang, Z. Xie, D. Wang, Y. Yuan et al., Modified 
MXene/holey graphene films for advanced supercapacitor 
electrodes with superior energy storage. Adv. Sci. 5(10), 
1800750 (2018). https://​doi.​org/​10.​1002/​advs.​20180​0750

	 32.	 M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, 
25th anniversary article: MXenes: a new family of two-
dimensional materials. Adv. Mater. 26(7), 992–1005 
(2014). https://​doi.​org/​10.​1002/​adma.​20130​4138

	 33.	 X. Li, Z. Huang, C.E. Shuck, G. Liang, Y. Gogotsi et al., 
MXene chemistry, electrochemistry and energy stor-
age applications. Nat. Rev. Chem. 6(6), 389–404 (2022). 
https://​doi.​org/​10.​1038/​s41570-​022-​00384-8

	 34.	 B. Anasori, M.R. Lukatskaya, Y. Gogotsi, 2D metal car-
bides and nitrides (MXenes) for energy storage. Nat. Rev. 

Mater. 2, 16098 (2017). https://​doi.​org/​10.​1038/​natre​vmats.​
2016.​98

	 35.	 G.R. Berdiyorov, Optical properties of functionalized 
Ti3C2T2 (T = F, O, OH) MXene: first-principles calcula-
tions. AIP Adv. 6(5), 055105 (2016). https://​doi.​org/​10.​
1063/1.​49487​99

	 36.	 Y. Bai, K. Zhou, N. Srikanth, J.H.L. Pang, X. He et al., 
Dependence of elastic and optical properties on surface ter-
minated groups in two-dimensional MXene monolayers: a 
first-principles study. RSC Adv. 6(42), 35731–35739 (2016). 
https://​doi.​org/​10.​1039/​C6RA0​3090D

	 37.	 L. Gao, H. Chen, A.V. Kuklin, S. Wageh, A.A. Al-Ghamdi 
et al., Optical properties of few-layer Ti3CN MXene: from 
experimental observations to theoretical calculations. ACS 
Nano 16(2), 3059–3069 (2022). https://​doi.​org/​10.​1021/​acsna​
no.​1c105​77

	 38.	 H. Dai, J. Chang, J. Yang, H. Wang, J. Zhou et al., Bio-
inspired interfacial engineering of MXene fibers toward 
synergistic improvement in mechanical strength and electro-
chemical performance. Adv. Funct. Mater. 34(11), 2312654 
(2024). https://​doi.​org/​10.​1002/​adfm.​20231​2654

	 39.	 B.C. Wyatt, A. Rosenkranz, B. Anasori, 2D MXenes: tunable 
mechanical and tribological properties. Adv. Mater. 33(17), 
2007973 (2021). https://​doi.​org/​10.​1002/​adma.​20200​7973

	 40.	 K. Liu, Q. Yan, M. Chen, W. Fan, Y. Sun et al., Elastic prop-
erties of chemical-vapor-deposited monolayer MoS2, WS2, 
and their bilayer heterostructures. Nano Lett. 14(9), 5097–
5103 (2014). https://​doi.​org/​10.​1021/​nl501​793a

	 41.	 G.-H. Lee, R.C. Cooper, S.J. An, S. Lee, A. van der Zande 
et al., High-strength chemical-vapor-deposited graphene and 
grain boundaries. Science 340(6136), 1073–1076 (2013). 
https://​doi.​org/​10.​1126/​scien​ce.​12351​26

	 42.	 K. Hantanasirisakul, Y. Gogotsi, Electronic and optical prop-
erties of 2D transition metal carbides and nitrides (MXenes). 
Adv. Mater. 30(52), 1804779 (2018). https://​doi.​org/​10.​1002/​
adma.​20180​4779

	 43.	 M. Khazaei, A. Ranjbar, M. Arai, T. Sasaki, S. Yunoki, Elec-
tronic properties and applications of MXenes: a theoretical 
review. J. Mater. Chem. C 5(10), 2488–2503 (2017). https://​
doi.​org/​10.​1039/​c7tc0​0140a

	 44.	 J.L. Hart, K. Hantanasirisakul, A.C. Lang, B. Anasori, D. 
Pinto et al., Control of MXenes’ electronic properties through 
termination and intercalation. Nat. Commun. 10, 522 (2019). 
https://​doi.​org/​10.​1038/​s41467-​018-​08169-8

	 45.	 B. Anasori, C. Shi, E.J. Moon, Y. Xie, C.A. Voigt et al., 
Control of electronic properties of 2D carbides (MXenes) by 
manipulating their transition metal layers. Nanoscale Horiz. 
1(3), 227–234 (2016). https://​doi.​org/​10.​1039/​C5NH0​0125K

	 46.	 P. Urbankowski, B. Anasori, T. Makaryan, D. Er, S. Kota 
et  al., Synthesis of two-dimensional titanium nitride 
Ti4N3(MXene). Nanoscale 8(22), 11385–11391 (2016). 
https://​doi.​org/​10.​1039/​c6nr0​2253g

	 47.	 J. Halim, S. Kota, M.R. Lukatskaya, M. Naguib, M.-Q. Zhao 
et al., Synthesis and characterization of 2D molybdenum car-
bide (MXene). Adv. Funct. Mater. 26(18), 3118–3127 (2016). 
https://​doi.​org/​10.​1002/​adfm.​20150​5328

https://doi.org/10.1002/adfm.202208131
https://doi.org/10.1002/adfm.202100144
https://doi.org/10.1002/adfm.202100144
https://doi.org/10.1002/adma.201807658
https://doi.org/10.1002/adma.201807658
https://doi.org/10.1038/s41467-020-15105-2
https://doi.org/10.1002/adma.202407751
https://doi.org/10.1038/ncomms2664
https://doi.org/10.1021/acsnano.7b06909
https://doi.org/10.1016/j.nantod.2025.102633
https://doi.org/10.1016/j.nantod.2025.102633
https://doi.org/10.1002/adfm.201202502
https://doi.org/10.1002/adfm.201202502
https://doi.org/10.1002/adma.201700072
https://doi.org/10.1002/adma.201700072
https://doi.org/10.1002/advs.201800750
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1038/s41570-022-00384-8
https://doi.org/10.1038/natrevmats.2016.98
https://doi.org/10.1038/natrevmats.2016.98
https://doi.org/10.1063/1.4948799
https://doi.org/10.1063/1.4948799
https://doi.org/10.1039/C6RA03090D
https://doi.org/10.1021/acsnano.1c10577
https://doi.org/10.1021/acsnano.1c10577
https://doi.org/10.1002/adfm.202312654
https://doi.org/10.1002/adma.202007973
https://doi.org/10.1021/nl501793a
https://doi.org/10.1126/science.1235126
https://doi.org/10.1002/adma.201804779
https://doi.org/10.1002/adma.201804779
https://doi.org/10.1039/c7tc00140a
https://doi.org/10.1039/c7tc00140a
https://doi.org/10.1038/s41467-018-08169-8
https://doi.org/10.1039/C5NH00125K
https://doi.org/10.1039/c6nr02253g
https://doi.org/10.1002/adfm.201505328


	 Nano-Micro Lett.           (2026) 18:64    64   Page 24 of 28

https://doi.org/10.1007/s40820-025-01902-1© The authors

	 48.	 N.M. Caffrey, Effect of mixed surface terminations on the 
structural and electrochemical properties of two-dimensional 
Ti3C2T2 and V2CT2 MXenes multilayers. Nanoscale 10(28), 
13520–13530 (2018). https://​doi.​org/​10.​1039/​C8NR0​3221A

	 49.	 W. Sun, Y. Xie, P.R.C. Kent, Double transition metal 
MXenes with wide band gaps and novel magnetic proper-
ties. Nanoscale 10(25), 11962–11968 (2018). https://​doi.​org/​
10.​1039/​C8NR0​0513C

	 50.	 Y. Liu, H. Xiao, W.A. Goddard 3rd., Schottky-barrier-free 
contacts with two-dimensional semiconductors by surface-
engineered MXenes. J. Am. Chem. Soc. 138(49), 15853–
15856 (2016). https://​doi.​org/​10.​1021/​jacs.​6b108​34

	 51.	 V. Kamysbayev, A.S. Filatov, H. Hu, X. Rui, F. Lagunas et al., 
Covalent surface modifications and superconductivity of two-
dimensional metal carbide MXenes. Science 369(6506), 979–
983 (2020). https://​doi.​org/​10.​1126/​scien​ce.​aba83​11

	 52.	 Y. Zhou, Z. Peng, Y. Chen, K. Luo, J. Zhang et al., First-
principles study of the electronic, optical and transport of 
few-layer semiconducting MXene. Comput. Mater. Sci. 168, 
137–143 (2019). https://​doi.​org/​10.​1016/j.​comma​tsci.​2019.​
05.​051

	 53.	 M. Naguib, R.R. Unocic, B.L. Armstrong, J. Nanda, Large-
scale delamination of multi-layers transition metal carbides 
and carbonitrides “MXenes.” Dalton Trans. 44(20), 9353–
9358 (2015). https://​doi.​org/​10.​1039/​C5DT0​1247C

	 54.	 L. Wu, X. Jiang, J. Zhao, W. Liang, Z. Li et al., MXene-
based nonlinear optical information converter for all-optical 
modulator and switcher. Laser Photon. Rev. 12(12), 1800215 
(2018). https://​doi.​org/​10.​1002/​lpor.​20180​0215

	 55.	 A. VahidMohammadi, M. Mojtabavi, N.M. Caffrey, M. 
Wanunu, M. Beidaghi, Assembling 2D MXenes into highly 
stable pseudocapacitive electrodes with high power and 
energy densities. Adv. Mater. 31(8), 1806931 (2019). https://​
doi.​org/​10.​1002/​adma.​20180​6931

	 56.	 Q. Liu, P. Wang, Q. Wei, L. Zhou, H. Ren et al., Chiral 
perovskite nanowire optoelectronic synapse for full-stokes 
polarization-resolved perception and reservoir computing. 
Adv. Funct. Mater. 35(8), 2415551 (2025). https://​doi.​org/​
10.​1002/​adfm.​20241​5551

	 57.	 J. Huang, J. Feng, Z. Chen, Z. Dai, S. Yang et al., A bioin-
spired MXene-based flexible sensory neuron for tactile near-
sensor computing. Nano Energy 126, 109684 (2024). https://​
doi.​org/​10.​1016/j.​nanoen.​2024.​109684

	 58.	 M.J. Loes, S. Bagheri, A. Sinitskii, Layer-dependent gas sens-
ing mechanism of 2D titanium carbide (Ti3C2Tx) MXene. 
ACS Nano 18(38), 26251–26260 (2024). https://​doi.​org/​10.​
1021/​acsna​no.​4c082​25

	 59.	 K. Maleski, C.E. Shuck, A.T. Fafarman, Y. Gogotsi, The 
broad chromatic range of two-dimensional transition metal 
carbides. Adv. Opt. Mater. 9(4), 2001563 (2021). https://​doi.​
org/​10.​1002/​adom.​20200​1563

	 60.	 K. Hantanasirisakul, M.-Q. Zhao, P. Urbankowski, J. Halim, 
B. Anasori et al., Fabrication of Ti3C2Tx MXene transpar-
ent thin films with tunable optoelectronic properties. Adv. 

Electron. Mater. 2(6), 1600050 (2016). https://​doi.​org/​10.​
1002/​aelm.​20160​0050

	 61.	 M. Khazaei, M. Arai, T. Sasaki, M. Estili, Y. Sakka, Two-
dimensional molybdenum carbides: potential thermoelectric 
materials of the MXene family. Phys. Chem. Chem. Phys. 
16(17), 7841–7849 (2014). https://​doi.​org/​10.​1039/​c4cp0​
0467a

	 62.	 M. Jang, S.H. Kim, S. Kim, K. Chae, S. Choi et al., Unleash-
ing 2D MXene’s plasmonic effect for advanced photonic 
device applications. Adv. Funct. Mater. 34(46), 2405341 
(2024). https://​doi.​org/​10.​1002/​adfm.​20240​5341

	 63.	 S. Ahn, T.-H. Han, K. Maleski, J. Song, Y.-H. Kim et al., 
A 2D titanium carbide MXene flexible electrode for high-
efficiency light-emitting diodes. Adv. Mater. 32(23), 2000919 
(2020). https://​doi.​org/​10.​1002/​adma.​20200​0919

	 64.	 Y. Dong, S. Chertopalov, K. Maleski, B. Anasori, L. Hu et al., 
Saturable absorption in 2D Ti3C2 MXene thin films for pas-
sive photonic diodes. Adv. Mater. 30(10), 1705714 (2018). 
https://​doi.​org/​10.​1002/​adma.​20170​5714

	 65.	 G. Han, X.-F. Li, A. Berbille, Y. Zhang, X. Luo et  al., 
Enhanced piezoelectricity of MAPbI3 by the introduction 
of MXene and its utilization in boosting high-performance 
photodetectors. Adv. Mater. 36(23), 2313288 (2024). https://​
doi.​org/​10.​1002/​adma.​20231​3288

	 66.	 Y. Di, K. Ba, Y. Chen, X. Wang, M. Zhang et al., Interface 
engineering to drive high-performance MXene/PbS quantum 
dot NIR photodiode. Adv. Sci. 11(6), 2307169 (2024). https://​
doi.​org/​10.​1002/​advs.​20230​7169

	 67.	 J. Jiang, C. Ling, T. Xu, W. Wang, X. Niu et al., Defect engi-
neering for modulating the trap states in 2D photoconductors. 
Adv. Mater. 30(40), 1804332 (2018). https://​doi.​org/​10.​1002/​
adma.​20180​4332

	 68.	 Y. Huang, X. Fan, S.-C. Chen, N. Zhao, Emerging tech-
nologies of flexible pressure sensors: materials, modeling, 
devices, and manufacturing. Adv. Funct. Mater. 29(12), 
1808509 (2019). https://​doi.​org/​10.​1002/​adfm.​20180​8509

	 69.	 D. Lei, N. Liu, T. Su, Q. Zhang, L. Wang et al., Roles of 
MXene in pressure sensing: preparation, composite structure 
design, and mechanism. Adv. Mater. 34(52), 2110608 (2022). 
https://​doi.​org/​10.​1002/​adma.​20211​0608

	 70.	 Y. Pang, K. Zhang, Z. Yang, S. Jiang, Z. Ju et al., Epider-
mis microstructure inspired graphene pressure sensor with 
random distributed spinosum for high sensitivity and large 
linearity. ACS Nano 12(3), 2346–2354 (2018). https://​doi.​
org/​10.​1021/​acsna​no.​7b076​13

	 71.	 X. Zheng, S. Zhang, M. Zhou, H. Lu, S. Guo et al., MXene 
functionalized, highly breathable and sensitive pressure sen-
sors with multi-layered porous structure. Adv. Funct. Mater. 
33(19), 2214880 (2023). https://​doi.​org/​10.​1002/​adfm.​20221​
4880

	 72.	 M. Yang, Y. Cheng, Y. Yue, Y. Chen, H. Gao et al., High-
performance flexible pressure sensor with a self-healing func-
tion for tactile feedback. Adv. Sci. 9(20), 2200507 (2022). 
https://​doi.​org/​10.​1002/​advs.​20220​0507

https://doi.org/10.1039/C8NR03221A
https://doi.org/10.1039/C8NR00513C
https://doi.org/10.1039/C8NR00513C
https://doi.org/10.1021/jacs.6b10834
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1016/j.commatsci.2019.05.051
https://doi.org/10.1016/j.commatsci.2019.05.051
https://doi.org/10.1039/C5DT01247C
https://doi.org/10.1002/lpor.201800215
https://doi.org/10.1002/adma.201806931
https://doi.org/10.1002/adma.201806931
https://doi.org/10.1002/adfm.202415551
https://doi.org/10.1002/adfm.202415551
https://doi.org/10.1016/j.nanoen.2024.109684
https://doi.org/10.1016/j.nanoen.2024.109684
https://doi.org/10.1021/acsnano.4c08225
https://doi.org/10.1021/acsnano.4c08225
https://doi.org/10.1002/adom.202001563
https://doi.org/10.1002/adom.202001563
https://doi.org/10.1002/aelm.201600050
https://doi.org/10.1002/aelm.201600050
https://doi.org/10.1039/c4cp00467a
https://doi.org/10.1039/c4cp00467a
https://doi.org/10.1002/adfm.202405341
https://doi.org/10.1002/adma.202000919
https://doi.org/10.1002/adma.201705714
https://doi.org/10.1002/adma.202313288
https://doi.org/10.1002/adma.202313288
https://doi.org/10.1002/advs.202307169
https://doi.org/10.1002/advs.202307169
https://doi.org/10.1002/adma.201804332
https://doi.org/10.1002/adma.201804332
https://doi.org/10.1002/adfm.201808509
https://doi.org/10.1002/adma.202110608
https://doi.org/10.1021/acsnano.7b07613
https://doi.org/10.1021/acsnano.7b07613
https://doi.org/10.1002/adfm.202214880
https://doi.org/10.1002/adfm.202214880
https://doi.org/10.1002/advs.202200507


Nano-Micro Lett.           (2026) 18:64 	 Page 25 of 28     64 

	 73.	 Y. Yue, N. Liu, T. Su, Y. Cheng, W. Liu et al., Self-powered 
nanofluidic pressure sensor with a linear transfer mechanism. 
Adv. Funct. Mater. 33(13), 2211613 (2023). https://​doi.​org/​
10.​1002/​adfm.​20221​1613

	 74.	 L. Gao, M. Wang, W. Wang, H. Xu, Y. Wang et al., Highly 
sensitive pseudocapacitive iontronic pressure sensor with 
broad sensing range. Nano-Micro Lett 13(1), 140 (2021). 
https://​doi.​org/​10.​1007/​s40820-​021-​00664-w

	 75.	 S. Sundaram, P. Kellnhofer, Y. Li, J.-Y. Zhu, A. Torralba 
et al., Learning the signatures of the human grasp using a 
scalable tactile glove. Nature 569(7758), 698–702 (2019). 
https://​doi.​org/​10.​1038/​s41586-​019-​1234-z

	 76.	 S.J. Kim, H.-J. Koh, C.E. Ren, O. Kwon, K. Maleski et al., 
Metallic Ti3C2Tx MXene gas sensors with ultrahigh signal-
to-noise ratio. ACS Nano 12(2), 986–993 (2018). https://​doi.​
org/​10.​1021/​acsna​no.​7b074​60

	 77.	 S.H. Lee, W. Eom, H. Shin, R.B. Ambade, J.H. Bang et al., 
Room-temperature, highly durable Ti3C2Tx MXene/graphene 
hybrid fibers for NH3 gas sensing. ACS Appl. Mater. Inter-
faces 12(9), 10434–10442 (2020). https://​doi.​org/​10.​1021/​
acsami.​9b217​65

	 78.	 Y.-Z. Zhang, K.H. Lee, D.H. Anjum, R. Sougrat, Q. Jiang 
et al., MXenes stretch hydrogel sensor performance to new 
limits. Sci. Adv. 4(6), eaat0098 (2018). https://​doi.​org/​10.​
1126/​sciadv.​aat00​98

	 79.	 J. Choi, Y.-J. Kim, S.-Y. Cho, K. Park, H. Kang et al., In situ 
formation of multiple Schottky barriers in a Ti3C2 MXene 
film and its application in highly sensitive gas sensors. Adv. 
Funct. Mater. 30(40), 2003998 (2020). https://​doi.​org/​10.​
1002/​adfm.​20200​3998

	 80.	 S.-J. Choi, I.-D. Kim, Recent developments in 2D nano-
materials for chemiresistive-type gas sensors. Electron. 
Mater. Lett. 14(3), 221–260 (2018). https://​doi.​org/​10.​1007/​
s13391-​018-​0044-z

	 81.	 Z. Qin, D. Zeng, J. Zhang, C. Wu, Y. Wen et al., Effect of 
layer number on recovery rate of WS2 nanosheets for ammo-
nia detection at room temperature. Appl. Surf. Sci. 414, 244–
250 (2017). https://​doi.​org/​10.​1016/j.​apsusc.​2017.​04.​063

	 82.	 D.J. Late, Y.-K. Huang, B. Liu, J. Acharya, S.N. Shirodkar 
et al., Sensing behavior of atomically thin-layered MoS2 tran-
sistors. ACS Nano 7(6), 4879–4891 (2013). https://​doi.​org/​
10.​1021/​nn400​026u

	 83.	 B. Liu, L. Chen, G. Liu, A.N. Abbas, M. Fathi et al., High-
performance chemical sensing using Schottky-contacted 
chemical vapor deposition grown monolayer MoS2 transis-
tors. ACS Nano 8(5), 5304–5314 (2014). https://​doi.​org/​10.​
1021/​nn501​5215

	 84.	 A.V. Raghu, K.K. Karuppanan, J. Nampoothiri, B. Pul-
lithadathil, Wearable, flexible ethanol gas sensor based on 
TiO2 nanoparticles-grafted 2D-titanium carbide nanosheets. 
ACS Appl. Nano Mater. 2(3), 1152–1163 (2019). https://​
doi.​org/​10.​1021/​acsanm.​8b019​75

	 85.	 W.Y. Chen, S.-N. Lai, C.-C. Yen, X. Jiang, D. Perou-
lis et  al., Surface functionalization of Ti3C2Tx MXene 
with highly reliable superhydrophobic protection for 
volatile organic compounds sensing. ACS Nano 14(9), 

11490–11501 (2020). https://​doi.​org/​10.​1021/​acsna​no.​
0c038​96

	 86.	 S. Kim, T.Y. Ko, A.K. Jena, A.S. Nissimagoudar, J. Lee 
et al., Instant self-assembly of functionalized MXenes in 
organic solvents: general fabrication to high-performance 
chemical gas sensors. Adv. Funct. Mater. 34(11), 2310641 
(2024). https://​doi.​org/​10.​1002/​adfm.​20231​0641

	 87.	 Q. Zhao, W. Zhou, M. Zhang, Y. Wang, Z. Duan et al., 
Edge-enriched MoTiC2Tx/MoS2 heterostructure with cou-
pling interface for selective NO2 monitoring. Adv. Funct. 
Mater. 32(39), 2203528 (2022). https://​doi.​org/​10.​1002/​
adfm.​20220​3528

	 88.	 X. Ding, Y. Zhang, Y. Zhang, X. Ding, H. Zhang et al., 
Modular assembly of MXene frameworks for noninvasive 
disease diagnosis via urinary volatiles. ACS Nano 16(10), 
17376–17388 (2022). https://​doi.​org/​10.​1021/​acsna​no.​
2c082​66

	 89.	 M.A. Zidan, J.P. Strachan, W.D. Lu, The future of electron-
ics based on memristive systems. Nat. Electron. 1(1), 22–29 
(2018). https://​doi.​org/​10.​1038/​s41928-​017-​0006-8

	 90.	 J. Tang, F. Yuan, X. Shen, Z. Wang, M. Rao et al., Bridg-
ing biological and artificial neural networks with emerging 
neuromorphic devices: fundamentals, progress, and chal-
lenges. Adv. Mater. 31(49), 201902761 (2019). https://​doi.​
org/​10.​1002/​adma.​20190​2761

	 91.	 E.J. Fuller, S.T. Keene, A. Melianas, Z. Wang, S. Agar-
wal et al., Parallel programming of an ionic floating-gate 
memory array for scalable neuromorphic computing. Sci-
ence 364(6440), 570–574 (2019). https://​doi.​org/​10.​1126/​
scien​ce.​aaw55​81

	 92.	 Y. van de Burgt, A. Melianas, S.T. Keene, G. Malliaras, 
A. Salleo, Organic electronics for neuromorphic comput-
ing. Nat. Electron. 1(7), 386–397 (2018). https://​doi.​org/​
10.​1038/​s41928-​018-​0103-3

	 93.	 Q. Xia, J.J. Yang, Memristive crossbar arrays for brain-
inspired computing. Nat. Mater. 18(4), 309–323 (2019). 
https://​doi.​org/​10.​1038/​s41563-​019-​0291-x

	 94.	 T.S. Turova, The emergence of connectivity in neuronal 
networks: from bootstrap percolation to auto-associative 
memory. Brain Res. 1434, 277–284 (2012). https://​doi.​org/​
10.​1016/j.​brain​res.​2011.​07.​050

	 95.	 W. Gerstner, H. Sprekeler, G. Deco, Theory and simulation 
in neuroscience. Science 338(6103), 60–65 (2012). https://​
doi.​org/​10.​1126/​scien​ce.​12273​56

	 96.	 R. Yang, H.-M. Huang, X. Guo, Memristive synapses and 
neurons for bioinspired computing. Adv. Electron. Mater. 
5(9), 1900287 (2019). https://​doi.​org/​10.​1002/​aelm.​20190​
0287

	 97.	 Y. Wang, L. Yin, W. Huang, Y. Li, S. Huang et al., Opto-
electronic synaptic devices for neuromorphic computing. 
Adv. Intell. Syst. 3(1), 2000099 (2021). https://​doi.​org/​10.​
1002/​aisy.​20200​0099

	 98.	 M.A. Rafique, B.G. Lee, M. Jeon, Hybrid neuromorphic 
system for automatic speech recognition. Electron. Lett. 
52(17), 1428–1430 (2016). https://​doi.​org/​10.​1049/​el.​2016.​
0975

https://doi.org/10.1002/adfm.202211613
https://doi.org/10.1002/adfm.202211613
https://doi.org/10.1007/s40820-021-00664-w
https://doi.org/10.1038/s41586-019-1234-z
https://doi.org/10.1021/acsnano.7b07460
https://doi.org/10.1021/acsnano.7b07460
https://doi.org/10.1021/acsami.9b21765
https://doi.org/10.1021/acsami.9b21765
https://doi.org/10.1126/sciadv.aat0098
https://doi.org/10.1126/sciadv.aat0098
https://doi.org/10.1002/adfm.202003998
https://doi.org/10.1002/adfm.202003998
https://doi.org/10.1007/s13391-018-0044-z
https://doi.org/10.1007/s13391-018-0044-z
https://doi.org/10.1016/j.apsusc.2017.04.063
https://doi.org/10.1021/nn400026u
https://doi.org/10.1021/nn400026u
https://doi.org/10.1021/nn5015215
https://doi.org/10.1021/nn5015215
https://doi.org/10.1021/acsanm.8b01975
https://doi.org/10.1021/acsanm.8b01975
https://doi.org/10.1021/acsnano.0c03896
https://doi.org/10.1021/acsnano.0c03896
https://doi.org/10.1002/adfm.202310641
https://doi.org/10.1002/adfm.202203528
https://doi.org/10.1002/adfm.202203528
https://doi.org/10.1021/acsnano.2c08266
https://doi.org/10.1021/acsnano.2c08266
https://doi.org/10.1038/s41928-017-0006-8
https://doi.org/10.1002/adma.201902761
https://doi.org/10.1002/adma.201902761
https://doi.org/10.1126/science.aaw5581
https://doi.org/10.1126/science.aaw5581
https://doi.org/10.1038/s41928-018-0103-3
https://doi.org/10.1038/s41928-018-0103-3
https://doi.org/10.1038/s41563-019-0291-x
https://doi.org/10.1016/j.brainres.2011.07.050
https://doi.org/10.1016/j.brainres.2011.07.050
https://doi.org/10.1126/science.1227356
https://doi.org/10.1126/science.1227356
https://doi.org/10.1002/aelm.201900287
https://doi.org/10.1002/aelm.201900287
https://doi.org/10.1002/aisy.202000099
https://doi.org/10.1002/aisy.202000099
https://doi.org/10.1049/el.2016.0975
https://doi.org/10.1049/el.2016.0975


	 Nano-Micro Lett.           (2026) 18:64    64   Page 26 of 28

https://doi.org/10.1007/s40820-025-01902-1© The authors

	 99.	 X. Dong, C. Chen, K. Pan, Y. Li, Z. Zhang et al., Nearly 
panoramic neuromorphic vision with transparent photosyn-
apses. Adv. Sci. 10(30), 2303944 (2023). https://​doi.​org/​10.​
1002/​advs.​20230​3944

	100.	 K.A. Nirmal, W. Ren, A.C. Khot, D.Y. Kang, T.D. Dongale 
et al., Flexible memristive organic solar cell using mul-
tilayer 2D titanium carbide MXene electrodes. Adv. Sci. 
10(19), 2370122 (2023). https://​doi.​org/​10.​1002/​advs.​
20237​0122

	101.	 R. Yu, X. Zhang, C. Gao, E. Li, Y. Yan et al., Low-voltage 
solution-processed artificial optoelectronic hybrid-integrated 
neuron based on 2D MXene for multi-task spiking neural 
network. Nano Energy 99, 107418 (2022). https://​doi.​org/​10.​
1016/j.​nanoen.​2022.​107418

	102.	 C. Hu, Z. Wei, L. Li, G. Shen, Strategy toward semiconduct-
ing Ti3C2Tx-MXene: phenylsulfonic acid groups modified 
Ti3C2Tx as photosensitive material for flexible visual sensory-
neuromorphic system. Adv. Funct. Mater. 33(37), 2302188 
(2023). https://​doi.​org/​10.​1002/​adfm.​20230​2188

	103.	 Y. Cao, T. Zhao, C. Liu, C. Zhao, H. Gao et al., Neuromor-
phic visual artificial synapse in-memory computing systems 
based on GeOx-coated MXene nanosheets. Nano Energy 
112, 108441 (2023). https://​doi.​org/​10.​1016/j.​nanoen.​2023.​
108441

	104.	 Z. Wang, H. Wu, G.W. Burr, C.S. Hwang, K.L. Wang et al., 
Resistive switching materials for information processing. Nat. 
Rev. Mater. 5(3), 173–195 (2020). https://​doi.​org/​10.​1038/​
s41578-​019-​0159-3

	105.	 C. Wan, P. Cai, X. Guo, M. Wang, N. Matsuhisa et  al., 
An artificial sensory neuron with visual-haptic fusion. 
Nat. Commun. 11, 4602 (2020). https://​doi.​org/​10.​1038/​
s41467-​020-​18375-y

	106.	 C. Li, M. Hu, Y. Li, H. Jiang, N. Ge et al., Analogue sig-
nal and image processing with large memristor crossbars. 
Nat. Electron. 1(1), 52–59 (2018). https://​doi.​org/​10.​1038/​
s41928-​017-​0002-z

	107.	 D. Ielmini, H.S.P. Wong, In-memory computing with resis-
tive switching devices. Nat. Electron. 1(6), 333–343 (2018). 
https://​doi.​org/​10.​1038/​s41928-​018-​0092-2

	108.	 C. Zhang, W.B. Ye, K. Zhou, H.-Y. Chen, J.-Q. Yang et al., 
Bioinspired artificial sensory nerve based on nafion memris-
tor. Adv. Funct. Mater. 29(20), 1808783 (2019). https://​doi.​
org/​10.​1002/​adfm.​20180​8783

	109.	 F. Zhou, Y. Chai, Near-sensor and in-sensor computing. Nat. 
Electron. 3(11), 664–671 (2020). https://​doi.​org/​10.​1038/​
s41928-​020-​00501-9

	110.	 Y. Kim, A. Chortos, W. Xu, Y. Liu, J.Y. Oh et al., A bioin-
spired flexible organic artificial afferent nerve. Science 
360(6392), 998–1003 (2018). https://​doi.​org/​10.​1126/​scien​
ce.​aao00​98

	111.	 C. Wan, G. Chen, Y. Fu, M. Wang, N. Matsuhisa et al., An 
artificial sensory neuron with tactile perceptual learning. 
Adv. Mater. 30(30), 1801291 (2018). https://​doi.​org/​10.​
1002/​adma.​20180​1291

	112.	 C. Wu, T.W. Kim, J.H. Park, B. Koo, S. Sung et al., Self-
powered tactile sensor with learning and memory. ACS 

Nano 14(2), 1390–1398 (2020). https://​doi.​org/​10.​1021/​
acsna​no.​9b071​65

	113.	 Y. Lee, J.-H. Ahn, Biomimetic tactile sensors based on 
nanomaterials. ACS Nano 14(2), 1220–1226 (2020). 
https://​doi.​org/​10.​1021/​acsna​no.​0c003​63

	114.	 J. Kim, M. Jang, G. Jeong, S. Yu, J. Park et al., MXene-
enhanced β-phase crystallization in ferroelectric porous 
composites for highly-sensitive dynamic force sensors. 
Nano Energy 89, 106409 (2021). https://​doi.​org/​10.​1016/j.​
nanoen.​2021.​106409

	115.	 T. Xu, Q. Song, K. Liu, H. Liu, J. Pan et al., Nanocellu-
lose-assisted construction of multifunctional MXene-based 
aerogels with engineering biomimetic texture for pressure 
sensor and compressible electrode. Nano-Micro Lett. 15(1), 
98 (2023). https://​doi.​org/​10.​1007/​s40820-​023-​01073-x

	116.	 J. Min, J. Tu, C. Xu, H. Lukas, S. Shin et al., Skin-inter-
faced wearable sweat sensors for precision medicine. 
Chem. Rev. 123(8), 5049–5138 (2023). https://​doi.​org/​10.​
1021/​acs.​chemr​ev.​2c008​23

	117.	 L. Liu, Y. Zhang, Y. Yan, Four levels of in-sensor comput-
ing in bionic olfaction: from discrete components to multi-
modal integrations. Nanoscale Horiz. 8(10), 1301–1312 
(2023). https://​doi.​org/​10.​1039/​D3NH0​0115F

	118.	 M. Lin, H. Hu, S. Zhou, S. Xu, Soft wearable devices 
for deep-tissue sensing. Nat. Rev. Mater. 7(11), 850–869 
(2022). https://​doi.​org/​10.​1038/​s41578-​022-​00427-y

	119.	 J. Li, Y. Liu, L. Yuan, B. Zhang, E.S. Bishop et al., A 
tissue-like neurotransmitter sensor for the brain and gut. 
Nature 606(7912), 94–101 (2022). https://​doi.​org/​10.​1038/​
s41586-​022-​04615-2

	120.	 J. He, R. Wei, S. Ge, W. Wu, J. Guo et al., Artificial visual-
tactile perception array for enhanced memory and neu-
romorphic computations. InfoMat 6(3), e12493 (2024). 
https://​doi.​org/​10.​1002/​inf2.​12493

	121.	 S.N. Flesher, J.E. Downey, J.M. Weiss, C.L. Hughes, A.J. 
Herrera et  al., A brain-computer interface that evokes 
tactile sensations improves robotic arm control. Science 
372(6544), 831–836 (2021). https://​doi.​org/​10.​1126/​scien​
ce.​abd03​80

	122.	 X. Wu, L. Jiang, H. Xu, B. Wang, L. Yang et al., Bionic olfac-
tory synaptic transistors for artificial neuromotor pathway 
construction and gas recognition. Adv. Funct. Mater. 34(36), 
2401965 (2024). https://​doi.​org/​10.​1002/​adfm.​20240​1965

	123.	 S. Qu, L. Sun, S. Zhang, J. Liu, Y. Li et al., An artificially-
intelligent cornea with tactile sensation enables sensory 
expansion and interaction. Nat. Commun. 14, 7181 (2023). 
https://​doi.​org/​10.​1038/​s41467-​023-​42240-3

	124.	 Y. Ni, J. Liu, H. Han, Q. Yu, L. Yang et al., Visualized in-
sensor computing. Nat. Commun. 15, 3454 (2024). https://​
doi.​org/​10.​1038/​s41467-​024-​47630-9

	125.	 C. Jiang, H. Xu, L. Yang, J. Liu, Y. Li et al., Neuromorphic 
antennal sensory system. Nat. Commun. 15(1), 2109 (2024). 
https://​doi.​org/​10.​1038/​s41467-​024-​46393-7

	126.	 X. Ji, X. Lin, J. Rivnay, Organic electrochemical transistors 
as on-site signal amplifiers for electrochemical aptamer-based 

https://doi.org/10.1002/advs.202303944
https://doi.org/10.1002/advs.202303944
https://doi.org/10.1002/advs.202370122
https://doi.org/10.1002/advs.202370122
https://doi.org/10.1016/j.nanoen.2022.107418
https://doi.org/10.1016/j.nanoen.2022.107418
https://doi.org/10.1002/adfm.202302188
https://doi.org/10.1016/j.nanoen.2023.108441
https://doi.org/10.1016/j.nanoen.2023.108441
https://doi.org/10.1038/s41578-019-0159-3
https://doi.org/10.1038/s41578-019-0159-3
https://doi.org/10.1038/s41467-020-18375-y
https://doi.org/10.1038/s41467-020-18375-y
https://doi.org/10.1038/s41928-017-0002-z
https://doi.org/10.1038/s41928-017-0002-z
https://doi.org/10.1038/s41928-018-0092-2
https://doi.org/10.1002/adfm.201808783
https://doi.org/10.1002/adfm.201808783
https://doi.org/10.1038/s41928-020-00501-9
https://doi.org/10.1038/s41928-020-00501-9
https://doi.org/10.1126/science.aao0098
https://doi.org/10.1126/science.aao0098
https://doi.org/10.1002/adma.201801291
https://doi.org/10.1002/adma.201801291
https://doi.org/10.1021/acsnano.9b07165
https://doi.org/10.1021/acsnano.9b07165
https://doi.org/10.1021/acsnano.0c00363
https://doi.org/10.1016/j.nanoen.2021.106409
https://doi.org/10.1016/j.nanoen.2021.106409
https://doi.org/10.1007/s40820-023-01073-x
https://doi.org/10.1021/acs.chemrev.2c00823
https://doi.org/10.1021/acs.chemrev.2c00823
https://doi.org/10.1039/D3NH00115F
https://doi.org/10.1038/s41578-022-00427-y
https://doi.org/10.1038/s41586-022-04615-2
https://doi.org/10.1038/s41586-022-04615-2
https://doi.org/10.1002/inf2.12493
https://doi.org/10.1126/science.abd0380
https://doi.org/10.1126/science.abd0380
https://doi.org/10.1002/adfm.202401965
https://doi.org/10.1038/s41467-023-42240-3
https://doi.org/10.1038/s41467-024-47630-9
https://doi.org/10.1038/s41467-024-47630-9
https://doi.org/10.1038/s41467-024-46393-7


Nano-Micro Lett.           (2026) 18:64 	 Page 27 of 28     64 

sensing. Nat. Commun. 14(1), 1665 (2023). https://​doi.​org/​
10.​1038/​s41467-​023-​37402-2

	127.	 S.Y. Chun, Y.G. Song, J.E. Kim, J.U. Kwon, K. Soh et al., 
An artificial olfactory system based on a chemi-memristive 
device. Adv. Mater. 35(35), 2302219 (2023). https://​doi.​org/​
10.​1002/​adma.​20230​2219

	128.	 T. Wang, D. Huang, Z. Yang, S. Xu, G. He et al., A review 
on graphene-based gas/vapor sensors with unique properties 
and potential applications. Nano-Micro Lett. 8(2), 95–119 
(2016). https://​doi.​org/​10.​1007/​s40820-​015-​0073-1

	129.	 H. Ma, H. Fang, X. Xie, Y. Liu, H. Tian et al., Optoelectronic 
synapses based on MXene/violet phosphorus van der Waals 
heterojunctions for visual-olfactory crossmodal perception. 
Nano-Micro Lett. 16(1), 104 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01330-7

	130.	 H. Pazniak, A.S. Varezhnikov, D.A. Kolosov, I.A. Plugin, A. 
Di Vito et al., 2D molybdenum carbide MXenes for enhanced 
selective detection of humidity in air. Adv. Mater. 33(52), 
2104878 (2021). https://​doi.​org/​10.​1002/​adma.​20210​4878

	131.	 N.B. Mullani, D.D. Kumbhar, D.-H. Lee, M.J. Kwon, S.-Y. 
Cho et al., Surface modification of a titanium carbide MXene 
memristor to enhance memory window and low-power opera-
tion. Adv. Funct. Mater. 33(26), 2300343 (2023). https://​doi.​
org/​10.​1002/​adfm.​20230​0343

	132.	 F.F. Athena, M. Nnaji, D. Vaca, M. Tian, W. Buchmaier 
et al., MAX phase Ti2AlN for HfO2 memristors with ultra-
low reset current density and large on/off ratio. Adv. Funct. 
Mater. 34(29), 2316290 (2024). https://​doi.​org/​10.​1002/​adfm.​
20231​6290

	133.	 D. Ju, M. Noh, S. Lee, G. Kim, J. Park et al., Self-rectifying 
volatile memristor for highly dynamic functions. Adv. Funct. 
Mater. 35(29), 2423880 (2025). https://​doi.​org/​10.​1002/​adfm.​
20242​3880

	134.	 H.-J. Kim, D.-S. Woo, S.-M. Jin, H.-J. Kwon, K.-H. Kwon 
et al., Super-linear-threshold-switching selector with multiple 
jar-shaped Cu-filaments in the amorphous Ge3Se7 resistive 
switching layer in a cross-point synaptic memristor array. 
Adv. Mater. 34(40), 2203643 (2022). https://​doi.​org/​10.​1002/​
adma.​20220​3643

	135.	 J. Chen, M. Xiao, Z. Chen, S. Khan, S. Ghosh et al., Inkjet-
printed reconfigurable and recyclable memristors on paper. 
InfoMat 7(5), e70000 (2025). https://​doi.​org/​10.​1002/​inf2.​
70000

	136.	 R. Yuan, Q. Duan, P.J. Tiw, G. Li, Z. Xiao et al., A calibrat-
able sensory neuron based on epitaxial VO2 for spike-based 
neuromorphic multisensory system. Nat. Commun. 13(1), 
3973 (2022). https://​doi.​org/​10.​1038/​s41467-​022-​31747-w

	137.	 S. Kuang, T. Zhang, Smelling directions: olfaction modu-
lates ambiguous visual motion perception. Sci. Rep. 4, 5796 
(2014). https://​doi.​org/​10.​1038/​srep0​5796

	138.	 C. Jiang, J. Liu, Y. Ni, S. Qu, L. Liu et al., Mammalian-brain-
inspired neuromorphic motion-cognition nerve achieves 
cross-modal perceptual enhancement. Nat. Commun. 14(1), 
1344 (2023). https://​doi.​org/​10.​1038/​s41467-​023-​36935-w

	139.	 J. Guo, A. Guo, Crossmodal interactions between olfactory 
and visual learning in Drosophila. Science 309(5732), 307–
310 (2005). https://​doi.​org/​10.​1126/​scien​ce.​11112​80

	140.	 J. Zhu, X. Zhang, R. Wang, M. Wang, P. Chen et al., A 
heterogeneously integrated spiking neuron array for multi-
mode-fused perception and object classification. Adv. Mater. 
34(24), 2200481 (2022). https://​doi.​org/​10.​1002/​adma.​20220​
0481

	141.	 H. Tan, Y. Zhou, Q. Tao, J. Rosen, S. van Dijken, Bioinspired 
multisensory neural network with crossmodal integration and 
recognition. Nat. Commun. 12, 1120 (2021). https://​doi.​org/​
10.​1038/​s41467-​021-​21404-z

	142.	 Y. Qiao, J. Luo, T. Cui, H. Liu, H. Tang et al., Soft elec-
tronics for health monitoring assisted by machine learning. 
Nano-Micro Lett. 15(1), 66 (2023). https://​doi.​org/​10.​1007/​
s40820-​023-​01029-1

	143.	 X. Chen, T. Wang, J. Shi, W. Lv, Y. Han et al., A novel arti-
ficial neuron-like gas sensor constructed from CuS quantum 
dots/Bi2S3 nanosheets. Nano-Micro Lett. 14(1), 8 (2021). 
https://​doi.​org/​10.​1007/​s40820-​021-​00740-1

	144.	 J.H. Ju, S. Seo, S. Baek, D. Lee, S. Lee et al., Two-dimen-
sional MXene synapse for brain-inspired neuromorphic 
computing. Small 17(34), 2102595 (2021). https://​doi.​org/​
10.​1002/​smll.​20210​2595

	145.	 J. Ren, X. Huang, R. Han, G. Chen, Q. Li et al., Avian bone-
inspired super fatigue resistant MXene-based aerogels with 
human-like tactile perception for multilevel information 
encryption assisted by machine learning. Adv. Funct. Mater. 
34(39), 2403091 (2024). https://​doi.​org/​10.​1002/​adfm.​20240​
3091

	146.	 J.K. Eshraghian, M. Ward, E.O. Neftci, X. Wang, G. Lenz 
et al., Training spiking neural networks using lessons from 
deep learning. Proc. IEEE 111(9), 1016–1054 (2023). https://​
doi.​org/​10.​1109/​JPROC.​2023.​33080​88

	147.	 A. Rao, P. Plank, A. Wild, W. Maass, A long short-term 
memory for AI applications in spike-based neuromorphic 
hardware. Nat. Mach. Intell. 4(5), 467–479 (2022). https://​
doi.​org/​10.​1038/​s42256-​022-​00480-w

	148.	 F. Wang, F. Hu, M. Dai, S. Zhu, F. Sun et al., A two-dimen-
sional mid-infrared optoelectronic retina enabling simultane-
ous perception and encoding. Nat. Commun. 14, 1938 (2023). 
https://​doi.​org/​10.​1038/​s41467-​023-​37623-5

	149.	 W. Liu, Z. Du, Z. Duan, L. Li, G. Shen, Neuroprosthetic 
contact lens enabled sensorimotor system for point-of-
care monitoring and feedback of intraocular pressure. 
Nat. Commun. 15, 5635 (2024). https://​doi.​org/​10.​1038/​
s41467-​024-​49907-5

	150.	 P. Tan, X. Han, Y. Zou, X. Qu, J. Xue et al., Self-powered ges-
ture recognition wristband enabled by machine learning for 
full keyboard and multicommand input. Adv. Mater. 34(21), 
2200793 (2022). https://​doi.​org/​10.​1002/​adma.​20220​0793

	151.	 C. Choi, J. Leem, M. Kim, A. Taqieddin, C. Cho et al., Curved 
neuromorphic image sensor array using a MoS2-organic het-
erostructure inspired by the human visual recognition system. 

https://doi.org/10.1038/s41467-023-37402-2
https://doi.org/10.1038/s41467-023-37402-2
https://doi.org/10.1002/adma.202302219
https://doi.org/10.1002/adma.202302219
https://doi.org/10.1007/s40820-015-0073-1
https://doi.org/10.1007/s40820-024-01330-7
https://doi.org/10.1007/s40820-024-01330-7
https://doi.org/10.1002/adma.202104878
https://doi.org/10.1002/adfm.202300343
https://doi.org/10.1002/adfm.202300343
https://doi.org/10.1002/adfm.202316290
https://doi.org/10.1002/adfm.202316290
https://doi.org/10.1002/adfm.202423880
https://doi.org/10.1002/adfm.202423880
https://doi.org/10.1002/adma.202203643
https://doi.org/10.1002/adma.202203643
https://doi.org/10.1002/inf2.70000
https://doi.org/10.1002/inf2.70000
https://doi.org/10.1038/s41467-022-31747-w
https://doi.org/10.1038/srep05796
https://doi.org/10.1038/s41467-023-36935-w
https://doi.org/10.1126/science.1111280
https://doi.org/10.1002/adma.202200481
https://doi.org/10.1002/adma.202200481
https://doi.org/10.1038/s41467-021-21404-z
https://doi.org/10.1038/s41467-021-21404-z
https://doi.org/10.1007/s40820-023-01029-1
https://doi.org/10.1007/s40820-023-01029-1
https://doi.org/10.1007/s40820-021-00740-1
https://doi.org/10.1002/smll.202102595
https://doi.org/10.1002/smll.202102595
https://doi.org/10.1002/adfm.202403091
https://doi.org/10.1002/adfm.202403091
https://doi.org/10.1109/JPROC.2023.3308088
https://doi.org/10.1109/JPROC.2023.3308088
https://doi.org/10.1038/s42256-022-00480-w
https://doi.org/10.1038/s42256-022-00480-w
https://doi.org/10.1038/s41467-023-37623-5
https://doi.org/10.1038/s41467-024-49907-5
https://doi.org/10.1038/s41467-024-49907-5
https://doi.org/10.1002/adma.202200793


	 Nano-Micro Lett.           (2026) 18:64    64   Page 28 of 28

https://doi.org/10.1007/s40820-025-01902-1© The authors

Nat. Commun. 11, 5934 (2020). https://​doi.​org/​10.​1038/​
s41467-​020-​19806-6

	152.	 B. Lyu, M. Kim, H. Jing, J. Kang, C. Qian et al., Large-area 
MXene electrode array for flexible electronics. ACS Nano 
13(10), 11392–11400 (2019). https://​doi.​org/​10.​1021/​acsna​
no.​9b047​31

	153.	 Y. Zhang, L. Wang, L. Zhao, K. Wang, Y. Zheng et al., Flex-
ible self-powered integrated sensing system with 3D periodic 

ordered black phosphorus@MXene thin-films. Adv. Mater. 
33(22), 2007890 (2021). https://​doi.​org/​10.​1002/​adma.​20200​
7890

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41467-020-19806-6
https://doi.org/10.1038/s41467-020-19806-6
https://doi.org/10.1021/acsnano.9b04731
https://doi.org/10.1021/acsnano.9b04731
https://doi.org/10.1002/adma.202007890
https://doi.org/10.1002/adma.202007890

	Two-Dimensional MXene-Based Advanced Sensors for Neuromorphic Computing Intelligent Application
	Highlights
	Abstract 
	1 Introduction
	2 Overview of MXenes
	2.1 Structure and Classification
	2.2 Fundamental Properties
	2.2.1 Optical Properties
	2.2.2 Mechanical Properties
	2.2.3 Electronic Properties

	2.3 Applications and Intelligent Devices

	3 MXenes-Based Sensors
	3.1 Photodetectors
	3.2 Pressure Sensors
	3.3 Gas Sensors

	4 Transition of Sensors to Neuromorphic Devices
	4.1 Neuromorphic Visual Systems
	4.2 Neuromorphic Tactile Systems
	4.3 Neuromorphic Olfactory Systems
	4.4 Comparative Analysis of MXene with Mainstream Memristive Materials

	5 Integration of Multimodal Intelligent Systems
	6 Outlook and Challenges
	6.1 Outlook
	6.2 Challenges

	Acknowledgements 
	References


