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ABSTRACT: The necessity for achieving high-performance and
precise detection of internal and external stimuli in physical and
biological settings has emerged as exceedingly crucial in recent
years. The exceptional electrical conductivity and high surface area
of MXenes have significantly accelerated the advancement of
flexible sensor research. Recently, MXenes have been integrated
into electrospun nanofiber structures, with researchers exploiting
these frameworks for a diverse range of applications. This article
provides an overview of the latest developments in MXene-
functionalized flexible electrospun sensors. Initially, we examined
the various flexible sensing mechanisms (such as piezoelectric/
resistive, chemoresistive, etc.), followed by an analysis of the
numerous factors that impact the electrospinning of MXene-based
composites. Subsequently, we highlight the recent areas of application for MXene-functionalized flexible electrospun sensors,
encompassing uses from wearable health monitoring to gas detection. Finally, we conclude by delineating the existing limitations and
suggesting future research directions for this technology.
KEYWORDS: MXene composites, 2D MXene, flexible sensors, electrospinning, nanofibers

1. INTRODUCTION
The rapid development of flexible and wearable electronics
demands high-performance materials with superior properties,
including high electrical conductivity, mechanical flexibility, and
chemical stability.1−5 Among the many different functional
materials, MXenes, a family of two-dimensional (2D) transition
metal carbides, nitrides, and carbonitrides, have attracted
significant interest owing to their outstanding properties.6

Synthesized by a selective etching process from the precursor,
MAX phases, MXenes were first isolated in 2011 and are
composed of metallically conductive transitionmetal carbides or
nitrides with multifunctional surface chemistry.7 The high
surface area, combined with outstanding mechanical flexibility
and record-breaking conductivity, enables MXenes to be
implemented in diverse applications, including energy stor-
age,8−11 electromagnetic interference shielding (EMI),5,12 and,
most importantly, in active/passive flexible sensing.13,14 In
addition to these, the unique surface chemistry of MXenes
allows them more suitable to be used for many purposes.15

MXenes show excellent flexibility and high electrical con-
ductivity,16 which enables them to be dispersed in organic/polar
solvents and can be readily mixed with a large number of
polymeric materials.17 All these unique attributes of MXenes

propagate the continuous development in this novel yet rapidly
developing field of flexible and wearable sensor technologies.

MXenes can drive the continuous advancement of flexible
sensor technologies. Their intrinsic properties, including high
electrical conductivity, tunable surface terminations (−OH,−O,
−F), excellent mechanical flexibility, hydrophilicity, and large
surface area, make them ideal candidates for multifunctional
nanocomposite integration.18 These features facilitate seamless
interfacing with electrospun polymer matrices, enabling
enhanced charge transport, signal sensitivity, and mechanical
compliance in wearable sensor platforms. Moreover, they have a
versatile surface chemistry that allows further advanced
functionalization and hybridization with other nanomaterials,
opening new pathways for tailored sensing mechanisms (e.g.,
piezoresistive, capacitive, or strain-based responses).19 The
expanding collection of MXene compositions (e.g., Ti3C2,
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Nb2C, Mo2TiC2) and their compatibility with solution
processing continue to inspire novel architectures and scalable
fabrication strategies.20 Thus, MXenes not only fulfill current
performance requirements but also provides a dynamic and
adaptable platform that actively fuels the next generation of
flexible and wearable sensing technologies.
Among the variety of methods for fabricating sensor

platforms, electrospinning, an extremely versatile and scalable
technique, is attracting growing concern for the fabrication of
continuous nanofibrous electrodes.21 Via this technique, a high
voltage is applied to a polymer solution to produce fine jets,
which solidify to nanofibers collected on a high-speed rotating
drum.22 These electrospun nanofibers have large surface-to-
volume ratios, porosities, and high mechanical properties, which
are essential for flexible sensing applications.21,23 WhenMXenes
are implemented into electrospun fibers, the developed
nanocomposite inherits the unique features of each counter-
part.24 Such a synergistic combination gives these nanofibers
high sensitivity, mechanical strength, and flexibility suitable for
flexible sensing applications.25 The MXene functionalized
flexible electrospun sensor interfaces can detect a wide range
of stimuli, including mechanical strain,26 pressure,27 temper-
ature28 and a wide variety of chemical species.29 In addition, they
are versatile enough to be used for health monitoring,
environmental sensing, and many more.30

Compared to other fabrication methods, electrospinning
offers a unique combination of scalability, low cost, and
compatibility with flexible substrates. While three-dimensional
(3D) printing provides high spatial control and design
complexity, it often lacks nanoscale resolution and is limited
by material viscosity and printhead precision.31,32 Dip coating
has been cost-effective and simple, but results in poor control
over film thickness and uniformity, particularly on nonplanar
surfaces. Layer-by-layer (L-b-L) assembly allows fine-tuning of
film thickness and composition, but is time-consuming and
difficult to scale up. In contrast, electrospinning enables
continuous production of nanofibrous mats with high surface
area and tunable morphology, making it highly suitable for
conformal coating of flexible and wearable devices. Furthermore,
electrospinning setups are relatively low-cost and adaptable to

roll-to-roll manufacturing, offering a practical pathway for large-
scale integration. This comparative evaluation supports the
strategic choice of electrospinning for developing MXene-based
flexible sensors.

Owing to this recent surge in flexible sensor research, several
reviews have been published in recent years to provide a
perspective on electrospun flexible sensing systems. For
instance, in early 2024, Mercante et al.33 emphasized conductive
and flexible electrospun micro/nanofiber interfaces for flexible
electronics and highlighted their prospective applications in
electromagnetic shielding, sensing, and energy storage.33 A
review by Li et al.34 in 2023 highlightedMXene-based fibers and
their diverse applications in flexible and wearable electronics.34

In another review, Chen et al.17 focused on the potential and
biomedical sensing applications of MXene-based wearable
technology.17 In addition, the potential of MXene-function-
alized electrospun nanofibers to improve the functionality of
electrochemical devices, including actuators, batteries, fuel cells,
sensors, and supercapacitors, was recently summarized in
Khademolqorani et al.’s review.35 The existing literature reviews
focus on the present advancements in wearable electronics, yet
fail to provide a succinct discussion on MXene-functionalized
flexible electrospun sensors. Therefore, there is a critical need to
document, examine, and classify the research developments in
the fast-evolving area of electrospun MXene-based flexible
sensors.

While there exist numerous reviews focusing on various
flexible sensor technologies, to the best of the authors
knowledge, there is no report on addressing the current state-
of-the-art of MXene functionalized flexible electrospun sensors.
The present review aims to critically evaluate the recent
advancements in flexible sensors based on electrospun MXene
materials. Our initial focus will be on summarizing the diverse
sensing mechanisms employed. To create flexible sensors
integrated with MXene, we will conduct a detailed analysis of
the electrospinning process for MXene/polymer composites,
exploring synthesis parameters, functionalization techniques,
and optimization strategies to enhance nanofiber properties.
Furthermore, we will explore the functionality of such flexible
sensors across different applications, highlighting their benefits

Figure 1. A scheme depicting the synopsis of the review.
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while also scrutinizing any evident limitations. It also aims to
provide insights into future directions and opportunities for
innovation inMXene functionalized flexible and wearable sensor
technologies. Figure 1 depicts the summary of the review.

2. STRUCTURE, SYNTHESIS, AND DELAMINATION OF
MXENES

MXenes are a family of 2D inorganic compounds consisting of
carbides, nitrides and carbonitrides of transition metals in the
periodic table. In order to synthesize MXenes, a layer of MAX
phase precursors is eliminated using a chemical etching
protocol.36 MAX phase is represented by its common formula
of Mn+1AXn, where “M” denotes transition elements (i.e., Sc, Y,
Ta, Hf, Cr, V, Ti, Mo, Zr), “A” represents an element from group
13 (IIIA) or 14 (IVA) (i.e., Si, Al, Ge), and “X” is either carbon
(C) or nitrogen (N). The value of n can be 1, 2, 3, or 4.37 The
precursor MAX phase has a hexagonal structure where M and X
elements are positioned in an octahedral manner.36 In early
studies,MXenes were synthesized fromTi2AlC, Ti3AlC2, V2AlC,
and Nb2AlC MAX phases.38 After the removal of A-layer, the
resultant MXenes have a common formula of Mn+1XnTx, where
Tx is depicted as a wide range of surface termination groups
(−Cl, −S, −Se, −OH, −F, −O, etc.).39 Owing to its
comparatively facile processing, Ti3C2Tx MXenes are the most
widely synthesized MXenes to date.37 Other MXenes, such as
Nb, Mo, and V-based MXenes, are also gaining popularity in
recent years.40

For synthesizing MXenes, several techniques are prevalent in
the literature. Wet chemical, hydrothermal, electrochemical, and
molten salt etching are widely utilized protocols for MXene
synthesis (Figure 2).41 The wet chemical method is the most
scrutinized route for MXene synthesis. For instance, the first
MXene, Ti3C2Tx, was isolated using 50% HF and Ti3AlC2 as
MAX phase.42 Since then, other MXenes such as Hf3C2Tx,
Ti3CNTx, Ti2CTx, etc. have been synthesized using the HF
etching method.43 However, owing to the safety concerns and
toxicity, currently, in situ HF route (minimally intensive layer
delamination-MILD) using LiF and concentratedHCl is gaining
significant popularity.44 Apart from the wet chemical method,
the electrochemical etching process involves an anode, a

cathode, and a DC bias to drive the etching process. Many
works have demonstrated the implementation of electrolytes
such as HCl, NaCl, HF, etc., to electrochemically etch MAX
phase. Using such a route, Ti2CTx, a fluorine-free MXene for the
first time, was successfully synthesized.45 Despite its straightfor-
ward nature, the electrochemical process could overetch the
MAX phase, which can disrupt the structure of MXenes.

In hydrothermal synthesis, MXenes are synthesized by
reacting MAX phases with alkali metal hydroxides (i.e.,
NaOH, KOH) at elevated temperature and pressure. Compared
to the wet chemical route, this method is scalable and does not
require toxic HF. For instance, monolayer Ti3C2(OH)2 was
synthesized using KOH at 180 °C for 24 h in an autoclave.46

Despite its scalable nature, the time and high temperature−
pressure requirements restrict its use for large-scale synthesis.
Lastly, the Lewis acid-mediated molten salt route is leveraged to
isolate MXenes from nonconventional MAX phases. Using such
route, −Cl terminated MXenes such as, Ti3C2Cl2 and Ti2CCl2
were isolated in 2019.47 In addition, MXenes without surface
termination groups and with terminal groups can be engineered
using the molten salt route, as reported by Kamysbayev et al.’s
study.48 Hence, the molten salt route provides more options for
diverse MXene applications by tuning the surface chemistry.

After the etching process, the resultant multilayered MXenes
are held together by weak van der Waals and hydrogen bonding
interactions. To achieve mono to few-layer MXene sheets,
mechanical delamination or intercalation between nanosheets is
required. While mechanical delamination provides a low yield,
the intercalation process can further weaken the interlayer bonds
and help in the facile delamination process. To date, organic
compounds (i.e., N2H4·H2O, N,N-dimethylformamide
(DMF)),49 molecules (i.e., dimethyl sulfoxide (DMSO),
water),50 and cations (i.e., Li+, H+, Al3+, etc.)51 are the widely
utilized intercalants for MXene delamination. In principle, the
delamination and intercalation rely on the type of etchant
utilized, the intercalating agent, and the sonication time. More
sonication time leads to low yield and more structural defects.52

Despite such progress in synthesis techniques, there remain
some drawbacks for Ti-based MXenes. The inability to control
surface termination groups and instability due to oxidation are

Figure 2. Scheme depicting the etching processes for MXene synthesis. Reprinted with permission from ref 35 Copyright 2023 Wiley-VCH GmbH.
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some of the prevalent problems for MXenes.53 Besides, the
smaller flakes tend to oxidize faster and have less stability
compared to larger flakes. Several strategies have been realized
to increase the stability of MXenes. Surface modification
strategies such as polyanionic salt-assisted edge-capping,
removal of oxygen from MXene colloidal solutions, and
dispersing in organic solvents are some of the key ways to
increase MXene stability and prevent oxidation.18,54

3. FLEXIBLE SENSING WITH MXENES
Since the isolation of MXene by Naguib et al.,42 the application
ofMXene-based composites has expanded. Figure 3 summarizes
the historical development of MXene-based electrospun
composites and their applications in flexible and wearable

sensing. This chapter will critically discuss the sensing
mechanisms of MXene-based polymer composites. Key
mechanisms such as piezoresistive, capacitive, piezoelectric,
triboelectric, and chemiresistive sensing principles are discussed.
3.1. Piezoresistive Sensing.The piezoresistive mechanism

functions by the resistive strain effect, which alters the resistance
or current of the sensing electrode under any mechanical stimuli
(bending, compression, etc.). When mechanical deformation
occurs, the contact area and the density of the sensing electrode
are changed. As a result, the resistance of the sensing electrode is
changed, which provides a distinguishable electrical signal for
analysis. In principle, the resistance change ( R

R
) can be

calculated using eq 1.59

Figure 3. Historical development of MXene-based electrospun composites for flexible and wearable sensing applications. Reprinted with permission
from ref 42 Copyright 2011 Wiley-VCH. Reprinted with permission from ref 55 Copyright 2017 Wiley Periodicals, Inc. Reprinted with permission
from ref 56 Copyright 2019MDPI. Reprinted with permission from ref 57 Copyright 2021 Springer. Reprinted with permission from ref 58 Copyright
2022 Elsevier Ltd.

Figure 4. Scheme depicting various sensing mechanisms. (A) Piezoresistive, (B) capacitive, (C) piezoelectric, and (D) triboelectric sensing
mechanisms. Reprinted with permission from ref 86 Copyright 2021 Wiley-VCH GmbH.
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= + +R
R

(1 2 )
(1)

where ρ is the resistivity, ν is the Poisson’s ratio, and ε is the
applied mechanical strain on the sensor electrode.
The piezoresistive mechanism is predominantly utilized in

flexible MXene-based physical sensors. To date, the piezor-
esistive mechanism has been leveraged to fabricate electrospun
MXene-based flexible strain60 and pressure sensors.61 Here, the
electrospun MXene polymer composite acts as the conductor/
sensing electrode. When mechanical strain is applied, the
electrical resistance of the nanocomposite changes and gives
electrical signals (Figure 4A). While the polymer provides the
mechanical resistance to deformation, the 2D MXene nano-
sheets contribute to the overall electrical conductivity. Owing to
mechanical deformation, such as stretching or compression
conditions, the nanosheets slide over each other, and the relative
interlayer distance between nanosheets is increased (if
stretched) or decreased (if compressed). For this reason, the
resistance is changed and a distinguishable electrical signal is
generated, which responds to the magnitude of mechanical
strain applied.62,63 By monitoring these resistance fluctuations,
MXene-based piezoresistive sensors can sense and quantify
various mechanical stimulations, such as strain, pressure, or
touch.64,65

Under increasing mechanical strain or pressure, the MXene
nanosheets and electrospun fibers undergo gradual realignment
and densification, leading to nonuniform changes in conductive
pathways. This causes the resistance to change disproportion-
ately with applied force. At low strains, initial deformation
primarily affects intersheet contact resistance, whereas at higher
strains, the breakdown or reformation of conductive networks
dominates the response. This shift in dominant conduction
mechanism leads to nonlinearity. The resistance at nanoscale
gaps between MXene sheets may follow quantum tunneling
behavior, which is inherently nonlinear with respect to the
separation distance under strain. The polymer matrix in
electrospun composites often exhibits viscoelastic properties.
This mechanism explains the time-dependent strain recovery
and hysteresis, further contributing to nonlinear electrical
behavior during loading−unloading cycles.64−68

Electrospun MXene-based flexible piezoresistive sensors offer
high sensitivity, large mechanical strain, and excellent flexibility.
However, the piezoresistive response of MXene-based flexible
sensors may be nonlinear, posing challenges in accurately
detecting mechanical deformations. Additionally, the flexible
MXene-integrated piezoresistive sensors offer limited dynamic
range, which significantly hinders their capacity to analyze a
wide spectrum of mechanical deformations.69,70

3.2. Capacitive Sensing. The capacitive sensing mecha-
nism functions by converting the applied pressure changes into a
capacitance change. The capacitive sensors consist of two top
and bottom electrodes with a dielectric layer in between. When
any mechanical deformation occurs, the distance between the
layers is changed, which results in a change in capacitance
(Figure 4B). The capacitance (C) can be calculated using eq 2.71

=C
A

D
r 0

(2)

where ϵr is the dielectric constant, ϵ0 is the relative dielectric
constant, A is the effective contact area and D is the distance
between the two electrodes. In principle, capacitive sensors are
constructed in a parallel electrode configuration. In terms of

flexible sensing, the effective geometry variation between
electrodes during deformation causes low sensitivity.

MXenes possess abundant surface terminations and high
surface area, which make their dielectric environment highly
sensitive to minor external perturbations, such as environmental
humidity, temperature fluctuations, or airborne contaminants.
These can induce unintentional variations in capacitance. The
flexible nature of electrospun substrates can lead to microscopic
variations in electrode−dielectric spacing during motion or
deformation, resulting in unstable capacitance readings and
increased signal noise. Due to their high conductivity and 2D
structure, MXenes can act as antennas for ambient electro-
magnetic fields, which may induce parasitic currents or noise in
the capacitive readout. Imperfect electrical contacts or
fluctuating interface resistance in flexible configurations can be
coupled with parasitic capacitance in the measurement circuit,
amplifying background noise.72−75

In recent years, flexible MXene-based capacitive sensor
composites have been implemented as electronic skin (e-
skin),76 pressure sensing,77 and physiological monitoring
applications. Typically, MXene-based electrospun composites
are leveraged as a dielectric layer to enhance the sensor’s
performance. For instance, Zhang et al.77 designed a thermo-
plastic polyurethane (TPU)/diazotization-modified Ti3C2Tx
nanocomposite film for capacitive pressure sensors. The
dielectric composite achieved a high dielectric constant of 817,
and the assembled capacitive pressure sensor showed a
sensitivity of 10.2 kPa−1 at a pressure range of 0−8.6 kPa.
Such sensitivity could be attributed to a large dielectric change
for a constant deformation, which enhances the sensitivity of
flexible sensors. Despite such attributes, MXene-based flexible
capacitive sensors are prone to noise interference, which impacts
their operational efficiency. Additionally, these sensors exhibit a
constrained dynamic range that limits their capacity to gauge a
broad spectrum of mechanical stimuli.
3.3. Piezoelectric Sensing. Piezoelectric sensing is based

on a unique effect shown by piezoelectric materials. The
piezoelectric effect refers to the generation of electricity upon
applied mechanical strain. Such phenomena occur owing to the
force-induced polarization within the material. The charge is
nullified when the mechanical force is removed (Figure 4C).
The polarization of the electric charge alters when the
mechanical force direction is changed. The generated charge
can be amplified and transformed into an electrical signal that is
proportional to the applied force. The flexibility (S) and the
charge density (D) of the process in a piezoelectric material can
be calculated using eqs 3 and 4.78

= +S s T EdE (3)

= +D T Ed (4)

where s is the applied mechanical strain, T is the stress, E is the
electric field intensity owing to the piezoelectric effect.
Compared to triboelectric sensing, the piezoelectric mechanism
is efficient in converting mechanical energy into electrical
energy. However, traditional piezoelectric materials are brittle
(i.e., ceramics) and have low output efficiency. Hence, designing
composite materials with enhanced mechanical attributes is
crucial in designing high-performance piezoelectric sensors.

The high conductivity of MXenes and their sharp dielectric
contrast with insulating polymers lead to strong Maxwell−
Wagner−Sillars (MWS) interfacial polarization under an
external field, increasing the effective dielectric constant.
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MXenes provide abundant surface terminations (−OH, −F,
−O), which facilitate localized charge trapping and accumu-
lation at the polymer-MXene interface, thereby increasing
surface charge density. The 2D nature of MXenes promotes fast
charge transport pathways, contributing to enhanced space
charge accumulation and dielectric response within the
composite.79−81

To design efficient piezoelectric materials, MXenes and their
composites are now widely investigated. MXenes can show a
piezoelectric effect owing to their noncentrosymmetric lattice
structure. In a study conducted by Tan et al.82 reported that
monolayer Ti3C2Tx MXene generates stable piezoelectric
voltage under dynamic strain conditions with a conversion
efficiency of 11.5%.82 Besides, surface engineering of 2D
MXenes enables them to be tuned to a noncentrosymmetric
polyatomic structure conducive to the enhanced piezoelectric
effect.83 As a result, when MXenes are implemented within
polymer composites, they synergistically increase the overall
conductivity and are conducive to enhancing the electric
polarization to improve the voltage output of the composite.
MXene-based electrospun flexible sensors can be self-powered,
generating electrical energy through mechanical action, making
them suitable for energy-harvesting applications.83 Besides,
MXene-based flexible piezoelectric sensors have the capability to
quickly respond to variations in mechanical stimuli, allowing
real-time monitoring and detection.84 Despite this, the piezo-
electric coefficient of MXene-based flexible nanocomposites is
relatively small, which impedes their capacity to generate
detectable electrical signals. Moreover, the piezoelectric
sensitivity is greatly governed by factors such as the orientation
of MXene nanosheets, flake size, surface termination, and the
interactions within the composite matrix, posing considerable
challenges in achieving consistent piezoelectric performance.85

3.4. Triboelectric Sensing. Triboelectric sensors depend
on the generation of an electrical charge due to the contact and
separation between two different materials, known as the
triboelectric effect (Figure 4D). Like capacitive sensing,
triboelectric sensors are composed of a two-electrode
configuration. For triboelectric sensing, two different electrode
materials are leveraged, where the electrodes generate charge
upon contact and separation. The charge variation generates an
electrical signal (voltage or current) that can be utilized to detect
mechanical stimuli such as pressure or vibration. The voltage
output (V) can be calculated using eq 5.87

= +V
Q
C

VOC (5)

where Q is the charge transfer quantity, C is the capacitance
between two layers, and VOC is the voltage generated by friction
charge polarization. However, the surface wear can lead to poor
and unstable performance. Hence, investigating new materials
for triboelectric sensing is crucial.

To develop high-performance self-powered sensors, MXene-
based electrospun composites have been investigated recently.
The high electronegativity of the MXene surface and the
mechanical flexibility of MXenes allow their use in flexible
triboelectricity-directed self-powered sensors. MXenes are
typically fabricated as a highly electronegative composite
tribolayer in flexible self-powered sensors since the integration
of MXenes in polymers enhances the surface charge density and
dielectric constant. For instance, Bhatta et al.88 incorporated
MXene nanosheets within PVDF nanofibers, which increased
the surface charge density of the composite by 80% and boosted
the dielectric constant by 270%. Additionally, triboelectric
sensing can be used to detect a wide range of mechanical stimuli,
including pressure, touch, and motion. However, MXene-based
flexible triboelectric sensors often exhibit low sensitivity, which
can limit their ability to detect small changes in mechanical
stimuli. Furthermore, these sensors can be susceptible to noise
interference, which can affect their performance.
3.5. Chemiresistive Sensing. Chemiresistive sensors are

constructed by employing a sensing material deposited onto a
substrate, which is connected to detection instruments to
measure any change in the sensing material. The function of
such a sensor is to detect fluctuations in the electrical resistivity
of the sensing material while in an environment filled with target
analytes. The performance of chemiresistors is analyzed by
testing the selectivity, sensitivity, and stability of the sensing
material in a contaminated environment. For flexible chemir-
esistive sensors, researchers investigate key features such as
sensing layer thickness, material fabrication, flexibility, self-
operation, and sensor electrode design.89

To design chemiresistive sensing platforms, low-dimensional
materials with high surface area, mechanical flexibility, and high
conductivity are desired. MXenes are gaining considerable
attention for chemiresistive sensing owing to their high surface
area, electrical conductivity, and surface functional group
tunability. The high surface area and the presence of tunable
functional groups on MXene-based electrospun composite
surfaces make them highly sensitive to the presence of gases,
vapors, or bioanalytes.90 Typically, the chemical species is
adsorbed on the surface terminations of MXene-based
composites, which generates a detectable electrical signal. For
example, Yu et al.91 explored the chemiresistive sensing

Figure 5. Chemiresistive sensing mechanism of MXene-based composites for NH3 detection. (A) Interaction with air. (B) Interaction with NH3.
Reprinted with permission from ref 91 Copyright 2023 Elsevier B.V.
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mechanism of Ti3C2Tx−SnO2 composite for NH3 sensing and
reported that the composite showed high selectivity in air and
NH3 environment (Figure 5A,B). When NH3 molecules were
adsorbed onto the oxygen of SnO2, the Schottky barrier was
reduced between Ti3C2Tx and SnO2. As a result, a decrease in
the channel resistance was observed and detected for analysis.91

Chemiresistive sensors utilizing MXene-based composites
demonstrate high sensitivity to specific chemical species,
allowing precise detection and monitoring for volatile organic
compounds (VOCs), environmental monitoring, and wearable
electronics. Moreover, their tunable surface terminations allow
these sensors to identify a wide range of chemical analytes.

Table 1. Summary of Key Sensing Mechanisms

sensing
mechanism

measured
parameter stimuli type benefits limitations application area references

piezoresistive electrical
resistance

pressure, bending, and
stretching

low-cost and
easy to
fabricate

delayed response healthcare monitoring, E-skins, and
human-machine interactions

92,93

capacitive capacitance pressure, touch, or strain low power
requirement

geometry-dependent and
small response range

soft robotics, E-skins, healthcare
monitoring

94,95

piezoelectric generating electric
charge/voltage

pressure, force, vibration, and
bending

self-powered
capability

low power output self-powered sensor, structural health
monitoring, energy harvesting

96,97

triboelectric generating electric
charge/voltage

friction, rubbing, vibration,
impact, pressure, and bending

self-powered
capability

surface wear self-powered sensor, vibration and
impact sensing, soft robotics

98,99

chemiresistive electrical
resistance

chemical species (liquid/gas) low-cost and
small form
factor

low selectivity and
environment-dependent

gas sensing, environmental
monitoring

89,100,101

Figure 6. (A) Viscosity comparison of pristine polymer and MXene-loaded polymer solutions. (B) Conductivity comparison of pristine polymer and
MXene-loaded polymer solutions. Reprinted with permission from ref 55 Copyright 2017Wiley Periodicals, Inc. (C) (i−iii) SEM images and diameter
distribution of P@M-1 nanofibers. (D) (i−iii) SEM images and diameter distribution of P@M-2 nanofibers. Reprinted with permission from ref 109
Copyright 2019 Elsevier B.V.
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However, challenges arise due to oxidation in a humid
environment, which renders these composites with a low service
time. Table 1 shows the comparison and application areas of
sensing mechanisms.

4. ELECTROSPINNING OF MXENE FUNCTIONALIZED
NANOFIBERS

A polymer solution must be prepared for electrospinning
MXene-polymer composites. After which MXenes are dispersed
into the polymer solution and sonicated to achieve a
homogeneous dispersion. The MXene-polymer solution will
then be utilized for electrospinning MXene functionalized
composites.55,102 We will focus on the role of various factors
affecting the electrospinning of MXene-functionalized nano-
fibers. Factors such as polymer selection, MXene loading,
solvent selection, and varying electrospinning parameters
significantly affect the properties of MXene functionalized
electrospun composites.
4.1. Polymer Selection. The type of polymer used has a

significant role in governing the morphology of MXene-based
electrospun nanocomposites. To date, polyurethane (PU)
variants,103,104 polyvinylidene fluoride (PVDF),105 poly(vinyl
alcohol) (PVA),106 polyacrylonitrile (PAN),107 and nylon-
6,6108 have been utilized to fabricate MXene-based electrospun
composites for flexible sensing. The polymer used has a critical
role in determining not only the viscosity and conductivity of the
polymer solution but also the fiber diameter and crystallinity of
the electrospun composites. For instance, Mayerberger et al.55

conducted an in-depth analysis of the effect of polymer type on
the fiber morphology of the electrospun MXene-polymer
composites. Figure 6A,B depicts the viscosity and conductivity
of pristine polymer and MXene-loaded polymer solutions. The
group fabricated Ti3C2Tx/poly(acrylic acid) (PAA), Ti3C2Tx/
poly(ethylene oxide) (PEO), PVA, and Ti3C2Tx/alginate/PEO
via an electrospinning process with a Ti3C2Tx loading of 1 wt.%.
It was found that Ti3C2Tx/PEO composite achieved a 20%
reduction in fiber diameter (419 to 335 nm), attributed to the
increased conductivity (973.6%) and viscosity (11%) of the
spinning dope. PVA−Ti3C2Tx, in contrast, exhibited a limited
conductivity increase (6.2%) and an 8.7% rise in viscosity in the
spinning dope, resulting in thicker fibers (573−762 nm) due to
stronger hydrogen bonding. PAA−Ti3C2Tx had minimal
viscosity change but a 38.9% fiber diameter reduction (298−
182 nm), indicating weaker polymer-MXene interactions and
limited solution conductivity. Alginate/PEO−Ti3C2Tx saw a
10.1% viscosity drop but a 34.6% conductivity rise in solution
conductivity, contributing to fiber uniformity. Such results
clearly indicate the need to select the proper polymer to fabricate
electrospun MXene/polymer composites.
4.2. MXene Loading. The characteristics and functionality

of the resultant nanofibers are significantly influenced by the
loading of MXene nanosheets into the polymer solution during
electrospinning. It was found that MXene loading can affect the
nanostructure, smoothness and diameter distribution of the
nanofibers. Gao et al.109 experimented with PAN-MXene
nanofibers and investigated the role of MXene loading on the
nanostructures of nanocomposite fibers. The group prepared
PAN-Ti3C2Tx MXene nanofibers by doping the polymer
solution with 0, 25, 50, 100, and 400 μg of MXene and denoted
the obtained nanofibers as P@M-1, P@M-2, P@M-3 and P@M-
4, respectively. It was found that at small MXene loading (for
P@M-1 and P@M-2), the diameter distribution was not
significant, had an average diameter of 122 and 116 nm for

P@M-1 and P@M-2. Besides, the resultant fibers were smooth
and bead-free (Figure 6C,D). However, as the MXene loading
increased to 400 μg, the diameter increased to 120 nm (P@M-
4), and the diameter distribution was also wider. Additionally,
the fibers were not smooth and noticeable beaded structures
were found. Such phenomena could be attributed to the
aggregation of MXene nanosheets, which increased the
roughness and diameter of the nanofibers. This study indicates
that engineering MXene-based nanofibers with moderate
MXene loading could improve nanofiber structure, while
excessive loading could lead to rough nanofibers with
inconsistent diameter distribution.
4.3. Solvent Selection. The technique and characteristics

of the final nanofibers produced via electrospinning MXene-
based nanofibers are significantly influenced by the solvent used.
To create a homogeneous solution, the solvent must first
successfully dissolve the polymer and disperse MXene nano-
sheets. While MXenes show relatively low zeta potential (−39.5
to−63mV) at neutral pH in water, most of the polymers utilized
cannot be dissolved in water. To mitigate this issue, a number of
polar organic solvents have been introduced to the spinning
dope for fabricating electrospun MXene nanocomposites. To
date, DMF,110 acetone,105 water,106 formic acid,111 tetrahy-
drofuran (THF),103 and sodium dodecyl sulfate (SDS)112 have
been utilized for preparing electrospinning polymer solutions. In
addition, solvents with elevated boiling temperatures and low
vapor pressure typically produce greater viscosities and impact
jet formation and fiber shape.113

The choice of solvent plays a crucial role in determining the
conductivity and viscosity of the electrospinning solution,
directly affecting jet stability, Taylor cone formation, and fiber
alignment. A solvent with higher conductivity (i.e., DMF,110

THF,103 etc.) can improve fiber uniformity, while one with
optimal viscosity (1425−2375 cP55) ensures smooth flow
during electrospinning of MXene-based nanofibers.55 Addition-
ally, the evaporation rate of the solvent significantly impacts
MXene-based fiber formation−faster evaporation helps elimi-
nate residual solvent quickly, reducing bead formation and
enhancing fiber structure. To achieve a homogeneous dispersion
ofMXene within the polymermatrix and prevent agglomeration,
the solvent must be carefully chosen for its compatibility with
MXene suspensions. Beyond processing considerations, safety
and environmental impact are equally important. Selecting a
solvent with low toxicity, minimal volatility, and reduced
hazardous fume emissions helps mitigate health risks and
environmental harm, ensuring a safer and more sustainable
electrospinning process.55 Using solvents with low toxicity,
minimal volatility, and reduced hazardous fume emissions
directly mitigates both occupational health risks and environ-
mental impact. Low-toxicity solvents reduce the likelihood of
skin irritation, respiratory issues, or long-term health complica-
tions for researchers and workers during handling and
processing. Minimal volatility limits the evaporation of harmful
vapors into the workspace, lowering the need for aggressive
ventilation and decreasing atmospheric emissions. Furthermore,
solvents with reduced hazardous fumes are generally easier to
contain, recover, and dispose of, aligning with green chemistry
principles and regulatory safety standards.
4.4. Electrospinning Parameters. The electrospinning

parameters for MXene/polymer composites are meticulously
optimized to enhance fiber morphology, electrical conductivity,
and mechanical flexibility�critical attributes for flexible sensing
applications.114,115 The electrospinning nozzle gauge, typically
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ranging from 21 to 22 G, is carefully selected to ensure uniform
fiber formation while maintaining a stable jet ejection for
polymer solutions incorporating MXene nanosheets. The
electric field strength, which varies between 10 kV and 26 kV,
plays a crucial role in forming continuous fibers with minimal
bead defects.57,116 Higher voltages (>20 kV) promote extensive
fiber stretching, resulting in finer nanofibers with enhanced
electrical conductivity, which are particularly advantageous for
strain and pressure sensing applications. In contrast, moderate
voltages (∼15 kV) contribute to maintaining uniform fiber
thickness, ensuring consistent performance across various
sensing applications.106

The tip-to-collector distance, typically set between 10 and 20
cm, is carefully controlled to optimize solvent evaporation and
fiber deposition. A shorter distance (∼10 cm) facilitates rapid
deposition, which is beneficial for the formation of thicker
sensing layers, whereas a longer distance (∼20 cm) allows for
improved solvent evaporation, minimizing structural defects
that may compromise electrical performance in wearable or
stretchable sensors.107,111 Similarly, the flow rate, which ranges
from 0.2 μL/s to 2 mL/h, is a determining factor in fiber
diameter and porosity, both of which directly impact the
sensitivity and response time ofMXene-based composite flexible
sensors.108 Lower flow rates (∼0.2−0.3 μL/s) facilitate the
formation of ultrafine, highly porous nanofibers suitable for
capacitive and resistive sensing, while higher flow rates (∼2 mL/
h) contribute to the development of uniform conductive
networks, which are ideal for strain and humidity sensing
applications.104

The collector type significantly influences fiber orientation
andmechanical flexibility, both of which are essential for sensors
that experience mechanical deformations such as bending and
stretching. Stationary aluminum foil is commonly utilized to
achieve random fiber deposition, promoting isotropic electrical
conductivity, whereas rotating drum collectors (400−2800
rpm) induce fiber alignment, which is particularly beneficial for
anisotropic strain sensors requiring directional conductiv-
ity.103,104 Additionally, the relative humidity (RH), which varies
from 30% to 97% RH, plays a crucial role in determining fiber
morphology. Controlled humidity levels below 40% contribute
to the formation of smooth, uniform fibers with stable electrical
properties, whereas elevated humidity levels (>90%) introduce
nanoporosity, thereby enhancing sensor sensitivity, particularly
in humidity and gas sensing applications.107,110 Lastly, the
temperature, generally maintained at room temperature (RT) or
25 °C, ensures consistent solvent evaporation, mitigating phase
separation effects that could otherwise degrade the mechanical
and electrical properties of the sensing material.57

By systematically tuning these electrospinning parameters,
MXene functionalized electrospun composites can achieve
superior electrical conductivity, mechanical flexibility, and
environmental stability, making them highly suitable for
advanced flexible sensing applications, including wearable
electronics, human motion detection, and environmental
monitoring. Table 2 provides a detailed overview of the
electrospinning process for fabricating MXene-functionalized
electrospun composites.

5. MXENE FUNCTIONALIZED ELECTROSPUN
SENSORS

In recent years, flexible sensors have gained tremendous
popularity owing to the recent progress in wearable and portable
technology.118 The unique surface chemistry of MXene allows it

to be an excellent reinforcing material for nanofiber spinning,
and such a nanocomposite electrode acts as an effective interface
for flexible sensing applications. MXene-based flexible electro-
spun sensors are being investigated in various settings and
applications, including piezoresistive,119 strain,120 self-pow-
ered,116,121 biomonitoring,112 and as optical sensors.122 The
ability of MXene-functionalized electrospun sensors to detect a
broad range of stimuli stems from the synergistic integration of
two key material systems: (1) the high surface area, electrical
conductivity, and tunable surface terminations of MXenes, and
(2) the porous, flexible, and mechanically adaptive nature of
electrospun fiber networks.123 MXenes provide a highly
conductive and responsive sensing layer that can effectively
transduce mechanical, thermal, or chemical signals into
electrical outputs. Their surface functionalities (e.g., −OH,
−F, −O) allow for selective interaction with environmental
species, enabling sensitivity to humidity, gases, or biomolecules.
Meanwhile, electrospun fibers enhance the mechanical deform-
ability and surface-to-volume ratio of the composite, allowing
the sensor to respond efficiently to pressure, strain, and
temperature fluctuations.124,125 Together, this hybrid interface
supports multiple sensing mechanisms, including piezoresistive,
capacitive, and chemiresistive responses, making the platform
inherently multimodal and capable of detecting a variety of
physical, chemical, and biological stimuli.126

MXene-based electrospun sensors can be functionalized
through multiple strategies to enhance their performance and
tailor them for specific sensing applications. One common
method is surface functionalization, where functional groups
such as −NH2, −COOH, or −SH are introduced onto MXene
surfaces to improve selectivity and chemical interactions.
Polymer blending is another approach, where MXenes are
incorporated into electrospinnable polymers (e.g., PVDF, PEO)
to modulate electrical and mechanical properties. Nanoparticle
decoration involves attaching metal or metal oxide nanoparticles
(e.g., Ag, Au, ZnO) to enhance sensitivity or add catalytic
functionality. L-b-l assembly allows construction of multilayer
architectures with alternating materials, optimizing charge
transport and sensor stability. Lastly, doping or cross-linking
agents can be used within the polymer matrix to adjust
conductivity and sensing behavior. These diverse functionaliza-
tion pathways make MXene-based electrospun sensors highly
versatile platforms for detecting physical, chemical, and
biological stimuli.127−130 This chapter will summarize the recent
state-of-the-art MXene-integrated flexible electrospun sensors in
these diverse applications and evaluate their performance
parameters in such settings.
5.1. Strain Sensors. MXene-based strain sensors are

thoroughly investigated and used in numerous applications,
including automation, human-machine interface, health mon-
itoring, electronic screens, and artificial skins.71,131−133 Recently,
MXene functionalized flexible strain sensors produced by the
electrospinning technique have attracted significant attention
owing to their enhanced scalability and ease of fabrication.134,135

Typically, to fabricate high-performance MXene-based electro-
spun strain sensors, an elastomer is employed, which acts as the
stretchable layer while highly conductive MXenes and other
nanofillers are decorated onto the electrospun elastomeric
nanofibers. In the current literature, drop-casting,112 spray
coating,136 electrostatic spraying,110 and vacuum filtration,117

are the dominant techniques to deposit MXene nanosheets onto
the elastomeric nanofibers to develop MXene-based strain
sensors. The elastomeric nanofiber network works as a structural
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support for conductive nanofillers (i.e., MXenes) and is able to
withstand larger deformations. In recent years, variants of PU,110

PVDF,105 and styrene−butadiene styrene (SBS),117 are some of
the common elastomeric polymers utilized repeatedly to
fabricate MXene-decorated flexible strain sensors.
While compositing with polymers is a great strategy to

combine MXenes into electrospun nanofibers, decorating pre-
existing stretchable nanofibers with an MXene coating has been
leveraged repeatedly by different research groups. For example,
Fang et al.110 designed a flexible MXene/thermoplastic
polyurethane (TPU)-based strain sensor by adopting a unique
sandwiched structure. The group first electrospun a TPU layer,
followed by the electrostatic spray deposition (ESD) of Ti3C2Tx
MXene onto the TPU nanofibers. Finally, another TPU
encapsulation layer was electrospun onto the MXene sensing
layer, rendering a novel sandwiched structured strain sensor.
The strain sensor showed stable performance even after 1000
cycles of cyclic loading at 10% strain. Besides, the unique
sandwiched structured sensor increased the active strain
detecting range by 72%.110 Li et al.136 also pursued this strategy
and fabricated electrospun MXene/PU strain sensors. The
group first electrospun a PU nanofiber membrane, which was
further functionalized with MXene nanosheets by a simple spray

coating. The as-fabricated strain sensor was highly stretchable
and achieved an extremely high gauge factor of 1000 and a wide
sensing range up to 270%. This is because the porous network
topology of the sensor composite allowed such high sensitivity
and wide-range strain detection during dynamic membrane
stress.136

Levitt et al.108 developed Ti3C2Tx infiltrated-PU nanoyarn
strain sensors by a modified bath electrospinning technique.
Instead of using a traditional drum collector, an aqueous
dispersion of MXene was leveraged as the collector and as a
coagulation bath. The as-fabricated yarn strain sensor
demonstrated a 60% strain sensing range under repetitive
stretching and was highly sensitive up to 20%−50% strain
(gauge factor (GF) was ≈17), which could be used for body
movement monitoring.108 In 2022, Dong et al.104 fabricated a
binary structured 2D strain sensor by electrospinning TPU
nanofibers and vacuum filtering MXene and carbon nanotube
(CNT) solution through the nanofiber membrane (Figure 7A).
The TPU skeleton retained mechanical flexibility while the
CNT layer and MXene nanosheets synergistically enhanced
electrical conductivity. The 2D strain sensor demonstrated an
outstanding GF of almost 2911 and an operating strain range of
up to 330% (Figure 7B−C). Besides, the sensor demonstrated

Figure 7. Fabrication and performance of electrospun MXene/CNTs/TPU strain sensors. (A) Protocol for preparing MXene/CNTs/TPU
nanofibers. (B,C) Relative resistance of MXene/CNTs/TPU nanofibers as a function of dynamic strain and time. Reprinted with permission from ref
104 Copyright 2022 American Chemical Society.
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excellent stability even after 2600 cycles of cyclic strain (50%
strain).104 Using cellulosic materials in composites can act as a
building block for sensing applications.137,138 For example,
Taromsari et al.117 assembled an SBS-based multimodal strain
sensor by decorating the SBS nanofiber surface with MXene/
graphene nanoplatelets (GnPs)/cellulose nanocrystals (CNCs)
following a combined strategy of vacuum filtration and
ultrasonic-assisted atomization. The combination of GnPs and
MXene demonstrated a synergistic relationship between the
two, resulting in high GF (400 at 100% and 76.1 at 10% strain,
respectively) and high sensitivity even at lower strain ranges
(low detection limit of 0.25% and a short response time of 10
ms). Besides, the addition of CNCs to this composite improved
the hydrogen bonding and regularity betweenMXene andGnPs,
enabling the sensor to withstand more than 2000 bending cycles
at 100% strain. Such a sensor also demonstrated outstanding
performance in monitoring various physiological signals.117

5.2. Pressure Sensors.With the ever-increasing demand for
portable and wearable electronics, pressure sensors have found
numerous applications from electronic skins to continuous
healthcare monitoring. Electrospun MXene composite pressure
sensors respond to any physical deformation through changing
resistance owing to their high conductivity and the transition
metal backbone.56,139 Increasing the MXene loading signifi-
cantly improves the pressure sensitivity.56 Many works have

been reported on various types of electrospun MXene-based
flexible piezoresistive pressure sensors. For instance, piezor-
esistive pressure sensors operate poorly when there is
insufficient dispersion or polarization in the electrospun
composite. To address this issue, Liu et al.61 fabricated flexible
BaTiO3/MXene/poly(vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE) nanocomposites by electrospinning, where
MXene nanosheets enhanced BaTiO3 dispersion, leading to
improved polarization and elevating the piezoelectric perform-
ance. The as-fabricated pressure sensor delivered a wide
detecting range (0.2−400 kPa), quick response (56 ms), and
enhanced sensitivity. Besides, the sensor’s piezoelectric perform-
ance remained stable for up to 5000 compression cycles. Such a
sensor exhibited a high prospect as an e-skin for human motion
monitoring. Engineering the microstructure of nanofiber webs is
an ingenious technique to realize high-performance flexible
pressure sensors. For instance, Bi et al.140 fabricated highly
oriented PU/PAN nanofiber webs (OETPN) by increasing the
collector rpm to 2800. The as-fabricated OETPN was further
spray-coated with MXene nanosheets to act as the active layer.
The MXene-coated OETPN was assembled with interdigital
electrodes functionalized with silver nanowires (AgNWs) to
obtain the final pressure sensor. The as-fabricated pressure
sensor demonstrated a high sensitivity of 6.71 kPa−1 and was
able to operate at a wide sensing range of up to 700 kPa. Such

Figure 8. Fabrication and performance parameters of MXene/ZIF-67-PAN nanofiber-based pressure sensors. (A) Scheme depicting the preparation
of MXene/ZIF-67-PAN nanofibers. (B,C) Sensor sensitivity in response to dynamic finger deformations. Reprinted with permission from ref 107
Copyright 2022 American Chemical Society.
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performance could be attributed to the highly oriented
microstructure of OETPN, which effectively enhances the
overall sensitivity of the pressure sensor. The flexible sensor was
also able to monitor radial artery, carotid artery, and speech,
showing prospects in healthcare monitoring.140

Continuous point-of-care systems heavily rely on wireless
biomonitoring of human physiological signals and spatial
pressure distributions with negligible environmental impacts.
One ingenious strategy is to develop a pressure sensor with
degradability and breathability. Chao et al.111 pursued this
approach and fabricated a silk fibroin (SF)-based biodegradable
and breathable pressure sensor by electrospinning SF nanofiber
membrane, which was further functionalized withMXene by dip
coating. The MXene/protein composite pressure sensor
achieved a high sensitivity of 298.4 kPa−1, a wide sensing
range (up to 39.3 kPa) and a quick response/recovery time.
Besides, the pressure sensor showed stable performance after
10,000 cycles of loading−unloading at 70% strain.111 Fu et al.107

designed an ultrasensitive pressure sensor using a PAN
nanofiber membrane. After electrospinning of PAN nanofibers,
ZIF-67 and MXene nanosheets were decorated onto the
nanofiber surface via an in situ embedment and drop coating
technique (Figure 8A). The assembled highly flexible pressure
sensor showed high sensitivity (62.8 kPa−1), wide sensing range
(0−100 kPa), and excellent stability (over 10,000 cycles of
loading−unloading). The polydimethyl siloxane (PDMS) and
copper electrode-supported flexible pressure sensor was
implemented for the detection of human body motion,
including elbow bending, finger motions, and wrist pulses
(Figure 8B,C).107 Aside from robust support, PDMS was also
utilized in fabricating nature-inspired microstructure engraving
for pressure sensor applications. For instance, Yan et al.106

leveraged ginkgo leaf as a template to engrave a unique bionic
microstructure on PDMS films, which was functionalized by
MXene nanosheets with a facile spray coating. Then, the PVA
nanofibrous membrane with an interdigital architecture was
electrospun, and the MXene functionalized PDMS film was
assembled onto the membrane to achieve the final pressure
sensor. The ginkgo leaf-inspired protuberances were highly
squishy, and with the increase in pressure, the contact area
increases, which in turn enhances the overall sensitivity of the
pressure sensors. The assembled pressure sensor demonstrated a
wide operating range (0−18 kPa), an ultrahigh sensitivity of
403.46 kPa−1, a fast reaction time of 99.3 ms, and remarkable
durability with 12,000 pressure cycles. The pressure sensor
showed high prospects in human physiological signal detection
and also in human−computer interactions.106

5.3. Gas Sensors. Identification and measurement of
gaseous species, such as (CO, NO, CO2, NO2, NH3, H2S,
NH3, H2, CH4, N2, andO2) and VOCs are crucial for monitoring
air quality, emissions, and for ensuring industry safety.141−143

Electrospun MXene thin nanocomposites are highly favored for
gas sensing applications because of their active zones,
conductivity, variable surface chemistry, and exceptional
durability.90,141,144,145 Compared to drop casting, vacuum
filtration, and dip coating, MXene nanocomposite films
produced by the electrospinning are thinner, resulting in a
superior surface area with enhanced gas-detecting capabil-
ities.78,146

MXene coating onto electrospun flexible nanofiber mem-
branes works as an efficient gas-sensing element to detect NH3.
For instance, Sardana and Mahajan147 prepared a cellulose
nanofibrous membrane by electrospinning cellulose acetate

(CA) polymer. TheMXene aqueous solution was then drop-cast
onto the cellulose nanofiber (CNF) membrane to achieve the
final MXene/CNF gas sensor composites. The as-fabricated
sensor exhibited a high selectivity toward NH3, excellent sensing
response even at an ultralow concentration of 5 ppm, and a faster
response−recovery rate of 42/69 s.147 Apart from coated gas
sensors, MXene-based self-powered gas sensors were also
reported. For instance, in a 2022 study, Sardana et al.116

leveraged electrospun MXene/PVA nanofibers (electronegative
layer) and CA nanofibers (triboelectric layer) to act as
triboelectric nanogenerators, which could seamlessly power
MXene/TiO2/C-NFs heterojunction-based gas sensor to detect
NH3 with excellent sensitivity (1−100 ppm). MXene/TiO2/C-
NFs composites were assembled utilizing a facile vacuum
filtration technique. TheMXene-based TENGprovided a power
density of ∼1361 mW/m2 at 2 MΩ. Besides, the chemiresistive
sensor showed a high selectivity toward NH3, outstanding
reproducibility, and an enhanced response/recovery time (76 s/
62 s) at ambient temperatures.116

In recent years, electrospun transition metal oxide fibers
(TMOs) have gained considerable popularity in fabricating
MXene-based gas-sensing nanocomposites. In order to electro-
spin TMOs, polyvinylpyrrolidone (PVP) is repeatedly com-
bined with numerous TMOs to achieve the desired TMO
nanofibers. The as PVP-assisted TMO nanofibers were then
subjected to hydrothermal or electrostatic self-assembly to
fabricate the gas-sensing composites. For instance, Ma et al.148

leveraged the electrospinning technique to prepare ammonium
heptamolybdate ((NH4)6Mo7O24)/polyvinylpyrrolidone
(PVP) nanofibers, which were subsequently calcinated and
mixed with aqueous MXene solution. The composite solution
was used as an ink that was coated onto an electrode system
using an l-b-l approach to detect highly toxic trimethylamine
(TMA) gas. The nanocomposite sensor showed excellent
selectivity, ultralow detection limit, and fast response rate (10
s/7 s).148 Similarly, Xie et al.149 first electrospun In2O3/PVP
nanofibers and prepared In2O3/MXene composites by an
electrostatic self-assembly technique. The In2O3/MXene
composite gas sensors showed a stable response at lower
concentrations (50 ppm of TMA), achieved a fast response/
recovery rate (4/3 s), low functioning temperature (120 °C),
and excellent selectivity.149 Leveraging a similar approach, in
early 2024, Sun et al.150 and in later months the same group,151

in 2023 Gasso and Mahajan152 reported ZnSnO3/ZnO/
Ti3C2Tx MXene, LaFeO3/Ti3C2Tx MXene, and SnO2/MXene
gas sensors to detect acetone, formaldehyde, and NO2,
respectively.

MXene-based gas sensors are also investigated to detect
VOCs. VOCs must be recognized since they contribute to air
pollution. For instance, Yuan et al.112 first electrospun a hybrid
nanofiber membrane with a 3D porous architecture consisting of
PVA and polyetherimide (PEI) onto a flexible interdigital Au
electrode. The PVA/PEI assembly was further modified with
MXene nanosheets by a simple drop-casting technique to
achieve the final gas-sensing element. The as-fabricated gas
sensor was highly selective toward various VOCs (acetone,
methanol, ethanol) at the ppb level. The gas sensor also offered
enhanced sensitivity (0.10−0.17 ppm−1), a fast response-
recovery rate (less than 2 min), and a wide sensing range (ppb
to saturated vapor). The VOC sensor proved incredibly resilient
(no degradation for 1000 bending cycles). Such high perform-
ance is highly conducive to detecting and remedying VOCs in
the atmosphere.112 Apart from coated gas sensors, polymer
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composite gas sensors have also been reported in recent years.
For instance, Cheng et al.71 fabricated a PAN/Co2+/Ti3C2
MXene composite nanofibers by an electrospinning technique.
The divalent Co ion acted as a template to grow ZIF-67
following a hydrothermal reaction, which was thermally
annealed into Co3O4 to further increase the surface area (Figure
9). The obtained Ti3C2 MXene/Co3O4/CNFs nanocomposite
demonstrated enhanced 4-aminophenol (4-AP) sensitivity, was
highly selective, offered a wide sensing range (0.5 to 150 μM),
and an ultralow detection limit of 0.018 μM was reported.71

The performance of VOC sensors is influenced by several
critical variables. Sensitivity determines the sensor’s ability to
detect low concentrations of VOCs, while selectivity ensures
accurate identification of specific VOCs in the presence of
interfering gases. Response time and recovery time reflect how
quickly the sensor reacts to VOC exposure and returns to its
baseline state. The limit of detection defines the minimum
detectable concentration. Operating temperature affects ad-
sorption and desorption behavior, impacting sensor accuracy.
Humidity tolerance is important, as moisture can interfere with
sensor output. Stability and repeatability represent the sensor’s
long-term consistency and performance over multiple cycles.
The surface area and porosity of the sensing layer enhance VOC
adsorption. Finally, electrical conductivity or capacitance
governs signal transduction. These parameters collectively
determine the sensitivity, reliability, and applicability of VOC
sensors for real-world environmental or biomedical monitor-
ing.124,153−155

5.4. Self-Powered Sensors. In order to power micro-
electronic devices by generating electricity from the surrounding

environment, a variety of energy harvesting methods, including
piezoelectric, electromagnetic, and triboelectric, have recently
been investigated. Based on these phenomena, triboelectric
nanogenerators (TENGs) and piezoelectric nanogenerators
(PENGs) coupled with an MXene-based sensing system are
becoming increasingly popular in self-powered electronic
devices owing to their lightweight nature, high-power density,
and accessibility.156−159 While there remain many strategies to
fabricate self-powered sensors, MXene-integrated electrospun
sensors with an energy harvesting unit have been gaining
considerable attention in the past few years (2021−2024). This
is because improved power production efficiency is ensured
owing to electrospun nanofibers large surface area and pores.160

By electrospinning a high-performance flexible poly(vinyl
alcohol) (PVA)/MXene composite nanofibers film, Wang et
al.57 fabricated a self-powered humidity sensor. These
composite nanofibers were later inserted onto flexible poly-
ethylene terephthalate (PET)-supported MoSe2 PENG, which
was able to produce a peak output of 35 mV and a power density
of 42 mW/m2 scavenging energy from different parts of the
human body. Such a self-poweredMXene-based sensor achieved
a fast response-recovery time (0.9/6.3 s), a low hysteresis
(1.8%), and outstanding repeatability.57 Abreast of Ti3C2Tx
MXene, other MXene variants are implemented to fabricate self-
powered flexible sensors. For instance, Faruk et al.81 fabricated a
novel V2CTx MXene-based self-powered pressure sensor for
simultaneous biomechanical energy harvesting and real-time
human activity monitoring. The electrospun V2CTx/poly-
(vinylidene-fluoride-co-hexafluoropropylene) (PVDF-HFP)
(VPCN) nanofibers worked as an electronegative layer owing

Figure 9. VOC detection with flexible MXene-based electrospun sensors. (A) Protocol for fabricating electrospun Ti3C2 MXene/Co3O4/CNFs gas
sensors. (B) 4-AP detection performance at varying concentrations and its corresponding calibration curve. Reprinted with permission from ref 71
Copyright 2023 Elsevier Ltd.
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to MXene’s abundant surface terminations. In addition,
integrating V2CTx within the PVDF-HFP nanofiber architecture
improved the charge trapping capability as well as enhanced the
dielectric constant. When combined with electrospun PEO
nanofibers, the VPCN-TENG delivered a peak power density of
18.20 W/m2. The assembled VPCN-TENG was further
investigated as a self-powered pressure sensor to monitor
human activity, which achieved a high sensitivity of 25.17 V/kPa
(1−42 kPa) (Figure 10).81

PVDF and its copolymers are dominant in fabricatingMXene-
based TENG/PENG-driven self-powered sensors. For example,
Pan et al.161 leveraged near-field electrospinning to implement
AgNPs and Ti3C2Tx MXene into PVDF nanofiber architecture.
The assembled nanocomposite exhibited outstanding piezo-
electric performance when an external force was applied (peak
voltage 5−15 V). The light-emitting diode (LED) demon-
strations revealed the potential of PVDF/AgNP/MXene
nanofibers in simultaneous energy harvesting and powering
microelectronic systems.161 In another work, Rana et al.162

fabricated PVDF-TrFE/MXene nanocomposite fibers to detect
human motions. The as-fabricated PVDF-TrFE/MXene nano-
fibers worked as an electronegative tribolayer since the
implementation of 10 wt % MXene into PVDF resulted in
enhanced surface charge density and dielectric constant.
Coupled with an electropositive nylon-11 nanofibrous mat,
the assembled self-powered sensor achieved a power density of
4.02 W/m2 at 6 Hz, an enhanced sensitivity of 1 V/kPa, and
excellent repeatability (up to >20,000 cycles). The fabricated
self-powered sensor was able to control home appliances by just
detecting human motion.162 Apart from PVDF and its

copolymers, other functional polymers are also utilized for
fabricating MXene-based self-powered sensors. For instance,
Wang et al.163 developed a CNT/MXene-based self-powered
pressure sensor coupled with solar cells and microsupercapaci-
tor (MCS) unit, all integrated onto an electrospun poly-
(styrene−ethylene/butylene−styrene) (SEBS) flexible film.
After electrospinning of CNTs-SEBS film, the MXene aqueous
solution was vacuum filtered to achieve the CNTs/SEBS-
MXene nanocomposites for self-powered pressure sensing. The
as-fabricated sensor showed a GF ranging from 286 to 36,406, a
fast response-recovery time (87.60 ms/87.62 ms), and an
excellent cyclic stability after 10,000 cycles of bending/release.
The high sensitivity of the sensor allowed capturing the facial
microexpressions of humans and word detection.163

5.5. Electrochemical Sensors. Electrospun 2D MXene
composites have good electrical conductivity, novel surface
chemistry, and mechanical robustness, making them suitable for
electrochemical sensing applications.164 The electrochemical
sensors are utilized for detecting different organic and inorganic
chemical compounds in various sectors such as pharmaceuticals,
biomedical, clinical, and food industries. Despite such potential,
the reports on MXene-based electrochemical sensors fabricated
via an electrospinning technique remain scarce. In recent years,
however, research on MXene-functionalized electrochemical
sensors fabricated by electrospinning has been advancing and
gaining considerable attention. MXene-based electrospun
electrochemical sensors have now been widely implemented
to detect numerous bioanalytes, drugs, and persistent environ-
mental pollutants.58,165

Figure 10. (A) VPCN-TENG-supported wearable belt worn by a human being and its corresponding sensor responses toward various human activities
(walking, running, and jumping). (B) Human posture monitoring with VPCN-TENG-supported wearable belt during sitting and cycling. Reprinted
with permission from ref 81 Copyright 2024 Elsevier Ltd.
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Combining electrospun TMO fibers with MXene remains an
effective strategy for fabricating TMO-functionalized MXene
nanocomposite electrochemical sensors. For instance, leverag-
ing the unique one-dimensional (1D) architecture of TMO
nanofibers and 2DMXene nanosheets, Ranjith et al.166 prepared
MXene-FeWO4 nanohybrid for the detection of Rutin
(3′,4′,5,7-tetrahydroxy-flavone-3-d-rutinoside) (RTD). The
group first electrospun FeWO4 nanofibers by mixing TMO
precursors with PAN and poly(methyl methacrylate) (PMMA)
at a ratio of 60/40. The electrospun FeWO4 nanofibers were
further combined with Ti3C2Tx nanosheets following a
hydrothermal route to assemble the final MXene-FeWO4
nanocomposite electrochemical sensors with a 2D-1D archi-
tecture. The as-prepared nanocomposite sensor achieved an
outstanding linearity (4−147 nM) at an ultralow limit of
detection (LOD) of 0.42 nM and an enhanced sensitivity of
0.3799 μA/nM cm2 for detecting RTD electrochemically. The
catalytic characteristics of the composite were enhanced when
promoter flaws were present in its micro/nanostructure. This

showed remarkable precision in the RTD detection of human
blood. In a later study, the same group adopted the previous
approach by combining MnMoO4 with MXenes.167 The group
fabricated MnMoO4 nanofibers by mixing PAN and PMMA
with transition metal precursors. The MnMoO4 nanofibers and
MXene nanosheets were further fabricated into MnMoO4−
MXene nanocomposites by a simple hydrothermal method. The
unique interface produced by 1D MnMoO4 nanofibers and 2D
MXene nanosheets within the nanocomposite delivered a broad
sensing range (5−65 nM) and an ultralow detection limit for
hydroquinone (0.26 nM) and catechol (0.30 nM). The
assembled electrochemical sensor was highly conducive to
detecting hazardous pollutants in industrial wastewater.167

Apart from traditional electrochemical sensors, MXene-based
electrospun sensors are finding applications as aptasensors to
detect dangerous toxins. For instance, Al-Dhahebi et al.58

developed an ultrasensitive electrochemical aptasensor based on
PVDF/MXene electrospun nanofiber membrane to detect
Ochratoxin A (OTA). The nanocomposites were further

Figure 11. MXene-based electrochemical sensors for detecting OTA. (A) Schamatic illustration depicting the fabrication and sensing mechanism of
APTES functionalized MXene/PVDF aptasensors. (B) Selectivity toward OTA, (C) Analytical performance of APTES-modified Ti3C2Tx/PVDF
sensors to detect OTA. Reprinted with permission from ref 58 Copyright 2022 Elsevier Ltd.
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functionalized with (3-Aminopropyl) triethoxysilane (APTES),
and OTA aptamer was immobilized onto the nanocomposite
surface (Figure 11A). The synergistic combination of PVDF and
MXene nanosheets was proficient in acting as an electro-
chemical redox probe, which enhanced the aptamer-OTA
interactions. The as-prepared MXene-based electrochemical
sensor achieved high selectivity and an enhanced sensitivity of
LOD of 2.15 fg/mL and a limit of quantification (LOQ) of 6.52
fg/mL while maintaining a wide linear detection range from 1
fg/mL to 1 ng/mL (Figure 11B,C). Such a high selectivity and
sensitivity of such sensors opens up a potential platform for
detecting OTA in food and beverages.58

In addition to the electrochemical detection of bioanalytes,
MXene-based electrospun electrochemical sensors are also
leveraged for environmental monitoring applications. For
example, Taromsari et al.168 leveraged coaxial electrospinning
to fabricate SBS/cetrimonium bromide (CTAB) nanofibers for
electrochemical NH3 gas detection. The SBS/CTAB nanofibers
were further coated with graphene nanoribbons (GnR) and
MXene to achieve the final 3D-structured electrochemical
sensing unit. The hybridization of GnRwithMXene elevated the
bandgap from 2.72 to 3.51 eV, which enhanced the NH3 gas
sensing capabilities. In addition, the sensor achieved a wide
sensing range (40 ppb−6000 ppm) owing to the high specific
surface area of the nanocomposites. The presence of GnR/
MXene active sites imparted sensitivity under bending with
strong environmental stability, making the sensor appropriate
for wearable applications.168

5.6. Photothermal Sensors. Photothermal sensing is a
technique in which materials convert absorbed light�typically
in the near-infrared (NIR) region, into localized heat, enabling
temperature detection through the resulting thermal response.
MXenes, especially Ti3C2Tx, are highly effective photothermal
agents due to their strong broadband optical absorption, high
thermal conductivity, and efficient light-to-heat conversion.
When incorporated into flexible substrates or polymer matrices,
MXenes enable precise light-triggered thermal sensing. For
instance, under NIR irradiation, the photothermal effect causes a
rapid and localized increase in temperature, which can be
monitored using thermoresistive elements or infrared detectors.
This property allows for remote, noncontact temperature
sensing with fast response times, making MXene-based
photothermal sensors suitable for wearable health monitoring,
thermal mapping, and on-skin diagnostics. Zong et al.169

developed a multifunctional hydrogel sensor by combining
MXene-coated silk nanofibers with poly(vinyl alcohol), leading
to a uniform conductive network. It showed high tensile strength
(5.07 MPa), large strain range (700.6%), high sensitivity (gauge
factor 8.2), and electrical conductivity (1.64 S/m). It enabled
physiological sensing, speech recognition, and photothermal
heating to 82.8 °C. Tang et al.170 developed a conductive Janus
nanofiber composite by layering MXene/chitosan and MXene/
polyurethane nanofibers to create asymmetric wettability. It
showed rapid unidirectional water transport (10 s) and
antigravity water movement (18 s). The material demonstrated
excellent durability, photothermal response, temperature

Figure 12. (A) (i) Normalized electromagnetic field distribution on MT3 and MTA samples. (ii) Infrared thermal images of MT3 and MTA sensors
before and after 530 nm light irradiation (200 s intervals). Schematic illustration of NO2 sensing mechanism (iii) without and (iv) with 530 nm light
exposure. Reprinted with permission from ref 171 Copyright 2024 Elsevier B.V. (B) Schematic of MXene-based TENG electronic skin patch (TESP):
(i) fabrication using MXene/gelatin hydrogel, (ii) NIR-assisted wound healing, and (iii) working mechanism of wearable TESP. Reprinted with
permission from ref 172 Copyright 2024 Elsevier B.V. (C) MXene-based photothermal-therapy epidermic sensor (i) Sensing performance of the
wearable sensor on a volunteer’s wrist before photothermal therapy, (ii) Wrist bending under 808 nm NIR irradiation with corresponding IR thermal
images, and (iii) Sensing performance after photothermal heating and therapy. Reprinted with permission from ref 173 Copyright 2023 Elsevier Ltd.
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sensing, and flexibility, making it ideal for smart wearable
electronics.
A plasmonic photothermal strategy was developed by Hu et

al.171 to overcome the poor sensitivity and sluggish response of
MXene-based gas sensors at room temperature. A Ti3C2Tx/
TiO2/Au (MTA) heterostructure was synthesized, where Au
nanoparticles enhance light absorption and localized heating via
the localized surface plasmon resonance (LSPR) effect. Under
530 nm light irradiation, the MTA sensor demonstrated a
significantly improved response to 1 ppm of NO2�7.6× and
2.34× higher than Ti3C2Tx/TiO2 and MTA in dark,
respectively. Infrared imaging confirmed a localized temperature
rise due to photothermal conversion. Finite-Difference Time-
Domain simulations revealed strong electric field enhancement
near Au nanoparticles (NPs), facilitating photocarrier gener-
ation and accelerating gas-sensing reactions. The combined
effects of hot electron injections, increased adsorption/
desorption kinetics, and localized lowering of the activation
energy improve sensitivity, selectivity, and response/recovery
times (Figure 12A). Mao et al.172 developed a self-powered
photothermal triboelectric skin patch (TESP) based onMXene/
gelatin hydrogel to enhance wound healing. The MXene
provided excellent conductivity and photothermal conversion,
while gelatin offered flexibility and phase-transition capability.
At 10% MXene content, the TESP generated peak outputs of
163.7 V and 8.1 μA under 60 N force at 2 Hz and retained
performance after 6000 cycles. Upon 808 nm NIR irradiation,
TESP reached 58.3 °C in 500 s, accelerating cell migration in
vitro and boosting re-epithelialization and collagen formation in
vivo. On Day 5, the TESP + NIR group showed a re-

epithelialization rate of 76.2%, outperforming all controls. On
Day 10, collagen deposition increased to 60.3%. Additionally,
the TESP served as a motion sensor, producing a 5.8 V signal
upon finger contact (Figure 12B).

Electronic sensor developed by Chao et al.173 using aMXene/
AgNW-based nanofiber network demonstrated excellent photo-
thermal properties for integrated health monitoring and therapy.
Upon exposure to 808 nm near-infrared (NIR) light, the sensor
exhibited efficient photothermal conversion, enabling localized
heating suitable for on-demand therapy. The temperature rise
was tunable by adjusting light power density (0.25−1.5W/cm2)
and monitored using infrared thermal imaging (Figure 12C).
This photothermal effect enhances antibacterial performance
and accelerates wound healing by promoting blood flow and
tissue regeneration. Additionally, the sensor simultaneously
enables strain sensing, making it ideal for dual-mode
functionality�thermal treatment and physiological signal
detection. The ability to combine light-triggered heating with
electrical sensing in a soft, wearable form factor provides a
powerful tool for real-time diagnostics, therapy, and recovery
tracking. Moreover, tunable surface terminations can further
enhance interfacial heat transfer and compatibility with
polymers. Challenges in this sensing system include maintaining
long-term photothermal stability and minimizing signal drift
during repeated irradiation cycles.
5.7. Biosensors. Owing to MXene’s surface termination,

electrical conductivity, and enhanced biocompatibility, this
unique 2D material has found numerous applications in
wearable biosensing and bioelectronics.174,175 Numerous
variants of MXene have been demonstrated to be nontoxic to

Figure 13. Electrospun MXene nanocomposite fabric toward real-time lactate detection from human sweat. (A) Scheme depicting the real-time
monitoring of lactate while running. (B) Lactate detection test set up. (C,D) Cyclic performance of MXene-based lactate sensors. Reprinted with
permission from ref 181 Copyright 2023 Elsevier B.V.
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living organisms. Early transition metals such as tantalum (Ta),
niobium (Nb), and titanium (Ti) have shown relatively inert
behavior toward living cells. Recent studies have also confirmed
that MXenes can degrade within the living body, highlighting
their biocompatibility and potential for biomedical applica-
tions.176−178 Owing to their exceptional properties, MXenes
have found applications in a wide range of biological fields. They
are being used in biosensing, bioimaging, disease diagnosis, and
therapeutics. Additionally, MXenes show promise in implants
and even as antibacterial agents, making them a versatile tool in
healthcare and medicine.179−181 In this context, MXene-based
biosensors fabricated by the electrospinning technique have
been gaining considerable popularity among other sensing
platforms.
MXene-based electrospun composites have been employed in

wound management and real-time biochemical sensing
applications. For instance, Zizhou et al.182 fabricated an artificial
vascular graft by leveraging 2D MXene (Ti3C2) nanosheets
embedded in PMMA/PDMS nanofiber composites. The group
reported that the resultant composites showed less cytotoxicity
at 20 wt % of MXene. Besides, the graft was stable even after
being exposed to physiological environments.182 In another
study, Shen et al.181 leveraged electrospinning to fabricate
polyvinyl formal (PVF)-based sweat sensing interface function-
alized with MXene nanosheets and conductive poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS). The PVF/MXene/PEDOT: PSS and PVF/PEDOT:
PSS nanofibers were further assembled into fiber-based organic
electrochemical transistors (FECTs) for real-time lactate
detection from human sweat (Figure 13A). The PVF/MXene/
PEDOT: PSS-based FECT had a good linear correlation with
lactate concentration and achieved a high sensitivity of 0.442
NCR/decade. Besides, the fabricated sweat sensor offered a
wider sensing range of 1 nM-100 mM, ultrafast response time (5
ms), and outstanding reproducibility (Figure 13B−D). Such
enhanced performance could be attributed to the high specific
surface area of PVF nanofibers, along with the elevated
conductivity contributed by MXene and PEDOT: PSS. The
incorporation ofMXene ensured the stability of PEDOT: PSS to
the PVF nanostructures and synergistically increased the
sensitivity of the flexible sensor by improving redox kinetics at
the interface.181

MXene functionalized electrospun composites can be
employed as a multiscale sensing platform for detecting a
range of physical and chemical biosignals. Sharifuzzaman et
al.121 leveraged an electrospun MXene/fluoropolymer nano-
fiber-integrated composite electrodes for human sweat glucose
monitoring, pH detection, and real-time electrocardiogram
(ECG) recording. After electrospinning MXene/fluoropolymer
composites, the mat was carbonized using a CO2 laser, which
resulted in a thermal activity-induced inhomogeneous gen-
eration of TiO2 nanoparticles on the 3D structure. The
fabricated sweat-sensing soft bioelectrode achieved a sensitivity
of 77.12 μA/mm cm2 within the physiological range of 10 μM to
2 mM. Besides, it also achieved an ultralow detection limit of 10
μM with a linear range of 10 μM to 2 mM, appropriate for
detecting glucose from human sweat. Additionally, the electrode
showed a pH sensitivity of −55.89 mV/pH within an accurate
pH sensing range of 3−9. It can also monitor ECG signals with
an SNR of 37.63 dB during static and 21.69 dB for dynamic
activity, respectively.121

In addition to multifunctional biosensing platforms, interest
has been rising in fabricating biodegradable MXene-based

electrospun sensing composites. For instance, Huang et al.183

developed a polylactic acid (PLA)/MXene sensing composite
for wearable biomonitoring and investigated its biodegrad-
ability. After electrospinning PLA nanofibers, MXene nano-
sheets (concentration-5−20mg/mL) were coated onto the PLA
mat to achieve the biomonitoring electrode for wrist pulse
detection and speech recognition. The fabricated pressure
sensor from the composite electrode achieved a high sensitivity
of 5.37 kPa−1 with a fast response time (98 ms). Besides, the
composite sensor was highly durable, achieving 6000 cycles of
loading and unloading at 50 kPa with minimum signal deviation
(<3.4%). In addition, the MXene/PLA composite showed
efficient degradation in 1 wt % sodium carbonate solution (pH =
11.6). Such accelerated degradation can be attributed to the
MXene coating, which improved the water absorption and was
conducive to bond hydrolysis.183 Table 3 summarizes the
applications of MXene functionalized electrospun composites
for flexible sensing applications.

6. SUMMARY, CHALLENGES, AND PERSPECTIVES
We have critically summarized the synthesis and classification of
MXenes, flexible sensing mechanisms, electrospinning process
factors, and last, the various application fields of MXene-based
electrospun nanocomposites for flexible sensing applications.
Tremendous progress has been made in the field of MXene-
based electrospun flexible and wearable sensors. While there
remainmanyMXene variants, to date, Ti3C2Tx remains themost
widely adopted MXene for fabricating electrospun flexible
sensors. In terms of flexible sensing, the piezoresistive,
capacitive, and piezoelectric principles govern the functions of
strain and pressure sensors. In contrast, triboelectric and
chemiresistive principles govern the functions of self-powered
sensors, biosensors, and electroschemical sensors, respectively.
As for the electrospinning process, polymer type, MXene
loading, solvent used, and electrospinning parameters (voltage,
distance, drum speed, etc.) affect the nanostructure (diameter,
surface area) of the fabricated MXene-based fibers. Lastly, we
critically summarized and reported the state-of-the-art applica-
tion of such nanofibers in a myriad of flexible sensing
applications, such as pressure, strain, gas, self-powered, photo-
thermal, electrochemical, and biosensors.

Although MXene-based electrospun nanocomposites in
flexible sensing research are expanding, such composites face
some significant drawbacks for real-world applications. For
instance, current MXene synthesis (i.e., HF etching) is
expensive and detrimental to the environment. Besides, MXenes
tend to agglomerate in polymer dispersion and thus reducing
conductivity and mechanical reinforcement. In addition, the
cost and accessibility of the final MXene-based flexible sensors
also impose additional challenges on the sensors design,
fabrication, and implementation. Besides, MXenes tend to
degrade and oxidize over time in humid and high-temperature
environments. Owing to the reactivity of the transition metal
(M) layer with oxygen and water molecules, stable metal oxide
(i.e., TiO2) and amorphous carbon form at the edges and defect
sites, decreasing the conductivity. As a result, the cyclic stability
and reliability of such flexible sensors in these environments are
not applicable for long-term applications. Apart from this, the
overall sensing performance of MXene-based flexible sensors is
not satisfactory. Taking the MXene-based flexible pressure
sensor as an example, the sensors have comparatively low
response times and narrow detection limits. MXene-based gas
sensors, on the other hand, suffer from low selectivity and
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sensitivity and often fail in humid environments. As for
electrochemical sensors, the long-term stability of such devices
is not sufficient for practical applications. Lastly, the breath-
ability and wearability of such sensors are often overlooked in
the studies, which makes it challenging to integrate them into
real-world applications. Figure 14 illustrates the summary,
challenges, and future research directions of MXene-based
electrospun nanocomposites for flexible and wearable applica-
tions.

To mitigate the drawbacks faced by the MXene-based
electrospun flexible sensors, several strategies could be realized.
For example, a greener synthesis route should be employed for
MXene synthesis. The synthesis process controls the defects and
the lateral dimension of MXene nanosheets, which ultimately
affects the sensor performance. It is speculated that more studies
relating to the sustainable synthesis of MXenes will be focused
on in the future. Currently, research on electrospun flexible
sensors predominantly focuses on Ti3C2Tx MXenes, with
limited studies exploring other MXene compositions. It is
anticipated that future research will focus on other MXene
variants for flexible sensing applications beyond Ti3C2Tx. While
most studies focus on single-nozzle electrospinning, it is
speculated that more work will be reported on advanced
electrospinning techniques such as coaxial electrospinning, near-
field electrospinning, and 3D electrospinning to fabricate
MXene-based nanocomposites. In addition, future efforts will
be focused on combining artificial intelligence (AI)-driven smart
flexible sensing technologies. Although the majority of studies
investigate the fabrication and performance of flexible sensors,
they do not adequately report on the safety and wearability
aspects of flexible sensors. Hence, future endeavors will likely
concentrate on the wearability and biocompatibility of wearable
sensors.

Given their susceptibility to environmental oxidation, it is
crucial to develop strategies to mitigate MXene degradation.
Surface passivation using antioxidant molecules (e.g., ascorbic
acid, tannic acid) or organic ligands can effectively suppress
oxidation by forming a protective barrier against oxygen and
moisture.197 Polymer encapsulation, where MXenes are
embedded within hydrophobic or semipermeable electrospun
matrices (e.g., PVDF, TPU), can limit exposure to ambient
conditions while preserving mechanical flexibility and signal
responsiveness.198 Additionally, controlled storage under inert
atmospheres or refrigeration significantly delays oxidation
during fabrication and handling. Advances in MXene synthesis,
such as the MILD route or fluorine-free etching methods, also
contribute to greater structural stability. Finally, hybridization
with stable nanomaterials (e.g., graphene, carbon nanotubes)
can create synergistic composites with enhanced durability and
performance.199−201 These strategies, individually or in
combination, are promising paths to address future challenges
related to the oxidation and environmental degradation of
MXene-based electrospun sensors. Despite such progress, it is
challenging to fully prevent MXenes from oxidizing. Future
research should focus on the oxidation mechanism and prevent
the partial/full oxidation of MXenes.

Long-term operational stability is essential for the practical
deployment of MXene-based flexible sensors, particularly in
wearable or continuous monitoring systems. Despite their
excellent initial performance, MXene-based composites are
susceptible to degradation under environmental stressors such
as humidity, oxygen, mechanical fatigue, and temperature
variations. Prolonged exposure often leads to oxidation,T
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delamination, or loss of conductivity, compromising sensing
reliability. Several studies have proposed strategies to mitigate
these issues, including encapsulation with hydrophobic
polymers, structural reinforcement using stable nanofillers
(e.g., graphene), and chemical modification of MXenes to
enhance resistance to ambient degradation.123,150,202−204 Addi-
tionally, cyclic loading and fatigue tests are increasingly reported
to evaluate mechanical and electrical durability over extended
periods. While promising, more systematic and standardized
stability assessments are needed across different sensing
platforms. Emphasizing long-term reliability alongside sensitiv-
ity and selectivity is crucial for advancing MXene-based sensors
toward commercial viability and real-world application.
The issues of biocompatibility and toxicity will be decisive in

the question of the safe application of MXene-based flexible
sensors in wearable applications.205,206 Prolonged skin contact,
exposure to bodily fluids, or implantation scenarios may pose
risks due to potential ion leaching, oxidative degradation, or
immune response. Functionalization of MXene surfaces with
biocompatible polymers or coatings (e.g., PEG, chitosan) has
been shown to improve safety profiles. However, long-term in
vivo studies are still lacking, and regulatory approval pathways
remain undeveloped. Comprehensive toxicological studies are
essential before clinical or commercial deployment. Strategies
include surface functionalization and rigorous biocompatibility
assessments, and the researchers are working rigorously to make
the entire loop more biocompatible. Meanwhile, improving the
detection limits and selectivity of flexible MXene sensors
requires further development of sensor design and detailed
investigation of the complex interaction between the MXene-
based electrospun composites and analytes. Despite current
hurdles, MXene-based electrospun nanocomposites possess
significant potential for widespread applications for designing
next-generation wearable and flexible electronics. With con-
tinued research, flexible MXene-based electrospun nano-

composites could bridge the gap between lab-scale innovation
and commercial adoption in healthcare, soft robotics, and smart
textiles.
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