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Abstract

Sensing devices are key nodes for information detection, processing, and conversion
and are widely applied in different fields such as industrial production, environmental
monitoring, and defense. However, increasing demand of these devices has compli-
cated the application scenarios and diversified the detection targets thereby promot-
ing the continuous development of sensing materials and detection methods. In
recent years, Ti, . ,C T, (n=1, 2, 3) MXenes with outstanding optical, electrical, thermal,
and mechanical properties have been developed as ideal candidates of sensing materi-
als to apply in physical, chemical, and biological sensing fields. In this review, depend-
ing on optical and electrical sensing signals, we systematically summarize the appli-
cation of Ti,, ., C, T, in nine categories of sensors such as strain, gas, and fluorescence
sensors. The excellent sensing properties of Ti,;C\T, allow its further development in
emerging intelligent and bionic devices, including smart flexible devices, bionic E-skin,
neural network coding and learning, bionic soft robot, as well as intelligent artificial
eardrum, which are all discussed briefly in this review. Finally, we present a positive
outlook on the potential future challenges and perspectives of MXene-based sensors.
MXenes have shown a vigorous development momentum in sensing applications and
can drive the development of an increasing number of new technologies.

Keywords: Ti,C.T, (=1, 2, 3) MXenes, Sensing applications, Intelligent devices

Introduction

In the information age, sensing is a key technology for information collection, detec-
tion, and analysis that is widely used in defense [1], disaster relief [2], medical diagno-
sis [3], environmental monitoring [4], ocean exploration [5], industrial production [6],
food safety [7], and so on. Conventional sensors can be used to detect certain biological
interactions, chemical reactions, or physical variables. These sensors can detect changes
in the detection target and convert them into electrical, optical, thermal, or other eas-

ily detected signals for transmission, processing, and storage. An ideal sensor should
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have the following characteristics: high sensitivity, outstanding selectivity, low detection
limit, good stability/durability, and fast response time. However, the complexity of the
detection environment, the diversity of detection targets, and the requirements for high
sensitivity, fast response, and durability have promoted the renewal and development of
sensing materials.

In recent years, Ti,,C, T, (n=1, 2, 3) MXenes have been developed as one of the most
ideal candidates for sensing owing to their large specific surface areas, excellent mechan-
ical stability, outstanding electrical conductivity, and good hydrophilicity [8, 9]. MXenes
have an octahedral structure composing an ordered combination of transition metal
atoms and C/N atoms, where the C/N atoms are located at the center of the octahe-
dron formed by the transition metal atoms [10]. Ti;C,T,, one of the most representative
MXenes, comprises two layers of carbon atoms sandwiched between three layers of tita-
nium atoms, forming a sandwich structure [11-13]. Compared with other two-dimen-
sional (2D) materials, MXenes offer the following advantages in sensing applications:
1) the large specific surface area [8, 14] can provide adequate surface area for loading
the target. Moreover, etched MXene materials exhibit an accordion-like structure, and
intercalation with urea, hydrazine hydrate, or metal ion salts can further expand the
interlayer spacing and increase the space for biological and chemical reactions [15]. 2)
The abundant surface functional groups endow MXenes with good hydrophilicity, ena-
bling achievement of selective detection of specific targets through modification [16].
3) TiyC, T, has metal-like properties with electrical conductivity as high as 4600 S cm™!
[17]. 4) MXenes have stable structures, and modified MXenes have strong oxidation
resistance; they can withstand various conditions, such as strong acidity, strong alkalin-
ity, high humidity, high salinity, and high temperatures [18, 19].

There are numerous MXene-based sensors, which can be divided into two types, opti-
cal and electrical, depending on the sensing signal. In this review, we present and dis-
cuss the synthesis routes, important properties, sensing applications, and prospects of
Ti,,,C, T, (n=1, 2, 3) MXenes. Ti;C,T, is the earliest MXene material discovered and
successfully fabricated, which represents the rise of MXenes. Among all MXene mate-
rials, Ti;C,T, is the most extensively studied, including preparation methods, physical
properties, application fields, etc. Therefore, this review only summarizes the sensing
applications of Ti;C,T, MXene and its allotrope Ti,CT,.

First, several mainstream approaches for synthesizing Ti,, ,C T, (n=1, 2, 3) MXenes
are discussed [13, 20], such as hydrofluoric acid (HF) etching, LiF-HClI etching, and alka-
line etching. Second, we discuss the excellent physical, chemical, and biological proper-
ties of MXenes, such as good chemical stability, outstanding electrical conductivity, and
abundant surface functions. Third, nine types of optical and electrical sensors, based on
Ti,,C, T, (n=1, 2, 3) nanosheets (NSs) and quantum dots (QDs), in the fields of biol-
ogy, chemistry, and physics are presented (Fig. 1) [11, 21-26], namely surface plasmon
resonance (SPR), gas, fluorescence, surface-enhanced Raman scattering (SERS), colori-
metric, electrochemical, temperature, humidity, and pressure/strain sensors. Among
these MXene-based sensors, SPR, colorimetric, SERS, and fluorescence sensors use opti-
cal signals as detection methods; thus, they are classified as optical sensing technologies.
Gas, pressure/strain, temperature, humidity, and electrochemical sensors use electri-
cal analysis signals, and hence, they are classified as electrical sensing technologies. In
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Fig. 1 Schematic diagram of MXene sensing application areas: from biological, chemical, and physical
detection to intelligent and bionic devices [11, 21-26]. Copyright 2021, American Chemical Society.
Copyright 2020, American Chemical Society. Copyright 2016, Wiley-VCH. Copyright 2019, Wiley-VCH.
Copyright 2020, Springer Nature. Copyright 2022, Elsevier. Copyright 2019, Elsevier

addition to their applications in conventional fields, MXene-based sensors can also be
used in frontier technological fields, such as intelligent sensing, bionic robots, neural
network coding, and intelligent artificial eardrum. The discussion presented in this sec-
tion is a gist of this review, and it is discussed in detail in the subsequent sections. Lastly,
this review proposes some potential future applications of MXenes and their modifi-
cations such as human-machine interfaces, smart sensing, and sensing applications of
high-entropy MXenes. All in all, MXene is currently a new type of sensing material that
has attracted extensive attention due to its excellent physical and chemical properties.
Here, we provide a comprehensive review of MXene sensors based on optical and elec-
trical principles, and believe that this review can provide guidance for the development
of MXene materials in the field of sensing technology.

Fabrication and characterization of 2D Ti,, . ,C T,

MXene, an emerging type of 2D material, is fabricated using the M, _,AX  (n=1, 2, 3)
phase as a precursor to selectively remove ‘A’ by etching while retaining the ‘M’ and ‘X’
layers (Fig. 2). Typically, ‘A’ is an element of group IIIA or IVA, which is mainly Al or Si.
‘M’ is usually a transition metal element, and ‘X’ is C or N. The MXene NSs obtained
after MAX phase etching exhibit a large number of surface functional groups (-O, —OH,
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Fig. 2 The chemical elements contained in the M, ,;AX, (n=1, 2, 3) phases [30]

and —F), which are represented by T,. Ti;C,T, is the most representative candidate
among MXenes, it was successfully fabricated using chemical etching in 2011 [13]. They
extracted Al from the MAX phase of Ti;AlIC, and achieved 2D Ti;C,T, layers. In etch-
ing, approximately 10 g of Ti;AlC, powder is added to a 50% concentrated HF solution
(100 mL), followed by etching at room temperature for 2 h. The resulting suspension
was washed and centrifuged several times with deionized water. The fabrication pro-
cess of 2D Ti,C,T, is presented in Fig. 3(a) [27]. After the Ti;AlC, powders were etched,
exfoliated Ti;C,T, flakes were obtained through sonication. Figure 3(b) shows the SEM
image of Ti;AlC, powders before HF etching, which is the typical MAX phase [28]. After
HF etching, the morphology of the as-prepared Ti;C,T, with Al removed is shown in
Fig. 3(c) [28], which indicates an accordion-like structure of Ti;C,T,. After sonication,
the Ti;C, T, flakes fall off from the accordion-like structure, forming an independent 2D
atomic layer (Fig. 3(d) and (e)) [29]. The etching of Ti ,;AlC, by the HF solution is rep-
resented using the following chemical reactions [28]:

n+1

Tin+1A1C, + 3HF = A1F3 + 1.5H,Tiy+1Cy (1)
Tin+1Ch + 2H20 = Tin4+1Cna(OH), + Hp (2)
Tin+1Cn + 2HF = Tip4+1CrF2 + Hy (3)

The 2D Ti ,,C T, (n=1, 2, 3) obtained by HF etching had surface groups (-O, —OH,
and —F) attached to the outermost Ti atoms. The HRTEM image showing the atomic
arrangement of bilayer Ti;C,T, and its corresponding atomistic model are presented in
Fig. 3(f) [13], which clearly shows the existence of surface groups. The unit cell param-
eters of Ti;AlC, and Ti;C,T, obtained by density functional theory (DFT) calculations
are listed in Table 1. The interlayer spacing and equiangular lattice spacing of Ti,CT,
were approximately 9.82 A (Fig. 3(g)) [31] and 2.54 A (Fig. 3(h)) [32], respectively, which
matches well with the results obtained by density functional theory (DFT) calcula-
tions (Table 1) [13]. Moreover, there is another form of Ti,CT, (T =-0, —-OH, and -F)
in Ti,,C,T,, and its fabrication method differs, mainly in terms of the HF concentra-
tion and the reaction time. To fabricate Ti,CT,, Al is removed from the Ti,AlC powders
using a 10% concentrated HF solution; the reaction lasts 10 h, and the reactant is washed
several times.

High-yield production methods of high-quality Ti ;C T, are influenced by the
synthesis routes used. Direct concentrated HF etching is an efficient method for
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Fig. 3 a Flow chart of etching Ti;AIC, powders to obtain exfoliated 2D Ti;C, T, layers

Sonication

[27]. Copyright 2017,

Elsevier. b Typical SEM image of Ti3AIC2 powders before HF etching [28]. ¢ The SEM image obtained after the
removal of ‘Al'by HF etching [28]. Copyright 2019, American Chemical Society. d SEM and e TEM images of
the exfoliated 2D Ti3C2Tx flakes after sonication [29]. Copyright 2020, American Chemical Society. f HRTEM
image of bilayer Ti3C2Tx and its corresponding atomistic model [13]. Copyright 2011, Wiley-VCH. g HRTEM
image showing the exfoliated 2D Ti3C2Tx after sonication, and the interlayer spacing is characterized to

be 9.82 A [31]. Copyright 2018, Wiley-VCH. h HRTEM image of Ti3C2Tx with an equiangular lattice spacing

of ~2.54 A, which matches well with the result obtained by DFT calculation (Table 1) [32]. Copyright 2018,

Wiley-VCH

Table 1 Unit cell parameters of Ti;AlIC, and Ti;C,T, obtained by the DFT calculations [13]

Unit Cell Parameters (A)

Volume change

Formula a=b 4

Ti5AIC, (Exp.) 3.080 18415 -
Ti;AIC, 3.058 18.554 -

Ti5G, 3.048 15.006 -19%
Ti;C,(OH), 3.059 19.494 +5%
Ti;GF, 3.019 21.541 +16%

fabricating 2D Ti,,C T,; however, it causes harm to humans and the environment.

Therefore, other alternative low-risk and environmentally friendly etching routes

have been developed (Fig. 4(a)) to avoid the direct use of concentrated HF [33], such
as in-situ HF etching [34—36], alkaline etching [37-39], and Lewis acid molten salt
etching [40, 41]. These approaches can effectively avoid or reduce the direct use of
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Fig.4 (a) Recent developments in methods of synthesizing Ti3C2Tx [33]. (b) Synthesis of Ti3C2Tx flakes by
in-situ HF etching [36]. Copyright 2011, Wiley-VCH. (c) The supercritical exfoliation method for high-yield
manufacture of MXenes [48]. Copyright 2023, Elsevier

HEF, while successfully yielding Ti,;C T,. Among these methods, using a mixture of
HCI and LiF for in situ HF etching is the most widely used method, which was pro-
posed by Ghidiu et al. [35] Ti;C,T, was synthesized by immersing Ti;AlC, in a LiF-
HCIl solution, with a LiF to Ti;AlC, molar ratio of 5:1. The preparation of MXenes by
HF etching requires an additional step of inserting organic molecules, such as amines
[42, 43] and dimethyl sulphoxide (DMSO) [44], while for LiF-HCI etching, Ti, ,C, T,
can be layered immediately by ultrasonic treatment in water [35, 36]. Lipatov et al.
modified the route proposed by Ghidiu and proposed increasing the molar ratio of
LiF to Ti;AlC, to 7.5:1, thus eliminating the ultrasonic layering step (Fig. 4(b)) [36].
Schematics of the LiF-HCI etching method is presented in Table 2. In addition to

LiF, other fluoride salts, such as KF, NaF, FeF,, CaF,, and CsF, can also be used for
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Table 2 Routes based on LiF-HCl etching [36]

Routes Molar ratio Etching time Sonication
Ti;AIC,: LiF: HCI

Route proposed by Ghidiu et al. 1:5:11.7 24h Yes, 1h

Route proposed by Lipatov et al. 1:75:234 24h No

mixing with HCI as the etchant [45, 46]. Xu et al. systematically discussed and sum-
marized the synthesis routes and delamination strategies of MXenes, and prospected
a promising large-scale preparation scheme, providing important insights for prepar-
ing MXenes [47].

The F-containing acid etching method with strong environmental hazards and low
yield are important factors restricting the development of MXenes. How to develop an
environmentally friendly etching method and increase the yield of MXenes is a challenge
for researchers. Recently, Yang et al. [48] proposed a supercritical exfoliation method to
achieve high-yield manufacture of Ti;C,T, MXene in a short period of time (Fig. 4(c)).
They put the MAX materials in a supercritical carbon dioxide (SC-CO,) environment,
and the intense thermal motion between supercritical CO, molecules will promote the
in-situ generated HF of NH,HF, to penetrate into the MAX phase faster and quickly
remove the by-products of etching. Finally, they successfully mass-produced 5 kinds of
MXene materials.

Properties of Ti, . ,C. T, MXenes in sensing technology

Ti,,C,T, MXenes possess good electrical conductivity, excellent hydrophilicity, high
specific surface area, and abundant surface functional groups, which make them ideal
candidates for sensing technologies. Furthermore, modification of MXenes or modifying
with other materials can significantly improve or change their properties, making them
multifunctional and enabling a wide range of sensing applications.

Computational properties

Generally, the theoretical calculation researches of MXenes are based on the density
functional theory (DFT). Using this calculation method, the structural stability and
physical properties of MXenes can be predicted, which has important guiding signifi-
cance for the experimental researches. In 2011, Ti;C,, the first MXene material [13], was
successfully experimentally fabricated by Naguib et al. Using the DFT calculation, it was
determined that the bandgap structure of a single Ti;C, layer resembles that of a typical
semimetal with a finite density of states. Moreover, the unit cell parameters of Ti;AC,,
Ti,C,, Ti;C,(OH),, and Ti;C,F, were also calculated in Table 1. The surface of MXene
materials obtained by etching usually carries a large number of functional groups. Berdi-
yorov used DFT to analyze Ti;C, carrying different functional groups, showing that dif-
ferent functional groups have a great influence on its refractive index, absorption and
dielectric function [49]. For several allotropes of Ti, ,C.T,, DFT calculation results
indicate that they have good mechanical properties, and a smaller value of n results in
stronger and stiffer MXenes [50].
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For the Ti;C,T, MXene-based composites, Jiang et al. studied the electronic prop-
erties of MXene and graphene heterojunction by DFT calculation, and theoretically
demonstrated that Ti;C,(OH), has the strongest interaction with graphene [51] and
demonstrated that has the strongest interaction with graphene. Electron transfers from
Ti;C,(OH), to graphene, which leads to a shift in the Dirac point of the graphene bands
in the graphene-MXene heterostructures. In addition, the influence of the impurity ions
on the structure of Ti;C, MXene can also be calculated by theoretical method. Shi et al.
used the x-ray atomic pair distribution function to analyze the effect of intercalated Na*
and K" on the structure of Ti;C, MXene, indicating that Na* and K increase the layer
spacing of Ti;C, MXene, but shrinks the in-plane 4 and b lattice parameters [10]. In
summary, through theoretical calculations, it is found that various properties of Ti;C,
MXene materials can be modulated by changing functional groups, doping ions, and
combining other materials, which makes it applicable in a wide range of fields.

Stability of MXenes

Lattice energy is an important basis for evaluating the stability of crystal materials;
greater lattice energy implies more unstable crystal structures. Using first-principles
calculations, Shein et al. determined that MXenes have negative lattice energy, which
indicates that MXenes can exist stably at room temperature [19]. The pH of the colloidal
solution of MXenes synthesized by etching was close to neutral after repeated centrifu-
gal cleaning with deionized water. At this time, the zeta potential of MXene NSs was as
high as — 80 mV, indicating a strong electrostatic repulsion force between the negatively
charged few-layer/single-layer MXene NSs. Therefore, 2D MXene NSs can form a stable
colloidal solution in water [52]. However, the antioxidant capacity of MXenes in aque-
ous solutions is weak [53]. The chemical stability of MXenes is affected by the water and
oxygen dissolved in water, and exposure to light can accelerate the oxidation of colloidal
MXene solutions, forming metal oxide nanocrystals (such as TiO,) [54, 55]. Li et al. [56]
studied the thermal stability of MXenes and found that —F/—~OH-terminated MXenes
remained stable up to 800 °C in an Ar atmosphere; however, at 200 °C in an oxygen
atmosphere, they were partially oxidized. Refrigeration and storage in a low-temperature
and oxygen-free dark environment can significantly improve the stability of MXenes
[53]. To improve the chemical stability of MXenes, Liu et al. [18] synthesized an aramid
nanofiber@MXene coaxial fiber with excellent antioxidant properties that could with-
stand extreme conditions, such as strong acidity, strong alkalinity, high humidity, high
salinity, and high temperature. The electrical resistance and electromagnetic shielding
properties of the aramid nanofiber@MXene coaxial fiber remained mostly stable under
these extreme environmental conditions, proving their good environmental stability.

Optical properties of MXenes

MXenes have abundant surface functional groups, and different of functional groups
change the electronic properties of the material, thereby affecting its optical properties
[57, 58]. The optical properties of MXenes can be adjusted by controlling the types and
ratios of surface functional groups. The UV-Vis light absorption of MXenes is closely
related to their thickness, size, and method used for modification. In the range of
300-500 nm, the light transmittance of 5 nm Ti;C,T, MXene films reached 91.2%; as
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the film thickness increased to 70 nm, light transmittance decreased to 43.8% [59, 60].
Related studies have shown that the absorbance decreases as the lateral size of MXene
flakes decreases [61]. Interestingly, the transmittance of MXene films can be opti-
mized by changing the inserted ion species [59]. When hydrazine, urea, and DMSO
are inserted, the transmittance of Ti;C,T, films decreases, while it increases when
NMe,OH is inserted. Additionally, MXenes are also an excellent nonlinear material
with tunable optical nonlinearity, and they are widely used for developing all-optical
devices [32, 62—-64].

Hydrophilicity of MXenes

The abundant functional groups on the surfaces of MXenes endow them good hydro-
philicity. Depending on the type of functional groups, the water contact angle ranges
from 21.5° to 35° [16, 44]. Wang et al. [65] mixed MXene and polyvinyl alcohol (PVA) to
prepare a PVA/MXene nanofiber film (water contact angle =35.7°-24.5°), which exhib-
ited excellent hydrophilicity compared with the unmodified MXene. Furthermore, the
alkaline treatment of MXene increased the oxygen—fluorine ratio ([O]/[F]) in the func-
tional groups, especially hydroxyl groups, which greatly improved the hydrophilicity of
MXenes [66, 67].

Conductivity of MXenes

The electrical conductivity of MXenes can be optimized by changing their elemental
composition or surface functional groups. Studies have shown that Ti ,C, MXenes
without surface functional groups have metallic conductivity, which decreases with an
increase in the value of n [68]. Shahzad et al. investigated the electrical conductivity of
functional group-terminated MXenes and reported that Ti;C,T, MXenes have metal-
like properties, with electrical conductivities as high as 4600 S cm™! [17]. Differences
in the preparation process result in different proportions of various functional groups,
which leads to differences in the conductivity. Ling et al. [69] demonstrated that the con-
ductivity of pure Ti,C,T, MXene is 2400 S cm ™" and that for the Ti;C,T,/PVA compos-
ite is 220 S cm L. Recently, Liu et al. [18] reported an aramid nanofiber@MXene coaxial
fiber with a highly oriented and low-defect structure, which exhibited a high conductiv-
ity of 3000 S cm ™.

Mechanical properties of MXenes

Both molecular dynamics and DFT calculation results indicate that Ti,_;C T, MXenes
have good mechanical properties; a smaller value of n results in stronger and stiffer
MXenes [50, 70]. Ling et al. [69] investigated the mechanical properties of MXenes and
found that the Ti;C,T, film (thickness= ~3.3 um) has a tensile strength of 22 +2 MPa
and Young’s modulus of 3.54+0.01 GPa. When the MXene film was rolled into a hollow
cylinder, it could support 4000 times its own weight. Mixing MXene with PVA in a com-
posite film increased the tensile strength of the film by 34%, and its hollow cylinder could
support approximately 15,000 times its own weight. Furthermore, some composites of
MXene exhibit excellent mechanical flexibility (e.g., tensile elongation= ~1000%). For
example, the composite of MXene and hydrogel can be stretched in knots at high strains
and recovered in compression at 90% large strains [71].
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Thermal effect of MXenes

MXenes are excellent thermo-sensitive materials, and their heating process generates
photo-thermal and electro-thermal effects [72-74]. Li et al. [72] fabricated an MXene
aerogel fiber via dynamic sol-gel spinning, which exhibited strong electrothermal and
photothermal effects. With an increase in input voltage, the temperature of the aerogel
fibers gradually increased, and only 0.5 V input voltage was required to generate a ther-
mal effect on the surface. When the input voltage reached 4.5 V, the surface temperature
of the aerogel fibers was>178 °C. Aerogel fibers have a high light absorption capacity,
and the absorption rate in the near-infrared region is close to 100%. Under low-tempera-
ture conditions, the temperature of MXene aerogel fibers can increase to 40 °C after irra-
diation in sunlight for 2 min, indicating that the aerogel fibers also have a light-to-heat
conversion effect and thermal insulation function at extremely low temperatures.

Ti, 1C,T, MXene-based sensing technologies

SPR sensors

SPR sensing is an advanced detection technique that does not require fluorescent or
enzymatic labels, and it can offer label-free and rapid real-time detection. Conventional
SPR sensors are not sufficiently sensitive to trace small molecules [75], such as explo-
sive materials, insecticides, and hormones. In the past decade, several 2D materials have
been developed, and the research on SPR sensors based on enhanced 2D materials has
attracted considerable attention [76—78]. Graphene is the foremost 2D material used
to enhance the sensitivity of SPR sensors; the metasurface of graphene—gold has been
reported to greatly enhance the electric field at the sensing interface, thereby improv-
ing the sensing sensitivity [79, 80]. Herein, we summarize the application of a graphene-
like material, namely Ti ,C T, MXene, in SPR sensing. At present, the application of
Ti,,C,T, MXenes in SPR sensing mainly relies on two platforms, namely prism- [26,
81, 82] and fiber-type sensing structures [83]. Typically, Au thin films are used in both
these structures to excite the SPR signal owing to their strong oxidation resistance. The
application of MXene in SPR sensing technology utilizes its light absorption properties.
Due to light absorption, MXene materials generate a large number of photogenerated
carriers, and combining them with SPR sensors can greatly enhance the electric field
strength at the sensing interface, thereby improving the sensing sensitivity.

Figure 5(a) shows a prism-type SPR sensor covered with Ti;C,T, MXene. MXene-
Au metasurface greatly improves the sensitivity of the SPR sensor [81]. Although the
refractive index (RI) of the analyte changes only slightly, it can be effectively tracked
and detected by the SPR signal (Fig. 5(b)) [81]. Theoretical calculations and analyses
show that the optimal number of MXene layers is 4, which can improve the sensitivity
by 16.8% (Fig. 5(c)) [81]. SPR technology can also be applied in bio-sensing by multi-
ple modifications of Ti;C,T, MXenes. Wu et al. [26] designed an ultrasensitive MXene-
based SPR biosensor to achieve effective detection of carcinoembryonic antigen (CEA)
with a low detection limit (0.07 fM). They used the Ti;C,T, film as the carrier and deco-
rated it with Au nanoparticles (AuNPs) to construct Ti;C,T,—AuNPs nanocomposites.
Then, AuNPs were modified with staphylococcal protein A (SPA) to immobilize mono-
clonal anti-CEA antibodies (Fig. 5(d)). By using the sensing platform of Ti;C,—MXene/
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Fig. 5 aKretchmann configuration-based SPR sensor covered with Ti;C,T, MXene [81]. b Sensitive detection
of diverse sensing analytes by SPR signals enhanced with Ti;C, T, MXene [81]. ¢ Sensitivity enhancement by
different number of Ti;C, T, layers [81]. Copyright 2018, Elsevier. d Applications of MXene/AuNPs +MWPAg
hybrid structure in SPR bio-sensing for detecting CEA [26]. @ Resonance angle shift for different concentration
of CEA [26). f Variation of SPR signal when the concentration of CEA changes from 2 x 107'%to 2 x 107 M [26].
Copyright 2019, Elsevier. g Structure diagram of the MXene/Au-based fiber SPR sensor [83]. h Micrograph
images of the fiber SPR sensor before and after Ti3C2Tx MXene self-installation [83]. i Enhancement of the
resonance wavelength shift for the fiber SPR sensor by coated Ti;C, T, MXene [83]. Copyright 2020, American
Chemical Society

AuNPs/SPA, CEA was selected and effectively sensed, as shown in Fig. 5(e) and (f).
Different from the prism-type sensing structure, the optical fiber-type SPR sensor can
detect spectral information, and the biological or chemical reaction processes are judged
by the detected spectral shift. Using optical fiber as the sensing carrier, Chen et al. [83]
uniformly coated Ti;C,T, MXene NSs on Au-coated optical fibers to design a highly
sensitive RI sensor. The structure of the Ti;C,T, MXene/Au-based fiber SPR sensor is
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shown in Fig. 5(g), and the microscopic images are shown in Fig. 5(h). The comparison
results indicate that coating with Ti;C,T, MXene can increase the shift of the resonance
wavelength, thereby improving the sensitivity (Fig. 5(i)).

Gas sensors

Large surface area of 2D materials allows more reactions on their surface, making
them important candidates for gas sensing [29, 84, 85]. MXene and its modifications
are emerging 2D materials with excellent metallic conductivity, functionalized sur-
faces, and large surface-to-volume ratios [86], and they are widely used in gas sen-
sors. In this section, we discuss and overview the application of Ti;C,T, MXenes and
their modified materials in gas sensing. Figure 6(a) shows a Ti;C,T, MXene-based
gas sensor designed by Kim et al. [87] The detection limit of the Ti;C,T, gas sen-
sor for volatile organic compounds was as low as 50—100 ppb at room temperature.
It also showed good selective detection of ethanol gas (Fig. 6(b)) [87]. To improve
the gas response, Chen et al. proposed a gas sensing material composed of a com-
bination of Ti;C,T, MXene and WSe, in a nanohybrid structure [88]. Through elec-
trostatic interactions, WSe, was compounded on the surface of the Ti;C,T, MXene,
fabricating the Ti;C,T,/WSe, nanohybrid (Fig. 6(c)). Compared with Ti;C,T,, the
Ti,C,T,/WSe, nanohybrid provided a large number of heterointerfaces, which sig-
nificantly increased the adsorbed oxygen species, thereby trapping more electrons.
When the Ti;C,T,/WSe, nanohybrid was exposed to volatile organic compounds, the
adsorbed active oxygen species on the surface reacted with ethanol to form carbon
dioxide and water (Fig. 6(d)). The Ti;C,T,/WSe, nanohybrid possessed more abun-
dant adsorbed oxygen species, and thus, it had a stronger gas response to volatile
organic compounds (Fig. 6(e)). The modification of Ti;C,T, MXene with polyaniline
also increased the catalytic sensitivity, enabling the selective detection of ethanol with
stronger gas response [89].

Modified Ti;C,T, MXenes enable the selective detection of ethanol gas, and they can
be modified by other methods to achieve selective gas detection. Zhou et al. reported
a gas sensing material of Ti;C,T,-derived nitrogen-functionalized heterophase TiO,
homojunctions (N-MXenes), which could achieve selective detection of ammonia (NH;)
[90]. Figure 6(f) shows the fabrication method of N-MXenes. Ti;C,T, was subjected
to a urea-involved solvothermal reaction at 180 °C for 18 h, and then, the Ti atoms of
Ti,C,T, MXene were oxidized to TiO,. With the increase in oxidation time, the outer
surface of MXene was covered by TiO, nanoparticles, and finally, N-MXene was

(See figure on next page.)

Fig. 6 a Schematic illustration of the Ti;C,T, MXene-based gas sensor [87]. b Selective detection of ethanol
by Ti;C,T, gas sensor [87]. Copyright 2018, American Chemical Society. ¢ Fabrication of Ti;C,T,/WSe,
hybrids [88]. d Mechanism of sensing enhancement for the Ti;C,T,/WSe, hybrid [88]. e Comparison of the
detection ability of Ti;C, T, and Ti;C,T,/WSe, hybrid for various volatile organic compounds at 40 ppm [88].
Copyright 2020, Springer Nature. f Ti;C,T, treated by urea-involved solvothermal reactions to obtain the
nitrogen-functionalized heterophase TiO, homojunctions (N-MXene) [90]. g Selectivity detection of NH; by
modified the N-MXene [90]. Copyright 2021, American Chemical Society. h Alkaline MXene to enhance gas
response to ammonia NH; [67]. Copyright 2019, American Chemical Society. i MXene/rGO hybrid structure
to selected detection of NH; [29]. Copyright 2020, American Chemical Society. j Selective detection of the
Ti;GT, MXene/PANI/BC composite aerogel-based gas sensor with high gas response [91]. Copyright 2021,
American Chemical Society
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formed. Thereafter,

the as-prepared N-MXene was sprayed onto an interdigital elec-

trode device to fabricate the N-MXene-based gas sensor. The detection results indicated

that the N-MXene
and the detection 1

-based gas sensor had selective detection ability for NH; (Fig. 6(g)),

imit was 200 ppb. Wang et al. grew ZnO nanorods on the surface
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of Ti;C,T, (MXene/ZnO nanorod hybrids) to fabricate a novel light-activated NO, gas
sensor, which has a high sensitivity, and the detection limit was 0.2 ppb [92]. To enhance
the gas response of the Ti;C,T,-based sensor, researchers have proposed many effec-
tive schemes in recent years, such as alkalized Ti;C,T, MXene (Fig. 6(h)) [67], MXene/
rGO (reduced graphene oxide) hybrid fiber (Fig. 6(i)) [29], and Ti;C,T, MXene/PANI/
BC composite aerogels (Fig. 6(j)) [91]. Table 3 summarizes the recent applications of
MXenes and their modified composites in gas sensing.

Fluorescence sensors

Ti;C,T, MXenes, including NSs and QDs, are important in fluorescence sensors due to
their unique optical properties. MXene NSs exhibit high fluorescence quenching ability,
while MXene QDs have a strong fluorescence effect. Ti;C,T, NSs can be used as a fluo-
rescent sensing platform for biological testing, such as HPV-18 DNA detection (Fig. 7(a))
[106]. The fluorescent probe (P) single-stranded DNA (ssDNA) of HPV-18 exhibits strong
fluorescence (Fig. 7(b)); it was mixed with a certain amount of Ti;C,T, NSs; thereafter,
the probe ssDNA was adsorbed on the surface of an MXene; the fluorescence was greatly
quenched. Thereafter, the target (T) ssDNA was injected into the Ti;C,T, MXene solu-
tion modified with the probe ssDNA; the target ssDNA was then combined with the probe
ssDNA to form double-stranded DNA (dsDNA). At this time, the dsDNA was detached
from the MXene surface, and the fluorescence was restored. To improve sensitivity, exonu-
clease III (Exo III) was used as a sensitizer to amplify changes in the fluorescence signals. By
comparison, after adding Exo III, changes in the fluorescence signals were greatly enhanced
(Fig. 7(b)). Based on the advantages of the quenching and recovery of fluorescence during
DNA adsorption and detachment, a pathway for detection of HPV-18 virus was proposed
(Fig. 7(c)). Changes of fluorescence intensity were measured when the concentration of tar-
get ssDNA was in the range 0—50 nM. The results showed that layered Ti;C,T, is a suitable
sensing platform for HPV virus detection, with a low detection limit of 100 pM.

When the lateral dimensions of Ti;C,T, MXenes were decreased to several nanom-
eters, they transformed into QDs (Fig. 7(d)) [107] with photoluminescent properties
[107, 111]. Ti;C,T, MXene QDs have excellent fluorescence properties, and their flu-
orescence characteristics vary under different excitation wavelengths, which are suit-
able for fluorescence sensing of biological macromolecules such as metal ions, small
organic molecules, and enzymes [108, 112, 113]. Desai et al. fabricated ultra-small
Ti,C, T, MXene QDs and used them for metal ion detection [108]. The fluorescence
signal excited by Ti;C,T, MXene QDs was highly sensitive and could selectively
detect Ag™ and Mn?" ions (Fig. 7(e)), with the detection limits for Ag* and Mn?>"
ions being 9.7 and 102 nM, respectively. Chen et al. co-hydrothermally synthesized
Ti;C, T, MXene QDs with polyethyleneimine (PEI) to synthesize surface-functional-
ized Ti;C,T, QDs [109]. The fluorescence effect of Ti;C,T, QDs exhibited sensitive
pH-responsivity. By linking it with a pH-insensitive dye [Ru(dpp);]Cl,, a pH-respon-
sive proportional fluorescent probe was constructed, which was used for intracel-
lular pH determination (Fig. 7(f)). Guan et al. functionalized Ti;C,T, MXene QDs
with nitrogen (N) and phosphorus (P) to fabricate the N, P-Ti,C,T, QDs [110]. The
fluorescence of this new material exhibited selective detection of Cu®" ions, and the
detection limit was as low as 2 pM (Fig. 7(g)). Moreover, the effective detection of
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Table 3 Summary of the i, ,C, T, (n=1, 2, 3) MXene-based gas sensors

Materials Gas Concentration Gas Detection limit References
(ppm) response
(%)
Ti;G T, acetone 100 0.97 50 ppb [87]
ethanol 100 1.7 100 ppb
ammonia 100 0.8 100 ppb
propanal 100 0.88 -
Ti3G T, acetone 100 75 9.27 ppm [12]
ethanol 100 1.5 -
methanol 100 14.3 -
ammonia 100 21 -
3DTi;C,T, Mxene framework — acetone 10 144 50 ppb [93]
ethanol 10 1.74 50 ppb
methanol 10 2.18 50 ppb
ammonia 10 0.74 -
thichloromethane 10000 0.11 -
water vapor 10000 053 -
NO, 10 0.94 -
Ti;C,T, derived from graphite  ethanol 100 0.125 - [94]
acetone 100 0.195 -
ammonia 5 0.55 -
Ti;C,T, derived from lampblack  ethanol 100 0.1 -
acetone 100 0.15 -
ammonia 5 0.38 -
Ti;C,T, derived from TiC ethanol 100 0.158 -
acetone 100 0.23 -
ammonia 5 0.62 -
Ti3C,T, /polyaniline/bacterial  methanol 1000 1.3 - [91]
cellulose ethanol 1000 63 -
methylbenzene 1000 08 -
ethyl acetate 1000 1.2 -
acetone 1000 0.92 -
ammonia 7.5 56.63 2.5 ppm
Polyaniline/ Ti;C,T, ethanol 200 41 50 ppm [89]
methanol 200 19 -
ammonia 200 19.8 -
acetone 200 20.5 -
Ti;GT,/WSe, ethanol 40 -9.3 1 ppm (88]
methanol 40 -7.3 -
acetone 40 -4.3 -
hexane 40 -1.9 -
benzene 40 -14 -
toluene 40 -24 -
Polymeric Ti;C,T, ammonia 100 36.6 10 ppm [95]
toluene 100 1.2 -
ethanol 100 46 -
methanol 100 14 -
acetone 100 34 -
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Table 3 (continued)

Materials Gas Concentration Gas Detection limit References
(ppm) response
(%)
N-MXene NH, 1 139 0.2 ppm [90]
S0, 10 078 -
NO 5 5.86 -
H,S 1 149 -
HCHO 1 0.95 -
o, 10 276 -
co 10 243 -
benzene 10 15 -
acetone 10 1.05 -
toluene 10 1.14 -
ethanol 10 0.87 -
MXene/rGO acetone 50 1.04 - [29]
ethanol 50 0.95 -
NH; 50 6.8 10 ppm
H,S 50 1 -
S0, 50 113 -
Xylene 50 059 -
benzene 50 0.96 -
TiO,/ TisC,T, NH; 10 3.1 0.5 ppm [96]
H,S 10 029 -
co 10 0.46 -
CH, 10 035 -
HCHO 10 0.2 -
o, 10 0.81 -
Alkalized Ti;C,T, ethanol 100 247 - [67]
acetaldehyde 100 3.14 -
formaldehyde 100 5.25 -
methanol 100 2.15 -
acetone 100 043 -
Methane 100 354 -
NO, 100 1041 -
ammonia 100 28.87 10 ppm
single-layer Ti;C, T, MXene CH, 500 0.5 - [97]
H,S 500 0.16 -
H,0 500 039 -
ethanol 500 1.5 -
methanol 500 0.18 -
acetone 500 03 -
NH; 500 6.13 10 ppm
NO 500 038 -
W,60,40/Ti3C5T,-2% ethanol 20 1.67 - [98]
acetone 20 116 170 ppb
formaldehyde 20 1.2 -

ammonia 20 2 -
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Table 3 (continued)

Materials Gas Concentration Gas Detection limit References
(ppm) response
(%)

TiIOy/TisGT,-8h toluene 5 0.40 - [99]

ethanol 5 032 -

propanal 5 042

acetone 5 0.52 -

ammonia 5 2.10

NO, 5 16.02 125 ppb
TiO,/ Ti,CT, (CH;),CO 10 042 - [100]

NH, 10 193 0.1 ppm

HCHO 10 0.52

C,H;OH 10 035 -

H,S 10 0.25 -

CeHsCH; 10 0.24 -

NO, 10 036 -
Fluoroalkylsilane modified acetone 30 337 - [101]
TiCT, ethanol 30 558 -

2-propanol 30 273

toluene 30 0.74 -

benzene 30 0.61 -

NO, 30 1.16 -
MXene/ZnO nanorod hybrids ~ NO, 50 80 0.2 ppb [92]
Ti,CT, MXene CH, 10000 68 [102]
TisG T, /WS, NO, 20 55 10 ppb [103]
MXene/Co;0, composite formaldehyde 10 96 0.01 ppm [104]
3D crumpled MXene sphere/  NO, 100 4193 - [105]
Zn0O

many analytes has been achieved through special modifications of Ti;C,T, MXene
QDs such as CsPbBr;—Ti;C,T, MXene QD heterojunction [114], glutathione-func-
tionalized Ti;C,T, QDs [115], and N-TiyC,T, QDs/Fe*" [116]. Overall, Ti;C,T, can
not only act as quenchers but also as fluorophores in different morphologies. MXene
NSs act as quenchers, while MXene QDs act as fluorophores. The applications of

Ti;C,T, NSs and Ti;C,T, QDs in fluorescence sensors are summarized in Table 4.

SERS sensors

SERS possesses the advantages of photostability, non-destructiveness, fingerprint spec-
trum, and ultra-sensitivity at the single-molecule level [136, 137], and thus, it has been
successfully applied in various fields such as biomedicine [138, 139], environmental
monitoring [140, 141], and food safety [142, 143]. In general, SERS requires noble metal
nanoparticles as substrates to exert a strong SPR effect [144, 145]. However, the applica-
tion of noble metal-based SERS sensors is limited by the easy aggregation and oxida-
tion of metal nanoparticles, along with the weak ability to adsorb molecules. To solve
the problem of aggregation of metal nanoparticles and further enhance the intensity of
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Fig.7 aTi,CT, served as bio-sensing material for detecting HPV-18 type DNA [106]. b Fluorescence spectra
of the Ti;G, T, NSs-based fluorescence sensor under different conditions [106]. ¢ Variation of the fluorescence
spectra at different concentrations of target DNA [106]. Copyright 2019, Elsevier. d TEM and AFM images of
Ti,CT, MXene quantum dots (QDs) [107]. Copyright 2017, American Chemical Society. e Fluorescence spectra
of Ti;C, T, MXene QDs after adding different metal ions [108]. Copyright 2019, Elsevier. f Fluorescence spectra
of the PEI-Ti;C,T, QDs at different pH buffer solutions [109]. Copyright 2018, Royal Society of Chemistry. g
Fluorescence spectra of the N, P-Ti,C,T, QDs with different concentrations of Cu?* ranging from 0 to 5000 uM
[110]. Copyright 2019, Royal Society of Chemistry

Raman signals, researchers have proposed using MXenes as the substrates of SERS sen-
sors. MXenes have the advantages of excellent hydrophilicity, large specific surface areas,
and strong electrical conductivity, which make them suitable as substrates for SERS sen-
sors [146]. In SERS sensors, metal nanoparticles can be used as amplifiers for Raman
signal changes, and they are uniformly modified on the surfaces of MXenes. Recently,
Wu et al. reported a highly sensitive Au nanoparticle dimer/Ti;C,T,-based SERS sen-
sor for detecting mycotoxin B1 (AFB1) [147]. First, Au nanoparticles were assembled
using 1,2-bis(4-pyridyl) ethylene (BPE) to form Au nanoparticle dimers. Second, a nano-
gap smaller than 2 nm, called “hot spot,” was formed in the Au nanoparticle dimer,
which considerably enhanced the SERS signal. Thereafter, aptamer-modified Au nano-
particle dimers were linked with Ti;C,T, MXene NSs via hydrogen bonding and chela-
tion. Finally, with the interaction of AFB1 with the structure of Au nanoparticle dimer/
Ti,C,T, MXene, the AFB1 adhered to the aptamer-modified Au nanoparticle dimer,
which had detached from the MXene surface (Fig. 8(a)); this strongly enhanced the SERS
signal.
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Table 4 Summary of fluorescence sensors based on Ti;C, T, NSs and QDs

Materials Analytes Linear range Detection limit References
Ti3C,T, NSs HPV-18 DNA 0.5-50 nM 100 pM [106]
Rhodamine B-labeled  phospholipase D 0-1000 U L™! orTuL! [113]
phospholipid TiC, T,
NSs
DNA-functionalized mucin 1 0—60nM 6 nM [117]
Ti5CoT, NSs MicroRNA-21 0—25nM 08nM
Ti;C,T, NSs combined  glucose 0.1—20mM 50 uM [118]
with red-emitting
carbon dots
(Cy3-CD63 aptamer)/  exosome 10* =107 particles 14 % 10° particles [119]
TiyC,T, NSs mL~! mL~!
NaYF4:Yb, Tm/Er UCNPs  miRNA-21 5 fM-100 pM 0.62 fM [120]
and Ti;G,T, NSs miRNA-10b 5 fM-100 pM 085 fM
Cu nanoclusters x func-  glutathione 50-100 uM 3uM [121]
tionalized Ti;C,T, NSs
TAT peptide-functional- IncRNA PCA3 0-02nM 26 pM [122]
ized Ti;C,T, NSs
Chimeric peptide-func-  protein phosphatase 15—200nM 23nM [123]
tionalized Ti;C,T, NSs ~ 2C
Ti3C,T, NSs Vibrio parahaemo- 10?2 —10° cfu/mL 30 cfu/mL [124]
lyticus
Exo lll-assisted recy- HgZ+ 0.05-50 nM 0.0425 nM [125]
cling TisG,T, NSs
TisC,T, NSs thrombin 20-200 pM 5.27 pM [126]
Dimethylforma- Fedt 0-2830uM 2 UM [127]
mide —Ti;C,T, MXene
QDs
N, P —Ti,C,T, QDs Cu?t 0-5000 uM 2 uM [110]
Ti;C,T, QDs alkaline phosphatase ~ 0-50UL™" 002UL™ [128]
CsPbBry —TisC,T, cd’r 99x107° - [114]
MXene QDs Hetero- -59% 10 M
junction
Glutathione functional- uric acid 1.2-75mM 125 nM [115]
ized Ti;C,T, QDs
N—Ti;C,T, QDs/Fe*™  glutathione 0.5-100 uM 0.17 uM [116]
PEI—-Ti,C,T, QDs pH values 6-8 - [109]
e-poly-L-lysine func- cytochrome c 0.2 - 40 uM 20.5nM [129]
tionalized Ti;C,T, QDs
Nitrogen-doped Ti;C, T, H,0, 2—50uM 0.57 uM [130]
QDs Xanthine 1-50 uM 034 UM
Ti;C,T, QDs curcumin 0.05-10 uM 20nM [131]
clo~ 25-150 M and 5uM
150-275 UM
Uric acid@Ti;C,T,QDs  2,4,6-trinitrophenol 0.01-40 uM 9.58 nM [132]
Ti;C,T, QDs Fe’t 0-1000 uM 310 nM [133]
Nitrogen-doped Ti,C,T, Cu’* 0-2000 uM - [134]
QDs
Ti;C,T, MXene QDs Agt 0.1-40 uM 9.7nM [108]
Mn?+ 0.5 - 60 uM 102 nM
N, P-doped Ti;C,T, QDs  NO,~ 1.5-80 pM 0.25 uM [135]
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Figure 8(b) shows the SERS intensity enhanced by the Ti;C,T, MXene NSs with
the Au nanoparticle dimer/Ti;C,T, MXene structure. Equal volumes of Au NP dimer
and Ti;C,T, MXene NSs were mixed and the intensity of the SERS signal gradu-
ally increased with the increase in Ti;C,T, concentration; it was the strongest at the
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Fig. 8 aFabrication of Au nanoparticle dimers/Ti;C,T, MXenes assemblies-based SERS sensor for the
detection of AFB1 [147]. b Raman intensities of Au nanoparticle dimers/Ti;C, T, MXenes assembilies at
different concentrations of Ti;C,T, NSs [147]. ¢ SERS spectra of the Au nanoparticle dimers/MXenes
assemblies-based SERS sensor with different concentrations of mycotoxin B1 [147]. d Selective detection
of AFB1 for the Au nanoparticle dimers/Ti;C,T, MXene-based SERS sensor [147]. Copyright 2022, Elsevier.
e Au— Ag Janus nanoparticles/ Ti;C,T, NSs-based SERS sensor for the detection of ochratoxin A [145].

f SERS signals of Au— Ag Janus nanoparticles at 1278 cm™ and Ti,C,T, NSs at 730 cm ™" with different
concentrations of ochratoxin A [145]. Copyright 2019, American Chemical Society. g The sandwich SERS
sensor [148]. h Selective detection of carcinoembryonic antigen by the sandwich type SERS sensor [148].
i SERS spectra of the sandwich type SERS sensor at different concentrations of carcinoembryonic antigen
[148]. Copyright 2020, Elsevier
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optimal concentration of 160 pg-mL™'. Using the Au nanoparticle dimer/Ti;C,T,
MXene-based SERS sensor, AFB1 was effectively detected in the concentration range
of 0.001-100 ng-mL~}, and the detection limit was 0.6 pg-rmL~! (Fig. 8(c)). The SERS
sensor also exhibited selective detection of AFB1 (Fig. 8(d)). Compared with the ratio-
metric intensities of Blank, AFG1, AFG2, and AFB2, the detection result of AFB1 was
distinctive, indicating its excellent selective detection. Zheng et al. used Ti;C,T, MXenes
as substrates and linked aptamer-modified Au—Ag Janus nanoparticles on it to achieve
highly sensitive detection of ochratoxin A (Fig. 8(e)) [145]. The SERS signals of Au-Ag
Janus nanoparticles at 1278 cm ™! and Ti;C,T, NSs at 730 cm ™! with different concen-
trations of ochratoxin A are presented in Fig. 8(f), indicating that the SERS intensity at
1278 cm™! was sensitive to the change of ochratoxin A concentration, while the SERS
intensity at 730 cm™! remained almost unchanged. By analyzing the variation in the rati-
ometric peak intensity (I;4,5/1,50), the concentration change (0.01-50 nM) of ochratoxin
A was effectively detected, and the detection limit was 1.28 pM. Medetalibeyoglu et al.
presented a sandwich-type SERS sensor using MoS, nanoflowers@Au nanoparticles and
Fe;O,@Au nanoparticle-functionalized Ti;C,T, NSs as CEASERS tags and SERS sub-
strates, respectively, for the detection of carcinoembryonic antigen (Fig. 8(g)) [148]. The
sandwich-type SERS sensor exhibited selective detection of carcinoembryonic antigen
(Fig. 8(h)). The SERS signal achieved effective tracking and detection when the con-
centration of carcinoembryonic antigen changed from 0.0001 to 100.0 ng mL™%; the
detection limit was calculated to be 0.033 pg mL~! (Fig. 8(i)). In addition to the afore-
mentioned sensors, other MXene-based SERS sensors with high performance have been
reported in recent years, and the main performance indicators are presented in Table 5.

Colorimetric sensors

Colorimetric sensing technology is an important analysis method that is widely used,
due to its advantages of high sensitivity, low cost, short color development time, obvi-
ous phenomenon, visualization, convenience and quickness. Ti;C,T,-based colorimet-
ric sensing technology, a visualized and ultrasensitive assay, has garnered extensive
attention in recent years. This sensing technology mainly includes two types of detec-
tion methods, namely retouch-free and retouched. The difference between these two
methods is that the retouch-free assay enables direct interaction between the sensing
material and the analyte, while the retouched assay requires probe or dye modifica-
tion of the sensing material to detect specific targets. For the retouch-free assay, Wang
et al. reported a colorimetric sensing strategy based on Ti;C,T, MXene NS-mediated

Table 5 MXene-based SERS sensors

Materials Analytes Linear range Detection limit References
Fe;0, NPs@Au NPs Ti;C, Ty carcinoembryonic antigen  0.0001 — 100.0 ng mL™" 0033pgmL™"  [148]
MXene

Au — Ag Janus nanoparti-  ochratoxin A 0.01 =50 nM 1.28 pM [145]

cles/Ti;C,T, assemblies

Au nanoparticle dimers/  mycotoxin B1 0.001—100ng'mL™" 06 pg-mL~" [147]
Ti3C, T, assemblies

Ti,C,T, -Ag nanocomplex  biomolecules 5x10°-5x1078M 10%M [149]
Ti,C,T, dye molecule rhodamine  107°-10°M 10°M [150]
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in situ reduction for ultrasensitive detection of Agt (Fig. 9(a)) [151]. First, the stabil-
ity of the Ti;C,T, MXene NS was improved by carboxy-rich poly(acrylic acid) (PAA).
Due to the good adsorption capacity and reducibility of Ti;C,T, MXene for Ag* ions,
no additional stabilizers or reducing agents were required for the selective detection of
Ag™. As the Ag" ions were reduced in situ to nanoparticles by Ti,C,T, MXene, the color
of the solution gradually deepened to tan. The UV-Vis absorption spectra of Ag™ ions,
Ti,C,T,—PAA, and Ag nanoparticle@Ti;C,T,—PAA are shown in Fig. 9(b). The localized
SPR of in situ Ag nanoparticles was excited, which considerably influenced the proper-
ties of the sensing material. Moreover, Ti;C,T,—~PAA could realize the retouch-free and
visual detections of Ag* by the in situ reduction method. Figure 9(c) presents the UV—
vis absorption spectra of Ti;C,T,—PAA (12 pg/mL) reacted with different concentrations
of Ag* (0-500 uM). The absorption spectrum at 450 nm of the nanoplasmonic platform
based on Ag nanoparticle@Ti,C,T,~PAA exhibited sensitivity to Ag", and the detection
limit was 0.615 pM.

For the retouched assay, special probes (e.g. DNA) need to be modified on the
MXene surface to achieve highly sensitive detection of specific targets. Tao et al.
designed a colorimetric sensor based on MXene-probe DNA-Ag/Pt nanohybrids,
where MXene was used as the supporting substrate; its surface was modified with the
special probe DNA (Fig. 9(d)) [152]. Ti;C,T, MXene was reported to possess intrin-
sic peroxidase-like activity [153]; however, its catalytic ability was still weaker than
those of other metal or metal oxide nanozymes. Therefore, exploring combinations
of MXene with noble metal nanomaterials as enzyme mimics can help improve the
catalytic performance. To achieve effective linking between MXene and noble metals,
an intermediate medium (i.e., DNA) is required. Controlling changes in the sequence
and structure of template DNA enables precise deposition of the specific type of
metal nanoparticles to form DNA metallization structures [154—156]. Furthermore,
single-stranded DNA can be efficiently adsorbed onto Ti;C,T, MXenes by chelating
phosphate groups in the DNA with titanium ions on Ti;C,T, NSs [119]. DNA metal-
lization on TizC,T, is an ideal strategy for the efficient preparation of MXene—metal
nanohybrids, which can serve as effective enzyme mimics for sensitive colorimetric
detection. Figure 9(d) shows the manufacturing strategy of MXene-probe DNA-Ag/
Pt nanohybrid-based colorimetric sensing platform for hepatitis B virus DNA detec-
tion. The MXene-probe DNA—-Ag/Pt nanohybrid was sensitive to the target hepati-
tis B virus DNA; the changes were visible to the naked eye (Fig. 9(e)) [152], and the
detection limit was as low as 0.5 pM.

QDs, another form of MXenes with diameters of 2-5 nm (Fig. 9(f)) [135], are also a
promising sensing material. Ti;C,T, MXene QDs can be used in fluorescence sensing
technology due to their good fluorescence effect and are ideal candidates for colorimetric
sensing with high sensitivity. Bai et al. modified N,P-doped Ti;C,T, QDs (N,PvTi;C,T,
QDs) with the 1,10-phenanthroline-Fe (II) complex (Phen-Fe>") to fabricate an orange-
colored colorimetric sensing platform. After reacting with nitrite (NO, ™), the color of
orange suspension gradually lightened and finally became colorless with the increase
in NO,™ concentration [135]. Suspensions of different colors have different absorption
spectra; therefore, changes in NO,™ concentration could be clearly visualized by plot-
ting the absorbance ratio curve (Fig. 9(g)) [135]. The detection limit of the N,P-doped
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Fig.9 a Fabrication and modification of Ti;C,T, NSs for the detection of Ag* ions [151]. b UV — vis absorption
spectra of Agt ions, Ti;C,T, — PAA, and Ag nanoparticles@TisC, T, — PAA [151]. € UV — vis absorption spectra
of TisC,T, — PAA reacted with different concentrations of Ag™ [151]. Copyright 2020, American Chemical
Society. d Fabrication of the Ti;C,T, NSs-based colorimetric sensor for hepatitis B virus DNA sensing [152].
e Absorption spectra of the Ti;C, T, NSs-based colorimetric sensor at different concentrations of target
hepatitis B virus DNA [152]. Copyright 2022, Academic Press Inc. f The size of Ti;C,T, MXene QDs [135]. g
Absorbance ratio of the N, P — Ti;C,T, QDs — based colorimetric sensor at different concentrations of NO,_ (4
-85 uM) [135]. Copyright 2022, Elsevier. h Absorbance ratio of the glutathione (GSH) functionalized Ti,C, Ty
QDs — based colorimetric sensor for the selective detection of uric acid [115]. Copyright 2020, Elsevier

Ti,C,T, MXene QD/Phen-Fe**-based colorimetric sensing platform toward NO,~ was
0.71 uM. Furthermore, changes in the probes of the Ti;C,T, MXene QDs enabled the
detection of other specific analytes. For example, glutathione-functionalized Ti;C,T,
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QDs have a highly sensitive and precise selective detection ability for uric acid, with a
detection limit of 200 nM (Fig. 9(h)) [115]. MXene-based colorimetric sensors have also
received considerable research attention; Table 6 summarizes the related studies con-
ducted so far.

Electrochemical sensors

Electrochemical sensing is a technology that converts chemical signals into electrical
signals for sensing detection. It takes the electrode as the conversion element or fixed
carrier, and realizes the qualitative or quantitative analysis of the target by transform-
ing the chemical changes at the electrode interface into electrical signal parameters such
as potential, conductivity, and current. In a loop circuit where the external voltage is
applied, the specific recognition between the probe and the analyte near the electrode
leads to charge transfer in the circuit, resulting in an electric current. The current is
transmitted through the conductive system of the electrodes to the signal analysis sys-
tem for amplification, forming an identifiable electrical signal. Finally, changes in the
electrical signal are analyzed to track different concentrations of the analyte [161, 162].
Electrochemical sensors usually employ a three-electrode system, comprising a work-
ing electrode (WE), a counter electrode (CE), and a reference electrode (RE) (Fig. 10(a)).
Modifying special materials on the surface of WE is one of the effective approaches for
enhancing the sensitivity and selectivity of an electrochemical sensor. After modifica-
tion, these electrode modification materials should exhibit high electron mobility, excel-
lent biocompatibility, good hydrophilicity, and selective recognition ability. MXenes
[163-165] and their modifications (Fig. 10(b)) [166—169] exhibit these characteristics,
which can greatly improve the sensing performance, making them ideal materials for
designing high-performance electrochemical sensors. Moreover, the electrochemical
signals generated by MXene and its modifications can detect multiple targets simulta-
neously. For example, the accordion-like alk-Ti,C, (Fig. 10(c)) modified electrode could
detect multiple target heavy metal ions simultaneously with high sensitivity (Fig. 10(d)),
with detection limits of 0.041 mM, 0.098 mM, 0.130 mM, and 0.032 mM, for Pb**, Cd**,
Hg?", and Cu®", respectively [170].

Table 6 Reports on Ti;C,T, MXene-based colorimetric sensors in recent years

Materials Analytes Linear range Detection limit References
Ti;C, Ty MXene — poly(acrylic acid) Agt 2—200 uM 0.615 uM [151]
Ti;C, T, Mxene — probe DNA — Ag/Pt Hepatitis B virus DNA  0.5—1000 pM 0.5 pM [152]
nanohybrids
Ti,C,T,@ssDNA Thrombin 10"-10%M  10'M [153]
MXene@NiFe-L.DH Nanocatalyst Glutathione 0.9-30uM 84 nM [157]
Ti;C, Ty MXene NSs H,0, 50 UM -05mM 1 uM [158]
Ti;C,Ty/CuS nanocomposites Cholesterol 10 =100 uM 1.9 uM [159]
Prussian blue —Ti;C, Ty H,0, 2-100 pM 04667 uM [160]
Dopamine 5—120 uM 336 uM
Glucose 10—350 uM 6.52 UM
GSH —Ti;G, Ty MXene QDs Uric acid 1.2—=100 mM 200 nM [115]
N, P-doped Ti;C, Ty MXene QDs/ NO,™ 4-85uM 0.71 uM [135]

Phen-Fe’*
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Fig. 10 a Schematic of the three-electrode system. b SEM image of modified MXene [166]. Copyright 2021,
Springer Berlin Heidelberg. ¢ Alkaline treatment of MXene [170]. d Simultaneous detection of multiple targets
by the alk- Ti;C,T, MXene-based electrochemical sensor [170]. Copyright 2017, Elsevier. @ Schematic diagram
of the detection of hygromycin B in food by the Cu-MOF@MXene-based electrochemical sensor [25].
Copyright 2022, Elsevier. f Schematic illustration of the fabrication of MXene@carbon black and its detection
of Cu?* by electrochemical sensing technology [171]. Copyright 2021, Springer Vienna. g Fabrication of
MXene/MWCNTs/ZnO-based glassy carbon electrode for dopamine detection [172]. Copyright 2022, Elsevier.
h Preparation of L-cys/AuNPs/ Ti;C, T, composite-based electrochemical sensors for cortisol detection [173].
Copyright 2022, Elsevier

MXenes are promising candidates for electrochemical sensors and have been exten-
sively investigated in recent years [15, 162, 174]. The application of MXenes in electro-
chemical sensing technology has been well summarized in relevant reviews [162, 175].
Therefore, herein, we only present a supplementary summary of a few representative
recent reports. MXene-based electrochemical sensors are widely used in food safety,
water source monitoring, medical diagnosis, and health monitoring due to their high
sensitivity and stability. For food safety monitoring, Wang et al. reported a molecularly
imprinted electrochemical sensor modified with Cu—MOF and MXene for the detection
of hygromycin B (Fig. 10(e)) [25]. Cu—MOF, a material with large specific surface area,
was compounded with Ti,C,T, MXenes, which greatly improved the performance of the

molecularly imprinted electrochemical sensor. The sensor exhibited excellent selectivity
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and high sensitivity to hygromycin B in food, and the detection limit was 1.92 nM. For
water source monitoring, Xia et al. combined Ti;C,T, MXene with carbon black as an
electrode material to achieve effective detection of Cu®*" (Fig. 10(f)) [171]. Cu®" is a rela-
tively common heavy metal ion in water sources, and its excessive intake can damage
human body functions. Therefore, the development of reliable Cu®*" detection meth-
ods is crucial for risk assessment. In this MXene@carbon black-based electrochemi-
cal sensor, carbon black could prevent the aggregation of MXene NSs and enhance the
electron transfer rate. The detection limit for Cu®*" was 4.6 nM in a wide linear range
of 0.01-15.0 uM. For medical diagnosis, Ni et al. fabricated a composite containing
MXene, multi-walled carbon nanotubes (MWCNTs), and ZnO nanospheres, which
were modified on a glassy carbon electrode to enable highly sensitive (S=16 A/M)
detection of dopamine (Fig. 10(g)) [172]. Effective monitoring of dopamine concentra-
tions in humans can enable the diagnosis of many diseases, such as Parkinson’s disease,
schizophrenia, and Alzheimer’s disease. The MXene/MWCNT/ZnO-based electro-
chemical sensor exhibited precise dopamine capture capability with a detection limit of
3.2 nM in the linear range of 0.01-30 uM. For health monitoring, Laochai et al. modified
anti-cortisol on a L-cys/AuNP/Ti;C,T, composite to design an electrochemical sensor
for detecting cortisol in sweat (Fig. 10(h)) [173]. Cortisol is a steroid hormone produced
by the adrenal glands, and it affects various physiological processes in the human body;
thus, detecting cortisol in sweat can enable effective monitoring of human health. Utiliz-
ing the L-cys/AuNP/Ti;C,T, composite-based electrochemical sensor, cortisol in sweat
was detected with high sensitivity, and the detection limit was 0.54 ng mL ™', In addition
to the aforementioned MXene-based electrochemical sensors, there have been several
exciting related reports, some of which are summarized in Table 7.

Temperature sensors

Temperature measurement is crucial for human life and production. Strict temperature
control is required for medical diagnosis, scientific research, or industrial production.
As an emerging 2D transition metal carbide material, MXenes have attracted attention
due to their excellent thermoelectric properties, high electrical conductivity, and good
water dispersibility [74, 201]. Ti, ;C T, MXenes and their related composites exhibit
excellent electro-thermal and photo-thermal conversion behavior, which is conducive to
designing temperature sensors [17, 73, 202]. Xuan et al. irradiated a low-concentration
MXene solution with an 808 nm laser and found that the temperature increased from
room temperature to > 60° within 300 s, whereas for pure water, the temperature change
was negligible [38]. Luo et al. decorated Ti;C,T, MXene on textile to fabricate a tem-
perature sensor, and tested its photo-thermal behavior using a xenon lamp (Fig. 11(a))
[202]. The MXene exhibited a strong photo-thermal effect. Under the irradiation of the
xenon lamp, the temperature increased rapidly and reached a saturation temperature
of ~59 °C after 300 s. When the xenon lamp was turned on and off, the temperature
curve showed periodic changes, and the changing trend was consistent, indicating that
the photothermal conversion of MXene exhibited good repeatability (Fig. 11(b)) [202].
During the heating and cooling process, the temperature of MXene changed, and its rel-
ative resistance also changed (Fig. 11(c)) [202]. Therefore, changes in temperature can be
monitored by measuring the relative resistance of MXene.
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Table 7 Partial electrochemical sensors based on MXene

Materials Method Target Detection limit  Linear range Refs
Platinum nanoparti- Cyclic voltammetry  Bisphenol A 32nM 50 NnM =5 uM [176]
cles/Ti;C,T,
Au NPs/ Amperometry Nitrite 0.059 uM 0.1-2490 uM and [177]
Ti,C,T,-PDDA 2490-13,500 uM
ZnO/Ti3C, T/ Cyclic voltammetry  Dopamine 0.076 uM 0.1-1200 uM [178]
Nafion/Au
Ti;GT, /GCE Differential pulse BrO;™ 41 nM 50nM-5M [179]
voltammetry
Prussian blue@ Differential pulse Malathion 13x107'°M 0.0001 —1.0nM [160]
Ti;G T, voltammetry
Ti;C,-MXene/BP Linear Sweep Naphthalene 1.6 nM 0.02 - 40 uM [180]
Voltammetry Acetic acid
TisC, /MWCNTs Differential pulse Hydroquinone 6.6 nM 2-150 uM [181]
voltammetry Catechol 39nM
MXene/SPE Differential pulse Acetaminophen 0.048 uM 0.25 - 2000 uM [174]
voltammetry lsoniazid 0.064 mM 0.1-46mM
Bismuth/MXene Stripping voltam- Pb?* 10.8 nM 0-0.6 UM [182]
Nano-Composite metry cd** 124nM
GC/TiyC, —HF/TBA/ - Cyclic voltammo-  Glucose 23.0uM 50—250 uM [183]
GOx/GTA grams
Ti;G T, /Pt nanopar-  Cyclic voltammetry  H,0, 0448 uM 490 pM =536 mM  [184]
ticles
Ti,C,T,@CB/GCE Differential pulse ~ Cu?* 46nM 0.01-15.0 uM [171]
voltammetry
Alk-Ti,C,/GCE Square wave cd(n 0.098 uM 0.1-1.5 uM [170]
anodic stripping Pb(ll) 0041 UM
voltammetry
Cu(lny 0.032 uM
Hg(lN) 0.13 uM
Au-TizG, T, Sandwich-type CYFRA21-1 0.1 pg-mL~! 0.5- [166]
electrochemical 1.0x 10% pg-mL~"
immunoassay
Ti;GT,-Fe,03 com-  Cyclic voltammetry  H,0, 746 nM 10nM-1uM [185]
posite
Ti;C,/G-MWCNTs/  Differential pulse Dopamine 32nM 0.01-30 pM (172]
Zn0O/GCE voltammetry
Au@Carbon QDs- Differential pulse Nitrite 0.078 uM 1—-3200 uM [186]
MXene voltammetry
Cu-MOF/Ti; G, T, Cyclic voltammetry  Hygromycin B 192x 107 M 5%x107°- [25]
5%10°M
Glucose Oxidase/ Cyclic voltammetry  Glucose 0.0225 mM 05-8mM [187]
PEDOT:4-Sulfocalix
[4]larene/MXene
Composite
rGO/MXene-Pd/rGO  Differential pulse Luteolin 20%x10710M 6x10710— [188]
voltammetry 8x 107 M
and 1x 107° -
1x10°M
Ce-MOF/TisC,T, Differential pulse L-Tryptophan 0.19 uM 0.2-139 uM [189]
voltammetry
N-Ti;C,/PC com- Differential pulse Acetaminophen 0.050 uM 1-150 uM [190]
posite voltammetry 4-aminophenol 0.059 uM
CNT/Cu,O NPs/ Differential pulse Diethylstilbestrol 6 nM 0.01 =70 uM [191]
Ti;C,T, voltammetry
Ni embedded Differential pulse Methylmalonic acid 0.12 pM 0.001 - 0.017 uM [192]

Ti;C, T, composites

voltammetry
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Table 7 (continued)

Page 28 of 56

Materials Method Target Detection limit  Linear range Refs

L-cys/AuNPs/ Cyclic voltammetry ~ Antigen-antibody ~ 0.54 ng mL™! 5-180 ng mL™! [173]

MXene

Ti;C,T, MXene/gra-  Differential pulse p-nitrophenol 0.16 uM 1-175uM [193]

phene composite voltammetry

TG, T, TiOo/NiWO,  photo-electro- Prostate-specific ~ 0.15 fg.mL™' 12fgml™" - [194]
chemical antigens 0.18 mgmL™"

MXenes/Apt2/ Electro-generated ~ MCF-7 Exosomes 125 Particles/L 5x 102 [195]

exosomes/Apt1/ chemilumines- -5 % 10° Particles/L

PNIPAM-AuNPs/GCE  cence

MIP-MXene/NH,- Differential pulse Fisetin nM 0.003-20.0 uM [196]

CNTs/GCE voltammetry

Alk-Ti;C,/N-PC Differential pulse Hydroquinone 4.8 nM 0.5-150 uM [197]
voltammetry Catechol 3.1nM

MXene/CNHs/p- Differential pulse Carbendazim 1 nM 30nM =100 uM [198]

CD-MOFs voltammetry pesticide

PB-MXene-Apt/Apt/ Square-wave pulse  Exosomes 229 particles uL™' 5 x 10 particles [199]

PAMAM-Au NPs/ voltammetry puL'—5x%10°

GCE particles pL™"

Ti;CT,@FePcQDs Electrochemical miRNA-155 43 aM 0.01fM-10pM [200]

hybrid impedance spec-

troscopy

MXenes also exhibit an excellent electrothermal conversion effect, which can
rapidly increase the temperature by additional input voltage. The joule heating
capability of MXenes was evaluated by measuring the change in temperature with
time (Fig. 11(d)) [203]. According to Joule’s law, the temperature increased gradu-
ally with the increase in input voltage, and it was almost proportional to the square
of the input voltage. Figure 11(e) shows the durable and reproducible thermal
response of the MXene specimen [203]. When a voltage of 3 V was cycled on and
off for 20 cycles, the temperature of the MXene samples could be rapidly increased
and decreased, and the maximum temperature value could be maintained at 45 °C.
The excellent photothermal conversion and electrothermal conversion behaviors of
MXenes indicate that they have a good temperature sensing function. Under differ-
ent temperature environments, the relative resistance of MXenes shows significant
responses (Fig. 11(f)) [204]. To improve the temperature resistance and flame resist-
ance of MXenes, Wang et al. coated MXene NSs with carboxymethyl chitosan (CCS)
and deposited it on cotton fabric (CF) to prepare a flame-resistant, temperature-
sensitive sensing material, labeled as MXene/CCS@CF (Fig. 11(g)) [205]. The lin-
ear voltage-current curve (Fig. 11(h)) indicates the stability of the operating voltage
and current, confirming the reliability of the MXene/CCS@CF heater. The temper-
ature of the MXene/CCS@CEF is controlled by switching the input voltage on and
off, demonstrating the controllability of the joule heating performance (Fig. 11(i))
[205]. In a short period of time, the temperature of MXene/CCS@CF increases rap-
idly under the influence of the input voltage. Rapid heating of the MXene/CCS@CF
was achieved in approximately 30 s with excellent repeatability (Fig. 11(j)) [205]. The
sensitive photothermal and electrothermal conversion capabilities of MXenes and
their modifications indicate that they are promising candidates for the development
of temperature sensors.
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Fig. 11 a Schematic diagram of photothermal testing of MXene sample under a xenon lamp [202]. b
Temperature changes of MXene sample with the xenon lamp on and off (power density =100 mW/cm?)
[202]. ¢ Changes in temperature and relative resistance during heating and cooling of MXene sample [202].
Copyright 2021, Elsevier. d Real-time changes in temperature under different input voltages [203]. e Stable
changes in temperature when the input voltage is repeatedly turned on and off [203]. Copyright 2020,
American Chemical Society. f The relative resistance of MXene sample changes under different temperature
environments [204]. Copyright 2019, Royal Society of Chemistry. g SEM images of the MXene/CCS@CF [205].
h Voltage-current curve of the MXene/CCS@CF [205]. i Real-time temperature changes of MXene/CCS@CF

with different input voltages [205]. j Infrared camera images of MXene/CCS@CF after heating and cooling
[205]. Copyright 2021, American Chemical Society

Humidity sensors

Humidity is an important environmental parameter that is closely related to human
production and life. Humidity sensors can rapidly and accurately sense the changes in
humidity in the environment and then convert this information into electrical or optical
signals that can be easier for humans to observe. To meet the needs of different appli-
cation scenarios and measure humidity in different environments, different types of
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humidity sensors are used that can be divided into resistive and capacitive types accord-
ing to their outputs. As a hydrophilic material, MXene is rich in surface functional
groups, which can interact with the moisture in the environment and realize effective
humidity detection. Some oxygen groups (epoxy and hydroxyl functional groups) dem-
onstrated by MXene NSs can trap or release water molecules with the aid of H bonds, as
shown in Fig. 12(a) [206]. When a multilayer MXene absorbs a certain amount of water
molecules, the surface properties are changed and the interlayer spacing is widened
(Fig. 12(b)) [207]. These changes greatly affect the electronic properties of the MXene
materials. Therefore, by monitoring the changes in the resistance signal of the MXene,
the change of the environmental humidity can be intuitively observed (Fig. 12(c)) [207].
Wang et al. deposited MXene on a spring-like helical core-sheath polyester yarn to form
a flexible sensing structure (Fig. 12(d)) [206]. This flexible sensor was extremely sensi-
tive to the humidity of the environment and could effectively detect relative humidity
(RH) from 30 to 100% with a sensitivity of 0.157 kQ/RH% (Fig. 12(e)) [206]. The effects
of humidification and drying on resistance are shown in Fig. 12(f) [206], which demon-
strate the recoverability of the sensing performance and the reusability of the structure.
To enhance the sensitivity of the humidity sensor, some other MXene-derived novel
materials have been synthesized with stronger absorption ability of water molecules,
such as Ti;C,T, MXene/K,Ti,O4 composites, urchin-like Ti;C,T,/TiO, composites, and
alkalized Ti;C,T,. Wu et al. used KOH to treat sheet-like Ti;C,T, (S-Ti;C,T,) for 48 h at
30 °C and then fabricated an S-Ti;C,T, MXene/K,Ti,O, composite (Fig. 12(g)) [208]. In
the composite, K,Ti,Oq, a hydrophilic material that enhances water absorption, exhib-
ited filament-like nanostructures with narrow widths of 10-50 nm and was wound on
the surface of S-Ti;C,T, MXene. The enlargement of the interlayer distance of the S—
Ti;C, T, caused by the intercalated K increased the intake of water molecules. Owing
to these two advantages, the S-Ti;C,T, MXene/K,Ti,O4 composite-based sensor exhib-
ited stronger humidity sensitivity (Fig. 12(h)) [208]. The RH response of the S—Ti;C,T,
MXene/K,Ti,O, composite was more than 8 times higher than that of the accordion-like
Ti,C, T, (Fig. 12(i)) [208]. Li et al. used varied reaction conditions of MXene in KOH to
develop a novel Ti;C,T,/TiO, composite. In the synthesis method, 100 mg of Ti;C,T,
MXene was poured into 60 mL KOH (12 mol/L) and they were allowed at 50 °C for 10 h
(Fig. 12(j)) [209]. The as-prepared Ti;C,T,/TiO, composite had a strong humidity sens-
ing ability, and it was used to develop a humidity sensor. The Ti;C,T,/TiO, composite-
based humidity sensor had high sensitivity (280 pF/%RH) in a low-RH environment
(Fig. 12(k)) [209]. Instead of KOH, Yang et al. treated MXene with NaOH at room tem-
perature for 2 h, and finally prepared the alkalized Ti,C,T, MXene [67]. The Na% inser-
tion and increased surface terminal oxygen—fluorine ratio in Ti;C,T, MXene effectively
enhanced the humidity sensing ability. Compared with the pristine Ti;C,T, MXene, the
alkalized Ti;C,T, exhibited stronger resistance changes under different ambient humid-
ity conditions (Fig. 12(1)) [67]. Figure 12(m) and (n) show the resistance responses (R/
Ry;) of pristine TizC,T, and alkalized Ti;C,T,, respectively, to different humidity con-
ditions [67]. The resistance response showed a trend of enhancement with the increase
in RH, and the response value of alkalized Ti;C,T, was greatly improved. In general,
MXene and its derivatives show excellent application potential in humidity sensing,
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Fig. 12 a Schematic diagram of atomic structure of multilayer MXene before and after water absorption
[206]. Copyright 2020, Springer US. b Structural changes of MXene materials in low-humidity and
high-humidity environments [207]. ¢ Variation of resistance of MXene materials in different humidity
environments [207]. Copyright 2019, American Chemical Society. d Spring-like helical core-sheath polyester
yarn-based flexible MXene sensing structure [206]. e Variation of resistance with respect to the RH for the
flexible MXene sensor [206]. f The effects of humidification and drying on resistance, which demonstrate
the recoverability of the sensing performance and the reusability of the structure [206]. Copyright 2020,

Springer US. g Schematic diagram of the synthesis of S-Ti;C, T, MXene K, Ti,O, composite [208]. h Variation of
resistance with different RH [208]. i Response comparison of different humidity [208]. Copyright 2021, Elsevier.

j The synthesis process of Ti;C,T,/TiO, composite [209]. k Variation of capacitance of Ti;C,T,/TiO, composite
at different relative humidity [209]. Copyright 2021, Royal Society of Chemistry. | Dynamic response-recovery
curve of resistance for the pristine Ti;C,T, and alkalized Ti;C,T, under different RH [67]. m, n Resistance

responses (R/R11%) of pristine Ti;C,T, and alkalized Ti;C, T, under different RH [67]. Copyright 2019, American
Chemical Society
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indicating that they may be used in the development of intelligent devices and bionic
technologies.

Pressure/strain sensors

Strain sensors are flexible electronic devices that can convert strain into electrical signals
for easy collection and transmission, enabling accurate record-keeping of the deforma-
tions of the target in real time. High-performance flexible strain sensors should exhibit
high sensitivity, stretchability, flexibility, durability, and low power consumption [210-
213]. Ti,,;C,T, MXenes possess excellent electrical conductivity, good hydrophilicity,
and outstanding mechanical properties, which can be developed as ideal conductive
force-sensitive materials for flexible strain sensors [214-216]. In strain sensing, there
are four main factors that cause strain, namely, pressure, tension, bending, and torsion.
These strain modes can change the electrical properties of the force-sensitive material,
converting the strain signal into an electrical signal. Therefore, effective detection of var-
ious strain forces can be realized by monitoring changes in electrical signals. Herein, we
summarize and discuss the sensing detection of four strain forces by MXene materials.

Ti,,,C,T, is essentially a ceramic phase material and has some brittleness; therefore,
the piezoresistive sensor assembled from pure MXene materials cannot withstand high
pressure and thus easily breaks or collapses. Therefore, MXene materials should be com-
pounded with some highly flexible materials to meet the mechanical strength require-
ments of pressure sensing. The internal structure of MXene-based sensing composites
deforms when subjected to pressure, resulting in a fluctuation in carrier mobility, that is,
the piezoresistive effect. The composition of piezoresistive sensors with MXenes as the
sensitive material is shown in Fig. 13(a) [217]. First, the conductive MXene/CF hybrid
material was fabricated using CF as the flexible carrier to support force-sensitive MXene
materials. Second, the conductive fabric was covered on a polyimide (PI) substrate plated
with interdigital electrodes. Finally, the polydimethylsiloxane (PDM) film was coated on
the conductive fabric as an encapsulation layer, thus completing the fabrication of the
MXene-based piezoresistive sensor. The resistance of the MXene-based piezoresistive
sensor was measured, and the results demonstrated that the resistance decreased signifi-
cantly from 1946 Q to 168 Q) when the MXene concentration increased from 0.1 mg/mL
to 0.4 mg/mL. With further increase in the concentration, the resistance of the pressure
sensor stabilized at 134.2 Q (Fig. 13(b)) [217]. Therefore, when MXene concentration
exceeds a certain threshold, the resistance tends to be stable, avoiding the impact of con-
centration on the detection function of the sensor.

Figure 13(c) illustrates the strain process of the sensing structure under external pres-
sure [218]. When an external force is applied to the piezoresistive sensor, the sensitive
material deforms, increasing the effective contact area between the MXene composite
and the electrode, thereby increasing the conductive path, which eventually increases
the current (Fig. 13(d)) and decreases the resistance. The MXene-based piezoresistive
sensor has a sensitivity of 164.93 k-Pa~! in the range of 0—10 kPa and 403.46 k-Pa™*
in the range of 10-18 kPa (Fig. 13(e)) [218]. Recently, Shi et al. reported a method for
the fabrication of soft polysiloxane crosslinked MXene aerogel, labeled as BBP-MX-—
AG [219]. The BBP-MX—-AG has a retractable nanochannel structure with multi-level
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Fig. 13 a Schematic illustrations of the MXene-based piezoresistive sensor [217]. b Variation of the resistance
with respect to the concentration of the MXene [217]. Copyright 2021, Elsevier. ¢ Schematic diagram of
MXene-based sensing circuit [218]. d The current change of the piezoresistive sensor under different pressure
[218]. e The sensitivity of the MXene-based piezoresistive sensor [218]. Copyright 2022, Elsevier. f Schematic
illustration of BBP-MX-AG-based piezoresistive sensor [219]. g Pressure sensitivity of the piezoresistive sensor
under different pressure stimuli [219]. Copyright 2022, Springer Nature. h Variation of relative resistance with
respect to the tensile strain [220]. Copyright 2018, American Association for the Advancement of Science. i
Variation of relative current with respect to the torsion angle [221]. j Variation of relative current with respect
to the bending angle [221]. Copyright 2021, Elsevier

cellular walls inside (Fig. 13(f)). The synergistic effect of easily shrinkable nanopores and
sensitive materials conferred a pressure-sensitive aerogel an ultra-low Young’s modulus
(140 Pa), rich conductive network, and mechanical stability. The fabricated BBP—-MX-
AG is an extremely sensitive piezoresistive sensor with extremely low detection limit
(0.0063 Pa), fast response time (millisecond level), and high sensitivity (1929.8 k-Pa™?)
(Fig. 13(g)) [219]. This flexible strain sensor also exhibited excellent durability, and it
could quickly return to its original shape after being subjected to external force without



Wu et al. PhotoniX

(2023) 4:15

undergoing physical damage, and the electrical stability was not affected. BBP-MX-AG-
based sensor is one of the highly sensitive biosensors reported in contemporary litera-
ture, and it can be considered a leading achievement in piezoelectric sensors. In addition
to being sensitive to pressure, MXene-based flexible strain sensors are also sensitive to
other strain-generating factors, such as tension (Fig. 13(h)) [220], torsion (Fig. 13(i))
[221], and bending (Fig. 13(j)) [221]. Whether tension, torsion, or bending, the morphol-
ogy of the MXene-based strain sensing film changes, resulting in changes in its electrical
properties, and it can ultimately be used to sense various strain forces by monitoring
changes in current or resistance. In the past few years, MXene-based strain sensors have
been extensively studied, and various high-performance sensing structures have been
reported. In Table 8, we list and summarize the main performance indicators of MXene-
based strain sensors from the past two years, while earlier related reports have been well
summarized in other reviews [222-224].

MXene-based sensing technology for wearable smart device

In recent years, with advances in flexible electronics, wearable smart devices have
attracted extensive research attention. Wearable smart sensors can convert the strain,
temperature, and humidity changes of the human body into electrical signals and output
them on various devices. Weaving or assembling the wearable smart sensors on clothing
or skin can enable monitoring of human physiological information in real time, such as
movement status, skin temperature, humidity, and blood pressure. In the previous sec-
tion, we summarized and discussed the application of Ti, ,C, T, materials in various
sensors, which indicates that MXene and its composites are highly sensitive to changes
in strain, temperature, and pressure, showing that MXenes are suitable for designing
flexible wearable smart devices. However, MXenes are a ceramic phase material, and
exhibiting some brittleness and poor self-straining ability; thus, high-performance and
high-flexibility wearable devices should combine MXenes with textiles, hydrogels, aero-
gels, and so on. The fabrication methods include dip coating, spray drying, freeze—dry-
ing, electrospinning, wet spinning, and vacuum filtration [23, 201, 280-282].

The frequency of breathing is generally proportional to the heart rate. When the
heart beats faster, the breathing rate increases. Therefore, by monitoring breathing, the
health status of humans in terms of movement, disease, or weakness can be monitored.
MXenes are a highly humidity-sensitive material that can be developed into a wearable
device for respiratory monitoring [203, 283, 284]. Recently Xing et al. proposed a wear-
able breathing sensor based on a Ti;C, T, and MWCNTs (MXene/MWCNT) composite
electronic fabric (Fig. 14(a)) [284]. The sensor had a 265% resistance response at 90% RH
and a large stable response under deformation conditions. Furthermore, the humidity
response change of the MXene/MWCNT fabric-based sensor under stretching is only
7%, which is a substantial improvement in stability compared with the pure MXene fab-
ric sensor (35% humidity response change under stretching). Integrating the MXene/
MWCNT fabric-based sensor into a mask leads to the formation of a wearable breathing
monitor that can accurately identify different breathing states (Fig. 14(b)) [284]. MXene-
based wearable sensors are sensitive to not only humidity but also temperature, and they
can be used for smart thermotherapy and wound dressing (Fig. 14(c)) [203]. Zhao et al.
deposited 2D Ti;C,T, NSs onto cellulose fiber nonwovens to fabricate a multifunctional
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Table 8 Performance summary of recently reported MXene-based pressure/strain sensors

Materials Pressure Sensitivity (S)/ Linear range Detection limit Year Refs
Gauge factor (GF)

Soft polysiloxane S>1900 kPa™' 0.0063 - 0.1 Pa 0.0063 Pa 2022 [219]

crosslinked MXene

aerogel

Hydrogel/Mxene GF=145 500 - 1000% - 2022 [225]

MXene/bacterial cellulose S=51.14 kPa™" 0—0.82kPa - 2022 [226]

film

Ti,C,T, MXene S=62kPa~' 0—125Pa 0.1 Pa 2022 [227]

MXene-polydimethylsi-  S=403.46 kPa™"' 10 - 18 kPa 0.88 Pa 2022 [218]

loxane hybrid film

PDMS/CNT@MXene GF=1939 85-105% - 2022 [228]

sponge

MXene-polyurethane/ - 0-90% <0.005% 2022 [229]

polydimethylsiloxane

MXene@polydimethylsi-  S=2.6kPa™" 0 - 30 kPa - 2022 [230]

loxane

MXene@polyester fabric ~ GF=61.2 1 -6% - 2022 [231]

MXene/FeCo@C deco-  S=0.39kPa™' 20 - 50 kPa - 2022 [232]

rated carbon cloth

MXene/ZIF-67/polyacry-  S=62.8 kPa™' 0-10kPa - 2022 [233]

lonitrile

Crumpled MXene film S=2.35V/kPa 0.3 -1kPa - 2022 [234]

PAM/SA/MXene hydrogel GF=14 100 - 2000% - 2022 [235]

MXene/spacer fabric $=508.79 kPa~" 1 -5kPa - 2022 [236]

MXene-embedded nano- S=100.4 kPa~! 0-10kPa - 2022 [237]

composite hydrogels

Polyurethane/ polydopa- GF=2.36 2.5-20% - 2022 [238]

mine/ MXene conductive

composite foam

TisC,/ CNCs/ WPU GF =868 0-5% - 2022 [239]

Modified Ti;C,T,-based GF=22 700 — 1000% - 2022 [240]

organohydrogels

MXene/polyvinyl alcohol  S=23209 kPa™! 65.3 Pa—-6.53 kPa 6 Pa 2022 [241]

polydopamine-modified  GF=9.25 60 — 100% - 2022 [242]

MXene/CNT

Gluten/MXene composite GF=3.2 0-300% - 2022 [243]

organohydrogels

MXene/polyampholytes  GF=6.31 200 - 1000% - 2022 [244]

hydrogel

PAA/PAM/MXene/TA GF=10.536 150-250% - 2022 [245]

hydrogel

MXene/carbon nano- GF=9022 190 - 210% - 2022 [246]

tubes

Mussel-Inspired Polynor-  GF=16.9 0-02% - 2022 [247]

epinephrine/MXene

SnS/TisG, T, (MXene) S=7.49 kPa~' and 15-32kPaand5-25% - 2022 [248]

nanohybrid GF=741

Graphene/MXene GF=3.249 0.2—4% 0.2% 2022 [249]

Composite Aerogels rein-

forced by polyimide

3D porous polyurethane  GF= —4.43 6-17% - 2022 [250]

sponge coated with

MXene and carbon nano-

tubes composites

MXene/TMD nanohybrid ~ S=14.959 kPa~' and 1.477-3.456 kPa and - 2022 [251]

GF=14.108

5-25%
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Table 8 (continued)

Materials Pressure Sensitivity (S)/ Linear range Detection limit Year Refs
Gauge factor (GF)

MXene coated-paper and GF=13.89 -04-0% - 2022 [252]

polyethylene

Ni/MXene decorated GF=13.13 0-40% - 2022 [253]

polyurethane sponge

composite

GnP@MXene nanohybrid  GF =400 100 - 350% 0.25% 2022 [254]

Modified MXene-doped =~ GF=3.9543 0-300% - 2022 [255]

conductive organosilicon

elastomer

PNAGA/MXene hydrogel ~ GF=2.05 0-125% - 2022 [256]

MXene/ silver nanowire GF=32,1224 87 - 96% - 2022 [257]

Wrinkle-structured S=860 kPa™' 0.5 Pa—30 kPa - 2022 [258]

MXene film

MXene-reinforced dura-  S=1223 kPa™! 0-13kPa - 2021 [221]

ble cotton fabrics

Superhydrophobic GF=174 0-0.6% 0.1% strain 2021 [214]

microcracked conductive

Ti;GT, MXene/paper

TPU/MWCNTs@MXene GF=363 80—101% - 2021 [212]

Conductive MXene/cot-  S=5.30kPa™" 0-1.30 kPa - 2021 [217]

ton fabric

Ti,C,T,@PU foam S=3424kPa~" and 1477 -3.185 kPa and - 2021 [259]
GF=323.59 5-20%

MXene-PU-PVA S=045% deg_] 30-80deg - 2021 [260]

MXene quantum dot/ S=323kPa™' 0-0.4 kPa 04 Pa 2021 [261]

watermelon peel

aerogels

Ti;G,T, MXene/Protein $=2984 kPa~' 14—15.7kPa 7.1 Pa 2021 [21]

Nanocomposites

Carbon nanotube/ GF=114 30-60.3% - 2021 [262]

MXene/ polydimethylsi-

loxane

Polyacrylamide-co-acrylic GF=3.93 0-10% - 2021 [71]

acid/chitosan covalent-

network@ Ti;C,T, MXene

Carbon nanotube/Ti;C,T, S=0.245 kPa™' 0.128 - 12.9kPa - 2021 [263]

MXene textiles

Co@N-CNT/MXene GF=11.01 100-200% - 2021 [264]

Wrinkled PDMS/MXene S=0.18V/Pa 10-80 Pa - 2021 [265]

composite films

PDA-MXene-PDMS deco- GF=18 3-30% - 2021 [202]

rated textile

MXene/single-wall car- S=116.15kPa™" 0 - 40 kPa 33 Pa 2021 [266]

bon nanotube film

Polydimethylsiloxane S=66.3 nF kPa™' 0-0.5kPa - 2021 [267]

(PDMS)/TisC, T, MXene

Carbon nanotubes/ GF=3.94 0-8% - 2021 [268]

MXene composite

F-MXene@C-CNTs/CCS S=3.84kPa~! 0-124kPa - 2021 [269]

aerogel

MXene/air-laid paper GF=1-258 10 - 90% - 2021 [270]

composite

SAA (SA/PAA)/ APt/ $=0075kPa~'and 0-5kPaand 130 -200% - 2021 [271]

MXene GF=43

MXene/ 3D network S=102kPa~" 0—86kPa - 2021 [272]

electrode
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Table 8 (continued)

Materials Pressure Sensitivity (S)/ Linear range Detection limit Year Refs
Gauge factor (GF)

X-SF-MXene9-GO S=1423kPa~! 0-1.4kPa - 2021 [273]
PVA/SA/MXene dual- GF=0.97 0-100% 0.2% 2021 [274]
network conductive

hydrogel

MXene@cotton fabric GF=4.11 03-15% 0.3% 2021 [275]
Highly oriented MXene-  S=0.38 kPa~" and 0-3kPaand96-150% - 2021 [276]

based three dimensional GF=18.15
conductive networks

MXene/polyurethane/ GF=9.69 0-280% <0.1% 2021 [277]
polyacrylonitrile

Ti;C,T,@P(VDF-TrFE) GF=108.8 45 - 66% - 2021 [278]
Microstructured MXene/  GF=1000 120 - 160% 0.05% 2021 [279]
polyurethane fibrous

membrane

MXene-based smart fabric with reliable flexibility, excellent breathability, and self-con-
trollable electro-thermal effect [203]. Taking advantage of the multifunctional MXene-
based smart fabric, they successfully applied it in the field of smart hyperthermia, which
could effectively warm the body and relieve muscle spasms and joint damage under a
low voltage supply. Furthermore, the smart fabric had a good joule heating effect, such
that it was moderately bactericidal and could accelerate healing.

In terms of human motion status monitoring, wearable MXene textiles can be
designed as bracelets or patches to obtain real-time motion feedback (Fig. 14 (d)). When
people walk and run, the bending degree of the knee varies; hence, MXene textile sen-
sors attached to the knees can be used to monitor the movement state of the human
body in real time (Fig. 14 (e)) [65]. In addition, the movements of other human joints,
such as fingers, arms, and ankles, can be monitored using MXene textile sensors (Fig. 14
(f-h)) [21, 260]. The wearable MXene sensor also has exciting application potential in
physiological signal detection (Fig. 14(i)) [285]. According to the throat vibration, the
electrical signal output acquired by the MXene sensor can be used to distinguish the
tones of different words, which makes the development of a smart sound generator pos-
sible for the benefit of mute people [285]. Moreover, the use of MXene nanofibers is a
novel method for fabricating wearable devices [286]. Wang et al. fabricated a conductive
MXene@aramid fiber through wet spinning (Fig. 14(j, k)) [286]. The MXene@aramid
fiber had a high conductivity (2515 S m™?), which is suitable for designing smart wear-
able devices for monitoring human movements. In conclusion, both MXene-based tex-
tiles and fibers are important candidates for designing wearable smart sensing devices.

MXene-based sensing technology for bionic E-skin

The skin is one of the most important organs of human beings, and touch is the core
function of the skin for sensing surroundings, such as the sensing of strain, temperature,
and humidity. In recent years, MXenes have been used for developing bionic electronic
skins (E-skins) because of their excellent strain, temperature, and humidity sensing
capabilities [21, 217, 287, 288]. Figure 15(a) shows the spinous microstructure model
of human skin [22]. The spinous microstructure typically provides highly concentrated
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Fig. 14 a Schematic diagram of the wireless data transmission and detection of the MXene-based breathing
sensor [284]. b The response signals of the MXene-based smart sensor under different breathing states

[284]. Copyright 2022, Elsevier. ¢ The application of MXene-based smart sensor in breath monitoring, smart
thermotherapy, and wound dressing [203]. Copyright 2020, American Chemical Society. d Model diagram of
MXene-based wearable textile for human physiological information detection [202]. Copyright 2021, Elsevier.
e-h Electrical responses of MXene-based wearable sensor under different joint movements of the human
body [21, 65, 260]. Copyright 2021, American Chemical Society. Copyright 2021, American Association for
the Advancement of Science. Copyright 2021, Springer Singapore. i Electrical responses of MXene-based
wearable sensor for speaking “hello” and “sensor” [285]. Copyright 2020, Wiley—VCH. j Fabrication of
conductive MXene@aramid fiber by the method of wet spinning [286]. k Morphology of MXene@aramid
fiber and its fabricated wearable device [286]. Copyright 2021, American Chemical Society

localized stress in the contact area, improving the sensitivity and accuracy of skin to
pressure. The sensing film prepared using microspinous Ti;C,T, MXene had a structure
similar to that of human skin, and it possessed outstanding electrical conductivity, mak-
ing it an ideal candidate for bionic E-skin. The sections and models of the microstructure
of the MXene-based bionic E-skin in pristine, light-loaded, heavy-loaded, and recovered
conditions are shown in Fig. 15(b) [22]. When E-skin was subjected to external extru-
sion, with the increase in pressure, the contact area between microspinous MXene and
the interdigital electrodes gradually increased, thereby significantly increasing the con-
ductive path and eventually causing changes in resistance or current. When the exter-
nal force was withdrawn, the microspinous MXene-based E-skin quickly returned to its
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Fig. 15 aThe spinous microstructure model of human skin [22]. b The sections and models of the
microstructure of the Ti;C,T, MXene-based bionic E-skin in pristine, light-loaded, heavy-loaded, and
recovered conditions [22]. Copyright 2020, American Chemical Society. ¢ Variation in relative current at
different pressures [219]. Copyright 2022, Springer Nature. d Photographs of the elbow joint with MXene
array sensing E-skin under different motion states and the corresponding mapping of the strain-induced
capacitance distribution [267]. Copyright 2021, American Chemical Society. e Schematic diagram of thermal
response of MXene bionic E-skin [288]. f Temperature sensitivity of Ti;C,T, MXene-based bionic E-skin
[288]. Copyright 2022, Wiley-VCH. g Ti;C,T, MXene-based array unit, and its response to temperature [204].
Copyright 2019, Royal Society of Chemistry. h Hydrophilic characterization of MXene and its complex [65].
Copyright 2021, Springer Singapore. i Change in relative resistance of the MXene-based bionic E-skin with
increasing humidity [203]. Copyright 2020, American Chemical Society. j The humidity response of the
MXene-based bionic E-skin during humidification and drying [284]. Copyright 2022, Elsevier

original state, resulting in a reduction in the contact surface area. During the pressure
application and withdrawal process, the relative current of the MXene-based E-skin
showed a strict symmetrical relationship, indicating the good recoverability (Fig. 15(c))
[219]. When MXene materials are fabricated into arrays as bionic E-skins, their excel-
lent electrical sensing properties enable sensitive detection of strain. MXene materials
can be fabricated as array units, which are then attached to the robot body as bionic
E-skin, such as at the elbow joint. When the elbow joint bends, or when a foreign object
extrudes, the electrical properties of bionic E-skin are significantly affected, thereby real-
izing real-time response to external strain (Fig. 15(d)) [267].

MXene-based E-skin should also be sensitive to temperature (Fig. 15(e)) [288]. Tem-
perature sensitivity is demonstrated in Fig. 15(f), which shows that the voltage exhib-
its stable and sensitive changes in response to repeated hot and cold stimuli. Even
slight thermal changes in the environment can be sensed by the E-skin. As an exam-
ple, MXene was fabricated into an array unit similar to skin, and a finger was used as
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the weak heat source close to the top of the temperature sensor array (Fig. 15(g)) [204].
The Ti;C,T, MXene-based E-skin could accurately sense the position of the finger and
respond through resistance changes in the sensor. Finally, MXene-based bionic E-skins
are also extremely sensitive to humidity, which can be attributed to the abundant func-
tional groups on the surface that enhance their hydrophilicity (Fig. 15(h)) [65]. Moisture
changes in the environment can also be captured by the MXene-based bionic E-skin and
converted into electrical signals for further processing (Fig. 15(i)) [203]. The humidity
response exhibited good stability and recoverability during humidification and drying,
which proves the feasibility for the design of E-skin (Fig. 15(j)) [284].

MXene-based sensing technology for bionic soft robot

Bionic soft robots have been at the frontier of scientific research in recent years, and
they present potentially critical application prospects in many fields, such as medical
treatment, reconnaissance, and industrial production [289-292]. The design of bionic
soft robots is inspired by animals, plants, and humans, and they feature excellent flex-
ibility, adaptability, and versatility [293—296]. Functional nanomaterials with good flex-
ibility and strong plasticity are important raw materials for soft robot fabrication [297].
As emerging nanomaterials, MXene and its composites present excellent light absorp-
tion, high photothermal/electrothermal response efficiency, high flexibility, low photo-
triggering power, and fast response time, which make them outstanding candidates for
the fabrication of soft robots [298-300]. Inspired by the crawling behavior of bugs, Xiao
et al. fused Ti;C,T, MXene with paraffin wax into a composite material (MX-PW) of
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soft robot (Fig. 16(a)) [300]. The MX-PW soft robot possessed thermal sensitivity and
wavelength selectivity. Under laser radiation with a wavelength of 808 nm, the MX-
PW actuator was driven and made a curvature change within a short time (Fig. 16(b))
because of its high thermal sensitivity (4.6 m~!/°C). Figure 16(c) shows the deformation
and recovery processes of the MX-PW film under light, indicating its excellent maneu-
verability. The MX—PW soft robot has the advantage of low trigger power. Although the
thermal field energy generated with the finger is low, it can drive the robot to wriggle
(Fig. 16(d)).

The actuation speed of the MXene-based soft robot is highly dependent on the radia-
tion intensity; the higher the radiation intensity, the faster is the actuation speed. Luo
et al. reported a soft robot based on MXene/low-density polyethylene (LDPE) bilayer
films, which could perform crawling, rolling, and sailing commands through free-form
cutting and programmable configuration [301]. The actuation speed of the reported
MXene/LDPE-based soft robot reached 150° s~* under a radiation intensity of 172 mW
cm™? (Fig. 16(e)). Driven by the repeated “on/off” of the near-infrared light, the bionic
soft robot crawled forward in a rhythmic manner (Fig. 16(f, g)). Next, the MXene film
was cut into gear-like structures and attached to the edge of the plastic circular tube,
which were fabricated into a rolling robot. When the gear-shaped structure contacting
the ground was partially irradiated by the laser, its structural unit deformed and bent,
thereby generating a thrust on the ground. At this time, the rolling robot rolled forward
under the action of the reverse thrust (Fig. 16(h, i)). Driven by light, the MXene/LDPE-
based soft robot could steer and navigate (Fig. 16(j)) and finally, it could turn and sail
(Fig. 16(j)). According to the Marangoni effect, when the MXene/LDPE robot material
is driven by light, the temperature of the nearby water increases rapidly, and the surface
tension of the water also increases, forming a surface tension gradient with other places
with low surface tension. At this time, water with low surface tension flows to the water
with high surface tension, thereby promoting the turning and sailing of the robot. As
shown in Fig. 16(j), driving different parts of the robot with light can make the robot
navigate with programmable routes.

MXene-based sensing technology for neural network coding and learning

MXene and its complexes are ideal candidates for mechanical sensing materials, and they
are sensitive to the externally applied pressure or strain. With the mechanically sensitive
advantage of MXene, it can be applied to the research on neural network coding and
learning [24, 302, 303]. Inspired by the biological nervous system (Fig. 17(a)), Tan et al.
reported an artificial nervous system based on MXene [24]. They imitated the working
principle of subcutaneous afferent nerves and innovatively combined the MXene pres-
sure sensor-based E-skin, analog-to-digital converter/light-emitting diode (ADC-LED)
circuit, and synaptic photomemristor to realize the information transmission similar to
that in a biological neural network. In the artificial nervous system, the pressure exerted
on the E-skin can be converted into a voltage signal, and the ADC-LED circuit then
processes the received voltage signal and uses the encoded pressure information to initi-
ate light pulses. Finally, the light pulses are transmitted to an optoelectronic synapse and
processed into a post-synaptic current signal to store the pressure information.
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To highlight the ability of artificial neural network to process and store a large amount
of sensory data, machine learning was used to extract and learn the features of the data.
First, the MXene-based pressure sensing structure was fabricated into connected 5 x 5
array units (Fig. 17(b)). Next, the letter ‘A’ was written on the array unit, which was
transmitted and recognized by the artificial neural network system. Although the out-
put signals of 25 array units were not collected and analyzed, the spiking proportions
of 5 synaptic photoelectric emitters were used as 5-dimensional features for subsequent
recognition and learning through dimension reduction processing. Finally, for the input
‘A’ signal, the features extracted by the artificial neural network are shown in Fig. 17(c).
For each of the letters, the spiking proportions received by the photoelectric synapse
were different; in this manner, a dictionary of characteristic code letters (Fig. 17(d))
could be obtained. Through multiple training and learning, the recognition accuracy
can be greatly improved, and finally, the feature learning and memory of handwritten
input can be realized. A handwritten letter corresponds to 5-dimensional vectors; thus,
for a complete word, the vector dimensions are multiplied. Taking the handwritten word
‘ESKIN’ as an example, 5 letters generate 25-dimensional vectors (Fig. 17(e)). Through
the training and learning of the MXene-based artificial neural network, handwritten
word ‘ESKIN’ can be accurately recognized and memorized. Furthermore, by combin-
ing two-letter vectors, dimensionality reduction for handwritten words can be further
acquired. Taking the word ‘APPLE’ as an example, the letters ‘AP’ and ‘PL’ were formed
into an independent set of 5-dimensional vectors, thereby reducing the 25-dimensional
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vectors to the 15-dimensional vectors. Through training and learning, ‘APPLE’ can still
be recognized and remembered (Fig. 17(f)). Similarly, feature extraction of other hand-
written words can be successfully recognized using the artificial neural network systems
(Fig. 17(g)).

MXene-based sensing technology for intelligent artificial eardrum

In Pressure/strain sensors section, MXene-based pressure/strain sensors with high
sensitivity and durability are summarized. Under an external force, the MXene-based
strain sensor deforms, converting the external force signal into useful electrical sig-
nals, such as resistance, current, and capacitance. Taking advantage of the outstand-
ing strain capacity of MXene, it can also be developed as an acoustic sensor [226].
Recently, Gou et al. designed a microstructured substrate-based MXene acoustic sen-
sor for sound detection and recognition by imitating the function of the human ear-
drum (Fig. 18(a)) [227]. They utilized the combination of Ti;C,T, MXene with large
interlayer distances and microcone arrays (Fig. 18(b)) to achieve 2-stage amplifica-
tion for pressure and acoustic sensing and obtained a high-performance artificial ear-
drum. In the MXene-based intelligent artificial eardrum, the total resistance (R,
around the pyramid array mainly had three components, namely, resistance without
the pyramid surface (R,), resistance at the top of the pyramid (R,), and resistance on
the pyramid surface (Rs) (Fig. 18(c)). Under the stimulation of external sound waves,
the MXene-based eardrum acts as a signal converter to generate vibrations, convert-

ing the acoustic signal into a change signal of R, ,,; to be effectively perceived. A com-

total
parison revealed that MXene has a stronger resistance response than graphene at
the same sound pressure (Fig. 18(d)), which proves that MXene is more suitable for
making intelligent artificial eardrums. The artificial eardrum made of Ti;C,T, MXene
material has a highly sensitive detection function (S=62 k-Pa™!), with the detection
limit of 0.1 Pa (Fig. 18(e)).

The MXene eardrum can convert different word pronunciations into distinguishable
electrical resistance signals, thereby realizing the function of sound recognition and
memory (Fig. 18(f)). To better realize the recognition and classification of different
speech signals by the MXene eardrum, machine learning is introduced to extract the
feature information of different speech signals. Machine learning method of k-means
clustering algorithm is used to train, learn, and test the speech signals recorded by
the MXene eardrum ((Fig. 18(g))). The accuracy rates for the training data set and
the test data set were 96.4% and 95%, respectively. As shown in Fig. 18(h), 280 sets
of sounds with similar characteristics can be visualized into a low-dimensional space
using t-distributed stochastic neighbor embedding, forming 7 clusters of different
colors, each point of which represents visualized speech information. These visual-
ized speech information points with the same color are all clustered within a certain
range, which indicates their good recognition and classification functions. Inconsist-
ency between the speech prediction and test datasets is shown in Fig. 18(i), which
are well matched, reflecting the high sensitivity and strong recognition ability of the
MXene eardrum to speech signals.
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Conclusions and outlook

To date, Ti,,,C T, MXenes, represented by Ti;C,T,, have been widely reported and
applied in sensing technology. They are considered ideal candidates for developing high-
performance sensors due to their characteristics, such as abundant surface groups, good
hydrophilicity, excellent biocompatibility, high electrical conductivity, and outstanding
mechanical properties. This review summarizes nine classes of MXene sensors based
on optical and electrical sensing signals, and discusses their applications in intelligent
devices, such as neural network coding and learning, bionic soft robot, and intelligent
artificial eardrum. In recent years, there has been extensive research on MXene-based
sensing applications. Nonetheless, research on MXene materials in the field of sensing
still needs to be further expanded. Challenges and prospects for the development of

MXenes can be summarized as follows:
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Challenges of MXene materials in sensing technologies

First, the preparation process of MXene sensing materials should be further devel-
oped. Currently, MXenes are mainly synthesized by chemical etching, which leads to
the uncontrollability of factors such as size, thickness, functional groups, and defects of
the materials. These uncontrollable factors lead to inconsistencies in the performance
of MXene-based sensors, making mass production impossible. Therefore, new and
advanced fabrication methods for MXene material should be further explored to enable
better control on the aforementioned factors. The durability of MXene sensing materi-
als is also a concern. The application scenarios of sensors are often complex, which may
include harsh environments conditions such as high temperature, humidity, salinity, acid-
ity, and alkalinity, which adversely affects the durability and stability of sensing materials.
Therefore, the development of modified MXenes with better durability and stability is an
urgent need for developing high-performance MXene-based sensing applications.

Second, the abundant functional groups on the surface of MXene materials endow
them with tunable optical and electrical properties, but also bring new challenges. The
surface functional groups of MXene cannot exist stably under high temperature condi-
tions and will be removed [304, 305]. Therefore, the development of new MXene mate-
rials with high temperature resistance and stable photoelectric performance is a new
challenge to be solved urgently.

Finally, at present, most of the sensing research on MXene materials emphasizes the
development of application fields, while ignoring the research and improvement of their
essential optical and electrical properties. How to improve various essential properties
of MXene materials, thereby improving sensing sensitivity, response time, stability, etc.,
is a key challenge for researchers.

Prospects of MXene materials in sensing technologies

First, MXene-based sensors can be applied for the development of interactive human—
machine interface. Human—machine interface refers to the exchange of information
between people and machines, which includes direct contact, as well as long-distance
information transmission and control. Through training and learning, different gesture
commands issued by gloves equipped with MXene sensing devices can be accurately
recognized [302]; however, further applications in human—machine interfaces should be
developed [306]. MXenes show good mechanical sensitivity and are excellent potential
candidates for human—machine interface development.

Second, intelligent MXene sensing detection based on machine learning should be
developed. MXene and its modifications show excellent sensitivity and good selectiv-
ity in various sensors. To date, the data analysis of MXene sensing detection technology
mainly relies on human processing, which is not conducive to the rapid detection of tar-
gets. Therefore, it is necessary to build a sensor data set in the future to realize intelligent
selection, identification and quantitative analysis of targets through machine learning.

Third, MXene sensing for seismic wave or acoustic wave detection is also worth devel-
oping. The comb-like structure and abundant surface functional groups of MXene
materials endow them with tunable optical and electrical properties. Moreover, the
optoelectronic performance of MXene can be greatly optimized by combining other
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materials to form heterojunctions, or intercalating ions to change the structure. The
unique comb structure of MXene materials make them more sensitive to vibrational
waves. Under the action of the vibration wave, the comb-like MXene will deform and
change the resistance, thereby changing the electrical signal. At this time, the vibration
wave can be effectively analyzed by detecting the change of the electrical signal. Further-
more, adding an electro-optic modulator to the output port of the electrical signal can
convert the corresponding electrical signal into an optical signal, and finally realize the
joint detection mode of electrical and optical to improve the detection accuracy.

Finally, high-entropy MXene should be developed for application in sensing technology.
High-entropy MXene is a stable single phase comprising five or more atoms, and its ele-
ment ratio can be adjusted. Compared with conventional MXenes, high-entropy MXenes
have more transition metal species, which greatly optimizes the material properties, such
as conductivity, hardness, chemical stability, and volume capacitance [307-309]. How-
ever, high-entropy MXene material with excellent performance should be developed in
the field of sensing, and its future applications should be investigated in the future.

Abbreviations

NSs Nanosheets

QDs Quantum dots

SPR Surface plasmon resonance
SERS Surface-enhanced Raman scattering
SEM Scanning electron microscope
TEM Transmission electron microscope
HRTEM High-resolution transmission electron microscope
DFT Density functional theory

HF Hydrofluoric acid

DMSO Dimethy! sulphoxide

PVA Polyvinyl alcohol

2D Two-dimensional

RI Refractive index

AuNPs Au nanoparticles

SPA Staphylococcal protein A

CEA Carcinoembryonic antigen

NH; Ammonia

rGO Reduced graphene oxide

Exo lll Exonuclease Il

N Nitrogen

P Phosphorus

PEI Polyethyleneimine

AFB1 Mycotoxin B1

BPF 1,2-Bis(4-pyridyl) ethylene

PAA Poly(acrylic acid)

WE Working electrode

CE Counter electrode

RE Reference electrode

MWCNTs Multi-walled carbon nanotubes
S Sensitivity

CCS Carboxymethy! chitosan

CF Cotton fabric

RH Relative humidity

Pl Polyimide

PDM Polydimethylsiloxane

BBP-MX-AG Bottlebrush poly(3-glycidoxypropyldimethoxymethylsilane)-MXene-aerogel
E-skins Electronic skins

MX-PW MXene-paraffin wax

LDPE Low-density polyethylene

ADC-LED Analog-to-digital converter/light-emitting diode
Riotal Total resistance

Ry Resistance without the pyramid surface

R Resistance at the top of the pyramid

R, Resistance on the pyramid surface
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