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ABSTRACT

Human beings perceive the world through the senses of sight, hearing, smell, taste, touch, space, and balance. The first five
senses are prerequisites for people to live. The sensing organs upload information to the nervous systems, including the brain,
for interpreting the surrounding environment. Then, the brain sends commands to muscles reflexively to react to stimuli, including
light, gas, chemicals, sound, and pressure. MXene, as an emerging two-dimensional material, has been intensively adopted in
the applications of various sensors and actuators. In this review, we update the sensors to mimic five primary senses and
actuators for stimulating muscles, which employ MXene-based film, membrane, and composite with other functional materials.
First, a brief introduction is delivered for the structure, properties, and synthesis methods of MXenes. Then, we feed the readers
the recent reports on the MXene-derived image sensors as artificial retinas, gas sensors, chemical biosensors, acoustic devices,
and tactile sensors for electronic skin. Besides, the actuators of MXene-based composite are introduced. Eventually, future
opportunities are given to MXene research based on the requirements of artificial intelligence and humanoid robot, which may
induce prospects in accompanying healthcare and biomedical engineering applications.
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MXenes, sensors, actuators, gas sensors, biosensors, tactile sensors, sound sensors, artificial retina

including sight, sound, taste, smell, and touch. These sensings (Fig.
1) are correlated to the information perception by the eyes, ears,
To perceive the surroundings, humans receive five types of senses, tongue, nose, and skin. The degradation or diseases of sensory

1 Introduction
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Figure1 The five sensory organs of humans and their communication with
brains.

organs may decrease the happiness of human beings. The
development of artificial sensors, which mimic the five sensory
organs, tends to bring back a clear perception of the outside world.

MXenes remain the rising-star low-dimensional materials [1-4]
after its discovery one decade ago [5-7]. MXenes possess
extraordinary mechanical [8, 9], electrical [10, 11], optical[12, 13],
magnetic [14,15], and thermal [16,17] properties. First, the
MXenes have been fabricated in devices of electronics and
optoelectronics, eg., electromagnetic shielding [18,19],
conducting electrodes [20,21], chemiresistors, transistors [22],
photodetectors [23, 24], and solar cells [25]. MXene, as a saturable
absorber, shows pulsed laser applications [26,27]. The MXene-
based composites have been employed as thermal conductive pads
[28]. The spin regulation by magnetic field leads to spintronics
[29]. The surface chemistry of MXenes [30] has provided active
sites for catalysis [31], water remediation [32], hydrogen storage
[33], sensing and antibacterial treatment [34], as well as wound
healing [35]. The large interlayer spacing accommodates lithium
ions’ intercalation and deintercalation for energy storage batteries
[36-38] and capacitors.

To understand the advantages of MXenes, we compare the
differences between MXenes and other two-dimensional (2D)
materials. Zhang et al. summarized the difference between MXene
and other two-dimensional materials according to their optical
properties [26]. The dominant features of typical two-dimensional
materials are listed in Table 1. Compared with traditional bulk
materials, two-dimensional materials [39, 40] are more suitable for
human-like sensing applications because of their large surface area
[41], high carrier mobility [42, 43], and flexibility [44, 45].

In brief, their differences are depicted as follows. In ultrafast
photonics, the low modulation depth of graphene due to atomic-
layer thickness has limited its applications. Although topological
insulators can achieve nonlinear broadband response, their
manufacturing process is complicated, which leads to high costs
[56]. When the thickness is fixed, two-dimensional transition
metal chalcogenides have certain bandgaps, limiting the optical
absorption in the mid-infrared region. Black phosphorus shows
continuously tunable bandgaps by changing its thickness;
however, phosphorene suffers from weak air stability. Other
monoelemental 2D materials remain less intensively investigated,
requiring more groups’ participation. In contrast, MXene has the
features of both adjustable bandgap and good stability, which
makes it highly competitive in ultrafast photonics applications.

First of all, we introduce the progress of MXene synthesis. First
is top-down such as etching of A layer from bulk MAX phases
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and delamination; another is bottom-up, including the direct
chemical vapor deposition, as well as the sputtering reaction of Ti,
Al, and C for epitaxial MAX film formation, followed by the
etching of A layer for remaining MXene film over the supporting
substrate. Four reprehensive approaches are listed in Fig. 2. The
emerging trends of MXene synthesis include mild synthesis
conditions such as alternative etchants other than HF.

One can refer to comprehensive reviews for the most recent
advances in MXene synthesis, including the solution processing
for obtaining MXene nanosheets [91,92], additive-mediated
intercalation [93], HF-free etching of MAX [26], electrochemical
etching [94], anti-oxidation strategies [95,96], and surface
engineering [97-99]. Besides, the posttreatment lead to various
types of MXenes, such as MXene quantum dots [100,101],
MXene/polymer composites [16,102], MXene inks for printed
electronics [103], and MXene-based heterostructures [104].

Before discussing the device performances, we look at the
structure of MXenes via the classification of MXenes. According
to their morphologies, MXene can be divided into four categories,
i.e, quantum dots, nanosheets, epitaxial film or large domains (by
chemical vapor deposition), and the macroform.

We start with the top-down strategies for producing the
quantum dots and nanosheets from the parent MAX phases. First,
the MXene-based quantum dots have features in
photoluminescence of different wavelengths according to the size
of quantum dots. The quantum dots can be prepared by the
microexplosion  method [105] or  high-frequency
electromechanical vibration [106]. The quantum dots have
demonstrated applications in light-emitting diodes [107], ultrafast
photonics [26, 100], cellular imaging [108], and catalytic cancer
therapy. Second, the Ti;C, MXene nanosheets can be obtained by
selected Al etching of Ti;AlC, MAX phase and delamination.
These nanosheets (in dispersions) can be spun or drop-coated
onto dielectric substrates for depositing patterned electrodes,
which demonstrate the functions of sensors or transistors [109].

Then, we briefly introduce bottom-up synthesis strategies,
including a thermal deposition from atomic or molecular
precursors and the three-dimensional (3D) assembly from
nanosheets. Third, the nanosheets can be assembled into
macroform, including clay by powder hydration [110,111],
freestanding membrane by vacuum filtration [21, 112], or aerogel
by freeze drying [102, 113]. Fourth, the MXene films can be grown
by bottom-up approaches, including the co-sputtering of Ti, Al,
and C targets into MAX films and chemical vapor deposition of
Mo,C [114]. The epitaxial film has potential in wafer-scale
integrated electronic devices such as transistors, chemiresistors,
and photodetectors. The macroform may find its applications in
energy storage, such as batteries and supercapacitors, as well as
energy conversion, including catalysis. Here, the MXene films
become dominant in sensor applications. We come to the
discussion of sensor applications of MXenes.

We come to several advantages that MXene possesses in
electronic properties for sensors. First, MXene shows high
electrical conductivity (6,000-8,000 S-cm™), exceeding a large
number of two-dimensional materials [115]. Second, MXene
promotes the recognition of heavy metals [116], humidity [117],
hydrogen peroxide [118], acetaminophen [119], biomarkers in
whole blood [120], refractive index [121], acoustic sound [122,
123], and human motion [124, 125] in different types of sensors
[98]. Solution-gated transistors provide great sensitivity and
cycling performances [126]. Besides, MXene has good
hydrophilicity because of the OH surface groups [127].

The readers may refer to essential reviews on the emerging
topics of heterostructures [96], new types of MXenes beyond Ti;C,
[23], and novel device components [97].

f? rf ?/» ‘;’% it @ Springer | www .editorialmanager.com/nare/default.asp

¥ Tsinghua University Press



Nano Res. 2023, 16(4): 5767-5795

Table1 The comparison of MXenes with other two-dimensional materials
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Materials Bandgap (eV) Advantages Disadvantages References
Adjustable bandgap; wide optical response
MXene <0.2, monolayer bandvx{ldth; large nonlinear al.as.orptl'on Challenges in homogene}ty control during (20, 46-49]
coefficient; excellent conductivity; high synthesis
optical clarity
. i . . N
Graphene 0, monolayer High electron mo'blhty and optical Low modulation depth (< 2.3%) at (50, 51]
transmittance monolayer graphene
Black phosphorus (BP) 0.3, direct, bulk2, direct, B,roadband n_onhnearA response for the T“‘d' Weak stability in humidity and air
infrared region; feasible mass production . [53, 54]
or phosphorene (P) monolayer conditions
protocols [52]
Topological insulators Prolonged recovery time not suitable for
po 08 . 0.3, indirect, bulk Broadband nonlinear response an ultra-short pulse; complicated [55-57]
(TIs), e.g., Bi,Se; .
fabrication process
leansmon rr}etal 1.2, indirect, bulk; 1.9, Wide bandgap range th?,lt varies w1tb the Low charge carrier mobility; low photon
dichalcogenides . number of layers, which leads to its R 1 . [58-60]
direct, monolayer . . . absorption in the mid-infrared region
(TMDCs) unique optical properties
High cost deposition techniques such as
Feasible large-scale production by both .molecular beam epitaxy systems and
Other single-elemental epitaxy, delamination from bulk parents single-crystal substrates; not thoroughly
? > explored by theoretical calculations; [71-75]

2D materials

e.g., tellurene (Te) [61-63]; germanene
(Ge) [64-66]

Stanene or tinene (Sn) [76-79]; arsenene
(As) [80-82]; antimonene (Sb) [83]

experimental results not matching ab-
initio predication; borophene (B) [67];
silicene (Si) [68-70]
bismuthene (Bi) [84]; selenene (Se) [85];
gallenene (Ga) [86]
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Figure2 Typical synthesis routes for obtaining MXenes. Top-down: (a)
etching of MAX and delamination. Reproduced with permission from Ref. [87],
© American Chemical Society 2020. (b) Molten salt etching of MAX and
sonication-derived delamination. Reproduced with permission from Ref. [88],
© American Chemical Society 2022. Bottom-up: (c) reactive sputtering
deposition of MAX film for MXene formation after Al etching. Reproduced
with permission from Ref. [89], © American Chemical Society 2014. (d) Direct
chemical vapor deposition of Mo,C MXene over Cu/Mo substrate. Reproduced
with permission from Ref. [90], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2019.

According to the types of transduction, the MXenes-based
sensors can be categorized by the sensing mechanisms, including
plasmonic [128, 129], chemiresistive [61, 130-132],
mechanotransducive [133], colorimetric [134], fluorescence [135],
and electrochemical [119] approaches.

Here, we provide a timely review of the emerging MXene-based
sensors for achieving the performances of artificial organs
(Scheme 1), including light sensors, gas sensors, chemical
biosensors, sound sensors, and tactile sensors. Besides, the MXene-
based actuators are briefly introduced. We start with the sight
sense, including photodetectors and image sensors.
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Scheme 1 The MXene-based devices for mimicking five human senses, brain
processing, neural pathway, and reflexes.

2 Image sensor for vision sense

The principle of sight is depicted as follows. The eyes convert light
to image and color signals for processing by the brain. The retina,
a membrane composed of arrays of photoreceptor cells, converts
the light beam into nerve pulses, which transform to the synaptic
potential and transmit to the brain. Eventually, the brain
reconstructs the visual image continuously.

MXene was employed as an electrode for a perovskite-based
photodetector array for image sensing. Wang et al. designed an
image sensor (Fig.3) with MXene/perovskite/MXene structures
by laser scribing technology. The MXene shows an energy band
alignment with the perovskite-based photoactive layers, which
facilitates charge transfer at the interface.

Light absorption can be achieved through resonance
enhancement in the near-infrared band. The photodetector array
enables 1,250-pixel image sensing [136], with a response of
84.8 A-W, a specific detectivity of 3.22 x 10" Jones, and a linear
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Figure3 MXene/perovskite/MXene based photodetector array as image
sensor. (a) Processes for the fabrication of MXene/perovskite heterostructures
by spin coating and laser scribing techniques. (b) Photograph of 50 pixel x 25
pixel image sensor. (c) MXene electrode and perovskite photoactive layer
structure of a single pixel. (d) Optical micrograph of MXene electrode and
perovskite channel. The scale bar is 200 pm. Reproduced with permission from
Ref. [136], © The Royal Society of Chemistry 2020.

dynamic range of 82 dB in the near-infrared region. This work
provides a solution for an image sensor of high resolution and
pattern controllability.

The transistor array based on MXene can be prepared with
patterning techniques, such as direct writing and inject printing,
They have drawbacks of low pixel resolution [137-139].

Cheng et al. report an MXene/Si-based image sensor array with
a high resolution of 2 um [140]. The Ti,C,T,/Si photodetector has
a high-density integrated array of 1,024 pixels (Fig.4), with a
detectivity of 7.7 x 10" Jones and an ON/OFF current ratio (6.2 x
10°).

With a transistor-based detector in each pixel, the MXene/Si
image sensor [140] has been fabricated with conventional
lithography protocols over a 4-inch wafer, which shows high
compatibility with Si technology. The MXene stacking with other
photosensitive materials, such as metal sulfides [141-143] or
selenides [144-146], leads to the regulation of detection
wavelength. For example, PdSe, [147] may extend to the near-
infrared for thermal imaging.

Another 32 x 32 pixel image sensor report has demonstrated a
deer’s shape [148] based on the heterostructures of MXene/RAN.
Here, RAN polymer serves as photosensitive material and MXene
as conducting electrodes. Such a photodetector shows
transmittance of 70%, excellent mechanical stability, and
performance retention under large bending angles.

Future opportunities remain in the coupling of MXene and
photoactive materials. First, the metal halide perovskites [149],
semiconductor nanowires [150], and metal chalcogenides [151,
152] become emerging photosensitive materials for image sensors.
In type I heterojunction, the bandgap engineering facilitates color-
sensitive imaging, i.e., wavelength selective photodetection [153]
via a bias voltage. Second, more active materials can be selected
from conventional solar energy materials, including antimony
selenides [154, 155] and sulfides [156, 157] and tandem structures
[151], amorphous silicon [158], and four-element compound thin
films [159-161]. Third, the charge transport layer may promote
the sensitivity and responsivity of the photodetectors.
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Figure4 MXene/Si heterostructure-based image sensor. (a) Photograph of an
image sensor of 32 x 32 pixel photodetectors. (b) Circuit diagram, (c)
photograph, and (d) workflow diagram of the image sensor by a multiplexer
technology. (c) Test the array chip using the laser and a shade cover on top of
the array. The Voo Vo and ground wires (GND, ie., the chip substrate) are
connected to the measuring system. (d) The electrical signal input is controlled
by the multiplexer and then generated by the Vj line to generate an array of
1,024 pixels. (e) The 1,024 pieces of drain current curves from each pixel
photodetector. The higher current (10° A) occurs at the irradiated
photodetector while the lower current (10 A) emerges at the dark condition
with the light selectively illumination inside the capital E projection. (f) The
image detection of E capital alphabet by the 1,024 pixels of drain current after a
current mapping. Reproduced with permission from Ref. [140], © Wiley-VCH
GmbH 2022.

High-performance optoelectronic devices require significant
absorption coefficients, long diffusion lengths, and adjustable
bandgap width. High-quality photosensitive materials are among
the research hotspots of next-generation optoelectronics. Early
image sensors are developed based on light intensity. Future
opportunities remain for recognizing color by speculating the
wavelength of illuminated light.

3 Artificial eardrum for hearing sense

Human hearing perceives sounds via ear after receiving air
vibrations with periodic pressure changes. The auditory system
conducts human hearing, which converts the mechanical waves by
the eardrum into neural pulse signals for brain collection. Hearing
loss can be caused by heredity and congenital at birth, presbycusis
in aging people, and acquired by living environments. Several
solutions promote hearing ability, such as wearing a hearing aid
device and restoring the perforated eardrum.

Firstly, hearing aid devices, which integrate the microphone,
amplification circuit, and loudspeaker, have improved the living
conditions of deaf people and others with hearing loss. The
current technology of acoustic devices suffers from heavy
rechargeable nickel-metal batteries, which are not comfortable to
carry. The low energy consumption, lightweight, and integration
with micro-batteries or micro-supercapacitors are core
requirements for technology upgradation. In addition, the safety
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[162] and the lifetime of batteries should be taken care of [163].
Therefore, low-dimensional nanomaterials are ideal alternative
materials for acoustic membranes in microphones, amplification
integrated circuits (if any), and loudspeakers. Secondly, low-
dimensional nanomaterials have been implanted in the perforated
eardrum of animal models for hearing recovery.

In this section, we discuss the progress in MXene-based
acoustic devices, including fundamental components such as
microphones and loudspeakers and system-level applications, e.g.,
artificial eardrums and artificial throats for voice recognition
assisted by machine learning and data training.

We begin with the MXene-based microphone device. The
sound provides a weak force of continuously regulated frequency
that can be transduced to electric current by a microphone.

The vibration of air or water typically transmits the sound.
Humans can hear the audio frequency ranges from 20 to
20,000 Hz. The acoustic wave induces the sound pressure (with a
pascal unit), a frequency-dependent periodic change in local air
pressure, which varies from one standard atmosphere. The
microphone can measure the sound pressure.

The sound pressure level (SPL) depicts the relative pressure
compared to a standard value in a logarithmic format, ie., 20
log,\(p/py) dB, where p is sound pressure and p, is 20 pPa as
reference.

The typical acoustic membranes rely on isinglass, wood, mica,
and polymers. They feature heavyweight and are not easily
tailored. The ultimate goal for acoustic devices is to produce or
detect a sound with high sensitivity, low detection limits, and a
broad frequency spectrum [164]. Further improvement in acoustic
performances remains challenging based on these conventional
materials. Nanostructured —materials may improve the
performance of acoustic membranes. Acoustic sensors made of
graphene [164] and carbon nanotubes [165] have been reported to
detect human voices and recognize speech assisted with deep data
learning.

Here, we discuss the artificial eardrum based on the MXene
membrane. Ren et al. constructed an MXene-based piezoresistive
pressure sensor that simulates artificial eardrums (Fig.5) and
combined it with machine learning to perform sound detection
and recognition [166].

The pressure sensor [166] performs well, including a sensitivity
of 62 kPa™ and a detection limit (of 0.1 Pa). The MXene artificial
eardrum (Fig. 6) can precisely record audio waves comparable to
commercial recorders. Based on the voice recognition algorithm,
the MXene eardrum-based artificial auditory system can identify
280 voice signals with 96.4% accuracy. The concept of acoustic
devices shows promising applications in wearable healthcare
devices.

The artificial throat is introduced based on MXene. In the
human throat, the larynx produces sound by periodic opening
and switching off the vocal cords [167,168], which chop the
continuous airflow to pulsed sound waves. The collisions of vocal
cords produce harmonics, with a fundamental frequency of
120 Hz for men and 210 Hz for women. The artificial larynx or
vocal cords become necessary for mimicking human voices,
reparating voice loss, and restoring throat diseases.

Ding et al. prepared an MXene-based artificial throat that
recognizes the pair (a: and ) of a long and short vowel by sound
detection sensor [169]. The MXene-based acoustic sensor achieves
a perceived response to pressure and vibration (Fig. 7).

They used the convolutional neural network model [169] to
recognize syllables in human pronunciation, which can identify
long and short vowels. The study could broaden the applications
of MXene acoustic sensors in sound generation for mimicking the
larynx and vocal cords. The loudspeaker component based on
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Figure 6 Artificial eardrums based on MXene piezoresistive pressure sensors
for sound sensing and voice recognition. (a) The recorded sound wave and (b)
spectrum in the means of frequency (related to the resistance change) of the
MXene eardrum. The frequency was equivalently calibrated to the sound
pressure, which has a linear relationship to the change ratio of initial resistance
AR/R,. The sensitivity of such a pressure sensor is extracted as the slope of the
AR/R, versus AP curve, viz., the (AR/R,)/AP is constant of 62 kPa™', where AP is
applied sound pressure. (c) Comparison of the recorded wave curves by MXene
eardrum and iPhone with the original audio. Good retention between (d) the
initial recording and (e) after 40 cycles of recording tests for seven words. (f)
Machine learning for voice recognition based on the k-means clustering
algorithm. The 40 times recording of seven words has produced 280 pieces of
recordings. Among them, 140 recordings were employed as data training sets.
Another 140 pieces of recording were used for testing data sets. The voice
recognition results by (g) strategy of t-distributed stochastic neighbor
embedding and (h) confusion mapping of prediction against the testing dataset.
Reproduced with permission from Ref. [166], © Gou, G. Y. etal. 2022.

MXene is still an ongoing investigation. The MXene has proven
outstanding biocompatibility. But, the reparation of perforated
eardrums by MXene membrane remains unexplored.
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(b) The accuracy and (c) loss of syllable recognition with the number of training epochs. The training set was from the 200 values of AR/R, of MXene-based
piezoresistive sensor with sound pressure from the loudspeaker. AR/R, denotes the relative change in resistance upon the sound detection of MXene device. (d)
Visualized recognition output diagram of the sound (a: and ) from a loudspeaker. (e) The accuracy and (f) loss of syllable recognition with the number of training
epochs. The training set was from the 50 values of AR/R, of sound sensor when detecting sound pressure from the human throat. (g) Visualized recognition output
diagram of the voice from the human throat. Reproduced with permission from Ref. [169], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020.

4 QGas sensors for olfaction sense

The olfaction sense is generated by the recognition of the gas
molecules in the air. Here we discuss the MXene-based gas
sensors. We take examples of acetone, methanol, toluene, and
humidity to demonstrate the MXene potentials in gas detection.

Acetone, as a biomarker of diabetes [170, 171], indicates insulin
levels that promote glucose conversion. When blood sugar levels
rise, the acetone concentration decreases in the exhaled gas and
increases in insulin [172,173]. Therefore, an acetone gas sensor
[174,175] provides an early diagnosis of diabetes and health
monitoring. Most acetone sensors employ metal oxides for
catalytic oxidation of acetone to change the conductance as a
sensing mechanism. The MXene incorporation could elevate the
sensor performances by a large specific area and excellent
conductivity.

Wang et al. designed an acetone sensor based on chemiresistors
of a-Fe,0s/MXene heterostructure [176]. The sensor can detect
acetone content by the amount of electron transfer upon the
acetone decomposition. The sensor has shown good selectivity of
acetone detection, viz., the response to acetone has exceeded six
times than that of other organic molecules such as toluene and
alcohols [176].
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Two mechanisms account for the sensitivity and selectivity of
the sensor. First, the hydrogen bonds between MXene and acetone
(Fig. 8) guarantee the efficient chemisorption of acetone, which is
favored compared to aromatic molecules without forming
hydrogen bonds. Second, the bond dissociation energy of acetone
(366 kJ-mol™) is much lower than methanol and ethanol;
therefore, the oxidation of acetone provides a large number of
electrons for increasing the conductance of the chemiresistors-
based sensors.

The sensing mechanism is depicted as follows. The adsorption
capacity of the sample surface was analyzed according to the
density functional theory (DFT) calculation. The surface model of
the heterostructure was optimized (Fig. 8) to a-Fe,Os/MXene. The
gas sensitivity mechanism of the a-Fe,0,/ MXene sensor to
acetone was discussed.

Such a sensor, which operates at room temperature, exhibits
specific selectivity for acetone, with a response of 16.6% to 5 ppm
acetone and a response/recovery rate of 5/5 s. The acetone sensor
has a large humidity tolerance ranging from 20% to 80%. Cycling
tests show good performance retention after 28 days, which
provides an essential reference for acetone sensing at room
temperature.
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Figure8 The mechanism of acetone sensing at the MXene/a-Fe,O,
heterostructure. Electronic structure of (a) a-Fe,O; and (b) MXene from density
functional theory calculation. (c) The electron transfer to MXene electrode after
the oxidation of acetone adsorbed at the MXene surface. (d) The band
alignment of MXene/a-Fe,O; heterostructure. The geometry of acetone
chemisorbed on three kinds of surfaces (e) a-Fe,O; (f) MXene, and (g)
MXene/a-Fe,0s;. Reproduced with permission from Ref. [176], © Elsevier B.V.
2021.

Methanol, which is converted from a waste of biomass, has
been employed in fuel cells for consumer electronics and vehicles
[177,178]. Methanol is toxic to the body’s perception organs,
blood, and nervous systems [179,180]. Often, the methanol
sensors employ noble metals for catalytic oxidation of methanol to
provide electron transfer, which induces resistance change as a
sensing mechanism. Therefore, it is necessary to develop a quick
and easy gas-sensing method to detect methanol [181-183].

Wang et al. fabricated a methanol sensor based on
chemiresistors of In,O;/MXene heterostructure [184]. Here the
In,O; serves as a sensitive material for providing electrons to
chemisorbed oxygen molecules to form O, The highly reactive
O, oxidizes the methanol into carbon dioxide and releases
electrons, which increases the conductance of the chemiresistors
as a sensing mechanism. The MXene, as an electron-rich species,
promotes the electron transfer to the depletion layer of In,Os.

When the sensor is initially exposed to air, the In,0s/MXene
shows a decrease in carrier concentration due to electron
depletion by forming O, and an increase in resistance. When
methanol is adsorbed to In,O; surface, O* can release electrons for
methanal oxidation [185], which results in conductance changes
and improves the sensitivity.

The sensor [184] exhibits a response rate of 29.6% for five ppm
methanol and a response/recovery time of 6.5/3.5 s. This method
of combining metal oxides/MXene provides methanol detection
options.

Toluene is widely used in interior decoration as an adhesive
solvent. Toluene is highly toxic to the respiratory system and can
lead to nasopharyngeal cancer and bronchial disease [186].
Besides, toluene becomes an essential biomarker of lung cancer.
Therefore, detecting toluene traces becomes significant for early
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lung cancer diagnosis [187, 188].

Salama et al. designed MXene-based sensors for the selective
detection of toluene [189]. They used ultrasound treatment to
increase the specific surface area of Mo,CT, MXene materials,
which eventually reflected in the improvement in device
performances.

The MXene sensor exhibits remarkable selectivity for toluene
sensing [189], which causes over three times larger responses than
the other four gaseous molecules, including benzene, ethanol,
methanol, and acetone. According to the ab initio calculations, the
toluene shows the lowest adsorption energy at the MXene surface
among the five types of organic molecules. First, the alcohol and
ketone molecules are chemisorbed on MXene surfaces by
hydrogen bonding [190]. Second, the interaction between the
benzene ring and MXene is more robust than hydrogen bonds,
reducing the charge carriers’ concentration and increasing the
MXene channel’s resistance. Third, the methyl radical in toluene
[191] enhances the activity of aromatic rings compared to
benzene, which accounts for the best response in sensing toluene.

The toluene sensor based on MXene [189] has a limit of
detection of 220 ppb, a linear detection range (35-170 ppm), and
a sensitivity of 0.037 Q-ppm™.

The Ti;C,T, MXene sensor can detect acetone, methanol, and
ammonia at room temperature [192-195]. MXene has been
reported in examining the concentration of volatile organic
compounds (VOCs) in a nitrogen environment, which mimics air
ambiance [196]. In these laboratory works, the impact of humidity
on sensor performance has not been considered.

Sysoev et al. investigated the influence of humidity on the
performances of gas sensors based on MXene chemiresistors in
detecting organic and inorganic molecules [197]. The MXene-
based humidity sensor has achieved a record limit of detection
(10 ppm) for sensing H,O concentration (Fig.9), which exceeds
the performance of a commercial humidity sensor.

In the background of dry air, the sensor can be used to detect
volatile organic gases, alcohols, acetone, and ammonia. But in wet
air, only ammonia [197] causes the change in resistance, while
other analytes do not change sensor resistance compared to the
reference wet air. The strong hydrogen bonds between ammonia
and MXene may account for the change in conductance. Indeed,
other organic solvents, which do not form hydrogen bonds with
MXene, cause no change in resistance in MXene channels. It
shows the concerns of significant interference by the water [197],
which makes the organic gases undetectable, i.e.,, no conductance
changes in sensor resistance when incorporating organic gases in
wet air. Therefore, the target analytes’ dry treatment becomes
necessary before the concentration examination.

Moreover, a multi-sensor array can be integrated with the same
wafer with the Mo,CT, MXene as a sensing material, potentially
detecting different vapors parallelly by multiplexer technology.

5 Chemical biosensors for gustation sense

The perception of food taste turns vital for human happiness
when going to dinner. The tongue hosts the taste receptor cells for
recognizing the taste of different chemicals. We discuss the
chemical biosensors based on MXenes for detecting chemicals that
produce the sense of taste. Samples for recognition are capsaicin,
inosine monophosphate, and L-glutamate.

First, capsaicin, as the primary source of spiciness, has induced
spicy Chinese dishes, which has a large consumer group. One
evaluates the degree of spicy food by the content of capsaicin.
Standardizing pre-cooked dishes requires precise control of
capsaicin content in food. Hence, one can evaluate capsaicin
concentration by various methods, including colorimetry [198],
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Figure9 The MXene-based chemiresistors array for multiple gas sensing by data collection card with multiplexer technology. (a) The scheme of gas sensing system.
The multiple analyte gases controlled by a flowmeter with dry air and wet air as reference (left). The multi-channel data collection by multiplexer card and personal
computer software (right). (b) The response current curves of three kinds of humidity by three sensors. (c) The comparison of humidity sensing performances of
MXene-based chemiresistors and the commercial humidity sensor. Reproduced with permission from Ref. [197], © Pazniak, H. et al. 2021.

spectrophotometry [199], and liquid chromatography-mass
spectrometry [200]. Among them, electrochemical sensors can
reduce the cost of expensive equipment and save the detection
time of complex operation protocols.

Xu et al. designed an electrochemical sensor for capsaicin
detection using MXene/poly(diallyldimethylammonium chloride)
(PDDA)-carbon nanotubes/p-cyclodextrins [201]. The sensor
utilizes MXene and carbon nanotubes to amplify the
electrochemical current signal (Fig. 10) by enlarging the specific
surface area of the composite. Indeed, the redox current gets
extensively promoted by the MXene composite modified work
electrode compared to bare glassy carbon. The B-cyclodextrins
improve the degree of dispersion of the MXene-based suspension.

The MXene-based electrochemical sensor [201] was employed
to detect capsaicin in three commercially available Chinese food,
including pot-roast duck neck, pot-roast chicken claw, and pot-
roast beef, which are heavily cooked with soy sources. The sensor
achieves a linear detection range of 0.1-50 pmol-L™, with a limit of
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detection of 0.06 pmol-L™ and a recovery rate of 84%-126%. This
work has potential application in detecting food content, which
mimics the function of gustation organs such as tongues.

Second, inosine monophosphate can be an essential indicator of
meat quality. Liu et al. [202] adopt the MXene/enzyme-modified
glassy carbon electrode in a biosensor for detecting inosine
monophosphate. In the double-enzyme hydrolyzed inosine
monophosphate process, the decomposition of H,0, leads to the
transfer of charge, producing an electric current. Subsequently, the
current change can determine the content of inosine
monophosphate.

Such a biosensor, with a linear detection range of 0.04-17 g-.L™
and a detection limit of 2.73 ng-mL", promotes an easy and quick
detection of inosine monophosphate content. The MXene/enzyme-
based biosensor [202] has precisely detected the content of inosine
monophosphate in four kinds of meat, including chicken and
beef. Indeed, the amount of ingredient of inosine monophosphate
was evaluated by such a biosensor, e.g., 1.88 mg-g™ in chicken and

B-CD gg CNTs
&3 GCE [ MXenes

Ultrasonic
treatment

Figure 10 MXene-based composite as electrochemical work electrodes for sensing capsaicin. First, MXene nanosheets, which are negatively charged, react with
positively charged PDDA-decorated carbon nanotubes through electrostatic effect. The PDDA denotes poly(dimethyldiallylammonium chloride). Then, 3-CD was
immobilized on the MXene-based materials by ultrasonic treatment. The 3-CD denotes p-cyclodextrin. Subsequently, the MXene composite-based dispersion was
drop-cast onto the glassy carbon. Eventually, MXene-modified glassy carbon was employed in the electrochemical workstation for capsaicin detection. Reproduced

with permission from Ref. [201], © Elsevier Ltd. 2022.
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244 mg-g™ in beef, which showed a low relative deviation (< 2%)
compared to commercial liquid chromatography.

Third, L-glutamate is one of the components involved in the
human perception of food taste, and the content of free glutamate
can determine the umami taste of food [203]. Monosodium
glutamate, which is rich in L-glutamate, has been widely used in
cooking Chinese dishes. The accurate determination of the
glutamate content of foods can provide information on food safety
and standardization of pre-cooked food [203] that the capital
market favors.

Liu et al. developed an MXene electrochemical sensor based on
Pt nanoparticle modifications for the selective detection of
glutamate [203]. The sensor uses the decomposition of H,0,
(produced during enzyme-catalyzed glutamate oxidation) to cause
electron transfer to glassy carbon for electrochemical sensing (Fig.
11).

In evaluating glutamate concentration, the MXene-based
biosensor shows a linear detection range of 10-110 pumol-L”, a
sensitivity of 1.59 nA-umol”, and a limit of detection of
0.45 umol-L". The sensor can be successfully used to detect
monosodium glutamate as added to cooked foodstuff such as soy
sauce, beef, and vegetable soups. The detection results of such an
MXene-based biosensor are comparable to commercial liquid
chromatography.

Besides, the field-effect transistors guarantee the recognition of
miRNA [204]. Similarly, the photodegradation of organic dye
molecules can be monitored by optical methods [205]. The
transistor performances can be promoted by interface engineering
[206] and Fermi-level depinning [207]. The transistor arrays
guarantee industrial production compatibility [208].

MXene-based biosensors can detect more taste-related
chemicals. The data fusion of several chemical sensors could lead
to taste recognition.

6 Pressure sensors for touch sense

The tactile sense is produced by human skin through
environmental pressure, temperature, and humidity. Electronic
skin (e-skin) has become a crucial replacing material in prosthetic
limbs, stretchable electronics, and biomedical monitoring.
Electronic skins, also called pressure sensors, have the
advantages of sensitivity, stretchability, and lightweight, which
satisfy the requirements of wearable and flexible electronics. The
pressure sensors consist of flexible substrates, sensitive materials,
and conducting electrodes. First, MXenes become emerging
conductive materials [209] compared to indium tin oxide, metals,
and graphene. Second, the MXene can incorporate into the
polymeric composite [168,210-215] as an active layer for
improving the sensitivity. Moreover, the active layer may employ

-

MXene-Ti.C,T
x

Pt precursor

Spontaneous reduction

GCE

PINP@MXene-Ti.C,T, 5

5775

the macrostructures, such as interlocking [216], hollow spheres
[217], porous [218], and lamellar architectures [219].

Four work mechanisms exist in the pressure sensor for touch
senses, including piezo-capacitive, piezoresistive, piezoelectric, and
triboelectric modes. Here, we discuss the recent progress of
MXene incorporation in these four types of pressure sensors. First,
we start with the capacitive mechanism for pressure sensing.

Tung et al. [220] designed an electronic skin based on a piezo-
capacitive pressure sensor of MXene/polyacrylamide hydrogel
heterostructures (Fig. 12(a)). In a parallel plate capacitor, the
MXene/polypyrrole nanowires serve as both the top and bottom
conductive plates. Meanwhile, the vinyl silica nanoparticle-
modified polyacrylamide hydrogel and elastic tape play the role of
dielectric (Fig. 12(b)).

In the elastomer performance, the abundant bonding between
polymers and nanowires has reduced the energy dissipation of the
hydrogel network [220]. Indeed, the composite exploits hydrogen
bonds on polyacrylamide molecular chains and covalent bonding
between polyacrylamide and vinyl-hybrid-silica nanoparticles,
improving the sensor’s toughness and responsiveness. Moreover,
the formation of hydrogen bonds between bridging layers of
polypyrrole nanowires and MXene can promote the sliding
stability of MXene/hydrogel heterostructures. Therefore, the
material has a skin-like strain-sensitive deformation and recovery
behavior.

Furthermore, piezo-capacitive sensing is formed by pressing
two heterogeneous structures together. When the external
environment changes, the electric field of the electronic skin
changes, and the charge transfer changes the capacitance,
achieving sensing at a distance of 20 cm (Fig. 12), which is closer
to the natural skin performance. The MXene sensor has
significance in prosthetics or robots with a natural feeling.

When a significant strain applies (e.g., considerable gesture
change when playing badminton and wearing e-skin sensors on
forearms), the piezo-capacitive sensor does not operate accurately.
Therefore, the piezoresistive mechanism applies to provide
monitoring. Indeed, the MXene sensor [220] has a vast work
range of up to 2,800% (breaking strain), a response of 90 ms, an
elasticity of 240 ms, and reproducibility of greater than 5,000
cycles.

Eventually, an intelligent system is assembled to monitor finger
approaching and pressuring (Fig. 13). Indeed, the MXene-based e-
skin is transmitted to a data analyzer circuit and connected to a
smartphone app with a wireless Wi-Fi module for real-time
human motion monitoring by attaching to the elbow joint.

Now we turn to the piezoresistive sensor. Shen et al. designed a
flexible ~piezoresistive sensor using MXene/polyacrylonitrile
composite membranes [210]. The polyacrylonitrile and MXene
nanosheets were blended thoroughly to form a composite (Fig. 14)
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Figure 11 MXene/Pt nanoparticles/enzyme composite modified glassy carbon as electrochemical sensors for detecting the concentration of L-glutamate. The
amperometry was employed to collect the current at the work electrode from the electron transfer due to the oxidation of H,0,. L-glutamate oxidation (catalyzed by
glutamate oxidase) generates H,O,, indicating L-glutamate concentration. Reproduced with permission from Ref. [203], © Elsevier Ltd. 2021.
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Figure 12 MXene/PpyNW-VSNP-PAM based piezo-capacitive pressure sensor for electronic skin. (a) Photograph of the e-skin sensor attached to forearm. (b)
Capacitance model of the parallel plate capacitor with MXene-PpyNW as conductive plates and the VHB-tape and VSNP-PAM as a dielectric. PpyNW denotes
polypyrrole nanowires. VHB is an elastic tape model (VHB 4905). VSNP-PAM denotes the vinyl silica nanoparticle-modified polyacrylamide hydrogel. (c) Capacitance
change versus the distance between the finger and the sensor surface. (d) Cyclic test of capacitance changes by periodically approaching, pressing, and retracting the
finger to the electronic skin. After approaching the sensor with a finger, the fringing capacitance C;, (through air medium) decreases (green). When the finger pressure
applied to the sensor gradually increases, the plate electrode capacitance C, and fringing capacitance (in the overlay area through elastic tape) C;; increase (pink). When
releasing pressure by retracting the finger, the capacitance recovers to the initial state (white). (¢) Capacitance changes with pressure in a linear relation ranging from 0
to 0.4 kPa, then in a second linear range to 4 kPa and gradually saturated at 10 kPa. The capacitive sensor is not accurate (applicable) to large strains (> 1%) where
piezoresistive sensor operates. (f) The capacitance versus input pressures. (g) Calibration of capacitance relative change ratio as output signal with pressure force as
input. (h) Sensor durability testing for 5,000 cycles at pulsed pressure force of 1 kPa and 0.13 Hz. Reproduced with permission from Ref. [220], © Cai, Y. C. et al. 2020.

encapsulated and electrically connected by both MXene electrodes.
When pressure is applied, the voids in the fiber network are
compressed, allowing the MXene nanosheets to come into closer
contact with each other. The close connection of MXene
nanosheets increases the number of current paths, thereby
significantly increasing the contact area of the composite fiber
network. These structures minimize strain caused by bending.

Besides, they used the piezoresistive sensor to form a circuit
with the light-emitting device (LED) (Fig. 15). When the sensor
resistance changed, the voltage of the LED changed accordingly,
thus characterizing the pressure received by the sensor with the
brightness of the LED [210].

The sensor shows a sensitivity of 104 kPa”, with a
response/recovery time of 30/20 ms and a limit of detection
(1.5 Pa) to withstand 240 bending cycles. The sensitivity of this
MXene electrode-based sensor is 20 times higher than similar
sensors [221-224] using traditional nickel, copper, gold, or silver
electrodes. The sensor can detect subtle movements of muscles,
such as finger bending. The study allows MXene to combine with
polymer fibers to design wearable devices.

The slight motion of humans can be quantified by
MXene/polyimide aerogels-based piezoresistive sensors [225]. The
gentle carotid artery has changed the resistance by 0.4% due to the
small deformation (Fig. 16).

Indeed, the gestures of breath, swallowing, and pronunciation
[225] were perturbed by the change in resistance, AR/R;, below
10%. But the bending of the finger and knee achieved changes in
resistance of 20%-30%.

Next, we come to discuss the piezoelectric potential-based
pressure sensor. Ko et al. used MXene/ferroelectric polymer-based
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composite to design the piezoelectric pressure sensor [226]. The
sensor uses functional groups on the surface of MXene to form
hydrogen bonds with polyvinylidene fluoride (PVDF) to bind
them. The MXene has a charge accumulation effect in
MXene/polyvinylidene fluoride. When subjected to external
pressure, the enhanced polarization of the sensor interface induces
electron transmission to balance the potential, which in turn
enhances the piezoelectric potential output. In addition, the
porous structure of the sensor produces a local stress
concentration effect at the hole after being pressed (Fig. 17), which
makes the sensor’s sensitivity several times higher than that of the
planar structure.

Subsequently, we update the report on triboelectric
nanogenerator-based pressure sensors. Li et al. [227] proposed the
MXene as electrodes for connecting the triboelectric layer to form
a nanogenerator-based pressure sensor (Fig. 18).
Polytetrafluoroethylene (PTFE) was employed as filtration paper
to support MXene film formation during vacuum filtration.

Besides, the PTFE serves as a triboelectric layer in the
MXene/PTFE/MXene-based triboelectric nanogenerator (TENG).
The TENG works in contact-separation mode. The pressure
sensor has shown significant sensitivity and an excellent retention
ratio in a cycling test of 6,000 cycles.

The MXene-based TENG can operate in a single electrode
mode driven by the falling and sliding of water droplets. Indeed,
the device inside an infusion pipe works for remote drop counting
(Fig. 19). Therefore, it may hold promise in biomedical and
healthcare applications.

The MXene electrodes assisted TENG [227] have promoted the
sensitivity (6.1 V-N™) to subtle force, together with fast rising and
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Figure 13 Intelligent system for recognizing the finger approaching and elbow-joint bending based on MXene electronic skin. (a) Photograph and circuit scheme and
(b) electric diagram of the intelligent system. (c) Six types of finger gestures and (d) piezoresistive response curves of the five sensors attached to five fingers. (¢) The
operation of the intelligent system by the e-skin sensor attached to elbow joint for (f) real-time sensing by relative resistance change ratio. Reproduced with permission

from Ref. [220], © Cai, Y. C. et al. 2020.
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Figure 14 The MXene/PAN-based pressure sensor and piezoresistive mechanism. (a) The structure of the piezoresistive MXene/PAN composite and the MXene
electrode connected pressure sensor. PAN denotes 3D polyacrylonitrile. (b) Photographs of the MXene/PAN membrane over filter paper and its application in
supporting the weight load. (c) Cross-section SEM image of sandwich MXene electrode/MXene-PAN/MXene electrode in the piezoresistive sensor. Reproduced with

permission from Ref. [210], © Wiley-VCH GmbH 2021.
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Figure 15 Demonstration of MXene/PAN-based piezoresistive sensor. The integration of six pieces of pressure sensors in a folding paper at (a) half-folded state, (b)
flat state, and (d) folded state. The real-time resistance curves of the periodical folding and unfolding of (c) one individual pressure sensor and (e) the six pieces for an
integrated pressure sensor. (f) Cycling test. Real-time resistance curves of the folded sensor attached to (g) wrist and (h) elbow. Demonstration of the resistance
reduction upon a load of gradually increasing weight by (i) the circuit diagram and (j) photographs. Reproduced with permission from Ref. [210], © Wiley-VCH
GmbH 2021.
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Figure 16 The MXene/polyimide aerogels-based piezoresistive sensor for human motion monitoring. The fabrication of xylem-like architecture (top). SEM image
(bottom left). The sensing performance for monitoring the carotid artery (bottom middle). Demonstration of such structure for water steam collection (bottom right).
Reproduced with permission from Ref. [225], © American Chemical Society 2022.

falling time (52/34 ms). Besides, the MXene composite-based The MXene/rGO aerogel-based pressure sensor [216] shows a
electrodes can be further modified by blending nanosheets with linear range of 0-40 kPa and a response of 61.5 kPa™, which hold
other dispersions. It may show broad prospects for wearable promises in monitoring human health statuses, such as heartbeats,
electronics. pulse, and motions. The microbridges in human skin possess high
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Figure 18 The MXene composite-based triboelectric nanogenerator for pressure sensor. (a) Work mechanism and (b) output voltage of three kinds of triboelectric
layers. PTFE denotes polytetrafluoroethylene. MFR means mixed fiber resin. (c) Output voltage with different forces and (d) calibration of voltage versus the pressure
forces. (d) Relationship of voltage output of the TENG with force change. (e) The frequency-dependent voltage response. (f) Rising and falling time of the pressure

sensor. (g) Cycling test for 6,000 cycles. Reproduced with permission from Ref. [227], © Elsevier Ltd. 2021.

production techniques [230]. The bioresorbable [231-233],
bioabsorbable devices [234, 235], and transient electronics [236],
may satisty the in vivo-friendly requirements for implantable
clinical applications [237]. Biodegradable devices consist of
substrates and functional electronic components of different
conductivity. For  example, poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDE-HFP)) serves as conducting gate

elastic moduli, which inspires the interlocked structure of
MXene/microcapsule for pressure sensors [168]. Such an
interlocked MXene composite has led to over 9-fold sensitivity
compared to planar MXene-based pressure sensors. Moreover, the
silk fibroin was employed as a template for crosslinking the
MXene nanosheets into macroform [212]. Such a composite-

based pressure sensor shows a low limit of detection (9.8 Pa) and
high retention after 3,500 cycles. Indeed, the blends of MXene
with polymers [211, 213] become essential strategies for designing
high-performance pressure-sensing materials.

Biodegradable electronics reduce the quantity of solid waste in
the environment [228,229], termed green materials, and green

electrodes in top-gated transistors [238]. Often, one can choose
biodegradable polymers, plant-derived biomass [239], natural wax
[240], silk fibroin [241,242], and chitosan [243] as supporting
substrates for hosting device fabrication.

Besides, the active composite layer consists of conductive
polymers [244] and additive materials such as MXene [245, 246],
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Figure19 The MXene-PEDOT:PSS/PTFE-based triboelectric nanogenerators as pressure sensors for healthcare monitoring. (a) Single electrode work mode for
TENG. TENG denotes triboelectric nanogenerators. PEDOT denotes poly(3,4-ethylenedioxythiophene). PSS denotes poly(styrenesulfonate). (b) Output current and
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contacting and separating from the surface of MXene composite. (¢) The remote monitoring of the drop counter during infusion for aging people. Here, a series of
water droplets continue falling to and sliding away from the sensor. Reproduced with permission from Ref. [227], © Elsevier Ltd. 2021.

graphene [247-250], and other low-dimensional carbon
nanostructures [251-253]. One can investigate the potential of
biodegradation in additives and dielectrics [254, 255].

We listed the biodegradation behaviors of some polymers as
examples. The poly(vinyl alcohol) (PVA) and poly(34-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
show outstanding biocompatibility with animal skins and
degradability in deionized water [256]. Besides, the
polysaccharides [257] can be used as matrix for hosting the
composite ~ formation. = The  polyvinylidene  difluoride
(PVDF)/polycaprolactone (PCL) blends could enhance the
biodegradation of pure PVDF [258,259]. The polylactic acid
(PLA)/polybutylene adipate terephthalate (PBAT) blends
demonstrate full biodegradable capability [260].

In addition, self-healing [261] becomes a prerequisite feature for
polymeric building blocks for wearable electronics. In the future,
one needs to develop lab-to-fab potentials for the mass production
of stretchable electronics in materials preparation [262].

The self-powering of electronic devices become emerging topics
promoted by MXene-based energy storage. To date, the MXene-
based new gadgets such as batteries [263-266] and supercapacitors
[267] remain individual prototypes in the lab [268], viz., no
commercial widgets are available in portable electronic devices
such as smartphones and tablets. Indeed, the on-chip micro-
supercapacitors [269] facilitate the powering of miniaturized
sensors but with a low technological readiness level [270,271] due
to the limited efficient volume and package issues.

The technology readiness level of MXene-based composite and
energy devices can be estimated as 1-2 [272]. It may take another
ten years to achieve the technological maturity of MXene.

In the forthcoming decade, the community should tackle
several technological issues. First, the shortening of charging time
of batteries [273-275] and supercapacitors should exceed the
conventional anode materials of graphite. Besides, the
supercapacitors [276] are typically applied in the uphill climbing
stage in an electric vehicle, and the batteries [277] are dominant
power sources for motion on flat ground. When supercapacitors
possess a high energy density comparable to a battery [278],
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supercapacitors may play a more important role in electric
vehicles.

Besides, the wafer-scale production of micro-supercapacitor
remains low in technological readiness level [279]. Similarly, clean
electricity can be generated by the reduction of carbon dioxide
[280, 281], hydropower [282], and solar cells [283]. Second, the
production cost should be reduced to less than the graphite. The
MXenes have demonstrated successes in laboratory production,
ie, 50 g MAX transformed to MXene per batch in a 60 mL
container [284]. The MXene nanosheets are as high quality as in a
minimized synthesis protocol, i.e., 5 g per batch.

Third, incorporating MXene nanosheets into the yarns may
push the textile electronics forward, including the core-sheath
structure [285] of MXene-based capacitors. Here, the robust
electrical contact inside a device and between the series and
parallel connected device cascades remains challenging. Indeed,
the stretching and strain can easily induce the deformation and
breakage of the MXene-based composite electrodes, which causes
electrical disconnect and device failure. Besides, the MXene plays
the role of separation membrane [286] for the adsorption of the
toxins in blood [287, 288], which may regenerate the dialysate and
eventually lead to a wearable kidney.

Fourth, integrating MXene-based displays with triboelectric
nanogenerators may facilitate self-powered electroluminescence
[219,289]. In addition, the electromagnetic shielding film [290]
may be the first real-world product based on MXenes, which can
suppress the interference of two adjacent microphones.

The sensors often require a battery for continuous operation.
Wearable electronics [291], including implantable devices [292],
demand lightweight and self-powering, i.e., without an external
power supply. Indeed, the integration of pressure sensor with
micro-supercapacitors [293,294] and photovoltaic devices [295,
296] has shown energy storage of solar energy [297] for self-
powering of sensor operation [298]. Here, MXene can promote
the performances of the solar cell as a charge transport layer [299]
and suppress the dendrite formation in batteries [300] as an
electrolyte additive [301]. The lithium-ion batteries [302] and zinc-
ion batteries [303] can connect with energy production units
[304-307]. The nanogenerators themselves can serve as biosensors
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[308]. Programmed macrostructures have enriched the choice of
flexible sensors [309].

The data retention can be extended with the assistance of
resistive random access memory [310] and neuromorphic
computing [311]. Indeed, the interfaces could be built between
data acquisition [312] (at electronic skins) and transmission to
processing devices (for computing).

7 Actuators for artificial reflex

Simulating human perception and responding to stimuli is a
fundamental challenge for bionic robots and neural prosthetics.
Actuators for artificial reflex enable the perception of light, heat,
and electricity and convert various signals into chemical or
physical signals to complete the expected reflections.

Lee et al. proposed an MXene/cellulose bilayer heterostructure
for a near-infrared irradiation-induced actuator [313]. Inspired by
the leaf, the palisade mesophyll expands and shrinks upon water
incorporation with a vein as robust support to retain structural
stability. The polycarbonate filter supports the membrane
formation by vacuum filtering the ink of MXene/cellulose blends
(Fig. 20).

The sensor uses MXene nanosheets to convert light energy to
thermal energy (simulating palisade mesophyll cells) to achieve
thermal actuation. First, the flexibility of the sensor is achieved by
constructing a biocompatible nanofiber skeleton (simulating the
leaf vein skeleton). The MXene is mixed with cellulose (simulating
the stratum corneum). An asymmetrical structure with
polycarbonate (acting as the epidermis) achieves hygroscopic
actuation. As the humidity increases, the cellulose absorbs water,
which induces the shrinkage of the polymer architecture (Fig. 20).
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The bending of an actuator occurs by the deformation of the
polymer layer while MXene layer remains unchanged. With the
thermal treatment, further deformation occurs by the interlayer
spacing decreases.

First, the sensor uses MXene, and hydrophilic groups on the
surface of the nanofibers can form hydrogen bonds with water. It
responds to trace amounts of water of 44.4 pg-cm™ by asymmetric
structure and automatic bending at 10% relative humidity and
improves the response speed through the porous structure of
polycarbonate film. Second, the sensor can achieve bending
folding under near-infrared wave illumination.

The realization of this function is mainly driven by the synergy
of a large number of MXene-cellulose nanofibers. When irradiated
with near-infrared light, a rapid heating up of 2.3 s of low power
can be achieved. Third, according to the finite element model
analysis, the volume mismatch between MXene-cellulose
nanofibers and polycarbonate membranes in the near-infrared
environment leads to the movement of the sensor, and as the light
increases, the shrinkage increases. Fourth, the sensor can
implement programmable behavior in a narrow rectangular area.

The MXene/cellulose could be tailored to two-column or three-
column patterns (Fig. 21). By infrared irradiation, the MXene-
based actuators experience periodical bending and recovery,
which mimics the motion. Besides, the folding and unfolding of
the box can be obtained. Moreover, the blooming and closure of
the MXene-cellulose nanofibers to make bionic flowers by near-
infrared irradiation are realized. The drive process has an energy
density of 0.74 W-kg™ and a power density of 0.92 W-kg™.

Such MXene-based actuators lighten the display upon infrared
irradiation, indicating good information encryption. The
deformation upon infrared irradiation may lead to intelligent
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Figure20 The MXene/cellulose-based actuator. (a) Photograph and (b) cross-section view of a sheet of a leaf. (c) Scheme of MXene/cellulose heterostructure for
actuation over a polycarbonate substrate. PC denotes polycarbonate. (d) The actuation mechanism by the stimulus of water and heat. The deformation of MXene
occurs upon humidity and near-infrared irradiation. SEM micrographs of (e) MXene/cellulose heterostructure and (f) polycarbonate membrane. Contact angle of (g)
the heterostructure and (h) filter. (i) TEM micrograph and selected area electron diffraction (SAED) pattern of an MXene nanosheet. Reproduced with permission

from Ref. [313], © Cai, G. F. et al. 2019.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



5782

R=235mm

~off
(a). N

Nano Res. 2023, 16(4): 5767-5795

R =23.5 mm

(d) ! 2

Face up

Face down

HEE MXene-cellulose
[——1 PC filter membrane

Figure21 The MXene/cellulose-based actuators for controllable motion with different shapes (a) U, (b) arch, (c) box, and (d) bloom. These actuators continue to
bend and recover for sliding motion and box folding and blooming during the periodical switching on and off near-infrared illumination. Reproduced with permission

from Ref. [313], © Cai, G.F. et al. 2019.

switches of night light. They also demonstrate the possibilities of
application in the haptics.

The human-like sensors and actuators have demonstrated
excellent potential in future applications. First, artificial prosthetics
[314, 315] possesses huge markets, which is a system-level product
that integrates tactile sensors (often termed electronic skins),
temperature and humidity sensors [316], and interfaces [317]. The
tactile sensor arrays [318] facilitate the imaging of palmprint [319].

And artificial muscles employ the concept of actuators. Second,
the current service robotics remain machine-like and not ideal for
human interaction, ie., a shortage of human-like bending and
stretching. Therefore, intelligent sensors and actuators will boost
the actuate machine vision [320] and speed of sensing tiny objects
and elevate actuation performances [321] with delicate
displacement and small forces. Future service robotics may mimic
human perception [322] and respond more vividly. Third, human-
machine interfaces arouse next-generation consumer electronics.

The metaverse-based electronic products and networking
incorporate  intelligent headsets, virtual reality [323],
brain-machine interfacing [324], virtual community, flexible
displays, three-dimensional vision, sixth-generation wireless
systems [325], and the internet of things. Fourth, smart cities [326]
may exploit intelligent sensors, innovative construction materials,
smart switches based on actuators, the internet of everything, big
data, and cloud computing. Human-like sensors and actuators
have a bright future for evolving technological developments and
growing huge markets.

8 Conclusion and future opportunities

This review provides the most recent advances in MXene-based
sensors that demonstrate the fundamental functions of human-
like five senses and the actuators that serve as artificial muscles.
First, the artificial retina based on MXene has been discussed for
image pattern recognition. Second, the MXene-based gas sensors
cover the detection of several representative gases, including
methanol (biomass-derived fuel), volatile organic gases, including
toluene (hazardous in vehicles and indoor decoration), and

acetone as biomarkers of diabetes. Third, the taste sense has been
achieved by detecting the chemicals in food that produces the
gustation, such as L-glutamate (in monosodium glutamate),
inosine monophosphate (in meat), and capsaicin (in spicy dishes).
Then, the acoustic devices are discussed, including artificial
eardrums, loudspeakers, microphones, and sound generators. In
addition, the four types of pressure sensors are outlined based on
MXene electrodes and sensitive materials. Eventually, the MXene-
based actuators were conveyed in response to humidity, light
irradiation, and magnetic field.

MXene-based semiconductors are still in their infant stage,
investigating physical properties and device performances. First is
the material properties. The saturable absorber properties of
MXenes [327-329] have been employed for applications of pulsed
laser [330,331], soliton pulses [332], optical modulators
[333-335], wavelength conversion [336], and integrated photonic
circuits [103, 337, 338]. Besides, MXenes have been incorporated
into optoelectronic devices such as photovoltaic cells [91,339] and
photodetectors  [23,97] as carrier transport layers and
heterojunction contact [24].

However, drawbacks remain to be solved for electronic
applications of MXenes. For example, pristine MXene
demonstrates low flexibility [340], oxidization-driven degradation
[341], and aggregation-induced precipitation [342].

But the fundamental physics behind remains less known, i.e.,
carrier relation [343] and ultrafast dynamics [344], bandgap
manipulation, and the conductivity-regulating mechanism. The
investigation of the model MXene of Ti;C,T,, is relatively
extensive [98, 345], covering its conductivity and optical properties
[346]. However, challenges remain for other types of MXenes
[347] that have been less explored for both synthesis and
properties. Hence, more efforts should investigate the
semiconducting behaviors of MXenes by experimentally
regulating their different types and amounts of terminational
groups and theoretically predicting optical properties [348].

Great opportunities remain in exploring properties’
fundamentals in theoretical [49,348] and experimental
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approaches [349,350]. The MXene investigation continues to
elevate the mechanical strength  performances [351],
electrochemical [352-354], catalytic [355-359], superconducting
[360], magnetic properties, ultrafast photonics [329, 343, 344, 347],
and other condensed matter physics. The structure-property
relationship could be unveiled by scanning probe microscopy
[361]. The MXene-based electrodes for zinc batteries [362-365]
show promising low cost and high energy storage density. Besides,
the MXene-based electromagnetic shielding [366, 367], including
infrared shielding [368], continues to break its record performance
[369,370]. The field-effect mobility that explores the
semiconducting behaviors of MXenes continues to grow. Indeed,
the gate voltage regulating conductivity may promote the gas
sensing performances by the signal magnification through the
transconductance from voltage to current at the channel materials.
Indeed, the bandgap engineering of MXenes for thermoelectric
power generation [371-373] is worth investigating.

The synthesis of MXenes continues to evolute in both dry and
wet conditions. First, substituting elements in MXenes leads to
forming new compounds [374, 375]. More efforts should be put
into the controlled direct thermal deposition synthesis of MXene
film over a wafer scale. Indeed, compound structures [376, 377]
analogous to MXene have been synthesized by chemical vapor
deposition. Second, the solution processing of MXene [92]
becomes promising for mass production of nanosheets in
dispersions [378]. The MXene quantum dots [100] are efficient
photoluminescent materials for near-infrared images [108].
Besides, the long-term stability of MXene-based aqueous solutions
or dispersion could be improved by polymer hybridization [379]
and surface engineering [93, 378] without oxidation [95]. Indeed,
printed electronics require the long durability of MXene-based
inks [119] for reducing manufacturing costs and maintaining the
uniformity of fabricated films. In addition, the MXene-based
heterostructures [96, 380, 381] or composites [87, 382] continue to
expand the knowledge boundaries. The morphologies of hydrogel
[125] and aerogel may elevate their mechanical and electrical
performances.

Regarding the synthesis of MXene-based semiconductors, there
is a lot of room to fill in between the ideal MXene materials and
the currently available status. The MXene of different
morphologies [96,98] will continue to evolve, aiming at the
improved homogeneity of quantum dots, nanosheets, monolayer
film, and thick membranes. Further developments are needed to
optimize the stability of MXene nanosheets [383] and the
homogeneity of nanosheet size and thickness. For the ultimate
goal of MXenes, their terminational groups could be precisely
manipulated, i.e., controllable fluorination [94], in the means of
the density and the location of the MXene. The substitution of X
element may induce novel phenomena [384]. The yield of MXene
can be elevated during the etching and rinsing of nanosheets.
More possibilities of heterostructures occur when coupling the
MXene with different functional materials.

The MXene-based devices are mainly designed for individual
functions, e.g., sensors [97, 385], memories or data processors, and
power units such as batteries and supercapacitors [386]. First, the
individual device should break the theoretical limit for higher
performances [387]. The integration of microfluidic chips and
chemiresistor results in biosensors of good selectivity [120]. The
Internet of Things era [388, 389] requires high integration density
of devices for lightweight, portable [390], and wearable electronics
[391,392]. A few emerging devices and components have
achieved dual functions by integrating two devices: temperature
and humidity sensors, nanogenerators and supercapacitors for self-
powering, triboelectric nanogenerators for self-powered sensing,
and humidity sensors and actuators. Indeed, the integration of
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supercapacitors [393] with logic devices leads to self-powering and
self-charging [394]. More innovations may turn in for enriching
the device design and fabrication.

The sensing-memory-computing in one remains challenging
and requires more effort to push forwards. First, the memristor
keeps boosting its performance as memory [395,396]. The in-
sensor memory [397, 398] and neuromorphic signal transmission
have shown the integration of two functional devices [399].
Indeed, brain-like neuromorphic computing based on memristors
is an emerging hot topic for elevating artificial data processing
[400]. The MXene-based memristors and synapses [401] are still
in their infancy. The system-level integration [402] requires the
compromise of devices, hardware, algorithm, and interfaces.

The MXenes have shown great promise in biomedical
applications [97, 101], including sensing [119-121], diagnosis [99],
imaging [403], drug delivery [404], and photothermal therapy
[405, 406]. Besides, the evaluation of biocompatibility [407] and
biosafety [408] remains essential before clinic applications.
Moreover, the antibacterial performances have been reported by
photocatalytic charge transfer mechanism [409, 410]. In addition,
the MXene matrix can host tissue regeneration [411] and promote
cancer immunotherapy [412]. Integrating electrochemical sensors
[119] with a microfluidic chip [120] would guarantee the feasible
detection of individual cells or miRNA molecules. The MXene-
based heterostructure may demonstrate the synergistic effect when
coupling with other low-dimensional materials [413-417], which
may improve biomedical performances. Overall, MXene has
become an important candidate material for biomedicine
experiments.

MXene may eventually turn up in clinical applications after
long-term mature surgery over animal models [418-421]. For
example, the decoration of MXene by DOXjade groups [405] can
employ the accumulation and localization of MXene nanosheets
in tumor tissue, in which DOXjade liberates and serves for
chemotherapy of tumors. However, the operation mechanism of
MXene-based drug delivery and biomedicine has not yet been
clarified. Efforts should be taken to achieve the in vivo release and
biodegradation [422] after completing its role of therapy inside
human bodies. Therefore, a more focused investigation on the
reliability and robustness of MXene could promote its clinical
applications.

Humanoid robotics remain the ultimate goal of artificial
intelligence. Indeed, humanoids could be assembled by connecting
various sensors and motors (actuators) for mimicking human
behaviors such as speech, interactive dialogues, accompanying,
and nursing. The wearable smart glasses and metaverse have
driven the displays for virtual reality in healthcare and
accompanying applications. Soft robotics based on MXene
actuators [423] may provide efficient solutions for an artificial
limb.

In sum, tremendous opportunities remain in MXene-related
research, including materials synthesis, properties, device
performances, and intelligent integrated systems composed of
multiple interconnecting devices and their communications.
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