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Abstract

Wearable electronics offer incredible benefits in mobile healthcare monitoring,
sensing, portable energy harvesting and storage, human-machine interactions,
etc., due to the evolution of rigid electronics structure to flexible and stretch-
able devices. Lately, transition metal carbides and nitrides (MXenes) are highly
regarded as a group of thriving two-dimensional nanomaterials and extraordi-
nary building blocks for emerging flexible electronics platforms because of
their excellent electrical conductivity, enriched surface functionalities, and
large surface area. This article reviews the most recent developments in
MZXene-enabled flexible electronics for wearable electronics. Several MXene-
enabled electronic devices designed on a nanometric scale are highlighted by
drawing attention to widely developed nonstructural attributes, including 3D
configured devices, textile and planer substrates, bioinspired structures, and
printed materials. Furthermore, the unique progress of these nanodevices is
highlighted by representative applications in healthcare, energy, electromag-
netic interference (EMI) shielding, and humanoid control of machines. The
emerging prospects of MXene nanomaterials as a key frontier in next-
generation wearable electronics are envisioned and the design challenges of
these electronic systems are also discussed, followed by proposed solutions.
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1 | INTRODUCTION

Due to recent advances in wearable technologies and
smart electronics, flexible and miniaturized devices have
attracted exponential attention by bringing a new prod-
uct paradigm into consumer electronics. These advances
in wearable technologies have provided enormous access
to flexible electronics for applications in intelligent health
and home appliances, self-powered devices, smart dis-
plays and sensors, soft-robotics, human-machine interac-
tions, etc."™ Impressively, the current development of
flexible electronic devices can be realized from their
intrinsic characteristics, such as being lightweight, cost-
effective, and easy to mount on skin.

In healthcare, the natural interactions between elec-
tronics and the human body to measure and collect data
from the human body will one day make wearable elec-
tronics ubiquitous in the industry. Therefore, the mate-
rials should be durable, conformable to human skin, and
sustainable for noninvasive monitoring'®'* which is
highly desirable in electronic sensing platforms where
the presence of a human body is expected. In recent
years, great strides have been made in wearable electron-
ics incorporating various organic and inorganic
nanomaterials for functional applications."*'* Although
significant progress has been made in nanomaterial elec-
tronics to operate reliably and smoothly over a human
body, concerns about biocompatibility and device effi-
ciency are constantly under consideration. Interestingly,
more advanced devices extensively explore the use of dif-
ferent nanomaterials.

Two-dimensional (2D) nanomaterials have been
widely adopted for the development of flexible electronics
for widespread applications. Among other 2D materials,
the newly emerged MXenes have attracted considerable
attention in the design and development of flexible elec-
tronics. 2D MXenes are the layered transition metal car-
bides or nitrides and synthesized from M, ;AX,, (MAX)
phase precursors, where M is an early metal, A is an ele-
ment from group IIIA or IVA in the periodic table, X is
carbon/nitrogen and the value of n is 1-3.'>'” Naguib
et al.'® first synthesized Ti;C,T, by hydrofluoric acid
(HF)-assisted selective etching of the Al layer from the
Ti;AlC, MAX phase precursor. The T, in the MXene for-
mula refers to various surface terminal functional groups
(such as —0, —OH, —F, —Cl), obtained through different
synthesis processes. The properties of MXenes can be tai-
lored by modifying M or X elements and the surface
functionalities.'® > MXenes have high electrical conduc-
tivity, excellent electrochemical and optoelectronic prop-
erties, and tunable surface functionality. Specifically,
higher electrical conductivity and tunable surface func-
tional groups have enabled MXenes to be used in several

electronic systems, for instance, in advanced healthcare
systems,>** flexible electronics,” >’ and wearable energy-
related fields.”®*** The enriched structural features of
MZXene enable the fabrication of devices from bioinspired
sources’>>® and their integration into textile or planar
substrates for wearable electronics,'>*”*® realizing vari-
ous geometrics such as smart textile-based devices,
printed electronic devices, and 3D-configured devices
(e.g., aerogels and hydrogels) for functional applica-
tions.****** Moreover, the improved coupling and
hybridization of MXene with other materials at the nano-
scale makes it one of the most intriguing materials for
wearable applications.*® The next few years are expected
to witness tremendous progress in efficiently producing
and handling MXene-based nanoelectronic materials.
However, issues with scalable synthesis, oxidation, aggre-
gation in specific solvent systems, and poor mechanical
properties should be addressed for the design of MXene-
based functional electronic devices.

This progress report summarizes the latest advance-
ments in nanoengineered MXene-based flexible electron-
ics for wearable applications. First, the advances in
functional nanostructures derived from MXene are dis-
cussed, providing insights into their various preparation
strategies. In addition, several critical morphological fea-
tures of such nanostructures are also elucidated. In the
next section, various system-level applications, for
example, energy storage and harvesting, electromagnetic
interference (EMI) shielding, healthcare, and human-
machine interfacing (HMI) based on MXene nanodevices
are exemplified. Figure 1 illustrates the significant appli-
cations of MXene-based wearable flexible devices. The
review concludes by highlighting several challenges and
envisioning new opportunities for MXene-based wearable
and flexible electronics.

2 | MECHANICAL AND
ELECTRICAL CHARACTERISTICS
OF MXENE

Experimental results revealed that the Young's modulus
of individual single-layer Ti;C,T, was 330 =+ 30 GPa,
much higher than that of 2D graphene oxide (GO) and
graphene oxide (rGO).*® Meanwhile, the tensile strength
at break of a single-layer of Ti;C,T, was 17.3 + 1.6 GPa.
These results are in agreement with the theoretical pre-
dictions by the density functional theory (DFT).*” More-
over, the transition elements present in the MXene
structure largely influence the mechanical properties,
and the intrinsic tensile behavior can be further modified
by tailoring the surface of MXene. For example, Nb-based
single-layer Nb,C;T MXene exhibited a Young's modulus
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FIGURE 1
avenues of MXene electronics for wearable energy storage, EMI

Schematic representing the excellent and emerging

shielding, flexible sensing, and HMI. MXene SEM image credit:
Prof. Babak Anasori IUPUI) and Prof. Yury Gogotsi, Drexel
University, USA. MXene hydrogel. Reproduced with permission.**
Copyright 2018, the American Chemical Society. MXene
biomimetic structure. Reproduced with permission.*> Copyright
2020, the American Chemical Society. EMI, electromagnetic
interference; HMI, human-machine interfacing

of 386 + 14 GPa, which is higher than Ti-based single-
layer Ti;C,T, MXene.*®

The effect of layer thickness on the mechanical prop-
erties of 2D Ti, ;C, was evaluated by molecular dynam-
ics (MD) calculations, where decreasing the layer
thickness resulted in an increase in Young's modulus of
MZXenes. The Young's moduli of Ti,C, Ti;C,, and Ti,Cs
were found to be 597, 502, and 534 GPa, respectively,
which demonstrated that the thinnest Ti,C carbide com-
posed of three atomic layers had the highest Young's
modulus.*® Similar results by another group also showed
that increasing the single-layer thickness of MXene led to
a decrease in Young's modulus.>

MZXene offers excellent electrical conductivities that are
the highest among other solution-processed 2D mate-
rials.>">* Surprisingly, with the addition of various M and X
elementals and a controlled synthesis process, MXene may
possess electrical conductivities as high as 20 000 S cm™".>!
Individual single-layer Ti;C,T, nanosheets demonstrate a
high electrical conductivity of ca. 4600 S cm™~'.>> One of the
key factors that affect the electrical properties of MXene is

the M-layer. Thus, by maintaining a delicate balance
between temperature and the activity of etchants, the elec-
trical properties from metallic to semiconductor can be
modulated by changing the outer transition layer of 2D car-
bide. In addition, the presence of various etchants, defects,
and surface termination groups during MXene synthesis
can also play a crucial role in its electrical conductivity. For
example, experiments have showed that the conductivity of
HF-etched Ti;C,T, powder is almost 1000 S cm ™, which is
about five times lower than that of Ti;C, nanosheets with
few defects (6500 S cm ™ 1).*>>*

3 | MXENE-ENABLED DEVICE
ARCHITECTURES
3.1 | Textile and planar structures

With their outstanding flexibility for skin-mountable and
wearable electronics, smart-textiles have seen an exponen-
tial increase in the diversity of their applications. Textiles
started out as esthetic, everyday consumables, but have
become advanced, demanding constructs for modern wear-
able technologies. These revolutionary advances and modi-
fications in textiles have been made possible with the
emergence of nanomaterials including graphene,'*>>¢
MXene,">*”*® carbon nanotubes (CNTs),”® conducting
polymers,®® metallic nanoparticles/nanowires,®** and so
on. Textile-based electronic devices have been widely used
in flexible, portable energy storage and conversion
systems,®>®* real-time healthcare monitoring,®>°®® flexible
sensing,®””* flexible displays,* thermal management,’* "’
biomedical therapy,” soft-robotics,”**® and so on. Although
several nanomaterials have enabled smart textiles for wear-
able electronics, novel 2D MXene has recently received
more attention. The surface functional groups of MXene
can directly bond with the fiber and impart functionality to
the insulating textiles. Furthermore, the ease of solution
processing and mechanical flexibility have made MXene an
ideal candidate for smart textile manufacturing,'® offering
multifaceted material morphologies and structures for
wearable applications.

MXene has versatile processability, for example, it
can be mixed into different spinning dopes to produce
purely electro-spun or wet-spun MXene fibers, or can be
coupled as a secondary dopant in spinning dope to pro-
duce smart composite fibers.'> These excellent potentials
for MXene treatment are attributed to its ability to
disperse in a variety of solvents, including water,
dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
N-methyl-2-pyrrolidone (NMP). Notably, among other
MXene smart textile processing techniques, several coat-
ing techniques (spray-coating, dip-coating, etc.) have



o3 | WILEY.

AHMED ET AL.

been widely explored because of their ease of processing
and scalability.>® In addition, the many surface functional
groups on MXene and the tunable rheological properties
of MXene suspensions facilitate its processing in various
printing techniques (mostly in screen-printing, inkjet
printing, and 3D printing). A detailed discussion of differ-
ent MXene-enabled printing processes can be found in
Section 3.4. Maintaining suitable MXene flake size is an
extremely crucial factor as improper flake size may com-
promise smart-textile production and lead to deteriora-
tion in material performance.'® For instance, small flakes

FIGURE 2

of MXene nanosheets conformally coat the core and
inter-stitches of fibers and yarns, but compromises elec-
trical conductivity, which is key to many electronic appli-
cations. On the other hand, coating of fibers with large
MXene flakes induces higher electrical conductivity but
offers poor adherence to fiber surfaces and deteriorates
mechanical flexibility.®! Therefore, the size of the MXene
flakes should be optimized according to the desired
applications, especially for textile-based supercapacitor
electrodes (SCs). Overall, to develop an efficient MXene-
mediated textile interface, functionalization of textile

(A) Schematic of the electrospinning process. (i) Photograph showing MXene/nylon nano yarns. The inset exhibits a SEM

image of MXene/nylon nano yarns. Surface and cross-sectional SEM images of MXene nano yarns prepared using MXene flake size and
concentration (ii) ~220 nm at 10 mg mL ™" and (iii) ~850 nm at 10 mg mL ™. (iv) SEM image of a knotted and twisted MXene/nylon nano
yarn produced from 10 mg mL ", 220 nm flakes. Reproduced with permission.®* Copyright 2020, WILEY-VCH Verlag. (B) Illustration of

prepared from an acetic acid bath solution using S-Ti;C, flakes. (iv, v) SEM images showing a cross-section of fibers prepared from a
chitosan bath solution using S-Ti;C, flakes. Reproduced with permission.®* Copyright 2021, the American Chemical Society. (vi, vii) SEM
image and SAXS patterns of MXene fibers. Reproduced with permission.®* Copyright 2021, the American Chemical Society. (C) Schematic of

(iv, v) 6 wt% MXene impregnated cotton fabrics. Reproduced with permission.®> Copyright 2020, the American Chemical Society. (vi) SEM
image of Ti;C,T, flakes coated on a carbon fabrics fiber. Reproduced with permission.® Copyright 2018, WILEY-VCH Verlag. LC, liquid
crystalline; SAXS, small-angle X-ray scattering; SEM, scanning electron microscopy
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surfaces is critical and MXene should be synthesized,
modified, and optimized according to applications.

Currently, three widely-explored textile processing
techniques have been investigated to produce MXene
mediated fibers/yarns and fabrics: (i) electrospinning,
(ii) wet-spinning, and (iii) coating. A schematic demon-
stration of each process is depicted in Figure 2A-C. As an
effective nanofiller, MXene has been incorporated
into several polymer-based spinning solutions to function
as a co-dopant, resulting in nanofibers with multi-
functionalities in contrast to the pristine polymer-based
spun fibers. For example, a unique combination of both
electrospinning and wet-spinning has been established
by Levitt and co-workers®* to produce MXene-infiltrated
nylon nano yarns. This combined spinning process
enabled the dispersion of MXene nanoflakes throughout
the entire cross-sections of nano yarns, and achieved an
all-time highest MXene loading (90%) in terms of spin-
ning processing. MXene flake size affect the fiber spin-
ning process and displays significant morphological
changes in microstructure. The nano yarns spun with a
small flake size (220 nm) revealed a circular microstruc-
ture, but larger MXene flakes (850 nm) demonstrated
randomly-oriented fibers with intertwined MXene flakes
at a relatively low MXene concentration (10 mg mL™%;
Figure 2A(i-iii)). Furthermore, the electrospun nano
yarns produced from small flakes (220 nm at 10 mg
mL ") exhibited mechanical integrity and no obvious
morphological changes were observed after knotting the
yarn (Figure 2A(iv)). Finally, the nano yarns showed
promise to be used as a SC. In another study, Levitt
et al.*” embedded delaminated MXene flakes into a poly-
acrylonitrile (PAN) electrospinning dope, whose spun
fibers were carbonized in an argon atmosphere at differ-
ent temperatures. Incorporating carbon in nanofiber
materials with their efficient ion diffusion paths signifi-
cantly improved the electrochemical performance due to
small fiber diameter and electrical conductivity. Several
MZXene-reinforced electrospun nanofibers have been pro-
duced for SCs, showing excellent avenues in the fiber-
based energy-storage platform.

The excellent dispersibility in different polar solvents,
liquid crystalline (LC) behavior, pseudoelasticity, and the
tunable rheological properties of MXene facilitates wet
spinning to produce neat MXene fibers or MXene-based
composite fibers. For example, by imparting LC behavior
in TizC, MXene, a pure wet spun MXene fiber was devel-
oped by Zhang et al.** for fiber-shaped SC and flexible
heating elements for thermal devices (Figure 2B(i)). The
fiber formation process studied multiple parameters,
including MXene flake size, concentration, types of coag-
ulation bath, and needle gauge, etc. For instance, fibers
produced from an acetic acid bath containing small Ti;C,

flakes showed an open microstructural morphology,
whereas a densely packed microstructure was observed
from chitosan coagulant solution containing large TisC,
flakes (Figure 2B(ii-v)).

Interestingly, apart from Ti,C, MXene, other types of
MXene, such as Mo,Ti,C; showed similar microstruc-
tural morphology when wet spun with smaller flake size
in a chitosan bath. This ease of control in the micro-
structural assembly of pure MXene fibers allows one to
tailor the property of fibers. Collectively, the LC MXene
fiber prepared in chitosan bath showed an excellent
electrical conductivity (>7748 Scm™ '), close to free-
standing MXene film (ca. 9500 S cm™ '), resulting in
high-throughput electrochemical performance.

Shin et al.** designed an effective two-way strategy to
develop a mechanically strong Ti;C,T, MXene fiber
employing a deformable MXene gel. First, a highly-
reinforced MXene gel was prepared from a MXene dis-
persion wherein the gel network was strengthened by
electrostatic interactions between MXene sheets in a
basic solution. Then, the MXene dispersion was wet-spun
in a coagulation bath to produce gel fibers, making
highly-oriented fibers ascribed from the strong gel net-
work. Moreover, during the mechanical drawing, the gel-
spun fibers exhibited a capability to withstand high shear
stress. With the increase in fiber draw ratios from 1 to
3, a highly-packed lamellar structure and anisotropic
streak pattern was observed from the morphological and
small-angle X-ray scattering (SAXS) analyses. These
results revealed needle-sized microvoids inside the
MZXene fibers (Figure 2B(vi,vii)). Further analysis on den-
sity and porosity demonstrated MXene fiber formation
with a denser structure, and the obtained highly-aligned
fibers showed extremely enhanced properties, that is, ten-
sile strength (344 MPa), Young's modulus (122 GPa), and
electrical conductivity (12 504 S cm ™).

In contrast to other MXene textile fiber/yarn and fab-
ric processing techniques, coating is extensively studied
owing to facile fabrication strategies and bulk-scale pro-
duction opportunities. MXene depicts excellent confor-
mal coating of various textile materials such as fibers,
yarns, and fabrics, because of its ease in solution
processing.'” Apart from widely performed dip-coating
techniques, drop-casting® or spray-coating® was used
for coating MXene on textiles. These processes facilitate a
high degree of MXene loading and impart new functional
properties. A range of natural and synthetic textiles have
been coated with MXene.8>%%°° For instance, an interwo-
ven natural cotton textile was spray-coated by MXene for
multifunctional wearable electronic applications such as
Joule heating, EMI shielding, and strain sensing (Figure
2C(i)).* The morphological investigation of composite
textiles revealed a relatively rough cotton surface with an
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increase in MXene content compared to the pristine cot-
ton fabrics (Figure 2C(ii-v)). This enabled an inter-
connected conductive network within the textile fabrics,
which is essential to several electronic applications. Dur-
ing drop-casting, carbon fabrics were wrapped with a
Ti;C,T, dispersion which was used in SC.*® The coated
carbon fiber exhibited a uniform wrapping of Ti;C,T,
MZXene flakes over the individual fiber surface (Figure 2C
(vi)). Such uniformity in structural morphology has been
shown to have several benefits in terms of electrical con-
ductivity. In addition, in the fiber coating process, no
binders or additives were added, which is highly desired
in fabricating binder-free SCs.

MXene-derived smart-textile devices achieved a con-
siderable progress in flexible electronics which can be
mainly categorized in four fields: (i) flexible sensing
(pressure and strain),>®*>'"*7 (ii) wearable energy stor-
age system,®”?*71% (iii) thermal therapy,®*>'*1% and
(iv) EMI shielding.®*'%""'! In additionally, given their
excellent processability and device performance, textile
integration of MXene-derived smart-textiles has huge pro-
mise in wearable electronics for many functional applica-
tions, which has enthused scientists around the globe.

3.2 | MZXene hydrogel assembly and
derivatives

Hydrogels are generally composed of water (usually more
than 90%) and also contain solvated molecules/polymers
and inorganic nanoparticles as gelators in the structure.
Hydrogels can retain their distinctive physicochemical
properties even in liquid water while presenting a solid-
like macroscopically rheological behavior. The three-
dimensional (3D) characteristics of hydrogels and their
derivatives are attributed to a combination of several chemi-
cal and physical interactions. These structures can be cre-
ated by using 2D nanomaterials as gelators in the presence
or absence of polymeric networks.'? Such structures have
enhanced the intrinsic mechanical properties of hydrogels
and opened up new possibilities for functional applica-
tions.'**'* MXene has attracted great attention for hydro-
gel structures, mainly because of their versatile and tunable
surface chemistry and exceptional mechanical and hydro-
philic characteristics.''®> The remarkable synergies between
MXenes and hydrogels are responsible for the enhanced
functionalities of MXene-based hydrogels.''* In addition,
functional derivatives of MXene-based hydrogels such as
aerogels,'***° xerogels,"®® and organohydrogels'*' have
been developed, expanding into versatile applications.
MZXene hydrogels have found exceptional possibi-
lities in several platforms such as soft and flexible
electronics,1'%7 electronic  skins,'** sensors and

actuators,' #2712 flexible energy storage,''>'*”'*® and

biomedicine.'*>**® Although more than 20 different
MXenes have been reported so far, Ti;C,T, has been
studied most extensively for hydrogel formation. How-
ever, the role of MXene in hydrogels distinctively varies
according to the gel structure and gelation mechanisms,
having versatile functions such as a self-gelator, co-
gelator, crosslinker, and nanofiller. MXene is sometimes
assisted by other gelators, which include GO, rGO, poly-
mers, and inorganic ions.'"

We summarized the inherent properties of MXene
hydrogels in Table 1. Moreover, achieving hydrogel
materials concerning application-specific properties is reg-
ulated by several factors, including MXene concentration,
size, and flake thickness. For instance, it was noticed
that hydrogels composed of thinner and larger MXene
nanosheets exhibit exceptional electrical conductivity
and mechanical stability. Particularly, thinner MXene
nanosheet-induced hydrogels demonstrate enhanced elec-
trochemical performance compared to MXene hydrogels
fabricated from thicker multistacked nanosheets.''*'*!
Furthermore, when small and large MXene nanosheets
were gelated together, the obtained all-MXene hydrogels
exhibited a higher electrochemical performance compared
to the hydrogels prepared from similar nanosized sheets
alone."** This could be due to the high electroconductivity
and ionic conductivity of MXene sheets with large and
small sizes, respectively. This also signifies that the perfor-
mance of MXene hydrogels depends not only on their rhe-
ology but their 3D microstructure.

Deng et al.'** reported an MXene hydrogel wherein
the MXene gelation process was mediated by divalent
metal ions (Figure 3A). The inclusion of Fe*" in MXene
solution destroys electrostatic repulsion forces between
MZXene nanosheets, thus assisting in forming a stable 3D
hydrogel network. The as-obtained MXene hydrogel
depicts enhanced electrochemical performance, attrib-
uted to the efficient prevention of restacking of
nanosheets during the metal ion-initiated gelation pro-
cess. A similar 3D hydrogel was prepared for super-
capacitor applications utilizing the excellent cross-linking
properties of GO and reduction characteristics of eth-
ylenediamine (EDA) that endow dangling oxygen bonds
to be formed by oxygen ring-opening. In another report,
an MXene nanocomposite organohydrogel was fabricated
for strain-sensing applications."*! In the hydrogel system,
first, a nanocomposite hydrogel was prepared using con-
ductive MXene networks into hydrogel polymer networks
(Figure 3B). Then the obtained hydrogel was immersed
into ethylene glycol solution for the solvent displacement
of some of the water molecules. The prepared hydrogel
exhibited superior functionality, serving as an anti-
freezing and self-healable strain sensor.
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TABLE 1

Hydrogel
composition

Ti;C,T,/PVA

TisC,/GO

Ti;C,T,/PVA

Ti;C,/PNIPAM

TisC, Ty

Ti;C,T,/GO/
EDA

TisC,T,/
PAAmM/PVA

Type and

derivative

Hydrogel

Hydrogel

Hydrogel

Hydrogel

Tongel

Hydrogel

Organo
hydrogel

Synthesis conditions

(temperature
and time)

20°C, 5 min

180°C, 6 h

90°C,9.5h

10°C, >24 h

80°C, 48 h

95°C,>6h

60°C,>4h

Role of MXene

Conductive
nanofiller, cross-
linker

Prevent the
restacking of
graphene
nanosheets

Conductive nanofiller

Conductive
nanofiller,
crosslinker

Self-gelator

Co-gelator

Cross-linker

Summary of the performance and role of MXenes during hydrogel formation

Key features

Highly conductive,
stretchability (>3400%),
moderate stability, GF
of 80 under
compressive strain

The high specific surface
area of 161.1 m* g%,
energy densities,
excellent cycle stability
up to 10 000.

Small hysteresis, rapid
self-heal ability
(~0.15 s), high sensing
limit (200%), 5.8%
reduction in relative
after 10 000 stretch
cycles

Conductivity 1.092 S m™ %,
good mechanical
property: tensile
strength 0.4 MPa, 14
times higher
stretchability than the
original length

Achieved a gravimetric
capacitance of 70 F g™+
at voltage window of
3V, high power
performance.

Gravimetric capacitance
of 370 Fg tat5 A g?
and only 2% loss of
capacitance after
10 000 cycles

Excellent antifreezing at
extreme temperature
(—40°C), broad strain
range (~350%), and GF
of 44.85

Application

Strain sensing

Supercapacitor
electrode

Strain sensing

Smart
compression
sensor

Supercapacitor
electrode

Supercapacitor
electrode

Strain sensor

Ref.
118

128

122

125

119

127

121

Abbreviations: EDA, ethylenediamine; GF, gauge factor; GO, graphene oxide; PAAm, polyacrylamide; PNIPAM, poly(N-isopropyl acrylamide); PVA, polyvinyl alcohol.

Among other MXene hydrogel derivatives, MXene
aerogels are widely explored for various applications,
ascribed to their large specific surface area, high porosity,
3D structure, low density, and lightweight properties.
Analogous to MXene hydrogels, MXene aerogels simply
differ in preparation where sublimation of ice crystals
from frozen dispersions or hydrogels are required.''* So
far, several MXene-based aerogel fabrication strategies
have been investigated, including freeze-drying of MXene

hydrogels** and direct of MZXene
nanocomposite dispersions.

Shi and co-workers'** prepared an MXene aerogel using
a freeze-casting technique through tuning a MXene-surfac-
tant-based Pickering emulsion. At first, a cooperative
assembly of TizC,T, MXene and oil-soluble amine-
functionalized polyhedral oligomeric silsesquioxane (POSS-
NH,) was formulated in an oil-water system and then

jammed of to form an MXene-surfactant. Finally, the

freeze-drying

135,136
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FIGURE 3

(A) Schematic representation of metal ion-mediated interaction of MXene nanosheets forming MXene aerogel. Reproduced

with permission.'** Copyright 2019, WILEY-VCH Verlag. (B) Schematic illustration of the fabrication process of MXene organohydrogel.

Reproduced with permission.'?' Copyright 2019, WILEY-VCH Verlag. (C) Formation of Pickering emulsions and MXene aerogels via MXene

surfactants. Reproduced with permission.'** Copyright 2019, WILEY-VCH Verlag. (D) Schematic showing the construction process of a

TizC,T, MXene/rGO hybrid aerogel combining GO-assisted hydrothermal assembly, directional freezing, and freeze-drying. Reproduced

with permission.** Copyright 2018, the American Chemical Society. GO, graphene oxide; PAAm, polyacrylamide; PVA, polyvinyl alcohol;

rGO, reduced graphene oxide

concentrated emulsion was freeze-dried to assemble hydro-
phobic MXene aerogel (Figure 3C). The produced aerogel
offers opportunities for EMI shielding and oil-adsorptions.
In another study, Zhao et al.** designed a GO-assisted
porous 3D MXene aerogel through a combination of hydro-
thermal assembly, directional freezing, and freeze-drying
technique. In this hybrid aerogel, a cellular microstructure
was produced where graphene and MXene served as
the inner skeleton and shells of the cell wall, respectively
(Figure 3D). Benefiting from the excellent gelation capabil-
ity from GO during the hydrothermal process, enhanced
polar interaction occurred between MXene sheets and rGO,
which ultimately resulted in a core-shell 3D structure.*
The core-shell MXene/rGO framework nanocomposite
assembled with epoxy had excellent conductivity and EMI
shielding performance. Importantly, like MXene hydrogel,
the performance of MXene aerogel is largely dependent on
MXene concentration, processing method, polymeric
molecular weight, etc. A higher MXene concentration pro-
motes disruptive interaction leading to a decrease in crystal-
linity, while a lower polymer molecular weight facilitates
fewer cross-linking sites, resulting in cracked surfaces. The

advantages in tunable 3D MXene-based aerogels’ struc-
tural assemblies and high electronic conductivity have
been exploited in many applications, including flexible
electronics,”>”'*® EMI shielding,"*"'* and energy-
storage."**"'>! In the upcoming sections, we will elabo-
rate on several MXene aerogel frameworks for functional
applications.

3.3 | Bioinspired/biomimetic structures

Inspired by nature, several functional nanostructures
have been fabricated by researchers to realize their
performance in soft electronics, skin-inspired microelec-
tronics, sensors, and actuators.'”'>*"1°® Among these,
bioinspired nacre, leaf-like structures, and polymeric
woods have been widely explored.'””'*® Especially,
nacre-like structures induce exceptional mechanical rein-
forcing effects, thereby producing materials with high
strength and stiffness. Such reinforcing effects can be
realized from its intrinsic structural benefits in
deliberately-designed “brick and mortar” assembly.
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Scientists employed many approaches to mimic this
structure utilizing various nanomaterials, including
graphene,'>*™'%* MXene,'®* and nanoclay.'®

Recently, 2D MXene-based bioinspired materials have
shown promise in mimicking nacre-like nanocomposite
structures and found extensive electronic applications in
EMI shielding®*'®*'%” and sensors.*'®® In a recent study,
Cao et al.>® integrated d-Ti;C,T, MXene into cellulose
nanofibers (CNFs) and produced a nacre-like layered
composite paper via the process of vacuum-assisted
filtration-assembly (Figure 4A). The nacre-like layered
structure was confirmed by the cross-sectional morphol-
ogy of the composite paper, revealing the function of 2D
MXene as “brick” while 1D CNF displays the role of
“mortar” (Figure 4B). The d-Ti;C,T,/CNF paper
exhibited synergistic mechanical performance improve-
ment, which originated from the biomimetic nacre struc-
ture. In that composite assembly, the 2D MXene

FIGURE 4

nanosheets as “bricks” formulated the frame of composite
material. On the other hand, 1D CNFs bound MXene
nanosheets tightly and facilitated stress transfer through-
out structure, thus dissipating energy. Altogether, these
synergistic reinforcing/toughening effects remarkably
improved the strength and toughness of the paper, even
higher than their parent constituents MXene and CNFs,
individually. Although nacre-like structures are reported
predominantly for mechanical reinforcing,'”>!”* they have
also enhanced EMI shielding performance. The above-
mentioned composite paper also induced exceptional EMI
shielding properties, which can be perceived from the
nacre-like lamellar structure of d-Ti;C,T,/CNF as it
endows multiple internal reflections. These resulted in the
absorption and energy dissipation of the electromagnetic
(EM) waves, ultimately exhibiting high EMI efficiency.
MZXene-based structures also showed capability in
mimicking leaf-like appearance for high-performance

(A) Schematic showing brick and mortar architecture in nacre; (B) SEM images illustrating a nacre-like compact lamellar

structure in prepared d-Ti;C,T,/CNF composite paper. Reproduced with permission.>> Copyright 2018, the American Chemical Society.
(C) Photograph of natural leaf and schematic diagram of a leaf structure; (D) schematic diagram of the (MXCC/PC) bilayer-structured

actuator. Reproduced with permission.'®® Copyright 2019, the American Association for the Advancement of Science. (E) The microstructure
of the wood cell wall comprises of primary and three secondary layers (S1, S2, and S3), with the well-aligned cellulose microfibrils arranged
in the S2 layer; (F) cross-sectional morphology of MXene/GO fibers. Reproduced with permission.'** Copyright 2018, Royal Society of
Chemistry. (G) Schematics of human-skin and microspines under the skin; (H) SEM images of microspinous MXene-based PDMS depicting
the rough surface and side of the randomly distributed orientation. Reproduced with permission.*> Copyright 2020, the American Chemical
Society. CNF, cellulose nanofibers; EMI, electromagnetic interference; GO, graphene oxide; MXCC, MXene-cellulose; PC, polycarbonate;
PDMS, polydimethylsiloxane
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applications like programmable actuators and EMI
shielding.®®'%%'7?> For example, a natural leaf-inspired
smart actuation system has been developed by Cai
et al.'® First, a MXene-cellulose (MXCC) ink was pro-
duced by blending them homogeneously and then a bil-
ayered MXCC and polycarbonate (PC) (MXCC/PC) was
formulated by filtering MXCC ink on PC membrane. The
obtained MXCC/PC membrane exhibited excellent effi-
ciency in mimicking several important leaf microstruc-
tures. Typically, a leaf structure consists of a cuticle,
epidermis, palisade mesophyll, vein skeleton, and sto-
mata; all these structures in tandem allow the leaf to act
as an effective photosynthetic medium'”® (Figure 4C,D).
The MXCC/PC membrane has a design inspired from the
leaf and several functions can be realized. For example,
2D MZXene (TisC,T,) nanosheets mimic the palisade
mesophyll structure and harvest electric or light energy
and convert it to thermal energy. In contrast, the CNFs
mimic the vein skeleton structure and enhance the
robustness of the actuator while assisting in rapid shape
change. In addition, PC mimics stomata and epidermis
and displays the role of water insertion/extraction from
the MXCC. The designed soft actuator demonstrated
excellent responsiveness in response to different external
stimuli, including humidity, electricity, and near-infrared
(NIR) light. Such a nature-inspired smart actuator has
tremendous potential to be employed in programmable
soft devices.

Researchers mimicked the hierarchical layered
wood structure®? to design MXene-based fibers with a
mechanical and functional support layer (Figure 4E). A
biomimetic core-shell MXene/GO fiber was designed
and fabricated by the co-axial wet spinning technique.
The morphology of the hybrid fiber reveals that com-
pared to a regular MXene/GO fiber, the core-shell
MXene/GO fiber has a compact layered structure of
MZXene core and no void or gaps are noticeable as GO
wraps the core effectively (Figure 4F). These structural
assemblies benefit the fiber to have superior mechani-
cal properties. In addition, the highly-conductive
biomimetic fiber showed promise in EMI shielding.
Cheng et al.*’ reported a MXene-based piezoresistive
sensor emulating bioinspired microspinous microstruc-
ture for subtle pressure detection (Figure 4G). In this
study, single-layer Ti;C,T, was uniformly deposited on
PDMS through a thermal spray-coating method. Scan-
ning electron microscopy (SEM) imaging revealed
that the MXene-based PDMS microstructure has a
rough surface and randomly distributed microspines
(Figure 4H). The sensor demonstrates great promise in
several pressure-sensitive applications such as human-
machine interactions and detection of human physio-
logical signals.

3.4 | Printed structures

MZXene undergoes uniform aqueous dispersion due to their
hydrophilicity and highly negatively-charged MXene
flakes with a Zeta potential of ca. —30 mV, resulting in the
rapid development of MXene-based printed devices. These
characteristics of MXene also assist in forming a colloidal
dispersion in various aqueous and organic solvents.>'”*
Also, recent developments in MXene ink showed promise
in designing additive-free printed devices, which is consid-
ered a revolutionary approach in terms of environmental
footprint when compared to other additive-mediated print-
ing strategies.**

Several materials have been realized as an active mate-
rial for printing such as carbon-based materials (1D CNT
and 2D graphene), metallic nanoparticles, and conductive
polymer-based inks.'”>'” Generally, graphene ink formula-
tion is accomplished in NMP-based solvents. However, chal-
lenges associated with high boiling points and instability of
active materials in NMP colloidal solutions significantly hin-
der their large-scale production.'”” Henceforth, researchers
investigated several strategies to formulate inks that sup-
press the above-mentioned drawbacks by employing cos-
olvents, binders, or additives® However, significant
environmental concerns, postprocessing requirements, and
marginal device functionality have discouraged researchers
from using such additives. In Table 2, we summarize the
pros and cons of different commonly used active material-
based functional inks for printing electronic devices.
Recently, additive-free MXene aqueous dispersions have
been applied to design electronic devices by inkjet
printing,'”*'2 3D printing,'®*~'* and screen-printing'*®'%”

Additive-free MXene aqueous and organic inks were
prepared by Zhang et al,'® by dispersing TisC,Ty
nanosheets in water and several organic solvents such as
DMF, DMSO, NMP, and ethanol, as demonstrated in
Figure 5A. The inks were applied in inkjet and extrusion
printing for microsupercapacitors (MSCs). It was found
that the inverse Ohnesorge (Z) numbers in the optimal
range for stable inkjet printing requirements were ca. 2.6
for ethanol ink and ca. 2.2 for NMP ink. At an inkjet-
printed line of 5, the electrical conductivity was as high
as 2770 S cm ™' and maintained at 510 S cm ™' even after
6 months, while the printed lines exhibited a decrease in
conductivity to 1093 S cm ™' after thousands of bending
cycles. As shown in Figure 5B, a high-resolution printing
pattern was observed without any coffee-ring effect using
NMP and ethanol as the solvents. Moreover, for extrusion
printing, MXene ink with a high concentration
(~36 mg mL ") and viscosity (~0.7 Pa s) was employed,
and the printed patterns (Figure 5C) demonstrated a dra-
matic decline in sheet resistance from 2000 to 10 Q sq ™.
Significantly, both inkjet and extrusion printing were
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TABLE 2

Printing ink

Advantages

Advantages and disadvantages of various nanomaterial enabled printed devices

Disadvantages

2D MXene « High compatibility with different solution- « Being nascent in research, improving MXene
based printing methods ink stability and rheological properties are
+ High durability and tunable surface yet to fully understand
functionalities for the desired usage « Challenge in the synthesis of uniform surface
+ Adhesives/additive-free printing opportunities terminations for MXenes and ink
+ High stability in large concentration window formulation
(1-100 mg mL™") « Lacks industry viable and scalable
« Stable and tunable rheological behavior of opportunity
MZXene ink » Cost concern and translational research
« Stable printed surfaces, and hence, no residual facilities
surfactants remain in printed surfaces after « Device integration and realizing new
printing multifunctional usage purpose
« Versatile fabrication, applications, and eco-
friendly approach
2D graphene « Excellent rheological behavior « Instability in colloidal solution
« Durability over mechanical deformations » Require postprocessing to remove surfactants
« High electrical conductivity » Require low viscosity inks
 Highly suitable for additive printing « Limited control of pattern size and edge of
manufacturing techniques pattern
« High controllability of print resolution » Scalable production and cost concern
« Widely accessible to various printing methods
« Versatility in device fabrication and
applications
Metal nanoparticle « Easy to dissolve and apply « Susceptible to skin inflammation

« Highly conductive
« Versatile patterns and applications

implemented in MSCs formation and offered excellent
electrochemical performance.

MZXene nanosheets were doped with nitrogen by a
melamine-formaldehyde method to formulate an ink
for extrusion-based 3D printing, to take advantage of
enhanced reinforcing effect on conductivity and elec-
trochemical reactivity of crumpled nitrogen (N).'®” The
N-doped MXene was mixed with activated carbon
(AC), CNTs, and GO to adjust the viscosity of the ink
system and eliminate additional binders for 3D print-
ing. The ink showed excellent shear thinning behav-
ior, which enabled the ink to be 3D printed efficiently
without any clogging during extrusion. Further rheo-
logical study revealed that the as-prepared ink could
maintain stable 3D structural assemblies while
printing.

Furthermore, Uzun et al.'”® applied MXene ink into
inkjet-printed textile substrates. The viscosity of the
additive-free Ti;C,T, MXene ink can be modulated by
controlling the Ti;C,T, flake size and concentration
(Figure 5D). Both large (L-Ti5C,T,) and small (S-Ti5C,T,)
MZXene flakes with submicron (average lateral size of
350 nm) and micron (average lateral size of 2 pm) sizes
ink with different concentrations were utilized in

« Has sedimentation issues due to dispersion
instability

printing lines (Figure 5E). It was revealed that the more
significant decrease in sheet resistance with larger flakes
compared to the small ones could be due to the disrup-
tions in internal contact of S-Ti;C,T, nanosheets. More-
over, with the above-mentioned average flake sizes for
both S-Ti;C,T, and L-TisC,T,, the viscosity was ~1.5 cP
at 18.8 mg mL " and 5.1 cP at 18.0 mg mL ™', respectively
(Figure 5F). As observed from the SEM images, the
fabrics printed with L-Ti;C,T, demonstrated significant
growth of Ti;C,T, film on the fabric surfaces with
the successive number of print passes from 1 to 10
(Figure 5G,H). Finally, benefiting from the fragmented
structure of S-Ti5C,T, flakes that provide access to ion for
electrode layer and the high conductive nature of
L-Ti;C,T, flakes, a textile-based MSC was fabricated. The
electrochemical performance of the MSC was found to be
higher by two orders of magnitude compared to other
printed textile-based MSCs.

The unique rheological behavior and tunable viscosity
of MXene inks facilitate processing the inks for screen
printing. For instance, Abdolhosseinzadeh et al. 188
implemented a sustainable “turning trash into treasure”
strategy to formulate MXene ink without additives. The
unetched MAX phase and unexfoliated sediments are
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FIGURE 5

(A) MXene-enabled extrusion and ink-jet processes for device fabrication; (B) SEM image of the inkjet-printed

microsupercapacitor employing the NMP ink. Inset showing the full device, (C) demonstration of vicious nature of MXene aqueous ink, and

the optical images of all-MXene various printed patterns with different designs. Reproduced with permission.'®® Copyright 2019, Springer

Nature. (D) Three essentials of aqueous Ti;C,T, MXene ink formulation: viscosity, TisC,T, flake size, and Ti;C,T, concentration. (E) Effect

of large and small flake size distribution MXene inks. (F) Plot of viscosity versus ink concentration at large and small flake sizes; and (G, H)

SEM images of large flakes size woven fabrics at 1 and 10 print pass. The left side of the dashed line showing the Ti;C,T,-printed part and

the right side presents neatly woven fabric. Reproduced with permission.!”® Copyright 2020, WILEY-VCH Verlag. NMP, N-methyl-

2-pyrrolidone; SEM, scanning electron microscopy

collected by separating supernatants (few-layered Ti;C, T,
nanosheets) during sonication and centrifugation. A
small percentage of delaminated MXene (d-TizC,T,)
nanosheets remained in the decanting supernatant solu-
tion to form sediment ink by a three-roll mill process,
where d-Ti;C,T, offered mechanical integrity and electri-
cal conductivity. The ink exhibited a shear-thinning
behavior and non-Newtonian properties along with a vis-
cosity of 35 Pa s. Finally, the high resolution and uniform
printing spatiality allowed the ink to screenprint on vari-
ous substrates.

4 | EMERGING APPLICATIONS IN
FLEXIBLE AND WEARABLE
ELECTRONICS

41 | Energy storage and harvesting

The current advancement in powering portable and flexi-

ble electronic devices has been revolutionized by the tre-
mendous development of lightweight, flexible, and

wearable energy storage platforms. In contrast to conven-
tional batteries and capacitors, supercapacitors are
rewarding in terms of high-performance devices coupled
with high rate capacity, charge storing capability, flexibil-
ity and stretchability, stable charge-discharge perfor-
mance and long cyclic life expectancy.'>'®* ! Like
graphene, MXenes endow exceptional energy-storing
ability due to their outstanding electrical conductivity,
tunable surface terminations, high surface area, and
peculiar geometry in structure.'**'*3

Textiles or fiber-shaped SCs can be particularly useful
in powering wearable electronics because of their low
weight, comfort, flexibility, and enhanced electrode
performance. Enormous progress has been seen in
MZXene fibers/yarns or woven/knitted fabric-based elec-
trodes prepared from a wide variety of techniques.'>®
Researchers have reported a novel smart-textile compos-
ite electrode manufactured from the conformal coating of
MZXene onto textile substrates. Using electrospinning and
wet spinning approaches, novel and core-shell fibers can
also be manufactured for smart-electrode systems.'®*
In the electrode formation, fiber or textile-shaped
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supercapacitors are required to possess efficient charge
storage/transportation facilities, high electrical conduc-
tivity, porosity, excellent redox reaction or intercalation
ability, and above all, fibers or yarns should have suffi-
cient strength to withstand the stresses of different knit-
ting or weaving forces/tensions.'® Besides, the ideal
surface chemistry of MXene, such as appropriate flake
size, plays a vital role in designing textile-based electrode
materials. When assembled as SCs these devices exhibit
enhanced power and energy densities, volumetric, areal,
gravimetric capacitance, and long cycle stability. For
instance, an electrospun MXene (90 wt%) loaded MXene/
rGO composite fiber electrode depicted excellent volu-
metric (890.7 F cm ), areal (565.4 mF cm™2), and gravi-
metric (494.8 F g ') capacitance. In that hybrid fiber
structure, the well-aligned MXene nanosheets inside the
hybrid fibers and the synergistic effects of MXene and lig-
uid crystal ability of GO are responsible for the electro-
chemical performance of the fiber electrode.'*® Several
similar electrodes developed from MXene/rGO systems
have also been reported as high-performance
SCS.99,148,150

Biscrolling is the technique where a twist is inserted
in a host sheet that is overlaid with the guest material."®’

FIGURE 6

Two-dimensional MXene nanosheets have also been
incorporated with 1D CNTs by biscrolling techniques to
prepare yarn electrodes, achieving a high MXene content
(~98 wt%).'”® The as-obtained electrode demonstrated
superior electrochemical performances along with high
capacitance retention ability.’**?° Wang et al'*®®
designed a yarn-shaped flexible SC by biscrolling MXene
with CNTs (BMX; Figure 6A). As evident from the cross-
sectional images of the highly MXene-loaded BMX yarn
that MXene nanosheets are entrapped within the CNT
yarn corridors (Figure 6B,C). When assembled as free-
standing SCs, the BMX yarn delivered excellent specific
volumetric (1083 F cm™>), aerial (3188 mF cm ™ 2), gravi-
metric (428 F gfl), and linear capacitance (118 mF cm ')
at a current density of 2 mA cm 2, and excellent capaci-
tance retention under different bending conditions'”®
(Figure 6D,E). Additionally, the developed energy textile
was demonstrated to power a digital timer for over 10
min. It is also possible to develop neat MXene fibers
directly from the wet-spinning technique, offering a volu-
metric capacitance of 1265 F cm > with virtually com-
plete capacitance retention even after 10 000 cycles.®
Overall, MXene-mediated textiles have provided out-
standing opportunities in fiber/yarn-shaped wearable

(A) Fabrication process of BMX yarn; (B) cross-sectional morphology of the BMX yarn with 97.4 wt% MXene content; (C)

magnified color SEM image of the indicated section in (D) specific areal capacitance of the BMX yarn electrodes, (E) cycle stability before
and after different bending angles and cycles. Reproduced with permission.'”® Copyright 2018, WILEY-VCH Verlag. BMX, biscrolling

MXene; CNT, carbon nanotube; SEM, scanning electron microscopy
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SCs, and more possible avenues can be explored in recent
literature.®”->*!

Electrodes with excellent unique 3D macroscopic
porous architectures have shown promise in super-
capacitors, owing to their superior electrolyte permeabil-
ities and rapid electron/ion transports in the electrode
system.*>' Hydrogels are such materials with 3D structure,
and have been utilized in SCs. MXene-derived hydrogels
are the intriguing choice for SCs as they provide excellent
conductive networks and ion diffusion pathways, as well
as delivering high electrode attributes. As such, by
employing a one-step hydrothermal method, Zhang
et al."*® manufactured an MXene assisted self-assembled
laminar-structured GO 3D hydrogel electrode for SCs.
The hybrid hydrogel had a large specific surface area of
161.1 m* g and a high pore volume of 0.5 cm® g', and
facilitated high energy densities (9.3 and 5.7 Wh kg™ '), at
different power densities of 500 and 5000 W kg~ ' when
configured symmetrically. Furthermore, perfect capaci-
tance retention was achieved after 10 000 continuous
charge-discharge cycles. MXene also shows promise as a
building block for hydrogel formation with 1D poly-
pyrrole nanofibers and PVA matrix.**> The assembled 3D
hydrogel system led to excellent enhancement of
mechanical robustness and demonstrated prominence in
wearable SC applications. In another study, MXene-rGO
aerogel-based mechanically robust self-healable 3D MSC
was fabricated using an ice template method and was
wrapped by a self-healing polyurethane shell for self-
healing.'® The aerogel MSC accomplished outstanding
electrochemical characteristics such as high area-specific
capacitance of 34.6 mF cm ™2 at a scan rate of 1 mV s
and excellent cycling stability with capacitance retention
of up to 91% over 15000 cycles. Lately, several MXene
aerogel electrode systems have been reported for enhanced
electrochemical performances of supercapacitors.'*>!

MZXene-printed structures have also emerged as
desirable options for designing MSC electrodes with high
electrochemical properties.'” Li et al.>>* reported a screen-
printed MSC electrode by taking an in situ process thus uni-
formly anchoring hydrous ruthenium oxide (RuO,)
nanoparticles on as-synthesized Ti;C, T, MXene nanosheets
(Figure 7A-C). Silver nanowires (AgNWs) were utilized to
endow high viscosity and suitable rheological behavior for
the electrode ink and also precluded additives. The pro-
duced MSCs demonstrated superior volumetric capacitance
of 864.2 F cm > at a scan rate of 1 mV s, high rate capac-
ity (~2000 mV s~ 1), excellent cycle stability (90% retention
after 10 000 cycles), and excellent flexibility (87.3% reten-
tion after 2000 bending cycles; Figure 7D-F). Other printing
methods also demonstrated feasibility in printing electronic
devices. For example, an additive-free nitrogen-doped
MXene ink was formulated to print SCs via an extrusion-

based 3D printing.'® The printed device features a high
areal and volumetric energy density of 0.42 mWh cm ™2 and
0.83 mWh cm >, respectively, when assembled as an asym-
metric supercapacitor system."®” Likewise, 3D printing was
used to print various objects with a high specific surface
area and showed improved electrochemical properties
along with superior cycle stability.** The electrochemical
performances of various MXene architectural devices are
summarized (Table 3).

Triboelectric nanogenerators (TENGs) have been reg-
arded as a small-volume, low-cost, human-friendly, and
effective means of harvesting energy.’°*% Inspired by
several dynamic human biomechanical motions, TENGs
are utilized to convert kinetic energy to electricity and
are formulated via coupling triboelectrification and elec-
trostatic induction between different materials. In
TENGs, the electrification and charge transfer occur
based on contact-separation, sliding, or friction between
two dissimilar materials such as polymers and metals,
depending on the electrostatic induction and triboelectric
series.”® MXenes are advantageous for TENG applica-
tions due to the enhanced dielectric constants that
emerge from functional fluorine and oxygen groups. In
addition, the 2D structure of MXene accumulates charge
between interlayer sheets and the polymer matrix.>"’
MZXenes can improve the TENG performance by enhanc-
ing the electronegativity and electrical conductivity of the
materials.”’® A fabric-based TENG developed by Xiong
et al.>’' showed potential in harvesting energy from
water flow, whereas, the TENG performance was greatly
influenced by the water molecules adhered with the
device surface, preventing its efficient-energy harvesting
abilities. Therefore, researchers designed a hydrophobic
fabric-based MXene/Ecoflex nanocomposite TENG sys-
tem inspired by several human biomechanical motions
and environmental situations.”®® The developed TENG
offered a maximum output peak power of 3.69 mW and a
power density of 9.24 W m™2. Cao et al.*'° integrated lig-
uid MXene, CNFs, and soft silicon rubber to develop a
shape-adaptable TENG for a self-powered biomechanical
sensor. In this TENG system, CNFs functioned as a dis-
persant and interlocking agent for ensuring an effective
interconnected network of MXene, while silicone rubber
acted as a packaging and triboelectrification layer. This
TENG could harvest energy and showed potential to
power several electronic systems, including real-time
monitoring of various human motions.*'°

4.2 | Wearable health monitoring

The human body generates various physiological signals
such as muscle movement, electrocardiogram (ECG),
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FIGURE 7

Schematic representation of (A) the synthesis procedure of Ti;C,T, MXene; (B) synthesis techniques of RuO,-xH,0@MXene

nanocomposite; (C) formation of screen-printed flexible MSC devices; (D) volumetric capacitance at different scan rates of various MXene MSCs;

(E) cycling stability at a scan rate of 100 mV s~ (inset showing CV curves before and after cycling); and (F) cycle stability at different bending

cycles to a bending strain of 5.0% (inset showing CV curves taken at 100 mV s~ before and after 2000 bending cycles). Reproduced with

permission.”*® Copyright 2019, WILEY-VCH Verlag. CV, cyclic voltammetry; MSC, microsupercapacitor; RuO,, ruthenium oxide

skin temperature, blood pressure, wrist pulse, breath/
heart rate, etc., which contain critical health information.
Wearable electronic (e)-skins can deliver physiological
information by placing the sensor conformally over
human skin. The information provided is transmitted to
a microcontroller for signal interpretation and continu-
ous health surveillance.*'*?"

MXene-based wearable e-skins have been widely used
for healthcare applications, such as voice recognition and
the monitoring of blood pressure, heart pulse, muscle
movement, and facial expression.*'*"%*¢ Recently, Sharma
and co-workers®’” reported an MXene composite
nanofibrous mat-based capacitive pressure sensor for reli-
able monitoring of physiological signals (Figure 8A). The
sensitivity of the device was increased by a factor of five
because of the higher dielectric constant of MXene and
the decrease in the compression modulus of the scaffold.
The MXene nanofibrous-based sensor showed a distinct
pulse waveform from the radial artery, including P-wave,

T-wave, and D-wave (Figure 8B,C), which provide infor-
mation on arterial stiffness and vascular health an early
stage detection of Parkinson's disease (Figure 8D,E). Wang
and co-workers''¢ developed a modified MXene composite
stretchable hydrogel for wearable bioelectronics. MXene
was used as a base nanomaterial in hydrogel to enhance
conductivity and improve polymerization and cross-
linking of the polymer chains. The electrical signal from
the ECG, electrooculography (EOG), and electromyogram
(EMG) provides vital information on the heart, ocular con-
dition, muscle contraction, and relaxation status, respec-
tively (Figure 8F-J), which are valuable for predicting
various illnesses such as musculoskeletal disorders, heart
attack, sleep apnea, etc. The high conformity of the self-
adhesive MXene-based hydrogel offered a lower contact
impedance and a high signal-to-noise ratio.

Song et al.*'® fabricated an MXene/PDMS composite
piezoresistive pressure sensor for large deformation mon-
itoring. MXene was coated on a porous PDMS scaffold,
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and the sensor successfully measured facial muscle move-
knee bending, finger-bending with different

ment,
speeds, and swallowing process.
TABLE 3

Electrode materials

Ti;C,T,/rGO fiber

TisC,T,/PEDOT:PSS fiber

Ti;C,T,/rGO fiber

Biscrolled MXene/CNT
yarn

Ti;C,T,-coated cellulose
yarn

Ti;C,T,-coated carbon
fabric

Ti;C,T,-coated cotton knit

fabric

Ti;C,T,

TiZC,T,

TisC,T,/PPy

Ti;C,T,/tGO

TisC,T,/rGO

Ti;C,T,

Ti5C, Ty

Ti;C, T,

Ti;C,T, and Co-Al LDH

TiZC,T,

Ti;C,T,/sodium ascorbate

RuO,-xH,0@ Ti;C,T,-Ag
NWs

Device
design
Textile

Textile

Textile

Textile

Textile

Textile

Textile

Hydrogel

Hydrogel

Hydrogel

Aerogel

Aerogel

3D printed

3D printed

Screen/
extrusion
printed

Screen
printing

Inkjet
printed

Inkjet
printed

Inkjet
printed

Impressively,

Electrolyte
PVA/H,SO,

1M H,SO,

1M H,SO0,

3 M H,SO,

1 M H,S0,
1M H,S0,
1 M H;PO,
3 M H,S0,
Ionic liquid
PVA/H,SO,
2M ZnSO,
PVA/H,S0,
PVA/H,SO,
PVA/H,SO,

PVA/H,SO,

PVA/KOH

PVA/HzSO4
PVA/H,SO,

PVA/KOH

the

Summary of the electrochemical performances of various MXene-based nanostructure devices

Energy storage parameters

The areal capacitance of 550.96 mF cm ™2,

gravimetric capacitance of 110.89 F g*

Areal capacitance of 676 mF cm ™2,

gravimetric capacitance of 258 F g’l,
volumetric capacitance of 615 F cm >

Areal capacitance of 233 mF cm ™2,

gravimetric capacitance of 257 F g *,
volumetric capacitance of 341 F cm >

Areal capacitance of 3188 mF cm ™2,

gravimetric capacitance of 523 F g !,
volumetric capacitance of 1083 F cm >

Areal capacitance of 3965 mF cm 2,
volumetric capacitance of 0.26 F cm™>

Areal capacitance of 416 mF cm ™2,

gravimetric capacitance of 200 F g !

Areal capacitance of 707 mF cm 2,
gravimetric capacitance of 31 F g

Gravimetric capacitance of ~226 F g*
Gravimetric capacitance of 70 F g
Gravimetric capacitance of 614 F g™!

Gravimetric capacitance of 128.6 F g™*

Areal capacitance of 34.6 mF cm >

Areal capacitance of ~1035 mF cm 2, areal
energy density of 51.7 yWh cm >

Gravimetric capacitance of 242.5 F g~*

Areal capacitance of 70.1 mF cm >

Areal capacitance of 28.5 F cm ™2, areal
energy density 8.84 pWh cm ™2, power
density 230 pW cm ™2

Areal capacitance of 294 mF cm ™2

Areal capacitance of 108.1 mF cm ™2,
volumetric capacitance of 720.7 F cm >

Volumetric capacitance of 864.2 F cm ™2,

volumetric energy density of
13.5 mWh cm ™ at power density of
485 W cm ™

Capacitance
retention

85% @ 10 000th
cycle

~95% @ 10 000th

cycle

~90% @
10 000th cycle

100% @
10 000th cycle

98% @
20 000th cycle

100% @
10 000th cycle

97.1% @
10 000th cycle

80% @
1000th cycle

100% @
10 000th cycle

95% @
75 000th cycle

91% @
15 000th cycle

90% @
10 000th cycle

92% @
7000th cycle

92% @
10 000th cycle

100% @

10 000th cycle

90% @
10 000th cycle

synergistic effect of MXene composite has also been
investigated for biomedical applications because of its
superior electrical, mechanical, and chemical properties.

Ref
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99

198

102
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119

202

148

150

204

185

187

186

178

182
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Abbreviations: CNT, carbon nanotubes; NWs, nanowires; PEDOT, PSS, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; PPy, polypyrrole; PVA,
polyvinyl alcohol; rGO, reduced graphene oxide; RuO,, ruthenium oxide.
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FIGURE 8

(A) Schematic showing MXene nanofibrous-based pressure sensor; (B) monitoring of the radial artery pulse wave. Inset image

showing the sensor attached to the wrist's dermal area; (C) extended image and detailed characteristic peaks of a single pulse waveform;

(D) demonstration of sensors ability to emulating finger knocking for early detection of Parkinson's disease. Inset showing photograph of mimicked

finger knocking on the sensor surface; (E) magnified image showing of emulated tapping. Reproduced with permission.?'” Copyright 2020, the

American Chemical Society. (F) Real-time monitoring of ECG and heart rate of a girl resting in a quiet room by as prepared TiO,@MXene-PAA

hydrogel bioelectrodes; (G, H) eye movement monitoring by the hydrogel bioelectrode; (I, J) various voltage potential specific patterns obtained by

various hand gestures. Reproduced with permission.''® Copyright 2020, Elsevier. ECG, electrocardiogram; PAAm, polyacrylamide; PEDOT, PSS,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; PDMS, polydimethylsiloxane

Furthermore, Bi et al.'® and Zhu et al.'’*’ fabricated
AgNWs/MXene and graphene/MXene piezoresistive
aerogels, for ultrasensitive e-skin. MXene composite aero-
gels facilitated a directional freezing strategy and superior
tunable conductive pathway for operation in a broad
application for flexible electronics. The application of the
sensor for the recognition of various body deformations
(ankle and wrist bending, cheek bulging, and throat
swallowing) has been successfully demonstrated, useful
for the rehabilitation of older populations. In addition,
Pu and co-workers™ have developed multilayered
MXene/AgNWs smart composite fabrics for monitoring,
analyzing, and correcting posters for medical applica-
tions. MXene was used effectively to improve the crack
propagation mechanism, which in turn offered high-
stress sensitivity. Intelligent composite fabrics offer excel-
lent surveillance of human postures (head forward,
shoulder imbalance, and kyphosis). Real-time monitoring
of these postures helps minimize future complications
such as shoulder pain, back pain, neck stiffness, etc.

4.3 | Wearable sensors for human-
machine interactions

Motion sensors can convert the stress or tension gener-
ated by body deformations into an electrical signal.*'*~>*!
The electrical signal can be used to control various
machines, using the interface of human-machine inter-
action. Numerous wearable pressure and strain sensors
have been used to control robotic arms and toy vehicles,
etc., through body movements after integrating with
microcontrollers and wireless modules.*'?2**722
MZXene-impregnated biodegradable tissue paper can
be used as a wearable wide range HMI device (Figure
9A).**° The MXene hydrophilic nanosheets adhere firmly
to the surface of the highly-porous fabric, allowing a dis-
tinct conductive path under different deformation pat-
terns. Recently, Zhang and co-workers''® reported an
MZXene hydrogel-based strain sensor. Because of the excel-
lent interconnection and improved H-bonding offered by
MXene nanosheets, the hydrogel showed a remarkable
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stretchability of more than 3400% (Figure 9B,C)."'® The
highly-sensitive hydrogel was mounted on the throat at
the larynx to detect sound vibration in the form of an elec-
trical signal (Figure 9D-G). The detected signal was
converted to the corresponding working voltage to enable
control of the machinery by voice command. Further-
more, MXene hydrogel heterostructure e-skin can be used
as a motion sensor, as shown in Figure 9H-K, where two
MZXene hydrogels were separated by a dielectric layer to
induce a capacitive effect for applied deformations.''” The
hydrogel perfectly perceives different finger movements
and generates distinct patterns, which can be synchro-
nized via a wireless module to control equipment and
machinery. The robotic arms can perfectly mimic the
movement of the human finger, showing the excellent fea-
sibility of a human-machine interface system.

44 | EMI shielding

Marked by the unprecedented advances in miniaturized
electronic technology, consumption of electronic and

FIGURE 9

smart gadgets experienced exponential growth in the
20th century. As a result, these devices continuously
exert EM rays, which could be very detrimental to
human health and the modern warfare system.**’ Signifi-
cant measures, materials, and devices have been devel-
oped to minimize or protect electronic devices from EM
waves. The newly-emerged 2D MXene brings about
exceptional improvement in designing EMI shielding
materials that can be ascribed to their superior features
in terms of electrical conductivity, enriched and
tailorable surface functionalities, large specific surface
area, and being lightweight '3>142143147.181 AJtogether,
these structural synergistic features lead to the fabrica-
tion of MXene-functionalized multifaceted architectures,
namely nanocomposite films, smart-textiles, 3D hydro-
gels and aerogels, and printed substrates for EMI
shielding.

Bioinspired nacre architectures promote efficient and
multiple internal reflection pathways; thus attenuates
incident EM waves. In MXene-mediated nacre-inspired
structures, MXene nanosheets provide interconnected
conductive networks, and function as “bricks” to the

(A) Hlustration showing fabrication procedure of MXene-mediated flexible wearable transient pressure sensors. Reproduced with

permission.”?® Copyright 2019, the American Chemical Society. (B) Demonstrations of stretchability of MXene-based hydrogel (M-hydrogel);

(C) photographs showing the self-healing capability of the M-hydrogel; (D-G) schematic for vocal sensing. Reproduced with permission.

118

Copyright 2018, the American Association for the Advancement of Science. (H) Microcontroller unit and the circuit connection settings with
devices. (I) Circuit design for the signal transduction, processing, and wireless transmission. (J) Data glove mounted on the e-skin sensors for

gesture recognition. (K) Gesture response at relative resistance changes of e-skins. Reproduced with permission."” Copyright 2020, the American

Association for the Advancement of Science. PLA, polylactic acid
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structure and other constituents, such as CNFs, act as
“mortar”.*® This nacre-like structure improves EMI
shielding and the mechanical strength of the device. For
example, Cao et al.>® integrated delaminated d-Ti;C,T,
MXene and CNF, mimicking the structure of the nacre.
The prepared d-Ti;C,T,/CNF composite paper showed
electrical conductivity up to 739.4 S m™ ' at a thickness of
47 pm and an excellent-specific EMI shielding efficiency
up to 2647 dB cm® g~ '.>* Many similar structures have
been reported for excellent EM wave reflection and
absorption.'#*1%°

Similarly, a bioinspired nanostructure was fabricated
by layer-by-layer deposition of MXene nanosheets and
AgNWs on the surface of silk textiles for EMI shielding.®®
The particular MXene functionalization achieved self-
derived hydrophobicity, suitable for smart garments and
electronic applications. Notably, the layered structure is
shown to maintain two of its phases with various imped-
ances, generating primary internal scattering at the inter-
nal interfaces, which facilitates attenuation of the
incident EM radiation. Therefore, a linear improvement
was achieved with different nanomaterial concentrations
and overall, the composite materials demonstrated an
EMI SE of ~90 dB in the spectrum of 12.4 GHz at a thick-
ness of 450 pm.

Ti;C,T, MXene nanosheets have been assembled in
several 3D architectural systems to produce materials
with controllable alignment and these structures show
great promise in EM wave absorption. In this sense,
ultralight MXene aerogels or hydrogels have been pre-
pared to utilize MXene in several matrix systems via vari-
ous formation techniques.'*® Han et al.’*® constructed an
anisotropic, additive-free, and lamellar MXene aerogel
by applying a bidirectional freeze-casting approach (Fig-
ure 10A). Three different types of MXene (Ti;C,T,,
Ti,CT,, and Ti;CNT,) were employed in this study and
the individually-prepared aerogels exhibited an average
EMI SE of 70.5, 69.2, and 54.1 dB, respectively, at a den-
sity of ~11.0 mgcm >. As shown in Figure 10B-D,
TisC,T, MXene aerogel formed a lamellar structure
at various densities and showed an ultrahigh specific
EMI SE of 88182 dBcm”® g ' due to its low density
(0.0055 g cm ™). Besides, MXene aerogel compression
from 3 to 1 mm showed stability in shielding effective-
ness, and high performance when compared to other
devices (Figure 10E). This could be due to their formation
of 3D skeletons with well-aligned cellular structure, as
shown in the mechanism (Figure 10F). A similar
synthetic method was applied to prepare a lamellar and
porous structured aerogel by combining MXene nano-
sheets with 1D CNTs.'"*” The hybrid aerogel reinforced
compressive modulus by 9661% compared to the pristine
MZXene hydrogel, and endowed in shielding EMI waves

to a value of 103.9 dB at a thickness of 3 mm at the
X-band region. MXene is also incorporated with 2D
graphene to form 3D aerogel or hydrogel structures for
EMI shielding, wherein graphene contributes to the 3D
structural formation with strong gelation features and
mechanical flexibility.'***** Zhao et al.** utilized the
excellent gelation capability of graphene to manufacture
a 3D porous MXene/rGO composite aerogel and
the achieved cellular microstructure aerogel showed an
outstanding EMI SE of 50 dB in the X-band at a low
Ti;C,T, MXene content of 0.74 vol%.

Recently, Cheng and coworkers fabricated a high-
performance MXene EMI shielding film through a bridg-
ing induced densification approach of hydrogen and
covalent bonding (Figure 10G).>*® Due to the effective
densification, a highly dense MXene platelet stacking
was achieved, leading to superior mechanical robustness.
The microstructural analysis revealed that the sequen-
tially bridged MXene (SBM) possed a lower porosity com-
pared to a conventional MXene film (Figure 10H-J). The
large area SBM film endowed excellent EMI shielding
effectiveness even after being stored in humid air for
10 days when compared to the conventional MXene film
(Figure 10K).

5 | SUMMARY AND FUTURE
TRENDS

As a flourishing material of the 2D family, MXene pre-
sents enriched surface chemistry, offering tunable MXene
performance for different applications, particularly in
flexible electronics. As discussed in this article, MXene
presents huge opportunities in designing wearable and
flexible electronic devices for portable energy storage
platforms, medical surveillance, HMI, and EMI shielding.
The rapid development of MXene-based technologies can
be observed; however, prototyping and miniaturization of
electronic devices are still mainly limited to research lab-
oratories. Eventually, newly-developed technologies are
expected to complement existing electronic devices in the
marketplace and create more diverse technologies with
more functionality.

5.1 | Scalable and sustainable production
of MXene

Since MXene was discovered, several strategies have been
investigated to synthesize MXenes. However, technical
difficulties and safety are crucial concerns in the synthe-
sis of MXene because it involves hazardous HF solution
in the reaction system. Researchers have developed
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FIGURE 10

(A) Schematic representation showing a bidirectional freeze-casting mechanism and the aligned lamellar structure with

interconnected bridges of MXene aerogels obtained from various kinds of MXene flakes. (B-D) SEM images of Ti;C,T, aerogels with various

densities of 5.5, 8.3, and 11.0 mg cm >, respectively. Red circle showing interlayer synapses and bridges. (E) Comparison of MXene aerogel

EMI shielding performance with other reported devices. (F) Mechanism illustrating multiple reflections between the lamellae and

polarizations losses from MXene flakes. Reproduced with permission.'*® Copyright 2019, WILEY-VCH Verlag. (G) structural model of SBM
film; (H) cross-sectional SEM image of SBM film; (I, J) 3D-reconstructed void microstructures of SBM; and (K) EMI SE for MXene and SBM
films in humid air conditions. Reproduced with permission.?*® Copyright 2021, the American Association for the Advancement of Science.

EMI, electromagnetic interference; SBM, sequentially bridged MXene; SEM, scanning electron microscopy

several methods to decrease the concentration of HF, for
example, a mixture of low content (5 wt%) HF and HCI
were utilized to etch MAX phases, and the product qual-
ity of MXene was equivalent to that of MXene produced
from highly-concentrated HF solution.**° Although sev-
eral salt-based etching systems have been developed to
produce MXenes, a mixture of lithium fluoride and
hydrochloric acid was an effective etchant for Ti;AlC,**
Recently, delaminated Ti;C,T, MXene nanosheets were
produced in batches of (1-50) grams. Importantly, wet
chemical etching of MXene may increase the production
scalability to more than kilograms or even quantities
with tons, which can be achieved by scaling up the vol-
ume of the reactor and etchants. Besides, the quality of
MXene and functional characteristics such as interlayer
spacing, flake size, specific surface layer, etc. should be
ensured for the device fabrication. Moreover, as it is a
large family of 2D materials, exploring other types of
MZXene requires more rigorous efforts, promoting various
features for device applications. Hence, developing

precise synthesis protocols and using advanced character-
ization tools to reveal the properties of MXene is also
crucial.

One of the key challenges that is often encountered
during the processing of MXene based devices is oxida-
tion. MXene nanosheets tend to oxidize in the atmo-
sphere, which is detrimental to applications involving
ambient environments and long-term operation.>** Apart
from the synthesis parameters and quality of parent
MZXene, there are several factors that directly influence
MZXenes oxidative degradation, including storage envi-
ronment, temperature, and dispersion concentration.
Therefore, several investigations have been conducted to
improve the oxidation stability, for example, synthesizing
minimal defective layered MXenes, improving storage
conditions, passivating the defects of MXene nanosheets
in aqueous dispersions, replacing the water medium with
organic solvents, and so forth.?*> Moreover, on encapsu-
lation of MXene within a polymer matrix (e.g., PVA,
polydopamine [PDA], etc.), their oxidation can be
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significantly slowed down.?**> To date, numerous strate-
gies have been developed to overcome the oxidative
behavior of MXenes, which shows its potential in future
advanced applications.

5.2 | Design concerns for MXene-
integrated wearable electronic platforms

52.1 | Designing human-skin adaptable
electronics

Skin-attachable wearable electronic devices should have
sufficient adaptability and flexibility. Recently, MXene-
based electrodes have been utilized for multimodal skin
biosensing (ECG, EMG, and electroencephalogram
[EEG] monitoring) and the devices have shown
skin-adhered performance on several bending phenom-
ena.'’®*%%3> Owing to the excellent mechanical robust-
ness of MXene, it has been exploited in several
skin-conformal platforms. However, these devices should
not pose any negative effect to human skin over long-
term usage. While previous studies showed that MXene
has low toxicity, more systematic studies are required to
ensure its biocompatibility for bioelectronics.

5.2.2 | Reliability in data acquisition for
mobile devices

MXene-based devices have been utilized in wearable elec-
tronics, healthcare, wireless, and HMI. For example,
MXene-based electronics are now used in multiple wire-
less bioelectrical signal acquisition systems (ECG and
EMG).?*> However, these biophysical data must be reli-
able, repeatable, and precise and any alteration in the
acquisition of reliable data may seem counter-intuitive.
Thus, electrodes fabricated from MXene should have
high functionality, and generated signals should be free
from additional noise or disturbances. However, a multi-
disciplinary approach is required for biophysical data
analysis and signal processing to ensure the reliability
and useability of the data.

5.2.3 | Designing functional structures with
new attributes

MXene is highly compatible with other substrates or
nanomaterials and therefore generates synergies in combi-
nation with others describing the effectiveness of MXene
in device formation. MXene has been explored in many
nanostructural formations such as 3D, 2D + 2D, 2D + 1D,

2D + 0D heterostructures for multifunctional applications.
Development of several application-wise specific structures
may provide high efficiency and functionality. As such,
MXene-derived foam-like porous and segregated structural
aerogel could be beneficial for EMI shielding applications.
Likewise, several novel bioinspired structures could be a
new addition for enhanced functional applications.
Textile-based devices can open up more possibilities in
terms of skin applications compared to other rigid and
bulky structures. Overall, emphasis should be placed on
developing new nanostructures with exceptional proper-
ties. This can be achievable from the rational and deliber-
ate designation of MXene hybrid nanostructures.

524 |
solutions

Designing all-in-one wearable

While many current wearable electronic devices perform
a specific function, an integrated electronic system could
be promising to maximize their performances. It may be
worth developing sensors that integrate more functions
into a single portable platform, eliminating the need for
multiple sensors or electronic modules in a body. For
example, a smart-clothing system with integrated sensors
for energy storage and harvesting, strain sensing, Joule
heating, etc., could be promising for versatile operation
with all-in-one wearable operation, compared to a single
electrode. Recently, several integrated MXene electrodes
have been fabricated, but they are limited to only Joule
heating and strain sensing. Therefore, it is urgent to
develop more integrated systems for an all-in-one wear-
able solution and self-powered system.
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