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The rapid evolution of portable and wearable electronic devices has fueled the development of smart
functional textiles that are able to conduct electricity, sense body movements, or store energy. One main
challenge inhibiting the further development of functional textile-based electronics is the lack of robust
functional fibers with suitable electrical, electrochemical and sensing functionalities. MXenes, an emerg-
ing family of two-dimensional (2D) materials, have shown to be promising candidates for producing func-
tional fibers due to their exceptional electrical and electrochemical properties combined with solution
processability. The unique ability of MXenes to readily form liquid crystal phases in various solvents has
allowed them to generate additive-free fibers using a wet spinning process. In this work, we review the
recent exciting developments in the fabrication of neat MXenes fibers and present a critical evaluation
of practical challenges in MXenes processing that influence the macroscale material properties and the
performance of the subsequent devices. We also provide our assessment for the future opportunities and
challenges in producing MXene fibers to help pave the way for their widespread use in advanced wear-

able applications.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Small electronic devices incorporated into gadgets that can be
worn on the human body (i.e., wearable smart watches) are now
widely used for entertainment, communication, fitness tracking,
and health monitoring. In the near future, a new generation of
wearable gadgets is expected to be developed by using soft and
breathable electronic textiles (E-textiles) that could be worn in the
same way as conventional clothes [1-4]. This will require access to
novel functional fibers that offer suitable electrical, electrochem-
ical, electronic, and optoelectronic properties (in addition to the
one-dimensional fiber form factor) for use as flexible wires, energy
storage or harvesting devices, sensors (e.g., strain, pressure, touch,
moisture, gas, or chemical), flexible display devices, and electronic
building blocks like transistors [5-18]. The enhanced level of hu-
man interaction with technology achieved by employing functional
fibers can ultimately lead to improved health, connectivity, and en-
tertainment. The estimated increase in the global smart textiles
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market from ~$0.5 billion in 2015 to ~$9.3 billion by 2024 indi-
cates the growing demand for textile products with new function-
alities, suggesting that clothes made using novel functional fibers
could soon find their way to the market [19].

A wide range of functional materials such as conducting poly-
mers [20-22], one-dimensional (1D) materials (e.g., carbon nan-
otubes and gold nanowires) [23-26] and two-dimensional (2D)
materials (e.g., graphene, MoS,, and MXenes) [27-38] have been
developed and shown suitable electrical, electronic, and electro-
chemical properties to achieve functional fibers for wearable ap-
plications. MXenes, a rapidly developing family of 2D materials
[30,39-41] with an unprecedented combination of high electri-
cal conductivity (up to 15,000 S/cm) [42], excellent electrochem-
ical properties (volumetric capacitance of up to 1,500 F/cm?3) [43],
and solution processibility, are increasingly utilized in fiber-based
applications. MXenes (M, 1X,Tx) are typically synthesized by re-
moving the “A” layer from the parent MAX (Mj,1AX;) phases
(“M”, early transition metal; “A”, Group 13-16 elements, “X”, car-
bon and/or nitrogen, and n=1-4) via chemical etching using con-
centrated hydrofluoric acid or a mixture of lithium fluoride and
hydrochloric acid (minimally intensive layer delamination method)
or electrochemical etching [30,38-41]. Terminating groups “T” (e.g.,
=0, -OH and/or -F) introduced during the synthesis process (x is
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the number of T groups) provide MXenes with solution processi-
bility, which suits a variety of fabrication routes, such as coating,
inkjet printing, solution spinning, and electrospinning to produce
MXene-based fibers [10,44-54]. In early reports, Ti3C;Tx MXene
was used as a coating layer on silver-plated nylon yarns [44] and
carbon fibers [45] to produce fiber-based electrodes with an areal
capacitance of ~328 mF/cm? and length capacitance of ~253
mF/cm, respectively, showing potential in fiber supercapacitor de-
vices. Coating on a commercial fiber or yarn is a facile approach for
producing functional fibers and was used to manufacture Ti3C,Ty
MXene-coated cellulose yarns (e.g., cotton, bamboo and linen) with
MXene loading of up to ~77 wt%. The obtained fibers showed
an electrical conductivity of up to ~440 S/cm, length capaci-
tance of ~760 mF/cm, excellent washability (45 cycles at tem-
peratures up to 80 °C), and knittability into pressure sensor tex-
tiles [51]. Researchers also employed solution spinning approach
to produce fibers with high MXene loadings to fully utilize the
outstanding properties of MXenes in fiber-based systems. Initially,
Ti3C,Tx MXene was incorporated into dispersions of graphene ox-
ide (GO) [47,55] or poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) [56] to achieve spinnable formations that
could be made into hybrid fibers using solution spinning. This
was done because the initial attempts in making neat (additive-
free) MXene fibers failed as the result of using MXenes with rel-
atively small lateral sizes (< 1 pm) and the lack of suitable coag-
ulating formulations [47]. Nevertheless, reduced GO (rGO)/Ti3C,Tx
MXene hybrid fibers with MXene loadings of up to ~95 wt% were
produced, which showed a volumetric capacitance of up to ~586
F/cm3 [47,55]. The recent discovery of nematic liquid crystal (LC)
phases in additive-free MXene dispersions such as Ti3C,;Tx and
Mo, Ti,C3Tx opened doors to producing neat MXene fibers [53,57].
This research area has gained considerable momentum in recent
years and there have been important achievements in neat MXene
fiber processing and applications.

This review provides an overview of the recent progress in the
development of neat MXene fibers enabled by the distinctive LC
property in MXene dispersions. In this review, we first explain the
evolution of the nematic LC phase in MXenes and discuss factors
affecting LC properties in MXenes and the rheological implications
of the LC formulations as relevant to solution spinning. Then we
provide details of the MXene fiber formation process, coagulation
mechanisms, and factors that impact the spinnability of MXene
dispersions. This is followed by discussions on properties of MXene
fibers, which include electrical, mechanical, and electrochemical
properties, leading to a diverse range of applications such as fiber-
based wires, heaters, and energy storage devices (e.g., supercapac-
itors). We finally provide an evaluation of the progress achieved in
recent years, highlight the challenges presented in the field, and
provide directions for future research. We hope the discussions in
this review could facilitate the development of fibers that utilize
the full potential of MXenes in fiber-based structures, leading to a
new generation of MXene fibers that suit a diverse range of wear-
able applications.

2. Rheological properties of MXenes

The rheological properties of MXene dispersions play a critical
role in the spinning process of MXene fiber. The oxygen-rich sur-
face terminations of MXenes flakes endow MXenes with a high
negative surface charge, which allows for good dispersibility of
MXenes in a wide range of polar solvents [58-60]. For instance,
Ti3C,Tx MXene can be dispersed in water with very high con-
centrations exceeding 100 mg/mL [53]. Notably, the negative sur-
face charge of Ti3C,Ty MXene is enhanced with increasing the pH
value, indicating strong electrostatic repulsion in neutral and ba-
sic environments (Fig. 1a). In addition, the high aspect ratio (i.e.,
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width/thickness) of MXenes makes them possible to form nematic
LC mesophases in solution [57]. Nematic phases are identified as
topological features called disclinations, which are manifested by
birefringent optical textures (i.e., schlieren textures) consisting of
dark and bright brushes under crossed polarizers. Based on theo-
retical predictions from the Onsager’s model, an isotropic disper-
sion containing randomly oriented flakes, such as MXene disper-
sions, may turn into an anisotropic state with long-range orienta-
tional ordering and form the nematic phases at a critical transition
concentration (Ct) [61]. C; for the isotropic-nematic (I-N) transition
decreases with increasing the MXene flake size (Fig. 1b).

Zhang et al. first reported the LC properties in additive-free
aqueous dispersions of Ti3C;Txy MXene with different flake sizes
by observing the evolution of birefringence in Ti3C,Tyx inks under
polarized optical microscopy [53]. As shown in Fig. 1c, the bire-
fringence appeared at ~6.3 mg/mL for the large-size Ti3C;Tx (L-
Ti3CyTx, ~3.1 pm), while a significantly higher concentration of
~58.0 mg/mL was needed for the small-size Ti3C,Tx (S-TizCyTx,
~310 nm) to achieve birefringence. The schlieren textures, that in-
dicate the complete I-N transition, were observed at ~13.2 mg/mL
for L-Ti3C;Tx and ~66.3 mg/mL for S-Ti3C,Tx. The LC properties
of Ti3C,Tx were also observed in polar organic solvents, such as
dimethyl sulfoxide (Fig. 1d), N-methyl-2-pyrrolidone (Fig. 1e), and
N,N-dimethylformamide (Fig. 1f). However, a higher concentration
(~20 mg/mL) was needed for L-Ti3C,Tx MXene in these solvents,
than in water, to achieve I-N transition, which could be caused by
the polarity of the solvent. In other words, it is easier for a solvent
with higher polarity to induce the I-N transition in MXene disper-
sions. In addition, the nematic LC phases were observed in aque-
ous dispersions of other MXenes such as small-flake Mo, Ti,C3Tx
and Ti,CTy at a concentration of ~100 mg/mL, which was at the
same range as the S-Ti3C; Ty [53].

The rheological properties of MXenes are related to their flake
size and concentration, in agreement with the behavior shown by
other 2D materials like GO [53,62-64]. The L-Ti3C;Tx dispersion
showed a high zero-shear viscosity of ~5,050 Pa s at ~26.5 mg/mL,
while a higher concentration of ~150 mg/mL was needed for S-
Ti3C,Tx to achieve the same viscosity level [53]. In addition, the
elastic modulus (G’) was typically higher than the viscous modu-
lus (G"") throughout the frequency range for both large and small
flake Ti3C,Tx MXene inks at the full nematic phase transition con-
centrations (Figs. 1g and h). The ratio of G’/G”’ of MXene LC dis-
persion plays an important role during the wet-spinning process
of MXene fiber. Generally, a G’'/G’" value of over 1, which indicates
gel-like properties, is required to ensure spinnability. The high de-
lamination and gelation of MXene dispersions are also essential for
continuous fiber preparation.

3. Fabrication of MXene fibers

The shear-thinning non-Newtonian behavior of MXene disper-
sions enables them to flow continuously throughout a nozzle upon
extrusion to form a stable stream of solution called jet, which
is the pre-requisite for fiber formation. There are multiple mech-
anisms for the spinning process of MXene fibers. One popular
mechanism is the polyelectrolyte complexation process induced
by a positively charged polymer such as chitosan. This mecha-
nism was first reported by Zhang et al. for MXene fiber fabrication
[53]. Another mechanism for the wet-spinning of MXene fibers
relies on the significant colloidal stability destruction of MXene
sheets induced by salt ions and/or solvents. This mechanism has
been widely used for fabricating MXene hydrogels and aerogels
[65,66]. The positively charged ions or polymers in the coagula-
tion, which show strong electrostatic interaction to the negatively
charged functional groups of MXene flakes, have the potential to
be used as coagulating agents for MXene fiber spinning. The typ-
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Fig. 1. (a) Zeta potential of Ti3C;Tx MXene aqueous dispersion as a function of pH. The inset in (a) is a digital image of a Ti3C,Tx MXene dispersion at a concentration of
~25 mg/mL. Reproduced with permission [62]. Copyright 2020, Springer Nature Limited. (b) Relationship between the Ti;C,;Tx MXene ink concentration and the flake size
for isotropic to nematic phase transition based on theoretical calculations. (c) Polarized optical microscopy images of aqueous L-Ti3C,Ty and S-Ti3C,Ty inks at various con-
centrations. Polarized optical microscopy images of L-Ti3C, Ty in (d) dimethyl sulfoxide, (e) N-methyl-2-pyrrolidone, and (f) N,N-dimethylformamide. (g) Viscoelastic behavior
of L-Ti3C,Ty at a concentration of ~26.5 mg/mL and S-Ti3C, Ty at a concentration of ~150 mg/mL. (h) Frequency dependence of G'/G” ratio for the L-Ti3C,Ty and S-Ti3C,Ty
MXene inks. Reproduced with permission [53]. Copyright 2021, American Chemical Society.

ical wet-spinning process of MXene fiber is demonstrated in Fig.
2a. The MXene LC dispersion is extruded into a coagulation solu-
tion which induces the gelation of MXene flakes. The gel-like fiber
is then transferred to a wash bath to remove the residual coag-
ulation solution. Finally, the MXene fiber is dried and collected
on a winder. The washing step may be eliminated depending on
the coagulation solution used. Zhang et al. produced neat MXene
fibers by extruding the MXene LC dispersions into various coag-
ulation baths, such as ethanol, 9 mol/L H,SO4, 99% acetic acid,
5 wt% CaCl, aqueous solution, and 0.5 wt% chitosan solution in
acetic acid/water solution [53]. The fibers produced by spinning
L-Ti3C,Tx and S-TisC,Ty MXene dispersions using acetic acid and
chitosan coagulation baths exhibited good mechanical strengths.
However, when ethanol, H,SOy4, or CaCl, was used as coagulation
bath, MXene fibers were weak and difficult to handle. This work
also showed that it was possible to produce Mo, Ti,C3Tx fibers by
extruding the LC dispersion into an acetone coagulation bath.

The choice of coagulation bath considerably impacts the solid-
ification process during MXene fiber spinning and further affects
the fiber morphology. For instance, because of the smaller size of
acetic acid than chitosan, it was easier for acetic acid to replace
water in the MXene dispersion compared to chitosan, resulting in
a rapid coagulation rate for the acetic acid bath [53]. Consequently,
MXene fibers with loosely packed morphology, open pores, and
irregular cross-section were obtained when acetic acid was used
as the coagulant. On the other hand, chitosan with long polymer
chains resulted in a slow coagulation rate, leading to MXene fibers
with a packed morphology and regular (i.e.,, round) cross-section.
This study highlighted the importance of choosing suitable coagu-
lation baths to achieve MXene fibers with desirable morphology.

A following work by Eom et al. reported a continuous spin-
ning process of Ti3C,Tx MXene fibers using a NH4Cl/NH4OH mixed

aqueous solution as a coagulation bath, in which NH4* ions in-
teracted with MXene flakes to bridge between neighboring MX-
ene flakes via electrostatic interactions (Figs. 2a-d) [62]. The use
of drawing in the wet-spinning process led to MXene fibers show-
ing tightly packed morphology and high orientation [67]. This is
consistent with the shear-induced alignment achieved in conven-
tional polymer fibers and other nanomaterials-based fibers such as
carbon nanotubes and graphene fibers. Later, Li et al. achieved con-
tinuous spinning of Ti3C,Ty MXene aerogel fibers in an aqueous
coagulation bath containing Ca2* ions (Figs. 2e and f) [66]. In ad-
dition, a supercritical CO, drying process was used following the
wet-spinning process, which led to MXene fibers with high poros-
ity (96.5%-99.3%) and specific surface area (~142 m?/g). Compared
to the typical freeze-drying method which could destroy the MX-
ene network structure induced by the ice crystal growth, the su-
percritical drying process could maintain the structure of the fiber
and retain the high MXene flake alignment while achieving high
porosity (Figs. 2g and h) [65,68-70]. Apart from the round-shaped
MXene fibers made by using circular nozzles, the shape of MXene
fiber could be easily adjusted by using extruding nozzles with dif-
ferent shapes. For instance, highly packed flat Ti3C,Tx MXene fibers
were fabricated by using a flat-shaped needle and a Mg2+ ion con-
taining coagulation bath (Figs. 2i and j). Drawing was also applied
to achieve a high alignment of MXene flakes in the fiber.

4. Properties of MXene fibers

During the spinning process, the MXene dispersions are first ex-
truded through a narrow nozzle, which applies a shear force suffi-
cient to induce alignment of the ordered LC MXene domains. This
aligned state could be retained during the coagulation and solidi-
fication processes. As a result, the MXene flakes show high align-
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Fig. 2. (a) Schematic illustration of a typical wet-spinning process for producing MXene fibers. (b) Illustration of the mechanism of NH,* ions-MXene flakes interactions.
Reproduced with permission [62]. Copyright 2020, Springer Nature Limited. (c) Scanning electron microscopy (SEM) image and (d) digital photograph of a representative
TisC, Ty MXene fiber. Reproduced with permission [67]. Copyright 2021, American Chemical Society. (e) Schematic representation of the fabrication process, (f) digital photo-
graph, and (g, h) SEM images of the orientation-assisted Ti;C,Tx MXene aerogel fibers. Reproduced with permission [66]. Copyright 2021, John Wiley & Sons. (i) Schematic
illustration of the wet-spinning process, and (j) cross-section SEM image of the flat Ti3C;Ty MXene fibers. Reproduced with permission [71]. Copyright 2021, American

Chemical Society.

ment along the fiber direction, endowing MXene fibers with good
electrical conductivities and mechanical strengths.

The electrical and mechanical properties of MXene fibers are
affected by various factors, such as the alignment degree of MX-
ene flakes in the fiber, choice of the coagulation bath, packing
morphology, and MXene flake size. L-Ti3C,Tx fibers spun in a chi-
tosan bath showed an electrical conductivity of ~7,748 S/cm [53].
While a similar electrical conductivity of ~7,713 S/cm was obtained
for Ti3C,Tx fibers spun using the NH4™ bath; fibers produced in
the acetic acid coagulation bath showed a significantly lower con-
ductivity of ~4,048 S/cm [53,67]. S-Ti3C, Ty fibers obtained in the
chitosan bath only showed a conductivity of ~3,512 S/cm, which
was less than half of the electrical conductivity of L-Ti3C, Ty fibers
(~7,748 S/cm). Ti3C,Tx fibers spun from the chitosan bath exhib-
ited a Young’s modulus of ~2.3 GPa, a tensile strength of ~40.5
MPa, and an elongation at break of ~1.7%, while fibers spun using
the NH4+ bath showed a significantly higher Young’s modulus of
~29.6 GPa [53,67].

One common approach to enhance the MXene flake alignment
in fibers is applying a drawing force during or after fiber spinning.
Eom et al. applied drawing on the wet MXene fiber in the NH4*
coagulation bath using a roller rotating at a rate of 3 times higher
than the extrusion rate [67]. As the result, the diameter and the
porosity of the Ti3C,Tx fiber decreased compared to the undrawn
fiber, and the electrical conductivity was enhanced from ~8,260
S/cm to ~12,503 S/cm. Drawing the Ti3C,Ty fiber also led to an
increase in both the Young’s modulus (from ~78.6 GPa to ~122.0
GPa) and the tensile strength (from ~304.4 MPa to ~343.7 MPa),
while decreased the elongation at break of the fiber (from ~0.40%
to ~0.28%). Li et al. used drawing and achieved a flat Ti3C,Tx fiber
with an enhanced flake alignment, which showed a high conduc-
tivity of ~7,200 S/cm, ~2.7 times higher than the fiber produced
without drawing (~2,680 S/cm) [71]. The drawn flat fiber exhibited

a tensile strength of ~118 MPa, which was significantly higher than
the tensile strength of the undrawn fiber (~60 MPa). The drawn
fiber also showed a slightly higher elongation at break of ~1.85%
compared to the undrawn fiber (elongation at break of ~1.75%).

The drying process was also found to influence the proper-
ties of MXene fibers [66]. The natural drying process could cause
serious structure collapse induced by the capillary force, while
the freeze-induced crystal growth of solvents during the conven-
tional freeze-drying process could destroy the connection between
the MXene flakes [72,73]. Li et al. introduced a supercritical CO,
drying technology into the fabrication process of Ti3C;Txy MXene
fibers, which maintained the porous structure of MXene fibers
[66]. The as-prepared fibers showed a highly oriented structure
and a high porosity of 96.5%-99.3%, which was much higher than
the naturally-dried fibers (porosity <20%). However, the porous
TisC,Tx fiber displayed an electrical conductivity of only ~117.1
S/cm and a tensile strength of ~1.1 MPa with a low elongation at
break of 0.35%, because of its high porosity.

Fig. 3 compares the electrical conductivity and Young's mod-
ulus of the neat MXene fibers with those of hybrid MXene
fibers (e.g., MXene/rGO fiber, MXene/carbon nanotubes fiber, MX-
ene/polyurethane fiber, MXene/polyvinyl alcohol fiber, and MX-
ene/PEDOT:PSS fiber) and graphene fibers produced in the litera-
ture [48,49,52,53,55,62,64,66,67,71,74-88]. The electrical and me-
chanical properties of neat MXene fibers are already on par with
or even higher than neat MXene films and are significantly higher
than the graphene-based and MXene hybrid fibers. Nevertheless,
the mechanical properties of MXene fibers are still significantly
lower than those of individual Ti3C,Tx flakes (Young’s modulus of
~330 GPa and tensile strength of ~17 GPa) [89], suggesting the
need to further enhance the interactions between MXene flakes.
The properties of MXene fibers fabricated by different methods are
summarized in Table 1.
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Fig. 3. Comparison of electrical conductivity and Young’s modulus
of neat MXene fibers with graphene fibers and MXene hybrid fibers
[48,49,52,53,55,62,64,66,67,71,74-88].

5. Applications of MXene fibers

The successful spinning of neat MXene fibers is a milestone for
building MXene-based macroscale architectures and could hasten
the development of high-performance functional E-textiles for fu-
ture wearable devices. The remarkable electrical and electrochemi-
cal properties of neat MXene fibers combined with their flexibility
have made them promising candidates for a wide range of applica-
tions. One of the most attractive applications is wearable electron-
ics, where the inherent flexibility (Fig. 4a) and strength (Fig. 4b)
of MXene fibers could be used in conjunction with their electrical
or electrochemical properties. The high electrical conductivity of
MXene fibers enabled their use as wires. For instance, Eom et al.
used MXene fibers as wires in a circuit to turn on a light emit-
ting diode (Fig. 4c) [62]. The MXene fibers were further integrated
into a pair of earphones to replace the original metal wire, and the
earphones showed a similar sound output to the original ones. No-
tably, the MXene fibers are lighter than metal wires, enabling the
fabrication of devices that are lightweight. This is critical for wear-
able electronics.

MXene fibers and MXene-coated textiles have also been widely
used in electrothermal fields, such as body thermal management
and thermal therapy. Zhang et al. and Li et al. used the neat MX-
ene fibers as Joule heaters and showed that the fiber temperature
gradually increased with the input voltage (Fig. 4d) [53,66]. No-
tably, the MXene fiber exhibited a sensitive thermal response even
under an input voltage of only 0.5 V, and its surface temperature
reached up to 178°C at an input voltage of 4.5 V, considerably
higher than the commercial Toho Tenax carbon fiber heater. Be-
cause of the remarkable light-to-heat conversion capability of MX-
ene, induced by its semimetallic localized surface plasmon reso-
nance effect, the MXene aerogel fibers were further used as pho-
tothermal fiber, showing a high light responsiveness performance
at even low temperatures (Fig. 4e).

MXenes are also very attractive in energy storage applications
[90-92]. Ti3C,Tx MXene has shown an excellent volumetric capac-
itance of up to ~1,500 F/cm? in supercapacitors, thanks to their
superior packing density, metallic conductivity, and fertile redox
active sites [43,93]. The S-Ti3C,Tx fibers spun in chitosan bath
showed a high volumetric capacitance of 1,265 F/cm3, which was
two times higher than that of S-Ti3C,Ty fibers spun in an acetic
acid bath. This difference in energy storage performance could be
attributed to the differences in their packing densities [53]. Li et
al. also used the oriented flat Ti3C, Ty fibers (obtained by drawing)
as the electrode materials for supercapacitors, showing a high vol-
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umetric capacitance of 1,360 F/cm3 as well as good rate capability
[71]. The same work also assembled the MXene fibers into sym-
metric fiber-shaped supercapacitors which exhibited good flexibil-
ity and wearability when integrated into commercial gloves (Figs.
4f and g).

The results presented above indicate that MXene fibers show
comparable properties to MXene films, suggesting their promis-
ing potential for the future wearable electronics. However, MX-
ene fiber properties should be further improved to enable their
real-life applications in wearable E-textiles. For instance, the me-
chanical properties of MXene fibers should be enhanced to achieve
the tensile strength and stretchability comparable to the traditional
clothing fibers such as cotton, polyester, and nylon. The washa-
bility, abrasion resistance, and environmental stability of MXene
fibers should also be considered for wearable applications.

6. Summary and perspectives

In the past several years, significant progress has been achieved
in the exploration of LC phase in MXene dispersions and the pro-
duction of high-performance MXene fibers using wet-spinning. Re-
cent studies revealed that the interactions between MXene flakes
and ions/solvents play a critical role in the spinning process. The
neat MXene fibers show excellent electrical and mechanical prop-
erties rivaling the graphene-based and MXene hybrid fibers, and
present great potential for wearable electronics as conductors,
Joule heaters, light heaters, and electrochemical electrodes. How-
ever, research in the field of MXene fibers is still in its early stages
and there are lots of areas that require further exploration as well
as challenges that need to be addressed.

From the perspective of MXene synthesis, optimized strategies
that address the scalability and quality of MXene dispersions are
highly desirable. The continuous spinning of MXene fibers requires
a relatively large amount of MXene dispersions at high concen-
trations. Also, the chemical etching process usually induces many
defects in MXene flakes, which affect the mechanical and electri-
cal properties of the produced MXene fibers. As a result, the effi-
ciency of MXene synthesis needs to improve to yield high-quality
and defect-free MXenes.

The LC state of MXene dispersions plays a significant role dur-
ing the spinning process of MXene fibers. However, the mechanism
of the LC formation and factors affecting the LC properties are still
not known very well. Notably, the relationship of LC state with size
and surface terminations of MXene flakes needs to be explored to
tailor the rheological behaviors of MXene dispersions and achieve
formulations that are amenable to fiber processing.

The gelation process of MXene dispersions in various solutions
should be further studied to shed light on the coagulation mech-
anism during wet-spinning of MXene fibers. A more detailed un-
derstanding of the interactions between MXene flakes and various
solvent media and ions is of great importance both in terms of
developing novel coagulation mechanisms and enhancing the con-
ductivity and mechanical properties of MXene fibers. Developing
a real-time technology to monitor the transition process from the
fluid state in the spinning dope to the solid state in the fiber could
help control the structure and properties of the MXene fibers.

While methods such as wet-spinning, drop-casting, dip-coating,
electrospinning, and biscrolling have been used to achieve MXene-
based fibers, so far, only the wet-spinning method has been suc-
cessfully implemented for the fabrication of neat MXene fibers.
Generally, the neat MXene fibers show much higher conductivi-
ties compared to the MXene composite or hybrid fibers. However,
MXene-based composite or hybrid fibers typically offer higher me-
chanical properties, such as flexibility and tensile strength. This
suggests the needs for more effective fiber fabrication methods to
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Fig. 4. (a) Flexibility and (b) strength demonstrations of Ti;C;Tx MXene aerogel fibers. Reproduced with permission [71]. Copyright 2021, American Chemical Society. (c)
Ti3C, Ty MXene fibers used as electrical wire and earphone wire. Reproduced with permission [62]. Copyright 2020, Springer Nature Limited. (d) Infrared images of MXene
aerogel fiber under different voltages and comparison of the Joule heating performance of MXene aerogel fiber with commercial carbon fiber. (e) 3D infrared photo of MXene
aerogel fiber placed on a cold polypropylene surface under solar illumination of 1.0 sun for 2 min and cyclic heating profiles of a bundle of a Ti;C, Ty MXene aerogel fiber on
a cotton woven fabric under solar illumination of 1.0 sun for ten on/off cycles of light. Reproduced with permission [66]. Copyright 2021, John Wiley & Sons. (f) Schematic
illustration and (g) digital photographs of the fiber shaped quasi-solid-state supercapacitor integrated into a commercial glove. Reproduced with permission [71]. Copyright

2021, American Chemical Society.

produce neat MXene fibers with both high conductivity and me-
chanical properties.

The uncontrollable volumetric shrink of MXene fibers during
the coagulation and drying processes caused by solvent exchange
and/or evaporation could lead to fibers with irregular cross-section
morphology, porosity, and wrinkles, which could compromise the
mechanical and electrical properties of MXene fibers. Further
knowledge of the impact of spinning solvent, MXene dispersion
rheology, spinning parameters (e.g., spinneret size and flow rate),
and coagulation mechanism could help achieve wrinkle-free MX-
ene fibers with circular cross-section and high structural packing.

Post-stretching after the solidification of MXene dispersions
shows to be effective for enhancing the alignment of MXene flakes
in fibers and increasing the fiber density. A careful analysis of
post-spinning fiber drawing under various temperatures could help
maximize the MXene flakes alignment in fibers and further en-
hance the performance of MXene fibers. For textile processing and
wearable applications, it is necessary to achieve MXene fibers with
mechanical properties which are comparable to conventional cloth-
ing fibers and yarns, such as cotton (tensile strength 250-800 MPa
and elongation at break 7%-8%). Other properties of textile fibers
such as washability, breathability, and handle (feel of fabric) must
also be considered if MXene fibers are to enter practical wearable
applications. These suggest the need for the development of inno-
vative fiber spinning strategies to produce MXene fibers that meet
the properties requirements of clothing fibers.

To date, the neat MXene fibers have only been used in limited
applications, even though they exhibited outstanding properties.
In addition to the wearable energy storage and heating applica-
tions demonstrated in this review, MXene fibers hold potential for

many other wearable applications such as sensing, energy harvest-
ing, antenna, electromagnetic interference shielding, and biomed-
ical applications (i.e., brain electrodes, tissue engineering, wound
dressing, and drug delivery). In this respect, the ability to design
highly tailored MXene fibers with highly controlled properties and
geometries will be critical for meeting the specific requirements of
target applications.
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