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Fe?*-crosslinked Ti3CoTx fibers integrate high strength and conductivity, enabling versatile wearable electronics
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ABSTRACT: The increasing demand for multifunctional wearable electronics and intelligent electronic textile systems necessitates advanced
functional fibers that integrate mechanical durability, superior conductivity, and adaptive functionalities. Here, a Fe**-crosslinking strategy is
employed to engineer structural-functional synergy in TizC2Tx MXene fibers, through the coordination bridging effect between Fe?" ions and
Ti3C,Tx surface functional groups. This design enhances interlayer interfacial coupling within the nanosheet framework, yielding highly
aligned Ti3C,Tx fibers with outstanding mechanical strength (143.7 MPa) and electrical conductivity (2607 S ¢cm™'), simultaneously. As a
result, the fibers exhibit excellent Joule heating effect for wearable thermal management, reaching 122°C within 2 min at 2 V. For energy
storage, the as-prepared fibers show remarkable pseudocapacitive charge storage capacity of 1239 F cm?, enabling fiber-shaped
supercapacitors with a high energy density of 14.12 mWh cm and peak power density of 6000.41 mW cm, surpassing most previously
reported MXene-based fiber devices. When woven into common textiles with programmable mesh architectures, the fabrics provide
adjustable electromagnetic interference (EMI) shielding, with effectiveness up to 23.1 dB in a 1x1 cm? grid configuration. This
multifunctional Ti;CoTx fiber offers a versatile platform for integrated thermal management, self-powered microsystems, and electromagnetic
protection textiles, demonstrating significant potential for next-generation wearable electronics.

KEYWORDS: wearable electronics, electronic textile, multifunctional fibers, MXene, Fe?*-crosslinking

However, previously reported functional fibers usually

1 Introduction

The rapid evolution of wearable electronics has catalyzed
transformative advancements in human-machine interfaces,
portable energy storage, and personalized healthcare,
fundamentally  redefining  human-technology  interaction
frameworks [1-5]. Despite these advances, critical limitations
persist in terms of wearing comfort, sustainable energy supply,
and environmental adaptability [6-8]. Textile-based wearable
electronic systems, often termed electronic textiles (e-textiles),
represent promising solutions to these interdisciplinary
challenges, leveraging their inherent breathability, skin-
conformal characteristics, and seamless integration with garment
architectures [9-11]. Consequently, the development of
advanced functional fibers—serving as the core functional
primitives for e-textiles—that synergize electronic functionality
with textile-grade processability, has become a central focus in
wearable electronics research [12-14].

Various materials have been explored for fabricating
functional fibers, including metallic nanowires (e.g., silver
nanowires (AgNWs)), conductive polymers (e.g., poly(3,4-
ethylenedioxyhiophene)-poly(styrenesulfonate) (PEDOT: PSS)),

and carbon allotropes (e.g., carbon nanotubes, graphene) [15,16].

encounter inherent trade-offs among properties of electrical
conductivity, = mechanical  robustness, and  long-term
environmental stability [17,18]. These limitations underscore the
urgent need for novel material platforms.

Two-dimensional transition metal carbides/nitrides (MXenes),
celebrated for their metallic conductivity and fertile surface
chemistry, have recently emerged as highly promising
candidates for next-generation functional fibers [19-21]. Notably,
their hydrophilic surface allows them to form high-concentration
dispersions to construct an aligned nematic liquid crystalline
(LC) phase, which is critical for the continuous fabrication of
MXene fibers by the wet-spinning technique. For instance,
Gogotsi and co-workers reported neat TisC2Tx MXene fibers via
wet-spinning of additive-free LC inks, demonstrating high
conductivity and energy storage ability [22]. However, the
inherent weak van der Waals interlayer interactions among
MXene sheets limit their mechanical strength and toughness,
posing challenges for textile processing that involves repeated
bending, stretching, and weaving.

Conventional reinforcement strategies through polymer
blending or coaxial structuring often compromise electrical
performance, re-entering the classic conductivity-strength

1/13


https://www.sciopen.com/article/10.26599/NR.2025.94906990

Feietal.

Nano Research | Vol. XX, No. XX

dilemma [23,24]. Overcoming this challenge necessitates
sophisticated interfacial engineering to precisely tune interlayer
interactions at the molecular or atomic level. Specifically,
bridging adjacent nanosheets via specific molecules or ions has
proven effective in enhancing mechanical robustness without
significantly impairing electron transport pathways [25-27]. This
suggests the possibility of fabricating MXene fibers with both
high conductivity and robust mechanical properties by
introducing ionic bridges among MXene nanosheets.

In this work, we demonstrate a Fe?*-assisted dynamic
assembly strategy to synergistically enhance the electronic
conductivity and mechanical strength of Ti3C>Tx MXene fibers.
During the wet-spinning process, the divalent Fe?* ions exhibit
strong interaction with the surface groups of TizC,Tx, act as

interfacial mediators to tightly bridge TisC,Tx sheets. As a result,

the fabricated fibers show a compact and aligned structure that
constructs highly ordered electron transport pathways, inducing
excellent conductivity of 2607 S cm’!, as well as high
mechanical strength of 143.7 MPa. In addition, the reductive
Fe** ions can potentially protect the TisC.Tx sheets from
oxidation and degradation, enhancing the long-term
performance and storage stability of the fibers. Notably, the as-
prepared TisCoTx fibers show promising performance for
applications in wearable energy storage, thermal management,
and electromagnetic protection, which can also be readily woven
into functional e-textiles. By engineering the nano-ionic
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interfaces within the fibers, this work presents a viable strategy
for creating high-performance multifunctional fibers that can
serve as foundational building blocks for the next generation of
intelligent e-textiles and integrated wearable systems.

2 Results and discussion

2.1 Concept of the Fe**-assisted wet-spinning process.

As one of the most widely used methods for fabricating
industrial fibers, wet spinning offers a scalable and efficient
approach for assembling 2D Ti3C,Tx nanosheets into continuous
functional fibers [19,28]. During this process, a high-
concentration TizC,Tx dispersion is injected into FeCl,
coagulation bath to form fibers under the drive of solvent
exchange between the dispersion and coagulation bath (see Fig.
1(a)). Notably, the Fe?" ions, which have been reported to show
strong crosslinking interaction with TizC,Tx flakes, are
introduced into the coagulation bath (FeCl, solution) to
implement a hierarchical structural regulation strategy that
governs the overall performance of the fibers [29,30].

Briefly, the spinning process involves three sequential stages:
(1) entropy-driven formation of a directionally aligned nematic
LC phase within high-concentration TizC,Tx dispersions,
constructing an ordered precursor system; (2) shear stress-
induced axial alignment of nanosheets during extrusion through
the capillary tunnel, to further enhance the orderliness; and
critically; (3) Fe?*-mediated interlayer
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Figure 1. Preparation of Fe?*-crosslinked TisC>Tx MXene fibers. (a) Schematic illustration of the wet spinning process. (b) POM image of 80 mg mL™!' TisC,Tx

dispersion. (c) Viscosity versus shear rate, (d) elastic modulus (G') and viscous modulus (G") versus frequency, and (e) G'/G" ratio versus frequency for

Ti;sC2Tx spinning solutions at different concentrations, with an inset digital photograph of the 80 mg mL" TisC,Tx solution. (f) Digital photograph of a

continuous meter-long Ti3C,Tx fiber collected by spooling.

crosslinking during the dynamic solvent exchange in the FeCl,
congulation bath, yielding highly oriented lamellar architectures.

The strong interaction between Fe?* ions and Ti;C,Tx nanosheets,
facilitated by coordination bonding with surface functional
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groups (=0, -OH), is crucial for initiating rapid coagulation,
which simultaneously stabilizes and compacts the aligned
structure during spinning [29,30]. By combining these three
synergistic processes, the mechanical strength of the fiber could
be significantly enhanced, while the electronic pathways are
optimized for better conductivity.

The formation of stable, high-concentration dispersion is a
critical precondition for fabricating high-quality TisCoTx fibers.
The monolayer TizC.Tx nanosheets with good dispersibility in
water were synthesized via a modified minimal intensive layer
delamination (MILD) method (detailed in the Method section)
[31]. Scanning electron microscopy (SEM) images clearly
revealed the morphological evolution from the pristine TizAlC;
MAX phase to the final Ti;C.Tx MXene. The pristine MAX
phase exhibited a dense, layered bulk structure (Fig. Sla). After
etching and exfoliation, TizC;Tx MXene nanosheets with a
typical 2D layered structure with large lateral dimensions were
successfully obtained (Fig. S1b). In addition, the X-ray
diffraction (XRD) pattern further verified the successful etching
and exfoliation, as evidenced by the complete disappearance of
the pristine MAX phase (104) peak and the left shift of the (002)
peak (Fig. Slc).

According to Onsager's excluded volume theory, dispersions
of high-aspect-ratio nanosheets, like TizC;Tx, undergo entropy-
driven spontaneous alignment into nematic LC phase when their
concentration exceeds a critical threshold [32-35]. Polarized
optical microscopy (POM) was conducted on TizC,Tx

dispersions with concentrations ranging from 40 to 120 mg mL".

As shown in Fig. 1(b) and S2 in the Electronic Supplementary
Material (ESM), distinct birefringence patterns, characteristic of
LC phases, were observed across this range, while more dilute
dispersions failed to form continuous LC domains. The
birefringence should arise from the long-range orientational
order of the Ti3CoTx nanosheets. Notably, the 80 mg mL'!
dispersion exhibits maximum birefringence intensity, indicating
an optimal balance: the concentration is high enough to drive
entropy-led alignment, yet not so high as to cause excessive
aggregation that would disrupt the nematic order. This enhanced
nematic order is crucial as it facilitates better alignment of
nanosheets during the spinning process, directly contributing to
the structural integrity and performance of the final fibers [36].
Rheological analysis elucidates the shear-induced evolution of
Ti;CoTx dispersions with various concentrations, which is
equally critical for ensuring continuous and stable fiber
formation. Shear rate-dependent viscosity profiles reveal
pronounced shear-thinning behavior across all concentrations
(Fig. 1(c)), which can be attributed to the shear-induced
disentanglement and flow-aligned reorientation of TizCyTx
nanosheets. All dispersions exhibit high zero-shear viscosity
(e.g., 1725.57 Pa-s for the 80 mg mL! dispersion at 0.01 s!),
conferring structural rigidity to maintain the aligned LC domain
integrity during the extrusion stage of the wet-spinning process.
Dynamic oscillatory tests further demonstrate frequency-
dependent viscoelastic responses (Fig. 1(d) and (e)). The elastic
modulus (G') consistently dominates over the viscous modulus
(G") across 0.1-100 Hz, with G”/G" >I1, signifying

predominantly solid-like viscoelastic behavior. This elastic
dominance ensures shape retention during extrusion, preventing
jet breakup due to surface tension-induced capillary rupture
[37,38]. In addition, the "shear alignment-elastic solidification"
kinetics underpins the transition from disordered nanosheets to a
highly aligned fiber matrix.

The meter-scale TizC,Tx fibers were continuously fabricated
under the drive of Fe?’-mediated crosslinking effect, by
extruding the dispersion into the FeCl, coagulation bath (see Fig.
1(f) and Movie S1). This process can be understood from a
multiscale perspective. Upon injection into the bath, the fiber-
shaped TisC.Tx slurry undergoes dynamic solvent exchange,
triggering multiscale ionic crosslinking. At the colloidal scale,
Fe?* ions electrostatically attract the negatively charged surface
of TizCoTx, reducing the Debye-Hiickel-Landau-Verwey-
Overbeek (DLVO) repulsion barrier and initiating rapid
coagulation [39]. Concurrently, at the atomic level, more
specific and robust coordination bonds form between Fe?* ions
and oxygen-containing groups (=O/~OH) on adjacent
nanosheets [29]. This powerful short-range interaction acts as a
"molecular rivet", tightly linking the nanosheets together to
restrict their slippage and stabilize the axially aligned structure
achieved during shear flow [40]. This engineered, compact, and
highly ordered structure is expected to yield enhanced
mechanical robustness and electronic conductivity. Notably, the
mild reducing capacity of Fe? also facilitates preferential
electron transfer with oxidative species, promising to form a
protective barrier against the hydrolytic/oxidative degradation of
Ti;C, Tk flakes.

2.2 Characterizations of the TizC, Ty fiber

To screen out the optimal spinning process parameters, we first
examined the effect of spinning dope concentration (40-120 mg
mL") on the structure and properties of TizC>Tx MXene fibers,
using a fixed FeCl, concentration of 0.1 mol L in the
coagulation bath. As shown in Fig. S6 and S7, surface and cross-
section SEM images reveal the wrinkled surface texture and
aligned stacking of 2D nanosheets inside all fibers. The
formation of this wrinkled surface texture is attributed to the
differential crosslinking kinetics and radial heterogeneity. The
diffusion-controlled solidification creates a rigid skin layer,
which subsequently buckles under the compressive stress
induced by the volume contraction of the inner core during
drying. Notably, the fibers fabricated by low-concentration
dopes (40-60 mg mL-") show relatively compact structure but
irregular cross-sections, which should be resulted from their
rapid gelation in the coagulation bath due to insufficient
nanosheet density. Besides, excessive concentrations (100-120
mg mL') cause overall structural looseness and random
agglomeration, hindering the formation of a continuous network.
The fiber prepared at 80 mg mL™! exhibits the optimal balance of
structural integrity and nanosheet alignment, yielding the highest
tensile strength (Fig. S8a) and electrical conductivity (Fig. S8b).
Specifically, the mechanical strength and conductivity increase
from 74.6 MPa and 1469 S cm™ at 40 mg mL" to peak values of
143.7 MPa and 2607 S c¢cm™! at 80 mg mL"' respectively,
followed by a decline at higher concentrations
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Figure 2 Microstructure and electrical/mechanical properties of Ti;C>Tx fibers. (a) Cross-sectional SEM image of MF-0.1 fiber. (b) XRD patterns of MF-X
fibers. (c) Effect of Fe?* concentration on fiber density and d-spacing of TizC>Ty flakes. (d) Stress-strain curves and (e) electrical conductivity of the MF-X
fibers. (f) Comparison of electrical conductivity and tensile strength between MF-0.1 and previously reported MXene-based fibers [19,22,28,41-45].

due to the increased viscosity-induced structural defects. Based
on the above results, 80 mg mL-' was adopted as the optimal
spinning concentration in subsequent experiments.

To further probe the influence of Fe?*-crosslinking on the
structure and properties of the fibers, a series of Ti3C2Tx MXene
fibers (denoted as MF-X, where X represents the concentration
of Fe?" ions) were fabricated by varying the FeCl, concentration
in the coagulation bath from 0.1 to 0.5 mol L-'. As shown in Fig.
2(a), S3 and S4 in the ESM, all MF-X fibers also exhibit
wrinkled surface texture and ordered stacking of 2D nanosheets
can be observed. However, both the roughness and porosity
increase with the increased FeCly concentration. Thus, the
diameter of fibers increases from ~62 um (MF-0.1) to ~111 pm
(MF-0.5) (see Fig. S5 in the ESM). Notably, despite this
concentration-dependent diameter increase, the final diameter of
all fibers is significantly smaller than the spinneret orifice (500
pm). This reduction arises from the combined effects of the
strong Fe?'-crosslinking effect which pulls the nanosheets into a
highly compact arrangement, the axial drawing force applied
during collection which stretches the fiber, and the substantial
volume shrinkage loss from solvent evaporation during drying.
Interestingly, the increase in diameter is consistent with the
microscopic structure (interlayer spacing) changes revealed by
XRD results (see Fig. 2(b)). The (002) diffraction peak
progressively shifts to lower angles, from 6.06° of MF-0.1 to
5.88° of MF-0.5, corresponding to an interlayer spacing
expansion from 14.61 A to 15.02 A. As a direct consequence,
the overall packing density of the fibers decreases from 2.6 g
cm to 1.9 g cm? (Fig. 2(c)).

This concentration-dependent structural evolution should be
governed by the kinetics of the coagulation process. At the
molecular level, Fe?* ions diffuse into the precursor fiber and
coordinate with surface functional groups on Ti3C>Tx nanosheets
to enhance the adhesion strength among MXene flakes and

create a compact structure. The diffusion rate should be affected
by the concentration of coagulation bath, which further
influences the bonding speed and strength between Fe?* and
Ti3C,Tx nanosheets, leading to diverse microstructures. At lower
Fe?* concentration, the osmotic pressure difference between the
spinning dope and the bath is relatively small, leading to a
slower rate of solvent exchange and ion diffusion. This slower
process provides sufficient time for TisC;Tx nanosheets to
reorganize through coordination bonding and therefore self-
assembly into a highly ordered and tightly packed configuration.
In contrast, at high concentrations, the large osmotic pressure
difference drives rapid solvent exchange and a surge of Fe?* ions,
which triggers an almost instantaneous solidification that
kinetically traps the nanosheets in a less organized, loosely
packed state.

The fiber’s microstructure influences the arrangement of
Ti3C,Tx flakes, which therefore determines the mechanical and
electrical properties to a great extent. The stress-strain curves
reveal that the overall mechanical performance is highly
dependent on the concentration of Fe?* ions introduced during
coagulation (Fig. 2(d) and Table S1 in the ESM). Specifically,
the MF-0.1 fiber delivers the highest tensile strength of 143.7
MPa, Young's modulus of 10.4 GPa, and tensile toughness
(capacity for energy absorption) of 4.57 MJ m™, reflecting the
combination of high strength and ability to undergo moderate
elongation. With the Fe?" concentration increasing, the
mechanical properties gradually decrease, as the tensile strength,
Young's modulus, and tensile toughness of MF-0.5 decline to
51.9 MPa, 2.73 GPa and 0.73 MJ m>, respectively. These
results are in agreement with the trend of fiber density,
indicating that slow solvent exchange at low Fe?"
concentrations facilitates the formation of a well-aligned
nanosheet framework to induce optimized performance.
Within this compact configuration, Fe?" crosslinks create
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strong interlayer cohesion between the tightly stacked
nanosheets. Such enhanced binding ensures effective stress
transfer and uniform stress distribution across the nanosheet
layers, minimizing stress concentration and suppressing
interfacial slippage, which in turn reinforces the overall load-
bearing capacity of the fiber [46-48].

Besides, the stress-strain curves all contain three stages: an
initial quasi-linear region (elastic region), followed by a strain
hardening phase where the slope increases, and finally a
softening region that leads to fracture. In the initial elastic region,
the Fe?* coordination bonds contribute to maintaining structural
integrity and enabling collective deformation. The subsequent
non-linear strain-hardening region likely involves progressive
slippage and rearrangement of Ti3C>Tx nanosheets, accompanied
by the breaking of coordination bonds under increasing strain
[46,49]. Notably, this process occurs in a more orderly fashion
for MF-0.1 because of the moderate crosslinking and dense
stacking, allowing the structure to dissipate energy efficiently
and sustain larger strains. As the fiber approaches its ultimate
tensile limit, the curve flattens until fracture occurs, marking the
exhaustion of load-bearing capacity. In contrast, the looser
packing and weaker interlayer adhesion under higher Fe?*
concentrations facilitate interfacial slippage and stress
localization. This leads to shorter elastic region, less pronounced
strain-hardening effect, and more disordered nanosheet
rearrangement, collectively contributing to the observed
reduction in strength, stiffness, and toughness.

Also benefiting from its optimized orientation of TizCaTx
flakes, the MF-0.1 fiber exhibits superior conductivity among

the as-prepared fibers, reaching 2607 S cm™ (Fig. 2(e)). The
dense, highly aligned packing of the Ti;C>Tx nanosheets creates
continuous and ordered pathways for electron transport along
the fiber axis, which minimizes tortuosity and reduces the
resistance associated with inter-sheet electron hopping, thereby
enhancing the conductivity [50]. The expanded interlayer
spacing and looser packing induce relatively disordered
structures under high Fe?* concentration, which thus increase the
barriers for carrier hopping and introduce more scattering sites
to collectively hinder efficient charge transport. As a result, the
electrical conductivity gradually decreases with the increased
concentration, reaching 767 S cm™' for MF-0.5. Thus, both the
mechanical  strength and electrical conductivity are
synergistically enhanced via the crosslinking effect of Fe?*,
inducing superior performance among most reported neat or
even composite MXene-based fibers (Fig. 2(f)).

2.3 Application for Energy Storage

Benefiting from its metallic conductivity and fertile surface
chemistry, Ti3C>Tx MXene has been widely used as one of the
promising electrode materials for supercapacitors, whose 2D
stacking structure also provides space for ion insertion [51].
Thus, Ti3C,Tx-based materials show significant
pseudocapacitive performance to induce high capacitance and
rate capability. In this work, besides the optimized conductivity
and mechanical strength, the Fe?" ion bridges may enlarge the
interlayer spacing of TizC,Tx flakes to facilitate the intercalation
and further enhance the energy storage ability. In addition, the
strong crosslinking force provided by Fe?* ions would protect

the fibers from structural
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Figure 3. Electrochemical evaluation of MF-X fibers based on a three-electrode system. (a) CV curves of MF-X fibers at 5 mV s!. (b) Volumetric capacitances
of MF-X fibers versus scan rates. (c) Power-law exponent b values of MF-X fibers (inset: log(peak current) vs. log(scan rate) plots). (d) GCD curves of MF-0.1
fibers at different current densities. (¢) Nyquist plots for MF-X fibers, with the inset providing a magnified view of the high-frequency region. (f) Cyclic
stability of MF-0.1 over 10,000 cycles, with the inset showing CV curves for the 1st, 5000th, and 10,000th cycles.

degradation during charge/discharge and deformation cycling, to
provide good cycle and mechanical stability. Thus, the MF-X

fibers were employed as capacitive electrodes and tested in 1 M
H>SO;4 electrolyte, to evaluate their electrochemical performance.
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As shown in Fig. 3(a), all of the fibers exhibit cyclic
voltammetry (CV) curves at a scan rate of 5 mV s! with obvious
redox peaks (pseudocapacitive behavior), corresponding to the
adsorption/desorption of protons and redox reactions on the
Ti3C,Tx surface [52]. The MF-0.1 fiber demonstrates the largest
CV area and distinct redox peaks, reflecting its superior charge
storage capacity and favorable reaction kinetics, which gradually
decrease with higher Fe?" concentration. In addition to the high
conductivity, the interlayer spacing of TizC.Tx flakes may play a
critical role, since appropriately sized micropores have been
proven to facilitate the desolvation process of hydrated ions
during the intercalation, thereby improving capacity [53]. As a
result, the relatively narrow interlayer spacing of the compact
MF-0.1 fiber could enhance its energy storage ability by
optimizing the intercalation process.

To evaluate their rate capability, the MF-X fibers were tested
across various scan rates of 5-1000 mV s (see Fig. S9 in the
ESM). The CV curves maintain a quasi-rectangular shape even
at 1000 mV s-1, highlighting efficient H" transport and rapid
redox kinetics [40]. MF-0.1 achieves the highest volumetric
capacitance of 1239 F ¢cm™ at 5 mV s*!, which is comparable to
previously reported TizC,Tx films (Fig. 3(b)) [54]. Interestingly,
all samples exhibit similar capacitance retention ability as scan
rates increase (Fig. S10 in the ESM). This suggests a
performance trade-off between electronic conduction and ionic
transport. The compact, highly conductive MF-0.1 fiber ensures
efficient electron transport, whereas the looser structure of other

(@) (b)

fibers made with higher Fe?" concentrations facilitates better
electrolyte infiltration and faster ion access.

Electrochemical kinetic analysis using the power-law
relationship i = av? (where i and v are the peak current and scan
rate, respectively) was performed to distinguish between
capacitive and diffusion-controlled processes [55]. The
calculated b values were between 0.71 and 0.83 for all fibers
(Fig. 3(c)). Further quantitative analysis of the contribution
ratios of surface-controlled and diffusion-controlled processes
was performed using the formula i(V)=kiv+kov!”2, where kv and
kav!'? corresponds to the capacitive-controlled and diffusion-
controlled current, respectively (Fig. S11) [56]. As the scan rate
increases, the capacitive-controlled contribution ratio gradually
rises, which increases from 41.71% at 5 mV s™! to 68.27% at 50
mV s for MF-0.1. This fitting result demonstrates a hybrid
energy storage mechanism, incorporating both surface-
controlled capacitive reaction and diffusion-controlled
intercalation process [57]. This dual-mechanism characteristic
stems from the unique surface and internal wrinkled textures as
well as the chemical properties of the fibers: 1) The highly
wrinkled surface provides abundant active sites for rapid surface
pseudocapacitive reactions, promoting capacitive-controlled
kinetics; 2) The open porous structure effectively prevents the
dense "face-to-face" stacking of MXene nanosheets to form
abound of ion channels, to enable the diffusion-controlled ion
intercalation behavior [51,53].
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Figure 4. Electrochemical performance of MF-0.1 fiber-based supercapacitor and prototype for practical power applications. (a) CV curves at various scan rates.

(b) GCD curves at various current densities. (c) Volumetric capacitance versus scan rates and current densities. (d) Ragone plots comparing energy and power

densities with literature values for fiber-based supercapacitors [28,44,58-61]. (e) CV curves of series- and parallel-connected FSCs (photos inset). (f) Optical

image demonstrating a red LED powered by three series-connected FSCs.

In addition, the galvanostatic charge-discharge (GCD) curves
exhibit highly symmetric triangular profiles under different
current densities (see Fig. 3(d) and S12 in the ESM), with a tiny
IR drop, indicating the excellent coulombic efficiency.

Electrochemical impedance spectroscopy (EIS) further probed
the charge transfer and ion transport kinetics of the fibers (Fig.
3(e)). The near-vertical behavior in the low-frequency region,
small equivalent series resistance (ESR, <0.1 Q cm®) and
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negligible Warburg region evidence their good capacitive
behavior and efficient ion diffusion within the electrode
structure. These findings, particularly the rapid ion diffusion
kinetics indicated by the vertical slope, are in excellent
agreement with the results of the above power-law analysis,
confirming that the optimized fiber structure facilitates efficient
ion transport.

The charge-discharge cycling stability of MF-0.1 fiber was
further evaluated over 10,000 CV cycles at 100 mV s
Remarkably, the specific capacitance keeps increasing during
the overall test, reaching ~115% of its initial value, with
negligible deviations in the CV curve shape (Fig. 3(f)). This
increase in capacitance could be attributed to an electrochemical
activation process driven by electro-wetting effect, which
involves continuous ion intercalation that gradually expands the
interlayer spacing and improves electrolyte infiltration into the
deep, compact interlayers of the fiber. Crucially, the unique
wrinkled surface texture of the fiber facilitates this process by
providing non-densified surface channels that act as initial
pathways for electrolyte ingress. These structural and interfacial
changes, combined with the gradual wetting of previously
inaccessible internal surfaces, collectively activate more redox-
active sites for charge storage. Notably, such exceptional
stability and performance enhancement are closely associated
with the robust Fe**-crosslinking wrinkled texture framework,
which effectively stabilizes the architecture by acting as a
mechanical buffer layer that mitigates structural degradation
under prolonged electrochemical cycling [22,51,62]. These
results underscore the critical role of Fe?*-mediated structural
engineering in achieving high electrochemical durability and
offer valuable insights for designing advanced MXene-based
fiber electrodes.

To demonstrate their practical viability, two MF-0.1 fibers
were assembled in parallel to fabricate a quasi-solid-state fiber-
shaped supercapacitor (FSC), using PVA-H>SO4 gel electrolyte
(Fig. S13 in the ESM). The CV curves reveal a typical
pseudocapacitive shape within a stable voltage window of 0-0.6
V, which maintains quasi-rectangular profiles even at a high
scan rate of 200 mV s!, indicating rapid charge transfer kinetics
(Fig. 4(a)). The GCD curves exhibit nearly symmetrical
triangular profiles across a range of current densities, confirming
efficient charge/discharge behavior and low internal resistance
(Fig. 4(b)). The volumetric capacitance was further calculated
based on both CV and GCD data, reaching 273 F cm™ at 5 mV s-
!'and 282 F cm™ at 0.5 A cm?, respectively (Fig. 4(c)). The
device also exhibits excellent rate capability, retaining 80 F cm™
even at 200 mV s, which is crucial for applications requiring
rapid power delivery. In addition, the FSC demonstrates good
cycling stability, retaining over 80% of its initial capacitance
after 1,000 charge-discharge cycles (see Fig. S14 in the ESM).

As shown in Fig. 4(d), the Ragone plot compares the
volumetric energy density (Ev) and power density (Pv) with
previously reported fiber-based supercapacitors, highlighting the
superior performance of the FSC. The device achieves a

maximum Ev of 14.12 mWh c¢cm™ at a Py of 149.91 mW cm?,
while maintaining 4.92 mWh c¢m™ even at an ultrahigh Py of
6000.41 mW cm. These performance metrics surpass those of
most previously reported fiber-based supercapacitors, benefiting
from the high intrinsic conductivity of TisCoTx and the
optimized ion/electron transport pathways enabled by the Fe?'-
crosslinked structure [28,44,58-61].

To assess their potential for practical applications, the FSCs
were connected in series and parallel to increase the output
voltage and current, thereby adapting to the requirements of
appliances and confirming their excellent circuit compatibility
and scalable electrical behavior (Fig. 4(e)). As a demonstration,
three FSCs connected in series can extend the output voltage to
1.8 V and successfully power a commercial red light-emitting
diode (Fig. 4(f)). The combination of high capacitance,
customizable output characteristics, inherent flexibility, and
potential weavability positions these fibers as promising
miniaturized energy solutions for next-generation flexible and
wearable electronic systems.

2.4 Electrothermal and Electromagnetic Interference
Shielding

The exceptionally high electrical conductivity may endow the
MF-0.1 fiber with good Joule heating and electromagnetic
interference (EMI) shielding effects. Combined with its robust
mechanical flexibility and weavability, the fiber exhibits great
potential toward wearable e-textiles for personal thermal
management and electromagnetic protection [63,64]. As shown
in Fig. 5(a), a 1 cm-long MF-0.1 fiber segment was bridged
between two copper electrodes and powered by direct-current
voltage. The voltage-dependent temperature was monitored
via an infrared thermography camera. Under an applied voltage
of 2.0 V, the fiber's surface temperature increased from ambient
(~25°C) to a steady-state value of 122°C within 2 min, yielding
an average heating efficiency of AT/V = 48.5°C V-! (Fig. 5(b)).
As for the application of personal thermal management,
relatively lower temperatures are more desirable. Reassuringly,
under a low driving voltage of 1.5 V, the fiber can rapidly reach
comfortable temperatures for the human body, attaining 35°C in
just 15 seconds and 45°C in 110 seconds, which satisfies the
basic requirements for basic warmth and targeted thermotherapy
while ensuring both user safety and energy efficiency. As
detailed in Table S2 in the ESM, its low-voltage operation
ability is highly competitive with other reported fiber-based
heaters, making it highly beneficial for ensuring the safety of
wearable electronic devices.

The inherent weavability of the fiber allows for the
construction of complex conductive patterns for tailored heating
applications. As shown in Fig. 5(c), three bent fiber segments (1
cm length each) were connected to form a "smiley face" heater,
which shows homogeneous temperature distribution under
infrared thermography at 6 V. This combination of low-voltage
operation, rapid thermal response, customizable patternability,
and mechanical
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flexibility provides a strong foundation for developing
personalized thermotherapy systems and intelligent thermal-
regulating textiles.

On the other hand, the highly conductive MF-0.1 fiber is an
ideal candidate for comfortable EMI shielding textiles toward
the humanbody electromagnetic protection [65]. To determine
the optimal weave density, the MF-0.1 fibers were woven into
grids with spacing varying from 1 mm to 5 mm, whose EMI
shielding effectiveness (SE) were systematically evaluated in the
X-band (8.2-12.5 GHz). As shown in Fig. 5(d), the total SE (SEr)
value is enhanced from 5.3 dB to 23.1 dB, as the grid spacing is
reduced from 5 mm to 1 mm, corresponding to a significant
improvement in shielding efficiency from ~70% to ~99.5% of
the incident electromagnetic power. Notably, the SE value shows
an obvious sharp rise when the grid spacing is narrower than 3
mm. Current research on MXene fiber-based shielding textiles
mainly focuses on MXene-based composite fibers. The additive-

free pure MXene fibers have rarely been reported for application
in woven grid-type EMI shielding textiles due to their relatively
weak mechanical strength. Benefiting from the enhanced
mechanical strength and excellent electrical conductivity
induced by Fe?'-crosslinking, this study has realized the
application of pure MXene fibers in woven shielding textiles.
Although the EMI SE value of this fabric is not the most
prominent among the reported MXene-based textiles (Table S3),
it has fully met the standard shielding requirement for
commercial applications (20 dB) and possesses practical
application potential [66]. In addition, the EMI shielding ability
could also be further enhanced by increasing the weaving
density. As shown in Fig. 5(e), reflection is the primary
contributor to EMI attenuation, with reflection effectiveness
(SEr) dominating over absorption effectiveness (SEa) across all
grid configurations. Critically, both SEr and SE4 increase as the
grid spacing is reduced. This trend underscores a key advantage
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of the woven architecture: a denser conductive network not only
enhances wave reflection by intensifying the impedance
mismatch but also simultaneously improves the textile's intrinsic
capacity for energy absorption and dissipation.

The reflection-dominant behavior is attributed to the high
concentration of mobile charge carriers in the metallic TizC,Tx,
which creates a significant impedance mismatch at the air-textile
interface, leading to the reflection of a large portion of incident
electromagnetic waves (EMWs) [67]. The overall shielding
performance, however, arises from synergistic effects across
multiple scales. At the macroscopic level, increasing the grid
density intensifies the collective impedance mismatch of the
conductive network, leading to stronger reflection of EMWs.
Concurrently, the periodic grid architecture can enhance energy
dissipation through mechanisms like scattering within the
network, contributing to the absorption component (Fig. 5(f))
[68]. At the microscopic level within each fiber, the percolation
networks formed by the highly conductive, Fe?*-crosslinked
Ti3C2Tx nanosheets dissipate electromagnetic energy via
conductive loss and collective electron oscillations (Fig. 5(g))
[69]. The unique cylindrical geometry and helically stacked
arrangement of the nanosheets within the fiber, compared to the
planar stacking in conventional films, may provide additional
scattering surfaces that further augment internal reflections,
contributing to enhanced energy dissipation [70,71]. Finally, at
the nanoscale, the Fe?'-induced interfacial charge redistribution
may create localized dipole polarization and dielectric relaxation
[72,73], further contributing to energy absorption.

The performance of the woven textile underscores the distinct
advantages of our material and structural design. Fe*'-
crosslinking not only significantly enhances the mechanical
strength and flexibility of the fibers, thereby conferring
weavability, but also preserves high electrical conductivity for
EMI shielding. This woven architecture provides excellent
adjustable shielding effectiveness while offering critical
advantages for wearable applications, such as lightweight
comfort, breathability, and flexibility, which are unattainable
with the dense solid films that usually achieve higher absolute
shielding. By integrating atomic-scale interfacial engineering
(Fe**-crosslinking) with macroscopic structural design (textile
weaving), this work leverages both dominant reflection and
supplementary absorption mechanisms to create high-
performance, intelligent electromagnetic protective textiles for
next-generation wearable systems.

3 Conclusion

In summary, the Fe'-crosslinking dynamic assembly strategy
was demonstrated for the wet-spinning of multifunctional
Ti3CoTx MXene fibers. The coordination bridging between Fe?*
ions and Ti3C,Tx layers effectively reinforces interlayer bonding,
which stabilizes the highly oriented alignment of nanosheets
within the fibers. This engineered architecture endows the fibers
with an exceptional combination of mechanical strength (143.7
MPa) and electrical conductivity (2607 S cm"), thus enabling
exceptional performance across multiple applications. The fibers
show a superior pseudocapacitive charge storage capacity of
1239 F cm, enabling fiber-shaped supercapacitors with a high
energy density of 14.12 mWh cm? and a power density of
6000.41 mW cm. Furthermore, their high conductivity allows
for efficient Joule heating (48.5°C V') and tunable EMI

shielding (up to 23.1 dB) when woven into textiles. This work
underscores the efficacy of interfacial engineering via ionic
crosslinking for developing high-performance MXene fibers,
offering a versatile platform for next-generation wearable
electronics.

4 Method section

4.1 Materials

TizAlC, (400 mesh) was purchased from Jilin 11 Technology
Co., Ltd. Concentrated hydrochloric acid (HCI, 36.5%-38%) and
ferrous chloride tetrahydrate (FeClz-4H20O, 99%) were supplied
by Shanghai Sinopharm Group Chemical Reagent Co., Ltd.
Lithium fluoride (LiF, 99%) was sourced from Jinan Maina
Technology Co. The resistance of deionized (DI) water was ~18
MQ cm.

4.2 Fabrication of TizC>Tx MXene

45 mL of concentrated HC1 was added to 15 mL of DI water in a
polytetrafluoroethylene reaction flask. Then, 4.8 g of LiF was
added and stirred at 600 rpm for 5 min until dissolved.
Subsequently, 3.0 g of TizAlIC; MAX powder was slowly added
to the mixed solution while stirring. The mixture was maintained
at 35°C for 24 hours under continuous stirring. After etching, the
solution was diluted with DI water and centrifuged at 3500 rpm
for Smin. The supernatant was discarded, and this
washing/centrifugation process was repeated until the
supernatant pH approached 6. The resulting precipitate was then
redispersed in DI water and centrifuged at 3500 rpm for 3 min.
The upper supernatant layer containing delaminated monolayer
TisCoTx dispersion was collected.

4.3 Preparation of Spinning Solutions

An appropriate amount of Ti3C>Tx MXene aqueous solution was
centrifuged at 11000 rpm for 20 min. The supernatant was
removed, and the highly concentrated monolayer TizC,Tx
MXene slurry deposited at the bottom was collected. Then, the
monolayer TizCoTx MXene spinning solutions with different
concentrations (40, 60, 80, 100, and 120 mg mL!) were
prepared by adding calculated amounts of DI water to dilute the
concentrated slurry.

4.4 Preparation of FeCl, Coagulation Bath

Appropriate amounts of solid FeCl,-4H,O particles were added
to DI water and stirred until complete dissolution. Coagulation
baths of FeCl, with concentrations of 0.1 mol/L, 0.2 mol/L, 0.3
mol/L, 0.4 mol/L, and 0.5 mol/L were prepared separately.

4.5 Preparation of Ti;C.Tx MXene Fibers

MXene fibers were prepared via wet spinning using a custom-
built spinning apparatus (as illustrated in Fig. 1(a)). A specific
concentration of TizC,Tx spinning solution was loaded into a
syringe connected to a spinning nozzle (0.5 mm inner diameter).
A syringe pump extruded the solution at a controlled rate into
the rotating coagulation bath containing the FeCl, solution. The
nematically arranged TizCoTx liquid crystals underwent Fe?*
complexation and solidification upon contact with the bath,
forming continuous fibers. The fiber formation process is
visualized in Movie S1. After ~5 min of immersion, the fibers
were collected using a rotating spool. Finally, the obtained fibers
were dried at room temperature and stored in a vacuum drying
oven.
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4.6 Demonstration Cases for Power Supply and Joule
Heating

Silver paste was employed at all fiber junctions and terminal
connections to ensure mechanical stability and minimize contact
resistance, ensuring the accuracy of the electrothermal and
circuit demonstrations. For the LED demonstration in Fig. 4f,
three FSC units were connected in series via silver paste. For the
'smiley face' heater in Fig. Sc, the bent fibers were fixed onto the
paper substrate and electrically connected to the circuit using
silver paste, ensuring both mechanical adhesion and electrical
continuity during operation.

4.7 Characterizations and Measurements

The liquid crystal orientation of TizC,Tx solutions was observed
using a polarizing optical microscope (POM, Eclipse Ci POL,
Nikon). The surface and cross-sectional morphology of fibers
were observed using a field emission scanning electron
microscope (FE-SEM, S4800, HITACHI). XRD patterns were
recorded using an X-ray diffractometer (D8 Advance A25). The
rheological properties of Ti;CTx dispersion were measured
using a rtheometer (Discovery HR 30) under dynamic oscillation
conditions. The stress-strain characteristics of TizC.Tx fibers
were tested via a universal electronic material testing machine
(Instron 3365). Infrared thermography images were captured
using an infrared camera (FLIR E40).

Due to the irregular cross-sections of the fibers, direct
measurement of volume and diameter is unfeasible. Multiple
cross-sectional SEM images (>3 positions per sample) were
therefore captured, and the average cross-sectional area (S) was
determined via ImagelJ software. The volume (V) was calculated
as ¥ =S x h (h denotes the fiber length), and the equivalent
diameter (d) was calculated using the circular area-diameter
formula (S = nd*/4).

4.8 Electrochemical properties of TizC2Tx fibers

Electrochemical measurements were performed using a three-
electrode setup in 1 M HSOs electrolyte with an
electrochemical workstation (Corrtest CS310H). MF-X fibers
served as the working electrode, an activated carbon film as the
counter electrode, and Ag/AgCl as the reference electrode.
Cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) were
conducted. EIS measurements were carried out at open circuit
potential, using an alternating current (AC) voltage amplitude of
10 mV and a frequency range of 1 MHz to 10 mHz. Cycling
stability was assessed via CV at 100 mV s for 10,000 cycles.
For the three-electrode setup, current and current density in the
CV and GCD curves were normalized by the active material
volume.

Volumetric specific capacitance (Cv) from CV curves was
calculated according to Eq. (1):

f1dU

&= a0

where [ is the current (A), v is the scan rate (V s'), AU is the
voltage window (V), and V' is the volume of the fiber electrode
(cm?).

Capacitance retention rate (C,) was calculated using Eq. (2):

G

C. =t
T C]

#(2)

where C; and C; are the specific capacitances at the i-th and first
cycles, respectively.

4.9 Electrochemical tests of fiber-shaped supercapacitors

For the symmetric two-electrode FSC device, the capacitance
(Cp) was calculated from the CV and GCD curves according to
Eq. (3) and (4), respectively:

oo f IdU# 3
P 2vAU (3)
1tgis

=—% a4
Cp AU-Un 4)

where i is the discharge current (A), tais is the discharge time (s),
and U is the voltage drop at the beginning of the discharge on
the GCD discharge curve.

The volumetric energy density (Ev) and volumetric power
density (Pv) of the fiber-shaped supercapacitors were calculated
from the GCD curves according to Eq. (5) and (6):

1
Ey= ECD(AU'UIR)Z#(S)

E
Py =—#(6)
tdis

4.10 EMI Shielding Measurements

EMI SE was measured using a vector network analyzer (VNA)
in the X-band (8.2-12.5 GHz) with a waveguide sample holder.
Total shielding effectiveness SEr is the sum of absorption SEa
and reflection effectiveness SEg, as Eq. (7):
SE; = SEx+SE,#(7)

Reflection (R), transmission (T), and absorption (A) coefficients
are calculated from scattering parameters S;; and S2; using Eq.
(8)-(10):

R=1Sy, |2#(8)

T=1S, |2#(9)

A=1-R-T#(10)
And SEg, SEa, and SEr are calculated using Eq. (11)-(13):

1 1
SER = 1010g]0 (ﬁ) = 1010g10 <—) #(1 1)

1-[Sy, |2
SE, = 101 <I'R) 101 (1-|s”|2>#(12)
=10lo —) =101lo —_—
A g10 T £10 S, 2
1 1
SET = SER + SEA = 1010g10 <—> = 1010g10 <_2) #(13)
T [S21]

Electronic Supplementary Material: Supplementary material
(please provide the brief detail of the ESM) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94908426.
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Figure S1. The synthesis of Ti3C>Tx nanosheets. The SEM images of (a) commercial TizAIC; MAX bulk
and (b) the as-synthesized Ti3C.Tx nanosheet. (c) XRD patterns of TizAlC; bulks and Ti3C,Tx film.

Figure S2. POM images of MXene dispersion of (a) 40 mg mL"!, (b) 60 mg mL"!, (¢) 100 mg mL"!, (d)
120 mg mL-!.

Figure S3. SEM images of (a) MF-0.1, (b) MF-0.2, (c) MF-0.3, (d) MF-0.4, (e) MF-0.5.



Figure S4. Cross-sectional SEM images of (a) MF-0.2, (b) MF-0.3, (¢c) MF-0.4, (d) MF-0.5.
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Figure S5. The statistical diameters of MF fibers prepared in different FeCl, concentrations.
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Figure S6. SEM images of MXene fibers prepared from spinning dope with different MXene ink
concentrations: (a) 40 mg mL™'; (b) 60 mg mL; (¢) 80 mg mL; (d) 100 mg mL™; (e) 120 mg mL".



Figure S7. Cross-sectional SEM images of MXene fibers prepared from spinning dope with different
MZXene ink concentrations: (a) 40 mg mL™!; (b) 60 mg mL"!; (c) 80 mg mL!; (d) 100 mg mL!; (¢) 120 mg
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Figure S8. (a) Stress-strain curves and (b) electrical conductivity of Tiz C. Tx MXene fibers prepared

from spinning dopes with different MXene ink concentrations.
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Figure S9. The CV curves of (a) MF-0.1, (b) MF-0.2, (¢) MF-0.3, (d) MF-0.4, (¢) MF-0.5 at various scan

rates.
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Figure S10. Specific capacitance values of MF fibers at different scan rates.
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Figure S11. (a) Contribution ratio of capacitive-controlled and diffusion-controlled capacitance of MF-X

fibers at various scan rates. (b) Capacitive contribution of MF-X fibers at various scan rates.
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Figure S12. The GCD curves of (a) MF-0.2, (b) MF-0.3, (c) MF-0.4, (d) MF-0.5 at various scan rates.



Figure S13. The digital image of an assembled MF-based supercapacitor.
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Figure S14. Cyclic stability of the MF-based supercapacitor over 1000 cycles, with the inset showing the
CV curves for the 1st and 1000th cycle.



Table S1. Comparison of the Physical and Mechanical Property Parameters of MF-X Fibers.

Diameter Densit Tensile Tensile Young’s Tensile
Samples (um) ( cm'3))7 Strength Elongation Modulus Toughness
" 5 (MPa) (%) (GPa) (MJ m3)
MF-0.1 62.32 2.62 143.7 5.00 10.4 4.57
MEF-0.2 88.13 2.24 75.8 422 4.1 1.81
MF-0.3 104.64 2.24 56.3 3.30 3.6 0.91
MEF-0.4 107.64 2.20 54.7 2.75 3.5 0.75
MEF-0.5 110.56 1.92 51.9 2.73 2.8 0.73

Table S2. Comparison of the Electrothermal Performance of MXene-Based Fibers.

Initial Saturation AT/V Response AT/At Response

Fibers V(;l‘t,z;ge Temperature Temperature (°C Time (°C Time Ref
(°O) ) A% (At) min') (to 60°C)
MXene@ANF | 25 123 467  10s 5882  16s  SI
fiber
Zn*"-crosslinke
d TiCaT, fiber 10 32 144.1 11.21 3s 2242 <0.5s S2
Mg?*-crosslink
ed Ti3CoTx 12 15 103 7.33 <ls 46800 <0.5s S3
fiber
Additive-free
MXene fiber 24 26 68 1.75 0.07 s 36000 <0.5s S4
Fe?*-crosslinke ) This
d TiCoT, fiber 2 25 122 48.5 2 min 48.5 28s work
Table Footnotes:

[a] ANF represents sodium aramid nanofibers.

[b] AT/V refers to the ratio of the maximum temperature difference during the electrothermal process to the
applied voltage; Response Time refers to the time required to reach the saturation temperature from the
initial temperature;, Response Time (to 60°C) refers to the time required to reach 60°C from the initial

temperature.



Table S3. Comprehensive comparison of MXene fiber-based EMI shielding fabrics

Conductivity Grid size  Thickness EMI SE

Fibers (S em) (mm) (mm) (dB) Ref
Fe?*-crosslinked This
TisCyTs fiber 2607 1x1 ~0.32 23.1 work
ANF@MXene fiber 3000 1x1 0.071 31.5 [S5]
RC@MXene fiber 368 1x1 0.004 ~30 [S6]
CNT@MXene fiber 0.4 plain weave 119 3.4 (S7]
fabrics fabrics
Non-woven MXene .
fiber fabrics 708 Like film 0.107 75.0 [S8]
MXene@CF 163 layereq CF ) 34.4 (S9]
composite fabric
Table Footnotes:

CNT represents carbon nanotube; CF represents carbon fiber; RC represents regenerated cellulose; ANF

represents aramid nanofiber.
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