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Abstract

High-performance MXene fibers are always of significant interest for flexible textile-based
devices. However, achieving high mechanical property and electrical conductivity remains
challenging due to the uncontrolled loose microstructures of MXene nanosheets. Herein, we
demonstrate high-performance MXene fibers directly obtained through fluidics-assisted
thermal drawing. Tablet interlocks are formed at the interface layer between the outer cyclic
olefin copolymer and inner MXene nanosheets due to the thermal drawing induced stresses,
resulting in thousands of meters long macroscopic compact MXene fibers with ultra-high

tensile strength, toughness, and outstanding electrical conductivity. Furthermore, large-scale



woven textiles constructed by these fibers offer exceptional electromagnetic interference
shielding performance with excellent durability and stability. Such an effective and
sustainable approach can be applied to produce functional fibers for applications in both daily
life and aerospace.

1. Introduction

Macroscopic MXene fibers can be manufactured through fluidics-assisted assembling
processes from individual MXene nanosheets in solutions because of their surface-terminated
moieties (Tx) including -OH, -0, and -F,[*l potentially engaged in developing flexible textile-
based devices with high mechanical,/? electrical,®! and electromagnetic properties.”*! Due to
the liquid-crystal behavior of the MXene solution, a macroscopic fiber with an ordered
structure could be directly formed under the shear flow with the pre-aligned MXene
nanosheets.[>8] However, achieving precise control of the microstructures, including high
alignment and low porosity between MXene nanosheets, is critical to obtain high mechanical
and electrical properties for the assembled MXene fibers. Presently, some strategies have
been demonstrated to fabricate macroscopic MXene fibers from MXene (TizC2Tx) nanosheets,
for instance, wet spinning,[” electrospinning,® thermal drawing,®! coating,i*®! and scrolling
methods™. Although the macroscopic MXene fibers with desired mechanical properties and
electrical conductivity have been successfully fabricated via the interaction with crosslinkers
such as nanosheets,*2%% jons, >4l and polymers[*>17, Yet, it is challenging to maintain the
intrinsic mechanical properties and electrical conductivity of MXene nanosheets for the
macroscopic form factors due to their inherently loose layers of the microstructures.
Therefore, the resulting loose structures, caused by the microstructure defects (such as voids
and wrinkles) and poor interlayer interactions between MXene nanosheets, indeed limit the

comprehensive promotion of mechanical and electrical properties of MXene fibers.

Additionally, functional textiles with macroscopic fibers that offer high mechanical and
electrical performance are necessary to cover large areas of the human body or to meet the
needs of precise instruments.!*8l However, under extreme conditions and when in contact with
human skin,!*®! functional textiles experienced physical impact in the form of movements and
deformation, 22! and were sensitive and fragile to washing and drying, which commonly
resulted in the performance degradation of these fibers and prevented their long-term usage.
An effective route to solve these problems is to fabricate macroscopic fibers with a layer of
protection on their outer surface.[??l However, although the toughness and tensile strength of



macroscopic MXene fibers prepared with the protective layer were promoted, more
microstructure defects such as wrinkles and voids, the residual water molecule, and
crosslinkers remained in the interlayers of MXene nanosheets, resulting in poor electrical
conductivity.?® Recently, ultra-compact MXene fibers were demonstrated via a continuous
and controllable manner involving wet spinning and thermal drawing.?? However, it is hard
to realize the full utility of the electrical conductivity of MXene nanosheets due to the
introduction of crosslinkers as the binder to enhance the mechanical properties, and
additional processing steps are still needed.

Herein, we demonstrate high-performance MXene fibers fabricated by a continuously one-
step fluidics-assisted thermal drawing, as schematically exhibited in Figure la. Due to the
spinnability of MXene/propylene carbonate (PC) slurry and thermal drawing induced stresses,
the random MXene nanosheets are guided to form highly aligned MXene fibers by in-situ
generating a cyclic olefin copolymer (COC) protective layer with highly oriented chains.
More importantly, the tablet interlocks between the outer COC layer and inner MXene
nanosheets are generated at the interface layer because of the thermal drawing stresses,
obtaining ultra-long MXene fibers with high orientation and low porosity to significantly
enhance both the mechanical and electrical properties. Next, large-scale functional textiles are
woven by the resultant ultra-strong macroscopic MXene fibers for effective electromagnetic
interference (EMI) shielding in high-performance applications.

2. Results

2.1. Characterization of MXene/PC slurry

Two types of MXene nanosheets (TisC2Tx for CMXene and TisCNTx for NMXene) were
fabricated through etching and shaking processes from preliminary materials of MAX
(TisAIC; and TisAICN) (Figure S1). After exfoliation, the CMXene and NMXene nanosheets
show a lateral size of ~10.6 um and ~8.1 pm with a thickness of ~1.8 nm and ~2.0 nm,
respectively, according to the scanning electron microscope (SEM) and atomic force
microscopy (AFM) images (Figure S2 and S3), with highly hexagonal structures without
crystallinity defects (Figure S4).151 Moreover, the disappeared characteristic peaks at 104 and
105 of X-ray diffraction (XRD) patterns for MXene nanosheets confirm the successful
preparation of MXene nanosheets by completely etching the Al layer of the MAX phase
(Figure S5).126]



Because of the high dispersion stability of MXene nanosheets in dimethyl formamide (DMF)
and PC solvent with high surface tension,?”?8l a slurry of MXene/PC with a high
concentration of MXene was prepared through solvent exchange and centrifuging
concentration processes (Figure S6). The slurry containing MXene concentration of 120-160
mg mL? shows the typical birefringence, suggesting the formation of a liquid-crystalline
phase due to the orientation of MXene nanosheets without aggregation (Figure S7).°! Similar
to the conventional fluid systems consisting of rigid polymer chains,?®! the viscosity of the
fresh slurry decreases with the increase of the shear rate, even at different heating
temperatures from 25 °C to 200 °C (Figure 1b and Figure S8a). Moreover, the in-situ
viscosity of MXene/PC at the concentration of 160 mg mL™* shows a constant stage at the
range of 25 °C to 160 °C, and then a slight decrease from 160 °C to 200 °C due to the
weakened interactions between MXene nanosheets and PC solvent when heated (Figure 1c).
Furthermore, the viscosity significantly increases because of the volatilization of PC solvent
when heated up to 220 °C, indicating good stability of the slurry system for spinnability.
Furthermore, with an increasing shear rate, the shear stresses of slurry with the concentration
of 160 mg mL™* and COC polymer obviously decrease at the initial stage and then show a
gradual increment (Figure S8b), indicating that the random MXene nanosheets and COC
chains turn into more aligned due to the shear-induced deformation when drawing. In
addition, the in-situ shear stress of the slurry presents a gradual decline at the stage of 160 °C
to 200 °C and then significantly increases from 200 °C to 220 °C, suggesting an increased
ordered state with high stability of MXene nanosheets when in-situ removing the PC solvent
even at heating (Figure S8c). To quantify the spinnability of 2D liquid-crystalline colloidal
dispersions, the storage modulus (G’) to loss modulus (G’”) ratio can be evaluated within the
1.80 to 6.36 range.*%31 For example, the reported works have proven that the graphene oxide
and MXene spinning dispersion at a high concentration can enable the fiber fabrication
through wet spinning based on such a quantified factor. Here, the ratio of G’/G*’ for the
MXene/PC slurry with a high concentration can also be used as the indicator for the
spinnability for thermal drawing when heated. As presented in Figure 1d and Figure S8d, for
the slurry with the concentration of 160 mg mL™, when the slurry is heated at temperatures
from 25 °C to 220 °C, the ratio of G’/G”’ is in the range of 3.34 to 1.91, indicating the
spinnability to form MXene fibers by thermal drawing. Also, the slurry with concentrations
ranging from 120 mg mL™ to 160 mg mL™? still exhibits a G’/G** of 4.04 to 1.82 during
heating, suggesting its good stability and spinnability through thermal drawing. Meanwhile,

COC polymer, as the outer protective layer, has higher storage modulus (G’) and loss



modulus (G’’) than MXene/PC slurry to confine the inner slurry without fracture in the

thermal drawing procedure.
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Figure 1. A process flow to fabricate strong macroscopic MXene fibers. a, Schematic
diagram of fabrication of MXene fiber with tablet interlocks between outer COC layer and
inner MXene fibers at the interface layer directly through fluidics-assisted thermal drawing,
and the preparation of woven textiles based on strong MXene fibers. b, Viscosity vs. shear
rate for MXene/PC slurry and COC. Viscosity (c), and storage modulus (G’) and loss
modulus (G”) (d) for MXene/PC slurry and COC at heating temperatures of 25 °C to 260 °C.
e, Photography of larger-scale preparation of macroscopic MXene fibers. SEM images of the
flattened (f) and twisted (g) MXene fibers. FIB-SEM cross-section (h) and HR-TEM image (i)
of CCM fibers through thermal drawing. j, Stress-strain curves of CCM and CNM fibers

through fluidics-assisted thermal drawing.



2.2. Fabrication of MXene fibers with COC protective layer

Based on the spinnability of the MXene/PC slurry in the heating process, large-scale
macroscopic MXene fibers with good flexibility can be continuously fabricated from the
slurry by gradually in-situ removing the PC solvent through fluidics-assisted thermal drawing
(Figure le-g and Movie S1). With the assistance of thermal drawing induced stresses,
macroscopic MXene fibers were achieved with the high alignment of the COC protective
layer (CCM for COC-CMXene) and a diameter of ~210 um, including an MXene fiber core
with an inner diameter of ~110 um, according to the focused ion beam-scanning electron
microscopy (FIB-SEM) images in Figure 1h. The obtained MXene fiber core showed highly
compact and aligned MXene nanosheet layers, as indicated in the high-resolution
transmission electron microscopy (HR-TEM) image, with an orientation order (f) of 0.90 and
a high tensile strength of 707.73 £ 18.33 MPa for CCM fiber and 566.55 + 1.21 MPa for
CNM (COC-NMXene) fiber thanks to the tablet interlocks at the interface layer between the

COC layer and MXene nanosheets, as shown in Figure 1i and 1j.

The solvent in the MXene/PC slurry can be slowly removed through volatilization when
heating up to 220 °C, according to the result of thermogravimetric analysis (TGA) (Figure
S9). As indicated by the Fourier transform infrared spectroscopy (FTIR) spectra in Figure
S10 and S11, there is no peak at ~1791.5 cm™ for PC solvent in CCM fibers, inner CMXene
fiber of CCM (ICMXene), CNM fiber, and inner NMXene fibers of CNM (INMXene),
suggesting the successful removal of PC solvent through the thermal drawing. Moreover,
CCM and CNM fibers with the characteristic peak at ~2944.0 cm™, ~2867.0 cm™, and
~1455.0 cm™* for COC polymer prove the formation of a COC protective layer coating the
inner MXene fibers. X-ray photoelectron spectroscopy (XPS) spectra confirm the successful
preparation of MXene nanosheets, as no Al element is detected in fresh MXene nanosheets,
ICMXene fiber, and INMXene fiber, compared with the spectra of MAX materials (Figure
S12). Furthermore, there is no increasing atomic percentage for the O element of the inner
MXene cores in CCM and CNM fibers, indicating the complete removal of PC solvent
through the thermal drawing (Table S1). In addition, the low atomic percentages for Ti-O in
Ti 2p spectra and C-Ti-OX/C-Ti-OH in O 1s spectra, are retained for the CCM and CNM
fibers (Figure S13, S14, and Table S2-4), demonstrating hydrogen bonds between MXene
nanosheets with -OH/F moieties. Both the atomic percentages for total Ti-O in Ti 2p spectra
and C-Ti-OX/C-Ti-OH in O 1s spectra for the obtained inner CMXene fibers decrease to
18.60% and 31.77%, compared with that of fresh CMXene nanosheets including CNM fibers.



This indicates the removal of partial hydroxyl surface terminations and intercalated water of

MXene nanosheets by the heat during thermal drawing.

2.3. Orientation and porosity of MXene fibers through thermal drawing

To study the morphology changes of MXene fibers during thermal drawing, in-situ XRD
patterns were collected at different heating temperatures. When CMXene fibers were in the
hot zone with a temperature up to 250 °C, the pattern at 002 exhibited a high q shift with the
decreasing d-spacing to 10.65 A for MXene nanosheets under the increasing temperature
(Figure 2a and Figure S15). The porosity of CMXene fibers sharply increased up to 15.3%
with the heating temperature of 220 °C, suggesting wrinkles and voids between MXene
nanosheets were generated when heated. Similarly, NMXene fibers showed a decline of d-
spacing and an increase of porosity when heated, as shown in Figure S16. Then, the
increasing intensity of in-situ small-angle X-ray scattering (SAXS) patterns for these MXene
fibers further confirmed the generation of voids at higher annealing temperatures (Figure
S17).32331 The generation of voids between MXene nanosheets are mainly due to the slow
removal of the partial hydroxyl surface terminations and intercalated water of MXene

nanosheets when elevated temperatures were applied to fibers.4
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Figure 2. Orientation and porosity of MXene fibers through fluidics-assisted thermal
drawing. a, d-spacing and porosity of pure fiber when heated. b, Orientation order (f) of
COC fibers at different draw-down ratios shown by WAXS patterns (inset). ¢, Schematic
diagram of mechanism to fabricate MXene fibers from MXene/PC slurry using axial and
perpendicular stress during thermal drawing. d, HR-TEM images of CCM fibers with SAXS
patterns (inset) at various draw-down ratios. e, Plots of azimuthal angle for CCM fibers
fabricated via various draw-down ratios. Orientation order (f) based on the WAXS patterns

(inset) and porosity (g) of CCM fibers.

After passing through the hot zone in the thermal drawing process, MXene nanosheets tend to
achieve high orientation with low porosity, thanks to the thermal drawing induced stresses,
such as axial and perpendicular stress. At the same time, the alignment of pure COC chains of

the rod polymer is also significantly promoted, observed via the wide-angle X-ray scattering



(WAXS) patterns. When the draw-down ratio (D) (see Methods) was increased from 32 to
71, the orientation order (f) increased from 0.35 to 0.61 (Figure 2b and Figure S18),
indicating the COC chains tended to align when thermal drawing stresses were applied to the
COC layer. Therefore, the macroscopic MXene fibers were directly fabricated with a COC
protective layer generated in-situ by thermal drawing, as presented in Figure 2c. More
interestingly, due to the stresses, tablet interlocks were formed at the interface layers between

outer COC layer and inner MXene nanosheets.

Through systematically optimizing the concentration of slurry within the 120-160 mg mL™*
range, fibers formed from the MXene/PC slurry by using the concentration of 160 mg mL™*
offer high mechanical and conductive properties because of the high orientation and low
porosity (Figure S19-24 and Table S5-7).1%1 Based on the optimum concentration of 160 mg
mL*, the macroscopic CCM fibers were fabricated by the thermal drawing with various
draw-down ratios of 65, 67, 69, and 71, denoted as CCM-I, CCM-11, CCM-III, and CCM-IV.
Benefiting from the larger thermal drawing induced stresses, the alignment of MXene
nanosheets is further improved according to the HR-TEM and SAXS patterns of the inner
MXene fibers, as shown in Figure 2d and Figure S25. For example, with the increasing
draw-down ratio, f increases from 0.84 to 0.90, due to the axial stress along the drawing
direction (Figure 2e, 2f, and Table S8). Moreover, as shown in Figure S26, the XRD patterns
perpendicular to the drawing direction show the obvious 002 peaks, while the 002 peaks are
disappeared according to the XRD patterns parallel to the drawing direction, further
confirming the MXene fibers with high orientation order along the axis of fibers.
Simultaneously, because of the increase of the perpendicular stress, the porosity of the
macroscopic CCM fibers is sharply reduced from 10.3% to 4.9% (Figure 2g and Figure S27).
Similarly, CNM fibers also exhibit a high f of 0.83 and a low porosity of 7.4% for CNM-IV
fiber, due to the stresses of thermal drawing (Figure S25, S28-30, and Table S9).

2.4. Interpretation of mechanical behavior in the thermal drawing process

Finite element analysis was performed to study the impact of drawing-induced stresses in the
fabrication of MXene fibers with a COC protective layer using the Abaqus software. A CCM
fiber model, including a COC hollow tube and an inner CMXene fiber over a total length of 1
mm, was established to understand the mechanical behavior of MXene fibers during the
thermal drawing process (Figure S31). According to the experiments, lots of voids were
generated by the removal of PC solvent as well as the partial hydroxyl surface terminations



and intercalated water at the temperature of ~220 °C. Here, the porosity of about 16% was
introduced into the inner CMXene fiber in the CCM fiber model. Upon application of the
drawing force to the bottom of the COC hollow tube, the COC/CMXene model underwent
stretching, resulting in a decrease in the diameter of the COC tube (Movie S2). The axial and
perpendicular stress applied on the inner MXene fiber were generated due to the stresses from
the COC protective layer (Figure 3a). Consequently, the axial stress induced by the thermal
drawing process promoted the orientation of inner CMXene fibers, while the perpendicular
stress from the COC protective layer led to a reduction in its porosity. Moreover, when
increasing the draw-down ratio shown in Figure 3b, the axial stress applied on inner
CMXene fibers was significantly increased to further promote the alignment of MXene
nanosheets according to the simulation results. Meanwhile, by increasing the draw-down
ratio, the introduced voids in inner MXene fiber were reduced by the increasing
perpendicular stress, resulting in low porosity, consistent with the experimental porosity
shown in Figure S32. Such combined effects lead to the enhanced compact microstructures of
CCM fibers with high mechanical and electrical properties. As shown in Figure S33-36, both
cross-sections of CCM-IV and CNM-IV fibers with few voids show smooth ultra-compact
microstructures with increased draw-down ratios. Moreover, the existence of Ti, O, C, F, and
N elements for the inner fibers proves the successful fabrication of CCM and CNM fibers
from NMXene and CMXene nanosheets. And the obtained morphologies of MXene fibers
confirm the results of the high orientation and low porosity evaluated from the WAXS/SAXS

patterns.
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Figure 3. Mechanical and electrical properties of MXene fibers. a, Stress distribution of

the simulation of finite element analysis. b, Axial and perpendicular stresses as the draw-

down ratios increase during thermal drawing according to finite element analysis. c, Stress-

strain curves of CCM fibers at various draw-down ratios. d, Tensile strength and toughness of

CCM fibers. e, Electrical conductivity of CCM fibers. f, Star-plot of the performance for

CCM and CNM fibers, including tensile strength, toughness, conductivity, orientation order,

and porosity. Comparison of tensile strength vs. conductivity (g) and tensile strength vs.
toughness (h) of the prepared strong macroscopic MXene fibers with reported MXene-based
fibers through various prepared strategies.

2.5. Mechanical and electrical properties of MXene fibers



Because of the enhanced orientations of inner MXene fibers and COC chains, as well as the
formation of tablet interlocks between the COC layer and MXene nanosheets, the strong
CCM fibers prepared through various draw-down ratios exhibit high tensile strength from
276.08 + 0.45 MPa for CCM-I fiber to 707.73 = 18.33 MPa for CCM-IV fiber (Movie S3 and
Figure 3c), including high toughness from 153.63 + 3.50 MJ m= to 125.12 + 1.29 MJ m?
(Figure 3d and Figure S37). Moreover, the CCM-1V fiber offers the highest tensile strength,
five times higher than that of the pure CMXene fibers fabricated by wet spinning with 140.39
+ 3.17 MPa, as well as a toughness 240 times stronger than that of pure MXene fibers of 0.52
+ 0.04 MJ m (Table S10). Moreover, the electrical conductivity of the inner MXene fibers
for CCM fibers increases from 6,216.2 + 42.3 S cm™ to 11,959.4 + 97.4 S cm™ with the
draw-down ratio from 65 to 71, as shown in Figure 3e and Table S11. The CCM-IV fiber
shows improved electrical conductivity compared to that of the pure MXene fibers with
11,282.2 + 34.4 S cm™ through wet spinning. This is due to the enhanced orientation and the
reduction of porosity for inner MXene fibers with the in-situ removal of the partial hydroxyl
surface terminations and intercalated water of CMXene nanosheets, as well as no crosslinkers
through the thermal drawing. Similarly, for CNM fibers, CNM-IV fiber achieves a high
tensile strength of 566.55 + 1.21 MPa and toughness of 110.32 + 2.99 MJ m, higher than
that of pure NMXene fiber through wet spinning with 102.06 + 4.67 MPa and 0.50 + 0.03 MJ
m-3 (Figure S38, S39, and Table S12). In addition, the inner NMXene fibers for CNM fibers
offer a high electrical conductivity of up to 2,512.5 + 53.9 S cm™, which is again attributed to
the significant decrease in voids and improvement of the orientation (Figure S40 and Table
S13).

Additionally, as shown in Figure S41 and S42, the cyclic loading behavior of CCM and CNM
fibers were also studied under different loading stress. For example, after subjecting CCM
fibers to loading stress of 200 MPa for 3,000 cycles, the retention rate of electrical
conductivity for the CCM-1V fiber remains high at 96.8%, and even 85.6% when the loading
stress is increased to 400 MPa after 3,000 cycles (Table S14). Furthermore, when loading 550
MPa after 3,000 cycles, the CCM-1V fiber keeps a retention rate of 70.2%. Meanwhile, for
CNM-1V fiber after 150 MPa loading stress, the retention rate remains high at 93.4%, and
even 65.8% when the loading stress is increased to 480 MPa after 3,000 cycles (Table S15).
These results are attributed to the compact tablet-interlocking microstructures for CCM and
CNM fibers with low porosity and high orientation by thermal drawing-induced stresses.
Therefore, the obtained CMM and CNM fibers show an overall improved performance,



including tensile strength, toughness, electrical conductivity, orientation, and porosity, as
shown in Figure 3f. More importantly, in comparison to those of reported MXene fibers
using different fabrication strategies, the resulting macroscopic fibers directly prepared by
thermal drawing exhibit the highest properties in both tensile strength and conductivity,[-811-
15.17.22-2436-42] 35 summarized in Figure 3g and Table S16. In particular, the macroscopic
fibers with a COC protective layer offer ultra-high tensile strength and toughness of ~125.12
MJ m3, higher than those of reported MXene-based fibers with or without a protective layer
(Figure 3h), CNT fibers, and graphene-based fibers (Table S17).

2.6. Fracture mechanism of COC-MXene fibers

Because of the collective effects of the axial and perpendicular stress induced by thermal
drawing, the compact microstructures of CCM and CNM fibers by generating tablet
interlocks in-situ are achieved with high orientation and low porosity to significantly improve
their mechanical and electrical properties according to the cross-section of CCM fiber, as the
FIB-SEM images shown in Figure 4a, 4b, and Figure S43. Clearly, tablet interlocks are
generated at the interface layer between the outer protective COC layer and inner MXene
fibers. Moreover, over the fiber length, all the tablet interlocks are formed parallel to the fiber
axis with the length size of 56.6 + 16.2 um and wide size of 7.3 + 1.3 um (Figure S44).
According to the top SEM image, there are about eight tablet interlocks formed parallel to the
fiber axis for the whole CCM fibers per 250 um. With the assistance of such tablet-
interlocking, the fracture mechanism of CCM fibers with a COC protective layer is illustrated
in Figure 4c. When stretching starts, the wrinkled COC polymer chains of the protective
layer and the inner MXene nanosheets are first straightened, which further enhances the
orientation and reduces the voids of CCM fibers. In this step, there is no typical brittle
fracture behavior of the inner MXene fibers, according to the smooth stress-strain curves
(Figure 3c). This is attributed to the high orientation and low porosity of fibers as well as the
tablet interlocking at the interface layer and hydrogen bonds between MXene nanosheets.
Then, with further increased loading stress, the COC polymer chains are continuously
stretched to protect the inner MXene fibers, followed by the sliding between MXene
nanosheets of the inner MXene fibers along with the breakage of hydrogen bonds.[!
However, the tablet interlocking at the interface layer resists the formation of fracture, similar
to the natural nacre.*¥ Finally, under further stretching, inner MXene nanosheets start to
separate from each other, and the COC polymer chains are eventually broken. As illustrated
in Figure 4d and Figure S45, the tablet interlocks retained at the interface layer, and no



separation occurred between COC and MXene nanosheets after the fracture. Away from the
tablet interlocks, MXene nanosheets underwent significant sliding, while lots of cracks
appeared on the outer protective COC layer, confirming the fracture mechanism. The
synergetic effects of the promoted alignment of COC chains, sliding impact on the compact
MXene nanosheets, and tablet interlocking at the interface layer could accelerate the load

transfer and dissipate stress energy for the CCM fiber to against the fracture.
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Figure 4. Fracture mechanism of COC-MXene fibers. a, Cross-section image of CCM
fibers obtained via FIB-SEM. b, An illustration of the cross-section of CCM fiber with tablet
interlocks between the COC layer and MXene nanosheets. ¢, Fracture mechanism of the
CCM fibers due to the tablet interlocking at the interface layer, the sliding between MXene
nanosheets, and the crack of the protective COC layer. d, Fracture morphology of the cross-
section of CCM fibers, including the retention of tablet interlocks, sliding between MXene

nanosheets, and COC crack.

2.7. Large-scale woven textiles for electromagnetic interference shielding
Owing to the booming development of the widespread use of telecommunication and portable
electronic devices, the directly caused electromagnetic concerns should be considered



because of the harmful impact on human beings’ health, as well as data misinterpretation,
data loss, and even system failure, particularly when these devices are in close proximity to
each other and suffer from strong electromagnetic induction effects.34451 Benefiting from the
outstanding performance of MXene nanosheets, in addition to their high tensile strength,
toughness, and electrical conductivity, both the CCM and CNM fibers possess promising
potential as effective electromagnetic interference (EMI) shielding materials due to their high
shielding efficiency (SE). Based on the high flexibility of the obtained strong fibers (Table
S18), meter-scale textiles (3.0 m by 0.4 m) were successfully plain-woven by machine loom
with cotton yarn as the warp and the MXene fibers as the weft (Figure 5a and Figure S46).
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Figure 5. Large-scale woven textiles for EMI shielding. a, Large-scale textile woven by
CCM fibers and cotton yarn with the size of 0.4 m by 3.0 m. b, EMI SE~ of the textiles with
different weft densities of CCM-IV fibers at the frequency of 2.6 GHz to 18.0 GHz. c, EMI
SEr of the textiles based on CCM fiber at different draw-down ratios. d, EMI SE of the
textiles based on CCM and CNM fibers at the frequency of 8.0 GHz. e, EMI shielding
mechanism for the textiles prepared by CCM and CNM fibers. f, Durability and stability for
the obtained textiles under different extreme environments. g, Water vapor transmission of
woven textiles. h, Demonstration of the EMI shielding textiles for disabling the wireless
charging of the phone.



As shown in Figure 5b, the EMI SE performance of woven textiles with various weft
densities of CCM-1V fibers in the range of 76 to 229 fibers per inch (need to define CCM-A
to CCM-D) was measured at the frequency of 2.6 GHz to 18.0 GHz (Figure S47). The EMI
SE performance, including total EMI SE (SErt), absorption EMI SE (SEa), and reflection EMI
SE (SERr), of the obtained textiles is shown in Figure S48. Particularly, CCM-D has an EMI
SEr of ~81.5 dB, higher than other textiles of ~46.2 dB, ~56.5 dB, and ~70.5 dB at the
frequency of 8.0 GHz because of the increase of the weft density for the CCM fibers. Also,
the SEa of all the textile samples (~36.5 dB, ~45.5 dB, ~59.0 dB, and ~68.8 dB) are higher
than the SEr (~9.7 dB, ~11.1 dB, ~11.6 dB, and ~12.8 dB) at the frequency of 8.0 GHz,
respectively. These results indicate that the that the primary EMI shielding mechanism inside
the MXene nanosheets of fibers is significantly based on the absorption of electromagnetic
waves (EMWs). Furthermore, for the optimized weft density of CCM-D with 229 fibers per
inch, the EMI SE property of textiles is evaluated with the fibers from CCM-1 to CCM-IV
prepared at various draw-down ratios, as shown in Figure 5c¢ and 5d. The CCM-IV textile
shows a SEt of ~81.5 dB, higher than that of CCM-I, CCM-II, and CCM-III textiles with
~54.7 dB, ~57.4 dB, and ~69.7 dB at 8.0 GHz, owing to its high electrical conductivity
resulting from the high orientation and low porosity. Also, the SEa of all textiles samples is
higher than the SEg, confirming the absorption mechanism inside the MXene nanosheets of
fibers for the EMI shielding (Figure S48).

Apart from the CCM textiles, the woven textiles from CNM fibers also present a high EMI
SEt from ~47.63 dB to ~71.7 dB at 8.0 GHz with the increasing draw-down ratio from 65 to
71, accompanied by that SEa is higher than SEr with high intrinsic absorption capabilities
(Figure S49). However, as shown Figure S50, it is evident that the reflection (R) of the plain-
woven textiles prepared with various weft densities of CCM fibers, ranging from 76 to 229
fibers per inch, is higher than absorption (A) and transmission (T) at the frequency of 2.6
GHz-18.0 GHz and 8.0 GHz. Additionally, for woven CCM-I textiles to woven CCM-1V
textiles, R increases from 0.90 to 0.95, while A decreases from 0.10 to 0.05, and T decrease to
~0 at the frequency of 8.0 GHz. Despite their high absorption inside the MXene nanosheets
of fibers, all woven textiles based on CCM and CNM fibers (Figure S51) show R much
higher than A, suggesting that the overall shielding performance mainly originates from
reflection rather than absorption.*®471 The reason for this might be attributed to the

impedance mismatch between the MXene fibers and free space, leading to the reflection of



most incoming microwaves before their absorption.[*’! Therefore, the overall EMI shielding
mechanism of CCM and CNM textiles can be described in Figure 5e as follows:™ To begin,
the incident EMWs strike the surface of a MXene fiber in the textiles, some of them are
immediately reflected due to the impedance mismatch between the highly conductive MXene
nanosheets with the abundant free electrons and air.[*”] Next, the residual waves can penetrate
the lattice structure of MXene nanosheets in the fibers, interact with the high electron density
of MXene nanosheets, and generate currents that dissipate the energy of the EMWs through
the ohmic losses. When the EMWs pass through the initial layer of MXene nanosheets, the
remaining EMWSs continue to encounter the subsequent MXene barrier layer, resulting in a
repeated attenuation of the EMWs. At the same time, the surviving EMWs are reflected by
the second layer surface, causing multiple internal reflections. At last, the EMWSs undergo
back-and-forth reflections before being fully absorbed within the compact layers of MXene
fibers. As a result, compared to other reported MXene-based materials in the literature, the
obtained textiles from CCM and CNM fibers not only show high tensile strength and
toughness, but also exhibit high specific shielding effectiveness per thickness (SSE)®! of
5.2x10* dB cm?g™ for CMM textile and 4.7x10* dB cm?g? for CNM textile, as summarized
in Table S19.

Next, to meet the requirements for the actual application of textiles with MXene fibers, a test
of the durability and stability of the woven textiles was conducted to evaluate their
practicability. Due to the compact microstructures of CCM and CNM fibers with high
orientation and low porosity, the woven textiles indeed exhibited excellent bending durability
and stability, as shown in Figure S52. Whenever the textiles were encountered bending at the
vertical middle, horizontal middle, and diagonal lines, the woven textiles from CCM and
CNM fibers achieved the EMI SE retention over 99.0% and 96.8% at 8.0 GHz after 20,000
cycles of folding. Moreover, the woven textiles deformed into a twisted shape still performed
an EMI SE retention of over 95% at 8.0 GHz after 10,000 cycles of bending for CCM and
CNM fibers. When subjected to a 1.5 kg loading press with 0 to 2 folds for 24 h (Figure S53),
the EMI SE of textiles from CCM and CNM fibers kept the retention of ~97.0% and ~95.0%,
respectively. The excellent mechanical durability and stability are attributed to the
interlocking-enabled compact microstructures of CCM/CNM fibers with high tensile strength

and toughness.

Furthermore, the EMI SE retention of ~100% at 8.0 GHz remained for the woven textiles



from CCM and CNM fibers when stored in cold and hot environments at temperatures from -
196 °C to 160 °C for 24 hours. After the woven textiles were stored at -100 °C and 160 °C for
32 days, the EMI SE of the woven textiles also remained without obvious variability (Figure
S54). The remarkable stability in cold and hot environments is due to the contribution of the
outside COC protective layer and inner compact MXene fibers. Additionally, because of the
good corrosion resistance of the COC polymer in most solvents, the woven textiles from
CCM and CNM fibers exhibited the outstanding resistance for most solvents and even for
pH=13 and pH=-1 (Figure S55). After being immersed in various solvents for 24 hours, the
textiles maintained an EMI SE retention of ~100%, indicating their practicability in different
solvent environments. Moreover, to meet the application for use by human beings in our daily
lives, the washing durability of the woven textiles was also tested by using a home washing
machine according to the ISO 6330 standard, as presented in Figure S56. After 80 cycles of
washing, the obtained textiles offered stable EMI SE retention to be compatible with human
beings’ daily applications. Therefore, the woven textiles from CCM and CNM fibers showed
remarkable durability and stability with high EMI SE retention under various extreme
environments (Figure 5f). Moreover, two types of woven textiles from CCM and CNM fibers
were measured for moisture vapor transmission rate (MVTR) and drape behavior. As a result,
the textiles from CCM-1V and CCN-IV fibers showed the drape coefficient of 45.8 £ 2.5%
and 43.5 + 3.2% (Figure S57), and the water vapor transmission of 1544.9 + 12.52 g m™ and
1546.32 + 14.56 g m (Figure 5g). Eventually, with their high tensile strength, toughness,
and EMI properties, the woven EMI textiles from CCM fibers acted as a shielding barrier to
effectively disable the wireless charging for the phone (Figure 5h and Movie S4) and even
shield after serious deformation (Movie S5). Consequently, by leveraging their outstanding
mechanical and electrical properties, the woven textiles prepared from strong MXene fibers
with a COC protective layer could potentially be applied for personal protection for EMI

shielding in people’s daily lives and aerospace.

3. Conclusion

This work demonstrated a continuous strategy to directly prepare strong macroscopic MXene
fibers with the in-situ generated COC protective layer and tablet interlocks at the interface
layer by fluidics-assisted thermal drawing. Thanks to the axial and perpendicular stresses
induced by thermal drawing, the alignments of COC polymer chains and inner MXene fibers
were significantly promoted together with largely reduced porosity between MXene
nanosheets. As a result, the resulting macroscopic MXene fibers with compact microstructure



not only performed with ultra-high tensile strength and toughness, but also showed
outstanding electrical conductivity for the inner MXene fiber. The fracture mechanism was
studied, owing to the tablet interlocking at the interface layer, sliding impact on the compact
MXene nanosheets with high orientation and low porosity, and the crack of the promoted
alignment of COC chains. Then, the woven textiles from two kinds of MXene fibers with
remarkable EMI shielding performance worked effectively to enable large-scale applications,
even in various extreme environments with superior durability and stability. The results
reveal that the demonstrated strategy provides a universal route to manufacture strong fibers
with compact microstructure and excellent properties, paving the way toward smart textiles.
Indeed, a great number of multifunctional fibers can be generally prepared through such an
effective strategy from various nanostructured functional materials, ultimately enhancing

their performance and applicability to meet diverse requirements.



4. Methods

Materials. Raw MAX materials, including TisAIC2 and TisAICN powders (particle size ~
400 mesh), were purchased from Jilin 11 Technology Co. Ltd. Lithium fluoride and
propylene carbonate (PC) were obtained from Sigma-Aldrich Co., Ltd. Cyclic olefin
copolymer (COC, 6013M-07) was purchased from Polyplastics CO., Ltd. All materials were
used as received.

Characterization. SEM images were obtained using a Schottky field emission scanning
electron microscopes (JEOL JSM-7600F) with a voltage of 5 kV. High-resolution
transmission electron microscope (HR-TEM) images were obtained via a Grand ARM
instrument (ACTEM JEOL JEM-ARMS300F) using an acceleration voltage of 300 kV. A Park
NX10 atomic force microscope was used to obtain AFM images. TGA results were
performed under nitrogen using thermogravimetric analyzer (Q500 SDT) at a heating rate of
10 °C min* from 35 °C to 800 °C. X-ray diffraction (XRD) patterns were obtained with Cu-
Ko radiation using an XRD Bruker D8 Advance. The rheological properties of the
MXene/PC slurry were acquired with a rheometer (TA HR10) using steady shear and
dynamic oscillatory conditions with in-situ heating from 25 °C to 220 °C, and from 160 °C to
260 °C for COC polymer. The viscoelastic properties of the slurry were tested by performing
the storage and loss modulus evaluation as a function of frequency from 0.1 to 100 rad s*. In

addition, the strain amplitude was kept at 0.1% with a gap of 1 mm for the frequency sweep.

Polarized optical microscopy (POM) images were obtained to show optical birefringence
using optical microscope (Olympus BX51). FTIR spectra were obtained at room temperature
with Diamond ATR via an FTIR Frontier (PerkinEImer). XPS spectra were acquired by using
an XPS Kratos AXIS Supra. Electrical conductivities were measured via a standard two-
probe method using a Keithley 2700 source meter. WAXS/SAXS patterns were acquired on a
SWAXS Xenocs Nano-inXider utilizing a Cu-Ka source (conducted at 30 W) with a beam
diameter from 200 to 800 mm on SAXS (200 K) and WAXS (100 K) detectors. Three
samples were tested for each CCM and CNM fibers to evaluate the orientation order (f) of
fibers. In-situ XRD patterns at different temperatures were performed by the Linkam
temperature stage using a SWAXS Xenocs Nano-inXider. In order to calculate the porosity of
each CCM and CNM fibers, three samples of each CCM and CNM fibers were tested to
obtain the XRD patterns using a SWAXS Xenocs Nano-inXider. The fibers were placed

horizontally and perpendicularly beneath the X-ray to test XRD patterns. The cross-sectional



morphology of CCM and CNM fibers was conducted using ZEISS Crossbeam 540 FIB-SEM
microscope with focused ion beam (FIB). Tensile stress-strain curves were tested on 20 mm x
3 mm (long x wide) samples via a SUNS EUT4103X Tester with a 100 N sensor using
loading rate of 0.3 mm min? at room temperature. At the same time, the mechanical
properties of pure MXene fibers obtained by wet spinning were conducted with a 10 N sensor.
The cross-sectional area of fibers was obtained by FIB-SEM. The results for each fiber were
calculated using the average value of three samples.

Preparation of COC-MXene fibers via thermal drawing. The cyclic olefin copolymer
(COC) hollow tube was sealed by a thin polytetrafluoroethylene (PTFE) filtration film with a
pore diameter of 0.45 um, and baked in the vacuum oven at 100 °C for one week to remove
the residual water. Before thermal drawing, the MXene/PC slurry with concentrations of 120-
160 mg mL* was injected into the COC hollow tube. Then, the prepared rod of COC tube
with a slurry was inserted into a two-zone heating furnace with the top/bottom zones heated
at 170 °C/360 °C. Finally, the MXene fibers with COC protective layer were prepared with

various draw-down ratios (D) from 65-71. The D is calculated as follows:
D= | (1)

where vp and Ve are the drawing and feeding speeds, respectively.

Finite element analysis of MXene/COC fibers via the thermal drawing. The MXene/COC
fibers model was constructed via the commercial software Abaqus/CAE 2019 with
Abaqus/Explicit. The mechanical behavior of the inner-MXene fibers were analyzed after the
volatilization of PC solvent from the hot zone at the temperature of ~220 °C. Many voids
were generated when the MXene/COC fibers passed through the hot zone. Moreover, pure
CMXene fibers have the porosity of 15.3% at 220 °C based on the in-situ XRD results.
Therefore, after the volatilization of PC solvent at the hot zone with the temperature of ~220
°C, the MXene/COC fibers model was created with about 16% of porosity for the inner
MXene fibers in this simulation. Moreover, a diameter of 0.31 mm for the COC hollow tube
with an inner diameter of 0.15 mm for inner MXene fiber and a total length of 1.0 mm was
constructed to perform the mechanical testing of MXene fibers during thermal drawing. A
SUNS EUT4103X Tester characterized the mechanical properties of COC hollow tubes with
a 100 N sensor at the temperature of 220 °C.

The mechanical tests of the COC hollow tubes show that the tubes have an isotropic bulk

modulus (Ecoc) of 0.30 GPa and Poisson’s ratio (vcoc) of 0.35. In addition, the inner MXene



fibers have the isotropic bulk modulus (Em) of 0.5 GPa and the Poisson’s ratio (vm) of 0.3
with the porosity of 16%. During the simulation, the fixed boundary conditions were set at
the top of the MXene/COC hollow tube, while the pulling force was applied at the bottom of
the COC hollow tube. Furthermore, the applied pulling force was the same as the conditions
of the experiments to study the mechanical behavior of an increasing draw-down ratios via
thermal drawing. The inner MXene fibers and COC tube model could be defined according to

equation 2 and 3 with isotropic elasticity-plasticity of as follows:
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Em
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where Gm, Em, and A are the shear modulus, Young’s modulus, and Poisson’s ratio of the
materials such as MXene fiber and COC tubes, respectively.

Fabrication of the textiles. The plain-woven textiles were obtained by using a semi-
automatic loom of Y208W (Nantong Sansi Technology Co., LTD) constructed with the cotton
yarns as warp and the CCM and CNM fibers as weft. To prepare the textiles with different
weft densities of MXene fibers, the warp density was kept 60 yarns per inch. Subsequently,
the textiles were weaved with the weft density of 76-229 MXene fibers per inch, denoted as
76 fibers for CCM-A, 127 fibers for CCM-B, 178 fibers for CCM-C, and 229 fibers for
CCM-D, respectively.

Measurement for electromagnetic interference (EMI) shielding performance. The woven
textiles, composed of CCM and CNM fibers, were prepared for EMI shielding test with a
DR-WX rectangular waveguide using the N9917A network analyzer (Agilent Technologies,
USA) at the frequency range of 2.6 GHz to 18.0 GHz. The strong CCM and CNM fibers were

weaved into the rectangular shape textiles for the test.

The ability to attenuate the energy of the incident electromagnetic waves for the prepared
textiles based on CCM and CNM fibers is calculated as EMI SE. It is important for the
electromagnetic interference shielding device to block electromagnetic radiation that could be
harmful to electronic devices. The absorption (A), reflection (R), and transmission (T) should

add up to 1 when the electromagnetic radiation interacts with a shielding material, presenting



the shielding phenomenon as:

A+R+T=1 “)
Furthermore, the scattering parameters (Szz, S11, S21, and Si2) were directly obtained from the
network analyzer to calculate the corresponding reflection (R) and transmission (T)
coefficients using the equation 5 and 6:

RSy =IS [ (5)

=851 =S, (6)
Consequently, the expressions for the shielding reflection (SEr) and absorption (SEa) can be
formulated by considering the reflection and effective absorption of incident electromagnetic
waves inside the shielding material according to the coefficients of R and T as follows:

— LI _
SEx=101log () =10 log (1-|Sm2) @)
1-R 1-151[?
SEx=10log (=) =101log (T}) )

Additionally, when EMI SE is more than 15 dB, the multiple internal reflections are generally
negligible. Therefore, the total EMI SET is the sum of reflection (SEr) and absorption (SEa),
estimated as follows:

SE1=SER+SE 9)
Moreover, the specific shielding effectiveness per thickness (SSE:;) of the woven textiles

could be evaluated using the equation 10:

_ S
SSE= ~ (10)

where pt is the density and of the woven textiles, and t is the thickness of the inner MXene
fibers of CCM and CNM fibers.

Testing the performance of the woven textiles. The washing procedure for textiles was
performed according to the standard of ISO 6330 via domestic washing and drying. The
home washing machine of MT740S (Midea) with the anti-bacterial detergent (Yuri
Distribution Co. Pte. Ltd) and the tested textiles were to set with the general program of a 2.3
kg load including a standard cycle of washing, rinsing, and spinning at the temperature of 40
°C for 50 minutes. After every 10 washing cycles, the electromagnetic interference (EMI)
shielding efficiency (EMI SE) test of textiles was measured at the frequency from 2.6 GHz to
18.0 GHz, while the retention of EMI SE of washing was evaluated by analyzing data
recorded at a frequency of 8.0 GHz. The moisture vapor transmission rate (MVTR) was
conducted according to the ASTM E96 standard, using the samples of textiles with the same

diameter of 68 mm mounted on top of the standardized cup containing 20 ml of distilled



water. The three identically sealed cups for each sample were prepared for the test in a
relative humidity of 50% at 38 °C for 24 h. Furthermore, the drape coefficient of the textiles
was measured following the 1SO 9073-9-2008 standard using image processing technology
with the diameter of 30 cm for the textiles.
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