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Abstract
Electroactive yarns that are stretchable are desired for many electronic textile applications,
including energy storage, soft robotics, and sensing. However, using current methods to produce
these yarns, achieving high loadings of electroactive materials and simultaneously demonstrating
stretchability is a critical challenge. Here, we develop a one-step bath electrospinning technique to
effectively capture Ti3C2Tx MXene flakes throughout continuous nylon and polyurethane (PU)
nanofiber yarns (nanoyarns). With up to ~90 wt.% MXene loading, the resulting MXene/nylon
nanoyarns demonstrate high electrical conductivity (up to 1195 S cm-1). By varying the flake size
and MXene concentration, nanoyarns achieve stretchability of up to 43% (MXene/nylon) and
263% (MXene/PU). MXene/nylon nanoyarn electrodes offer high specific capacitance in saturated
LiClO4 electrolyte (440 F cm-3 at 5 mV s-1), with a wide voltage window of 1.25 V and high rate
capability (72% between 5 and 500 mV s-1). As strain sensors, MXene/PU yarns demonstrate a
wide sensing range (60% under cyclic stretching), high sensitivity (gauge factor of ~17 in the range
of 20-50% strain), and low drift. Utilizing the stretchability of polymer nanofibers and the
electrical and electrochemical properties of MXene, MXene-based nanoyarns demonstrate
potential in a wide range of applications, including stretchable electronics and body movement
monitoring.
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1. Introduction
The increasing demand for portable electronic devices has prompted the integration of yarns
with advanced functionalities into textiles.[1] Realizing these functionalities, such as sensing and
energy storage, requires the incorporation of electroactive materials into yarns. Knitting or
weaving can then be used to turn such functional yarns into fabrics.[2,

3]

The synthesis and

discovery of new electroactive materials and innovations in fabrication methods have led to major
progress in the development of electroactive fibers or yarns that are also stretchable.[4]
Among a wide range of electroactive materials that have been used to fabricate stretchable
functional fibers or yarns,[5] including carbon-based materials (carbon black,[6] carbon nanotubes[7],
reduced graphene oxide (GO)[8]), metal nanoparticles and nanowires,[9] intrinsically conducting
polymers

(polyaniline[10]

and

poly(3,4-ethylenedioxythiophene):polystyrene

sulfonate

(PEDOT:PSS)[11]), MXenes have shown enormous potential.[12] Ti3C2Tx (Tx represents surface
functional groups), a two-dimensional (2D) material within the emerging MXene family,[13, 14] is
an exciting candidate for the development of functional fibers owing to its high electrical
conductivity (up to 14,000 S cm-1 for a 1 m film),[15, 16] excellent volumetric capacitance (1500 F
cm-3 for a 90 nm film), and ease of processing.[17] The hydrophilic surface of Ti3C2Tx allows the
preparation of aqueous dispersions ranging in viscosity from liquid-like colloidal solutions to
viscose inks.[18] Many solvents aside from water can readily disperse Ti3C2Tx,[19, 20] enabling the
preparation of polymer composite formulations and macrostructures.[21, 22] The combination of
these properties has made Ti3C2Tx an attractive material for the development of electroactive
fibers.
To integrate MXenes and other electroactive materials into continuous fibers and yarns, a
variety of fabrication methods have been explored, such as wet-spinning,[23, 24] electrospinning,[25,
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26]

and coating (dip-coating[27, 28] and drop-casting).[29, 30] MXene-based fibers have shown promise

as components in textile devices, including electrodes in energy storage devices, reaching a record
volumetric capacitance of ~1265 F cm-3, and as connectors in textile circuits, showing electrical
conductivity values of up to ~7750 S cm-1.[31] However, knitting or weaving into textiles remains
a challenge because the mechanical integrity of these fibers is often compromised at high active
mass loadings. For example, wet-spun MXene/PEDOT:PSS fibers with MXene loading of 70 wt.%
showed a high electrical conductivity of ~1490 S cm-1, but low strain-to-failure of ~2%.[12]
Similarly, wet-spun MXene/PU fibers lost their stretchability above 9.1 wt.% MXene, showing
strain-to-failure of ~3.4% at 16.7 wt.% MXene.[32] The decrease in strain-to-failure of
MXene/polymer composite fibers with increasing MXene content is likely a result of disruptions
in the amorphous phase and/or crystalline domains of the soft segment phase of the polymer.[32]
Coating offers another approach to produce elastic and electroactive fibers, without disrupting
the stretchable network of the host polymer. However, achieving high mass loading requires
multiple coating cycles and often results in stacking of flakes on the surface of the yarn, rather
than throughout the cross-section. Moreover, while MXene has demonstrated excellent
performance as a coating layer on hydrophilic yarns, such as cellulose-based yarns,[27] limited
research has been conducted on coating MXene onto hydrophobic fibers and yarns. This is because
weak interactions and differences in mechanical properties between the MXene coating layer and
the fiber substrate may result in cracking or delamination of the coating. For example, previous
work demonstrated that it is possible to realize a uniform coating of MXene on electrospun PU
fibers and achieve electrical conductivity of 0.0014 S cm-1. However, at a low strain of 40%, cracks
were observed in the MXene coating.[33] Thus, achieving a stable and reliable strain sensor using
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the coating approach is a great challenge and the substrate must be carefully selected to ensure
good adhesion between the two materials.
While proven a scalable technique to produce stretchable polymeric nanofiber yarns (known
as nanoyarns),[34] electrospinning has been largely unexplored as a method to fabricate
electroactive and stretchable nanoyarns. This is because fibers with diameters on the order of
hundreds of nanometers are highly sensitive to the restacking and agglomeration of particles in
solution, leading to beading or inconsistencies in fiber formation at high loadings of active
material. Moreover, the addition of conductive particles increases the net charge density of the
solution, affecting the ability to form fibers. While many works have successfully incorporated
MXene flakes into individual nanofibers,[26, 35] the highest reported MXene loading in electrospun
fibers to date is 35 wt.% in polyacrylonitrile (PAN) nanofibers, and the conductivity of the fiber
mats was less than 1 S cm-1.[25] In order for electrospinning to become a viable technique to produce
electroactive nanofibers and nanoyarns, it is necessary to explore novel electrospinning methods.
In this work, we developed a scalable one-step bath electrospinning technique to effectively
infiltrate nanoyarns with up to ~90 wt.% MXene. This technique combined some elements of wetspinning and electrospinning by using MXene dispersions as both a current collector
(electrospinning) and a coagulation bath (wet-spinning) to capture MXene throughout the entire
cross-section of a nanoyarn, maximizing interactions between nanofibers and MXene flakes. We
demonstrate that this method can be used to produce MXene-infiltrated nanoyarns from both
hydrophilic (nylon) and hydrophobic (polyurethane) synthetic polymers. MXene/nylon nanoyarns
demonstrate electrical conductivity of up to 1195 S cm-1, which is the highest conductivity of
electrospun nanoyarns reported to date. These nanoyarns reach stretchability of 43% and 80% after
inserting twist. The high MXene loading and electrical conductivity leads to nanoyarns with a
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volumetric capacitance of up to 440 F cm-3 at 5 mV s-1. MXene/PU nanoyarns achieved electrical
conductivity of up to 78 S cm-1 and strain-to-failure up to 263%. These nanoyarns were used as
strain sensors to detect strains up to 60%. This bath electrospinning method enabled the utilization
of MXene’s electrical and electrochemical properties and the inherent properties of polymer
nanofibers to fabricate electroactive and stretchable nanoyarns for a wide variety of textile-based
applications.
2. Results and discussion
2.1 Electrospinning of MXene/nylon nanoyarns
We developed a bath electrospinning method to infiltrate MXene flakes into nanoyarns. Our
bath electrospinning setup, shown in Figure 1a, uses a grounded bath containing a MXene
dispersion as the collector, as opposed to a stationary metal collector used in traditional
electrospinning setups. The distance between the needle and the collector was reduced to 1-3 cm,
compared to 10-15 cm in traditional electrospinning setups, to allow the MXene dispersion to act
as a coagulation bath. Since water is known to be a suitable coagulant for nylon-based solutions,[36]
aqueous dispersions of MXene were used as the collection bath to produce MXene/nylon
nanoyarns. Upon applying a high voltage to the nylon spinning solution, some of the solvent
(formic acid) evaporated in air from the nylon nanofibers before the nanofibers collected in the
bath. Once reaching the bath, counterdiffusion occurred between the residual formic acid in the
fibers and the water in the bath, trapping MXene flakes between individual nanofibers. The
randomly oriented nanofibers were then bundled into a nanoyarn under the tensile force of
collection. Figure 1b shows MXene/nylon nanoyarns (~50 cm in length) collected onto a spool.
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Figure 1. Preparation of MXene-infiltrated nanoyarns. a) Schematic of the electrospinning set-up,
consisting of a polymer solution loaded into a syringe and mounted onto a syringe pump, a
grounded bath filled with a MXene dispersion, and a yarn winder. When a potential is applied to
the polymer solution, nanofibers are spun into the MXene dispersion, drawn into a nanoyarn, and
collected onto the winder, b) digital photograph of MXene/nylon nanoyarns (~50 cm, produced
using ~220 nm MXene flakes and a 10 mg mL-1 MXene dispersion) wound onto a spool. Inset
shows a scanning electron microscopy (SEM) image of the nanoyarn.

To tune the electrical and mechanical properties of the nanoyarns produced using this bath
electrospinning method, nylon yarns were spun into six different MXene dispersions varying in
concentration and flake size (Figure 2a). The selected MXene concentrations used for nanoyarn
spinning were 10 mg mL-1 and 20 mg mL-1. Concentrations higher than 20 mg mL-1 were too
viscose for nanoyarn drawing resulting in frequent breakage and concentrations below 10 mg mL- 1
resulted in low MXene uptake. MXene dispersions consisting of three flake size distributions
(small, medium, and large) were prepared by probe-sonication and/or centrifugation. According
to dynamic light scattering (DLS) measurements, flakes used in this study were larger than 850
nm in lateral size (Figure 2b). The majority of flakes (~80%) probe-sonicated for 2 min had lateral
size of ~440 nm (medium) and for 8 min had lateral size of ~220 nm (small). We note that a small
number of agglomerated or restacked flakes lead to a disproportionally large peak in the intensity
distribution (Figure 2b). Scanning electron microscopy (SEM) images of representative flakes
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from each dispersion are shown in Figure 2a and Figure S1. Throughout this work, the size of
MXene flakes in each dispersion will be referred to by their maximum peak position in DLS
measurements. Atomic force microscopy (AFM) images and line profiles confirmed the size of
the various MXene flakes (small, medium, and large) and nanometer thickness (Figure S2). XRD
patterns of vacuum-assisted filtrated films prepared from the three dispersions showed the
appearance of (00l) peaks (l is 2, 4, 6, 8…) corresponding to the out-of-plane stacking of MXene
flakes (Figure S3). The disappearance of the (014) peak confirmed the complete etching of MAX
particles.

Figure 2. Preparation and solution properties of various MXene dispersions used as coagulation
baths. a) Schematic representation of the flake size and concentration of six aqueous MXene
dispersions used as coagulation baths and their SEM images, b) size distribution of small, medium,
and large MXene flakes in aqueous dispersions obtained using dynamic light scattering (DLS), c)
viscosity versus shear rate for the six MXene dispersions.
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The viscosity of the MXene dispersions was measured to assess the effect of flake size and
concentration on the fiber collection rate and processability of MXene/nylon nanoyarns. The
viscosity vs. shear rate plots (Figure 2c) revealed that the zero-shear viscosity decreased as a
function of flake size, from ~30.3 Pas for dispersions consisting of large flakes to ~1.1 Pas for
dispersions containing small flakes, at a concentration of 20 mg mL-1. The zero-shear viscosity
was also dependent on concentration, decreasing from ~30.3 Pas for 20 mg mL-1 dispersions to
~1.47 Pas for 10 mg mL-1 dispersions consisting of large flakes. Based on these results, fibers can
be drawn faster through low concentration MXene dispersions consisting of small flakes than they
can through high concentration dispersions consisting of large flakes.
The morphology of the MXene/nylon nanoyarns was investigated using SEM, which revealed
noticeable differences between nanoyarns spun into the six MXene dispersions. Nanoyarn spun
into a 10 mg mL-1 MXene dispersion containing small flakes (~220 nm) consisted of semi-aligned
nylon nanofibers with an average diameter of 170 + 30 nm (Figure 3a). Cross-sectional SEM
images showed that these nanoyarns were nearly circular with an open microstructure (Figure 3a
and Figure S4). In comparison, nanoyarn spun using the same MXene concentration (10 mg mL1

), but larger flakes (~850 nm), consisted of randomly oriented fibers intertwined with the MXene

flakes. Cross-sectional SEM images revealed a denser microstructure compared to those produced
with smaller flakes and non-circular cross-section. The denser microstructure may be due to the
higher viscosity of large flakes, which slowed the rate of the nanoyarns through the bath and
allowed for flakes to stack. Nanoyarns produced from a higher concentration solution (20 mg mL1

) and large MXene flakes (~850 nm) appear more wrinkled on the surface (Figure 3a and Figure

S5), flakes remained densely packed, and the cross-section appears more irregular. The average
diameter of the nanoyarns increased with concentration and flake size, from ~19 µm for nanoyarns
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Figure 3. Morphology, structure, and electrical properties of MXene/nylon nanoyarns. a) SEM
images of MXene-infiltrated nylon nanoyarns produced using different MXene flake sizes (~220
nm, ~440, and ~850 nm) and MXene concentrations (10 mg mL-1 and 20 mg mL-1), b) Raman
spectra of a neat MXene film and MXene/nylon nanoyarns, both prepared from a 20 mg mL-1
MXene dispersion with medium-sized flakes (~440 nm), c) Raman spectra of pristine nylon
nanoyarns and MXene/nylon nanoyarns, d) four-point probe electrical conductivity measurements
of MXene/nylon nanoyarns produced with different MXene concentrations and flake sizes.
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spun into a 10 mg mL-1 bath containing small flakes to ~55 µm for nanoyarns spun into a 20 mg
mL-1 bath containing large flakes. The increase in diameter is likely due to an increase in MXene
loading as a function of flake size and concentration, as indicated by an increase in linear density
of the nanoyarns. For example, the linear density increased from ~1.2 g cm-1 for nanoyarns spun
into a 10 mg mL-1 MXene dispersion consisting of 220 nm flakes to ~16.4 g cm-1 for nanoyarns
spun into a 20 mg mL-1 MXene dispersion consisting of 850 nm flakes (Table S1). To approximate
the loading of MXene in the nanoyarns, thermogravimetric analysis (TGA) was performed on
nanoyarns spun into MXene baths with a concentration of 20 mg mL-1 and flake size of ~440 nm
and ~850 nm (Figure S6). By analyzing the weight loss during the degradation of nylon (between
~320-440 C), we can estimate the mass loading of MXene in the nanoyarns. From this analysis,
it was found that nanoyarns contain ~61 wt.% MXene when made using ~440 nm flakes and ~90
wt.% when made using ~850 nm flakes.
The structure of the MXene/nylon nanoyarns was further investigated using Raman
spectroscopy. The peaks at 121 cm-1, 204 cm-1, and 725 cm-1 are attributed to the resonance of
Ti3C2Tx, the out-of-plane vibrations of Ti, C and surface group atoms, and the out-of-plane
vibrations of C atoms (Figure 3b), respectively, agreeing with previous reports.[37] The amide
peaks at 1278 cm-1, 1441 cm-1, and 1636 cm-1, corresponding to C-N stretching, N-H bending, and
C=O stretching,[38] are observed in both pristine nylon nanoyarns and MXene/nylon nanoyarns
(Figure 3c). These peaks confirm the presence of nylon6 fibers in the nanoyarn structure.
Comparing the spectra of MXene/nylon nanoyarns to that of a MXene film produced by vacuumassisted filtration, the peak representing the out-of-plane vibrations of C atoms is shifted towards
higher wavenumbers (725 cm-1 vs. 722 cm-1). This shift may signify bonding between MXene and
nylon. Strong electrostatic interaction between the NH groups of nylon6 and the oxygen terminated
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and negatively charged surface of MXene flakes is expected to prevent the loss of MXene upon
usage or exposure to aqueous environments. In a previous study, such interactions between cotton
and MXene have been shown to be effective in minimizing mass loss during washing.[27]

2.2 Electrical and mechanical properties of MXene/nylon nanoyarns
We studied the effects of MXene flake size and concentration on the electrical properties of
MXene/nylon nanoyarns. The electrical conductivity ranged from 123 + 27 S cm-1 for nanoyarns
produced from a 10 mg mL-1 MXene dispersion with 220 nm flakes to 1195 + 107 S cm-1 for
nanoyarns produced from a 20 mg mL-1 and flake size of 850 nm (Figure 3d). There was a
significant difference in conductivity between nanoyarns spun into a bath containing 10 mg mL-1
MXene dispersion and 20 mg mL-1 dispersion for all flake sizes. For example, for nanoyarns
produced with ~440 nm flakes, the conductivity increased ~3 times by changing from a 10 mg mL1

solution (337 S cm-1) to a 20 mg mL-1 solution (958 S cm-1). This effect is largely attributed to

the increased packing density of nanoyarns spun from highly concentrated MXene dispersions,
resulting in improved connections between MXene flakes. In addition to MXene concentration,
flake size played a significant role on the electrical properties of the nanoyarns. The conductivity
increased ~5.75 times, from 206 S cm-1 to 1195 S cm-1, by increasing the flake size from 220 nm
to 850 nm, at a concentration of 20 mg mL-1. These results are in agreement with previous studies
on the effects of flake size on the electrical properties of MXene films.[39] It has been shown that
films made from large flakes have significantly higher electrical conductivity than those made
from small flakes likely due to less interfacial resistance between flakes and fewer defects.[39]
Compared to the highest electrical conductivity of electrospun nanoyarns reported in literature
to date (Table S2), the conductivity of MXene/nylon nanoyarns spun using ~850 nm MXene flakes
and a 20 mg mL-1 dispersion is ~2.5 times higher (472 S cm-1 for carbonized PAN nanoyarns with
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copper particles[40] vs. 1195 S cm-1 for MXene/nylon nanoyarns). The conductivity of
MXene/nylon

nanoyarns

PEDOT:PSS/PAN-Ni/cotton

is

also

significantly

nanoyarns,[41]

higher

GO-doped

than

electrospun

electrospun

core-sheath

PAN@polypyrrole

nanoyarns,[42] and graphene nanoribbon/carbon composite nanoyarns.[43] This increase in
conductivity can be attributed to a number of factors, including the higher electrical conductivity
of Ti3C2Tx compared to other electroactive materials, such as PAN-based carbon and graphene
nanoribbons (76.5 S cm-1 for PAN-based carbon nanofibers and 53.6 S cm-1 for a monolayer of
graphene nanoribbons[43]), and the high filler loading achieved via bath electrospinning compared
to conventional electrospinning (e.g., 0.5 wt.% GO nanoribbons in the case of graphene
nanoribbon/carbon composite nanoyarns[43]).
The mechanical properties of the MXene/nylon nanoyarns produced from different flake size
distributions and concentration were evaluated using uniaxial tensile testing. The stress-strain
curves in Figure 4a show that the stiffness of all of the MXene/nylon nanoyarns increased relative
to pristine nylon nanoyarns, indicating that MXene has a reinforcement effect. For example, the
Young’s modulus increased from ~679 MPa for pure nylon nanoyarns to ~3940 MPa for
MXene/nylon nanoyarns spun using ~850 nm flakes and a MXene concentration of 20 mg mL-1
(Table S3). Furthermore, the Young’s modulus increased with flake size, from ~2550 MPa using
220 nm flakes to ~4360 MPa using ~850 nm flakes when the dispersion concentration was 10 mg
mL-1. This increase in stiffness in MXene/nylon nanoyarns with increasing MXene flake size is
likely due to differences in the density of the nanoyarns. Nanoyarns made using larger flakes are
denser, resulting in an increased stacking of flakes. Moreover, large flakes have greater contact
area between them compared to smaller flakes, resulting in greater inter-flake interactions.
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The tensile strength of the MXene/nylon nanoyarns ranged from ~29 MPa to ~37 MPa (Table
S3). Yarns made with the smallest MXene flakes (220 nm) and lowest MXene concentration (10
mg mL-1) had the highest tensile strength (~37 MPa), close to that of pristine nylon nanoyarns (~44
MPa). Nanoyarns made using large MXene flakes (~850 nm) and the highest MXene concentration
(20 mg mL-1) had the lowest tensile strength (~29 MPa). The reduced tensile strength of the
nanoyarns made using large MXene flakes and high concentrations is likely due to voids between

Figure 4. Mechanical properties of MXene/nylon nanoyarns. a) Stress-strain curves of
representative nanoyarns produced using difference MXene concentrations and flake sizes, b)
comparison of strain-to-failure, c) SEM image of a knotted (top) and twisted (bottom)
MXene/nylon nanoyarn (10 mg mL-1, 220 nm flakes), d) stress-strain curves of twisted
MXene/nylon nanoyarns (10 mg mL-1, 220 nm flakes), MXene/nylon nanoyarns without twisting
(10 mg mL-1, 220 nm flakes), and pristine nylon nanoyarns.
14

flakes, resulting in weak inter-flake interactions. All of the MXene/nylon yarns produced have
similar tensile strength to the highest reported values for MXene-based fibers and yarns (Table
S4), including wet-spun MXene/PU fibers (<20 MPa above 9.1 wt.% MXene),[32] biscrolled
MXene/CNT yarns (~38 MPa at 90 wt.% MXene),[44, 45] and neat MXene fibers (~41 MPa).[31]
Nanoyarns produced using small MXene flakes (~220 nm) had the highest strain-to-failure
among the nanoyarns tested (Figure 4b), reaching ~43% for nanoyarns produced using a 10 mg
mL-1 MXene dispersion with ~220 nm flakes. These nanoyarns demonstrate flexibility by forming
a tight knot without breakage or damage (Figure 4c). As the MXene flake size increased, the
strain-to-failure decreased, down to ~1.9% for fibers produced from large flakes (~850 nm) and
20 mg mL-1 MXene dispersions. The increase in strain-to-failure of the MXene/nylon nanoyarns
with decreasing MXene flake size is likely due to the morphology of the nanoyarns. Using large
flakes, individual nylon fibers are intertwined with the MXene flakes, preventing them from fully
aligning and stretching under tension (Figure S7a,b). Small MXene flakes coat individual fibers,
allowing the fibers to further align and stretch under tension before breakage (Figure S7c,d).
We used a twisting technique on the MXene/nylon nanoyarns to improve their stretchability.
This technique was previously used on electrospun nanoyarns to increase the yarn twist angle (the
angle between the fibers and the yarn axis) and improve the strain-to-failure of the yarn.[46]
Nanoyarns made using ~220 nm flakes and 10 mg mL-1 MXene dispersion were twisted while
supporting a load of 450 mg to avoid the formation of kinks during twisting. At a twist angle of
~25 (marked in Figure 4c), the strain-to-failure of the nanoyarn nearly doubled, from ~43% for
pristine MXene/nylon nanoyarns to ~81% for twisted nanoyarns (Figure 4d). However, by
inserting twist, the Young’s modulus of the nanoyarn decreased significantly from ~2549 MPa to
~550 MPa (Table S3). This behavior was observed in many other types of yarns, such as carbon
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nanotube yarns.[47, 48] According to Krenchel’s orientation efficiency factor, the addition of twist
in yarns affects the reinforcement orientation efficiency and stress transfer between fibers,
decreasing both the yarn strength and stiffness.[49]

2.3 MXene/nylon nanoyarns for energy storage applications
The aforementioned mechanical and electrical properties of MXene/nylon nanoyarns render
them promising candidates for robust wearable energy storage devices. To assess the feasibility of
using these nanoyarns as electrodes in wearable supercapacitor devices, the electrochemical
performance was investigated using a three-electrode set-up (Figure S8a). While MXene
electrodes have demonstrated high capacitance in acidic electrolytes, such as H2SO4,[50] these
electrolytes are not compatible with many polymer-based nanofibers, including nylon nanofibers,
as the polymers are not chemically or electrochemically stable in acidic environments.
Furthermore, since safety is a major concern for devices that will be worn close to the skin,
alternatives electrolytes should be explored for textile energy storage applications. As such, a
neutral electrolyte, aqueous lithium perchlorate (LiClO4), was chosen for this study and to enlarge
the potential window, a saturated concentration of 5.5 M was used. A MXene/nylon nanoyarn
made using a 20 mg mL-1 MXene dispersion and 850 nm flakes was selected as the working
electrode because it had the highest MXene loading of the nanoyarns produced (~90 wt.%) and it
has previously been shown that capacitance increases as a function of MXene loading.[51]
The working potential window for MXene/nylon nanoyarns was investigated using cyclic
voltammetry (CV) and the selected window was -1.25 V to 0 V (vs. Ag wire) (Figure 5a). Using
this neutral electrolyte resulted in a 0.3 to 0.45 V increase in the working potential window relative
to MXene-based electrodes tested in 1 M H2SO4 electrolyte.[12,

27]

The CV curves of a

representative nanoyarn (850 nm flakes, 20 mg mL-1 MXene dispersion) are shown in Figure 5b.
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Figure 5. Electrochemical performance of MXene/nylon nanoyarn electrodes (20 mg mL-1 MXene
dispersion, 850 nm flakes) in a three-electrode set-up using a 5.5 M LiClO4 aqueous electrolyte.
a) Cyclic voltammetry (CV) curves at various operating potentials at 5 mV s-1, b) CV curves at
various scan rates (5 mV s-1 to 500 mV s-1), c) galvanostatic charge-discharge curves at various
current densities, d) rate capability plot of the volumetric capacitance of a MXene/nylon nanoyarn,
e) normalized Nyquist plot, f) cycling stability of a nanoyarn during 10000 cycles at a scan rate of
100 mV s-1, with inset showing CV curves at cycle number 1, 5000, and 10000.

A pair of peaks can be observed in the rectangular-shaped CV curve at a high scan rate of 500 mV
s-1. This CV shape is similar to that of MXene-based electrodes tested in other Li-based
electrolytes, such as LiCl,[45] and the presence of small peaks may be correlated to the surface
redox Li-ion intercalation process.[52] The charge storage kinetics of the nanoyarn electrode was
investigated by evaluating the b value, a parameter which is used to distinguish between
supercapacitor and battery-like behavior. Surface-controlled charge storage processes have a b
value of 1 and diffusion-limited processes have a b value of 0.5. The plot of peak current vs. the
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scan rate (Figure S8b) for MXene/nylon nanoyarn electrodes shows the b value is close to 1 even
at a high scan rate of 1000 mV s-1. This value indicates that diffusion limitations are minimized
due to the high accessibility of the surface of MXene flakes trapped between nylon nanofibers to
electrolyte ions.
Galvanostatic charge-discharge (GCD) curves show negligibly small iR drops at various
current densities and the symmetric shape with linear charge and discharge curves indicates high
coulombic efficiency (Figure 5c). The MXene/nylon nanoyarn showed a volumetric capacitance
of ~440 F cm-3 at 5 mV s-1 (~128 F g-1, ~490 mF cm-2, and ~6.9 mF cm-1) and ~317 F cm-3 at 500
mV s-1, corresponding to a capacitance retention of 72% (Figure 5d). Similar capacitance values
were calculated from GCD curves. This rate capability is better than that of other MXene-based
fibers, including MXene/rGO fibers,[51, 53] neat MXene fibers,[31] and MXene/PEDOT fibers.[12]
To investigate the charge-transfer resistance and ion diffusion kinetics, electrochemical
impedance spectroscopy (EIS) was performed. The Nyquist plot in Figure 5e reveals a very low
equivalent series resistance (ESR) of ~0.21 m cm3 and tiny semi-circle in the high-frequency
regime, indicative of low internal resistance and low resistive ion transport, respectively. Perhaps,
the structure of the nanoyarn exposes the surfaces for MXene flakes to the electrolyte, facilitating
the diffusion of ions within the nanoyarn. In the low frequency regime, the near-vertical line is
indicative of capacitive behavior. The long-term cycling stability of the nanoyarn electrodes was
investigated by cycling at 100 mV s-1 for 10000 cycles and the capacitance retention was 94% and
the columbic efficiency was over 99% at each cycle (Figure 5f). Little changes in the shape of the
CVs were observed and SEM images of the nanoyarn before and after cycling over 10000 cycles
reveal that the morphology was unchanged during cycling (Figure S8c).
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2.4 MXene/polyurethane nanoyarns for strain sensing applications
To explore the versatility of our bath electrospinning method, we used the setup to produce
MXene/PU nanoyarns. For our initial investigation into spinning MXene/PU nanoyarns, a solution
of PU in dimethylformamide (DMF) and tetrahydrofuran (THF) (70/30 vol%) was electrospun
into a bath containing an aqueous dispersion of MXene. THF, being more volatile than DMF, was
added to the spinning solution to produce uniform, bead-free fibers. While the nanoyarns produced
consisted of homogenous and uniform nanofibers (Figure S9a,b), cross-sectional SEM images
and height profiles revealed that the nanoyarns had a ribbon-like, rather than circular, cross-section
(Figure S9c,d), rather than circular. This ribbon-like morphology was caused by the fast
coagulation rate of PU in water and to slow the rate of coagulation, we added 30 vol.% DMF to
the coagulation bath. The addition of DMF resulted in more uniform and circular nanoyarns
(Figure 6a and Figure S9e,f) consisting of individual fibers with a diameter of 960 + 80 nm.
With the goal of balancing the electrical conductivity and stretchability of the PU/MXene
nanoyarns, they were produced using three MXene concentrations, 4.5, 7.5, and 15 mg mL-1. DLS
measurements revealed that 80% of flakes were ~400 nm in lateral size for all three concentrations
(Figure S10a). Similar to the MXene/nylon nanoyarns, the electrical conductivity increased as a
function of MXene concentration, from 23 + 12 S cm-1 to 78 + 27 S cm-1 for nanoyarns made using
4.5 mg mL-1 and 15 mg mL-1 MXene dispersions, respectively (Figure S10b). To approximate the
MXene loading in the nanoyarns, TGA was performed on nanoyarns spun into the 4.5 mg mL-1
MXene dispersion. The results indicated that these nanoyarns contained ~19 wt.% MXene (Figure
S10c).
Representative stress-strain curves of MXene/PU nanoyarns produced using three MXene
concentrations (4.5, 7.5, and 15 mg mL-1) and pristine PU nanoyarns are shown in Figure 6b and
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Figure S11. Nanoyarns produced with 4.5 mg mL-1 and 7.5 mg mL-1 MXene dispersions display
similar tensile behavior to that of pristine PU, as indicated by the initial stiff response, followed
by strain-induced softening, and strain-induced hardening.[54-56] Nanoyarns made with a 15 mg mL1

MXene dispersion only showed the stiff response. The Young’s modulus increased with the

addition of MXene, from ~8.4 MPa for pure PU nanoyarns to ~240 MPa for nanoyarns made using
a 4.5 mg mL-1 MXene dispersion and ~2090 MPa for nanoyarns made using a 15 mg mL-1 MXene
dispersion. The strain-to-failure of nanoyarns made using a 4.5 mg mL-1 MXene dispersion,
~263%, is similar to that of MXene/PU composite wet-spun fibers (~260%), however, the MXene
loading is significantly higher for electrospun nanoyarns (~19 wt.% for MXene/PU nanoyarns vs.
9.1 wt.% for MXene/PU composite fibers[32]). The strain-to-failure decreased from ~263% to ~4%
and the tensile strength from 31 MPa to ~16 MPa with increasing MXene concentration. These
results indicate that for nanoyarns spun using the 4.5 mg mL-1 and 7.5 mg mL-1 MXene dispersions,
the addition of MXene helped to reinforce the nanoyarns, without completely disrupting the
stretchability of PU.
The combination of the high stretchability and electrical conductivity of the nanoyarns
produced using 4.5 mg mL-1 MXene dispersions warranted further investigation into their strainsensing behavior. The strain-sensing performance was evaluated by monitoring the resistance of
the fiber in-situ during uniaxial tensile testing. The relative resistance of the yarn, R/R0, where
R is the change in resistance during stretching and R0 is the initial resistance of the yarn, increased
as a function of strain (Figure 6c). The maximum sensing range (the range at which the sensor can
perform) of the nanoyarn was 208% (Figure 6c) and the gauge factor (the sensitivity of the sensor),
calculated using equation 5, was ~17 in the range of 20-50% strain, ~45 in the range of 50-100%
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strain, and ~1730 in the range of 185-208% strain. The gauge factor is among the highest compared
to other yarn strain sensors,[57-59] further supporting the high sensitivity of MXene/PU sensors.

Figure 6. MXene-infiltrated polyurethane (MXene/PU) nanoyarn strain sensors made using a 4.5
mg mL-1 MXene dispersion. a) SEM images of the surface and cross-section of MXene/PU
nanoyarns, b) stress-strain curve of a representative nanoyarn, c) relative resistance change vs.
strain of MXene/PU nanoyarn under uniaxial tensile testing, d) cyclic stretching and releasing at
various strain magnitudes (10-60% strain, increments of 10% strain). Each cyclic stretching and
releasing magnitude is repeated 10 times. Inset shows cyclic stretching and releasing at 30% strain,
e) strain sensing response of MXene/PU nanoyarn while bending and straightening of a finger to
various degrees.

The strain sensing behavior of MXene/PU nanoyarns was also evaluated during cyclic loading
and unloading (Figure 6d). Under cyclic loading, the relative resistance increased upon stretching
and decreased upon relaxing due to changes in the conductive network.[5] When strain is applied,
the conductive networks is disrupted, resulting in an increase in resistance. When the strain is
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removed, the conductive network is restored, resulting in a decrease in resistance. A concern for
fiber and yarn strain sensors is the drift in resistance response during cycling within each strain
range. Drift can occur as a result of unrecoverable disruptions in the conductive network and is
often observed in many composite fiber systems, such as wet-spun MXene/PU fibers,[32] carbon
black/PU fibers[6], and chemically converted graphene/PU fibers.[6] However, our MXene/PU
nanoyarns sensed up to 60% strain with minimal drift in relative resistance up to 40% strain
(Figure S12a). The small drift in resistance for MXene/PU nanoyarns can be attributed to the high
elasticity and uninterrupted stretchability of PU, which helped to restore the conduction network
during unloading. The low stress relaxation and low hysteresis also contributed to the low drift
(Figure S12b). The nanoyarn showed long-term stability by maintaining its sensing response over
500 cycles of cycling at 10% strain (Figure S12c).
Practical application of the MXene/PU nanoyarns was demonstrated by monitoring the
bending and straightening of a finger. The nanoyarn could monitor slight changes in the bending
angle of the finger (from ~40 to ~65), measuring distinct resistance values at each bend and
returning to the original value once straightened (Figure 6e). Given the high sensitivity and wide
sensing range of 60% strain, which is relevant for wearable applications (where deformations are
typically less than 55%),[60] these MXene/PU nanoyarns show potential for monitoring body
movements, including finger and arm motion and facial movements. [61, 62] The small drift in
relative resistance (R/R0) in each strain range and the significantly different relative resistance
values between strain ranges confirms that these MXene/PU nanoyarns are capable of
distinguishing a wide variety of stretching conditions.
We envision that further scaling the production of nanoyarns will involve detailed investigation
into the automation of the fabrication parameters (i.e. applied voltage, infusion rate, and draw
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ratio) to allow for better control over the nanoyarn structure. The effect of draw ratio on the
alignment of individual nanofibers within a nanoyarn and the alignment of MXene on the electrical
and mechanical properties is unknown, opening new exciting opportunities for future studies. The
quality of the synthesized MXene and fabricated nanoyarns can be better controlled by monitoring
the electrical and mechanical properties. Once scaled, studies to investigate the textile
manufacturing feasibility should be conducted. It may be necessary to increase the diameter of the
nanoyarns for textile integration, which could be accomplished by adding multiple needles to the
electrospinning setup or using a needleless electrospinning process.
3. Conclusions
Highly conductive and stretchable MXene-infiltrated nanoyarns were produced using a bath
electrospinning method. The method is versatile and adaptable to any electrospinnable polymer
system, enabling the infiltration of hydrophilic (nylon) and hydrophobic (polyurethane) fibers with
MXene. MXene/nylon nanoyarns made with 20 mg mL-1 MXene dispersions and large flakes
(~850 nm in lateral size) achieved high electrical conductivity of up to ~1195 S cm-1. By reducing
the flake size and lowering the MXene concentration, the strain-to-failure of MXene/nylon
nanoyarns reached ~43%, with minimal change in tensile strength relative to pure nylon fibers.
MXene/nylon nanoyarns demonstrated potential as electrodes in textile supercapacitors, achieving
a high volumetric capacitance of ~440 F cm-3 at 5 mV s-1 in ~5.5 M LiClO4 electrolyte, a wide
potential window of 1.25 V, excellent rate capability and cycling stability over 10,000 cycles.
Using the bath electrospinning approach, we also produced MXene/PU nanoyarns with a high
MXene loading of ~19 wt.%, while maintaining the stretchability of PU, leading to a conductivity
of ~23 S cm-1. MXene/PU nanoyarns had a wide sensing range of 208% under uniaxial tensile
testing and 60% under cyclic testing, high sensitivity, and very low drift. This work provides
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insights into the infiltration of MXene into nanoyarns and their applicability to various
applications, such as energy storage and strain sensing. Utilization of the high stretchability of
polymeric nanofibers, together with the electrical and electrochemical properties of MXenes,
offers a platform for storing energy and sensing body movements in wearable textiles.
4. Experimental Section
4.1.

Synthesis of Ti3C2Tx MXene

Ti3C2Tx MXene was synthesized following a previously reported method.[63] Briefly, 2 g of
Ti3AlC2 MAX phase with mesh size ~≤ 45 µm was slowly added to 60 mL of etchant containing
12 M HCl (Alfa Aesar, 98.5%), deionized water, and 49% HF (Acros Organics) in a volumetric
ratio of 6:3:1, respectively. This solution was stirred on a hot plate at 300 rpm for 24 h at 35 C.
After etching, the multilayer MXene was washed repeatedly with deionized water by
centrifugation at 3500 rpm for 2-6 min until the pH reached 6-7. Next, the multilayer MXene was
mixed with 1 g of LiCl in 50 mL of deionized water, followed by manual shaking ~2 min. The
solution was stirred at room temperature at 400 rpm overnight. After stirring, the MXene solution
was washed twice with deionized water by centrifugation at 3500 rpm for 1 min, followed by
centrifugation at 3500 rpm for 1 h (until the supernatant was clear). The delaminated MXene was
washed two more times at 9000 rpm for 20 min, resulting in a total of 5 washes after adding LiCl.
To separate unreacted MAX from MXene, the sediment was dispersed in deionized water and
centrifuged at 3500 rpm for 4 min. The supernatant was collected, and the unreacted MAX was
discarded. The concentration of the dispersions was measured by filtering a known volume of
solution (1-2 mL) through a polypropylene filter with a pore size of 64 nm (Celgard, LLC). The
mass was recorded after the film was dried overnight under vacuum. The MXene flake size was
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reduced using probe sonication (Fisher Scientific model 505 Sonic Dismembrator). MXene
dispersions (~30 mL in a 50 mL glass beaker) were probe sonicated in a cooling chamber (-4 C)
for either 2 min (medium size flakes) or 8 min (small size flakes) at an amplitude of 20% and pulse
ratio of 8/2 (8 s on, 8 s off).
4.2.

Electrospinning solution preparation

Nylon spinning dispersions were prepared by adding 14 wt.% nylon6 (C6H11NO)n (Sigma
Aldrich) into formic acid (HCOOH). The solution was stirred at 100 rpm on a hot plate at 70 C
until fully dissolved. Polyurethane spinning dispersions were prepared by adding 15 wt.%
polyurethane (AdvanSource Biomaterials Chronoflex C 80A) into dimethylformamide (DMF)
and tetrahydrofuran (THF) in a ratio of 7:3 V/V. Solutions were stirred overnight at room
temperature at 100 rpm until fully dissolved.
4.3.

Near-field bath electrospinning

Electrospinning solutions were loaded into a plastic syringe and capped with a 21 G metal
needle. The syringe was mounted onto a syringe pump. A positive voltage (10-20 kV) was applied
to the needle tip and a grounded wire was placed underneath a Teflon bath (12 cm × 8 cm × 2 cm).
The Teflon bath was filled with a MXene dispersion (~40 mL). For spinning MXene/nylon
nanoyarns, the bath was filled with aqueous dispersions of MXene (10 mg mL-1 or 20 mg mL-1).
To produce MXene/PU nanoyarns, dispersions of MXene in water/DMF (7:3 V/V) at
concentrations of 4.5, 7.5, and 15 mg mL-1 were used. To exchange water for water/DMF, MXene
dispersions were centrifuged at 9000 rpm for 20 min, the supernatant was decanted, and the MXene
sediment was re-dispersed in ~30 mL of a mixture of water/DMF (7:3 V/V). This process was
repeated 3 times prior to using the dispersion for electrospinning. For spinning both MXene/nylon

25

and MXene/PU nanoyarns, the distance between the needle tip and the MXene bath ranged from
1 to 3 cm and the infusion rate was between 0.3 - 1 mL h-1. Nanofibers were spun into the MXene
dispersion and nanoyarns were continuously collected onto a rotating winder.
4.4.

Characterization

The size of MXene flakes was measured using dynamic light scattering (DLS, Zetasizer Nano
ZS, Malvern Instruments) and averaged over five measurements. Flake size and thickness was also
measured using atomic force microscopy (AFM, Bruker Multimode 8) in standard tapping mode
in air. The drive frequency was 300 kHz and the drive amplitude was 72 mV. The scan size ranged
from 1 × 1 m2 to 15 × 15 m2 and the scan rate ranged from 0.4 - 0.9 Hz. AFM samples were
prepared by spin coating MXene dispersions on oxygen plasma-treated Si/SiO2 substrates at 2000
rpm for 2 min and drying at 5000 rpm for 15 s. Yarn morphology was observed using a scanning
electron microscope (SEM, Zeiss Supra 50 VP) after sputter coating with platinum/palladium for
40 s (Cressington Scientific 108 Auto). Yarn cross-sections were prepared for imaging by
submerging the nanoyarn in liquid nitrogen for 3 min and carefully breaking the nanoyarn with
tweezers. Height maps of nanoyarns were taken using a 3D optical profilometer (Keyence VKX1000 laser scanning microscope). X-ray diffraction (XRD) patterns were collected using a
Rigaku Smart Lab powder diffractometer with Cu Kα radiation at a step size of 0.03° with 0.5 s
dwelling time. The thermal stability of the fibers was analyzed using thermal gravimetric analysis
(TA SDT Q600) in Helium at a heating rate of 5 C min-1. Raman spectroscopy was performed
using a Renishaw in-Via Raman confocal microscope with an air-cooled CCD detector. The
magnification used was 50× and the laser wavelength was 514 nm. The laser power was used at
1% to avoid photoluminescence. Spectra were collected with acquisition time of 120 s for 3 times
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and cosmic rays were deleted. The same MXene dispersion was used to produce both the nanoyarn
and the film (20 mg mL-1 MXene concentration, ~440 nm flakes).
The rheological properties of aqueous MXene dispersions were investigated using a rheometer
(TA Instruments AR-G2) with a cone-shaped geometry (angle: 2°, diameter: 40 mm, gap 50 μm)
at 25 °C. Approximately 0.6 mL of dispersion was carefully loaded into the rheometer to prevent
shearing the sample. The viscosity change as a function of shear rate was measured at shear rates
between 0.01 and 1,000 s-1 using logarithmic steps. Each experiment was repeated three times.
The electrical conductivity of the nanoyarn was measured using a custom-built four-point
probe with a probe spacing of ~0.23 mm. A digital source meter unit (Keithley 2400) was used to
apply different currents (I) between the two outer probes and measure the voltages (V) between
the two inner probes. The resistance of the nanoyarn was then calculated from the I-V curves and
used to estimate the electrical conductivity () from the following equations,
𝜌=
𝜎=

(𝑅×𝐴)
𝐿
1
𝜌

(1)
(2)

where R is the resistance (), A is the cross-sectional area of the nanoyarn (cm2), L is distance
between pins (cm) and 𝜌 is the resistivity. Nanoyarn diameters for calculating A were measured
from SEM images using ImageJ software.
Electrochemical tests were conducted using a VMP3 electrochemical workstation (BioLogic)
in a three-electrode set-up using 5.5 M saturated aqueous lithium perchlorate (LiClO4) as the
electrolyte. A MXene/nylon nanoyarn and Ag wire were used as the working and reference
electrodes, respectively. Aluminum foil coated with activated carbon (90 wt.% activated carbon,
10 wt.% polyvinylidene fluoride) was used as the counter electrode. Electrochemical impedance
spectroscopy (EIS) was performed in the frequency range of 200 kHz to 10 mHz at open circuit
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potential by applying a sinusoidal potential signal with an amplitude of 10 mV. Cyclic
voltammetry (CV) curves and galvanostatic charge-discharge profiles of the MXene/nylon
nanoyarns (~0.3-0.5 cm in length) were recorded at scan rates from 5 to 500 mV s-1 and current
densities from 1 to 20 A cm-3, respectively. The capacitance (C) was calculated by integrating the
discharge portion of the CV curve, according to the following equation
𝐶=

∫ 𝑖𝑑𝑉
𝑣∆𝑉

(3)

where i is the discharge current, V is the potential window, and v is the scan rate. The capacitance
was normalized to the outer surface area (mF cm-2), volume (F cm-3), length (mF cm-1) and mass
of the nanoyarn electrode (F g-1). The capacitance retention of the fiber electrode was calculated
using the following equation
𝐶𝑟 =

𝐶𝑖
𝐶1

× 100%

(4)

where Ci is the capacitance in cycle i and C1 is the capacitance calculated from cycle 1.
The mechanical properties of the nanoyarns were measured using a tensile tester (Instron 3365)
equipped with a 5 N load cell. Nanoyarn samples were loaded into paper frames (1 cm gauge
length). MXene/nylon nanoyarns were tested at a rate of 8 mm min-1. Twist was inserted into the
nanoyarn (~5 cm) using a hand-held twisting device (Lacis IG05 Cord Maker and Fringe Twister)
while the nanoyarn was supporting a mass of ~450 mg. The electromechanical properties of the
MXene/PU nanoyarns were measured by recording the resistance of the nanoyarns using a digital
multimeter (Keysight 34461A) during tensile testing. Nanoyarns were loaded into paper frames
with copper tape at the top and bottom of the frames and the copper tapes were connected to the
multimeter. Uniaxial stretching of MXene/PU nanoyarns was performed by stretching until
breakage at a rate of 15 mm min-1. Cyclic extension and relaxation tests were performed by
cyclically loading the nanoyarns up to 60% strain in increments of 10% at a rate of 3 mm min-1
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and then relaxing to zero strain. Each incremental step was repeated 10 times. Long cycling tests
were performed at 10% strain at a strain rate of 3.3 mm min-1 for 500 cycles. The gauge factor
(GF) was calculated using the following equation
GF =

𝑅 − 𝑅0
× 100
𝜀𝑅0

(5)

where R is the resistance at each applied strain, R0 is the initial resistance of the nanoyarn, and 𝜀 is
the applied strain.
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Continuous and electroactive MXene-based nanofiber yarns (nanoyarns) are fabricated using
a bath electrospinning method, which captures MXene flakes throughout the entire cross-section
of a nanoyarn, maximizing interactions between nanofibers and flakes. The high stretchability of
polymeric nanofibers and the electrical and electrochemical properties of MXene offer a platform
for storing energy and sensing body movements in wearable textiles.
Bath Electrospinning of Continuous and Scalable Multifunctional MXene Infiltrated
Nanoyarns
Ariana Levitt, Shayan Seyedin, Jizhen Zhang, Xuehang Wang, Joselito M. Razal, Genevieve Dion,
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