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Conceptual insights
A new member of the 2D family called “MXene” offers metallic
conductivity and outstanding electrochemical properties that are
important for developing fiber supercapacitors. To date, however,
scalable approaches of making MXene-based fibres are relativey
unexplored. Here we demonstrate that graphene oxide liquid
crystal-assisted fiber spinning approach can be used to produce
novel fibers that are predominantly MXene by weight (~88 wt. %).
These MXene fibers exhibit high volumetric capacitance (~341 F cm3), electrical conductivity (~72.3 S cm-1), and excellent strength and
flexibility that allow knitting of MXene-based textile prototype. The
supercapacitor device made from MXene fibers display excellent
stability after 20,000 cycles and deliver maximum energy and
power densities of ~5.1 mW h cm-3 and ~1,700 mW cm-3,
respectively. This work introduces a new class of fiber
supercapacitors that offer great potential for realizing flexible
power sources for miniaturized electronic gadgets and wearable
technologies.
The recent advances in wearable technology urge the
development of compatible energy sources that can be
integrated within a textile for powering such electronic devices
as sensors, actuators, and displays to name a few.1–7 Because of
their flexibility, small footprint, and potential compatibility with
textile processing (i.e. weaving or knitting), energy storing fibers
have gained significant attention as wearable energy storage
alternatives to traditional forms of supercapacitors and
batteries that are either bulky or rigid.2–5 Carbon nanotube
(CNT)-based8–12 and graphene-based13–18 fibers have shown
great promise in this regard for their remarkable mechanical,
electrical, and electrochemical properties. Notably, wet-spun
graphene oxide fibers have been successfully knitted into
textiles using a conventional knitting machine.19 However,
graphene fibers without any additives have shown moderate
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MXene nanosheets have been shown to possess high
electrical conductivity of up to 9,880 S cm-1 and
exceptionally high volumetric capacitance of up to 1,500 F
cm-3, which make them excellent electrode candidates for
fiber supercapacitor devices. However, unlike graphene or
carbon nanotubes, which can be spun into continuous
fibers, fiber-based MXene architectures have not yet been
realized. Here we show for the first time that fibers
containing ~88 wt. % MXene can be made using a facile and
scalable graphene oxide liquid crystal-assisted fiber
spinning approach. The galleries of highly aligned GO sheet
stacks serve as templates to accommodate the MXene
nanosheets, leading to fibers with excellent mechanical
properties and energy storage performance that rival the
existing fiber-based supercapacitor devices. These fibers
can be knitted into textile prototypes, demonstrating the
ease of integration in wearable, flexible, and miniaturized
electronics.
energy storage performance with volumetric capacitances (CV)
of less than 50 F cm-3, leading to low energy density and power
density.3 This moderate performance is attributed to the
relatively low conductivity and undesirable re-stacking of
graphene sheets, which affect charge transport and electrolyte
access, respectively. Achieving high volumetric energy storage
performance can reduce the device volume and impact
flexibility. Attempts to increase the volumetric performance of
graphene fibers include the addition of conducting fillers like
CNTs20 or pseudocapacitive materials (PCM) such as conducting
polymers (e.g. polyaniline and polypyrrole, and PEDOT:PSS),21–
23 metal oxides (e.g. MnO nanowires and Bi O nanotubes),24–
2
2 3
26 and transition metal dichalcogenides (e.g. MoS , TiS , TaS ,
2
2
2
and NbSe2 nanosheets).27–29 CNTs have been found to be
inferior to PCMs but the use of PCMs leads to low cycle life and
poor rate capability performance, arising from the redox
reactions that PCMs use to store energy. There is often a tradeoff between device power density and energy density. In
addition, high PCM inclusion negatively affects either the
electrical or the mechanical properties of the fibers leading to
either poor energy storage performance or brittle fibers.
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Fig. 1 Schematic representation of spinning formulation and fiber spinning of MXene/GO
fiber.

MXene nanosheets are regarded for energy storage
applications because of their high electrical conductivity (up to
9,880 S cm-1)30 and excellent volumetric capacitance (up to
1,500 F cm-3).31 MXenes (formula Mn+1Xn) are synthesized by
first etching the “A” layer from their parent MAX phase
(Mn+1AXn) followed by an intercalation-assisted delamination
process to yield single or a few layer nanosheets. “M”, “A”, and
“X” are early transition metal, group 13-16 element, and carbon
and/or nitrogen, respectively.32–36 MXene nanosheets have
been processed into pristine or hybrid films that were used as
electrode materials to prepare energy storage devices.31,37–39
For wearable applications, fibers are preferred as they can be
woven or knitted into textiles. Recently, MXene-coated silver
yarns were produced that showed a high areal capacitance of
328 mF cm-2.40 However, coatings typically achieve low
gravimetric and volumetric performances needed for wearable
applications. At present, it is a challenge to process MXenes into
fibers. MXenes have a relatively low lateral sheet size, with a
majority being less than ~1 µm. Without binders or additives,

they have the insufficient inter-sheet strength for fiber
processing. An effective strategy to realize spinnability is to
combine MXene with inherently spinnable polymeric materials
or nanomaterials, e.g. CNT and graphene oxide (GO). By using
liquid crystalline graphene oxide (LCGO) as a host, several nonspinnable nanomaterials have been spun into fibers.41–43 Here,
we show that novel MXene/GO fibers with very high MXene
loading (~88 wt. %) can be realized (Fig. 1). The MXene fibers
show a high volumetric capacitance (~341 F cm-3 at 0.5 A cm-3)
and when used in a supercapacitor device, generate maximum
energy and power densities of ~5.1 mW h cm-3 and 1,700 mW
cm-3, respectively. Unlike other PCMs, where electrical
conductivity is compromised at high loadings, MXene was found
to enhance conductivity (up to 2.5 times) even at the highest
loading of ~88 wt. %. These fibers also possess excellent
mechanical properties and have endured the mechanical stress
introduced during the knitting of textile prototypes. These
results show that the novel MXene fibers make an excellent
candidate for electrode material for the development of fibershaped devices that potentially include supercapacitors,
sensors, batteries, and other integrated fiber devices, all of
which are becoming increasingly critical in meeting the
demands of wearable, flexible, and miniaturized electronics.
In this work, we used Ti3C2Tx (referred to as Ti3C2 for
simplicity; Tx denotes surface termination groups) as it has been
found to possess the highest electrical conductivity and
volumetric capacitance among the MXene types synthesized to
date.36 We synthesized the Ti3C2 MXene following the LiF/HCl
approach.34 Transmission electron microscopy (TEM) studies
confirmed the synthesis of delaminated MXene nanosheets

Fig. 2 (a) TEM image of a Ti3C2 MXene nanosheet, (b) a typical SEM image of large GO sheets, (c-f) polarized optical microscopy images of (c) pristine MXene, (d) pristine GO, (e)
MXene/GO at 38 wt. %, and (f) MXene/GO at 88 wt.% dispersions showing birefringence for samples in (d-f), (g) SEM image of a knotted MXene/GO fiber with MXene loading of
~88 wt. % demonstrating flexibility, (h) optical image of a MXene/GO fiber textile prototype co-knitted with a nylon yarn, and (i) XRD spectra of MXene/GO fibers at different MXene
loadings and MXene film. The broken line represents the position of the (002) peak at 2θ ~ 6.5° for MXene and the dashed line shows the position of the (002) peak at 2θ ~10.2° for
GO.
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(Fig. 2a). Full characterization data that show successful etching
exfoliation and delamination of MAX phase (Ti3AlC2) to MXene
nanosheets can be found in the ESI. Our initial attempts to wetspin fibers from additive-free MXene dispersions were
unsuccessful. Unlike graphene oxide dispersions (Fig. 2d), pure
MXene dispersions do not display liquid crystalline behavior
even at very high MXene concentration (Fig. 2c). Also, none of
the coagulation methods that work for graphene, graphene
oxide and carbon nanotubes led to MXene fibers suggesting
that the intersheet interactions between MXene nanosheets
are weak and not sufficient to produce a free‐standing fiber
structure. We successfully imparted spinnability to MXene
dispersions by combining them with inherently spinnable LCGO
dispersions containing large monolayer GO sheets (~50 µm, Fig.
2b). We prepared spinnable MXene/GO formulations by using a
sequential centrifugation-addition process in order to increase
MXene loading. Sonication was not employed throughout the
spinning formulation preparation process in order to preserve
the sheet size and LC behavior for spinnability. We note that
LCGO and MXene dispersions were initially processed in
dimethyl sulfoxide (DMSO) to prevent MXene oxidation during

processing. DMSO was replaced with water using centrifugation
only when the desired MXene/GO composition was reached
and the spinning set-up was ready. We found that the resulting
MXene/GO formulations exhibited birefringence similar to the
LCGO dispersion (Fig. 2e,f), indicating their suitability for fiber
spinning.
Novel fibers from the MXene/GO formulations were
achieved by a one-step wet-spinning method (Fig. 1). We were
able to prepare fibers using various coagulation bath
compositions suggesting that MXene/GO formulations were as
versatile as the pure LCGO dispersion. Here, we used acetic acid
as coagulation bath since it resulted in the best wet-fiber
strength for easy drying and collection. We produced
continuous fibers exceeding 10 m long without the need for
separate washing and drawing steps even at the highest MXene
loading of ~88 wt. %. The MXene/GO fibers demonstrated
flexibility by withstanding repeated bending and by forming a
knot without breakage or microstructural damage (Fig. 2g). We
observed a fiber morphology dependence on MXene loading
(Fig. 3a). As the MXene content increased, the fibers displayed
a near circular cross-section, while the neat GO fibers showed

Fig. 3 Comparison of the morphological, electrical, and mechanical properties of MXene/GO fibers at different MXene loadings. (a) representative SEM images of MXene/GO fibers
at various MXene loadings. The SEM images highlight the atomic contrast between the GO and MXene phases where the MXene sheets appear brighter than the GO sheets. Arrows
show the typical MXene flakes in the fiber. (b) Young’s modulus, (c) tensile strength, (d) strain at break, (e) toughness, and (f) electrical conductivity of the MXene/GO fibers. Data
in (f) are related to MXene/rGO fibers, i.e. after chemical reduction.
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an irregular cross-section. High magnification SEM images also
revealed that MXene/GO fibers had densely packed
morphologies whereas GO fiber showed macro and micro voids.
We observed that the fiber density increased with MXene
loading whereby at ~88 wt. % MXene, the MXene/GO fiber had
a density of ~2.87 g cm-3 compared to ~1.18 g cm-3 for the
pristine GO fiber. The elemental maps for Ti, C, and O obtained
from energy dispersive X-ray spectroscopy (EDS) confirmed the
presence of MXene within the fiber (Fig. S3, ESI). By using
atomic contrast in SEM, it became easier to distinguish MXene
from GO by their brightness. The representative images taken
from various samples showed that the hybrid fibers were
composed of MXene and GO 2D building blocks, where the
small MXene nanoplatelets have filled the voids in between the
much larger GO sheets. The GO sheets also remained oriented
along the fiber direction, as deduced from the GO edges that
appeared as a gallery of aligned sheet stacks. It is clear from
these results that the highly ordered GO domains served as
templates to accommodate the MXene flakes and this enabled
the facile fabrication of novel MXene/GO fibers.
The hybrid fibers also showed high mechanical properties
(Fig. 3b-e). For instance, at ~15 wt. % MXene, the hybrid fiber
showed Young’s modulus of ~11.3 GPa, tensile strength of
~132.5 MPa, strain at break of ~2.9 %, and toughness of ~2.69
MJ m-3 which were respectively 1.6-, 2.4-, 2.9-, and 9.1-times
higher than the GO fiber produced at the same condition.
Notably, these high mechanical properties were maintained
even at the maximum MXene loading of ~88 wt. %, with a slight
decrease in strain at break (~1.6 %) and subsequently toughness
(~1.27 MJ m-3). We demonstrated the robustness of the novel

MXene fibers by co-knitting them into a textile structure (Fig.
2h) using a knitting machine (i.e. not by hand). The spinning
conditions e.g. coagulation bath used in this work were
favorable towards producing fibers with very high MXene
loadings (up to ~88 wt. %). These MXene/GO fibers have
mechanical properties that are comparable to literature reports
on GO fibers,44 although the spinning conditions used are not
optimized for strength. It is noteworthy that the widely used
spinning condition for pure GO fibers such as the use of CaCl2
coagulation bath was found ineffective when MXene loading
exceeded ~3 wt. % (see ESI). Further optimization and
investigation of spinning conditions are required to lead to
MXene/GO fibers with enhanced mechanical properties. It has
been previously reported that the alignment of the sheets,
bonding or inter-sheet interactions, compactness (density) of
the fibre, and structural ordering largely affect the mechanical
properties of the pristine GO fiber.19,45,46 In this case, the higher
mechanical properties of the hybrid MXene/GO fiber could be
the result of the higher structural density achieved by the
addition of MXene. The slight decrease of strain at break and
toughness at high MXene loadings could be attributed to the
lower inter-sheet sliding of smaller MXene flakes.
X-ray diffraction (XRD) analyses showed that the (002)
diffraction peak of GO at 2θ ~10.2° shifted to 2θ ~8.8° upon the
addition of up to ~15 wt. % MXene (Fig. 2i). This shift
corresponds to an increase in GO interlayer spacing distance
from ~8.7 to ~10.0 Å. When MXene loading increased to ~38 wt.
%, an additional peak was observed at 2θ ~6.5°, which was
attributed to the (002) diffraction signature of MXene (as
observed for pristine MXene film). At the highest MXene
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Fig. 4 Electrochemical performance of MXene/rGO fibers at various MXene loadings. (a) CV curves at the scan rate of 2 mV s-1, (b) GCD curves at the current density of 0.5 A cm-3, (c)
the effect of MXene loading on the specific volumetric capacitance (obtained from galvanostatic charge/discharge) of the fiber, (d) normalized Nyquist plots based on the volume of
the fibers. CV and GCD results were acquired using a three-electrode system in 1 M H2SO4. (e) cyclic stability of MXene/rGO fiber supercapacitor device (two-electrode system) in
PVA/H2SO4 solid-state electrolyte for 20,000 cycles at the current density of 5 A cm-3. Inset in (e) shows representative GCD for the cyclic test at different cycles. (f) Ragone plot
comparing the energy density and power density of the MXene/rGO fiber supercapacitor device with literature.
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loading (~88 wt. %), only the (002) diffraction peak of MXene
was observed because the GO content was minimal. The
downshift of the (002) diffraction for the GO component
suggested that the MXene flakes were confined within the GO
sheets and prevented GO from re-stacking. No intercalation of
graphene sheets within the MXene flakes was observed in the
hybrid fibers unlike in a recent report on MXene/reduced GO
(rGO) film47 where graphene sheets were found to intercalate
in between the MXene layers. It was not possible for us to adopt
this reported electrostatic self-assembly approach47 in spinning
the MXene/GO fibers because it leads to immediate
agglomeration when the positively‐charged modified rGO
dispersion is added to the negatively‐charged MXene; an
aggregate‐free dispersion (i.e. a homogeneous blend of GO and
MXene nanosheets) is a prerequisite to successful wet‐spinning.
The as-spun MXene/GO fiber at ~88 wt. % MXene had an
electrical conductivity of ~0.04 S cm-1, unlike the GO fiber which
did not show a measurable conductivity. With retaining
flexibility as one of our main considerations, we only used mild
chemical reduction to improve the conductivity of the GO
component. The highest electrical conductivity of ~72.3 S cm-1
was attained for the fiber with 88 wt. % MXene loading, which
was 2.5 times higher than the pure rGO fiber (Fig. 3f). The
chemical reduction process did not affect the fiber mechanical
properties adversely. For instance, the MXene/rGO fiber at ~88
wt. % MXene showed a Young’s modulus of ~13.3 GPa, tensile
strength of ~116.1 MPa, strain at break of ~1.3 %, and
toughness of ~0.94 MJ m-3 which were similar to the as-spun
MXene/GO fiber.
We evaluated the electrochemical properties of
MXene/rGO fibers using a three-electrode set-up with H2SO4 (1
M) electrolyte. The cyclic voltammetry (CV) curves of the hybrid
fibers (at the scan rate of 2 mV s-1), shown in Fig. 4a, had a
slightly distorted rectangular shape and reversible cathodic and
anodic peaks at around 0.4 V and 0.3 V (vs. Ag/AgCl)
respectively, indicating the EDLC behavior of rGO and the
pseudocapacitive contribution from MXene. We calculated the
pseudocapacitance and diffusion limited contributions to the
capacitance (see ESI for calculations) for the MXene/rGO fiber
at ~88 wt. % MXene and observed that ~77 % of the total
capacitance came from the pseudocapacitance which could be
attributed to MXene (Fig. S4c, ESI). Analysis of the CV data
revealed a general trend of increasing volumetric, gravimetric,
areal, and length capacitance with MXene loading at all scan
rates. The galvanostatic charge–discharge (GCD) curves shown
in Fig. 4b for the current density of 0.5 A cm-3 revealed
increasing discharge times with MXene loading. In agreement
with the CV data, the volumetric capacitance of the MXene/rGO
hybrid electrodes calculated from the GCD data also increased
with MXene loading (Fig. 4c). At a current density of 0.5 A cm-3,
the CV of the fiber with ~88 wt. % MXene (~341 F cm-3) was one
order of magnitude higher than that of the rGO fiber (~29 F cm3). This C is among the highest reported literature values for
V
single hybrid or composite fibers (Table S1). The equivalent
gravimetric capacitance of the MXene hybrid fiber electrode
was ~257 F g-1 (see ESI for all specific capacitance values derived
from the CV and GCD experiments). This gravimetric

capacitance was six times higher than the pure rGO fiber even
when the density of the MXene hybrid fiber was higher. No
significant iR drop was observed at the beginning of the
discharge curve. The MXene hybrid fibers also showed excellent
rate capability performance displaying a CV of ~125 F cm-3 at a
high current density of 10 A cm-3. We also tested the
MXene/rGO fibers after pre-wetting with KOH (6 M)16 and
found that the volumetric and gravimetric capacitances
increased to ~389 F cm-3 and ~293 F g-1, respectively (Fig. S6,
ESI). The Nyquist plots (Fig. 4d) obtained using electrochemical
impedance spectroscopy showed that the equivalent series
resistance (ESR) decreased with increasing MXene loading.
From the Nyquist plots, it was also observed that the diameter
of the semi-circle decreased with increasing MXene loading,
suggesting a reduction in the interfacial charge transfer
resistance. The enhanced ion diffusion with MXene addition
suggested that MXene flakes prevented the graphene sheets
from restacking in the hybrid fibers. In addition, the increasing
slopes at the low-frequency region were observed with
increasing MXene loading further confirming that the enhanced
capacitive behavior was MXene loading dependent.
We also fabricated a symmetric fiber supercapacitor device
using a parallel electrode configuration and a polyvinyl alcohol
(PVA)/H2SO4 solid electrolyte. From the GCD results, the fiber
electrode with ~88 wt. % MXene showed a CV of ~256 F cm-3 at
0.1 A cm-3 (Fig. S7 and S8, ESI). The long-term stability of the
device using cyclic GCD at 5 A cm-3 showed no capacitance
decay after 20,000 cycles with a Coulombic efficiency of ~100 %
(Fig. 4e). We also calculated the energy density and power
density of this device and presented the volumetric data in the
form of Ragone plot in Fig. 4f along with literature values. Our
device showed a high energy density of ~5.1 mWh cm-3 at the
power density of ~20.0 mW cm-3. When power density was at
its highest (~1700 mW cm-3), the device demonstrated a high
energy density of ~2.3 mWh cm-3. This combined energy storage
performance is superior to the other fiber supercapacitor
devices reported in the literature.

Conclusions
In summary, we demonstrated a liquid crystalline-assisted fiber
spinning of Ti3C2 MXene nanosheets into novel fibers with high
volumetric capacitance. We showed that the favorable
assembly of MXene and GO nanosheets has prevented the GO
sheets from re-stacking and improved the circularity and the
structural packing within the resulting fiber, which led to high
electrical and mechanical properties. These desirable
properties and the outstanding electrochemical performance
and flexibility suggest that these novel fibers are excellent
candidates for the further development of textile-based energy
storage devices for wearable technologies and miniaturized
electronics. Further optimization of fiber spinning conditions
can be carried out to achieve fibers with enhanced mechanical,
electrical, and electrochemical properties.
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