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A B S T R A C T

Free-standing aligned fiber is capable of providing sufficient electrochemical properties for fiber electrode
without sacrificing flexibility, which is highly desirable for fiber batteries that are expected to be flexible and
efficient energy storage. Here, we propose a free-standing and aligned tungstate/MXene fiber spun from their
mixed liquid crystals colloid for fiber-shaped lithium/sodium-ion batteries. Benefiting from the 3D interconnected
ion transport tunnels, fast charge transfer frameworks and minimum ion-path tortuosity provided by the aligned
structures of 2D tungstate and MXene nanosheets, the fiber is endowed with both efficient pseudocapacitive
energy storage and flexibility. As expected, the fiber delivers high reversible capacity, excellent rate capability and
outstanding long-term cycling performance. Even under mechanical deformations, the fiber batteries can power
the LED, digital timer, temperature-humidity meter, and smart wristband. This work may promote the further
development of practical fiber batteries for wearable electronics.
Wearable electronic devices such as Apple Watches, Samsung brace-
lets, and Sony VR headsets are becoming part of life because of the great
convenience they bring [1–3]. With the rapid rise of the consumer
market, wearable devices have to necessitate the further development of
flexible energy storage systems. Fiber battery as an ideal energy supply
for wearable devices has gained increasing popularity in recent years,
which allows mechanically deformable in all dimensions and can be in-
tegrated into wearable electronic textiles [4–7].

It is incontrovertible that the fiber electrodes predominate the fiber
battery, which plays a pivotal role in the performance of flexibility and
energy storage. Despite many efforts dedicated to developing novel fiber
electrodes, the fiber batteries generally deliver relatively low perfor-
mances compared with their rigid or planar counterparts [8–10]. In the
previous studies, the commonly used fiber electrodes are usually pre-
pared by incorporating active materials on fiber substrate, which exhibits
excellent flexibility but suffers from low efficiency of active materials to a
certain extent, since the unique 1D configuration and its high curvature
interface [11–14]. The unbalance between flexibility and energy storage
performance of the fiber electrodes delays further development of the
fiber batteries. Moreover, from a viewpoint of practical applications, the
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current status of the most used fiber substrate (i.e. carbon nanotube fi-
bers) cost is too high, which limits the scale-up production of fiber bat-
teries in the wearable electronics market. In this context, developing fiber
electrodes with integrated flexibility and energy storage performance is
required, especially the free-standing aligned macroscopic fiber directly
assembled by active materials through large-scale industrial
wet-spinning, which could provide sufficient energy storage perfor-
mances for fiber batteries without sacrificing flexibility.

With the development of 2D active materials, tungstate nanosheets
(Cs4W11O36

2�) exhibit natural structural and performance advantages in
free-standing aligned fiber electrode, including [1]: The ultrathin struc-
ture provides large exposed surfaces, which will greatly shorten the ion
diffusion distance and offer extra active sites [2,15–17] The open and 3D
interconnected host lattice provides fast ion transport without trapping,
which contributes to efficient pseudocapacitive charge storage [18–20],
and [3] The huge 2D structural anisotropy (lateral size versus thickness)
endows them the promising for macroscopic fiber assembly by liquid
crystalline wet-spinning, which is in favor of constructing free-standing
fiber with aligned structures [21]. Meanwhile, considering the unsatis-
factory electronic property of tungstate nanosheets, it is necessary to
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introduce a conductive component in the fiber assembly. The 2D tita-
nium carbide nanosheets (Ti3C2Tx, namely MXene) become an ideal
choice to serve as the collaborative building-blocks with tungstate
nanosheets to form conductive frameworks in the fiber, due to their
similar 2D geometric configuration and excellent electronic conductivity
[22–25]. The tungstate nanosheets will play as the major role for energy
storage while MXene is expected to serve as the charge collector, which
can naturally achieve indiscriminate and conformal stacking in the
aligned structures, providing the basis for both superior mechanical
flexibility and efficient energy storage performances.

Here, a free-standing and aligned tungstate/MXene fiber is proposed
as an efficient fiber electrode for fiber-shaped lithium and sodium-ion
batteries (LIBs and SIBs), as shown in Fig. 1a. Through inheritance of
the long-range ordering of mixed liquid crystals (LCs) colloid, the tung-
state/MXene fibers with sheet-on-sheet aligned structures were achieved
by electrostatic interactions. Benefiting from the fast ion transport pro-
vided by the 3D interconnected open tunnels of tungstate, the superior
charge transfer produced by the conductive frameworks of MXene, and
the minimum ion-path tortuosity enabled by the aligned structures, the
tungstate/MXene fiber possesses competitive advantages over other fiber
electrodes, with both efficient pseudocapacitive energy storage and
flexibility. Reflected on the fiber-shaped LIBs and SIBs, the tungstate/
MXene fiber exhibits high reversible capacity, excellent rate capability
and outstanding long-term cycling performance even under mechanical
deformations, which can continuously deliver power for the LED, digital
timer, temperature-humidity meter, and smart wristband.

Tungstate nanosheets LCs colloid was prepared by the exfoliation of
Fig. 1. (a) Schematic illustration of the preparation and application for tungstate/M
tungstate viewed from a-axis. (b) AFM image and (c) corresponding height profiles o
MXene. (f-h) POM images for tungstate, MXene, and tungstate/MXene LCs colloid in a
directions of polarizer and analyzer. (i) Photographs of tungstate, MXene, and tungs
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layered tungstate crystals [26], details in the experimental section. As
shown in Fig. S1a, the almost transparent transmission electron micro-
scopy (TEM) image displays the ultrathin 2D structure of tungstate
nanosheets. Atomic force microscopy (AFM) image of the nanosheets
demonstrates that their average lateral size is 1.2 μm (Fig. 1b) and the
corresponding thickness is about 2.0 nm (Fig. 1c), in accord with the total
thickness of the nanosheet and its adsorbed hydroxyl (Fig. S1b). The 3D
interconnected open tunnel structures can be observed in the crystal
structures of tungstate nanosheet from different view directions as shown
in Figs. S1b and S1c, and the bottom right inset of Fig. 1a.
High-resolution TEM image shows that the hexagonal tunnels are consist
of WO6 octahedra chains, and the center distance between adjacent
tunnels is 0.73 nm (Fig. S1d), which are large enough to accommodate
intercalation Li and Na-ion without trapping, enabling efficient pseudo-
capacitive storage. MXene nanosheets LCs colloid was prepared through
a selective etching and liquid phase exfoliation process from Ti3AlC2
(Fig. S2) [27]. The AFM image displays the lateral size of MXene is about
1.0 μm, and the thickness is 1.2 nm, suggesting that MXene has adsorbed
terminated abundant hydroxide-like groups (Fig. 1d and e). Owing to the
high aspect ratio (lateral size vs. thickness), the tungstate and MXene
nanosheets can form LCs colloids respectively, which have been
confirmed by the polarized optical microscopy (POM), as shown in Fig. 1f
and g. The uniform birefringences for both the LCs colloids suggest the
spontaneous long-range ordering of the nanosheets along the spinning
channel. More importantly, the tungstate and MXene nanosheets can be
mixed homogeneously and form a stable mixed LCs colloid owing to their
same negatively charged surfaces (Fig. 1h and i, and Zeta potentials in
Xene fiber. Bottom right inset: open and 3D interconnected tunnel structures of
f tungstate nanosheets. (d) AFM image and (e) corresponding height profiles of
spinning channel under crossed polarizers, respectively. P and A represented the
tate/MXene LCs colloid.
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Fig. S3), which can be employed as the spinning dope for free-standing
and aligned tungstate/MXene macroscopic fiber.

During the fiber assembly process, the mixed LCs colloid was
continuously injected into a positively charged coagulation bath to pro-
duce tungstate/MXene as-spun fiber by electrostatic interactions. The
mass ratio for 2D tungstate and MXene nanosheets in the mixed LCs
colloid is controlled at about 9:1, aiming to provide satisfactory electrical
conductivity by the MXene and prevent the influence on the charge
storage and mechanical properties of finally used tungstate/MXene fiber
caused by the excessive MXene content [28,29]. Protonated chitosan
molecules in the coagulation have been employed as a crosslinker to fix
the long-range ordering of LCs colloid due to their straight-chain struc-
ture and positive charges, facilitating the formation of aligned structure.
After that, the as-spun fiber has been immersed into hydroiodic acid, and
the protonated chitosan molecules sandwiched between the nanosheets
should be etched out. Meanwhile, the positive protons should be
exchanged into the gallery to keep the system charge neutral, finally
obtaining the free-standing and aligned tungstate/MXene fiber. As shown
in Fig. 2a and b, the scanning electron microscopy (SEM) images display
that the tungstate/MXene fiber possesses a diameter of about ~90 μm
and a crumpled surface driven by water losses during the drying process.
In particular, Fig. 2c and Fig. S4 show the SEM images of tung-
state/MXene fiber in a cross-section view from low to high magnifica-
tions. Differing from the circular cross-section of graphene fibers, the
tungstate/MXene fiber is in a flat ribbon-like morphology with aligned
structures, which could be mainly attributed to the aligned sheet-to-sheet
Fig. 2. (a, b) SEM images of the tungstate/MXene fiber with different magnification
tungstate and the tungstate/MXene fiber. (e) Ti 2p spectra of MXene and the tungs
illustration of the electrostatic interactions between the positive protons and the n
tungstate/MXene fiber. Insert: the optical images of a single tungstate/MXene fiber h
MXene fiber holding a 3 M scotch tape (10 g) for doing the pendulum movement.
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stacking along the perpendicular direction, inheriting from the
long-range ordering structures of nematic phase for the mixed tung-
state/MXene LCs spinning dope, in contrast to the chiral phase for the
graphene oxides LCs. And, the inherent rigidity of tungstate nanosheets
may also be responsible for the formation of the ribbon-like morphology.
From the energy-dispersive spectroscopy (EDS) mapping images of the
fiber (Fig. S5), the homogeneous distribution of W, Cs, O, Ti and C ele-
ments can be observed, implying the uniform distribution of the nano-
sheets within the fiber, and the MXene nanosheets can be served as
conductive frameworks as shown in the top right inset of Fig. 1a.

As shown in Fig. S6a, the Fourier transform infrared (FT-IR) spec-
troscopy of tungstate/MXene fiber shows the disappearance of saccha-
rine, –NH3

þ and C
–

–O groups, and the thermogravimetric curve of the
tungstate/MXene fiber (Fig. S6b) shows that the weightlessness stage
corresponding to the combustion process of chitosan is significantly
shortened compared with the as-spun fiber, which evidence the removal
of protonated chitosan in the tungstate/MXene fiber. X-ray photoelectron
spectroscopy (XPS) was conducted to investigate the crosslinking be-
tween the tungstate and MXene nanosheets. In the high-resolution W 4f
spectra (Fig. 2d), the peak corresponding to the W–O bond at 35.8 and
37.9 eV can be detected in the tungstate/MXene fiber. The peak location
difference compared to tungstate is attributed to the change of chemical
environments for W6þ, suggesting that the tungstate nanosheets should
interact with interlayer protons by surface oxygen groups. As shown in
Fig. 2e, the Ti 2p spectra of MXene can be fitted to Ti–O (463.6and 458.1
eV) and Ti–C (461.1 and 455.3 eV). The Ti–O bond is increased in the
s. (c) SEM image of the tungstate/MXene fiber cross-section. (d) W 4f spectra of
tate/MXene fiber. (f) O 1s spectra of the tungstate/MXene fiber. (g) Schematic
egatively charged nanosheets. (h) Typical mechanical tensile testing curve of
olding two 3 M scotch tapes of 20 g. (i) The optical images of a single tungstate/
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tungstate/MXene fiber, while the O–H peak is also found in the tung-
state/MXene fiber with very high intensity (Fig. 2f). These results suggest
that after the removal of protonated chitosan, the positive protons have
been exchanged into the gallery between the nanosheets and present as
an interlayer bridge to interact with the tungstate andMXene nanosheets.
As shown in Fig. 2g, since the nanosheets are negatively charged, the
positive interlayer protons are expected to balance the negative charges
of the nanosheets, then the interlayer bridging between the adjacent
nanosheets will be enhanced based on the strong electrostatic in-
teractions, which should contribute to fix the nanosheets and prevent
their possible sliding and rotating in the aligned structures, in favor of
improving the mechanical performance of tungstate/MXene fiber. As a
result, the tungstate/MXene fiber exhibits a high mechanical tensile
strength of about 220 MPa (Fig. 2h), which is beyond the pure tungstate
fiber and MXene fiber (Table S1). Moreover, a single tungstate/MXene
fiber can easily hold two tapes of 20 g without breaking (Insert in Fig. 2h,
and Fig. S7). Even during the repeated lifting and swing processes, a
single tungstate/MXene fiber also can hold a tape of 10 g without
breaking (details in Fig. 2i and Movie S1). These results indicate that the
tungstate/MXene fiber possesses excellent mechanical performances
benefitting from the highly aligned structures and strong interlayer
bridging between the nanosheets, which is flexible enough to serve as the
fiber electrode.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2020.06.018.
Fig. 3. (a) CV curves of fiber-shaped LIB at different scan rates ranging from 0.1 to 0
fiber-shaped LIB. (c) Contribution ratio of the capacitive and diffusion-controlled c
discharge curves of fiber-shaped LIB at currents from 0.042 to 0.428 mA. (e) Rate c
static charge-discharge curves of fiber-shaped LIB under various bending angles at 0.0
at 0.042 mA. (h) A digital timer powered by a single fiber-shaped LIB under bendin
fiber-shaped LIB under bending angles of 100�.
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To evaluate Li-ion storage capability and flexibility of the tungstate/
MXene fiber, fiber-shaped LIBs were assembled by utilizing the fiber as a
working electrode and Li wire positioned in parallel as a counter elec-
trode (details in the experimental section and the schematic illustration
of fiber battery shown in Fig. S8). Fig. S9 displayed the galvanostatic
charge/discharge curves of tungstate/MXene fiber for the 1st, 2nd, 5th
and 10th cycles. The initial discharge and charge capacities are 280.7 and
223.0 mAh g�1 with a Coulombic efficiency (CE) of 79.4%. And more
notably, no obvious voltage platform is observed, suggesting the
continuous energy changes during the charge/discharge processes,
which could be related to the fast intercalation reaction within the 3D
interconnected open tunnels and aligned structures of the nanosheets.
Cyclic voltammetry (CV) experiment was employed to investigate the
mechanism of Li-ion charge storage. As shown in Fig. 3a, the CV curves
show the well-maintained shape and increasing response currents with
the increased scan rates from 0.1 to 0.9 mV s�1. According to the power-
law relationship between the current (i) and scan rate (ʋ) [30,31]: i¼ a�
ʋb, where the a and b are constants, and the high b values (closed to 1.0)
represent that the charge storage is governed by capacitive process,
which is calculated by the slope of log(i) vs. log (ʋ) plots. Fig. 3b displays
the b values of 0.9502 and 1.0420 for the cathodic and anodic processes,
suggesting that the mechanism of Li-ion charge storage in the tung-
state/MXene fiber is capacitive-controlled. Based on the quantification of
the capacitive contribution (k1ʋ) and diffusion-controlled contribution
(k2ʋ1/2) [31,32]: i (V) ¼ k1ʋ þ k2ʋ1/2, where k1 and k2 are constants and
.9 mV s�1. (b) Determination of b-values by the slope of log(i) vs. log(ʋ) plots in
apacities at different scan rates in fiber-shaped LIB. (d) Galvanostatic Charge-
apability of fiber-shaped LIB at currents from 0.042 to 0.428 mA. (f) Galvano-
42 mA. (g) Cycling performance of fiber-shaped LIB under bending angle of 90�

g angles of 180�. (i) A digital temperature-humidity meter powered by a single
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V is a fixed potential, the percentage of capacitive contribution is ach-
ieved to 83.2% at 0.5 mV s�1 (Fig. S10) and further increases as arising
the scan rates (Fig. 3c). The efficient pseudocapacitive energy storage can
be attributed to the rapid Li-ion transport within the open and 3D
interconnected tunnels of tungstate, fast charge transfer produced by the
superior conductive frameworks of MXene, and the minimum ion-path
tortuosity enabled by the aligned structures.

Fig. 3d and e displays the rate capability of the fiber at different
currents from 0.042 to 0.428 mA. The reversible capacity of 135.3 mAh
g�1 can be obtained at a high current of 0.428 mA, and will largely return
to its initial value when the current decreases to 0.042 mA again, sug-
gesting superior ions/electrons transport and excellent structural stabil-
ity of the fiber during the fast intercalation processes. Even after 2000
cycles, a high retained capacity of 126.0 mAh g�1 is achieved (Fig. S11),
suggesting an average capacity attenuation of only 0.0112% per cycle,
which are far superior to those for pure tungstate electrode (details in
Fig. S12), evidencing the outstanding long-term cycling performance of
the tungstate/MXene fiber. Given the excellent flexibility and electro-
chemical activity of tungstate/MXene fiber, the Li-ion storage perfor-
mance under mechanical deformations was also investigated. Compared
to the undeformed state, no significant changes in galvanostatic charge/
discharge curves of the fiber are observed under various bending angles
of 90�, 120� and 150�, respectively (Fig. 3f). Under the large bending
angle of 150�, high capacity retention of 93% can be retained. After 1000
cycles under a bending angle of 90�, the capacity retention is achieved
above 75.95% (Fig. 3g), and the aligned structures of the fiber exhibit no
devastating cracks under the SEM observation (Fig. S13), further sug-
gesting the excellent flexibility and long-term cycling stability of the
fiber. More importantly, a digital timer can be powered by a single fiber-
shaped LIB (Fig. S14 and Movie S2), and even under various bending
angles from 0 to 180�, it can work normally (Fig. 3h, Fig. S15 and Movie
S3). And, a digital temperature-humidity meter also can be powered
continuously under straight (Fig. S16 and Movie S4) and various bending
angles (Fig. 3i, Fig. S17 and Movie S5), or even under being folded
Fig. 4. (a) CV curves of fiber-shaped SIB at different scan rates ranging from 0.1 to 0
fiber-shaped SIB. (c) Contribution ratio of the capacitive and diffusion-controlled c
discharge curves of fiber-shaped SIB at currents from 0.042 to 0.428 mA. (e) Rate c
static charge-discharge curves of fiber-shaped SIB under various bending angles at 0.0
at 0.042 mA. (h) A green LED powered by a single fiber-shaped SIB under bend
continuously power a blue LED. (j) A single fiber-shaped SIB under the complete
references to colour in this figure legend, the reader is referred to the Web version
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repeatedly (Fig. S18 and Movie S6). As a result, the free-standing and
aligned tungstate/MXene fiber is competitive in practical applications
relative to other traditional electrodes with active materials incorporated
on fiber substrates (Table S2), which can effectively maintain the energy
storage performance even under long-term cycling and severe mechani-
cal deformations.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2020.06.018.

Additionally, to verify the feasibility of tungstate/MXene fiber in
other batteries, fiber-shaped SIBs were also assembled (details in the
experimental section). As shown in Fig. S19, the galvanostatic charge/
discharge curves of the fiber show the similar in energy variation ten-
dency to fiber-shaped LIBs and also without noticeable voltage platform.
The first discharge and charge capacities are 267.9 and 210.8 mAh g�1 at
0.042 mA, with a CE of 78.6%. Despite the more sluggish ion diffusion
hindrances caused by the heavier mass and larger radius of Na ion, fiber-
shaped SIBs also exhibit considerable capacities, only with slight per-
formance drop compared with the fiber-shaped LIBs. The charge storage
mechanism of Na-ion was investigated by the CV experiment. As shown
in Fig. 4a, the CV curves display the typical features of the intercalation
pseudocapacitive process. And, b values of cathodic and anodic processes
are achieved to 0.8499 and 0.9878, respectively (Fig. 4b). These results
indicate that Na-ion charge storage is also dominated by the capacitive
process and does not suffer from the limitations of solid-state diffusion,
which could be attributed to the fast ion transport tunnels, superior
charge transfer frameworks and minimum ion-path tortuosity within the
aligned fiber. According to above quantification, the contribution ratio of
capacitive-controlled capacity is calculated to be 79.1% at 0.5 mV s�1

(Fig. S20) and increases with the increased scan rates (Fig. 4c), further
indicating the efficient pseudocapacitive energy storage of Na-ion, and
confirming the availability of the free-standing and aligned tungstate/
MXene fiber in fiber-shaped SIBs.

The rate capability in fiber-shaped SIBs was then investigated at
various currents from 0.042 to 0.428 mA. The fiber delivers high
.9 mV s�1. (b) Determination of b-values by the slope of log(i) vs. log(ʋ) plots in
apacities at different scan rates in fiber-shaped SIB. (d) Galvanostatic Charge-
apability of fiber-shaped SIB at currents from 0.042 to 0.428 mA. (f) Galvano-
42 mA. (g) Cycling performance of fiber-shaped SIB under bending angle of 90�

ing angles of 90�. (i) A fiber-shaped SIB woven into a hand-knitted bracelet
folding state charge a commercial digital wristband. (For interpretation of the
of this article.)
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reversible capacities and excellent rate performance (Fig. 4d and e), as
the current rises to 0.0428 mA, the reversible capacity can be maintained
at 114.1 mAh g�1, and when returning it back to 0.042mA, a comparable
reversible capacity of 195.6 mAh g�1 is obtained to its initial value
(201.8 mAh g�1). Compared with the pure tungstate electrode (details in
Fig. S21), the tungstate/MXene fiber delivers remarkable long-term
cycling performance, even after 2000 cycles the reversible capacity can
retain at 110.5 mAh g�1 at 0.428 mA, and only with an average capacity
attenuation of 0.0132% per cycle (Fig. S22). These results further
demonstrate the superior ions/electrons transport and excellent struc-
tural stability of the tungstate/MXene fiber, which is practically unaf-
fected by the size and mass of Na-ion, due to the large enough
intercalation space provided by the 3D interconnected open tunnels and
aligned structures. Meanwhile, the flexibility and Na-ion storage per-
formance of the fiber were also studied under mechanical deformations.
As shown in Fig. 4f, the galvanostatic charge/discharge curves under
various bending angles of 90�, 120� and 150� exhibit no obvious changes
compared to the undeformed state, only with a capacity loss of less than
8%. Even after 1000 cycles under bending a angle of 90�, the reversible
capacity can retain as high as 195.1 mAh g�1 at 0.042 mA (Fig. 4g) and
without any devastating cracks for the aligned structures of the fiber
(Fig. S23), further demonstrating the excellent flexibility and stability of
the fiber. As practical demonstrations, a single fiber-shaped SIB under
various mechanical bending angles can power a green light-emitting
diode (LED) continuously (Fig. 4h, Fig. S24 and Movie S7). And, the
fiber-shaped SIB can also be woven into a hand-knitted bracelet and
power a blue LED (Fig. 4i), the illumination intensity of the LED can
remain unchanged under repeated mechanical bending (Fig. S25 and
Movie S8). Moreover, it is exciting that a single fiber-shaped SIB can be
employed to charge a commercial digital wristband (Fig. S26 and Movie
S9), which is capable of working normally even under being folded
completely (Fig. 4j, Fig. S27 and Movie S10), promising a perspective for
wearable applications.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2020.06.018.

In summary, a novel free-standing and aligned tungstate/MXene fiber
has been developed for flexible lithium and sodium-ion batteries by
liquid crystalline wet-spinning, wherein the 2D tungstate nanosheets are
incorporate with MXene to construct sheet-on-sheet aligned structures in
the fiber. With the efficient pseudocapacitive energy storage and flexi-
bility, the fiber delivers high reversible capacity, excellent rate capa-
bility, and outstanding long-term cycling performance. Even under
severe mechanical deformations, the obtained fiber-shaped LIBs/SIBs can
continuously power the LED, digital timer, temperature-humidity meter,
and smart wristband. The open and 3D interconnected ion transport
tunnels, fast charge transfer frameworks and minimum ion-path tortu-
osity provided by the aligned structures of 2D tungstate and MXene
nanosheets are believed to play critical roles. This work highlights the
importance of directly assembling active materials into the free-standing
and aligned fiber that could provide sufficient electrochemical properties
for the fiber batteries without sacrificing flexibility, and will stimulate
the development of practical flexible fiber batteries.
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