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ABSTRACT: In this work, highly flexible MoS2-based lithium-ion battery anodes composed of disordered thin MoS2 nanoflakes
encapsulated in amorphous carbon nanofibrous mats were fabricated for the first time through hydrothermal synthesis of
graphene-like MoS2, followed by electrospinning and carbonization. X-ray diffraction as well as scanning and transmission
electron microscopic studies show that the as-synthesized MoS2 nanoflakes have a thickness of about 5 nm with an expanded
interlayer spacing, and their structure and morphology are well-retained after the electrospinning and carbonization. At relatively
low MoS2 contents, the nanoflakes are dispersed and well-embedded in the carbon nanofibers. Consequently, excellent
electrochemical performance, including good cyclability and high rate capacity, was achieved with the hybrid nanofibrous mat at
the MoS2 content of 47%, which may be attributed to the fine thickness and multilayered structure of the MoS2 sheets with an
expanded interlayer spacing, the good charge conduction provided by the high-aspect-ratio carbon nanofibers, and the robustness
of the nanofibrous mat.
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■ INTRODUCTION

In recent years, lithium-ion batteries (LIBs) have received
greatly increased attention from both the academic and the
industrial world because of their high energy density, low
gravimetric density, long cycle life, and flexible design.1 The
commercial LIB anode material, graphite, has, however, a
theoretical specific capacity of only 372 mAh/g,2 which is too
low to meet the rising demands for some emerging
applications, such as electric vehicles. Recently, intensive
research on graphene has spurred great interests in two-
dimensional transition-metal dichalcogenides MX2 (M = Ti,
Nb, Mo, Ta; X = S, Se, Te) because they are promising
alternatives for LIB anode materials. As an analogue of
graphene, MX2 has a layered structure, in which covalent
bonds predominate within the layer, while van der Waals forces
are regnant between the layers. The weak interlayer interaction
allows the intercalation of foreign species into the layer,
providing the possibility to achieve single-layered MX2 and

multilayered MX2 with disordered structures.3 Such MX2
nanostructures have a large specific surface area, short diffusion
length in the thickness direction, as well as abundant voids and
defects that may benefit lithiation/delithiation.4−6

Among different types of MX2, molybdenum disulfide
(MoS2) is the most stable and versatile member that exhibits
the highest Li+ ion capacity.7−11 So far, various multilayered
MoS2 nanostructures, such as nanowires and nanotubes,12

nanoflowers,13 nanosheets,14 and nanoflakes,15 have been
synthesized and applied as cathodes and anodes for
LIBs.16−19 However, these MoS2-based anodes suffer from
rapid capacity fading due to structure destruction induced by
their large volume change in cycling. A possible way to solve
this problem is to fabricate hybrid nanostructures.20−23 Chen et
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al. synthesized graphene-like MoS2/amorphous carbon compo-
sites by a hydrothermal route and found that the cycling
stability of the composites was greatly enhanced owing to the
enhanced conductivity and mechanical buffering effect of
carbon.24,25 Lemmon et al. prepared MoS2/polyethylene
(PEO) composites, and the incorporation of PEO stabilized
the disordered structure of MoS2 throughout the cycling
regime.26,27 Another route is to enlarge the interlayer distance
of MoS2, which will also introduce voids and defects into MoS2
to improve its Li+ ion storage capacity.28,29 For instance, Guo et
al. reported that restacked MoS2 with an enlarged interlayer
distance could exhibit superior stability and higher reversible
capacity than the raw material.30 Cho et al. reported that
disordered MoS2 nanoplates with an interlayer distance of 0.69
nm could exhibit excellent rate capability even at 53.1 A/g.31

These research findings indicate that the high performance of
MoS2-based anodes is rooted in the relief of the stress induced
by cycling to maintain the structural stability.
Electrospinning, a powerful technique for mass production of

nanofibers, is an attractive approach for large-scale fabrication
of MoS2/carbon (MoS2/C) hybrid nanofibers. The features of
electrospun nanofibers, such as high aspect ratio and large
surface area, may render the obtained hybrids good electro-
chemical properties,1,32−35 while the carbon may effectively
accommodate the volume change of MoS2 in cycling. The
obtained binder-free self-standing nanofibrous mats can be
directly used as an anode after simply punching the mats into a
suitable size and shape. Furthermore, since thin MoS2
nanosheets are flexible, similar to that of multilayer graphene,
when they are dispersed in carbon nanofibers, excellent
flexibility of the structure may be achieved, enabling realization
of diverse flexible LIBs.36 In this work, we prepared the free-
standing MoS2/carbon nanofibrous mats via electrospinning
and carbonization for the first time. In this article, the
electrochemical properties of the MoS2/C hybrid mats are
reported and correlated to their morphology and structure. The
mechanism for the good performance of the MoS2/C anode is
also clarified.

■ EXPERIMENTAL SECTION
Materials. N,N-Dimethylformamide (DMF), polyacrylonitrile

(PAN, Mw = 150 000), thioacetamide (TAA), sodium molybdate
dehydrate (Na2MoO4), and MoS2 powder (<2μm) were purchased
from Sigma-Aldrich (USA) and used as received. Electrolyte (LiPF6 in
a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
at a 1:1 volume ratio, 1 M) and lithium foil were purchased from
Charslton Technologies Pte Ltd (Singapore).
Preparation of Hybrid Nanofibers. The MoS2 was synthesized

using a hydrothermal method. Typically, 250 mg of Na2MoO4 and 200
mg of TAA were dissolved in 60 mL of deionized (DI) H2O. The
mixture was then transferred to a 100 mL Teflon-lined autoclave and
kept at 200 °C for 16 h. After cooling down, the black precipitates
were collected and washed with DI water and ethanol for three times.
The MoS2/PAN hybrid nanofibers were then fabricated via conven-
tional single-spinneret electrospinning. First, 150, 300, and 900 mg of
MoS2 was dispersed in 4.4 g of DMF using ultrasonication (Sonic,
VCX 750), respectively. A 300 mg portion of PAN was then dissolved
into each of the above suspensions through vigorous stirring at 60 °C
for about 6 h. The weight ratio of MoS2 to PAN was 0.5/1, 1/1, and
3/1, respectively. The electrospinning of the suspensions was carried
out under a working voltage of 9.5−12.5 kV. The flow rate and needle
tip-to-plate collector distance were fixed to 0.3 mL/h and 15 cm,
respectively. The as-spun nanofibers were heated from room
temperature to 280 °C at a heating rate of 1 °C/min and then
stabilized at 280 °C for 1 h in air. After that, the nanofibers were

further heated to 700 °C in argon (flow rate: 100 sccm) at a heating
rate of 5 °C/min, followed by carbonizing at 700 °C for 3 h. For
comparison, neat carbon nanofiber mats were also prepared from PAN
by electrospinning, followed by stabilization and carbonization.

Characterization. The morphologies of the hybrid nanofibers
were studied using a field emission scanning electron microscope
(FESEM, JEOL JSM 7600) at an accelerating voltage of 5 kV and a
transmission electron microscope (TEM, JEOL 2100) at 200 kV. The
structures of hybrid nanofibers were investigated using an X-ray
powder diffractometer (XRD, Bruker D8 Discover) with Cu Kα
radiation. The scan rate was 1°/min with a step of 0.02°. The
compositions of the hybrid nanofibers were determined by
thermogravimetric analysis (TGA, TA Q500). All the samples were
heated at a rate of 10 °C/min from room temperature to 600 °C in air.

Electrochemical Measurements. The free-standing MoS2/C
nanofibrous mats and neat carbon mats were used as anodes directly.
Lithium foil with a diameter of 14 mm and a thickness of 0.4 mm was
used as the counter and reference electrodes. LiPF6 (1 M) in a mixture
of EC and DMC (1/1 in v/v) was used as the electrolyte. A half-
battery cell was assembled into a 2032 type coin cell in an argon-filled
glovebox (MBRAUN UNIlab Pro) using a Celgard 2325 membrane as
the separator. The typical loading of the anodes in the electrode was
1−5 mg. The electrochemical tests were performed on a NEWARE
BTS-5 V10 mA battery tester at room temperature. The cells were
cycled between 0.005 and 3.0 V vs Li+/Li at 50 mA g−1 unless
otherwise specified. The cyclic voltammetry (CV) was studied on a
PGSTAT302N Autolab electrochemical workstation with a voltage
window of 0.005−3.0 V and a scan rate of 0.1 mV/s. The
electrochemical impedance spectroscopy (EIS) was measured in the
frequency range of 10−2 to 106 Hz with an AC voltage amplitude of 5
mV. For comparison purposes, electrodes were also prepared through
casting a slurry of 80 wt % MoS2 nanoflakes or commercial MoS2
powder, 10 wt % super P carbon black, and 10 wt % poly(vinylidene
fluoride) in N-methyl-2-pyrrolidinone onto a copper foil and
investigated.

■ RESULTS AND DISCUSSION
Structural and Morphological Evolution. The fabrica-

tion process for the MoS2/C nanofibrous mats is illustrated in
Figure 1. Thin MoS2 nanoflakes were first hydrothermally

synthesized from TAA and Na2MoO4. TAA, which acts as a
sulfurization reagent, decomposes and generates H2S easily at
temperatures above 150 °C through the following reaction:
CH3CSNH2 + H2O → CH3COONH4 + H2S. Mo(VI) is
subsequently reduced in solution by H2S: Na2MoO4 + H2S →
MoS2 + Na2SO4 + H2O + NaOH. The as-prepared MoS2 was

Figure 1. Schematics showing the fabrication process for the highly
flexible free-standing MoS2/C nanofibrous mats. The sample in the
picture contains 47% MoS2.
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then encapsulated in PAN nanofibers via electrospinning. After
carbonization, highly flexible free-standing MoS2/C nano-
fibrous mats were obtained (Figure 1). Electrospinning-derived
neat carbon nanofibers are, in general, fairly brittle,37 whereas
the MoS2/C hybrid mats are very flexible, as demonstrated in
the picture in Figure 1. This may be ascribed to the presence of
a high content of thin MoS2 nanoflakes in the carbon matrix,
resulting in thin carbon sections separated by flexible MoS2
nanoflakes in some regions that may facilitate bending. Indeed,
the flexibility of the mat increases with the MoS2 content. The
great difference in flexibility between the MoS2/C-95 hybrid
mat, which has the highest MoS2 content among all the hybrid
mats, and the neat carbon nanofiber mat was demonstrated
through repeated bending tests (Figure S1, Supporting
Information).
To verify the morphologies of the nanoflakes and nanofibers,

TEM and SEM studies were conducted. Figure 2a shows the

TEM image of the as-synthesized MoS2 nanoflakes. The
nanoflakes are loosely packed, forming a flower-like geometry
with a diameter of about 250 nm (Figure 2a). A magnified
TEM image in Figure 2b shows that the petal of the “flower” is
composed of randomly oriented MoS2 nanoflakes with a
thickness of around 5 nm. This indicates that the number of
MoS2 layers in each nanoflake is less than 10 in most cases. The
electron diffraction (SAED) pattern of the MoS2 nanoflakes
(inset of Figure 2b) consists of three diffraction rings that can
be indexed to (002), (100), and (110) planes of MoS2. This is
consistent with XRD results (Figure 2c), where three distinct
peaks at 2θ = 13.8, 33.1, and 58.5° corresponding to (002),
(100), and (110) planes of MoS2, respectively, are
observed.13,19,28 The XRD pattern of the hydrothermally
synthesized MoS2 is different from that of the bulk MoS2
power sample and the standard powder diffraction card
probably because, under the hydrothermal conditions, the
MoS2 preferentially grows in certain directions and has a
relatively low crystallinity and disordered structure. In

particular, it is worth noting that the (002) diffraction peak
of the nanoflakes (2θ = 13.8°; d = 0.64 nm) is at a lower angle
than that of the commercial MoS2 powder (2θ = 14.4°; d =
0.615 nm), indicating that the interlayer distance of the
nanoflakes is expanded. It has been reported that, with 1 mol of
lithium intercalation, the c parameter of MoS2 undergoes an
increment of 0.25 Å.38 The expanded interlayer d spacing
would relieve the strain caused by electrochemical lithiation/
delithiation during cycling and provide more space for Li ion
intercalation with reduced diffusion barriers.30 In addition, the
broad (002) peak suggests that the average crystallite size of the
nanoflakes is around 5 nm in the thickness direction. This
corresponds to 7−8 MoS2 layers and is consistent with the
TEM result shown above.
Electrospinning was used to fabricate MoS2/PAN hybrid

nanofibers. Upon carbonization, PAN is converted to
amorphous carbon while MoS2 nanoflakes would remain.
This is confirmed by XRD results (Figure S2, patterns (a)−(c),
Supporting Information). Compared with the as-synthesized
MoS2 nanoflakes, there is no change in the diffraction peak
positions after the electrospinning and carbonization, indicating
that the incorporation of PAN and the heat treatment do not
affect the microstructure of the MoS2 nanoflakes. The
compositions of the MoS2/C nanofibers were estimated by
TGA (Figure S3, Supporting Information). There is a large
weight loss in the range of 300−500 °C, which is caused by the
combustion of the amorphous carbon and a conversion of
MoS2 to MoO3 in air. On the basis of the TGA results, the mass
fractions of MoS2 in the hybrid samples are 47, 73, and 95 wt
%, respectively, for the samples with feed MoS2/PAN weight
ratios of 0.5/1, 1/1, and 3/1. In the following discussion, the
three samples are denoted as MoS2/C-47, MoS2/C-73, and
MoS2/C-95, respectively, where the numbers indicate the mass
fractions of MoS2 in the hybrids.
SEM images of the as-spun (left) and carbonized (middle)

hybrid nanofibers are shown in Figure 3. The as-spun
nanofibers exhibit a “bead-on-string” morphology due to the
incorporation of MoS2 nanoflakes. The average diameters of
the as-spun nanofibers increase from 250 nm to nearly 1 μm
with the increase of MoS2 content. For the nanofibers with
relatively low MoS2 contents, the diameters are uniform with

Figure 2. (a, b) TEM images and (c) XRD patterns of the
hydrothermally synthesized MoS2 nanoflakes; the inset in (b) shows
the corresponding SAED pattern.

Figure 3. SEM (left, as-spun; middle, carbonized) and TEM (right)
images of the hybrid nanofibers. The final MoS2 contents for (a)−(c)
are 47, 73, and 95 wt %, respectively.
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only some sparsely distributed beads (Figure 3a1,b1). Differ-
ently, for the ones with the highest content of MoS2, the beads
are densely distributed and much larger (Figure 3c1), indicating
a much severer aggregation of MoS2 nanoflakes. In addition,
some nanoflakes can be found on the surface of the nanofibers.
After carbonization, the “bead-on-string” morphology becomes
more distinct due to the shrinkage of the nanofibers caused by
conversion of PAN to carbon (Figure 3a2−c2). The distribution
of the nanoflakes in the carbonized nanofibers was further
examined using TEM. As shown in Figure 3a3, for MoS2/C-47,
all the MoS2 nanoflakes are embedded in the carbonized
nanofibers and the loosely packed morphology of the
nanoflakes are retained. However, at higher MoS2 contents,
especially in MoS2/C-95, severe aggregation of MoS2 nano-
flakes occurs and some nanoflakes are only partially embedded
in the nanofibers (Figure 3c3), which may lack conductive and
buffering support from the carbon matrix.
Electrochemical Properties. To investigate the perform-

ance of the MoS2/C nanofibrous mat as an LIB anode, first, the
lithiation/delithiation behaviors were examined via cyclic
voltammetry (CV), taking MoS2/C-47 as an example (Figure
4a). The reduction peak at 1.6 V in the first cathodic curve is
assigned to the reduction of PAN-derived oxygen/nitrogen-
containing amorphous carbon.39 The slope at about 1.1 V is
indicative of the formation of LixMoS2, which then decomposes
into Mo nanoparticles embedded in Li2S, giving a cathodic peak
at about 0.5 V. This two-step discharge process can be
expressed by the following two reaction equations:27

+ + =+ −x xMoS Li e Li MoSx2 2 (1)

+ + = ++ −Li MoS 4Li 4e 2Li S Mo/Lix x2 2 (2)

The inconspicuous conversion in the first discharge of MoS2/
C-47 is caused by low crystallinity and defect sites/disordered

structure of the graphene-like MoS2 as well as the contribution
of amorphous carbon (Figure S4, Supporting Information).20,24

The slope below 0.3 V is assigned to the formation of a solid
electrolyte interphase (SEI) film. During the anodic scanning,
Li+ stored within the amorphous carbon and defects of MoS2
are first released, leading to a broad oxidation peak centered at
1.2 V. Two pronounced peaks at 1.7 and 2.3 V are associated
with the delithiation of Mo and the oxidation of Li2S to sulfur,
respectively. Therefore, MoS2 converts to a mixture of sulfur
and Mo metal after the first cycle.27 Accordingly, in the
following cycles, the reduction peak at 2.0 V can be attributed
to the formation of Li2S, and the association of Li+ ions with
Mo is found at 1.0 V.
Figure 4c shows the cycling performance of the MoS2/C

nanofibers with varied MoS2 contents. The capacity is
normalized to the mass of MoS2 by taking the capacity of
amorphous carbon as that of graphite, 372 mAh/g. It is shown
that the cycling performance of MoS2/C nanofibers is much
better than that of the anodes based on the MoS2 powder and
MoS2 nanoflakes (Figure S5, Supporting Information). This is
ascribed to the expanded interlayer d spacing of the MoS2
nanoflakes than that of the MoS2 powder, as well as the fibrous
morphology induced by electrospinning. On one hand, the
larger interlayer distance of nanoflakes relaxes the stress, lowers
the energy barrier, and provides more defects for Li+ ion
intercalation. The small thickness of MoS2 nanoflakes shortens
the electron and Li+ ion pathway.40 On the other hand, the
carbon matrix stabilizes the disordered structure of MoS2,
tolerates local volume expansion/contraction during repetitive
lithium storage/release, and avoids the loss of polysulfide
intermediates.41−44 Furthermore, the conductivity of the whole
anode is also greatly enhanced. The electrospun nanofibers,
typically meters in length, need only a few interfiber contacts to

Figure 4. (a) Cyclic voltammograms of MoS2/C-47 between 0.005 and 3.0 V at a scan rate of 0.1 mV/s. (b) Discharge−charge profiles of MoS2/C-
47 for the 1st, 2nd, 10th, 50th, and 100th cycles. (c) Cycling performances of MoS2/C-47, MoS2/C-73, and MoS2/C-95 at a current density of 50
mA/g. (d) Rate capabilities of the three samples.
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achieve sufficient electron transport, which is very important for
the hybrid owing to the semiconducting nature of MoS2.
The initial charge capacity of MoS2/C-47 is 1133 mAh/g

with a Coulombic efficiency of 73% (Figure 4b). The
irreversible capacity loss is mainly caused by the formation of
the SEI film in the initial cycle. In the following cycles, the
Coulombic efficiency remains at almost 100% with an excellent
cycling performance achieved. From 20 cycles onwards, the
specific capacity of MoS2/C-47 increases continuously and
reaches 1150 mAh/g at the 100th cycle, which may be
attributed to the activation of the Li+ ion pathway between the
electrolyte and electrode during cycling.31 The stable cycling
performance shows superiority over other MoS2-based
anodes,14,29,30 indicating that the carbon matrix not only
enhances the electrical conductivity of the electrode but also
confines the active material within the matrix, alleviating the
shuttle effect of soluble polysulfides.45,46 Although MoS2/C-73
has a much higher MoS2 content than MoS2/C-47, the initial
charge capacity and reversible capacity of MoS2/C-73 are
significantly lower than that of MoS2/C-47. With the extremely
high MoS2 content, MoS2/C-95 suffers more severe capacity
loss upon cycling, from an initial capacity of 687 mAh/g to 260
mAh/g at the 30th cycle. The fast capacity decay of MoS2/C-73
and MoS2/C-95 can be attributed to detachment of the MoS2
nanoflakes from the carbon nanofibers. More evidence for this
will be shown later.
The electrochemical performances of neat carbon mats

derived from electrospun PAN are shown in Figure S4
(Supporting Information). The neat carbon mats could deliver
a reversible capacity of 310 mAh/g at the 50th cycle, close to
the theoretical capacity of graphite. It is reported that some N-
rich amorphous carbon could store over 1500 mAh/g at low
and intermediate rates.47−51 For PAN-based carbon fiber mats,
however, capacities of less than 400 mAh/g are usually
observed probably because of their nonporous fibrous
morphology.52,53

The rate capabilities of the MoS2/C nanofibers are shown in
Figure 4d. Beneficial from the good dispersion of MoS2 in the
carbon matrix, MoS2/C-47 exhibits the best rate performance
among the three samples. Even at a high rate of 1000 mA/g, a
discharge capacity of 250−350 mAh/g can still be achieved.
The reversible capacity restores to 1100 mAh/g when the
current rate is changed back to 50 mA/g, and the capacity
keeps ascending during subsequent cycling, approaching its
initial capacity. On the contrary, the other two samples exhibit
poor rate performance. MoS2/C-95, for instance, only delivers a
capacity of about 100 mAh/g at a current density of 500 mA/g

and suffers a significant capacity loss when the current rate is
reset to 50 mA/g.
To verify the mechanism for the significant effect of MoS2

content on electrochemical performance of the hybrid
nanofibrous mats, AC impedance studies were carried out to
analyze the charge-transfer resistance across MoS2/C-47,
MoS2/C-73, and MoS2/C-95 electrodes at open cycle
potentials (OCPs) before and after cycling. The Nyquist
plots obtained are shown in Figure 5. All the plots consist of
two semicircles at high and medium frequencies and a straight
line inclined at a constant angle at low frequencies,
corresponding to the resistance of the SEI film, charge-transfer
resistance at the electrolyte/electrode interface, and the solid-
state diffusion resistance of Li+ in the electrode, respectively.40

With the increase of MoS2 content, the charge-transfer
resistance increases significantly, verifying that the aggregation
of nanoflakes at high MoS2 contents indeed hinders electron
and ion transport. Compared with Figure S4d (Supporting
Information), the incorporation of MoS2 increases the charge-
transfer resistance of the electrodes due to the semiconductive
nature of MoS2. After the cycling test, the interfacial charge-
transfer resistance of the electrodes is higher than that before
the cycling for all samples owing to the insulating SEI layer
formed and the destruction of the MoS2 structure during
cycling. Nevertheless, MoS2/C-47 still exhibits the lowest
charge-transfer resistance, suggesting the smoothest diffusion
for lithium ions and electrons, and hence justifying its highest
cycle capacity.
To further study the mechanism for the strong dependence

of cycle capacity on MoS2 content, the morphologies of MoS2/
C-47 and MoS2/C-95 were examined after the cycling test.
Before the examination, the electrodes were washed with
ethanol for three times to eliminate the residues. The SEM and
TEM images in Figure 6a1,a2 show that the morphology of
MoS2/C-47 is intact after cycling, indicating effective confine-
ment of active materials by the carbon matrix and thus excellent
structure stability. By contrast, the surface of MoS2/C-95
becomes smoother with lesser aggregated MoS2 on the surface
after cycling, although the nanofibrous morphology remains
(Figure 6b1,b2). Some partially embedded MoS2 nanoflakes are
peeled off from the carbon nanofibers because the carbon
matrix is unable to anchor the expanded nanoflakes during
cycling, leaving some large cavities on the nanofiber surface
(Figure 6b3,b4). Such detachment induces severe capacity
fading. Indeed, better electrochemical performance can be
achieved by introducing a very thin carbon coating onto the
surface of MoS2/C-95 nanofibers (Figures S6−S8, Supporting

Figure 5. Nyquist plots of MoS2/C-47, MoS2/C-73, and MoS2/C-95 measured at OCPs (a) before and (b) after cycles.
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Information). In this case, the carbon coating effectively
prevents the detachment of MoS2 nanoflakes since they are
well-protected by carbon.

■ CONCLUSIONS
In this work, flexible and free-standing MoS2/C hybrid
nanofibrous mats were fabricated by electrospinning, followed
by carbonization, for the first time, and their excellent
performance as anode materials for lithium-ion batteries was
demonstrated. Among the three MoS2/C hybrids, MoS2/C-47
shows the best electrochemical properties with a stable capacity
of 1000−1200 mAh/g and a reversible capacity of ∼350 mAh/g
at a high current density of 1000 mA/g. The expansion of the
interlayer d spacing of MoS2 nanoflakes, the effective
confinement of the active material by the carbon matrix, the
good electron transport provided by the high aspect ratio of the
electrospinning-derived carbon nanofibers, and the robustness
of the hybrid nanofibrous structure are believed to be the main
reasons for the high specific capacity, excellent cycling, and rate
stability achieved. The approach enables large-scale preparation
of high-performance MoS2 electrodes and also provides a
general strategy to immobilize soluble polysulfide intermediates
in lithium−sulfur batteries. The highly flexible mats may also
facilitate flexible LIBs.
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