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Abstract: One of challenges existing in fiber-based super-
capacitors is how to achieve high energy density without
compromising their rate stability. Owing to their unique
physical, electronic, and electrochemical properties, two-
dimensional (2D) nanomaterials, e.g., molybdenum disulfide
(MoS2) and graphene, have attracted increasing research
interest and been utilized as electrode materials in energy-
related applications. Herein, by incorporating MoS2 and
reduced graphene oxide (rGO) nanosheets into a well-aligned
multi-walled carbon nanotube (MWCNT) sheet followed by
twisting, MoS2-rGO/MWCNT and rGO/MWCNT fibers are
fabricated, which can be used as the anode and cathode,
respectively, for solid-state, flexible, asymmetric supercapaci-
tors. This fiber-based asymmetric supercapacitor can operate
in a wide potential window of 1.4 V with high Coulombic
efficiency, good rate and cycling stability, and improved energy
density.

As a promising energy-storage device for smart textiles and
wearable electronics, fiber-based supercapacitors have
attracted much attention in recent years.[1] A number of
fiber-based materials have been used in supercapacitors,[2] in
which multi-walled carbon nanotube (MWCNT) fibers spun

from vertically aligned MWCNT arrays are particularly
desirable because of their excellent flexibility, mechanical
strength, and electrical conductivity.[3] Although MWCNT
fiber-based supercapacitors have been demonstrated,[4] the
challenge to improve the energy density still remains. Based
on the equation E = 1=2 C V2, where E, C, and V are energy
density, specific capacitance, and cell voltage, respectively, E
can be improved either by increasing the specific capacitance
of the electrode materials or widening the operational voltage
range.[5] In addition, the specific capacitance can be enhanced
by the incorporation of electrochemically active nanomate-
rials (e.g., metal oxides or polymers) into MWCNT fibers.[6]

However, insufficient attention has been paid to increasing
the voltage range, which can be achieved through rational
design by combining two materials with different potential
windows in the same electrolyte.

Owing to their unique electrochemical properties, two-
dimensional (2D) nanosheets of transition-metal dichalcoge-
nides (TMDs, particularly MoS2),[7] when coupled with
conducting materials, have been shown to be promising for
various applications, such as hydrogen evolution,[8] lithium-
ion batteries,[9] solar cells,[10] and supercapacitors.[11] For
example, MoS2 can efficiently store charges by pseudo-
capacitance within a positive potential window as a result of
the faradaic charge-transfer process on the Mo center (slower
process) or the formation of a double-layer at the electrode/
electrolyte interface because of the adsorption of protons or
other cations on the MoS2 nanosheet (faster process).[12] This
makes MoS2 an attractive anode material for asymmetric
supercapacitors. Herein, for the first time, we incorporate
MoS2 and reduced graphene oxide (rGO) nanosheets into
MWCNT fibers to fabricate solid-state, asymmetric super-
capacitors by using MoS2-rGO/MWCNT and rGO/MWCNT
fibers as the anode and cathode, respectively. The resulting
supercapacitor is extremely flexible and can operate in a wide
potential window of 1.4 V with high Coulombic efficiency,
good rate and cycling stability, and improved energy density.

In a typical experiment, the continuous MWCNT sheet
was pulled out from the vertically aligned MWCNT array
grown by chemical-vapor deposition[13] (Figure S1 in the
Supporting Information). As schematically shown in Fig-
ure 1a, three layers of MWCNT sheets (width of ca. 1 mm and
length of ca. 12 cm) were stacked and then laid on a polyte-
trafluoroethylene (PTFE) substrate. 2D nanomaterials, such
as single-layer MoS2

[14] or GO nanosheets[15] dispersed in
DMF, can be introduced into the stacked MWCNT sheet by
drop-casting with a pipette, which moved along the MWCNT
sheet. The desired amount of each nanomaterial can be tuned
by repeating the casting process. The resulting hybrid sheet
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was dried in vacuum, and then peeled off the PTFE substrate.
By using the scotch tape, one end of hybrid sheet was fixed on
a glass holder and the other end was fixed to an electric motor,
which twisted the sheet at a rotating speed of 200 rpm for
3 min to obtain the hybrid fiber. After the GO/MWCNT fiber
was obtained, it was reduced by hydroiodic acid (HI) to give
the rGO/MWCNT fiber. The reduction of GO was confirmed
by Fourier transform infrared (FT-IR) spectra (Figure S2a), in
which the intensity of the bands for the carboxy (3211 cm¢1),
carbonyl (1716 cm¢1), and epoxy (1048 cm¢1) groups was
greatly decreased. The interlayer distance of rGO calculated
based on the X-ray diffraction (XRD) pattern (Figure S2b)
was 0.375 nm (2q = 23.788), which is less than those of GO
(0.762 nm; 2q = 11.688), further indicative of the removal of
oxygen-containing groups on GO.[16]

The nearly perfect alignment of individual MWCNTs in
the sheet (Figure 1b) guaranteed the good mechanical
strength and electrical conductivity of the MWCNT fibers
obtained by twisting.[17] Figure 1c shows a typical SEM image
of a hybrid MWCNT sheet incorporating MoS2 nanosheets.
The incorporation of MoS2 in the resultant MoS2/MWCNT
hybrid fiber was confirmed by the energy-dispersive X-ray
spectroscopy (EDS; Figure S3). In our experiments, the
hybrid fibers retain excellent flexibility after the incorpora-
tion of 2D nanomaterials (MoS2 and rGO) and can be tightly

knotted (Figure 1 d). The conductivity of bare MWCNT fiber
is approximately 300 Scm¢1, which decreases with an increas-
ing amount of 2D nanosheets (Figure S4).

As a proof-of-concept application, the capacitive perfor-
mance of the MoS2/MWCNT fiber was investigated in a two-
electrode configuration at a charge–discharge current of 1 mA
(0.13 Acm¢3). Polyvinyl alcohol (PVA)-H2SO4 gel was used as
the solid-state electrolyte. The specific volumetric capaci-
tance (CV) was calculated from the discharge curve and
normalized to the volume of the electrodes. As expected, CV

improved after the addition of MoS2 in a dose-dependent
manner (Figure S5). However, the improvement is moderate,
possibly because of the non-ideal coupling between the 2D
MoS2 nanosheets and the 1D MWCNT.

We speculated that 2D rGO nanosheets, which can
intimately interact with both MoS2

[18] and MWCNTs,[19] may
mediate the coupling between the electrochemically active
MoS2 nanosheets and the conductive MWCNTs. In a typical
experiment, the mixture of GO and MoS2 in DMF was drop-
cast onto a MWCNT sheet to fabricate MoS2-GO/MWCNT
hybrid fiber. GO nanosheets can assist the dispersion of MoS2

nanosheets and later incorporation into the MWCNT sheet.
After the chemical reduction of the MoS2-GO/MWCNT
hybrid fiber with HI, the MoS2-rGO/MWCNT fiber was
obtained. The weight ratio between GO and MWCNT is kept
at 3:7 because a too low amount of rGO cannot effectively
improve the capacitive performance of hybrid fibers,[18b] while
too large an amount of rGO can significantly compromise the
fiber conductivity (Figure S4).

The resultant MoS2-rGO/MWCNT fiber-based superca-
pacitors with various amounts of MoS2 were tested using
cyclic voltammetry (CV) and galvanostatic charge–discharge
measurements. As shown in Figure 2 a, CV curves measured
at 100 mVs¢1 are nearly rectangular, indicating the high
electrical conductivity of well-aligned fibers. The maximum
current density was obtained at 6.3 wt% of MoS2. The specific
capacitances were calculated based on the galvanostatic
charge–discharge curves at current of 2 mA or 0.5 Acm¢3

(Figure 2b). The CV of MoS2-rGO/MWCNT fiber-based
supercapacitor reached the maximum value of 4.8 Fcm¢3 at
6.3 wt % of MoS2, which is significantly improved as com-
pared to the devices made of MoS2/MWCNT, rGO/MWCNT
(i.e. 0 wt% of MoS2 in MoS2-rGO/MWCNT) or bare
MWCNT fibers (Figure 2b). Figure 2c depicts the galvano-
static charge–discharge curves of MoS2-rGO/MWCNT
(6.3 wt % of MoS2) fiber-based supercapacitors at charge-
discharge current densities ranging from 0.07 to 2 Acm¢3. In
our experiment, CV decreased to 3.8 Fcm¢3 at the high current
density, 2.0 Acm¢3 (Figure 2d).

To estimate the potential windows of MoS2-rGO/
MWCNT and rGO/MWCNT hybrid fiber electrodes, CV
measurements were conducted in 1mH2SO4 solution using the
three-electrode configuration, in which Pt foil and Ag/AgCl
wire in saturated KCl solution were used as the counter
electrode and reference electrode, respectively. As shown in
Figure 3a, when the voltage was higher than 0.8 V or lower
than ¢0.6 V, the oxidation and reduction current increased in
the MoS2-rGO/MWCNT and rGO/MWCNT electrodes,
respectively. It suggests that an asymmetric supercapacitor

Figure 1. a) Schematic illustration of fabrication of the hybrid fiber.
SEM images of b) well-aligned MWCNT sheet, c) MWCNT sheet
incorporating MoS2 nanosheets, and d) tightly knotted MoS2/MWCNT
and rGO/MWCNT fibers.
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using MoS2-rGO/MWCNT as anode and rGO/MWCNT as
cathode has a stable potential window of 1.4 V.

The asymmetric device was fabricated by placing MoS2-
rGO/MWCNT and rGO/MWCNT fibers in parallel on
a substrate, such as glass slide or polyethylene terephthalate
(PET) film, with gap of approximately 0.5 mm. PVA-H2SO4

gel was then coated on the fibers as the solid-state electrolyte
(inset of Figure 3b). Ag paste was applied at both ends for
electrochemical measurements. The asymmetric supercapaci-
tor can be cycled reversibly with a cell voltage up to 1.4 V,
while the oxidation current becomes noticeable at 1.6 V
(Figure 3b). As expected, the CV increased with the voltage,
whereas the Coulombic efficiency decreased (Figure 3c). The
sharp drop of Coulombic efficiency beyond 1.4 V may be
attributed to a redox reaction, such as oxidation of MoS2 or
evolution of H2.

[18b, 20] In the following experiment, the cell
voltage was fixed at 1.4 V. The CV of fiber-based asymmetric
supercapacitor calculated based on the charge–discharge
curves (Figure 3d) is 5.2 Fcm¢3 at current density of
0.16 Acm¢3 (Figure 3e). The voltage drop (IR drop) at the
initial of discharging process is attributable to the internal
resistance of the supercapacitor, which is a good evaluation
for rate stability.[21] Normally, good rate stability requires
a small IR drop. As shown in Figure 3e, the IR drop is
negligible at low current density, while at high current density
of 3.3 Acm¢3, it remains as small as around 0.1 V which is

similar to the value
obtained in the bare
MWCNT fiber-based sym-
metric supercapacitor.[22] As
a result, when compared to
the previously reported
fiber-based symmetric
supercapacitors with
MWCNT fibers, rGO
fibers or rGO/CNT
fibers,[2d, 4b, 22, 23] the CV

obtained here is much
more stable at high current
densities (61% retention at
the current density as high
as 3.3 Acm¢3).

The energy density and
power density can be calcu-
lated by E = 1=2 C V2 and P =

E/tdischarge, respectively,
where C, V, and tdischarge are
the capacitance, voltage
range, and discharging
time, respectively. E and P
depend on the electrode
conductivity, diffusion
kinetics of electrolytes, and
electrochemical kinetics of
MoS2. Compared to the
symmetric devices, superca-
pacitors with asymmetric
design can use two electro-
des with different potential

windows to increase the cell voltage and specific capacitance.
As a result, at a given P, the E of the fiber-based asymmetric
device (inset of Figure 3 b) is significantly enhanced without
compromising power density, and superior to the symmetric
devices made of MoS2-rGO/MWCNT, rGO/MWCNT, and
bare MWCNT fibers (inset of Figure 3 f). In addition, the
performance of our asymmetric supercapacitor is better than
that of fiber-based supercapacitors consisting of MnO2/carbon
fibers,[24] MWCNT fibers,[22] and carbon fibers coated by
MnO2/ZnO,[25] and comparable to that of fiber-based super-
capacitors based on carbonaceous fibers[26] and PEDOT/
MWCNT fibers[6b] (Figure 3 f). As seen from Figure 4 a, the
CV curve of the fiber-based asymmetric device on PET does
not alter even if the device was bent through 18088, that is,
completely folded, which demonstrates the excellent flexibil-
ity of the device. Furthermore, both CV and Coulombic
efficiency are steady with or without bending even after
7000 cycles, indicating the high robustness of the device.

In summary, flexible hybrid fibers were fabricated by
incorporation of 2D MoS2 and rGO nanosheets into well-
aligned MWCNT sheets followed by twisting. A solid-state,
fiber-based asymmetric supercapacitor was then fabricated by
using the fabricated MoS2-rGO/MWCNT and rGO/MWCNT
fibers as the anode and cathode, respectively. This fiber-based
asymmetric device showed high energy density, good rate and
cycling stability owing to the wide potential window, electro-

Figure 2. a) CV curves of MoS2-rGO/MWCNT fiber-based supercapacitors with varying amount of MoS2 (0,
3.5, 6.3, 10.1, and 25 wt %). b) Volumetric capacitance (CV) of MoS2-rGO/MWCNT fiber-based supercapacitors
as a function of the amount (wt%) of MoS2 (dots), bare MWCNT fiber (square), and MoS2/MWCNT
fiber (27 wt% of MoS2, triangle). c) Galvanostatic charge–discharge curves of MoS2-rGO/MWCNT fiber-based
supercapacitor at current densities of 0.07, 0.12, 0.25, 0.5, 1, and 2 Acm¢3. d) Current density dependent CV of
MoS2-rGO/MWCNT fiber-based supercapacitor.
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chemical activity of MoS2, electrical conductivity of well-
aligned MWCNT fiber, and the incorporation of rGO. This
kind of fiber-based asymmetric devices might have promising
applications in flexible electronics.

Experimental Section
As described previously,[13a–c] the vertically aligned multi-walled
carbon nanotube (MWCNT) array was prepared by chemical vapor
deposition (CVD) in a quartz tube furnace using a thin Fe film (1 nm)
deposited on Si/SiO2 substrate as catalyst, and Ar (155 sccm) and
C2H4 (45 sccm) as the carrier gas and carbon source, respectively. The
growth of MWCNT array was carried out at 750 88C for 10 min. The

well-aligned MWCNT sheet
pulled from the array has a den-
sity of 2.12 mgcm¢2 (one layer),
which was measured using
a microbalance (METTLER
TOLEDO, M × 5) with a read-
ability of 1 mg. Graphene oxide
(GO) was prepared by a modi-
fied Hummer method,[27] and
then dispersed in dimethylfor-
mamide (DMF, 99.8%, anhy-
drous, Sigma–Aldrich) with
concentration of 1 and
5 mgmL¢1. The single-layer
molybdenum disulfide (MoS2)
nanosheets were prepared by
the electrochemical intercala-
tion method as reported by
our previous study.[14] After
the exfoliation, the as-prepared
single-layer MoS2 nanosheets
were re-dispersed in DMF
with concentration of ca.
0.8 mg mL¢1 and ultrasonicated
prior to use.

Three-layers of MWCNT
sheets (width of ca. 1 mm and
length of ca. 12 cm) were
stacked and then laid on a poly-
tetrafluoroethylene (PTFE)
substrate. Single-layer MoS2,
GO, and the mixture of MoS2

and GO nanosheets were intro-
duced into MWCNT sheet by
drop-casting. The amount of
each material can be tuned by
repeating the casting process.
The resulting hybrid sheet was
dried in vacuum, then peeled
off from the PTFE substrate
and further twisted into fibers
with a motor (200 rpm for
3 min). The obtained GO/
MWCNT and MoS2-GO/
MWCNT fibers were immersed
into hydroiodic acid (HI
(55 wt%), Sigma Aldrich, ACS
reagent) at room temperature
for 12 h to reduce GO and
obtain rGO.[28]

The inset of Figure 3b
showed an optical image of the

as-fabricated solid-state fiber-based asymmetric supercapacitor. The
MoS2-rGO/MWCNT and rGO/MWCNT fibers were placed closely
and in parallel on glass, and then coated with polyvinyl alcohol (PVA,
Sigma Aldrich, MW 85000–124000)-H2SO4 gel electrolyte. The PVA-
H2SO4 gel electrolyte was prepared by mixing H2SO4 (aqueous
solution of 1m, 10 mL) with PVA powder (1 g), which was heated at
90 88C with vigorous stirring to obtain a homogeneous gel-like
suspension. Ag paste applied at both ends of the fibers served as
the electrical pad for electrochemical measurements. The capacitive
performance was tested in two-electrode configuration. Polyethylene
terephthalate (PET, 0.3 mm thick) film (3m Company, USA), was
used as alternative substrate to test the flexibility of the asymmetric
supercapacitors.

The SEM images and EDS were performed on a field-emission
scanning electron microscope (JEOL, JSM-6700F, Japan). The

Figure 3. a) CV curves of rGO/MWCNT fiber and MoS2-rGO/MWCNT fiber in three-electrode system. b) CV
curves of the fiber-based asymmetric supercapacitor at cell voltage of 0.8, 1, 1.2, 1.4, and 1.6 V. Inset: Optical
image of a fiber-based asymmetric supercapacitor on glass slide. c) Volumetric capacitance (CV) and
Coulombic efficiency of the fiber-based asymmetric supercapacitor as the function of cell voltage. d) Galvano-
static charge–discharge curves of the fiber-based asymmetric supercapacitor at current density of 0.16, 0.28,
0.55, 1.1 and 2.2 Acm¢3. e) CV and IR drop of the fiber-based asymmetric supercapacitor as a function of
current density. f) Plot of energy density versus power density for our fiber-based asymmetric supercapacitor
and other reported fiber-based supercapacitors. Inset: plot of energy density versus power density for our
fiber-based asymmetric supercapacitor and those of MoS2-rGO/MWCNT, rGO/MWCNT, and bare MWCNT
fiber-based symmetric supercapacitors.
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electrical properties of hybrid fibers were characterized using Agilent
Technologies B1500 A (USA). FT-IR spectra were recorded with
a PerkinElmer FT-IR Spectrum GX spectrometer. XRD patterns
were recorded with Bruker 6000 X-ray diffractometer using a CuKa

source. The electrochemical measurements were obtained by
a CHI 660D electrochemical work station.

The specific volumetric capacitance (CV) of fiber-based super-
capacitor was calculated from the charge-discharge curve according
to the following Equation (1):[29]

CV ¼ ½i=ðdV=dtÞ¤=Vfiber ð1Þ

where i is the discharging current, dV/dt is the slope of discharge
curve, and Vfiber refers to the total volume of two fibers.

Keywords: carbon nanotubes · flexible devices · graphene ·
molybdenum disulfide · supercapacitors
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