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a b s t r a c t

Fiber-shaped flexible supercapacitors have attracted considerable attention in recent years due to their
potential application in wearable electronics. However, the limited energy density is still a serious
bottleneck which restricts their practical application. In this work, transition metal oxide nanorods/
reduced graphene oxide (rGO) hybrid fibers were prepared by a facile, scalable wet-spinning method.
Due to the synergetic effects between transition metal oxide nanorods and rGO, the electrochemical
performance of the hybrid fibers were greatly improved. An all-solid-state asymmetric supercapacitor
was constructed by using MnO2 nanorods/rGO hybrid fiber as positive electrode, MoO3 nanorods/rGO
hybrid fiber as negative electrode and H3PO4/poly(vinyl alcohol) (PVA) as electrolyte. Based on the
different working potential window between MnO2 and MoO3, the optimized asymmetric supercapacitor
can be cycled reversibly at a high voltage of 1.6 V and deliver a superior volumetric energy density of
18.2 mWh cm�3 at a power density of 76.4 mW cm�3. Besides, the asymmetric supercapacitor exhibits
remarkable cycling stability and excellent flexibility and mechanical stability.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid advances in portable and wearable electronics have
triggered intensive research efforts on lightweight, flexible and
highly efficient energy storage systems [1e6]. Thanks to their su-
perior power density and long cycle life, supercapacitors (SCs) are
highly desirable as an important class of energy storage systems
[7e9]. In the past few years, considerable efforts have been dedi-
cated to developing fiber-shaped SCs (FSCs) owing to their superior
features such as lightweight, tiny volume, flexibility, and knitt-
ability [10e17]. Among different FSCs, graphene fiber as a new type
of carbon fiber is broadly regarded to be promising electrode due to
its high strength, low weight and outstanding flexibility [18,19].
Despite the recent progress in graphene fiber-based SCs, the limited
energy density is still a serious bottleneck which restricts their
practical application [20e25]. Therefore, it is highly desirable to
improve their energy density to meet the demands of wearable
electronics [26].
According to the equation E¼ 1/2CV2, the energy density (E) can

be improved by either increasing the device capacitance (C) and/or
the operation voltage (V) [27]. To date, research on FSCs has been
focused mostly on increasing the C with a narrow V of less than 1 V
and insufficient attention has been paid to increase the voltage
range [28,29]. A promising strategy to increase operation voltage is
to construct asymmetric supercapacitors (ASCs) by using two
appropriate electrodes with different potential windows [30].

The electrochemical properties of SCs are usually affected by the
properties and structures of their electrode materials. Therefore,
developing high-energy density ASCs mainly depends on the se-
lection and fabrication of appropriate electrode materials [31].
Compared with carbon-based materials, pseudo-capacitive mate-
rials such as transition metal oxides and conducting polymers
exhibit much higher capacitive performance [32]. Incorporation of
pseudo-capacitive materials with graphene fibers has been
demonstrated to be an effective way to enhance the specific
capacitance, and, in turn, the device energy density [33e35].
However, in previously reported ASCs, carbonaceousmaterials with
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lower specific capacitances were usually applied as negative elec-
trode and transition metal oxides were used as positive electrode.
Few studies focused on constructing an ASC based on transition
metal oxides in both electrodes [26,36].

In the work described herein, we successfully prepared MoO3
nanorods/rGO and MnO2 nanorods/rGO hybrid fibers through a
facile, scalable wet-spinning method. The one-dimensional nano-
rods can give full play to the electrochemical performance of the
transition metal oxides due to their shortened diffusion length and
large interface area. Meanwhile, the nanorods in the fiber can act as
an effective spacer to prevent the restacking of graphene nano-
sheets and provide more accessible surface area. Additionally,
graphene with high electrical conductivity can improve the elec-
trical conductivity of the hybrid fibers and facilitate charge trans-
port in the electrode, improving the pseudocapacitive reactions and
rate capability. An all-solid-state ASC was constructed by using
MnO2 nanorods/rGO hybrid fiber as the positive electrode and
MoO3 nanorods/rGO hybrid fiber as the negative electrode. Based
on the different working potential window between MnO2 and
MoO3, the optimized ASC can be cycled reversibly at a high voltage
of 1.6 V and deliver a superior volumetric energy density of
18.2 mWh cm�3 at a power density of 76.4 mW cm�3. Besides, the
ASC exhibits remarkable cycling stability and excellent flexibility
and mechanical stability.

2. Experimental section

2.1. Preparation of flexible negative electrodes (MoO3 nanorods/rGO
hybrid fiber)

Graphite oxide (GO) was synthesized by using the modified
Hummers method [37]. MoO3 nanorod was prepared through a
hydrothermal method (see Supplementary Material). To obtain
MoO3 nanorods/rGO hybrid fibers, 180 mg GO was firstly dispersed
into 20 ml distilled water, sonicated for 1 h (45 W), then 20 mg
MoO3 nanorods were added into the solution, and sonicated for
another 1 h, finally the solution was concentrated to 20 mg ml�1 in
a water bath at 60 �C. The dispersion was injected into a rotating
coagulation bath composed of acetic acid. The obtained MoO3
nanorods/GO hybrid gel fibers were dried at 80 �C. To obtain MoO3
nanorods/rGO hybrid fiber, the hybrid fiber was annealed under Ar
atmosphere at 600 �C for 3 h. By the same method, a series of
hybrid fibers were prepared with MoO3 content of 10%, 20%, 40%
and 60%, respectively named as MoO3/rGO-10, MoO3/rGO-20,
MoO3/rGO-40 and MoO3/rGO-60.

2.2. Preparation of flexible positive electrodes (MnO2 nanorods/rGO
hybrid fiber)

MnO2 nanorods were prepared by using a hydrothermal
method. MnO2 nanorods/GO hybrid fiber was fabricated according
to the above method. MnO2 nanorods/rGO hybrid fiber was obtain
according to our previous work [33].

2.3. Characterization

The morphology of the fiber was investigated using scanning
electron microscope (SEM) (HITACHI, S4800). The compositions of
the hybrid fibers were studied by using Raman spectra (Renishaw
microRaman, 514.5 nm laser), X-ray diffraction (XRD) patterns (D/
max 2550 Rigaku, Japan) and X-ray photoelectron spectroscopy
(XPS) (Axis Ultra DLD spectrometer, Kratos Analytical, UK). The
mechanical properties of the fiber were carried out on an XQ-1A
fiber tension tester (Shanghai New Fiber Instrument).
2.4. Electrochemical characterization of individual fiber electrodes

The fiber electrode was prepared by connecting a fiber to
stainless steel strip end to end by silver paste. Electrochemical tests
were performed using a three-electrode system on CHI 660E
electrochemical workstation in 1 M H2SO4 electrolyte. Fiber elec-
trode, a Pt wire and Hg/Hg2SO4 electrodewere used as theworking,
counter and reference electrode, respectively. The volumetric
capacitance was calculated through the CV curves by the following
equation

CV ¼ 1
2VDUv

Z
IdU (1)

where CV is the specific capacitance, DU is the potential window, v
is the scan rate, I is the current, V is the volume of the fiber electrode
which can be calculated using the equation

V ¼ p R2 L (2)

where R and L are the radius and length of the fiber, respectively.

2.5. Fabrication of all-solid-state supercapacitor and
electrochemical measurements

To fabricate a fiber-based ASC, a MoO3 nanorods/rGO hybrid
fiber and a MnO2 nanorods/rGO hybrid fiber were coated with
H3PO4/PVA gel electrolyte, respectively, solidified at room tem-
perature, and then the two electrodes were carefully twisted
together. Finally a layer of H3PO4/PVA was coated on the SC. The
electrochemical studies of the ASC were carried out in a two-
electrode system. The volumetric capacitance of the ASC was
calculated from CV curves using the equation

CV ¼ 1
2VDUv

Z
IdU (3)

where CV is the total volumetric capacitance, V is the total volume of
the SC including positive and negative electrodes.

The volumetric energy (EV) and power (PV) density of the ASC
can be obtained from the following equation

EV ¼ 1
2
CV DU2 (4)

PV ¼ EV=Dt (5)

3. Results and discussion

For ASCs constructed from two different transition metal oxide
electrodes, theworking potential window is directly related to their
work function difference [26]. Therefore, we choose MnO2 and
MoO3 as the positive and negative electrodes, respectively, due to
their largest work function difference [38]. To fabricate fiber based
electrodes, a facile wet spinning method based on our previous
work was used [33]. Fig. 1 shows the schematic illustration of the
fabrication processes of different fiber based electrodes and the
design of the solid-state ASC.

3.1. Negative electrode materials

The morphology and microstructure of the MoO3/rGO fiber was
characterized using SEM. Fig. 2a shows that the obtained hybrid
fiber has a circular cross-section, and the diameter is about 25 mm.



Fig. 1. Schematic illustration of the design and fabrication of the fiber-based ASC. (A colour version of this figure can be viewed online.)

Fig. 2. (aec) SEM images of the cross-section of the MoO3/rGO hybrid fiber. (d-f) EDS mappings of C, O and Mo elements for the hybrid fiber. (A colour version of this figure can be
viewed online.)
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Within the hybrid fiber, the rGO layers interconnect each other and
align along the axial direction (Fig. 2b), which provide a conductive
network for electronic transport. Meanwhile, the rGO sheets were
well-separated and formed porous structure with a low density
(1.14 g cm�3) (Fig. 2c), thus the hybrid fiber has a specific surface
area of 130.5 m2 g�1 and the pore size distribution ranges from
2.5 nm to 50 nm (Fig. S2). The hybrid fiber with porous structure
can providemore accessible surface area and easy pathways for fast
electrolyte ions diffusion, thus achieving high capacitance and low
charge transfer resistance [39]. The elemental distribution of the
hybrid fiber was acquired through EDS mapping of the cross-
section (Fig. 2def), in which C, O, Mo elements are uniformly
distributed, suggesting a homogeneous distribution of MoO3
nanorods in the hybrid fiber.

Interconnected rGO sheets in the hybrid fiber can act as me-
chanical support and electron transport channel for the fiber,
resulting in good electrical and mechanical properties. The tensile
strength of the neat rGO fiber is about 180 MPa and decreases to
98 MPa with the MoO3 content increasing to 60%, which could be
attributed to the formed pores in the hybrid fiber (Fig. S3a). The
strength of the hybrid fibers is higher than that of rGO fiber
(49.3 MPa) [20], SWCNT/rGO fiber (84 MPa) [11], graphene porous
fibers (11.1 MPa) [40] and GO@CMC fiber (73 MPa) [23]. Due to the
low conductivity of MoO3, the conductivity of the hybrid fibers also
decreases (from 29.2 S cm�1 to 16.8 cm�1) with the increasing
amount of MoO3 nanorods (Fig. S3b).

The obtained MoO3/rGO hybrid fiber and MoO3 were charac-
terized by Raman spectroscopy (Fig. 3a). For MoO3 nanorods, the
typical Raman bands at 995 cm�1, 817 cm�1 and 664 cm�1 could be
assigned to the stretching vibrations of the Mo]O and OeMoeO
bonds, consistent with previous reports [41,42]. For MoO3/rGO
hybrid fiber, the characteristic Raman peaks of MoO3 and rGO were
observed simultaneously, indicating the successful fabrication of
MoO3/rGO hybrid fiber [43]. Furthermore, the MoO3/rGO hybrid
fiber and pure MoO3 were further characterized by XRD spectrum
(Fig. 3b). The typical XRD pattern of pure MoO3 confirmed the
formation of orthorhombic structure (a-MoO3, JCPDS No.05-0508),
and the sharp diffraction peaks indicate its high crystallinity [26].
For the MoO3/rGO hybrid fiber, the typical XRD peak of rGOwas not
observed clearly, which could be attributed to the low stacking
degree of rGO nanosheets in the hybrid fiber as shown in the SEM
images (Fig. 2).

The obtained fibers with highmechanical strength and electrical
conductivity were directly used as freestanding working electrode
without any type of current collectors. In order to study the impact
of MoO3 content on the electrochemical performance, a series of
hybrid fiber with different amount of MoO3 were fabricated. The
electrochemical characteristics of the fiber electrode were investi-
gated by using a three electrode system in 1.0 M H2SO4 electrolyte.
Fig. 4a shows the representative CV curves measured at 10 mV s�1.
A pair of well-defined redox peaks related to reversible oxidation
state change of Mo element between Mo (IV) and Mo (VI) can be
obviously observed in the curves of the hybrid fiber electrodes,
indicating the existence of pseudocapacitance [43]. The CV curves
display enlarging areas with the increase of MoO3 content, which is
due to the double layer contribution of well-separated graphene
alongwith the pseudocapacitive contribution of MoO3. Fig. 4b gives
the galvanostatic charge/discharge (GCD) curves at a constant



Fig. 3. Raman (a) and XRD (b) spectra of the MoO3/rGO fiber and the MoO3 nanorods. (A colour version of this figure can be viewed online.)

Fig. 4. Electrochemical performance of the neat rGO and MoO3/rGO hybrid fiber electrode. (a) CV curves at 10 mV s�1. (b) Galvanostatic charge/discharge curves at 1 A cm�3. (c)
Specific capacitance as function of scan rate. (d) Nyquist plots. (e) Cycle performance of MoO3/rGO hybrid fiber electrode at 1 A cm�3. (f) Comparative CV curves of MoO3/rGO-60
fiber in 1 M LiCl and H2SO4 at a scan rate of 10 mV s�1. (A colour version of this figure can be viewed online.)
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current density of 1 A cm�3, from which two obvious voltage pla-
teaus are well observed for the MoO3/rGO hybrid fiber electrodes,
which is consistent with the CV curves. It also reveals that the
charge curves are almost symmetrical with their corresponding
discharge curves with a less obvious voltage drop, indicating small
internal resistance and excellent capacitive behavior of the MoO3/
rGO fiber electrodes. The volumetric capacitance for different MoO3
contents was plotted versus the scan rate in Fig. 4c. The capacitance
of neat rGO fiber electrode is 12.5 F cm�3, and increases with MoO3
mass loading. The highest capacitance (321.8 F cm�3) was obtained
fromMoO3/rGO-60 fiber electrode at a scan rate of 2 mV s�1. When
the scan rate increases to 100mV s�1, the volumetric capacitance of
MoO3/rGO-60 fiber electrode reduces to 90.1 F cm�3 due to the
relatively insufficient Faradaic redox reaction at high scan rate [44].
The volumetric capacitance of MoO3/rGO-60 fiber electrode is
much higher as compared to other fiber-based SCs reported up to
date [20,21,28,34,45]. Fig. 4d presents the Nyquist plots of neat rGO
and MoO3/rGO-60 fiber electrode. It is apparent that the equivalent
series resistance of MoO3/rGO-60 is smaller than neat rGO fiber,
though the conductivity of neat rGO fiber is higher thanMoO3/rGO-
60 hybrid fiber. The reduced equivalent series resistance of MoO3/
rGO-60 could be ascribed to the introduction of MoO3 nanorods
which prevented the restacking of graphene nanosheets and
formed porous structure in the hybrid fiber and the porous struc-
ture is capable of facilitating the fast diffusion of electrolyte ions
into the hybrid fiber electrode [46]. The cycle life of MoO3/rGO-60
electrode was tested through GCD with a fixed current density of
1 A cm�3 (Fig. 4e). It retained 97.6% of its initial specific capacitance
after 5000 cycles, indicating good long-term cycle stability. The CV
curve shows redox peaks versus Hg/Hg2SO4 in 1.0 M H2SO4, indi-
cating the presence of pseudocapacitance. The redox peaks disap-
pear in neutral electrolyte (1 M LiCl) (Fig. 4f), suggesting that the
pseudocapacitance was induced by MoO3 nanorods. The clearly
improved electrochemical performance of the MoO3/rGO hybrid
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fiber electrode can be attributed to the pseudocapacitance derived
fromMoO3 nanorods and the formed porous structure which could
provide more accessible surface area for the electrolyte ions and
allow fast diffusion of electrolyte ions in the hybrid fibers.
3.2. Positive electrode materials

MnO2 nanorods/rGO hybrid fiber was prepared by a facile wet
spinning method, the mass content of the MnO2 nanorods is about
40% and the density of the hybrid fiber is about 1.06 g cm�3. The
Raman spectra and XPS (Fig. S6) revealed that theMnO2/rGO hybrid
fiber was successfully prepared. The electrochemical performance
was investigated by using a three electrode cell in 1.0 M H2SO4.
Fig. 5a shows the CV curves of the neat rGO and MnO2/rGO hybrid
fiber at a scan rate of 10mV s�1. The larger area of MnO2/rGO hybrid
fiber as compared to the neat rGO fiber indicates that the intro-
duction of MnO2 nanorods can improve the capacitive behavior of
rGO fiber. The MnO2/rGO hybrid fiber shows symmetrical rectan-
gular shape CV curves at various scan rates (Fig. 5b), indicating its
good capacitive behavior due to the electrical double layer charge
storage of rGO along with the fast, reversible and successive redox
reactions of MnO2 nanorods. Fig. 5c displays the capacitance of the
MnO2/rGO hybrid fiber electrode versus scan rates. The highest
capacitance is 281.3 F cm�3 at 2mV s�1. As the scan rate increases to
100 mV s�1, the capacitance reduces to 135.1 F cm�3 with capaci-
tance retention of about 48%, demonstrating its good rate capa-
bility. The capacitance of MnO2/rGO hybrid fiber is superior to other
MnO2/carbon fiber-based electrodes in the literature [28,47]. The
remarkable enhancement of the performance for MnO2/rGO fiber
electrode can be attributed to the synergetic effects between the
pseudocapacitance of MnO2 nanorods and the electric double-layer
capacitance of rGO in the hybrid fiber. Fig. 5d displays the long
cycling stability of the MnO2/rGO fiber electrode. After 5000 cycles,
it remained 96.6% of its initial value, proving its outstanding cycling
performance.
Fig. 5. Electrochemical performance of the neat rGO and MnO2 nanorods/rGO hybrid fiber e
rGO fiber at various scan rates. (c) Volumetric capacitance of MnO2/rGO fiber at different scan
figure can be viewed online.)
3.3. All-solid-state asymmetric supercapacitor

An all-solid-state ASC was constructed using MnO2 nanorods/
rGO hybrid fiber as the positive electrode and MoO3 nanorods/rGO
hybrid fiber as the negative electrode, which was shown in Fig. 6 b.
To achieve the maximum performance of the ASC device, the
charge between the positive and the negative electrodes should be
balanced, which follows the relationship qþ ¼ q� [48]. However,
the commonly used gravimetric capacitance is not applicable to the
fiber electrode due to its small mass and unique one dimensional
configuration. Thus, we use length capacitance to balance the
charge between the two fiber electrodes. Fig. S7 shows the length
capacitance of MnO2 nanorods/rGO fiber and MoO3 nanorods/rGO
fiber. It reveals that the capacitance difference between the two
electrodes is negligible. Therefore, we selected two hybrid fibers
with the same length to construct the ASC. Fig. 6 a shows that the
stable voltagewindows of the MoO3/rGO andMnO2/rGO electrodes
were �0.8 to 0 V and 0e0.8 V (vs Hg/Hg2SO4), respectively. Thus, it
is expected that the operation voltage could be extended to 1.6 V for
the proposed asymmetric ASC. Fig. 6c and Fig. S8 show the CV and
GCD curves in different voltage windows, respectively. Indeed, the
fabricated ASC exhibits a stable operating window up to 1.6 V.
Fig. 6d shows the volumetric capacitance of the ASC with the in-
crease of potential window. The specific capacitance significantly
increases from 26.9 to 42.8 F cm�3 as the potential increases from
0.8 to 1.6 V. Fig. 6e shows the CV curves of the ASC at various scan
rates from 5 to 100 mV s�1 and the typical faradaic pseudocapa-
citive shape was observed at low scan rate, manifesting the fast
redox reactions of the metal oxide nanorods. Fig. 6f shows the
corresponding specific capacitance at various scan rates. The spe-
cific capacitance of the device was 51.2 F cm�3 at 2 mV s�1 and it
reduced to 19.4 F cm�3 with the scan rate increases to 100 mV s�1.
Furthermore, the volumetric capacitance of the ASC at various
current density was also calculated based on the GCD curves
(Fig. S9). A high volumetric capacitance of 53.5 F cm�3 was achieved
at a current density of 100 mA cm�3, when the current density
lectrode. (a) CV curves of rGO and MnO2/rGO fiber at 10 mV s�1 (b) CV curves of MnO2/
rates. (d) Cycling performance of MnO2/rGO fiber at 1 A cm�3. (A colour version of this



Fig. 6. (a) Comparative CV curves of MoO3/rGO-60 fiber and MnO2/rGO electrodes in a three-electrode cell in 1 M H2SO4. (b) An asymmetric fiber-shaped supercapacitor based on
graphene/MnO2 fiber as positive and graphene/MoO3 as negative electrode. (c) CV curves of the ASC at different scan voltage windows. (d) Volumetric capacitance as the function of
voltage windows. (e) CV curves at various scan rates. (f) The specific capacitance at different scan rates. (A colour version of this figure can be viewed online.)
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increases to 4000 mA cm�3 a high capacitance of 26.3 F cm�3 could
be maintained, indicating its good rate capability.

The power and energy density of the ASC were calculated from
its galvanostatic discharge curves, and their relationship was
depicted using Ragone plots (Fig. 7a). The ASC possesses a volu-
metric energy density of 18.2 mWh cm�3 at a power density of
76.4 mW cm�3, which is about two times higher than the thin-film
lithium battery and outperforms many other commercial devices.
The volumetric energy density of our device is also higher than
recently reported fiber-based SCs, including CNT/rGO fiber [29],
MnO2/carbon fibers [49,50], PEDOT/MWCNT fiber [51] and MoS2-
rGO/MWCNT fiber [52]. Besides its high energy density, our ASC
exhibits outstanding power density (3269 mW cm�3), which is
comparable to the commercial SCs. In addition, our device exhibits
good cycling performance with a capacitance retention of 96.8%
after 3000 cycles of charge/discharge at a fixed current density of
1 A cm�3 (Fig. 7b). The flexibility and mechanical stability of the
fiber-based SCs is very important in practical applications. The CV
curves of our device in Fig. 7c have almost no obvious change under
Fig. 7. (a) Ragone plots of our ASC and commercial energy-storage devices. (b) Cycle life of
can be viewed online.)
different bending angles, indicating its good robustness and me-
chanical stability.
4. Conclusions

In summary, we have successfully prepared MoO3 nanorods/
rGO andMnO2 nanorods/rGO hybrid fibers by using a facile scalable
wet-spinning method. Due to the synergetic effects between
transition metal oxide nanorods and rGO, the capacitive perfor-
mances of the hybrid fiber electrodes were improved. By using
MnO2 nanorods/rGO and MoO3 nanorods/rGO hybrid fibers as the
positive and negative electrodes, respectively, an all-solid-state ASC
was constructed. The optimized ASC can be cycled reversibly at a
high voltage of 1.6 V and deliver a superior volumetric energy
density. Besides, the device exhibits remarkable cycling stability
and excellent flexibility and mechanical stability. Owing to these
outstanding performances, our device may provide promising ap-
plications in various flexible electronic devices.
our ASC device. (c) CV curves at various bending angles. (A colour version of this figure
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