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g r a p h i c a l a b s t r a c t
� Hierarchically structured MnO2

nanowire/graphene hybrid fibers
were fabricated.

� The hybrid fibers possess large spe-
cific surface area and high MnO2

loading.
� The all-solid-state flexible fiber-
shaped supercapacitors have been
fabricated.

� They exhibit high volumetric capaci-
tance and excellent cycling stability.
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a b s t r a c t

Towards rapid development of lightweight, flexible, and even wearable electronics, a highly efficient
energy-storage device is required for their energy supply management. Graphene fiber-based super-
capacitor is considered as one of the promising candidates because of the remarkable mechanical and
electrical properties of graphene fibers. However, supercapacitors based on bare graphene fibers
generally suffer a low capacitance, which certainly restricts their potentially wide applications. In this
work, hierarchically structured MnO2 nanowire/graphene hybrid fibers are fabricated through a simple,
scalable wet-spinning method. The hybrid fibers form mesoporous structure with large specific surface
area of 139.9 m2 g�1. The mass loading of MnO2 can be as high as 40 wt%. Due to the synergistic effect
between MnO2 nanowires and graphene, the main pseudocapacitance of MnO2 and the electric double-
layer capacitance of graphene are improved simultaneously. In view of the practical demonstration, a
highly flexible solid-state supercapacitor is fabricated by twisting of two MnO2/graphene fibers coated by
polyvinyl alcohol/H3PO4 electrolyte. The supercapacitor exhibits a high volumetric capacitance
(66.1 F cm�3, normalized by the total volume of two fiber electrodes), excellent cycling stability (96%
capacitance retention over 10,000 cycles), high energy and power density (5.8 mWh cm�3 and
0.51 W cm�3, respectively).

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Flexible, lightweight, mechanically strong and highly efficient
energy storage devices have attracted significant attention due to
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their potential applications in portable and wearable consumer
electronics including electronic papers, roll-up displays, flexible
biosensors and implantable medical devices [1e5]. Among various
types of energy storage devices, supercapacitors (SCs) have higher
power density, longer cycling life, faster charge/discharge rates and
safer operation conditions than lithium ion batteries and thus are
considered as the most promising energy storage devices [6e9].
The design of flexible SCs needs the advancement of flexible elec-
trodes with favorable mechanical strength and large capacitance. In
this point of view, graphene has shown great potential as the
electrodes of flexible supercapacitors owing to its distinctive
characteristics such as large specific surface area, great mechanical
strength and high electrical conductivity. Graphene fiber formed by
individual graphene nanosheets is one of the promising candidates
as flexible electrodes because of its remarkable mechanical and
electrical properties [10e13]. However, due to the aggregating na-
ture of graphene caused by strong pep interactions, the graphene
nanosheets tend to restack into graphite-like structure during the
fabrication process, in which the excellent characteristics of the
individual graphene sheet, such as flexibility and high surface area,
will be lost [14]. This structure reduces the accessible surface area
for ion adsorption/desorption and therefore leads to low specific
capacitance and poor rate performance. To overcome these limi-
tations, considerable efforts have been devoted to fabricate porous
graphene fibers. For instance, our group prepared porous graphene
fibers by a non-liquid-crystal spinning method [12]. Inserting
spacers such as CNTs into graphene fiber to expand the layer dis-
tance between the individual sheets of graphene fiber is another
effective strategy to fabricate porous graphene fibers [15,16].
However, the relatively high production cost of CNTs and non-
scalable fabrication process for graphene fibers limit their prac-
tical application as electrodes of flexible SCs.

Incorporating pseudocapacitive materials into graphene to form
composite is considered as an effective way to improve the
capacitance of the electrodes [17e19]. Among the pseudocapacitive
materials, manganese dioxide (MnO2) has attractedmuch attention
due to its low cost, environmental friendliness and high theoretical
specific capacitance [20]. By decorating the surface of graphene
fibers with MnO2, Gao et al. [21] and Qu et al. [22] have enhanced
the electrochemical performance of the graphene fiber-based
electrodes, respectively. However, these methods were compli-
cated and non-scalable. Meanwhile, the capacitance of the hybrid
fibers was mainly dominated by the pseudocapacitance from the
MnO2 coated on the graphene fiber surface, and the electric double
layer capacitance from the graphene sheet was less utilized due to
the agglomerated layer like structure in the graphene fiber. Addi-
tionally, due to its low electronic conductivity only a very thin
surface layer of MnO2 can participate in the redox reactions, and
further increasing of the mass loading of MnO2 usually leads to the
increased electrode resistance, decreased specific capacitance and
reduced utilization rate of MnO2. Such unfavorable thickness-
dependence is a general problem for low conductivity electrode
materials and is associated with limitations in the transport of both
electrons and ions [23]. Thus, increasing the mass loading content
of MnO2 without sacrificing their utilization rate is still challenging
for graphene fibers. In this regard, it is highly desirable to develop a
scalable and low-cost approach to fabricate ideal MnO2/graphene
hybrid fibers with outstanding flexibility, high conductivity, large
specific surface area and excellent capacitance for flexible SCs.

Here, hierarchically structured MnO2 nanowires/graphene
hybrid fibers with excellent capacitive performance were fabri-
cated by a very simple, low cost and scalable wet-spinning method.
The MnO2 nanowires in these fibers not only act as the effective
spacer to inhibit the restacking of graphene nanosheets and in-
crease the specific surface area (139.9 m2 g�1), but also provide
pseudo capacitance to improve the overall performance. Mean-
while, the highly conductive graphene nanosheets wrapping
around the MnO2 nanowires can inhibit the aggregation of MnO2
nanowires, serve as superhighways facilitating the electron trans-
port in the fiber and increase the mass loading content (as high as
40 wt%) and electrochemical utilization rate of MnO2. Furthermore,
the graphene nanosheets also keep the integrity and stability of the
fiber and offer flexibility. Flexible solid-state SCs were assembled
using the as-prepared hybrid fibers and they displayed high volu-
metric capacitance (up to 66.1 F cm�3, normalized by the total
volume of two fiber electrodes), excellent cycling stability (96%
capacitance retention over 10000 cycles), and high energy and
power density (up to 5.8 mWh cm�3 and 0.51 W cm�3, respec-
tively). They also well maintained their structure and electro-
chemical performance under mechanical deformation, indicating a
good flexibility of these devices.

2. Experimental section

2.1. Synthesis of MnO2 nanowires

The MnO2 nanowires were prepared by a low temperature hy-
drothermal method. Typically, 0.016 mol MnSO4$H2O, 0.016 mol
(NH4)2S2O8, 0.03 mol (NH4)2SO4 and 0.1 g polyvinylpyrrolidone
(PVP) were added into 80 mL distilled water in a beaker under
stirring to form a homogeneous solution. The solution was trans-
ferred into a Teflonlined stainless steel autoclave, then sealed and
maintained at 120 �C for 12 h. After the reactionwas completed, the
autoclave was cooled to room temperature and the resulting
product was filtered, washed with distilled water and ethanol to
remove residual salts and finally dried at 120 �C in air.

2.2. Preparation of MnO2 nanowires/graphene hybrid fibers

Graphite oxide (GO) was synthesized by the Hummers method
[24]. To obtain the hybrid fibers, MnO2 nanowires and GO were
mixed at weight ratios of 0:100, 5:95,10:90, 20:80, 30:70 and 40:60
into distilled water. The mixtures (10 mg/ml) were sonicated for
2 h at an output power of 20 W using a digital ultrasonic processor
(S-450D, Branson) and then concentrated to 40 mg/ml by evapo-
ration in 60 �C water bath. These homogeneous dispersions were
loaded into plastic syringes and injected into a rotating coagulation
bath (acetic acid). The resulted gel fibers were rolled onto a drum
and dried at 60 �C in vacuum. To obtain MnO2/rGO fibers, the as-
prepared MnO2/GO fibers on the drum were put into 2 mL hydra-
zine solution in a teflon vessel, sealed, then kept at 85 �C for 24 h.
The obtained MnO2/rGO fibers with 5%, 10%, 20%, 30% and 40%
MnO2 loading contents are respectively named as MnO2/rGO-5 fi-
ber MnO2/rGO-10 fiber, MnO2/rGO-20 fiber, MnO2/rGO-30 fiber
and MnO2/rGO-40 fiber.

2.3. Material characterization

The morphology of the samples was observed by a scanning
electron microscope (SEM, HITACHI, S4800) and a transmission
electron microscope (TEM, JEOL, JEM-2100F). The X-ray energy
disperse spectra (EDS) of the samples were recorded by Oxford
Instruments EDS System. The Raman spectra were obtained on a
Renishaw microRaman spectroscopy system with a 514.5 nm
argon-ion laser. The X-ray diffraction (XRD) patterns were recorded
on a D/max 2550 PC diffractometer (Rigaku, Japan) with Cu K ra-
diation (l ¼ 1.5406 Å) operating at 40 kV and 250 mA. The re-
sistivity was measured by a two probe method on a PC68 high
resistance meter (Shanghai Cany Precision Instrument). Tensile
tests were carried out at an extension rate of 2 mm min�1 with a
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gauge length of 10 mm on an XQ-1A fiber tension tester (Shanghai
New Fiber Instrument). Nitrogen adsorptionedesorption isotherms
of the fibers were measured at 77 K using a Micromeritics
ASAP2020 static volumetric gas adsorption instrument. The sam-
ples were first degassed at 300 �C under high vacuum (<0.01 mbar)
before tests. The specific surface area was calculated by the Bru-
nauereEmmetteTeller (BET) method. The X-ray photoelectron
spectra (XPS) were obtained on an Axis Ultra DLD spectrometer
(Kratos Analytical, UK) using a monochromatic Al K source.
2.4. Fabrication and characterization of all-solid-state fiber-based
SCs

Polyvinyl alcohol (3.0 g) was added to 27.0 g deionized water,
followed by heating at 95 �C under magnetic stirring for 3 h H3PO4
(3.0 g) was finally dropped to the above solution to form the gel
electrolyte. To fabricate a fiber-based SCs, two fibers with the same
diameter and length (1 cm) were connected to a metal wire by Ag
paste, respectively, immersed in the H3PO4-PVA gel solution for
24 h, dried at room temperature until the gel electrolyte solidified,
and then carefully twisted together to produce a fiber-based SC.
Finally the SC was coated with gel electrolyte again, dried at room
temperature, then encapsulated in a silicone tube for ease of test.
The electrochemical performances of the assembled SCs were
evaluated by cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) in a two-electrode configuration using an elec-
trochemical workstation (CHI 660E, CH Instruments Inc.). The
capacitance of the supercapacitors in a two-electrode cell was
calculated from their GCD curves at different current densities
using

C ¼ I Dt=DU (1)

where C is the total capacitance, I andDt are the discharging current
and time, respectively, DU is the potential window after IR drop.

The areal and volumetric capacitances (CA and CV) of the SCs
were calculated according to the equations

CA ¼ C=A (2)

CV ¼ C=V (3)

where A and V refer to the area and volume of the fiber in both
electrodes, respectively. The calculation of A and V is according to
the equations:

A ¼ 2pDL (4)

V ¼ 2pR2L (5)

whereD and R are the diameter and radius of the fiber, respectively,
L is the fiber length, factor 2 means two fibers.

The volumetric energy density (EV, Wh cm�3) and power density
(PV, W cm�3) of the SCs were obtained from the equation:

EV ¼ 0:5 CVDU
2
.
3600 (6)

PV ¼ EV � 3600
.
tdischarge (7)

where DU is the operating voltage window in volts, t discharge is the
discharge time in seconds.
3. Results and discussions

The MnO2 nanowires were prepared by a low temperature hy-
drothermal method. The phase purity and crystal structure of the
MnO2 nanowires were examined by XRD. As shown in Fig. 1a, all
the diffraction peaks can be exclusively indexed as the tetragonal a-
MnO2 (JCPDS 44-0141), and no other impurities are observed [25].
The broad characteristic peaks in the XRD patterns indicates the
poor crystallinity of the a-MnO2. Fig. 1b shows the SEM image of
the as-prepared a-MnO2, which exhibits nanowire morphology
with diameters of 5e20 nm and lengths ranging between 5 and
10 mm. A lattice spacing about 0.701 nm for (110) planes of the
tetragonal a-MnO2 structure along the nanowire can be readily
resolved in Fig. 1c and the crystallinity is not very high, as consis-
tent with the XRD results. In fact, MnO2 with low crystallinity is
more favorable for SC application compared with the high crys-
talline MnO2 due to the easier penetration of ions through it
[26,27]. We prepared homogeneous MnO2/GO hybrid dispersions
with 5 wt%, 10 wt%, 20 wt%, 30 wt% and 40 wt% nanowires
respecting to the total weight of GO andMnO2. As shown by the low
magnification TEM image of GO/MnO2 hybrid dispersions (Fig. 1d),
the MnO2 nanowires are well wrapped by GO sheets which can
effectively inhibit their aggregation and increase the mass loading.

We prepared MnO2/rGO hybrid fibers by a simple wet spinning
method followed by chemical reduction. The homogeneous
dispersion was smoothly injected into a rotating coagulation bath
through a spinneret. The mass loading of MnO2 nanowires can be
well controlled by adjusting the content of MnO2 in the spinning
dispersion. By this method, hundreds of meters long MnO2/GO
hybrid fiber can be obtained (Fig. 2a). However, continuous fibers
could not be formedwhen the fraction of MnO2 was over 40 wt%. In
order to obtain MnO2/rGO fibers, modified vapor reduction method
was employed, by exposing the MnO2/GO fiber to the hydrazine
vapor.

The physical properties of rGO andMnO2/rGO fibers are listed in
Table 1. Stressestrain curves (Fig. S2) of the prepared fibers in-
dicates that the mechanical strength decreases with the increasing
MnO2 content. The decline on strength can be attributed to the fact
that the MnO2 nanowires between the graphene nanosheets
inhibited the aggregation and increased the layer distance which
reduced the van der Waals forces between graphene nanosheets
and thus reduced the tensile strength. This can also explainwhy the
diameter of the fibers increases with the increasing content of
MnO2. Due to the loading of low conductivity MnO2, the conduc-
tivity of the fibers decreases with the increasing content of MnO2.

The microstructure of MnO2/rGO-40 fiber was characterized by
SEM (Fig. 2 bec). A 3-dimensional interconnected porous network
structure formed by crumpled graphene sheets can be clearly
observed from the cross-section of the fiber (Fig. 2c). This type of
porous structure provides large accessible surface area that enables
effective electrolyte ion transport. Fig. 2def shows the energy-
dispersive spectroscopy (EDS) mapping of the cross section of the
hybrid fiber, demonstrating the existence of C, O and Mn elements.
The distribution of Mn element confirms that MnO2 nanowires are
homogeneously distributed throughout the hybrid fiber, which is
crucially important for increasing the mass loading and usage of
MnO2 nanowires and improving the electrochemical performances
of the hybrid fiber-based SC.

Fig. 3a shows the Raman spectra of the rGO and MnO2/rGO-40
fiber. The defect induced D peak and G peak can be found at around
1335 cm�1 and 1585 cm�1, respectively, for both of these fibers. As
for the MnO2/rGO-40 fiber, a new peak appeared at 641 cm�1,
which can be attributed to the MneO stretching vibration in the
basal plane of MnO6 octahedra, indicating the presence of MnO2 in
the hybrid fiber as well [28]. X-ray photoelectron spectra (XPS) was



Fig. 1. (aec) XRD pattern, SEM image and high resolution TEM image of the MnO2 nanowires; (d) TEM image of a MnO2/GO hybrid dispersion.

Fig. 2. (a) Photograph of the MnO2/GO fiber collected onto a bobbin; (bef) Cross-sectional SEM images (b, c) and element mappings (d-f for C, O and Mn, respectively) of MnO2/rGO-
40 fiber.

Table 1
Physical properties of rGO and MnO2/rGO fibers.

Fibers Diameter (mm) Surface area (m2 g�1) Strength (MPa) Strain (%) Conductivity (S cm�1)

rGO fiber 38 ± 2 35.8 118 4.4 26.4
MnO2/rGO-5 fiber 40 ± 2 40.9 117 4.8 25.2
MnO2/rGO-10 fiber 42 ± 2 70.3 109 6.4 24.8
MnO2/rGO-20 fiber 45 ± 2 92.0 93 6.1 24.1
MnO2/rGO-30 fiber 46 ± 2 108.2 85 8.0 22.0
MnO2/rGO-40 fiber 49 ± 2 139.9 75 3.7 18.3
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used to identify the presence and oxidation state of the as prepared
MnO2 nanowires in the hybrid fibers. As shown in Fig. 3b, the C 1s
signal was deconvoluted into four peaks centered at 284.4, 285.6,
288.1 and 290.6 eV, corresponding to CeC/C]C, CeN, C]O and O]
CeO bonds, respectively. The CeN bond may be introduced during
the reduction process by hydrazine [29]. The intensity of the peaks
related to oxygenate bonds are rather low, indicating the successful
reduction of GO. As for the O 1s signal (Fig. 3c) two deconvoluted



Fig. 3. (a) Raman spectra of rGO and MnO2/rGO-40 fiber; (b) C 1s; (c) O 1s; and (d) Mn 2p XPS core level spectra of MnO2/rGO-40 fiber.
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peaks centered at 530.9 and 532.3 eV were assigned to OeMn and
OeC bond, respectively [9]. The presence of MnO2 in the hybrid
fiber was further confirmed by the Mn 2p signal in Fig. 3d. The
peaks of Mn 2p3/2 and Mn 2p1/2 are located at 641.9 and 653.6 eV,
respectively, with an energy separation of 11.7 eV, which exactly
matches the reported value of energy separation in MnO2 [30].

In order to explore the surface area and porous structure of the
rGO fiber andMnO2/rGO hybrid fibers, we carried low-temperature
nitrogen adsorption measurements. Fig. 4 shows the nitrogen
adsorption and desorption isotherms and the pore size distribution
curve of MnO2/rGO-40 fiber. A significant increase in surface area is
observed for the hybrid fiber compared to that of the rGO fiber
(Table 1). The type IV isotherm shows a hysteresis loop at high
relative pressure, indicating the existence of plentiful mesopores in
the hybrid fiber (Fig. 4a). The BET surface area and pore-size dis-
tribution combined with the SEM image (Fig. 2c) strongly confirm
the fact that the hybrid fibers have an interconnected porous
structure. MnO2 nanowires inserted between the graphene layers
effectively reduce the stacking of the graphene and well develop
interconnected pores in the hybrid fiber. The MnO2/rGO-40 fiber
has a specific surface area of 139.9 m2 g�1, much higher than those
Fig. 4. Pore structure of MnO2/rGO-40 fiber (a) Adsorptionedesorption iso
of carbon-based fibers reported so far, including rGO fiber
(18 m2 g�1) [31] and dry-spun MWCNT fiber (100 m2 g�1) [32], and
comparable to wet-spun SWNT fiber (160 m2 g�1) [33]. The pore
size distribution, calculated from desorption data using the Bar-
retteJoynereHalenda (BJH) model, ranges from 2.2 nm to 55 nm,
indicating the mesoporous structure of the hybrid fiber (Fig. 4b).
Such hierarchical structure with high specific surface area and
mesopores is favorable for improving both the main pseudocapa-
citance of MnO2 and the electric double-layer (EDL) capacitance of
graphene since the hydrated ions in the electrolyte are easily
accessible to the exterior and interior pore surfaces during the rapid
chargeedischarge process.

To fabricate fiber-based SCs, PVA-H3PO4 had been used as gel
electrolyte. Firstly, rGO or MnO2/rGO hybrid fibers were coated by
the gel electrolyte, then two same fibers were twisted together to
produce a fiber-based SC. In order to facilitate testing, we encap-
sulated it in a silicone tube. The electrochemical performance of the
fiber-based SCs were analyzed by a two-electrode configuration.
Fig. 5a depicts the typical CV curves of fiber-based SCs with
differentMnO2 contents at the scan rate of 10mV s�1. The CV curves
of the hybrid fibers are nearly rectangular in shape and exhibit near
therms and (b) the pore-size distribution of the MnO2/rGO-40 fiber.



Fig. 5. Electrochemical performance of solid-state SCs assembled from rGO fiber and MnO2/rGO hybrid fibers with different MnO2 contents. (a) CV curves at a scan rate of
10 mV s�1; (b) The GCD curves at a current density of 0.06 A cm�3; (c) Volumetric capacitance with the increase of MnO2 contents at a current density of 0.06 A cm�3; (d) Volumetric
capacitance with the increase of current density for fibers with different MnO2 contents.
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mirror-image symmetry, which demonstrates the ideal capacitive
behavior. The area of each closed CV curve suggests its specific
capacitance. It is found that the area increases with the increase of
MnO2 content, corresponding to an increase in the capacitance,
which demonstrates that the capacitive behavior of graphene fibers
can be greatly improved by loading of MnO2 nanowires. GCD tests
were conducted in a stable potential window of 0e0.8 V at a fixed
current density of 0.06 A cm�3, and the result is shown in Fig. 5b. It
reveals that all of the charging curves are symmetrical with their
corresponding discharge counterparts and show good linear vol-
tageetime profiles, indicating good capacitive behavior of the fiber-
based SCs. Fig. 5c indicates that the specific capacitance increases
with the mass loading and no saturation are observed in the range
of loadings suggesting almost all of the MnO2 participated in the
reactions and contributed to the energy storage. The dependence of
specific capacitance on current density is also investigated (Fig. 5d).
It was found that the hybrid fiber with 40% MnO2 content has the
highest CV (normalized by the total volume of two fiber electrodes)
of 66.1 F cm�3 at 60 mA cm�3 and 41.3 F cm�3 at 970 mA cm�3,
corresponding to CA of 82.6 F cm�2 and 51.4 mF cm�2, respectively.
These values outperform those of previously reported fiber-based
SCs, including RGO/CNT fiber [16,34], MnO2-modified graphene
fiber [21,22], MnO2/Carbon fiber and CNT/MnO2 fiber [8,35]
(Table 2). Meanwhile, the SC also exhibited better rate capability
when current density increases from 0.06 to 2.28 A cm�3 compared
Table 2
Comparison of electrochemical performance of hybrid fiber-based supercapacitors.

Ref. Electrode materials CV (F cm�3)

[16] RGO/CNT fiber 38.4
[34] RGO/CNT fiber 38.8
[21] RGO fiber/MnO2 42.25
[22] RGO fiber/MnO2 e

[8] Carbon fiber/MnO2 2.5
[35] CNT fiber/MnO2 e

This work MnO2 nanowire/rGO-40 fiber 66.1
with rGO fiber-based SC. The high rate performance could be
attributed to the interconnected porous structure of the hybrid fi-
ber, which could allow electrolyte ions to pass through quickly
during the rapid charge/discharge process.

To further investigate the electrochemical performance of these
MnO2/rGO hybrid fiber electrodes, we take MnO2/rGO-40 fiber as
the example to study. Fig. 6a shows the CV curves of the device
measured at different scan rates of 10, 20, 50 and 100mV s�1. These
CV curves exhibit near-rectangular shapes at low scan rates and still
retain a relatively rectangular shape without obvious distortion
with increasing scan rates, indicating the desirable fast charge/
discharge property for power devices. The GCD curves at different
current densities ranging from 0.06 to 2.28 A cm�3 were shown in
Fig. 6b, through which good linear potential-time profiles were
achieved, demonstrating a good capacitive performance of the
devices. The Ragone plots in Fig. 6c compare the volumetric per-
formance of our device to those of rGO fiber-based SC and
commercially available energy-storage devices. Our device has an
EV of 5.8 mWh cm�3, which is about 6.7 times higher than rGO
fiber-based SC, ten times higher than commercially available SCs
(2.75 V/44 mF and 5.5 V/100 mF, <1 mWh cm�3) [36,37] and even
comparable to the 4 V/500 mAh thin-film lithium battery
(0.3e10 mWh cm�3) [38]. This energy density value is also higher
than that of many previously reported graphene fiber-based SCs,
including RGO þ CNT@CMC YSCs (3.5 mWh cm�3) [16],
CA (mF cm�2) PV (mW cm�3) EV (mWh cm�3)

44.25 200 3.5
e 500 3.4
14.8 16.8 3.4
9.6 e e

400 0.22
3.57 790 1.73
82.6 510 5.8

mailto:CNT@CMC


Fig. 6. Electrochemical performances of solid-state SC assembled from MnO2/rGO-40 fiber. (a) CV curves of the SC at different scan rates; (b) The GCD curves of the SC at different
current densities; (c) Energy and power densities of the SC compared with commercially available energy-storage systems; (d) Dependence of capacitance ratio on cycle number.
Inset: GCD curve after 10000 cycles at 0.12 A cm�3 (e) CV curves under bending at with different angles; (f) GCD curves before and after bending for 100, 500 and 1000 cycles.
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RGO þ unfunctionalized few-walled CNT fiber-based SC
(1 mWh cm�3) [34] and MnO2 decorated graphene fiber-based
asymmetric micro-SCs [21] and an asymmetric SC assembled
from N-doped and MnO2-loaded RGO/SWCNT fibers
(~5 mWh cm�3) [39], and also comparable with that of a N-doped
RGO/SWCNT hybrid fiber SC (~6.3 mWh cm�3) [15]. The maximum
PV of our SC is 510 mW cm�3, comparable to the commercially
available supercapacitors and more than two orders of magnitude
higher than that of lithium thin-film batteries [37,38]. The cycle
stability was measured by GCD at a current density of 0.12 A cm�3

for 10000 cycles and the result is shown in Fig. 6d. The capacitance
retention was about 96% after cycling for 10000 times, demon-
strating the excellent long-term cycling stability. The inset reveals
no significant electrochemical change during the long-term
charging and discharging process. The excellent electrochemical
stability indicates that the graphene nanosheets wrapping could
possibly stabilize the MnO2 nanowires mechanically during the
cycling tests. In order to demonstrate the flexibility of our device,
we measured CV curves under different bending angles and GCD
curves after different bending times. The CV curves in Fig. 6e
demonstrate that the change of electrochemical performance of the
fabricated device was ignorable under different bending angles.
From the GCD curves of the device after different bending times
(Fig. 6f), almost no change for the chargeedischarge curves was
observed during the bending. All of these datas prove that the
device is flexible and robust enough to tolerate the long-term and
repeated bending.

For practical application, flexible electronics may need working
at different currents and operation voltages. Thus, depending on
the application, SCs need to be connected together in series and/or
parallel combinations. Fig. 7a,b show the GCD curves of a single and
three devices connected in parallel and series. Compared with a
single device, the output current of the three devices connected in
parallel increased by a factor of three and its discharge time is three
times that of a single device when operated at the same current
density (Fig. 7a). With similar discharge time, the voltage window
can be elevated from 0.8 V for single device to 2.4 V by connecting
three device in series (Fig. 7b). After being fully charged, the device
connected in series can be used to power a red LED even under
knotting state as shown in Fig. 7c, demonstrating its potential
application as an efficient energy storage component for flexible
electronics.

The observed excellent electrochemical performances of the as-
prepared SC can be ascribed to the following factors: (1) The hybrid
fibers have multiscale hierarchical structure mainly with meso-
pores, in addition to their high electrical conductivity, superior
mechanical properties, good electrochemical stability, and high
surface area. This structure provides pores and large accessible
surface area for fast hydrate ion transport and storage. (2) The
synergistic effect between MnO2 nanowires and graphene. Highly
conductive graphene wrapping around the MnO2 nanowires can
inhibit the aggregation of MnO2 nanowires and increase their mass
loading. Meanwhile, highly conductive graphene serve as super-
highways can improve charge transfer of MnO2, facilitate the
electron transport in the fiber and improve the electrochemical
utilization of MnO2 nanowires. MnO2 nanowires not only act as an
effective spacer to inhibit the restacking of graphene nanosheets
and form hierarchical structure, which can provide a large surface
area with well-defined mesopores for efficient electrolyte pene-
tration and ion adsorption, but also provide pseudo capacitance to
improve the overall performance. The one-dimensional structure of
MnO2 nanowires with small diameters is also helpful for shortening
ion diffusion path, which can greatly reduce the ionic diffusion
resistance and charge transfer resistance.
4. Conclusions

In summary, a novel hybridization strategy for fabricating
porous graphene-based fibers is proposed. Flexible freestanding
MnO2 nanowire/rGO fibers with interconnected porous structure
was prepared by a simple wet-spinning process combined with
chemical reduction and a solid-state SC based on MnO2 nanowire/
rGO hybrid fibers was successfully obtained. The loading content of
MnO2 in the precursor fiber can be easily controlled to be as high as



Fig. 7. GCD curves of single and three devices connected in parallel (a) and series (b); (c) Photograph showing three as prepared devices connected in series driving a red LED (1.8 V,
20 mA) under the knotting state.
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40 wt%. It was found that the specific capacitance and rate per-
formance of these fibers increased obviously with the increase of
MnO2 content. A flexible solid-state SC assembled from the hybrid
fiberwith the highestMnO2 content exhibited very high volumetric
capacitance (66.1 F cm�3), excellent cycling stability (96% capaci-
tance retention over 10000 cycles), and high energy and power
density (5.8 mWh cm�3 and 0.51W cm�3, respectively). It also well
maintained its physical shape and electrochemical performance
under long-time periodical mechanical deformation. In addition,
this strategy presented here can be extended to the rational design
of other one-dimensional nanomaterials/rGO hybrid fibers, which
may be promising for the next generation flexible energy storage
devices.
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