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Abstract: Integrated nanodevices with the capability of storing
energy are widely applicable and have thus been studied
extensively. To meet the demand for flexible integrated devices,
all-solid-state asymmetric supercapacitors that simultaneously
realize energy storage and optoelectronic detection were
fabricated by growing Co3O4 nanowires on nickel fibers, thus
giving the positive electrode, and employing graphene as both
the negative electrode and light-sensitive material. The as-
assembled integrated systems were characterized by an
improved energy storage, enhanced power density (at least by
1860% enhanced) by improving the potential window from 0–
0.6 V to 0—1.5 V, excellent photoresponse to white light, and
superior flexibility of both the fiber-based asymmetric super-
capacitor and the photodetector. Such flexible integrated
devices might be used in smart and self-powered sensory,
wearable, and portable electronics.

The fabrication of integrated nanodevices, such as nano-
generators combined with metal-ion-based and wireless
detectors,[1, 2] and photoelectric converters with the capability
to store energy,[3–5] has been explored extensively in recent
years because of the diversified function of these devices in
comparison to conventional nanodevices with their limited
applicability. Integrated photodetectors have drawn great
attention because of their importance for specific applica-
tions, including environmental monitoring with large-area

wireless sensor networks, chemical and biosensing, and in situ
monitoring of medical therapy.[6] As they can be operated
without an external power source, the extra weight of the
latter can be avoided.[7–10] Integrated devices that contain
photodetectors are generally planar, which may limit their
practical applications. In this regard, a fiber-based device may
have unique advantages.[11] The development of flexible
integrated photodetectors on single fibers to be used in
flexible, wearable, and stretchable electronics is therefore
desirable.

High-performance energy storage and supply is indispen-
sable in order to power integrated nanosensors effectively.
Supercapacitors have attracted tremendous interest as prom-
ising energy-storage devices because of their high power
density and their capability to quickly charge and discharge,
which are favorable characteristics of devices that are used in
hybrid vehicles, portable electronics, and backup energy
systems.[12–18] However, most conventional supercapacitors
are too heavy and bulky to power nanosensors in small,
lightweight, and flexible integrated systems. In recent years,
the development of high-performance fiber-based miniatur-
ized supercapacitors has been explored extensively to meet
the growing demand for flexible and wearable electron-
ics.[19–24] However, until now, all reported fiber-based super-
capacitors were studied only as single-component energy-
storage devices, and it is still a great challenge to combine
high-performance fiber-based microscale supercapacitors
with nanosensors to obtain high-performance fiber-based
flexible integrated systems.

Herein, we report the successful fabrication of a fiber-
based flexible integrated device for simultaneous energy
storage and optoelectronic detection. In this integrated
system, a fiber-based flexible all-solid-state asymmetric
supercapacitor, which was fabricated using titanium wire/
Co3O4 nanowires and carbon fibers/graphene electrodes, was
used as energy-storage and energy-supply device with a two-
dimensional graphene layer as the light-sensitive material.
The as-assembled integrated system featured improved
energy storage and power delivery (at least by 1860%
enhanced) by improving the potential window from 0–0.6 V
to 0–1.5 V, excellent photoresponse to white light, and
superior flexibility of both the fiber-based asymmetric super-
capacitor and the photodetector.

For the fabrication of fiber-shaped asymmetric super-
capacitors, a facile solvothermal method was used to grow
porous Co3O4 nanowires nickel fibers.[25] Figure 1a shows the
XRD pattern of the as-prepared nanowires scraped off the
fibers, which can be indexed to pure Co3O4 with cubic
structure (JCPDS No. 042-1467). Figure 1b depicts a typical
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scanning electron microscopy (SEM) image of the nickel
fiber/Co3O4 nanowires, showing that the nickel fiber was
uniformly coated with Co3O4 nanowires. Figure 1c,d shows
the three-dimensional (3D) nanostructures of the porous
Co3O4 nanowires, which have a diameter of 50–100 nm and
a length of 1–2 mm (Figure S1), grown regularly on the nickel
fibers. The existence of porous Co3O4 nanowires was further
confirmed by transmission electron microscopy (TEM). The
TEM image of the nanostructures scraped off the nickel fiber
shows that the nanowires are composed of numerous nano-
crystals with diameters of 10–20 nm and contain many widely
distributed mesopores (Figure 1e). The lattice spacing of
0.2437 nm corresponded to the (311) crystal planes of the
cubic Co3O4 phase, (see high-resolution TEM (HRTEM)
image in Figure 1 f). The selected-area electron diffraction
(SAED) pattern in Figure S2 (Supporting Information) shows
the polycrystalline structure of the Co3O4 nanowires. The
porous 3D Co3O4 nanowires on the nickel fiber possess
a large, electrochemically active surface and short paths for
fast ion diffusion and electron transport.[26, 27] Thus, we were
able to employ them as the positive electrode of a super-
capacitor to enhance its energy-storage performance.

The electrochemical properties of the as-grown porous
Co3O4 nanowires on nickel fibers and graphene-coated
carbon fibers were first investigated in a three-electrode
system with a 6m KOH electrolyte solution, and both
exhibited excellent energy-storage performance (see the
Supporting Information, Figures S3–S7). Based on these
results, microscale fiber-based all-solid-state asymmetric
supercapacitors were prepared from nickel fiber/Co3O4 nano-
wires (positive electrode) and carbon fibers/graphene (neg-

ative electrode), to improve energy storage and power
delivery (Figure 2a). The fiber-based all-solid-state asymmet-
ric supercapacitors were fabricated by carefully entangling
a bundle of carbon fibers coated with graphene around the
nickel fiber coated with Co3O4 nanowires previously
immersed in the PVA-KOH gel solution. The advantage of
the asymmetric configuration is the use of the pseudocapa-
citive positive electrode to enhance the specific capacitance.
Besides, the operating potential of the asymmetric cell can be
extended as a result of the overpotential of reversible
hydrogen electrosorption in a nanoporous carbon-based
negative electrode.[28–30] We investigated the cell voltage of
the asymmetric supercapacitor by performing a cyclic vol-
tammetry (CV) measurement in a three-electrode cell
separately with nickel fiber/Co3O4 nanowires and carbon
fibers/graphene. A stable potential window was observed in
the range from�1.0 to�0.3 V for carbon fibers/graphene and
in the range from 0.0 to 0.5 V for nickel fiber/Co3O4 nano-
wires (Figure S8), thus demonstrating that the asymmetric
supercapacitor can be operated up to 1.5 V. On the basis of
the specific capacitance values and potential windows found
for both electrodes, the mass ratio of the negative electrode
(carbon fibers/graphene) and the positive electrode (nickel
fiber/Co3O4 nanowires) was fixed close to 1:0.576. Figure 2b
shows a series of CV measurements of the asymmetric
supercapacitor with different cell voltages varying from 0.0–
0.6 V to 0.0–1.5 V. When the operating potential is 1.0 V, the
presence of redox peaks (in the region between 0.0 and 1.0 V)
indicates that the pseudocapacitive properties of the cell
originate from the positive electrode (nickel fiber/Co3O4

nanowires). With an increase of the operating potential to
1.5 V, more Faradic reactions (the larger peak current)
occurred. Moreover, the charge–discharge curves of the
fiber-shaped all-solid-state asymmetric supercapacitor at
a current density of 40 mAcm�3 stayed nearly symmetric at
an operating potential as high as 1.5 V (Figure 2c), thus
suggesting that the device exhibits ideal capacitive character-
istics with a rapid I–V response and small equivalent series

Figure 1. a) XRD pattern of Co3O4 scraped off a nickel fiber. b–d) SEM
images of the as-synthesized Co3O4 nanowires on a nickel fiber.
e) TEM, and f) HRTEM images of the Co3O4 nanowires.

Figure 2. a) Photograph of the fiber-based all-solid-state asymmetric
supercapacitor. b) CV curves, c) galvanostatic charge–discharge curves,
and d) volumetric capacitances of the asymmetric supercapacitor with
the increase of the potential window.
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resistance.[31] Figure 2d shows a variation of the volumetric
capacitance of the asymmetric supercapacitor with an
increasing potential window. The volumetric capacitance
increases significantly from 0.234 to 0.695 F cm�3 with an
increase of the operating potential from 0.6 to 1.5 V, thus
demonstrating that the amount of stored energy and delivered
power can be increased at least by 1860% according to E =

C V2/2 compared with that of the supercapacitor with
a potential window of 0—0.6 V. The considerably improved
energy density can probably be ascribed to the high voltage
and the increased capacitance because of Faradaic reactions.

CV curves at different scan rates (ranging from 10 to
100 mVs�1) were also measured below 1.5 V (Figure 3a).
Unlike the three-electrode electrochemical feature of nickel
fiber/Co3O4 nanowires electrodes, the asymmetric device
displays a quasi-rectangular CV geometry with feeble redox
peaks, thus indicating a combination of both pseudocapacitive
and EDLC-type (EDLC = electric double-layer capacitor)
properties at all scan rates. Moreover, at a scan rate as high as
100 mVs�1 and a maximum cell voltage of 1.5 V, the shape of
the CV curve can still be well persevered, thus suggesting
a good rate capability of the asymmetric supercapacitor.
Galvanostatic discharge curves of the fiber-shaped asymmet-
ric supercapacitor at various current densities are shown in
Figure 3b. The volumetric capacitance, which was calculated
based on the total volume of the device, reached 2.1 F cm�3 at
a current density of 20 mAcm�3, and the corresponding
specific capacitance was also plotted (see Figure S9). The
voltage drop of the asymmetric device versus the charge–
discharge current density is shown in Figures S10 and S11, and
the corresponding linear functions were fitted. Obviously, the
device exhibits pretty low internal resistance, even at a current
density as high as 100 mAcm�3, thus showing the excellent
electrochemical performance of the fiber-shaped all-solid-
state asymmetric supercapacitor.

A charge–discharge cycling test was carried out to
examine the long-term cyclability of the device (Figure 3c).
During the cycling process at a current density of 40 mA cm�3,
a very small decrease of the capacitance was observed, which
could have resulted from the consumption of the gel electro-
lyte caused by an irreversible reaction between the electrode
material and the electrolyte.[32] The first ten charge–discharge
cycles are shown in Figure S12. Good symmetry of both
charge and discharge curves indicates superior capacitive
behavior. After 1000 cycles, the device still maintained
approximately 84% of its initial capacitance (1.59 Fcm�3),
thus demonstrating the good cycling performance of the fiber-
shaped all-solid-state supercapacitor. EIS measurements
(EIS = electrochemical impedance spectroscopy) were per-
formed to further evaluate the electrochemical performance
of the supercapacitor (Figure S13). EIS measurements before
and after 1000 cycles exhibited straight lines, thus showing
ideal capacitive behavior. The equivalent series resistance
(ESR) of the device decreased from 55.5 W before cycling to
46.3 W after cycling (see inset in Figure S13), which may be
ascribed to the improved contact between the electrode
material and the gel electrolyte after the cycling measure-
ment. The result further demonstrates the exceptional
electrochemical stability of the fiber-based asymmetric super-
capacitor. The energy and power densities of the fiber-based
all-solid-state asymmetric supercapacitor measured in the
potential window of 0–1.5 V at different scan rates are shown
in Figure 3d. With an operating potential of 1.5 V, we
achieved a maximum volumetric energy density of
0.62 mWh cm�3 and power density of 1.47 W cm�3 for our
asymmetric supercapacitors. Those values of our asymmetric
supercapacitors are comparable or higher than those of all-
solid-state asymmetric TiO2@MnO2//TiO2@C and Co9S8//
Co3O4/RuO2 supercapacitors, symmetric PPy//PPy and
SWCNT//SWCNT supercapacitors, and a 3 V/300 mF alumi-
num electrolytic capacitor.[33–37] This improved performance
can be understood as an effect of the high ion permeability of
the porous 3D architecture, the 3D ion and electron pathways
on capacitive behavior, and the high cell voltage of 1.5 V.

However, the nickel fiber is too heavy and too hard to be
used in light-weight and flexible devices. To develop a light-
weight and flexible integrated photodetector system, we
assembled a fiber-based flexible all-solid-state asymmetric
supercapacitor using Co3O4 nanowires grown on titanium
wire (with a diameter of 100 mm; see Figure S14) as positive
electrode and carbon fibers/graphene as negative electrode,
as the energy-supply device. Meanwhile, the graphene-on-
carbon fibers were also used as light-sensitive material
because of the high electron mobility and photon absorption
over a wide wavelength range between visible and infrared.[38]

Figure 4a shows a photograph as-fabricated fiber-based
flexible asymmetric supercapacitor with effective lengths of
2.0 cm at different bending states. Figure 4b shows the CV
curves of the flexible devices recorded at different scan rates
in the potential window of 0.0–1.5 V. The current response
depends on the potential, as opposed to the potential-
independent current response of an electrochemical capacitor
based on a non-Faradaic process, similar to the Ni(OH)2/
graphene//porous graphene asymmetric supercapacitor.[24]

Figure 3. a) CV curves with scan rates between 10 and 100 mVs�1,
b) galvanostatic charge–discharge curves at current densities ranging
from 20 to 100 mAcm�3 of the asymmetric supercapacitor in the
potential window of 0.0–1.5 V. c) Cycling performance of the asymmet-
ric supercapacitor at 40 mAcm�3. d) Ragone plots of the asymmetric
supercapacitor based on the full cell. The values reported for other
supercapacitors are added for comparison. PVA =polyvinyl alcohol.
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Figure 4c shows the galvanostatic charge–discharge profiles
of the flexible asymmetric supercapacitor in the potential
range of 0.0–1.5 V. As the current density increases, the
capacitance of the device decreases because of the relatively
insufficient Faradaic redox reaction in the fast charge–
discharge processes. The flexibility of the fiber-based asym-
metric supercapacitor was also investigated by carrying out
CV measurements at 100 mVs�1 in the normal (state 1) and
the bent (states 2 and 3) state, corresponding to the states in
Figure 4a. A negligible performance degradation shows the
excellent mechanical stability and flexibility of these systems
(Figure 4d). Furthermore, the high energy-storage perfor-
mance and superior flexibility of the fiber-based all-solid-
state asymmetric supercapacitors render them an unexcep-
tionably flexible power source for flexible integrated photo-
detectors.

To demonstrate that the fiber-based asymmetric super-
capacitor simultaneously acted as a photodetector, the
internal mechanism of the integrated device was analyzed
(Figure 5a). Upon the absorption of light, the electron–hole
pairs generated in graphene would normally recombine in
tens of picoseconds, depending on the quality and carrier
concentration of the graphene.[39, 40] However, when an
external field that resulted from the fully charged super-
capacitor was applied, the electron–hole pairs became
separated, and the electrons moved to the positive Co3O4

electrode, and the holes to the negative graphene electrode,
resulting in the improved leakage current of the supercapa-
citor. Therefore, photodetection may be accomplished by
monitoring the changes of the leakage current. The leakage
current of the supercapacitor was around 200 nA after about
three hours (Figure S15). After the devices were charged to
1.5 V, the leakage currents of the device showed evident
photoresponse when the graphene electrode was exposed to
white light with an intensity of 25 and 40 mW cm�2 (Fig-
ure 5b). After the light was turned off, the current returned to

its initial value of about 200 nA. Asymmetric supercapacitors
with Co3O4 on nickel fibers used as positive electrode also
showed photodetection behavior (Figure S16). The increase
of the leakage current under illumination by white light
demonstrates that photodetection can be achieved with the
integrated device.

The application of such integrated devices in flexible and
wearable electronics largely depends on their flexibility (e.g.
the flexibility of the supercapacitor and photodetector).
Therefore, the photodetection performance of such an
integrated device that was used as photodetector was tested
with regard to its flexibility (Figure 5c). The performance
changed little, thus demonstrating its excellent flexibility
while maintaining its performance.

In conclusion, porous Co3O4 nanowires grown on a metal
fiber were evaluated as the positive electrodes of fiber-based
all-solid-state asymmetric supercapacitors with a high capaci-
tance of 2.1 Fcm�3 at a current density of 20 mAcm�3. These
resulted from the large, electrochemically active surface of
the porous nanostructures and the short paths for electron
transport and ion diffusion of the 3D architectures. The
potential window is improved from 0.6 V to 1.5 V, and the
corresponding stored energy and delivered power are also
enhanced at least by 1860% compared with that of the
supercapacitor with a potential window of 0—0.6 V. More
importantly, we successfully prepared a microscale flexible
asymmetric supercapacitor using Co3O4 nanowires on tita-
nium wire as positive electrode and graphene on carbon fibers
as negative electrode, which are both flexible energy-storage
device and flexible photodetector. The all-solid-state asym-
metric supercapacitor exhibits a combination of both pseu-
docapacitive and EDLC-type properties, and little degrada-
tion of electrochemical performance, even when bent. Using
a two-dimensional graphene layer as light-sensitive material,
a high-performance flexible integrated photodetector can
also be obtained. Thus, miniaturized flexible integrated

Figure 4. a) Photographs of the fiber-based all-solid-state flexible asym-
metric supercapacitor at different bending states, b) CV curves, and
c) galvanostatic charge–discharge curves of the flexible supercapacitor.
d) CV curves obtained at a scan rate of 100 mVs�1 at different bending
states.

Figure 5. a) Schematic illustration of the integrated system. Current
response of the photodetector powered by the flexible asymmetric
fiber supercapacitor b) illuminated under different incident light inten-
sities, and c) at different bending states under a light intensity of
40 mWcm�2.
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devices were fabricated that combine a supercapacitor and
a photodetector on a single fiber.
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