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A B S T R A C T

In this work, cobalt/cobalt oxide (Co-CoOx) core-shell nanoflakes were directly grown on flexible
graphite felt (GF) using a facile one-step intense pulsed white light (IPWL) irradiation method. They were
then used as a battery-type positive electrode for a high-performance asymmetric hybrid supercapacitor,
which exhibited high rate capability and a long cycle life. The interconnected Co-CoOx thin nanoflakes
grown on the GF offer large reaction sites and enough space for easy OH� ion transport due to their 3-
dimensionally interconnected network structures. Cobalt metal at the core of the nanoflakes, directly
connected to the current collector of the GF, provided pathways for electrons between the cobalt oxide
and GF, leading to low internal resistance and high rate capability. The Co-CoOx/GF electrode had a high
specific capacity of 108 mAh g�1 at a specific current of 1 A g�1 and maintained a capacity of 71 mAh g�1 at
a high specific current of 20 A g�1. A two-terminal asymmetric hybrid supercapacitor, assembled using
Co-CoOx/GF as the positive electrode and activated carbon as the negative electrode with gel-electrolyte
(PVA/KOH), exhibited an energy density of 30.1 Wh kg�1 at a power density of 0.86 kW kg�1 and a high
retention of 13.0 Wh kg�1 at a power density of 20.4 kW kg�1. In addition, the asymmetric device showed
excellent cycling stability, with 114% capacity retention after 10,000 cycles.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Because interest in flexible electronics is increasing, many
researchers in recent years have made efforts to develop flexible
and bendable energy storage devices [1–5]. In general, energy
storage devices consist of three key components: a current
collector, an active material, and a separator/electrolyte [1]. For
flexible energy storage devices, these components should be able
to perform appropriately under mechanical bending strain. Among
the components, the current collector significantly influences the
performance of flexible devices because it occupies a substantial
part of the device and because the mechanical strength and
electrical properties of the flexible device mostly depend on the
mechanical and electrical properties of the current collector [6].
Therefore, in designing flexible and bendable energy storage
systems, selection of suitable current collectors and supporting
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substrates is important. Recently, graphite felt (GF) [7], carbon
cloth [8,9], and carbon textiles [10,11] have been investigated as
current collectors for flexible electrodes. Among them, GF is an
excellent supporting substrate/current collector due to its reason-
able electrical conductivity, high electrochemical stability, and
high porosity and mechanical flexibility [7,12].

Supercapacitors have greater cycle stability and faster charge-
discharge time than Li-ion batteries, but their energy density is
poorer [13–15]. The energy density of a supercapacitor is
determined by the specific capacitance and operating voltage,
indicating two possible approaches for improvement: expanding
the operating cell voltage and increasing the capacitance [16–18].
Electrical double-layer capacitors (EDLCs) that are based on carbon
materials can achieve higher capacitance in aqueous electrolytes
than in organic electrolytes, but they operate in a limited potential
range (<1 V) in aqueous electrolytes due to water decomposition
[14,18–22]. One efficient way to improve the energy of an aqueous
electrolyte-based supercapacitor is to design a hybrid system
composed of a faradaic non-capacitive battery-type positive
electrode and a non-faradaic capacitive EDLC-type negative
electrode. The energy density of the hybrid system can then be
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enhanced because the battery-type materials, such as metal
hydroxides (Ni(OH)2, Co(OH)2) [23,24] and metal oxides (NiCo2O4,
NiO, Co3O4, CoO) [25–28], have a high theoretical capacity based on
faradaic redox reactions via transitions between multiple oxida-
tion states. However, metal hydroxide- and oxide-based energy
storage devices have limited power density because of their low
electronic conductivity [29–31]. This phenomenon becomes more
conspicuous when these materials are applied to carbon-based
flexible substrates such as GF, carbon cloth, and carbon textiles
because of their lower electrical conductivity compared with
conventional metal current collectors such as Ni foams, stainless
steel, and Al foil. One efficient way to improve the rate capability of
battery-type positive electrodes is to design hierarchical structures
for the electrode materials for easy charge diffusion and transfer
[32–35]. Another way to improve the rate capability of the
electrode is to increase the electrical conductivity of the electrode
materials by designing metal/metal oxide (or hydroxide) core-
shell-type hetero-structures. With a core-shell structure, the
electrically conductive metal core can facilitate the transport of
electrons between the current collector and the shell of the metal
oxide (or hydroxide), which can result in enhanced rate capability
and power for metal hydroxide- and oxide-based energy storage
devices. In addition, because the conductivity of electrode
materials greatly influences the electrochemical properties, highly
conductive materials show low polarization, which results in high
utilization of the active materials and enhanced electrochemical
performance. Therefore, growing metal/metal oxide core-shell
electrodes directly on carbon-based flexible substrates can create
high-performance flexible and bendable energy storage devices.

Another issue in metal hydroxide- and oxide-based energy
storage devices is the synthesis of nanostructured metal oxides/
hydroxides. 3D-nanostructured metal hydroxides/oxides have
been synthesized using various methods, including hydrothermal
[26–28,36], microwave [37,38], chemical precipitation [39], and
solution methods [40]. Typically, those methods require high
annealing temperatures and long reaction times to convert metal-
precursors into metal oxides. In addition, when metal oxides need
to be incorporated with conductive materials, the method involves
multiple steps. Therefore, facile, fast, energy-efficient methods for
metal oxide/hydroxide 3D-nanostructure production are of inter-
est.

In this study, we report an extremely facile approach to
fabricating binder-free 3D-nanostructured cobalt oxide (CoOx)
incorporated with conductive Co metal (Co) on a flexible current
collector using a simple one-step intense pulsed white light (IPWL)
technique. IPWL irradiation transfers heat energy in the form of
light from a xenon lamp that emits a light spectrum in the visible
region [41]. Cobalt metal/cobalt oxide (Co-CoOx) core-shell
nanoflakes are fabricated on GF by irradiating Co(NO3)2-coated
GF substrate with IPWL for a few milliseconds under atmospheric
pressure at room temperature. The Co-CoOx core-shell nanoflakes
on GF exhibit high rate capability and excellent cycling stability.
The interconnected Co-CoOx nanoflakes offer many electroactive
sites for faradaic reactions with electrolyte and porous spaces for
easy ion/charge diffusion. In addition, the incorporated cobalt
metal, which connects the active CoOx to the current collector in
the GF, facilitates electron transfer between the CoOx and GF and
minimizes the internal resistance of the electrode, resulting in high
electrochemical performance. In addition, Co contributes to the
structural stability of the electrode during cycles.
2. Experimental

2.1. Preparation of Co-CoOx nanoflakes on GF by IPWL irradiation

Prior to IPWL irradiation, the GF substrate was electrochemi-
cally oxidized by applying a constant potential of 2 V for 90 s in an
aqueous solution of 0.5 M H2SO4 using a CHI 660D electrochemical
workstation (CH Instrument) to improve the wettability of the GF
to the metal oxide precursor solution. The GF substrate was
washed with acetone and deionized (DI) water several times and
dried at 60 �C for 6 hr. After that, the GF substrate was soaked in
0.4 M Co(NO3)2�6H2O aqueous solution for 10 min. After drying in a
vacuum at 50 �C for 2 h, the metal oxide precursor-coated GF was
irradiated under IPWL at a total energy of 30 J cm�2 with two
pulses (10 ms on time and 30 ms off time) at room temperature in
ambient conditions. The distance between the sample and xenon
lamp was a few millimeters. After irradiation, the samples were
washed with DI water several times to remove residue and dried in
an oven at 60 �C. The mass loading of CoOx-Co was about 0.8 mg
and the thickness of the as-prepared electrode including GF was
0.9 mm. The mass of GF (1 � 2 cm2) was 14 mg.

2.2. Preparation of activated carbon (AC) electrodes

The negative electrodes for the asymmetric hybrid super-
capacitor were prepared by mixing AC (MSC-30, Kansai Coke &
Chemicals Co. Ltd.), poly(vinylidene fluoride) (M.W. 534,000,
Sigma-Aldrich), and carbon black (Super P, TIMCAL Graphite &
Carbon) in a weight ratio of 8:1:1. A small amount of N-methyl-2-
pyrrolidone (Sigma-Aldrich) was added to form a slurry. A doctor
blade was used to cast the carbon slurry on graphite foil. Then, the
coated electrodes were dried at 90 �C for 3 h to remove all solvents.

2.3. Integration of asymmetric hybrid supercapacitors

An asymmetric hybrid supercapacitor was constructed by
sandwiching the Co-CoOx/GF (positive electrode) and the AC
(negative electrode) with a PVA/KOH gel-electrolyte. The gel-
electrolyte was fabricated by mixing 8 g of poly(vinyl alcohol)
(PVA, M.W. 89,000-98,000) and 4 g KOH in 60 mL of DI water under
vigorous stirring at 80 �C for 1 h. The gel-electrolyte was spread
over the electrodes using a glass rod. Then, the gel-electrolyte-
coated electrodes were put under vacuum for 5 min at 40 �C to
remove air bubbles. After that, the gel electrolyte-coated electro-
des were solidified for 6 h at room temperature. The size of each
electrode was 1 � 2 cm2 and the total thickness of an asymmetric
hybrid supercapacitor was 1.15 mm.

2.4. Material characterization

The structure and morphology of the fabricated samples were
studied using field-emission scanning electron microscopy (FE-
SEM, S-4800, Hitachi) and field-emission transmission electron
microscopy (FE-TEM, JEM-2100F, JEOL). To analyze the crystal
structures, X-ray diffraction (XRD, D8 Advance, Bruker) measure-
ments were examined with monochromatized Cu-Ka radiation.
The volume fractions of the crystals appearing in the samples were
estimated by calculating the area of a main peak of each crystal
which was fitted by using a Gaussian function. The pore structure
and Brunauer-Emmett-Teller (BET) surface area were measured
using an Autosorb-iQ 2ST/MP (Quantachrome) analyzer at 77.35 K.

2.5. Electrical conductivity measurement

The electrical conductivity of the GF and Co-CoOx/GF was
measured using a four-probe conductivity measurement system



Scheme 1. Schematic illustration of the facile fabrication process of the Co-CoOx/
GF electrode.
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(M4P-205, MSTECH). The measured electrical conductivity of the
GF and Co-CoOx/GF are 45.9 S cm�1 and 21.2 S cm�1, respectively.

2.6. Electrochemical measurement

All of the electrochemical tests were carried out using a CHI
660D electrochemical workstation at room temperature. To create
a standard three-electrode system, the as-prepared Co-CoOx/GF or
AC single electrode was directly used as the working electrode, Hg/
HgO (CH Instrument) as the reference electrode, and coiled Pt wire
(MW-1033, BASi) as the counter electrode. The electrochemical
properties of the asymmetric hybrid supercapacitor were mea-
sured using a two-electrode system, with the AC electrode as the
negative electrode and the Co-CoOx/GF electrode as the positive
electrode. The optimal mass ratio of the negative electrode to the
positive electrode was decided based on charge balance theory, as
reflected in equations (1) and (2) [42,43]:

qþ ¼ q� ð1Þ

q ¼ CS � DV � m ð2Þ
where q (C) is the amount of charge stored, DV is the width of the
operating potential window, CS (F g�1) is the specific capacitance of
the electrode, and m (g) is the mass of the active materials.
However, it is known that cobalt oxides behave like a battery-type
material in non-capacitive faradaic reactions [22,44]. Thus, to
describe the electrochemical behavior of these battery-type
materials, the specific capacity (mAh g�1 or C g�1) is used instead
of the specific capacitance (F g�1) [22]. Therefore, the charge stored
at the positive electrode (Co-CoOx/GF) can be calculated using
equation (3):

qþ ¼ QS;þ � mþ � 3:6 ð3Þ
where QS,+ (mAh g�1) is the specific capacity of the positive
electrode, and m+ (g) is the mass of the active materials (Co-CoOx)
in the positive electrode. The active electrode masses of the Co-
CoOx/GF and AC were balanced based on the charges passed across
the negative and positive electrodes (q+ = q�) according to equation
Fig. 1. (a) XRD spectrum of the Co-CoOx/GF electrode after IPWL irradiation with an energ
FE-TEM image of the edge of a nanoflake. (d) STEM image of Co-CoOx nanoflakes and 
(4):

mþ
m�

¼ CS;� � DV�
QS;þ � 3:6

ð4Þ

where CS,- (F g�1) is the specific capacitance of the negative
electrode, and DV- is the operating potential window for the
negative electrode. Based on this equation, an optimal mass ratio
(m+/m-) of 0.95 was calculated.

3. Results and discussion

The fabrication process of the Co-CoOx/GF electrode is
schematically illustrated in Scheme 1. The Co-CoOx nanostructures
can easily be fabricated on the flexible current collector (GF) by
irradiating the precursor-coated GF substrate with IPWL for 50 ms.
The mechanism for the formation of the Co-CoOx by IPWL
irradiation is the thermal conversion of Co(NO3)2 to CoOx and
further reduction to Co by IPWL irradiation. Recently, we have
reported that the temperature of the CoCl2-coated Ni-foam
y density of 30 J cm�2. (b) FE-TEM image of Co-CoOx nanoflakes. (c) High-resolution
(e and f) the corresponding elemental mapping images.
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substrate can be increased up to 500 �C by IPWL irradiation
because the IPWL irradiation transfers the heat energy in the form
of light [45]. Thus, for the formation of the Co-CoOx, the Co(NO3)2
on GF is converted to CoOx and further reduced to Co by IPWL
irradiation. Particularly, the reduction of CoOx to Co in this process
is based on a carbothermal reaction [46]. The GF substrate is used
as a reducing agent. This can explain the formation of the Co-CoOx
core-shell structure on the GF substrates. During IPWL irradiation,
the Co(NO3)2 is converted into CoOx nanoflakes, and the core part
of the CoOx nanoflakes, which is either very close to the GF
substrate or in direct contact with the GF substrate, is further
reduced to Co by IPWL irradiation. However, the shell part of the
CoOx nanoflakes, which is apart from the GF substrate and exposed
to the air, is remained as CoOx. The content of CoOx and Co can be
controlled by adjusting the energy of the IPWL irradiation.
Increasing the energy of IPWL irradiation will increase the
temperature of the samples. Higher irradiation energy (higher
sample temperature) reduce Co3O4 to CoO and further to Co. So, as
the irradiation energy is increased, the relative content of Co
compared to CoOx is increased.

The crystallinity and morphology of the samples fabricated by
IPWL irradiation were analyzed using XRD, FE-TEM, and FE-SEM.
Fig. 1a shows the XRD spectrum of the Co-CoOx/GF electrode
fabricated by IPWL irradiation with an energy density of 30 J cm�2.
As seen in the XRD pattern, Co and CoOx formed on the GF after
IPWL irradiation. The peaks at 31.3, 36.8, 44.8, 59.4, and 65.2� are
Fig. 2. (a) Schematic illustration of Co-CoOx nanoflakes on GF. FE-SEM im
assignable to the (220), (311), (400), (511), and (440) planes of face-
centered-cubic (FCC) Co3O4 (JCPDS card No. 78-1969), respectively.
The peaks at 42.4 and 61.5� correspond to the (200) and (220)
planes of FCC CoO (JCPDS card No. 78-0431), respectively, and
those at 44.2 and 51.5� correspond to the (111) and (200) planes of
FCC metallic Co (JCPDS card No. 89-4307). The volume fraction of
the Co3O4, CoO and Co are calculated to be 63.8%, 20.3%, and 15.9%,
respectively. Energy dispersive X-ray spectroscopy elemental
mapping images (Fig. 1e and f) show that Co and O are
homogeneously distributed all over the Co-CoOx nanoflake
structures. The morphology and crystallinity of the samples were
further analyzed using high-resolution TEM. As shown in Fig. 1b, a
TEM image of the Co-CoOx sample shows the formation of
network-like structures of interconnected nanoflakes. The size of
the nanoflake structures is 200–400 nm, and the thickness is less
than 50 nm. Fig. 1c shows a high-resolution TEM image of the edge
of a nanoflake. Inter-planar lattice distances of 0.246, 0.155, 0.214,
and 0.204 nm in the sample correspond to the (311) and (511)
planes of FCC Co3O4, the (200) plane of FCC CoO, and the (111)
plane of FCC metallic Co, respectively. As shown in the figure, the
metallic Co core is covered with a thin layer of Co3O4, which
confirms that the Co-CoOx nanoflakes are composed of a metallic
Co core surrounded by a Co3O4 and CoO sheath layer. The core-shell
structure of Co-CoOx can be further confirmed by the high-
resolution elemental mapping images of the Co-CoOx nanoflake.
As shown in Fig. S1, the O element is evenly distributed on the
ages of oxidized GF (b and c) and Co-CoOx/GF electrodes (d and e).
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surface of nanoflakes. Unlike the O element, Co element is more
concentrated in the core compared to the shell. These results also
display the Co-CoOx core-shell structures. As illustrated in Fig. 2a,
the metallic cobalt at the core of the nanoflakes forms a bridge
between the CoOx and the GF current collector, facilitating electron
transfer from the surface of the active material to the current
collector during faradaic reactions, which ensures the high
electrochemical performance of CoOx under high-rate charge/
discharge conditions.

Fig. 2b and c show SEM images of acid-treated GF composed of
carbon fibers with an average diameter of 8 mm. Fig. 2d and e are
SEM images of Co-CoOx/GF after IPWL irradiation. As seen in the
figure, porous structures of inter-connected Co-CoOx nanoflakes
uniformly coat the surface of the carbon fibers. Interconnected
nanoflakes grow almost vertically directly on the surface carbon
fibers. Thin nanoflakes provide a large surface area in the electrode,
and the interconnected nanoflake structures contribute to the
porosity of the electrode. The porosity of the GF and Co-CoOx/GF
electrodes was further characterized by using nitrogen adsorption-
desorption isotherms (Fig. S2a). The BET surface area of GF and Co-
CoOx/GF were 5.84 m2g�1 and 106.17 m2g�1, respectively. The BET
surface area of Co-CoOx/GF is much higher than that of the GF
because of the inter-connected Co-CoOx nanoflakes on the GF
substrate. The pore size distributions of the samples were
measured using the Barrett-Joyner-Halenda (BJH) method
(Fig. S2b). In case of Co-CoOx/GF electrode, the majority of pores
are in the mesoporous region ( > 3 nm). The large surface area and
Fig. 3. (a) CV curves of a Co-CoOx/GF electrode in a three-electrode cell with 1 M KOH aq
scan rate of 5 mV s�1. (b) GCD curves of a Co-CoOx/GF electrode at various specific current
Nyquist plot of a Co-CoOx/GF electrode.
porous structures provide large reaction sites and easy electro-
chemical accessibility for electrolyte ions, ensuring the high
capacity and rate capability of the electrode.

Electrochemical properties of Co-CoOx/GF electrodes were
investigated using a standard three-electrode system. The cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD)
measurements of the Co-CoOx/GF electrodes were carried out in
1 M KOH aqueous electrolyte with a potential window of 0 to 0.55 V
(vs. Hg/HgO). Fig. 3a shows the CV curves of the Co-CoOx/GF
electrode at scan rates from 10 to 100 mV s�1. The inset shows the
CV curve of the Co-CoOx/GF electrode at a scan rate of 5 mV s�1. The
non-rectangular shape of the CV curves indicates that non-
capacitive faradaic reactions are responsible for charge storage in
the Co-CoOx/GF at potential ranges from 0 to 0.55 V. Thus, the
specific capacity (mAh g�1 or C g�1) is calculated instead of the
specific capacitance (F g�1). The mass loading of CoOx-Co was
0.812 mg. The redox peaks on the CV curves originate from the
reversible faradaic charge storage processes in the alkaline
electrolyte associated with the reactions shown in (5), (6), and
(7) [47–50]:

Co3O4 + OH� + H2O $ 3CoOOH + e� (5)

CoOOH + OH� $ CoO2 + H2O + e� (6)
ueous solution at scan rates from 10 to 100 mV s�1; the inset shows the CV curve at a
s. (c) Specific capacity of a Co-CoOx/GF electrode as a function of specific current. (d)
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CoO + 2OH� $ CoO2 + H2O + 2e� (7)

The theoretical capacities of Co3O4 and CoO, calculated based
on those reactions, are 445 mAh g�1(1603 C g�1) and 715 mAh g�1

(2575 C g�1), respectively. Small potential separation between the
oxidation and reduction peaks indicates that reversible redox
reactions occur at the CoOx shell of the nanoflakes [51]. Fig. 3b
shows the GCD curves of a Co-CoOx/GF electrode at various specific
currents from 1 to 20 A g�1. As shown in the figure, the slopes of the
GCD curves are unlike the triangular shape typically seen in EDLC-
type electrodes, indicating that the Co-CoOx/GF electrode behaves
as a battery-type non-capacitive material. This is consistent with
the results of the CV measurements. The specific capacity (QS,+ in
Fig. 4. (a) CV curves of negative and positive electrodes at 30 mV s�1. (b) CV curves of a C
CoOx/GF//AC ASC at scan rates from 5 to 100 mV s�1. (d) GCD curves of a Co-CoOx/GF//AC
function of specific current. (f) Capacity retention and coulombic efficiency of a Co-Co
mAh g�1) of the Co-CoOx/GF electrode is obtained from the GCD
curve using equation (8):

QS;þ ¼ I � Dt
3:6 � mþ

ð8Þ

where I (A) is the discharge current, Dt (s) is the discharge time,
and m+ (g) is the mass loading of active material (including Co and
CoOx). Fig. 3c shows the specific capacity of the Co-CoOx/GF
electrode as a function of specific current. The Co-CoOx/GF
electrode exhibits a high specific capacity of 108 mAh g�1 (389
C g�1) at a specific current of 1 A g�1 (0.41 mA cm�2). Moreover, the
electrode shows a specific capacity of 71 mAh g�1 (256 C g�1) at a
o-CoOx/GF//AC ASC measured at different potential windows. (c) CV curves of a Co-
 ASC at various specific currents. (e) Specific capacity of a Co-CoOx/GF//AC ASC as a
Ox/GF//AC ASC.



Fig. 5. (a) Bending test and (b) Ragone plot of a Co-CoOx/GF//AC ASC.
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high specific current of 20 A g�1 (8.1 mA cm�2), which is about 66%
of the capacity at 1 A g�1. This result suggests that the Co-CoOx/GF
electrode has high rate capability, which is beneficial for high
power delivery.

To further investigate the electrochemical properties of the
electrodes, electrochemical impedance spectroscopy (EIS) was
studied in the frequency range of 105 to 10�1Hz with an open
circuit potential of 0.06 V by applying an amplitude of 5 mV. The
thickness of Co-CoOx/GF electrode was 0.9 mm. As shown in
Fig. 3d, the impedance spectrum has two main sections, a linear
part (Warburg) in the low-frequency regions and a semicircular
region in the high-frequency ranges. The slope of the linear part in
the low-frequency regions corresponds to the Warburg contribu-
tion, which reflects the diffusive resistance caused by the diffusion
of redox species in the electrolyte. The quasi-linear line inclined at
a 45� angle to the real axis represents the infinite Warburg
diffusion caused by diffusion-controlled electrode kinetics in the
low-frequency regions [52]. The semicircular curve observed in the
higher-frequency region is related to the charge transfer process
caused by faradaic reactions. The charge transfer resistance (Rct)
can be obtained from the diameter of the semicircle of the
impedance spectrum, which is 0.84 V for the Co-CoOx/GF
electrode. This small Rct indicates excellent efficiency of OH� ion
exchange at the electrode-electrolyte interface [51], which is
caused by the 3-dimensionally interconnected nanoflake struc-
tures that provide expeditious access routes for OH� ions and the
center-located Co that forms electron paths within the active
material. Thus, Co-CoOx/GF electrodes have low internal resistance
and achieve good rate capability.

Asymmetric supercapacitor (ASC) with battery-type positive
electrode and carbon negative electrode that have well separated
potential windows feature higher specific energy than conven-
tional EDLCs because of high theoretical capacity of battery-type
materials. Here, we constructed an ASC using a Co-CoOx/GF
battery-type faradaic positive electrode and an AC capacitor-type
negative electrode (denoted Co-CoOx/GF//AC). Before assembling
the ASC, we performed CV measurements using a three-electrode
system in 1 M KOH aqueous electrolyte to evaluate the electro-
chemical potential windows and quantify the amount of charge
stored in the positive and negative electrodes. Fig. 4a shows the
CVs of the Co-CoOx/GF and AC half-cell electrodes measured in the
potential window between �1.0 V and 0.55 V (vs. Hg/HgO) in 1 M
KOH aqueous electrolyte at a scan rate of 30 mV s�1. As shown in
the figure, the AC electrode exhibits a quasi-rectangular CV curve
without redox peaks in the potential range from �1.0 V to 0 V,
which is typical EDLC-type capacitive behavior. The Co-CoOx/GF
electrode shows electrochemically stable non-capacitive faradaic
behavior in the potential range from 0 to 0.55 V (vs. Hg/HgO).
Because the operating voltage of the two-electrode cell is regarded
as the sum of the potential range of the positive and negative
electrodes, it was expected that the operating cell voltage would be
extended to about 1.55 V when the AC and Co-CoOx/GF were
assembled into an ASC as the negative electrode and positive
electrode, respectively. Fig. 4b shows the CV curves of an ASC (Co-
CoOx/GF//AC) in various potential windows (0–1 V to 0–1.6 V) at a
scan rate of 30 mV s�1. Note that the Co-CoOx/GF//AC ASC was
constructed using a PVA/KOH gel-electrolyte. As seen in Fig. 4b, the
CV curves exhibit a quasi-mirror-image current response on
voltage reversal, and the operating potential window of the Co-
CoOx/GF//AC ASC can be extended up to 1.6 V. Fig. 4c shows the CV
curves of the Co-CoOx/GF//AC ASC at various scan rates from 5 to
100 mV s�1. The shape of the CV curves denotes the charging and
discharging characteristics of the device. As shown in the figure,
the CV curves have two pairs of smooth, broad redox peaks that
result from the combination of the capacitive charge storing
characteristic of the negative electrode and the battery-type
charge storing characteristic of the positive electrode. The shape of
the CV curve is maintained well even at the high scan rate of
100 mV s�1, suggesting the high rate capability desirable for high-
power hybrid supercapacitors. To further evaluate the electro-
chemical performance of the Co-CoOx/GF//AC ASC, we performed
GCD measurements at various specific currents, and the results are
shown in Fig. 4d. Both the charge and discharge curves are almost
symmetric but deviate slightly from the ideal linear line because
the Co-CoOx/GF//AC ASC has a non-capacitive faradaic charge
storing characteristic, which is consistent with the results of the CV
measurements. The specific capacity of the Co-CoOx/GF//AC ASC is
calculated using equation (9):

QS ¼
I � Dt
3:6 � m

ð9Þ

where QS (mAh g�1) is the total specific capacity of the ASC, I (A) is
the discharge current, Dt (s) is the total discharge time, and m (g) is
the total mass of active materials in the two electrodes. The total
combined active electrode mass (Co-CoOx and AC) of the
asymmetric hybrid supercapacitor was 1.5 mg and the mass
loading of CoOx-Co was 0.736 mg. The specific capacity of the
Co-CoOx/GF//AC ASC is 35 mAh g�1 at a specific current of 1 A g�1

(0.76 mA cm�2) and 28 mAh g�1 (�80% retention) at 10 A g�1

(7.6 mA cm�2). The device delivers 19 mAh g�1 even at the very
high specific current of 30 A g�1 (22.7 mA cm�2), which is 54% of
the maximum specific capacity at 1 A g�1, indicating the device’s
high rate capability. As can be seen from Fig. 2a, the excellent
electrochemical performance of the Co-CoOx/GF//AC ASC can be
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attributed to the following factors: (i) The Co-CoOx core-shell
nanoflakes, which are grown directly on the flexible current
collector without a binder, facilitate electron transfer at the
interface between the active materials and the substrate; (ii) The
porous 3D structure of the interconnected Co-CoOx nanoflakes
provides large electroactive sites for redox faradaic reactions
between the CoOx and the electrolyte and reduces the ion diffusion
length, leading to easy ion transfer inside the electrode; (iii) The
electrically conductive Co at the core of the nanoflakes forms a
bridge between the CoOx and the GF current collector and
facilitates electron transfer between them.

Cycling stability is an important characteristic of the energy
storage system for practical applications. A cycle test of the as-
prepared ASC was performed using the GCD method at a specific
current of 10 A g�1 between 0 and 1.6 V for 10,000 cycles. As shown
in Fig. 4f, the capacity increased during the initial 1,000 cycles and
gradually degraded until 10,000 cycles. The initial enhancement of
the capacity could result from infiltration of the gel electrolyte into
the electrodes during charge/discharge cycles. The Co-CoOx/GF//
AC ASC exhibits 114% retention of the specific capacity after 10,000
cycles compared with the initial value and shows 91% retention
compared with the maximum specific capacity during the cycle. In
addition, the device showed high coulombic efficiency (exceeding
98%) during the entire cycling test. The Co-CoOx/GF//AC ASC shows
greater cycling stability than previously reported Co3O4-based
asymmetric devices [49,51,53–55]. This excellent long-term cycle
performance of the device is attributable to the presence of
metallic Co at the core of the CoOx nanoflakes, which behaves as a
mechanically stable frame in the electrode during the cycles. It is
noteworthy that Co electrodes in alkaline electrolyte undergo a
redox reaction at negative potentials below �0.282 V (vs. Hg/HgO)
[50]. As seen from the XRD spectrum of the Co-CoOx/GF electrode
after 100 cycles (see Fig. S3), there is no remarkable change from
the XRD pattern of the Co-CoOx/GF electrode before the cycles.
This result confirms that metallic Co still exists without any
irreversible redox reactions in 1 M KOH aqueous electrolyte at a
potential range from 0 to 0.55 V (vs. Hg/HgO). This inactive Co at
the core of the nanoflakes not only creates electron paths between
the GF and CoOx, but forms a structural support for the active
materials that experience phase and volume changes during the
cycles. Therefore, the Co-CoOx core-shell structure of the battery-
type positive electrode allows this asymmetric device to achieve
long-term cycle performance.

A supercapacitor’s ability to mechanically flex or bend without
losing electrochemical performance is of significant importance to
the practical application of the device in flexible and bendable
electronics. Thus, to investigate the mechanical flexibility and
bendability of the Co-CoOx/GF//AC ASC, the CV measurements of
the device were performed at different bending angles at a scan
rate of 30 mV s�1 (Fig. 5a). As shown in the figure, the shapes of the
CV curves remain the same at different bending angles, indicating
the retention of capacitive performance up to a bending angle of
120�. This result also implies the excellent adhesion of the active
electrode materials to the current collector (the Co-CoOx with GF
and AC with GF) and the good quality of the interface between the
PVA/KOH gel-electrolyte and the active electrode materials.

A Ragone plot, which shows the relation between the energy
storage and power capabilities of energy storage devices, was used
to evaluate the performance of the Co-CoOx/GF//AC ASC. The
specific energy density and specific power density were calculated
using equations (10) and (11), respectively:

E ¼ I � R
Vdt

3:6 � m
ð10Þ
P ¼ E
Dt

� 3600 ð11Þ

where E (Wh kg�1) is the specific energy density, V (V) is the width
of the operating potential, and P (W kg�1) is the specific power
density of the device. As seen in Fig. 5b, the Co-CoOx/GF//AC ASC
exhibits an energy density of 30.1 Wh kg�1 (0.2 mWh cm�3) at a
power density of 0.86 kW kg�1 (5.6 mW cm�3), with a high
retention of 13.0 kW kg�1 (0.09 mWh cm�3) at a power density
of 20.4 kW kg�1 (133 mW cm�3). The power performance of the
device is comparable or superior to the performance previously
reported for Co3O4-based asymmetric devices [49,51,53,54,56–58].
These results indicate that the Co-CoOx/GF//AC ASC, with its
excellent energy/power delivery and cycling stability, holds great
promise as an energy storage system.

4. Conclusions

In this study, we demonstrated an ultra-rapid and facile method
to produce Co-CoOx core-shell nanostructures on a GF flexible
current collector using a one-step IPWL technique. The IPWL-
induced Co-CoOx/GF electrode exhibited the high specific capacity
of 108 mAh g�1 at a specific current of 1 A g�1 and high rate
capability, because of easy ion accessibility caused by the porous
3D structures of interconnected nanoflakes and the high electronic
conductivity of the incorporated metallic Co at the core of the CoOx
nanoflakes. The Co-CoOx/GF//AC ASC showed a specific energy of
30.1 Wh kg�1 at a specific power of 0.86 kW kg�1 and retained 43%
of that energy density even at the specific power of 20.4 kW kg�1. In
addition, this hybrid supercapacitor exhibited excellent cycling
stability (114% retention) over 10,000 cycles due to its unique Co-
CoOx core-shell structure. The IPWL method can be readily applied
to the production of other types of metal/metal oxide core-shell
nanostructures on current collectors without the use of binder
materials; therefore, this IPLW technology has great potential for
energy storage systems.
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