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g r a p h i c a l a b s t r a c t
� High surface area porous carbons are
obtained from bio-mass waste Jack-
fruit peel.

� Pseudocapacitive 1D@2D structured
NiCo2O4@Co3O4 is prepared by hy-
drothermal approach.

� Asymmetric supercapacitor (ASC) is
assembled with aforesaid electrodes.

� ASC delivered the maximum energy
density of 42.5 Wh kg�1 with good
cycleability.
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a b s t r a c t

We report the fabrication of high energy asymmetric supercapacitor (ASC) using pseudocapacitive 3D
microstructured composite NiCo2O4@Co3O4 and double layer forming activated carbon (AC). The pseudo
capacitive electrode is synthesized via a facile two step hydrothermal process and AC is obtained from
the bio-waste, Jackfruit (JF) peel by chemical activation. Extensive powder characterization and opti-
mization has been conducted for both electrodes, especially in electrochemical aspect. The ASC is
fabricated using JF derived AC as anode and NiCo2O4@Co3O4 cathode in aqueous media. Prior to the ASC
assembly, the mass loading between the electrodes are adjusted based on the single electrode perfor-
mance of both components vs. Ag/AgCl. The ASC is capable of delivering a maximum energy density of
42.5 Wh kg�1 at power density of 80 W kg�1. In addition, the ASC rendered excellent cycleability, for
example, the cell retains ~97% of initial capacitance after 7000 cycles. The outstanding performance of
the ASC is originated from the well-developed building blocks of porous electrodes. An impedance study
is also conducted to corroborate the excellent performance of NiCo2O4@Co3O4 vs. JF derived AC based
ASC.

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

Supercapacitors are considered as promising energy storage
device for hybrid electric vehicles (HEV) and many industrial
applications owing to its low cost, excellent round trip efficiency
devices, long cycle life etc [1e5]. It is known fact that the perfor-
mance and durability of supercapacitors are mainly depends on the
choice of electrode and electrolytes used. In general, the super-
capacitor means electric double layer capacitors (EDLC), and it is
fabricated with high surface area carbons, preferably activated
carbon (AC) in symmetric fashion in the presence of aqueous media
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[4]. The high surface area involves the double layer formation by
physical process (non-Faradaic) i.e. adsorption/desorption with
solvated ions [6]. Though excellent power capability is noted for
such supercapacitors, but the energy density remains an issue [7].
The discovery of fast faradaic reactions i.e. pseudocapacitive in
transition mental oxides certainly leads to the possibility of
widening energy density when coupled with carbonaceous elec-
trode in asymmetric fashion. In this case, one electrode undergoes
fast Faradaic reaction and other involves electric double layer for-
mation in asymmetric fashion which in turn provides the higher
energy density with extended working potential [2]. Similar to
EDLC, the material choice and its morphology is crucial for pseu-
docapacitive components to yield the high energy density, since
surface only undergoes the redox reactions. Thus, high surface area
materials are preferred for the fabrication asymmetric super-
capacitor (ASC) [1,8]. Nevertheless, similar concept has been suc-
cessfully employed for the fabrication of Li-ion hybrid
electrochemical capacitor (Li-HEC) in organic medium, and
commercialized as well (ULTIMO) [6]. Unfortunately, the power
capability of Li-HEC is not in the desired level for high power ap-
plications [9]. Therefore, development of high performance
supercapacitors with high energy and power capabilities are
desperately required. In this line, we report the fabrication of high
energy ASC using AC from bio-waste, Jack fruit and NiCo2O4
nanorods grown over Co3O4 nanosheets (Co3O4-NS).

For EDLC component, high surface area carbon is preferred,
since the capacitive behavior is completely depends on the for-
mation of double layer across the electrode/electrolyte interface.
High surface area with tailored meso/micro pores morphology
determines the performance of the electrode [10,11]. Stable physio-
chemical properties of AC obtained from agricultural waste is
considered to be a very important feedstock by considering two
factors, they are easily available in a cost effective manner, and
renewable as well. So far numerous bio-wastes such as fruit stones,
seeds hulls (like, cottonseed, peanut), straw and stalks (corn, rice),
wastes of wood industry and other low cost lignocelluloses mate-
rials have been explored as suitable precursor for the preparation of
AC owing to its high carbon and low ash contents [3,7,11e15].
Amongst, jackfruit (Artocarpus heterophyllus) is one of the
commonly used fruits in the world. The seeds are also used for
cooking purpose. Moreover, there is no in-season or out-of-season
for jackfruit. Therefore, it can be harvested round the year. Jackfruit
peel/skin (JF) wastes have no economic value at all and it often
creates a serious problem of disposal which creates local environ-
mental issues. Conversion/recycling of JF into efficient AC would
certainly increase the economic value. JF has high carbon content
with heterogeneous porous microstructures and different func-
tionalities. This certainly attributes to enable the JF derived AC to be
used as high performance electrode for the fabrication
supercapacitors.

Various simple transition metal oxides, such as RuO2, MnO2,
Ni(OH)2, NiO, Co3O4 etc. exhibits good pseudocapacitive nature in
alkaline solutions [16e21]. Among them, Co-based ternary com-
posites (NiCo2O4, MnCo2O4, etc.) are found appealing owing to the
richness in redox reaction, an excellent electrical conductivity than
binary oxides, low resistive ionic diffusion pathways, and high
theoretical capacitance [22,23]. In this line, we have chosen Co3O4
and NiCo2O4 as pseudocapacitive components [24]. Though,
numerous reports are available for the performance of both elec-
trodes in alkaline media, but most of them in the single electrode
configuration. However, few reports could be traced on the per-
formance of such electrodes in a complete cell i.e. ASC [1,25e31]. In
real time applications, a performance with counter electrode
(preferably carbonaceous counterpart) is desperately required.
Although, MnO2/AC or conducting polymers based ASC is
extensively reported in aqueous medium, but it displayed a inferior
energy density only (<29 Wh kg�1) [1,25]. Structural modification/
designing is one of the efficient ways to achieve high energy den-
sity without compromising power capability and cycleability, since
the redox reactions mainly occurred on the surface [32]. Hence,
designing three-dimensional (3D) nanostructures with free voids
based on low-dimensional (1D and/or 2D) building blocks are
seems promising to fulfill the above requirements and challenging
for supercapacitor point of view as well. First, we synthesized 2D
Co3O4-NS via hydrothermal process [33] and flower like 1D
NiCo2O4 nanorods were grown over above 2D nanosheets in the
same approach. This two-step hydrothermal approach enables the
synthesis of highly crystalline, 3D architectured NiCo2O4@Co3O4
composite.

In the present work, we have attempted to explore the possi-
bility of constructing high performance ASC using these two
fascinating electrodes in aqueous media (2 M KOH). An extensive
electrochemical study includes the optimization of AC and NiC-
o2O4@Co3O4 in single electrode configuration and in complete ASC
assembly as well. In addition, structure and composition of these
materials were characterized and described in detail.

2. Experimental section

2.1. Preparation of AC and NiCo2O4@Co3O4

Artocarpus heterophyllus skin (JF) was used as the starting ma-
terial for the preparation of AC. First, the waste wet skin were
washed with water for several times and cut into small pieces. The
small pieces were charred at 150 �C for 1 h. Then the black colour
char was ground into fine powder and treated with 1:2 weigh ratio
of KOH at 120

�
C for 3 h. Then, the mixture was activated at 800 and

900
�
C under N2 flow at heating rate of 5

�
C min.�1 for 3 h. After

cooling down to room temperature, the resultant product was
washed thoroughly with de-ionized water for several times until
the pH value became neutral. The washed powder was vacuum
dried and subsequently used for various characterization studies. JF
derived AC obtained at 800

�
C with KOH weight ratios of 1:0 and

1:2 were designated as JF-1 and JF-2, respectively. JF-3 was ob-
tained from the activation conducted at 900 �C for 1:2 ratios of
KOH.

The 1D NiCo2O4 nanorods over 2D Co3O4-NS was synthesized by
two-step hydrothermal method. In a typical process, stoichiometric
amounts of Ni(NO3)2$H2O (Junsei, Japan), Co(NO3)2$H2O (Junsei,
Japan) and urea were dissolved in 25 ml of water. After stirring for
20 min, appropriate amount of Co3O4-NS (200 mg) was added into
the above greenish-pink solution. Then, the mixture was trans-
ferred in to 50 ml of Teflon lined autoclave and treated at 160

�
C for

2 h. After cooling down to room temperature, the intermediate
product was harvested and washed with water and ethanol
repeatedly, and dried at 60 �C for overnight. Finally, the resultant
product was calcined at 300 �C for 4 h in air to yield such fasci-
nating NiCo2O4@Co3O4 composite. The detailed procedure for
synthesis of 2D Co3O4-NS was reported by us in the previous works
[33,34].

2.2. Physical characterization

Crystalline phase of the resultant materials were studied by
powder X-ray diffraction (XRD, Rint 1000, Rigaku, Japan) using
CuKa radiation. BET surface area measurements were performed by
using a Micromeritics ASAP 2010 surface area analyzer. Morpho-
logical features of the samples were recorded using field emission
scanning electron microscope (FE-SEM, S4700, Hitachi, Japan). X-
ray photoelectron spectroscopy (XPS) was performed using
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Multilab 2000, UK with monochromater Al Ka radiation
(hn ¼ 1486.6 eV).
2.3. Electrochemical characterization

Composite electrodes were formulated with accurately weighed
amounts of active materials (JF-1, JF-2, JF-3 and NiCo2O4@Co3O4,
80% or 5 mg), ketzen black (10%), and teflonized acetylene black
(10%, TAB-2) using ethanol. The resultant slurry was pressed over
nickel foam and dried at 160 �C for 4 h in a vacuum oven. A typical
single/three-electrode glass cell equipped with a working elec-
trode, stainless steel mesh (counter electrode), and Ag/AgCl as a
reference electrode were used for electrochemical measurements.
ASC was constructed in two-electrode coin-cell (CR 2032) config-
uration separated by a Hyundai filter paper (micro-90 mm) and
filled with electrolyte solution. 2 M KOHwas used as the electrolyte
for both single electrode and ASC assemblies. Electrochemical
measurements like cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were recorded using an electro-
chemical work station (Bio-Logic, SP-150, France). Galvanostatic
chargeedischarge and cycle stabilities were studied by conven-
tional battery tester (WBCS 3000, Won-A-Tech, Korea) at ambient
conditions. The electrochemical parameters such as specific
capacitance, average internal resistance, coulombic efficiency, and
energy & power densities of the ASC were calculated by using
formulas described elsewhere [35].

The corresponding specific capacitance was calculated from the
following equations:

C ¼ I � Dt
m� DV

where Cm is the specific capacitance (F g�1), I is applied current (A),
Dt represents discharge time (s), DV represents the potential
Fig. 1. (a) XRD pattern of NiCo2O4@Co3O4 and Co3O4-NS, (b) XRD pattern of activated carbo
NiCo2O4@Co3O4, (ii) JF-2 and (iii) JF-3, and (d) pore size distribution of (i) NiCo2O4@Co3O4,
window (V) and m is the total mass of the ASC (g).

E ¼ 0:5CðVÞ2

P ¼ E
t

where E (Wh kg�1) is the energy density and P (W kg�1) is the
power density.
3. Results and discussion

XRD analysis was performed to examine the crystal structures of
the as-prepared NiCo2O4@Co3O4 nanostructures and JF derived AC
(Fig. 1). The observed XRD pattern of NiCo2O4@Co3O4 is compared
with the standard reflections of individual NiCo2O4 (ICDD no. 01-
073-1702) and Co3O4 (ICDD no. 01-076-1802) phases [24]. Further,
the XRD pattern of 2D structured Co3O4-NS also given for com-
parison. It can be seen that the NiCo2O4 crystal orientations are
perfectly matched with Co3O4 pattern which is indicate the for-
mation of phase pure cubic spinel structure. Further, there are no
additional peaks observed upon the hydrothermal process during
NiCo2O4 nanorods growth and subsequent calcination. This clearly
suggests that the crystal structure of Co3O4-NS is not influenced
upon hybridization with 1D NiCo2O4 nanorods. On the other hand,
in AC, the XRD pattern showed the absence of sharp and strong
reflections for JF derived carbons which clearly suggest the pres-
ence of randomly oriented amorphous phase [36]. The rise inacti-
vation temperature (800e900 �C) leads to removal of the loosely
bounded amorphous carbon by de-gassing them as CO, and in-
crease in the degree of graphitization (JF-3) during activation pro-
cess. This has been clearly evident from the variation of peak (100)
intensity at ~43� compared to JF-2 [37].

The porous nature of NiCo2O4@Co3O4 and JF derived AC were
ns derived from Artocarpus heterophyllus, (c) N2 adsorption/desorption isotherms of (i)
(ii) JF-2 and (iii) JF-3.



Table 1
BET surface area, total pore volume and Average pore diameter of different Artocarpus heterophyllus derived AC (JF-1, JF-2 & JF-3), NiCo2O4@Co3O4 and Co3O4-NS.

Sample SBETa (m2 g�1) Vtotal
b (cm3 g�1) Vmicro

c (cm3 g�1) Vmeso
d (cm3 g�1) Average pore diameter (nm)

JF-1 128 0.63 e e 1.97
JF-2 1794 0.88 0.71 0.16 1.96
JF-3 2235 1.41 0.99 0.41 2.52
NiCo2O4@Co3O4 73.43 0.32 e e 17.58
Co3O4-NS 27.15 0.16 e e 22.36

a SBET is the BET surface area.
b Total pore volume (Vtotal) was the single point adsorption total pore volume of pores less than 400 nm diameter at P/P0 ¼ 0.990.
c Vmicro is the micro pore volume.
d Vmeso is the meso pore volume.
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analyzed by N2 adsorptionedesorption isotherms and given in
Fig. 1c. As shown in Fig. 1c, the major uptake of N2 occurs relatively
at low pressure (<0.1) for JF derived AC (JF-1 and JF-2), which is a
fingerprint of type-I isotherm with microporous structure. In the
case of JF-3, a steep increase in the amount of N2 adsorption was
evident and a distinct hysteresis loop can be observed in the P/P0
range of 0.7e0.99. This suggest that the increases of temperature
creates a mixed type I and type IV isotherms, and the hysteresis
loop at high relative pressures (P/P0) indicates the existence of both
micro-and meso-porous structure [10,15]. In the case of NiC-
o2O4@Co3O4, the amount of N2 adsorptions at high pressure >0.8
indicates the presence of mesoporous structure only [11]. Fig. 1d
illustrates the BJH pore size distributions of both NiCo2O4@Co3O4
and JF derived AC. BET specific surface area and pore size distri-
butions were calculated for all the materials and given in Table 1. It
is evident that BET specific surface area increases with rise in
temperature, especially for JF-3. For example, specific surface area
and total pore volumes are found to be 2235 m2 g�1 and
1.4057 cm3 g�1, respectively for JF-3. Such an ultra-high specific
surface area with porous architecture certainly makes the JF
derived AC to be used as attractive material for supercapacitor
applications.

Morphology and microstructure of the NiCo2O4@Co3O4 and JF
derived AC (JF-2 and JF-3) were analyzed by FE-SEM and given in
Fig. 2. FE-SEM images of Artocarpus heterophyllus derived activated carbons (a) JF-2 and (b)
lower and higher magnifications.
Fig. 2. Fig. 2a exhibits the presence of sponge-like irregular granules
with three-dimensional porous network and observed in
micrometer-level for JF-2. This irregular surface leads to increasing
the contact area, which facilitates the ions diffusion for double layer
formation across the electrode/electrolyte interface. At higher
temperature (900

�
C), the portion of amorphous carbon has been

transformed in to the ordered flake-like morphology. Further, the
granules are not completely exfoliated, which is clearly seen from
the appearance of arrays of relatively thick layer [38] (Fig. 2b-inset).
Apparently, finer granularity and well-developed microstructure
could favorable for fast charge-transfer and enhanced charge stor-
age capacity. Fig. 2c shows the FE-SEM images of NiCo2O4@Co3O4
with rod-like NiCo2O4 microstructure are grown over all surfaces of
Co3O4-NS. Morphological features of the 2D structured Co3O4-NS is
given in Fig. S1 and reported by us elsewhere [33]. The bunch of
rods is grown upwards by vertically and inclined positions from the
surface (Fig. S2). The length of nanorods is between 0.7 and 1.5 mm
and clearly shown in Fig. 2d. Further, this structure composed of
regular nanoflowers with open-up network structure. Most of the
NiCo2O4 nanorods would forms a bundle like packed structure with
Co3O4-NS and formatting of the 3D architecture.

Surface chemical composition i.e. functional groups of the JF
derived AC is selectively studied (JF-2) by employing XPS along
with NiCo2O4@Co3O4 nanostructures and given in Fig. 3. The survey
JF-3, (ced) the 1D NiCo2O4 nanorods grown over and below the Co3O4 nanosheets with



Fig. 3. XPS spectrum of Artocarpus heterophyllus derived activated carbons. Core level spectra of (a) C 1s, (b) O 1s, (c) S 2p, and Core level spectra of (d) Ni 2p, (e) Co 2p and (f) O 1s
from NiCo2O4@Co3O4.
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spectrum of JF-2 sample consists of different elements like O and S,
apart from C (Fig. S3) [39,40]. In JF-2, the atomic percentage of C, O
and S is found to be 74, 25.5 and 0.85%, respectively. By using a
Gaussian fitting method, in core level C 1s spectra, (Fig. 3a) most
pronounced peak at 284.6 eV is a characteristic of C]C, and rest of
the peaks are corresponds to CeS, CeO and C]O in sequence [41].
Further de-convolution of O 1s spectrum for identification of sur-
face functionalities are shown in Fig. 3b. The spectra was obtained
by fitting three component peaks, which are attributed to C]O
(531.6 eV), CeO (533 eV) and OeC]O (535.3 eV), respectively
[42,43]. The high-resolution S 2p spectrum in Fig. 3c clearly reveals
the presence of CeSeO (169.4 eV) bonds. The existence of such
surface functionalities is very important for the application of
supercapacitors, since it not only improves the wettability, but also
facilitates fast redox reactions in alkaline medium [44]. As a result,
rise in pseudocapacitive behavior is noted. The survey spectrum of
NiCo2O4@Co3O4 composed of Ni, Co and O elements, whereas
Co3O4-NS contains only Co and O (Fig. S3). The de-convolution of Co
2p peaks shows two spineorbit doublets separated by 15 eV which
is a characteristic of Co3þand Co2þ ions. The Ni 2p is also fitted with
two spineorbit doublets and shakeup satellites are associated with
characteristic Ni2þ and Ni3þ ions [40]. The O 1s shows a large
MeOeM peak at 527.6 eV which is an indicative of most of the
oxygen in the lattice and other three peaks at 529.26, 532.83 and
531.15 eV, are associated to the M¼ O, M-C]O and OeC]O bonds,
respectively. The binding energies of these peaks are consistent
with the literature and signify the formation of NiCo2O4 [39].
4. Electrochemical studies

4.1. Single electrode performance of JF derived AC (JF-2 and JF-3)

Carbon is one of the unique and fascinating material used in
supercapacitor applications, and it can be used as positive, or
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negative electrodes irrespective of the configuration (symmetric,
asymmetric or hybrid configuration) and electrolytes (aqueous or
organic) [4,36,45]. In the present work, an attempt has been made
to exploit the possibility of using JF derived AC as negative electrode
for charge storage. First, supercapacitive behavior was estimated
through single electrode configuration and eventually paired with
NiCo2O4@Co3O4 nanostructures in asymmetric fashion under the
optimized loadings. In a symmetric configuration, the applied po-
tential is equally divided by both electrodes, whereas in ASC, the
Fig. 4. Electrochemical performance of JF derived AC vs. Ag/AgCl in 2 M KOH solution. (a) CV
galvanostatic chargeedischarge curves at current density of 1 A g�1.
potential is divided by based on the specific capacitance of the in-
dividual electrodes [10,46]. Hence, single/three electrode perfor-
mance is desperately required and crucial for the optimization. The
electrochemical and capacitive properties of the JF derived AC were
evaluated using three-electrode geometry with 2 M KOH as elec-
trolyte and Ag/AgCl as reference electrode. First, the optimization of
potential windowwas performed using tentatively for JF-2 at a scan
rate of 5 mV s�1 and given in Fig. 4a. The lower cut-off potential is
varied from �0.8 to �1.2 V vs. Ag/AgCl with respect to 0 V vs. Ag/
curves of JF-2 in different voltage window at 5 mV s�1, (b) CV curves at 5 mV s�1, and (c)
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AgCl. The JF-2 showed excellent capacitive behavior irrespective of
the potential windows with close to ideal rectangular shaped CV
traces [38]. This is an indicative of irreversible reaction occurred
when potential is lower than �1.2 V vs. Ag/AgCl. Hence, we have
fixed �1.2 to 0 V vs. Ag/AgCl range for further investigation. Next,
we compared the electrochemical performance of both JF-2 and JF-
3 in the same scan rate and the observed results are given in Fig. 4b.
Reduction of ~0.6% active capacitive area is noted for JF-3 compared
to JF-2. This confirms the inferior electrochemical activity of JF-3.
Galvanostatic chargeedischarge studies are also conducted for JF
derived AC (JF-2 and JF-3) to ensure the CV analysis and shown in
Fig. 4c. Both JF-2 and JF-3 exhibits the ideal triangular shaped
chargeedischarge curves i.e. linear variation of potential with
respect to time (a typical capacitance behavior of carbonaceous
materials via electric double layer formation). The specific capaci-
tance of JF-2 and JF-3 are calculated to 375 and 295 F g�1, respec-
tively. We strongly believe that the enhanced double layer
capacitance is resulted from the presence of micro pores with an
extended surface functionalities in JF-2 compared to JF-3. Also the
contribution from the presence of surface functional groups cannot
be excluded. Therefore, we have chosen JF-2 for further studies and
to be used as promising negative electrode for the fabrication of
ASC. Nevertheless, JF-3 is also subjected for CV and galvanostatic
measurements at various conditions and given in Fig. S4. Fig. 5a
shows the family of CV traces recorded in a single electrode
configuration at various scan rates. The JF-2 AC demonstrated near
ideal rectangular shaped signatures without any significant
distortion while increasing the scan rate. More specifically, at
higher scan rate (100 mV s�1), more or less rectangular shape is
preserved which indicates the facile ion transportation and excel-
lent high power capability. Fig. 5b represents the galvanostatic
Fig. 5. Electrochemical performance of JF-2 vs. Ag/AgCl in 2 M KOH solution, (a) CV
curves recorded at different scan rates between 0 to -e1.2 V vs. Ag/AgCl, (b) galva-
nostatic chargeedischarge curves at different current densities.
chargeedischarge curves of JF-2 at various current densities. As
expected, specific capacitance is decreased with the faster current
loads, for instance, JF-2 delivered specific capacitance of
375 F g�1 at current density of 1 A g�1, while the current density is
increased to 8 A g�1, the specific capacitance of 280 F g�1 only
observed. The observed specific capacitance values are better than
other bio-mass precursor used for the preparation of high surface
area carbons reported elsewhere [7,12].

4.2. Single electrode performance of NiCo2O4@Co3O4

To validate the advantages of hierarchical growth 1D NiCo2O4
nanorods over Co3O4--NS, we investigated the electrochemical
performance of NiCo2O4@Co3O4 and Co3O4-NS in single electrode
configuration with 2 M KOH solution. First, the optimization of
potential window was performed at scan rate of 5 mV s�1 for
NiCo2O4@Co3O4 nanostructures (Fig. S5a). Apparent to note that
the increase in the potential beyond 0.4 V vs. Ag/AgCl is certainly
leads to serious limitations of the cell owing to the O2 evolution
reaction at the electrode. Hence, the electrochemical performance
of pseudocapacitive NiCo2O4@Co3O4 electrode is limited to 0e0.4 V
vs. Ag/AgCl region [47]. Also the electrochemical activity of Co3O4-
NS was conducted in the same region for comparison purpose and
given in Fig. 6a. It can be seen from the CV curves, NiCo2O4@Co3O4
nanostructures exhibits more distinct peaks and large area under-
neath the curve than Co3O4-NS. This clearly reflecting the electro-
chemical process between these two samples is quite different and
the NiCo2O4@Co3O4 delivered a higher specific capacitance than
Co3O4-NS. The following equilibrium describes the overall elec-
trochemical activity of NiCo2O4@Co3O4 and Co3O4-NS in aqueous
media,

NiCo2O4 þ OHe þ H2O 4 NiOOH þ 2CoOOH þ ee

2CoOOH þ OHe 4 2CoO2 þ H2O þ ee

Co3O4 þ OHe þ H2O 4 3CoOOH þ ee

CoOOH þ OHe 4 CoO2 þ H2O þ ee

As the scan rate is increased from 5 to 50 mV s�1, the linear
variation of peak currents with applied potentials was observed
(Fig 6b). This is clearly suggest that the building blocks of hierar-
chical NiCo2O4 nanorods can certainly enhances, the electron
transport to the Co3O4-NS owing to the 1D morphology and
excellent electrical conductivity [24]. This implies that the elec-
trode kinetics is controlled by diffusion of ions with fast interfacial
Faradaic reactions [1]. In contrast, the as-prepared Co3O4-NS
showed a sluggish kinetics with marginal current response
compared to the NiCo2O4 nanorods, which is clearly observed from
CV studies [27]. This is a good agreement with the results obtained
from galvanostatic chargeedischarge measurement for Co3O4-NS
(Fig. S5b & c). The NiCo2O4@Co3O4 delivered the specific capaci-
tances of 430 and 420 F g�1 at current density of 1 and 8 A g�1,
respectively (Fig. 6c). This clearly showed 97.6% of initial capaci-
tance is retained, even at high current testing conditions. A small
capacitance contribution from the Co3O4-NS cannot be ignored for
such performance. On the other hand, Co3O4-NS displayed a
maximum specific capacitance of 113 F g�1 at low current rates
(1 A g�1). The observed results are comparable to the results re-
ported on NiCo2O4 based composites [24].

Fig. 6d shows the combined plot of specific capacitances with
respect to applied currents for JF-2, JF-3, Co3O4-NS and NiC-
o2O4@Co3O4 in a single/three electrode configuration vs. Ag/AgCl
electrode. As mentioned above, NiCo2O4@Co3O4 (430 F g�1) and JF-



Fig. 6. (a) Comparison of CV curves for NiCo2O4@Co3O4 and Co3O4-NS vs. Ag/AgCl in
2 M KOH solutions at scan rate of 5 mV s�1, (b) CV traces of NiCo2O4@Co3O4 at different
scan rates, (c) galvanostatic chargeedischarge curves of NiCo2O4@Co3O4 at different
current densities, (d) Specific discharge capacitance of NiCo2O4@Co3O4, Co3O4-NS, JF-2
and JF-3 in single electrode configuration vs. Ag/AgCl in 2 M KOH solution at various
current rates.
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2 (375 F g�1) are displayed the highest specific capacitances for
positive and negative electrode evaluations at current density of
1 A g�1, respectively. The observed values are much higher than
other candidates are tested under the similar circumstances, likely
Co3O4-NS (113 F g�1) and JF-3 (295 F g�1). Just testing the electrode
materials in single/three electrode configuration is not useful for
end user applications. Hence, ASC is fabricated by adjusting the
mass loading between the electrodes to realize the high energy
density. The detailed information about the ASC fabrication and its
electrochemical performances are discussed in the forthcoming
sections.

4.3. Fabrication of asymmetric supercapacitor (ASC) and its
performance

ASC was fabricated in the presence of 2 M KOH electrolyte so-
lution with NiCo2O4@Co3O4 and JF-2 as positive and negative
electrode, respectively. Accordingly, the active mass of both posi-
tive and negative electrodes are balanced based on the charges
stored in each electrodes, the adjusted mass ratio to be mJF-2/
mNiCo2O4@Co3O4 ¼ 0.87. ASC has been fabricated by keeping the
aforesaid mass loadings and electrochemical performances are
given Fig. 7. Fig. 7a shows the CV curves of ASC recorded at scan rate
of 0.1 mV s�1 and performance of NiCo2O4@Co3O4 and JF-2 in a
three electrode configuration also given for comparison. Similar to
the single electrode performance, optimization of working poten-
tial is needed. Accordingly, the CV has been recorded at the scan
rate of 5 mV s�1 for different upper cut-off potentials and given in
Fig. 7b. Unlike the sharp redox peaks observed for NiCo2O4@Co3O4
in the single electrode studies, the ASC cell showed quasi-
rectangular shaped curves even at the potential ranges from 1.4
to 1.6 V [42]. A mild decomposition of the electrolyte solution is
observed at ~1.6 V. Hence, we stopped extending the potential
window for optimization and fixed this region for further studies.
Fig. 7c represents the family of CV signatures of ASC and examined
between 0 and 1.6 V at various sweep rates (5e100 mV s�1). When
the sweep rate increased, shape of the CV curves remains un-
changed which clearly suggests greater diffusion of electrons and
ions to the inner regions of the electrode. As a result, fast electron/
ion transport property is observed and it is one of the pre-requisite
for high power electrochemical energy storage devices.

Fig. 8a and (Fig. S6) shows the typical chargeedischarge curves
of ASC at various current densities ranging from 0.1 to 4 A g�1. The
specific capacitances values are calculated from the discharge time,
for instance,119, 85 and 80 F g�1 is noted for the current densities of
0.1, 1 and 4 A g�1, respectively. The chargeedischarge pattern was
symmetrical which indicates the excellent reversibility of elec-
trodes with low polarization. The specific capacitance is decreased
with an increase in current rate because of an increased ohmic drop
and scarcity of active material at the electrode/electrolyte interface
available for Faradaic and non-Faradaic reactions upon cycling.
Cycleability is one of the important criterions to be employed in
practical configuration [1,4]. Hence, cycling stability of the ASC was
performed at a current density of 2 A g�1 and shown in Fig. 8b. It is
evident that the capacitance of ASC increases ~12% after 1000 cy-
cles, suggesting the improvement in surface wetting, pore acces-
sibility to electrolyte ions and activation of the electrodes by the
electrolytes upon repeated cycling [27,39,42]. Upon extended
cycling, the specific capacitance remains as 97% after 7000 cycles,
which is comparable to that of the previous reports [29e31,48].
Obviously, this is one of the good performances reported in the ASC
configuration. Electrochemical impedance spectroscopy (EIS) is one
of the important tools to understand the reactivity of the ASC.
Hence, NiCo2O4@Co3O4 vs. JF-2 based ASC is subjected to EIS studies
in the frequency range of 100 kHz to 0.02 Hz and given in Fig. 8c.



Fig. 8. (a) Galvanostatic chargeedischarge of ASC at different current densities, (b)
Cycling profiles of ASC at current density of 2 A g�1, Inset: typical chargeedischarge
curves and (c) Nyquist plot of ASC recorded before and after cycling, Inset: magnified
view, (d) Ragone plot of NiCo2O4@Co3O4 vs. JF-2 based ASC with previously reported
ASC. AC: activated carbon, LDH: layered double hydroxide, rGO: reduced graphene
oxide.

Fig. 7. (a) CV traces of NiCo2O4@Co3O4 and JF-2 in single electrode configuration vs.
Ag/AgCl electrode, and ASC (NiCo2O4@Co3O4 vs. JF-2) in 2 M KOH solution at scan rate
of 0.1 mV s�1 (b) CV curves of ASC in various potential windows at scan rate of
5 mV s�1, and (c) comparison of CV curves for ASC at different scan rates.
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The Nyquist plot of ASC was recorded before and after 7000 cycles.
The magnitudes of solution resistance (Rs) in impedance response
obtained for the ASC before and after 7000 cycles are found to be
0.192 and 0.436 U, respectively. This clearly showed that NiC-
o2O4@Co3O4 vs. JF-2 based ASC have negligible amount of side re-
action with the electrolyte counterpart. This negligible variation
validates the excellent stability of ASC upon long term cycling.

Energy and power densities of the NiCo2O4@Co3O4 vs. JF-2 based
ASC were calculated according to the equation described above and
shown in Fig. 8d. In addition, literature values of Ni-based ternary
oxides are also given for comparison. Here, total mass of the active
material (JF-2 þ NiCo2O4@Co3O4) and discharge time were
considered for the calculation of energy and power densities. The
ASC delivered amaximum energy density of 42.5Wh kg�1 at power
density of 80 W kg�1. As mentioned above, this is one of the best
values reported for the ASC configuration irrespective of the
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positive or negative electrodes, for instance, NiCo2O4@MnO2//AC
(35Wh kg�1) [27], NiCo2O4-rGO//AC (23.32Wh kg�1) [28], NixCo1-x
layered double hydroxides//AC (23.7 Wh kg�1) [29], NiCo2S4//rGO
(31.5 Wh kg�1) [30], NiWO4//AC (25.3 Wh kg�1) [31], and V2O5//
Polyaniline (26.7 Wh kg�1) [8] and various biomass high surface
area carbons as well (Table S1). We strongly believe that, the
combined features of JF derived AC and pseudocapacitive 1D
structure grown over 2D sheets certainly leads to the excellent
performance in asymmetric fashion. This approach can be easily
extended to other materials for further exploration and unveiling
new configurations with improved energy and power capability.

5. Conclusion

We successfully demonstrated the fabrication of high energy
ASC using pseudocapacitive NiCo2O4@Co3O4 and double layer
forming JF derived AC in alkaline media. The ASC delivered the high
specific capacitance and energy density of 119 F g�1 and
42.5 Wh kg�1, respectively. Also, excellent cycleability and capaci-
tance retention characteristics were noted, for instance the ASC
rendered ~97% of initial value after 7000 cycles. First, AC was
derived from renewable bio-source waste, Jackfruit via chemical
activation and 3D hybrid nanostructure of NiCo2O4@Co3O4 was
constructed from flower like of 1D NiCo2O4 nanorods over 2D
Co3O4 NS via two step hydrothermal processes. We strongly believe
that the utilization of bio-waste from sustainable resources pro-
vided by nature and opening up a great potential application in
high-performance energy storage systems. The concept of hybrid-
izing 3D architecture electrode with AC from bio-mass certainly
paved the new way for the construction of high performance
electrochemical energy storage devices in a cost effective manner.
This approach can also be extended for various bio-mass precursors
and metal oxides with various nano-architectures for further
exploration.
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