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The present work reports on fabrication and supercapacitor applications of a core/shell Fe-Ni/
Fe2O3-NiO hybrid nanostructures (HNs) electrode. The core/shell Fe-Ni/Fe2O3-NiO hybrid
nanostructures have been fabricated through a two step method (nanowire fabrication and their
controlled oxidation). The 1D hybrid nanostructure consists of highly porous shell layer (redox
active materials NiO and Fe2O3) and the conductive core (FeNi nanowire). Thus, the highly porous
shell layer allows facile electrolyte diffusion as well as faster redox reaction kinetics; whereas the
conductive FeNi nanowire core provides the proficient express way for electrons to travel to the
current collector, which helps in the superior electrochemical performance. The core/shell Fe-Ni/
Fe2O3-NiO hybrid nanostructures electrode based supercapacitor shows very good electrochemical
performances in terms of high specific capacitance nearly 1415 F g1 at a current density of 2.5 A
g1, excellent cycling stability and rate capability. The high quality electrochemical performance
of core/shell hybrid nanostructures electrode shows its potential as an alternative electrode for
forthcoming supercapacitor devices. V

I. INTRODUCTION

Since last decade, energy crisis is one of the vital problems in the society due to the excessive use of fossil-fuel
resources and environmental pollution. Therefore, the development of very light weight and environment friendly proficient energy storage devices has become the priority of the
researchers and scientists for satisfying the demand of modern consumer’s hybrid electric and portable electronics devices.1–4 In this progression, researchers have developed new
type of energy storage devices to satisfy the demand of
energy crises called supercapacitors, also known as electrochemical capacitors, which consist of high power density,
high rate capability, superb cycle stability, and high energy
density compared to conventional battery and capacitors.5–8
The supercapacitors are classified into two groups, based on
their charge storage method. First group called pseudocapacitors which involve the redox reactions of the electrode materials at the surface of electrode and electrolyte interface;
second group known as electric double layer capacitors,
which hold charge separation at the surfaces of electrode and
electrolyte interface.9,10 By changing the morphology of the
electrode materials, one can manipulate the performance of a
supercapacitor. The performance and quality of the supercapacitors are very much dependent on the materials and morphology used in the preparation of their electrodes. Recently,
many metal oxide based materials (like RuO2, NiO, Fe2O3,
MnO2, Co3O4, TiO2, etc.) have been used for the fabrication
of pseudocapacitor electrodes, among them NiO and Fe2O3
have been widely used as redox active materials for the fabrication of supercapacitor electrodes of different morphologies,
a)
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such as Fe2O3-nanotube,11 Fe2O3-thin film,12 electrospun
Fe2O3-nanostrtuctures,13 porous Fe2O3-nanostrtuctures,14
NiO–nanobelts,15 NiO–nanoballs,16 NiO–nanoflowers,17 and
NiO–nanoflakes.18 The reasons behind the extensive use
of NiO and Fe2O3 as supercapacitor electrode materials are:
they are very stable in nature, they are non-toxic as well as
environment friendly, and they are very cheap and easily
available. After having so much of supportive properties for
being used as electrode materials in supercapacitors, still their
reported specific capacitance values are very low compared
to their own theoretical specific capacitance value and other
metal oxide based electrodes. The only problem restricts
them to be used as an electrode material for high performance
supercapacitor is their bad electrical conductivity and we all
are aware of the fact that electrode material must have high
electrical conductivity for high performance supercapacitor.
In the recent development process of supercapacitor performance, it has been found that the electrical conductivity
could be improved by introducing impurities via doping of
one metal oxide material with other metal oxide material.
This doping process enhances the charge movement, which
affects the reactions at the interface of electrode and electrolyte.19,20 Since then many mixed component transition metal
oxides (binary and ternary) hybrid nanostructures (HNs)
have been demonstrated as the promising supercapacitor
electrodes such as Fe3O4@SnO2 core–shell nanorod,21 NiO/
Ni Nanocomposites,22 Ni(OH)2-MnO2 hybrid nanosheets,23
Ni0.3Co2.7O4 hierarchical structures,24 Ni(OH)2MnO2-graphene oxide hybrid spheres,25 NiCo2O4 nanosheets,26 Ni–Co
layered double hydroxide nanosheets,27 NiCo2O4-aerogels,28
Co3O4@MnO2 core-shell arrays,29 NiCo2O4@MnO2 core–
shell nanowire (NW),30 and ZnO nanorods/amorphous coreshell nanowire.31 Among various hybrid nanostructures

based on transition metal oxides, the hybrid core/shell nanostructure on conductive substrate has attracted significant interest since they offer innovative prospects for the growth of
noble compound materials with enhanced properties and can
be very useful for energy storage devices.21,28–30,32–34 It has
been demonstrated that these hybrid core/shell nanostructures are exceptionally useful during electron-charge transfer
reactions and the diffusion of ions due to their unique structures. One more significant advantage of this core/shell structure on conductive substrate is that during fabrication of
electrode it does not require any binder, which redeem it
from extra binder weight.
So far in the literature we have not found any work
based on NiO and Fe2O3 as mixed component transition
metal oxides for supercapacitor electrodes. Keeping all the
above research facts in mind, still there are plenty chance to
enhance the electrochemical properties of NiO and Fe2O3
based electrodes remarkably. Therefore, we report a simple
fabrication technique and electrochemical properties of the
electrode based on core/shell Fe-Ni/Fe2O3-NiO HNs. This
core-shell HNs consist of a very high aspect ratio with a porous thin nanolayer of redox active oxides, which would provide a very large surface area for redox reactions at the
interface of electrode and electrolyte, which would attribute
to the enhancement of the ion and electron movement and
performance of the supercapacitor. In addition, the core material consists of conductive FeNi NWs, which will provide
the expressway for the electrons to transport to the current
collector via core material, automatically it would considerably improve the rate capability and power density of the
supercapacitor.35 The unique feature of this electrode fabrication technique is that it does not contain any extra binder
material. As a result, there would be enhancement in the
charge transfer kinetics. According to our anticipations, the
core/shell Fe-Ni/Fe2O3-NiO hybrid nanostructure shows
high quality supercapacitive performance in terms of specific

capacitance, energy density, power density, cycling stability,
and rate capability; these profound results made it alternative
for the next generation supercapacitor electrodes.
II. EXPERIMENTAL SECTION
A. Preparation of Fe-Ni/Fe2O3-NiO core/shell hybrid
nanostructures

The common fabrication technique of Fe-Ni/Fe2O3-NiO
core/shell hybrid nanostructure is schematically shown in
Fig. 1. First of all, highly porous anodic alumina oxide
(AAO) templates which contain pore (diameter  100 nm)
were grown by two step anodization techniques as described
in our previous report.36
After that, thin gold layer was grown on one surface of
the AAO template by DC sputtering technique. The arrays of
FeNi NWs were grown inside the pores of self developed
AAO templates with the help of three electrode electrochemical cell and power supply (Autolab-30) by the electrodeposition technique as described in our previous report.33
The aqueous solution of 80 g l1 NiSO46H2O, 30 g l1
FeSO47H2O, 15 g l1 H3BO3, and 10 g l1 NH4OH was used
as electrolyte at room temperature. The deposition procedure
was performed for 15 min at a voltage of 1.05 V vs. Ag/AgCl
for growing FeNi NWs inside AAO templates. Then, the
arrays of bare FeNi NWs were obtained from the electrodeposited AAO template by dissolving it in 2 M NaOH solution.
After that, the Fe-Ni/Fe2O3-NiO core/shell HNs were obtained
by annealing the as prepared FeNi NWs at high temperature
(450  C) for a short period of time (15 min) in an oxygen
atmosphere. The same synthesis process was followed for the
growth of Ni/NiO and Fe/Fe2O3 core/shell HNs, except some
changes in electrolyte of electrodeposition process. The aqueous solution of (50 g l1 NiSO46H2O, 15 g l1 H3BO3, 10 g l1
HNS4OH) and (50 g l1 FeSO47H2O, 15 g l1 H3BO3, 10 g l1
HNS4OH) was used as the electrolyte for Ni/Ni-oxide and

FIG. 1. (a)–(c) Schematic shows the
synthesis process of Fe-Ni/Fe2O3-NiO
core/shell HNs on Au substrate. (d)
Schematic diagram of the sectional
view of single HNs.

Fe/Fe-oxide core/shell HNs, respectively. Further, morphological and structural studies of the arrays of Fe-Ni/Fe2O3-NiO
core/shell HNs were done by Field emission scanning electron
microscope (FESEM, FEI Quanta-200 Mark-2) and
Transmission electron microscope (TEM, FEI TECNAI G2
TF20ST). The chemical and elemental composition of the
core-shell HNs were analyzed by energy dispersive X-ray
(EDAX) and X-ray photoelectron spectroscopy (XPS) and
energy dispersive X-ray (EDAX), respectively.
B. Fabrication of electrodes

As-prepared Fe-Ni/Fe2O3-NiO core/shell HNs grown on
the conductive current collector (Au) by the above mentioned technique have been used for the fabrication of electrode. During fabrication of the electrode, the calculation of
the loading mass density of the active electrode materials
was done by micro balance with the precision of 0.1 lg. The
area of the electrode was estimated and found to be
0.15 cm2. The resultant loading mass densities of the Fe-Ni/
Fe2O3-NiO, Ni/Ni-oxide and Fe/Fe-oxide core/shell HNs
electrode after subtracting the mass of the gold substrate
layer from the entire mass of the electrode (redox active
electrode stuff and the gold substrate layer) were calculated
as 0.387, 0.346, and 0.353 mg cm2, respectively. Then, a
conductive wire was connected at the back side of the electrode (Au exposed side). Further, the rest of the portion
of Au exposed side of the electrode was covered with a

non-conductive and non-reactive tape layer before inserting
this electrode inside the cell (supplementarymaterial,37 Fig.
S1). A software controlled three electrode cell (Autolab-30)
was used to study cyclic voltammetry (CV) and constant current galvanostatic charge/discharge (GCD) measurements of
the electrode based on Fe-Ni/Fe2O3-NiO core/shell HNs.
The cell consists of working electrode (Fe-Ni/Fe2O3-NiO
core/shell HNs based electrode), the counter electrode (Pt
wire), the reference electrode (standard Ag/AgCl electrode),
and electrolyte (1 M KOH solution). All electrochemical
measurements were done within the potential window of 0 to
0.55 V vs. Ag/AgCl. The long cycle test of the core-shell
HNs based electrode was done by GCD measurements for
3000 cycles at different current densities of 2.5 and 50 A
g1. The electrical conductivity and ion transfer resistance of
core-shell HNs electrode were studied by electrochemical
impedance spectroscopy (EIS) within (102 Hz to 105 Hz)
frequency range.
III. RESULTS AND DISCUSSION
A. Structural and compositional analysis

A simple controlled oxidation technique was used to
fabricate the Fe-Ni/Fe2O3-NiO core/shell HNs and their
structural and morphological studies were done by FESEM.
The FESEM micrograph of the Fe-Ni/Fe2O3-NiO core/shell
HNs on gold substrate is shown in Fig. 2(a). It is evident
from Figs. 2(a) and 2(b) that the as-prepared 1D core/shell

FIG. 2. (a) and (b) FESEM micrograph, (c) EDAX spectrum, (d) TEM micrograph, (e) HRTEM micrograph, and (f) SAED pattern of the Fe-Ni/Fe2O3-NiO
core/shell HNs.

HNs are vertically aligned throughout the surface with uniform diameter and vertical length about 150 nm and 2 lm,
respectively, for single core/shell HNs.
Moreover, the outer surface of Fe-Ni/Fe2O3-NiO core/
shell HNs has become very rough and porous in comparison
to FeNi nanowires (supplementary material,37 Fig. S2). The
rough and porous outer surface of Fe-Ni/Fe2O3-NiO core/
shell HNs attributes to the enhancement of the surface area,
which will provide more surface area for redox reactions.
Similarly, we also checked the morphology of Fe/Fe2O3 and
Ni/NiO core/shell HNs by FESEM (supplementarymaterial,37 Figs. S3(a) and S3(d)), respectively), which were fabricated by the same technique as Fe-Ni/Fe2O3-NiO core/shell
HNs fabricated and found no apparent difference in the array
morphology, which indicates the generality of the fabrication
technique. EDAX study was performed for finding out the
elemental composition of the Fe-Ni/Fe2O3-NiO core/shell
HNs. Fig. 2(c) shows the EDAX spectrum, which verifies the
existence of Fe, Ni, and O elemental composition in the
core/shell HNs, where the Au peak confirms the presence of
gold layer as a current collector. In particular, the peak for
oxygen in the EDAX spectrum confirms the growth of the
oxide shell layer. Further, the detailed morphological and
microstructural studies were carried out by TEM for a deeper
understanding about the Fe-Ni/Fe2O3-NiO core/shell HNs.
Fig. 2(d) shows the TEM micrograph of an individual Fe-Ni/
Fe2O3-NiO core/shell HNs, which illustrate the formation of
nearly 25 nm porous thin nanolayer of Fe2O3-NiO (shell)
over FeNi nanowire with nearly 100 nm in diameter (core).
Above TEM micrograph results confirm the formation of

Fe-Ni/Fe2O3-NiO core/shell HNs (diameter  150 nm).
Similar kind of structural and morphological configuration
was observed from the TEM micrographs of Fe/Fe-oxide
and Ni/Ni-oxide core/shell HNs (supplementary material,37
Figs. S3(b) and S3(e)), respectively). The enlarged high resolution TEM micrograph and selected area energy diffraction
(SAED) of core-shell HNs were traced from the area marked
by the white square at the core and shell interface of Fe-Ni/
Fe2O3-NiO core/shell HNs in Fig. 2(d). Figs. 2(e) and 2(f)
show the HRTEM and SAED micrographs, which confirm
the crystalline nature of the Fe-Ni/Fe2O3-NiO core/shell
HNs. This crystalline nature is favourable for the improvement of the conductivity of the supercapacitor electrodes.
The calculated lattice was found to be 0.28 nm and 0.25 nm,
which corresponds to the inter-planer spacing of NiO (111)
and Fe2O3 (110), respectively.
For a deeper understanding of microstructural and elemental composition of single Fe-Ni/Fe2O3-NiO core/shell
HNs, scanning transmission electron microscope (STEM)
study was performed. STEM micrograph of single Fe-Ni/
Fe2O3-NiO core/shell HNs shows a thin shell layer of around
25 nm homogeneously envelops the surface of the core FeNi
nanowire, which has a diameter of around 100 nm. To know
about the elemental distribution (Ni, Fe and O) across coreshell HNs, energy-dispersive X-ray spectrometry (EDS) line
scanning was performed across the HNs diameter (specified
by an orange line in Fig. 3(a)). Figs. 3(b)–3(d) show the EDS
line scanning profile of Ni, Fe, and O, respectively, where
the Ni and Fe profile shows the higher intensity at the center
of the profile, whereas O shows the higher intensity at the

FIG. 3. (a) STEM image of individual Fe-Ni/Fe2O3-NiO core/shell HNs. (b)–(d) EDS line scanning of Ni, Fe, and O, respectively, across the Fe-Ni/Fe2O3NiO core/shell HNS indicated in (a). (e)–(g) EFTEM elemental mapping images of Ni (in blue color), Fe (in red color), and O (in green color), respectively,
for the Fe-Ni/Fe2O3-NiO core/shell HNS indicated in (a). (h)–(j) The high resolution XPS spectrum of the Ni 2p, Fe 2p, and O 1 s core level, respectively, of
Fe-Ni/Fe2O3-NiO core/shell HNs.

outer edge of the spectrum profile due to the formation of
NiO and Fe2O3.
Investigation of these EDS line spectra reveals that the
core-shell HNs have Ni and Fe at the core and O is concentrated on the outer surface as a thin shell layer. In addition,
to confirm the previous elemental distribution (Ni, Fe, and
O) results across core-shell HNs, we performed an energy filtered transmission electron spectroscopy (EFTEM) study of
same core-shell HNs sample, which is shown in the form of
coloured elemental mapping of Ni (blue), Fe (red), and O
(green), respectively (shown in Figs. 3(e)–3(g), respectively). EFTEM micrographs of individual elements (Ni, Fe,
and O) clearly support the results of the EDS scanning spectrum. These structural and morphological study evidences
prove the formation of Fe-Ni/Fe2O3-NiO core/shell HNs.
Similar kind of structural formation is also observed in the
EFTEM images (supplementary material, Figs. S2(c) and
S2(f)) of Fe/Fe-oxide and Ni/Ni-oxide core/shell HNs, which
confirm their good quality core/shell HNs formation.
Furthermore, we have performed the XPS studies of the FeNi/Fe2O3-NiO core/shell HNs to the closer insight about the
chemical compositions, metal oxidation states, and about the
outer surface of the electrode. The XPS spectrum of coreshell HNs confirms the presence of elemental components
Ni, Fe, and O. Fig. 3(h) shows the core level spectra of Ni
2p, which consists of two peaks of Ni 2p3/2 and Ni 2p1/2
obtained at the binding energy of 856 and 873.5 eV, respectively, which confirm the þ2 oxidation (Ni2þ) state of Ni in
the core-shell HNs sample. The core level XPS spectra of Fe
2p are shown in Fig. 3(i), which confirm the presence of two
characteristic peaks Fe 2p3/2 and Fe 2p1/2 observed at the
binding energy of 711.4 and 725 eV, respectively, and correspond to the trivalent (þ3) state of Fe in Core-shell HNs.38
The reason behind the splitting of 2p core levels of Ni and
Fe is spinorbit coupling. The core level XPS spectra of O
1s are shown in Fig. 3(j), where the peak of core level O 1s
is obtained at 531.2 eV binding energy, which is deconvoluted into two peaks, centered on 529.8 eV (OI) and 531.6 eV
(OII). The lower energy peak (OI) confirms the presence of
oxygen in (2) oxidation state due to the presence of NiO
and Fe2O3 in core-shell HNs,39 whereas the higher energy
peak (OII) signifies the presence of hydroxyl group in the
core-shell HNs.39,40
B. Electrochemical properties analysis

CV and GCD methods have been used to study the electrochemical properties of the Fe-Ni/Fe2O3-NiO core/shell
HNs electrode in three electrode system electrochemical
cell. For comparison, the Fe/Fe2O3, Ni/NiO, and Fe-Ni/
Fe2O3-NiO core/shell HNs electrodes were studied by CV
methods at 100 mV s1 scan rate (supplementary material,37
Fig. S4). In Fig. S3, the CV curve for the Fe-Ni/Fe2O3-NiO
core/shell HNs shows large area as compared to Fe/Fe2O3
and Ni/NiO core/shell HNs at a particular scan rate, revealing that the Fe-Ni/Fe2O3-NiO core/shell HNs has higher
capacitive capability. We found that the current density of
Fe-Ni/Fe2O3-NiO core/shell HNs electrode is 3 and 24 times
higher than their counterpart as-prepared Ni/NiO and Fe/

Fe2O3 core-shell HNs electrodes, respectively. These comparative results show remarkable enrichment in the electrochemical activities of Ni/NiO and Fe/Fe2O3 core-shell HNs
electrodes after combining them together. Further, the CV
measurements of the Fe-Ni/Fe2O3-NiO core/shell HNs were
done in detail. The CV measurements were done within a
fixed voltage range (0 V to 0.55 V) by varying the scan rate
(2, 10, 30, 50, and 100 mV s1), shown in Fig. 4(a). The
expected pseudocapacitive nature of the Fe-Ni/Fe2O3-NiO
core/shell HNs electrode is confirmed from the behaviour of
CV curves, which contains the oxidation and reduction peaks
due to the faradaic reactions occurred at the surface of as
grown core-shell HNs. These faradaic reactions implicate redox transitions of nickel oxide and iron oxide in the electrolyte, based on Eqs. (1) and (2).22,32
Fe2 O3 þ Mþ þ e $ Fe2 O3 M where;Mþ ¼ Kþ or H3 Oþ ;
(1)
NiO þ OH $ NiOOH þ e :

(2)

It is evident from Fig. 4(a) that for Fe-Ni/Fe2O3-NiO
core/shell HNs electrode there are two oxidation peaks
detected at þ0.3 V and þ0.35 V, which signifies the oxidation of iron [Fe2þ to Fe3þ] and nickel [Ni2þ to Ni3þ] from
Eqs. (1) and (2), respectively, in the anodic process, whereas
only one reduction peak is noticed at þ0.1 V, which specify
the reduction of iron [Fe3þ to Fe2þ] and nickel [Ni3þ to
Ni2þ] from Eqs. (1) and (2), respectively, in the cathodic
process.
We observed from Fig. 4(a) that the reduction peak is
bigger than the oxidation peaks, which is reasonable because
the reduction peak incorporates two reduction peaks of iron
[Fe3þ to Fe2þ] and nickel [Ni3þ to Ni2þ] in the cathodic process. To reveal more information about redox reaction process during CV curve measurements, the average peak
current density as a function of (scan rates)1/2 plotted and
found the linear relation curve (supplementary material, Fig.
S4), which indicates a diffusion controlled mechanism of redox reactions.41,42 Moreover, the stability and kinetic reversibility of the core-shell HNs electrode were confirmed from
the analogous shape of the CV curves for all the scan rates
(2, 10, 30, 50, and 100 mV s1).43,44 Interestingly, all the redox peaks are clearly visible even at a higher scan rate
(100 mV s1), which verifies that the core-shell HNs electrode possesses rapid oxidation-reduction reactions at the
interface of electrode and electrolyte.43,44 The calculation of
the areal capacitance of the Fe-Ni/Fe2O3-NiO core/shell HNs
electrode has been done according to the reported formula,
Ca ¼ I/(f A),45,46 where I denotes the peak current recorded
from CV curves, f represents the scan rate, and A is the nominal working electrode area. The behaviour of areal capacitance of the Fe-Ni/Fe2O3-NiO core/shell HNs has been
observed with respect to the scan rate by varying the value
of scan rate, which is shown in Fig. S5 (supplementary material,37 Fig. S6). The value of areal capacitance for core-shell
HNs is found to be 291.5 mF cm2 for low scan rate value
(2 mV s1) and areal capacitance value decreased up to
139.6 mF cm2 at very high scan rate value (100 mV s1),

FIG. 4. (a) Cyclic voltammetry curves,
(b) galvanostatic charge/discharge
curves, (c) specific capacitance and
coulombic efficiency as a function of
current densities, and (d) power density vs. energy density plots, for Fe-Ni/
Fe2O3-NiO core/shell HNs electrode.

which reveals high rate capability property of the Fe-Ni/
Fe2O3-NiO core/shell HNs due to its unique architecture.
The supercapacitive performance of as-prepared Fe-Ni/
Fe2O3-NiO core/shell HNs has been revealed to have comparable performance to other transition metal based previously
reported supercapacitors.43,47–50
Further, a comparative study of electrochemical performance has been done among Fe/Fe2O3, Ni/NiO, and Fe-Ni/
Fe2O3-NiO core/shell HNs electrodes using GCD method;
during the measurement, the voltage range was fixed (0 V to
0.55 V) and current density was kept at 5 A g1. Fig. S6 (supplementary material,37 Fig. S7) indicates that the Fe-Ni/
Fe2O3-NiO core/shell HNs have higher charging/discharging
time, low IR drop, and nearly symmetric GCD curve compared to Fe/Fe2O3 and Ni/NiO core/shell HNs, which suggests its better supercapacitive behaviour. Thus, we selected
Fe-Ni/Fe2O3-NiO core/shell HNs electrode to investigate the
detail electrochemical performance studies using GCD by
varying the current density (2.5, 5, 10, 25, and 100 A g1).
All GCD curves demonstrate nearly symmetric shapes in Fig.
4(b), indicating a good supercapacitive behaviour and excellent electrochemical reversibility of as-prepared Fe-Ni/
Fe2O3-NiO core/shell HNs electrode.51 According to the
GCD curves, the calculation of the specific capacitance (Csp)
of as-prepared Fe-Ni/Fe2O3-NiO core/shell HNs electrode
has been done by using the formula Csp ¼ (I Dt)/(m DV),32,33
where I denotes the magnitude of discharge current, Dt represents the discharging time, DV stands for the discharging
potential window, and m indicates the redox active material
mass. Fig. 4(c) shows the response of the specific capacitance
(Csp) while varying the value of current density for Fe-Ni/
Fe2O3-NiO core/shell HNs. It is observed from Fig. 4(c) that
the maximum specific capacitance of the Fe-Ni/Fe2O3-NiO
core/shell HNs acquired nearly 1415.09 F g1 at low current
density (2.5 A g1) and gradually decreases to 966.18 F g1

with the increase in current density up to 100 A g1; these
results suggest that the Fe-Ni/Fe2O3-NiO core/shell HNs
have very high rate capability and capacitive retention, which
are very desirable properties for the high quality supercapacitors. In addition, Fig. 4(c) also shows the variation of
Coulombic efficiency (g ¼ discharge time/charge time) as a
function of current densities for Fe-Ni/Fe2O3-NiO core/shell
HNs. It is clear from Fig. 4(c) that the Coulombic efficiency
decreases with the increase of current density, which suggest
that the ion/charge transfer rate decreases with the current
density.
Further, the energy density and power density of the fabricated Fe-Ni/Fe2O3-NiO core/shell HNs electrode have
been calculated according to the following known formulas:
Energy density: E ¼ Csp(DV)2/2 and Power density: P ¼ E/
(Dt), where Csp, DV, and Dt are denoting the specific capacitance, discharging potential window, and total time of discharging, respectively, from their corresponding GDC
curves. Fig. 4(d) represents the variation of power density
with respect to energy density, which shows the maximum
power density (10.3 kW kg1) at lowest energy density
(11.5 Wh kg1) of the device. Moreover, the device can have
the maximum energy density limit up to 27.6 Wh kg1, while
retaining the lower power density limit (0.6 kW kg1) of the
supercapacitor device. The electrochemical performance of
as-prepared Fe-Ni/Fe2O3-NiO core/shell HNs is comparable
with some previous reports of transition metal based nanostructure systems.11–18,29,32,34,50
It is very important for good quality supercapacitors to
possess long cycle life. Fig. 5(a) depicts the long cycle performance test of as-prepared Fe-Ni/Fe2O3-NiO core/shell
HNs electrode by the GCD method for successive 3000
cycles at different current densities (2.5 A g1 and 50 A
g1). Nearly 95% retention is observed after 3000 cycles,
which suggest the high stability in long term application of

FIG. 5. (a) The long cycle test of FeNi/Fe2O3-NiO core/shell HNs for 3000
cycles by GCD method, whereas the
last 10 GCD plot cycles for current densities 2.5 A g1 (in black ink) and 50 A
g1 (in red ink) are shown in the inset
(a). (b) The electrochemical impedance
spectrum plots at the open circuit potential within (102 Hz to 105 Hz) frequency range, whereas the inset of (b)
shows the magnified EIS spectra at high
frequency range for Fe-Ni/Fe2O3-NiO
core/shell HNs electrodes.

Fe-Ni/Fe2O3-NiO core/shell HNs electrode. This small
decrease in the capacitance after long continuous cycle due
to increased internal resistance might be the result of the mechanical swelling/shrinking of the electrode during redox
reactions. The inset of Fig. 5(a) shows the shape of the last
10 charge/discharge cycle of the long cycle test (3000
cycles) remains almost unchanged (linear and symmetric)
for both the current densities (2.5 A g1 and 50 A g1). Such
a good long cycle electrochemical stability of Fe-Ni/Fe2O3NiO core/shell HNs electrode made it a very strong candidate for long cycle supercapacitive applications.
Fig. 5(b) shows the electrochemical impedance spectra
of Fe-Ni/Fe2O3-NiO core/shell HNs electrode. The intercept
of the curve in the high frequency region on the real axis represents the equivalent series resistance (Rs), which includes
(ionic-electronic resistance, intrinsic resistance, and contact
resistance of the electrode), whereas the semicircle at high
frequency range signifies the charge transfer resistance (Rct)
of the electrode. The recoded values of Rs (1.28 X cm2) and
Rct (1.07 X cm2) are very low, which indicate the high electrical conductivity of electrode and rapid ion-charge transport
during redox reactions at the contact of electrode-electrolyte.
The straight line in the low frequency range denotes the
Warburg resistance (Rw), which shows the high slope due to
the high diffusion rate of ions within the porous surface of
the electrode during redox reactions.29,52,53
IV. CONCLUSION

We have illustrated a simple fabrication technique of the
Fe-Ni/Fe2O3-NiO core/shell hybrid nanostructures, which further realized as a high performance supercapacitor electrode
because of its advantageous structure. This core-shell hybrid
nanostructure consists of highly porous shell nanolayer (NiO
and Fe2O3), which provides huge redox active surface for faradaic reactions as well as reduces the distance for ion diffusion process, while the conductive FeNi core provides the
highway to accelerate the transport of electrons to the current
collector. Due to the advanced structure of this Fe-Ni/Fe2O3NiO core/shell hybrid nanostructure electrode, it has provided
high value of specific capacitance nearly 1415 F g1.
Moreover, it exhibited a very long term cycling stability
(which retain nearly 95% of its initial capacitance after successive 3000 charge/discharge cycles) and the low value of
equivalent series resistance (Rs ¼ 1.28 X cm2). These remarkable electrochemical performances suggest that the Fe-Ni/

Fe2O3-NiO core/shell hybrid nanostructure could be the reliable and promising candidate for the fabrication of next generation supercapacitor electrodes for real life applications.
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