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This study demonstrates a scheme to design and fabricate a novel 1D core/shell Ni/NiO nano-architecture

electrode as a pseudocapacitor with significantly improved capacitive performance through

hydrogenation. The specific capacitance of the as prepared 1D core/shell Ni/NiO nanoheterostructure

(717 F g�1 at a scan rate of 2 mV s�1) is nearly 1635 F g�1 after the hydrogenation. The improved

pseudocapacitive properties of hydrogenated Ni/NiO nano-heterostructures are attributed to the

incorporation of the hydroxyl groups on the NiO surface due to hydrogenation, where the metallic Ni

nanowire core of this unique 1D core/shell heterostructure serves as the efficient channel for the fast

electron conduction to the current collector. The H–Ni/NiO nanoheterostructures exhibit good rate

capability (retaining nearly 60% of their initial charge) and good long-term cycling stability with an

excellent specific energy and power density of 49.35 W h kg�1 and 7.9 kW kg�1, respectively, at a

current density of 15.1 A g�1. This study demonstrates that the H–Ni/NiO nano-heterostructure is very

promising for next generation high-performance pseudocapacitors.
Introduction

Ultrahigh-capacity pseudocapacitors have attracted great scien-
tic and technological interest over the past decade owing to
their higher power density and longer cycle life than batteries and
their much higher energy density than conventional dielectric
capacitors, which make them very promising for applications in
hybrid electric vehicles and other portable electronic devices,
where high electric energy and power uptake is necessary.1–4

Recently, the pseudocapacitive electrodes fabricated using tran-
sition metal oxides and hydroxides such as RuO2,5,6 MnO2,7,8

a-Fe2O3,9,10NiOx,11CoOx,12Ni(OH)213,14 and Co(OH)215,16 have been
considered to be the most promising active materials for pseu-
docapacitors due to their high specic capacitance (�300–1200 F
g�1) because of their variant oxidation states for efficient redox
reactions.17 However, among the various transition metal oxides,
NiO has been considered as a promising activematerial for use as
an electrode in Li-ion batteries, fuel cells and electrochemical
supercapacitors considering its superior faradic pseudocapaci-
tive performance represented by high theoretical specic
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capacitance (�2573 F g�1 within 0.5 V), environmental
compatibility, high chemical and thermal stability, practical
availability and low cost.14,18–21 There are several reports on the
electrochemical performance of different NiO based elec-
trodes with different values of specic capacitance such as
NiO thin lms (�309 F g�1),19 NiO nanotubes (�266 F g�1),22

NiO–TiO2 nanotube arrays (�300 F g�1),23 NiO nanocolumns
(�390 F g�1),24 mesoporous NiO nanotubes (�409 F g�1)25 and
nanoball-like NiOx (951 F g�1).14 It has been found that the
electron and ion transport efficiency for charge storage in the
NiO based pseudocapacitors crucially depends on electrode
properties such as surface area, morphology, and alignment of
the active materials in the electrode. However, all the values of
specic capacitance reported for the NiO based pseudocapa-
citors are found to be much less than those of their theoretical
values and also smaller than those obtained for the other
known metal oxides like RuO2 or MnO2 based pseudocapaci-
tors. In this context, designing of a unique nano-architecture
of an NiO based electrode that can provide higher specic
capacitance as well as higher energy and power density would
be more interesting and technologically more advanced
considering its performance as a pseudocapacitor. Under-
standing of the charge storage mechanism through the
pseudocapacitive process and the development of advanced
nanomaterials give us an idea that the fabrication of nano-
structures of some redox active materials having a large
surface area would be very effective for improved electro-
chemical performance. Despite this, improvement of the
electrical conductivity of the electrode materials is highly
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desirable for their superior capacitive performance.17 The
poor electrical conductivity of the NiO (charge transfer insu-
lator, resistivity of �1013 U cm at room temperature)26

compared with the conventional oxides (RuO2 or MnO2) for
supercapacitors could limit the fast electron and ion transport
in NiO and that would degrade its performance as a pseudo-
capacitor. Although a wide variety of NiO nanostructures have
been investigated as pseudocapacitors, the search for the
special nano-architecture of NiO as well as the attempt to
improve its inherent electrical conductivity for the remarkable
improvement of its pseudocapacitive performance are still
very challenging. In this backdrop, here, we have fabricated
hydrogenated unique Ni/NiO core/shell 1D nano-hetero-
structures (NHs), for the rst time, for their following tech-
nical and scientic advantages as pseudocapacitor electrodes:
(1) the 1D nano-heterostructures have high aspect ratio and
thus have a large surface area which serves as a huge platform
for ion intercalation/deintercalation in the electrolyte solu-
tion; (2) the as grown porous thin nanolayer of NiO on Ni
would serve as a short diffusion path for the ions and also the
charge carriers. Moreover, the porous structure again
increases their specic area which in turn enhances their
electrochemical performance; (3) in this core/shell 1D nano-
heterostructure, the thin surface layer of NiO has high redox
activity, whereas the core consists of pure Ni that would serve
as the fast path for the electron transport channel to the
current collector; (4) furthermore, hydrogenation will intro-
duce hydroxyl groups on the surface and subsurface regions of
NiO that would enhance the electrochemical activity of the
electrode.17,27,28

In this work, unique 1D Ni/NiO core/shell NHs have been
fabricated by easy controlled oxidation of the Ni Nanowires
(NWs) fabricated electrochemically using the anodic
aluminium oxide (AAO) template as the host, which has been
synthesized by anodization of aluminium foil.29 Aerwards,
the hydrogenation of the thin porous nanolayer of NiO grown
on the Ni NWs has been conducted. The scheme of the
preparation of the arrays of H–Ni/NiO core/shell NHs is
shown in Fig. 1. The as prepared 1D Ni/NiO core/shell NHs
show a specic capacitance of about 730 F g�1 which is 1722 F
g�1 aer the hydrogenation. Moreover, these hydrogenated
1D Ni/NiO core/shell NHs show good rate capability, high
energy and power performance and also long cycle stability,
which make them very promising and efficient for fabrication
of pseudocapacitors.
Fig. 1 Scheme for the preparation of Ni/NiO and H–Ni/NiO core/shell NH
electrodes.
Experimental section
Reagents

Aluminum foil (99.99+% pure, 0.2 mm thick), oxalic acid
(99.99+% pure), nickel sulphate hexahydrate (NiSO4$6H2O,
99.99+% pure), boric acid (H3BO3, 99.9+% pure) and sodium
hydroxide (NaOH, 99.9+% pure) were purchased from Sigma-
Aldrich. All chemicals were of analytical grade and were used
without further purication.
Synthesis of the Ni/NiO and hydrogenated Ni/NiO (H–Ni/NiO)
core/shell NHs

The high-density arrays of Ni/NiO core/shell NHs were synthe-
sized by the high-temperature oxidation of the metallic Ni NWs
prepared by the template assisted electrochemical deposition
route. Highly ordered self-organized nanoporous anodic
aluminium oxide (AAO) templates were fabricated by the
controlled two-stage electrochemical anodization of high-purity
aluminum foil in oxalic acid solution as described elsewhere.29

The 100 nm diameter porous AAO template with one side coated
with a conductive gold (Au) layer grown by the thermal evapo-
ration technique was used as the working electrode to synthe-
size highly ordered arrays of Ni NWs through electrodeposition.
A soware controlled three-electrode electrochemical cell and a
power supply (potentiostat AutoLab-30) were used for the elec-
trochemical deposition of Ni NWs. A high-purity Pt wire and an
Ag/AgCl calomel electrode were used as the counter and refer-
ence electrodes, respectively. The arrays of Ni NWs were grown
in the pores of AAO using the aqueous solution of 0.57 M
NiSO4$7H2O and 0.32 M H3BO3 as the electrolyte at room
temperature. Here, boric acid was used as a buffer to maintain
the pH of the electrolyte around 3.5 and also to control the
electrodeposition process. The deposition of the arrays of Ni
NWs was conducted for 15 minutes by using a dc voltage of
�1.03 V, following linear sweep voltammetry results. Aer the
growth of the Ni NWs the template was removed by dissolving it
in 2 M of NaOH solution. The open arrays of Ni NWs grown on
the Au layer were nally oxidized to form Ni/NiO core/shell NHs
by heating them at 450 �C for 30 min in an oxygen atmosphere.
The H–Ni/NiO core/shell NHs were obtained by annealing the
Ni/NiO core/shell NHs in a hydrogen atmosphere at a temper-
ature of 400 �C for 20 minutes. The mass of the active electrode
material was measured by using a microbalance having an
accuracy of 0.1 mg. The mass of the active electrode materials
was calculated by subtracting the mass of the equal area Au foil
layer, on which the NHs were grown, from the total mass of the
cathode (electrode material and the Au layer). The loading
density of the Ni/NiO and H–Ni/NiO core/shell 1D nano-heter-
ostructure electrode was found to be 0.30 and 0.346 mg cm�2,
respectively.
Material characterization

The crystal structures of the as prepared Ni/NiO and H–Ni/NiO
core/shell NHs were analyzed by X-ray diffraction (XRD, Pan-
alytical X'Pert Pro diffractometer). The chemical composition
and elemental composition of the NHs were investigated by
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energy dispersive X-ray (EDAX) and X-ray photoelectron spec-
troscopy (XPS). The morphology and the structure of the arrays
of Ni/NiO and H–Ni/NiO core/shell NHs were studied using a
eld emission scanning electron microscope (FESEM, FEI
Quanta-200 Mark-2), a transmission electron microscope (TEM,
FEI TECNAI G2 TF20ST) and an energy ltered transmission
electron microscope (EFTEM). The crystalline structure of the
NHs was further investigated by high-resolution TEM (HRTEM).

Electrochemical measurements

The electrochemical properties of the samples were investigated by
cyclic voltammetry (CV) and galvanostatic (GV) charge/discharge
tests by using a soware controlled conventional three-electrode
electrochemical cell (potentiostat AutoLab-30) consisting of the
as-prepared samples as the working electrode, saturated Ag/AgCl
as the reference electrode, the Pt wire as the counter electrode and
1 M KOH solution as the electrolyte, at room temperature. The CV
measurements were performed at different scan rates varying from
2 to 100 mV s�1. GV charge/discharge measurements were con-
ducted at various current densities varying from 2.22 to 8.88 A g�1

to evaluate the specic capacitance, power density and
energy density. A potential window in the range from 0 to 0.6 V was
used in all the measurements. Electrochemical impedance spec-
troscopy (EIS) was carried out to prove the capacitive performance
at open circuit potential in 1 M KOH within a frequency range of
0.1–105 Hz.

Results and discussion

Fig. 2(a) shows the FESEMmicrograph of the as-prepared H–Ni/
NiO core/shell NHs grown perpendicular to the supporting Au
substrate. It is evident from Fig. 2(a) that the length (�12 mm)
and the diameter of the 1D NHs are uniform in nature. In
addition, the surface of the NHs is rough and porous (inset of
Fig. 2(a)) as compared to the as grown Ni NWs (Fig. S1, ESI†).
The roughness and porosity in the H–Ni/NiO core/shell NHs
Fig. 2 (a) FESEM, (b) TEM and (c) HRTEM micrographs of the as prepared H–Ni/
NiO core/shell NHs; the inset of figure (a) shows the magnified version of the
core/shell NHs; (d)–(f) represent the energy filtered TEM (EFTEM) images (color
mapping) of Ni, O and the whole H–Ni/NiO core/shell NHs, respectively.
arise during the oxidation of the as grown Ni NW surface to
convert it into NiO. The TEMmicrograph of the H–Ni/NiO core/
shell NHs, depicted in Fig. 2(b), clearly shows the formation of
a thin nanolayer of NiO over the Ni NW core, thus forming the
1D core/shell type H–Ni/NiO NHs of about 150 nm diameter. It
is also evident from the gure that the thickness of the NiO
shell nanolayer grown on the Ni NW core is almost uniform
(�20–25 nm). The formation of a NiO shell can be further
claried from the HRTEM image of H–Ni/NiO core/shell NHs,
as shown in Fig. 2(c). Two different sets of lattice fringes have
been found to have a lattice spacing of about 0.241 and 0.21 nm
that correspond to the (111) and (200) crystalline planes of
cubic NiO, respectively, which indicates that the as grown NiO
nano-layer is polycrystalline in nature. The crystallographic
nature of the arrays of H–Ni/NiO core/shell NHs investigated by
XRD (Fig. S2, ESI†) also indicates the polycrystalline nature of
the NiO nanolayer grown on the Ni NW core. The diffraction
pattern consists of peaks that correspond to the pure fcc
Ni core, cubic NiO shell nanolayer and also the metallic Au
layer underneath the NHs. The characteristic peaks at 2q ¼
37.5, 43.3 and 63.9 degrees in the XRD pattern represent the
(111), (200) and (220) crystalline faces of NiO with cubic texture,
respectively.19,25

The EDAX spectrum of the H–Ni/NiO core/shell NHs, shown
in (Fig. S3, ESI†) clearly shows the presence of Ni and O in the
NHs whereas the peak for Au appears because of the substrate.
However, the uniformity in the chemical composition of H–Ni/
NiO core/shell NHs can only be conrmed from the EFTEM
images (Fig. 2(d)–(f)). Fig. 2(d) and(e) show the color mapping of
Ni (in green color) and O (in red color), respectively, whereas
their composite structure is shown in Fig. 2(e). From these
images it is clear that the Ni concentration is very high at the
center of the NHs as compared to the outer surface where the
oxygen concentration is dominant because of the formation of
the NiO at the surface. This study again conrms the formation
of a very good quality H–Ni/NiO core/shell nanoheterostructure
with uniform chemical composition.

The chemical composition and the valence state of the
elements in the as-prepared Ni/NiO and the H–Ni/NiO core/
shell NHs were further investigated by X-ray photoelectron
spectroscopy. In Fig. 3(a), the peaks of Ni 2p3/2 and Ni 2p1/2
located at 855 and 873.9 eV, respectively, with an energy sepa-
ration of 18.9 eV, are in good agreement with reported data of Ni
2p3/2 and Ni 2p1/2 in NiO, which conrms that Ni is in the +2
Fig. 3 The XPS spectra of the (a) Ni 2p and (b) normalized O 1s core level of the
as-prepared Ni/NiO and H–Ni/NiO core/shell NHs.
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oxidation state.19,30 Fig. 3(b) shows the O 1s core level spectra of
Ni/NiO and H–Ni/NiO core/shell NHs. In the H–Ni/NiO core/
shell NHs the O 1s peak becomes broader compared to that of
the Ni/NiO core/shell NHs. The core level O 1s band in the H–Ni/
NiO core/shell NHs could be deconvoluted into two peaks
located at 529.1 and 533.1 eV (see Fig. 3(b)), whereas the Ni/NiO
core/shell NHs exhibit a single peak located at 530.7 eV. The low
energy peak (at 530.7 eV) can be ascribed to the formation of an
O–Ni bond.19,31 whereas the additional shoulder peak at higher
binding energy (at 533.1 eV) is attributed to the Ni–OH bond.14,31

Thus the XPS studies conrm the formation of a hydroxyl group
on the NiO surface aer the hydrogen treatment of the Ni/NiO
core/shell NHs.

Cyclic voltammetry (CV) is a method used for the determi-
nation of the electrochemical properties of Ni/NiO and H–Ni/
NiO core/shell 1D NH electrodes. Fig. 4(a) and (b) show the CV
curves of the Ni/NiO and H–Ni/NiO core/shell NHs, respectively,
recorded at different scan rates of 2, 5, 10, 20, 30, 50, and 100
mV s�1 within a voltage window of 0–0.6 V in 1 M KOH aqueous
solution at room temperature. The shapes of the CV curves in
the as grown NHs were different from those of the electric
double layer capacitors, manifested by the two strong peaks that
correspond to the supercial faradic oxidation/reduction reac-
tions.1 The oxidation peak is due to the conversion of NiO (or
Ni(OH)2) to NiOOH, whereas the reduction peak is simply
because of the reverse reaction. Clearly, the redox peaks reveal
its Faradaic pseudocapacitive properties based on the surface
Fig. 4 Cyclic voltammetry curves of the as prepared (a) Ni/NiO and (b) H–Ni/NiO co
between the CV curves of Ni/NiO and H–Ni/NiO core/shell NH electrode at a scan rat
as a function of the scan rate of the Ni/NiO and H–Ni/NiO core/shell NH electrode.
redox mechanism of Ni2+ to Ni3+. According to the redox
mechanism, the faradic reaction can be described as:32

NiO + OH� 4 NiOOH + e�

and

Ni(OH)2 + OH� 4 NiOOH + H2O + e� (1)

Hence, the capacitance of the Ni/NiO and H–Ni/NiO core/
shell NH electrode is derived from a pseudocapacitive capaci-
tance based on the apparent redox peaks. In the case of Ni/NiO
core/shell NHs, all the CV curves show an obvious electro-
chemical oxidation process which is characterized by a current
leap especially at the upper potential. However, no obvious
current leap at the upper potential limit of the H–Ni/NiO core/
shell NH electrode sample has been observed which indicates
that the electrochemical oxidation process was completed. The
potential and the current at the two peaks shied more towards
the positive and negative axes as the scan rate increases, which
is because of the large rough surface area of the Ni/NiO and
H–Ni/NiO core/shell NH electrodes and the fast ionic/electronic
diffusion rate during the faradic redox reaction.33 In addition,
the similar shape of oxidation and reduction peaks throughout
the whole range of scan rates signies good kinetic reversibility
of both electrodes.14,23 In comparison to the Ni/NiO core/shell
NH electrode, the H–Ni/NiO core/shell NH electrode delivers an
re/shell NH electrode at different scan rates in a 1 M KOH solution. (c) Comparison
e of 100 mV s�1. (d) Variation of specific capacitance (Cs) and areal capacitance (Ca)
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obvious pseudocapacitive characteristic, which can be attrib-
uted to the oxidation/reduction of surface hydroxyl groups, as
observed in other electrode materials for pseudocapaci-
tors.17,27,28,34 In electrochemical electrodes the interface/surface
structure and the ionic/electronic diffusion play a vital role in
improving the rate capability and specic capacitance of the
supercapacitor.35 A nearly sixfold enhancement in current
density and the area under the CV curves in the case of H–Ni/
NiO core/shell NHs compared to Ni/NiO core/shell NHs
observed at a scan rate of 100 mV s�1 (Fig. 4(c)) indicates a
signicant enhancement in the capacitive performance of Ni/
NiO core/shell NHs aer hydrogenation.

Furthermore, a quantitative study of the capacitive perfor-
mance of the electrode materials has been done by calculating
the areal capacitance (Ca, mF cm�2) and specic capacitance
(Csp, F g�1) of the Ni/NiO and H–Ni/NiO core/shell NH elec-
trodes according to the following equations:36,37

Ca ¼ I

fA
(2)

and

Csp ¼ I

fm
; (3)

where ‘I (A)’ is the average cathodic current of the CV loop,
‘f (V s�1)’ is the scan rate, ‘A (cm2)’ is the area of the working
electrode and ‘m (g)’ is the mass of the redox active material.

The calculated areal and specic capacitances of the Ni/NiO
and H–Ni/NiO core/shell NH electrodes as a function of scan
rate are shown in Fig. 4(d). At a scan rate of 2 mV s�1, the Csp

and Ca values of the as prepared Ni/NiO core/shell NH electrode
were found to be nearly 717 F g�1 and 216 mF cm�2, respec-
tively. However, a signicant enhancement has been found in
the values Csp and Ca (1635 F g�1 and 566mF cm�2, respectively)
aer the hydrogenation process of Ni/NiO core/shell NHs at a
scan rate of 2 mV s�1. This enhancement in the capacitive
performance arises because of the surface area, porosity of the
outer surface and obviously the incorporation of the hydroxyl
groups at the surface of the Ni/NiO core/shell NHs through
hydrogenation. The value of Csp for these 1D H–Ni/NiO core/
shell NHs is found to be remarkably higher than that of the
other reported NiO based supercapacitors such as thin lms of
NiO (�309 F g�1),19 NiO nanotubes (�266 F g�1),22 nanoball-like
NiOx (�951 F g�1),14 NiO–TiO2 nanotube arrays (�300 F g�1),23

NiO nanocolumns (�390 F g�1),24 mesoporous NiO nanotubes
(�409 F g�1),25 hierarchical spherical porous NiO (�710 F g�1),18

Ni/NiO core/shell (�128 & 149 F g�1),38,39 NiO/Co2O3 core/shell
NWs (�835 F g�1),40 and monolithic NiO/Ni nanocomposites
(�905 F g�1).41 However, we observed that the specic and areal
capacitances of the NH electrodes are found to decrease with
the increase of scan rates. The accessibility of ions inside every
pore of the electrode is limited at higher scan rates because only
the outermost portion of the electrode has been utilized for the
ion diffusion process. This is evident from Fig. 4(d), which
shows that at a higher scan rate of 100 mV s�1 the specic
capacitance remains almost 627 F g�1 for H–Ni/NiO core/shell
NH electrodes whereas it becomes 130 F g�1 for the Ni/NiO core/
shell NHs. The value of the specic capacitance rapidly
decreases as the scan rate increases, due to the remarkable
kinetic limitation in the reaction of NiOOH in the composite
electrode.42

The superior electrochemical performance of H–Ni/NiO
core/shell 1D NHs can be attributed to two major improvements
upon hydrogenation. Firstly, the H–Ni/NiO core/shell NH elec-
trode exhibits improved electrical conductivity and enhanced
electrochemical activity because of the incorporation of the
hydroxyl groups on the NiO surface that facilitates the fast
transport of charge carriers and improved pseudocapacitive
performance, respectively.17,27,28 Secondly, the Ni metallic
core serves as the channel for the fast electron transport to the
current collector (here Au) and thereby enhances the pseudo-
capacitance.10,37 Moreover, the H–Ni/NiO core/shell NH elec-
trode shows good rate capacitance. The Csp and Ca of the H–Ni/
NiO core/shell NH electrode decrease from 1635 to 627 F g�1

and 566 to 217 mF cm�2, respectively with a good retention of
38.4 and 34.6% of the initial capacitance respectively, when the
scan rate increases from 2 to 100 mV s�1. In comparison, the
Ni/NiO core/shell NH electrode retains only 18.1 and 17.9% of
the initial capacitance, respectively. The rate capability of the
pseudocapacitors is related to the rate of ion diffusion (mass
transport) in the electrode and the electrode conductivity. Here,
it is expected that the Ni/NiO and H–Ni/NiO core/shell NH
electrodes should have similar ion diffusion rates because of
their similar morphology. Therefore, the improved rate capac-
itance in H–Ni/NiO core/shell NHs is believed to be due to the
enhanced electrical conductivity of the electrode (which is
further conrmed by the electrochemical impedance spectros-
copy studies).

It is evident from Fig. 4(a) and (b) that the shape of the CV
curves for both of the Ni/NiO and H–Ni/NiO core/shell NH elec-
trodes remains almost unchanged with the change in the scan
rate from 2 to 100 mV s�1. Furthermore, we observed a linear
relationship between the peak current (I) of CV loops at different
scan rates and the square root of scan rate voltage ( f 1/2) for both
types of NH electrodes (Fig. S4, ESI†). This type of linear rela-
tionship between the current (I) and the scan rate voltage ( f 1/2)
indicates a fast electron transfer rate during the redox reactions
and thus it is evident that these redox reactions are a diffusion-
controlled process rather than a kinetic process.43,44

In order to further understand the electrochemical perfor-
mance of these supercapacitors, they have been investigated by
the galvanostatic (GV) charge/discharge method to conrm the
improved supercapacitive performance. The charge/discharge
curves of the Ni/NiO andH–Ni/NiO core/shell NH electrodes in 1
M KOH solution have been recorded at different current
densities and stable potential windows 0–0.6 V are shown in
Fig. 5(a) and (b), respectively. Moreover, the potential–time
proles of Ni/NiO and H–Ni/NiO core/shell NHs exhibited
symmetric charge/discharge features, even at a low current
density of 8.6 A g�1, indicating good pseudocapacitive behavior
and excellent reversible redox reaction.45 Fig. 5(c) shows the
potential–time curves of H–Ni/NiO core/shell NH electrodes
indicating that the curves are substantially prolonged over the
Ni/NiO core/shell NH electrode and the enhanced capacitive
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Fig. 5 Constant current charge/discharge curves of the as-prepared (a) Ni/NiO and (b) H–Ni/NiO core/shell NH electrodes at different current densities. (c)
Comparison between the charge/discharge curves of the Ni/NiO and H–Ni/NiO core/shell NH electrodes at a current density of 8.6 A g�1. (d) Variation of the specific
capacitance and energy density of both types of NH electrodes as a function of current density.
performance of the Ni/NiO core/shell NHs aer hydrogenation.
The discharging parts of the potential–time prole of both
electrodes are divided into two stages at different current
densities: a fast voltage drop followed by a slow discharge.
Charge/discharge curves also show that the fast voltage drop
increases with the increase of current density for both elec-
trodes. The fast voltage drop is related to the internal resistance
of the electrodes whereas the slow discharge with nonlinear
slope represents that the faradic reactions occur on the surface
of the H–Ni/NiO core/shell NH electrode.

From the discharging curves, the specic capacitance of
these supercapacitor electrodes was derived using the following
equation:

Csp ¼ IDt

mDV
; (4)

where ‘I (A)’ is the discharge current, ‘Dt (s)’ is the discharge
time consumed in the potential range of ‘DV (V)’, ‘m (g)’ is the
mass of the active material (or mass of the electrode materials),
DV is the potential window and (I/m) is the discharge current
density.

Fig. 5(d) shows the plot of specic capacitance (Csp) as a
function of current density for the Ni/NiO and H–Ni/NiO core/
shell NH electrodes. At a current density of 8.6 A g�1, the Csp

value of the as prepared Ni/NiO core/shell NH electrode was
found to be nearly 730.9 F g�1. However, a signicant
enhancement has been found in the value Csp (1722 F g�1) aer
the hydrogenation process of Ni/NiO core/shell NHs at a current
density of 8.6 A g�1. A possible reason for this is that the ion and
the electron have more time to diffuse through the interface/
surface of the porous electrode during the faradic redox reac-
tion. The values of Csp for Ni/NiO and H–Ni/NiO core/shell NH
electrodes are consistent with the values calculated from the CV
analysis. The specic capacitance decreases with the increase in
current density for both electrodes and tends to stabilize aer a
current density of 10.3 A g�1 (Fig. 5(d)). A similar trend was
observed in the case of increasing scan rate voltage (Fig. 4(d))
from CV curve calculations as well. At lower current density,
ions can easily penetrate into the innermost portion of the
electrode material through almost every available pore and
channel resulting in higher capacitive performance. However,
the reverse trend occurs at higher current densities. Surpris-
ingly, in the case of charging/discharging processes the capac-
itance retention of the electrodes is found to be much higher
than that observed from the CV analysis. Nearly 57% and 32%
capacity retentions have been observed for H–Ni/NiO and Ni/
NiO core/shell NH electrodes, respectively at a current density of
15.1 A g�1, demonstrating the relatively good high-rate capa-
bility of these electrodes. Energy density and power density are
two important factors that inuence the electrochemical
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performance of the supercapacitor electrode. A good electro-
chemical supercapacitor should possess a high energy density
or high specic capacitance at higher current densities. Using
the galvanostatic charge/discharge curves, the energy and power
densities can be calculated using eqn (5) and (6) as follows:

E ¼ 1

2
CspðDVÞ2 (5)

and

P ¼ E

t
; (6)

where ‘E (W h kg�1)’, ‘Csp (F g�1)’, ‘DV (V)’, ‘Dt (s)’ and ‘P (kW
kg�1)’ are the energy density, specic capacitance, potential
window of discharge, time of discharge and power density,
respectively.

Fig. 5(d) shows the plot of energy density (E) as a function of
current density for the Ni/NiO and H–Ni/NiO core/shell NH
electrodes. Nearly 2.4 times enhancement of energy density has
been observed for the H–Ni/NiO core/shell NH electrode (86.1 W
h kg�1) compared to the Ni/NiO core/shell NH electrode (36.5 W
h kg�1) at a current density of 8.6 A g�1. The energy density of
the H–Ni/NiO core/shell NH electrode remains 49.35 W h kg�1

at a current density 15.1 A g�1, which indicates the good energy
storage capability of these pseudocapacitors.

Furthermore, considering the real device application of
these NHs, the Ragone plot (the energy density as a function of
power density) of the fabricated all solid state SCs is shown in
Fig. 6. The energy and power density are calculated based on the
total mass of active materials of two electrodes. It is evident that
the energy and power densities of the NH SCs are much higher
than those of a similar system reported.14,23–25,38–40 In addition,
for H–Ni/NiO and Ni/NiO core/shell NH electrodes compared to
the energy density that decreased from 30.66W h kg�1 to 8.49W
h kg�1 and 11.73 W h kg�1 to 2.19 W h kg�1 respectively, the
Fig. 6 Ragone plot of the asymmetric supercapacitors consisting of Ni/NiO (
black one) and H–Ni/NiO ( red one) core/shell NHs as the cathode and Pt as the
anode in comparison with various electrical energy storage devices. Times shown
are the time constants of the devices as obtained by dividing energy density by
power.
power density increased from 1126.42 W kg�1 to 1358.11 W
kg�1 and 1069.42 W kg�1 to 1421.27 W kg�1 respectively, as the
discharge current density increased from 4.6 A g�1 to 7.9 A g�1.
Moreover, the energy density H–Ni/NiO core/shell NH elec-
trodes reached was as high as 30.66 W h kg�1 at a low power
density of 1126.42 W kg�1, which shows their potential for
application in electrochemical supercapacitors. More studies
may be performed on porous NiO based electrochemical elec-
trodes to optimize their energy and power densities and make
them potential electrode materials for actual supercapacitors.
More importantly, the power density and energy density of H–

Ni/NiO and Ni/NiO core/shell NH electrodes met the require-
ments of Li-ion, Ni–Cd and Pb-acid based batteries also.

Electrochemical impedance spectroscopy (EIS) has been
used to investigate the electrical conductivity and ion transfer of
the supercapacitor electrodes. Fig. 7(a) shows the experimental
Nyquist impedance plot for the pseudocapacitor cells made of
Ni/NiO and H–Ni/NiO core/shell NH electrodes. The EIS spectra
are composed of three distinct regions based on the order of
decreasing frequencies. The intercept on the real axis in the
high frequency range provides the equivalent series resistance
(ESR) (Rs) which includes the inherent resistances of the elec-
troactive material, bulk resistance of the electrolyte, and contact
resistance at the interface between the electrolyte and the
electrode.46

The magnitude of the ESR obtained for Ni/NiO and H–Ni/
NiO core/shell NH electrodes is found to be 0.32 U and 0.235 U,
respectively, which indicates the higher electrical conductivity
of H–Ni/NiO core/shell NHs compared to Ni/NiO core/shell
NHs. The charge transfer resistance (Rct) of the electrode
material, resulting from the diffusion of electrons, can be
calculated from the diameter of the semicircle in the high
frequency range. The large diameter semicircle means larger
charge-transfer resistance. Here, the Rct value of the H–Ni/NiO
core/shell NH electrode (0.444 U) is smaller than that of the Ni/
NiO core/shell NH electrode (1.004 U), which indicates that H–

Ni/NiO core/shell NHs provide an ideal pathway for fast ion and
electron transport. TheWarburg resistance, which describes the
diffusion of redox material in the electrolyte, can be reected
from the slope of the EIS curve in the low frequency range. The
phase angle for the impedance plot of the Ni/NiO and H–Ni/NiO
core/shell NH electrode is found to be higher than 45� at low
frequencies suggesting that the electrochemical capacitive
behavior of the Ni/NiO and H–Ni/NiO core/shell NH electrodes
is controlled by the diffusion process. The higher slope, indi-
cating the higher diffusion rate, describes the high diffusion of
H–Ni/NiO core/shell NHs over the Ni/NiO core/shell NHs into
the electrolyte.47 These ndings imply that the unique structure
of the Ni/NiO and H–Ni/NiO core/shell NH electrode can facil-
itate ionic motion in solid electrodes.

The cyclic performance of the capacitors, which includes
cycling life and capacitance retention, is another important
characteristic of an electrochemical capacitor. Cycling life tests
over 1200 cycles for the H–Ni/NiO core/shell NH electrodes were
carried out at 8.6 A g�1, and the results are shown in Fig. S5,
ESI.† The sample exhibits good long term electrochemical
stability. The capacitance loss aer 1200 cycles is about 5.2%,
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Fig. 7 (a) Electrochemical impedance spectroscopy (Nyquist) plots for supercapacitors based on Ni/NiO and H–Ni/NiO core/shell NH electrodes. (b) Capacitance
retention of the H–Ni/NiO core/shell NH electrodes at different current densities.
which is better than that of the previously reported NiO based
supercapacitors. The inset curves shown in Fig. S5, ESI† are the
last 10 cycles obtained from the cycling tests. The shapes were
almost unchanged during the cycles. In continuation, we
further performed cycling tests of H–Ni/NiO core/shell NH
electrodes over 1200 cycles as shown in Fig. 7(b), where the
variation of the specic capacitance of H–Ni/NiO core/shell NH
electrodes as a function of cycle number is plotted at different
current densities from 8.6 to 15.1 A g�1. The H–Ni/NiO core/
shell NH electrode based supercapacitor exhibits good capaci-
tance retention aer 1200 cycles and also high specic capaci-
tance (over 1166 F g�1) was retained even at a high current
density of 15.1 A g�1. Therefore, this study suggests that the H–

Ni/NiO core/shell NH electrode based supercapacitor is very
stable during the long term cycle test.
Conclusions

In conclusion, the unique 1D Ni/NiO and H–Ni/NiO core/shell
nano-heterostructures have been demonstrated to have
remarkable pseudocapacitive performance. The Ni/NiO core/
shell NHs fabricated by controlled oxidation of Ni nanowires
grown on the Au substrate via a template assisted electro-
chemical route have been investigated as a supercapacitor
electrode. The electrochemical performance of the Ni/NiO core/
shell NHs as a pseudocapacitor has been found to improve
signicantly aer the hydrogenation. The enhanced pseudoca-
pacitance in H–Ni/NiO core/shell NHs is because of the
improved conductivity and modied electrochemical activity of
the NiO caused by the incorporation of hydroxyl groups at the
surface through hydrogenation. Furthermore, in these unique
1D NHs, the highly porous nanolayer of H–NiO serves as the
large platform for ion diffusion whereas the conductive Ni core
provides the highway for fast transport of electrons to the
current collector Au. The energy density and power density,
measured at 15.1 A g�1, are 49.35 W h kg�1 and 7.9 kW kg�1,
respectively, demonstrating the superior performance of the
electrode as a pseudocapacitor. Nearly 57% capacitive retention
aer 1200 cycles at a current density of 15.1 A g�1 indicates the
good rate capability of the NH electrode. This study demon-
strates an easy strategy to improve the electrochemical perfor-
mance of the NiO based supercapacitors by making a unique 1D
structure with improved ion/electron conductivity.
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