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ABSTRACT: Supercapacitor electrodes are fabricated with the self-
organized 3D architecture of NiO and hydrogenated NiO (H-NiO)
nano-blocks (NBs) grown by the facile electrodeposition and high
temperature annealing of the Ni foil on Cu substrate. The unique
architecture of H-NiO NBs electrode exhibits excellent cycling
stability (only 5.3% loss of its initial specific capacitance after 3000
cycles at current density of 1.1 A g−1) along with the high specific
and areal capacitance of ∼1272 F g−1 and 371.8 mF cm−2,
respectively at scan rate of 5 mV s−1 compared with the pure NiO
NBs electrode (∼ 865 F g−1 and 208.2 mF cm−2, respectively at
scan rate of 5 mV s−1). H-NiO NBs electrode also exhibits excellent rate capability; nearly 61% specific capacity retention has
been observed when the current density increases from 1.11 to 111.11 A g−1. This electrode offers excellent energy density of
13.51 Wh kg−1 and power density of 19.44 kW kg−1 even at a high current density of 111.11 A g−1. The superior
pseudocapacitive performance of the H-NiO NBs electrode is because of the high electron and ion conductivity of the active
material because of the incorporation of hydroxyl groups on the surface of NiO NBs.
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1. INTRODUCTION

Because of growing demand of alternative power sources to
reduce environmental pollution caused by fossil fuels,
significant research works have been conducted to enhance
the efficiency of the alternative energy harvesting materials that
transmute energies especially from sun and wind, to a great
extent. However, the unavailability of the sunlight at night and
unpredictable nature of wind flow have made these alternative
energy sources very limited to use. Because of the high demand
of portable electronics devices and electric/hybrid vehicles,
researchers have worked very hard during the last few decades
to find a superior way to store this precious energy so that we
can use it in future whenever needed. The invention of
electrochemical capacitor, also known as supercapacitor, has
become very promising as energy storage device because of
their very high energy storage capability as manifested by their
high capacitance (almost 20−200 times higher than the
conventional capacitors),1 high power density and long cycle
life.2,3 There are two types of supercapacitors exist based on the
energy storage mechanism, known as the electrical double-layer
capacitors (EDLCs) and pseudocapacitors. Unlike EDLCs,
which store electrical energy by electrostatic accumulation of
charges in the electric double-layer near electrode/electrolyte
interfaces, the pseudocapacitors, which store electrical energies
through surface based faradic reactions, have been found to
possess a much higher energy density than that of the EDLCs.

However, various transition metal oxides and hydroxides have
been investigated as pseudocapacitor, among which RuO2·
xH2O have shown the best pseudocapacitive performance,4,5

though its high cost limits its use for commercial applications.
In this context, other transition metal oxide and hydroxides,
such as NiOx,

6−8 Ni(OH)2,
9−11 CoOx,

12 Co(OH)2,
13,14

MnO2,
15−17 α-Fe2O3,

18,19 V2O5,
20,21 Nb2O5,

22,23 TiO2,
24 etc.,

have been studied extensively in search of the alternative
inexpensive electrode material with high capacitive perform-
ance.25 However, nickel oxide has gained extra attention as
pseudocapacitor because of its high theoretical specific
capacitance (∼2573 F g−1 within 0.5 V), low cost, environ-
mental friendly nature, and practical availability. There are
several reports on the pseudocapcitive performance of different
NiO based nanostructures, such as nanoballs,7 nanowires,8 thin
films,25,26 nanotubes,27 nano columns28 etc. having a specific
capacitance within ∼250 to 950 F g−1, though much less than
the theoretical value and also less than that obtained for RuO2
or MnO2 based pseudocapacitors. Therefore, the improvement
of the capacitive performance of NiO based pseudocapacitors
as electrode materials has become a focus of intense research
interest. Recent development of the nanostructured materials
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and detail investigation of the charge storage mechanism within
these nanostructured pseudocapacitive materials give us a clue
in this respect. In case of pseudocapacitors, it has been found
that, during charge storage via faradic reactions the electron and
ion transfer from the electrolyte to the electrode materials and
vice versa significantly depends on several properties of the
electrode material, such as surface area, electronic conductivity,
redox activity of the electrode materials, etc. Therefore, we can
expect that designing of a nanostructured electrode having
extremely high specific surface area (such as nanowires,
nanotubes, nanoblocks, mesoporous nanostructures, etc.) of a
highly redox active material will result high specific capacitance
with high energy and power densities by allowing fast ion and
electron transport on the surface and also into the electrode
materials from electrolyte. Furthermore, higher electronic
conductivity of the electrode materials will ease faster transport
of electrons through it to the current collectors, which would
enhance their capacitive performance significantly. In addition
to this, the introduction of some highly active oxygen
containing functional groups like hydroxyl (−OH) and carboxyl
(−COOH) groups on the nanostructured electrode surface has
been found to be more effective for enhancing capacitance by
producing steric hindrance or charge bias effects.29

In this background, we have fabricated hydrogenated 3D
NiO nanoblocks (NBs) on Cu substrate by combining
electrodeposition and annealing methods. This type of
architecture of electrode materials is more preferable because
here, it is not required to mix the active materials with some
highly conductive materials like carbon to prepare the
electrode. This special electrode designed based on nanostruc-
tures also has the following advantages: (i) the as grown NiO
NBs have large surface area that would facilitate faster ion
intercalation/de-intercalation into the electrodes leading to
higher capacitance, (ii) NiO is highly redox active with the high
value of theoretical specific capacitance and the presence of
conductive Ni,30 at the bottom would serve as the fast path for
electron migration to the current collector (here Cu substrate),
and (iii) hydrogenation of the nanoblocks will introduce
hydroxyl groups of the surface and subsurface regions of NiO
nanoblocks, which can enhance its capacitive performance
significantly by changing the conductivity of the active
materials. As expected, the specific capacitance of the
pseudocapacitor electrodes made of as grown NiO NBs is
found to be ∼895 F g−1 at a current density of 1.11 A g−1,
which becomes ∼1336 F g−1 after hydrogenation. Moreover,
both of the materials show relatively good rate capability, high
energy and power performance and even long cycle stability (∼
94% retention after 3000 cycles) which make them auspicious
candidates for fabricating high performance pseudocapacitor
electrodes.

2. EXPERIMENTAL SECTION
2.1. Reagents. Copper foil (99.98 % pure, 0.1 mm thick), nickel

sulphate hexahydrate (NiSO4·6H2O, 99.99 % pure), boric acid
(H3BO3, 99.9 % pure), potassium hydroxide (KOH, 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 purification.
2.2. Synthesis of NiO NBs and Hydrogenated NiO (H-NiO)

NBs. The high-density 3D architecture of NiO NBs were synthesized
by the high-temperature oxidation of the highly rough metallic Ni thin
film prepared by the metal substrate assisted electrochemical
deposition technique. Software controlled three-electrode electro-
chemical cell and a power supply (potentiostat AutoLab-30) was used

for the electrochemical deposition of Ni thin film. A high-purity
platinum wire and an Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. Ni thin film with rough surface was
grown on the pure Cu substrate using the aqueous solution of 0.57 M
NiSO4·6H2O, 0.32 M H3BO3, and 0.15 M NH4OH as electrolyte at
room temperature. Here, boric acid and ammonium hydroxide were
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 Ni
thin film was conducted for 30 minutes by using a DC voltage of
−0.95 V, following linear sweep voltammetry (LSV) results. The Ni
thin film grown on the Cu substrate was finally oxidized to form NiO
NBs by heating them at 450°C for 30 minutes in oxygen atmosphere.
The H-NiO NBs were obtained by annealing the NiO NBs in
hydrogen atmosphere at temperature of 400°C for 20 minutes. During
this process, the exposed side of Cu substrate (on which Ni was not
deposited) was also oxidized to some extent to form a thin layer (∼12
μm) of CuO (Supporting information, Figure S1). However, for
making the electrical contact, the oxidized portion of Cu substrate was
removed carefully by keeping the other side of the Cu substrate (the
side containing NiO NBs) untouched. The NiO or H-NiO film
thickness was found to be ∼3 μm. The mass of the active electrode
material was measured by using a microbalance having an accuracy of
0.1 μg. The loading density of the NiO and H-NiO NBs electrodes
were 0.327 and 0.314 mg/cm2, respectively.

2.3. Materials Characterization. The crystal structure of the as
prepared NiO and H-NiO NBs were analysed by X-ray diffraction
(XRD, Panalytical X’Pert Pro diffractometer). The chemical and
elemental composition of the NBs was investigated by energy
dispersive X-ray (EDAX) and X-ray photoelectron spectroscopy
(XPS). The morphology and the structure of the 3D arrays of NiO
and H-NiO NBs were studied by field emission scanning electron
microscope (FESEM, FEI Quanta-200 Mark-2).

2.4. Electrochemical Measurements. A software controlled
three electrode cell (potentiostat AutoLab-30) was used for all
electrochemical measurements of the as prepared supercapacitor
electrodes. The cell consists of the as-prepared samples as the working
electrode, Ag/AgCl electrode as the reference electrode, Pt wire as the
counter electrode and 1 M KOH solution as electrolyte, at room
temperature. Cyclic voltammetry (CV) studies were performed at
different scan rates varied from 5 to 100 mV s−1. Galvanostatic (GV)
charge/discharge measurements were conducted at various current
densities varied from 1.11 to 111.11 A g−1 to evaluate the specific
capacitance, power density and energy density. A potential window in
the range from 0 to 0.6 V was used in all these CV and GV
measurements. Electrochemical impedance spectroscopy (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. The
constant current charge/discharge method was also employed to test
the long-rate capability of the electrode materials. The long-cycle
stability of the electrodes was tested by galvanostatic charge/discharge
method during 3000 cycles at a current density of 1.11 A g−1.

3. RESULTS AND DISCUSSION

3.1. Morphology, Crystallography, and Chemical
Composition. The scheme of the preparation of the arrays
of H-NiO NBs is shown in Figure 1. Details of the synthesis
and fabrication of H-NiO NBs are already given in the
Experimental Section.

Figure 1. Schematic of the preparation of NiO and H-NiO NBs
electrodes on Cu substrates.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am404995h | ACS Appl. Mater. Interfaces 2014, 6, 4684−46924685



Figure 2a shows the FESEM micrograph of the as-prepared
3D arrays of H-NiO NBs grown on Cu substrate. It is evident
from this image that the surface of the as prepared
nanostructure is very rough, which can also be seen from the
magnified FESEM image (Figure 2b). It is found that the
morphology of the as grown NiO NBs remains unchanged after
hydrogenation. The 3D structure of the NiO NBs arises during

the conversion of the as grown rough Ni thin film (Supporting
information, Figure S2) into NiO via high temperature
oxidation. The comparison between Figure 2a and Supporting
Information Figure S2 clearly demonstrates that the surface
area of the as grown 3D NiO NBs is significantly higher than
that of the as grown Ni thin film. Though the shape and size of
the grown NiO nanoblocks are irregular in nature, however, the

Figure 2. (a, b) FESEM micrographs of the as prepared H-NiO NBs. (c) XRD pattern of the as-prepared H-NiO NBs. (d) EDAX spectrum of the
as-prepared H-NiO NBs. The XPS spectra for the (e) Ni 2p and (f) normalized O 1s core level of the as-prepared NiO and H-NiO NBs.

Figure 3. Cyclic voltammetry curves of the as-prepared (a) pure NiO and (b) H-NiO NBs electrode at different scan rates in a 1 M KOH solution at
room temperature. (c) Comparison between the CV curves of pure NiO and H-NiO NBs at scan rate of 100 mV s−1. (d) Variation of specific and
areal capacitance as a function of scan rate of pure NiO and H-NiO NBs electrodes.
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average dimension of the single NiO nanoblock is found to be
around 250 × 200 × 125 nm.
The XRD pattern of the as-prepared H-NiO NBs, shown in

Figure 2c, indicates the polycrystalline nature of the as-grown
NBs. The diffraction pattern consists of peaks that correspond
to the pure fcc Ni, cubic NiO, and also the metallic Cu
substrate underneath. The characteristic peaks at 2θ = 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.27,31 The presence of Ni (200) peak in the XRD
pattern is due to the presence of some unoxidized Ni at the
deepest portion of the Ni thin film. Figure 2d depicts the
EDAX spectrum of the H-NiO NBs, which clearly shows the
presence of Ni and O in the NiO, whereas the peak for Cu
appears from the substrate. In Figure 2e, the XPS core level
peaks of H-NiO NBs shows the Ni 2p3/2 and Ni 2p1/2 located at
855 and 873.9 eV, respectively, with an energy separation of
18.9 eV, are in good agreement with reported data of Ni 2p3/2
and Ni 2p1/2 in NiO, which also confirms that Ni is in +2
oxidation state.31,32 Figure 2f shows the O 1s core level spectra
of NiO and H− NiO NBs. The O 1s band for H-NiO NBs
becomes broader compared with that of the pure NiO NBs.
The O 1s band in the H-NiO NBs could be deconvoluted into
two peaks located at 529.1 and 533.1 eV (see Figure 2f),
whereas the pure NiO NBs exhibits a single peak located at
530.7 eV. The low energy peak (at 530.7 eV) can be ascribed to
the formation of O−Ni bond in NiO,31,33 whereas the peak at
higher binding energy (at 533.1 eV) is attributed to the Ni−
OH bond.10,33 Thus, XPS studies confirm the incorporation of
hydroxyl groups on the surface and the subsurface region of the
NiO NBs through hydrogenation.
3.2. Electrochemical Analysis. Figure 3a and b shows the

CV measurement curves of the two electrodes at different scan
rates ranging between 5 to 100 mV s−1 within the voltage
window of 0 to 0.6 V, at room temperature. The shape of the
CV curves of both the electrodes clearly reveals the
pseudocapacitive behaviour of the electrodes which is totally
different from that of the double layer capacitors. CV curves
show one strong redox peak (one oxidation and one reduction
peaks) at every scan rates, which are corresponding to the
surface oxidation/reduction reactions as shown in the eq 1.34

The oxidation peak is due to the conversion of NiO/Ni(OH)2
to NiOOH and the reduction peak is simply because of the
reverse reaction. The redox peaks show the Faradaic
pseudocapacitive property based on the surface redox
mechanism between Ni2+ and Ni3+.

+ ↔ +− −NiO OH NiOOH e

and

+ ↔ + +− −Ni(OH) OH NiOOH H O e2 2 (1)

In addition, because of the very high surface area and the fast
ionic/electronic diffusion rate during the Faradic redox
reactions at the surface, both the NiO and H-NiO NBs
electrodes show very prominent electrochemical properties as
supercapacitor.35,36 With the increase of scan rate, the potential
and the current at the oxidation/reduction peaks shifted more
towards the positive and negative axes, respectively, which is
because of an increase of the internal diffusion resistance within
the pseudocapacitive material with an increase in scan rate.37,38

Furthermore, the oxidation and reduction peaks of the NiO
NBs electrode are nearly symmetrical throughout the scan
range 5−100 mV s−1, indicating good reversibility of redox

reaction at the electrode surface.39 But the redox peaks of H-
NiO NBs electrode are asymmetric in nature; though it exhibits
higher capacitive behaviour as evident from the higher area
(Figure 3c) under their corresponding CV curves as compare to
the CV curves of NiO NBs electrodes.
The current response is found to increase almost propor-

tionally with increasing scan rates, which suggests that the rates
of electronic and ionic transport are not limited at higher scan
rates.40 The linear relation observed between the peak current
(I) of CV loops at different scan rates with the square root of
scan rate voltage ( f 1/2) confirms a fast electron transfer rate
during the redox reactions, and thus it is evident that these
redox reactions are diffusion-controlled process rather than a
kinetic one (Supporting information, Figure S3).41,42 Figure 3c
shows a nearly 2.5 times enhancement in the current density in
the CV curve of the H-NiO NBs electrode in comparison with
the pure NiO NBs electrode at the scan rate of 100 mV s−1.
The calculated areal (Ca, mF cm−2) and specific (Csp, F g−1)

capacitance of both the electrodes as a function of scan rate are
shown in Figure 3d. The Ca and Csp of the NiO NBs based
electrodes are calculated using the equations19,43,44

=C
I
fAa

(2)

and

=C
I

fmsp
(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 values of the Ca and Csp for NiO NBs electrode are found
to be 208.2 mF cm−2 and 864.65 F g−1, respectively, at a scan
rate of 5 mV s−1. Whereas the Ca and Csp of H-NiO NBs
electrode have been found to increase significantly to the values
371.8 mF cm−2 and 1271.93 F g−1, respectively, at the scan rate
of 5 mV s−1, after the hydrogenation treatment. Figure S4 in
Supporting Information shows the variation of specific and
areal capacitance as a function of scan rate for pure NiO and H-
NiO NBs electrodes with the measurement error bars, while the
measurements are conducted for three replicated electrodes for
each sample. The noteworthy enhancement of the capacitive
property of the H-NiO NBs electrode is due to the absorption
of hydroxyl group on the surface of the NiO NBs having large
surface area with high stability. Here, the value of specific
capacitance for H-NiO NBs is found to be remarkably higher
than that of the other reported NiO based supercapacitors like,
NiO thin films (∼309 F g−1),45 NiO nanotubes (∼266 F g−1),46

NiOx nanoball (∼951 F g−1),10 NiO nanocolumns (∼309 F
g−1),28 mesoporous NiO nanotubes (∼409 Fg−1),27 hierarchical
spherical porous NiO (∼710 F g−1),47 Ni−NiO core−shell
(∼128 and 149 F g−1),39,48 NiO/Co2O3 core/shell NWs (∼835
F g−1),49 and monolithic NiO/Ni nanocomposites (∼905 F
g−1).50 As shown in Figure 3d, the values of Ca and Csp decrease
for both the electrodes with the increase of scan rate, which is
because of the limitation of reaction kinetics at the electrodes at
higher scan rates.51 The value of Csp of the H-NiO and NiO
NBs drops from 1271.93 to 543.63 F g−1 and 864.65 to 363.83
F g−1, respectively, with the increase of the scan rate. In
addition, the value of Ca also drops from 371.8 to 159 mF cm−2

and 208.2 to 88 mF cm−2 for H-NiO and NiO NBs,
respectively, when the scan rate increases from 5 to 100 mV s−1.
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The GV charge/discharge tests of both the electrodes
performed within a stable potential window of 0−0.6 V under
different charge/discharge current densities ranging between
1.11 to 111.11 A g−1 are shown in Figure 4a and b, to
demonstrate the improved capacitive performance of the
electrodes. The potential-time plots exhibiting asymmetric
charge/discharge profiles for both NiO and H-NiO NBs
electrodes, characterized by slow discharging process as
compare to the charging, even at the high current density of
111.11 A g−1. This slow rate of discharging exhibits higher
coulombic efficiency (>100 %) for both type of electrodes,
which can be explained by eq 1. In discharging process only a
part of NiOOH gains electron and get reduced into NiO, while
in charging process NiO loses electron and completely oxidized
into NiOOH. Since, NiOOH is partially converted into NiO
during reduction, the unconverted NiOOH holds the electrons
during discharging and thus the discharging takes longer time.52

Figure 4c showing the enhancement in the discharging time of
H-NiO NBs electrode over NiO NBs electrode at the current
density of 1.11 A g−1, indicates the enhanced pseudocapacitive
behaviour of NiO NBs electrode after hydrogenation. The
variation of Csp of both the electrodes is shown in Figure 4d as
a function of current density.
The values of Csp are calculated from the charging/

discharging curves using the equation53

= Δ
Δ

C
I t

m Vsp (4)

;where I (A) is the discharge current, Δt (s) is the discharge
time consumed in the potential range of ΔV (V), m (g) is the
mass of the active material (or mass of the electrode materials),
ΔV is the potential window, and I/m is the discharge current

density. The maximum values of Csp are found to be 1336.18
and 895.05 F g−1 for H-NiO and NiO NBs electrodes,
respectively, at the low current density of 1.11 A g−1.
Decrement in the specific capacitance has been observed with
the increase of current density, although this decrement gets
saturated at higher current densities. However, nearly 61% and
49% specific capacitance retention has been observed in H-NiO
and NiO NBs electrode, respectively, at a higher current density
of 111.11 A g−1. Figure S5 in Supporting Information shows the
variation of specific capacitance as a function of current density
for pure NiO and H-NiO NBs electrodes calculated from GV
curves with the measurement error bars, while the measure-
ments are performed for three replicated electrodes for each
pasudocapacitive material.
At lower current densities, ions can penetrate into the inner-

structure of electrode materials, having access to almost all
available pores of the electrode, but at higher current densities,
an effective utilization of the material is limited only to the
outer surface of the electrodes. This results in the reduction of
the values of specific capacitance at higher current densities. At
current densities above 2.22 A g−1, specific capacitance tends to
stabilize. This higher value of retention in the specific
capacitance of the electrodes indicates relatively good high-
rate capability of these electrodes. Impressively, in case of
charging/discharging process the capacitance retention of the
electrodes is found much higher than that observed from the
CV analysis. This is because of the fact that the ion and electron
have more time to diffuse through the rough surface of the
electrode during the redox reaction.54,55

The energy (E) and the specific power (P) densities of both
the electrodes are calculated by using the equations56

Figure 4. Constant current charge/discharge curves of the as-prepared (a) pure NiO and (b) H-NiO NBs electrodes at different current density. (c)
Comparison between the charge/discharge curves of the pure NiO and H-NiO NBs electrodes at a current density of 1.11 A g−1. (d) Variation of the
specific capacitance of the electrodes as a function of current density.
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= ΔE C V
1
2

( )sp
2

(5)

and

=
Δ

P
E

t (6)

where E (Wh kg−1), Csp (F g−1), ΔV (V), Δt (s), and P (kW
kg−1) are the energy density, specific capacitance, the potential
window of discharge, time of discharge, and power density,
respectively.
Figure 5a shows that the energy density of H-NiO and NiO

NBs electrode decreases from 52.13 to 13.51 and 37.56 to
12.49 Wh kg−1, respectively, whereas the power density for the
same increases from 0.28 to 19.44 and 0.31 to 24.4 kW kg−1,
respectively, as the discharge current density increased from
1.11 to 111.11 A g−1. This indicates the potential of the
electrodes for application in electrochemical supercapacitors.
The above mentioned values of energy and power density of
both the electrodes are better than many other NiO based
electrodes reported previously.10,27,28,45−48

The cyclic performance of both the NBs electrodes, which
includes cycling life and specific capacitance retention of the
supercapacitors are shown in Figure 5b, tested over 3000 cycles
carried out at a current density of 1.11 A g−1. The capacitance
losses of H-NiO and NiO NBs electrodes after 3000 cycles are
about 5.3% and 12.1%, respectively, which are found to be
better than that of the previously reported NiO based

supercapacitors. Both the electrodes exhibit good long term
electrochemical stability and high specific capacitance retention
after a long cycle test in KOH solution, which are very
important requirements for supercapacitors. Figure 5c shows
the charge/discharge profiles of the last 10 cycles obtained from
the long cycling tests for both the electrodes that remain almost
unchanged during the cycles.
The electrical conductivity and ion transfer of the super-

capacitor electrodes has been investigated further by electro-
chemical impedance spectroscopy (EIS). Figure 5d shows the
Nyquist impedance plots for the H-NiO and NiO NBs
pseudocapacitors. EIS has been carried out in 1 M KOH
solution within a frequency range of 0.1−105 Hz at amplitude
of 10 mV versus the open circuit potential. The EIS spectra are
divided into three distinct regions based on the order of
decreasing frequencies. The slope of the EIS curve in the low
frequency range reflects the Warburg resistance, which
describes the diffusion rate of redox material in the electrolyte.
The higher value of slope in case of H-NiO NBs electrode over
NiO NBs electrode indicates higher electrolytic ion diffusion
within the H-NiO NBs structure.57 The phase angle of the
impedance plot of the H-NiO and NiO NBs electrodes found
to be higher than 45° in the low frequency range suggesting
that the electrochemical capacitive behaviour of both the
electrodes is controlled by diffusion process. The shorter line at
lower frequency correlates to the shorter variations in ion
diffusion path and easier movement of the ions within the
pores. The diameter of semicircle in the high frequency range

Figure 5. (a) Variation of energy and power densities with charge/discharge current densities for NiO and H-NiO NBs electrodes. (b) The cycling
performance of both NiO and H-NiO NBs electrodes showing the capacitance retention after 3000 cycles using a charge/discharge current density
of 1.11 A g−1. (c) The last 10 cycles of the galvanostatic charge/discharge curves of NiO and H-NiO NBs electrodes. (d) Electrochemical impedance
spectroscopy (Nyquist) plots for the supercapacitors based on NiO and H-NiO NBs electrodes. The inset of panel c shows the Nyquist plot of both
the electrodes at high frequency range.
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represents the charge transfer resistance (Rct) of the electrode
material resulting from the diffusion of electrons. Here, the
value of Rct for H-NiO electrode (1.02 Ω) is smaller than that
of the NiO electrode (1.51 Ω), which indicates that H-NiO
NBs are ideal for fast ion and electron transport, because the
larger diameter semicircle reflects higher charge-transfer
resistance value. The intercept on the real axis in the high
frequency range provides the equivalent series resistance
(ESR), which comprises of the bulk resistance of the
electrolyte, the inherent resistances of the electro active
material and the contact resistance at the interface between
electrolyte and electrode.58 The value of ESR calculated for H-
NiO and NiO NBs electrodes are 0.263 and 0.389 Ω,
respectively, which again suggests higher electrical conductivity
of H-NiO over NiO NBs electrode. These studies indicate that
the H-NiO NBs electrode has low ion diffusion resistance,
which can be attributed to the incorporation of hydroxyl groups
on the surface of NiO NBs after hydroganetion.

4. CONCLUSION
In summary, large surface area electrodes made of 3D
architecture of NiO and H-NiO nano-blocks have been
successfully fabricated by the controlled electrodeposition
followed by high temperature thermal treatment of the Ni
thin film grown on the Cu substrate. Both the electrodes have
been demonstrated based on their electrochemical performance
as supercapacitor, where the H-NiO NBs exhibit remarkably
superior pseudocapacitive performance. It has been found that
the incorporation of hydroxyl groups on the surface/subsurface
of NiO NBs through hydrogenation improving the electro-
chemical activity of the H-NiO NBs electrode as pseudocapa-
citor. In addition, H-NiO NBs serve as the ideal pathway for
fast ion/electron diffusion, whereas the conductive Ni and Cu
layer at the underneath work as the efficient current collector.
The H-NiO NBs electrode exhibits high specific capacitance
(1272 F g−1), energy density (52.13 Wh kg−1), power density
(19.44 kW kg−1) and excellent cycling stability (only 5.3% loss
of its initial specific capacitance after 3000 cycles at current
density of 1.11 A g−1). H-NiO NBs electrode also exhibits
excellent rate capability, where nearly 61% specific capacity
retention has been found when the current density increases
from 1.11 to 111.11 A g−1. Here, an easy and low cost
fabrication technique of the surface modified unique nano-
architecture of NiO has been demonstrated, which could
remarkably improve the electrochemical performance of this
type of transition metal oxide based electrodes for a new class
of high-performance materials for pseudocapacitors.
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