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1 | INTRODUCTION

Global warming, greenhouse gas emissions, climate
change, rising energy demand, and fossil fuel depletion
have pushed society towards clean and sustainable energy
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Abstract

Increasing energy demands, depletion of fossil fuels, and environmental issues
have impelled society to choose the pathways of renewable and clean energy,
which motivated scientists and engineers to develop sustainable, renewable,
and clean energy resources. However, the major challenge is the implementa-
tion of low-cost, flexible approaches and materials to fulfill the requirements of
energy storage and conversion technologies, specifically those involving batter-
ies and supercapacitors. In this context, herein, we demonstrate an integrated
approach to realize three-dimensional (3-D) mesoporous nickel(Ni)/nickel oxide
(NiO) nanostructures with enhanced performance for supercapacitor applica-
tions. Conformal deposition of NiO nanoflakes on 3-D mesoporous Ni onto
inexpensive Cu substrates with large active surface area, providing easy ion
accessibility through mesoporous channels and improving electron transport
through interconnected nickel network. The 3-D mesoporous Ni/NiO nanoflakes
exhibit excellent electrochemical performance, namely, areal capacitance of
720 mFcm—2, energy density of 4 uWhecm =2 and power density of 2.5 mWcm ™2
and a reasonable capacity retention for 5000 cycles. We believe that these results
may provide a roadmap to further tune the conditions so as to engineer oxide
architectures to derive enhanced energy performance of supercapacitor devices

for practical applications.
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technology. Clean energy generation from renewable
sources like solar, wind and hydro are possible solutions,
but they are intermittent in nature.['*] Therefore, energy
storage and conversion technologies are necessary for
continuous energy supply. The demand for energy storage
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units are also increasing due to their application in electric
vehicles and portable electronic devices.l*] Batteries and
supercapacitors are most widely used for energy storage
devices. The high energy density (~180 Whkg™!) of batter-
ies makes it first choice for consumer electronics devices,
but its low power density, sluggish charge transport and
dendrite formation at high power leads to failure. On the
other hand, the high power density (~10 Wkg™'), fast
charge-discharge time, and longer cyclic life (>100,000)
makes supercapacitor useful by complimenting batteries
or replacing it in some applications.!>””! To achieve high
energy density, different transition metal oxides have
been used but most of them suffer from poor electrical
conductivity, except ruthenium oxide. The high cost of
ruthenium oxide is an obstacle for its bulk application.

Nickel oxide (NiO), which is one among transition metal
oxides, find widespread applications in different domains
due to its structural, electronic, optical, and electrochem-
ical properties.[®°1 NiO finds application as a p-type
photo-electrode in dye-sensitized solar cell,l''] ammonia
sensors,!?] electrocatalyst for oxygen evolution reaction
(OER),I"*] cathode material for quasi-solid state lithium
ion battery,™*! and electrochemical capacitor.'>! Previ-
ously, we demonstrated the possibility for giant dielectric
permittivity (e~10* or higher) in NiO doped with lithium
and/or titanium.[’®] Additionally, the Ni-Fe oxide system
exhibits interesting features for using those materials for
electronic devices, such as traditional dielectric capaci-
tors for semiconductor microelectronics.!'”! Furthermore,
NiO is also a promising candidate in electrochemical
energy applications, primarily due to its reduced cost,
greater abundance, nontoxicity, environmental stability,
and acceptable electrochemical characteristics with good
thermal stability.!3'81°] The theoretical capacitance of NiO
is 3750 Fg~!, which is higher than other pseudocapaci-
tive materials MnO, (1370 Fg~!) and hydrated RuO,.nH,0
(2200 Fg™) for supercapacitor applications.!'>2°] How-
ever, as reported in the literature, NiO exhibits electrical
conductivity (1073 Qcm™!) at room temperature typi-
cally categorized as a Mott-Hubbard insulator.[?22] Also,
the properties and applications of NiO are sensitive to
the processing conditions and methods employed for
synthesis. NiO materials were synthesized by different pro-
cessing techniques, such as electron beam evaporation, 22!
hydrothermal,!?*] chemical bath deposition,?*! sol-gel
process,|?°] chemical precipitation,!?’”! microwave medi-
ated synthesis,'®! and electrochemical deposition. 28]
Compared to other processing methods, electrodeposition
has multiple advantages, namely, the low cost and pre-
cise control on the resulting nanostructures’ shape, size,
thickness, and mass loading.[29-3?]

In the present work, using simple, lost-cost processing
by electrodeposition, we demonstrate enhanced perfor-
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FIGURE 1 Schematic for electrodeposition process of 3-D
mesoporous Ni/NiO nanoflakes

mance of 3-D mesoporous Ni/NiO nanoflakes as active
electrode materials for supercapacitor with a high-rate
capability. Note that the surface area and electrical conduc-
tivity are the most important factors affecting the perfor-
mance of a supercapacitor.[**3*! Three-dimensional (3-D)
porous interconnected metal network provides extremely
higher surface-to-volume ratio in addition to the ease of
the ion-diffusion path. Therefore, conformal deposition
of metal oxide on 3-D porous metal not only improves
electrical conductivity but also provide binder-free elec-
trode materials.l**! In fact, nanoporous gold (Au) with
interconnected porous network is widely used for energy
storage and conversion devices, such as batteries, 3]
supercapacitors,!*’! and electrocatalysis.[**] However, the
high cost of gold hindered its use for commercial and bulk
of the applications. Therefore, it is highly important to
research low-cost alternatives for making porous metal.
Nickel fulfills low-cost option with almost similar proper-
ties and is used in the form of films, foils, and foam for
all energy related applications. However, in most of the
cases, Ni substrate procured in different forms and used for
deposition of active materials by different processes, which
again increase the fabrication cost etc.[2439:40]

Herein, we demonstrate economically viable method of
making Ni/NiO 3-D mesoporous nanoflakes as active elec-
trode materials onto an inexpensive Cu substrates and
illustratively present their enhanced performance in a
supercapacitor that too with a high rate capability. The
approach (Figure 1) rely on conformal electrodeposition
of NiO nanoflakes on 3-D mesoporous Ni skeleton to
reduce interface contact resistance by providing ease of ion
accessibility through mesoporous channels and improved
electron transport through interconnected porous Ni net-
work. As presented and discussed in this contribution, the
3-D mesoporous Ni/NiO nanoflakes exhibit excellent elec-
trochemical performance, where the supercapacitor device
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performance is characterized by an areal capacitance of
720 mFcm~2, energy density of 4 uWhcem ™2, power density
of 2.5 mWcm ™2, with a reasonable capacity retention (80%)
after 5000 cycles. We believe that the approach demon-
strated can be applicable to a large of class of mesoporous
3-D network design of the metal/metaloxide framework
for application or efficient design of the integrated electro-
chemical devices.

2 | RESULTS AND DISCUSSION

2.1 | Structure, morphology, and
elemental composition

2.1.1 | Crystal structure and phase

X-ray diffraction (XRD) analyses were employed to under-
stand the phase composition of the deposited materials.
Figure 2 shows the XRD pattern of microporous Ni
deposited at different current density and NiO nanoflakes
grown on microporous Ni (NPN-100) as a function of time.
All the samples in Figure 2 show the peaks at 44.33°,
44.47°, 51.4°, 51.81°, 74.9°, and 77.33°. The peaks at 44.33,
51.4, and 74.9° correspond to the diffraction from (111),
(200), and (220) planes of metallic Cu, as matched with
ICDD number 00-003-1018. The peaks at 44.47, 51.81, and
77.33° corresponds to the diffraction from (111), (200), and
(220) planes of metallic Ni, as matched with ICDD 00-03-
1015. Cu and Ni peaks are in good agreement with existing
literature.[*'] The absence of NiO peak may be due to its
amorphous nature.

2.1.2 | Surface morphology
The scanning electron microscopy (SEM) imaging analy-
ses employed to understand the surface morphology and
feature size of Ni/NiO materials developed for super-
capacitor applications. Figure 3 shows that morphology
of the samples with increasing deposition current. The
surface roughness and porosity increases, as evident in
Figure 3, with increasing current. At low current density
(25 mAcm™?), as shown in Figure 3A, the surface looks
compact without any appreciable space between the par-
ticles, with increasing current density from 50 mAcm~—2
to 150 mAcm™2, the surface roughness and particle size
increases, as seen in Figure 3B-F. The three-dimensional
(3-D) microporous Ni network looks like cauliflower
fioretto (see, Figure 3D-F).

The NiO nanoflakes were grown on microporous Ni
(NPN-100), which provide a porous template, by maintain-
ing a constant current of 1 mAcm~2 for the fabrication
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FIGURE 2 X-ray diffraction pattern of (A) microporous nickel

on copper substrate deposited at different current density

(25-150 mAcm~2) for 180 s deposition time and (B) nickel oxide
nanoflakes deposited on microporous nickel at 1 mA cm~2 for the
duration 30, 45, and 60 min

time varying from O to 1 h (60 min).The SEM data of
NiO nanoflakes grown on the Ni template are shown in
Figure 4. It can be seen that the sharpness of micro-
porous Ni edge fades off with the deposition of NiO
nanoflakes (Figure 4A-C). The size of NiO nanoflakes
also increases with increase in deposition time, as evident
in SEM images shown in Figure 4D-F. NiO nanostruc-
tures constructed into a well-defined morphology, which
seems like nanoflakes, on three-dimensional microporous
Ni after 60 min of deposition (Figure 4F).

The specific variation in the feature size of NiO
nanoflakes has been calculated using the SEM analyses.
Specifically, the diameter of the particles was determined
from SEM images by using image J software.[*?] The sta-
tistical data and mean diameter obtained are shown in
Figure 5. It is evident that, with increasing the deposition
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FIGURE 3

SEM images of microporous nickel deposited on copper substrate at different current density for duration of 180 sweek: (A)

25 mAcm™2, (B) 50 mAcm~2, (C) 75 mAcm™2, (D) 100 mAcm~2, (E) 125 mAcm™~2, and (F) 150 mAcm™2

time, the mean diameter of NiO nanoflakes found to be
increasing. The mean diameter of NiO nanoflakes is 74, 84,
and 110 nm, respectively, for the deposition time of 30, 45,
and 60 min, as shown in Figure 5.

213 | Elemental composition and
homogeneity

Energy dispersive X-ray spectroscopy (EDS), where the
characteristic X-ray energy is the signature of the atom
present in the sample,!**] analyses allowed us to identify
the elemental composition as well as elemental distribu-
tion profiles in Ni/NiO materials. Figure S1 shows the
images and corresponding EDS spectra for NiO nanoflakes
deposited under variable processing time. Spectral images
clearly depict that the concentration of NiO increases with

increasing deposition time. With increasing time, atomic
percentage (at%) of Ni decreasing while oxygen at% is
increased, and it indicates that the highest amount of NiO
nanoflakes present for samples with a fabrication time of
60 min. This is what expected and desirable to obtain a
3-D-conformal coverage of NiO nanoflakes on top of meso-
porous Ni. Figure S2 shows the elemental mapping images
of NiO nanoflakes deposited on microporous Ni under
variable deposition time. It is evident that the samples
are chemically homogeneous and elemental distribution
evenly on the samples’ surfaces.

2.2 | Spectrophotometric analysis

As microporous Ni on copper substrate is opaque in
UV-vis-NIR region, the NiO nanoflakes at top probed in
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FIGURE 4 SEM images of electrodeposited nickel oxide nanoflakes on 3-D microporous nickel skeleton at current of ImAcm=2 for
different durations, for low magnification (x10k): (A) 30 min (C) 45 min and (E) 60 min, for high magnification (x70k): (B) 30 min (D) 45 min,
and (F) 60 min

10 10
Mean Daimeter ~ 74 nm 14 Mean Daimeter ~ 84 nm Mean Daimeter ~ 110 nm

Count
Count
Count

20 60 80 100 120 140 ‘ 100 120 14 80 100 120 140 160
Daimeter (nm) Daimeter (nm) Daimeter (nm)

FIGURE 5 The variation of feature size of NiO nanoflakes with deposition time. The mean diameters estimated for the deposition time
of (A) 30 min, (B) 45 min, and (C) 60 min are shown
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FIGURE 6 A, Tauc plot for the determination of bandgap, linear part of the plot is extrapolated to the x-axis. B, Bandgap of NiO

nanoflakes as a function of deposition time

diffused reflectance mode. The expectation is that the spec-
trophotometric measurements distinguish the formation
of NiO nanoflakes, which are distinct from microporous Ni
metal in terms of optical and electronic properties, espe-
cially such measurements may allow the assessment of
semiconductor properties of NiO nanoflakes as desirable
for electrochemical energy or capacitor applications. The
Kubelka-Munk (KM) formalism!#447] was applied to cal-
culate the band gap from diffused reflectance spectrum;
the KM function is defined as:

K (1-R)

FR)= 5 =" ey

Here, F(R), K, S, and R represent the KM func-
tion, absorption coefficient, scattering coefficient, and
reflectance, respectively. KM function replicates the behav-
ior of absorption coefficient and can be used to calculate
optical band-edge transition of the NiO nanoflakes, as pre-
sented here. The Tauc Equation (2) has been modified
accordingly and executed to calculate the band gap of
nanotextured NiO layers as a function of deposition time.

FR)x hv = A(hv - E,)" 2)

Here, h, v, Ej, F(R) and A represents the Planck constant,
incident photon frequency, optical band gap, KM func-
tion, and fitting parameter, respectively. n = 0.5 represents
direct optical transitions. The data shown in Figure 6 fits
very well to Equation (2) confirming the direct band gap
semiconductor nature of the NiO nanoflakes deposited.

All the NiO nanoflakes samples indicate the direct opti-
cal band gap located at 3.7 eV, which is very similar to
bulk or thin film NiO on various platforms. Thus, these
special measurements complement our XRD and SEM-
EDS data, shown earlier. The reflectance data, shown in
Figure S3, along with Tauc plots in Figure 6A show a

gradual transition, starting from NIR region. This par-
ticular behavior is well-known for oxygen deficient NiO.
We have deliberately optimized these samples in such a
way to incorporate energy states owing to oxygen vacan-
cies and improve the overall conductivity of as grown
nanostructed NiO nanoflakes. Almost similar direct opti-
cal transition in all the samples (Figure 6B) confirms the
structural and compositional integrity throughout the pro-
cess. Thus, our processing efforts successfully results in
the NiO nanoflakes with only the porosity in nanometer
range tailored to enhance the electrochemical perfor-
mance. After thorough and deeper studies establishing the
formation of well-defined NiO nanoflakes with desirable
structure and morphology features, we performed detailed
electrochemical studies to evaluate their performance in
supercapacitors and also validate the hypothesis that the
3-D interconnected network provides enhanced energy
performance.

2.3 | Electrochemical characterization

231 | Cyclic voltammetry

The electrochemical characterization of all the NiO sam-
ples was carried out in a three-electrode system, where
platinum and Ag/AgCl were used as counter and refer-
ence electrodes. Figure 7 shows the cyclic voltammetry
(CV) plots of microporous Ni prepared at variable depo-
sition current in 1 M Na,SO, at 50 mVs~!. Figure 7A
shows the almost rectangular electricaldouble-layerr cur-
rent versus potential plot. The area under the curve is
increasing from NPN-25 to NPN-100, but the current in
NPN-125 and NPN-150 is less than in NPN-100. So, NPN-
100 has higher area under the curve. The capacitance
versus deposition current data are plotted in Figure 6B.The
capacitance value is also increasing with deposition
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and (D) comparison of voltammograms at 50 mVs~!

current. It has the maximum value of 823 + 20 uFcm™2
at 100 mAcm—2 deposition current and, then, it decreases.
The double layer capacitance is directly proportional to
surface area of materials.[*8] Therefore, it is confirmed that
the microporous Ni deposited at 100 mA cm~2 has higher
surface area than others. Hence, porous Ni deposited at
100 mAcm~2 was used for the growth of NiO nanoflakes.
The CV and galvanic charge-discharge (GCD) of all NiO
nanoflakes samples were performed in 3 M KOH in three
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Cyclic voltammetry (CV) of NiO nanoflakes deposited under variable deposition time. (A) 30 min, (B) 45 min, (C) 60 min,

electrode system. The CV curves of NiO samples were
recorded at different scan rates 5 mVs~'- 100 mVs~!, as
shown in Figure 8A-C. In all the samples, the current
increases with increasing scan rate indicating capacitive
nature of NiO nanoflakes. The pair of anodic and cathodic
peaks between 0.1 V to 0.4 V shows the faradaic redox
mechanism of Ni** to Ni**, indicating pseudocapaci-
tive nature of NiO nanoflakes similar to that previously
reported in literature.[2*#° The pair of redox reactions
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FIGURE 9
samples deposited at: (A) 30 min, (B) 45 min, (C) 60 min, and (D) comparison of charge-discharge curves at SmAcm—=.

during oxidation and reduction can be explain by following
equation!!%-°01:

NiO + OH™ < NiOOH + e~ (3)

The comparisons of CV curves of NiO nanoflakes pre-
pared under different deposition times at 50 mVs™' are
shown in Figure 8D. Here, the current increases with
increasing deposition time and NiONiO samples deposited
at 60 min exhibit maximum area under the curve.

2.3.2 | Galvanic charge-discharge profiles

The galvanic charge discharge (GCD) curves of the NiO
nanoflakes were obtained at different current density,
which is varied from 1.25 mAcm™ to 30 mAcm~2 in a
potential window of 0.1 to 0.5 V similar to CV poten-
tial window. Figure 9 shows the charge-discharge curves
of NiO nanoflakes. The data shown (Figure 9A-C) are
for NiO samples deposited at 30, 45, and 60 min, respec-
tively. In all the samples, charging and discharging time are
increasing with decreasing current density. In all the cases,
the higher discharge time was obtained at current den-
sity of 1.25 mAcm~2. The nonlinear nature of GCD shows
pseudocapacitive nature of NiO nanoflakes similar to the
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Galvanic charge-discharge (GCD) profiles of NiO nanoflakes fabricated at variable deposition time. The data shown are for

2

CV curves.8! Figure 9D shows the comparison of all NiO
samples at a current density of 5 mAcm™2. Nickel oxide
deposited at 60 min shows higher discharge time, signify-
ing better storage performance of NiO samples deposited
at 30 and 45 min.

The variation of specific capacitance with different
scan rate for NiO samples is shown in Figure 10A. In
all the samples, the specific capacitance increases with
decreasing scan rate. This is due to the fact that, at lower
scan rates, the electrolyte ions have longer time to get to
the bulk of NiO nanoflakes, while, at higher scan rates, ion
movement is limited to the near surface.l*”] The highest
specific capacitance of 720, 557, and 435 mFcm ™2 was
achieved at 5 mVs™! for NiO samples deposited at 30n, 45,
and 60 min, respectively. The charge storage process of an
electrode material can be calculated from CV by plotting
the peak current as a function of scan rate. If the peak cur-
rent is directly proportional to scan rate, it is called surface
charge storage process. On the other hand, if peak current
is proportional to square root of scan rate, it is classified
as a semi-infinite bulk diffusion process. These can be

expressed, respectively, by the following equations[°-21:
i =avb 4)
logi = loga + blogv (5)
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FIGURE 10 A, Specific capacitance at different scan rates, (B) peak current versus scan rate, (C) variation of specific capacitance with

current density and (D) rate capability variation with respect to current density, (E) Ragone plot of nickel oxide nanoflakes at different scan

rate (F) cyclic stability test of Ni/NiO nanoflakes at current density of 20 mAcm™2.

where i is the peak current and a and b are the adjustable
constants. The constant b takes b = 1 and b = 0.5 for
capacitive and diffusion controlled processes, respectively.
Figure 10B shows the linear relation between log of peak
current versus log of scan rate for all the NiO nanoflake
samples. The value of b calculated from fitting procedure
are 0.55, 0.48, 0.45 and 0.48, 0.44, 0.42 for anodic and
cathodic peaks for 30, 45, and 60 min deposited NiOs,
respectively. Within the range, the value of is equal
to nearly 0.5 in all the cases, and it indicates that the
diffusion controlled mechanism is operative in NiO
nanoflakes. Figure 10C shows the variation of specific
capacitance with respect to current density. It is evident

2

that the specific capacitance decreases with increasing
current density in all the NiO samples. The maximum
specific capacitance is obtained in NiO nanoflakes
deposited for 60 min. The highest specific capacitance
of 681, 541, and 356 mFcm~2 was achieved at current
density of 1.25 mAcm 2 for deposition time of 30, 45, and
60 min, respectively. For high-performance supercapacitor
devices, the ability to maintain high capacitance during
rapid charging/discharging is crucial and it is defined by
term called rate capability or rate performance.[>>*] The
rate capability of NiO nanoflakes at a current density of
1.25mA cm~2 to 30 mA cm™2 is presented in in Figure 10D.
The rate capability of NiO-30, NiO-45, and NiO-60 is 85,
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TABLE 1 Comparison of performance of NiO nanoflakes (present work) with different metal oxides in a three-electrode system
Scan rate/
Specific current
Electrodematerial capacitance density Electrolyte Rate performance Cyclic stability Ref.
Ni/NiO core/shell 566 mFem ™ 2mvVs™! 1M KOH 39% from 2 to 100 mVs™ 57% after 1200 (491
Cu0/Cu,0@Co0 280 mFcm ™2 1 mAcm™2 2 M KOH 53% from 5 to 100 mVs ™ 90.7% after 3000 B
nanowire arrays
NiO nanoflake 74.8 mFcm ™2 10 mVs™ 1M KOH 66% from 10 to 100 mVs™! 100 % after 5000 [56]
NiO film 68 uFcm ™2 5mVs~! 3% KOH = = [57]
Co(OH), nanosheet 22.93 mFem ™2 5mVs™! 2 M KOH 61% from 5 to 200 mVs ™ 90 % after 10000 (58]
Copper oxide nanowires 320 mFem 2 5mVs! 3 M KOH 39 % from 5 to 200 mVs ™ 115 % after 5000 (9]
2D- LiCoO, 310 mFem ™ 5mvs™! 1M LiCl 38 % from5t0100mVs™  80.3 % after 2000 [
MnO,/MoS, 224mFem™2 0.1 mAcm™2 1M Na,SO,  70.5% from 0.1to1 mFecm™ 90 % after 3000 [
NiO thin film 23.4 mFcm™ 5mvVs~! 1M LiCIO,-PC ~50 % from 5 to 200 mVs™ - (2]
NiO nanoflakes 870 mFcm—2 1 mAcm~— 3 M KOH - 84 % after 6000 (3]
3-D Ni/NiO nanoflakes 720 mFcm ™2 5mVs~! 3 M KOH 76 % from 1.25 to 30 mFcm™2 78 % after 5000 This
work

76, and 80% respectively, which is much better compared
to other metal oxides. For comparison and to understand
the better rate capability of these NiO nanoflakes, the
obtained data are compared with the literature in Table 1.

Ragone plot shows the relationship between energy den-
sity and power density of NiO at different scan rates. NiO
nanoflakes show maximum energy density of 4 tWhcm =2
at 5mVs~!, power density of 2.5 mW cm~2 at 100 mVs~! in
the case of NPN-60, as shown in Figure 10E. The cyclic sta-
bility tests performed at current density of 20 mAcm-2 for
all NiO nanoflakes and the data are shown in Figure 10F.
It is evident that the NiO nanoflakes show excelllent cyclic
stability of 87, 81, and 78% after 5000 cycles for deposition
time of 30, 45, and 60 min, respectively.

2.3.3 | Stability after cycling

In order to understand the material stability or degrada-
tion (if, any) after cycling, we performed the SEM, EDX,
and optical absorption studies. The measurements were
carried out on the NiO samples after 5000 cycles. The SEM
data of the samples after cycling are presented in Figure 11.
It is evident that, after cyclic stability, NiO nanoflakes still
exhibit the 3-D Ni skeleton morphology after 5000 cycles. It
is remarkable that, although the overall capacity fades off
to 80%, the morphology and 3-D interconnected network
is quite stable even after 5000 cycles. The attempts made
to understand the elemental composition also indicate
that the original composition retained very well. Figure 12
shows the EDX of NiO samples after 5000 cycles. The
EDX spectra show that the atomic percentage of oxygen
increases slightly after cycling. Since there is a slight varia-

tion in terms of oxygen, we expect that there may be slight
variation in the electronic behavior of the NiO nanoflakes.
We relied on optical studies to confirm.

The optical spectra of the NiO nanoflakes samples after
cycling are shown in Figure 13. The diffuse reflectance data
of NiO samples after cycling for 5000 cycles are recorded
under the same conditions as of the pristine samples. The
obtained data are presented in Figure S4. As evident in
Figure S4, no drastic changes are seen in the reflectance
data, which is further used to calculate the K-M function
and absorption, indicating that the electronic behavior of
these NiO samples is also well maintained after cycling.
While the overall optical behavior is very similar to the
NiO before cycling, we observe a slight variation in the
direct optical band gap. The data shown for representa-
tive samples in Figure 13 coupled with reflectance data in
Figure S4 indicate that the NiO materials after cycling also
exhibit a semiconductor band gap. The band gap reduc-
tion compared to intrinsic NiO nanoflakes before cycling
may be due to the slight variations observed in EDX data.
Thus, the SEM, EDX and electronic property measure-
ments clearly indicate the material stability in terms of
phase, composition, and material property after cycling.
Overall, the stability studies after cycling are quite encour-
aging as the NiO nanoflakes still maintain the nanoscale
porosity, which is the key to enhance their electrochemical
performance in supercapacitors.

3 | CONCLUSIONS

We have successfully developed a cost-effective, facile pro-
cess for the growth of three-dimensional (3-D) mesoporous
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FIGURE 11

FIGURE 12
60 min

SEM images of nickel oxides nanoflakes samples after cyclic stability of 5000 cycles (A) 30 min, (B) 45 min, and (C) 60 min
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EDX images of nickel oxides nanoflakes samples after cyclic stability of 5000 cycles (A,B) 30 min, (C,D) 45 min, and (E,F)
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FIGURE 13
the linear part of the plot is extrapolated to the x-axis to obtain the band gap. The data clearly indicate that there is no deterioration of the
material quality or properties of the NiO nanoflakes after cycling.

Ni and NiO nanoflakes for supercapacitors with demon-
strated performance and high-rate capability. The opti-
mization of the processing parameters in electrodeposi-
tion results in the deposition of 3-D mesoporous Ni/NiO
onto economically feasible Cu substrates without need
for much further preparation. The conformal deposition
of NiO nanoflakes on 3-D mesoporous Ni with a large
active surface area facilitates better ion accessibility across
the mesoporous channels and increases electron trans-
port through the linked Ni-network. As synthesized under
the optimal conditions, the 3-D mesoporous Ni coupled
with NiO nanoflakes exhibit enhanced electrochemical
performance, with areal capacitance of 720 mFcm™2, an
energy density of 4 Whecm™2, a power density of 2.5
mWcem™—2, and capacitance retention of 80% after 5000
cycles. The electron microscopy, elemental composition,
and electronic property measurements demonstrate that
the NiO nanoflakes exhibit excellent stability in terms of
phase, composition, and material property after cycling
to 5000 cycles. Under the proposed concept of Ni/NiO
nanoflakes on inexpensive Cu substrates, the stability
studies after cycling are quite encouraging as these NiO
nanoflakes still maintain the nanoscale porosity, which is
the key to enhance their electrochemical performance in
supercapacitors. These results are expected to contribute
significantly to the advancements in the field, and may
provide a roadmap to further tune the conditions so as
to engineer the selective architectures to derive further
enhanced energy performance of supercapacitor devices
for practical applications.

Absorption (a.u.)

10 15 20 25 30 35 40 45
Energy (eV)

Tauc plots of the NiO samples after cycling. The plots indicate the K-M function for the determination of bandgap, where

4 | EXPERIMENTAL SECTION

4.1 | Chemicals and reagents

All chemical reagents were of reagent grade and has
been used without any further purification. Potassium
hydroxide (KOH), hydrochloric acid (37%), nickel sul-
phate hexahydrate (NiSO4.6H,0), ammonium chloride
(NH,4CI), polyethylene glycol, sodium acetate, sodium sul-
phate (Na2SO,) copper (99.98%), and sodium sulphate
were purchased from Sigma-Aldrich. Distilled water has
been used in all experiments for making solutions and
cleaning.

4.2 | Electrodeposition of microporous Ni
The growth of microporous nickel on copper substrate
was carried out using Galvanostatic electrodeposition
process. The electrodeposition was performed using two
electrode setup, where nickel foam and copper substrate
were used as counter and working electrode, respectively.
Prior to the deposition, copper substrate was cleaned in
1 M HCI solution and deionized water. The bath for the
synthesis of microporous nickel was prepared by adding
0.12 M nickel sulphate hexahydrate, 1 M ammonium
chloride, and polyethylene glycol (100 mg in 300 ml) in
deionized water.[64] Then, the beaker containing aqueous
bath was sonicated for 5 min to get stable light green
solution. The electrodeposition was done at different
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current 25, 50, 75, 100, 125 and 150 mAcm™2 for 180 s. After
the deposition, all samples were cleaned in deionized
water and kept at 60°C for 1 h in an oven. The name of
samples have allotted NPN-25, NPN-50, NPN-75, NPN-100,
NPN-125, and NPN-150 corresponding to their deposition
current.

4.3 | Electrodeposition of NiO nanoflakes
The nickel oxide nanoflakes were grown by the Galvano-
static electrodeposition process. The aqueous bath was
prepared by adding 0.13 M sodium acetate, 0.13 M nickel
sulphate and 0.1 M sodium sulphate.[®!] The pH of the bath
was maintained near 7 by adding 4-5 drop of KOH solu-
tion. The electrodeposition of nickel oxide nanoflakes was
performed on microporous nickel (NPN-100 mAcm~2) at
constant current density for 30, 45 and 60 min. After the
deposition, all samples were washed with deionized water
and kept at 200°C for 2 h in an oven.

The name of samples allotted as NiO-30, NiO-45, and
NiO-60 respective to their deposition time.

4.4 | Material characterization

X-ray diffraction (XRD) patterns of mesoporous nickel and
nickel oxide nanoflakes were recorded using a Malvern
Panalytical Empyrean Nano edition multipurpose X-ray
diffractometer. The X-ray diffractometer was used in
Bragg-Brentano reflection geometry. All the measure-
ments were performed at room temperature. A Cu Ka
X-ray source with a wavelength of 0.154 nm was used to
acquire the measurements. A Scanning Electron Micro-
scope (SEM) was used to visualize the surface morphology
of microporous nickel and nickel oxide nanoflakes. A
Hitachi-4800 Field Emission Scanning Electron Micro-
scope (FE-SEM) was explored to capture the images.
All the images were captured with secondary electron
detector. Energy-dispersive X-ray spectroscopy (EDX) was
applied to know the elemental composition, while element
content mapping allowed the determination of the dis-
tribution of elements of nickel oxide nanoflakes. Nickel
oxide nanostructure samples were probed with diffused
reflectance spectroscopy in the UV-vis-NIR region (190-
1000 nm) to evaluate the wavelength-dependent modula-
tion in optical behavior of as-grown samples. An Jasco-
V770, equipped with a single monochromator design and
60 mm integrating sphere with PMT photodetector, was
employed to perform the diffuse reflectance measurement
at room temperature.

4.5 | Electrochemical measurements

The electrochemical deposition and characterization of
all the samples were done using an Ametek Solartron
Analytical (ModuLab XM) potentiostat. The electrochem-
ical characterization was performed in three electrode
system, where platinum wire, Ag/AgCl and microporous
nickel/nickel oxide were used as counter, reference and
working electrodes, respectively. In three electrode system.
potential was measured between working electrode and
reference electrode, and current was measured between
working and counter electrode. Aqueous 3 M KOH was
used as electrolyte for all electrochemical measurements.
The areal capacitance (C,), specific energy (E, ), and spe-
cific power (P, ) of nickel oxide nanoflakes were calculated
from CV by using equations!*55°]

N [idv
CA<ch ) V(‘Z—Y)A (6)
Ea <thm_2) T8 ;600 Chv @
P, (Wcm_z) = EV—A X (‘i{—\f) X 3600 ®)

where C, is the areal capacitance (Fcm™2), V is the poten-
tial window (V), is i—\: the scan rate (V/s), and A is the area
(cm?) of the electrode.
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