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Abstract: Exploring faster, safer, and more efficient energy storage devices will motivate scientists
to develop novel energy storage products with high performance. Herein, we report porous NiO
nanoparticles have been prepared by a simple hydrothermal method with CTAB and laboratory tissue
paper as a template followed by calcination at three different temperatures (300, 500, and 700 °C).
The electrochemical characteristics of the prepared materials were examined in a three-electrode cell
configuration using aqueous potassium hydroxide (2.0 M KOH) electrolyte. The NiO-300 electrode
displayed the supreme capacitance of 568.7 F g1 at 0.5 A g~!. The fascinating NiO morphology
demonstrates a crucial part in offering simple ion transport, shortening electron, and ion passage
channels and rich energetic spots for electrochemical reactions. Finally, the asymmetric supercapaci-
tor (ASC), NiO/ /AC was constructed using positive and negative electrode materials of NiO-300
and activated carbon (AC), respectively. The assembled ASC displayed excellent supercapacitive
performance with a high specific energy (52.4 Wh kg~1), specific power (800 W kg~!), and remark-
able cycle life. After quick charging (25 s), such supercapacitors in the series will illuminate the
light emitting diode for an extended time, suggesting improvements in energy storage, scalable
integrated applications, and ensuring business efficacy. This work will lead to a new generation of
high-performance ASCs to portable electronic displays and electric automobiles.

Keywords: energy storage; hydrothermal; nanoflakes; nickel oxide; tissue paper; supercapacitors

1. Introduction

As fossil fuel consumption and environmental concerns increase, scientists and tech-
nologists are focusing on the development of renewable energy sources. To maximize
usage of the electricity provided by such intermediate renewable sources, efficient energy
storage technologies are required. As a result, the growth of high-efficiency energy storing
devices is paramount [1-3]. Electrochemical capacitors (also termed supercapacitors) are
of great interest owing to their extreme specific power, outstanding extended durability,
and quick charging—discharging rate [4,5]. According to their mechanism of energy stor-
age, supercapacitors (SCs) can be divided into two main types. The electric double-layer
capacitor (EDLC) is one type of capacitor that stores electrical energy by accumulating
electric charges at the electrode and electrolyte interface [6]. The most employed materials
for EDLC electrodes are high specific surface area carbon-based materials such as porous
carbon [7-9], carbon fibers (CFs) [10,11], carbon nanotubes (CNTs) [12], and graphene [13].
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The pseudo-capacitor (PC), on the other hand, is another type of capacitor derived from
Faradaic (redox) reactions at the electrode—electrolyte interface, which has attracted much
consideration due to its significantly higher capacitance [14-16]. The pseudocapacitor is
mainly based on conducting polymers [17-20], metal hexacyanoferrates [17,18], and metal
oxides [21,22].

Recently, a lot of research on transition metal oxides (TMOs) and hydroxides—for
example, RuO;, MnO,, Co,03, NiO, CuO, Ni(OH),, and others—has been reported as the
most used pseudocapacitive materials for high energy density because of their desirable
theoretical capacitance. Among them, RuO; has gained more attention owing to its supe-
rior capacitance, long cut-off voltage, and outstanding cyclic durability [23,24]. However,
the high price of RuO, prevents its practical application despite its excellent capacitive
performance. Therefore, many investigators in this area are looking for substitute candidate
materials such as NiO, Co,0O3, and MnO, [25-30]. MnO; has attracted great attention due to
its abundance in earth’s crust, excellent electrochemical stability, and extraordinary specific
capacitance. Regrettably, at high scan rates, MnO; fails to maintain the required capacitance
when charging-discharging [31,32]. Among these electrode materials, nickel oxide (NiO)
seems to be a capable substitute owing to its huge theoretical specific capacitance value of
2573 F g~!, low production price, and ecological impression [33]. Nevertheless, its compar-
atively inferior electrical conductivity and short accessibility surface areas generally lead
to poor reversibility and restricted capacitance during the charge and discharge process
in experimentation. A better resolution to this tricky situation is to enlarge their active
surface areas by transforming objects from bulk systems into porous/hollow architectures.
Very recently, scientific communities have produced NiO with different structural mor-
phology and surface textures, comprising nanoflowers, nanoplates, nanoparticles, and
nanoflakes [34-37].

In this present investigation, we explore a simple and consistent technique to synthe-
size NiO electrode materials with excellent electrochemical performance. NiO nanoparticles
anchored on flakes have been synthesized by a simple hydrothermal method with CTAB
and laboratory tissue paper as the template and followed by calcination. The electrochemi-
cal characteristics of the synthesized NiO materials were examined in a three-compartment
cell set-up in aqueous 2.0 M KOH. The prepared NiO-300 electrode displayed the supreme
specific capacitance of 568.7 F g~ ! at 0.5 A g~! and excellent rate capability. Moreover, the
ASC (NiO-300//AC) was constructed using positive and negative electrode materials of
NiO-300 and AC, respectively. The fabricated ASC displayed excellent supercapacitive
behavior with a high energy density, power density, and exceptional cyclability.

2. Experimental
2.1. Chemicals

Nickel nitrate Ni(NO3),, cetyltrimethylammonium bromide (CTAB), and potassium
hydroxide (KOH) were obtained from Sigma Aldrich, St. Louis, MI, USA. Nickel foam
was also procured from Sigma Aldrich. The cellulose filter paper (papel Filtro Qualy) was
procured from ] Prolab Ind. E. Com. De Prod. P/Lab. LTDA. The tissue papers were
purchased from the local market, Rio de Janeiro, Brazil (Melhoramentos CMPC LTDA). All
other chemicals were of analytical grade and used as received without further purification.
In all experiments, double distilled water was used.

2.2. Synthesis of NiO Nanoparticles

All the reagents were used as received. The collected fresh tissue papers (TPs) were
torn into a tiny pieces. In a typical synthesis procedure of the porous nickel oxide, 0.5811 g
of nickel nitrate was kept in a beaker (100 mL) along with 10 mL deionized water at
ambient temperature while magnetic stirring. Then, 0.3645 g of CTAB was dispersed in
40 mL deionized water and slowly added into the above solution in stirring condition.
Subsequently, previously torn TPs (100 g) were put into the above reaction mixture. Finally,
the prepared solution was moved into the Teflon-lined stainless steel (SS) autoclave. The
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Ni(NO,),.6H,0

autoclave was maintained at 120 °C for 12 h in the muffle furnace. After the reaction
completed, the autoclave was permitted to cool at ambient temperature. The resultant
material was collected and rinsed with copious amount of DI water and ethanol to eliminate
the unreacted materials/solvents. The cleaned materials were dehydrated in a vacuum
oven at 80 °C overnight. Lastly, the desiccated samples were smashed and sintered at
three various temperatures (300, 500, and 700 °C) for 2 h under air atmosphere. The
final derived materials were named NiO-300, NiO-500, and NiO-700 according to their
calcination temperature. The pictorial representation of the preparation method was
illustrated in Figure 1.

—
“

Tissue paper (TP) Small pieces of TP

Tissue paper

CTAB
1. 120°C,12h

2. Sintering
@ 300/500/700 °C

P j ____/ - NiO-300

Autoclave

Figure 1. Pictorial representation of the reaction protocol of nickel oxide nanoparticles.

2.3. Characterization Technigues

X-ray diffraction (XRD) pattern was applied to explore the phase purity and crystal
structure of the obtained materials with Cu-K« radiation (Rigaku; A = 0.1541 nm) be-
tween 20 value of 30 and 80°. The surface morphology and topography of the prepared
materials was examined through field-emission scanning electron microscope (FE-SEM:
Hitachi S-2400, Tokyo, Japan) and transmission electron microscope (TEM: JEOL, Tokyo,
Japan), respectively.

2.4. Electrochemical Measurements

To explore the electrochemical characteristics of the prepared electrode materials, cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were examined by using IVIUM electrochemical instrument. A three-
electrode cell set up was used for the electrochemical measurements with an aqueous KOH
(2.0 M) electrolyte at ambient temperature. The Pt mesh and Ag/AgCl were applied as
the auxiliary and reference electrodes, respectively. The fabrication of working electrode
required the following, 80% of active material (NiO-300, NiO-500, and NiO-700), 10% of
conductive material (carbon black), and 10% of binder material (polyvinylidene fluoride)
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dissolved with N-methyl pyrrolidone as a solvent. The above materials were well mixed
to make a thick slurry which was coated on pretreated Ni foam (1 x 1 cm?) with spatula
and desiccated for 24 h at 120 °C. The average mass of the active material was found to be
4.0 mg. Based on Equation (1), the specific capacitance (Cs) of the NiO electrode samples
were estimated from the discharge curve of GCD [10,22].

Cs = It/mAV (1)

where I signifies the given current in amps, m represents the mass of the active sample in
gram, AV designates the cut-off range (E), and ¢ designates the discharging time in seconds.

2.5. Fabrication of ASC Device

The fabrication of ASC device was integrating the cathode (NiO-300) and the anode
(AC) is separated using cellulose filter paper (immersed overnight in 2.0 M KOH electrolyte)
and subsequently enfolded with insulation tape. The anode and cathode had an analogous
geometric surface area (1 x 1 cm? size). To attain the weight ratio of NiO and AC electrode
materials, we had to apply the equation of charge balance (q+ = q—). The weight of the
NiO-300 and AC electrodes were altered based on the following Equation (2) [10,22].

mt/m™=C  xV /C" xV* )

where C indicates the specific capacitance (obtained via three-electrode configuration), m
signifies the weight of the electrode materials, and V represents the cut-off region for the
cathode and anode.

Based on the Equation (1), the weight ratio of ~1 was fixed for the charge balance
between the electrodes of NiO and AC in the ASC device. To find the electrochemical
behavior at the voltage ranging between 0 and 1.6 V, the crucial constraints of the ASC
device, for example specific capacitance, energy density (Ep; Wh kg™~1), and power density
(Pp; W kg 1) were attained by the subsequent equations [38,39]:

Cp =2 x IAt/mAV (3)
Ep = CpAV?/8 x 3.6 (4)
Pp = Ep x 3600/ At (5)

Electrochemical impedance spectroscopy (EIS) was examined at formal potential of
the working electrodes by sweeping the frequency from 0.1 Hz to 100 kHz at an amplitude
of 5mV.

3. Results and Discussion

The crystalline nature and physical information of the prepared NiO materials were
explored by XRD. Figure 2a depicts the sharp intense peak of NiO nanoflakes and it
clearly illustrates the crystallinity of the prepared materials. XRD pattern exhibits four
major diffraction peaks at 20 value of 36.9°, 43.4°, 63.2°, and 73.9° matches with (111),
(200), (220), and (311) planes, correspondingly. The above results are well coincided
with the COD data of NiO 96-101-0096 [40]. The obvious differences were observed
from one material to another material either due to the noise of the instrument or some
impurities that would have got embedded in the sample during the operation of the
instrument. Furthermore, the intensity of diffraction peaks gradually increased with
increasing the calcination temperatures up to 500 °C (NiO-500). For the sample calcined
at 700 °C (NiO-700), the diffraction peaks decreased and even some of the peaks are fully
vanished.
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Figure 2. (a) XRD and (b) N sorption isotherms of NiO materials prepared at three different temperatures.

The nitrogen adsorption—desorption isotherms for all the prepared materials were
carried out to characterize their BET surface area and porosity. Based on the adsorption—
desorption curves shown in Figure 2b, NiO-300 exhibits type II isotherm whereas NiO-500
and NiO-700 exhibit type-IIl isotherm. At initial and mid relative pressures (p/po = 0.1),
all three materials exhibited a tiny and sharp increase in the volume of nitrogen adsorp-
tion indicates the existence of micropores, and mesopores respectively. Whereas steep
enhancement was observed at high relative pressure of p/pg = 1 illustrates the presence
of macropores. The existence of hierarchical pores (i.e., micro-, meso-, and macropores)
is one of the beneficial parameters for supercapacitor applications. Because it will allow
the passage of electron at electrode—electrolyte interfaces. The maximum surface area was
found to be 48 m2 g_1 for NiO-300, whereas 32 and 27 m2 g_1 obtained for NiO-500 and
NiO-700, respectively.

Figure 3 represents the FE-SEM pictures of the NiO materials prepared at different
temperatures. All three materials exhibit flake-like morphology with tiny nanoparticles,
with a porous open channel within the flake morphology. NiO-300 and NiO-500 materials
possess large number of flake-like structures with minimal number of nanoparticles. While
FE-SEM images of NiO-700 displayed the aggregates of fine nanoparticles completely
agglomerated on the flakes. The porous architecture developed inside the flake-like mor-
phology of the NiO is owing to the decomposition of chemically bonded groups and the
evaporation of water molecules. Furthermore, the obtained nanoparticles along with flakes
are well-organized and the pores between nanoparticles could serve as effective pathways
for the electrolyte throughout redox process. Therefore, almost all of the nanoparticles
are extremely available to the electrolyte, leading to an extraordinary charge-discharge
capacity [41,42].
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Figure 3. FE-SEM photographs of the obtained NiO materials with different calcination temperatures.

The detailed morphological characteristics of the synthesized materials were estab-
lished further by TEM performance. Figure 4 exhibits the characteristic TEM pictures of
NiO-300, NiO-500, and NiO-800 samples. The obtained TEM pictures are completely de-
pendable with the FE-SEM outcomes (Figure 3). A well-organized channel with particularly
small pores was observed in NiO-300, where smaller NiO particles can pack closer to each
other, developing a narrow channel within the flake-like structure. When the temperature
increases (NiO-500 and NiO-700), the growth of the NiO crystallite size, which formed
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larger and rougher particles, made the close packing of the NiO difficult. Therefore, large
architecture was formed within the flake structure [43].

\Nfé-?oo

Figure 4. TEM images of the different NiO materials.
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The electrochemical characterization, such as CV and GCD methods, was employed
to calculate the supercapacitive properties of as-prepared NiO materials in 2.0 M KOH
aqueous solution. CV is an appropriate technique to describe the capacitive performance
of as-prepared electrode materials. Figure 5a illustrates the comparative CV curves of
the three different NiO samples (NiO-300, NiO-500, and NiO-700) in a three-electrode
set up at sweep rate of 10 mV s~! with cut-off region from 0 to 0.6 V versus Ag/AgCl
reference electrode. During the sweeps, the redox peaks are obtained, in which nickel oxide
is oxidized to nickel oxyhydroxide (NiO/NiOOH) during the cycling in aqueous solutions
KOH electrolyte. Hence, the capacitance is primarily coming from the redox reaction
(Faradaic reaction) of Ni?* /Ni®* obtained at the electrode surface. The shape of the CVs is
close to a well-defined redox peak, which is distinguished as that of pseudocapacitance

behavior. In the KOH electrolyte, the general electrochemical reaction mechanism for NiO
electrode is

NiO + OH~ < NiO(OH) + e~ (6)
150
— 100- _ b
> 100
< 501 b
= 50
= > ) Ni0-300
(7] —
5 °] 2 0
"-?' . e . —100 mVs™
q:; -50 c -50 —75mVs’
= | dt, 1 —50mVs:
3 -100 31001 i
45040— 0 l==smvs
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Figure 5. (a) Comparative CV profile of three different NiO electrodes; (b—d) CV profiles of NiO-300,
NiO-500, and NiO-700 at various sweep rates, respectively.

Among the three different NiO electrode materials, evidently NiO-300 showed an
enhanced current response than that of NiO-500 and NiO-700 electrodes indicating the
higher surface area and porous nature, which makes it easier for ion diffusion throughout
the material surface and the charge transfer reaction. Figure 5b—d illustrates the CV profiles
of NiO-300, NiO-500, and NiO-700, respectively with varying the sweep rate at 5, 10, 20, 50,
75,100 mV s~! with a cut-off region from 0 to 0.6 V in a 2.0 M KOH electrolyte. The anodic
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peak current density and cathodic peak current density increases linearly with square-
root of the sweep rate in all three voltammograms, demonstrating that the corresponding
reduction and oxidation reaction is a diffusion-controlled process [44].

Figure 6a illustrates typical GCD curves of as-prepared NiO electrodes estimated an
applied current density of 0.5 A g~!. Compared with the NiO-300 electrode, NiO-500 and
NiO-700 electrodes have slower charge kinetics. The rapid charge—discharge characteristics
of NiO-300 were attributed to the more pores and well-organized architecture sites with
a reduced number of margins that allow for free access during the charge and discharge
cycles. The long discharging time of the GCD curve was observed for NiO-300, which was
further established by the outcomes attained from the voltammogram plots (Figure 5a).
Figure 6b—d illustrates the GCD curves of three different NiO electrode materials with
various densities of current ranging between 0.5 and 20 A g~ ! within the potential window
range between 0.0 and 0.40 V vs. Ag/AgCl. The GCD profiles are approximately symmetric
and a pair of charge—discharge plateau responses that were associated to the indication of
oxidation and reduction process of NiO. The NiO-300 electrode shows 68% of the columbic
efficiency in the initial cycles, whereas the NiO-500 and NiO-700 electrodes display 52%
and 48%, respectively. The electrode materials signify moderate columbic efficiencies owing
to electrochemical reactions and excellent electric conductivity. Furthermore, for Faradaic
redox processes, all three electrode materials have battery-like properties [10,14]. The
gravimetric capacitances of all the three different NiO electrodes are estimated from the
discharge profiles and are shown in Figure 6e. It was clear that NiO-300 establishes the
higher discharging time, illustrating the high specific capacitance of 568.7 F g ! at 0.5 A g 1.
When the current density increases progressively, the specific capacitance decreases, which
might be rate-limited kinetics by electrolyte ion-diffusion into the active materials. In
addition, the GCD consequences are well-matched with the obtained CV characteristics.

05 05
5 s 1b 5
0.4- >
‘\? < NiO-300 < 0.4 NiO-500
<] =2 2’
< <03 . 0.3
2 2 3
> 2 0.2 2 0.2
I s 3
£ £ 0.1 504
5 ° o
a 0.0 : : : : T 0.0+t ; ; ; * 00l L : R
0 200 400 600 800 1000 02008400 6008800 4000 0 200 400 600 800 1000
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0.5 d — 600 e

= o ]

S 0.4- . “ 500

< NiO-700 o ]
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< 0.3 & 400+ —@—Ni0-500
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§ 0.1 .g 200
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Figure 6. (a) Comparative GCD profiles of three different NiO electrodes; (b—d) GCD profiles of
NiO-300, NiO-500, and NiO-700 at various densities of current; and (e) specific capacitances versus
various current densities of NiO electrode materials.
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Figure 7a—c shows the EIS (raw and fitted) data of NiO-300, NiO-500, and NiO-700
electrodes. The corresponding equivalent circuit of measured EIS were fitted with different
components for example solution resistance (Rs), charge-transfer resistance (R¢t), Warburg
impedance (Zy), double-layer capacitance (Cp), and constant phase element (Q) as shown
in Figure 7d. The Rs was estimated from the intercepts of higher frequency region, and it
was found to be 1.9, 1.4, and 1.4 (), respectively. The Rs values were calculated from the
combination of two resistances, which are the electronic-resistance from the active substance
and ionic-resistance of the electrolyte. From the semicircle, the R, was determined attained
at the high-frequency region. The resultant R values of NiO-300, NiO-500, and NiO-700
were 3.43, 10.1, and 22.4 (), respectively. Hence, a lesser Rt value of NiO-300 signifies
improved capacitance behavior. Furthermore, the achieved outcomes are more reliable
with the observed Nyquist plot of the NiO electrode materials (Figure 7). In low-frequency
range, the sloping line is related with the diffusion of K* ions in the electrolyte—electrode
interface. The Warburg diffusion (Zy), was higher in the NiO-300 electrode (5.3 () due to
the porous nature providing more active sites; however, the NiO-500 (11.3 2) and NiO-700
(16.8 Q1) electrodes diffusion was reduced slightly because of the fewer active sites. The high
capacitance and low resistance showed that the NiO-300 electrode is an appropriate material
for ASC device applications. The major parameter for a supercapacitor is the frequency
factor (), which can give details about the ideality of an electrode toward supercapacitive
behavior. The values of n differ between 0 and 1: n = 0 indicate the resistor; n = 1 indicates
the ideal capacitor. The NiO-300 electrodes showed moderate supercapacitor behavior and
achieved the highest 1 value of 0.90 compared to NiO-500 and NiO-700 electrodes shows
0.76 and 0.71 respectively.

a b ® c ¢
-50- -40- .
40 ’
40 — i
3 = *  NiO-500 £ -304 :
i E ol . S ,® Nio-700
N NiO-300 <} ? s .20 °
L] H ] N 9o
-20- W !
N201 o o
@ Fitted
, , , , 0] . 0 ' . . .
0 10 20 30 40 50 0 10 20 30 40 50
Z' (ohm) 0 10 20 30 40 50 60

Z' (Ohm) Z (Ohm)

Rs
Rct Zw

Figure 7. EIS of the (a) NiO-300, (b) NiO-500, (c) NiO-700 electrodes, and (d) equivalent circuit.

The ASC device was constructed by employing AC as the anode and NiO-300 nanoflakes
as the cathode. Figure 8a presents the CV profiles of ASC device in various cut-off regions
at a sweep rate of 50 mV s~!. From the figure, the CV profiles of ASC device exhibits
typical capacitive performance with quasi-rectangular shape, which correspond to mutual
contribution of the EDLC and pseudocapacitance [10]. In addition, when increasing the
working cut-off region, more Faradaic electrochemical reactions were occurred. The oxygen
evolution can also be noticed on the CV curve when the working potential goes beyond 1.7 V.
The NiO//AC ASC device is largely dependent on the cut-off region. As a consequence,
1.6 V was chosen as the potential window region for subsequent investigation of the ASC
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device electrochemical performances. Figure 8b illustrates the CV profiles of the ASC device
at various scan rates in the cut-off region from 0 to 1.6 V. The current density increases
as the sweep rate increases, and the oxidation peak potential shifted to a more positive
potential, similar to the three-electrode device results.

60
= 20- al -
IU') 'm 40-
=10 < 20
2 2 ]
2 0- 2 0
o o )
] =]
€ 10 £ 204
e o 1
5 5 -40
3 201 &
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Figure 8. (a) CV profiles of NiO//AC ASC device examined at various cut-off windows at a sweep
rate of 50 mV s~1, (b) CV profiles of NiO/ /AC ASC device at various sweep rates, (¢) GCD curves of
NiO//AC ASC device measured at various cut-off range at a current density of 1 A g~!, and (d) GCD
profiles of NiO//AC ASC device at various current densities.

Figure 8c shows the GCD profiles were measured at different cut-off regions between
0.6 and 1.6 V at 1 A g~!. From the results, the device shows excellent supercapacitive
performances with quasi-symmetrical triangular GCD features, even at a potential window
maximum of 1.6 V, and the specific capacitance rose with increasing potential window.
The excellent performances of the ASC device can be accredited to the higher specific
capacitances and rate capability of the NiO nanoflakes in addition to the synergistic effects
of the cathode and anode. The GCD profiles of the NiO//AC device at different current
densities are presented in Figure 8d. It can be found that the shape of charge-discharge pro-
files are nearly symmetric, indicating that the electrochemical reactions are well reversible.
The specific capacitances were estimated based on the weight of the cathode attains and
discharge time 147.5 F g~ at 0.5 A g~! and the capacitance still shows a retention of
30 F g~! at 20 A g~ 1. Furthermore, the specific capacitance, energy density, and power
density maximum and stability of the NiO//AC ASC device was lower or comparable to
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the existing reports of the related metal oxides as cathode and activated carbon as anode,
respectively as shown in Table 1.

Table 1. Comparison of the electrochemical performances of the NiO electrode and those of related
metal oxide electrode materials.

Energy Power Stability
Electrode Electrolyte Specific Capacitance Density Density (Cycles/Capacitance Ref.
(Whkg1) Wkg1) Retention)
Porous NiO film 1 M NaOH 1042 F g’] @1mA cm™! — — 5000 cycles/— [45]
NiO core/shell 5M KOH 448Fg l@05Ag! — — 500 cycles/— [46]
NiO hollow spheres 2 M KOH 346Fgl@1Ag! — — 5000 cycles/— [47]
NiO nanotubes 6 M KOH 266Fg l@01Ag! — — 2000 cycles/93% [48]
NiO nanofibers 6 M KOH 336Fg ! @5mA cm™! — — 1000 cycles/87% [49]
NiO-carbon 6 M KOH 265Fg1@025Ag! — — 1000 cycles/70% [50]
3D-NiO/Graphene 6 M KOH 5873Fgl@1Ag! — — 1000 cycles/98.5% [51]
NiAl-LDHs//AC 6 M KOH 9%59Fg @1 Ag! 21.0 700 6000 cycles/63% [52]
Ifé%}g?' 6 M KOH 129Ahkg'@1Ag! 15.4 342 10,000 cycles/72.7% [53]
LDHCCISI?; //AC 2 M KOH 884Fg @086 Ag! 28.0 444.1 1000 cycles/68% [54]
NiWO,//AC 2 M KOH 5862Fg 1@05Ag™! 25.3 200 5000 cycles/91.4% [55]
nano ﬂﬁfs //AC 2 M KOH 568.7F g @05 A g ! 52.4 32,000 5000 cycles/90.6% [This work]

Figure 9a shows the Ragone plot of NiO//AC ASC device examined in the potential
range between 0 V and 1.6 V. The NiO//AC ASC device displays high energy density of
52.4 and 10.6 Wh kg~ ! at a power density of 800 and 32,000 W kg !, respectively. Finally,
the cyclability of NiO//AC ASC device was investigated at 1 A g~! over 5000 cycles were
performed for a potential window ranging from 0 to 1.6 V as shown in Figure 9b. The
specific capacitance of the ASC device still has retention of 95.6 F g~! during 5000 GCD
cycles at 1 A g~ !, which is about 90.6% of the initial capacitance. The GCD profiles of
the device retain the same symmetric profile after 5000 cycles, indicating that the device
still has good reversible electrochemical activity. The specific capacitance is fading due to
the increase in ohmic resistance of the ASC device during cycling. The interfacial contact
between the active material and the substrate may deteriorate with time as a result of the
active material volume changes during the charge-discharge process, resulting in a higher
ohmic resistance for the device. Furthermore, the active material may come loose from
the substrate during cycling, resulting in a capacitance underestimation. As a result, the
electrode construction method must be optimized in order to improve the device cyclability.
The realistic feasibility of the NiO//AC ASC device was studied by connecting a couple of
ASC devices in series to lighten with light emitting diode and powered ~30 min, after that
the devices were charged to 1.6 V for 25 s (inset of Figure 9b), thus resulting in the huge
potential of this NiO//AC ASC device for next generation energy storage applications.
Figure 9¢,d shows the GCD profiles and CV profiles before and after stability studies (after
5000 cycles) of the ASC devices, respectively. The specific capacitance of the ASC device
still has maintained ~90% of the initial capacitance after 5000 GCD cycles.
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Figure 9. (a) Ragone plot of the assembled NiO//AC ASC device. (b) Long-term cyclability of the
NiO//AC ASC device (Inset: Snapshot of light emitting diode powered by series of NiO//AC ASC
devices). (c) GCD profiles of ASC device of before and after 5000 cycles. (d) CV curves of ASC device
before and after the 5000th cycle of GCD measurements.

4. Conclusions

In summary, we successfully demonstrate the preparation of porous NiO nanoflakes
with CTAB and laboratory tissue paper as template by hydrothermal technique followed
by calcination at three various temperatures (300, 500, and 700 °C). The NiO-300 electrode
demonstrated high specific capacitance of 568.7 F g1 at 0.5 A g~ ! in the three-electrode
system. The ASC device employed of NiO-300 as the positive electrode and activated
carbon as the negative electrode shows a high capacitance of 105 F g1 at 1 A g~! and
also demonstrated excellent cyclability. In addition, the ASC device displayed gravimetric
energy density of 52.4 Wh kg~ ! at a power density of 800 W kg ~!. The promising results
suggest that porous NiO nanoflakes are an excellent electrode material for ultrahigh-
performance supercapacitors with viable applications.
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