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The electrochemical performances derived from the supercapacitors extremely
depend on their morphology. Indeed, designing nanostructured electrode materials
has a dramatic role in supercapacitor technology. Herein, highly ordered nanoporous
Ni(OH), nanobelt arrays were synthesized using a mild wet-chemical route.
Ammonia and persulfate concentrations were found to be important factors controlling
the formation of the nanobelt array architecture. The as-prepared nanobelt arrays were
characterized using FE-SEM, FT-IR, XRD, and EDX analysis. The obtained Ni(OH),
nanobelt electrode exhibited a specific capacitance of 384 mF cm?at 1.0 mA cm?,
fast rate performance, and excellent cycle life. These notable electrochemical features
were attributed to the morphology of highly ordered nano-array architectures, which
provides numerous free channels and offers more electroactive sites and sufficient
buffering space to moderate inner mechanical stress and minimize the ion transfer
path during the redox reactions. These nanoporous Ni(OH), nanobelt arrays were suit-
able candidates as advanced electrode material for supercapacitor applications.
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1. Introduction

Recently, due to the increase in greenhouse
gasses, the fast diminution of fossil fuel sources,
environmental pollution, and global warming issues
have drawn considerable attention. Therefore, there is
a serious demand to design clean, safe and renewable
energy storage systems.

Supercapacitors (SCs) are considered as main energy
storage systems. They have a large output potential,
low self-discharge, high power density, long cycle
life, safety operation, and no memory effect. They
are extensively used in portable electronic devices
e.g., cellphones, laptops, digital cameras, and electric
vehicles, etc. [1], [2].

The electrical doublelayer capacitors (EDLCs) are the
most common version of supercapacitors which use
carbon-based materials. However, the energy densi-

ty derived from these kinds of supercapacitors is low

and does not fulfill the highenergy and powerdensity
requirements of electronic vehicles [3].

The pseudocapacitive version of supercapacitors,
which store charges based on reversible farada-
ic reactions at the interface of electrode/electrolyte,
demonstrates higher electrochemical performances
compared with EDLC ones [4]. Fast redox reactions
result in high electron transport in the electrode to the
current collector and fast ion transfer in the electrolyte
surrounding the electrodes. Hence, to meet practical
requirements, pseudocapacitive electrode materials
should be employed parallel to EDLCs.
One-dimensional (1D) nanostructures (e.g., nanorods,
nanowires, and nanotubes) or two-dimensional (2D)
nanostructured materials (nanobelts and nanosheets)
fulfill such requirements due to their high surface
area and ideal charge transfer channels caused by
void spaces between neighboring groups [4], [5]. It
is expected that oriented 1D and 2D nanostructure
arrays facilitate the charge-discharge kinetics in
supercapacitors and exhibit better electron transfer
ability than 0D nanomaterials [6], [7]. Thus, the 2D
architectures will be desirable in achieving highrate
pseudocapacitive performances.

Besides the role of morphology, electrode material
selection is critical in the supercapacitor performance
as well. Recently, transition metal oxides (TMOs)
have been widely used as supercapacitor electrode
material owing to high specific capacitances [8], [9].
Among them, nickel oxide (NiO) and nickel hydrox-
ide (Ni(OH),) are of crucial importance owing to their
high specific capacitances, environmental friendli-
ness, high thermal and chemical stability, and low-
cost issues [10].

Although traditional powder TMOs have high theo-
retical capacitance, their electrochemical performance
does not fulfill the operative demands. Most TMOs
are semiconductors or even insulators, and display
minor electrical conductivity and involve high vol-
ume expansion, leading to deterioration during the

ion intercalation/de-intercalation and resulting in poor
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cycle life and supercapacitive performance [11]. Due
to these disadvantages, the improvement of TMOs
for use in supercapacitors is significantly limited. So
designing ordered nanostructure array electrode
materials such as nanowalls [12], nanosheets [13],
nanobelts [14], nanotubes [15], and nanowires [16] is
a great solution to avoid the abovementioned issues
[17].
Several Ni(OH), nanostructures have been
synthesized using template-assisted, electrodeposi-
tion, hydrothermal, and anodic deposition methods
[7]. Nevertheless, these nanotubes/nanowires are ran-
domly aligned rather than oriented [6]. The vertically
oriented 1D or 2D Ni(OH), nanostructures have been
rarely investigated [6].

In this study, highly ordered nanoporous Ni(OH),
(HONNA) were

using simple one step hydrothermal method as an

nanobelt  arrays synthesized

efficient electrode material for supercapacitive

applications. We focused on enhancing the
electrochemical performance of SCs by develop-
ing HONNA through a controlled, low temperature
and mild wet-chemical route. This method has the
advantage of controlling the crystal growth and
morphology of the material. Benefiting from its
single crystalline nature and vertically alignment,
the -Ni(OH), (111) nanobelt arrays can be used
as a promising electrode material for supercapac-
itors. The nanobelt array architecture prevents
accumulation or leakage of the electrode materials.
Furthermore, it provides a large number of
accessible voids, accelerating the charge transfer and
shortening the ion diffusion path. So, it is probable that
HONNA be a favorable candidate for the next

generation of supercapacitors.

2. Experimental section

2.1. Synthesis of highly ordered nanoporous
Ni(OH), nanobelt arrays
All reactants were of analytical grade and used as

received. Before starting the experiment, stainless
steel (SS) substrates were cleaned by ultrasonication
in 3 M HCI, alcohol, acetone, and distilled water for
10 min.

The HONNA were synthesized via a wet-chemi-
cal route. In a typical procedure, 45 mL of distilled
water was used to dissolve 5.26 g Ni(SO,),.6H,0 and
1.0 g potassium persulfate (K,S,O,). Then, 5 mL of
(25-28%)
added dropwise. The reaction was performed in a

condensed aqueous ammonia was
Teflon-lined stainless-steel autoclave at 150 °C for 8
h followed by cooling down the autoclave to ambient
temperature. This protocol resulted in the formation of
green HONNA sample. The product was centrifuged
and then cleaned with deionized water and alcohol
repeatedly to remove any impurities followed by

drying at 80 °C in an electric oven.

2.2. Structural characterization

A field-emission scanning electron microscope
(FE-SEM; TESCAN Mira II, Japan) equipped with
energy dispersive X-ray spectroscopy (EDX) was
used to monitor the morphological topographies
and elemental composition of the product. Fourier
transform infrared spectroscopy (FT-IR, Bruker,
TENSOR 27, USA) was applied to identify the
functional groups of the product in the range of
4000400 cm' under transmittance mode. The
crystalline nature of the product was studied
using X-ray diffraction (X-Ray Diffractometer, Philips
PW1730, Netherlands). The as-prepared sample was
exposed to Cu-Ka radiation to acquire the diffraction
pattern.

2.3. Electrode fabrication and measurements

The working electrode was prepared by blending
HONNA (80% w/w), carbon black (10% w/w) as a
conductive additive, and polyvinylidene fluoride
(PVDF) (10% w/w) as a binder in N-Methyl-2-
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pyrrolidone (NMP) solution, and then drop casted into
a SS substrate.

The electrochemical measurements were
conducted in the half-cell configuration, while the
Ni(OH), served as working electrode. A Pt plate and an
Hg/Hg,Cl, were served as counter and reference elec-
trodes, respectively. An aqueous solution of 3 M KOH
was used as the electrolyte.

Cyclic  voltammetry (CV) and galvanostatic
(GCD) tests were
with a potentiostat/galvanostat Autolab 302N, the
Netherlands, at a potential between 0.0 and 0.5 V. To

perform the electrochemical impedance spectroscopy

chargedischarge performed

(EIS) analysis, an AC voltage with an amplitude of 5
mV was applied at frequencies between 100 kHz to10
mHz.

3. Results and Discussion

3.1. Morphological evolution of HONNA

The formation process of HONNA is schematically
illustrated in Fig. 1. HONNA were synthesized by a
wet-chemical route at 150 °C for 8 h. To investigate
the growth kinetics of HONNA, the effects of growth
parameters like precursor, time, and temperature on
the morphology evolution of the nanobelt arrays were
explored. The growth time played a crucial role in the
formation process of HONNA. At reaction times be-

)
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low 6 hours, only a single piece of film was formed.
However, by increasing the growth time, the prelimi-
nary structure gradually grew and nanobelt arrays be-
gan to form. The nanobelt arrays also became thicker
and longer with increasing reaction time. When the
reaction time was increased to 24 hours, petal-like ar-
rays were produced, which had well-defined crystal
structure and high surface area. This suggested that
the growth time could be used as a tuning parameter
for controlling the crystal growth and morphology of
the nanobelt arrays [18]. The obtained nanobelt arrays
had an average height about 18 mm.

The temperature also played a key role in the
formation of HONNA. At temperatures less than
110 °C, no deposition of nanobelts occurs since
crystal growth has mnot been completed. By
increasing the temperature up to 140 °C, severe
accumulation of the Ni(OH), crystals occurs,
signifying the crystal growth above this temperature.
By increasing the temperature to 150 °C, Ni(OH),
crystals were able to achieve enough energy to grow
quickly and form nanobelt arrays [6].
The  thickness of  HONNA

manipulated by tailoring the

could be
growth time,
temperature, and precursor concentration. However,
it was observed that the growth parameters such as
temperature, growth time, Ni?" source and concentra-
tion, had minor effects on the final morphology of the

150 °C

8h

Fig. 1. Schematic illustration of the formation process for the highly ordered nanoporous Ni(OH), nanobelt arrays (HONNA).
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nanobelt arrays [19]. Increasing these parameters only
resulted in thicker films, however, the nanobelt arrays
were always formed. This suggested that the forma-
tion of nanobelt arrays was primarily governed by the
intrinsic properties of the precursor and the growth
mechanism. Similar results are expected during the
synthesis of Ni(OH), nanobelts.

In contrast to other growth parameters, ammonia and
persulfate concentration played a crucial role in de-
termining the final architecture of Ni(OH), nanobelt
arrays. Lower NH, concentrations caused Ni(OH),
to grow quickly even at room temperature, leading
to an uncontrolled morphology. For the formation of
Ni(OH), crystals, greater temperatures were required
as NH, concentration increased. At higher concentra-
tions of ammonia, shorter but thicker nanobelts were
obtained. A high molar ratio of NH, to Ni** resulted
in suitable surface adhesion, facilitating the coher-
ence of the surface and leading to a more compact
texture. These results suggested that precise control
over the concentration of NH, was necessary for ob-
taining well-defined and uniform Ni(OH), nanobelt
arrays [20]. For better control of the growth of na-
nobelt arrays, an accurate concentration of ammonia
is necessary. Higher ammonia concentrations could
prevent the deposition of Ni(OH), crystals because of
the strong chelate formation of NH, with Ni** cations.
This can be explained by the following equation:

(M

[Ni (H,0), . (NH)x T +20H " < Ni (OH ), + (6 -x )H 0 +xNH,

The molar ratio of potassium persulfate was also a
critical factor in the growth of HONNA. In the ab-
sence of K,S O,, the nuclei had no sufficient energy to
grow in a well-ordered manner. As a result, Ni(OH),
crystals formed in all directions, ultimately resulting
in a solid Ni(OH), powder instead of highly ordered
nanoporous nanobelt arrays.

The nanobelt arrays are developed by the modest

layering of hexagonal-shaped nanoplates in the pres-

ence of S O/ By adding persulfate to the reaction
medium, the Ni(OH), nanosheets gradually grew and
changed to a dense nanobelt array structure. This was
due to the oxidation of Ni(OH), by persulfate, lead-
ing to the formation of NiOOH on the surface of the
nanoplates. The newly formed NiOOH species then
acted as a growth site for the successive deposi-
tion of Ni(OH),. The gradual growth of Ni(OH),
on the surface of the nanoplates resulted in highly
ordered nanoporous nanobelt arrays.

Ions and molecules exist between the stacking lay-
ers of Ni(OH), due to layered double hydroxide
(LDH) nature of Ni(OH), [2]]nanowires, short
nanowires, and B-Ni(OH. In hexagonal Ni(OH),,
the (001) plane is the tightest packed plane. The
S,0.> anion is adsorbed on the highly active (001)
plane in the presence of K S O,,
plane. The selective adsorption of S,O.* onto the
exposed (001) plane caused stacking of Ni(OH),

crystals along the c-axis, resulting in vertically

deactivating this

oriented HONNA with numerous electroactive
sites. This stacking phenomenon led to increased
accessibility of electrolyte ions to more electroac-
tive sites, improving the electrochemical perfor-
mance of the nanobelt arrays [22].

3.2. Material characterization

The FE-SEM imaging was conducted to inspect
the morphological properties and the texture of
the obtained B-Ni(OH), products. Fig. 2 reveals
the FE-SEM images of the Ni(OH), sample in the
absence of persulfate. As seen, in this case, only
puffy Ni(OH), nanoflakes were achieved.

Fig. 3A displays the FE-SEM images of the
Ni(OH), nanobelt arrays structure at differ-
ent magnifications. The inset in Fig. 3A (scale
2 um) reveals that the freshly obtained product
was green and uniform. Moreover, the wellde-
fined and interconnected nanobelt structure stuck
to the SS substrate. The nanobelt motif with a
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SEMHV: 15.00kV  WD:4.467 mm MIRAW TESCAN

SEMMAG: 20.00 kx  Det: InBeam

SEMHV:15.00kV  WD:4.465 mm
w7 SEMMAG35.00kx  Det:inBeam

SEMHV: 15.00KV  WD:4.466 mm

MIRAN TESCAN
SEMMAG: 7000 kx  Det: InBeam 4

MIRAW TESCAN
wi wi

1pm

Fig. 2 FE-SEM images of Ni(OH), samples in the absence of K,S,O,.

porous texture could be clearly imaged. Fig. 3B (scale
1 um) shows the involved and interconnected Ni(OH),
nanobelt wound with each other and form the wrin-
kled HONNA structure. The high magnification (scale
500 nm) of FE-SEM image (Fig. 3C) discloses that
the nanobelts comprised multilayers of interconnect-
ed uniform belts stacked with ultrasmall nanosheets,
which were related to the LDH nature of Ni(OH), [23].
The Ni(OH), nanobelt arrays had an average height
around 1-2 um, a thickness less than 100 nm, and an
average pore size almost 7.23 nm. The film thickness
can be efficiently manipulated by tuning the growth
time without the change in the morphology. Accord-
ing to the FE-SEM results, the Ni(OH), array struc-

SEMHV: 15.00kv WD 2.645 mm

SEMMAG: 2000 kx  Det: InBeam 2pm

Wi SEMMAG:3500kx  Det: InBeam

ture was composed of many interweaving nanosheets.
This open structure generated expanded surface area
for adequate electrode/electrolyte contact, which re-
duced the internal stress and sustained the structural
strength.

The EDX spectra (Fig. 4A) revealed the existence of
nickel and oxygen atoms, which are the constituent
elements of Ni(OH),. The corresponding elemental
mapping analysis (Figs. 4B and 4C) displayed diffrac-
tion spots that were uniformly dispersed throughout
the nanobelt array structure, indicating homogeneous
distribution of nickel and oxygen atoms. These results
confirmed the successful synthesis of HONNA.

I
72 nm

MIRANTESCAN ~ SEMHV: 15.00kV ~ WD: 2.642 mm Lot MIRAW TESCAN
Wi SEMMAG:7000kx  Det:inBeam 500 nm wi

1pm

Fig. 3 FE-SEM images of highly ordered nanoporous Ni(OH), nanobelt arrays (HONNA) at different magnifications.
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Fig. 4 (A) EDX analysis and (B,C) Elemental mapping of the obtained highly ordered nanoporous Ni(OH), nanobelt arrays (HONNA).

The XRD pattern of the HONNA is demonstrated in
Fig. 5. The pattern shows diffraction peaks at 20.2°,
32.7°,39.1°,43.3, 53.2°, and 78.2°, which indexed to
the (001), (100), (101), (102), (110) and (111) lattice
planes, respectively. This pattern agreed well with
standard crystallographic data and could be referred
to the hexagonal B-Ni(OH), structure (JCPDS card
No. 14-0117). The strong and narrow peaks mani-
fested the excellent crystallinity of the highly ordered

3000
2500
2000

1500

Intensity (a.u.)

1000 A

500

nanoporous Ni(OH), nanobelt arrays. The high inten-
sity of the (102) diffraction indicates that the as-pre-
pared sample was highly oriented. In addition, no de-
tectable secondary phase was observed. It is notable
that the nickel sulfate precursor was entirely trans-
formed to B-Ni(OH), since no other miscellaneous
peaks were detected in the XRD spectra. This result
confirmed that the synthesized nanobelt arrays had a
well-defined crystal structure and were of high purity.

102

110

111

JCPDS 14-0117

40 50 60 70 80 90
28 (degree)

Fig. 5 XRD pattern of the synthesized highly ordered nanoporous Ni(OH), nanobelt arrays (HONNA).
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Fig. 6. FT-IR spectrum of the synthesized highly ordered nanoporous Ni(OH), nanobelt arrays (HONNA).

Fig. 6 exhibits the FT-IR spectrum of B-Ni(OH), na-
nobelt arrays. The main functional groups in BNi(OH),
nanobelt arrays were detected by FTIR spectroscopy.
The broad absorption band about 3423 cm' could be
ascribed to O-H stretching vibrations of the physio-
sorbed water molecules and the hydrogen-bound hy-
droxyl groups in B-Ni(OH), phase, which approves
the brucite nature of nickel hydroxide structure [24],
[25]. The peak at 1641 cm' was associated to the
bending vibration of the interlayer water molecules.
The strong peak at 1115 cm™! and the small peak at
1384 cm™! relate to the 6 O—H and Ni—O stretching
modes, respectively [25], [26]. The bands at 621 cm!
and about 470 cm' were related to the NiOH bending
and Ni-O stretching vibrations, respectively [27].

3.3. Electrochemical evaluation of HONNA for SCs

The deposited HONNA on SS current collector were
utilized as the supercapacitor electrode and showed
notable electrochemical performance. To study the
electrochemical features of the HONNA, a set of elec-
trochemical tests was conducted using CV and GCD
measurements and the results are presented in Fig.
7. The CV curve of the Ni(OH), nanobelt arrays at a

scan rate of 10 mV s'is demonstrated in Fig. 7A. A

couple of welldefined redox peaks at 0.24 V and 0.34
V were detected, corresponding to Faradaic reactions
occurring on the Ni(OH), surface rather than from the
adsorption of ions on a double-layer capacitor [28].
These peaks signified the pseudocapacitive nature of
the nanobelt arrays, which could be explained by the
following equation [4]:

Ni(OH ), +OH~ <> NiOOH +H,0 +e )

Furthermore, the low surface area of the stainless
steel substrate used in the synthesis of the Ni(OH),
nanobelt arrays indicated that the capacitance arising
from the current collector was negligible and did not
contribute to electrochemical reactions.

Typically, the kinetics of Faradaic reactions at an
electrode surface is ruled by the electron migration
process, ion adsorption on the electrode surface, and
ion penetration in the electrolyte solution surrounding
the electrodes [29]. For determining the rate-limiting
process, CV tests were conducted at different scan
rates ranging from 1.0 to 100 mV s', as demonstrat-
ed in Fig. 7B. The symmetry of cathodic and anodic
peaks suggests the reversibility of the electrochemi-
cal reactions at the HONNA. The single crystalline
nature of the HONNA allows high electron mobility,
facilitating the electron transfer from the Ni(OH),
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nanobelt electroactive sites to the SS contact.
Furthermore, the vertically aligned Ni(OH), nanobelt
arrays serve as extremely small electrodes. This not
only enhances the surface area available for electro-
chemical reactions but also accelerates the ions dif-
fusion in the electrolyte solution. As a result, it was
not unexpected that the electron transfer process in
the electrode and the ion diffusion in the solution
were not rate-limiting processes. This was evident
from the high specific capacitance and excellent rate
capability demonstrated by the nanobelt arrays in the
electrochemical tests, which showed a minimal
decrease in capacitance even at high current densities.
Typical GCD test of the HONNA electrode was
performed in the potential range of 0.00.45 V (vs.
Hg/Hg Cl,) at a current density of 1.0 mA cm?* (Fig.
7C). The plateau centered at 0.27 V on GCD profile
were attributed to the oxidation of Ni(OH), to NIOOH
[30]. The discharge cycle voltage shoulders at ~ 0.2
V agreed well with the CV tests. The oxidation peak
shifted to = 0.27 V due to structural rearrangement.
The specific capacitance of the electrode was
determined using the equation,¢ :% where [ is the
constant discharging current (mA), At is the discharge
time (s), S is electrode surface (cm?), and AV is the
potential range for the discharge cycle (V). The
specific capacitance of the HONNA electrode was
calculated to be 384 mF cm? Once more, the low
discharge time obtained from the SS substrate
revealed that the capacitance derived from the
substrate is negligible and it could be ignored.
The rateperformance of the HONNA was measured
andevaluatedindifferentcurrentdensities,asdemon-
strated in Fig. 7D. The capacitance retention vs.
current density is demonstrated in Fig. 7E.
Noticeably, the nanobelt array demonstrates a high
rateperformance for the supercapacitors. More-
over, the specific capacitance of 384 mF cm? was
achieved again on reversing the current density
from 20 mA ¢m? to 1.0 mA c¢m?, indicating that the

HONNA structure was well-preserved even after

cycling at high current densities.

To further explore the electrochemical feature of
the Ni(OH), nanobelt electrode, its cycling perfor-
mance was examined by continuous cyclic voltam-
metry (CCV) measurements [31]-[33] over 2000
cycles at the scan rate of 250 mV s! (Fig. 7F).

The specific capacitances of the HONNA were found
to increase continuously through the initial 100-300
cycles, which was related to the activation process
of the Ni(OH), nanobelt electrode [34]an ultrathin
2-dimensional hierarchical nickel oxide nanobelt film
array was successfully assembled and grown on a
Ni substrate as a binder-free electrode material for
lithium ion batteries. In the typical synthesis process,
the evolution of the nickel oxide array structure was
controlled by adjusting the amount of surfactant,
duration of reaction time and hydrothermal
temperature. By virtue of the beneficial structural
characteristics of the nanobelt film array, the as-ob-
exhibits
lithium storage capacity (1035 mA h g-1 at 0.2C after
70 cycles and 839 mA h g-1 at 0.5C after 70 cycles.

This activation process was highly dependent on the

tained NiO array electrode excellent

Ni(OH), electrode architecture and the applied scan
rate [35]-[37]. Subsequently, the specific capacitance
of the nanoporous Ni(OH), nanobelt arrays remained
almost unchanged as the CV test continued. After
2000 cycles, the specific capacitance only decreased
nearly 1.23% compared to initial specific capacitance,
which was related to the destruction of the nanobelt
structure.

After a long-term cycling stability test (the inset in
Fig. 7F), the CV curves were still stable, which
further confirmed the high cyclability and fast
Ni(OH),
nanobelt electrode. The HONNA structure was
found to exhibit a long cycling performance even at

electrochemical  reactions of the

higher currentdensities. The CV curves obtained during
successive scans revealed a high degree of syn-
chronization, indicating the high stability of the
capacitor. This stability was attributed to the
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Fig. 7 CV curves of the HONNA electrode (A) at 1.0 mV s and (B) at different scan rates. (C) GCD curves of HONNA electrode at
1.0 mA cm?, (D) GCD curve of HONNA electrode at different current densities, (E) The capacitance retention vs. current density,
and (F) Capacity retention of HONNA electrode for 2000 continuous cycling at the scan rate of 250 mV s'.

advantageous geometric features of the nanobelt
structure, which facilitated ion transfer [38]. The
vertical alignment of the nanobelts on the current
collector was also found to assist charge transfer and
contributed to stable cycling feature and high
coulombic efficiency as well. Fig. 8A reveals the
Nyquist plots of the EIS spectra obtained for the
highly ordered nanoporous Ni(OH), nanobelt ar-

ray electrode. The EIS data was fitted by an equiv-
alent circuit (Fig. 8B), which comprised of the
equivalent series resistance (ESR) at the electrode/
electrolyte system (arising from the resistance of
electrolyte solution and the electronic resistance of
electrode textiles (R ), charge transfer resistance (R ),
ion diffusion resistance (Z ), and electrochemical
capacitance (Q,) [3], [39]-[43].



Hydrogen, Fuel Cell & Energy Storage 10 (2023) 157-171 167

(A) ®  Stainless steel
@ Ni(OH), nanoblet array
4000 L]
L]
[
L]
3000
]
s L]
a w
= 2000 - " w
N [ w .
- w
] g™
1000 - ¥ .
f o
/ i
o
0+ s 3 »
@
T T T T T
0 1000 2000 3000 4000
7' (Q)

o e

€ =1.00mF

Ro=514 m

oA oo

R=270 Y0 = 802 mMho®stN
M= 0739

Fig. 8(A) Nyquist plot of highly ordered nanoporous Ni(OH), nanobelt array electrode at open circuit. (Inset shows the expanded
high-frequency region of the EIS spectra). (B) The equivalent circuit.

The EIS spectra obtained for the HONNA electrode
displayed a low semicircle in the high-frequency
region and a straight line in the low-frequency
region. The diameter of the semicircle represents the
R, while the straight line reflects the diffusion of
the electroactive species [44]. The Ni(OH), nanobelt
array electrodes exhibited a
specifying low R  value of the HONNA. These results
suggest that HONNA are ideal for facilitating charge

small semicircle,

transfer in supercapacitor electrodes, making them
suitable candidates for various electrochemical energy
storage applications.

Table 1 shows the values of R , R, Z;, C, and C,
calculated from fitting of the experimental impedance

spectra with equivalent circuit.

Table 1. The calculated parameters from equivalent circuit.

Element Parameter Value Estimated Error (%)
Rl R 0.51352 2.025
R2 R 2.7651 9.663
Cl C 0.0010039 4.942
Q1 YO 0.0080162 3.570
N 0.78931 1.817
e 0.35759

The architecture of the Ni(OH), nanobelt array
provides a large contact area between the electrode/
electrolyte, facilitating rapid charge transfer and
ion delivery during the charge-discharge process.
Additionally, the array structure effectively mitigates
the mechanical stress caused by volume expansion,
resulting in improved supercapacitive properties of
the electrode.

Such suitable rateperformance is associated to the
HONNA deposited on the SS substrate, which
form a compact structure and improve contact area
between the electrode material and the substrate, and
reduce the contact resistance. Due to the abundance of
open voids HONNA, more electroactive species can
participate in Faradaic reactions in the surrounding
electrolyte. In addition, the void arrays buffer the
structural change and avoid the aggregation of the
active material in the ion intercalation and de-in-
tercalation processes. Accordingly, it facilitates the
ion penetration and charge transfer in the structure,
which accelerates the kinetics of the electrochemical
reactions during the chargedischarge cycles.
Benefiting from the enhanced contact area between
the electrode/electrolyte, the ion diffusion distance is

shortened.
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Conclusion

A facile method was developed for synthesiz-
ing highly ordered nanoporous Ni(OH), nanobelt
arrays (HONNA) using the wetchemical method. The
evolution of nanobelt array architecture was
adjusted by modifying the growth parameters such as
temperature, time, and reactants concentrations. The
NH, and S,0.* concentrations played a critical role
in the morphology evolution of Ni(OH), nanobelt
arrays. The nanobelt structures were utilized as the
supercapacitor electrode and exhibited an improved
specific capacitance of 384 mF cm?at 1.0 mA cm?’.
In addition, the fabricated electrode demonstrat-
ed a high rateperformance, and improved specific
stability. The
nanobelt  array

capacitance, and
highly
architecture of Ni(OH), provides more electroactive

cyclic unique

ordered  nanoporous
sites and minimizes electron transfer and ion diffusion
path in the chargedischarge processes. As a result, this
nanoporous Ni(OH), nanobelt array electrode material

is highly desirable for supercapacitors.
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