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Abstract: The design and development of electrode materials for energy-storage applications is an
area of prime focus around the globe because of the shortage of natural resources. In this study, we
developed a method for preparing a novel three-dimensional binder-free pseudocapacitive NiZn,Oy4
active material, which was grown directly over nickel foam (NiZn,O,@3D-NF), using a simple
one-step hydrothermal process. The material was characterized by X-ray diffraction, scanning
electron microscopy, and transmission electron microscopy. Cyclic voltammetry, galvanostatic charge—
discharge, and electrochemical impedance spectroscopy techniques were employed to evaluate the
pseudocapacitive performance of the NiZn, Oy active material in a three-electrode assembly cell. The
prepared NiZn,0,@3D-NF electrode exhibited an excellent specific capacitance, of 1706.25 F g~1,
compared to that of the NiO@3D-NF (1050 F/g) electrode because it has the bimetallic characteris-
tics of both zinc and nickel. The NiZn,O,@3D-NF electrode showed better cyclic stability (87.5%
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retention) compared to the NiO@3D-NF electrode (80% retention) after 5000 cycles at a fixed current
density, which also supports the durability of the NiZn,O4@3D-NF electrode. The characteristics of
NiZn,O4@3D-NF include corrosion resistance, high conductivity, an abundance of active sites for
electrochemical reaction, a high surface area, and synergism between the bimetallic oxides, which
make it a suitable candidate for potential application in the field of energy storage.
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1. Introduction

With the increasing demand for portable devices, whose function is supported by energy-
storage electrodes, much attention in research has focused on energy storage in the development
of sustainable alternatives that allows for reducing fossil fuel consumption [1-3]. For this pur-
pose, efforts have also been focused on developing various innovations for new energy-storage
materials and devices, such as batteries and supercapacitors, for numerous important rea-
sons [2-7]. Supercapacitors (SCs) have advantages compared to batteries, such as low internal
resistance, long life, power density, light weight, and portability. SCs can be categorized accord-
ing to the mechanism of electrochemical reaction during the charge—discharge process [8-10].
The rapid faradaic redox reaction that occurs during the electrochemical reaction is characteris-
tic of SCs of the pseudocapacitor category, and the interface between the electrolyte and the
electrode surface during the electrochemical process characterizes SCs of the double-layered
capacitor category. These categories can also be further divided according to the use of identical
or different electrode-assembled SCs (symmetric or asymmetric SCs) [11-13].

The lifecycle of SCs is totally dependent on the active materials used to prepare the elec-
trode, which are the key components of the assembly cell. For this purpose, various types
40/). of active materials, such as carbon-based materials, oxide, sulfides, hydroxide, bimetallic
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three-dimensional materials, and conducting polymers, have been used to develop efficient
electrodes for supercapacitor cells [14-17]. Among them, binary transition metal-based
electrode materials have gained attention in various applications, including in energy-
storage devices, because of their unique structures and properties, such as the synergistic
effect created by the presence of the two metals. Better electrochemical performance, a high
specific capacitance, and long cyclic stability are the main features that make these materi-
als potential candidates in the field of energy-storage application. In addition, the spinal
structure of metal oxides in bimetallic oxides remains the same because the metal easily
replaces the atoms from the material counterparts, which can also be helpful to enhance
the faradaic redox reaction site, which, in turn, helps to increase the specific capacitance
of bimetallic oxide-based electrodes. Therefore, the selection of the appropriate bimetallic
oxide and its rational structure are important for enhancing the overall performance and for
ensuring structural stability during the electrochemical charge—discharge process [14-20].

In addition, metal oxides and sulfide-based electrodes have been used as positive
electrodes in various pseudocapacitors because of their good electrical conductivity, their
lower electronegativity, and their redox behavior. The metal sulfides, such as NiS, NiS,, and
MoS,, have received much attention in fabricated energy-storage electrode materials [21].
Apart from the aforementioned advantages, there are some problems associated with metal
sulfides, firstly, due to the insulating nature of sulfur, which may be responsible for the poor
stability of the electrodes. Secondly, the fluctuations and the expansion of the sulfides are
thermodynamically unstable. Third, oxidation and the volatile nature of the metal sulfides,
due to acidity, are common problems for their practical application [22]. The metal oxides,
such as C0y04, MnO;, and NiO, are proposed as efficient electrode materials for superca-
pacitor applications. Among these are nickel-based materials, which have morphological
diversities that include rods, wires, flowers, etc. The NiO can offer excellent electrochemical
performance and good electrical conductivity with binder-free-based material compared to
other metal oxides. However, the performance with the NiO-based materials has the limita-
tions of low specific capacitance, slow rate stability, poor durability, and low redox activities
in the charge—discharge process [8,23]. To overcome these situations, many researchers
have fabricated electrodes based on mixed/binary metal oxides, such as Xu et al. [24],
who prepared NiCr,O4 chromite spinel via the precipitation method using aqueous am-
monium solution, which exhibited a specific capacitance of 187 F/g at a current density
of 0.6 A/g. Xu et al. [25] fabricated a nanobelt of ZnCo,04 via the hydrothermal method
using hexamethylenetetramine, which acts as an adscititious alkali, and it showed a specific
capacitance of 229 F/g. Sahoo et al. [26] used the electrodeposition technique to develop
MnCo,04 nanosheets over glass substrates coated in indium-doped tin oxide (ITO), with a
specific capacitance of 250 F/g. Xu et al. [27] fabricated NiCo,04 active materials using
the hydrothermal method, and improved the specific capacitance up to 273.5 F/g with the
help of activated carbon. Similarly, Kumar et al. [8] prepared flower-like NiZn,O4 over
a nickel foam substrate, which showed a 253 F/g specific capacitance ata 1 A/g current
density. These binary metal oxide electrodes delivered improved electrochemical energy-
storage performances compared to the simple and individual metal oxides [28,29]. Even
though NiO, and ZnO; electrode materials have shown high-energy-storage performances,
the literature on mixed Ni-Zn electrode materials is very limited. Thus, the synthesis of
NiZn,0Oy as an effective electrode material would be beneficial because of the merits of the
low cost, the binder-free nontoxicity, and the superior electrochemical specific capacitance
from the synergistic effect of the Ni and Zn ions.

However, other bimetallic oxides, especially NiZn;O4, have rarely been used as active
materials for electrochemical supercapacitive applications, although they have character-
istics similar to other metal-based bimetallic electrode materials, and individual oxides
of nickel and zinc have been investigated for energy-storage applications. Therefore, it
is worth studying the electrochemical performance of a mixed nickel-zinc binary oxide
for the supercapacitive performance in order to determine its suitability as a potential
candidate for energy-storage applications on the basis of the possession of various ad-
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vantages, such as low costs, being binder-free, excellent specific capacitance, and supe-
rior electrochemical properties owing to the synergistic effects. Therefore, in this study,
we used a single-step hydrothermal process to prepare a three-dimensional binder-free
flower-like bimetallic NiZn, Oy active material (NiZn,O4@3D-NF), and we investigated
the electrochemical supercapacitive performance in detail using the cyclic voltammetry,
galvanostatic charge—-discharge, and electrochemical impedance spectroscopy techniques.
The NiZn,O4@3D-NF delivered a high specific capacitance of 1706.25 F/g, compared to the
NiO@3D-NF (1050 F g~!) at the same current density of 1.5 A/g, in addition to delivering
excellent cyclic stability over 5000 cycles (87.5% retention).

2. Experimental
2.1. Materials

Zinc sulfate, nickel(Il) sulfate, hexamethylenetetramine, N-methyl-2-pyrrolidone,
potassium hydroxide, ethyl alcohol, and acetone were acquired from Sigma-Aldrich. Nickel
foam (>99.99% purity) was obtained from the MTI Corporation, U.S.A. Polyvinylidene
fluoride was procured from the Daejung Chemicals and Metal Co., Ltd., Korea.

2.2. Methods

A PANalytical X-ray diffractometer (X'pert PRO-MPD, The Netherlands), with
A =0.15405 nm, was used to investigate the phases and the crystal structure of the
NiZn,O4@Ni foam. Field emission transmission electron microscopy (FE-TEM), at an
accelerating voltage of 200 kV (Tecnai G2 F20, FEI, College Station, TX, USA), was used to
evaluate the morphology and surface behavior of the NiZn,O4@3D-NF.

2.3. Electrochemical Measurements

The electrochemical pseudocapacitive performance of the NiZn,O4 active material
was evaluated by galvanostatic charge—discharge (GCD), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy techniques, inside three assembly cells. Dur-
ing all of the electrochemical supercapacitor measurements, the active area was fixed to
1 cm X 1 cm of the fabricated binder-free NiO@3D-NF and the NiZn,O4@3D-NF. A Ver-
saSTAT 3 potentiostat workstation (Princeton Research, Princeton, NJ, USA), connected
with working, reference (Ag/AgCl), and counter (Pt plate) electrodes, was used to evaluate
the electrochemical performance. Aqueous potassium hydroxide was used as the active
electrolyte for the electrochemical measurements [14].

Idt
C= 12 1)
where C represents the specific capacitance (F/g); t represents the discharging time; m is
the mass of the active materials coated /grown over the current collector; dV represents
the applied potential window; and I represents the applied current and is the applied
potential window.
E=1/2CV? @

P=E/t 3)

where E is the energy density; C is the specific capacitance of the NiZn,O;@3D-NF-
fabricated electrode; V denotes the applied voltage window; and t represents the dis-
charge times.

2.4. Synthesis of Binder-Free Bimetallic NiZn,O4@3D-NF Active Material

The three-dimensional flower-like NiZn,O4 was grown over nickel foam (NiZn,O,@3D
-NF) via a simple and cost-effective hydrothermal process, using zinc sulfate (ZnSO4-7H,0),
nickel sulfate (NiSO4-6H,0), and hexamethylenetetramine (C¢Hj2Ny) as the starting pre-
cursors. For this process, initially, a piece of nickel foam (Figure S1, in Supplementary
Materials) with a size of 1 x 3 cm, was washed with 1-M hydrochloric acid solution, ethanol,
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Zinc sulfate +

Nickel(II) sulfate +
Hexamethyvlenetetramine

and DI water, followed by ultrasonication to remove the oxidized layer present over the
surface. Next, 0.2875 g of ZnSO4-7H,0, and 0.2321 g of NiSO,-6H,0O, were dissolved in
50 mL of a C¢gH12N4 aqueous solution, and were further stirred for 15 min at 60 °C. The
resulting mixture was transferred to a Teflon-lined stainless autoclave, in which the nickel
foam (1 cm x 3 cm) substrate was dipped. After that, the autoclave was carefully sealed and
placed in an electric oven at 150 °C for 5 h. After completion of the reaction, the resulting
precipitate was washed with water and ethanol, dried at 80 °C for 12 h, and was then stored
in a desiccator for further study. The three-dimensional flower-like NiZn,O4 grown over
the nickel foam is abbreviated as NiZn,O4@3D-NF (Figure 1). For the comparative study,
nickel oxide was also grown over nickel foam under similar experimental conditions, and
it is abbreviated as NiO@3D-NF.

Figure 1. Schematic illustration of the synthesis of binder-free NiZn,O,@3D-NF.

3. Results and Discussion
3.1. XRD and FESEM Analysis

The crystal structure and the phases of the NiZn,O4@3D-NF were examined by XRD,
and the results are depicted in Figure 2a, which shows the mixed pattern of nickel- and zinc-
based bimetallic oxides. The peaks observed at 36.90°, 43.15°, and 61.00° 28, corresponding
to the planes of (111), (200), and (220), respectively, show good correspondence with the
cubic phase of nickel oxide (JCPDS No. 47-1049) [8]. The diffraction patterns observed
at 34.50°, 36.50°, and 61.94° 20 can be readily indexed to the standard planes of (002),
(101), and (103), respectively, corresponding to the hexagonal phase of NiZn,O,4 (JCPDS
No. 36-14541). The few diffraction peaks are merged, which also supports the successful
formation of NiZn,O4. A few broad diffraction peaks of low intensity indicate the low
crystalline nature of NiZnyO4. However, the left shifting of the peak in the NiZn, Oy clearly
signifies the doping of the zinc ion to the nickel sites, which also suggests the crystalline
behavior of NiZnyOy. It is well known that the use of an appropriate preparation process
will result in the retention of a crystal structure, which can manifest as rigidity during
expansion while undergoing intense electrochemical measurements.
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Figure 2. (a) XRD patterns of NiZn,O4@3D-NF, and FE-SEM images of (a—c) nickel oxide, and
(d—j) NiZnp,O4@3D-NF at different magnifications.

The morphologies and microstructures of the 3D-nanosheet-assembled porous flower-
like pure NiO@3D-NF and the NiZn,O,@3D-NF electrode material were investigated by
FESEM analysis. Figure 2b—d shows SEM images of NiO@3D-NF at a lower magnification
than the FESEM images. Figure 2d shows the abundant thin nanosheet-like morphology
of homogeneous growth on the conductive current collector (Ni foam) that forms a 3D
flower-like morphology. Observation at higher magnification clearly illustrates that these
thin sheets all exhibit an irregular shape and size. With regard to the binary composite
(NiZn,O4@3D-NF), it can be clearly seen at lower magnification (Figure 2e—j) that numerous
sheet-like structures grew homogeneously on the Ni foam and assembled into a 3D flower-
like structure. The size of the 3D flower morphology of the binary composite is 5-7 pum, the
diameter of the nanosheet is about 2-4 mm, and the thickness of the nanosheet is 40-50 nm,
as measured from the high-magnification FESEM images in Figure 2i,j. Moreover, using
high magnification, it can also be clearly seen in the FESEM images that several burr-like
structures grew on the surface of the nanosheet. These burr-like structures provide a larger
contact area between the synthesized electrode material and the electrolyte compared to
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the pure nanosheet, which helps to enhance the electrochemical properties of the electrode
material for its favorable application in various energy-storage applications.

3.2. TEM and HRTEM Analysis

TEM and HRTEM were further employed to examine the internal structures and
surface morphologies of the NiO@3D-NF and the NiZn,O,@3D-NF, and the results are
shown in Figure 3. Figure 3a,b shows TEM images of NiO, which reveal the rather large
flower size, as well as a structure that is not very porous. However, the TEM and HRTME
images of the bimetallic NiZn,O4@3D-NF (Figure 3c—f) clearly show the morphology
and porous behavior, which are in accordance with the FESEM analysis. Figure 3c,d
clearly show that the NiZn,O,@3D-NF consists of numerous interconnected petal-like
structures. This unique morphology, with an interconnected structure, certainly plays an
important role in the electrochemical reaction that occurs between the electrode and the
electrolytes. In addition, the presence of the radial sphere reduces the path length of ion
diffusion during electrochemical measurements. These results are also in accordance with
the abovementioned SEM analysis.

3.3. Electrochemical Studies

The three-electrode assembly cell was connected with the potentiostat/galvanostat
workstation setup to evaluate the electrochemical performance using the CV
(Figures S2a and 4a,c,d), GCD (Figures S2b and 4b,e,f), and EIS (Figure 5b) techniques,
which are proficient tools for examining the capacitive behavior of active materials. Fig-
ure 4a shows a comparative CV graph of the NiO@3D-NF and the NiZn,0,@3D-NF,
recorded within the potential window range of 0.0-0.5 V, and at a fixed scan rate of
30 mV s~ 1. The CV graph of NiO@3D-NF and NiZn,0;@3D-NF shows clear redox peaks
at ~0.31 and 0.37 V within the defined potential window, clearly indicating the pseudoca-
pacitance behavior of the fabricated electrode. The redox reaction involving the potassium
hydroxide electrolyte included two steps, which corresponded, respectively, to the re-
versible reaction of the M?* /M3* transitions (M = Ni, Co, Zn, Cu, etc.) associated with
the OH™ ions. Even at a high scan rate, the CV curves depict well-defined redox peaks,
which clearly indicates that the fabricated binder-free NiZn,O4@3D-NF electrode fully
sustained the rapid redox reaction. The CV curves also suggest that, at a high scan rate, the
peak slightly shifted to the initial position, which indicates the lower polarization of the
electrode materials, and the fast electron and ion transport rates during electrochemical
processes. On the basis of an electroanalytical point of view, the small potential difference in
the anodic and cathodic peaks may be attributed to the reversible electrochemical reaction,
which can be explained with the help of the following reaction, Equations (4) and (5) [8,9]:

NiO + OH™ = NiOOH + e~ (@)

NiZn,O4 + OH™ + HyO =2 ZnOOH + NiOOH™ + e~ (5)

The comparative CV profile shows that the integrated capacitive area is larger for
NiZn,O4@3D-NF than for NiO@3D-NF, which is also the basis for the better electrochemical
supercapacitive performance of the NiZn,O4@3D-NF. The improved electrochemical per-
formance of NiZny,O,@3D-NF compared to NiO@3D-NF is due to the large area provided
to the electrolyte ions, which can be easily penetrated during the electrochemical process.
The CV graph of the NiO@3D-NF and the NiZn,04@3D-NF was recorded at different scan
rates, and the results are shown in Figure 4c,d. The results show that the reversibility and
integrated capacitive area of the electrode during the faradaic reaction was homogeneously
maintained, even at higher scan rates, which supports increased ion diffusion during the
electrochemical process.
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Figure 3. (a,b) TEM images of NiO, and (c—f) TEM and HRTEM images of NiZn,O4@3D-NF at
different magnifications.
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Figure 4. (a) Comparative CV of NiO@3D-NF and NiZn,04,@3D-NF; (b) comparative GCD graph
of NiO@3D-NF and NiZn,O,@3D-NF; (c) CV of NiO@3D-NF at different scan rates; (d) CV of
NiZnyO4@3D-NF at different scan rates; (e) GCD graph of NiO@3D-NF at different current densities;
and (f) GCD graph of NiZn,0,@3D-NF at different current densities.

The supercapacitive properties were further examined using the galvanostatic charge—
discharge method, which is the main technique used to evaluate the potential of electrodes
in energy-storage device applications. The GCD profiles of the NiO@3D-NF and the
NiZn,O0,@3D-NF were examined at fixed and varying current densities, and the corre-
sponding specific capacitances were calculated using the above equation (Equation (1)) [14].

The comparative GCD graph for NiO@3D-NF and NiZn,O4@3D-NF at fixed current
densities is shown in Figure 4b, in which a clear plateau region can be observed, implying
the faradaic behavior of the prepared active materials; these results are in accordance with
the CV results. At a fixed current density of 1.5 A g~1, the NiZn,O,@3D-NF delivered a
specific capacitance and an areal capacitance of 1706.25 F/g (3412 mF/cm?), as well as a long
discharge time, which was 1.625 times higher than that of the NiO@3D-NF (1050.0 F g~ or
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2100 mF/cm?). The prolonged charge and discharge duration, the larger integrated area,
and the excellent specific capacitance of NiZn,O,@3D-NF can be attributed to the synergy
that develops because of the presence of the bimetal, which plays an important role in
providing large numbers of active sites, and in facilitating increased ion diffusion during
the electrochemical process. The specific capacitance of the individual electrode was also
examined with the help of the GCD curves at different current densities, and the results are
shown in Figure 4e f. The resulting specific capacitance values of the NiO@3D-NF and the
NiZn,04@3D-NF were extracted from the GCD curves and the equation, and the results are
as follows: At a current density of 1.5, 3, 4, 5,7, and 10 A gfl, the specific capacitance of the
NiZn,04@3D-NF was 1706.25, 1650, 1500, 1012.5, 840, and 580 F/g, respectively, and that of
the NiO@3D-NF was 1050, 1012.5, 620, 400, 350, and 275 F/g, respectively (Figure 5a). These
results show that the NiZn,O4@3D-NF delivered excellent specific capacitance performance
compared to the NiO@3D-NF, as well as to other previously reported materials (Table 1).

S,
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Figure 5. (a) Calculated specific capacitance of NiO@3D-NF and NiZn,0,@3D-NF; (b) Nyquist plot of
NiO@3D-NF and NiZn,O4@3D-NF; (c) cycling stability graph of NiO@3D-NF and NiZn,O4@3D-NF;
(d) Ragone plot of NiZn,0,@3D-NF.

The charge transfer resistance, ion diffusion, and electrical conductivity of the NiO@3D-
NF and NiZn,O4@3D-NF electrodes were explored, and the electrochemical impedance
spectroscopy technique was applied from low- to high-frequency regions, and the further
results are plotted as a Nyquist plot (Figure 5b). Generally, the Nyquist plot exhibits
semicircular behavior in high-frequency regions, and linear behavior in low-frequency
regions [2,12,15]. The semicircle region provides information related the charge transfer
resistance (R¢t), whereas the linear region provides information related to the Warburg
impedance (W), the mass transfer, and the resistivity of the electrolyte in contact with
electrodes. The Warburg impedance appears after the interaction of the OH™ ions with
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the electrodes. Figure 5b shows that the semicircle diameter in high-frequency regions for
the NiZnyO,@3D-NF electrodes is much smaller compared to that for the NiO@3D-NF
electrodes, which indicates the fast charge transfer occurring over the NiZn,O,@3D-NF
as compared to the NiO@3D-NF electrodes. The straight line in the low-frequency region,
which makes an angle with the z-axis, clearly indicates the better energy-storage properties
of the NiZn,O4@3D-NF over the NiO@3D-NF electrodes. Additionally, the Nyquist plot
behavior also supports the pseudocapacitive behavior of the prepared electrodes [20].

Stability is a major issue of concern, and an important parameter to elucidate when
investigating the potential application of energy-storage electrode materials. Thus, the
consecutive charge-discharging cycle test was also conducted, and the results are shown
in Figure 5c. Compared to the NiO@3D-NF, the NiZn,O4@3D-NF exhibited excellent
cyclic stability over a 5000-cycle run at a fixed current load. The stability results also
show that the specific capacitance was almost maintained over the entire long cycle, and it
did not drop quickly after 1000-2000 cycles, which supports the excellent cyclic stability
of the designed NiZn,O4@3D-NF electrode. However, compared to the NiZn,O4@3D-
NF electrode, the specific capacitance of the NiO@3D-NF decreased much faster after
1000 charge—discharging cycles. This implies that the prepared NiZn,O,@3D-NF electrode
has good rate capability, long-life stability, and superior specific capacitive properties,
suggesting that it has great potential for energy-storage applications.

Apart from stability, the power density of the electrode is also a very important
parameter, and it can be measured during the electrochemical measurements, and further
calculated using Equations (2) and (3). The corresponding plots (Ragone plots) are shown
in Figure 5d. From the Ragone plot, it can clearly be seen that the energy density decreased
when the power density increased, which is in accordance with the calculated specific
capacitance value. This behavior can be justified as follows: At a high current load, the
charging process is fast, and electrolytic ions do not have sufficient time to penetrate the
available pores on the electrode surface. In the present case, the constructed electrode
material exhibited a maximum energy density of 75.83 Wh/kg at the power density of
631.91 W/kg. Moreover, the NiZn,O4@3D-NF electrode achieved the highest power density
of 4026.56 W /kg, with a corresponding energy density of 25.77 Wh/kg. The maximum
energy density of the NiZn,O4@3D-NF electrode was higher than that of several binder-
free supercapacitance electrodes, such as ZCGNO/Ni foam (62.8 Wh/kg) [29], ZnCo,04
nanowire array/Ni foam (41 Wh/kg) [30], and ZnCo,04 nanowire cluster array/Ni foam
(12.5 Wh/kg) [31].

Table 1. Overall comparison between the electrode in this study and previously reported electrodes.

Cyclic
Electrode Synthesis Synthesis Current Specific Stability
No. Material Morphology Method Condition  Collector Electrolyte Capacitance and Ref.
Retention
1 ;ﬁiit;:;i;d— Mesoporous Hydrothermal 130°C Ni foam oM 11722 C/g 81.6% [10]
oxide nanosheet for5h KOH (1A/g) @2000
Zinc-nickel-
120 °C 6M 257.5F/g 97.18%
2 gzlia;lt ternary Nanosheets Solvothermal for 7h Powder KOH (05A/g) @2000 [32]
ZnCoyOy— Core-shell 120 °C . 2M 419.1F/g 81.4%
3 NixCon(OH)s,  nanowire Hydrothermal ¢ "oy Ni foam KOH (1A/g) @2000 [33]
ZnCo,04/rGO/ . 210°C . 6M 1256 F/g 80.2%
4 NiO Nanowires Hydrothermal for 24 h Ni foam KOH (3 A/g) @3000 [29]
Nanoleaves
. . . 140 °C . 2M 12842 F/g 98.17%
5 NiZn,O4-NiO with Hydrothermal forAh Ni foam KOH (1A/g) @5000 [8]

nanoparticles
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Table 1. Cont.

Cyclic
Electrode Synthesis Synthesis Current Specific Stability
No. Material Morphology Method Condition  Collector Electrolyte Capacitance and Ref.
Retention
. Core-shell . 1.2-0.2V, . 2M 1529F/g 42%
6 ZnO@Ni3S, nanorods Electrodeposition 5mV/s Ni foam KOH 2 A/g) @2000 [34]
Porous Modified
. . interface 393 K 3M 1867 F/g 77 4%
7 NixZm,S spheroid method and for 8 h Powder KOH (1A/g) @1000 (171
nanoparticles h
ydrothermal
. . 200 °C Ni 9435F/g 91.1%
8 NiO@Ni foam Nanosheets Hydrothermal for 24 h foam 2 M KOH 5 A/g) @1200 [35]
. . 120 °C . 231F/g
9 NiO coated NF Nanowires Hydrothermal for 4h Ni Foam 2 M KOH (05A/g) - [36]
. . . 871F/g 86.5%
10 NiO-NF Nanoparticles  Sol-gel - Ni Foam 4 M KOH 5mV/s @10,000 [37]
o Porous
11 ZnO film Nanoparticles Epent Zn-C 60°C silicon 0.6 M KOH 547 F/g - [38]
attery for24 h 5mV/s
substrate
. . . 56.99F/g
Zinc Oxide Pine-needle . 95 °C . 78%
12 Nanorods nanorod Electrospinning for 1h Nanofiber 1MH,SOs (0.1 . @5000 [39]
mA/cm?)
3D nanosheet
assembled
. . 150 °C . 2M 1706.25F/g  88% Present
13 NiZn,O4@3D-NF  flower with Solvothermal for5h Ni foam KOH (15A/g) @5000 work

several-burr
morphology

As expected, all spectroscopic and microscopic analyses confirmed the identity of the
prepared active materials as NiZn,O,@3D-NF and NiO@3D-NF electrodes. The developed
binder-free electrodes also exhibited excellent electrochemical performances.

Three-dimensional active materials grown over porous nickel foam have many favor-
able characteristics, including corrosion resistance, high conductivity, abundant active sites
for electrochemical reactions, and a high surface area, which make them suitable candidates
for potential application in the field of energy storage. The synergism of the bimetallic
oxides plays an important role in reducing the diffusion path length of the ions during
the electrochemical reaction, which leads to the fast transportation of electrons between
electrodes and electrolytes, which significantly enhances the overall capacitive performance
of the electrodes (Figure 6) [40].

Figure 6. Expected mechanism for interaction and charge over electrodes and electrolytes during
electrochemical analysis.
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4. Conclusions

In this work, we prepared binder-free NiZn,0,@3D-NF and NiO@3D-NF electrodes
through a simple and cost-effective one-step hydrothermal process. The prepared elec-
trodes were set up in a three-electrode assembly in order to examine their electrochemical
supercapacitive performance, and the results show that the developed NiZn,O,@3D-NF
electrodes delivered a high capacitance value compared to the NiO@3D-NF electrodes. The
unique three-dimensional morphology and porous behavior of the electrodes facilitate ion
transport, which reduces the weight of the electrodes and provides a better liquid—solid
interface, which leads to overall improved supercapacitive performance. The NiZn,0,@3D-
NF electrode showed better cyclic stability than the NiO@3D-NF electrode at a fixed current
density, which supports its durability. The prepared NiZn,O,@3D-NF also exhibited high
power density and energy density compared to the NiO@3D-NF electrode. The excellent
electrochemical supercapacitive performance demonstrates the advantages of using three-
dimensional bimetallic oxide-based electrodes grown over a three-dimensional current
collector, which provide better conductivity, structural stability, ion transportation, and
interfacial interaction between the electrode and the electrolytes during the electrochemi-
cal reaction. The enhanced supercapacitive performance is encouraging for the potential
application of NiZn,O4@3D-NF electrodes in various energy-storage devices.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cryst12010014/s1, Figure S1: SEM image of bare nickel foam; Figure 52: CV and CD profile of
the bare nickel foam.
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