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Abstract: In this work, Nig 5Zng sFe;Oy is synthesized as binder-based (NZF) and binder-free elec-
trodes (NZF@NF). The binder-free electrode is directly synthesized on nickel foam via facile hy-
drothermal techniques. The crystalline phase of both of these electrodes is examined through X-ray
diffraction. Their morphology is investigated by scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (TEM), which revealed the well-defined nanostructure
with the shape like thin hexagonal platelets. The chemical composition is verified by energy dis-
persive spectroscopy (EDS). Their electrochemical properties are analyzed by cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS).
The NZF@NF electrode has outperformed the binder-based NZF electrode in terms of electrochemical
performance owing to the 3D interconnected structure of the nickel foam. The NZF@NF electrode has
delivered a high specific capacity of 504 F g1 at the current density of 1 A g1, while its counterpart
has delivered a specific capacity of 151 F g~! at the same current density.

Keywords: ferrites; nickel foam; binder free; supercapacitors

1. Introduction

The world economy is growing at an exponential rate with huge demand for energy
conversion and energy storage systems. Fossil fuel reserves are dwindling with high
emissions of greenhouse gasses, leaving indelible scars on the global ecosystem. So, it is the
need of the hour to develop clean, nonrenewable energy sources along with energy storage
systems. Energy storage systems, such as batteries, fuel cells, and supercapacitors, can solve
the dilemma of efficient energy storage [1-3]. Among these devices, supercapacitors are
desirable owing to their high-power density, rapid charge-discharge, cycling stability,
and cheap fabrication cost. Moreover, the supercapacitors have found their niche in electric
vehicles, portable electronic devices, and backup power supply of numerous devices,
ranging from military and medical equipment to household items.

In a supercapacitor, the charge storage mechanism is divided into two main categories,
namely, electrochemical double-layer capacitors (EDLCs) and pseudocapacitors [1,4—6].
The carbon-based materials follow an electrostatic EDLC mechanism. The charge storage
mechanism of the metallic oxides is a pseudocapacitive and is based on a faradic process [7].
The transition metals are alluring choices as the electrode materials in supercapacitors
owing to their reversible redox reaction happening at a faster pace due to the pseudoca-
pacitive transfer of ions and electrons in the electrochemical reactions. Ruthenium has
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a high theoretical specific capacity among all transition metals, but its toxicity and cost
barred its potential commercial applications. Transition metals, such as zinc, nickel, cobalt,
and manganese, are good alternatives but still require attention to improve their low
electrical conductivity and stability.

So, in a bid to improve the shortfalls of transition metals, mixed metallic oxides are
extensively investigated, such as Mn/Co, Mn/Fe, or Ni/Co, etc. These mixed metallic ox-
ides have achieved amazing success in electrochemical arenas. The mixed metallic oxides,
such as spinel ferrites, are desirable because of their multiple redox sites, electrical and op-
tical properties, and stability during electrochemical conversion [8,9]. The general formula
for the spinel ferrites are MF,0, (M = transition metals such as Ni, Co, or Mn) with the
ferric ions having an octahedral position and the metal ions are at the tetrahedral sites [10].
It is believed that the spinel ferrites will demonstrate a richer redox chemistry due to the
contribution from the M and Fe ions than the single metallic oxides in electrochemical
reactions. Many ferrites with nickel and cobalt have demonstrated their superior electro-
chemical properties due to the multiple vacancies of the divalent transition metal ions.
This contribution of the metallic cations makes them catalytically active on the electrode
surface, which improves the electrochemical properties. So, the addition of more divalent
ions in the spinel ferrites will significantly enhance the electrochemical properties of these
spinel ferrites and can uplift the energy density of the energy storage devices.

Many spinel ferrites, such as CoFe,O4, NiFe;Oy4, and ZnFe;Oy4, have demonstrated
their superior electrochemical performance due to their rich electrochemical redox chem-
istry. Bablu Mordina et al. [11] has synthesized a binder-free NiFe;O4 electrode on a
nickel foam substrate and stainless-steel substrate. The nickel foam substrate has outper-
formed the stainless-steel substrate due to its porous structure by achieving a value of
specific capacity as high as 398 C g~! at 1 A g~!. In another work, single-phase spinel
ternary transition ferrite nanocomposites, such as CuCoFe;Oy4, NiCoFe, O, and NiCuFe,Oy,
were synthesized [12]. Among these ternary transition ferrites, CuCoFe;O4 has demon-
strated enhanced electrochemical activity, and a value of specific capacitance of 221 F g~ at
ascan rate of 1 A g~! was achieved, with excellent cycling stability. The high electrochem-
ical performance of these ternary transition ferrite nanocomposites indicates that these
materials are promising electrodes for supercapacitors.

The specific capacitance of the transition metallic ferrites can be enhanced by the
incorporation of the conducting polymers and reduced graphene oxide in the structural
matrix. Highly conductive surfaces, such as reduced graphene oxide, can provide chan-
nels for faster and facile diffusion of the charge carriers with increased conductivity and
specific surface area. On the other hand, the ferrite nanoparticles on the surface of the
reduced graphene oxide can prevent the restacking of the reduced graphene oxide sheets.
Similar studies have been carried out in which introduction of reduced graphene oxide has
increased the specific capacitance of these ferrite materials, i.e., NiFe,Oy4 [13], ZnFe,Oy4 [14],
Mn;.,CuxFe,Oy4 [15], and PEDOT:PSS-wrapped NiFe;O4 [16].

Metallic oxides such as ferrites have a large surface area with facile diffusion for
the electron-ion. Still, these metallic oxides suffer from poor electric conductivity and
higher contact resistance in binder-based electrodes. The polymers used for adhesion of
the active material on the electrode results in a dead surface, thus severely limiting their
electrochemical performance. The direct synthesis of ferrite nanomaterials on substrates
such as carbon paper, carbon fabric, or nickel foam was found to be an effective strategy
for enhancing the electrochemical activity [2,17-20]. Nickel foam as a current collector
has several advantages necessary for high-performance devices, such as efficient electron
transfer, high physical strength, and a 3D macroporous structure [21].

Malaie et al. [22] has demonstrated that the magnesium ferrite nano-flowers hydrother-
mally grown on nickel foam has an exceptional supercapacitance of 241 F g~ at a scan rate
of 20 mVs~!. An increase in aerial capacitance and decrease in serial resistance is observed
after 2000 cycles, which is due to further activation of the magnesium ferrite nano-flowers
on the surface of the nickel foam. In a similar study [23], the facile hydrothermal method
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was employed to create binder-free electrodes of Ni(OH), /NiFe,O4 with various molarity
of the Fe(NO3);3. The specific capacitance of Ni(OH), /NiFe,O4 was greater than the bare
Ni(OH), and NiFe,O4 binder-free electrodes, due to a synergetic combination between
Ni(OH), and NiFe;Oy. In turn, the molarity of 1 mmol F(NOj3)3 was found to be opti-
mum with larger CV curves and less agglomeration of the particles on the surface of the
nickel foam.

The spinel ferrites can be synthesized by co-precipitation, solvothermal, and hydrother-
mal methods, but the hydrothermal technique has proven to be the most effective one [24].
In this work, we have synthesized Nij5Zng5Fe;O4 nanomaterials as an active material
for supercapacitor application and also directly synthesized Nij5ZngsFe;O4 on highly
conducting nickel foam. The electrochemical properties of binder-based and binder-free
electrodes are compared using CV, galvanostatic charge—discharge, and EIS.

2. Synthesis Process

The synthesis process is elaborated in Scheme 1.
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Scheme 1. Synthesis route for NZF and NZF@NF.

2.1. Materials

All materials, such as the Zn(NOs),-6H,0, Ni(NO3),-6H,0, FeCl,-6H,0, ammonium
fluoride (NH4F), and urea (CH4N,O) were purchased from Sigma Aldrich. All materials
are >98 percent pure and used without any further modification. The nickel foam used in
this study has a thickness of 2 mm with 110PPI.

2.2. Treatment of the Nickel Foam

First of all, nickel foam of size 2 x 2 cm? was cut, then treated with 2M HCl solution
in a sonication bath for 30 min to remove the oxidation layer. Later, the nickel foam piece
was cleaned with ethanol and distilled water to remove the impurities, followed by drying
overnight at 80 °C.

2.3. Synthesis of the Nickel Zinc Ferrite

In 70 mL deionized water, 0.005 M Zn(NOj3),-6H,O was added. Then 0.005 M
Ni(NO3)2-6H70 and 0.02 M FeCl,.6H,O were added. Followed by the addition of 0.02 M
ammonium fluoride (NH4F) and 0.05 M urea in the prepared solution to start the co-
precipitates. This solution with the precursors was put on a magnetic stirrer for half an
hour to form a greenish brown solution. After forming a solution with all reagents dis-
solved in it was put into a 100 mL autoclave. The autoclave was sealed tightly and placed
in an oven for 180 °C for 5 h and then allowed to cool down at room temperature after
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completing the reaction. Later the precipitates were centrifuged and washed with distilled
water and ethanol repeatedly to clear it from all the loosened impurities. Later these were
dried overnight at 80 °C and subsequently annealed at 350 °C for 2 h. The prepared sample
was labeled as NZF.

2.4. Synthesis of Binder-Free Nickel Zinc Ferrite

Pre-cleaned nickel foam was put in the above solution with all precursors to prepare
the binder-free electrode. The nickel foam was suspended in the autoclave with the help
of a polyfluortetraethylene (PTFE) thread to ensure homogeneous coating. This nickel
foam-containing solution was maintained at 180 °C for 5 h. Later, the nickel foam was
washed in an ultrasonic bath with deionized water and ethanol to clear it from all the
loosened impurities. The nickel foam was dried overnight and later annealed at 350 °C for
2 h. This binder-free electrode with active mass loading was labeled as NZF@NE.

2.5. Characterizations

The structural purity of the prepared sample was analyzed by X-ray diffraction
(XRD) via a Bruker X-ray diffractometer (Cu K« radiation). The value of two theta was
varied a from 10° to 80°, with a counting time of 0.5 s and using a step size of 0.02°.
SEM (EVOS50 ZEISS) was used to study the surface properties of the electrode

2.6. Electrochemical Measurements

The 3M KOH solution was employed as the electrolyte in the three electrodes’ elec-
trochemical cells. In the binder-free electrode cell, the platinum foil (Pt) electrode was the
counter electrode and the saturated calomel electrode (SCE) was the reference electrode,
while the nickel foams with material loading were used as the working electrode. The area
of the prepared nickel foam electrode was 2 x 2 cm?. The binder-based working electrode
was prepared with a mass ratio of 8:1:1 with NZF-synthesized samples, acetylene black
(BP2000), and polyfluortetraethylene (PTFE), respectively. The electrochemical activity of
the prepared electrodes was analyzed on an electrochemical workstation (CHI 660e) using
the CV and galvanostatic charge-discharge measurements. At an open circuit, potential
EIS measurements were done by using an AC voltage with 5 mV amplitude while the
values of the frequency varied from 0.01 Hz to 100 kHz.

3. Results and Discussions

In Figure 1, the XRD peak patterns of NZF and NZF@NF are displayed. The observed
XRD peaks at 20 of 18.12°, 30.06°, 35.32°, 37.04°, 43.02°, 53.45°, 57.0°, and 62.63° can be
assigned to (111), (220), (311), (222), (400), (422), (511), (440), and (433) miller indexes,
respectively. The strong XRD peaks at 44.50°, 51.78°, and 76.32° can be ascribed to the
diffraction at the (111), (200), and (222) crystal planes of the nickel foam, respectively. In the
prepared samples, all the characteristic peaks for the ferrite materials are present along with
the most intense peak at (311), which confirms the formation of a cubic spinel structure.

A considerable broadening of the peaks is observed due to the presence of the crys-
talline size of the nanomaterial in both the NZF and NZF@NF electrodes. So, in the wake of
such broadening of peaks, the Scherer formula was used to find the size of the nanomateri-
als. The size of the nanomaterial was found to be 33.7 nm by applying the Scherer formula
based on the full width half maximum (FWHM) of the (311) high intensity peak, as given in
Equation (1). The obtained peaks are in good agreement with the reported literature [25,26].
The average crystallite of the nanoparticles was calculated using the Scherer formula.

D = 0.91A/BCos @

where A is the wavelength of the X-ray in nanometer, 0 is the Bragg’s angle in degree, and j3
is the full angular line width in radian at the half maximum intensity.
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Figure 1. X-ray diffraction of NZF and NZF@NF.

To clarify the morphology of the nickel zinc ferrite (NZF) with and without nickel
foam, the FESEM technique was employed, as shown in Figure 2a—-d. In comparison,
in NZF@NF (Figure 2c,d), the particles are clearly segregated with less agglomeration.
The 3D structure of the Ni foam is an effective substrate that can provide pathways for
active materials to penetrate the electrolyte easily. In particular, it prevents the clustering
of the nanoparticles. Energy dispersive spectroscopy was used to examine the chemical
composition of the prepared samples, as displayed in Figure 3a,b. The presence of the
Ni, Zn, Fe, and O peaks depicts the presence of nickel, zinc, iron, and oxygen in the
prepared samples.

Figure 4a,b shows thin hexagonal platelets like the morphology of both the NZF
and NZF@NF samples, which can be ascribed to the same synthesis conditions used for
the preparation of these electrodes. The particles’ size is in the range of 27 to 49 nm,
agreeing well with the Scherer equation.

The CV curves of the NZF and NZF@NF are displayed in Figure 5a,b in the potential
range of —0.5 to 0.4 V in 3M KOH electrolyte at various scan rates, i.e., 5 mV, 10 mV,
15 mV, 20 mV, 30 mV, 50 mV, and 100 mV. The curves of NZF and NZF@NF being nearly
rectangular in shape is a testimonial of the reversible system. The absence of a redox peak
in the NZF@NF CV curves is due to the pseudo constant rate over the entire voltammetry
cycles. The NZF@NF showed a higher CV-integrated area than the NZF electrode due
to its higher electrochemical performance and better adhesion between the ferrite and
nickel foam. This enhanced electrochemical performance is due to the absence of polymer
adhesion and dead area on the surface of active electrode material [19,27]. A larger area and
high values of current are observed in NZF@NF compared to NZF, which can be ascribed to
the 3D porous structure of the nickel foam that can provide more electro-active sites for the
electrochemical reaction [22,23]. Furthermore the CV area can be improved by introduction
of highly conductive carbonaceous material, such as graphene oxide and CNTs, which can
introduce an EDLC charging mechanism [28,29]. Thus, this hybrid charging strategy
can take advantage of the synergy between the EDLC and pseudocapacitor materials.
The oxidation peaks are shifted toward the positive side of the axis and reduction peaks
are slightly shifted to the negative side of the axis, with an increase in scan rate. The area
increases with the increase in the scan rate due to a more activation active area at a higher
scan rate.
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Figure 2. FESEM images of (a,b) NZF (c,d) and NZF@NF.

To understand the electrochemical properties of the NZF and NZF@NF samples,
the galvanostatic charge—discharge was performed at a potential window of —0.5to 0.4 V
at different current densities, ranging from 1 A/g to 10 A/g. Figure 6a,b shows that all
curves represent a nonlinear shape due to the faradic behavior of the ferrites materials.
The value of specific capacity for NZF was found to be 151.1, 157.8, 130, 105.6, and 77.8 F/g
at current densities of 1, 2, 3, 5, and 10 A/g. The values of specific capacitance for NZF@NF
were found to be 504.4, 406.7, 350, 277.8, and 200 F/g at the current densities of 1, 2, 3, 5,
and 10 A/g, respectively. The comparison of specific capacitance of this work with the
earlier reported literature is given in Table 1. The performance of the material synthesized
in this work in terms of its specific capacitance is remarkable. The value of specific capacity
as a function of current density is plotted in Figure 6¢, and the plot of the specific energy
against specific power density is plotted in Figure 6d. It is obvious in Figure 6d that the
energy density performance of NZF@NF is much better than the NZF. In Figure 6d, at a
power density of 450 kW kg~!, an energy density of 17 kWh kg~ is achieved for the
binder-based electrode, while at the same power density, the energy density value reaches
56 kWh kg ! for the binder-free electrode. This surge in performance for the binder-free
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electrode can be credited to the increase in electroactive area due to the mesh structure of
the nickel foam. The higher capacity of NZF@NF can be attributed to the higher electrical
conductivity and porous structure of the nickel foam that facilitate the diffusion of ions
and electrons.

———————
0 2 4 6 8 10 12 14 16
Full Scale 2523 cts Cursor: 0.000 ke

Map Data 1

Zn

0 2 & 6 8 10 12 14 16
Full Scale 3518 cts Cursor: 0.000 ke

Figure 3. EDS spectra of (a) NZF@NF (b) and NZF.

Table 1. Comparison of specific capacitance with the earlier reported literature.

Electrode Material Potential Window V Current Density Specific Capacitance Reference
NiFe; Oy 1 05Ag! 50Fg! [30]
NiFe,O4@NF 0.4 1Ag! 398Cg! [11]
ZnFe;O4 microspheres 0.45 01Ag™! 131Fg! [31]
NiFe;Oy4 1 1 mA cm~2 127Fg! [32]
Nig gZng ,Fe; Oy 1 1Ag! 12Fg! [25]
Nig gZng »Fe; 04 /rGO 1 1Ag™! 127.94F g1 [25]

Nig 5Zng 5Fe; Oy 0.9 1Ag! 151.1Fg! This work

Nig 5Zng 5Fe;O04 0.9 1Ag! 5044 F gt This Work




Energies 2021, 14, 3297

8of 11

Current (A)

0.04

0.03

0.02

0.01

0.00

-0.01

-0.02

-0.03

Figure 4. HRTEM images of (a) NZF@NF (b) and NZF.
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Figure 5. (a) CV curves of NZF at the potential window of —0.5 to 0.4 V; (b) CV curves of NZF@NF at the potential window

of —0.5t004 V.

The Nyquist plot of the ZF and NZF@NF is shown in Figure 7, using EIS to examine
the ion transfer resistance and electrical conductivity of these electrodes. The inset of
Figure 7 displayed the EIS at higher frequencies. The solution resistance was calculated
from the intercept at the real axis and labeled as Rs and the charge transfer resistance
was calculated from the diameter of the semicircle, which is the most characteristics
for the supercapacitors and labeled as Rct. The semicircle of the NZF@NF is not seen;
this is because of the negligible charge transfer resistance because of the good electrical
conductivity of the nickel foam and tight loading of the active material on the nickel foam.
The larger diameter of the NZF electrode and higher value of the intercept on the real
axis is a demonstration of the larger solution resistance and internal resistance due to the
usage of a polymer-based binder. The NZF@NF demonstrated a straighter line than the
NZF electrode at the lower-frequency regions, representing small Warburg impedance,
thus signifying the rapid transfer of ions across the solution, electrolytes, and on the surface
of the electrode for the binder-free electrode. So, the binder-free electrode has outperformed
the binder-based electrode owing to its higher electrochemical activity.
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of —0.5 to 0.4 V; (c) Ragone plot of the specific capacity as a function of the current density; (d) Ragone plot of the energy
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Figure 7. EIS plot of NZF and NZF@NF while the inset shows the EIS plot at high frequencies.
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4. Conclusions

In this work, NZF and NZF@NF electrodes were synthesized via the facile hydrother-
mal method. The crystalline phase was confirmed via XRD and the morphology was
examined by SEM and TEM techniques. The electrochemical properties were investigated
by CV, GCD, and EIS methods. The NZF@NF electrode has surpassed the NZF binder-
based electrode. The NZF@NF has demonstrated a specific capacitance of 504.4 F g~ ! at
1 A g~ ! and retained ~70% of the specific capacitance, even at a higher current density
of 3 A g~1. It is suggested that the incorporation of highly conductive polymers, CNTs,
or reduced graphene oxide can further improve the electrochemical performance. The high
electrical conductivity and 3D interconnected porous structure of nickel foam is translated
into enhanced electrochemical properties of the NZF@NF electrode.
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