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ABSTRACT

Activated carbon (AAC), NiFe,O4, and binary nanocomposites of NiFe,O, and AAC elec-
trodes have been prepared for supercapacitor applications. Nickel ferrite (NiFe,O4) was
prepared using four different ways: electrospinning, hydrothermal, sol—gel, and green
method. The samples were characterized by XRD, FT-IR, SEM, TEM, and BET techniques.
The results showed the formation of the ferrite in the cubic spinel phase with different
morphological structures of nanofibers, nanotubes, nanorods, and nanospheres, as well as
the formation of AAC in the flake structure. The influence of synthetic methods on elec-
trochemical properties and their applications in storage energy was studied using cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD), and impedance methods in a 6 M
KCl electrolyte solution. The data obtained illustrated pseudo-capacitive behavior with a
revisable charge/discharge property. The maximum specific capacitance for ferrite sam-
ples increased with decreasing the particle size and a capacitance value of 1130 F g * for
the NiF,04 nanofibers (NiF¢) sample. The AAC electrode has a specific capacitance of 432 F/
g. The capacitive data of an asymmetric capacitor designed from the AAC@NiF¢ composite
electrode, the activated carbon (AAC), and a solid electrolyte composed of PVA and KOH
were studied. The capacitor shows a specific capacitance of 135 F/g, a maximum energy
density of 34.7 Wh/kg, a maximum power density of 5314 W/kg, and high cycling perfor-
mance, with 88% capacitance retained over 10000 cycles.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Particles with nano-size possess wonderful properties and
have various imaginable applications in different fields such
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as electronics, sensors, fuel cells, batteries, supercapacitors,
etc. [1-5]. The physical properties of the nanoparticles hang
permanently on the production route [6]. The nanoparticles
exhibit an excellent surface-to-volume ratio and the existence
of infinite grain boundaries that dominate an elevated defect's
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density, which cause unlimited effects on their physical
properties such as mechanical, optical, magnetic, electrical,
and electrochemical behaviors [S5]. Materials with nano-
particles submit numerous improvements in energy appli-
ances, which involve physical interaction and chemical
reactions at the surface or border zones in crystalline mate-
rials. Accordingly, the surface properties such as its roughness
and the conductivity at the grain boundary play a significant
task in storing energy in the nanomaterials.

At present, various effective technologies for energy stor-
age have been explored. The supercapacitor is a forward-
looking energy storing device, storing a very large electric
capacitance in a very condensed arrangement, and is widely
used in many electronic devices. It has several advantages
such as wide operating temperature ranges, unlimited cycle
life, simple charging and discharging circuit, quick charging
time, and low cost [7—9]. The supercapacitor performance is
managed by the electrodes, current collectors, separator, and
electrolyte. The surface and electrical properties of electrodes
are the main factors that principally regulate the energy
storage in supercapacitors. Accordingly, a lot of works are
being appointed for developing new electrode materials and
advancing their electrochemical properties [10—15].

Supercapacitors are classified into two types: electric
double-layer capacitors and pseudocapacitors. They have
various charge storage mechanisms. In the standard electric
double-layer capacitors (EDLC), there are no faradaic and
redox reactions on the electrode surface, which can be
deduced from the rectangular shape produced through cyclic
voltammetry characterization. It is based on electrostatic ef-
fects between two electrodes with high specific surface areas
per volume, such as graphene and its surrounding electrolyte.
The charge is stored at the electrolyte/graphene interface
through the adsorption/desorption of electrolyte ions onto the
graphene surface. Due to the absence of the electrochemical
reactions, the EDLC has a higher lifecycle and lower energy
density than the pseudocapacitor. However, the pseudoca-
pacitor rests on a high-speed and reversible redox reaction to
store charge. Generally, conducting polymers and transition
metal oxides are being counted as promise electrodes in
pseudosupercapacitor owing to their different oxidation
states, environmental kindliness, and large abundance
[16—22]. NiFe,O4 as one of the mixed transition metal oxides,
was used as an electrode in supercapacitor applications
[23—26]. NiFe,0,4 particles with submicron-sized made by the
molten salt process showed a specific capacitance of
18.5F g*1 at a scan rate of 10 mV/s [27]. But, the use of NiFe,04
as electrode material meets limitations due to its low elec-
trical conductivity (~10~" — 1078 S cm™?) [28]. Thus, an increase
in the electrical conductivity of the NiFe,0, is necessary to be
used as electrode material. This can be done by mixing the
ferrite with a conducting material with a high surface area,
such as activated carbon. Soam et al. [29] synthesized ferrite/
graphene nanocomposite electrode with a specific capaci-
tance of 207 Fg~? in 1 M Na,S0, electrolyte. This capacitance
value is about 4 times greater than the NiFe,0, electrode.

Regarding EDLC electrode materials, activated carbon (AC)
has been the preferred choice as an electrode due to its
availability, porosity, good electrical conductivity, chemical
stability, low cost, and high specific surface area [30]. Based on

the above-mentioned properties, supercapacitors with high
capacitance can be fabricated via the advantages of activated
carbon and transition metal oxides with different valence
states. Since the variation of the surface area of the nano-
materials with changing their morphological structure affects
their storing energy. Thus, the One-dimensional nano-
structured materials have advantages in energy storage due to
their extraordinary porosity, huge surface area, well perme-
ability, and speedier electron, and ion migration rates. These
can excellently increase energy density, power density, and
cycling performance for energy storage [31,32].

The size and shape controlling of nano ferrites is the main
factor that affects their properties and subsequently their
applications. We previously reported the influence of the
synthetic methods of NiFe,0,, which exhibits inverse spinel
structure [33], on each of the dye adsorption, optical and
magnetic properties [34]. As an extension of our previously
published work, the current paper was designed to study how
the different morphologies of the NiFe,O, nanoparticles
(spheres, tubes, rods, and nanofibers) alter their electro-
chemical properties. The use of nickel ferrite as electrodes, in
the form of a single or binary composite material
(AAC@NiFe,0,), in fabricated supercapacitors was investi-
gated. The nanofiber NiFe,0,@AAC electrode with the most
excellent capacitance was tested to be used as a positive
electrode to assemble an asymmetric supercapacitor with
AAC as a negative electrode.

2. Experimental
2.1. Materials

All chemicals used were analytical grade reagents and were
used without any further purification. Commercial active
carbon based on coconut shell was supplied from Shanghai
Active Carbons (China). De-ionized water was used through
manifests all the experiments. Tamarindus indica seeds were
provided from the local market.

2.2. Synthesis of samples

2.2.1. Preparation of modified activated carbon

AC was blended with KOH at the mass ratio of AC: KOH = 1:5
ground effectively and then heated at 1100 K in an N, atmo-
sphere for 1 h. The product obtained was soaked in 0.1 M HCl
aqueous solution and subsequently washed and filtered with
de-ionized water up to the filtrate becomes neutral. Finally,
the product was dried at 350 K for 48 h and denoted as AAC
[35].

2.2.2. Synthesis of ferrite samples

Electrospinning, hydrothermal, and green methods were used
to synthesize different morphological structures of NiFe,O4
samples.

2.2.3. Electrospinning method

2.2.3.1. Preparation of NiFe,04 nanofibers (NiFy. Firstly, an
electrospun precursor was organized by mixing a mixture of
30 ml of methanol, 1.5 g of PVP, 3.0 g of Fe(NOs)3.9H,0, 3 mL of
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Fig. 1 — XRD of the investigated samples.

acetic acid, and 0.3 g of Ni(CH3COO),.4H,0, and magnetically
stirred for 24 h at room temperature. Next, 6 mL of the gotten
precursor was introduced into a 20 mL syringe with a 22 G
stainless steel needle, joined to a high-voltage supply with a
20 kV applied voltage. The space between the needle end and
the aluminum foil collector was 15 cm. The supply rate is
adjusted to be 1.2 mL h™? by a syringe pump. Lastly, the ob-
tained spun fibrous were calcined at 825 K for 2 h (at a heating
rate of 4 K min~) in a Muffle furnace under an air atmosphere.
The sample obtained is denoted as NiF¢ [36].

2.2.3.2. Preparation of NiFe,04 nanotubes (NiF;). Two grams of
the as-synthesized sample NiFf were placed in a 200 mL
beaker filled with de-ionized water. After 4 h of high-speed
magnetic stirring, the products were filtered and dried at
350K for 24 h in a vacuum [36]. The sample is denoted as NiF,.

2.2.4. Hydrothermal method (Preparation of NiFe,0,4
nanorods (NiF,))

Starting materials of 0.02 M FeCl; and 0.01M NiCl,.6H,0 were
dissolved in 200 mL of de-ionized water. Then 2.5 M NaOH
solution was added dropwise until pH of 1.5. After that, the
suspended solution was transferred to a Pyrex flask (500 ml),
which was sited inside an autoclave and heated at435K for4 h
under the stirring process. The suspended solution was

washed thoroughly to release the formed salts and unreacted
materials. The product was then filtered with filter papers and
dried at 350 K in an oven for 4 h [37]. The sample was denoted
as NiF,.

2.2.5. Green method

A green method was also used to prepare the NiFe,04 sample
by mixing T. indica seed powder and Fe(NOs)3.9H,0 and
Ni(NOs),.6H,0 with a molar ratio of 2:1 (Fe: Ni) in 60 mL
deionized water. The ratio of metal nitrates to the seed pow-
der is 1:1. The reaction mixture was heated with agitation in a
microwave oven (frequency of 2.54 GHz at 900 W output
power) for 30 min. The obtained product was annealed at
870 °C for 4 h [38]. The sample was denoted as NiFs.

2.2.6. Preparation of NiFe,0,@AAC composite

1.0 gof the prepared AAC was added to 90 mL de-ionized water
in a 250 mL beaker and dispersed by sonication for 1 h; then,
2.0 g fiber NiFe,04 (NiF¢) was inserted into the suspension with
stirring for 2 h. The suspended solution was then transferred
to a 250-mL Teflon-lined autoclave and heated to 400K for 6 h.
Lastly, the autoclave was placed sideways to cool to 300K, and
the gotten precipitant product was eventually washed using a
large amount of deionized water, dried, and symbolized as
AAC@NIiF;. The prepared sample was analyzed by the EDX
technique, which displayed peaks relayed only to Ni, Fe, C,
and O with weight percentages of 16.7%, 32.0%, 32.9%, and
18.4%. These outcomes agree well with the initial starting
ratios of the used materials.

2.3. Characterization methods

The obtained samples were characterized using different
techniques. The Phase analysis was performed by the XRD
technique, using a Philips X' Pert Pro Super diffractometer
with Cu Ko radiation (A = 1.54 A) in the range of 26 = 10-75°. A
BRUCKER FT-IR spectrometer recorded the FT-IR spectra in the
range of 4000400 cm™' The synthesized sample's
morphology and size were analyzed by SEM, JEOL JEM-
100CXII, and TEM by JEOL-2010. The surface properties were
analyzed via N, adsorption/desorption at 77 K by the volu-
metric technique via a NOVA 2200 apparatus. The pores size
was calculated using BJH (Barrett-Joyner- Halenda) method
from the adsorption isotherms.

The investigated electrodes' supercapacitive performance
was studied at room temperature using a three-electrode cell

Table 1 — XRD, TEM, FTIR, and N, adsorption data of the investigated samples.

Sample D/xrp (nm) Dreym (D) vo(em™) v (ecm™?Y) Surface area (m?%/g)  Pore Size (nm)

NiF¢ 20 Diam = 55 451.3 562.5 360 5.6
Length = several millimeters

NiF, 33 Diam. =9 445.3 558.1 115 4.9
Length = 230

NiF, 41 Diam. = 30 444.3 556.4 82 4.1
Length = 150

NiFg 50 35 443.9 556.2 54 3.5

AAC 45 20—40 3337 5.8

AAC@NiFy¢ 15 = 453.1 563.9 2570 6.4
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containing the working electrode, a counter electrode (a 0.59
cm?2 Pt square foil), and a reference electrode (a saturated
calomel electrode, SCE) in a 6 M KCl electrolyte solution. The
working electrode was prepared using a homogenous slurry of
the active materials with carbon black as a conductive addi-
tive and poly(vinylidene difluoride) as a binder in a DMF sol-
vent with a weight ratio of 8:1:1. The slurry was then coated
onto FTO glass and dried under vacuum at 230 K for 24 h. The
electrochemical behaviors of the prepared electrodes were
analyzed on an SP 300, BioLogic potentiostat using the CV,
galvanostatic charge—discharge (GCD), and EIS measurements
at frequencies ranging between 10—1 and 105 Hz. An asym-
metric supercapacitor (ASC) in a two-electrode setup using a
Swagelok cell was also studied using the NiFf@AAC nano-
composites as an anode electrode. The AAC has used a cath-
ode electrode and a gel electrolyte composed of PVA and KOH
as the separator to demonstrate the real-world application of
the prepared materials.

3. Results and discussion
3.1. XRD

The XRD patterns of all the investigated samples are shown in
Fig. 1. The spectrum of the activated carbon demonstrates two
broad diffraction peaks at 26 = 24.6° and 43.1°, matching the
diffraction of (002) and (100), respectively, signifying the for-
mation of an amorphous structure with a defectively ordered
graphite-like material [39]. The XRD patterns of the ferrite
samples, prepared under different conditions show good
crystallinity with well-defined peaks. The observed peaks are
assigned to (111) at 18.19, (220) at 30.31°, (311) at 35.71°, (222) at
37.19°, (400) at 43.29°, (422) at 53.79°, (511) at 57.41°, and (440) at
63.01° planes revealing the formation of cubic spinel structure
and correspond perfectly with the standard JCPDS data (Card
No. 10—-0325). The XRD of the AAC@NiF; composite sample
demonstrates peaks corresponding to the typical diffraction
peaks of the NiF¢ sample, besides peaks appearing at 24.6° and
43.1 matches with the planes of AAC confirming its existence
in the composite sample.

The average crystallite size, D/ xrp, for all studied samplesis
calculated from the main diffraction peak by the
Debye—Scherrer formula (Eq. (1)) [40]:

Dxrp =0.94 /8 cos 6 (1)

where 2 is the X-ray wavelength used, and B is the half-
peak width of the diffraction peak. The outcomes obtained
are given in Table 1, which shows that the crystallite sizes of
the ferrite samples depend on the preparation method and sit
in the nanometer scale range.

3.2 FT-IR

Fig. 2 demonstrates the FT-IR spectra of the investigated sam-
ples recording in the range 4000 to 400 cm™?, which supports
the approval of the synthesis of spinel structure. The spectra
show two prominent absorption bands below 1000 cm™%, a

familiar characteristic of the spinel ferrites. The higher
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Fig. 2 — FT-IR of the investigated samples.

wavenumber band (v;) lies in the range 556.2—563.9 cm ™}, Table
1, produced by the stretching vibrations of the tetrahedral
metal—oxygen bond. While the lower wavenumber band (v,)
lies in the range 444.3-453.1 cm™" and is caused by the octa-
hedral sites' metal—oxygen vibrations [41]. The observed ab-
sorption bands are slightly different depending on the
variations of synthetic methods. It may be recognized to the
variation in ion distribution between tetrahedral and octahe-
dral sites with the variation in the morphological structure. The
inverse spinel nickel ferrite exhibits some Fe®" ions occupying
tetrahedral voids. This can be seen from the obtained spectra,
which show a band at 1027 cm™" credited to the stretching of
Fe** and O?". The observed spectra also show bands at ~2360
and 1600 cm " assigned to H—O stretching and bending
vibrational modes of free or absorbed water [42].

FT-IR spectrum of the AAC sample demonstrated three
major absorption bands at 1413, 1583, and 1711 cm ! besides
a broad absorption peak at 3400 cm™?, which is attributed to
the O—H stretching vibration due to the existence of free
hydroxyl groups on the carbon surface [43]. The peak
observed at 1711 cm™! corresponds to carbonyl C=O
stretching vibration in aldehydes, ester or ketones, and
carboxyl group [44]. Moreover, the absorption peak that
appeared at 1583 cm ™! is due to C=C stretching vibrations in
the aromatic ring present in the AAC sample [45]. The
observed band at 1413 cm™ " is assigned to the bending vi-
brations of the C—H group present in alkyl groups [46]. The
bands observed at 876 - 761 cm ! are attributed to the out-of-
plane bending vibrations of the C—H group in the aromatic
rings [47]. Generally, the FTIR spectra of the AAC sample refer
to oxygen-containing surface functional groups such as O—H,
C=0, and COO groups. The spectrum of the AAC@NiF; sam-
ple shows the most peaks observed in both AAC and NiF¢
samples with shifts in the absorption bands of tetrahedral
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Fig. 3 — SEM micrographs for (a) AAG; (b) NiFj (c) NiF (d) NiF,; (e) NiFs, and (f) AAC@NiF;.

and octahedral groups of NiFf and the carbonyl group of AAC.
This refers to the presence of some interactions occurring
between NiF; and AAC.

3.3. Morphological structures

SEM and TEM techniques examined the prepared single and
binary composite samples' morphological structures and the
micrographs shown in Figs. 3 and 4, respectively. The SEM
micrographs of the AAC sample (Fig. 3a) and TEM (Fig. 4a)
show plates with a flake-like structure containing fibers with
diameters of 1 nm. The SEM and TEM micrographs of NiF¢
(Figs. 3b and 4b) illustrate nanofibers with an average diam-
eter of 55 nm with a length of several millimeters. The pho-
tographs of NiF; (Figs. 3c and 4c) show a morphology with a
nanotube structure with an average pore diameter of 9 nm
and length of 230 nm. The micrographs of NiF, (Figs. 3d and 4d)
show rod structure with an average diameter of 30 nm and
length of 150 nm. The micrographs of NiFs (3e and 4e)
demonstrate particles with a spherical structure with an
average diameter of 35 nm. The photographs of the AAC@NiF¢
composite (Figs. 3f and 4f) show the mixing morphology of the

constituent materials accompanied by a considerable reduc-
tion in the fiber lengths. It could also be observed that the NiF¢
fibers are covered by the AAC flat sheets.

3.4. Surface properties (nitrogen adsorption—desorption
isotherms)

Fig. 5 shows the adsorption/desorption isotherms of N, for all
the investigated samples. The nitrogen adsorption of AAC and
AAC@NIiF; composite samples showed isothermal profiles
characteristic of microporosity (type 1 according to the IUPAC
classification). In contrast, all the other NiFe,O, samples
exhibit isotherm nitrogen adsorption characteristics mainly
of type IV. The surface area calculated by the BET analysis was
found to be: 54, 82, 115, 360, 3337, and 2670 mz/g for NiFg, NiF,,
NiF,, NiFs, AAC, and AAC@NiFy, respectively. The pore size was
calculated from the adsorption isotherms using BJH (Barrett-
Joyner- Halenda) and found to be 35, 41, 49, 56, 71, and 64 A for
NiFg, NiF,, NiF,, NiFs, AAC, and AAC@NiFy, respectively. The
surface data are listed in Table 1. From this, it can be noticed
that the Sggr of the ferrites enlarges by decreasing the crys-
tallite size.
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Fig. 4 — TEM micrographs for (a) AAC; (b) NiF (c) NiF,; (d) NiF,q; (e) NiFs, and (f) AAC@NiF;.

3.5.  Electrochemical study

3.5.1. Single electrode

Fig. 6 a demonstrates the cyclic voltammograms of the single-
material electrode AAC, NiFy, NiF,, NiF,, and NiF recorded in
6 M KCl electrolyte at a scan rate of 5 mV s~*. The CV profile of
AAC signifies the capacitive behavior with an almost semi-
rectangular shape without any peaks, which is representa-
tive of the electric double-layer capacitance of carbon-based
materials. In contrast, the CV curves of the NiF,0, samples
show a pair of sharp redox peaks, which relate to the revers-
ible redox (charge transfer) reactions happening on the sur-
face of the NiF,0, electrodes, referring to their pseudo-
capacitance behavior. The major capacitance of the NiFe,0,4
samples is obtained from reversible electrochemical reactions
associated with [Ni/Fe] — O/[Ni/Fe] — O — OH [48]. The metal
ions can undergo facile redox reactions (Ni*/**and/or Fe3*/%*)
and provide pseudocapacitances [49—51] as follows:

NiFe,O4 + H,0 + 2~ < NiO + 2FeO + 20H™ @)

The specific capacitance Cs, was evaluated from cyclic
voltammograms by using Eq. (3) [52] and the results obtained
are given in Table 2.

/ v o

Co= 2mv4aVv

where [idV indicates the integrated area of the CV curve while
m, v, and 4V are mass (g) of active material, potential scan rate
(Vs™1), and potential window (V) of the sample, respectively,
the obtained results indicate that the specific capacitance
follows the order: AAC@NiF¢ > NiF¢ > NiF; > NiF, > AAC > NiF;,
which goes for ferrite samples in a similar way with
decreasing their particle sizes and increasing their surface
areas.

Generally, the variation in pseudocapacitance of mixed
transition metal oxides with their morphological structures is
attributed to several factors [53—58]: Firstly, 1D nano-
structures can provide more active sizes and facilitate the
transfer of ions and electrons due to the nanoscale effect [53].
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Fig. 5 — Nitrogen adsorption/desorption isotherms at 77K
for (a) NiFs; (b) NiFr; (c) NiFt; (d) NiFf; (¢) AAC@NiFf, and (f)
AAC.

Secondly, the massive volume changes can be efficiently
restrained by the 1D nanostructures. Thirdly, because of the
high aspect ratio, this form of the electrode may be easily
constructed into an interconnected network, facilitating its
use in a flexible device [53]. All of the aforementioned factors
combine to produce exceptional electrochemical features,
such as high specific capacitance, high rate capability, long
cycling lifespan, and possible flexible device applications
[59,60].

Our results show that the NiFe204 nanofibers have the
highest specific capacitance compared to other nano-
structures (tubes, rods, and spheres) this because it has the
largest surface area (NiFf (360 m2/g) > NiFt (115 m2/g) > NiFr
(82 m2/g) > NiFs (54 m2/g)) which allows to store more charge
or to access more active sites for the redox reaction [54]. It has
the largest pore size (NiFf (5.6 nm) > NiFt (4.9 nm) > NiFr
(4.1 nm) > NiFs (3.5 nm)) which facilitates ion movements into
the electrode for the electrochemical reaction or screening of
the external electric field [61]. It has also low charge transfer
resistance from EIS data (NiFf (0.661 Ohm) < NiFt (0.665
Ohm) < NiFr (0.668 Ohm) < NiFs 0.776 Ohm)) which is attrib-
uted to its orientation characteristics in a certain direction,
which effectively promotes the transport of electrons and
ions. In addition, the nanowire structure shortens the dis-
tance for the de-intercalation and intercalation of K-cations
[53].

The results obtained also show that the AAC electrode
exhibits a high specific capacitance and demonstrated fast
charge storage and transportation kinetics approved by its
rectangle shape, especially at lower scan rates, Figs. 6 and 8.
This refers to the that the AAC sample exhibits a pore
grouping of micropores and mesopores that is appropriate for
the diffusion of electrolyte ions on the electrode surface, it

could participate in forming an ideal electric layer. AAC's
porosity, excellent electrical conductivity, and electrolyte
availability could account for the noticed high-rate capability
[54]. The electrical capacitance obtained for AAC in our
research at a scan rate of 1 mVs ™" (433 F g %) is greater than
that registered by Kandasamy (94 F/g) [62], Jing (283 F/g) [63],
Nor (110 F/g) [64], Daraghmeh (334 F/g) [65]. The specific
capacitance values of the nickel ferrite samples are also
higher than those of the previously reported values by Gha-
semi (137.2 F/g) for (nanosphere particles) [12], Zate (202 F/g)
for (nanosphere particles) [66]. Moreover, the composite
sample, AAC@NiFy, showed the highest capacitance in all the
investigated samples due to the synergetic effect and the
presence of both pseudo-capacitance and double-layers
capacitance. The performance in the capacitance of the bi-
nary materials may be attached to the noticeable number of
pleats present on the AAC surface, which improves the
number of mesopores that can be presented to the electrolyte.
Furthermore, the extraordinary conducting net offered by
AAC guides development in the electron transport in the
charge and discharge cycles, subsequently developing the
electrical properties and charge transfer tracks formed in pure
ferrite.

Galvanostatic charging—discharging (GCD) is a corre-
sponding procedure for evaluating the Cg, value of electro-
chemical capacitors at a constant current. Fig. 6b shows the
GCD curves of the investigated AAC and ferrite samples at 1
Ag* current density with a voltage between —0.1 and 0.5 V. A-
like CV results; the GCD outcome also justifies the non-faradic
and faradic natures of the AAC and the ferrite electrodes,
respectively. The existence of a plateau at around 0.2 V in the
GCD plot of the NiF; electrode refers to the pseudocapacitive
feature arising from the redox process [67].

The G, values were calculated using the following equa-
tion [68]:

i4t
mav

Cop=(—%) (4)

where i is the discharging current, 4t is the discharging time,
m is the mass of the active material, and 4v is the potential
range of charge and discharge [68,69]. The results acquired are
given in Table 2. They agree to a large extent with those ob-
tained from CV measurements.

The CV of the NiFg, which exhibits the highest capacitance
of the pure ferrite samples, is studied at various scan rates
between 1 and 50 mV/s. The voltammograms obtained are
illustrated in Fig. 6¢c. An ideal capacitive style is observed by
the growing redox current regarding the scanning curve that
also approves the reasonable rate capability of the NiFfsample
[70]. It is also noted that the currents got enlarged with rising
the scan rate [71]. But, the capacitance value was reduced with
increasing the scan rate due to the diffusion limitations in the
pores of the electrode's surface. At the lower scan rate, the
electrolyte ions can employ all the reachable sites in the active
electrode material because the ions have enough time to
diffuse into all the sites producing higher capacitance. On the
contrary, at the high-scan rate, the electrolyte ions meet the
difficulty of moving into all the available sites in the active
electrode due to their restricted rate of movement in the
electrolyte.
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Fig. 6 — a) CV plots of the investigated single electrode in 6M KCl electrolyte solution at a scan rate of 5 mVs™. b) GCD plots of
the investigated single electrodes in 6M KCl at 1A g™ current density. ) CV plots of NiF; electrode in 6M KCl electrolyte
solution at different scan rates. d) GCD plots of NiF; electrode in 6M KCI at different current densities.

The GCD technique also studied the electrochemical per-
formance of the NiFs electrode. The results acquired are
illustrated in Fig. 6d. As opposite to AAC, the discharge curves
of the NiF¢ electrode show a deviation from the linearity
because of its pseudocapacitive character. The Cg, of the
electrode was calculated from the discharge cycles through
Eq. (4), and the obtained results are given in Table 2, which
agree well with those obtained from the CV results.

Concerning the above results, we fabricated and studied
the electrochemical properties of a composite electrode
composed of the NiF¢ (highest pseudo capacitance electrode)
and the AAC with high double-layer capacitance. The elec-
trochemical performance of the binary composite electrode,
AAC@NIFy, was studied by CV and GCD techniques. The CV
curves of the AAC@NiF; electrode recorded in 6 M KCl elec-
trolyte at several scan rates are represented in Fig. 7a. The
figure displays a clear pair of redox peaks in each of the CV
curves corresponding to the reversible redox (charge transfer)
reactions occurring on the surface of the AAC@NiF electrode,
referring to its pseudo-capacitance behavior. It is also noticed
that, as expected, the current enhances by multiplying the
scan rate [71,72]. The specific capacitances of the electrode
were computed from the discharge cycles by applying Eq. (3).

The acquired results are given in Table 2. The data obtained
from GCD are represented in Fig. 7b, which shows that the
discharge curves of the AAC@NiF¢ electrode deviate from
linearity because of its pseudocapacitive character [67]. Ac-
cording to Eq. (4), the specific capacitances of the electrode
were calculated from the discharge cycles, and the obtained
results agree well with those obtained from CV measure-
ments, as shown in Table 2.

Electrochemical impedance spectroscopy (EIS) is essential
for determining electrode materials' performance as super-
capacitors. The Nyquist plot is generally generated from the
data obtained from EIS measurements and is shown in Fig. 7c.
For all the ferrite samples, the Nyquist plots exhibit almost
straight-line behavior in the lower frequency region and
semicircle behavior in the range of higher frequencies. The
intersection points of the semicircles with the Z’ axis indicate
the magnitudes of the electrolyte resistance and contact
resistance between the current collector and the electrodes.
The semicircle refers to the charge transfer resistance (R at
the electrode—electrolyte interface [73]. The R — value in-
creases in the order: NiF > NiF, > NiF; > NiFf > AAC@NiFy,
which characterizes the order of the CT rate in the studied
electrodes. The low-frequency inclined line is the feature of
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AAC@NIiF; electrode.

the Warburg element. The slopes of the inclined lines, shown
in Fig. 7c, signify the resistances that appear during the
transfer of ions across the electrolyte solution to the electrode.
The linear line at a lower frequency reveals the capacitive
nature of the material. The slopes of the inclined lines are
more perpendicular in the sequence: AAC@NiF¢ > NiF¢ > NiF, >-
NiF, > NiFs, demonstrating the directive of improved capaci-
tance performance which is consistent with the data of GCD

and CV. This order can be attributed to the capabilities with
which the electrolyte ions passage on a mesoporous surface of
the electrode material. Accordingly, it is deduced that the
AAC@NIiF backed the charge transference and ion diffusion
owing to improving the electrical conductivity and increasing
the tunnels upset by AAC and the cooperation of Ni and Fe
atoms. The Nyquist plots in Fig. 7c were represented by the
equivalent circuit illustrated in the inset of Fig. 7c that

Table 2 — Specific capacitance values of AAC, NiFe,0, electrodes in 6 M KCI at different CV scan rates and different

discharging current densities.

P.S? (nm) Csp (F g 1) at different scan rates Csp (F g 1) at different Iy
(mVs™) (Ag

Sample 1 2 5 10 20 50 1 2 5 10 20
AAC 45 433 427 424 419 414 432 428 412 400 390
NiF¢ 20 1160 1150 1140 1090 1010 960 1130 1120 1100 900 800
NiFt 33 680 660
NiFr 41 550 520
NiFg 50 385 340
AAC@NiF; 15 1390 1330 1283 1210 1170 1260 1200 1125 1050 1000

& P.Sis size the particle size obtained from XRD (Dxrp)-
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comprises Rg (contact resistance), R.; (charge transfer resis-
tance), W (Warburg impedance), and C (constant phase
element). The acquired fitting parameters are given in Table 3.

The stability of the AAC@NiF¢ electrode, which has the
highest capacitance of all electrodes, was studied for 3000
cycles at a current density of 1 A g~* and is demonstrated in
Fig. 7d. It reveals a loss in Cgp-value of about 8% after 3000
cycles. The high stability of the AAC@NiF; electrode could be
linked to the synergistic impressions amongst the constituent
materials of the binary composite. This might be attached to
the fact that the AAC progresses some mechanical distortion
throughout the redox process of NiFf particles to become
further stable by AAC, which works like a protective layer; all
of these collectively provide for increasing the electro-
chemical stability.

3.5.2.  Electrochemical study of the negative electrode

The CV voltammogram of the as-prepared AAC electrode at
various scan rates (1-20 mV s-1, Fig. 8a) and the GCD cycles at
several current densities (1-20 A g-1, Fig. 8b) show almost

rectangular and isosceles triangular shapes, respectively,
demonstrating their predominantly electric double-layer
behavior [74,75]. The Csp values were evaluated by applying
Egs. (3) and (4), and viewing values lie between 390 and 433 F g-
1, Table 2. The acquired results showed that the specific
capacitance decreases with rising scan rates and the applied
current density. This could be attributed to the accumulation
and restacking of AAC layers.

Electrical impedance spectroscopy (EIS) was also per-
formed to study the electrochemical properties of the AAC
electrode. The Nyquist plot was carried out by managing ac
impedance measurements at a frequency range between 10"
and 10° Hz. Fig. 8c shows the Nyquist plot of AAC electrode in
6 M KCl aqueous solution. The inclined line observed in the
low-frequency region illustrates the dominance of capacitive
performance due to the development of electrical charges of
the electric double-layer at the surface of the electrode. At this
frequency section, the electrolyte ions can simply disperse
into the mesopores of the activated carbon. The small loop
area observed in the high-frequency range, Fig. 8c, charac-
terizes the domineering resistive description of the super-
capacitor system comprising of electrode/electrolyte/current
collector. As mentioned above, the arc's starting denotes the
R, value (Rs = 0.554 Q), and the arc's termination is the elec-
trode's internal resistance (Rp = 0.725 Q). The diameter of the
arc is equal to 0.171 Q and signifies the ESR value.

3.5.3. Asymmetric supercapacitors

To evaluate the applicability of the AAC@NiF, which exhibits
the highest specific capacitance of all the examined elec-
trodes, in the energy storage system, an asymmetric super-
capacitor was made using the AAC@NiFf as the anode
electrode, and the AAC as the cathode electrode and
PVA—KOH as gelled electrolyte. In this system, the AAC@NiF¢
electrode has redox behavior holding a considerable pseudo-
capacitance value, which is valuable for amplifying the energy
density of the asymmetric cell. In contrast, the AAC electrode
demonstrates a large pore size and high surface area, which
can gather charges during an electrostatic
adsorbing—desorbing mode on the electrode surface. This is
helpful for the fast introduction and pulling out the electrolyte
ions for improving the cell's power density.

Inspection of the CV voltammograms of the AAC@NiF¢ and
the AAC electrodes in Figs. 7a and 8a show that the potential
difference between the two electrodes is 1. 5 V, which is the
sum of the voltage range of the positive and negative elec-
trodes. Accordingly, the assembled asymmetric super-
capacitor AAC@NiF¢//AAC could work over a voltage window
between 0 and 1.5 V. Moreover, to realize the best electro-
chemical performance of ASC, the charge balance should be

Table 3 — Parameters values from the fitted impedance
equivalent circuit of the investigated electrodes.

Sample NiF, NiFs NiF, NiFf AAC AAC@NiF
Rs (Q) 0.668 0.776 0.665 0.661  0.551 0.554
Ree (Q) 0.705 0.734 0701 0.685 0.171 0.171

W (Q 1.38 1.53 1401 1.35 0.731 0.725
CPE 0.16 0.14 0.19 0.24 0.09 0.26



https://doi.org/10.1016/j.jmrt.2022.06.095
https://doi.org/10.1016/j.jmrt.2022.06.095

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;19:3521-3535

3531

equal, i.e. g = q~. It means that the loading mass of the
positive (m™*) and negative (n~) electrodes should be assessed.
This can be done by using the following equation [76,77]:

mt y AV~
m- ¢t AV-

av—

()

where and 4Y- are the ratios of the loading mass, the
specific capacitance, and the potential windows for the cath-
ode (+)/anode (-), respectively. The loading mass ratio " was
calculated to be 0.69.

The CV of the AAC@NIiFy//AAC Asymmetric cell (in a 1.5V
window in a two-electrode configuration and electrolyte
membrane composed of PVA and KOH) was measured at
several scan rates between 1 and 50 mVs~'. Fig. 9a shows a
non-rectangular shape with a pair of redox peaks in each
voltammogram, demonstrating that the charge-storage
mechanism is essentially Faradaic-type owing to the redox
reaction of AAC@NiF;. Moreover, all CV curves did not show

any change in anode and cathode peaks even at a high scan
rate of 50 mVs™?, signifying ideal capacitive behavior and
appropriate speedy charge/discharge property for power
devices.

The specific capacitance of the asymmetric cell (Ccen) is
computed from a CV voltammogram through Eq. (6) [73,78].

rut

I(V)dv
G =" MoV

()
where M is the mass of the active materials in the two elec-
trodes, v is the scan rate, and V is the potential window. The
acquired results are given in Table 4.

To assess the implementation of the asymmetric super-
capacitor cell, GCD under several charging currents was
examined. The obtained plots are illustrated in Fig. 9b. The
nonlinearity of the GCD curves denotes the contribution from
the Faradaic redox reaction, compatible with the CV results.
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Fig. 9 — a) CV of AAC@NiFf//0AAC Asymmetric cell at different scan rates. b) GCD of AAC@NiFf//AAC asymmetric cell at
different current densities. c) Cole—Cole diagram of AAC@NiFf//AAC Asymmetric cell. d) Cycling stability of AAC@NiFf//AAC
Asymmetric cell. e) Ragone plot of AAC@NIiFf//AAC asymmetric cell.
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Table 4 — Asymmetric cell capacitance of AAC@NiF¢//AAC

cell at several CV scan rates and various discharging
current densities.

Scanrate  Ceen (F g %) Current Ceen (Fg7Y)
(mV s~ density (A g %)

1 95.1 1 90.0

2 92.9 2 87.2

5 89.1 3 84.1

10 85.9 5 79.1

20 84.1 8 73.9

50 77.2

All voltammograms showed a small voltage (IR) drop, indi-
cating evident reversibility with minor internal resistance.
The specific capacitance values of the AAC@NIiF{//AAC
asymmetric cell are calculated grounded on the total mass of
the active materials on the two electrodes from the discharge
plots. The acquired outcomes are also listed in Table 4.

To review the electrical charges diffusion behavior during
the charge—discharge course, the EIS of the ASC was assessed
at frequencies ranging between 1072 and 10° Hz, and the
Nyquist plot is represented in Fig. 9c. The figure shows a
straight line and an arc in the low and high-frequency sec-
tions, respectively, implying ideal capacitive behavior. The R,
value of the sample is small and equal to 0.171 Ohm. The
Nyquist plot was more examined by a simulation approach
using the equivalent circuit shown in inset Fig. 9¢c, and the
parameters gotten are listed in Table 3. The small R value
refers to a good charge-transfer conductivity of the cell at the
electrolyte—electrode interface.

High cycling stability is of great importance for super-
capacitor operations. Therefore, the stability of the asym-
metric cell was investigated at a current density of §A g™, and
the acquired outcomes are represented in Fig. 9d. The figure
clearly illustrates that the planned AAC@NIFy//AAC device
shows significant cycling stability with a stable capacitance
(~88% of the original capacitance) after 10000 consecutive
charge—discharge cycles.

The investigated asymmetric supercapacitor device can be
only feasible if it can deliver a high energy (E4) and power (Pg)
density. The two parameters were estimated at different

Table 5 — A comparison between electrochemical data of

some asymmetric supercapacitors configuration found in
literature and the data of the present work.

Material Ea Pa Ref.
(Whkg!) (Wkg™)

CoFe,0,0C//AC 6.53 5760 [79]
MnWO,//AC 12.5 550 [80]
CoFe,04//AC 22.9 1026 181]
NiS@AC//AC 45.6 510 [82]
CoS//AC 5.3 1800 183]
NiO//AC 52.4 800 [84]
Co,VO4//AC 253 801 [85]
NagV100,8//AC 73.0 312 [36]
CuC0,S4//NG 32.7 794 187]
Lag s Sto; CoOs//AC 27.7 500 8]
AAC@NiFe,04(fiber)//AAC 23.1 5329 This work

Note: NG is nitrogen-doped graphene.

current densities by Egs. (7) and (8), and the obtained results
are represented as Ragone plots in Fig. 9f.

C 12
E.— cell(4V) 7
17772 @)
Eq
P, = =
1= 3600 T: (8)

where C,y is the cell capacitance (F gfl), 4V (V) is the voltage
during the discharge process, Ed is the energy density (Wh
Kg™"), P; is the power density (kW Kg%), and 4t is the
discharge time (s). The results show a maximum energy
density value of 28.1 Wh Kg~! and a maximum density value
of 5329 W kg *. These values are more significant than the
comparable previously registered symmetrical systems in the
literature, Table 5 [79—88].

The enhanced electrochemical performance of our asym-
metric cells can be accredited for the following reasons: (1) the
energy density of the supercapacitor is proportional to the
square of the working voltage; therefore, enlarging the oper-
ation voltage of the asymmetric supercapacitor is a talented
strategy for to increase the energy density of a supercapacitor.
(2) The distinctive nanowire structure of AAC@NiF; electrode
is favorable to the transfer of electrons (3) AAC has high
electrical conductivity, considerable electrochemical stability,
and excellent surface area. The uniformly dispersing of AAC
nanosheet on the surfaces of the NiF¢ can efficiently raise the
electroactive sites and contract the diffusion/transport ways
of the electrolyte ions, causing speedy Faradaic redox pro-
cesses. This guarantees an excellent rate ability at high
charge/discharge rates. (4) The porous structure can appre-
ciably develop the approachability of electrolyte ions to the
electroactive electrode and simplify the fast penetration and
transportation of electrolyte ions, which is helpful for high
power output and rate performing at high charge/discharge
rates. (5) Due to their high electrical conductivity, AAC nano-
sheets can work as an excellent conductive frame to
encourage fast charge transfer and efficiently lessen the vol-
ume variation throughout the long-term cycling route, guar-
anteeing remarkable cycling stability. All these reasons
permit superior charge spread dynamics, rapid electron
transport, high stability, and small internal resistance of the
electrodes, which subsequently improve electrochemical
performance. In a few words, the synergistic involvement of
electrical double-layer capacitance from AAC and pseudoca-
pacitance from AAC@NiF; manage to superior electrochemical
performance. Moreover, the acquired results confirmed that
the AAC@NIiF¢//AAC cell could instantaneously realize the
high E4 of AAC@NiF¢ as a battery-type Faradic electrode and
the high P4 of AAC as a capacitor-type electrode. Such
AACE@NIFf hybrid structure displays guarantee convenient
energy storage applications due to its safety and low cost.

4, Conclusion

In summary, activated carbon (AAC), NiFe,0, with different
morphological structures (nanorods; NiF,, nanofibers; NiFy,
nanotubes; NiF,, and nanospheres, NiFs) and binary AAC@NiF¢
nanocomposite are synthesized, characterized, and studied as
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promise materials for supercapacitor electrodes. The crystal-
line phases, the morphologies, and the surface areas were
examined by XRD, SEM, TEM, and BET techniques. The results
showed that the prepared materials are shaped in different
morphological structures with mesoporous structures. In the
AAC@NIiFf composite sample, the AAC works as the platform
for distributing NiF¢ nanofibers, and the ferrite operates as the
part to avoid AAC plates from stacking. Such a binary com-
posite material exhibits a structure and an excellent surface
area in which the diffusion of the electrolyte ions is improved
and supports great diffusive charge storage. The electrical
capacitance of the AAC@NiF¢ electrode is higher than that
found for its components. It exhibits a Cp, value of 1260 F g~*
at the current density of 1 A g~* and is stable up to 3000 cycles
with a loss of 8% of the initial capacitance. Asymmetric
supercapacitor comprising AAC@NiF; composite as a positive
electrode and activated carbon (AAC) as a negative electrode
was fabricated and investigated its electrochemical behavior.
The cell showed a capacitance value of 90 F g ' at a charging
current density of 1 A g . It supplied a high energy and power
density of 23.1 Wh kg~* and 5329 W kg ?, respectively, with
significant cycle stability (88% capacitance retention after
10000 cycles). The results showed that the morphological
structure has a large effect on the charge storing in electrode
materials and the binary AAC@NiFf nanocomposite (cheap
material) with porous structure is hopeful for energy storage
devices.
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