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Abstract: This study employed a simple and cost-effective method for developing NiO
with reduced optical band gaps that can be combined with nanostructured polyaniline
(PANI). The composite systems were used as electrocatalytic and electrode materials in
oxygen evolution reactions (OER) and in supercapacitor applications. We prepared the
composite material in two stages: NiO was prepared with a reduced optical band gap
by combining it with wheat peel extract. This was followed by the incorporation of
PANI nanoparticles during the chemical oxidation polymerization process. A variety
of structural characterization techniques were employed, including scanning electron
microscopy (SEM), powder X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, UV-visible spectroscopy, and X-ray photoelectron spectroscopy (XPS). A
surface-modified NiO/PANI composite with enhanced surface area, fast charge transfer
rate, and redox properties was produced. When NiO/PANI composites were tested in
KOH electrolytic solution, 0.5 mL of wheat peel extract-mediated NiO/PANI demonstrated
excellent electrochemical performance. It was found that the asymmetric supercapacitor
(ASC) device had the highest specific capacitance of 404 Fg−1 at a current density of
4 Ag−1. In terms of energy density and power density, the ASC device was found to have
140 Whkg−1 and 3160 Wkg−1, respectively. The ASC device demonstrated excellent cycling
stability and charge storage rates, with 97.9% capacitance retention and 86.9% columbic
efficiency. For the OER process, an overpotential of 320 mV was observed at a current
density of 10 mA/cm2. It was found that the NiO/PANI composite was highly durable for
a period of 30 h. A proposed hypothesis suggested that reducing the optical band gap of
NiO and making its composites with PANI could be an appealing approach to developing
next-generation electrode materials for supercapacitors, batteries, and fuel cells.

Keywords: NiO/PANI composite; oxygen evolution reaction; asymmetric supercapacitor
device; alkaline solution
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1. Introduction
There is a growing awareness of the importance and necessity of generating and

consuming green energy on a global scale. A rapidly growing population, the depletion of
fossil fuels, and severe environmental concerns have forced scientists and researchers to
reevaluate the commonly used energy sources [1,2]. Consequently, alternative renewable
and sustainable energy sources appear to offer a promising solution to these life-threatening
challenges posed by conventional energy sources [3]. Due to a greater focus on renewable
energy sources and elevating different sectors towards electrification, it is necessary to
develop energy storage devices that are efficient and reliable [4]. Among the energy storage
systems, supercapacitors have been found to be unique and attractive candidates for these
sectors due to their small equivalent series resistance, high power density, long cycling
stability, and rapid charge-discharge cycles as compared to conventional batteries, as well
as their low operational risk [3]. Due to the variable oxidation states of their electrode
materials, supercapacitors exhibit high specific capacitance and energy density compared
with electric double layer capacitors [5]. Aside from these advantages, the energy density
of supercapacitors is low [6–8]. There are three classes of energy storage devices: faradic,
non-faradic, and hybrid. Faradic capacitors (pseudocapacitors) involve reversible redox
reactions, whereas non-faradic capacitors are referred to as electric double layer capaci-
tors because energy storage does not occur through redox reactions between electrodes
and electrolyte [9]. In contrast, combining faradic and non-faradic processes results in
hybrid supercapacitors [10]. The active electrode material is a prerequisite for the efficient
electrochemical supercapacitor. Transition metal oxides are among the electrode materials
that demonstrate significant pseudocapacitance capabilities due to their rapid reversible
faradic reactions with the electrolyte [11,12]. Additionally, transition metal oxides exhibit
high energy density when compared to carbon-based electrode materials [11,12]. Their
poor stability and electrical conductivity prevent them from being used for commercial
purposes [13,14]. As a result of the development of efficient green energy systems [15],
alternative, green, and renewable energy sources are becoming increasingly important in
order to meet global energy demands [16,17]. It is urgent that active electrocatalysts be
developed for oxygen evolution reactions (OER) and hydrogen evolution reactions (HER)
as part of the reshaping of alternative green energy. There are a number of processes that
can be used for the generation of hydrogen, including biological, thermochemical, solar
driven water splitting, and electrochemical water splitting [18–20]. Due to its facile nature
and high purity, electrochemical water splitting is considered one of the most suitable
technologies to meet energy demands and mitigate environmental concerns by producing
oxygen and hydrogen gases [21,22]. Electrochemical water splitting is accomplished by
means of two half-cell processes, namely OER and HER. In terms of kinetics, the HER
process is simple and requires only two electron transfers, while the OER process requires
four electron transfers. Thus, the latter is known as the kinetically sluggish aspect of water
splitting; OER has a significant impact on the efficiency of electrochemical water split-
ting for hydrogen production. A number of electrocatalysts with significant performance
have been fabricated and used to lower the desired energy barrier and speed up the OER
process [23,24]. A number of precious-metal-based compounds, such as ruthenium oxide
(RuO2) and iridium oxide (IrO2), have demonstrated excellent catalytic activity for half-cell
OER reactions with a minimum overpotential and enhanced active surface area [25,26].
In terms of industrial applications, noble-metal-based electrocatalysts are limited due to
their high cost and scarcity in nature. To accelerate the water splitting process for hydro-
gen and oxygen production, the research in this area focuses on developing low cost and
earth-abundant transition-metal-based substances. This has led to intensive studies being
conducted for the fabrication of electrocatalysts based on cobalt, nickel, and iron, etc. [27].
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The efficiency and durability of these compounds, however, are still far from being com-
mercially viable [28]. Considering the use of nickel-based materials for supercapacitors and
OER applications [29,30], it is important to keep in mind their excellent specific capacitance
and catalytic activity. Numerous approaches have been proposed to enhance the stability
and catalytic properties of nickel-based materials, including heteroatom doping, carbon
coating, tailoring the chemical composition, combining with conducting polymers, and
altering the shape structure [28,29,31]. This oxide is characterized by its high thermal spe-
cific capacitance (3750 F g−1) and wide band gap of 3.8 eV [30]. The nickel-based materials
exhibit high catalytic activity, low cost, and excellent stability and durability. Although
nickel-based materials have poor electrical conductivity and limited catalytic sites, they
cannot be used for developing real-time supercapacitors and electrolyzers for water split-
ting. In order to explore efficient supercapacitor devices and process OER, more facile
and lower cost methods are required to enhance the electrical conductivity, surface area,
catalytic sites, and stability of nickel-based materials [32–34]. Therefore, we propose for the
first time a strategy for modifying the shape, size, optical band gap, and charge transport of
NiO using structure-modifying phytochemicals derived from wheat peel extract. Wheat is
a major component of our food supply. A high concentration of phytochemicals is present
in wheat peel, and its potential to modify the surface of nanostructured materials has
been little investigated. Phytochemicals found in it include cellulose, hemicellulose, lignin,
starch, and protein. A polysaccharide such as cellulose or starch can act as a reducing agent,
and proteins can serve as structure-directing agents following the synthesis of nanostruc-
tured materials. Furthermore, lignin is capable of stabilizing nanostructures. Scheme 1
illustrates the molecular structure of these phytochemicals. In spite of the abundance of
reducing agents, such as starch, and structure-directing compounds in wheat peel extracts,
these extracts have not been studied for the development of high-performance electrode
materials. Furthermore, the combination of surface and optical band gap modified NiO
nanostructures with polyaniline may enhance the charge transport and redox properties of
composites as an active electrode material for supercapacitors and other applications.

 
Scheme 1. Chemdraw molecular structure of various phytochemicals from wheat peel extract.
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2. Results and Discussion
2.1. Structure, Shape Orientation, Surface Chemical Composition, and Optical Investigations of
NiO/PANI Composites

Powder XRD was used to determine the crystal structure of the synthesized NiO/PANI
composites (B1, B2), pure NiO (A1), and wheat-peel-extract mediated NiO (A2) by scanning
the two-theta angle between 20 and 80◦, as shown in Figure 1. The distinctive diffraction
patterns for NiO nanoparticles were observed at 37.40◦ (111), 43.44◦ (200), and 63.01◦ (220),
indicating a complete demonstration of a cubic phase as verified utilizing JCPD Card No. 01-
0.89-7130 [35,36]. It could be seen that the wheat peel extract decreased the relative intensity
of diffraction patterns of NiO (A2) due to the reducing nature of starch, which decreased the
crystalline properties of NiO. Further, due to the combination of A2 during the synthesis of
PANI via chemical oxidation polymerization, the relative intensity was further decreased
due to the coverage of PANI over NiO, as shown in Figure 1. It was seen that due to the
interaction of polymeric PANI chains with the NiO crystal, NiO patterns were shifted to
higher angles. As shown in Figure 2, FTIR was conducted on the synthesized materials
to analyze their functional groups. Typical Ni-O stretching vibrations were observed
at 653 cm−1 and 1146 cm−1, as reported in a previous study [37]. Peaks ranging from
1100 cm−1 to 1600 cm−1 were correlated with quinonoid and benzenoid vibrational bands.
It is noteworthy that the major peaks at 1494 cm−1 and 1535 cm−1 were associated with C=C
and C=N stretching vibrational modes, respectively. Additionally, the peak at 1126 cm−1

was assigned to the vibration frequency of the C-N benzenoid ring [38–40]. Comparing
the FTIR analysis of bare PANI and pure NiO with NiO/PANI composites revealed certain
changes, including a slight shift in frequency, indicating a change in molecular structure.
A change in the bonding aspect was also apparent in the intensity of the peaks. An
FTIR analysis confirmed significant bonding establishment between PANI macromolecules
and NiO nanostructures, indicating the successful formation of NiO/PANI within the
polymeric matrix of PANI. Figure 3 illustrates the collection of UV-visible absorbance
spectra of various NiO/PANI composites for the purpose of evaluating their optical band
gaps. It was observed that NiO/PANI composites exhibit typical absorbance peaks around
372 nm and around 330 nm within the composites, indicating that the composites have
been successfully formed. Based on Tauc plots for bare PANI, pure NiO (A1), wheat peel
extracts mediated NiO (A2), and composites with PANI as B1 and B2, respectively, as
shown in Supplementary Figure S1, the estimated band gaps were calculated to be 2.62 eV,
2.51 eV, 2.47 eV, 2.43 eV, and 2.37 eV, respectively. The band gap depends on the size,
shape, and method used for the synthesis of nanostructured material; hence, we observed
an optical band gap of pure NiO at 2.62 eV (A1). The optical band gap of NiO (A2) was
decreased and estimated as 2.51 eV due to a change in the particle size and shape through
the use of wheat peel extract. Further, due to the combination of A2 during the synthesis
of PANI via chemical oxidation polymerization process, NiO’s optical band gap value
decreased to 2.37 eV. Moreover, after combination with PANI, the interface effect between
NiO and PANI could be attributed to the reduction of optical band gap. Nanostructured
materials have been shown to have an optical band that is affected by their size and shape.
There has also been some discussion of these aspects of bandgap reduction in previous
studies [41,42]. A decrease in the optical band gap occurs as a result of variations in particle
size, shape orientation, and defects during the manufacturing process [42]. The morphology
of bare PANI, pure NiO (A1) and A2, and B1 and B2 composite materials was studied
via SEM analysis (Figure 4a–e). The bare PANI exhibits an aggregated and continuous
aspect (Figure 3a). The shape structure of pure NiO (A1) and its relative composites A2, B1,
and B2, consists of thin platelets. The thickness of these sheets is below 100 nm and they
have a lateral size of several hundred of microns. When combined with either wheat peel
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extract (A2) and/or PANI, a flower-like morphology of interconnected sheets of several
microns is observed (Figure 4c–e). The phytochemicals from the wheat peel extract offered
abundant oxygenated groups which are probably able to bind with the nickel ions during
the growth process and thereby altered the nucleation rate and oriented the NiO into a
flower-like shape. Similarly, when NiO or A2 was combined with PANI (B2), the observed
flower-like shapes could originate from the successful combination of NiO and PANI within
the composite systems. Due to their oxygenated atoms which bind with the nickel ions,
phytochemicals such as cellulose and starch play the role of reducing agents and modify
the size and surface properties of NiO. Therefore, despite the change in growth kinetics,
the size and shape of NiO were dramatically altered. A brief description can be found in
Scheme 2 below.

Figure 1. XRD diffraction patterns of bare PANI, pure NiO (A1), wheat-peel-extract mediated NiO
(A2), and their corresponding composites with PANI B1 and B2, respectively.

 

Scheme 2. Synthesis mechanism of NiO nanostructures using wheat peel extract.
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Figure 2. FTIR spectra of (a) bare PANI, (b) pure NiO (A1), (c) wheat-peel-extract mediated NiO (A2),
and their corresponding composites with (d) PANI B1 and (e) B2, respectively.

 

Figure 3. (a–e) UV-visible absorption spectra of (a) bare PANI, (b) pure NiO (A1), (c) wheat-peel-
extract mediated NiO(A2), and (d,e) their corresponding composites with PANI B1 and B2, respec-
tively.
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Figure 4. SEM images of (a) bare PANI, (b) pure NiO (A1), (c) NiO/wheat (A2), (d) NiO/PANI (B1)
and (e) A2/PANI (B2) materials.

The expected elements, including C, N, O, and Ni, expected to be present in bare PANI
(only C, N, and O), pure NiO (A1), A2, and B2 composite materials are clearly detected in
XPS (survey spectra in Supplementary Information Figure S2). Only S, Cl, and Fe impurities
come from the used reactants and a possible chemical attack of the laboratory materials.
High resolution XPS spectra of Ni2p and O1s features in pure NiO (A1), A2 (NiO prepared
with 1 mL of wheat peel extract) and B2 (A2 combined with PANI) composites are shown
in Figure 5. For all samples, Ni2p3/2 comprised four main contributions, including two
satellite peaks at around 860.8 and 864.7 eV (Figure 5a–c). The two main peaks of Ni2p3/2,
located at around 853.7 and 855.4 eV for all the samples, were the typically observed
doublet of NiO corresponding to Ni2+ and Ni3+ environment, respectively [43]. Ni2+ is the
most common species of NiO, and Ni3+ ions are formed from two adjacent Ni2+ ions to
achieve charge neutrality [44]. The O1s signal was in full agreement with the presence of
both Ni2+ and Ni3+ ions in the three NiO-based samples studied. The O1s signal could
be well deconvoluted with three contributions of similar respective concentrations. The
components at low energy, centered at around 529.3 eV for all the samples, corresponded
to Ni2+ ions. The mid-binding energy peak at around 531.2 eV arose from the oxygen
vacancies caused by surface OH bonds with Ni3+ ions. The peak at higher energy, at around
532.7 eV, is usually associated with the adsorbed oxygen, including absorbed H2O [43,44].
The B2 sample was observed to have more defects and surface oxygen vacancies that could
play a vital role in enhancing electrocatalytic properties. The XPS analysis suggested the
presence of NiO and functional groups, which is in complete agreement with FTIR and
XRD results.

2.2. Electrochemical Energy Storage Performance Evaluation of Reduced NiO Optical Band Gap
and Polyaniline Composites

We investigated the energy storage capacity of synthesized electrode materials using a
three-electrode cell setup. In this study, various types of electrode materials were prepared,
including bare PANI and nickel foam, pure NiO (A1), 0.5 mL (A2) of wheat-peel-extract
mediated NiO, and their composites with polyaniline, denoted as B1 and B2, respectively.
A 3 M KOH electrolytic solution was used to evaluate the electrochemical performance
of these materials using cyclic voltammetry (CV) and galvanic charge–discharge (GCD).
Initially, CV curves were measured at different scan rates for the synthesized electrode
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materials. The CV curves of materials such as bare nickel foam, PANI, A1, A2, and B1, B2 at
various scan rates can be seen in Figure 6a–f. The oxidation peak of all synthesized samples
shifted accordingly: A1 (0.34–0.36), A2 (0.35–0.37), B1 (0.36–0.39) and B2 (0.39–0.42). Be-
cause of the faradic processes occurring at the electrode/electrolyte interface, each electrode
displayed prominent redox peaks. PANI exhibited intrinsic faradic characteristics, with
redox peaks corresponding to the transition from the semiconductor state, Leucoemeral-
dine, to the conductor state, Emeraldine [45]. Compared to other electrode materials, the
peak sizes for the B2 electrode material were enhanced. In response to increasing scan rates,
the redox peak current increased linearly, indicating excellent pseudocapacitance behavior
and rapid charge transfer rates [46,47]. With increasing scan rates, the oxidation peak and
reduction peak shifted toward more positive potentials, respectively, due to the resistance
experienced by the electrode materials, as shown in Figure 6a–f. CV analysis demonstrated
that the B2 composite electrode exhibited an improved capacitance due to its increased
curve area and conductivity compared to other electrodes [47]. According to Figure 6f,
the area of the CV curves correlates with specific capacitance [48], indicating that the B2
composite is capable of storing significant amounts of energy. Additionally, the CV analysis
revealed that the gradual increase in current response indicates the excellent reversibility
and rate capability of the B2 composite electrode.

Figure 5. XPS spectra of bare PANI, pure NiO (A1), wheat-peel-extract mediated NiO (A2), and their
corresponding composite of A2 with PANI, (a) Wide scan survey, (b,c) Ni2p3/2 and O1s of pure
NiO (A1), (d,e) Ni2p3/2 and O1s of wheat-peel-extract mediated NiO (A2), (f,g) Ni2p3/2 and O1s of
composite of B2 with PANI.
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Figure 6. (a–f) CV curves of bare nickel foam and bare PANI, pure NiO (A1), wheat-peel-extract
mediated NiO (A2) and their corresponding composites with PANI B1 and B2 respectively, at various
scan rate in 3 M KOH electrolytic solution.

As shown in Figure 7a–f, galvanic charge-discharge (GCD) profiles of the electrode
materials are presented, including bare nickel foam and PANI, A1, A2, and B1, B2 at differ-
ent current densities (2, 3, 4, 5, and 10 Ag−1). Based on the GCD profiles in Figure 7a–f, it
can be concluded that GCD curves exhibit nonlinear behavior due to similar redox prop-
erties to CV curves [49]. Clearly, the PANI-based electrodes showed pseudocapacitance
characteristics. For the purposes of demonstrating symmetric charge/discharge character-
istics, each electrode material was tested at current densities between 2 Ag−1 and 10 Ag−1.
The presented electrode materials demonstrated significant variation in charge/discharge
times at similar current densities, which confirms that specific capacitances vary. Based on
the reported work [49], we calculated the specific capacitance of the proposed electrode
materials at various current densities. Figure 8 shows the results of this calculation. Using
a fixed current density of 2 Ag−1, the GCD curves demonstrated that the B2 composite
electrode had a higher specific capacitance of 1655.78 F/g than other proposed electrode
materials. The specific capacitances of the electrode materials at various current densities
are summarized in Supplementary Table S1. With increasing current density, it is evident
that the specific capacitance decreases. There are several reasons why the B2 composite
electrode has a higher specific capacitance, including the large surface area of 0.5 mL wheat
peel extract-mediated NiO, the reduced optical band gap, which improves NiO’s charge
transfer kinetics, and the increased biocompatibility of NiO with polyaniline. Combining
0.5 mL wheat-peel-extract mediated NiO with polyaniline nanostructures provided unique
interfacial redox properties, resulting in superior pseudocapacitance for the B2 composite.
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Figure 7. (a–f) GCD profiles of bare nickel foam and bare PANI, pure NiO (A1), wheat-peel-extract
mediated NiO (A2), and their corresponding composites with PANI B1 and B2 respectively, at various
current densities in 3 M KOH electrolytic solution.

Figure 8. Calculated specific capacitance of bare nickel foam and bare PANI, pure NiO (A1), wheat-
peel-extract mediated NiO (A2), and their corresponding composites with PANI B1 and B2 respec-
tively, at various current densities in 3 M KOH electrolytic solution.

2.3. Asymmetric Supercapacitor Device Application of NiO/Polyaniline (B4) Composites

A significant potential exists for the integration of B2 composite materials into energy
storage devices. As a result, asymmetric supercapacitors were constructed using rice husk-
derived activated carbon (AC) as the cathode and the B2 composite as the anode in a 3 M
KOH electrolytic solution. In Supplementary Figure S3, cyclic voltammetry (CV) curves of
AC at different scan rates indicate that pseudocapacitor properties are negligible. Figure 9a
shows CV measurements conducted in accordance with previous studies at various scan
rates within a potential window of 0 to 1.6 V versus Ag/AgCl. During this potential
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range, the oxidation and reduction peak positions were nearly identical at 1.6 V, indicating
improved capacitance performance of the proposed asymmetric supercapacitor (ASC). The
scan rates ranged from 10 mV/s to 150 mV/s within the 0 to 1.6 V potential window, as
illustrated in Figure 9a. Due to the electrostatic interaction between NiO and PANI, the
redox process of polyaniline (PANI) exhibited a rectangular shape with increasing scan
rate, while the redox process remained unaffected by 100 mV/s scan rate in the proposed
ASC device. In Figure 9b, galvanostatic charge-discharge (GCD) experiments conducted at
various current densities demonstrate the energy storage performance of the proposed ASC
device [50] provides an equation that can be used for estimating the specific capacitance:

C = I × ∆t/∆V × m (1)

 

Figure 9. (a) CV curves of wheat-peel-extract mediated NiO (A2) and its composites with PANI (B2)
at various scan rates in 3 M KOH electrolytic solution for demonstration of ASC device, (b) GCD
curves of B2 in configured ASC device at different current densities, (c) calculated specific capacitance,
(d) estimated energy density and power density, (e) capacitance retention % and columbic efficiency,
(f) ECSA calculations of bare PANI, pure NiO (A1), wheat-peel-extract mediated NiO (A2) and their
corresponding composites with PANI B1 and B2 respectively, at various scan rates in 3 M KOH
electrolytic solution.

Here, C describes the specific capacitance, I is the discharge current, ∆t is the discharge
time, ∆V is voltage difference, and m is the active mass of electrode material.

Based on the specific capacitance measured at a fixed current density of 4 Ag−1, the
ASC device was found to have a specific capacitance of 404.8 Fg−1. Based on Figure 9c, it
was observed that varying the current density reduced the specific capacitance. In Figure 9d,
the Ragone plot describes the energy and power density of the B composite electrode
material. Energy density and power density were calculated using Equations (2) and (3).

E = [C × (∆V)2]/7.2 (2)
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P = [E × (∆t)]/3.6 (3)

Herein, E is energy density, P as power density, C is the specific areal capacitance, ∆t
is discharging time, and ∆t is the voltage, defining the terms used in Equations (2) and (3),
respectively.

In this study, the ASC device exhibited an energy density of 140.26 Whkg−1 and a
power density of 3166 Wkg−1 at a fixed current density of 4 Ag−1. Compared to previous
studies utilizing PANI electrode materials [51–55], these energy and power density values
indicate a significant advancement in PANI-based electrode materials for potential com-
mercial applications. Moreover, the cycling capability of the ASC device was evaluated
over 40,000 GCD cycles at a fixed current density of 4 Ag−1. As a result of these tests,
the device demonstrated a capacitance retention of 97.9% and a columbic efficiency of
86.9%, illustrating its speedy charge transfer rate and suitability as an electrode material
for supercapacitors, as shown in Figure 9e. Table 1 presents detailed performance metrics
for the ASC device, and Supplementary Table S2 compares its performance with that of
B2 as an anode material. In addition to being straightforward to synthesize, the electrode
exhibits excellent energy storage performance and is cost-effective, making it a viable
alternative for use in commercial applications. The Cdl values in Figure 9f are derived from
the slope of the linear fit of the difference between anodic and cathodic side currents of
CV curves at sweeping scan rates, divided by 2. Among PANI materials, the Cdl values
were 4.78 mFcm−2 in the bare PANI, 9.08 mFcm−2 in the A1, 12.04 mFcm−2 in the A2,
12.62 mFcm−2 in the B1, and 14.48 mFcm−2 in the B2, respectively. The corresponding CV
curves used for the estimation of Cdl at various scan rates are shown in Supplementary
Figure S4.

Table 1. Summary of obtained performance of ASC device on NiO/PANI composite (B2).

Material
Specific

Capacitance
(Fg−1)

Current
Density
(Ag−1)

Energy
Density (Wh

kg−1)

Power
Density

(W kg−1)

Columbic
Efficiency %

Capacitance
Retention

(%)

B2

404.81 4 140.36 3160.00

86.9% 97.9
173.21 4.5 60.82 3577.50

96.23 5 33.79 3975.00

72.33 10 25.40 7950.00

27.36 15 9.61 11,925.00

2.4. Oxygen Evolution Reaction Performance of Wheat-Peel-Extract Mediated NiO@PANI Composites

OER demonstration is critical for applications related to energy storage, fuel cells,
and hydrogen production. We studied various electrocatalysts, including bare PANI, bare
nickel foam, pure NiO (A1), 0.5 mL of wheat-peel-extract mediated NiO (A2), and their
composites with PANI, such as B1 and B2. The proposed electrocatalytic materials were
evaluated by linear sweep voltammetry (LSV) using 1 M KOH electrolytic solution at a scan
rate of 2 mV/s. Figure 10a illustrates that the OER activity of PANI and bare nickel foam
was found to be negligible. Figure 10a presents the corresponding LSV curves without
iR correction. For the bare PANI material, A1 and A2, and their composites with PANI,
including B1 and B2, the overpotential values were found to be 420 mV, 390 mV, 370 mV, and
320 mV at 10 mA/cm2, respectively. Among these, the B2 composite exhibited outstanding
OER activity at relatively low overpotential, suggesting improved catalytic activity as a
result of modified NiO surface, reduced optical band gap, increased active surface area, and
improved electrical conductivity and redox properties through the combination of PANI.
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As shown in Figure 10b, the overpotential of each electrocatalyst is displayed in bar graphs
to provide a quick overview of its OER activity. Based on the Tafel equation, Figure 10c
illustrates the OER kinetics for the electrocatalysts proposed. By analyzing the Tafel slope
associated with each electrocatalyst, we are able to gain a deeper understanding of the
material’s role in the OER process reaction rate. By evaluating the Tafel slope, we are able
to determine the exchange current density, which significantly facilitates the quantification
of the inherent catalytic properties exhibited by various electrocatalysts. According to
Figure 10c, the calculated Tafel slopes for bare PANI, A1, A2, and their composites with
PANI, including B1 and B2, were 126 mV/dec, 92 mV/dec, 46 mV/dec, and 34 mV/dec,
respectively. Compared to the other electrocatalysts, the B2 composite had a lower Tafel
slope, suggesting a rapid electron transfer rate that was responsible for enhancing the
adsorption rate of OH- at the electrode–electrolyte interface. Further, the low overpotential
and Tafel slope for B2 composites indicate that the reaction kinetics proceed relatively faster
in 1 M KOH electrolytic solution.

 

Figure 10. (a) LSV curves at 2 mV/s for the illustration of OER activity of bare nickel foam (NF), bare
PANI, pure NiO (A1), wheat-peel-extract mediated NiO (A2), and their corresponding composites
with PANI B1 and B2 respectively, in 1 M KOH electrolytic solution, (b) Bar graph description for
overpotential, (c) Tafel slope analysis, (d) Chronoamperometry test for durability, (e) LSV curves for
stability exploration through LSV curves before and after durability test at 2 mV/s, (f) Nyquist plots
of bare PANI, A1, A2, and B1, B2 materials derived from EIS data.

According to Figure 10d, chronoamperometry was used to study the electrocatalytic
stability of B2 composite material at a fixed overpotential of 330 mV for 30 h. The cur-
rent density of the B2 composite was not affected by passage of time, indicating its high
durability. According to the chronoamperometry test, the strong durability of NiO can be
attributed to its modified surface by wheat peel extract, which showed high compatibility
with PANI. Figure 10e shows the LSV curves measured before and after the durability test
that confirm the stability. OER’s onset potential remained unchanged, and the overpotential
of the B4 composite electrocatalyst was retained, confirming the material’s high stability.
In previous publications, it has been noted that PANI is very stable in alkaline media. In
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order to investigate the charge transport properties of the synthesized electrocatalysts,
electrochemical impedance spectroscopy (EIS) was employed. EIS measurements were
conducted under the following conditions: a frequency range of 100 kHz to 0.1 Hz, an
amplitude of 10 mV, and an OER onset potential as the applied potential in 1 M KOH
electrolytic solution. As shown in Figure 10f, bare PANI, A1, A2, and their composites
with PANI, including B1 and B2, were simulated using z-view software version 3.20. A
semi-circular shape was observed in the Nyquist plots. In the inset of Figure 10f, the
equivalent circuit is shown with elements such as solution resistance (Rs), charge transfer
resistance (Rct), and double-layer capacitance (Cdl). According to the EIS fitting, the charge
transfer resistance of bare PANI, A1, A2, and their composites with PANI, including B1
and B2, was estimated to be 142.3, 4.3, 3.4, 2.1, and 0.6 Ohms, respectively. According
to these Rct values, the electrochemical activity of the B2 composite is superior to the
other materials due to its lowest charge transfer resistance. B2 composite material has an
enhanced charge transfer kinetics due to the modified surface, the reduced optical band
gap in PANI, as well as the synergistic effect between NiO and PANI. According to the
EIS study, the improved electrochemical performance of B2 composite material can be
attributed to its fast charge transfer rate and increased electroactive surface area, demon-
strating excellent energy storage and conversion capabilities. In Supplementary Table S3,
the results for the B2 composite regarding OER are compared with recent electrocatalytic
materials. Compared to previously developed materials, the presented system is simple
and eco-friendly, providing enhanced OER activity.

3. Experimental Section
3.1. Chemicals

Aniline, concentrated hydrochloric acid, sulfuric acid, potassium persulfate, ethanol,
potassium hydroxide, nickel foam, Nafion (5%), nickel chloride hexahydrate, and 30% aque-
ous ammonia solution were used as solvents without further distillation or crystallization.
These chemicals were provided by Sigma Aldrich Karachi, Sindh Pakistan. The wheat peel
was purchased from a local market in the district Jamshoro, Sindh Pakistan.

3.2. Synthesis of NiO/PANI Composites Using Hydrothermal and Chemical Oxidation Polymerization

The NiO and PANI composites were prepared by dissolving 250 g of wheat peel extract
in 300 mL of deionized water and heating at 70 ◦C for three hours. Once the filtrate had been
collected, it was stored at 4 ◦C in a refrigerator when not in use. Using the hydrothermal
method, NiO was synthesized with and without wheat peel extract at 95 ◦C for five hours,
followed by thermal calcination at 500 ◦C for 5 h. An earlier study reported a calcination
temperature of 500 ◦C [3]. At this temperature, the nickel hydroxide phase is completely
transformed into nickel oxide. A typical hydrothermal process using 0.1 M nickel chloride
hexahydrate and 5 mL of aqueous ammonia was conducted with the sample designated as
(A1). A thick aluminum sheet was then placed over the growth solution and placed in an
electric oven. Under the conditions described in the previous paragraph, NiO was obtained
in its pure phase by calcination. During the synthesis of NiO, cellulose and starch were used
as reducing agents, and protein from wheat peel extract was used as a structure-directing
agent. These phytochemicals played a significant role in altering the growth kinetics of
the nickel hydroxide crystals, which resulted in significant changes to their size and shape.
Consequently, wheat peel extract was used to prepare NiO nanostructures. In order to
prepare surface-modified NiO, 0.5 mL and 1 mL of wheat peel extract were used under the
same hydrothermal and calcination conditions and labelled as (A2) and (A3), respectively.
A chemical oxidation polymerization method was then used to synthesize NiO/PANI
composites. A bare PANI was prepared by chemical oxidation polymerization under the
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following conditions: 0.1 M aniline was dissolved in concentrated HCl in one beaker and
0.1 M potassium persulfate in another beaker. Dropwise additions of potassium persulfate
solution were then made to the aniline solution, and the solution was left undisturbed for
6 h. Following the collection of PANI particles on filter paper, the sample was washed
several times with deionized water, ethanol, and acetone to remove any unwanted residues.
NiO materials, including A1, A2, and A3, weighing 0.3 g, were added to three separate
beakers containing 0.1 M aniline solution, followed by 0.1 M potassium persulfate. The
samples were subsequently labeled as B1, B2, and B3, representing NiO/PANI composites.

3.3. Characterization

The structure, morphology, functional groups, surface chemical composition, and
optical properties of the synthesized materials have been investigated using a comprehen-
sive array of analytical techniques. Scanning electron microscopy (SEM) was performed
by means of a Zeiss GeminiSEM 500 scanning electron microscope equipped with a field
emission gun at an accelerating voltage of 2 kV. Under experimental conditions on the
Rigaku Ultima IV 8 X-ray diffractometer, with a range of 10◦ to 80◦, a current of 40 mA,
and a voltage of 40 kV, X-ray diffraction (XRD) was used to determine the phase and purity
of the samples. To analyze functional groups and chemical structure, the Nicolet iS10
Fourier transform infrared spectrometer (FTIR) was used. Optical band gap measurements
were conducted using a UV-visible spectrometer. An ultrasonic bath is used to dissolve
0.002 to 0.003 g of NiO in deionised water. After the particles have been dispersed and
centrifuged, the dispersed slurry has been collected and used to record the UV-visible
absorption spectrum. In order to investigate the chemical composition of the surface, X-ray
photoelectron spectroscopy (XPS) was used.

3.4. Electrochemical Characterization

An active electrode material weighing 0.005 g was immersed in a solution composed
of deionized water and ethanol containing 3 mL. A subsequent addition of 50 µL of
5% Nafion was added, and the mixture was sonicated for 20 min in an ultrasonic bath.
Alumina paste and silicon paper were used to clean the glassy carbon electrode (GCE),
followed by washing with deionized water and ethanol. A 2 × 2 cm2 piece of nickel foam
was also washed with a concentrated HCl solution and deionized water. The GCE was
then decorated with 5 µL of active electrode material ink and dried with an air blower.
Using the dip coating method, the active material was deposited on the cleaned nickel
foam piece, repeated six times, and sintered for 25 min at 65 ◦C. Nickel foam as well as
modified GCE were utilized as working electrodes. The loading mass of electrode material
was approximately 0.2 mg. For the evaluation of the electrochemical properties of the
synthesized electrode materials, a variety of electrochemical techniques were employed,
including linear sweep voltammetry (LSV), cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), chronoamperometry, and galvanic charge-discharge (GCD).
The EIS was conducted between 100 kHz and 0.1 Hz in frequency, with an amplitude of
10 mV and a biasing potential of the OER onset potential in 1 M KOH. To characterize OER,
a 2 mV/s LSV was conducted in a 1 M KOH electrolytic solution. An assessment of the
pseudocapacitance properties of the prepared electrode materials in a 3 M KOH solution
was performed using CV and GCD. Due to the high adsorption of electrolytic ions on KOH,
the high concentration of KOH was used in order to increase the observation of the charge
storage capacity of the electrode materials.
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4. Conclusions
The chemical oxidation polymerization process was used to prepare PANI composites

containing reduced optical band gap NiO nanostructures. A study of the structure, surface
chemical composition, optical band gap, and functional group analysis was conducted.
NiO/PANI prepared with 0.5 mL of wheat peel extract was found to be highly efficient
for improving asymmetric supercapacitor (ASC) and oxygen evolution reactions in KOH
electrolytic solution. A NiO/PANI composite was found to have an OER activity at an
overpotential of 320 mV at 10 mA/cm2. Due to its enhanced pseudocapacitance, NiO/PANI
composite was applied to the development of an asymmetric supercapacitor device. At
a fixed current density of 4 A/g, the ASC device demonstrated a high energy density
of 140 Whkg−1, a high-power density of 3160 Wkg−1, and a high specific capacitance
of 404 Fg−1. During repeatable GCD cycles of 40,000 at a current density of 4 Ag−1, an
outstanding capacitance of almost 97.9% and columbic efficiency of 86.9% were observed,
which confirms the electrode’s superior cycling stability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15060508/s1, Figure S1: Tauc’s plots of bare PANI, A1, A2,
B1, and B2 for the estimation of optical band gap. Figure S2: XPS survey spectra of Pure PANI, pure
NiO (A1), and A2 and B2 composites; Figure S3: CV curves at different scan rates. Activated carbon
in 3 M KOH solution; Figure S4: (a–e) CV curves in non-faradic region of bare PANI, A1, A2, and B1
and B2 materials at various scan rates in 3 M KOH electrolytic solution for the estimation of ECSA
values; Table S1. Summarized electrochemical performance of various electrode materials such as
bare nickel foam/PANI, A1, A2, and B2, B2; Table S2: Comparative study of B2 as anode material for
ASC with recently reported ASC device; Table S3: Comparative study of B2 as OER electrocatalytic
material with recently reported ASC devices. References [56–72] are cited in the Supplementary
Materials.
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