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ABSTRACT: The development of efficient, low-cost, and scalable electrode materials is vital for advancing high-
performance supercapacitors. Despite recent progress, many fabrication routes remain complex, expensive, or
dependent on polymer binders that reduce conductivity and long-term stability. Therefore, the objective of this study
was to develop a simple, binder-free electrode with enhanced electrochemical performance. In this work, we report
a one-step electrodeposition method for fabricating a manganese nickel oxide-reduced graphene oxide (MnO,-NiO-
rGO) composite electrode directly on nickel foam. This facile technique employs an aqueous suspension of graphene
oxide (GO) enriched with nickel and manganese salts, enabling the simultaneous formation of a three-dimensional
porous network without any binder or additional reducing agent. Structural and morphological analyses conducted
via X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
and elemental mapping confirmed the successful formation of a well-integrated nanocomposite. Electrochemical
evaluations using cyclic voltammetry, galvanostatic charge-discharge, impedance spectroscopy, and cycling tests
revealed that the optimized MnO,-NiO-rGO composite exhibits a specific capacitance of 462.5 F/g at a current density
of 5 A/g. The porous architecture enhances ion accessibility and promotes efficient charge storage and rapid transport.
Notably, the electrode demonstrated excellent long-term stability, retaining 94% of its initial capacitance after 1000
cycles in alkaline electrolyte. These results highlight the potential of the MnO,-NiO-rGO composite as a promising
candidate for next-generation energy storage applications.
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1 Introduction

Environmental concerns, and accordingly the rising need for green and sustainable energy, have
seriously focused researchers’ attention on the development of cheaper energy production, conversion, and
storage systems based on environmentally friendly strategies [1-3]. Energy storage systems used as storage or
distributors of energy play an important role in industrial applications [4,5]. High energy and power density,
long life span, good reversibility, and safety are the main criteria for making an energy storage instrument [6].
The electrochemical storage and energy conversion systems include batteries, supercapacitors, and fuel
cells [7]. In batteries and fuel cells, the incumbent energy is generated by means of redox processes that
transform chemical energy into electrical output [8]. In the closed system of batteries, the cathode and anode
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play the critical role that contributes to the redox reaction along with the energy conversion process [9].
Nevertheless, in fuel cells, the cathode and anode act as a substrate for the charge transfer process, for
which the required active ingredients are continuously supplied from the outside of the cell [10,11]. In
other words, they include an open system [12]. Rechargeable batteries, especially lithium batteries, are
prevalent and usable because of their high energy density and good longevity [13]. However, they have
limitations such as low power density, relatively high internal resistance, and low transmission power at
high currents [14-16]. Supercapacitors are being developed by the majority of researchers as an efficient
energy storage system [17,18]. Supercapacitors or electrochemical capacitors have received much attention
due to their high cyclic life, low charging time and low internal resistance, high safety, and power density. On
average, energy density in supercapacitors is enhanced by a factor ranging from 10 to 100 compared to that
of electrolytic capacitors and can charge much faster than batteries [19]. In supercapacitors, energy is stored
through the orientation of the ions in the electrochemical double layer at the electrode/electrolyte boundary,
which is accompanied by the parallel configuration of electrons in the electrode substrate [20-22]. At the
discharge time, the presence of charges at the electrode-electrolyte boundary induce the potential difference
between the cathode and the anode [23]. Therefore, it transfers the stored charge to the external circuit. The
high capacity of the supercapacitors stems from the high effective surface area of the electrode constituents
and energy storage mechanism [24,25].

Wang et al. worked on the structure of nickel hydroxide and it synthesis on graphene oxide sheets and
employed it for the construction of supercapacitors [26]. They achieved a specific capacitance of 1335 F/g.
The results showed a massive mutation in the capacitance value of the graphene nanocomposites with metal
oxides. Xiang et al. reported 472 F/g capacity for the supercapacitor prepared by coating Co; O, on the rGO
sheets. It showed 90% of its initial stability after 1000 cycles, revealing its significant cyclicity compared to
similar works [27]. Liao et al. developed a flexible electrode by growing Co;O4 nanoparticles on vertically
aligned graphene nanosheets deposited onto carbon fabric. The capacity of 580 F/g and 86% stability were
reported after 20,000 charge/discharge cycles [28].

One-step electrochemical precipitation of the composite of graphene and metal oxides or metal
hydroxides has great importance because of its simplicity and time-saving process. Zhao et al. settled the
carbon sheets using electrochemical precipitation of manganese-GO composite [29]. The electrochemical
storage capacity of the supercapacitor was greatly increased after the usage of the prepared composite. This
process achieved a specific capacity of 829 F/g and a current density of 1.0 A/g. Garcia-Gomez et al. recently
co-deposited cobalt oxides and r-GO on a stainless steel bed using a one-step electrochemical technique. The
optimized procedure led to the achievement of the specific capacity of 608 F/g at a current density of 0.1 A/g
and increased reversibility that was much better than the electrode constructed solely by cobalt oxide [30]. Li
et al. fabricated an electrode based on graphene nanosheets/nickel sulfide nanoparticles (GNs/Ni;S,) at high
temperatures. The synthesized composite provided a specific capacitance of 652.5 F at 1.0 A/g with charge-
discharge stability of 93% after 2000 cycles [31]. A nanostructure of NiO nanowires grown on NiO nanosheets
was prepared by An et al. using Ni foam and a hydrothermal process [32]. They achieved a specific capacitance
of 1349 F/g, with good stability. Xiao et al. grew NiO nanoflakes on Ni foam through hydrothermal reaction
and achieved a specific capacitance of 870 mF/cm?* [33]. Inamdar et al. fabricated a porous NiO film based
on the chemical bath deposition reaction and obtained a specific capacitance of 69.8 F/g [34]. Chiku et al.
applied a galvanostatic oxidation process to form NiO layers on the nickel sheets. The prepared electrode
had a specific capacitance of 88 F/g [35].
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2 Materials and Methods
2.1 Chemicals Materials

Manganese chloride hexahydrate, nickel chloride hexahydrate, sodium hydroxide, sodium nitrate, and
graphite were supplied by Merck Company (Germany). The nickel foam (99% pure) was purchased from
Nano Bazar Company in Iran.

2.2 Instruments

Electrochemical measurements were conducted using a Potentiostat/Galvanostat (SAMA 500, electro-
analyzer system, I. R. Iran). To clean the electrode surface and prepare modifier suspensions, an ultrasonic
bath (Pars Nahand Engineering Co., model PARASONIC 2600s) was employed. The morphology of the
products was analyzed via scanning electron microscopy (SEM) with both a Philips EI30 and a Tescan FE-
SEM electron microscope. Electrochemical impedance spectroscopy (EIS) and charge-discharge testing were
carried out with a VersaSTAT 4 Potentiostat/Galvanostat. The electrochemical setup consisted of a three-
electrode system, with platinum wire, Ag/AgClI (saturated KCI), and nickel foam electrodes functioning as
the auxiliary, reference, and working electrodes, respectively.

2.3 Synthesis of GO

The modified Hummer method was used to synthesize GO, in which graphite was used as the primary
material. At first, 2.0 g of graphite was measured and transferred into a beaker, followed by the gradual
addition of 50 mL of concentrated sulfuric acid to the beaker. Then, 2.0 g of sodium nitrate was added and
the solution was stirred for an hour in the ice bath while its temperature was kept between 0°C to 5°C.
After that, 5.0 g of potassium permanganate was incrementally introduced to the stirred solution over two
hours. Subsequently, the temperature was increased to 35°C, and the mixture was stirred for an additional
two hours at this temperature. At this stage, 46.0 mL of D.I. water was introduced to the reaction container,
the temperature was raised to 90°C, and the mixture was stirred for 30 min. Next, 140 mL of double-distilled
water was again added, and finally, 16 mL of 30% hydrogen peroxide was added. Subsequently, the reaction
content was sonicated in the ultrasonic bath for one hour. The derived suspension was washed 3-4 times
with D.I. water and then filtered using a Buchner funnel. Afterwards, the final sediment was rinsed several
times with double-distilled water, and finally, the obtained brown solid material was dried overnight under
vacuum conditions at 70°C.

2.4 Preparation of the Nickel Foam

The nickel foam was cut into 1 cm x 2 cm pieces. To remove the surface contamination from the nickel
foam, it was subsequently sonicated in acetone, ethanol, and water for 15 min and was dried in the oven at
70°C.

2.5 Preparation of the GO Suspension

To prepare GO suspension (one mg/mL), 50 mg of synthesized GO was dispersed in 50 mL of D.I. water
with the aid of two hours of magnetic stirring, followed by four times sonication in an ultrasonic bath, each
one for 10 min.

2.6 Electrochemical Synthesis on the Nickel Foam

The electro-deposition solution was prepared by dissolving 0.1454 g of manganese chloride, 0.07 g of
nickel chloride, and 0.424 g of sodium nitrate in 50 mL of D.I. water that was sufficiently stirred to obtain
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a homogenous solution. The addition of NaNO; as a supporting electrolyte improves the ionic conductivity
of the deposition bath and helps regulate the electrochemical deposition process by minimizing undesirable
effects associated with excessive hydrogen evolution under negative potentials.

The cleaned nickel foams were immersed in a suspension of GO and purged with nitrogen gas for 10 min
to remove the oxygen from the reaction solution. Then, four different modified Ni foam electrodes were
fabricated by applying twenty cyclic voltammetry (CV) cycles in the potential range of —0.5 to -1.5 'V, at
different sweep rates (50, 100, 150, 200 mV/s). Here, the GO was converted to rGO under negative potential,
and at the same time, it was precipitated on the surface of the nickel foam. The prepared electrode by this
method was named rGO/NiIFE. Then, rGO/NiFEs were washed with deionized water and inserted in the salt
solution prepared from manganese chloride, nickel chloride, and sodium nitrate and the above steps were
repeated. At last, the electrodes were placed in the oven overnight at 70°C, and then the electrodes were
put in the furnace at 300°C for 2 h. The Ni foams modified with nano-composites of MnO,, NiO, and rGO
under CV scan rates of 50, 100, 150, and 200 mV/s were named as MnO,-NiO-rGO50/NiFE, MnO,-NiO-
rGO100/NiFE, MnO,-NiO-rGO150/NiFE, and MnO,-NiO-rGO200/NiFE, respectively.

3 Discussion and Results
3.1 Characterization of the Prepared Samples

The crystal structure of the prepared MnO,-NiO-rGO/NIiFE was investigated by X-ray diffraction
(XRD). The diffraction pattern was recorded over the 26 range of 10°-80°, as shown in Fig. 1. The major
diffraction peaks were observed at 20 values of 36.94°, 42.77°, 44.21°, 51.56°, 62.72°, and 76.10°. According
to the search-match analysis, the diffraction peaks at 36.94°, 42.77°, and 62.72° are consistent with cubic
NiO (ICDD PDF No. 00-004-0835), while the intense peaks at 44.21°, 51.56°, and 76.10° correspond to
the (111), (200), and (220) planes of face-centered cubic nickel (ICDD PDF No. 98-004-8754), originating
from the nickel foam substrate. In addition, weak matches with carbon (ICDD PDF No. 01-079-1473) and
manganese (ICDD PDF No. 98-008-9933) were obtained from the search-match analysis. However, no
distinct diffraction peaks corresponding exclusively to crystalline MnO, or rGO were observed, which may
be attributed to their low crystallinity and overlap with the strong diffraction peaks of the nickel substrate.

10000
i
9000 | E
=
3000 } &)
e
7000 } Z
n
i
g 6000 | E
‘C.
g 5000 | 5
V4
£ 4000 }
3000 | = = E
] =
2000 | A A
) o)
1000 | 4 4
0 v 1 . readie z
10 20 30 40 50 60 70 30

Figure 1: X-ray pattern of the prepared MnO,-NiO-rGO/NiFE.
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The surface morphology of the MnO,-NiO-RGO/NiFE was examined by scanning electron microscopy
(SEM). As shown in Fig. 2, the SEM image indicates that the MnO,-NiO-rGO nanocomposite was success-
fully electrodeposited on the surface of the nickel foam. The deposited layer exhibits a rough and porous
morphology, which is favorable for providing a large electroactive surface area for electrochemical reaction.
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Figure 2: SEM images of the Ni foam electrochemically modified with a nanocomposite of MnO,-NiO-rGO.

The elemental composition of the deposited MnO,-NiO-rGO nanocomposite was analyzed by energy-
dispersive X-ray spectroscopy (EDX). As shown in Fig. 3, the EDX spectrum confirms the presence of Ni,
Mn, O, and C elements in the modified electrode. The Ni signal originates from both the nickel foam substrate
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and the deposited NiO layer, while the Mn, O, and C signals verify the presence of manganese-containing
species and reduced graphene oxide in the deposited nanocomposite. These results support the successful
deposition of the MnO,-NiO-rGO nanocomposite on the nickel foam.

.
Iy

Figure 3: The EDX pattern obtained from the surface of the Ni foam electrochemically modified with a nanocomposite
of MnO,-NiO-rGO.

3.2 Electrochemical Studies
3.2.1 Cyclic Voltammetry Evaluations

To determine Faradic and non-Faradic behavior and to determine the amount of capacitance property of
the fabricated electrode, the cyclic voltammetry (CV) method was applied. The most ideal electrode modified
with a nanocomposite film as a supercapacitor electrode is the one that benefits from both the high stability
and extended specific capacitance. The impact of the potential sweep rate of the CV method during the
electro-modification of the NFEs was assessed by preparing MnO,-NiO-rGO/NiFE under scan rates of 50,
100, 150, and 200 mV/s. Then, prepared electrodes were immersed in KOH solution and CV's recorded under
wide range of sweep rates in the potential window of 0.0-0.5 V. During the the electrochemical measurements
in alkaline KOH electrolyte, the charge storage mechanism of the NiO-containing electrode is associated with
reversible surface redox transformations. Although NiO is identified as the crystalline phase after calcination,
it can interact with the alkaline electrolyte and form electrochemically active hydroxide/oxyhydroxide
species. The corresponding Faradaic process can be expressed as Eq. (1):

Ni(OH), + OH™ = NiOOH + H,0 + ¢ 1)

Similarly, the MnO, component contributes to the pseudocapacitive behavior through a reversible
proton-coupled electron transfer process (Eq. (2)):

MnO, + H,O + e~ = MnOOH + OH™ (2)
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The obtained data represent that the electrode modified with a sweep rate of high potential at the stage of
composite deposition on the nickel foam had the highest capacitance (Fig. 4). This behavior can be attributed
to the formation of a more favorable surface morphology with accessible active sites and improved electrolyte
penetration within the deposited composite layer. The electro-deposition of the composite on nickel foam
by CV at a high velocity of potential sweep decreases the total duration of each cycle. As a result, the amount
of total deposited material in each cycle decreases. According to the results, the fabricated electrode by
nanocomposite deposition under a scan rate of 200 mV showed the highest specific capacitance (Table 1).
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Figure 4: CVs of fabricated electrodes (a) MnO,-NiO-rGO 50/NiFE and (b) MnO,-NiO-rGO 200/NiFEs in 0.1 M
KOH solution recorded under various scan rates.
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Table 1: Electrochemical capacitance of prepared electrodes.

Electrode Capacitance F/g
MnO,-NiO-rGO 50/NiFE 205
MnO,-NiO-rGO 100/NiFE 235
MnO,-NiO-rGO 150/NiFE 375
MnO,-NiO-rGO 200/NiFE 462.5

The electrochemical behavior of the MnO,-NiO-rGO/NiFE indicates that charge storage results from
the combined contribution of electric double-layer capacitance (EDLC) and Faradaic pseudocapacitance.
The conductive rGO framework promotes charge accumulation at the electrode/electrolyte interface,
contributing to the EDLC component, whereas the distinct redox peaks observed in the CV curves are
characteristic of reversible Faradaic reactions involving the nickel- and manganese-based active species in the
alkaline electrolyte. These observations suggest that the capacitive performance of the electrode originates
from the synergistic interaction of both charge storage mechanisms. A quantitative separation of the EDLC
and pseudocapacitive contributions using kinetic analysis methods, such as Dunn’s method, was beyond the
scope of the present study and will be considered in future investigations [36].

3.2.2 The Charge-Discharge Evaluation

The galvanostat method was used to obtain the specific capacitance of the fabricated electrodes. In
this method, a constant current is applied to charge the electrodes until they reach a certain potential.
Upon reaching this specified potential (El), the electrodes are discharged under the same current value until
reaching the specified minimum voltage (E2). Then, the plot of potential as a function of time is drawn.
An ideal galvanostatic charge/discharge diagram has a symmetrical shape with a constant slope for charge
and discharge steps. Real supercapacitors never show linear behavior, and at high currents, the electrical
resistance between the electrode components represents a sudden potential drop with the change of current
direction. The study of the results of cyclic voltammetry tests showed that MnO,-NiO-rGO 200/NiFE was
better, so this sample was selected as the optimum, and the rest of the tests were performed using it.

MnO,-NiO-rGO 200/NiFE was tested at currents of 5, 10, 20, and 40 A/g in 2 M KOH solution and
their capacities were calculated according to Eq. (3). The results showed that as the current density increases,
the capacitance decreases. Also, to investigate the effect of reduced graphene oxide on electrochemical
properties and capacitance, a similar electrode without a graphene oxide substrate (MnO,-NiO 200/NiFE)
was fabricated under similar conditions. According to the results (Figs. 5 and 6), the capacitance decreased
from 462.5 to 300 F/g (Table 2), which indicates the effect of graphene oxide on the capacitive properties of
the supercapacitor. The improvement in the electrochemical performance of the MnO,-NiO-rGO 200/NiFE
can be attributed to the presence of rGO in the composite structure. Due to its good electrical conductivity,
rGO provides conductive pathways that facilitate electron transport during the charge-discharge process. In
addition, the layered structure of rGO promotes a more uniform distribution of the deposited metal oxides
over the nickel foam and increases the contact between the active material and the electrolyte. This structural
feature can improve the accessibility of electrochemically active sites and facilitate ion diffusion within the
electrode. Furthermore, rGO contributes to charge storage through electric double-layer capacitance, while
MnO, and NiO mainly provide pseudocapacitive behavior. The combination of these effects is consistent with
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the higher specific capacitance obtained for the MnO,-NiO-rGO 200/NiFE compared with the MnO,-NiO
200/NiFE prepared under identical experimental conditions.

IAt
mAV

(3)

I: Current intensity, AV Potential difference, At: Time required for discharge, m: Mass

Potential/ V
e P
N W

e
=

0 20 40 60 80 100
Time /s

Figure 5: Charge-discharge curve of MnO,-NiO-rGO 200/NiFE in 2 M KOH solution.
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Figure 6: Charge-discharge curve of MnO,-NiO 200/NiFE in 2 M KOH solution.

Table 2: Electrochemical capacitance of prepared electrodes.

Operating Current Density (A/g) Specific Capacitance (F/g)
MnO,-NiO-200/NiFE MnO,-NiO-rGO 200/NiFE
5 300 462.5
10 275 425
20 250 400
40 200 300

The mass of the deposited active material was determined by weighing the nickel foam substrate before
electrodeposition and again after electrodeposition, heat treatment, washing, and complete drying using an
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analytical balance. The difference between these two measurements was taken as the active material mass
(m) and was used for calculating the specific capacitance according to Eq. (3).

3.2.3 The Stability Evaluation of the MnO,-NiO-rGO 200/NiFE

One of the most important parameters in evaluating the performance of supercapacitors is cyclic
stability, which is evaluated by the galvanostatic method. The stability of MnO,-NiO-rGO 200/NiFE was
investigated by performing galvanostatic charge/discharge tests at a current of 5 A/g. After 1000 consecutive
charge and discharge cycles, the capacitance reached 94% of the initial capacity of the electrode, which
indicates the good stability of the electrode made of MnO,-NiO-rGO 200 composite (Fig. 7). Also, sequential
cyclic voltammetry of MnO,-NiO-rGO 200/NiFE was recorded, and the resulting voltammograms indicated
the good stability of the electrode even after 1000 cycles.
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Figure 7: Repeatability and stability of the MnO,-NiO-rGO 200/NiFE response in 2 M KOH solution.

To provide a more comprehensive evaluation of the fabricated electrode, the electrochemical per-
formance of the MnO,-NiO-rGO 200/NiFE was compared with recently reported Mn/Ni oxide-based
electrodes, as summarized in Table 3. Although the present electrode does not exhibit the highest capacitance
among the listed systems, its performance remains competitive with several previously reported electrodes.
In addition, the proposed synthesis route is based on a simple electrodeposition procedure followed by a
straightforward thermal treatment, which offers advantages in terms of fabrication simplicity and potential
cost reduction. The comparison demonstrates that the developed electrode achieves a reasonable balance
between electrochemical performance and processing simplicity, highlighting its potential for further
optimization in future supercapacitor studies.

Table 3: Performance comparison of MnO,-NiO-rGO 200/NiFE with reported Mn/Ni oxide-based electrodes for
supercapacitors.

Electrode Synthesis Specific Capacitance Capacitance

Substrate Method Electrode Modifier Electrolyte Fig Performance Ref.
Ni foam Chemical MnO; 1 M Na,SO4 364.1(at 0.5 A/g) 90.2% (at 3 A/g) [37]
Graphite sheet Chemical MnO,/NiO 3 M KOH 692 (at 2 A/g) 94.23 (at 2 A/g) [38]
Graphite plate Chemical Ni(OH),@MnO, 0.5 M Na,SO4 420 (at1 A/g) 82% (at 10 A/g) [39]
- Chemical Cu@MnO; 1M Na,SO4 433.15 (at 0.5 A/g) 102.86% (at 20 A/g)  [40]
0,

ITO Chemical NiO@rGO 3 M KOH 883 Clg (at05mv/s) 270 (@fter35.000

CV cycles)
Ni foam Chemical Fe;O4,@MnO;, 1M KOH 715 (at1 A/g) 85.6 (at1 A/g) [42]

(Continued)
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Table 3 (continued)

Electrode Synthesis Specific Capacitance Capacitance

Substrate Method Electrode Modifier Electrolyte Fig Performance Ref.
FTO Chemical MnO,@NiO@GO 1M Na,SO4 1141 (at 1 A/g) 971% (at 2 A/g) [43]
Graphite Chemical ~ MnOy/NiO (7%) 0.5 M Nay SOy 343 (at 1.25 A/g) 83% [44]
electrode
Flexible sponge Chemical NiO/MnQO,/CNT 2 M KOH 23 (at 0.1 A/g) 100% (at 1 A/g) [45]
Ni foam Chemical Ni(OH),/MnO, 3 M KOH 253.6 (at2 A/g) 90.5 (at 2 A/g) [46]
Ni foam Chemical MnO,/NiCo,O4 6 M KOH 634.4 (at 0.25 A/g) 831% (at 1 mA/cm?®) [47]
Ni foam Chemical MnO,@ Fe-CNF 3 M KOH 924 (at1A/g) 75.9% (at 10 A/g) [48]
Ni foam Chemical MnO,@Co,NiOg4 3 M KOH 1025 (at1 A/g) 87% (at 10 A/g) [49]
. Cu,O@MnO;, 9 5
FTO Chemical @NiO@SB 1M Na,SO4 1136 (at 1 A/g) 95.24% (at 1 A/g) [50]
Ni foam Chemical Ni-Co-Mn-Ce oxide 3 M KOH 1881.6 (at 4 A/g) 94% (at15 A/g) [51]
. . Co304- o -
Ni foam Chemical Z0MnyO4/ZnMnOs 6 M KOH 1723.6 C/g (at 1 A/g) 86% (at 10 A/g) [52]
81.5% (after 1500 CVs, e
Cu rod Electrochem. MnO,/GO 1 M Na,SOq4 829 (at1A/g) v = 50 mV/s) [29]
Stam;le:ts:teel Electrochem. CoO,/rGO 1M KOH 608 (at 1 A/g) - [30]
. MnO,-NiO-rGO o This
Ni foam Electrochem. 200 2 M KOH 462.5 (at 5 A/g) 94% (at 5 A/g) Work
GCD: Galvanic charge-discharge ITO: Indium Tin Oxide FTO: Fluorine-doped
Electrochem: Electrochemical coated glass Tin Oxide coated glass

3.2.4 EIS Test of the MnO,-NiO-rGO 200/NiFE

To better and more effectively investigate the electrochemical behavior of supercapacitors, the electro-
chemical impedance spectroscopy technique was employed. This technique determines the role of various
effective parameters, such as the electrical resistance of the electrolyte and electrode materials, charge transfer
resistance, in the efficiency of the final supercapacitor. Fig. 8 shows the Nyquist curve of the electrode
fabricated at the open circuit potential (-140 mV) in a 2 M KOH solution from a frequency of 0.01 Hz to
100 kHz. The impedance spectrum reveals only a small semicircle in the high-frequency region, indicating
that the charge-transfer resistance at the electrode/electrolyte interface is relatively low. This behavior can
be attributed to the efficient electrical pathways provided by the MnO,-NiO-rGO composite together
with its good interfacial contact with the nickel foam current collector. As the frequency decreases, the
impedance plot approaches a nearly vertical line, which is typical of electrodes with predominantly capacitive
characteristics. This response suggests rapid ion transport within the electrode and effective utilization of
the electroactive material during the charge-discharge process. Overall, the EIS results demonstrate that the
MnO,-NiO-rGO 200/NiFE electrode possesses favorable charge-transfer kinetics and capacitive behavior,
making it a promising electrode material for high-performance supercapacitors.
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Figure 8: Recorded EIS diagram of MnO,-NiO-rGO 200/NiFE in 2 M KOH solution.

4 Conclusion

In this project, manganese-nickel double oxide, along with reduced graphene oxide, was successfully
deposited on a nickel foam electrode, and after heating, it was converted into MnO,-NiO-rGO. Using nickel
foam as an electrode substrate increased the electrode surface area, porosity, and conductivity of the desired
composition. The application of nickel and manganese metal oxide deposition increased the capacitance and
Faradaic current of the prepared capacitive system, improved the cyclability, and improved the ion transfer
process from the solution to the surface of the final supercapacitor. The cycling test performed in this study
provides preliminary information on the electrochemical stability of the MnO,-NiO-rGO/NiFE. Further
studies involving a larger number of charge-discharge cycles, together with structural and morphological
characterization after cycling, would provide additional insight into the long-term stability of the electrode
and the possible origin of capacitance loss. Also, the use of the one-step electrochemical deposition method
has better controllability than other methods and increases the appropriate electrochemical properties.
The optimized MnO,-NiO-rGO/NiF electrode showed a stability of 94% in 1000 voltammetric cycles. In
addition, impedance studies revealed the very low charge transfer resistance for the MnO,-NiO-rGO/NiF
electrode, having a capacitance of 462.5 F/g at a current density of 5 A/g.
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