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Abstract: This paper describes the synthesis and characterization of NiMgOH-rGO nanocomposites
made using a chemical co-precipitation technique with various reducing agents (e.g., NaOH and
NH4OH) and reduced graphene oxide at 0.5, 1, and 1.5 percent by weight. UV-visible spectroscopy,
Fourier-transform infrared spectroscopy, X-ray diffraction, a particle size analyzer, and cyclic voltam-
metry were used to characterize the composite materials. The formation of the NiMgOH-rGO
nanocomposite with crystallite sizes in the range of 10-40 nm was inferred by X-ray diffraction
patterns of materials, which suggested interlayers of Ni(OH), and Mg(OH),. The interactions be-
tween the molecules were detected using Fourier-transform infrared spectroscopy, while optical
properties were studied using UV-visible spectroscopy. A uniform average particle size distribution
in the range of 1-100 nm was confirmed by the particle size analyzer. Using cyclic voltammetry and
galvanostatic charge/discharge measurements in a 6 M KOH solution, the electrochemical execution
of NiMgOH-rGO nanocomposites was investigated. Ata 1 A/g current density, the NiMgOH-rGO
nanocomposites prepared with NH4OH as a reducing agent had a higher specific capacitance of
1977 F/g. The electrochemical studies confirmed that combining rGO with NiMgOH increased
conductivity.

Keywords: NiMgOH; carbon nanomaterials; nanostructured hybrid electrodes; electrochemical
properties; specific capacitance; energy storage supercapacitors

1. Introduction

Supercapacitors are more flexible to a demanding work environment because of
their superior performance in charge-discharge cycles, high power density, and high
storage [1,2]. Supercapacitors, also known as ultra-capacitors, are alternative energy
storage devices that help to reduce the use of fossil fuels and other environmental issues
such as air pollution [3]. Many energy sources, such as solar, wind power, and geothermal
heat, have been investigated in recent years to see if they can reduce air pollution and
solve environmental problems. However, access to these resources is not always possible.
As a result, developing relevant energy storage devices with large storage capacities for
storing these energies is critical. Supercapacitors have been used to store electrical energy
in backup power systems, portable electronics, telecommunications, and vehicles, among
other applications [4—6]. Practically, energy storage systems are widely demonstrated and
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reported for good performance and robustness [7,8]. The physicochemical properties of
the electrode material are important in improving the supercapacitor’s performance [9,10].

Pseudocapacitive metal oxides/hydroxides (e.g., NiO, MgO, Mg(OH),, Ni(OH),,
MnO,, Co(OH);, and NiCo0,04) have been used for decades on account of their higher
energy density and specific capacitance [11-15]. Binary systems of metal hydroxides are
attractive because of their enhanced electrochemical properties. At the same time, little
research has self-addressed the synthesis of binary metal hydroxides [16]. To develop a high-
performance supercapacitor, Mg powder was sacrificed with nickel salt aqueous precursor
solutions (NiAl hydroxide [17], NiCo binary hydroxide [18,19], and NiMn hydroxide [20])
with improved pseudocapacitive behavior. Magnesium hydroxide (Mg(OH),) and nickel
hydroxide (Ni(OH),) are two of the most extensively used pseudocapacitive materials.
Mg(OH); is an alkaline metal hydroxide with a variety of advantages, including low
equivalent weight, low cost, low toxicity, and environmental friendliness [21], which
results in a good option for electrochemical energy storage. Nickel hydroxide is a versatile
functional substance with a wide range of uses on account of its higher electrochemical
capacity. These characteristics benefit a variety of devices in the fields of transportation,
electronics, agriculture, biomedicine, automotive, and aerospace applications [22-25].

Carbon derivatives are also employed as electrode materials to increase the dispersion
and electron transport of binary metal hydroxides and their stability and electrolyte contact
area. Among carbon derivatives, rGO is an efficient electrode material for supercapaci-
tor applications due to its ultra-high surface area and outstanding conductivity, as well
as excellent mechanical and chemical stability, low cost, and large-scale production [15].
Graphene-based supercapacitors have been broadly studied due to their excellent prop-
erties such as large surface area, high porosity, and good electrical properties [26]. The
addition of rGO will enhance the performance of the supercapacitor [27]. However, the
properties of the electrode material and the interaction between the electrode and elec-
trolyte will determine the supercapacitor’s performance. Reducing agents are essential in
controlling the size and morphology of nanostructures, which impact their potential in a
variety of fields, including supercapacitors. According to published reports, the reducing
agents used during synthesis, such as citric acid (CA), ammonium hydroxide (NH4OH),
potassium iodide (KI), hydrazine hydrate (HH), ethylene glycol (EG), NaBH4 (NBH), and
formic acid (FA) [28], produced different structures and surface areas that had a greater
impact on specific capacitance. The reducing agent used has a significant impact on the
effective surface area and agglomeration of nanocomposites, which results in improved
capacitive performance. Compared to different reducing agents, NaOH and NH;OH show
the best results in crystallinity and purity [29].

Herein, a facile co-precipitation method was reported to synthesize novel nanos-
tructured hybrids consisting of double metal-hydroxide and rGO for electrochemical
energy storage supercapacitor applications. The capacitance behavior of the NiIMgOH-rGO
nanocomposite was studied systematically with the effect of reducing agents (NaOH/NH4OH).
The addition of rGO during the synthesis of NiMgOH-rGO promotes high surface area,
which leads to the good dispersion of NiMgOH particles over the rGO matrix. This higher
surface area of the material promotes high diffusion of the e~, which can enhance the value
of specific capacitance of the composites. This methodology provides a controlled, modi-
fied particle size and composition by which homogeneity can be maintained. To investigate
the physicochemical and electrochemical energy storage properties of materials, X-ray
diffraction (XRD), an ultraviolet-visible spectrophotometer (UV-Visible), Fourier-transform
infrared spectroscopy (FTIR), a particle size analyzer (PSA), and electrochemical property
measurements such as cyclic voltammetry (CV) curves, galvanostatic charge—discharge
(GCD) cycles, and electrochemical impedance spectroscopy (EIS) were used.

2. Materials and Methods

Reagents used in this investigation, including nickel nitrate (Ni(NO3);-6H0O), magne-
sium nitrate (Mg(NO3),-6H>0), NaOH, and NH4OH, were procured from FINAR (99.99%
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pure, Finar Limited, Gujarat, India), while reduced graphene oxide was acquired from
Platonic India Pvt. Ltd. (research grade).

2.1. Synthesis of NiMgOH and NiMgOH-rGO Using Co-Precipitation Method with NaOH and
NH;OHas Reducing Agents

In this work, the co-precipitation method was adopted for synthesizing NiMgOH
and NiMgOH-rGO nanocomposites. 0.1 M of nickel nitrate and magnesium nitrate were
dissolved in 200 mL of distilled water. Different weight percentages (0, 0.5%, 1%, and 1.5%)
of rGO were added to each of the 0.1 M of nickel nitrate and magnesium nitrate solutions
and stirred for 2 h at 80 °C. A reducing agent of 2 M of NaOH was added dropwise to
the above mixture until the pH reached 7. After precipitation formation, the product
(NiMgOH-rGO) was filtered and dried in a hot air oven at 90 °C for 12 h.

Various weight percentages (0, 0.5%, 1%, and 1.5%) of (NiMgOH-rGO) were also
prepared similarly with NH4OH as a reducing agent. All the nanocomposites synthesized
by these two reducing agents were labeled appropriately, as shown in Table 1.

Table 1. Synthesis of NiMgOH and NiMgOH-rGO (0.5%, 1%, and 1.5%) nanocomposites by chemical
co-precipitation technique.

Reducing Agents
Samples Prepared
NaOH NH;0H
NiMgOH NMN NMNH
NiMgOH-0.5% rGO NMN-1 NMNH-1
NiMgOH-1% rGO NMN-2 NMNH-2
NiMgOH-1.5% rGO NMN-3 NMNH-3

2.2. Characterization

The XRD technique was carried out by a Bruker D8 (Bruker Corporation, Billerica,
MA, USA) to find out the crystal structure, phase, and average crystallite size of the synthe-
sized samples. In addition, the Systronics, double beam UV-Vis spectrophotometer 2202
(Systronics, Gujarat, India) and Bruker Alpha II FTIR spectrometer (Bruker Corporation,
Billerica, MA, USA) were used to study the optical absorption and nature of bonding,
respectively, in the supercapacitor. The Horiba SZ-100 Particle Size Analyzer (HORIBA,
Ltd., Kyoto, Japan) was used to determine the average particle size. CH6112E was used for
electrochemical analysis of the NiMgOH-rGO nanocomposites.

3. Results and Discussions
3.1. X-ray Diffraction (XRD) Studies

XRD analysis was used to characterize the structural properties of several NiMgOH
nanocomposites. Figure la—c depict the XRD pattern of NiMgOH with various percentages
of rGO and pure rGO. The formation of the peaks suggests that Ni(OH), and Mg(OH),
are effective and stable consolidations in the composite structure. The obtained XRD
patterns (Figure 1a,b) are in a cooperative agreement with the reported JCPDS 44-1482
of Mg(OH); [22] and JCPDS 38-0715 of 3-Ni(OH); [17]. The diffraction peaks at 17.2°,
33.0°, 38.5°, and 52.1° indicate (0 0 1), (1 0 0), (1 0 1), and (1 1 0) planes of 3-Ni(OH),,
while the diffraction peaks at 18.48°, 32.80°, 58.64°, 62.02°, 68.16°, and 72° represent (0 0 1),
(100),(110),(111),(103),and (20 1) crystal planes of hexagonal brucite Mg(OH), [22].
The diffraction peaks in Figure la—c at 25.19° indicate the (002) plane of rGO [30]. The
formation of a peak around 25.9° shows the semi-crystalline nature of the composite
and confirms the interaction of the rGO with NiMgOH [31], indicating the interfacial
phenomena occurrence [32].
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Figure 1. XRD patterns of (a) NMN, NMN-1, NMN-2, and NMN-3; (b) NMNH, NMNH-1, NMNH-2, and NMNH-3; and

(c) rGO.

From Figure 1a,b, as the concentration of rGO increased from 0.5% to 1.5% by weight,
there was an increase in the intensity of the diffraction peaks at a 20 value of 25.9°. In-
teresting facts were also observed, such as the broadening of peak intensities in the case
of NiMgOH-rGO (Figure 1a), and this may be due to the presence of hydrogen bonding
between NiMgOH and rGO, as well as due to the decrease in particle size [33].

The peak intensities of NiMgOH-rGO were similar to NiIMgOH in some cases and
were due to the increased thermal movement of rGO hindering the movement of NiMgOH,
which restricts their closest approach. It is of interest to note that the enhanced peak
intensities with the increased concentration of rGO may be due to the formation of a
network favored by the conditions for the formation of crystallites [34]. The shifts in 20
values in some cases were due to cationic redistribution, enhanced crystallization, or an
associated reason due to reorganization of the atoms in the crystal lattice that occurs with
the interaction of rGO with NiMgOH [35]. This process introduced a distortion that affected
the structure and the distance between the neighboring ions [36]. The average crystallite
sizes of the obtained composites were determined from Debye—Scherer’s formula.

D=KA/pB cosd

where D denotes the crystallite size in nanometers, K denotes the constant, A is the wave-
length of Cu radiation (0.15406 nm), 8 is the full-width at half-maximum of individual
peaks, and 0 is the Bragg angle in radians. The crystallite size distribution of various
NiMgOH composites is shown in Table 2.
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Table 2. Average particle size and crystallite size from XRD of NMN, NMN-1, NMN-2, NMN-3,
NMNH, NMNH-1, NMNH-2, and NMNH-3.

Average Particle Size Average Crystallite Size
§.No Name of Sample frorgn PSA (nm) fr:s)m )gl{D (nm)
1 NMN 47 35
2 NMN-1 34 19
3 NMN-2 21 16
4 NMN-3 16 13
5 NMNH 33 23
6 NMNH-1 29 19
7 NMNH-2 26 16
8 NMNH-3 22 15

3.2. Particle Size Analysis (PSA)

The PSA technique was performed on the synthesized materials to understand the
distribution and average particle size and is based on the principle of Brownian motion of
individual particles. The smaller particles have more significant Brownian motion, and
they move more rapidly with the solvent molecules. Laser diffraction is used to determine
the angular variation in the intensity of light scattered as a laser beam passes through a
dispersed particulate sample. The particle size is expressed in terms of volume-equivalent
spherical diameter. The histograms indicated good uniformity of the material (Figure 2a,b).
Nanocomposites are smaller than 100 nm in dimension, and it was found that the particle
size decreased with the percentage of rGO, which is supported by existing XRD data [37].
The size of a crystallite is smaller than the size of a particle, and within a particle, there are
many crystals with the same orientation [38]. The average particle size (nm) of all materials
is provided in Table 2.

3.3. Fourier-Transform Infrared Spectroscopic Studies

Infrared radiation absorption causes the vibrations of atoms in a molecule or crystal
lattice to be excited, resulting in bands in the spectra that are generally expressed in terms
of the unit wave number in cm~!. After mixing the FTIR spectra with an IR transparent
material, KBr, they are compressed into a clear pellet for analysis. The most effective
technique for deciphering the bonding of synthesized nanocomposite materials is FTIR
spectroscopy. The FTIR spectra obtained for NiMgOH nanocomposites with and without
rGO are shown in Figure 3a,b.

The sharp vibration bands at 3750 cm ™! for NiMgOH-rGO and 3670 cm ™! for NiM-
gOH indicate the stretching vibration of free hydroxyl groups on the inner surface of the
multi-layered 3-Ni(OH); structures. This sharp band occurred due to the nonallowance
of a water molecule into the short inner layer space of 3-Ni(OH), to form a hydrogen
bond, while the broadband at ~3451 cm ™! is attributed to the stretching mode of hydrogen-
bonded O-H groups within the layered structure [39]. The band at 541 cm~! indicates
bending or in-plane deformation vibration of the hydroxyl groups and Ni-O stretching
vibrations that suggest that Ni(OH), is in the B-phase [40]. The sharp peak at 3850 cm ™1 is
associated with the stretching vibration, while that at 1450 cm ! reflects bending vibrations
of the O-H group in Mg(OH), [41].

In addition, rGO was also presented in NiMgOH with different percentages and
associated with various bands, reflecting the presence of O-H groups (3400 cm 1), C-H
stretching (2957 cm '), C-H bending (2092 cm ™! and 1653 cm '), C=C groups (1653 cm™1),
O-H deformation (1375 cm~!), C-OH deformation (1393 cm '), C-O groups (1117 cm™1),
and vibration of absorbing water molecules (1653 cm™1) [42]. The broadening of O-H
bands with the increased percentage of rGO reflects intra-molecular hydrogen bonding
between NiMgOH and the corresponding rGO.
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Figure 2. Particle size analysis of (a) (i) NMN (ii) NMN—1 (iii) NMN -2 (iv) NMN-3; and (b) (i) NMNH (ii) NMNH-1

(iii) NMNH-2 and (iv) NMNH-3.
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Figure 3. FTIR spectra of (a) NMN, NMN—1, NMN -2, and NMN-3; and (b) NMNH, NMNH-1,
NMNH-2, and NMNH-3.

3.4. UV-Visible Spectroscopy

For UV-visible spectroscopic studies, the sample preparation was performed by dis-
solving the synthesized powders in deionized water as a solvent and sonicating them for
15 min. After the complete dispersion of powder, the solution was transferred into a trans-
parent quartz cuvette for UV analysis. The optical absorbance spectra were recorded in the
range of 200-500 nm. The recorded spectra are shown in Figure 4a,b. The peak of Mg(OH),
at 234 nm showed blueshifts at 230 nm, 232 nm, and 233 nm for NMN-1, NMN-2, and
NMN-3, respectively, while the peak of Mg(OH), at 230 nm showed redshifts of 234 nm,
235 nm, and 238 nm for NMNH-1, NMNH-2, and NMNH-3, respectively, indicating the
effect of reducing agents. The absorption peak around 232 nm corresponds to rGO, and the
presence of 7-7t* transitions of aromatic C-C bonds and n-7t* transitions of C=0 results in a
broad shoulder peak around 270-300 nm. Due to the restoration of 7 electronic conjugation
within the reduced graphene oxide, the Mg(OH),-rGO nanocomposites exhibited strong
and broad absorption in the visible region [43]. The clear peaks at 350 nm are governed by
the d-d transitions in multilayered 3-Ni(OH); [44], while the band at 398 nm is associated
with the 3A; - 3T} (3P) transition of Ni?* in octahedral symmetry [45].
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Figure 4. UV-vis spectroscopic studies of (a) NMN, NMN-1, NMN-2, and NMN-3; and (b) NMNH,
NMNH-1, NMNH-2, and NMNH-3.
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3.5. Electrochemical Studies
3.5.1. Electrode Preparation

The working electrode was the synthesized nanocomposites made of 80% of active
material, i.e., NiMgOH and NiMgOH-rGO, where rGO was taken as 0.5%, 1%, and 1.5%
by weight. The 10% of polyvinylidene fluoride (PVDF) acted as an organic binder, and
10% of activated carbon material was added, making the surface area chemically active.
The three materials were mixed and made into a thick slurry by coating with a few drops
of N-methyl pyrrolydine (NMP) coated on 1 x 1 cm? Ni foam substrate uniformly, and
heat treatment was given at 80 °C for 12 h. The electrochemical analysis was performed by
three-electrode systems using CH instrument (CH Instruments, Inc., Austin, TX, USA).

3.5.2. Cyclic Voltammetry Studies

Using 6 M of aq. KOH as the supporting electrolyte, the electrochemical perfor-
mance of prepared nanocomposites was investigated in a three-electrode configuration.
Figure 5a,b show cyclic voltammetric features curves of NiMgOH and NiMgOH-rGO
nanocomposites @0.5%, 1%, and 1.5% by weight with NaOH and NH4OH as reducing
agents with the potential ranging from —0.2 V to 0.6 V with 2-100 mV /s scan rates, respec-
tively. The area under the voltammogram increased with the scan rates, indicating high
power characteristics [46]. The oxidation peak (0.32 V) and reduction peak (0.19 V) shifted
toward positive and negative positions, respectively [47]. As increasing the potential scan
rate led to an increase in current, this peak shift with increasing potential scan rate in CV
plots can be attributed to the electrode’s slow intrinsic electrochemical kinetics or/and
ohmic limitation [48]. The redox peak in CV represents pseudocapacitive behavior of the
composite and is attributed to the variation in oxidation states of Ni and Mg.
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Figure 5. Cont.
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Figure 5. (a) Cyclic voltammetry studies of NMN, NMN-1, NMN-2, and NMN-3, and specific capacitance as a function of
scan rate. (b) Cyclic voltammetry studies of NMNH, NMNH-1, NMNH-2, and NMNH-3, and specific capacitance as a

function of scan rate.

The peak current density and integral area enclosed of NMN-3 were higher than those
of other samples, which relate to the best capacitance. In Figure 5b voltammograms, oxida-
tion and reduction peaks observed at a 2 mV /s scan rate were 0.38 and 0.19, respectively.
Calculations were made on the specific capacitance and energy density of the synthesized
samples by [49].

[ Idv

Specific Capacitance(Csc) = - === (v2 —01)

The specific capacitance increased with the concentration of rGO for all composites.
This can be attributed to a change in the phase structure [50]. The composites synthesized
by using NaOH showed a less specific capacitance than that of NH4OH, and it may be
due to the presence of NaNOj in the final product. The NMNH-3 electrode showed a
higher specific capacitance of 1793 F/g at a scan rate of 2 mV/s. The specific capacitance
decreased with the scan rate accredited to inner active sites that cannot sustain the redox
transitions [51].

3.5.3. Galvanostatic Charge-Discharge Studies

The galvanic charge—-discharge measurements at the potential time frame with con-
stant current value gave the charge storage nature of the electrode. These experiments
used a current density of 1 A/g. All of the curves exhibited excellent electrochemical
reversibility with no discernible deviations between cycles (Figure 6). The discharging
time for all the samples was 350-790 s, which reveals an excellent capacitive characteristic
of the material. The above GCD curves showed nonlinear behavior because it showed a
pseudocapacitive behavior associated with non-faradaic EDLC’s [52]. This confirms the
faradaic characteristics of charge storage.
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Figure 6. GCD curves of (a) NMN, NMN-1, NMN-2, and NMN-3; and (b) NMNH, NMNH-1, NMNH-2, and NMNH-3.

Specific capacitance was derived from the galvanostatic charge-discharge experiment
and was calculated from the following equation [53].

I x At
mx AV

where C denotes the specific capacitance (F/g); m denotes the active mass of the material
on the working electrode (mg); V denotes the potential window (v); and I, At denotes the
discharge current (A) time(s). At a current density of 1 A/g, the specific capacitance was
determined. The observed low capacity values were due to the iR drop within the capaci-
tors. As illustrated in Figure 6a,b, the iR drop is a measure of equivalent series resistance

that has an effect on the overall performance of a capacitor cell. Specific capacitance values
calculated from GCD curves are listed in Table 3.

Table 3. Specific capacitance values from GCD and CV curves for NiMgOH-rGO samples.

Specific Capacitance (F/g)

Specific Capacitance from
S-No Name of Sample @2mV/s pGCD CuI;ves @1Alg
1 NMN 568 780
2 NMN-1 733 853
3 NMN-2 809 1243
4 NMN-3 874 1317
5 NMNH 787 650
6 NMNH-1 984 850
7 NMNH-2 1170 1483
8 NMNH-3 1793 1977

All the calculations from cyclic voltammetry (CV) and galvanostatic charge-discharge
(CD) have their typical point of dependence factors as if they depend on materials, type of
capacitors, and electrochemical systems. The difference in specific capacitance values is due
to the different time scales of these two techniques [54]. In CV, the time of the experiment
is well defined via the scan rate and potential window here. We considered the average
current for calculating specific capacitance in the cyclic voltammogram method, while in
galvanostatic studies, we fixed the charge—discharge current, thus finding a difference in
specific capacitance measurement [55]. The values strongly depend upon scan rate (for CV)
and current density (for GCD). Here, we report the highest capacitance values at lower scan
rates (2 mV /s for CV) and lower current densities (1 A/g for GCD) as the supercapacitor is
related to fast and quick charge storage.
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The EIS data were analyzed using Nyquist plots, as shown in Figure 7a,b. The Nyquist
plot of Figure 7a indicates the capacitive behavior of NMN, while this behavior was further
enhanced with the addition of rGO (0.5%, 1%, and 1.5%) in the high-frequency region. The
high-frequency deviations were caused by the diffusive resistance of ions in the electrolyte
solution. The straight line in the low-frequency region represents the Warburg resistance
(Zw), which was caused by ion diffusion from the electrolyte solution to the working
electrode. Semicircles, on the other hand, formed in the high-frequency region as a result
of the low interfacial charge transfer phenomena [56].

500 100
(a) |=o—=NMN (b) |=e=NmnH
=@=NMN 1 R ~a=NMNH 1

4004 804 NMNH 2
=Q=NMNH 3
- 300+ ~ &0
E E
=
g 200+ 9 5 =@=NMNH
s = 404 = NMNH 1
~N N NMNH 2
' M ' 1 a@=NMNH 3
100+ 0.5

204

-Z"(Ohm)

0+

06 1] 0 1.2 ] 2 ol '3
YA (()hml Z' (Ohm)
L L] L L L L v L v Ll Ll A LJ A L] v hd L
0 100 200 300 400 500 600 700 0 20 40 60 80 100 120 140 160
Z' (Ohm) Z' (Ohm)

Figure 7. Nyquist plots of (a) NMN, NMN-1, NMN-2, NMN-3; and (b) NMNH, NMNH-1, NMNH-
2, NMNH-3 with corresponding equivalent circuits.

From Nyquist plots, we observed an interesting fact that most of the samples exhibited
a dual contribution of charge transfer reactions. One is surface-controlled, as indicated
by the depressed-circle portion, due to the electrode’s direct contact with the electrolyte.
The other type is diffusion-controlled, and it originates from internal regions such as grain
boundaries, voids, and cracks, which are represented by a linear portion [57].

Quantitatively estimating all the system parameters, it is customary to fit the Nyquist
plots using suitable equivalent circuits, and here, a modified Randel’s circuit was em-
ployed. This circuit was composed of a charge transfer resistance (Rct) across the elec-
trode/electrolyte interface and a constant-phase element (CPE). The fact that the z” axis
had a non-zero intercept demonstrates the solution’s resistance (Rg). The impedance of the
CPE is given by

1

Y (jew)"
where Y is a proportionality constant and the angular frequency ‘w” equals 27tf, with (1)
being the CPE exponent (0 < n < 1) [58]. However, defects in real electrochemical cells,
such as surface roughness, capacitor leak, and nonuniform current distribution, cause
electrodes to function less than optimally. As a result, instead of the capacitive element
(©), Q or the constant-phase element (CPE) is commonly employed to describe nonideal
behavior in electrodes. When the diffusion limit between the electrode and the nonreactive
surface is limited, a separate Warburg impedance circuit element (W) must be introduced
into Randel’s equivalent circuit (current collector) [59]. The system parameters for NMN,
NMN-1, NMN-2, and NMN-3; and NMNH, NMNH-1, NMNH-2, and NMNH-3 samples
are reported in Table 4.

ZCPE =
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Table 4. System parameters were obtained from the fitting of the Nyquist plots using the equivalent
circuit shown in Figure 7 (inset).

CPE1 A4
Electrode RS (() Rct () Exponent n Yo (mO-1s") Q 1512)

NMN 1.0 600 0.90 0.1 0.100
NMN-1 11 400 0.95 0.5 0.010
NMN-2 091 58 0.85 2.1 0.008
NMN-3 3.36 50 0.50 1.1 0.001
NMNH 1.15 7.42 0.50 471.4 0.197
NMNH-1 1.13 5.6 0.60 1.0 0.05
NMNH-2 1.27 2.4 0.70 80.0 0.001

NMNH-3 1.32 2.0 0.95 1.0 0.1

4. Conclusions

NiMgOH and NiMgOH-rGO nanocomposites with different rGO loadings were
synthesized using the co-precipitation method by using NaOH and NH4OH as reducing
agents separately. XRD, FT-IR, and UV-visible spectroscopic studies confirmed the strong
interaction between the elements of NiMgOH and NiMgOH-rGO. The average particle
size was calculated using PSA, which confirms the uniform distribution in the range
of 1-100 nm in diameter and single crystals in most synthesized nanocomposites. The
specific capacitance calculated from GCD curves was 1977 F/g ata 1 A/g current density
for NiMgOH-1.5% rGO with NH4OH as a reducing agent. As the concentration of rGO
increased from 0.5 to 1.5%, the specific capacitance values increased compared to the
samples without rGO. This confirms that the composition of rGO with NiMgOH enhanced
the conductivity of composites.
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