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Abstract: Controlling the cation to anion (Mn2+/MnO4
−) molar ratios of the precursors was used to

obtain a highly performance capacitive properties of nanostructural MnO2 hybridized carbon-based
materials on nickel foam (NF) through successive ionic layer adsorption and reaction technology.
SEM, XRD, BET, and XPS analyses are utilized to investigate the influence of cation/anion molar ratios
of precursors on the as-obtained MnO2 electrode materials. At a lower molar ratio of cation/anion
of 1, the prepared manganese oxide deposited on the NF with obvious δ-MnO2 phase. The average
pore size distribution of BET analysis of the as-obtained δ-MnO2 is about 4.6 nm, the specific
surface area is 155.7 m2 g−1, exhibiting a mesoporous structure. However, when the molar ratio
of cation/anion is higher than 5, the deposited film produced by the reaction exhibits a γ-MnO2

crystal phase. The capacitance of δ-MnO2/NF electrode is 280 F g−1 at 1 A g−1 in a 1 M Na2SO4

aqueous electrolyte solution. In addition, reduced graphene oxide (rGO) mixed with multi-wall
carbon nanotube (MWCNT) was added to synthesize γ-MnO2/rGO-MWCNT/NF electrode, which
has a high capacitance of 377.4 F g−1 under the charge/discharge current density at 1 A g−1.

Keywords: precursors; successive ionic layer adsorption & reaction; capacitance; reduced
graphene oxide

1. Introduction

Supercapacitors (SCs) possessing high power density demonstrate the benefits of fast
charging rate and long service time, and are very important energy storage devices [1,2].
Among the SCs that have been developed, the Faraday reaction of redox is one of the most
important electrode materials for charge storage. Because MnO2 possesses the advantages
of cheap environmental affinity, good stability in alkaline electrolyte, and high theoretical
capacitance, it is often used as the electrode of supercapacitors [3,4]. However, the general
crystal phases of MnO2 are α, β, γ, δ, and λ types, each of which has a different pore
structure. Among them, δ-MnO2 has a layered structure, which is suitable for intercalation
and extraction of ions, and increases electrical properties. Amorphous MnO2 has a large
specific capacitance; thus, in the process of charging and discharging, ion insertion and
extraction will not destroy the structure of amorphous MnO2. Furthermore, γ-MnO2 has a
one-dimensional tunnel structure. In addition to good capacitance performance, it also has
good rate discharge performance and is suitable for high-current charging and discharging.
Moreover, γ-MnO2 has excellent depolarization activity, which slows down the decay
of the electrode [5]. Manganese dioxide in different crystalline states exhibits different
properties such as transport, insertion, and extraction of electrolyte ions, affecting the
specific capacitance value and capacitance retention performance of the electrode [6,7].

However, there are still some disadvantages in the application of high-capacity MnO2
electrodes. For example, low conductivity is one of the shortcomings of MnO2, which
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severely limits its application [8]. This deficiency can be made better by introducing
conductivity carbon materials to the electrode materials [9,10]. Reduced graphene oxide
(rGO), one of the carbon nanostructures, has exceptional capacitance, electronic, chemical
stability, mechanical properties and high surface area, and has received great attention;
therefore, it is also popularly applied as electrode materials for supercapacitors [11,12].
From another point of view, compounding reduced graphene oxide (rGO) with metal oxide
can significantly enhance the electrical conductivity of the electrode [13]. The development
of MnO2/rGO nanocomposite materials can complement each other’s shortcomings and
enhance the application of the electrode materials.

Until now, many methods have been developed, such as the hydrothermal [14], liquid
phase [15], solid reaction [16], and chemical precipitation methods [17,18] to prepare
MnO2/rGO nanocomposites. In most methods, the product is composite powder. He
et al. [19,20] published a series of reports on graphene/MnO2 hybrid electrodes. It was
pointed out that nanocomposite electrodes composed of MnO2 and functionalized rGO
exhibited a high specific capacitance. Mao et al. [21] utilized the precipitation method to
synthesize nanostructural MnO2 compounded with tetrabutylammonium hydroxide to
stabilize graphene in various mass ratios. The crystallinity, composition and morphology
play crucial roles in the performance of the capacitor for the electrode material.

Successive ionic layer adsorption and reaction (SILAR) is a film coating process [22–24].
This method can be used to produce the required film material on the substrate, which is
an easy way to achieve this. This process utilizes the substrate, repeatedly immersed it in a
cation and anion solution of precursors to be deposited as a film on a substrate. The deposi-
tion time and the concentration and type of chemical reagents control the growth of the
film [25,26]. Jana et al. [27] fabricated MnO2 on stainless steel substrates using hydrother-
mal technique or SILAR process, respectively. Moreover, graphene was coated on cloth
composed of nanotube to obtain rGO/MnO2 supercapacitors. It revealed the rGO/MnO2
material prepared by hydrothermal technique consisted of serious agglomeration to de-
crease the specific surface area and electrical conductivity of the as-obtained electrode.
In contrast, the electrode material fabricated by SILAR process possessed more surface
area and demonstrate better diffusion speed of electrolyte [28]. Furthermore, the SILAR
method can decrease the agglomeration of rGO and reduce the need of non-conductive
binders and electrode material to decrease the fabricating cost of capacitive devices. The
SILAR process is utilized to produce rGO-MnO2 composite films, which can prepare low-
weight and ultra-small supercapacitors. Besides this, Jadhav et al. [29] investigated the
SILAR process, finding that stainless steel was used as the base and immersed in solutions
containing manganese ion to fabricate MnO2 and rGO hybrid electrode. It indicated that
manganese oxide electrode film exhibited an amorphous phase, which demonstrated a
facilely electrochemical redox reaction in the process of charging and discharging.

This study aims to address the necessary factors for developing a high-performance
energy storage device–electrode material process for supercapacitors. Using the SILAR
process, which is easy to scale industrially, we explore the crystal phase and morphology of
the as-deposition MnO2 under various molar ratios of cation/anion (Mn2+/MnO4

−) of the
precursors, and use a mixture of rGO and multi-wall carbon nanotube (MWCNT) carbon
materials to hybridize with the as-deposited MnO2 for improving the conductivity of
electrode, increasing the capacitance value and the charge–discharge capacitance retention
rate. To the best of our knowledge, the cation/anion (Mn2+/MnO4

−) molar ratios of the
precursors in the SILAR process effect on the electrode material characteristics, and in the
electrochemical behaviors of the as-fabricated MnO2-based electrodes, is very rare.

In this study, controlling the cation to anion (Mn2+/MnO4
−) molar ratios of the

precursors to obtain a highly performance capacitive properties for the fabrication of
nanostructural MnO2 hybridized carbon-based electrode was investigated. A- 3D nickel
foam was used as the substrate and the SILAR method utilized to prepare manganese
dioxide-based electrode. The influences of the cation/anion molar ratio on the SILAR
process for preparing MnO2/NF were investigated. Finally, the electrochemical properties
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of different crystal phases of MnO2-based on nickel foam electrode were characterized
and investigated.

2. Materials and Methods
2.1. Synthesis of MnO2-Based Hybrid Electrode

About 0.25 g of graphene oxide (GO) sheet was taken and mixed with 50 mL deionized
(DI) water. Then, stirring and mixing for 1 h, the mixed solution of pH at 10–11 was adjusted
by ammonia water. After this, the GO suspension was placed in a Teflon lined autoclave and
maintained at 180 ◦C for 12 h. Finally, after cooling, the GO suspension solution became rGO.

Before the preparation, bare NF was examined by SEM and indicated the smooth
and flat surface, which can ensure the active electrode materials deposited with good
uniformity (Figure S1, Supplementary Materials). The nickel foam (NF) (1 cm × 1 cm) was
washed and cleaned by acetone and DI water, sequentially, then dried for the preparation
of the MnO2/NF electrode by the SILAR process. The SILAR process was utilized to coat
MnO2 onto the substrate. The NF was placed into various molar ratios of cation/anion,
Mn2+/MnO4, to obtain MnO2 coated on NF. The cation (Mn2+) was oxidized by anion
(MnO4−) and deposited layer by layer. Through the SILAR process, MnO2 was coated on
the NF substrate. This electrode fabrication was repeated 5 times. Finally, the fabricated
electrode was heat-treated at 200 ◦C for 1 h. In the experiment, different concentrations of
MnSO4 (0.005 M~0.1 M) were reacted with 0.01 M KMnO4, under different molar ratios of
cation/anion (Mn2+/MnO4

−, R represents the molar ratio of Mn2+/MnO4
−) to prepare the

MnO2/NF electrode by the SILAR process. The fabrication of MnO2/NF electrode material
is shown as Scheme 1.
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Scheme 1. The schematic of fabrication of MnO2/NF electrode material.

The weight of rGO and MWCNT was at the ratio of 1:3 to prepare uniform suspension
rGO-MWCNT mixed carbon material, which was used to deposit the electrode. The mixed
carbon material contained rGO and MWCNT is represented as CM for simplification, and the
MnO2/CM/NF electrode was performed under a different molar ratio of cation/anion. The
detail preparation of MnO2/CM/NF hybrid electrode was described in previous research [30].

2.2. Characterization

Field emission scanning electron microscopy (FESEM) (JEOL JSM-7401F, Tokyo, Japan)
was applied to characterize the microstructures of fabricated MnO2/NF electrode. X-ray
diffraction (XRD) (Bruker, D8 ADVANCE, Karlsruhe, Germany) with a Cu Kα radiation
at wavelength of 1.5406 Å was used to identify the crystal phases for the materials. The
Brunauer-Emmett-Teller (BET) surface area data and N2 adsorption-desorption isotherms
characteristics of the as-fabricated materials were characterized by a Micrometrics ASAP
2010 instrument (Micrometrics, Atlanta, GA, USA).

Furthermore, X-ray photoelectron spectroscopy (XPS) (PHI 5000 VersaProbe, Tokyo,
Japan) was utilized to identify the surface composition and binding energy of the fabricated
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MnO2 were identified by. The binding energy of C at 284.6 eV was applied to calibrate
the charge-shift of binding energy. Moreover, the XPS spectra were deconvoluted by 100%
Gaussian peaks for chemical identification.

2.3. Electrochemical Properties of MnO2-Based/NF Electrodes

The electrochemical characteristics were revealed by employing a typical three-electrode
electrochemical system, with a MnO2-based/NF hybrid electrode (1.0 cm × 1.0 cm)
for the working electrode, an Ag/AgCl applied as reference electrode, and a Pt plate
(1.0 cm × 1.0 cm) used as the against electrode, while 1.0 M Na2SO4 aqueous solution was
applied as the electrolyte.

Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) tests were applied to
characterize the electrochemical properties by a CHI 760D electrochemical workstation.

The specific capacitance (Cm) was calculated on the basis of discharging curved line of
the GCD examination by Equation (1):

Cm =
i × ∆t

∆V × m
(1)

where i (A) represents the current of discharge, ∆t (s) means the time of discharge, ∆V (V)
expresses the change of discharging potential, and m (g) indicates MnO2 active material’s mass.

3. Results and Discussion
3.1. Physical Properties of the as-Prepared MnO2 Materials

Figure 1a reveals the morphology of the deposited MnO2, showing a flower-like cluster
structure; the typical size of the clusters is 60–120 nm, and there is a large distance between
the clusters. Furthermore, the structure of the clusters contains about 5 nm–15 nm elongated
elliptical MnO2 particles. Figure 1b also shows the cluster structure (the typical cluster size
is 50–80 nm), and the MnO2 particles are composed of near spherical and elliptical particles;
the typical particle size is 8–15 nm. The prepared MnO2 material also has many pores
between the clusters, but compared with Figure 1a, it is obvious that the MnO2 particles are
denser and the distances between the clusters are smaller. In contrast, Figure 1c presents a
morphology different from that of Figure 1a,b. The deposited MnO2 particles in Figure 1c
are very compact and uniform; the shape is granular with a typical size of 10–15 nm; while in
Figure 1d, the shape of the clusters is hardly observed, but the as-deposited MnO2 exhibits
a uniform granular distribution. There are many pores between the particles in Figure 1d,
and the typical particle size is 12–18 nm.

SEM images show that the deposited MnO2 exhibits different morphologies, pre-
sumably affected by the molar ratio of cation/anion in the SILAR process. It is initially
found that the material shown in Figure 1a,b is MnO2 obtained from a lower molar ratio
of cation/anion (R = cation/anion = 1/2, 1), while the morphology of MnO2 is simi-
lar; Figure 1c,d show MnO2 obtained from relatively higher molar ratio of cation/anion
(R = cation/anion = 5, 10), while the morphology of MnO2 is similar. This may be related
to the phase form of MnO2 (the XRD analysis will be described in detail later).

The XRD of bare NF was examined. The diffraction peaks of NF are approximated
at 44.3◦, 51.8◦ and 77.6◦ (Figure S2, Supplementary Materials). The peak at 44.3◦ with the
strongest intensity corresponds to the (111) crystal plane of NF, so as to avoid overlapping
with the (300) plane of γ-MnO2 at 42.7◦. In this study, the as-synthesized MnO2 powders
were used for XRD analysis. The XRD analysis of MnO2 prepared under different molar
ratios of cation/anion is shown in Figure 2a. When the molar ratio of cation/anion was
1/2 to 1, XRD diffraction patterns were identified as δ-MnO2, and were consistent with
JCPDS card number 18-0802 [31]. When the molar ratio of cation/anion is 5 to 10, XRD
analysis shows that the deposited MnO2 is γ-MnO2 [32], corresponding to JCPDS card
number 14-0644.
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Figure 1. SEM images of the as-deposited MnO2/NF electrode material obtained from different
molar ratios of cation/anion (R). (a) R = 1/2, (b) R = 1, (c) R = 5, and (d) R = 10.
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Figure 2. The properties of MnO2 prepared by SILAR process under different molar ratios of
cation/anion. (a) XRD analysis, (b) adsorption/desorption isotherms, and (c) BET analysis.

Nevertheless, the main diffraction peak at 2θ of 37.2◦ is visible, owing to the (111)
crystal plane of δ-MnO2 (JCPDS 18-0802). Similarly, the main diffraction peak at 2θ of 37.1◦

contributes to the (131) plane of γ-MnO2. The deposited film prepared by various molar
ratios of cation/anion by the SILAR process; no matter whether it is δ-MnO2 or γ-MnO2,
its crystalline strength is not high. Bragg’s Law (nλ = 2d sinθ) is applied to estimate the
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interplanar spacing of the (111) plane in δ-MnO2 and the (131) plane in γ-MnO2; they are
computed to 0.243 nm and 0.242 nm, respectively.

Figure 2b shows the analysis of the adsorption/desorption isotherms of MnO2 ob-
tained under different reactant concentrations. The results indicate that all the obtained
MnO2 show type IV adsorption/desorption isotherms, and the adsorption isotherm show
a sharp rise at the position of higher relative pressure (P/Po). The adsorption/desorption
curve of MnO2 prepared at molar ratio of cation/anion of 1/2 and 1, respectively, when
the relative pressure (P/Po) is between approximately 0.4–0.8, there is a long and narrow
desorption hysteresis loop, which is a slit-shaped pore. The adsorption/desorption curve
reveals that the MnO2 prepared at molar ratio of cation/anion of 1/2 to 1 possesses a higher
fraction of a lower size porous structure. Since the reactants and by-products can diffuse
faster in the MnO2 with the mesoporous structure, it enhances the oxidation efficiency of
electrode [33,34].

As the relative concentration of KMnO4 increases, the relative pressure (P/Po) ex-
hibits at 0.8–1.0 of γ-MnO2, and a desorption hysteresis loop appears in the adsorp-
tion/desorption curve. The large hysteresis loop at higher P/Po in the curve of MnO2
prepared at a molar ratio of cation/anion of 5 to 10, and the curve area of the hysteresis loop
decreases step by step, indicating that the pore diameter increases. This is because of the
crystalline morphology transform from δ-MnO2 to γ-MnO2 [35]. BET analysis results show
that the specific surface area of MnO2 obtained from molar ratio of cation/anion at 1/2, 1, 5,
and 10 is 202.4 m2 g−1, 155.7 m2 g−1, 40.8 m2 g−1 and 40.5 m2 g−1, respectively; the average
pore size distribution is about 6.2 nm, 4.6 nm, 29.6 nm and 28.6 nm, respectively, as shown
in Figure 2c. Obviously, the increase in the molar ratio of cation/anion (Mn2+/MnO4

−)
causes a reduction in the specific surface area of MnO2 and increases the average pore size.

To study the chemical composition of δ-MnO2 material, XPS analysis was performed
as shown in Figure 3. Figure 3a shows the full range survey from 0–1200 eV of XPS analysis
of the as-deposited MnO2 material. The results confirmed that only Mn, Ni, O, and C
atoms exist on the surface of the product. Figure 3b shows the binding energy of Mn 2p by
XPS analysis. It indicates that the two main peaks are centered at 642.2 eV and 654.0 eV,
corresponding to the binding energy of Mn 2p3/2 and Mn 2p1/2 [36], compared with the
difference of spin energy between Mn 2p3/2 and Mn 2p1/2, which is 11.8 eV, which is in
good agreement with the reports of literature [37].

It is difficult to observe the oxidation state of Mn from the Mn 2p of XPS spectrum,
and the valence states of Mn differs in the split spin energy gap. Therefore, the Mn 3s peak
is split into two parts, and the binding energy difference of the two parts can be applied to
clarify the oxidation state form of Mn. Figure 3c indicates that the binding energy of Mn
3s is 84.3 eV and 89.0 eV. The binding energy difference is 4.7 eV, which reveals that the
manganese composition in the as-fabricated MnO2 is Mn4+ [38].

Figure 3d indicates the binding energy of O 1s in MnO2 material. After curve deconvo-
lutional analysis, the peaks are at 529.9 eV and 531.6 eV, which corresponds to the binding
energy peaks of Mn-O and Mn-OH bonding, individually. The observations are consistent
with the results in the literatures [39,40].

3.2. Morphologies of the as-Deposited MnO2/CM/NF Hybrid Electrode

Figure 4a–d is the TEM images of the fabricated MnO2/CM/NF (the upper right corner
of the figure is electron diffraction ring), respectively. From TEM analysis, it was clearly
found that the material contained granular, thin laminar and hollow tubular structures,
which are MnO2, rGO and MWCNT, respectively. Comparing the materials prepared
under different molar ratios of cation/anion (Mn2+/MnO4

−), it is obvious that the mixed
carbon material of rGO-MWCNT can effectively disperse the deposited MnO2 at low molar
ratio of cation/anion (R = 1/2, 1, forming δ-MnO2). The deposition of MnO2 decreases
the aggregation; as the molar ratio of cation/anion increases (R = 5, 10), the deposited
MnO2 is denser, but rGO-CNT also has the effect of reducing the aggregation of the
deposited particles. In addition, from the electron diffraction of TEM, there appear some



Batteries 2023, 9, 273 7 of 17

ambiguous diffraction rings. It can be concluded that the prepared δ-MnO2 and γ-MnO2
have low crystallinity. This is consistent with the previous XRD analysis. During the SILAR
preparation, graphene will rearrange, creating exorbitant surface aggregation; thus, it is
not easy to obtain a better-ruled arrangement of MnO2 in the MnO2/CM/NF electrode.
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Figure 3. The XPS analysis of δ-MnO2 obtained at R = 1. (a) The full range survey of 0–1200 eV,
(b) the binding energy of Mn 2p by XPS analysis, (c) the binding energy of Mn 3s, and (d) the O 1s
binding energy.

HRTEM image of the MnO2/CM/NF from Figure 4c is indicated in Figure 4e,f. The
lattice patterns of MnO2, rGO, and MWCNT were found. It exhibits the interplanar spacing
of γ-MnO2, rGO and MWCNT to approximately 0.42 nm, 0.40 nm and 0.35 nm. The
lattice spacing value is very close to the XRD analysis results reported in the above section.
Furthermore, the MWCNTs adhere with MnO2 nanoparticle, which exhibits the structural
stability for MnO2/CM/NF nanocomposite electrode. It means the microstructure can
reduce the ion and electron transport length between electrolyte and MnO2/CM/NF
electrode and also improve their contact surface area. In addition, the corresponding inverse
fast Fourier transformation (IFFT) analysis of the lattice spacing on the HRTEM images was
also performed. Again, their lattice spacings are consistent with the HRTEM analysis as
shown in Figure 4g–i. During the IFFT analysis, the relevant information of FFT were also
examined as shown in Figure S3 (Supplementary Materials). The fabricated MnO2/CM/NF
can be expected to demonstrate extraordinary electrochemical characteristics. Furthermore,
Mn, C and O elements dispersed well in the hybrid electrode (Figure 4j–l), revealing that
MnO2 has fine dispersibility between the rGO and MWCNT mixed carbon material.
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Figure 4. TEM image of the fabricated MnO2/CM/NF electrode material. (a) Obtained from R = 1/2,
(b) obtained from R = 1, (c) obtained from R = 5, (d) obtained from R = 10, (e,f) HRTEM analysis of
the MnO2/CM/NF of Figure 4c; (g–i) the IFFT analysis of interplanar spacing of MnO2, rGO and
MWCNT, respectively, on a HRTEM image; (j–l) the Mn, C and O elements in the electrode.

3.3. Electrochemical Properties Analysis of MnO2/NF Electrode

The MnO2/NF electrode prepared under different molar ratios of cation/anion over five
cycles of the SILAR process was characterized by CV and GCD examination, respectively.

The CV characteristic of bare NF shows that at very low scan rates, the curve is very
unstable. In contrast, at 50 mV s−1, it exhibits relatively stable CV characteristic (Figure S4,
Supplementary Materials). Therefore, in this study, the CV characteristic of the electrode is
generally performed at 50 mV s−1. Electrochemical properties of the fabricated MnO2/NF
electrodes at various molar ratios of cation/anion are shown in Figure 5. As seen from Figure 5a,
the bare NF with much lower area in CV curve; thus, it can be used as the base for the deposition
of electrode material. The CV curves show that the MnO2/NF electrode was prepared from
molar ratio of cation/anion at 1, the CV curve is quasi-rectangular and the curve area is the
largest, indicating an excellent capacitance characteristic. Moreover, δ-MnO2/NF electrode
prepared from R = 1, the CV curve at 20–100 m V s−1 presents a quasi-rectangular shape,
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exhibiting that the electrode is stable in this range (Figure 5b). Figure 5c,d show the GCD
characteristics at 1 A g−1 for MnO2/NF electrode fabricated from various molar ratios of
cation/anion, exhibiting that the MnO2/NF electrodes prepared from the cation/anion molar
ratio at 1/2, 1, 5 and 10 have specific capacitances of 258 F g−1, 280 F g−1, 202 F g−1 and
146 F g−1, respectively. Combined with the previous XRD analysis, when the molar ratios of
cation/anion increase from 1 to 5, the phase of the as-prepared MnO2 changed from δ-MnO2 to
γ-MnO2 by the SILAR process. The previous BET analysis shown that δ-MnO2 revealed the
largest specific surface area and demonstrated the largest specific capacitance, which can be
conformed with each other. All samples showed symmetrical and nearly linear shape in the
process of charge/discharge, and had longer discharge time, indicating that they have good
pseudo-capacitance characteristics [41].
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Figure 5. The electrochemical properties characterization of MnO2/NF electrodes. (a) CV curves at
50 mV s−1 of electrode fabricated from various molar ratios of cation/anion, (b) CV curves under
various scan rates of MnO2/NF obtained from R = 1, (c) the GCD characteristics at 1 A g−1, and
(d) the specific capacitance vs. current density of MnO2/NF electrodes.

δ-MnO2 electrode obtained from R = 1 was subjected to various current densities
for GCD performance examination at 1, 2, 4, 6, 8, and 10 A g−1; at such conditions, the
capacitance values is 280, 242, 214, 201, 193 and 183 F g−1, respectively. The GCD curve
almost shows the symmetry of charging and discharging. Moreover, with the increase
of electrical current density, it causes to shorter charge and discharge time as shown in
Figure 5d, because the rapid voltage rises at higher current density.

Comparing with the CV curve, GCD test and XRD analysis, it is proved that low-
crystalline δ-MnO2 is produced at a molar ratio of cation/anion at 1, compared to the
γ-MnO2 produced by molar ratio of cation/anion > 5, showed better electrochemical
characteristics. However, as seen from Figure 5d it shows that the δ-MnO2/NF electrode
has a high capacitance, but the capacitance stability under different current densities is less
stable than that of γ-MnO2/NF electrode. Therefore, γ-MnO2 is most popularly applied in
the electrodes of devices for energy storage, because the electrical activity decrease of γ-
MnO2 is slower than other crystal phases of MnO2 during the electrochemical process [42].
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3.4. Electrical Analysis of MnO2/CM/NF Hybrid Electrode

The CV and GCD analyses were utilized to examine and reveal the electrochemical prop-
erties of the fabricated MnO2/CM/NF electrode as shown in Figure 6. Figure 6a shows
the CV characteristic curves of different MnO2/CM/NF electrodes at 20 mV s−1. For the
δ-MnO2/CM/NF electrode prepared at R = 1/2, the redox peak exhibits in the CV characteristic
curve, and appears the smallest area of the CV curve. It means that the capacitance of this
electrode is the lowest. For the δ-MnO2/CM/NF electrode prepared at R = 1, the CV charac-
teristic curve presents a slightly quasi-rectangular shape, indicating that this electrode has a
higher capacitive property than that of the electrode obtained at R = 1/2. This may be because
the δ-MnO2/CM/NF electrode prepared by R = 1 is more densely deposited on CM than the
electrode obtained by R = 1/2. In addition, the γ-MnO2/CM/NF electrode obtained when R
is 5 and 10, respectively, and has ideal quasi-rectangular shape and a large CV curve area. It
shows that the formation of γ-MnO2/CM/NF electrode has better capacitive properties.
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Figure 6. Electrochemical examinations of the fabricated MnO2/CM/NF electrode. (a) CV characteristic
examination at 20 mV s−1 and (b) GCD characteristic of MnO2/CM/NF electrodes at 1 A g−1.

Figure 6b shows the GCD characteristic of different MnO2/CM/NF electrodes at
1 A g−1. At the beginning of the discharging, the potential shows a sudden drop, which is
caused by the inner electrical resistance of the electrode [43]. The smaller the potential drop
of the electrode, the smaller the internal resistance. Comparing the different MnO2/CM/NF
electrode prepared by various molar ratios of cation/anion. The GCD curve shows that for
the δ-MnO2/CM/NF electrodes prepared by R = 1/2 and 1, the steep drop of the discharge
curve is much lower than that prepared by R = 5 and 10. It is indicated that the electrode
internal resistance of δ-MnO2/CM/NF is small, because the electrode possesses a layer
structure for intercalation and extraction of ions, resulting in a smaller potential drop than
that of γ-MnO2/CM/NF.

The second section of the discharge curve is a linear property of the potential depen-
dence on time, representing the EDLC characteristic. The GCD test shows that these four
curves all have the above-mentioned curve segments, and the curve of γ-MnO2/CM/NF
(R = 5 or 10) has a higher slope and better linearity, which means γ-MnO2/CM/NF elec-
trode material has strong EDLC characteristics; therefore, the electrode can present a
relatively stable discharge performance.

The slope variation depended on the time is corresponding to the reaction of charge
transfer of MnO2/NF electrode, which is pseudo-capacitance property. It is caused by the
adsorption/desorption or oxidation/reduction occurring on the interface between elec-
trolyte and electrode during the electrochemical reaction [44]. It indicates γ-MnO2/C/NF
electrode prepared by R = 5 has obvious tailing phenomenon between 0–0.2 V, which means
that it has more significant pseudo-capacitance behavior. Under R = 5 and 10, that is, at
a higher concentration MnSO4 during the SILAR process, the dense γ-MnO2 can be pro-
duced on the mixed carbon material; therefore, the capacitance value of γ-MnO2/CM/NF
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electrode can be increased. In addition, a δ-MnO2/CM/NF electrode made by R = 1/2
shows a steep discharge curve in the low voltage region, demonstrating a strong Faraday
effect [45]. The capacitance from a GCD test of the MnO2/CM/NF obtained from R = 1/2,
1, 5, and 10 is 291.3, 391.7, 377.4, and 351.7 F g−1, respectively

Figure 7 is the CV characteristic curve of MnO2/CM/NF electrode at different scan
rates. From Figure 7a, the CV curve of the MnO2/CM/NF obtained under R = 1/2
has a redox peak, which is obviously different from other electrodes. Compared with
the TEM analysis of the electrode, the as-deposited δ-MnO2 at R = 1/2 is prepared at
a lower concentration of MnSO4, δ-MnO2 deposited is looser, and the CV curves of the
electrode at different scan rates appear redox peak. In addition, the CV curves of the
other three electrodes (Figure 7b–d), at low (5 mV s−1 and 10 mV s−1) and very high
(200 mV s−1) scan speeds, exhibit deviations from quasi-rectangular shape, meaning that
the CV characteristics of the electrode are unstable at very low and extremely high scan
rates. Symmetrical CV curves are present during 20 mV s−1 to 100 mV s−1, which is a
quasi-rectangular shape. Comparing Figure 7b–d, it is obvious that the δ-MnO2/CM/NF
electrode prepared by R = 1, the CV curve is more easily influenced by the change of scan
rate, and, relatively, for the γ-MnO2/CM/NF electrode prepared by R = 5 and 10, the
CV curve is relatively stable under the change of scan rate, showing a more symmetrical
quasi-rectangular shape curve.
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Figure 7. The CV characteristic curves of MnO2/CM/NF electrodes at various scan speeds.
(a) Electrode prepared from R = 1/2, (b) electrode prepared from R = 1, (c) electrode prepared
from R = 5, and (d) electrode prepared from R = 10.

The overall electrical current (i(v)) for CV characterization at various scan speeds of the
electrode are composed with two parts as follows. One is the capacitance (icap) contribution and
the other one is diffusion control (idiff) contribution. Both can be computed by Equation (2) [46].

i(V) = icap + idi f f = a × vb (2)
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where ν represents the scan rate of CV measurement, i(V) delegates the overall electrical
current for CV measurement, and “a” value and “b” value are parameters of Equation (2).
The “b” value is the slope of a chart drawn by log(i(V)) vs. log(ν).

Figure 8a indicates the b-value of MnO2-based/NF electrodes. It reveals that the two
γ-MnO2/CM/NF electrodes have b-value at “0.8 < b < 1”and correspond to pseudoca-
pacitive material having a majority of capacitive storage behavior, while the other two
δ-MnO2/NF electrodes exhibiting “0.5 < b < 0.8” are demonstrating a majority of Faraday
mechanism. However, b = 1 is identified to be EDLC behavior, and b = 0.5 is judged to be a
battery-type property [47].
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Figure 8. Electrochemical investigations of the MnO2-based/NF electrodes. (a) The b parameter of
the electrodes, (b) a plot between i(V)/ν1/2 versus ν1/2, and (c) contribution rates of capacitance
(icap) and diffusion control (idiff) processes at various scan rates (in each bar chart, the lower section
is the contribution rate of icap, and the upper section is the contribution rate of idiff).

Furthermore, to examine the diffusion controlled faradaic behavior (idiff) and ca-
pacitive current contribution process (icap) at a set potential with various scan speeds,
Equations (3) and (4) were applied [48].

i(V) = a1v + a2v
1
2 (3)

i(V)/v1/2 = a1v1/2 + a2 (4)

where, a1ν and a2ν
1/2 attributes to icap and idiff, respectively. At a set potential of

0.5 V, a1 and a2 were calculated from Equation (4) as shown in Figure 8b. From Figure 8b,
δ-MnO2/NF prepared by R = 1, a1 is 1.3 × 10−5, a2 is 9.0 × 10−5; the δ-MnO2/CM/NF
prepared by R = 1, a1 is 5.1 × 10−6, a2 is 2.9 × 10−4; γ-MnO2/CM/NF prepared by R = 5,
a1 is 6.1 × 10−5, a2 is 1.7 × 10−4; γ-MnO2/CM/NF prepared by R = 10, a1 is 9.1 × 10−5,
a2 is 1.3 × 10−4. As seen from Figure 8c, it indicates that icap/idiff (current contribution
rates) of each electrode increases with the increase of scan speed; it means that the scan
speed in the stable CV state is beneficial to the improvement in capacitive process.
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Comparing the relationship between scan rate and icap/idiff of δ-MnO2/NF electrode and
δ-MnO2/CM/NF electrode, δ-MnO2/CM/NF electrode is due to the hybrid of rGO and
MWCNT with δ-MnO2, possesses a lower icap/idiff value; that is, the icap of the δ-MnO2/CM/NF
electrode is relatively small. This may be due to the insufficient concentration of δ-MnO2 de-
posited on the mixed carbon materials, resulting in icap cannot be increased, and the current is
mainly contributed by the faradaic diffusion-controlled process.

In the γ-MnO2/CM/NF electrode (prepared by R = 5 and 10), icap/idiff value of the
electrode is much higher than the value of δ-MnO2/NF. The γ-MnO2/CM/NF electrode
presents a high proportion of icap, showing capacitive capacitance properties. This may be
based on the electrode material prepared by SILAR process, sufficient MnSO4 concentration
makes γ-MnO2 deposited on the mixed carbon materials much denser. Furthermore, rGO
can make the conductivity of electrode much better, and MWCNT can effectively reduce the
aggregation of γ-MnO2 deposited on carbon materials, which can improve the uniformity,
and exhibit excellent capacitive values of the as-deposited material.

As to the electrode performances and impedance analysis of the as-fabricated MnO2-
based/NF electrode, the capacitance retention rate of γ-MnO2/CM/NF electrode obtained from
R = 5 and 10, respectively, is 86.3% and 82.5%, respectively, for 5000 cycles of charge/discharge
at 1 A g−1; however, the retention is higher than that of the δ-MnO2/CM/NF electrode (70.2%).
In particular, for the δ-MnO2/NF electrode (without hybridization of mixed carbon material),
the specific capacitance has a serious attenuation after about 200 cycles of charge-discharge test
(Figure 9a). This may be due to being without hybridization of the mixed carbon material of the
electrode, resulting in partial shedding of the active material.
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Figure 9. The electrode performances and Impedance analysis of the as-fabricated MnO2-based/NF
electrode. (a) The capacitance retention of MnO2-based/NF electrodes at 1 A g−1, (b) the Coulom-
bic efficiency of MnO2-based/NF electrodes at 1 A g−1, (c) the Nyquist diagram of fabricated
MnO2-based/NF electrodes. (In the equivalent circuit diagram, C: electric double layer capacitance;
Rs: internal resistance of electrolyte and electrode material; Rct: charge transfer resistance; Rf: film
resistance of electrode; Rct: charge transfer resistance; Wo: diffusion resistance).
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The Coulombic efficiency of electrode is popularly utilized to reveal the reversibility
of the adsorbed and desorbed electrons on it; thus, it can be applied to understand the
capacitance stability and electron transfer of electrode [49]. As seen from Figure 9b, the
results show that the γ-MnO2/CM/NF hybrid electrode has excellent charge-discharge
reversibility. Especially for the γ-MnO2/CM/NF hybrid electrode fabricated at R = 10,
the charge–discharge process is very stable, while at R = 5 the Coulombic efficiency of
the obtained γ-MnO2/CM/NF hybrid electrode is as high as 90.4%. Combining the
capacitance retention and Coulombic efficiency, the high capacitance retention and excellent
stability of the γ-MnO2 electrode can be revealed. This is also consistent with the existing
literature [5,50].

Electrochemical impedance spectroscopy (EIS) was also examined for the as-fabricated
MnO2-based/NF electrodes (δ-MnO2/NF (R = 1), δ-MnO2/CM/NF (R = 1), γ-MnO2/CM/NF
(R = 5), γ-MnO2/CM/NF (R = 10)). The exhibiting Nyquist diagram is shown in Figure 9c.

At a high frequency region, interception of at the real axis (Z’) reveals the equiva-
lent series resistance (ESR). This contains ionic electrical resistance of electrolyte, intrinsic
resistance of the electrode, and contact electrical resistance between the active material
and current collector interface [51]. During frequencies of 100 KHz to 10 MHz, the elec-
trode γ-MnO2/CM/NF (R = 10), γ-MnO2/CM/NF (R = 5), δ-MnO2/CM/NF (R = 1) and
δ-MnO2/NF (R = 1) exhibited ESR of 2.8 Ω, 3.2 Ω, 3.4 Ω, and 4.1 Ω, respectively. It means
that the electrode using the rGO-MWCNT hybrid has a better contact behavior between
the electrolyte and electrode, especially the electrode material of the γ-MnO2 crystal phase.
In contrast, δ-MnO2/NF (R = 1) was fabricated without hybridization of mixed carbon
materials, resulting in a higher resistance.

At high-medium frequency, the arc diameter of semicircle indicates the electrical
resistance of charge transfer (Rct) at the contact interface of electrolyte and electrode. In this
figure, γ-MnO2/CM/NF (R = 10) hybrid electrode shows an almost vanishing semicircular
arc-shaped impedance, showing that the Rct for the electrode is very low. During the
low-frequency region, γ-MnO2/CM/NF (R = 10) electrode indicates the steepest slope
of straight line, meaning that the capacitive behavior is extremely near to that of an
ideal supercapacitor [51]. Comparing the EIS analysis and electrode current contribution
behavior (in the previous section), the electrodes exhibit capacitive behavior, which is
consistent with each other. The γ-MnO2/CM/NF electrodes have a higher ratio of icap/idiff
values. Most notably, the electrode prepared at the molar ratio of 10 (R = 10)) has a icap/idiff
value at 88/12 under scan rate of 100 mV s−1.

The γ-MnO2/CM/NF (R = 10) electrode possesses the smallest ESR, the smallest Rct
and steepest impedance relationship (capacitive behavior). This can probably be attributed
to the fabricated conditions of a higher concentration of MnSO4 precursor, and can be
hybridized with MWCNT, which is feasible for producing a denser and uniformly dispersed
γ-MnO2 film and demonstrating more surface-active sites of the electrode material.

At the previous work, δ-MnO2 was grown on NF substrate to obtain
δ-MnO2-based/electrode. It was found that the addition of rGO-MWCNT (mass ratio
at 1:1) can effectively make the dispersion and conductivity of the fabricated electrode
material better. The as-deposited δ-MnO2/rGO-MWCNT (1:1)/NF has an extraordinary
capacitance of 416 F g−1 at 1 A g−1 [30]. In this study, electrode materials of different
crystalline phases of δ-MnO2 and γ-MnO2 was deposited by controlling the molar ratios
of cation/anion of the precursors in the SILAR process. Although δ-MnO2 exhibits a
higher capacitance than γ-MnO2„ it is relatively unstable in GCD test. After γ-MnO2 was
hybridized with rGO-MWCNT (mass ratio at 1:3), the capacitance of γ-MnO2/CM/NF
can be greatly increased up to 377.4 F g−1, and it has excellent charge–discharge stability,
which improves the application range of the γ-MnO2/CM/NF electrode.

4. Conclusions

MnO2 was grown on Ni foam by the SILAR method to successfully obtain MnO2/NF
nanocomposite electrode. The influence of cation/anion (Mn2+/MnO4

−) molar ratios of the
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precursors on the electrochemical characteristics of MnO2/NF electrode were investigated
and discussed.

When the molar ratio of cation/anion of the precursors was at 1, the resulting deposition
is δ-MnO2; while the molar ratio is higher than 5, the deposited film is γ-MnO2. Molar
ratio of cation/anion at 1, the as-prepared δ-MnO2/NF electrode possesses a capacitance of
280 F g−1 at 1 Ag−1. In contrast, rGO is mixed with MWCNT to synthesize γ-MnO2/CM/NF
hybrid electrode, which demonstrates an extraordinary capacitance of 377.4 F g−1 at 1 A g−1. In
particular, the capacitive behavior of electrodes is analyzed. Both the two γ-MnO2/CM/NF
hybrid electrodes are considered to pseudo-capacitive material having a majority of capacitive
storage behavior, while the other δ-MnO2 electrodes exhibiting the majority of Faraday behavior.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9050273/s1. Figure S1: SEM image of bare nickel foam.
Figure S2: The XRD patterns of bare NF. Figure S3: The FFT information of lattice spacing on HRTEM
image. (a,b) MnO2, (c,d) rGO, and (e,f) MWCNT. Figure S4: The low scan rate of CV curve for the
bare NF substrate.
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