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Abstract: The single-step fabrication of the Mn(v) oxide-Mn(n)
sulfide/Poly-2-mercaptoaniline porous network nanocomposite
(MnO,-MnS/P2MA) involves incorporating the Mn source into
the P2MA polymer during polymerization. XPS analysis con-
firms the presence of peaks corresponding to Mn(wv) and Mn(m),
while XRD analysis highlights the formation of pronounced
crystalline peaks, indicative of excellent semiconductive prop-
erties, with a crystalline size of 42nm. The nanocomposite
serves as the main electrode for electrochemically assessing
its charge storage capabilities. Optimal energy density (E)
values are achieved at lower current densities, with 9.7 and
7.0 Wh/kg at 0.6 and 1.0 A/g, respectively. Similarly, the specific
capacitance (Cs) reaches peak values of 120 and 86 F/g within
the same current density range. The electrochemical impe-
dance spectroscopy (EIS) behavior is notable, with an R, value
of 7.3 Q and an impressive cycle retention of 99.2% over 1,000
cycles. The combination of simple one-pot fabrication, excellent
charge storage performance, and high stability underscores the
potential of these materials for charge storage applications.
The MnO,-MnS/P2MA nanocomposite’s superior EIS behavior,
optimal energy and capacitance values, and remarkable cycle
stability make it a promising candidate for efficient and reli-
able charge storage solutions.
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1 Introduction

The growing energy crisis and diminishing fossil fuel
reserves have heightened the development of sustainable
and renewable energy sources. To utilize these energy
sources efficiently, various energy-harvesting technologies
are required. In addition to capturing energy, it is equally
important to have effective energy storage systems that
can store the electricity generated from regenerative mate-
rials. One promising approach for energy storage is
through electrochemical means. Devices used in electro-
chemical energy storage are not only more environmen-
tally friendly but also offer a practical solution for modern
energy needs [1-3].

Electrochemical energy storage technologies, such as
batteries and supercapacitors, are gaining attention due to
their high energy density and exceptional cycle efficiency.
The ability to quickly charge and discharge these systems is
crucial for highly technology applications such as electric
vehicles and spacecraft. Among these technologies, super-
capacitors stand out because they can deliver rapid energy
release and have excellent charge-discharge rates, making
them ideal for applications that require quick bursts of
power [4,5]. Supercapacitors, in particular, have drawn
significant interest due to their ability to deliver rapid
acceleration in the performance of storage devices, in
which the produced power density allows for quick char-
ging and long-time discharging, which is a valuable trait
for many energy applications. Furthermore, their superior
cycle life means a sustainable and long-term energy sto-
rage solution [6,7].

The advancement of nanostructured materials for
supercapacitors has become a significant area of focus in
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many research initiatives. Nanostructured metal oxides
are of particular interest due to their varied crystallo-
graphic structures and the ability to undergo redox reac-
tions, making them valuable in electrochemical energy
storage devices. Their unique properties enable them to
play a crucial role in enhancing the efficiency and capacity
of energy storage systems [8].

Among the different materials being explored, transi-
tion metal oxides and hydroxides are prominent choices
for supercapacitor electrodes. Some widely used examples
include MnO,, Co(OH),, and vanadium pentoxide (V,0s),
each of which has been extensively employed to improve
the specific power density and capacitance of supercapa-
citors. These materials’ electrochemical properties allow
for more efficient energy storage and conversion, which
is essential for applications requiring rapid charge and
discharge cycles. One material that stands out for its
energy storage capabilities is manganese oxide-sulfide,
which exhibits exceptional electrical charge storage beha-
vior [9]. This material benefits from the synergetic effect
of the metal oxide and sulfide, resulting in enhanced
electrical conductivity and superior electrochemical per-
formance. The combination of manganese oxide’s high the-
oretical capacitance and the sulfide component’s ability to
facilitate fast redox reactions significantly improves the
material’s overall charge storage capacity.

The utilization of these nanostructured materials is a
key factor in the development of supercapacitors with
higher energy densities and longer lifespans. The mor-
phology and nanoscale structure of the metal oxides
directly influence their electrochemical performance, as
smaller particle sizes and higher surface areas allow for
more efficient charge transfer and storage. Researchers are
continually working on optimizing these properties
through various synthesis techniques and material modi-
fications to achieve even better results.

Overall, the exploration of nanostructured metal
oxides and their derivatives, such as oxides and hydro-
xides of transition metals, has led to substantial progress
in supercapacitors progress. By leveraging the distinctive
properties of materials like MnO,, Co(OH),, V5,05, and man-
ganese oxide-sulfide, significant improvements in power
density, capacitance, and cycle stability have been realized
[10,11]. As research continues, these advancements are
expected to drive the development of next-generation
energy storage devices for sustainable and high-perfor-
mance energy solutions.

The use of metal oxides in supercapacitor applications
has been validated through various studies focusing on
charge storage evaluation. For instance, the Cs values for
Zn0 and Ni(OH), have been estimated at 61.7 and 20.5 F/g,
respectively [12,13], when applied to supercapacitors. These
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findings illustrate the effectiveness of metal oxides in enhan-
cing energy storage capabilities. Alternatively, some research
approaches determine charge storage by measuring dis-
charge times, revealing that materials like nickel oxide
(NiO), titanium dioxide (TiO,), and cerium oxide (CeOy)
demonstrate discharge times of 10, 5, and 20 s, respectively
[14-16]. These measurements further emphasize the potential
of metal oxides in energy storage applications.

Incorporating conjugated polymers has also shown
promise in supercapacitor development by facilitating
charge transfer and expanding composite material forma-
tion with metal oxides. A notable example is polyaniline-
co-piperazine, which achieves a Cs of 126 F/g [17]. Also, It
was found that a polypyrrole/polyvinyl alcohol composite
yielded a Cs of 13 F/g, showcasing the diverse capabilities of
polymer-based materials in supercapacitor technology [18].
Similarly, a device utilizing a PEDOT/LITFSI-PVA composite
achieved a Cs of 44 F/g, further underscoring the potential
of combining polymers with other materials to enhance
performance [19]. Despite these advancements, there is still
a need for more accurate estimations of storage efficiency
and discharge times, as well as the development of more
cost-effective fabrication techniques. Current supercapa-
citor materials vary in performance, and optimizing these
devices for higher efficiency remains a challenge. To
address these limitations, the integration of additional
composite materials is necessary to achieve greater capa-
citance. Thiophene-based materials, in particular, offer sig-
nificant promise when used in conjunction with other
oxides and sulfides. These materials could play a crucial
role in further improving the charge storage properties of
supercapacitors.

In this study, MnO,-MnS/P2MA nanocomposite is
synthesized using a one-pot approach. The material’s
nanoscale crystalline framework, large-scale production
capability, simple fabrication process, and porous struc-
ture contribute to its suitability for charge storage applica-
tions. To evaluate its electrochemical performance, the
nanocomposite serves as the working electrode in a
three-electrode cell configuration. Cyclic voltammetry
and discharge curve analyses assess its charge storage
behavior. The obtained values for P, E, Cs, and EIS, and
cyclic stability highlight its outstanding charge storage effi-
ciency. The synergistic effects of MnO, and MnS enhance the
overall electrochemical properties of the composite,
improving charge transfer kinetics and increasing active sites
for ion diffusion. Additionally, the P2MA polymer matrix pro-
vides mechanical stability and facilitates ion transport,
further optimizing the electrode’s performance. The porous
structure enhances electrolyte penetration, ensuring efficient
charge storage and retention. The material exhibits remark-
able cyclic stability, retaining its performance over multiple
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charge-discharge cycles. This stability, combined with high
specific capacitance and superior charge storage capabilities,
underscores the potential of MnO,-MnS/P2MA for next-gen-
eration energy storage devices.

2 Experimental

2.1 Materials

2-Mercptoaniline (99.9%, Merck, Germany), potassium per-
manganate (KMnO,4, 99.8%, Pio-Chem, Egypt), hydrochloric
acid (HCl, 36%, Pio-Chem), Na,SO, (99.9%, Pio-Chem),
Nafion (99.9%, Sigma Aldrich, USA), graphitic powder
(99.8%, Pio-Chem), and ethanol (99.9%, Pio-Chem).

2.2 Synthesizing of MnO,-MnS/P2MA PN
nanocomposite

The synthesis of the MnO,-MnS/P2MA PN nanocomposite is
achieved through a one-pot technique that estimates the
oxidation of 2-mercaptoaniline using KMnO, as the oxi-
dant. During this oxidation process, the resulting P2MA
polymer is doped with the residues of oxidation, MnO,
and MnS, which become incorporated into the polymer
network. This procedure begins by dissolving 0.06 M of
2-mercaptoaniline in 12 ml of HCI under vigorous stirring
to ensure thorough mixing. Concurrently, KMnO, is dis-
solved in distilled water to prepare the oxidant solution.

The reaction proceeds with the sudden addition of the
KMnOy, solution into the 2-mercaptoaniline solution. This
prompt addition triggers the oxidation process, which not
only converts the monomer into the polymer but also facil-
itates the integration of MnO, and MnS into the polymer
matrix. These inorganic components are distributed within
the polymer network, endowing the composite with
enhanced chemical and electrical properties that are ben-
eficial for charge storage applications.

The one-pot synthesis method is efficient in creating a
nanocomposite where the polymer matrix is simultaneously
formed and doped with the MnO, and MnS particles. This
integration is crucial as it imparts the composite with a syner-
gistic combination of the polymer’s flexibility and the inor-
ganic materials’ conductivity and electrochemical stability.
The presence of MnO, and MnS within the P2MA polymer
enhances the overall performance of the composite, particu-
larly in applications related to energy storage.

The resulting MnO,-MnS/P2MA PN nanocomposite exhi-
bits improved electrical conductivity and electrochemical
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properties due to the distributed MnO, and MnS particles
within the polymer network. These properties are essential
for efficient charge storage, making the composite an effec-
tive material for supercapacitor storage devices. The
method’s simplicity and effectiveness in incorporating these
inorganic materials into the polymer structure highlight its
potential for large-scale production and application in
advanced energy storage technologies.

2.3 The fabrication of pseudo-
supercapacitor based on MnO,-MnS/
P2MA PN nanocomposite and the
electrochemical study

To fabricate a pseudo-supercapacitor based on the MnO,-
MnS/P2MA PN nanocomposite, the composite is prepared
as a paste and cast onto a carbon sheet (0.5 mm thick),
which serves as the main electrode in a three-electrode
cell. To create a homogeneous paste, the composite is dis-
persed in 5.0 mg of graphite powder, 0.1 ml Nafion, and
0.75 ml ethanol. This mixture is stirred at 1,000 rpm for 2
days at room temperature to ensure uniform distribution
of materials. Once the paste is homogenous, it is cast onto
the carbon sheet at a concentration of 0.003 g/cm? In set-
ting up the three-electrode cell, the working electrode (the
carbon sheet with the composite paste) is combined with
two additional electrodes: a secondary electrode and a
calomel electrode. The electrochemical measurements
are carried out using a 1.0 M Na,SO, electrolyte and a
CHI608E electrochemical workstation. This device con-
ducts electrochemical measurements by evaluating the
current-voltage relationship to generate cyclic voltam-
metry over a potential range of 0.0-1.0 V. Additionally, it
measures the time—voltage relationship through chronopo-
tentiometry to determine the discharge time (At) and dis-
charge voltage (AV). The Cs of the pseudo-supercapacitor is
specified using the discharge data and the mass load of the
paste, as defined by Eq. (1) [2]. This calculation provides a
measure of the capacitor’s ability to maintain charge.

To further assess the performance of the fabricated
pseudo-supercapacitor, a Ragone plot is created. This plot
illustrates the relationship between E and P, which are key
indicators of a supercapacitor’s efficiency. These values are
derived using Egs. (2) and (3) [3], respectively, which take
into account the maximum and minimum voltage values
observed during the electrochemical tests.

Overall, the described method ensures the creation of
a high-performance pseudo-supercapacitor by utilizing the
MnO,-MnS/P2MA PN nanocomposite. The process includes
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detailed steps to achieve a homogenous paste, careful
casting onto the carbon sheet, and precise setup of the
three-electrode cell for accurate electrochemical measure-
ments. This comprehensive approach guarantees that the
fabricated pseudo-supercapacitor exhibits optimal charge
storage capabilities and efficiency, as demonstrated by the
cyclic voltammetry curves, chronopotentiometry data, and
the resulting Ragone plot (Figure 1).

Cs = I-At/AV-m, (Y
@)

3

E = OSCS X (Vr%\ax - Vr%lin):
P = E/At.

3 Results and discussion

3.1 Analyses

The characterization of the MnO,-MnS/P2MA PN nanocom-
posite was carried out using FTIR analysis, as shown in
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Figure 2(a). This provides and helps confirm the incorpora-
tion of MnO,-MnS into the polymer matrix by examining
the functional groups present. For the pure P2MA polymer,
the N-H and N-S stretching vibrations are observed at
3,373 cm™. However, in the PN nanocomposite, these peaks
shift to 2,297 cm™, indicating the successful integration of
MnO,-MnS within the polymer structure.

A similar shift is observed for another vibrational
mode, initially detected at 1,306 cm™ in the P2MA polymer,
which appears at 1,310 cm™ in the nanocomposite. This
change in the absorption band positions serves as a signif-
icant indicator of alterations in the molecular structure,
specifically suggesting changes in the rotational dynamics
of the ring groups due to the introduction of MnO, and
MnS. These shifts in the FTIR spectra highlight the interac-
tion between the polymer and the inserted metal oxide and
sulfide, suggesting modifications in the chemical environ-
ment and structural arrangement of the composite mate-
rial. The results confirm that the presence of Mn0O,-Mn$
impacts the molecular vibrations, reflecting the successful
formation of the PN nanocomposite and providing

0.15KMnO,

(50ml)

—.

MnO,-MnS/P2MA PN-nanocomposite

Working
electrode

Reference
electrode

Counter
electrode

Three-electrode cell
pseudo supercapacitor

Figure 1: The single-step fabrication of the MnO,-MnS/P2MA PN nanocomposite and the fabrication of the pseudo-supercapacitor.
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Figure 2: The chemical investigation of MnO,-MnS/P2MA PN nanocomposite: (a) FTIR spectroscopy, (b) XPS Mn, (c) XPS survey, and (d) XRD pattern.

structural properties. Table 1 summarizes these groups’
investigation of the composite relative to the monomer.

The chemical composition and oxidation states of the
synthesized MnO,-MnS/P2MA PN nanocomposite are evaluated
using XPS analysis. As shown in Figure 2(b), the XPS analysis of
the Mn element focuses on the 2p orbital, revealing binding
energies corresponding to Mn®* and Mn**, which are indicative
of MnS and MnO,, respectively. For Mn?", the binding energies
are 641.1 and 653.2eV for the Mn2p;, and Mn2p;, orbitals
[25]. In contrast, Mn*" exhibits binding energies at 642.5 and
654.8 eV for the same orbitals, respectively [26,28].

To further analyze the elemental structure of the
MnO,-MnS/P2MA PN nanocomposite, a comprehensive

XPS survey was conducted, as shown in Figure 2(c), and
identifies the presence of various elements within the com-
posite. The binding energies detected for carbon (C),
nitrogen (N), and sulfur (S) are 285.3, 401, and 165.8 eV,
respectively. Additionally, O for the oxide components is
observed at 532eV, and chlorine (Cl), attributed to the
acidic medium, is identified at 200 eV. These findings con-
firm the elemental constituents of the MnO,-MnS/P2MA PN
nanocomposite.

The detailed XPS analysis provides a crucial investiga-
tion into the chemical structure of the composite. The pre-
sence of Mn** and Mn** confirms the successful integration
of MnS and MnO, within the P2MA matrix. The

Table 1: The FTIR analysis of functional groups in the MnO,-MnS/P2MA PN nanocomposite compared to the pristine P2MA polymer

Band position (cm™) Group
MnO,-MnS/P2MA PN nanocomposite P2MA
3,397 3,373 N-H [20] and S-H [21]
1,467 and 1,624 1,514 and 1,619 Ring C-C and C=C benzene [22]
1,310 1,306 C-N [23]
1,124 and 1,209 1,126 and 1,216 C-H [3]
749 770 C-H bending out of plane ortho-disubstituted [24]
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identification of C, N, S, O, and Cl further substantiates the
composite’s composition and the interactions between the
organic polymer and inorganic constituents. The observed
binding energies align with the expected values for these
elements and their respective oxidation states, indicating a
well-defined composite structure. To further assess perfor-
mance, the elemental composition of the composite was ana-
lyzed using XPD. The estimated percentages of C, O, N, CL, §,
and Mn are 61.54, 16.5, 7.86, 3.9, 8.94, and 1.26%, respectively.
Overall, the XPS analysis effectively characterizes the MnO,-
MnS/P2MA PN nanocomposite, demonstrating the integration
of the various components. The presence of Mn** and Mn**
alongside other elements suggests a complex yet stable com-
posite structure, suitable for applications in charge storage.
The analysis confirms the chemical compatibility and integra-
tion of the materials, which is essential for optimizing the
composite’s electrochemical performance. The detailed
understanding of the elemental composition and oxidation
states provided by XPS analysis is instrumental in advancing
the development and application of this nanocomposite in
energy storage technologies.

To complete the chemical characterization of the
MnO,-MnS/P2MA PN nanocomposite, the crystalline beha-
vior of these materials is analyzed using XRD patterns, as
estimated in Figure 2(d). This analysis highlights a signifi-
cant variation in the crystalline properties of the pristine
polymer and the formed composite. After the formation of
the composite, numerous peaks emerge, indicating a
notable enhancement in the crystalline structure, which
in turn suggests improved charge storage capabilities
within the crystalline matrix of the composite.

For the MnO, inside the polymer network, the XRD peaks
reflect the formation of the alpha phase, in which these peaks
are observed at 11.6, 17.2, 27.2, 37.9, 40.8, 42.7, 44.1, 50.4, 56.7,
and 60.2° corresponding to the growth directions (110), (310),
(400), (211), (111), (30D), (131), (411), (600), and (521), respectively,
as per the JCPDS data (024-0735) [27,28]. Additionally, the MnS
material within the composite shows characteristic peaks at
20 values of 30.8, 33.9, 47.6, 48.8, and 53.2°, corresponding to
the growth directions (111), (200), (110), (220), and (112), corre-
spondingly [29,30].

The pristine P2MA exhibits four weak peaks, which
denote its semi-crystalline nature. However, after the com-
posite formation, six peaks emerge, reflecting a significant
enhancement in its crystalline structure. This improve-
ment in crystallinity is indicative of the enhanced charge
storage potential of the composite material.

For the composite, The crystalline size is determined to
be 42 nm, calculated by the Scherrer equation (Eq. (4)) [31],
based on the high-intensity peak at 27.2°. This small crystal-
line size is beneficial for charge storage applications as it
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provides a larger area for electrochemical reactions,
thereby enhancing the performance of the supercapacitor.

D = 0.91/Bcosb. @

The topographical and morphological behaviors of
MnO,-MnS/P2MA PN nanocomposite were investigated
using SEM, as estimated in Figure 3(a) and (b) at various
magnifications. These images reveal the formation of a
porous network, which is highly promising due to its sub-
stantial surface area and porosity, making it an excellent
candidate for charge storage applications. The network is
composed of small fibrous particles interconnected to form
this porous structure.

Figure 3(d) provides a detailed view of this structure,
showing how the network extends and connects to form a
cohesive structure. The varying colors in the image, ranging
from dark to faint, represent the inorganic and organic com-
ponents within this composite, highlighting the integration of
MnO, and MnS within the polymer matrix.

In contrast, the pristine P2MA exhibits a different mor-
phology characterized by spherical particles. These larger
particles are made up of smaller granules that aggregate to
form the larger spheres. The presence of a porous structure
within these spherical particles facilitates the incorporation
of other materials during composite formation processes,
enhancing their functionality in various applications.

So, the SEM analysis confirms that the MnO,-MnS/P2MA
PN nanocomposite possesses a highly porous and intercon-
nected structure, which is advantageous for enhancing
charge storage capacity. This morphology, combined with
the compositional elements of MnO, and MnS, contributes
to the improved electrochemical composite behavior.

3.2 The electrochemical testing of the
synthesized Mn0O,-MnS/P2MA PN
nanocomposite pseudo-supercapacitor

The synthesized MnO,-MnS/P2MA PN nanocomposite
pseudo-supercapacitor exhibits electrochemical charge
storage properties primarily through redox reactions.
The charge storage process involves the reduction reaction,
where the composite materials store and accumulate
charges, followed by the oxidation reaction, which facili-
tates the de-insertion of these charges. This behavior is
attributable to the redox capabilities of the materials
within the composite, including MnO,, MnS, and P2MA.
Specifically, manganese (Mn) undergoes reduction to
Mn?** and subsequent oxidation to Mn**, while P2MA tran-
sitions from a benzene-like structure to a quinoid structure
through similar redox processes.
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Figure 3: (a and b) SEM of the synthesized MnO,-MnS/P2MA PN nanocomposite at various magnifications and (d) cross section for this composite. (c)
SEM of P2MA.

Figure 4 provides a clear illustration of this phenom- optimal values recorded at 0.6 and 1.0 A/g, corresponding
enon. In Figure 4(a), the electrochemical reactions of to discharge times of 80 and 34 s, respectively.
charge and discharge are depicted, showing a significant Additionally, Figure 4(b) presents cyclic voltammetry
dependence on the current densities applied. As the cur- data, highlighting pronounced peaks in both positive and
rent decreases, the discharge time notably increases, with negative directions, with substantial areas under the
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Figure 4: (a) Electrochemical discharge characteristics and (b) cyclic voltammetry for MnO,-MnS/P2MA PN nanocomposite pseudo-supercapacitor.
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curve. This area indicates robust charge storage capabil-
ities, which are enhanced as the scan rate changes from
50 to 300mV/s. The sharper peaks and larger areas
under the curve correspond to increased current densities,
estimating the composite’s excellent charge storage
performance.

The enhanced charge storage is largely due to the
inclusion and de-insertion of H" ions from the acidic
medium, which induce significant polarization in the
P2MA acid. This polarization improves the conductivity
and subsequently the charge storage within the porous
structure of the MnO,-MnS/P2MA PN nanocomposite. The
promising nature of this composite is evident in its ability
to efficiently store charge, making it a potential candidate
for advanced supercapacitor applications.

The charge storage capability of the fabricated MnO,-
MnS/P2MA PN nanocomposite pseudo-supercapacitor is
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assessed through redox reactions involving charge inser-
tion and subsequent charge de-insertion, as shown in
Figure 5(a) based on Cs estimation. The maximum Cs values
of 120 and 86 F/g are achieved at 0.6 and 1.0 A/g, respec-
tively, illustrating the effect of current on the supercapaci-
tor’s charge storage behavior. Lower current values facil-
itate a more orderly insertion of charge during the redox
reactions, resulting in a longer discharge time. This beha-
vior is described by Eq. (1), which relates the mass loaded
(Am), discharge time (At), and discharge voltage (AV). By
combining these factors, the Cs value is effectively deter-
mined, with the highest value corresponding to the dis-
charge time of a longer value at a lower current density.
The estimation of the energy (E) value is demonstrated
in Figure 5(b) based on Eq. (2), considering the squared
values of the voltages relative to the Cs values. The optimal
E values are found at lower current densities, with values

(a) (b)™
120-
51001 < 8
N o
» z |
O 80- 0 6
60 -
4 T T T T T
1 2 3 4 5 1 2 3 4 5
Current density (A/ Current density (A/
(01000 y (A/g) @0 ty (A/g)
800+
O (o)
< <8
S 600 - = \
€
~ 400 - s
0. 11} 6_
200
0 T ¥ T T T T T T 4 T T T T T
1 2 3 4 5 200 400 600 800 1000
Current density (A/g) P (mWI/kg)

Figure 5: The evaluated charge storage behavior through the evaluated parameters: (a) Cs, (b) £, (c) P, and (d) Ragone plot for MnO,-MnS/P2MA PN

nanocomposite pseudo-supercapacitor.
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Table 2: The charge storage performance of the MnO,-MnS/P2MA PN nanocomposite relative to other literature

Supercapacitor electrode Cs (F/9) Current density (A/g) Electrolyte
MnO,-Mn,05/poly-2-methyl aniline [4] 72 0.2 1.0 M NayS0,
Polypyrrole-Ni(OH), [33] 70 0.005 poly(vinyl alcohol)/H3PO4
MnO,-MnS/G-C3N4 [34] 44 0.2 1.0 M Na,S0O,4
Polyaniline/silver oxide/silver [35] 4.0 0.2 1M NaOH

Gd/graphitic material [36] 16 — Poly(vinyl alcohol)/H3P0O,4
B-Ni(OH),/G-C3N4 [13] 20.5 1 1M NaOH
Co0-Cu0/G-C3N4 [37] 65 0.5 6 M KOH

Zn(OH), [38] 100 0.2 2 M KOH
MnO,-MnS/P2MA (this work) 120 0.6 1.0 M Na,SO,

of 9.7 and 7.0 W h/kg at 0.6 and 1.0 A/g, respectively. These
high energy values highlight the ability of the fabricated
supercapacitor to store substantial energy in a compact
and lightweight MnO2-MnS/P2MA PN nanocomposite.
Figure 5(c) illustrates the estimation of the output
power (P) using Eq. (3), in relation to the discharge time
(At). The optimal P values increase with the applied cur-
rent, reaching approximately 960 mW/kg. This indicates
the supercapacitor’s capability to deliver significant power
to an external source, relative to the mass of the MnO2-
MnS/P2MA PN nanocomposite. The Ragone plot [32] in
Figure 5(d) is used to estimate both P and E values, showing
the relationship between stored energy and produced
power. According to the plot, the stored energy decreases
sequentially with increasing power output. This relation-
ship allows for an effective evaluation of the stored and
discharged energies of the supercapacitor. Then, the MnO,-
MnS/P2MA PN nanocomposite pseudo-supercapacitor
demonstrates excellent charge storage through redox

(0)100 joo-0-0-0-0-0-0-0-0-0-0-0-0-0-

(0]
o

reactions, influenced by current density. With a great
behavior relative to the other previous studies as shown
in Table 2.

The evaluation of charge storage in the fabricated
MnO,-MnS/P2MA PN nanocomposite pseudo-supercapa-
citor can be assessed through the charge transfer between
the composite paste and the electrode. The effectiveness of
this charge transfer, which determines the supercapaci-
tor’s charge storage capacity, is illustrated in the Nyquist
plot shown in Figure 6(a). The solution resistance (Rg),
measured at 7.3 Q, reflects the resistance encountered by
the charge passing through the solution and the composite
paste. Additionally, the charge transfer resistance (Rcr)
associated with the semicircle in the Nyquist plot is mea-
sured at 20.3 Q. These values indicate excellent charge
transfer capabilities for the supercapacitor, facilitated by
the materials’ inherent properties. The impedance values,
derived using the Randle circuit depicted in the figure,
underscore the efficiency of the MnO,, MnS, and P2MA
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1200 1800 2400 3000
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Figure 6: (a) The evaluation of the charge transfer inside the MnO,-MnS/P2MA PN nanocomposite and (b) the cycle retention.
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components, which possess significant semiconductive
properties. These materials enable efficient charge transfer
due to their superior semiconductivity. Figure 6(b) illus-
trates the cycling stability of the supercapacitor, showing
an impressive retention of 99.2% after 1,000 cycles, which
gradually declines to 97% after 3,000 cycles. This high sta-
bility indicates the MnO,-MnS/P2MA PN nanocomposite
pseudo-supercapacitor’s potential for commercial applica-
tions, combining efficiency with cost-effectiveness and scal-
ability for mass production.

4 Conclusions

The MnO,-MnS/P2MA PN composite is fabricated using a
single-step process. SEM analysis reveals a nanoscale net-
work formation that merges to create an extensive surface
area, while XRD analysis shows distinct crystalline peaks,
indicating excellent semiconductive properties with a crys-
talline size of 42nm. This nanocomposite is used as a
working electrode in a three-electrode cell setup to eval-
uate its charge storage capabilities electrochemically. At
lower current densities, the optimal E-values are achieved,
with 9.7 W h/kg at 0.6 A/g and 7.0 W h/kg at 1.0 A/g. The Cs
also reaches its peak within this current density range,
with values of 120 and 86 F/g, correspondingly. The EIS
shows notable performance with an R, value of 7.3 Q and
an impressive cycle retention rate of 99.2% over 1,000
cycles.

The combination of a simple one-pot fabrication process,
excellent charge storage performance, and high stability high-
light the nanocomposite for charge storage applications. The
MnO,-MnS/P2MA nanocomposite demonstrates superior EIS
behavior, optimal energy and capacitance values, and
remarkable cycle stability, reflecting its efficiency and relia-
bility for charge storage solutions.
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