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ABSTRACT

MoS; nanoflowers, with their high surface area and substantial number of active sites in the
layered structure, are promising candidates for charge storage. However, their poor electrical
conductivity, severe sheet restacking, and cycling-induced degradation significantly hinder
their rate capability and long-term stability. To overcome these limitations, MnO, nanorods
that possess pronounced pseudocapacitance are incorporated to provide complementary
redox active sites and improve overall electrochemical performance. However, MnO,
nanorods suffer from volumetric fluctuations and sluggish charge transport, leading to rapid
capacitance decay at elevated current densities. Introducing CNTs overcomes many of these
challenges by forming a highly conductive, flexible network that improves electron transport
and structural stability, synergistically boosting the performance of the MoS,/MnO,
composite to function as a supercapacitor electrode material. High performance
supercapacitors require electrode materials that unify high capacitance, conductivity, and
stability; such features are seldom found in a single component. Therefore, in this work, we
first fabricated MoS,/MnO, binary composites with varying MnO, content and subsequently

introduced 1 wt% CNTs into the optimized binary system to develop a MoS,/MnO,/CNT

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ternary composite via a facile hydrothermal route. The MoS,;/Mn0O,/CNT composite offers

numerous active sites and enhanced redox activity while ensuring rapid ion transfer

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

efficiency to boost pseudocapacitance performance. Electrochemical characterization,

performed in a 1 M KOH electrolyte, demonstrated the MoS,/MnO, (5 wt%)/CNT (1 wt%)

(cc)

electrode achieved a remarkable specific capacitance of 457 Fg'at 0.15 Ag! and retained
96% capacity with 100% coulombic efficiency over 2,000 cycles. Notably, it delivers an
energy density of 37 Wh - kg™! while maintaining excellent electrochemical stability and
performance integrity. The synergistic interaction between the constituent components
yields a defect-rich structure with high conductivity, structural stability, low charge transfer
resistance, and improved cycling durability establishing the composite as a compelling

candidate for advanced energy storage and seamless renewable energy integration.
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1. INTRODUCTION

The world’s energy crisis is getting severe as we use up more of our fossil fuels, harm the
environment, and lose the balance of nature that we all depend on. Renewable energy
sources including solar, wind, and hydropower are being used more frequently to decrease
emissions of greenhouse gases and the consumption of fossil fuels. However, due to their
dependence on local weather and climate, these renewable energy sources cannot guarantee
a consistent supply. This makes it essential to have safe, cheap, and stable energy storage
systems that work well. Energy storage systems store additional power and release it when
needed, therefore ensuring a continuous power supply.[1] Among these energy storage
systems, capacitors store energy electrostatically by separating opposing charges on plates
without incurring any chemical changes. Batteries, on the other hand, store energy through
redox chemical processes. Capacitors can undergo millions of cycles, but they only achieve
high energy density when they are enormous. Supercapacitors (SCs) are gaining attention for
their eco-friendliness, long cycle life, fast-discharge, and high-power density, making them
ideal to bridge batteries and traditional capacitors. However, their energy density is still lower
than batteries. To enhance performance, researchers combine carbon materials with

pseudocapacitive oxides or sulfides.

MoS,, a layered transition metal dichalcogenide, is often used for its charge storage ability
but typically requires conductive additives. MoS, is made up of two-dimensional layers that
are connected by S-Mo-S bonds.[2] The Mo atoms have different valence states (+2 to +6)
and MoS, contains a large specific surface area and porous structure. This configuration
provides numerous active sites for interaction with electrolyte ions, which gives it its
pseudocapacitance property. But MoS, layers often break down during cycling due to
irreversible phase changes and lattice strain.[3] These issues reduce the stability and
reliability of MoS, based supercapacitors. Despite its low energy density, it is often combined
with conductive materials to enhance its conductivity.[4,5] Recently, combining metal oxides
with MoS, enhances energy storage in supercapacitors to overcome these limitations [6].

Scientists have constructed heterostructures from materials like MnO, to tackle this problem,
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therefore enhancing the electron flow and supercapacitor efficiency.[7,8] MnO, is a low-cost,
non-toxic pseudocapacitive material with high theoretical capacitance (~1370 Fg!) and
works well with neutral aqueous electrolytes. Its fast redox reactions, surface cation
exchange, and large tunnel structure enable both Faradaic and double-layer capacitance,
allowing rapid ion transport and fast charge—discharge rates.[9] However, MnO, has low
electrical conductivity (107 — 107¢ S cm™1), which makes it much less effective at storing
charge and performing at high speed [10,11]. But if the MnO; load is too much, it can clog
ionic channels, which makes the performance worse again. [15, 17] MoS, and MnO, both
have low intrinsic conductivity, which makes it difficult for electrons to move quickly in
pseudocapacitive reactions [13]. When these materials are in their nanostructured form, they
also tend to clump together or restack. This phenomenon makes their active surface area
smaller and blocks ion pathways [14]. Additionally, these materials are mechanically unstable
during repeated charge and discharge cycles due to changes in their volume, which

negatively impacts long-term cyclic stability.

Combining CNTs solves many of these limitations [15,16]. Carbon nanotubes (CNTs) excel

as supercapacitor electrode materials due to their metal-like conductivity, high surface area,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and robust mechanical strength. Their one-dimensional sp? framework allows ultrafast

electron transport, significantly reducing internal resistance and raising power density [17].
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They help the electrode keep its shape and work well for many cycles. They prevent MoS,
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and MnO, from sticking, improve electrolyte access, and accommodate volume changes
[18,19]. Many studies show that MoS,/CNT and MnO, /CNT composites have much better
conductivity, lower impedance, better capacitance retention, and better rate capability than
pure MoS, or MnO, systems. [20]Chen et al. [21] synthesized a MoS,/CNT composite using
a simple hydrothermal method, achieving 402 Fg' at 1 Ag and retaining 81.9% capacitance
after 10,000 cycles. Sahoo et al. [22] synthesized a MoS,/ MnO, composite by combining
liquid-exfoliated MoS, nanosheets with hydrothermally prepared MnO, nanowires, achieving
a specific capacitance of 212 Fg! at 0.8 Ag™! and retaining 84.1% after 5000 charge—discharge
cycles. Various methods like nano structuring, composites, and surface modification have

improved MoS, based electrodes. However, the electrochemical behavior of MoS,
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nanoflowers combined with 1D MnO, nanorods and CNTs, especially with varying MnO,
content, remains unexplored.[4] In this project, we prepared MnO, nanorod and CNT-
incorporated MoS, nanoflower nanocomposites via a simple hydrothermal method. We
fabricated binary nanocomposites of MoS, nanoflower with MnO; (3 wt%, 5 wt%) and a
ternary nanocomposite by adding CNT (1 wt%) to the binary composite. Electrochemical
tests in 1 M KOH using a three-electrode setup showed that the MoS,/ MnO,/CNT electrode
had the highest specific capacitance of around 457 Fg at a current density of 0.15 Ag!. The
composite also showed excellent stability, retaining about 96% of its initial capacitance over
2000 charge-discharge cycles. This surpasses many previous reports. Moreover, the ternary
nanocomposite achieved an energy density of ~37 Wh kg™1, without affecting the cyclic life.
In case of MoS;/ MnO,/CNT electrode MoS, provides a large surface area and easy ion
movement for better energy storage.[23] MnO, nanorods exhibit pseudocapacitance through
rapid redox reactions, and their tunnel structure enables quick ion insertion and extraction,
supporting fast charge discharge rates and structural support [24]. Conversely, carbon
nanotubes (CNTs) form a very conductive network that increases electron transportation,
prevents materials from sticking, and imparts flexible properties to the structure [10]. This
carefully engineered composite might effectively enhance outstanding throughput, superior
capacitance, and long-term stability by harnessing the finest qualities of each component
while skillfully overcoming the limitations of MoS, and MnO,. Thus, these synergistic features
establish this supercapacitor electrode as a promising candidate for a high-performance

energy storage system by enabling seamless integration of renewable sources.
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2. MATERIAL SYNTHESIS

2.1 Materials

All chemical reagents employed in this investigation were of analytical quality and used
without additional purification. During the entire experiment, deionized (DI) water with a
resistivity of 18.2 MQ-cm was utilized. Manganese sulfate monohydrate (MnSO,-H,O),
dimethyl sulfoxide (C;H¢OS), polyvinyl alcohol (PVA), potassium hydroxide (KOH), and
aqueous thiourea (NH,CSNH;) were obtained from Research Lab, India. Potassium
permanganate (KMnO,) was purchased from Alpha Chemicals, India. Sodium molybdate
dihydrate (Na,MoO,:2H,0) and ethanol (C;HcO) were procured from Merck, Germany.
Carbon nanotubes (MWCNT) of length 10-30 ym and outer diameter of 5-15 nm with 99%
purity were collected from XFNANO.

2.2 Preparation of MnO, nanorods

The desired MnO, nanorods were prepared by using a facile hydrothermal approach.
Subsequently, 2.8439 g of MnSO4-H,0 and 1.1829 g of KMnO, were accurately weighed and

dissolved in 60 mL of deionized water, followed by vigorous stirring for 40 minutes to obtain

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

a purple solution. The solution was shifted to a 120 mL Teflon-lined autoclave and heated at

140°C for 12 hours in an electric furnace. When the furnace cooled down to room

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

temperature, the brown precipitate that formed was carefully collected, washed multiple

(cc)

times with deionized water and ethanol, and dried at 80°C for several hours. Finally, brown

MnO, nanorod powder was obtained. [25]

2.3 Preparation of MoS, nanoflower

2.035 g of sodium molybdate dihydrate (Na,MoO,:2H,0) and 2.87 g of thiourea (CH4N,S)
were weighed and dissolved in 60 mL of deionized water with vigorous stirring for 45 minutes
to form a clear solution. After that, the solution was placed in an autoclave that was lined with
Teflon and heated up in a furnace at 180°C for 24 hours. The black precipitate was collected
once the furnace cooled down to room temperature. It was then washed multiple times with
deionized water and ethanol and dried at 60°C for a few hours. Finally, black MoS,

nanoflower powder was obtained [26,27].
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Fig. 1 Schematic diagram of synthesis of MoS,/MnO,/CNT composite through hydrothermal route

2.4 Preparation of MoS, /MnO, nanocomposite

For this work, MoS,/MnO, nanocomposites were synthesized with 3 wt% and 5 wt% MnO,.
To prepare the 3 wt% composite, the desired amount of MnO, nanorods was dispersed in 20
mL of deionized water and sonicated for 1 hour. Separately, 2.035 g of sodium molybdate
dihydrate (Na,MoO,:2H,0) and 2.87 g of thiourea (CH4N,S) were dissolved in 60 mL of
deionized water and stirred for 45 minutes until a clear solution formed. After that, this
mixture was added to the MnO, suspension and mixed for a further hour. The mixture was
then placed into an autoclave that was lined with Teflon and heated at 180°C for 24 hours.
After being cooled to room temperature the black precipitate was then washed multiple times
with ethanol and deionized water. The precipitate was dried at 80°C for a few hours. The final
product was MnO, incorporated MoS, nanoflowers. The same procedure was followed for

the 5 wt% MnO, composite.
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2.5 Preparation of MoS, /MnO,/CNT nanocomposite

For this work, MoS,/MnO,/CNT nanocomposite was synthesized by adding the precursor
solution of MoS, into 5 wt% MnO, and 1 wt% CNT dispersion. To prepare the 5 wt%
composite, the desired amount of MnO, nanorods was dispersed in 20 mL of deionized water
and sonicated for 1 hour. Similarly, the required amount of CNT was dispersed in 10 mL of
deionized water and sonicated for 1 hour, following the same procedure as MnO,. After that,
the sonicated CNT mixture was added to the MnO, dispersion. Separately, 2.035 g of sodium
molybdate dihydrate (Na,MoO,-2H,0) and 2.87 g of thiourea (CH,N,S) were dissolved in 50
mL of deionized water and stirred for 45 minutes until a clear solution formed. This solution
was then added to the MnO,/CNT dispersion and stirred for another hour. After that, the
mixture was moved into an autoclave that was lined with Teflon and heated at 180°C for 24
hours. After being cooled down to room temperature the black precipitate was then washed
multiple times with ethanol and deionized water. The precipitate was dried at 80°C for several
hours. The final product was MnO, and CNT incorporated MoS, nanoflowers. The synthesis

route is presented in Fig. 1.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

2.6 Materials’ Characterization
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The Empyrean diffractometer was used at room temperature with Cu Ka radiation (A =

1.5406 A) and scanned at a rate of 5° per minute to study the crystal structures of samples

(cc)

through X-ray diffraction (XRD). The surface chemical states and elemental composition
were investigated by employing X-ray photoelectron spectroscopy (XPS) with
monochromatic Al Ka radiation on a Thermo Fisher Scientific Escalab Xi+ equipment. To
determine the chemical structures and functional groups of the materials, we employed
Fourier-transform infrared (FTIR) spectroscopy with a Japanese Miyazaki IRSpirit-T.
Scanning electron microscopy (Tescan Vega Compact) was used to analyze the surface
morphology and intricate structural characteristics. To improve the interpretation of the SEM
images, they were further examined using the ImageJ software. To identify elements and

their amounts in the samples, Energy Dispersive X-ray Spectroscopy (EDX) was employed.
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2.7 Electrode Preparation

A uniform slurry was prepared by mixing the synthesized sample powder with dimethyl
sulfoxide (DMSO) as the solvent and polyvinyl alcohol (PVA) as the binder. The amount of
PVA used was 5 wt% relative to the active material. This slurry was thoroughly sonicated for
1 hour to ensure proper mixing. The slurry was then evenly coated onto a graphite rod surface
(.4 cm?). The mass of the electrode material was calculated by measuring the weight of the
electrode before and after coating. PVA was chosen as the binder because its multiple
hydroxyl groups can form strong hydrogen bonds with both the active material and the
current collector. It also provides excellent adhesion for high-performance electrodes [28,29].
After coating, the electrodes were dried at 60°C for several hours before being used as

working electrodes in electrochemical tests.

2.8 Electrochemical Measurements

The Gamry Instruments Reference 3000, an electrochemical workstation with a standard
three electrode configuration, was employed to evaluate the electrochemical performance of
the prepared materials. The working electrode was a graphite rod onto which the synthesized
sample was deposited. The reference electrode was an Ag/AgCl electrode, while the counter
electrode was platinum. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV), galvanostatic charge discharge (GCD) experiments, and cyclic stability in a 1 M
potassium hydroxide (KOH) solution were employed to investigate electrochemical behavior.
All measurements were conducted within a potential window of —0.4 to 0.4 V vs. Ag/AgCl.
The EIS was performed by administering a sinusoidal voltage within a frequency range of 0.1

Hz to 10% Hz.

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction

To verify the crystal structure, phase purity, and crystallinity of the synthesized composite,
XRD analysis was performed at room temperature with anode material Cu, with= 1.54 A, X-

rays generated at 40 mA and 45 kV. Fig. 2(c-f) represents XRD patterns of the ternary
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nanocomposite of MoS,/ MnO,/CNT, MoS,/MnO, composites with varying MnQO; content
and pristine MoS,. Observing the diffraction patterns of pristine MoS, in Fig. 2(f), the most
prominent peak was found at a 20 value of approximately 14.4° for the (002) plane reflection.
This peak corresponds to the interlayer spacing of the MoS, nanosheets making the
nanoflower petals. During synthesis, layered MoS, develops well stacked along the c axis, as
a result of which a sharp peak at 14.4° is seen.[30] Other significant peaks were found at
33.1°(100),39.5°(103),49.8°(105), and 58.3°(110). These peaks are in excellent
agreement with the reference pattern (JCPDS No. 01-075-1539) shown in Fig. 2(g). The
diffraction peaks of the synthesized pristine MoS, thus confirmed to be matched with the

hexagonal crystal system of MoS; -2H (Fig. S5a).

Diffraction peaks of synthesized MnO; exhibited main reflections at around 28.7 ° (110), 37.3°
(101), 42.8° (111), and 56.7° (211). Upon introducing the MnO, nanorods, the XRD patterns
of the binary composites, MoS,/Mn0,(3 wt%) (Fig. 2e) and MoS,/MnO, (5 wt%) (Fig. 2d),
clearly show the retention of the MoS, host structure. Concurrently, new diffraction peaks,
marked by the diamond symbol (¢), appear at approximately 26.5° and 32.5°. These peaks
correspond to the (110) and (111) planes of the tetragonal 3-MnO, phase, confirming the
successful incorporation of crystalline MnO, nanorods (JCPDS No. 01-071-4824) shown in
Fig. 2(b). The XRD pattern for pure MnO, has been shown in Fig. S1. As the fraction of MnO;
is increased, the peak of MnO, becomes prominent. The peak positions of the MoS,
nanoflowers are slightly changed, which suggests that the MnO, nanorods are causing lattice
distortion or intercalation.[3] The diffraction pattern of the ternary composite in Fig. 2(c)
show the presence of peaks at 24.3°, 32°, and 59° corresponding to the planes of (110), (220),
and (330) indicating the presence of MnO; in the composite. The composite XRD spectrum
displays characteristic diffraction peaks that correspond to each individual component. As
CNT was added at only 1 wt%, the characteristic peak intensity was found to be very low.
The low intensity of CNT peak is attributed to the high dispersion of the CNTs within the
matrix and a potential shielding effect from the more crystalline and higher mass

components.
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Fig. 3 Variation of (a) Micro strain (g), (b) Dislocation Density (6), (c) Crystallite Size (L),
and (d)FWHM(B) for MoS, nanoflower, MoS,/MnO, (3 wt%), MoS,/MnO, (5 wt%) and
MoS,/MnO, (5 wt%)/CNT (1 wt% ) nanocomposites, respectively.
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A very low intense diffraction peak centered at approximately 26°, which is attributed to the
(002) plane of amorphous carbon. Another weakpeak is observed around 43°, corresponding
to the (100) plane of carbon. The broadness of these peaks is attributed to the nano-
crystalline size and the cylindrical nature of the nanotubes.[31] Thus, the XRD pattern of the
final hierarchical nanocomposite, MoS,/MnO, (5 wt%) /CNT (1 wt%) shown in Fig. 2(c),
validates the successful assembly of all three nanoscale components. The pattern is a
definitive superposition of the constituent phases. The resulting material is not simply
nanocrystalline; it is a highly strained, defect-rich system with crystalline domains so small
and distorted that its properties may begin to approach those of a disordered or quasi-
amorphous material [32]. For quantitative analysis, the crystallite size (L), the density of
dislocation (6), and the microstrain (g) of all samples were determined from the (002) peak

using eqn. (1)-(3):

0.942 .
" BcosO 1)
B
£~ Ztano (2)
1
5=ﬁ (3)

Where A= X-ray wavelength, 6= diffraction angle, and 3= diffraction peak FWHM. The
results are summarized in Table 1. The constituent phases, instrument operating parameters,

corresponding JCPDS cards, and degree of crystallinity (%) are summarized in Table S1.

Table 1. Diffraction parameters of synthesized samples obtained from XRD analysis.

Samples L(nm) d(002 d(001) a=bhb c Micro 1)

&) €] €] (&)  Strain x1073

€ (nm3)

x 1073

MoS; 6.25 6.42  2.775  3.204 12.84 39.68 25.60
MoS./MnO; (3 wt%) 5.88 6.39 2773  3.201  12.78 47.84 28.92
MoS./MnO; (5 wt%) 5.71 6.45  2.779  3.208  12.92 49.25 30.67
MoS./MnO; (5 wt%)/CNT (1 5.51 6.47 2781 3211 1296 51.03 32.93

wt%)
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Quantitative analysis shows that when the MnO, content goes up, the average size of the
MoS, nanoflowers gets smaller and the crystallite size was the lowest for the ternary
composite, as seen in Fig. 3(c). The MnO, nanorods and CNTs effectively prevent the MoS,
from forming large, well-ordered crystalline domains. The MnO, nanorods and CNTs, act as
heterogeneous nucleation sites that simultaneously promote the formation of MoS, but
restrict its ability to achieve high crystallinity. This process leads directly to the formation of
many small, disordered crystallites rather than a few large ones, explaining the observed
reduction in crystallite size. Smaller grains increase boundary density, shorten ion diffusion

lengths, and expose more active edge sites for faster ion/electron kinetics. [33,34]

Concurrent with the reduction in crystallite size, the density of defects within the MoS; lattice
shown in Fig. 3(b) increases significantly [35] . Table 1 reveals that the dislocation density
within the MoS, structure rises as more MnO, is added and it was the highest for the ternary
composite. This is accompanied by an increase in the internal micro-strain shown in Fig. 3(a).
The main reason for this phenomenon is the difference in the arrangement of atoms between
the crystal structure of the MnO, nanorods (like -MnO,) and the MoS, nano petals

(hexagonal 2H-MoS;) [36] . Elevated lattice strain and increased dislocation density generate

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

defect-rich regions with abundant grain boundaries and imperfections, serving as additional

electroactive sites that enhance ion adsorption, charge storage, and redox activity, which are

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

critical for high performance supercapacitor electrode materials.[14]

(cc)

The absence of any impurity peaks highlights the high phase purity of the product. The
nanocrystalline nature, confirmed by peak broadening, combined with the integration of
these distinct 1D (nanorods, nanotubes) and 3D (nanoflowers) morphologies, suggests the
formation of a complex and high surface area containing ideal material for advanced energy

storage applications.

13
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3.2. Scanning Electron Microscopy

The synthesized MoS,/MnO,/CNT composites were analyzed through a scanning electron
microscope to observe the surface morphology, nanostructure, and distribution of
components in the composite to confirm successful synthesis. The correlation of
electrochemical performance with the structural features was also studied. Fig. 4(c)
represents the SEM image of MoS, NF. The SEM image shows a 3D nanostructure
resembling a flower-like morphology with multiple petals radiating from central cores. This
kind of feature maximizes surface exposure while maintaining structural integrity. The
average diameter of the MoS, NFs is around 4-6 um. A shared core center connects several
MoS; nano petals of average length 1-1.2 um. The petal thickness was found to be between
20-40 nm. MoS, nanoflowers form stable, porous, flower-like clusters that expose many
active edge sites and boost both EDLC and pseudocapacitance. They also provide a rigid 3D
scaffold that resists collapse during cyclic charge discharge [37]. The synthesis of the MoS,

NF through the hydrothermal route may involve the following reaction:

Na;MoOQO4-2H,0+CH,N,S+2 HCl-MoS,+CO(NH,),+Na,SO,+4 H,O (4)
Fig. 4(a) represents the SEM images of MnO, nanorods. The lengths of these rods range from
1-3 pm and diameters range from 60 to 98 nm. Fig. S3 (b) shows that the nanorods have a
smooth surface under high magnification.[38] MnO, nanorods act as spacers and conductive
bridges. It also prevents MoS, agglomeration and shortens ion/electron pathways.
Embedding these flowers in MnO; nanorods and CNT network creates a three-dimensional
charge-transfer network and electrolyte diffusion channels. Some MnO, nanorods exhibit
broken edges because their growth was not fully complete during synthesis. The surface of
these rods boosts the composite’s electrochemical performance by increasing the overall
surface area and exposing more electroactive and metal active sites. As an extra benefit, the
rods may form many new channels and pathways. These pathways help ions move and
accumulate more easily. The synthesis of the MnO, nanorod through the hydrothermal route

may involve the following reaction:

3 MnSO4 + 2 KMnO4 + 2 H20 - 5 MnOZ + K2504 +3 H2504 (5)

14
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Fig 4. (a,b) SEM images of MnO, nanorod and CNT respectively ;(c-f) represents SEM images of MoS,,
nanoflower, MoS,/MnO, (3 wt%), MoS,/MnO, (5 wt%) and MoS,/MnO, (5 wt%)/CNT (1 wt% )
nanocomposites, respectively.
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Here, Mn?" is oxidized, KMnO, is reduced, and 3-MnO, precipitates as nanorods. Fig. 4(b)
represents the SEM of Multi-Walled Carbon Nanotubes (MWCNTs). The tubes are elongated,
hollow cylindrical nano objects with outer diameters ranging from 15-20 nm and lengths
extending from hundreds of nm to several um. The wall thickness remains fairly constant
along the nanotube axis, creating a straight inner channel. Fig. S3(a) reveals that MWCNTs
have a strong tendency to bundle together due to Van der Waals intermolecular forces. These
bundles form netlike nanostructures where individual nanotubes are interconnected. The
CNT scaffold also buffers the collapse and aggregation of active materials during charge
discharge. CNTs boost electrical conductivity by orders of magnitude. It also prevents

restacking and accessible surface area by lowering charge-transfer resistance [21].

In Fig. 4(d-f) the SEM images of the MoS,/MnO, (3 wt%), MoS,/MnO, (5 wt%) and
MoS,/MnO, (5 wt%)/CNT (1 wt%) nanocomposites are shown, respectively. Due to the
addition of precursors of MoS; in hot water, small MoS, nuclei initially form and adhere to
the MnO, and CNT. As the space around the rods and fibers pushes them outward, the nuclei
expand into layered sheets. These sheets grow and stack on top of each other, like petals on
a flower, until they look like a "nanoflower." The 3D structure is held together by strong
bonds such as Van der Waals, cohesive, electrostatic or other chemical forces at the surface
when the MnO, nanorod and CNT were dispersed in the solution [39]. The curved petals of
the MoS, are more homogeneous and neatly aligned. They seem to be tightly attached to the
core, indicating that the MnO, nanorod served as a backbone and the CNT worked as a
scaffold. The discovered nanoflowers have diameters ranging from 4 to 6 pm either form
clusters or are independent of one another [40]. The diameter of the MoS, nanoflower gets
smaller with increasing MnO, concentration and was smallest in the MoS,/MnO,/CNT
composite. Due to the increase in MnO, and the addition of CNT, more nucleation sites are
added, and they physically restrict MoS, growth. That results in smaller nanosheets and
ultimately smaller nanoflowers [41]. Fig. 4(f) shows that the presence of CNT is not clearly
visible because of the low concentration. However, its presence was confirmed in the

composite by analyzing the EDX in different regions. The elemental distribution of Mo, S, Mn
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O, and C were also examined. EDX analysis also verified that the nanorod contains Mn and
O, the nanoflower consists of Mo and S, and the binary and ternary composites contain the
constituent elements shown in Fig. S2 (a-d). By analyzing the EDX, it was observed that the
atomic Mo to S ratio is greater than the ideal MoS, stoichiometry (1:2). Therefore, it is evident
that the MoS;/MnQO,/CNT nanocomposites are rich in sulfur. This excess sulfur likely
indicates a high density of structural defects, particularly sulfur vacancies or sulfur adatoms.
These defects help lower the surface energy and make the ultrathin sheets more stable. They
create a high number of reactive sites, especially at sulfur vacancy locations, which

dramatically improve catalytic performance. [42]

3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out in order to investigate the electrical
states, valences, and chemical compositions of the constituent elements present in the
samples. This analysis was based on the binding energies that are related to each element.
Al K alpha was used as a source of X-rays. When comparing the XPS survey spectra of the

pure MoS; NF (Fig. 5a) and the MoS,/MnO,/CNT composite (Fig. 5b), Mo 3d and S 2p peaks

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

are clearly observed in both, but the composite additionally shows distinct Mn 2p and

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

enhanced O 1s signals from MnO,, as well as a sharper C 1s peak from CNTs. In the case of
pure MoS, NF the auger peaks for Mo, which are Mo MN1, Mo MN2 are observed in the
energy range of 1254-1310 eV. O 1s peak and Auger peaks O KL1, O KL2 (965-1010 eV) are

(cc)

also observed. The edges and defect sites of MoS, are prone to oxidation under ambient
circumstances. This results in the formation of Mo—O bonds or oxysulfide species. The O 1s
peak is also observed when airborne water, hydroxyls or organic residues absorb onto the
surface. These factors contribute to the O 1s signal within the range of 529-531 eV. A
shoulder is also observed in the Mo 3d region (235-236 eV), which denotes that Mo is
oxidized to Mo®* [43]. The X-ray photoelectron spectroscopy (XPS) valence band spectra
(Fig. 5c) analysis of the synthesized MoS,; NF and ternary composite MoS,/MnO./CNT
composite was conducted to analyze electronic structure and charge transfer pathways.

Valence band spectra analysis revealed that the valence band maximum (VBM), determined

17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00817d

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 20 of 50

View Article Online
DOI: 10.1039/D5MA00817D

by linear extrapolation of the leading edge to the baseline, was located at around 1.45 eV for
MoS, nanoflower and around 1.15 eV for the MoS,/MnO, (5 wt%)/CNT (1 wt%) composite
[44]. The ternary composite VBM is therefore around 0.30 eV closer to the Fermi level (EF).
The observed 0.30 eV VBM shift toward EF in the composite is consistent with previously
reported VBM shifts of 0.1-0.4 eV in MoS, based heterostructures [45]. Valence band spectra
indicate a consistent electron transfer mechanism in the ternary composite. At equilibrium,
electrons move from MoS, into the MnO, and CNTs. This produces interfacial band bending
[39]. These changes are consistent with providing conductive states of CNTs and MnO,
accepting electrons via reduction or defect states. Together, these observations explain the
improved electronic conductivity, charge-storage behavior, and supercapacitive property of
the composite [21,45]. The electron transfer behavior of the ternary composite can be
understood as three linked pathways that operate during electrochemical measurements.
First, through direct at the MoS,/MnO, interface where Mo 4d and S 3p states couple to Mn
3d orbitals, allowing MoS, to donate electrons to MnO,. This enables partial Mn** to Mn3*
reduction that uses pseudocapacitive sites of MnO,. Secondly, through MoS,/CNT
/MnO, interface where CNTs act as a highly conductive backbone that accepts charge from
MoS, and rapidly transmits electrons laterally to MnO, or the current collector, thereby
lowering charge-transfer resistance and improving rate capability [44]. Finally, through the
method of bidirectional coupling during charge-discharge when the potential reverses. In this
case, CNTs shuttle electrons back and MnO, can return electrons to MoS,/CNT, so the
composite supports fast and reversible exchange between CNT/MoS, and redox reservoirs
like Mn [25] . Importantly, the valence spectra findings also agree with the electrochemical
results such as, the composite exhibited a lower charge transfer resistance (Rct) in EIS (Fig.
7), faster charge-discharge kinetics in GCD (Fig. 10), and a larger pseudocapacitive
contribution in CV (Fig. 9). Together, the spectroscopic and electrochemical signatures give
a simple, consistent outcome where CNTs provide fast electronic highways, MnO, provides
redox sites that accepts electrons from MoS,, and MoS, functions as the initial electron donor.
Thus this synergistic coupling explains the improved conductivity and charge-storage

performance of the ternary composite. A narrow scan spectrum is obtained within a limited

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00817d

Page 21 of 50 Materials Advances

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Intensity (a.u.)

View Article Online
DOI: 10.1039/D5MA00817D

binding-energy range in Fig. 6. Peak resolution has been enhanced to achieve a full width at

half maximum of less than 1 eV.
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Fig. 5(a, b) Survey spectra and (c) Valence band spectra of XPS analysis of MoS, nanoflower and

MoS,/MnO, (5 wt%) /CNT (1 wt%) composites, respectively.
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Subtle chemical variations, spin orbit components, oxidation states, and bonding conditions
are distinctly recognized [46]. These elements are not apparent in survey scans. In case of
the composite, the Mo 3d doublet from MoS, (Mo**) appears with 3ds/,at 228.8 eV and 3ds,,
at 232.5 eV. From the Fig. 6(a), it is observed that the energy difference between this doublet
is around 3.2 eV, which is consistent with the standard spectrum of MoS,. These binding
energies correspond to Mo** in MoS,. As some amount of edge Mo are oxidized to MoOs
(Mo°®*), additional peaks appear at higher BE around 232.2 eV for 3ds,; and 236.38 eV for
3ds/2. Mo is bound to S in the dichalcogenide lattice. Due to interfacial interactions, the peak
such as Mo 3ds,; (Mo®*) has slightly shifted (+0.2 eV) from its standard positions.[47] Due
to partially oxidized Mo, where MoS, is exposed to moisture or air, an intermediate Mo®*
state (Mo—OH) is detected with 228.48 eV. This corresponds to incomplete oxidation or
hydroxylation confirmed by an O 1s peak at 531.5-532 eV indicating a surface OH group
[48]. These characteristic peaks denote the presence of Mo** in the composite. In the S 2p
region shown in Fig. 6(b), we observe the S*~ doublet of MoS, at 162.3 eV for 2ps,,and 163.4
eV for 2pi,.. These peaks are characteristic of sulfide ions in MoS,. This doublet is the
fingerprint of S*~ in a 2H-MoS; lattice, as most of the sulfur comes from MoS, nanoflowers.
For this reason, S*° has an extremely high intensity. Strong S** peaks confirm MoS,
formation. [49] The S 2ps/, peak is slightly shifted to 162.5 eV and the 2p;/,, peak to 164 eV.
This shift is caused by sulfur atoms located at MoS, edges or defect sites. These S atoms
experience a different local chemical environment compared to the bulk 2H phase.
Hydrothermal growth often produces under-coordinated edge sulfur atoms. These edge or
dangling S atoms have slightly lower electron density. That decreases screening and causes
their binding energies to shift higher by around 0.8—-1 eV [50]. There are some other peaks
that appear at higher binding energies near 169 eV for S 2ps,; and 170.5 eV for S 2pi/,. These

peaks come from S-O bonds, such as SO,*” or SO3*". Even well-synthesized MoS, can
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develop a thin oxidized or hydroxylated layer when it is exposed to air or water during
hydrothermal synthesis. These species are usually only a small fraction of the total sulfur.
[51] In the Mn 2p spectrum Fig. 6(e), there is a doublet with Mn2p;,, at 642.2 eV and 2p;,; at
653.9 eV. Additionally, there is a spin-orbit splitting of around 11.7 eV, which is consistent
with the standard Mn** spectrum for MnO,. Deconvolution also reveals components at lower

BE (641 eV), indicating the existence of Mn?* [52].

A notable feature of Mn is the presence of a weak satellite peak at about 647 eV, which is
higher than the main 2ps,, peak by ~5 eV. For the MnO, (Mn**) spectrum, the MnO satellite
appears near 646-647 eV [53]. Thus, the presence of a weak satellite at 647 eV confirms the
existence of Mn?*. The synthesis of Mn** is also confirmed by the absence of a strong satellite
peak. The Mn 3s peak in Fig. 6(d) splits into two components due to exchange interactions
between the core hole and unpaired 3d electrons [54]. The energy difference AE between the
two peaks decreases as the oxidation state of Mn increases. As from the Fig. 6(d) it is
observed that the energy difference between the two peaks around 4.9 eV that confirms the

presence of Mn** in the MnO; nanorod [55].

In the O 1s spectrum in Fig. 6(c), a strong peak at a binding energy of 532 eV is observed
that corresponds to lattice O?>" as Mn-O bonds in MnO, and to some extent, Mo-O.
A component near 530.5 eV arises from Mn—-OH or Mo—-O-H. There is also an another higher
BE shoulder at 533.8 eV from physisorbed H,O or C-O from carbonates or organic
contamination. [47] Additionally, the FTIR technique was employed to verify the presence of
water in Fig. S4. These broad O-H signals are common in MoS; and MnO, because of the

presence of water or hydroxyl groups on their surfaces [56].

Since only 1 wt% CNT is present, the C signal is weak relative to the survey spectra but still
visible in narrow spectra in Fig. 6(f). The C 1s region is dominated by sp? carbon from CNT.
The C-C bond corresponds to the main peak at 284.6 eV. This will overlap with adventitious
carbon contamination. [57] Weaker features at 286 eV due to the existence of C-O (C-

OH/C-0-C) [58]. A m—m* shake-up satellite around 6 eV above at 290 eV, the main C-C
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peak is also observed. Extended delocalized electrons in a sample can produce satellite

structures, which are several eV above the binding energy of primary peak [59].

3.4. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy was carried out in the frequency range 1 Hz
to 10° Hz to understand the charge transfer resistance and the kinetic feature of the ion
diffusion responsible for the charge storage property of the electrode. [60] Fig. 7 illustrates
the Nyquist plots of the MoS;, MoS;/MnO,(3 wt%, 5 wt%) & MoS./MnO; (5 wt%)/CNT (1
wt%). The lower inset of Fig. 7(a) demonstrates an enlarged view of the high frequency region
of the Nyquist plots. The Nyquist plot for pure MnO; nanorod is shown in Fig. S6(b). The
solution resistance (Rs) of the electrochemical systems is represented by the real axis
intercept of the Nyquist curve at the high frequency region. This indicates the equivalent
series resistance, which is made up of the bulk resistance such as the ionic resistance of the
electrolyte and the contact resistance between the active material and the current collector.

[61]

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The interfacial charge transfer resistance (R.;) between the active material and electrolyte is

given by the diameter of the semicircle. The slanted line in the low-frequency region of the

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

Nyquist plots corresponds to the mass transfer resistance (Warburg impedance, Zw) governed

(cc)

by a diffusion process.[62] In Fig. 7(a-b), the synthesized ternary composite starts at a small
but non-zero intercept on the x-axis, indicating the solution resistance, Rs. The diameter of
the semicircle in the Nyquist plots in Fig. 7(b), significantly decreases from MoS,, MoS; with
3 wt%, 5 wt% MnO; to 5 wt% MnO,/1 wt% CNT, indicating significant decrease in charge
transfer resistance (R.:). Due to the large interlayer distance of the MoS, /MnO, (5 wt%)/CNT
(1 wt%) nanocomposite, electrolyte gets easy access, and as a result, charge transfer
resistance decreases. Again, the steeper slope of the MoS,/Mn0O, (5 wt%)/CNT (1 wt%) line
as compared to MoS; and other two binary composites yield a lower Zw. This indicates the

faster diffusion capability of electrons and electrolyte ions on its surface. [60]
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Fig. 7(a) Nyquist plot of the synthesized samples MoS, nanoflower, MoS, /Mn0,(3 wt%),

MOSZ/MnOZ (5 Wt%)

respectively;(b) represents CPE with diffusion fit with equivalent circuit .

and MoS,/MnO, (5 wt%)/CNT (1 wt% ) nanocomposites,

The electrochemical impedance spectra of the synthesized samples were then successfully

fitted using an equivalent circuit model incorporating a constant phase element (CPE) with

diffusion, as illustrated in the inset of Fig. 7(b), providing a reliable representation of the

charge transfer and ion diffusion processes in the electrodes. Here in the equivalent circuit

W, Rs, R, and CPE denote the Warburg impedance, solution resistance, charge transfer

resistance and constant phase element, respectively. Constant Phase Element (CPE) is used

instead of a regular capacitor because it can account for inconsistencies in the material, like

the uneven structure and imperfections on the microscopic level, specifically, the rough and

porous surface of the electrode. This kind of surface is responsible for double-layer

capacitance. [63]

Table 2. The equivalent circuit values for EIS fitting

Sample

R:(Q)

MoS,
MoS./MnO:; (3 wt%)
MoS,/ MnO; (5 wt%)

MoS,/MnO; (5 wt%) /CNT (1 wt%)

5.71
5.67
5.56
5.33

24

R ()
10.55
7.313
5.755
4.262

Warburg(Q2)

23.82
15.68
17.53
10.09
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Fig. 8 Nyquist plots of the MoS,/MnO; (5 wt%)/ CNT (1 wt%) nanocomposite (a) before and
after 2,000 cycles of charging—discharging (b) fitted before and after 2,000 cycles of charging—
discharging.

Table 2 represents the charge transfer kinetics parameters of the electrodes denoting the
resistances, constant phase element and Warburg element values as obtained by fitting the

Nyquist data to the equivalent electrical circuit model shown in the lower inset of Fig. 7(b).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

As seen from the data in the table 2, modifying MoS, with MnO, and adding CNTs

significantly enhances its electrochemical characteristics. Pure MoS, exhibits the highest

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

charge transfer resistance (10.55 (1) and Warburg impedance (23.82 (), indicating the lowest

(cc)

efficiency in electron and ion transport. As the proportion of MnO, increases to 5 wt%, both
resistances decrease, with R.(charge transfer) dropping to 5.755 (2 and Warburg to 17.53 Q,
suggesting improved electrical conductivity, high wettability, higher rate capability, increased
reaction rates of the electrode, and better efficiency. [64,65] The introduction of 1 wt% CNT
to the MoS,/MnO, (5 wt%) composite further reduces both Rs (5.33 Q) and R.: (4.262 Q) to
their lowest values while simultaneously minimizing Warburg impedance (10.09 (1), which
reflects superior charge storage capacity and faster ion diffusion. The increasing interlayer
distance facilitates electrolyte access to the active material, hence reducing charge transfer
resistance as the concentration of MnO; & CNT in the MoS; nanoflower is increased.[66] The

quantitative analysis shows that ternary composite has the lowest charge transfer resistance
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and improved ion diffusion. Thus, it indicates the best performer electrochemically among
the samples. In Fig. 8(a, b) after 2,000 cycles of charging and discharging, the Nyquist plots
of synthesized nanocomposite showed smaller semicircle diameter indicating the decrease
in charge transfer resistance. Because after continuous charge and discharge cycle, the
intertwined CNT web in the MoS, /MnO, /CNT composite has settled into even better
electrical contact, while the MoS, layers have gently peeled apart to reveal more active edge
sites and the MnO, has developed tiny fissures that let the electrolyte in more easily. Together,
these changes mean the electrolyte wets the electrode more thoroughly, electrons find
smoother pathways through the CNT network so overall it takes less effort for charge to move

across the interface, and that results a smaller semicircle on the Nyquist plot.[67]

3.5. Cyclic Voltammetry (CV)

The Cyclic voltammogram of MoS,, MoS,/MnO,(3wt%,5wt%) & MoS,/MnO,(5wt%)/CNT
(1wt%) were obtained within a potential window of -0.4V to +0.4V at various scan rates
ranging from 10 mVps to 80 mVps shown in Fig. 9(a-e). In Fig. 9(a), pristine MoS, shows the
lowest current response, which is 0.5x10? mAg™! at a scan rate of 10 mVps, resulting in the
smallest enclosed CV area. The highest current response is found at 80 mVps which is
1.4x10% mAg! for voltage 0.4 V and -1.4x10? mAg™ for a reversible voltage -0.4V. The leaf
like quasi rectangular shape confirmed mixed EDLC and pseudocapacitive nature but overall
limited performance.[68] From Fig. 9(b-c), as 3wt% and 5wt% MnO, nanorod are added,
current response increases to 3.3x 10> mAg! at voltage 0.4V at a scan rate of 80 mVps and
the CV area was seen to be larger than that of pristine MoS,. The curve being slightly deviated
from the rectangular shape indicates the contribution of the intended pseudocapacitance
from MnO..[69] Finally, addition of 1% CNT to the binary 5wt% MnO; incorporated MoS;
nanoflower exhibits a significantly larger current response, which is almost 7 times larger
than the other samples. The current response jumped to 20102 mAg™. Fig. S6(a) represents
the CV plot for pure MnO, nanorod. The vastly increased area of the CV loop points to a
massive enhancement in the specific capacitance. The shape remains mostly symmetrical
even as the scan rate is increased to 80 mV/s, indicating excellent high-rate capability. The

addition of CNTs acts as the critical enabler, creating a highly conductive network. [70]
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Thus the final composite exhibits synergistic effects, including the high capacitance of MoS,
and MnO, and excellent conductivity of CNTs, resulting in a hierarchical electrode with
significantly higher specific capacitance and superior rate capability than any of its sub-
components. For all materials, a clear and consistent trend is observed where the peak
currents (or the overall current response at any given potential) increase proportionally with
an increasing scan rate (Fig. 9a-d). This fundamental characteristic of electrochemical
processes, where faster potential sweeps necessitate higher rates of electron transfer and ion
movement to maintain the electrochemical reaction. To assess the relative capacitive
performance, a comparative CV plot in Fig. 9(e), directly compares the CV profiles of MoS,
MoS; /MnO,(3 wt%,5 wt%) & MoS,/MnO,(5 wt%)/CNT (1 wt%) materials at a constant scan
rate of 30 mVps. The more rectangular shape and larger area of the CV curves from the
original material to the binary composite indicate a steady improvement in capacitive
performance. K* cation has a great impact on the charge-discharge electrochemistry of the
MoS; NF and MoS;/MnO;/CNT nanocomposites (Fig.12). The surface reaction and

intercalation mechanism are as follows:

MoS, + K* + e~ & (MoS, — K*)(surface) (6)

MnO, + K* + e~ < (MnO, — K*)(surface) (7)

CNT + K* + e~ & (CNT — K*)(surface) (8)
(M0S;/Mn0,)syrface + K+ + €~ & ((MoS,/Mn0,) — K*)(surface) (9)

(M0S;/Mn0,/ CNT Jgurface + Kt + €~ & ((M0S;/MnO,/CNT) — K*)(surface) ~ (10)

MoS, + K* + e~ & MoS — SK(intercalation) (11)

MnO, + K* + e~ & (MnO — OK)(intercalation) (12)
MoS,/Mn0O, + K* + e~ & (MoS,/Mn0,)K(intercalation) (13)
MoS,/Mn0O,/CNT + K* + e~ & (MoS,/Mn0,/CNT)K(intercalation) (14)

The ternary composite exhibits a dramatic and overwhelming increase in current response,
resulting in a significantly larger enclosed area compared to all other material systems (Fig.
9e). The overall current density is orders of magnitude higher than that of pure MoS,. The

profound leap in electrochemical performance upon CNT addition, particularly when

28


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00817d

Page 31 of 50 Materials Advances

View Article Online
DOI: 10.1039/D5MA00817D

combined with MnQO,, signifies a synergistic effect rather than a mere additive contribution
[71]. Addition of 1 wt% CNT shows a dramatic increase in current response and CV area,
providing efficient electron transport pathways, reducing internal resistance and ensuring
better utilization of active materials.[72] As a layered transition metal dichalcogenide, MoS,
possesses a unique structure that can facilitate the intercalation of ions. [73]. This lowers
resistance and boosts overall charge transfer. This improved conductivity helps ions move
faster and reach active sites more easily, which explains the sharper peaks and higher
currents even at high scan rates. The "leaf-like" shape clearly shows better charge transfer.
Overall, this composite stands out as the most efficient performer for fast, high-capacity

energy storage. [74]

3.6. Galvanostatic Charge Discharge

Galvanostatic Charge Discharge was performed to assess how well the supercapacitor works
and how long its cycle life is. To verify the supercapacitive performance of the synthesized
MoS,/MnO,/CNT nanocomposite materials, GCD tests were conducted at various current
densities within a voltage window of -0.40 V to 0.40 V in Fig. 10(a-d). All the curves exhibit

nonlinear characteristics and mild distortion during both charging and discharging. This

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

indicates the involvement of pseudocapacitance due to redox processes. This trend also

aligns with the CV results (Fig. 9). The discharge duration of the composites exceeds that of

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

pure MoS,; NF base. It means that the incorporation of MnO; nanorods and CNT has

(cc)

significantly enhanced capacitive performance. There is a drop in voltage at the start of the
discharge process in GCD testing which is known as the iR drop. Internal resistance in the
electrode material causes this drop, leading to the loss of energy in the form of heat. [75] The
MoS,/MnO, (5 wt%) /CNT(1 wt%) composite had the smallest iR drop in our experiments

compared to the other samples.

This signifies that it has lower internal resistance and higher electrical conductivity.
Supercapacitors need to have low internal resistance. This helps prevent energy loss during
charging and discharging. This leads to better energy efficiency and makes the device more

power saving.[76]
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Fig. 10(a-d) Galvanostatic charging-discharging curves of MoS, nanoflower, MoS,/Mn0,(3 wt%)
,MoS,/Mn0, (5 wt%) and (MoS,/MnO, (5 wt%) /CNT(1wt%) nanocomposites; (e) represents
Galvanostatic charging-discharging curves nanocomposites at 0.15 Ag™.
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Thereby, among all the composites evaluated, the MoS,/MnO, (5 wt%) /CNT(1 wt%) is the

most suitable for high-performance, energy-efficient supercapacitors. To determine the

specific capacitance (Cs), the required formula is:

_ixAt
S mAV

(15)

In this context, i represents the discharge current, At denotes the discharge duration, m
indicates the mass of the active material, and AV refers to the potential window width . From
Fig. 11(a), it can be observed that the specific capacitance for MoS, NF, MoS, NF/MnO,
nanorod (3 wt%), MoS, NF/MnO, nanorod (5 wt%), and MoS, NF /MnO, Nanorod
(5 wt%)/CNT (1 wt%) at the 0.15 Ag! current density was 14 Fg!, 68 Fg!, 120 Fg, and 457
Fg!, respectively.

The MoS; NF/MnO, (5 wt%)/CNT (1 wt%) nanocomposite outperforms the other samples
in terms of discharge time and specific capacitance. In the GCD curves in Fig. 10(a-d), the
discharge duration of the material likewise improves when the concentration of MnO,

nanorods in the nanocomposite increases, and that is highest when 1 wt% CNT was added

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

to the nanocomposite. This indicates that the capacitive behavior of MoS, NF has enhanced.

In Fig. 10(e), the charge-discharge curve was shown under the specific current density of .15

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

Ag'. The ternary composite exhibits the largest discharging time among all the samples.

(cc)

All the nanocomposites with embedded electrode MoS, NF, MoS, NF/MnO, nanorod (3
wt%), MoS, NF/MnO, nanorod (5 wt%), and MoS, NF /MnO, Nanorod (5 wt%)/CNT (1
wt%) display distinctive pseudocapacitive behavior, which is further verified by the voltage

plateaus observed in the discharge curves. [77,78]

The charging and discharging durations are reduced with an increase in current density. This
occurs because the electrolyte ions do not have sufficient time to get to all of the electrode's
active sites for a complete reaction. Thus, when the current density increases, the specific
capacitance decreases. The redox processes slow down with larger currents because the

electrolyte and electrode do not have as much time to come into contact. Ions are unable to
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penetrate further into the electrode and instead interact with its outer surface. Whereas ions

are more easily able to penetrate the interior pores of electrode and react with more active

Specific Capacitance (F g
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Fig. 11(a) Comparison of specific capacitances for each sample at 0.15 Ag'; (b) Variation of specific
capacitance with increasing current densities; (c) Ragone plot (power density vs. energy density) for the
synthesized samples; (d) Capacitance retention and Columbic efficiency of MoS,/MnO, (5 wt%)

/CNT (1 wt%) nanocomposite over 2,000 cycle of charging-discharging.
sites with lower current densities. This results in greater specific capacitance (Cs). At Fig.
11(b), the specific capacitance varies with increasing current density for all the samples, as

shown in a graph. We analyzed the effect of current density on the specific capacitance (Cs)
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of the electrodes. From the plot (Fig. 11b) it can be observed that at the current density of
.15 Ag! the specific capacitance was the highest for the ternary composite. Because of

superior ion transport and conductivity, the MoS,/5%MnQO,/1%CNT material retains a
higher Cs even at high currents as well. In the design of a practical energy storage system,

power density (P) and energy density (E) are quite important. The GCD curves of the
synthesized samples were used to determine energy density (Wh kg!) and power density (W

kg') according to Eq. (16) and Eq. (17):

E(Wh kg~1)= &V (16)

2x3.6
Where C; is the specific capacitance and V is the working potential window.
E
P(Wkg™) = AL %X 3600 (17)
Where E is the energy density and At is the discharging time.

Fig. 11(c) represents the Ragone plot. The vertical axis represents energy density, while the
horizontal axis represents power density. At a current density of .15 Ag™1, the energy and

power densities of the nanocomposites were measured. The MoS, NF /MnO, Nanorod (5

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

wt%) /CNT (1 wt%) composite provided the highest energy density of 37 Wh kg™!, at a

power density of 60 W kg™!. It achieved enhanced performance is due to the synergistic

Open Access Article. Published on 24 October 2025. Downloaded on 11/2/2025 12:28:36 AM.

effect of the additives, which improve electron transport and provide more surface area with

(cc)

additional redox sites [79,80].

The GCD plot for pure MnO, nanorod is shown in Fig. S6(c). As observed, increasing MnO,
content raised capacitance (5 wt% > 3 wt% MnO,). The MoS,/MnO,(5 wt%) electrode likely
had more redox sites than 3% MnO,, so its specific capacitance was higher. However, while
5% MnO, alone can raise the composite’s resistance, the addition of CNT in this case
mitigated that effect. In fact, adding just 1% CNT to MoS,/MnO,(5 wt%) showed a much
larger boost (457 Fg') than MoS,/MnO,(5 wt%) without CNT [81]. This is because the CNT
network made most MnO, and MoS, capacitance sites accessible. Also, in EIS (Fig. 7), it
shows that the CNT containing sample has significantly smaller semicircle (lower R.) and

more vertical low-frequency line, reflecting faster ion diffusion and charge transfer. Similarly,
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CV curves in Fig. 9 would likely become enlarged in area when CNT is added, showing

combined double-layer and redox behavior [82].

3.7. Electrode Stability Analysis

Cyclic stability was performed on the nanocomposite embedded electrode to inspect the
capacity to maintain particular capacitance during successive charge-discharge cycles. At a
current density of 0.15 Ag?, 2000 charging-discharging cycles were performed for the
MoS,/MnO,/CNT ternary composite. It is evident from Fig. 11(d) that retention of the
ternary composite dropped to around 96% after 2000 cycles. This indicates the increasing
capacity for retention and durability as well. The Coulombic efficiency remains 100%, which
indicates there are no side reactions consuming charge, such as electrolyte decomposition,

parasitic reactions or self-discharge.[83]

In MoS; NF, the nanosheets stick together by weak Van der Waals forces, and ions intercalate
between the layers and make them expand during each charge-discharge cycle. This
introduces strain on the sheets and finally breaks them. The sheets eventually fall back down
and stick together, covering up active surfaces and closing pores [84]. The layers peel off one
by one in certain locations, leaving behind microscopic pieces that make the framework
weaker. When the volume varies a lot, the whole electrode material falls apart and loses touch
with the current collector. Edge or point flaws and conversion reactions also break down the
original layered shape. As the material breaks down, its ability to conduct electricity goes
down, its impedance to charge transfer goes up, and its ion routes get obstructed. Slow ion
mobility and particle separation lead to the capacitance declining fast in the end. MoS, is
intrinsically a poor electrical conductor, so its performance is limited by electron transport
that worsens more with cycling due to structural changes [85]. For this reason, the MoS; NF
exhibits poor cyclic stability. The ternary composite combines 3D MoS, nanoflowers, 5 wt%
MnO, nanorods and 1 wt% CNT to achieve synergistic enhancements in capacitance and
cyclic stability. The interplanar spacing of MoS, nanoflowers is increased by the
incorporation of MnO, nanorods and CNT. This results in a defect-rich structure and
structural modification that creates additional reactive sites and improves charge collection

capacity. [14] The size of the crystallites goes down while the microstrain and dislocation
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density increase. These changes create additional edge sites and worsen surface defects. The
increase in lattice strain and dislocations (Fig. 3) makes it easier for ions to move around and
lets more redox reactions happen. These features work together to improve conductivity,
charge transfer, and ion diffusion. On the other hand, the MoS, nanoflower network offers a
high surface area scaffold for fast ion access, while the MnO, nanorods introduce abundant
redox active sites [10]. MnO, nanorods provide substantial pseudocapacitance through rapid
surface redox reactions. The MnO, nanorods mechanically stabilize the structure [86].
However, excessive loading can form thick, poorly conductive layers that impede ion
transport [16]. It also preserves high ionic conductivity that is essential for performance.

Table 3. Comparison of Electrochemical Performance and Capacitance of MoS, Based
Composites with Previously Reported Supercapacitors in the Literature.

Material of Electrolyte Current Specific Cycle Retained  Reference
Electrode Density Capacitance Number Specific
(Ag?) (Fg™) Capacitance
(%)
MoS; nanosheets 1M 1.0 143.12 5000 87.1 [87]
Nast4
MoS,/Reduced
. 1 M KCI 1.0 297 10000 95.3 (88]
Graphene Oxide
(RGO)
MOSz/MHOZ
. 1M 0.04 193 10000 94 [3]
composite
Nast4
MoS; Nanosphere 1M Na,SO, 1 518.7 1100 73.5 [89]
MoS,-CNT 1M Na,SO, 2 74 1000 80.8 [90]
MoS,/MnO,/CNT 1M KOH .15 457 2000 96 This work
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The rod-like morphology of the material acts as a spacer,preventing the restacking of MoS,
layers, which ensures stable interlayer spacing and enhances charge transfer kinetics.[87]
CNTs possess electrical conductivity values of 10*10° S/m [91]. The 1% CNT loading
creates a three-dimensional conductive network that intensely improves electron transport.
CNT incorporation significantly reduces charge transfer resistance in composite electrodes
[92]. The improved electrical environment due to CNT addition is also evident in the EIS plot
(Fig. 7), and also efficient charging and discharging is observed through the GCD plot (Fig.
10). CNTs possess exceptional mechanical properties. This mechanical reinforcement
prevents structural collapse during cyclic charge-discharge. The CNT network ensures
synergistic stress distribution across the ternary composite. It also effectively prevents
microcrack formation and accommodates volume changes during pseudocapacitive

reactions. [93]
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Fig. 12. Schematic of K* ion and HO insertion and extraction from the electrolyte
into the MoS,/Mn0O,/CNT composite electrode.
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Thus, the ternary composite structure enables multiple charge storage mechanisms, which
are double-layer capacitance from the high surface area MoS, nanoflowers,
pseudocapacitance from MnO, redox reactions, and enhanced conductivity from the CNT
network. These features work together to improve conductivity, charge transfer, and ion
diffusion. MoS,/5% MnO,/1% CNT the ternary composite achieves exceptional
performance due to a carefully orchestrated combination of various optimization
mechanisms. Thus, the ternary composite has the highest specific capacitance of 457 Fg! at
150 mAg. The ternary composition creates flexible architectures that accommodate volume
changes during cycling without structural failure. The results show that carefully controlling
defects and architecture can greatly improve the electrochemical performance of
supercapacitors. Table 3 indicates that the MoS,/MnO,/CNT electrode demonstrates
superior capacitance and stability compared to previously documented MoS,-based
electrodes. This shows how MnO;and CNT work together to add more redox active sites and
ensure there is a conductive network. The combination efficiently suppresses structural
degradation while keeping fast charge transport, which makes the composite a good choice

for high performance supercapacitor uses.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

XRD and SEM were performed on the working electrodes after cycling to identify structural

and compositional changes such as layer delamination, loss of crystallinity or phase
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dissolution that could directly explain the observed drop in capacitance. XRD and SEM

(cc)

results indicate that delamination of the MoS; nanoflowers might be the main cause of the
capacity drop. The MoS, (002) peak was broadened (Fig. S7) and the nanosheets were
witnessed to peel apart, exhibiting layer separation, and presence of detached fragments in
SEM (Fig. S8). These structural changes disrupt electrical contact and reduce the active
surface area. As a result, the material suffers from significant performance decay. [94] The
reduction of crystalline MnO; reflections shows that some MnO, might have dissolved during
cycling, which depletes a pseudocapacitive component and thus contributes additionally to
the capacity drop. However, this effect is considered minor to the structural degradation of
MoS; in the ternary composite. [95]Fig. 12. represents the schematic of K* and H,O

intercalation/deintercalation in the MoS,/MnO,/CNT composite during cyclic charge—
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discharge in 1 M KOH. During charging hydrated K* enters MoS, interlayers and MnO,
tunnels (Fig. S5b), inducing slight, reversible expansion and redox activity, while the CNT
network (Fig. S5c) ensures rapid electron transport and buffers structural strain. During
discharging K* and H,O are expelled, restoring the original MoS, spacing and MnO,

morphology, with CNTs preserving electrode integrity and conductivity throughout cycling.
4. CONCLUSIONS

To sum up, we developed a ternary MoS,/ MnO, (5 wt%)/CNT (1 wt%) electrode using a
simple hydrothermal method where MoS, nanoflowers successfully grew on the MnO,
nanorods and CNT. Through the XRD analysis, it was verified that the phases present in the
composite are pure and crystalline in nature. It also confirmed structural integrity and
effective incorporation of MoS;, Mn0O,,and CNT in the composite with no signs of unwanted
phases or impurities. SEM analysis exhibited successful integration among 3D flower-like
morphology and rod and tube like 1D morphology in the composites with MoS, nanoflowers
anchored on MnO, rods and CNTs connecting them. EIS and CV showed that the charge
transfer resistance was small, and the redox kinetics were rapid. XPS and FTIR tests showed
that MoS;, MnO,, and CNTs are all in the proper chemical state and that they are strongly
bonded to each other. The best 5 wt% MnO, nanorod maximizes the number of
pseudocapacitive sites without blocking ion pathways, and the 1 wt% CNT ensures strong
electronic conductivity and structural support. In three-electrode configurations among the
nanocomposites, the MoS;/ MnO, (5 wt%)/CNT (1 wt%) electrode had the highest specific
capacitance of 457 Fg' measured at 0.15 Ag which is significantly higher than the MoS, NF
base (14 Fg' at 0.15 Ag'). The ternary composite MoS,/ MnO, (5 wt%)/CNT (1 wt%)
provided an energy density of 37 Wh kg™, at a power density of 60W kg~1. After 2,000
cycles, cyclic stability tests showed that the capacitance retention was 96%, which verifies
that the device is very durable. A coulombic efficiency of 100% was attained that means the
charge stored during charging is fully recovered during discharging, indicating no energy loss
due to side reactions. This work shows that precise compositional tuning and hierarchical
nanostructuring can make supercapacitor electrodes that store ample energy, enable faster

charge-discharge rates, and stay stable for a long time. Because of its exceptional
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electrochemical performance, enhanced stability and high coulombic efficiency, the
MoS,/ MnO, (5 wt%)/CNT (1 wt%) ternary nanocomposite electrode material can be an

excellent candidate for the development of advanced energy storage system.
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Figure S1: XRD pattern of MnO, nanorod.

Figure S2: EDX spectra of (a) MnO, nanorod, (b) MoS, nanoflower, (c) MoS,/MnO, (5 wt%)
and (d) MoS,/MnO, (5 wt%)/CNT (1 wt% ) nanocomposites, respectively.

Figure S3: (a) SEM images of CNT and (b) MnO, nanorod respectively.
Figure S4: FTIR spectra of MoS,/MnO, (5 wt%)/CNT (1 wt%) nanocomposite.

Figure S5: Represents the crystal structure of (a) layered 2H MoS,, (b) B-MnO,, and (c) CNT.
Figure S6: (a) CV, (b) EIS, and (c) GCD plots of MnO; nanorod.

Fig. S7 XRD pattern of MoS,/MnO, (5 wt%)/CNT (1 wt%) ternary composite (a) before
cycling, (b) after cycling.

Fig. S8 SEM images of MoS,/MnO0, (5 wt%)/CNT (1 wt%) ternary composite (a) before
cycling, (b) after cycling.
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