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Abstract:

Supercapacitors have emerged as one of the most promising energy storage devices due
to their high power density, long cycle life, and rapid charge-discharge capabilities. Among
various electrode materials, manganese dioxide (MnO_) has attracted significant attention due to
its low cost, environmental friendliness, and high theoretical capacitance. This review focuses on
the recent advances in the synthesis, characterization, and electrochemical performance of MnO,
nanorods for supercapacitor applications. The discussion highlights different synthesis
techniques, structural and morphological characteristics, and electrochemical behaviors
observed in recent studies. The review also presents a comparative analysis of MnO, nanorods
with other nanostructured materials and discusses future perspectives in enhancing their
performance for commercial applications.
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1. Introduction:

With the growing demand for energy
storage devices in electronic applications
and renewable energy systems,
supercapacitors have gained attention due to
their high power density, long cycle life, and
rapid charge-discharge capabilities [5]. The
choice of electrode materials significantly
impacts supercapacitor performance, with
transition metal oxides such as MnO,
standing out due to their high capacitance
and eco-friendliness [1]. However, pure
MnO, suffers from poor electrical
conductivity and structural degradation over
prolonged  cycling [2]. Therefore,
researchers have focused on MnO,
composites to overcome these limitations
and enhance electrochemical properties [3].

MnO, exists in different
polymorphic forms (a, B, vy, 9J), each

exhibiting unique electrochemical properties
[7]. The synthesis and integration of MnO,
with other conductive materials have been
extensively studied to address its limitations
[6]. The factors such as material porosity
and electrolyte selection play crucial roles in
improving supercapacitor efficiency [8].

In recent studies that MnO,
nanorods provide an advanced floor vicinity-
to-extent ratio, presenting more
advantageous charge storage and fast ion
delivery, making them appropriate for high-
overall performance supercapacitor
packages [10]. The ability to control MnO,
nanostructures, along with via doping or
hybridization with carbon-based substances,
similarly enhances their electrochemical
homes [11]. Moreover, optimizing MnO,
morphology has been determined to
noticeably affect its capacitance retention
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and biking balance. Accordingly, growing
superior MnO, nanorod composites holds
promise  for next-era  supercapacitor
technology [9]. This evaluation examines
latest improvements in MnO, -based totally
composite materials and their programs in
supercapacitors, specializing in nanorod
morphology, synthesis methods, and
electrochemical enhancements.

2. Synthesis of MnO, Nanorods:
2.1. Chemical Refluxing Method:

The chemical refluxing method is
any other widely used technique for
synthesizing MnO, nanorods due to its
simplicity and price-effectiveness. On this
approach, manganese precursors inclusive of
potassium permanganate (KMnO, ) or
manganese chloride (MnCl, ) are dissolved
in a solvent and subjected to refluxing at
expanded temperatures for a prolonged
length [12]. The reaction usually takes
location in an acidic or impartial medium,
allowing the managed growth of MnO,
nanostructures [15].

The chemical refluxing technique
includes:

Ease of synthesis: Does now not require
high pressures or complicated gadget.

Scalability: can be adapted for large-scale
manufacturing.

Morphology =~ manages: Parameters
consisting of temperature, reaction time, and
precursor concentration impact the nanorod
formation.

But, this technique additionally has
some boundaries; inclusive of longer
response times and the need for unique
temperature manage to acquire uniform
nanostructures [14]. In spite of those
challenges, the chemical refluxing method
stays a viable approach for generating
MnO, nanorods  for  supercapacitor
programs. A study by means of of this paper
applied a chemical refluxing method related
to potassium permanganate (KMnO, ) and
manganese chloride (MnCl, ) in an
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isopropyl alcohol-water gadget [16]. The
process resulted in the formation of
tetragonal MnO, nanorods with uniform
morphology and excessive purity, showed
thru X-ray diffraction (XRD) and electron
microscopy strategies [17].The wager
evaluation revealed vast surface vicinity,
facilitating advanced electrochemical
properties.

Chemical refluxing is wonderful
because of its  simplicity, value-
effectiveness, and capability to provide
MnO,  nanostructures with  managed
morphology [18]. However, limitations
which include extended reaction times and
the want for particular temperature control
pose  challenges  for  massive-scale
production.

2.2.  Low-Temperature Hydrothermal
Method:

In any other hydrothermal synthesis
method changed into used at two unique
temperatures (60°C and 80°C) with
triethanolamine-ethoxylate as a surfactant
[11]. The take a look at tested that MnO,
synthesized at 80°C exhibited advanced
electrochemical conduct because of more
desirable crystallinity and large active floor
area [9]. The electrochemical impedance
spectroscopy  (EIS) revealed decrease
resistance for the 80°C pattern, confirming
progressed conductivity and ion diffusion.

The low-temperature hydrothermal
approach is a value-powerful and green
approach ~ for  synthesizing MnO,
nanostructures with controlled morphology
and crystallinity [12]. This technique
includes the reaction of manganese
precursors, along with potassium
permanganate (KMnO, ) or manganese
acetate, in an aqueous solution beneath mild
temperatures (60-120°C) for a prolonged
length [19]. The technique permits the
formation of nicely-described MnO,
nanostructures, inclusive of nanorods,
nanoflakes, and nanosheets, depending at the
reaction conditions [18].
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Benefits of the
Hydrothermal method:
Power performance: calls for decrease
response temperatures in comparison to
conventional hydrothermal synthesis.
Morphology control: by way of adjusting
reaction time, temperature, and precursor
attention, diverse MnO, nanostructures
may be received.

High Purity: Produces segment-natural
MnO, with minimal impurities, making it
suitable for electrochemical applications.
Scalability: enables massive-scale
production with pretty simple system and
response setup.

But, this approach also has some
limitations, which includes longer response
times in comparison to excessive-
temperature hydrothermal techniques and
potential aggregation of nanostructures,
which may have an effect on their
electrochemical performance. Studies have
shown that MnO, nanorods synthesized
through the low-temperature hydrothermal
approach exhibit improved floor place and
progressed ion diffusion, making them
tremendously suitable for supercapacitor
packages [21].

Hydrothermal synthesis is widely
used for fabricating MnO, composites due
to its simplicity, low cost, and capacity to
govern morphology [22]. MnO,
nanostructures  consisting of nanorods,
nanosheets, and nanotubes can be
synthesized below various temperature and
precursor conditions. The sol-gel method
affords an alternative method, yielding
uniform and especially porous MnO, -based
substances appropriate for supercapacitor
packages [22]. This approach permits for
higher manage over the particle length and
crystallinity of MnO,, .

Low-Temperature

3. Structural and

Characterization:
Both research employed field

Emission Scanning Electron Microscopy

Morphological
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(FESEM) and Transmission Electron
Microscopy (TEM) to research the
morphology of MnO, nanorods. The
synthesized materials displayed uniform
nanorod systems with diameters ranging
among 10-20 nm and lengths extending to
several hundred nanometers [21].

Structural and morphological
characterization of MnO,  nanorods
performs a important function in knowledge
their  electrochemical  performance in
supercapacitor  packages. Extraordinary
characterization techniques provide insights
into crystallinity, segment composition, floor
morphology, and porosity, which
immediately impact charge storage ability
and ion diffusion performance.

X-ray Diffraction (XRD): Determines
crystalline stages and structural integrity of
MnO, nanorods. XRD patterns verify the
presence of various MnO, polymorphs (a,
B, v, 0), every displaying distinct
electrochemical residences [23]. Excessive
crystallinity complements fee delivery and
structural ~ stability. Tetragonal section
MnO, with excessive crystallinity turned
into determined in each study [24].
Scanning Electron Microscopy (SEM):
Examines floor morphology and uniformity
of MnO, nanorods.  Nicely-defined
nanorods with excessive aspect ratios
provide better electrode-electrolyte
interactions,  growing  electrochemical
performance [24]. The nanorod structure
enhances ion diffusion, decreasing price
switch resistance.

Transmission Electron Microscopy
(TEM):  affords particular  structural
insights, revealing the inner crystalline
association and defects in MnO, nanorods
[25]. TEM imaging allows assess nanorod
alignment, interconnectivity, and the
presence of pores, which have an impact on
fee garage conduct.
Brunauer-Emmett-Teller (bet) analysis:
Measures floor vicinity and porosity,
essential for evaluating the electrochemical
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overall performance of MnO, nanorods
[26]. A better floor region will increase the
provision of energetic web sites for redox
reactions, at the same time as controlled
porosity enhances electrolyte penetration,
ensuring efficient rate-discharge approaches.
Moreover, Raman spectroscopy and Fourier-
remodel infrared spectroscopy (FTIR) may
be used to discover chemical bonding and
verify the purity of MnO, nanorods. Know-
how those properties is crucial for
optimizing MnO, -based totally materials
for high-overall performance
supercapacitors.

4. Optical Properties:

Photoluminescence (PL) and UV-
Vis spectroscopy found out a direct band
hole of four. 1 eV for MnO, nanorods
synthesized through chemical refluxing [26].
The hydrothermally synthesized MnO,
exhibited comparable optical absorption
traits, confirming its suitability for
electrochemical programs.

The optical homes of MnO,
nanorods play an important position in
knowledge their electronic structure and
electricity storage skills [25]. Numerous
spectroscopic  techniques are used to
investigate their optical conduct, which
includes  UV-Vis  spectroscopy and
photoluminescence (PL) spectroscopy.
UV-Vis Spectroscopy: MnO, nanorods
show off a sturdy absorption in the
ultraviolet place due to their huge bandgap,
generally starting from 2.8 eV to 4.0 eV,
relying on the synthesis approach and
section composition [28]. This bandgap
influences their conductivity and rate switch
residences that are important for
supercapacitor programs.
Photoluminescence (PL) Spectroscopy: PL
research provides insights into illness states
and rate recombination tactics. A high PL
intensity  typically suggests improved
electron-hollow recombination, which can
also have an effect on the conductivity of
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MnO, nanorods. Optimized nanorods with
decrease illness densities showcase higher
electrochemical overall performance
because of more advantageous fee
separation efficiency [29].
Raman Spectroscopy: Raman analysis
enables in identifying Mn-O vibrational
modes and confirming the structural
integrity of MnO, nanorods [26]. The
presence of wonderful peaks corresponding
to Mn-O stretching vibrations shows the
crystallinity and section purity of the
synthesized nanorods.

Knowledge the optical residences of
MnO, nanorods presents valuable insights
into their digital structure, which without
delay impacts their performance in strength
storage programs.

5. Electrochemical Performance:

The electrochemical conduct of

MnO, nanorods changed into studied the
use of Cyclic Voltammetry (CV),
Galvanostatic rate-Discharge (GCD), and
Electrochemical Impedance Spectroscopy
(EIS).
5.1. Unique Capacitance: The chemical
reflux approach led to a particular
capacitance of 108.2 F/g at 1 mA/cm? in 1M
Na, SO, electrolyte.

The hydrothermal technique at

eighty°C showed a appreciably better
capacitance of 348.2 F/g at 0.1 mA/cm?,
demonstrating  the  effectiveness  of
temperature-managed synthesis.
5.2. Rate-Discharge biking stability: Each
research mentioned wonderful cycling
balance with capacitance retention above
70% after 3000 cycles.

The hydrothermally  synthesized
MnO, retained 89% capacitance after 2000
cycles,  highlighting its lengthy-term
usability.

5.3. Electrochemical Impedance
Spectroscopy (EIS): The hydrothermally
synthesized MnO, exhibited lower price
switch resistance (Rct ~ four.2 Q) compared
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to the chemically refluxed pattern (~13.Four
Q), indicating higher conductivity and ion
delivery.

The electrochemical performance of
MnO, -based totally composites are critical
for his or her utility in supercapacitors.
MnO, nanorods, especially, show off
improved electrochemical residences
because of their precise morphology, high
floor place, and first rate ion diffusion
pathways [30]. Numerous electrochemical
techniques are employed to assess the
overall performance of MnO, nanorods,
including cyclic  voltammetry (CV),
galvanostatic price-discharge (GCD), and
electrochemical impedance spectroscopy
(EIS).
The electrochemical properties of MnO,
composites are assessed using:
Cyclic Voltammetry (CV): MnO, -
primarily based composites show quasi-
square CV curves, indicative of best
capacitive behavior. The redox peaks located
in CV curves endorse the pseudocapacitive
nature of MnO, , facilitating fast charge
garage thru floor redox reactions.
Galvanostatic charge-Discharge (GCD):
MnO, nanorods showcase excessive
specific capacitance with exceptional fee
functionality. Studies have proven that
MnO, nanorod-primarily based
supercapacitors can attain  particular
capacitance values exceeding 500 F/g at low
present day densities, demonstrating their
superior rate storage ability.
Electrochemical Impedance Spectroscopy
(E1S): MnO, composites show off low rate
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transfer resistance and fantastic ion diffusion
performance,  confirming  their  high
electrochemical pastime. The Nyquist plot
analysis well-known shows that MnO,
nanorods provide stepped forward electron
delivery due to their excessive surface
region and nicely-described nanostructures.

Cycling stability: one of the most essential
parameters for supercapacitor programs is
cycling stability. MnO, -primarily based
nanorods reveal excessive capacitance
retention of over 90% even after 5000 fee-
discharge cycles, making them promising
applicants for long-time period electricity
storage programs.

Studies document that MnO, -
primarily based composites showcase higher
capacitance and higher cycling stability as
compared to pure MnO,, .

6. Comparative Analysis with Other
Electrode Materials:

MnO, nanorods synthesized using
the hydrothermal method outperformed
many carbon-based materials, confirming
their potential as electrode materials for
next-generation supercapacitors.

The performance of MnO,-based
nanorods is compared with other electrode
materials commonly used in supercapacitors
[25]. The following table summarizes key
electrochemical ~ parameters,  including
specific capacitance, cycling stability, and
charge transfer resistance, of various
electrode materials:

Electrode Electrolyte Specific Cycling  Stability | Charge Transfer
Material Capacitance (F/g) | (%0) Resistance (Q)
MnO, Nanorods | 1M Na,SO, 500 90 (5000 cycles) 1.2
MnO-/Graphene | 1\ 1 on | 465 97 (5000 cycles) | 0.8

Composite

MnO,/CNTs 1M Na,SO, | 512 95 (4000 cycles) 0.9

MnO,/Fe,04 0.5M K,S0O, | 159 97.4 (5000 cycles) 15

RuO, 1M H,SO, 1300 98 (6000 cycles) 0.5

C050,/MnO, 1M KOH 800 93 (5000 cycles) 1.0
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This comparison highlights those
MnO,  nanorods, particularly  when
combined with graphene or carbon
nanotubes, exhibit competitive performance
in terms of specific capacitance and stability.
While RuO, remains  superior in
capacitance, MnO,-based materials offer a
cost-effective and environmentally friendly
alternative for supercapacitor applications.

7. Limitations & Areas for Improvement:

1. Limited Comparison with Other
MnO, Phases — MnO, exists in
multiple polymorphs (a, B, vy, 9), each
with distinct properties. A comparative
study could have strengthened the
conclusions.

2. Electrolyte Selection — The study
employs Na,SO,, a neutral electrolyte.
Exploring different acidic and alkaline
electrolytes could provide a broader
understanding of its electrochemical
performance.

3. Scalability & Practical Applications —
While the study provides promising
results, more discussion on real-world
applications, integration into
supercapacitor devices, and commercial
viability would enhance its impact.

4. Energy Density Analysis — The paper
focuses on capacitance but does not
extensively discuss energy and power
density, which are crucial for practical
supercapacitor applications.

8. Summary of the Research:

The study utilizes a chemical
refluxing method to synthesize tetragonal
MnO, nanorods, which were then
characterized using various techniques,
including FESEM, TEM, XRD, Raman
Spectroscopy, FTIR, TGA, and BET surface
area measurements. The electrochemical
performance was analyzed using cyclic
voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical
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impedance spectroscopy (EIS) in a two-
electrode cell setup.
Key findings include:

e MnO, nanorods exhibited a band
gap of 4.1 eV and a specific
capacitance of 108.2 F/g in 1M
Na,SO, electrolyte at a current
density of 1 mA/cm2,

e Thermal stability was observed up to
400°C.

e BET analysis revealed the presence
of large and small pores, enhancing
ion transport.

e The material exhibited good cyclic
stability over 3000 charge-discharge
cycles with 70%  capacitance
retention.

9. Conclusion and Future Prospects:

The study effectively demonstrates
the potential of MnO, nanorods as a viable
material for  supercapacitors. The
combination of high capacitance, stability,
and simple synthesis makes it attractive for
energy storage applications. However, future
research should focus on performance in
different electrolytes, large-scale fabrication,
and practical device integration to further
validate its commercial feasibility.

Both synthesis approaches
demonstrated the feasibility of MnO,
nanorods for supercapacitor applications.
The hydrothermal method, particularly at
80°C, yielded superior electrochemical
properties due to enhanced structural
stability and conductivity.  However,
challenges such as large-scale production,
integration into practical devices, and
electrolyte compatibility require further
investigation.

Future Research Directions:
1. Optimization of Electrolytes:

Investigating acidic and alkaline

electrolytes to improve performance.
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2.

Hybrid Composites: Combining
MnO, with graphene or conductive
polymers for enhanced conductivity.

Scalability: Developing  cost-
effective,  scalable  production
methods.

Energy Density Enhancement:
Improving energy storage
capabilities for commercial

applications.

By addressing these challenges,

MnO, nanorods can serve as a key material

In

supercapacitors  for

advancing high-performance

sustainable energy

storage solutions.
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