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Electrodeposited MnQO2 Thin Film as High—
Performance Electrode for Supercapacitor
Application
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ABSTRACT: This study presents a facile electrochemical deposition approach for synthesizing MnO; thin films directly onto
stainless steel (SS) substrates, yielding binder-free nanostructured electrodes for supercapacitor applications. The structural,
morphological, and electrochemical characteristics of the deposited MnO films were systematically investigated using X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS), and Scanning
Electron Microscopy (SEM). XRD analysis confirmed the formation of the amorphous birnessite 6-MnO; phase, while FTIR
spectra exhibited a characteristic Mn-O stretching vibration at 576 cm™. XPS spectra indicated the presence of Mn-O-Mn and
Mn-O-H bonds, confirming the oxidation states of Mn in the thin film. The electrochemical performance was evaluated using
cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements in a 1M Na;SOs electrolyte. The as-
deposited MnOs thin film demonstrated a remarkable specific capacitance of 439 F g! at a current density of 0.5 mA cm™2,
along with a power density of 669 W kg™ and an energy density of 61.02 Wh kg™. The high electrochemical performance of
the MnO; thin film can be attributed to its nanostructured morphology and amorphous nature, facilitating efficient charge
storage. These findings underscore the suitability of electrodeposited MnO, as a promising electrode material for next-
generation supercapacitors.
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1. INTRODUCTION density, rapid charge-discharge capability, and long cycle life

[3-5]. Unlike traditional batteries that rely on faradaic redox

The increasing global demand for energy, driven by rapid
industrialization = and  technological = advancements,
necessitates the development of efficient and sustainable
energy storage systems [1, 2]. Among various energy storage
technologies, supercapacitors have emerged as promising
alternatives to conventional batteries due to their high power
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reactions for energy storage, supercapacitors store energy
through electrostatic interactions at the electrode-electrolyte
interface or through fast reversible surface redox reactions,
depending on their classification as electric double-layer
capacitors (EDLCs) or pseudocapacitors, respectively [6].
Pseudocapacitors, which utilize transition metal oxides
(TMOs) as active electrode materials, have attracted
significant interest due to their superior capacitance and
energy storage capabilities compared to EDLCs [7, 8].
Among various TMOs, manganese dioxide (MnQO;) is
considered a promising electrode material for supercapacitor
applications due to its high theoretical capacitance (1370 F
g"), low cost, environmental friendliness, and natural
abundance [9-11]. MnO; exists in different polymorphic
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forms, including a-, B-, y-, and 6-MnO,, each exhibiting
unique electrochemical properties [12]. The 6-MnO> phase,
known as birnessite-type MnO», has been reported to exhibit
superior electrochemical performance due to its layered
structure, which facilitates rapid ion diffusion and
intercalation [13].

Despite its advantages, MnO, suffers from certain
limitations that hinder its practical application in
supercapacitors, including poor electrical conductivity (~107°
to 107¢ S cm™) and limited cycling stability due to structural
degradation during charge-discharge processes [14, 15].
Various strategies have been explored to overcome these
limitations, such as doping with conductive materials (e.g.,
carbon nanotubes, graphene, or conductive polymers),
fabricating nanostructured morphologies, and optimizing the
synthesis method to enhance the electrochemical properties
of MnOs-based electrodes [16-18]. Among different
fabrication techniques, electrodeposition has emerged as an
efficient and scalable approach for synthesizing MnO; thin
films with controlled thickness, morphology, and porosity
[19].

Electrodeposition offers several advantages over
conventional synthesis methods, including precise control
over film growth, uniform deposition on conductive
substrates, and the ability to produce binder-free electrodes
[20]. This method enables the formation of nanostructured
MnO: films directly onto current collectors, eliminating the
need for additional binders or conductive additives, which
often compromise the overall electrochemical performance
of the electrode [21]. Furthermore, the amorphous nature of
electrodeposited MnO, has been reported to enhance charge
storage by providing more active sites for faradaic reactions
compared to its crystalline counterparts [22].

Several studies have demonstrated the effectiveness of
electrodeposited MnQO; thin films for supercapacitor
applications. For instance, electrodeposited MnO,
nanostructures have shown specific capacitance values
exceeding 400 F g, with excellent rate capability and
cycling stability [23]. The electrochemical performance of
MnO; electrodes is significantly influenced by factors such
as deposition parameters, film thickness, morphology, and
electrolyte composition [24]. In particular, the use of aqueous
electrolytes, such as Na>SOs, KCI, and Li,SO4, has been
shown to enhance the capacitive behavior of MnO;
electrodes by facilitating efficient ion transport and redox
reactions [25].

In this study, we report the electrochemical deposition
of amorphous MnQO; thin films onto stainless steel (SS)
substrates for supercapacitor applications. The structural,
morphological, and electrochemical properties of the as-
deposited MnO; films were systematically investigated using
X-ray Diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy
(XPS), and Scanning Electron Microscopy (SEM). The
electrochemical performance of the MnO, electrodes was
evaluated using cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) measurements in a 1 M NaySOy4
electrolyte. The results revealed that the electrodeposited

MnO: thin film exhibited a high specific capacitance of 439
F g! at a current density of 0.5 mA cm™, along with a power
density of 669 W kg and an energy density of 61.02 Wh
kg™. These findings highlight the potential of
electrodeposited MnO, as a high-performance electrode
material for next-generation supercapacitors.

2. EXPERIMENTAL DETAILS
2.1. Materials and Reagents

Analytical-grade sulfuric acid (H:SO.) and manganese
sulfate (MnSO.) were procured from Loba Chemical Pvt. Ltd.
and used without further purification. A 0.2 mm thick
commercially available 304-grade stainless steel (SS)
substrate was used as the working electrode. All solutions
were prepared using double-distilled water (DDW).

2.2. Synthesis Method

The MnO: thin film was deposited onto a stainless steel (SS)
substrate (1 x 5 cm?). Initially, the SS substrate was mirror-
polished using zero-grade polishing paper, then cleaned with
labolene, and subsequently washed with DDW. Finally, it
was ultrasonically cleaned for 20 minutes to remove any
remaining impurities.

A standard three-electrode setup was employed for the
electrochemical deposition, with platinum wire as the
counter electrode, an Ag/AgCl electrode as the reference
electrode, and SS as the working electrode. The MnO: film
was cathodically electrodeposited from an aqueous solution
containing 0.1 M MnSOa. The pH of the solution was
adjusted to 1.0 using H2SOs, followed by stirring for 30
minutes to ensure homogeneity. The deposition was carried
out at a potential of 2.2 V for 20 minutes, resulting in a dark
black MnO: film with good adhesion to the substrate. The
deposited film was then rinsed with DDW and allowed to air
dry for one hour. Figure 1 illustrates the schematic
representation of the synthesized MnO: thin film.

2.3. Material Characterization

The structural phase of the electrodeposited MnO: thin film
was analyzed using an X-ray diffractometer (XRD, Rigaku
Smart Lab) with Cu-Ko radiation (A = 1.54 A). The surface
morphology and elemental composition were examined
using scanning electron microscopy (SEM, JSM-7800F,
JEOL) coupled with energy-dispersive X-ray spectroscopy
(EDS; Oxford X-Max). Functional groups present in the
MnO: thin film were identified through Fourier transform
infrared spectroscopy (FTIR; Perkin-Elmer Model No. 100,
USA). Additionally, X-ray photoelectron spectroscopy (XPS;
Thermo Fisher K-Alpha 250xi) was employed for elemental
and chemical state analysis.
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Fig. 1. Schematic of the preparation of MnO electrode.

2.4. Electrochemical Measurements

The electrochemical performance of the MnO: thin film was

evaluated using a versatile multichannel potentiostat

(Princeton Applied Research, VMP2/Z) in a three-electrode

configuration. The setup consisted of the as-deposited MnO-

thin film as the working electrode, an Ag/AgCl electrode as

the reference, and platinum wire as the counter electrode,

with 1 M Na:SOs serving as the electrolyte. Cyclic

voltammetry (CV) and galvanostatic charge-discharge (GCD)
measurements were conducted within a potential window of
02Vt 08V.

The areal capacitance (C) was calculated from the CV profile

using the equation (1):

2 1nav

c=b—— (1)

v(V2—V1)

Where f‘zz I(V)dV  represents the area enclosed by the CV

curve over a voltage window of (V2 — V) at scan rate v for
the film of area 1 x 1 cm?.

The specific capacitance (Csp) of the MnO: thin film
was determined from the GCD curves using the following
equation [15, 16]:

IAt
AVm

Csp = (2)
where, I is the response current (mAcm 2), At is the discharge
time (s), m is the electrode mass (g) as determined by the
weight difference method, AV is the potential range (V), and
Csp is the specific capacitance (F g™!). Equations (3) and (4)
are used to compute the power density (P, W kg!) and energy

density (E, W h kg™) of the three-electrode based on the GCD
curves. In which t(s) is the discharge duration and AV (V) is
the applied potential window. [5, 17, 18].

0.5Csp(AV)?

E= 36 (3

E X 3600

t (4)

Where, t is the discharge duration (s) and AV is the applied
potential window (V).

P=

3. RESULTS AND DISCUSSION
3.1. Characterization and Properties

XRD analysis was performed on the as-deposited MnO: thin
films to confirm the formation of MnO: and assess its
structural characteristics. Figure 2(a) presents the XRD
pattern of the MnO: thin film deposited on the SS substrate.
The diffraction pattern exhibits broad and faint peaks at
approximately 12°, 25°, and 35°, which correspond to the
(001), (002), and (111) diffraction planes of MnO:, as
indexed according to JCPDS card No. 80-1098. The broad
peak nature suggests a low degree of crystallinity, indicative
of an amorphous phase. Specifically, the obtained pattern
confirms the formation of birnessite-type 3-MnQOz, which is
known for its layered structure and excellent electrochemical
properties [19-20].

The presence of amorphous 8-MnO: is particularly
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beneficial for electrochemical applications. The disordered
structure and strong non-crystallinity enhance the availability
of active sites and promote ion diffusion within the material,
leading to improved pseudocapacitive performance [21].
Compared to crystalline MnO: phases, which typically have
restricted ion transport pathways, amorphous MnO: provides
higher surface area, improved charge storage capabilities,
and faster redox reactions, making it a promising candidate
for supercapacitor electrodes.

The functional group analysis of the MnO: thin film was
conducted using Fourier-transform infrared (FTIR)
spectroscopy, as shown in Figure 2(b). The spectrum exhibits
characteristic absorption bands corresponding to Mn-O
stretching vibrations, confirming the presence of MnO.. The
broad absorption band observed around 3400 cm™ is
attributed to the O—H stretching vibration of surface hydroxyl
groups and adsorbed water molecules. This suggests the
presence of hydrated MnO., which is beneficial for
electrochemical applications due to its ability to enhance
ionic conductivity.

Additionally, peaks in the range of 500-800 cm™
correspond to Mn-O vibrations, which are characteristic of
MnO.. The band near 720 cm™ is associated with Mn—O
stretching in octahedral coordination, confirming the
formation of MnO: with a birnessite-like layered structure
[22]. The presence of surface hydroxyl groups and adsorbed
water molecules further supports the hypothesis that the
deposited MnO: has an amorphous nature with hydrated
characteristics. This structural feature is advantageous for
electrochemical energy storage applications, as it promotes
efficient ion transport and enhances charge storage capacity.

X-ray photoelectron spectroscopy (XPS) was employed
to investigate the oxidation states, surface chemical
composition, and binding energies of the as-deposited MnO-
thin film. This technique provides valuable insights into the
electronic structure and chemical bonding of the material,
which directly influences its electrochemical properties.

Figure 3(a) displays the wide-scan XPS survey spectrum of
the MnO: thin film, revealing prominent peaks
corresponding to manganese (Mn) and oxygen (O) elements.
The absence of significant impurity peaks suggests that the
deposited MnO: is of high purity, further confirming the
successful formation of the desired phase.

Figures 3(b) and 3(c) present the high-resolution spectra
of Mn 2p and O s, respectively, along with the fitted peaks.
The Mn 2p spectrum exhibits two well-defined peaks at
binding energies of approximately 642.4 eV and 654.1 eV,
corresponding to the spin-orbit split levels Mn 2ps/> and Mn
2pi/2, respectively. The energy separation of 11.7 eV between
these peaks is characteristic of Mn in the +4 oxidation state
(Mn*"), confirming the formation of MnO: as the dominant
phase [23, 26]. The presence of Mn*" is crucial for enhancing
the electrochemical activity of MnO:-based electrodes, as it
facilitates efficient redox reactions in energy storage
applications.

The high-resolution O 1s spectrum, shown in Figure
3(c), has been deconvoluted into two distinct peaks, each
representing different oxygen environments within the MnO:
structure. The first peak, located at 529.7 eV, is attributed to
lattice oxygen (Mn—O—Mn), which forms the primary MnO:
framework. This strong Mn—O bond plays a critical role in
maintaining the structural stability of MnO: and ensuring
long-term electrochemical performance. The second peak,
appearing at 531.2 eV, corresponds to surface hydroxyl
species (Mn—O—-H), which arise due to oxygen vacancies or
adsorbed hydroxyl groups [24]. The presence of Mn—O-H
species suggests a hydrated MnO-. surface, which can
improve ionic conductivity and electrochemical charge
storage by facilitating rapid ion diffusion during redox
reactions.

To further validate the elemental composition of the
MnO: thin film, energy-dispersive X-ray spectroscopy (EDS)
analysis was performed, as illustrated in Figure 3(d).
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Fig. 2. (a) XRD pattern and (b) FTIR spectrum of MnO; thin film.
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Fig. 3. (a) XPS survey spectrum of MnO», The high-resolution XPS spectra of (b) Mn 2p and (c) O 1s, (d) EDX spectrum of

MnO; thin film.

The EDS spectrum exhibits well-defined peaks
corresponding to manganese (Mn) and oxygen (O), with no
detectable impurities. This confirms the successful
deposition of a high-purity MnO: thin film. The atomic ratio
of Mn to O, obtained from EDS quantification, is consistent
with the expected stoichiometry of MnO:, further verifying
the composition of the material. The XPS and EDS analyses
collectively confirm the successful formation of MnO: with
a dominant Mn*" oxidation state, a well-defined Mn—O-Mn
framework, and surface hydroxyl groups that could enhance
electrochemical performance.

The surface morphology of the as-deposited MnO: thin
films was analyzed using scanning electron microscopy
(SEM), which provides crucial insights into the material’s
structural characteristics and potential electrochemical
behavior. Figure 4(a) presents a low-magnification SEM
image of the MnO: thin film, revealing a uniform and
continuous surface with densely packed spherical
nanoparticles. The homogeneous distribution of these
particles suggests a well-controlled deposition process,

ensuring structural integrity and uniformity across the film.
Such uniformity is essential for achieving consistent
electrochemical performance in energy storage applications.

A higher-magnification SEM image, shown in Figure
4(b), provides a closer look at the individual MnO: particles.
The image clearly depicts a distinct spherical morphology,
resembling that of a spongy ball. This unique nanostructured
surface, characterized by a high degree of porosity and
interparticle connectivity, plays a crucial role in enhancing
the electrochemical properties of MnO: thin films. The
nanoscale spherical architecture increases the surface-area-
to-volume ratio, thereby offering a larger number of
electroactive sites for faradaic reactions. This, in turn,
facilitates rapid charge storage and improved capacitive
behavior.

Furthermore, the observed spongy and pliable
morphology is expected to enhance ion and electron transport
within the MnO: matrix. The interconnected porous structure
enables better penetration of electrolyte ions into the active
material, ensuring efficient ionic diffusion pathways.
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Fig. 4. Low (a) and high (b) magnification images of MnO, thin film.

Additionally, the nanospherical MnO: particles provide a
conductive framework that minimizes charge-transfer
resistance and promotes faster electron mobility. These
characteristics contribute significantly to the overall
electrochemical performance, making the MnO: thin films
highly suitable for applications in supercapacitors and other
energy storage devices. The SEM analysis confirms the
successful deposition of MnO: thin films with a well-defined
nanostructure, which can play a pivotal role in optimizing
their electrochemical efficiency. The combination of a
uniform, porous, and spherical morphology provides a strong
foundation for further investigations into the material’s
charge storage mechanisms and practical applicability in
energy-related technologies.

3.2. Supercapacitor application of MnO; thin films

The MnO; thin film electrode was tested electrochemically
as it was deposited. The CV profiles depicted in Figure 5(a)
display the correlation between different potential scans (5 to
100 mV s!) within active potential window of -0.2 to 0.8 V
(vs Ag/AgCl). The finding of a quasi-rectangular CV shape
with a wide redox shoulder indicates that faradic processes
mostly control capacitance. This phenomenon arises from
electrochemical reactions associated with Mn/Mnn+.
Furthermore, the observed rise in peak current proportionate
to the scan rates ranging from 5 to100 mVs™! indicates a
favourable pseudo-enriched capacitive storage of the
electrode. Furthermore, increasing the scan rate to 100 mV s
! does not result in any noticeable change in the cyclic
voltammetry profile, demonstrating good electrochemical
reversibility and the ability for rapid charge-discharge.
Increased scan rates decrease the duration of interaction
between electrolyte ions and the nanostructured electrode,
resulting in a decrease in capacitance [25, 26].

The MnO; thin film sample was subjected to GCD
analysis at distinct current densities spanning from 0.5 to 3.0

mA c¢m? within active potential window -0.2 to 0.8 V. The
GCD profile is shown in Figure 5(b), which exhibits an
irregular triangular shape across all current densities, is
consistent with the redox waves observed in the
corresponding CV curves. This is a characteristic of faradic
pseudocapacitance. The non-linear GCD profile of the MnO»
electrode exhibits a distinctive shape, which can be further
categorized into three types: (i) At the onset of discharging, a
minimal internal resistance component results in a negligible
voltage drop (iR). (i1) A nearly linear shift within the potential
range indicates excellent reversibility of the electrode. (iii)
The ramp-like portion indicates efficient faradic activity
resulting from redox interactions between the active material
and electrolyte. Based on CV, the areal capacitance obtained
were 21.2, 17.4, 13.2,9.6, 7.9, 6.8, and 5.6 mF cm™' at scan
rate of 5, 10, 20, 40, 60, 80, and 100 mV s'. The electrode
demonstrates specific capacitance of 439, 242, 181, and 90 F
glat0.5, 1,2, and 3 mA cm? respectively. As illustrated in
Figure 5(c), the specific capacitance decreased as the current
density increased because the electrode did not have enough
time to interact with the electrolyte. The highest capacitance
obtained is 439 F g! at 0.5 mA cm™. The strong non-
crystallinities found in as-deposited amorphous MnO; will
facilitate the creation of large active regions, leading to
increased pseudocapacitive performance. Similar behaviour
was identified by Nikamet al. who obtained improved
supercapacitive properties for amorphous cobalt ferrite thin
film deposited at room temperature by pulsed laser
deposition method [26]. The calculated power densities were
669, 1499, 3134, and 5824 W kg'!, at energy densities of
61.02, 33.66,25.25, and 12.62 W h kg!. The MnO; electrode
demonstrates a peak power density of 669 W kg and an
energy density of 61.02 W h kg-1 at 0.5 mA cm™
Furthermore, a peak areal capacitance of 21.2 mF cm™ was
achieved at a scan rate of 5 mV s™!, as shown in Figure 5(d).
Electrochemical Impedance Spectroscopy (EIS) was
utilized to investigate the ion transport behavior and charge
storage dynamics of the MnO: thin film electrode ina 1 M
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Na:SOs electrolyte solution. The EIS measurements were
conducted over a broad frequency range, spanning from 1000
kHz to 1 Hz, with an applied AC perturbation of 5 mV. This
technique provides valuable insights into the resistive and
capacitive properties of the electrode, which are crucial for
evaluating its electrochemical performance. Figure 6(a)
presents the Nyquist plot, which consists of a semicircle in
the high-frequency region and a linear tail in the low-
frequency region. The appearance of a small semicircle at
high frequencies is indicative of charge transfer resistance
(Ret), while the linear segment at lower frequencies
corresponds to the ion diffusion behavior of the electrolyte
within the electrode material.

The equivalent series resistance (RESR), which
accounts for the combined resistance of the electrolyte, the
intrinsic resistance of the electrode material, the current
collector, and the electrode/current collector interface, was
found to be 4.1 Q. A low RESR value suggests efficient
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charge transport and minimal ohmic losses, which are
desirable characteristics for high-performance energy storage
devices. The charge transfer resistance (Rc), determined
from the semicircle diameter in the high-frequency region,
was measured at 2.4 Q. This relatively low R_ct value
indicates a facile charge transfer process between the MnO:
electrode and the electrolyte, which is crucial for enhancing
the electrochemical reaction kinetics. The efficient electron
and ion transport at the electrode-electrolyte interface
contributes to the rapid redox reactions associated with
pseudocapacitive charge storage.

Furthermore, the phase angle of the MnO: thin film was
observed to be 54.9°, confirming its pseudocapacitive
behavior (Figure 6 (b)). This result is consistent with the
findings from Cyclic Voltammetry (CV) and Galvanostatic
Charge-Discharge (GCD) measurements, which also indicate
that the MnO: thin film operates through a faradaic charge
storage mechanism.
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Fig. 5. (a) CV, (b) GCD responses of MnO;, Plots of (c¢) specific capacitance response with current density and (d) areal

capacitance v/s scan rate.
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Fig. 6. (a) Nyquist plot (b) Bodes plot of MnO, thin film.

The deviation of the phase angle from the ideal capacitive  improved charge storage capabilities. Compared to

value of 90° suggests a combination of capacitive and conventional  electrode  fabrication  methods, the

resistive characteristics, a typical feature of pseudocapacitive
materials. The EIS analysis reveals that the MnO: thin film
exhibits low internal resistance, efficient charge transport,
and pseudocapacitive characteristics, making it a promising
electrode material for high-performance supercapacitors.
The observed electrochemical properties demonstrate that
the electrode material can facilitate rapid charge-discharge
cycles, which is essential for practical energy storage
applications.

4. CONCLUSION

In this study, MnO, thin films were successfully
electrodeposited onto stainless steel substrates using a simple
and cost-effective electrochemical approach, resulting in
binder-free nanostructured electrodes for supercapacitor
applications. The structural and compositional analyses
confirmed the amorphous nature of the deposited MnO,, with
XRD revealing the birnessite 3-MnO, phase and FTIR and
XPS analyses providing insights into its bonding
characteristics. SEM imaging demonstrated the formation of
a uniform and porous morphology, which is beneficial for ion
diffusion and charge storage. Electrochemical investigations
using cyclic voltammetry and galvanostatic charge-discharge
techniques demonstrated superior capacitive behavior of the
MnO:s thin film, with a high specific capacitance of 439 F g!
at a current density of 0.5 mA cm™. The electrode exhibited
an impressive power density of 669 W kg and an energy
density of 61.02 Wh kg™, signifying its potential for high-
performance energy storage applications. The observed
electrochemical properties suggest that the amorphous nature
of MnO; enhances the accessibility of active sites, leading to

electrochemical deposition technique employed in this work
offers several advantages, including uniform film formation,
cost-effectiveness, and environmental sustainability. The
binder-free nature of the MnO thin film further enhances its
practical applicability in supercapacitors by eliminating the
need for additional conductive additives or binders, which
often reduce electrochemical efficiency. The results highlight
the potential of electrodeposited MnO; thin films as
promising candidates for next-generation supercapacitors.
Future research could focus on optimizing deposition
parameters, exploring hybrid MnO,-based composites, and
evaluating long-term cycling stability to further enhance the
performance of these electrode materials. This study provides
a foundation for the development of efficient, scalable, and
sustainable energy storage solutions.
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