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ABSTRACT

Aqueous rechargeable zinc-ion batteries (ARZIBs) have emerged as promising candidates for cost-effective and
environmentally friendly energy storage solutions. However, achieving energy densities comparable to
commercial lithium-ion batteries requires the development of advanced cathode materials. In this study, we
present a simple, solvent-free mechano-chemical method for synthesizing manganese dioxide (MnQ:) as a
cathode material for ARZIBs. The structural and morphological properties of the prepared MnO: were
characterized using Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Energy-
Dispersive X-ray Spectroscopy (EDX) and Scanning Electron Microscopy (SEM). The FTIR spectrum showed a
characteristic Mn—0 stretching vibration at 529 cm™, while XRD confirmed the formation of a tetragonal o-
MnO: phase. SEM analysis revealed porous surface morphology with particle size variation, and EDX
confirmed the elemental composition of Mn and O only. Electrochemical performance was evaluated using
cyclic voltammetry (CV) at a scan rate of 1 mV/s in a CR2032 coin cell, which exhibited distinct and reversible
redox peaks. These results indicate the effectiveness of the prepared MnO: as a viable cathode material for
aqueous zinc-ion batteries.
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1. INTRODUCTION

The global industrial and technological revolution of the 21st century has been largely driven by an ever-
increasing demand for energy. From consumer electronics and transportation systems to large-scale industrial
applications and smart grids, energy storage systems have become an indispensable component of modern
infrastructure. The escalating consumption of electricity, largely fueled by the growing global population and
increasing urbanization, has made it imperative to develop reliable, efficient, and sustainable energy storage
technologies. Traditional energy sources such as fossil fuels have historically met the world’s energy demands.
However, their widespread use has resulted in numerous environmental challenges, including greenhouse gas
emissions, global warming, and environmental degradation. In response, there is a paradigm shift toward clean
and renewable energy sources such as solar, wind, hydro, and tidal energy (Idota ef al., 1997; Chauhan et al.,
2014; Xiang et al., 2012; Marepalli et al., 2020). These sources are environmentally friendly and theoretically
limitless. However, their intermittent and variable nature poses significant challenges for energy reliability and
availability, as they are often dependent on location, time of day, and weather conditions.

To address these limitations, the role of high-performance energy storage systems has become more crucial than
ever. Efficient energy storage solutions can bridge the gap between energy generation and consumption, storing
surplus energy during peak production times and releasing it during periods of high demand or low generation.
This functionality is essential to the successful integration of renewable energy into the global energy mix. The
concept of storing electrical energy dates back centuries. The foundation of battery technology was laid by
William Gilbert in the 1600s and later advanced by Alessandro Volta, who created the first true battery in the
early 1800s. Since then, battery technology has seen a remarkable evolution in both materials and
configurations. Early batteries such as lead-acid and nickel-cadmium offered rudimentary performance but laid
the groundwork for modern electrochemical storage devices.

In recent decades, lithium-ion batteries (LIBs) have revolutionized the energy storage landscape due to their
high energy density, light weight, and long cycle life (Huang et al., 2019; Arshad et al., 2020). LIBs have
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become the backbone of portable electronics, electric vehicles, and grid storage solutions. However, despite
their widespread adoption, LIBs are not without limitations. The use of flammable organic electrolytes presents
safety risks such as leakage, fire, and explosion under extreme conditions. Moreover, lithium is a relatively
scarce and geographically concentrated resource, making LIBs expensive and geopolitically sensitive.
Environmental concerns related to lithium extraction, processing, and disposal further complicate their
sustainability (Dehghani-Sanij et al., 2019; Serra et al., 2022; Xu et al., 2008; Goodenough et al., 2010). The
drawbacks of LIBs particularly related to cost, safety, and resource limitations have spurred global efforts to
identify alternative battery chemistries that are safer, more sustainable, and economically viable. Among the
various emerging battery technologies, aqueous rechargeable zinc-ion batteries (ARZIBs) have gained
significant attention in recent years. Zinc, unlike lithium, is abundantly available in the Earth's crust,
inexpensive, and non-toxic. Its use in aqueous systems further enhances the safety profile of ARZIBs, as water-
based electrolytes are non-flammable, environmentally benign, and cheaper than organic solvents used in LIBs
(Blanc et al., 2020; Hu et al., 2019; Hilder et al., 2012).

ARZIBs operate using a zinc metal anode, an aqueous electrolyte (typically zinc sulfate or zinc acetate), and a
suitable cathode material capable of reversible Zn?' ion intercalation and deintercalation. Zinc metal itself offers
a high theoretical specific capacity of 820 mAh g and a relatively low redox potential (-0.76 V vs. SHE),
making it an attractive anode material. Additionally, zinc’s ability to be safely handled, transported, and stored
under ambient conditions gives it a logistical advantage over lithium. These characteristics make ARZIBs highly
suitable for large-scale energy storage applications, especially in stationary storage systems for renewable
energy and backup power. Their low cost and enhanced safety also make them appealing for off-grid and rural
electrification in developing regions. Despite the advantages of ARZIBs, the choice of cathode material remains
a critical determinant of their electrochemical performance. A suitable cathode must accommodate the
reversible insertion and extraction of Zn?' ions while maintaining structural stability, high capacity, good
electronic conductivity, and long cycle life. Numerous cathode materials have been explored for ARZIBs,
including: manganese-based oxides (Zhang et al., 2022; Tonu et al., 2024), vanadium-based oxides (Liao et al.,
2020), Prussian blue analogs (PBAs) (Nie et al., 2014), organic compounds and polymers (Meng et al., 2022),
and polyanionic materials.

Each class has its advantages and limitations. For instance, vanadium-based materials have shown promising
capacities exceeding 300 mAh g! and excellent cyclability. However, their high cost, environmental toxicity,
and narrow operational voltage windows (~1.0 V vs. Zn/Zn?") reduce their practicality for commercial
deployment (Li ef al., 2020; Lu et al., 2017; Zhang et al., 2015; Tian et al., 2020). Similarly, Prussian blue
analogues exhibit a high operating voltage (1.5-1.7 V vs. Zn/Zn?"), but their limited specific capacity (50—120
mAh g™) restricts their utility in high-energy applications (Ma et al., 2019; Deng et al., 2014). Among the
various materials investigated, manganese-based oxides have emerged as front-runners due to their abundance,
affordability, low toxicity, and favorable electrochemical properties. They exhibit a broad range of oxidation
states, allowing various structural configurations and redox mechanisms to be employed in Zn?" intercalation
processes (Yang et al., 2019; Zhou et al., 2021; Chamoun et al., 2018). Manganese dioxide (MnQ) is one of the
most widely studied manganese oxides for battery applications. It exists in several polymorphic forms, including
a-, B-, y-, and 6-MnO-, each with different tunnel or layered structures conducive to Zn?* ion diffusion. Among
these, a-MnO: is of particular interest due to its large (2 x 2) tunnel structure that can accommodate hydrated
zinc ions with minimal structural distortion (Li et al., 2021; Xu et al., 2012; Xu et al., 2012).

MnO: has a high theoretical capacity of approximately 308 mAh g™' and operates within a suitable voltage range
of 1.3-1.35 V vs. Zn/Zn*". Its wide natural availability and environmental compatibility make it an ideal
candidate for sustainable battery design. However, several challenges hinder its practical application. Bulk
MnO: exhibits: poor intrinsic electrical conductivity, pronounced volume changes during Zn*
intercalation/deintercalation, structural degradation over long-term cycling, phase transformations that reduce
reversibility and efficiency (Jiao et al., 2007).

In order to address the aforementioned limitations, researchers have developed various strategies to improve the
electrochemical performance of MnO., including nano-structuring, composite formation, and doping with
conductive additives. A critical aspect of improving cathode materials lies in the choice of synthesis method,
which directly influences the morphology, crystallinity, surface area, and defect density of the final product. A
variety of synthesis techniques have been employed to tailor the physicochemical properties of MnO.. These
include hydrothermal synthesis (Hashemzadeh et al., 2009), micro-emulsion method (Guan et al., 2018; Tonu et
al., 2025), molten salt synthesis (Huang et al., 2021), solvothermal synthesis (Zhang et al., 2020), solid-state
and combustion methods (Tonu ef al., 2024). While these techniques can produce high-performance MnO., they
often suffer from drawbacks such as high energy consumption, long processing times, low scalability, and
environmental concerns due to the use of solvents or toxic precursors.
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In recent years, solvent-free mechano-chemical synthesis has gained attention as a green, efficient, and scalable
method for preparing advanced materials. This technique involves the use of mechanical energy (typically
through ball milling or grinding) to induce chemical reactions between solid precursors at ambient temperature,
eliminating the need for solvents or high-temperature treatment. This study proposes a solvent-free mechano-
chemical synthesis approach as a promising strategy to produce MnO: with enhanced structural and
electrochemical characteristics, aligned with the goals of green chemistry and industrial scalability. The findings
from this research are expected to contribute to the development of next-generation, sustainable energy storage
systems.

2. MATERIALS AND METHODS

2.1 Materials

All chemicals used in this study were of analytical grade and obtained from reputable commercial suppliers.
They were used as received, without any further purification. Detailed information regarding the materials
employed in the experimental procedures is presented in Table 1.

Table 1. Lists of the used materials

Materials Sources

Potassium permanganate (KMnQO4) Loba Chemie, India
Potassium iodide (KI) Loba Chemie, India

Carbon Black (C) Fine carbon, China
Polyvinylidene (PVDF) Loba Chemie, India
N-methyl pyrolidone (NMP) Sigma Aldrich, USA

Zinc Sulphate (ZnSOs4) Merck, India

Filter Paper Whatman, GE Healthcare UK
Zinc Foil TOB, China

Stainless steel foil TOB, China

Acetone (CH3COCH3) Merck, India

Distilled water Department of Chemistry, KUET

2.2 Synthesis of MnQO, Material

A stoichiometric mixture of analytical-grade potassium permanganate (KMnQOa) and potassium iodide (KI) was
manually ground in an agate mortar using a pestle for 30 minutes to ensure homogeneity. The resulting powder
was then transferred to a crucible and subjected to thermal treatment in a muffle furnace at 500 °C for 3 hours to
facilitate the formation of manganese dioxide (MnO:). Following calcination, the synthesized MnO:. was
thoroughly washed multiple times with Millipore-grade deionized water using a Biichner funnel to remove
residual impurities and by-products. The washed material was then placed in a clean crucible and dried in a
laboratory oven at 105 °C for 6 hours. The resulting MnO- powder was stored in sealed glass vials at room
temperature for further use. Comprehensive material characterization was performed using Fourier Transform
Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDS), and
Scanning Electron Microscopy (SEM).

2.3 Fabrication of CR2032 Coin Cell

CR2032-type coin cells were assembled using the synthesized MnO: as the cathode active material. A
homogeneous slurry was prepared by mixing MnO: powder, conductive carbon black (C), and polyvinylidene
fluoride (PVDF) binder in a weight ratio of 7:2:1, respectively, using N-methyl-2-pyrrolidone (NMP) as the
solvent. The resulting slurry was uniformly coated onto a stainless steel foil current collector and subsequently
dried in a vacuum oven to remove residual solvent. A 2 M zinc sulfate (ZnSO4) aqueous solution was employed
as the electrolyte. Whatman filter paper was used as the separator, and a zinc foil served as the anode. The
components were assembled into a CR2032 coin cell configuration under ambient conditions for subsequent
electrochemical testing.
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3. RESULTS AND DISCUSSION

Figure 1 presents a schematic illustration of the manganese dioxide (MnO:) synthesis process using a solvent-
free mechano-chemical approach.

Mechano-
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Figure 1: Schematic illustration of the preparation of MnO, materials.
In the initial step, stoichiometric amounts of potassium permanganate (KMnO4) and potassium iodide (KI) were
introduced into an agate mortar. The reactants were thoroughly ground using a pestle to ensure uniform mixing
and initiate the solid-state reaction. The resulting powder was subsequently transferred into a crucible and

subjected to thermal treatment in a muffle furnace at 500 °C. The formation of MnO: occurred according to the
following chemical reaction:

KMnOjy (s) + KI (s) = MnO: (s) + I (g) + K20 (s)
3.1 FTIR Analysis

Fourier Transform Infrared Spectroscopy (FTIR) was employed to investigate the vibrational characteristics and
confirm the presence of Mn—O bonds in the synthesized MnO: material. The FTIR spectrum, recorded over the
wavenumber range of 400—4000 cm™, is presented in Figure 2.
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Figure 2: FTIR spectrum of the prepared MnO, material.

Prominent absorption bands were observed at approximately 3416 cm™ and 1614 cm™, corresponding to the O—
H stretching and bending vibrations, respectively. These signals are attributed to surface-adsorbed water
molecules on the MnO: material (Hu et al., 2011; Tang et al., 2010; Wang et al., 2007). A distinct peak at
around 507 cm™, along with a weaker band near 463 cm™, is indicative of Mn—O stretching vibrations within
the MnO: crystal lattice (Wang et al., 2008; Mim et al., 2023). Additionally, the absorption band at
approximately 1030 cm™ is associated with Mn—OH bending vibrations, suggesting interactions between
hydroxyl groups and manganese atoms (Parida et al., 2009; Ahamed et al., 2023). These spectral features



Journal of Engineering Science 16(1), 2025, 93-102 97

confirm the successful formation of MnO: and provide insights into the chemical bonding and surface
characteristics of the synthesized material.

3.2 XRD Analysis

Powder X-ray Diffraction (XRD) analysis was conducted to investigate the crystalline structure and phase purity
of the synthesized MnO: material. The XRD pattern of MnQO-, prepared via the solvent-free mechanochemical
method and thermally treated at 500 °C, is presented in Figure 3.
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Figure 3: XRD patterns of the prepared MnO..

The diffraction pattern confirms the crystalline nature of the MnO- sample. Distinct peaks observed in the
diffractogram correspond to the (101), (500), (210), (211), (204), (215), and (020) crystal planes. These
reflections are in good agreement with standard reference data for the tetragonal a-MnO: phase, as reported in
the literature (Palaniyandy et al., 2019). The presence of sharp and well-defined peaks indicates high
crystallinity and phase purity, validating the effectiveness of the solvent-free mechanochemical synthesis
approach.

Figure 4. SEM images of the prepared MnO; material.
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3.3 SEM Analysis

Scanning Electron Microscopy (SEM) was employed to examine the surface morphology of the synthesized
MnO: material. The SEM micrograph, presented in Figure 4, reveals that the MnO: particles possess a distinctly
porous structure. The material appears to be composed of agglomerated, irregularly shaped particles, each
formed through the aggregation of smaller, uniformly sized grains. The presence of numerous pores on the
surface is evident, suggesting a high surface area morphology. Such porosity is advantageous for
electrochemical applications, as it can significantly enhance ion transport by providing more accessible active
sites and reducing the diffusion path length for Zn?* ions. These structural features are expected to contribute
positively to the intercalation/deintercalation behavior during charge—discharge cycles, thereby improving the
overall electrochemical performance of the MnO. cathode material.

3.4 EDS Analysis

Energy Dispersive X-ray Spectroscopy (EDS) was conducted to determine the elemental composition of the
synthesized MnO: material. The corresponding EDS spectrum is presented in Figure 5. The analysis confirms
that manganese (Mn) and oxygen (O) are the predominant elements present in the sample, with a relative mass
percentage of approximately 68.07% for Mn and 31.93% for O. The absence of any extraneous elemental peaks
indicates high purity of the prepared material, with no significant contamination from the synthesis process.
These results validate the successful formation of MnO: as the principal phase in the synthesized nanoparticles,
consistent with the expected stoichiometry and the findings from the XRD analysis.
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Figure 5: EDS spectrum of the prepared MnO; materials.

3.5 Cyclic Voltammetry (CV) of CR2032 Coin Cell Using MnO: as Cathode Material

Electrochemical characterization, particularly cyclic voltammetry (CV), plays a vital role in understanding the
redox behavior, reversibility, and reaction mechanisms of electrode materials. Figure 6 presents the CV curve
of the CR2032 coin cell assembled using the synthesized MnO: as the cathode material. The CV measurements
were carried out within a potential window of 0.8—1.9 V at a scan rate of 1 mV/s. The voltammogram reveals
one prominent oxidation peak at approximately 1.58 V and two well-defined reduction peaks at around 1.31 V
and 1.18 V, indicating reversible electrochemical processes (Corpuz et al., 2020; Wang et al., 2019). The
oxidation peak near 1.58 V is attributed to the oxidation of metallic zinc (Zn) to Zn* at the anode, accompanied
by the deintercalation of Zn?" ions into the tunnel structure of MnO: at the cathode. This process corresponds to
the partial transformation of MnO: into ZnMnOQO.. During the reverse scan, the reduction peaks at 1.31 V and
1.18 V signify the de-intercalation of Zn*" from the ZnMnO: structure, allowing MnO: to return to its original
tunnel configuration. The presence of distinct and well-separated redox peaks highlights the electrochemical
reversibility and stability of the MnO: cathode material, underscoring its potential suitability for use in aqueous
rechargeable zinc-ion batteries.

Deintercalation reaction: Zn = Zn%" + 2¢
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Intercalation reaction: MnO, + Zn?" + 2e" = ZnMnO,
Overall cell reaction: Zn + MnO; = ZnMnO,
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Figure 6: CV spectrum of CR2032 coin cell using MnO; as cathode materials.
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Figure 7: Cycling performance of CR2032 coin cell using MnO, material.

3.6 Battery Charge—Discharge (BCD) Performance

In order to assess the energy storage performance of the fabricated CR2032 coin cell, galvanostatic charge—
discharge (GCD) measurements were conducted at a current density of 3 mA/g. The resulting charge—discharge
profiles over multiple cycles, recorded at room temperature, are presented in Figure 7. The charge—discharge
curves exhibit two distinct voltage plateaus, which closely correspond to the redox features observed in the
cyclic voltammetry (CV) analysis. These plateaus are indicative of the two-step Zn?' ion intercalation and
deintercalation processes in the MnO: cathode structure. As the charge—discharge process progresses, a slight
decrease in the plateau voltage is observed, which may be attributed to polarization effects and gradual
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structural rearrangements during cycling. The electrochemical reversibility of Zn?*" ion insertion/extraction
into/from the MnO: host lattice is evidenced by the stable and repeatable plateaus over successive cycles. The
coin cell was subjected to 22 charge—discharge cycles, achieving a high discharge capacity of 76 mAh/g and a
charge capacity of 77 mAh/g by the 22nd cycle. Interestingly, the specific capacity showed a slight increase with
cycling, which may be attributed to the progressive activation or phase transformation of the MnO: material
within the electrode matrix. These results affirm the promising electrochemical performance and cycling
stability of the MnO: cathode synthesized via the solvent-free mechanochemical approach, highlighting its
potential for use in aqueous rechargeable zinc-ion battery systems.

4. CONCLUSIONS

In this study, MnO: was successfully synthesized using a solvent-free mechanochemical method and evaluated
as a cathode material for aqueous rechargeable zinc-ion batteries (ARZIBs). The CR2032 coin cell assembled
with the prepared MnO: cathode demonstrated stable electrochemical behavior and improved cycling
performance over successive charge—discharge cycles, indicating good reversibility of Zn?**
intercalation/deintercalation. The findings highlight the potential of the solvent-free mechanochemical approach
as a simple, cost-effective, and environmentally friendly method for fabricating MnO:-based cathodes.
Nevertheless, further optimization is required to enhance the electrochemical performance and achieve higher
energy densities suitable for practical ARZIB applications.
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