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 Purpose of the study: This study investigates the effect of electrode quantity 

and voltage on MnO₂ nanoparticle yield and characteristics under acidic and 

basic conditions, while also evaluating MnO₂'s potential as an electrocatalyst in 

metal-air batteries. 

Methodology: Synthesis of MnO₂ was carried out by electrolysis of KMnO₄ 

solution with stirring using a magnetic stirrer. In acidic conditions, H₂SO₄ was 
used and the electrolysis process lasted for 30 minutes, while in basic conditions, 

0.1 M KOH was used up to pH 9 and electrolysis for 24 hours. The research 

variables included voltage (2V and 4V) and the number of carbon electrodes (1 

pair and 4 pairs). The electrolysis results were separated using a centrifuge, 

washed with demineralized water, and dried in a furnace. 

Main Findings: MnO₂ from electrolysis in acidic conditions tends to have a low 

crystalline structure, while in basic conditions it is amorphous with a larger 

surface area. The addition of electrodes and voltage reduces the surface area and 
increases particle agglomeration. Cyclic voltammetry tests show the ability of 

MnO₂ to reduce O₂ at all variables, in accordance with the standard oxygen 

reduction potential. Linear polarization tests show that MnO₂ synthesized in 

acidic conditions has better electrocatalytic activity than that synthesized in 

basic conditions. 

Novelty/Originality of this study: This study contributes data on the effect of 

electrolysis parameters on the yield and characteristics of MnO₂ as an 

electrocatalyst, and shows the best synthesis conditions for application in metal-

air batteries. 
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1. INTRODUCTION 

The use of metal-air batteries is currently one of the topics of interest in the development of alternative 

energy [1], [2]. This battery has a high capacitance because it uses oxygen from the air as a reaction material, not 

stored in the cell. In addition, the anode metal used is generally abundant in nature, making this battery more 

economical [3], [4]. The simple and lightweight design increases energy density and efficiency of use [5], [6]. 

Metal-air batteries are also non-toxic, environmentally friendly, and suitable for electronic, medical, and 

transportation applications. 

However, metal-air battery technology still has several significant technical weaknesses. The efficiency 

at the anode tends to be low due to corrosion and the formation of a passivation layer that inhibits the reaction [7], 

[8]. This passivation layer can shorten battery life and reduce system performance. On the other hand, at the 
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cathode, the oxygen reduction reaction is slow and has low reversibility [9], [10]. Therefore, an effective 

electrocatalyst material is needed to accelerate the reaction at the cathode [11], [12]. 

Transition metal oxides are promising candidates for electrocatalyst materials because they are cheap, 

abundant, and environmentally friendly [13], [14]. One of the materials that has been widely studied is manganese 

dioxide (MnO₂). MnO₂ has various crystalline forms such as α-, β-, γ-, and δ-MnO₂, each of which has a unique 

tunnel structure [15]. This structure affects electrocatalytic activity because it affects the ability to transfer oxygen. 

Therefore, MnO₂ is widely used for selective catalysts, ion exchangers, and other energy applications. MnO₂ 

synthesis can be carried out through various methods, such as chemical methods (facile hydrothermal or wet 

methods) and electrochemical methods [16], [17]. Chemical methods generally require expensive chemicals and 

relatively long processes [18], [19]. In contrast, electrochemical methods offer advantages in terms of time 

efficiency and high product purity. The results of synthesis through electrochemistry are greatly influenced by 

parameters such as solution concentration, voltage, and number of electrodes. Control over these parameters allows 

for the regulation of particle size and morphology of the final product [20], [21]. 

The study by Worku et al. [16] explored the recent development of MnO₂-based oxygen catalysts for 

rechargeable zinc-air batteries, focusing on MnO₂-based materials in general and how to optimize them through 

various material strategies. Meanwhile, the study by Zamani-Meymian et al. [22] developed a bifunctional catalyst 

based on CoO:MnO2@C supported by carbon cloth fibers for the air cathode of zinc-air batteries, with a high-

quality electrocatalyst design approach. Both previous studies contributed significantly to the understanding of 

MnO₂-based materials and catalyst design, but focused more on the application and optimization of existing 

materials. The current study offers a new approach by using an electrochemical method to synthesize MnO₂, which 

has not been specifically described in previous studies, to improve the efficiency of metal-air batteries, focusing 

on the impact of synthesis conditions (number of electrodes, voltage, and acid-base environment) on the yield and 

characteristics of MnO₂. This makes the current research have novel value in the synthesis strategy and exploration 

of the efficiency of MnO₂ electrocatalysts. 

The crystallinity of the resulting particles also varies depending on the synthesis conditions. XRD shows 

that MnO₂ synthesized under acidic conditions tends to be more crystalline, while under basic conditions it tends 

to be amorphous [23], [24]. This difference is caused by temperature and reaction time which affect the crystal 

formation process. This crystallinity is closely related to the electrocatalyst performance, where a good crystalline 

structure supports more optimal oxygen reduction reaction activity [25], [26]. Therefore, it is important to compare 

the electrocatalytic performance of MnO₂ produced under different synthesis conditions. Given the low yield in 

previous studies, further studies are needed by varying electrolysis parameters such as voltage and number of 

electrodes. The goal is to improve the efficiency of MnO₂ synthesis in acidic and basic conditions. In addition, 

further characterization of the morphology and crystal structure is needed to evaluate the potential of MnO₂ as an 

electrocatalyst in metal-air batteries [27], [28]. The results of this study are expected to contribute to the 

development of efficient and environmentally friendly battery active materials. Thus, the synthesis of MnO₂ 

through electrochemical methods can be a strategic solution for future energy. 

This study offers novelty by developing a synthesis method for MnO₂ using electrochemical techniques 

that have not been widely applied in the context of catalyst development for metal-air batteries. Focusing on the 

effects of parameters such as the number of electrodes, voltage, and acid-base conditions on the characteristics of 

MnO₂ provides new insights that can enhance the efficiency and performance of electrocatalysts [29], [30]. The 

urgency of this study lies in the urgent need to improve the efficiency of metal-air batteries as an environmentally 

friendly and sustainable energy technology, especially considering the increasing demand for renewable energy 

and the lack of efficient alternatives for long-term energy storage. By bridging the gap between innovative 

synthesis methods and practical performance, this study significantly contributes to the development of more 

reliable and sustainable energy solutions. This study investigates the effect of electrode quantity and voltage on 

MnO₂ nanoparticle yield and characteristics under acidic and basic conditions, while also evaluating MnO₂'s 

potential as an electrocatalyst in metal-air batteries. 
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2. RESEARCH METHOD 

2.1. Research Materials 

 

No. Material 

1. KMnO4 99.5% 

2. H2SO4 97% 

3. Electrode (Carbon) 

4. Nickel Foam 

5. N-Methylpyrrolidone (NPM) 

6. pVdF 

7. Demin water 

8. KOH 0.6M 

 

2.2. Research Equipment Scheme 

 
Figure 1. Synthesis of MnO2 Electrochemical Method with 1 Pair of Electrodes 

 

MnO2 synthesis was carried out in an electrochemical cell [31], [32]. An electrochemical cell is a 600 ml 

beaker glass containing an electrolyte solution. In this study, 1 & 4 pairs of electrodes consisting of a cathode and 

anode were used. Each electrode is connected to a DC power supply whose value will be varied according to the 

experimental variables used. The anode is connected to the positive pole and the cathode is connected to the 

negative pole [33], [34]. The following is a multi-electrode MnO2 synthesis scheme attached in Figure 2: 

 

 
Figure 2. Schematic of MnO2 Synthesis with 4 Pairs of Electrodes 

 

2.3. Research Procedures 

2.3.1. Synthesis of MnO₂ in Acidic and Basic Conditions 

The MnO₂ synthesis process was carried out in two solution conditions, namely acidic and basic 

conditions. In acidic conditions, KMnO₄ solution was prepared by dissolving 5 grams of KMnO₄ into 300 mL of 

demineralized water, then stirred using a magnetic stirrer until homogeneous. Furthermore, 100 mL of H₂SO₄ 

solution was added to the solution to produce a solution with an initial pH of around ±0.2 before the electrolysis 

process. The electrolysis process was then carried out for 30 minutes with a voltage of 2 V and 4 V using a DC 

meter, accompanied by stirring. While in basic conditions, 0.079 M KMnO₄ solution was prepared by mixing 5 

grams of KMnO₄ into 400 mL of demineralized water, then 0.1 M KOH was added until the solution pH reached 

9. The electrolysis process in basic conditions lasted for 24 hours with the same voltage, namely 2 V and 4 V, 

using a DC meter and accompanied by stirring. After the electrolysis process, the formed particles are separated 

from impurities using a sedimentation technique with the help of a centrifuge. The particle sediment is then washed 

repeatedly with demineralized water until it is clean from contaminants or chemical residues. The separated 

particles are then dried in a furnace to obtain pure MnO₂ which is ready to be used in the next stage. 
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2.3.2. Preparation of Electrocatalyst Samples 

The process of making electrocatalyst samples begins with the preparation of MnO₂ ink. MnO₂ powder 

is mixed evenly with Polyvinylidenedifluoride (pVdF) and N-Methylpyrrolidone (NMP) solvent with a weight 

ratio of MnO₂ to pVdF of 10:1. This mixture is stirred until it forms a homogeneous ink. The MnO₂ ink that has 

been formed is then printed evenly on the Ni-foam substrate and then dried in a furnace. The dried sample is then 

used for electrochemical testing, namely the Cyclic Voltammetry (CV) test to observe the O₂ reduction reaction, 

and the Linear Polarization test to evaluate the electrocatalytic kinetics rate using the Autolab PGSTAT 302N tool. 

 

2.3.3. Electrocatalyst Testing Stage 

The electrocatalyst testing stage was carried out after the synthesis and sample printing processes were 

completed. Electrocatalyst characterization was carried out using the AUTOLAB PGSTAT 302N tool. In the three-

electrode electrochemical cell system, the electrocatalyst sample was used as the working electrode, the platinum 

electrode (Pt) as the counter electrode, and the Ag/AgCl electrode was used as the reference electrode. The 

electrolyte used in the test was 0.6 M KOH solution. Cyclic voltammetry testing was carried out in 10 cycles at a 

voltage range from -1 V to +1 V at room temperature, with a scan rate variation of 0.1 V/s. For linear polarization 

testing, the voltage range used was from -0.1 V to +0.1 V with a scan rate of 0.001 V/s. The visual schematic of 

the electrocatalyst test system can be seen in Figure 3. 

 
Figure 3. Electrocatalyst Test Scheme 

 

2.4. Non-particle MnO2 Characterization Test 

Product characterization was carried out to determine the physical properties and structure of the 

synthesized MnO₂ material. The characterization stage began with BET (Brunauer–Emmett–Teller) analysis using 

the NOVA 1200 Quantachrome series. In this analysis, a small sample was taken from the synthesized product to 

measure the specific surface area, pore volume, and pore diameter. These parameters are important for determining 

the potential application of MnO₂ as an electrocatalyst material, especially in systems with high active surface 

areas. 

Furthermore, characterization was carried out using the XRD (X-Ray Diffraction) technique to identify 

the crystal structure of the MnO₂ particles. Through X-ray diffraction, a diffraction pattern (peak) was obtained 

that reflects the level of purity and type of crystal phase of the synthesized compound. This data is also used to 

calculate the quantitative percentage of MnO₂ in the sample. The instrument used for this analysis was the 

PANalytical series, which has high accuracy in identifying crystalline structures. 

In addition, surface morphology characterization was carried out using the SEM (Scanning Electron 

Microscopy) technique. This technique allows detailed observation of the shape, size, and distribution of MnO₂ 

particles down to the nanometer scale. By using high-energy electron beam scattering, SEM provides a visual 

image of the surface and texture of the synthesized particles. For this purpose, a Zeiss Evo MA 10 tool is used 

which is capable of producing high-resolution images to support comprehensive material morphology analysis. 

 

 

3. RESULTS AND DISCUSSION 

3.1.  The Effect of Variations in the Number of Electrodes, Voltage and KMnO4 Concentration on the Yield 

Produced 

From the stage of the MnO2 synthesis process using the electrolysis method, variations in the number of 

electrodes and voltages were used for both conditions, acidic and basic. Because, from this process it is desired to 

obtain a higher MnO2 yield compared to previous studies. With an initial KMnO4 mass of 5 grams, a mass yield 

of 31.38% was produced for acid and 2.34% in basic conditions. By using a new scheme in the electrolysis process, 

MnO2 was produced with a higher product. The following are the results of the MnO2 synthesis in variations in 

the number of electrodes and voltages, with an initial mass of reactants of 5 grams and an initial mole of reactants 

(KMnO4) of 0.032 moles which can be summarized in the following table: 
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Table 2. Comparison of MnO2 Synthesis Results 

Condition 
Number of 

Electrodes 

Voltage 

(V) 

Sediment Mass 

(gr) 

Mol of Precipitate 

(mol) 

Mass Yield 

(%) 

Yield Mol 

(%) 

Acidic 

2 2 2.0504 0.0236 1.01 74.54 

8 2 2.9552 0.0340 9.10 107.43 

8 4 4.8024 0.0552 6.05 174.59 

Basic 

2 2 0.1058 0.0012 2.12 2.85 

8 2 0.2926 0.0034 5.85 10.64 

8 4 0.5570 0.0064 1.14 20.25 

 

From the table above, it can be seen that MnO2 synthesized in acidic conditions has a higher yield than 

MnO2 synthesized in basic conditions. The results of the synthesis between acidic and basic conditions show quite 

different results in the variation of variables used, both for the solution conditions, the number of electrodes and 

the voltage. For example, MnO2 synthesized in acidic conditions with 2 electrodes and 2 volts electrolysis has a 

mass yield of 41.01% while in basic conditions with the addition of 0.1 M KOH solution until the pH reaches 9 

only produces a yield of 2.12%. The addition of H2SO4 is an important factor that influences this difference in 

yield because in acidic conditions it supports the acceleration of the nucleation rate and growth of MnO2 particles 

so that the particles formed will be more numerous and tend to be large [35], [36]. 

This can be explained because in an acidic atmosphere, the MnO4- ion will react with the H+ ion from 

H2SO4, this ion causes the amount of yield produced to be greater. In an acidic atmosphere, the current conducted 

during the electrolysis process is higher than in a base, based on Faraday's Law, the amount of equivalent electricity 

flowed is proportional to the amount of substance produced. While in a basic atmosphere, many MnO4- ions have 

not been decomposed so that a longer electrolysis time is also needed, namely 24 hours when compared to an 

acidic atmosphere which only takes 30 minutes. Another variable used to produce a maximum MnO2 yield is the 

number of electrodes, namely 2 and 8 carbon electrodes. If the number of electrodes is varied, the results obtained 

are that MnO2 synthesized using 2 electrodes has a smaller yield than MnO2 synthesized using 8 electrodes or the 

number of electrodes is directly proportional to the yield produced in acidic and basic conditions. This is because 

the use of multi-electrodes causes the surface area of the electrodes used to become larger, thus providing a larger 

surface as a place for chemical reactions to form MnO2 nanoparticles. However, when compared between the 

yields produced between MnO2 synthesized with 2 and 8 electrodes, the product increase was not significant up 

to 4 times, this is because the same voltage was used in the electrolysis process, so the current produced was also 

the same. 

Then, the voltage value also affects the MnO2 produced. The amount of voltage is directly proportional 

to the yield of MnO2 produced. The greater the voltage applied during the electrolysis process, the more MnO4- 

is reduced and forms MnO2. However, from the research we did for the synthesis of MnO2, it was only used up 

to a voltage limit of 4 V. Because, when this voltage is used, corrosion begins to occur on the carbon electrode 

used, so it must be separated from the solution during the washing process with a centrifuge. 

Another factor that influences is the concentration of KMnO4 used for the electrolysis process. In this 

case, only different concentrations were used for acidic and basic conditions during the electrolysis process, 

namely 0.0632 M; 0.079 M and 0.105 M. The yield results obtained are as follows: 

 

Table 3. Comparison of MnO2 Synthesis 2 Electrodes 

Condition 
Concentration 

(M) 

Amount of Sediment 

(gr) 

Mol of Precipitate 

(mol) 

Mass Yield 

(%) 

Yield Mol 

(%) 

Acidic 
0.079 2.0504 0.0236 41.01 74.54 

0.0632 2.9298 0.0337 58.60 106.51 

Basic 
0.105 0.0760 0.0009 1.52 2.76 

0.079 0.1058 0.0012 2.12 3.85 

 

In these different concentrations, the same mass of KMnO4 was used, namely 5 grams for both. However, 

what makes the difference is the amount of demin water dissolved. In an acidic atmosphere, for a concentration of 

0.0632 M, 400 ml of demin water + 100 ml of H2SO4 were added. For a concentration of 0.079 M, 300 ml of 

demin water + 100 ml of H2SO4 were added. Meanwhile, in a basic atmosphere, there were two types of 

concentrations tested, namely 0.105 M and 0.079 M. With the addition of 300 ml (0.105 M) and 400 ml (0.079 M) 

of demin water. 

From the results that have been displayed, it can be seen that the more concentrated the concentration 

used for electrolysis, the lower the yield obtained. This is because the more dilute the solution used, the lower the 

resistance and the greater the activity, so that the MnO4- ions that are reduced to MnO2 will also be greater. And 

vice versa. 
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When viewed from the overall yield mole data produced in each synthesis condition, there is a synthesis 

condition in acidic conditions that has a yield above 100%, namely for synthesis conditions with 8 electrodes 2 

and 4V. This is because there is still a possibility that there are impurities other than MnO2 in the precipitate, one 

of which is carbon which acts as an electrode. Indicated by the reduction in carbon mass between before and after 

the electrolysis process, so that there is carbon that is corroded and mixed in the precipitate. 

 

3.2.  The Effect of MnO2 Synthesis Atmosphere on its Performance as an Electrocatalyst in Metal Air 

Batteries 

As previously explained, there are two types of reactions involved in metal air batteries, namely Oxygen 

Reduction Reaction (ORR) and Oxygen Evolution Reaction (OER). To find out the two reactions, a linear 

polarization test is carried out. In the linear polarization graph, the ORR area is in the cathodic area. Namely on 

the left side of the zero potential value (V = 0), or which has a negative value. Meanwhile, the OER area is on the 

right side of the zero potential (V = 0), or which has a positive value. Polarization itself occurs when the potential 

on the electrode surface shifts towards its equilibrium value, resulting in an electrochemical reaction. Some 

chemical reactions are not single reactions, especially reactions involving more than one electron. Each single 

reaction has its own kinetic rate.  

The series of tools used for linear polarization testing are the same as those used for Cyclic Voltammetry 

(CV) testing, namely working electrode (Ni-Foam with MnO2 loading), counter electrode (platinum), reference 

electrode (Ag/AgCl), and the electrolyte used is KOH 0.6 M. From the test results, a graph plot was made between 

current density and voltage, and Open Circuit Potential (OCP) data was also obtained. OCP is the zero current 

potential or resting potential at each electrode. When io = 0, there is a voltage provided by an external power 

supply. To determine the electrocatalyst performance that can be produced in each variable, it can be reviewed 

from the highest current density that can be produced in each sample for MnO2 2 and 8 Electrodes. The following 

are the results of the highest current that can be produced in every 1 cm2 of MnO2 used: 

 

Table 4. Current Density Comparison 

Variable Number of Electrodes Voltage OCP Current Density (mA.cm-2) 

Acidic 0.063 M 2 2 0.097 0.128 

Acidic 0.079 M 

2 2 -0.001 0.136 

8 2 -0.156 0.172 

8 4 -0.115 0.127 

Basic 0.105 M 2 2 -0.206 0.023 

Basic 0.079 M 

2 2 -0.056 0.016 

8 2 -0.013 0.017 

8 4 -0.057 0.012 

 

From the data obtained, it can be concluded that MnO2 synthesized in acidic conditions tends to have a 

high current density as a metal air battery. This is because in acidic conditions it tends to form a crystalline structure 

with β-, α-, γ- or δ-MnO2 polymorphisms. The electrocatalytic ability of MnO2 with different polymorphic 

structures has an increasing ability from β- < λ- < γ- < α-. The reason is, the crystalline structure tends to have a 

tunnel with a larger size than amorphous, with α-MnO2 with the largest tunnel size, namely (2x2) and (1x1). Thus, 

α MnO2 is a crystallinity structure that has the potential to produce the highest current density compared to other 

structures. Conversely, amorphous crystallinity will cause its particles to be composed of various tunnels that 

create high barriers and make it difficult for the diffusion of cations and anions [24], [37].  

On the other hand, the results of linear polarization analysis showed that MnO2 is less effective in its 

performance as an OER catalyst. Therefore, further research is needed to improve its use as an OER catalyst. One 

way that can be done is by mixing MnO2 with other materials derived from carbon or other conductive polymers. 

Meanwhile, to produce a catalyst that has both ORR and OER capabilities, it is obtained from the synthesis of 

metal oxides such as Mn3O4 using electrodeposition and calcination methods at a temperature of 480oC [38]-[40]. 

This research has the potential to make a significant impact in improving the efficiency of metal-air 

batteries through the development of a more targeted MnO₂ synthesis method, which can produce high-

performance electrocatalysts for sustainable energy applications. In addition, the results of this study can open up 

new opportunities to optimize the design of electrochemical materials by utilizing process parameters such as the 

number of electrodes and voltage. However, this study has several limitations, such as the limitations in the 

laboratory scale that may be different from industrial applications, and the need for more in-depth analysis of the 

long-term stability of the catalyst under complex operational conditions. Further testing in various environmental 

conditions and collaboration with the industrial sector are needed to ensure that the results of this study can be 

implemented widely. 
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4. CONCLUSION 

Based on the research that has been done, it can be concluded that the yield of MnO₂ particles produced 

is proportional to the number of electrodes and the voltage used. The more the number of electrodes and the higher 

the voltage applied, the higher the yield produced. The yield in this study also showed a significant increase 

compared to the results of previous studies. This indicates that operational parameters greatly affect the efficiency 

of MnO₂ synthesis. In addition, the nature of the MnO₂ particles formed is influenced by the pH conditions of the 

solution. In acidic conditions, particles tend to form crystals resembling α-MnO₂ with a larger particle diameter 

but a smaller surface area. Conversely, in basic conditions, the crystals formed resemble γ-MnO₂ with a smaller 

particle diameter but a larger surface area. This variation indicates that the pH of the solution plays an important 

role in controlling the morphology and physical properties of the MnO₂ particles produced. 

The electrocatalytic test results showed that MnO₂ particles have the ability to reduce oxygen, as 

evidenced by the emergence of a cathode peak potential with an E⁰ value equivalent to the O₂ reduction reaction. 

Interestingly, MnO₂ synthesized in acidic conditions showed better electrocatalytic performance compared to that 

synthesized in basic conditions. The highest current density was recorded at 0.172 mA cm⁻², which was obtained 

under acidic MnO₂ synthesis conditions using 8 electrodes and a voltage of 2V. Further research can explore the 

effect of electrolyte and temperature variations during the electrochemical process on the structure and 

performance of MnO₂ as an electrocatalyst. In addition, long-term testing on metal-air battery prototypes under 

real operational conditions is needed to ensure the stability and efficiency of this catalyst. 
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