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GENERAL OVERVIEW OF THE THESIS 

Introduction 

Global demand for efficient and sustainable energy storage solutions continues to rise 

alongside the increasing use of renewable energy sources and the electrification of various 

sectors [1]–[5]. Renewable energy sources are characterized by irregular energy production – 

for example, solar energy can only be harnessed during daylight hours [6]–[8]. Therefore, 

batteries play a crucial role in mitigating the intermittency of renewables by ensuring reliable 

energy storage and a stable electricity supply on demand [9]–[12]. Currently, one of the most 

widespread and successful energy storage technologies is rechargeable lithium-ion batteries 

[13]–[17]. They offer high energy (up to 500 Wh/g) and power (up to 300 W/kg) densities, a 

large theoretical capacity (890 mA h/g), high operating voltage (> 3.7 V), and excellent charge-

discharge stability (over 10,000 cycles) with low self-discharge [18]–[24]. However, key 

drawbacks of rechargeable lithium-ion batteries include safety concerns due to overheating and 

potential self-ignition [25]–[29], as well as limited lithium resources [30]–[33]. These issues 

have prompted the search for alternatives by developing new or improving existing battery 

technologies. 

Among existing battery technologies, aqueous electrolyte Zn-MnO2 batteries have attracted 

considerable attention, as they already dominate the non-rechargeable battery market [34], [35]. 

They offer lower costs, higher safety, and are more environmentally friendly compared to 

chargeable lithium-ion batteries [36]–[38]. However, to meet future needs, it is necessary to 

develop their potential application as rechargeable batteries, which presents several challenges, 

such as electrolyte stability, electrode degradation, and performance limitations [19], [39]–[43]. 

One of the problems typical for rechargeable Zn-MnO2 batteries is their low operating 

voltage and poor cyclability, stemming from the instability of the MnO2 cathode and unwanted 

side reactions, such as MnO2 disproportionation and dissolution, phase transitions to 

electrochemically inactive forms, oxygen evolution reaction (OER), and the formation of 

electrochemically inactive compounds with Zn2+ ions [44], [45]. To optimize performance, 

various electrolyte compositions have been studied, including alkaline [19], [38], [46], [47], 

neutral [48]–[51], and acidic [52], [53] electrolytes. However, each approach undesirably 

affects cycle life, efficiency, and reaction kinetics. Further adaptation and exploration of 

electrolytes. i.e., creating pH gradient electrolytes and dual-electrolyte systems, offer 

significant improvements in electrochemical stability and operating voltage for Zn-MnO2 

systems. By carefully tailoring the electrolyte environment around the anode and cathode, it is 

possible to extend the electrochemical water decomposition window while mitigating side 

reactions [54]–[59]. 

In addition to electrolyte optimization, attention must be paid to the structural stability of 

the MnO2 cathode. MnO2 exists in several polymorphs, each with distinct electrochemical 

properties depending on its crystal structure. For the sequence α > δ > β, the theoretical capacity 

decreases, meaning the different phases exhibit varying cyclability and ion diffusion properties 

[60]–[62]. In alkaline electrolytes, the MnO2 cathode may form electrochemically inactive 

phases such as Mn(OH)2, Mn2O3, and Mn3O4 [19], while in acidic environments, it may 
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dissolve or transition into another polymorph due to side reactions [40], [63], leading to capacity 

loss. Introducing heteroatoms into the electrode structure is a potential solution to improve 

electrochemical properties [64]. Studies have explored the effects of heteroatoms on MnO2 in 

alkaline and neutral electrolytes. For example, doping with Co [65]–[67] and Mo [68], [69] 

promotes defect formation in the MnO2 crystal lattice, stabilizing certain polymorphs. 

Meanwhile, Bi doping [34], [70]–[73] narrows the MnO2 bandgap and facilitates 

electrochemical dissolution–deposition processes 

Another key limitation of aqueous Zn-ion batteries is the instability of the metallic Zn 

anode, which leads to dendrite formation, hydrogen evolution reaction (HER), and surface 

passivation [41]–[43]. To prevent these side reactions, various surface modification methods 

have been explored to improve the electrochemical properties of Zn anodes. The main 

approaches include surface coating and electrolyte modification to control the Zn deposition–

dissolution reactions. Coating types include CaCO3 [74], ZnO [75]–[77], ZrO2 [78]–[80], TiO2 

[81]–[83], and various polymer coatings [84]–[87]. 

Further development of this research, which includes electrolyte development, cathode 

stabilization, Zn surface modification, and integration into batteries, is an important step 

towards the commercialization of rechargeable aqueous electrolyte Zn-MnO2 batteries. 

Therefore, this Doctoral Thesis focuses on the main limitations at the electrolyte, cathode, and 

anode levels with the aim of advancing rechargeable batteries with higher energy density, better 

cyclability, and improved safety. 

Aims and objectives 

This Doctoral Thesis aims to develop a concept of increasing the voltage of aqueous Zn-

MnO2 batteries above 2 V and to investigate the required modifications to the electrolyte, 

cathode, and anode to realize this concept. 

To achieve this aim, the following objectives were set: 

1. Develop a strategy for increasing the operating voltage of water-based electrolyte 

rechargeable batteries above 2 V, bypassing the water decomposition voltage 

limitations. 

2. To synthesize MnO2 powders doped with Bi and Mo ions. To evaluate the properties of 

the obtained materials using non-destructive analytical methods and prepare thin 

coatings on carbon paper. To conduct electrochemical measurements of the prepared 

coatings in an acidic electrolyte solution. 

3. To modify Zn plates using pulsed laser irradiation at different energy fluencies. To 

characterize the prepared samples using non-destructive analysis and perform 

electrochemical measurements in an alkaline electrolyte solution. 

4. To create a pH gradient electrolyte using Pluronic F-127 hydrogel. To assemble a Zn-

MnO2 battery using the pH-gradient electrolyte, conduct electrochemical 

measurements, and determine whether the operating voltage window of the aqueous 

electrolyte can be extended beyond 2 V. 
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Thesis statements to be defended 

1. A pH gradient electrolyte system, where there is an alkaline environment at the anode and 

an acidic environment at the cathode, increases the electrochemical window of water. 

2. Doping the MnO2 cathode with Bi3+ and Mo6+ ions improves electrochemical performance 

in acidic electrolyte. 

3. The stability of the Zn anode in an alkaline electrolyte is improved by structuring the anode 

surface with a pulsed laser. 

4. A rechargeable amphoteric aqueous electrolyte Zn-MnO2 battery can be created using 

Pluronic F-127 micelle-type hydrogel. 

5. An aqueous electrolyte Zn-MnO2 battery with a voltage above 2 V can be obtained by using 

two different pH electrolytes, or amphoteric systems. 

Scientific novelty 

In the Doctoral Thesis, an innovative approach to the design of an aqueous Zn-MnO2 

rechargeable battery has been developed and implemented, thus overcoming fundamental 

limitations at the electrode and electrolyte levels. The study combines strategies in electrode 

material modification, electrolyte engineering, and battery design improvement to expand the 

operating voltage range of the battery and improve electrochemical performance. Research has 

been conducted to improve the stability and electrochemical performance of materials in 

different pH electrolyte environments, and a new battery concept has been developed based on 

separated cathode and anode electrolyte spaces. The results of the study reflect the relationships 

between the structure and properties of water-based electrolyte battery components, which can 

be used in the development of alternative energy storage systems. 

Practical significance 

1. Development of aqueous electrolyte Zn-MnO2 rechargeable batteries with increased 

operating voltage to promote the development of safer and more efficient alternative 

energy storage systems. 

2. Development of a dual electrolyte system concept that reduces parasitic reactions on the 

electrodes, thereby improving electrochemical stability, as an alternative to traditional 

battery designs. 

3. Development of scalable methods (doping of semiconductors with heteroatoms via the 

hydrothermal method and structuring of metal surfaces with a pulsed laser) for 

modifying electrodes that increase specific capacity. 

4. Construction of rechargeable batteries using elements commonly found in the Earth's 

crust as electrode materials, creating an alternative battery technology that does not 

depend on critical raw materials. 
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Structure and volume of the Thesis 

The Doctoral Thesis is presented as a thematically unified collection of scientific 

publications focused on the development of an amphoteric aqueous Zn-MnO2 battery and the 

individual improvement of its electrolyte and electrodes. The Thesis includes four original 

research articles and one review article published in Scopus-indexed journals. 

Publications and approbation of the Thesis 

The main results of the Thesis are published in four scientific research articles. One review 

article was also prepared during the development of the Thesis. The research results have been 

presented at 17 scientific conferences. 

Scientific publications 

1. R. Durena, N. Griscenko, L. Orlova, M. Bertins, A. Viksna, M. Iesalnieks, A. Zukuls. 

Synthesis, structure, and electrochemical performance of Bi-induced stabilization of 

MnO2 cathodes for use in highly acidic aqueous electrolytes (pH < 2). Journal of Alloys 

and Compounds, 1010, 2025, 177904. https://doi.org/10.1016/j.jallcom.2024.177904 

(IF 5.8, CiteScore 11.1) 

2. R. Dūrena, L. Fedorenko, Ņ. Griščenko, M. Vanags, L. Orlova, P. Onufrijevs, S. 

Stanionyte, T. Malinauskas, A. Zukuls. Irradiating the Path to High-Efficiency Zn-Ion 

Batteries: An Electrochemical Analysis of Laser-Modified Anodes. Global Challenges, 

8 (10), 2024, 2400105. https://doi.org/10.1002/gch2.202400105 (IF 4.4, CiteScore 8.7) 

3. Ņ. Griščenko, R. Dūrena, M. Iesalnieks, M. Bērtiņš, A. Vīksna, A. Zukuls. 

Improvement of manganese dioxide cathode by molybdenum doping in highly acidic 

electrolyte. Journal of Energy Storage, 76, 2024, 109847. 

https://doi.org/10.1016/j.est.2023.109847 (IF 8.9, CiteScore 11.8) 

4. R. Durena, A. Zukuls. A Short Review: Comparison of Zinc–Manganese Dioxide 

Batteries with Different pH Aqueous Electrolytes. Batteries, 2023, 9(6), 311. 

https://doi.org/10.3390/batteries9060311 (IF 5.3) 

5. R. Durena, A. Zukuls, M. Vanags, A. Šutka. How to increase the potential of aqueous 

Zn-MnO2 batteries: The effect of pH gradient electrolyte. Electrochimica Acta, 2022, 

434, 141275. https://doi.org/10.1016/j.electacta.2022.141275 (IF 5.5, CiteScore 11.3) 

Most significant conference participation 

1. R. Dūrena, Ņ. Griščenko, A. Zukuls. High-Potential 2 V Rechargeable Zinc-

Manganese Dioxide Batteries Enabled by Polymer Hydrogels. 2024 MRS Fall Meeting. 

Boston, USA. 1–6 December 2024. EN08.08.25 

2. R. Dūrena, Ņ. Griščenko, A. Zukuls. Extending the Electrochemical Window of 

Aqueous Zn-MnO2 Batteries through pH Gradient Dual-Electrolyte. Battery 2030+’s 

4th Annual Conference & Young Scientists gathering. Grenoble, France. 27–29 May 

2024. P37 

https://doi.org/10.1016/j.jallcom.2024.177904
https://doi.org/10.1002/gch2.202400105
https://doi.org/10.1016/j.est.2023.109847
https://doi.org/10.3390/batteries9060311
https://doi.org/10.1016/j.electacta.2022.141275
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3. R. Dūrena, Ņ. Griščenko, A. Zukuls. Enhanced capacity retention of MnO2 cathode 

enabled by Bi doping. 8th Baltic Electrochemistry Conference: Finding New Inspiration 

2. Tartu, Estonia. 14–17 April 2024. P24 

4. R. Dūrena, A. Zukuls, M. Vanags. Amphoteric Zinc-Manganese Dioxide Aqueous 

Battery Exceeding 2V Potential. 16th International Conference on Materials 

Chemistry. Dublin, Ireland. 3–6 June 2023. P256 
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LITERATURE REVIEW AND RESULTS 

Literature review and results of the Doctoral Thesis are presented in four main chapters, 

which combine one review article and four original publications: 

1. Literature review on the performance of an aqueous electrolyte Zn-MnO2 battery 

depending on the pH of the electrolyte medium, as well as an evaluation and explanation 

of the dual battery concept, summarizing the review article (Appendix 1). 

2. Results of the research on improving the operation and performance of MnO2 cathode 

in a highly acidic electrolyte by incorporating Bi and Mo ions into the MnO2 structure, 

summarized in original Publication 1 (Appendix 2) and original Publication 2 

(Appendix 3). 

3. Results of the research on improving the operation and performance of Zn anode in 

alkaline electrolyte using surface structuring with a high-power pulsed laser, 

summarized in original Publication 3 (Appendix 4). 

4. Results of the research on the development and electrochemical parameters of a dual 

aqueous electrolyte Zn-MnO2 rechargeable battery, summarized in original 

Publication 4 (Appendix 5). 

1. Literature review on the performance of an aqueous electrolyte Zn-

MnO2 battery depending on the pH of the electrolyte medium 

The origins of aqueous electrolyte Zn-MnO2 batteries date back to 1866, when French 

scientist Georges Leclanché manufactured and patented the first Zn-MnO2 non-rechargeable 

battery, called the Leclanché cell [7]. These batteries were further developed in the 1950s by 

Canadian engineer Lewis Urry, who patented the alkaline Zn-MnO2 battery in 1960 [88]–[91]. 

These batteries are still being improved, trying to extend their effective lifespan and replace 

hazardous elements such as mercury. Thus, aqueous alkaline Zn-MnO2 batteries are the longest-

standing and most widely used non-rechargeable battery technology, still dominating the global 

market [92]. This could be due to the fact that aqueous electrolyte Zn-MnO2 batteries do not 

pose major safety risks, Zn metal has low toxicity (LD50 = 630 mg/kg – in rats) [93], Zn2+/Zn 

two-electron reaction has a relatively high theoretical capacity of 820 mAh/g [36], [37], as well 

as the theoretical capacity of MnO2/Mn2+ two-electron reaction is 617 mAh/g [38], [94], [.95]. 

Moreover, both zinc and manganese are common elements in the Earth's crust [36], [37]. 

1.1. Alkaline electrolyte Zn-MnO2 batteries 

An aqueous alkaline Zn-MnO2 battery consists of a Zn metal anode, a MnO2 cathode, and 

a concentrated KOH aqueous solution (> 30 %) electrolyte. Carbon black (CB) particles are 

usually added to the cathode to ensure its conductivity, as MnO2 itself is non-conductive. The 

schematic of this non-rechargeable battery is shown in Fig. 1.1, where the Zn anode undergoes 

electrochemical Reaction (1) with a standard potential of –1.199 V, while the cathode active 

component MnO2 undergoes Reactions (2) and (3) with a standard potential of +0.250 V. Thus, 
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overall Reaction (4) occurs in the alkaline battery, resulting in an OCV of 1.45 V for the battery 

[6], [94], [96], [97]. 

 

Anode:  𝑍𝑛 + 4𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2− + 2𝑒−   𝐸0 = −1.20 𝑉  (1) 

Cathode:  𝑀𝑛𝑂2 + 𝐻2𝑂 + 𝑒− → 𝑀𝑛𝑂𝑂𝐻 + 𝑂𝐻−    (1𝑠𝑡 𝑒−) 𝐸0 = +0.25 𝑉  (2) 

  𝑀𝑛𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒− → 𝑀𝑛(𝑂𝐻)2 + 𝑂𝐻−  (2𝑛𝑑  𝑒−)   (3) 

Overall reaction: 

𝑍𝑛 + 𝑀𝑛𝑂2 + 2𝐻2𝑂 + 2𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2− + 𝑀𝑛(𝑂𝐻)2 𝐸 = 1.45 𝑉  (4) 

 

Alkaline Zn-MnO2 batteries are a long-established technology and are still being 

researched. Although these batteries are widespread as non-rechargeable batteries, they are still 

not widespread as rechargeable batteries. This is mainly due to the formation of 

electrochemically inactive manganese oxides Mn3O4 and ZnMn2O4. These compounds are 

formed during the deep discharge process [88], [98]. Thus, during the first few discharge-charge 

cycles, electrochemically inactive compounds cover the particles of the active MnO2 compound 

of the cathode, stopping further reaction, which rapidly reduces the battery capacity. The 

scientific literature describes various ways to reduce or eliminate this undesirable effect in 

alkaline electrolytes, for example, doping the MnO2 cathode with Bi or Cu ions [94], [99], as 

well as modifying the electrolyte by adding extra ions [100]–[102], such as Li+ [98]. 

 

 

Fig. 1.1. Schematic operating mechanism of Zn-MnO2 batteries with an alkaline aqueous 

electrolyte. 
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1.2. Neutral and acidic electrolyte Zn-MnO2 batteries 

The modification of the electrolyte in Zn-MnO2 batteries has been further advanced by 

reducing the pH of the electrolyte from alkaline to neutral and even acidic, thereby altering the 

overall reactions occurring in the battery, as illustrated in the schematic representation of the 

Zn-MnO2 battery with an acidic aqueous electrolyte (Fig. 1.2). In these systems, the alkaline 

electrolyte composed of KOH, NaOH, and LiOH [97], [98], [103]–[105] has been replaced with 

solutions of ZnSO4, MnSO4, K2SO4, Na2SO4 [106]–[111] and/or a diluted acid electrolyte [52], 

[53]. As shown in the Pourbaix diagram of manganese compounds (Fig. 1.3 a), which depicts 

the changes in the standard potential of the element in an aqueous electrolyte depending on the 

pH, at higher pH values, the electrochemical reaction of MnO2 occurs at a standard potential of 

0.250 V, with the possibility of forming the electrochemically inactive Mn2O3 phase. However, 

when the electrolyte pH is lowered to an acidic level, the oxygen atom in the MnO2 cathode 

can bind with H+ ions from the electrolyte, forming water molecules. Consequently, Mn4+ ions 

can be reduced to Mn2+ ions, which dissolve into the electrolyte solution without forming the 

electrochemically inactive Mn2O3 phase. Moreover, this MnO2 reaction in an acidic medium 

occurs at a standard potential above 1.2 V. However, this reduction in electrolyte pH increases 

the electrochemical reaction potential of the Zn anode. As seen in the Pourbaix diagram of zinc 

compounds (Fig. 1.3 b), the standard potential of the reaction increases from –1.199 V in an 

alkaline medium to –0.762 V in an acidic medium. 

Despite the increase in the standard potential of the Zn anode, the overall battery design 

results in a higher operating voltage of up to 2 V, according to Reactions (5)–(7) [112]: 

 

Anode:  𝑍𝑛 → 𝑍𝑛2+ + 2𝑒−     𝐸0 = −0.76 𝑉  (5) 

Cathode:   𝑀𝑛𝑂2 + 4𝐻+ + 2𝑒− → 𝑀𝑛2+ + 2𝐻2𝑂  𝐸0 = +1.22 𝑉  (6) 

Overall reaction: 

𝑍𝑛 + 𝑀𝑛𝑂2 + 4𝐻+ → 𝑍𝑛2+ + 𝑀𝑛2+ + 2𝐻2𝑂  𝐸 = 1.98 𝑉  (7) 

 

However, in an acidic medium, a parasitic reaction occurs – Zn anode corrosion. During 

this process, the Zn anode dissociates into Zn2+ ions in the electrolyte, releasing H2 gas. This 

parasitic reaction not only reduces the capacity of the battery but can also lead to the rupture of 

the battery cell [113]. The occurrence of the parasitic reaction at the anode can be mitigated by 

coating the Zn anode with fumed silica and polyethylene glycol (with a molecular weight of 

300 g/mol) [114]. To prevent potential MnO2 dissolution, 0.1 M MnSO4 is added to the 

electrolyte [107]–[110]. However, even in this type of battery, the formation of the ZnMn2O4 

phase has been observed, which is chemically inactive and leads to capacity fading by 

increasing reaction irreversibility [115]. This suggests that both alkaline and neutral-acidic 

aqueous electrolyte Zn-MnO2 batteries face similar challenges.  
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Fig. 1.2. Schematic operating mechanism of Zn-MnO2 batteries with an acidic aqueous 

electrolyte. 

 

Fig. 1.3. Pourbaix diagrams with marked water decomposition potentials: a) for manganese 

compounds, and b) for zinc compounds [116]. 

1.3. Dual/amphoteric electrolyte Zn-MnO2 batteries 

To combine the beneficial properties of both alkaline and acidic aqueous electrolytes, a new 

type of cell has been developed, enabling an increase in the water decomposition voltage above 

2 V. The structure of this cell consists of two electrolytes with different pH mediums, allowing 

the Zn anode to operate in an alkaline electrolyte while the MnO2 cathode functions in an acidic 

electrolyte. This unique battery design, whose operating principle is illustrated in Fig. 1.4, 
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enhances the open-circuit voltage (OCV) of the cell up to 2.45 V, according to Reactions (8)–

(10) [54], [113], [114]. 

 

Anode:  𝑍𝑛 + 4(𝑂𝐻)− → 𝑍𝑛(𝑂𝐻)4
2− + 2𝑒−   𝐸0 = −1.20 𝑉  (8) 

Cathode:   𝑀𝑛𝑂2 + 4𝐻+ + 2𝑒− → 𝑀𝑛2+ + 2𝐻2𝑂  𝐸0 = +1.22 𝑉  (9) 

Overall reaction: 

𝑍𝑛 + 4(𝑂𝐻)− + 𝑀𝑛𝑂2 + 4𝐻+ → 𝑍𝑛(𝑂𝐻)4
2− + 𝑀𝑛2+ + 2𝐻2𝑂 𝐸 = 2.42 𝑉  (10) 

 

 

Fig. 1.4. Schematic operating mechanism of Zn-MnO2 batteries with dual/amphoteric aqueous 

electrolyte. 

The expanded water decomposition voltage window can also be explained using the 

Pourbaix diagram. As shown in Fig. 1.5, when the battery cell consists of a single electrolyte 

with a constant pH, the water decomposition voltage is 1.23 V. Consequently, using an aqueous 

electrolyte battery within a wider voltage window can lead to undesirable OER and HER. 

However, by employing a dual/amphoteric electrolyte system, it is possible to achieve a stable 

electrochemical voltage window for the aqueous electrolyte exceeding 2 V. Moreover, 

considering that, according to the Tafel equation, hydrogen evolution on Zn exhibits a high 

overpotential [117], [118], while oxygen evolution has a high overpotential [56] and slow 

reaction kinetics [119], the usable voltage range of the aqueous electrolyte can be extended up 

to 3 V.  

Overall, the concept of a dual-electrolyte system and an expanded water stability voltage 

window has been described since 2005 [55]–[57]. Later, this dual-electrolyte concept was also 

applied to various battery systems, including Al-air [120]–[123], Zn-air [121], [124], [125], 

Mg-air [121], [126], Zn-PbO2 [127]–[129], Zn-Br2 [130], and Zn-MnO2 [54], [58], [131]. 
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However, the operational lifespan and efficiency of all these batteries are limited by 

neutralization reactions and ion diffusion within the electrolyte.  

 

Fig. 1.5. Water Pourbaix diagram [116]. 

2. Main results about the improvement of MnO2 cathode performance in 

acidic electrolyte 

This chapter describes the improvement of MnO2 cathode performance in a highly acidic 

(pH < 2) aqueous electrolyte by doping MnO2 with Bi and Mo ions. The effect of the dopant 

ions is evaluated by investigating the impact of Bi and Mo ion concentration on the structural 

and electrochemical properties of MnO2, with concentrations ranging from 0 mol% to 10 mol%. 

Additionally, the mechanical role of Bi and Mo in stabilizing MnO2 during the charge-discharge 

cycles is also examined. 

2.1. Methodology 

Bi- and Mo-doped MnO2 powders were synthesized via a hydrothermal method using 

KMnO4 as the manganese precursor. BiCl3 was used as the bismuth precursor and introduced 

in concentrations ranging from 0 mol% to 10 mol%, while Na2MoO4 was used for Mo-doped 

samples in concentrations from 0 mol% to 5 mol%. The required salts for each synthesis were 

dissolved in distilled water, with a fixed amount of CB additionally introduced. The resulting 

solution was placed in an autoclave and kept in an oven at 120 ℃ for either 12 h or 24 h. After 

the hydrothermal synthesis, all obtained powder samples were thoroughly washed with distilled 

water and dried in an oven at 60 ℃ for 24 h. 

Additionally, a commercially obtained MnO2 (in the pyrolusite phase or β-MnO2) sample 

was studied as a reference for the synthesized samples. To fabricate the cathodes, pyrolusite 
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and obtained powder samples were mixed with additional CB in a 13 : 5 ratio to improve the 

conductivity of the cathode. A cathode slurry was then prepared from the powder mixture by 

adding a polyvinylidene fluoride solution in N-methyl-2-pyrrolidone (NMP) in a 1 : 9 ratio. 

The resulting slurry was applied onto carbon paper using a doctor blade, followed by NMP 

evaporation and cutting the electrodes to the required dimensions. 

2.2. Results 

2.2.1. Bi-doped MnO2 cathode 

According to the XRD results shown in Fig. 2.1 a, the synthesized samples exhibited a two-

phase mixture consisting of δ-MnO2 (Mn7O13⋅5 H2O – birnessite) and α-MnO2 (K2-xMn8O16 – 

hollandite). Additionally, at higher dopant concentrations, the formation of a BiOCl phase was 

observed. Increasing the Bi ion concentration in the samples resulted in a decrease in the 

intensity of the δ-MnO2 phase peak at 24.6º and an increase in the intensity of the α-MnO2 

phase peaks at 29º and 42º. This suggests that the introduction of Bi ions promotes the formation 

of the α-MnO2 phase, which exhibits a 2 × 2 tunnel-like crystal structure. In this case, Bi ions 

occupy the vacant sites in the MnO2 2 × 2 tunnel structure as a filler. This prevents MnO2 from 

adopting the layered δ-MnO2 structure [70], [72], [132]–[134]. The formation of the tunnel-like 

α-phase is preferable in this context, as its tunnel structure facilitates ion transport through the 

crystal lattice, thereby enhancing electrochemical kinetics. In contrast, MnO2 without dopant 

ions predominantly exhibited a phase more susceptible to dissolution in acidic environments. 

Scanning electron microscopy (SEM) images of the samples, shown in Fig. 2.1 b, reveal that 

the synthesized powders consist of aggregates of smaller and larger needle-like structures, 

which are characteristic of different MnO2 polymorphs [135]–[137]. In comparison, the 

pyrolusite reference sample consists of rounded particle aggregates. 

 

Fig. 2.1. Bi-doped MnO2 sample and pyrolusite: a) XRD diffractograms, and b) SEM images. 
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To further characterize the synthesized samples, X-ray photoelectron spectroscopy (XPS) 

analysis was performed. In the normalized Mn 2p XPS spectra (Fig. 2.2 a), a peak shift towards 

the Mn3+ binding energy is observed, which becomes more pronounced with increasing Bi3+ 

concentration in the sample. Additionally, the differential spectra of the normalized XPS signals 

(Fig. 2.2 b) show a decrease in the Mn4+ signal and an increase in the Mn3+ signal as the Bi3+ 

concentration increases. Similar observations regarding the formation of Mn3+ and Mn4+ 

oxidation states under comparable synthesis conditions in various metal oxide systems have 

been reported in the literature [138], [139]. These studies explain the role of heteroatoms 

introduced into the MnO2 crystal structure in stabilizing metastable Mn3+ ions, which typically 

undergo disproportionation in oxide crystal lattices [140]. In the normalized O 1s spectra 

(Fig. 2.2 c), an increase in hydroxyl groups and adsorbed water on the surface is observed with 

higher Bi3+ concentrations in the sample. According to literature data, binding energies in the 

range of 531–535 eV are closely associated with surface hydroxyl groups, water, or oxygen-

containing organic byproducts [141]. Examining the Bi 4f XPS spectra (Fig. 2.2 d), no Bi signal 

is detected in the 0 mol% Bi sample. However, as the Bi3+ concentration increases, the Bi signal 

becomes more pronounced, confirming that all Bi-containing samples have Bi atoms in the 3+ 

oxidation state [142], [143]. 

 

Fig. 2.2. Bi-doped MnO2 sample and pyrolusite: a) normalized Mn 2p XPs spectra, and 

b) difference thereof; c) Bi 4f spectra, and d) normalized O 1s spectra. 
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Cyclic voltammetry (CV) measurements were performed on the prepared cathodes, and the 

specific capacities of each cathode were calculated based on the obtained data, as shown in 

Fig. 2.3 a. From these results, at slower scan rates, the cathode with 5 mol% Bi ion content 

exhibits the highest specific capacity of 130 mAh/g, while the cathode without Bi ions reaches 

only 120 mAh/g, and the pyrolusite cathode achieves 90 mAh/g. 

To evaluate the capacity retention, galvanostatic charge-discharge (GCD) measurements 

were performed at varying current densities, as shown in Fig. 2.3 b. During the first five cycles, 

material activation and cathode stabilization take place. The pyrolusite cathode and the cathode 

without Bi ions require all five cycles to fully stabilize. In contrast, samples containing Bi ions 

stabilize within 2–3 cycles. In the following 15 cycles, as the current density increases from 

0.25 A/g to 1.0 A/g, the pyrolusite cathode exhibits a similar capacity to the cathodes containing 

0–5 mol% Bi ions. However, when the current density is reduced back to the initial 0.25 A/g, 

cathode materials with a higher Bi ion content demonstrate better capacity retention. 

 

Fig. 2.3. Specific capacities of Bi-doped MnO2 samples and pyrolusite: a) specific capacities 

obtained from CV measurements at different scan rates, and b) specific discharge capacities 

from GCD measurements at different current densities. 

The electrochemical impedance spectroscopy (EIS) results for all samples after CV 

measurements are shown in the EIS diagrams in Fig. 2.4 a, where two compressed semicircles 

can be observed – one at high frequencies and the other at low frequencies. Additionally, fitted 

curves are shown based on the equivalent circuit in Fig. 2.4 b. The circuit consists of resistances 

– Rs, R1, and R2 – and constant phase elements – CPE1 and CPE2 – parallel to their respective 

resistances. The values of all these components are listed in Table 2.1. The ohmic resistance of 

the electrolyte corresponds to component Rs and is approximately 22–23 Ω for all samples. The 

resistance R1 and constant phase element CPE1 represent the charge transfer resistance between 

the electrode and electrolyte as well as the double-layer capacitance. The fitted values indicate 

that the hydrothermally synthesized cathode materials exhibit a reduced double-layer 

capacitance, with the most significant reduction observed for the 10 mol% Bi MnO2 sample. 

This observation correlates with the increase in surface hydroxyl groups shown in Fig. 2.2 c. 

The variation in surface hydroxyl group content influences the wetting properties of the 
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electrode and affects the interaction between the electrode surface and the electrolyte, thereby 

impacting the charge transfer resistance. The second set of parallel components – resistance R2 

and constant phase element CPE2 – corresponds to the overall resistance and capacitance 

between individual cathode particles, since the cathode consists of a mixture of individual 

semiconductor MnO2 and CB particles. According to the fitted values, the synthesized samples 

exhibit significantly lower resistance between individual particles. Comparing the pyrolusite 

and 0 mol% Bi samples, the CB added during synthesis reduces the particle-to-particle 

resistance by more than nine times. 

 

Fig. 2.4. Bi-doped MnO2 sample and pyrolusite: a) measured EIS diagrams with fitted data 

according to b) equivalent circuit. 

Table 2.1 

Equivalent Circuit Parameters of the EIS Fitted Data 

Sample 
Rs R1 

CPE1 
R2 

CPE2 
χ2 

Y0 N Y0 N 

Ω Ω mS ∙ sN  Ω mS ∙ sN   

Pyrolusite 23.82 5.05 1.13 0.54 1474.8 1.93 0.52 0.00039 

0 mol% Bi 21.66 9.49 0.29 0.68 161.94 6.30 0.34 0.00045 

1 mol% Bi 23.75 49.03 1.52 0.52 162.74 3.32 0.45 0.00106 

2.5 mol% Bi 23.74 39.57 1.38 0.53 195.00 3.54 0.40 0.00148 

5 mol% Bi 21.71 6.23 0.16 0.74 204.60 4.68 0.36 0.00208 

10 mol% Bi 22.37 8.04 0.13 0.77 242.74 4.80 0.35 0.00210 

 



22 

 

2.3.2. Mo-doped MnO2 cathode 

Also, XRD diffractograms shown in Fig. 2.5 for the Mo-doped samples reveal the presence 

of two phases: δ-MnO2 (Mn7O13⋅5H2O – birnessite) and α-MnO2 (K2- xMn8O16 – hollandite). 

Similar to the Bi-doped samples, an increase in Mo concentration leads to a decrease in the δ-

MnO2 phase and an increase in the α-MnO2 phase. This indicates that the addition of Mo dopant 

promotes the formation of the α-MnO2 phase. Additionally, the synthesis time influences the 

crystallinity of the samples, as evidenced by more pronounced diffraction peaks in the samples 

synthesized for 24 hours with Mo concentration up to 2.5 mol%. This suggests the formation 

of larger crystallites [144], which is also consistent with the SEM images shown in Fig. 2.6 a. 

In these images, the samples synthesized for longer durations exhibit more defined structures, 

whereas the 12-hour samples consist of randomly shaped agglomerates. 

 

Fig. 2.5. XRD diffractograms of Mo-doped MnO2 samples and pyrolusite. 
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XPS analysis was also performed to determine the oxidation states of the elements present, 

with the spectra shown in Fig. 2.6 b. All samples contain Mn4+ ions, and the synthesized 

samples also exhibit carbon-oxygen bonds due to the addition of CB during the synthesis 

process. Furthermore, the Mo-doped MnO2 samples contain Mo6+ ions and metastable Mn3+ 

ions, indicating that the addition of Mo ions also stabilizes Mn3+ ions [145]. 

 

Fig. 2.6. Mo-doped MnO2 sample and pyrolusite: a) SEM images, and b) Mn 2p, O 1s and Mo 

3d spectra. 

Further cathodes were prepared from Mo-doped MnO2 samples, and CV measurements 

were performed to calculate the specific capacities of each cathode, which are summarized in 

Fig. 2.7 a. All synthesized samples show a higher specific capacity than the pyrolusite sample, 

with the specific capacity of the synthesized samples increasing as Mo atoms are added. The 

general increase in specific capacity between the pyrolusite and synthesized samples may be 

related to phase differences, as seen in the XRD results (Fig. 2.5), where the synthesized 

samples contain both δ-MnO2 and α-MnO2 phases. The highest specific capacity, 415 mAh/g 

at 0.002 V/s, was obtained from the 2.5 mol% Mo-doped MnO2 sample synthesized for 

12 hours. However, further tests reveal that the 1 mol% Mo-doped sample, synthesized for 

12 hours, retains its specific capacity better as the scan rate increases. Overall, the CV 

measurements indicate that Mo-doped samples show an increase in specific capacity up to a 

Mo concentration of 2.5 mol%. 
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Fig. 2.7. Specific capacities of Mo-doped MnO2 samples and pyrolusite. 

3. Main results about improving the performance of the Zn anode in 

alkaline electrolyte 

This chapter describes the improvement of the electrochemical properties of the zinc anode 

achieved by irradiating the Zn surface with a pulsed laser. The effect of laser irradiation on the 

structural and morphological properties of the Zn anode was evaluated. The electrochemical 

properties of the obtained anode materials, such as surface-specific capacity and charge transfer 

resistance, were examined. Possible mechanisms for the influence of laser modification on the 

performance of Zn anodes are discussed. 

3.1. Methodology 

Zinc plates with 99.95 % purity were modified using a nanosecond pulsed Nd: YAG laser 

at two wavelengths (266 nm and 1064 nm) in air and deionized water environments. A 

schematic of the irradiation process is shown in Fig. 3.1. The main laser parameters – energy 

fluence (ranging from 0.32 J/cm2 to 2.66 J/cm2), which varies depending on the irradiation 

process, and pulse duration (6 ns) – were systematically varied and are summarized in 

Table 3.1. The resulting Zn anode samples were tested in an electrochemical half-cell with a 

1 M KOH electrolyte, a Pt counter electrode, and an Ag/AgCl (3M KCl) reference electrode 

following surface examination. 
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Fig. 3.1. Schematic representation of the laser irradiation process. 

Table 3.1 

Laser Irradiation Parameters 

Sample* 
Laser wavelength, 

nm 
Irradiation medium 

Energy fluence, 

J/cm2 

Zn un-irradiated – – 

Zn-A-2.66* 266 Air 2.66 

Zn-A-0.38 1064 Air 0.38 

Zn-A-0.59 1064 Air 0.59 

Zn-A-0.64 1064 Air 0.64 

Zn-A-0.71 1064 Air 0.71 

Zn-W-0.32* 266 Deionized water 0.32 

Zn-W-0.53* 266 Deionized water 0.53 

Zn-W-0.69 1064 Deionized water 0.69 

Zn-W-1.29 1064 Deionized water 1.29 

Zn-W-1.42 1064 Deionized water 1.42 

Zn-W-1.60 1064 Deionized water 1.60 

*A – air medium, W – water medium. 

3.2. Results 

Irradiation of samples with a pulsed laser caused significant morphological changes on the 

surface, as seen in SEM micrographs (Fig. 3.2). The untreated zinc sample exhibits a smooth 

surface with cold rolling marks characteristic of the manufacturing process, while the laser-

treated samples display various surface morphologies depending on the irradiation 

environment. Samples irradiated in air with a 1064 nm laser show intense melting during 

irradiation, resulting in frozen droplet-like structures on the surface. In contrast, samples 
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irradiated in water with the same wavelength reveal wrinkled structures with homogeneously 

distributed droplets underneath. Samples irradiated in air with a 266 nm laser exhibit a 

moderately melted surface with a more uniform texture, whereas irradiation in water induces 

ZnO growth and forms a wrinkled melt structure. 

XRD (Theta/2theta) diffractograms of untreated Zn plates (Fig. 3.3 a) show a 

polycrystalline Zn pattern with a dominant (002) basal plane parallel to the surface of the sheet. 

This is related to deformations caused during rolling in the production process [146]. However, 

Laser treatment of the samples reduces the intensity of the dominant (002) basal plane in the 

diffractograms. This is due to the surface melting caused by the laser, revealing the underlying 

polycrystalline structure where the (101) plane dominates. These changes promote more 

uniform zinc deposition during electrochemical processes. However, Raman spectra shown in 

Fig. 3.3 b confirm the formation of hexagonal ZnO on the surfaces of the irradiated samples. 

Additionally, Raman spectra reveal various ZnO defects: oxygen vacancies (A1(LO) peak at 

574 cm−1), interstitial Zn atoms (broad peak between 250–300 cm−1), and nitrogen-related 

defects (peak at 275 cm−1) [147], [148]. 

 

Fig. 3.2. SEM micrographs of untreated and pulsed laser irradiated Zn samples at different 

energy fluxes (A – in air medium, and W – in water medium). 
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Fig. 3.3. Untreated and laser-irradiated Zn samples: a) XRD diffractograms; b) Raman 

spectra.  

In CV measurements shown in Fig. 3.4 a and b, significant improvements in 

electrochemical properties are observed for laser-irradiated samples. During anodic oxidation 

(in accordance with reaction (1)), the Zn sample dissolves electrochemically until the 

electrolyte can no longer access the active Zn surface for further reaction. During this reaction, 

Zn(OH)4
2– is formed, which immediately turns into ZnO and covers the anode surface. In turn, 

during the cathodic reduction reaction, a rapid increase in current is observed at −1.3 V [149], 

[150]. In this potential region, when ZnO is reduced back to Zn, the previously unreacted Zn 

surface is exposed to the electrolyte. This appears as a sharp current increase, indicating 

resumed Zn oxidation. Notably, this phenomenon is less pronounced in laser-treated samples, 

suggesting that oxidation is more controlled and ZnO grows more uniformly, despite that 

oxidation is at a higher maximum current. This implies that laser surface treatment improves 

the overall cyclic performance of the Zn electrode, and treated surfaces show higher oxidation 

and reduction currents, indicating enhanced reaction kinetics. 

Specific surface capacities determined from CV measurements are summarized in Fig. 3.4 c 

and d. At a scan rate of 0.005 V/s, samples irradiated in air show slightly higher specific surface 

capacity (1.35–1.50 mAh/cm2) compared to those irradiated in water (1.25–1.35 mAh/cm2), 

and significantly higher than untreated Zn (1.15 mAh/cm2). Overall, laser-irradiated samples 

exhibit an 8–30 % increase in capacity depending on the treatment parameters. This increase is 

attributed to enhanced surface roughness and more active reaction sites caused by laser-induced 

melting and re-solidification. 
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Fig. 3.4. Untreated and air-irradiated Zn samples: a) CV measurements; c) specific surface 

capacities. Untreated and water-irradiated Zn samples: b) CV measurements; d) specific 

surface capacities. 

After electrochemical measurements, samples were re-examined using SEM (Fig. 3.5) to 

assess surface changes. The irradiated samples show grain structures with pronounced 

hexagonal Zn crystal facets. In contrast, the untreated Zn sample surface lacks defined crystal 

facets and shows random growth features. 

 

Fig. 3.5. SEM micrographs of untreated and laser-irradiated Zn samples after CV 

measurements. 
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Raman spectra of irradiated samples after electrochemical measurements, shown in 

Fig. 3.6 a, exhibit increased background, and characteristic ZnO peaks are difficult to identify. 

Conversely, untreated Zn samples still display ZnO peaks at 382 cm–1, 441 cm–1 and 585 cm–1, 

indicating that laser treatment improves Zn anode electrochemical reactions by promoting more 

uniform ZnO growth and more complete reversion to metallic Zn. However, untreated Zn 

samples only undergo partial charging (ZnO reduction to Zn), leading to increased ZnO content 

and a stronger ZnO Raman signal. This observation correlates with CV results of untreated Zn 

(Fig. 3.4 a and b), which show a more pronounced phenomenon at −1.3 V, linked to increased 

ZnO formation on the surface. 

XRD (Theta/2theta) diffractograms were also repeatedly taken for the sample surfaces after 

CV measurements, which are shown in Fig. 3.6 b. The untreated Zn sample shows increased 

intensity of the (002) plane and reduced intensity of the (101) plane, indicating preferential 

growth in the (002) direction. A slight increase in the (100) plane suggests dendrite-like and 

porous structure formation [151]. In contrast, irradiated samples retain a polycrystalline (101) 

structure after CV. An increase in the (002) c-plane direction suggests a more horizontal 

structure formation. A slight decrease in (100) and (200) plane intensities indicates better 

resistance to dendrite formation. As illustrated schematically in Fig. 3.6 c, the growth directions 

of characteristic Zn planes influence potential surface structures. Growth in the (002) plane 

corresponds to smooth horizontal structures, while growth in (110) and (100) planes indicates 

dendritic and porous structures. 

 

Fig. 3.6. Post-CV measurement results for untreated and laser-irradiated Zn samples: a) 

Raman spectra; b) XRD diffractograms; c) schematic of hexagonal Zn characteristic crystal 

planes and growth models. 
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To further characterize the electrode-electrolyte interface, EIS analysis was performed. EIS 

spectra at a negative DC offset of –150 mV from OCV are shown in Fig. 3.7 a, and spectra at a 

positive offset of +150 mV from OCV are in Fig. 3.7 b. Additionally, EIS spectra were fitted 

using equivalent circuits shown in the graphs, and component values are summarized in 

Table 3.2. At negative voltage, resistance R1 is about 27 Ω for all samples, corresponding to the 

ohmic resistance of the electrolyte. Resistance R2 represents the charge transfer resistance of 

the faradaic process and is lower for laser-treated samples. However, CPE value (representing 

the double-layer capacitance) is increased for irradiated samples, indicating a macroscopically 

increased surface area. At low frequencies, all spectra transition into a sloped line, 

corresponding to Warburg impedance related to diffusion-limited processes. 

An extended equivalent circuit model was applied to the obtained EIS diagrams at a positive 

voltage bias, where Zn oxidation and ZnO formation occur. As before, Rs represents the 

electrolyte resistance and is about 27 Ω. The first R1 and CPE1 parallel connection characterizes 

the state of the electric double layer: R1 is the ion polarization resistance, and CPE1 is the 

double-layer capacitance. Capacitance values are similar, indicating that the macro-surface 

does not change during the electrochemical reaction. The second parallel circuit of CPE2 and 

R2 describes the faradaic process, where R2 corresponds to charge transfer resistance. For 

untreated Zn, this value is 38 Ω; however, for laser-treated samples, it increases to about 200 Ω. 

This increase is associated with laser-induced defects, also observed in Raman spectra after 

electrochemical measurements (Fig. 3.6 a). This increases the charge transfer resistance in the 

irradiated samples and reduces the reaction rate for Zn oxidation. CPE2 reflects the Zn oxidation 

process capacitance and is several orders of magnitude higher than the double-layer 

capacitance. This decrease in capacitance is related to the slowed reaction due to the increased 

resistance of irradiated samples. 

 

Fig. 3.7. EIS spectra of untreated and laser-irradiated Zn samples: a) at −150 mV DC offset 

from OCV; b) at +150 mV DC offset from OCV. 
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Table 3.2 

Parameters of the Equivalent Circuit of EIS Fitted Data 

Sample 
Rs R1 

CPE1 
R2 

CPE2 

Y0 N Y0 N 

Ω Ω µS ∙ sN  Ω µS ∙ sN  

at a negative DC offset from OCV 

Zn 24.7 668 70 0.90 – – – 

Zn-A-0.59 26.5 185 103 0.87 – – – 

Zn-W-1.29 26.5 132 124 0.84 – – – 

at a positive DC offset from OCV 

Zn 23.6 20.5 369 0.63 38 6.35 0.67 

Zn-A-0.59 26.7 15.5 292 0.70 304 3.95 0.72 

Zn-W-1.29 27.0 16.0 290 0.70 200 3.79 0.72 

4. Main results about the development of amphoteric batteries using 

hydrogels with different pH environments 

This chapter describes the development of an innovatively designed aqueous Zn-MnO2 

battery and the evaluation of its electrochemical properties. The basis of this innovative design 

is an elevated OCV above that of the commercially available 1.5 V alkaline Zn-MnO2 battery. 

This is achieved without the use of membranes, utilizing hydrogel electrolytes with differing 

pH environments, where the Zn anode is located in an alkaline (KOH) hydrogel electrolyte and 

the MnO2 cathode in an acidic (H2SO4) electrolyte. Additionally, the use of a neutral (K2SO4) 

hydrogel as an interfacial layer between the two electrolytes is evaluated. This dual-

environment approach minimizes unwanted side reactions, such as Zn anode corrosion in acidic 

electrolyte and the formation of electrochemically inactive Mn compounds in alkaline 

electrolyte. 

4.1. Methodology 

For battery fabrication, 30 wt% Pluronic F-127 micellar solutions were used as electrolytes, 

dissolved respectively in acidic (0.5 M H2SO4), alkaline (1 M KOH) and neutral salt (0.5 M 

K2SO4) solutions. pH indicators were added to the electrolyte solutions to allow visual 

identification of pH changes. A Zn plate of defined diameter was used as the anode. The cathode 

consisted of carbon felt impregnated with a mixture of MnO2 (pyrolusite phase) and CB in a 

13 : 5 ratio, further mixed with the acidic hydrogel to form a homogeneous mass. 

To evaluate the performance of each electrode and its corresponding hydrogel, half-cell 

measurements were performed, where the cathode or anode was the working electrode, one 

platinum electrode was the counter electrode, and the other platinum electrode was the reference 

electrode. Afterwards, the battery was assembled in a syringe body (Fig. 4.1), allowing 
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observation of electrolyte changes during operation. First, the MnO2 cathode felt was inserted 

at the syringe tip, followed by the 0.5 M H2SO4 acidic hydrogel, the 0.4–0.6 M K2SO4 neutral 

hydrogel (only for three-layer batteries), the 1 M KOH alkaline hydrogel, and finally the Zn 

anode, attached to the syringe plunger. In all battery configurations, the total electrolyte volume 

was fixed at 3 mL. 

  

Fig. 4.1. Schematic and photograph of the constructed battery with labelled components. 

4.2. Results 

To determine the theoretical behaviour of the cathode and anode during battery operation, 

half-cell CV measurements were conducted. The MnO2 cathode half-cell with acidic (0.5 M 

H2SO4) hydrogel and Zn anode half-cell with alkaline (1 M KOH) hydrogel were tested against 

a Pt counter electrode and Pt reference electrode. According to the combined data shown in 

Fig. 4.2 a, the OCV of the amphoteric battery is approximately 2.3 V. Measurements from 

several assembled Zn-MnO2 amphoteric batteries (Fig. 4.2 a) confirm that the voltage ranges 

from 2.3 V to 2.4 V. 

The expected minimum discharge voltage, based on the combined data, should be around 

1.6 V. To assess this theoretical value, a complete discharge of the amphoteric Zn-MnO2 battery 

was performed (Fig. 4.2 b) with a discharge current of 10 mA/s. Before discharge, the OCV 

was 2.4 V, the initial discharge plateau was around 2.0 V, and the end-of-discharge voltage was 

1.7 V – consistent with observations from the half-cell CV measurements. Additionally, under 

a lower discharge current of 0.1 mA/s (Fig. 4.2 c), the initial voltage was 2.34 V, decreasing to 

2.2 V over 10 hours. 

During all measurements, the formation of a visibly neutral pH layer between the two 

hydrogels was observed. This can be explained by H+ and OH– ion diffusion from the acidic 

and alkaline electrolytes, where they neutralize in the interface, forming water, further diluting 

both hydrogel electrolytes and increasing internal resistance. To assess the influence of this 

neutral layer, OCV measurements were also carried out using an additional neutral hydrogel 

between the acidic and alkaline layers. The neutral electrolyte concentration (K2SO4) was 

varied relative to the acid/base concentration at 0.4 M, 0.5 M, and 0.6 M. According to the 
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measurements shown in Fig. 4.2 d, three-layer hydrogel electrolyte batteries maintained a stable 

voltage for over 45 h – longer than two-layer batteries, which dropped to 1.7 V after ~ 27 h due 

to the neutralization reaction. Among the three concentrations, the balanced 0.5 M hydrogel 

exhibited the longest voltage stability (~ 52 h), while both the lower and higher concentrations 

maintained stability only up to ~ 45 h. Overall, the pH gradient stability of the three-layer 

hydrogel electrolyte battery is more pronounced than that of the two-layer system. 

To evaluate internal resistances, EIS measurements were performed on a fully assembled 

amphoteric Zn-MnO2 battery, and the fitted data according to the equivalent circuit are shown 

in Fig. 4.3. The obtained parameter values are summarized in Table 4.1. The series resistance 

Rs of 30.5 Ω corresponds to the electrolyte resistance and is relatively high due to limited ion 

mobility hindered by micellar structures. The first semicircle at high frequencies represents the 

electrolyte-electrode interface, which is noted in the equivalent circuit as R1 and CPE1 parallel 

connection. Fitted R1 was found to be 17 Ω, and the equivalent capacitance of CPE1 is 102 mF. 

Both these parameters are sensitive to electrolyte composition [152] and electrode surface 

porosity [153], [154]. The second semicircle at low frequencies reflects charge-transfer 

processes, where Rct is the charge transfer resistance with a fitted value of 6.7 Ω, and CPE2 

represents the double-layer capacitance with a fitted value of 39 mF.  

 

Fig. 4.2. Properties of the amphoteric battery: a) CV measurements of the half-cells in 

corresponding electrolytes (scan rate 0.01 V/s) and OCV measurements of the prepared 

batteries; b) OCV and discharge voltage at 10 mA/s discharge current; c) OCV and discharge 

voltage at 0.1 mA/s; d) OCV measurements for two-layer and three-layer electrolyte batteries 

with varying neutral layer concentrations. 



34 

 

Table 4.1 

Fitted Parameter Values from EIS Measurements Based on the Equivalent Circuit 

Parameter Value Error, % 

Rs 30.5 Ω 0.2 

R1 17.2 Ω 6 

CPE1 106 mF 3 

Rct 6.7 Ω 7 

CPE2 39 mF 4 
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Fig. 4.3. EIS spectrum with fitted model and equivalent circuit. 

Chronopotentiometry results for the amphoteric Zn-MnO2 rechargeable battery with two-

layer hydrogels (1 M KOH and 0.5 M H2SO4) are shown in Fig. 4.4 a, and OCV measurements 

before discharge, after 100 cycles, and after 200 cycles are shown in Fig. 4.4 b. The upper 

charge voltage of the battery was around 2.7 V, and the lowest discharge voltage ranged from 

2.2–2.3 V. Additional OCV measurements show that the voltage of 2.34 V remained stable 

throughout 14 hours of cycling. During the measurements, ion diffusion was observed with a 

visible formation of a neutral pH layer between the hydrogels due to H+ and OH– ion migration 

and their neutralization, forming water. This further diluted both electrolytes, increasing 

internal resistance. Additionally, K+ and SO4
2– ions (counterions of the base and acid, 

respectively, and responsible for ion conductivity) also migrated toward the battery centre, 

forming crystalline potassium sulphate. This is explained by the limited solubility of K2SO4 in 

water (120 g/L at 25 ℃), further contributing to internal resistance.  
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Fig. 4.4. Chronopotentiometry of the two-layer (acidic and alkaline) hydrogel Zn-MnO2 

amphoteric battery: a) charge/discharge curves; and b) OCV before discharge, after 100 and 

200 charge/discharge cycles. Charge-discharge current: +/– 1 mA/s. 

To assess the effect of the neutral layer in the battery structure, additional 

chronopotentiometry and OCV measurements were conducted for batteries with a three-layer 

electrolyte – 1 M KOH, 0.5 M K2SO4 and 0.5 M H2SO4 – shown in Fig. 4.5 a and b. The charge 

voltage of the three-layer hydrogel battery was 0.5 V higher, and the discharge voltage was 

0.5 V lower than in the two-layer battery (Fig. 4.4 a). This charge/discharge voltage 

discrepancy is due to the higher resistance of the hydrogel electrolyte in the three-layer 

configuration. While the conductivity of the acidic (0.5 M H2SO4) hydrogel is 83.6 mS/cm 

(at 23 ℃) and the basic (1 M KOH) hydrogel is 78.6 mS/cm (at 23 ℃), the neutral (0.5 M 

K2SO4) hydrogel conductivity is more than 6 times lower – 12.6 mS/cm (at 23 ℃). This results 

in a significantly higher total resistance in the three-layer system, causing the observed charge–

discharge voltage mismatch. However, the OCV of 2.32 V for the three-layer hydrogel battery 

(Fig. 4.5 b) remained stable, similarly to the two-layer battery (Fig. 4.4 b). 

 

Fig. 4.5. Chronopotentiometry of the three-layer (acidic, neutral, alkaline) hydrogel Zn-MnO2 

amphoteric battery: a) charge/discharge curves; and b) OCV before discharge, after 100 and 

200 charge/discharge cycles. Charge–discharge current: +/– 1 mA/s. 
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CONCLUSIONS 

1. Using a pH gradient electrolyte system, where the Zn anode operates in an alkaline 

environment, and the MnO2 cathode operates in an acidic environment, shifts the hydrogen 

evolution reaction to a lower potential (to –0.81 V) and the oxygen evolution reaction to a 

higher potential (to +1.2 V), increasing the electrochemical window of water. 

2. By doping the MnO2 cathode with Bi3+ and Mo6+ ions, Mn3+ ions are stabilized in the 

material, which promotes the formation of the electrochemically more active α-MnO2 phase 

structure. The optimal concentrations have been determined: 5–10 mol% Bi and 2.5 mol% 

Mo. 

3. Irradiating the Zn anode with a pulsed laser increases the specific surface capacity by 30 % 

and reduces the charge transfer resistance, which improves the kinetics of the 

electrochemical reaction in a 1 M KOH electrolyte solution. 

4. Using Pluronic F-127 micelle hydrogels, a rechargeable amphoteric aqueous electrolyte Zn-

MnO2 battery is obtained, where the Zn anode is in a 1 M KOH electrolyte solution, and the 

MnO2 cathode is in a 0.5 M H2SO4 electrolyte solution. 

5. The open-circuit voltage of the amphoteric aqueous electrolyte Zn-MnO2 battery is 2.4 V, 

the pH gradient stability is maintained for more than 25 hours, the discharge voltage at 

0.1 mA/s is 2.34 V, and it is stable for 200 charge–discharge cycles at 1 mA/s. 
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