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Introduction 

Relevance of the topic 

Over the last twenty years, lithium-ion batteries have been the most widely used power source in 

various applications (from portable electronics to electric vehicles), due to their high energy and power 

density. Along with them, lead-acid batteries are used in many countries for stationary energy storage 

and accumulation (backup or emergency power supply systems) due to their low production and 

maintenance costs. However, both of these battery types have a number of disadvantages. The 

disadvantages of lithium-ion systems are the high toxicity and explosion hazard of cyclic ester-based 

electrolytes, cobalt-based cathode materials, difficulty of manufacture and recycling, and limited 

resources and high cost of components, especially lithium salts. The drawbacks of lead-acid batteries 

are the toxicity of lead and its compounds, the limited operating thermal stability range, the low 

practical energy density (about 30 W∙h∙kg−1 against a theoretical one of 167 W∙h∙kg−1) and the 

relatively short lifespan (up to 1000 recharge cycles). Therefore, with the rapid growth in demand for 

batteries and the expansion of the scope and scale of their use in electric vehicles, stationary energy 

storage and other applications, the requirements for their safety, cost, availability and environmental 

friendliness, while maintaining competitive functional performance, are increasing. As a consequence, 

alternative electrochemical systems, in particular post-lithium metal-ion batteries, are attracting 

increasing research attention, especially for stationary energy storage and energy storage applications. 

Sodium-ion and potassium-ion batteries, for which the availability of sodium and potassium 

compounds is an obvious advantage, are primarily considered, but the disadvantages inherent in 

lithium-ion systems, namely the toxicity and explosion hazard of the cell components, are even more 

pronounced for these two types of batteries due to the faster kinetics of side reactions between metals 

and trace amounts of water.  

In the last decade, metal-ion batteries have been developed using non-aggressive aqueous 

electrolyte solutions with a pH in the range 4 - 8. Despite the loss of energy density, the use of such 

electrolytes increases the safety of the batteries, which is valuable to the consumer, and reduces the 

cost of production and subsequent recycling of the batteries. In addition, metal-ion systems with 

aqueous electrolytes have high energy density values (100 – 250  W∙h∙kg−1 and even higher 

300 W∙h∙kg−1) compared to lead-acid or metal-ion batteries with alkaline electrolytes (approximately 

150  W∙h∙kg−1) [1–4]. The zinc anode, which is widely used in alkaline cells, has a moderate redox 

transition potential (−0.762 V vs. H2/H
+) and a high theoretical gravimetric (820 mAh∙g−1) and 

volumetric (5855 mAh∙cm−3) capacity, and reacts extremely slowly with water, allowing the use of a 

zinc metal anode, unlike other metals considered for use as an anode for single metal-ion systems.  

Aqueous zinc-ion batteries (AZIBs) are one of the most intensively developed areas in the field, as 

evidenced by the dramatic increase in the number of publications on the subject, currently around 1000 



5 

per year (particularly in the last 3 years) [5]. Laboratory aqueous zinc-ion cells with aqueous 

electrolytes how high specific capacities (250 mAh∙g−1 and higher at low current densities) and high 

cyclic stability during hundreds and thousands of cycles (up to ≈ 80% capacity retention at a current 

density of 1.0 A∙g−1) [6] as well as safer operation compared to acid and alkaline batteries [7]. Despite 

the fact that this field has been developed relatively recently (since 2012 [8]), while alkaline batteries 

with metallic zinc have been known for more than 50 years, aqueous zinc-ion systems show better 

performance at the laboratory level, making them promising candidates for practical applications [4]. 

Battery capacity is determined by the balance between the achievable capacity values for the 

cathode and anode materials. In the case of aqueous zinc-ion systems, metallic zinc is usually used as 

the anode, the theoretical capacity value of which is higher than the practically observed specific 

capacity values for any cathode material. For this reason, the main research in the field of AZIBs has 

focused on the development of various cathode materials compatible with aqueous neutral or weakly 

acidic electrolytes. Among different cathode materials applied in AZIBs, manganese oxides are 

attractive due to high redox transition potential (1.3 – 1.5 V vs. Zn/Zn2+) which determines the high 

capacity of the cathode material, wide availability, moderately high theoretical capacity (308 

mAh∙g−1), ease of synthesis and great variability of materials with different crystal structures. In 

particular, manganese dioxide MnO2 is capable to form various crystal polymorphs: tunnel-type (α−, 

β−, γ−MnO2), spinel-type (ε−, λ−, R−MnO2, MeMn2O4), layered-type (δ−MnO2) [9,10]. Among the 

MnO2 polymorphs, birnessite (or δ−MnO2) is the most suitable for intercalation of Zn2+ cations due to 

the large interlayer distance (≈ 7 Å), which facilitates the transport of zinc ions into the oxide crystal 

lattice [11–13]. 

As an alternative to zinc-ion cells, zinc-hybrid batteries are being researched, in which instead of 

one charge carrier (e.g. Zn2+ as assumed for AZIBs), two charge carriers participate in separate 

electrochemical reactions. In aqueous zinc-hybrid batteries, Zn2+ ions are involved in the anode 

reaction while the second cation (Li+, Na+, etc.) takes part in the cathode reaction [14]. Manganese 

oxides, in particular the lithium-manganese spinel LiMn2O4 have been intensively studied as cathode 

materials for zinc-hybrid batteries because of a number of advantages: high redox transition potential 

(1.8 – 1.9 V vs. Zn/Zn2+), fast kinetics of intercalation of Li+ ions into the LiMn2O4 structure in 

aqueous solutions. 

Nowadays, the key problem that limits the development of both cathode materials and aqueous 

zinc-ion batteries in general, including hindering the targeted search for new compositions of MnO2-

based composite cathode materials, is the ambiguity and discussion of the mechanism of 

electrochemical reaction in an aqueous electrolyte solution. First of all, it is related to the complex 

composition of the used aqueous solutions and, consequently, to a number of ongoing reactions 

involving ions and molecules in hydrated and dehydrated forms (Zn2+, [Zn(H2O)6]
2+, Mn2+, 



6 

[Mn(H2O)6]
2+, H+, H2O). In addition, the formation of insoluble surface compounds during the 

discharge process should be considered. Authors of numerous papers claim that during the 

charge/discharge processes a number of structural changes of the material occur with the participation 

of the listed ions [15]. However, the combined data obtained by physicochemical methods (both X-ray 

diffraction and electron microscopy techniques) are not always consistent due to various factors and 

therefore do not fully allow a correct analysis of the phases formed and destroyed during 

charge/discharge. 

Thus, the relevance of this work is caused by the importance of solving both the practical problem 

of developing novel cathode materials based on manganese oxides for aqueous zinc-ion batteries and 

the fundamental problem of studying charge transport in the Zn//MnO2 electrochemical system. 

Understanding the mechanism of electrochemical processes is a key issue for the improvement of 

functional properties, the design of novel cathode materials for the creation of full-size zinc-ion 

batteries, their further development and scaling, and their introduction into production. 

Research topic development level 

Manganese oxide-based cathodes, one of the most intensively studied for AZIBs, have several 

drawbacks, the most important of which is the spontaneous cathode dissolution (both for MnO2 and 

LiMn2O4) during charge/discharge processes due to the disproportionation reaction of the Mn3+ cation 

formed during reduction into the Mn2+ and Mn4+ ions. To eliminate or mask these processes, a number 

of strategies aimed at modifying the properties of the electroactive component or the electrode material 

as a whole are used: synthesis of MnO2 nanoparticles with a given morphology including the synthetic 

introduction of foreign metal ions into the cathode structure (so-called pre-intercalation), development 

of MnO2-based composite materials with highly conductive additives such as carbon-based materials 

or conducting polymers, and the variation of the electrolyte composition. Several approaches are being 

actively used in parallel. 

One of the approaches used is to modify the electrolyte solution. To increase the number of 

charge/discharge cycles and the cyclic stability of Zn//MnO2 systems, a small amount of manganese 

(II) salt (0.1 – 0.5 mol∙L−1) is added to the electrolyte solution [16–18]. In the mixed electrolyte 

solution containing zinc and manganese salts, the stability of the capacity values of the cathode 

increases significantly, and in some cases, there is an increase in the specific capacity during cycling, 

caused by the deposition of additional electroactive phase MnOx (ε-MnO2) from the solution on the 

surface of the cathode material, which is particularly pronounced for cathodes with low mass loading 

[18,19]. It was found that Mn2+ ions present in the solution (MnSO4) not only inhibit the dissolution of 

the initial oxide by creating an excess concentration of the reduced form in the near-electrode layer. 

During the oxidation process (Е = 1.7 V), Mn2+ cations that are converted to MnO2 increase the 

concentration of free H+ ions in the near-electrode layer. During discharge, H+ ions interact with the 
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cathode material, resulting in the reverse transition MnIV → MnIII, and some of the Mn3+ ions are 

converted to Mn2+ ions, resulting in local alkalinization and the formation of the basic zinc salt [19,20]. 

This is also confirmed by a number of works in which the properties of cathode materials have been 

studied in electrolytes without manganese additives and in which the cathode material has practically 

no electroactivity [21–23]. 

To improve the properties of MnO2-based cathode materials, modification of the material with 

conducting polymers could be one of the options. A number of works focus on the study of manganese 

oxide based composites with polyaniline [24–26], polypyrrole [27–29] or ternary composites with 

conducting polymers and carbon-based materials [30–33]. Despite the excellent electrochemical 

performance in terms of specific capacity or cyclic stability, the synthetic routes for such composites 

are not universal for all MnO2 polymorphs, most commonly the resulting product of oxide preparation 

in the presence of aniline or pyrrole is a tunnel-type structure. There are fewer studies in which MnO2 

was modified with poly(3,4-ethylenedioxythiophene) (PEDOT) compared to other works [34–36]. 

Poly(3,4-ethylenedioxythiophene) is one of the conducting polymers that has a wide range of 

electroactivity as well as improved chemical and electrochemical stability compared to other 

conducting polymers. Its availability as a polyelectrolyte complex with polystyrene sulfonate 

(PEDOT:PSS), available as an aqueous dispersion, greatly facilitates the development of composite 

materials. 

An important issue in the study of the Zn//MnO2 system is the complexity of the electrochemical 

reaction mechanism in which several ions are involved: Zn2+, Mn2+, H+ as well as solvent molecules 

could be involved. The obligatory presence of several types of ions in the electrolyte solution indicates 

their participation in the electrochemical process, which complicates the interpretation of the reaction 

mechanism. It is important to note that the full disclosure of the mechanism of the electrochemical 

reaction is a task that, despite the efforts of many scientific groups in the world, remains unsolved and 

controversial. The main variants of the mechanism currently considered in the literature are as follows 

[37]: 

1. Reversible intercalation of Zn2+ ions; 

2. Reversible co-intercalation of Zn2+ and H+ ions; 

3. Conversion reaction MnO2 → MnOOH with H+ ions participating; 

4. MnO2 electrolytic dissolution/deposition. 

Meanwhile, the complex composition of the aqueous electrolyte, the wide variety of MnO2 forms 

and the precipitate of the basic zinc salt Zn4(OH)6SO4∙nH2O, which is constantly formed on the 

cathode surface during discharge, make it difficult to interpret both the phases present in the cathode 

and the chemical states of the elements. Questions remain about the role of the addition of manganese 

salt to the electrolyte in the functioning of the cell, the ratio of intercalation and phase transformation 
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processes, as well as the role of surface precipitates. The approaches to cathode structure analysis 

proposed in the literature, both ex situ and post mortem, do not provide a clear answer to this question. 

Since contradictory conclusions can be drawn depending on the analysis of the cathode structure by 

different methods, the question of the mechanism remains debatable. controversial. The problem of the 

possible involvement of H+ cations in intercalation processes in aqueous batteries is not only valid for 

Zn//MnO2 systems, but also for cathode materials for zinc-hybrid batteries, in particular, Zn//LiMn2O4. 

Since the H+ and Li+ cations are small in size and carry a single positive charge, it is expected that they 

can both intercalate into the LiMn2O4 structure. This process is almost completely undescribed in the 

literature. 

Thus, this research is aimed to establish the mechanism of the electrochemical reactions occurring 

by varying the electrolyte composition and controlling the acidity of the solution, including the use of 

comprehensive electrochemical analysis and in operando electrode mass studies using the 

electrochemical quartz crystal microbalance method to provide experimental evidence of the charge 

transport mechanism consistent with a large number of literature data. The practical aspect of the study 

is the development of a new simple and versatile method to modify MnO2-based electrode materials 

with layered structure with the conducting polymer poly(3,4-ethylenedioxythiophene) in order to 

improve the functional properties of the cathodes, in particular the stability of the capacitive response 

during cycling. 

The main objectives of the work can be divided into practical and fundamental ones. The practical 

objective is to develop novel types of cathode materials based on manganese oxides for aqueous zinc-

ion batteries, modified with the conducting polymer poly(3,4-ethylenedioxythiophene) to enhance their 

electrochemical performance (high-rate specific capacity, cyclic stability). The fundamental objective 

of the study is to identify the overall mechanisms of intercalation processes in aqueous Zn//MnO2 zinc-

ion systems, including the elucidation of the electrochemical reaction mechanism during the first and 

subsequent charge/discharge cycles, as well as the role of the electrolyte and the influence of its 

composition on the electrochemical properties of the Zn//MnO2 system. 

To achieve the aims, the following tasks should be resolved:  

1. Investigation of electrochemical properties of LiMn2O4-based cathode materials in different 

zinc-containing electrolyte solutions, including consideration of the possibility of 

electrochemical conversion of LiMn2O4 to λ-MnO2 or ZnxMn2O4 in the electrolyte solution 

containing no Li+ ions. 

2. Chemical synthesis of manganese oxide with layered-type structure (δ-MnO2) at different 

conditions and carrying out complex structural, morphological analysis and electrochemical 

tests. 
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3. Development of novel types of δ-MnO2-based cathode materials modified with the 

conducting polymer PEDOT by different methods: introduction of chemically synthesized 

polymer into the electrode material composition, formation of a coating from aqueous 

dispersion of PEDOT:PSS or electrochemical coating of the as-prepared cathode with a 

layer of PEDOT. 

4. Determination of correlations between electrochemical performance (specific capacities at 

different current densities, capacity stability during cycling, structural and chemical 

stability) and composition, morphology and method of preparation of composite materials. 

5. Investigation of charge/discharge processes in conducting polymer-modified cathode 

materials and structural transformations of electrodes during cycling. 

6. Study of the influence of electrolyte composition on the electrochemical properties of 

MnO2 as a function of electrolyte formulation and acidity, in order to test existing 

hypotheses on the electrochemical reaction mechanism.  

7. Analysis of the mass transfer processes in operando by electrochemical quartz crystal 

microbalance in different solutions of electrolytes based on zinc salts, determination of the 

dominant process in the first and subsequent cycles. 

8. Analysis of the results presented in the literature and their comparison with the obtained 

experimental data with the conclusion about the mechanism of charge/discharge processes 

in the studied systems. 

The scientific novelty of the work 

For the first time, the dependence of the electrochemical properties of LiMn2O4-based cathode 

materials on the composition of the zinc-containing electrolyte was demonstrated. It was found that 

only Li+ ions are involved in the intercalation processes in the cathode material structure. Zn2+ ions are 

almost irreversibly incorporated into the spinel structure, blocking of the cathode surface occurs, as a 

result of which the reaction of electrochemical conversion of LiMn2O4 into λ-MnO2 does not occur and 

degradation of the electrochemical properties of the cathode material is observed. Thus, the presence 

of lithium salt in the electrolyte composition is essential for LiMn2O4 cathodes. The addition of 

manganese salt allows to increase the initial values of the specific capacity of LiMn2O4, but does not 

allow to achieve a significant improvement of the stability during prolonged cycling due to the 

competing processes of oxidation of Mn2+ ions and water with the release of oxygen. 

The comparative analysis of the electrochemical performance of cathode materials with the same 

crystal structure (δ-MnO2) obtained hydrothermally in different ways: by reaction of interaction 

between potassium permanganate and manganese sulfate (method I) and by decomposition of 

potassium permanganate aqueous solution (method II) was carried out. Increasing the synthesis 

temperature and the reaction time allows us to obtain the material with low agglomeration, i.e. higher 
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crystallinity which has higher initial specific capacity. However, during galvanostatic charge/discharge 

tests, the cyclic stability was less than 50% for 100 cycles which is due to the destruction of the bonds 

between the particles of the electroactive material. This results in a significant deterioration of the 

contact between the electroactive material particles and an increase in the charge transfer resistance 

within the cathode material. A more amorphous material is less susceptible to structural disordering 

processes during cycling and thus better maintains its electrochemical properties. 

The practical novelty of the work consists in the preparation and comprehensive electrochemical 

analysis of new composite cathode materials based on manganese dioxide with layered structure (δ-

MnO2) with conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) using different 

modification methods: addition of the polymer to the composite electrode, fabrication of a 

PEDOT:PSS-based coating by dispersing MnO2 grains in an aqueous dispersion with subsequent 

drying or electrodeposition of the polymer on the as-prepared electrode. It has been shown that the 

mechanical coating on the synthesized MnO2, obtained by dispersing the oxide in PEDOT:PSS 

aqueous dispersion, plays a dual role: improving the electronic and ionic contact between the oxide 

particles due to the conductivity of the PEDOT:PSS polymer and limiting the direct contact of MnO2 

with the electrolyte solution, which reduces the dissolution of the cathode material. This modification 

method is quite simple and reproducible and can be applied to manganese oxides of any composition 

and crystal structure. 

Analysis of the dependence of the electrochemical properties of MnO2 on the electrolyte 

composition, carried out in aqueous solutions based on zinc and manganese sulfates, showed that both 

cations (Zn2+ and Mn2+) should be present in the sulfate-based solution (pH ≈ 4.5). In operando 

measurements of the electrode mass, carried out with an electrochemical quartz crystal microbalance 

in solutions with the addition of alkali metal salts (Li+, Na+) to the sulfate electrolyte showed that the 

intercalation of the monovalent ion occurs during the discharge processes. Along with changes in the 

pH value of the electrolyte solution, this confirms the intercalation of H+ ions in 2 M ZnSO4 / 0.1 M 

MnSO4 solution. H+ ions could intercalate reversibly into the manganese oxide only in a mixed 

electrolyte. Zn2+ ions present in the form of [Zn(H2O)6]
2+ participate in several processes: desolvation 

of the complex cation and its subsequent incorporation into the cathode structure, dissociation of the 

hydrate shell, and formation of the basic salt Zn4(OH)6SO4∙nH2O on the MnO2 surface. The 

participation of H+ ions in the course of MnO2 discharge and the subsequent formation of the surface 

salt Zn4(OH)6SO4∙nH2O regulate the pH value of the aqueous electrolyte. 

Practical significance of the work 

In this research the influence of various factors – morphology of manganese oxide particles, 

presence of conducting polymer-based modifier, electrolyte composition – on the functional properties 
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of manganese oxide-based cathode materials for aqueous zinc-ion and zinc-hybrid batteries was 

considered. 

The effect of the electrolyte composition on the properties of LiMn2O4-based cathode materials for 

aqueous zinc-hybrid batteries was studied. In particular, the influence of Mn2+ ions added to the 

electrolyte solution to suppress the dissolution of the cathode material during the cycling process was 

studied. The increased initial specific capacity values were obtained at low current densities.  

Among all studied MnO2-based electrode materials with birnessite-type structure the best one for 

practical application is the material with low crystallinity, whose surface is modified by the conducting 

polymer poly(3,4-ethylenedioxythiophene):polystyrene sulfonate. During 100 cycles at a current 

density of 0.3 A∙g−1, the capacity retention was 99% (278 mAh∙g−1), and the highest specific capacity 

values were observed at high current densities (133 mAh∙g−1 at current density 2.0 A∙g−1). 

Theoretical significance of the work 

A systematic analysis of the electrochemical behavior of the Zn//MnO2 system as a function of the 

electrolyte composition was carried out in order to establish the reaction mechanism. In particular, the 

experiments carried out in zinc sulfate and manganese sulfate solutions showed the necessity of the 

presence of both types of cations (Zn2+ and Mn2+) to obtain a stable and reproducible electrochemical 

response of the system. In the solutions based on 2 M ZnSO4 / 0.1 M MnSO4 with the addition of 

alkali metal ions (Li+, Na+), the participation of the latter in the intercalation processes was established 

by the electrochemical quartz crystal microbalance, which indirectly proves the participation of 

monovalent cations (H+ or H3O
+) in the overall reaction. Adjusting the pH of the electrolyte solution 

based on zinc and manganese acetates allowed us to verify the participation of H+ cations in the overall 

reaction, including the processes of electrolytic precipitation/dissolution of MnO2. Injection of Zn2+ 

ions in the crystal lattice was confirmed by structural and elemental analysis of cathode materials after 

electrochemical tests.  

The existing hypotheses on the mechanism of the electrochemical reaction in MnO2 in zinc-

containing electrolytes have been analyzed in combination with the results obtained experimentally in 

this work, and the main concepts for describing the mechanism of charge transport have been 

summarized. A new hypothesis is proposed to explain the mechanism of electrochemical processes 

occurring in the Zn//MnO2 system in solutions based on zinc and manganese sulfates. During the 

cathodic process, two parallel reactions occur: co-intercalation of Zn2+ and H+ ions and dissociation of 

a water molecule within the hydrate shell of the [Zn(H2O)6]
2+ cation. This leads to the appearance of 

additional free H+ ions capable of intercalating into the MnO2 structure, as well as to the formation of 

[Zn(H2O)5OH]+ ions acting as a precursor for the synthesis of the basic salt Zn4(OH)6SO4∙nH2O on the 

surface of MnO2 particles in the composite cathode. 
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Studies in pH-controlled solutions (based on zinc and manganese acetates) have shown that in the 

case of stronger binding of Zn2+ cations to acetate ions and formation of a buffer solution, the reaction 

mechanism can change: at high and constant concentration of H+ ions, the overall reaction can be 

described as electrolytic precipitation/dissolution of MnO2. 

Degree of reliability and approbation of scientific results 

The reliability and validity of the presented results are determined by the use of modern methods 

and measuring instruments, the consistency of the data obtained in the work with the data presented in 

the literature, as well as the consistency and coherence of the results of the applied methods. Based on 

the results of this work, 4 scientific articles, including one review article, were published in 

international peer-reviewed journals, referenced in the databases of Scopus, Web of Science and RSCI.  

1. M.A. Kamenskii, S.N. Eliseeva, A.I. Volkov, V.V. Kondratiev, Electrochemical Performance 

of LiMn2O4 Cathodes in Zn-Containing Aqueous Electrolytes, J. Electrochem. Sci. 

Technol., vol. 13 (2022), pp. 177–185. DOI 10.33961/jecst.2021.00689. 

2. M.A. Kamenskii, F.S. Volkov, S.N. Eliseeva, R. Holze, V.V. Kondratiev, Comparative Study 

of PEDOT- and PEDOT:PSS Modified δ-MnO2 Cathodes for Aqueous Zinc Batteries with 

Enhanced Properties, J. Electrochem. Soc., vol 170 (2023), p. 010505. DOI 10.1149/1945-

7111/acabec. 

3. M.A. Kamenskii, F.S. Volkov, S.N. Eliseeva, E.G. Tolstopyatova, V.V. Kondratiev, 

Enhancement of Electrochemical Performance of Aqueous Zinc Ion Batteries by Structural 

and Interfacial Design of MnO2 Cathodes: The Metal Ion Doping and Introduction of 

Conducting Polymers, Energies, vol. 16 (2023), p. 3221. DOI 10.3390/en16073221. 

4. M.A. Kamenskii, A.Yu. Popov, S.N. Eliseeva, V.V. Kondratiev, The Effect of the Synthesis 

Method of the Layered Manganese Dioxide on the Properties of Cathode Materials for 

Aqueous Zinc-Ion Batteries, Russ. J. Electrochem., vol. 59 (2023), p.1092–1101. 

DOI 10.1134/S1023193523120066 

Obtained results were presented as oral and poster reports at the Russian and international 

conferences: 

1. M.A. Kamenskii, S.N. Eliseeva, V.V. Kondratiev, The Electrochemical Performance of δ-

MnO2 Cathode Material for Aqueous Zinc-Ion Batteries: The Role of Current Collector 

(August 22 – 25, 2021) – 22nd International conference “Advanced Batteries, Accumulators 

and Fuel Cells” (ABAF), Brno, Czech Republic. 

2. M.A. Kamenskii, S.N. Eliseeva, V.V. Kondratiev, Enhancement of the Electrochemical 

Performance of δ-MnO2 Electrodes by Introducing Conducting Polymer (November 9 – 11, 

2021) – International Student Conference “Science and Progress”, St Petersburg, Russia.  
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3. M.A. Kamenskii, S.N. Eliseeva, V.V. Kondratiev, Synthesis and electrochemical 

performance of δ-MnO2 as cathode material for aqueous zinc-ion batteries (September 20 – 

24, 2021) – XVI International conference “Current Problems of Energy Conversion in 

Lithium Electrochemical Systems”, Ufa, Russia. 

4. M.A. Kamenskii, S.N. Eliseeva, V.V. Kondratiev, Electrochemical properties of δ–MnO2 

coated by conducting polymer as cathodes for zinc-ion batteries (14 – 22 November, 2022) 

– XVII conference “Current Problems of Energy Conversion in Lithium Electrochemical 

Systems”, Moscow, Russia (in Russian). 

5. M.A. Kamenskii, Studies of electrochemical reactions occurring during charge/discharge in 

aqueous Zn//MnO2 batteries (April 10 – 21, 2023) – International scientific conference of 

students and young scientists “Lomonosov-2023”, Moscow, Russia (in Russian). 

6. M.A. Kamenskii, A.Yu. Popov, S.N. Eliseeva, V.V. Kondratiev, Electrochemical properties 

of cathode materials for aqueous zinc-ion batteries based on manganese dioxide (July 3 – 7, 

2023) – XIV Plyos international scientific conference “Modern issues of theoretical and 

applied electrochemistry: electrochemistry now and in future”, Plyos, Russia (in Russian). 

7. M.A. Kamenskii, Influence of electrolyte cation composition on electrochemical reaction 

properties in Zn//MnO2 batteries (April 12 – 26, 2024) – XXXI International scientific 

conference of students and young scientists “Lomonosov”, Moscow, Russia (in Russian). 

The personal contribution of the author was the definition of the tasks and objectives of the work, 

the planning of the experiment together with the two supervisors. The main experimental results 

obtained by electrochemical techniques, their interpretation and analysis, as well as the preparation of 

the results for publication in scientific journals and presentation at conferences were performed by the 

applicant personally.  

Investigations of structure, morphology and composition of the obtained samples were carried out 

jointly with the staff of the Interdisciplinary Resource Center for Nanotechnology, the Center for X-ray 

Diffraction Studies, the Center for Physical Methods of Surface Investigation and Chemical Analysis, 

and the Materials Research Center of the Research Park of Saint Petersburg State University. Detailed 

analysis and generalization of the obtained structural-chemical data were carried out by the applicant 

personally. 

Main scientific results: 

1. It has been found that the functional properties of cathode materials based on manganese 

oxide with a layered structure (δ-MnO2): specific capacity and cyclic stability during long-

term cycling, increase significantly as a result of preparing the composite materials with 

conducting polymer poly(3,4-ethylenedioxythiophene) by two methods: by adding 5 wt% 

of chemically synthesized polymer or as a mechanical coating of polystyrene sulphonate 
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on the surface of MnO2 particles. The PEDOT:PSS coating on the MnO2 surface allows 

obtaining the maximum specific capacity during long-term cycling due to improved 

electron-ion contact and a "protective layer" that suppresses cathode material dissolution. 

The capacity of the composite electrode was 276 mAh∙g−1 at I = 0.3 A∙g−1, twice that of the 

MnO2-based cathode (134 mAh∙g−1). The results described are presented in section 3.3 of 

the thesis and published in [38]. 

2. A new mechanism of co-intercalation of Zn2+ and H+ ions during the electrochemical 

reaction occurring in rechargeable Zn//MnO2 electrochemical systems has been proposed. 

It involves the co-insertion of H+ and Zn2+ ions present in the electrolyte solution and the 

splitting of H+ ions from water molecules in the coordination sphere of [Zn(H2O)6]
2+ ions 

with the formation of free H+ ions and the [Zn(H2O)5OH]+ cations, which further react with 

excess sulphate anions to form the basic salt Zn4(OH)6SO4∙nH2O. The results described are 

presented in Chapter 5 of the thesis.  

3. The necessity of simultaneous presence of Zn2+ and Mn2+ ions in the electrolyte 

composition for Zn//MnO2 rechargeable systems has been confirmed, because in the 

absence of one of the cations a deterioration of the properties occurs. In operando 

measurements of the electrode mass change by electrochemical quartz microgravimetry 

with registration of cyclic voltammetry in solutions containing excess in concentration of 

alkali metal ions (Li+, Na+) their participation in the intercalation process in the region of 

potentials E ≈ 1.4 V vs Zn/Zn2+ was established. The results described are summarized in 

chapter 4 of the thesis. 

4. It was shown that varying the solution composition and the temperature of the 

hydrothermal synthesis, the same crystalline phase of MnO2 with a layered structure but 

different morphology and degree of crystallinity can be obtained. An increase in the degree 

of crystallinity of the initial oxide leads to an almost twofold increase in the initial specific 

capacity of the manganese dioxide cathode (222 mAh∙g−1, for more amorphous material – 

103 mAh∙g−1). The higher degree of amorphous oxide allows to increase the cyclic stability 

of the electrode materials up to 90% at a current density of 0.3 A∙g−1. The results are 

described in section 3.2 of the study and published in [39].  

5. A systematic and detailed analysis of the influence of the nature of the conducting polymer 

and the pre-intercalated cation on the electrochemical performance of cathode materials 

based on manganese oxide MnO2 has been carried out on the basis of literature data. The 

main hypotheses of the electrochemical reaction mechanism in Zn//MnO2 electrochemical 

systems proposed by the scientific community are critically reviewed. The analyses carried 
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out are presented in chapters 1 and 5 of the study and also published in the form of a 

review article [40]. 

6. For LiMn2O4-based cathode materials the obligatory presence of Li+ ions in the electrolyte 

solution are shown to achieve reproducible functional characteristics. Electrochemical 

conversion of LiMn2O4 to ZnMn2O4 by replacing the electrolyte solution does not occur 

due to the blocking of the cathode surface by Zn2+ ions as a result of their injection. These 

results are described in section 3.1 of the study and published in [41].  

Provisions being defended: 

1. The reversible intercalation of Li+ ions and irreversible introduction of Zn2+ ions into the 

structure of cathode materials based on LiMn2O4 have been experimentally proved by 

changing the cationic composition of the electrolyte. 

2. Depending on the conditions of hydrothermal synthesis of MnO2 (reagents, temperature and 

time), materials with the same crystalline structure of birnessite (δ-MnO2) and with 

different degrees of crystallinity are obtained, which affects their electrochemical 

properties: materials with amorphous structure show lower initial specific capacity, but are 

more stable during long-term cycling. 

3. MnO2-based composite materials with the conducting polymer poly(3,4-

ethylenedioxythiophene) show improved electrochemical performance (291 mAh∙g−1 at 

I = 0.1 A∙g−1) in the mixed 2 М ZnSO4 / 0.1 M MnSO4 electrolyte. 

4. The formation of a polymer coating based on PEDOT:PSS on the surface of MnO2 allows 

to obtain the maximum specific capacity during long-term cycling (276 mAh∙g−1 at 

I = 0.3 A∙g−1) due to the improved electron-ion contact and a “protective layer” that inhibits 

the dissolution of the cathode material. 

5. The participation of the monovalent ion (H+) in the electrochemical reaction was indirectly 

confirmed by the addition of an excess by concentration of the monovalent alkali metal ion 

in solutions of electrolytes based on zinc and manganese sulfates, whose introduction into 

the MnO2 nanolayers during cycling was evaluated by in situ registration of the cathode 

mass changes by electrochemical quartz crystal microbalance. 

6. Depending on the pH of the zinc acetate electrolyte solution, it was found that at pH = 4.5 

the processes of electrolytic precipitation and incomplete dissolution of MnO2 are observed, 

while at pH ≈ 6.0 a different picture is observed due to the low concentration of H+ ions. In 

acetate electrolytes, the mechanism of electrolytic precipitation/dissolution of manganese 

oxide dominates. During the discharge process in the zinc sulfate-based solutions, first the 

intercalation of H+ cations occurs with the parallel transition MnIV – MnIII (E = 1.4 V), 
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further H+ intercalation and simultaneous injection of Zn2+ ions led to the formation of 

basic zinc sulfate Zn4(OH)6SO4∙nH2O (Е = 1.2 V). 

7. During MnO2 oxidation (at charge process), dissolution of basic zinc salt occurs with 

simultaneous deintercalation of Zn2+ and H+ ions, which starts the process of deposition of 

additional MnO2 layer by oxidation of Mn2+ ions.  

8. The overall mechanism of the electrochemical process for the Zn//MnO2 electrochemical 

system can be described as the co-intercalation of Zn2+ and H+ cations, conjugated with the 

electrolytic precipitation and dissolution of MnO2, proceeding with the participation of 

Mn2+ cations and the precipitation/dissolution of the ZHS basic salt precipitate. 
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Chapter 1. Literature review 

 

1.1. Batteries as chemical power sources 

Batteries are secondary chemical power sources, i.e. electrochemical devices that can be recharged 

when connected to an external circuit. The first battery developed in 1859 was the lead-acid battery. 

This battery consists of two lead plates immersed in a sulfuric acid solution, one of which is coated 

with lead dioxide PbO2. This technology is still widely used both in stationary devices such as backup 

or emergency power systems and in in car starter batteries, despite its obvious drawbacks: toxicity of 

lead and its compounds, poor thermal stability (from −10 to +45 °C), low practical energy density 

(about 30 W∙h∙kg−1 with a theoretical one of 167 W∙h∙kg−1) as well as its significant weight. 

On the second stage of batteries development nickel-based electrochemical systems were invented, 

particularly, nickel-cadmium batteries (1899) and nickel-metal hydride alkali batteries (1967) which 

have found their application in different types of electro vehicles, high-power devices as well as in the 

equipment operated at sub-zero temperatures. However, nowadays their usage is limited because of 

low environmental friendliness. Among other disadvantages nickel-based batteries it could be named 

low cycle lifetime (about 300 charge/discharge cycles) and high self-discharge rate.  

In 1991, a new lithium-ion battery technology emerged in the battery industry, which now 

dominates portable electronics (laptops, smartphones, other "smart" devices) and is being introduced in 

electric vehicles (e.g., Tesla electric cars). The advantages of lithium-ion systems include high specific 

energy density (100 – 260 W∙h∙kg−1), low self-discharge, high charge current density, and long life. 

However, lithium-ion batteries have several disadvantages, such as high flammability due to the use of 

ester-based organic electrolytes and cobalt-based cathode materials (LiCoO2, LiCoxNiyMnzO2), high 

toxicity, low content and high cost of lithium and cobalt compounds. 

The concept of the metal-ion battery, proposed in 1976 for lithium-ion systems, is based on the 

movement of metal cations contained in the electrolyte between the cathode and the anode with their 

subsequent reversible intercalation into the crystal lattice of the electrode materials. Based on this 

mechanism of electrochemical device operation, post-lithium metal-ion batteries are being developed 

[42–44] in which lithium ions are replaced by other monovalent (Na+, K+) [45–47] or multivalent 

cations (Mg2+, Ca2+, Zn2+, Al3+) [48–50]. The specific energy values of sodium-ion and potassium-ion 

batteries are lower than those of lithium-ion batteries: about 100 – 150 W∙h∙kg−1 for sodium-ion and 

≈ 150 – 180 W∙h∙kg−1 for potassium-ion cells (Figure 1) [46]. In addition, it is worth noting that due to 

the large size of the dehydrated of Na+ and K+ ions, the selection of intercalation-type cathode 

materials is complicated by the need to create large channels for ion introduction. Comparative 

analysis shows that potassium-ion batteries have some advantages over sodium-ion ones: a more 

negative redox potential (−2.71 V for Na/Na+ and −2.93 V for K/K+), larger ionic radius, as a result of 
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K+ ions are weaker Lewis acids which leads to less solvation effects, and higher specific capacity of 

graphite anode (273 mAh∙g−1 for K+ and 35 mAh∙g−1 for Na+), however, this technology is not mature 

enough to challenge the leadership of lithium-ion batteries [51]. 

 

 

Figure 1. Energy density for different types of batteries [46]. 

 

The main advantage of multivalent metal-ion batteries over monovalent systems is their good 

compatibility with aqueous electrolytes, which increases the operational safety and environmental 

friendliness of this type of system. In addition, since these elements (Mg, Ca, Zn, Al) are widely 

distributed in the Earth's crust, the cost of producing batteries based on them will be lower compared to 

lithium-ion systems. To date, aqueous batteries with zinc anodes have been the most intensively 

researched [50]. However, one of the most challenging aspects of the study of multivalent metal-ion 

systems is the fundamental question of the mechanism of charge storage in these systems, which is 

complicated by stronger electrostatic interactions due to the larger charge of the cation, as well as the 

involvement of different cation species [49]. 

 

1.2. Aqueous zinc-ion batteries: operating principles 

Among metal-ion batteries, aqueous zinc-ion batteries (AZIBs), in which metallic zinc is widely 

used as the anode, could be mentioned separately; they can also be called zinc-metal batteries. These 

electrochemical systems have attracted attention due to several factors: high abundance and 

consequently low cost of zinc, moderate negative potential (−0.76 V vs. H2/2H+) and high gravimetric 

(820 mAh∙g−1) and volumetric (5855 mAh∙cm−3) theoretical capacity of zinc-metal anode [52–56].  
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The operating principle of AZIBs is based on the electrochemical reaction associated with the 

migration of Zn2+ cations in the electrolyte solution between the cathode and the anode [57]. Contrary 

to the more common description of the mechanism of functioning lithium-ion batteries, in which the 

reversible intercalation of Li+ ions into the material structure is unambiguously realized (the so-called 

“rocking chair” mechanism [58]), the reversible intercalation of zinc ions into the cathode material 

structure is not unambiguously realized; therefore, possible electrochemical reaction pathways or 

multiple reactions occurring in such a system are intensively studied. Nevertheless, it is believed that 

during cell discharge, zinc ions enter the near-electrode space or cathode structure, participate in 

various electrochemical processes, and leave the cathode/electrolyte interface during charging. At the 

anode, there is a reversible process of zinc dissolution from the anode surface during discharge and its 

deposition during charging (Zn0 ⇌ Zn2+ + 2 e−). The scheme of this cell is shown in Figure 2. 

 

  

Figure 2. Scheme of aqueous zinc-ion battery [52]. 

 

Historically, electrochemical systems with a metal zinc anode have been known since 1865, when 

the salt galvanic cell or Leclanché cell was constructed. In this cell, in addition to zinc, a paste 

electrode based on MnO2 was used, and the electrolyte was ammonium chloride solution, which is 

alkaline due to hydrolysis. Despite the researches published at the end of the XX century on the study 

of Zn//MnO2 electrochemical system in solutions based on zinc sulfate with neutral or near neutral 

medium [59], the beginning of the research of MnO2-based cathode materials with aqueous mildly 

acidic electrolyte for the rechargeable AZIBs is 2009, when the possibility of reversible intercalation of 

zinc ions into the MnO2 structure with formation of ZnMn2O4 was found [60], and two years later the 

same research group proposed the concept of “zinc-ion batteries” [8]. The advantages of these cells 

include high capacity, charge/discharge rate, safety and environmental friendliness [54,61,62]. 
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The practical importance of such batteries is due to several factors: the high abundance and 

consequently low cost of zinc, the availability and environmental friendliness of cathode materials (in 

the case of MnO2 cathodes) [63], the compatibility of zinc with aqueous electrolytes, which allows the 

development of completely safe and non-flammable electrochemical systems. It is estimated that the 

energy cost of zinc-ion systems will be in the order of $65/kW∙h, while the energy cost of lithium-ion 

battery is at least $300/kW∙h [64]. Since 2022, there is a startup that aims to develop a full production 

cycle of zinc-ion battery: Salient Energy, Canada (company website https://salientenergyinc.com). 

However, despite the development prospects, zinc-ion battery technology has not yet been widely 

adopted and industrialized. It is associated with the drawbacks inherent to cathode materials, metal 

zinc anodes and electrolyte solutions. In the case of cathode materials, the main problems are their 

dissolution during cycling, poor or low intrinsic electronic conductivity, slow diffusion of zinc ions 

due to strong electrostatic interactions with the cathode, and formation of by-products during discharge 

[56,64]. The electrochemical reaction mechanism is also complicated by interactions between cathode 

materials and Zn2+ cations in the electrolyte solution with water molecules or their autoprotholysis (H+ 

or OH− ions) [56]. 

Major problems with zinc anodes include zinc anode corrosion, which can promote a number of 

side processes: cathode product formation [65], zinc dendrite formation and hydrogen evolution 

reaction on the zinc surface, and zinc self-passivation during cycling [66]. To minimize surface side 

reactions, various porous organic (conducting polymers) and inorganic (oxide and salt films) coatings 

are applied to the anodes, and the electrolyte composition is varied to increase the reversibility of the 

anodic zinc deposition/dissolution reaction [52,67,68].  

An important component of AZIBs is the electrolyte, which not only enables the transfer of zinc 

cations from the cathode to the anode, but can also influence the cathodic and/or anodic reaction 

mechanism. The main electrolytes are aqueous solutions of ZnSO4 or Zn(CF3SO3)2 with different 

concentrations [69,70] and pH value ≈ 4 – 5, which have the disadvantages of narrow electrochemical 

stability range, low Coulombic efficiency of zinc deposition/dissolution. Other salts (ZnCl2, Zn(NO3)2, 

Zn(ClO4)2, Zn(CH3COO)2, Zn[(CF3SO2)2N]2) can also be used, non-aqueous electrolytes based on 

organic solvents are used much less frequently which is related to lower specific capacity values for 

cathode materials in these solutions [71]. Electrolyte improvement strategies are primarily aimed at 

improving interfacial contacts with the electrode surface, extending the range of electrochemical 

stability and operating temperatures, and improving zinc deposition efficiency. 

Despite all the problems mentioned above, the properties of the battery are primarily determined by 

the properties of the cathode material. Many different variations of cathode materials have been 

proposed for AZIBs, which can be divided into several groups: transition metal oxides, of which 

manganese (MnO2) or vanadium (V2O5) oxides are the most intensively studied [72], 
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hexacyanoferrates (Zn3[Fe(CN)6]2∙H2O) and transition metal dichalcogenides (MoS2), and organic 

cathodes based on quinone or polyaniline derivatives [10,63,73,74]. Based on the data comparing the 

energy and power of different cathode materials, it can be seen that manganese and vanadium-based 

materials are the most promising for commercial applications (Figure 3).  

 

 

Figure 3. Ragone plot for different cathode materials for AZIBs [74]. 

 

1.3. Manganese oxide as cathode for aqueous zinc-ion batteries 

Manganese dioxide MnO2 is one of the first materials to be proposed as a cathode for aqueous zinc-

ion batteries [6,60], and is still being intensively researched. Manganese oxide is composed of MnO6 

octahedrons which, depending on the coordination method, can form different structures of tunnel, 

layered or spinel type (Figure 4). The most abundant and intensively studied MnO2 polymorphs are α-

MnO2 (2x2 tunnels, hollandite), β-MnO2 (1х1 tunnels, pyrolusite), T-MnO2 (3х3 tunnels, todorokite) 

γ-MnO2 (2х1 tunnels, nsutite), ε-MnO2 (dense structure, akhtenskite), δ-MnO2 (1х∞ tunnels or layered 

structure, birnessite) and λ-MnO2 or ZnMn2O4 (spinel structure) [10,75].  
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Figure 4. Crystal structures of various MnO2 polymorphs [10]. 

 

Despite the different crystal lattice coordination types, the specific capacity of cathode materials is 

slightly dependent on the initial oxide structure due to the same redox process, in particular, MnIV –

 MnIII or MnIV – MnII transitions [76,77]. However, different crystal structures influence the 

thermodynamics and kinetics of cation intercalation and deintercalation processes, affecting 

parameters such as initial material capacity, cyclic stability, and charge transfer parameters [77,78]. In 

particular, the spinel structures regardless of the characteristics described in the literature [79–81] are 

not the most suitable for the intercalation of Zn2+ ions due to the strong electrostatic repulsion of zinc, 

located in the tetrahedral position, from the MnO6 octahedrons [82]. On the other hand, the layered 

materials held by weak interactions are attractive only because of the large interlayer distances (for 

example, in the structure of δ-MnO2, also called birnessite, this parameter is 0.7 nm). 

As mentioned above, high energy density values could be obtained for manganese oxide-based 

cathode materials. This could be related to several reasons: the high value of the redox transition 

potential (≈ 1.5 V vs. Zn/Zn2+), moderate theoretical specific capacity (308 mAh∙g−1 for MnIV – MnIII 

transition or 616 mAh∙g−1 for MnIV – MnII reaction) [83]. In addition, manganese oxide has a number 

of other advantages: low cost, environmental friendliness, ease of synthesis, and the ability to control 

the crystal lattice and morphology of the material by modifying certain synthetic procedures, i.e., to 

synthesize a material with the desired properties. 



23 

However, two major problems characterize MnO2-based cathode materials: the low value of the 

intrinsic electronic conductivity (≈ 5∙10−6 S∙cm−1) and the capacity loss during cycling process [17]. 

This is related to the reduction of Mn4+ to Mn3+ cation, which is unstable due to the distorted geometry 

of the structure (Jahn-Teller effect), leading to the disproportionation of Mn3+ to Mn4+ ions and soluble 

Mn2+ ions. 

The main way to solve the problem of cathode dissolution is to add a salt containing Mn2+ cations 

to the electrolyte solution to suppress the dissolution of the oxide by excess concentration of Mn2+ ions 

[17,18,84,85]. Indeed, this approach has become extremely widespread, and currently a mixed 

electrolyte containing zinc and manganese salts is used in almost all studies of the properties of these 

cathode materials. 

The following strategies can be considered as approaches to improve the properties of MnO2-based 

cathode materials [6]:  

1) MnO2 crystal lattice control (synthesis of MnO2 particles with given morphology); 

2) Directed creation of defects in the MnO2 crystal lattice; 

3) Doping with foreign particles, including pre-intercalation with metal cations; 

4) Development of MnO2-based composite materials (addition of carbonaceous materials, 

conducting polymers). 

All of the above approaches lead to a significant change in a number of properties at once: 

structure, morphology, conductivity, resulting in a change in the functional properties of cathode 

materials. They can also be used together for mutual reinforcement and greater improvement of 

cathode properties.  

Another important issue is the question of the complex mechanism of electrochemical reactions in 

aqueous Zn//MnO2 batteries. This complexity arises from the involvement of three types of cations 

(Zn2+, Mn2+, and H+) and water molecules. The main difficulty is to reliably demonstrate the reversible 

movement of Zn2+ ions into the crystal lattice of MnO2 due to strong electrostatic repulsion. 

 

1.4. Approaches to enhance the properties of δ-MnO2 based cathodes 

Among the various strategies for modifying MnO2-based cathodes, controlling the crystal phase is 

less common because most MnO2 polymorphs are electroactive in aqueous mildly acidic zinc- and 

manganese-sulfate-based electrolytes. Nevertheless, layered manganese dioxide has a higher initial 

specific capacity compared to β-MnO2 (126 mAh∙g−1 and 100 mAh∙g−1, respectively, at the same 

current density value) due to more effective intercalation of H+ ions in the oxide structure, i.e. lower 

charge transfer resistance due to greater interlayer distance [86]. Therefore, the use of layered 

manganese oxide is of greater interest because various metal cations, including Zn2+ cations, can be 

incorporated into the layered structure [11–13]. 
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However, the layered structure is unstable during long-term cycling due to changes in the initial 

crystal lattice. To improve the cycling stability, different synthetic approaches could be used to obtain 

materials with different morphology. For example, manganese oxide nanoflakes obtained by thermal 

decomposition of KMnO4 solution show poor cyclic stability (capacity retention ≈ 50% during 100 

cycles) in the manganese-free electrolyte solution [87]. δ-MnO2 nanosheets tested in the mixed 

1 M ZnSO4 / 0.1 M MnSO4 electrolyte retain 66.5% of the maximum capacity at a current density of 

0.1 A∙g−1, which the authors attribute to the two-dimensional material structure with more surface 

contact with the electrolyte [88]. Manganese oxide with nanoflower morphology synthesized on the 

carbon paper surface showed an initial capacity value of 323 mAh∙g−1 at current a density of 0.3 A∙g−1 

and during cycling at I = 5.0 A∙g−1 almost 70% capacity increase up from 100 mAh∙g−1 was observed 

over 5000 cycles [89]. The capacity increase effect could be related to additional manganese oxide 

deposition from the electrolyte solution on the cathode surface with low mass loading of electroactive 

material as well as the capacity response of the carbon current collector [88]. 

Another effective way to control the morphology of cathode materials is the development of 

nanostructured materials. For example, a 3D intertwined nano-network consisting of 1D δ-MnO2 

nanowires has been synthesized by hydrothermal method [90]. During the preparation of this material, 

carbon black, used as a conductive additive, penetrates inside the network, which leads to an increase 

in the overall electron-ion conductivity of the cathode and causes high values of specific capacities 

(342 mAh∙g−1 at I = 0.162 A∙g−1 and 150 mAh∙g−1 at I = 6.5 A∙g−1) as well as 75% of capacity retention 

over 400 cycles at I = 1.623 A∙g−1. An alternative to such three-dimensional structures are hollow 

materials in which a void is created inside the grain of the active component. δ-MnO2 hollow 

nanospheres were obtained on the surface of SiO2 particles which were used as a template and further 

etched by alkaline solution (Figure 5, a) [91]. Materials with a hollow structure are preferable for the 

intercalation of ions because the diffusion of intercalated cations should be easier, which the authors 

confirm by measuring the impedance spectra at open circuit potential before and after the first 

charge/discharge cycle. The decrease of the charge transfer resistance after the first discharge is due to 

the facilitation of the intercalation processes of Zn2+ cations into the cathode structure. As a 

consequence, during 100 charge/discharge cycles at a current of 1 C for hollow materials, a gradual 

increase in the specific capacity is observed (Figure 5, b). 
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Figure 5. a) High-resolution TEM-image of MnO2 hollow nanospheres; b) cyclic stability of MnO2-

based cathodes with different morphology [91]; c) cyclic stability of MnO2-cathodes with different 

crystallinity; d) ion diffusion pathways in crystalline and disordered materials [92]. 

 

In most cases, to ensure high ion diffusion rates in the lattice of a material, researchers try to design 

materials with a high crystallinity, which is justified in the case of materials in which Li+ or Na+ 

cations are intercalated. Hydrated Zn2+ ions have a larger effective radius compared to Li+ or Na+, in 

addition, the higher charge leads to stronger electrostatic interactions with the crystal lattice of the 

material, resulting in the appearance of lattice defects and its "amorphization". Thus, the targeted 

development of disordered manganese oxides is also of interest to obtain improved functional 

properties [92,93]. In amorphous metal oxides, a high concentration of crystal lattice defects is 

observed, which reduces the number of interfaces and, consequently, the charge transfer resistance in 

the prepared electrode materials. In addition, the wettability of disordered materials is higher than that 

of crystalline materials [92]. During cycling, an artificial capacity growth was observed for such 

materials due to the deposition of additional electroactive ε-MnO2 layer, and higher efficiency at 

higher discharge current density: ≈ 170 mAh∙g−1 at a current density of 5.0 A∙g−1 which is caused by an 

increase in the active vacancy quantity, which led to easier ion diffusion in the disordered material 

structure (Figure 5, c, d).  

The design of MnO2-based composite materials with different carbon-based substances is a 

traditional way to firstly improve the electronic contact between active material grains and specific 

surface area. In particular, the use of graphite as a matrix to form δ-MnO2 nanoflowers led to at least a 
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twofold increase in the specific capacity of the material (up to 300 mAh∙g−1 at a current density of 

0.2 A∙g−1) but did not affect the cyclic stability: the capacity fading was almost 50% of the maximum 

value after 100 cycles at a current density of 0.4 A∙g−1 [94]. The preparation of the cathode material by 

electrodeposition of MnO2 on the carbon nanotubes used by the authors [95] showed that despite the 

outstanding capacity values (≈ 200  mAh∙g−1 at current density 2.0 A∙g−1) the achieved effects of 

reducing the interfacial resistance and facilitating the ionic transport did not solve the problem of low 

cyclic stability. The addition of a layer of carbon nanotubes on the surface of carbon paper allowed the 

synthesis of a binder-free δ-MnO2 cathode with high volumetric capacity (1.9 mAh∙cm−2) and 

satisfactory cyclic stability (capacity retention was 76.7% of the initial value after 400 cycles at 

I = 0.2 mA∙cm−2) [96]. The formation of carbon coatings of organic matter (lignin or dopamine) on the 

surface of the electroactive material grains improved the stability of the materials by reducing the 

direct contact between the cathode material and the electrolyte, which, according to the authors, 

reduced its dissolution [97,98].  

Besides carbon-based materials, the approach of modifying cathode materials with conducting 

polymers is widely used and efficient due to their high electronic and ionic conductivity, chemical and 

electrochemical stability in aqueous electrolytes and low solubility in aqueous media [99,100]. The 

most commonly used conducting polymers are polyaniline (PANI), polypyrrole (PPy) and poly(3,4-

ethylenedioxythiophene) (PEDOT) because of the wide range of easily controllable synthetic routes 

and conditions of the polymers themselves or composite materials incorporating them. It should be 

noted that conducting polymers could be used as coatings for electroactive grains or to intercalate 

polymer fragments into the manganese dioxide lattice, as will be shown later. Furthermore, it has been 

found that coating the zinc anode with conducting polymers (e.g. PPy) also improves the stability of 

the Zn//MnO2 cell [101].  

One way to obtain polymer-modified materials is the interaction at the interface between aqueous 

and organic phases or at the gas-liquid interface, which has been tested for MnO2/PANI composites 

(Figure 6, a) [24,25]. As a result of the reaction, a manganese oxide with a birnessite structure is 

formed layer-by-layer, with polymer layers between the oxide layers, i.e. a partial introduction of 

polymer fragments into the MnO2 structure takes place, which was indirectly demonstrated by an 

increase in the interlayer distances in the composite to ≈ 1.0 nm based on selected area electron 

diffraction data. In addition, the specific surface area is also improved by polymer incorporation. The 

specific capacity of the cathode material was 250 – 300 mAh∙g−1 at a current density of 0.2 A∙g−1, as 

well as high (> 90%) cyclability and coulombic efficiency at different current densities (Figure 6, b). 

Another method of aniline polymerization is to use the MnO2 matrix as an oxidizing agent, so that 

during monomer oxidation there is a controllable decrease in the oxidation state of manganese in the 

resulting composite. Nevertheless, the main valence state of manganese is Mn4+ based on XPS 
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data [26]. As in the case of the polymer-intercalated material, the cyclic stability at different current 

densities is significantly improved (in particular, at I = 2.0 A∙g−1 the capacity fading was 18% after 

2000 cycles). This improvement is due both to the formation of a physical barrier to the uncontrolled 

dissolution of MnO2 and to the facilitation of ion diffusion. 

The strategy of developing ternary composites based on manganese oxides, carbon materials and 

conducting polymers has also proved successful in the field of electrode materials for metal-ion 

batteries. A polyaniline-coated composite material with reduced graphene oxide (rGO), was prepared 

by a two-step process of mechanical mixing of MnO2 and rGO and hydrothermal treatment, followed 

by synthesis of PANI the presence of ammonium persulfate on the surface of the material [32]. The 

presence of the polymer increased the specific surface area of the composite and improved the 

electronic contact between the composite particles, and PANI also acted as a protective barrier, 

suppressing the dissolution processes of the cathode material. Together, this resulted in a 20 – 30% 

increase in specific capacity over a wide current range, as well as an improvement in cyclic stability 

(capacity retention was 83% over 600 cycles at 1.0 A∙g−1). Similar characteristics were achieved when 

MnO2 itself was used as an oxidizing agent [33]. In addition to the capacity improvement, analysis of 

the material properties by cyclic voltammetry showed that for any value of the scan rate, the 

pseudocapacitive contribution to the total capacity of the material increases in the presence of the 

polymer. The use of the aniline derivative 4,4’-bis-oxybenzylamine for the deposition of the polymer 

on the carbon paper surface followed by the electrodeposition of MnO2 nanospheres, allowed to obtain 

a cathode material without the use of conductive additives and binders, with high capacity and 

cyclability (150 mAh∙g−1 at I = 2.0 A∙g−1 and capacity retention of 89.3% over 2000 cycles) [102]. 

Using density functional theory method, it was shown that Mn–O–C bonds between the oxide lattice 

and the carbon matrix, as well as Mn–N bonds between MnO2 and PANI, stabilize the cathode 

structure and thus improve the electronic and ionic contact in the material.  

Compared to polyaniline, polypyrrole has a higher thermal and chemical stability due to its 

heterocyclic structure, which also determines its application in cathode materials for AZIBs [103]. 

Both MnO2//PPy composites [27,28] and ternary composites with carbon-based materials [30,31,104] 

have been studied. The incorporation of conducting polymer allows to increase the cyclic stability of 

cathode materials and to promote more intense artificial capacity growth at low current density due to 

the formation of Mn–N bonds [27]. In turn, the co-synthesis of MnO2 in the presence of pyrrole allows 

the preparation of microspheres composed of β-MnO2 nanorods and PPy nanowires. This composite 

material showed the specific capacity value of 105 mAh∙g−1 at I = 1.0 A∙g−1 and high cyclic stability at 

low current density value [28]. The use of carbon nanotubes resulted in the increase of the initial 

specific capacity up to 160 mAh∙g−1 at a current density of 1.0 A∙g−1 due to the sharp decrease of the 

charge transfer resistance, as well as the facilitation of the ionic diffusion in the three-dimensional 
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highly porous structure with uniform distribution of all components [30]. The authors [31] deposited 

MnO2 on graphene oxide followed by polypyrrole coating. The material consisted of continuous yarns 

in which oxide nanowires were coated with the polymer, which allowed achieving the specific capacity 

of 190 mAh∙g−1 at I = 1.0 A∙g−1. Thus, the main contribution to the improvement of the 

electrochemical properties of cathode materials is made by the carbon additive, and the conducting 

polymer additionally enhances its effect. 

 

 

Figure 6. a) Schematic illustration of expanded intercalated structure of polyaniline (PANI)-

intercalated MnO2 nanolayers [25]; C-rate capabilities for PANI-intercalated oxide (b) [25] and for 

PEDOT-modified cathode (c) [105]; d) schematic diagram illustrating the 3D structure of CNTs 

conductive networks and PEDOT-modified MnO2-based ternary composite [105]. 

 

One of the most widely considered conducting polymers at present is poly(3,4-

ethylenedioxythiophene) (PEDOT) due to its high chemical, thermal and electrochemical stability as 

well as low solubility in almost any type of solvent and excellent conductivity for this class of 

compounds and the various available preparation methods [106]. In particular, chemical precipitation 

of PEDOT using potassium permanganate as oxidant and MnO2 precursor is possible, but this method 



29 

is rather long. During in situ polymerization and KMnO4 reduction, the polymer-coated δ-MnO2 

nanowires were obtained with the length of hundreds of nanometers, with additional voids formed 

between them [107]. This composite showed the specific capacity of 133 mAh∙g−1 at a current density 

of 2.0 A∙g−1, due to the increased pseudocapacitive contribution to the total capacity of the material due 

to the presence of the polymer coating. Cyclic stability was also improved, with capacity retention of 

85% over 1000 cycles at 2.0 A∙g−1 over 1000 cycles. The specific energy of this material amounted 

≈ 406 W∙h∙kg−1 at the power of 0.5 kW∙kg−1. The oxidation reaction of a solution containing EDOT 

monomer and manganese sulfate with potassium permanganate solution yielded manganese oxide with 

a layered structure with oligomeric fragments between the oxide layers [108]. Although the authors 

claim an increase in the interlayer spacing, which they confirm by X-ray diffraction and transmission 

electron microscopy, this increase is insignificant (d ≈ 0.7 nm), which is standard for birnessite. The 

polymer content in the composite was about 6.5%, which resulted in an increase in the porosity of the 

material, leading to improved contact with the electrolyte, and a non-significant increase in the 

interlayer spacing to facilitate ionic transport. Another way to form a polymer coating on the surface of 

a material, using manganese oxide as an oxidizing matrix, was used to deposit a PEDOT coating on the 

surface of MnO2 microspheres [34]. During the synthesis, ε-MnO2 particles of ≈ 1.5 μm in size were 

obtained, the thickness of the polymer coating was up to 4 nm, and the polymer content was up to 

8.8%. The values of the specific capacity are comparable to the previously discussed composite [108] 

(135 mAh∙g−1 at I = 2.0 A∙g−1), and the increase in the pseudocapacitive contribution was also shown, 

i.e., the polymer coating plays the role of a physical barrier and contributes to the specific capacity 

through the accumulation of double-layer capacity by the nonfaradaic mechanism, regardless of the 

initial oxide structure. 

Preparation of ternary composites based on MnO2, PEDOT and carbon additives also improved 

both functional properties and kinetic parameters of charge transfer. The most unusual example is the 

preparation of conventional electrode material from the mixture of manganese dioxides (α-MnO2 and 

δ-MnO2) on the carbon paper with subsequent electrodeposition of PEDOT on the electrode 

surface [35]. According to transmission electron microscopy data, the particles of δ-MnO2 were 

homogeneously distributed and interconnected by α-MnO2 nanowires, and a polymer layer was 

deposited on the surface for greater stability. This route resulted in superior specific capacity values 

(360.5 mAh∙g−1 at 0.1 С and 94 mAh∙g−1 at 5 С) and also significantly increased the rate of ion 

diffusion into the material structure. An alternative approach of deposition of MnO2 on the surface of 

carbon material followed by application of PEDOT:PSS dispersion was used to obtain a graphene 

matrix composite [36]. This three-layer structure resulted in a highly porous material as well as a three-

dimensional network for electrolyte distribution within it. This allowed to achieve a specific capacity 

of 148 mAh∙g−1 at I = 6.0 A∙g−1 and a capacity retention of 68% after 1000 cycles at I = 5.0 A∙g−1. 
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Sequential electrodeposition on the surface of carbon nanotube-modified carbon cloth first with MnO2 

and then with PEDOT, yielded a coaxial cable structure based on interconnected nanotubes coated with 

MnO2 and a rough thick layer of PEDOT uniformly distributed on the surface [105]. This material 

exhibited a capacity of 176 mAh∙g−1 at I = 10.8 A∙g−1, which is one of the highest achieved at high 

material loading (about 3 mg∙cm−2) (Figure 6, c, d).  

Another frequently used strategy to improve the properties of cathode materials for AZIBs is the 

introduction of heteroatoms into the MnO2 structure. [109]. The introduction of foreign metals allows 

to achieve several positive effects: increase of interlayer distances in the crystal lattice of the material, 

formation of a larger number of defects in the structure and lattice stabilization due to the formation of 

new chemical bonds between MnO6 octahedrons and metal cations. To date, a large number of papers 

have been published on the synthesis of pre-intercalated manganese oxides and their study in various 

fields, including aqueous zinc-ion systems. Very different ions can be considered as dopant cations: M+ 

(Li+, Na+, K+, NH4
+), M2+ (Ca2+, Zn2+, Co2+, Cu2+), M3+ (Al3+, Bi3+, Fe3+, Co3+, La3+, Ce3+) and others 

(Sn4+, V5+, Mo4+ – Mo6+). The manipulation of lattice parameters in the case of layered manganese 

oxide is of particular interest due to the stabilization of the structure and prevention of dissolution of 

the material during cycling.  

Comparative analysis of cathode materials based on MnO2 doped with different ions of the same 

chemical nature has been performed for alkali metal ions [110] and VIII group transition metal 

ions [111]. In the case of doping by M+ ions, K+-doped materials were found to have the best 

functional performance (270 mAh∙g−1 at I = 0.1 A∙g−1 and 95 mAh∙g−1 at I = 3.0 A∙g−1), for which 

larger interlayer spacing values (0.65 nm) were obtained by high-resolution transmission electron 

microscopy and X-ray diffraction compared to Li+ (0.52 nm) or Na+ (0.55 nm) doped materials (Figure 

7, a, b). The slight decrease relative to the standard interlayer spacing in the birnessite structure in all 

doped materials is caused by the absence of intercalated water molecules [110]. In this context, 

potassium ions, whose presence in the structure is most often due to the use of KMnO4 as a precursor, 

give the greatest positive effect on the properties of cathode materials, which is confirmed by a number 

of studies [112–116]. For the transition metal ions (Fe, Co, Ni) the comparative analysis showed that 

the FexMnO2 material is more stable during long cycling than the Co- and Ni-doped ones [111]. 

Nevertheless, Co2+ ions are often used to improve manganese oxide-based cathodes [117–119], since 

cobalt cations are able to suppress the Jahn-Teller effect and also have a positive effect on the 

electronic and ionic conductivity of the cathode material. An interesting effect in the presence of cobalt 

ions is the facilitation of MnOx deposition on the cathode surface due to the intrinsic electrochemical 

transition of Co2+ ↔ Co3+, which led to the constant capacity growth at low current densities (Figure 7, 

c) [117]. Electrodeposition of Co-doped MnO2 on the carbon cloth from solution containing Zn2+, 

Mn2+ and Co2+ ions allows obtaining the material doped by Zn2+ and Co3+ ions which resulted in a 
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significant increase in the cyclic efficiency at high current rates: in particular, the values of the specific 

capacity of 280 mAh∙g−1 at I = 1.2 A∙g−1 and 205 mAh∙g−1 at I = 3.0 A∙g−1 were obtained while the 

unmodified material exhibited 170 and 70 mAh∙g−1 at the same current densities [118]. 

The pre-intercalation of Zn2+ into the MnO2 crystal lattice is an attractive way to improve the 

electrochemical performance due to their intended reversible insertion/extraction into the MnO2 host 

during the cycling process in Zn-containing electrolytes [120–123]. The introduction of zinc ions into 

the layered structure of manganese oxide led to an increase in the strength of the crystal structure of 

the oxide and also significantly increased the specific surface area of the particles. In manganese-

containing electrolyte solution Zn-doped materials demonstrated extremely high cyclic stability, the 

capacity fading in different modes (1 and 3 A∙g−1 over 500 and 2000 cycles, respectively) was too low 

(about 10% over 2000 cycles Such high stability could be related to the increase of the specific surface 

area and the deposition of MnO2 from the electrolyte solution [120]. Enhancement of the positive 

effects of doping with metal ions can be achieved by additional modification with carbon materials. In 

particular, the synthesis of a complex composite material based on Zn-doped MnO2 with graphene 

quantum dots (GQDs) allowed to obtain nanoflowers up to 200 nm in size, uniformly covered with 

quantum dots (Figure 7, d). This synergistic effect reduced the polarization in the cell by 50 – 100 mV 

and also significantly reduced the charge transfer resistance between the particles, which is due to the 

improved electronic contact (Figure 7, f, g). The specific capacity value at a current density of 

1.0 A∙g−1 was about 370 mAh∙g−1, the capacity retention was 88% of the initial value over 500 cycles 

[123]. 
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Figure 7. X-ray diffraction patterns (a) and cyclic stability at a current density of 0.3 A∙g−1 (b) for M-

δ-MnO2 cathodes (M = Li, Na, K) [110]; illustration of the mechanism of the catalysis effect via Mn 

self-catalysis (Route 1) and via cobalt-induced catalysis (Route 2) (c) [117]; synthesis of Zn-MnO2 

composite with graphene quantum dots (d) [123] and Al-doped K0.27MnO2 (e) [124]; CV curves (f) and 

impedance spectra (g) for GQDs@ZnxMnO2 composite material [123]; h) cyclic stability of MnO2-

cathode doped by K+ and Al3+ ions [124]. 

 

Strong bonds between trivalent metal ions and the oxygen sublattice of manganese oxide 

significantly improve the structural stability of doped materials. M3+ metal ions, i.e. Al3+, La3+, Bi3+, 

can be used as dopants [124–128]. Large heterovalent particles (La3+, Bi3+) increase the size of 

diffusion channels, which facilitates the processes of ion transport into the lattice of the cathode 

material. However, due to the large radius of the dopant ions, the intrinsic electron transfer in the 

cathode structure is disturbed, leading to a decrease in the functional properties, as has been shown for 

Bi-doped δ-MnO2-based cathodes [128]. Thus, a balance between the charge of the cation and its size 

is required to ensure stability of the crystal structure and high ionic conductivity.  

An interesting approach is the simultaneous introduction of two ions of similar or different 

chemical nature. For example, the introduction of two alkali metal ions (Na+ and K+) into the layered 

structure of δ-MnO2 led to an increase in the interlayer distances in the material structure, which 

facilitated the diffusion of ions in the material and increased the cyclic stability up to 95% at a current 

density of 0.5 A∙g−1 [129]. The simultaneous use of monovalent (K+) and trivalent (Al3+) ions in the 

hydrothermal synthesis of bi-doped δ-MnO2 structure (Figure 7, d) [124] allowed the authors to obtain 

the material with a smaller crystallite size (the grain size for bi-doped Al-KMO was 6.7 nm, and for 

KMO it was 8.4 nm), i.e. the presence of Al3+ ions facilitated the nucleation of the material particles. 

This technique increased both the specific capacity of the material (314 mAh∙g−1 at 0.2 A∙g−1) and the 
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stability during cycling (capacity retention was 85% over 300 cycles at 0.5 A∙g−1). In addition, the 

authors declare that doping with Al3+ cations stabilize the layered oxide structure, which allows 

achieving a high degree of cyclability of the material (Figure 7, h).  

The electrochemical properties of metal ion-doped oxides can also be improved by the addition of 

carbon-based materials. For example, the directed electrodeposition of Na-doped manganese oxide on 

the surface of a graphene-like carbon substrate made it possible to produce an oxide uniformly 

distributed on the surface of the carbon material, which was further used as an electrode without the 

preparation of conventional electrode material [130]. The outstanding electrochemical performance of 

this cathode material (382 mAh∙g−1 at 0.1 A∙g−1 and 75% of capacity retention over 1000 cycles at 1.0 

A∙g−1) is related to the highly porous 3D structure of the composite material and the stronger 

electrostatic interaction between Zn2+ ions and the MnO2 crystal lattice, which was confirmed by 

theoretical calculations. Chemical synthesis of manganese oxide doped with potassium cations on the 

surface of SiO2 spheres as a template, followed by its removal, led to the preparation of hollow porous 

spheres of hydrated K-doped MnO2 coated with a carbon shell [131]. This material was able to operate 

efficiently at high charge/discharge rates due to its large porosity and many voids, and it also provided 

a cyclic stability of over 80% during 2000 or even 6000 cycles. Due to the synergistic effect of the 

intercalation of K+ ions, a large number of oxygen vacancies and mesoporous hollow carbon 

nanospheres in the structure, improved charge transport and reduced material volume change during 

cycling are achieved, resulting in brilliant charge transfer kinetics, as shown by impedance 

spectroscopy: a threefold decrease in charge transfer resistance after 30 charge/discharge cycles was 

observed, as well as a decrease in the Warburg constant, indicating the facilitation of diffusion 

processes. 

Cathode materials based on doped manganese oxides modified with conducting polymers are also 

intensively studied nowadays, since the application of a conducting polymer coating allows stabilizing 

the material and minimizing the dissolution process, and doping, by partially changing the crystal 

lattice and increasing the interlayer distance, facilitates the transport of charge and ions in the material 

lattice. For example, Fe3+-doped α-MnO2 was coated by PPy [29] during chemical polymerization, 

where MnO2 itself was used as an oxidant, while Fe3+ ions did not participate in the oxidation reaction. 

An alternative way to obtain the polymer coating is electrochemical polymerization, which was 

applied to PEDOT/Co-MnO2 composite [132]. In both cases, an improved performance in terms of 

discharge capacity and cyclic stability of the cathode materials was achieved due to the above-

mentioned factors, which was confirmed both by the reduction of the charge transfer resistance and by 

various methods of diffusion parameter estimation.  

Thus, there are several ways to control and improve the properties of MnO2-based cathode 

materials, but the most interesting are those that are readily available and reproducible, as well as 
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advantageous in terms of the characteristics obtained. Obviously, a combination of different 

approaches is more effective than any single approach, but these are, in most cases, difficult to scale up 

processes where it is difficult to achieve 100% reproducibility of both structural-morphological and 

electrochemical properties of cathode materials. 

 

1.5. Electrochemical reaction mechanism of Zn//MnO2 batteries 

One of the most important issues in aqueous zinc-ion batteries has been the mechanism of the 

electrochemical reaction in the mildly acidic aqueous electrolyte. The presence of water molecules and 

Mn2+ ions along with the presence of Zn2+ in the electrolyte solutions competing with each other 

complicates a better understanding of the reactions that occur. 

Nowadays, several main opinions about the electrochemical reaction mechanism in Zn//MnO2 cell 

have been proposed [37,133,134]: 

1) Reversible intercalation of only Zn2+ ions; 

2) Absence of zinc intercalation and participation only of H+/H3O
+ ions; 

3) Co-intercalation of Zn2+ and H+ ions mechanism; 

4) Electrolytic deposition/dissolution of MnO2. 

In addition, some difficulties are caused by the formation of the salt Zn4(OH)6SO4∙nH2O (zinc 

hydroxide sulfate, ZHS) during discharge, which occurs due to the local due to the local change in the 

pH of the electrode layer and the increase in the concentration of [Zn(H2O)6]
2+ complex ions [135]. 

The role of this basic salt is not limited to the formation of a physical barrier to further ion 

intercalation and/or a barrier to the dissolution of MnO2 from the cathode surface. On the contrary, 

since its reversible dissolution occurs during cycling, this surface process affects the content of Zn2+ 

and H+ ions in the near-electrode layer, thus forming a dynamic equilibrium near the cathode surface 

[136].  

In accordance with the more common monovalent metal-ion systems (lithium-ion, sodium-ion 

batteries), a mechanism of reversible intercalation of zinc ions into the crystal lattice of the cathode 

material and, in the case of layered oxides, into the interlayer space has been proposed 

[17,29,113,125,137]. It should be noted that in recent reports this mechanism is discussed only for pre-

intercalated manganese oxides, which could be related to the influence of the doping ion on the crystal 

lattice and, as a consequence, the suppression of some of the possible reactions (Figure 9, a). This 

mechanism can be considered historically as the first one proposed [8,60], but numerous studies by 

other authors have shown that this approach was not quite correct, since it did not take into account a 

number of parameters important for the functioning of the cell.  

Another variant of the mechanism mentioned in the literature, which generally does not take into 

account the participation of zinc in the cathodic reaction, is the reversible intercalation of H+/H3O
+ 
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ions, which causes the transformation of the original MnO2 lattice [20,22,138–140]. In this 

mechanism, the change in proton concentration due to their intercalation leads to local changes in pH, 

which explains the fact that the functional properties depend on the acidity of the solution. A detailed 

study of the pH changes during cycling [22,138] showed that the local pH value changed from 4.3 to 

5.2 because further pH increase up to 5.6 led to the oxygen evolution reaction, which can be a 

competitive process at high cell voltages. This mechanism explains the formation of the surface layer 

of ZHS salt as a product of local alkalinization of the near-electrode area during which Zn2+ ions are 

not intercalated into the cathode structure but react with the formed OH− anions, resulting in the 

formation of the basic salt precipitate on the electrode surface (Figure 9, b). In operando pH 

measurements in different electrolytes performed in [22] showed that for pristine ZnSO4 solution pH 

value reached 5 and practically unchanged during cycling, while in MnSO4 solution and mixed 

electrolyte pH fluctuations are observed: decrease in the potential region E ≈ 1.7 V and increase at 

E ≈ 1.3 V, which correlate with the precipitation processes of MnO2 and ZHS, respectively (Figure 8). 

 

 

Figure 8. CV curves for Zn//MnO2 cell depending on the electrolyte composition (left) and CV curves 

as I – t dependencies combined with pH measurements in operando (right) [22] 

 

Similar observations have been made with other additives that buffer the system, i.e. after the 

addition of 0.1 M KH2PO4 solution [141]. The authors observed that in the presence of potassium 
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dihydrophosphate in solution, the pH of the electrolyte did not exceed 2.8, they also observed the 

improved functional performance at high current densities (61% capacity retention after 9000 cycles at 

5 A∙g−1). Nevertheless, the purely proton mechanism does not explain in any way the shape of the CVs 

or charge/discharge curves, nor does it account for the formation of the observed zinc-containing 

phases on the cathode's surface. 

The most common version of the description of the electrochemical reaction mechanism is the 

double intercalation or co-intercalation of Zn2+ and H+ ions. One of the versions of such mechanism is 

shown in the scheme below: during the first cycle Zn2+ ions intercalate, then H+ ion becomes the main 

participant of the reaction, and as a result of the process ZnxMnO2 and MnOOH phases are formed 

(Figure 9, d) [11]. These discharge products can be related to the joint introduction of protons and Zn2+ 

ions into the lattice with partial reduction of MnO2 and local pH increase near the electrode surface. 

The ex situ XPS data showed that the valence state of manganese in the fully discharged state is close 

to Mn3+ and also confirmed the presence of Zn2+ ions, leaving the cathode structure in parallel with the 

ongoing process of manganese oxidation Mn3+ → Mn4+ [142]. 

 

 

Figure 9. a) Scheme of phase transitions in Al-doped MnO2 material with reversible intercalation of 

Zn2+ ions [125]; b) Summary of the chemical processes in the AZIB with a Zn/ZnSO4+MnSO4/MnO2 

cell in the absence of Zn2+ intercalation [22]; c) Schematic illustration of the reaction mechanism of α-

MnO2 in AZIBs with the dissolution/deposition mechanism [143]; d) Joint non-diffusion controlled 

Zn2+ intercalation and H+ conversion reaction mechanism in δ-MnO2 [11]. 
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This process also explains well the formation of electrochemically inactive phases such as 

ZnMn3O7 by the reaction between the ZHS surface salt and Mn2+ ions from the electrolyte solution, 

while MnOOH is converted to MnO2 during the charging process. This indicates that all three types of 

ions (H+, Zn2+ and Mn2+) are involved in the reaction, and many forms of zinc-containing manganese 

oxides and ZHS coexist in the discharged state after prolonged cycling, and all phases except ZHS are 

formed irreversibly [136]. In addition, according to this version of the mechanism, the intercalation of 

different ions occurs at different stages of the discharge: in the region of potentials Е ≈ 1.4 V the 

intercalation of H+ is usually assumed, and in the region of potentials Е ≈ 1.2 V – the participation of 

Zn2+ ions [25,28,88,90,97].  

Nevertheless, in several reports, no or weak reversible intercalation of Zn2+ occurred, while 

irreversible insertion of Zn2+ with structural transformations of MnO2 cathodes was observed [20,139]. 

This leads to the following interpretation of the mechanism, which has been actively discussed in the 

last 2-3 years, according to which the main process of charge storage in the cell is the electrolytic 

deposition and dissolution of manganese oxide during cycling (Figure 9, c) [140,143–145]. One of the 

most obvious factors supporting this version of the mechanism is the decrease in the electroactivity of 

the system in solutions without Mn2+ ions [21]. In addition, the maintenance of the reversible cathode 

capacity under conditions of suppressed Zn2+ ion transport can also serve as evidence for this reaction 

pathway. For example, the use of chelating agents, such as sodium trimetaphosphate, allowed to reduce 

the zinc fraction in the overall electrochemical reaction due to the formation of strong complexes with 

Zn2+ ions, and to suppress the formation of the basic zinc salt on the cathode surface, while the 

electroactivity of the system was retained [139]. This mechanism is based on the process of formation 

and dissolution of the “active phase” of MnO2 on the surface of the cathode (or current collector), 

however, despite a number of experimental evidences [145], it does not explain the participation of 

Zn2+ ions, repeatedly stated by other authors. 

Studies of non-aqueous Zn//MnO2 systems are worth considering separately, since the use of 

aprotic solvents primarily excludes the possibility of H+ ion transport, so the main process should be 

the reversible intercalation of Zn2+ ions. In particular, the Zn//MnO2 cell was tested in a solution of 

Zn[N(CF3SO2)2]2 dissolved in acetonitrile [146]. In non-aqueous solvent and in the absence of 

manganese ion additives in the electrolyte, the reversible capacity of the cell was 123 mAh∙g−1 at a 

current density of 0.04 C. Moreover, the shape of the charge/discharge profiles is drastically different 

from those observed in aqueous electrolytes: a plateau is observed at E = 1.37 V, and the general shape 

of the curve resembles a pseudo-capacitive curve with a quasi-linear potential drop (Figure 10). The 

capacity value correlates with the intercalation of 0.2 mol of Zn2+ per one structural unit of MnO2, 

while a reversible transition between the layered structure and spinel structure occurs, which is 
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confirmed by XRD data. Thus, in non-aqueous electrolytes, the main charge storage process is indeed 

the intercalation of Zn2+ ions, which causes a structural transformation of the material, resulting in a 

slow capacity decrease. These processes have also been observed in lithiated manganese oxides [71]. 

 

 

Figure 10. Charge/discharge curves for Zn//MnO2 cell in the 0.5 M Zn[N(CF3SO2)2]2 electrolyte 

dissolved in acetonitrile at current density 0.04 С [146] 

 

In summary, the most commonly encountered version of the mechanism of electrochemical 

reaction is the joint intercalation of H+ and Zn2+ ions, while the H+ concentration-dependent 

electrolytic dissolution/deposition mechanism of MnO2 cathode is not contradictory but 

complementary. Many reports have confirmed that the trapping of Zn2+ and the formation of 

electrochemically inactive Zn-containing manganese oxide led to capacity degradation, while the 

formation of Zn4(OH)6SO4∙nH2O complex salt during discharge is the pH-controlled process that has a 

significant effect on the reversibility and properties of Zn//MnO2 rechargeable cells. 

 

1.6. Hybrid zinc-ion batteries 

In addition to zinc-ion batteries, in which electrochemical reactions involving Zn2+ ions are realized 

in the anodic and cathodic processes, hybrid systems in which there are two types of charge carriers: 

Mn+ (Li+, Na+, K+, Mg2+, Al3+) cations and Zn2+ ions – are actively studied [1,147]. In these cells, 

anodic processes involving Zn2+ cations and cathodic processes involving the second cation are 

realized. These hybrid batteries based on zinc and alkali metal cations (Li+, Na+, K+) are attractive due 

to the two separate reactions, thanks to which it is possible to achieve high electrochemical 

performance (Figure 11).  
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Figure 11. Operating mechanism of aqueous zinc-lithium hybrid battery [14]. 

 

One of the first versions of zinc-lithium hybrid batteries was a Zn//LiMn2O4 system with a 

3 M LiCl / 4 M ZnCl2 aqueous electrolyte proposed in 2012 [148]. The electrochemical reaction in this 

cell is written as follows: 

 

𝑍𝑛0  −  2𝑒−  ↔  𝑍𝑛2+ (anode)      (1) 

𝐿𝑖𝑀𝑛2𝑂4  ↔  𝐿𝑖1−𝑥𝑀𝑛2𝑂4  +  𝑥𝐿𝑖+ + 𝑥𝑒− (cathode)    (2) 

 

Currently, other cathode materials used in lithium-ion batteries besides LiMn2O4 could be used in 

these hybrid cells: LiFePO4 [14,149,150], LiNi0.33Mn0.33Co0.33O2 [151], Li3V2(PO4)3 [152,153]. Due to 

the disadvantages of these materials, such as the high tendency of electrochemical degradation of 

cobalt and vanadium oxide-based cathodes and the low redox transition potential of LiFePO4-based 

cathodes, LMO-based cathodes are among the most attractive cathodes to be investigated. The 

perspective of this system can be explained by the following factors: high average cell voltage (≈ 1.9 

V), good compatibility of manganese-based materials with aqueous electrolytes, ability for fast 

recharging (current densities up to 10 C), ease of synthesis and modification of LMO cathodes, and 

low cost of battery energy density ($50 per 1 kW∙h) [154]. In contrast, LiMn2O4-based cathode 

materials have a tendency to dissolve due to the disproportionation reaction of the Mn3+ cation formed 

during discharge, and also have low electronic conductivity (≈ 10−6 S∙cm−1). In addition, due to the 

high Mn3+ – Mn4+ transition potential, the competing process on the cathode is the water oxidation 

reaction with release of oxygen, and on the zinc anode – the hydrogen evolution reaction, which occurs 

at lower potentials (Figure 12). 
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Figure 12. CV for the components of Zn//LMO cell in aqueous electrolyte solution 

3 M LiCl / 4 M ZnCl2 at the scan rate υ = 0.5 mV∙s−1 [148]. 

 

Since the physicochemical and electrochemical properties of LMO-based cathodes in aqueous and 

non-aqueous electrolytes are similar, as found for thin film cathodes [155], the ways to improve 

cathode materials will be similar to those for Li-ion batteries and can be divided into the following 

main groups: 

• Synthesis of nanoscale LiMn2O4 particles with given morphology; 

• Development of LMO-based composites with carbon-based materials; 

• Design of electrolyte compositions. 

Depending on the method or conditions used to synthesize the cathode material, samples with 

different morphologies can be obtained. In particular, to obtain LMO nanoparticles with a particle size 

of 100 – 300 nm, MnO2 was first obtained by calcining potassium permanganate solution, which was 

further treated with alcoholic LiOH solution and calcined [156]. The specific capacities of the 

nanoscale LMO-based cathode materials in aqueous 0.5 CH3COOLi / 0.5 Zn(CH3COO)2 electrolyte 

solution were 129 mAh∙g−1 at 0.2 C and 66.3 mAh∙g−1 at 10 C (1 C = 148 mA∙g−1) which are 12% and 

35% higher than for larger LMO particles. This effect is caused by an increase in the effective surface 

area of the cathode due to a decrease in particle size and a larger electrode/electrolyte interface. 

Mechanical grinding of LMO particles on a ball mill allowed to obtain homogeneous particles with 

sizes from 300 to 900 nm regardless of the grinding time [157]. This resulted in a nearly 5-fold 

increase in the diffusion coefficient for the ground material (DLi = 1.542∙10−14 cm2∙s−1) which 

significantly improved the cyclic stability of the cathode material in both the CR2032 cells and the 

full-size 5 A∙h battery packs (Figure 13, a, b).  



41 

One of the widely used approaches to improve the properties of electrode materials is modification 

with carbon-based materials. In particular, carbon nanotubes are a frequently used carbon material for 

LMO cathodes [158,159]. The combination of acetylene black and carbon nanotubes produced a 3D 

composite material in which LMO grains were embedded in a carbon mesh (Figure 13, d) which 

significantly increased the electronic and ionic conductivity of the electrode material and had a 

significant effect on the value of specific capacities in the current range 1 C – 10 C (1 C = 120 mA∙g−1) 

(Figure 13, e) but did not achieve a high percentage of capacity retention during cycling [158]. The 

same effects were achieved when LMO particles were placed in a matrix based on graphene and 

carbon nanotubes [159]. Carbon-based materials can also be used as coatings for LMO grains to 

increase the electronic conductivity and active surface area of the material. In particular, a graphene-

based coating was applied as an artificial surface ionic layer for an LMO cathode tested in a mixed 

solution of zinc and lithium sulfates [160], which increased the specific capacity and cyclic stability 

over a wide range of currents. The reasons for this increase are the intrinsic storage capacity of the 

graphene coating, as well as the decrease in the direct contact between the LMO and the electrolyte 

solution, which suppresses the disproportionation and dissolution of the cathode material.  

In addition to improving the properties of the cathode material itself, modification of the electrolyte 

also affects the properties of the materials in the battery layout. For example, the application of the 

ternary electrolyte based on the Leclanché cell electrolyte – containing ammonium chloride with the 

composition of 0.5 M ZnCl2 / 2.34 M NH4Cl / 2 M LiCl – allowed the authors to significantly improve 

the ionic conductivity compared to the 3 M LiCl / 4 M ZnCl2 electrolyte solution (235 mS∙cm−1 for the 

ternary electrolyte and 107.5 mS∙cm−1 for the binary one) [14]. The specific capacities of LMO 

cathodes at low current densities were weakly dependent on the electrolyte composition; however, 

when the current was increased to 3 C (1 С = 130 mA∙g−1) in the ternary electrolyte the specific 

capacity was 80 mAh∙g−1, which was 80% higher than that of the binary solution. The cyclic stability 

of the cathodes over 80 cycles at I = 0.2 C was also significantly higher in the electrolyte with the 

addition of NH4Cl: up to 75% of the capacity is retained compared to 18% in the case of unmodified 

solution (Figure 13, c). The reason for these effects is the stronger interaction of NH4Cl with the active 

material of the cathode due to the tetrahedral geometry of the NH4
+ cation, which alters the charge 

transfer processes in the electrode material. Another advantage of the ammonium ion is that it acts as 

an inhibitor of the hydrogen evolution reaction as it concentrates along the interface between the anode 

and the electrolyte, reducing the contact area between the metal zinc and the aqueous solution.  
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Figure 13. Cyclic stability of LMO-cathodes before and after ball-milling in CR2032 coin cells at 10 C 

(a) and for 5 Ah industrial-level configuration (b) [157]; cyclic stability for LMO-cathodes in the E1 

(3 M LiCl / 4 M ZnCl2) and E2 (0.5 M ZnCl2 / 2.34 M NH4Cl / 2 M LiCl) electrolyte solutions (c) [14]; 

Schematic illustration for preparing hierarchical CNT/AB/ LiMn2O4 electrode (d) and C-rate 

capability of LMO-cathodes with different composition (e) [158]; electrochemical stability range for 

gel electrolyte in dependence on lithium perchlorate concentration (f) [161]. 

 

The use of highly concentrated electrolytes (so-called “water-in-salt” electrolytes) [149,162] or gel 

polymer electrolytes [161,163,164] can also improve the cyclic stability of Zn//LiMn2O4 cells. In 

particular, in water-in-salt electrolytes, free water is practically absent due to the large number of 

strong bonds with ions. The electrolyte composition proposed in 2018, 1 m Zn[N(CF3SO2)2]2 + 20 m 

Li[N(CF3SO2)2] first stabilized the anode reaction, which improved the overall cyclic stability of the 

Zn//LMO cell at current densities of 0.2 C (88.4% of the initial capacity after 500 cycles) and 4 C 

(85% of the initial capacity after 4000 cycles), but the achieved capacities were too low (70 and 30 

mAh∙g−1, respectively) [162]. Replacing the large organic cation with the much smaller acetate anion 

resulted in a significant increase in the ionic conductivity of the electrolyte solution of the same 

concentration [165]. When tested in a mixed solution of 30 m CH3COOK / 3 m CH3COOLi / 3 m 

Zn(CH3COO)2, whose conductivity was 6.5 mS∙cm−1 due to the extremely high content of acetate ions, 

which is comparable to the ionic conductivity of 2 M ZnSO4 electrolyte (9.7 mS∙cm−1), a specific 

capacity of 122 mAh∙g−1 was observed for LMO cathodes at a current density of 0.05 C (1 С = 148 

mA∙g−1) [149]. During 300 cycles at a current density of 2 C, the capacity loss of the cathode material 

was ≈ 50% due to the cathode dissolution process during cycling. 

The use of gel or gel-polymer electrolytes reduces dendrite formation on the zinc anode, which 

increases the reversibility of the anode process and the overall cycling stability of the cell. The use of 
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the 2 M ZnSO4 / 1 M Li2SO4 electrolyte with polyethylene glycol (3 wt.%) and fumed silica (2 wt.%) 

allows the suppression of parasitic anodic reactions, which improves the cyclic stability to 39% during 

1000 cycles [163]. Gel electrolytes based on highly concentrated salt solutions also regulate the solvate 

shell of the Zn2+ cation, which allows stabilizing the anodic reaction as well as extending the cycling 

range up to 2.7 V due to the suppression of hydrogen and oxygen generation processes (Figure 13, e) 

[161].  

The development of hybrid batteries is currently under active investigation, not least due to the 

availability of cathodes, potential scaling and commercialization of these electrochemical systems. It is 

worth noting that all the examples discussed above consider the case where the electrolyte solution 

necessarily contains Li+ ions, which provide the cathode reaction. Meanwhile, according to equation 

(2), in the case of complete deintercalation of lithium ions from the electrolyte solution, the MnO2 with 

spinel structure (λ-MnO2) is formed on the cathode surface [166]. The formed spinel phase is capable 

of reversibly transforming into ZnMn2O4, as demonstrated by in situ X-ray diffraction [80]. However, 

the possibility of electrochemical conversion of LiMn2O4 to ZnMn2O4 has not been considered 

previously. 

 

1.7. Summary 

The trend of developing aqueous rechargeable power sources with zinc metal anode is certainly 

promising both in the field of stationary energy storage and in some areas of portable electronics, 

primarily related to medicine. Manganese dioxide-based cathode materials, which are used in both 

non-rechargeable power cells and lithium-ion batteries, are well positioned for further development 

and commercialization due to the above advantages. The existing strategies to improve MnO2 cathode 

have sufficient efficiency, but some of them are still far from practical use due to various factors: 

difficult availability of some reagents, complicated synthesis procedures, low probability of scalability. 

Difficulties in interpreting the mechanism of the electrochemical reaction in Zn//MnO2 cells inhibit the 

practical development of AZIBs, but still provide a large scope for research aimed at the final 

establishment and verification of the electrochemical and chemical reactions occurring in the system. 

The possibility of electrochemical substitution of lithium cations for zinc cations in the structure of 

lithium manganese spinel can contribute to effective ways of obtaining novel cathode materials based 

on commercially available LiMn2O4. 

Based on the above stated points, the objectives of this work were (i) to consider the possibility of 

electrochemical transformation of lithium-manganese spinel into zinc-containing phase in an 

appropriate electrolyte solution, (ii) to develop and study the functional properties of new types of 

manganese oxide-based cathode materials, and (iii) to fundamentally investigate the electrochemical 

reaction mechanism occurring in Zn//MnO2 cells.  
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Proving the intercalation of zinc ions into the LiMn2O4 structure is an interesting task aimed both at 

solving the problem of design an efficient high-voltage cathode material for zinc-ion batteries by 

varying the electrolyte composition, and at confirming an alternative hybrid electrochemical reaction 

mechanism in Zn//LiMn2O4 batteries, in which Zn2+ cations participate in the cathodic reaction. 

One of the ways to control the functional properties of electrode materials is a given change of 

structural and morphological parameters, achieved by variation of simple synthetic procedures, namely 

synthesis of manganese oxides with layered structure of different morphology. It is important to create 

composite materials based on δ-MnO2 modified by conducting polymer PEDOT or PEDOT:PSS by 

different methods: addition of polymer to the composite, mechanical application of polymer coating on 

the surface of MnO2 particles or electrodeposition of polymer on the as-prepared cathode, as well as to 

compare their electrochemical properties. 

The fundamental part of this work is focused on a more complete study of the electrochemical 

processes occurring in Zn//MnO2 cells, including the establishment of potential charge carriers and the 

role of Zn2+ and H+ cations during charge/discharge. To experimentally investigate the electrochemical 

processes occurring in the system, an approach with changing the cationic or anionic composition of 

aqueous zinc-containing electrolyte solutions was used, as well as controlling its acidity, which has a 

significant effect on the properties and reaction mechanism. 
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Chapter 2. Experimental part 

 

2.1. Reagents 

For the synthesis of manganese dioxide with layered-type morphology potassium permanganate 

KMnO4 (puriss.) and manganese sulfate monohydrate MnSO4∙H2O (JSC LenReactiv, Russia, puriss.) 

were used.  

The chemical synthesis of PEDOT polymer was carried out using EDOT monomer (Aldrich, 

USA), iron (III) chloride hexahydrate FeCl3∙6H2O (puriss.). Anhydrous acetonitrile (JSC Vekton, 

Russia, p.a.) was used as solvent.  

To prepare electrode materials based on lithiated manganese oxide LiMn2O4, commercially 

available LMO powder (LMO, MTI Corp., USA) was used. The compositions of manganese oxide-

based cathode materials (LMO or MnO2) also included carbon black “Super P” (Timcal Inc., 

Belgium), PVDF binder (Aldrich, USA) and PEDOT:PSS conducting polymer dispersion (1.3 %, 

Aldrich, USA). N-methyl-2-pyrrolidone (NMP, Aldrich, USA) was used as the solvent to prepare the 

slurry. Titanium foil (thickness 20 μm) and stainless-steel foil (thickness ≈ 50 μm) were used as a 

current collector for casting of electrode material mixtures based on MnO2 and LMO, respectively.  

Aqueous electrolyte for zinc-ion batteries were prepared based on the zinc sulfate heptahydrate 

ZnSO4∙7H2O (JSC LenReactiv, Russia, p.a.), manganese sulfate monohydrate MnSO4∙H2O (puriss.), 

zinc acetate dihydrate Zn(CH3COO)2∙2H2O (JSC LenReactiv, Russia, puriss.), manganese acetate 

tetrahydrate Mn(CH3COO)2∙4H2O (puriss.), anhydrous lithium sulfate Li2SO4 (puriss.) and sodium 

sulfate decahydrate Na2SO4∙10H2O (JSC LenReactiv, Russia, puriss.).  

Deionized water (>18 MΩ·cm) was obtained using the Millipore DirectQ UV system. 

 

2.2. Hydrothermal synthesis of manganese oxide with layered structure 

The materials were synthesized using two procedures reported in the literature: coproportionation 

reaction between potassium permanganate and manganese sulfate (material denoted as MnO2-I, [11]) 

and hydrothermal treatment of potassium permanganate aqueous solution (denoted as MnO2-II, [167]). 

For the synthesis of MnO2-I, 0.948 g of potassium permanganate was dissolved in 50 mL of 

deionized water to obtain 0.12 M solution, then 0.151 g of manganese sulfate was added in the 

mixture. The molar ratio of components was 6:1. The obtained solution was stirred during 30 min at 

the room temperature and then transferred to 100 mL stainless-steel autoclave. Hydrothermal synthesis 

was carried out during 12 h at 160 °С. The black powder obtained was washed out three times by 

deionized water using centrifugation (5 min at 4500 rpm) and dried under vacuum at 55 – 60 °С for 

18 h.  
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MnO2-II material was synthesized by hydrothermal treatment of 0.025 M aqueous solution of 

potassium permanganate. To obtain this solution, 0.2004 g of KMnO4 was dissolved in 50 mL of 

deionized water under stirring and then transferred to 100 mL stainless-steel autoclave. Hydrothermal 

synthesis was carried out during 24 h at 220 °С. The black powder obtained was washed out by 

deionized water using centrifugation (5 min at 4500 rpm) and dried under vacuum at 55 – 60 °С for 

20 h.  

 

2.3. Structural and chemical characterization of samples 

The phase composition of synthesized oxides was analyzed by X-ray diffraction (XRD) in the 

range of 10 – 70 ° using Cu Kα radiation (λ = 0.15418 nm) on a Bruker-AXS D8 DISCOVER 

diffractometer (Germany) at a scanning step of 0.02 °. The morphology of the obtained particles was 

investigated by scanning electron microscopy (SEM) on a SUPRA 40VP Carl Zeiss (Germany) 

electron microscope. Elemental analysis of the surface of the obtained materials was carried out by 

energy dispersive X-ray analysis (EDX) using the INCAx-act electron microscope attachment (Oxford 

Instruments plc, UK). 

 

2.4. Preparation of manganese oxide-based cathode materials 

LMO-based cathode materials were prepared by conventional technique by mechanical mixing of 

the components in an agate mortar. Before using, LMO powder was dried under vacuum at 130 °С. 

The ratio of components was 80 wt.% of electroactive component (LMO), 10 wt.% of carbon black 

and 10 wt.% of PVDF. First, PVDF powder was dissolved in an appropriate amount of N-methyl-2-

pyrrolidone, and then the electroactive material powder and carbon black were added. Mixing was 

carried out for 1 hour until a completely homogeneous state was achieved. The resulting viscous slurry 

was cast on the stainless-steel foil (the blade gap height was 200 μm) and dried under vacuum at 80 °C 

overnight. The resulting electrodes were roll-pressed. The mass loading of electroactive material was 4 

– 5 mg∙cm−2. 

To prepare cathode materials based on MnO2-I and MnO2-II, another component ratio was applied: 

70 wt.% of active material, 20 wt.% of carbon black and 10 wt.% of PVDF. The components were 

mixed the same way, the resulting slurry was cast on the titanium foil (blade gap height was 150 μm) 

and dried under vacuum at 50 °C per day. Then the electrodes were roll-pressed to provide better 

contact between the electrode material and current collector. Mass loading of the electroactive material 

was ≈ 1 – 1.5 mg∙cm−2 per electrode.  

To prepare PEDOT-modified electrode materials based on MnO2-I, chemical synthesis of PEDOT 

polymer was performed by oxidative polymerization. For this, 200 mL of FeCl3 acetonitrile solution 

prepared by dilution from 7 M salt solution was used as oxidative agent. The synthesis was carried out 
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in a round-bottom glass flask under stirring at 1000 rpm. To the oxidant solution, 2 mL of 3,4-

ethylenedioxythiophene monomer was added and the solution was stirred for 2 h. The resulting 

product was washed with acetonitrile and deionized water, and dried at 80 °C to constant weight. The 

resulting polymer powder was added to the cathode material in an amount of 5 wt.% as the fourth 

component of the slurry. 

Modification of MnO2-I electrode material samples with PEDOT:PSS polymer was carried out by 

dispersing the active material in aqueous dispersion of PEDOT:PSS under sonification for 30 minutes 

followed by drying at 70 °C. The ratios of components are given in Table 1. 

 

Table 1. MnO2-I-based electrode materials composition (in wt.%) with conducting polymer additives.  

Sample δ-MnO2 C PVDF PEDOT PEDOT:PSS 

MnO2 70 20 10 0 0 

MnO2/PEDOT 68 20 7 5 0 

MnO2/PEDOT:PSS 70 20 8 0 2 

 

After roll-pressing each electrode piece was cut into disks with 12 mm diameter for 

electrochemical measurements in CR2032 coin-cells with metal Zn anode and glass fiber Whatman 

GF/A as separator wetted with the appropriate electrolyte solution. Some of the electrodes were cut as 

thin strips with a width no more than 0.5 cm to assemble three-electrode cells with different types of 

construction.  

 

2.5. PEDOT electrodeposition on the electrode materials surface and analysis of the coating 

The PEDOT electrodeposition was performed on the as-prepared electrode surface in a three-

electrode cell, where the foil coated with the cathode material was used as the working electrode (up to 

5% of the material was removed from the surface of the titanium foil for connection to the device), the 

glassy carbon plate was used as the counter electrode, and the silver wire coated with a layer of silver 

chloride was used as a pseudo reference electrode (the potential shift vs. the standard silver chloride 

electrode was −0.2 V). The solution used for the electrodeposition was 0.01 М EDOT / 0.1 M LiClO4 / 

acetonitrile. The deposition was carried out in potentiostatic mode at the E = 1.1 V vs. Ag/AgCl pseudo 

reference electrode which is correlated to the value Е ≈ 1.8 vs. Zn/Zn2+, the duration was 300 and 600 

s. After synthesis, the samples were dried at 70 °С. Surface characterization was performed by EDX 

and X-ray photoelectron spectroscopy (XPS) methods using a Thermo Fisher Scientific Escalab 250Xi 

spectrometer (USA). 
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2.6. Electrochemical measurements 

For electrochemical measurements, Autolab PGSTAT12 (Eco Chemie, Netherlands), BioLogic 

BCS805 (Biologic, France), Elins 20X8 (SmartStat, Russia) potentistats/galvanostats and Neware CT-

4008 automatic galvanostatic workstation (Neware Co., China) were used. 

The solutions of aqueous zinc-containing electrolytes prepared for the electrochemical tests are 

summarized in Table 2. For the preparation of all the listed electrolyte solutions, the corresponding 

amounts of salts were dissolved in 50 mL of deionized water; if necessary, for the preparation of 

solutions with high salt concentration, heating to 40-45 °C was performed. Some electrolytes prepared 

from acetates were additionally acidified with 0.25 M acetic acid to a constant pH value. 

 

Table 2. Electrolytes composition for electrochemical tests of manganese oxides–based cathode 

materials. 

Cathode material Electrolyte compositions  

LiMn2O4 

2 M ZnSO4 

1 M ZnSO4 / 2 M Li2SO4 

1 M ZnSO4 / 2 M Li2SO4 / 0.1 M MnSO4 

δ-MnO2 

2 M ZnSO4 / 0.1 M MnSO4 

2 M ZnSO4 

0.1 M MnSO4 

2 M ZnSO4 / 1.0 M Na2SO4 

2 M ZnSO4 / 0.1 M MnSO4/ 1.0 M Na2SO4 

2 M ZnSO4 / 1.0 M Li2SO4 

2 M ZnSO4 / 0.1 M MnSO4/ 1.0 M Li2SO4 

1.0 M Zn(CH3COO)2 

1.5 M Zn(CH3COO)2 

1.0 M Zn(CH3COO)2 / 0.2 M Mn(CH3COO)2 

1.0 M Zn(CH3COO)2 / 0.05 M Mn(CH3COO)2 / CH3COOH 

Electrodeposited 

MnO2 

2 M ZnSO4 / 0.1 M MnSO4 

2 M ZnSO4 

2 M ZnSO4 / 0.1 M MnSO4 / 1.0 M Na2SO4 

2 M ZnSO4 / 1.0 M Na2SO4 

1.0 M Zn(CH3COO)2 / 0.2 M Mn(CH3COO)2 

1.0 M Zn(CH3COO)2 / 0.05 M Mn(CH3COO)2 / CH3COOH 

0.1 M Mn(CH3COO)2 
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Electrochemical cells with LMO cathodes were assembled as three-electrode cells using the LMO 

cathode as the working electrode, zinc foil as both counter and reference electrodes, and two-electrode 

cells without a counter electrode. MnO2-based cathodes were assembled in two-electrode coin cells 

with aqueous electrolyte solution of 2 M ZnSO4 / 0.1 M MnSO4 to study the functional properties of 

the materials, and other mentioned electrolytes were used to study the electrochemical reaction 

mechanism in Zn//MnO2 cells in both two-electrode and three-electrode configurations. 

Galvanostatic charge/discharge and cyclic voltammetry measurements for LMO-based cathode 

materials were performed in the potential range 1.4 – 2.1 V vs. Zn/Zn2+ on the Elins 20X8 

potentiostat/galvanostat. Charge/discharge measurements were performed in the current range 0.2 – 5 

C (1 C current corresponds to 115 mA∙g−1), CV measurements were performed at the scan rates 0.1 – 

0.5 mV∙s−1. Electrochemical impedance spectra were obtained in the frequency range of 10 kHz –

 0.1 Hz with an amplitude of 5 mV in different charge states using a three-electrode scheme on a 

Biologic BCS-805 potentiostat/galvanostat.  

The electrochemical tests of MnO2-based cathodes by galvanostatic charge/discharge were 

performed on an automatic galvanostatic workstation CT-4008 in the voltage range of 1.0 – 1.8 V vs. 

Zn/Zn2+ at current densities of 0.1 – 5.0 A∙g−1. The cyclic stability of the cathode materials was 

estimated at a fixed current density of 0.3 A∙g−1. CV and impedance spectroscopy measurements were 

performed on a Biologic BCS-805 or Autolab PGSTAT12 potentiostat/galvanostat. CV measurements 

were performed at the scan rates of 0.1 – 0.5 mV∙s−1 in the potential range Е = 1.0 – 1.8 V vs. Zn/Zn2+. 

Impedance spectra were recorded in the frequency range 10 kHz – 0.1 Hz with an amplitude of 5 mV 

during the discharge at the potentials Е = 1.48, 1.38 and 1.30 V. All measurements were carried out at 

room temperature ~20 °C with minor seasonal variations. 

 

2.7. Electrochemical quartz crystal microbalance measurements 

Electrode mass measurements in operando were performed using the electrochemical quartz crystal 

microbalance (EQCM) technique in combination with CV measurements. A piezoelectric quartz 

crystal (cut at an angle of 35°) with a sputtered gold layer placed in a holder was used as the working 

electrode. Titanium or zinc foils were used as the counter electrode and a zinc foil / silver chloride 

Ag/AgCl electrode filled with saturated NaCl solution (3.5 mol∙L−1) were used as the reference 

electrode. All measurements were performed on an Autolab PGSTAT12 potentiostat/galvanostat. The 

mass of the manganese oxide film was estimated using a QCM200 Quartz Crystal Microbalance 

Analog Controller + QCM25 Crystal Oscillator (Stanford Research Systems, USA). 

The measurements were performed both during the electrodeposition of the MnO2 coating on the 

electrode surface and for the previously synthesized MnO2 film. The potentiodynamic synthesis was 
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performed by CV at a scan rate of 0.5 mV∙s−1 in the potential range 0.0 – 0.8 V vs. Ag/AgCl (1.0 –

 1.8 V vs. Zn/Zn2+). The preliminary synthesis was carried out in potentiostatic mode at E = 0.7 V in 

Au / Ti / Ag/Ag/AgCl cell from 0.1 М Mn(CH3COO)2 electrolyte solution for 50 – 100 s according to 

the methodology published in [168]. The obtained electrode was washed with deionized water and 

dried at 70 °C for 24 hours. 

Electrochemical tests were performed in the solutions listed in Section 2.6 (Table 2) for 

electrodeposited MnO2. Measurements were performed by CV at a scan rate of 0.5 mV∙s−1 in the 

potential range of 0.0 – 0.8 V vs. Ag/AgCl or 1.0 – 1.8 V vs Zn/Zn2+ for 3 – 5 cycles. During the 

experiment, the oxide film was electrodeposited on the crystal, which resulted in a change in the 

resonant frequency of its natural oscillations depending on the mass of the deposited film. The 

conversion of the frequency measured on the instrument to the mass of the precipitate on the crystal 

surface was performed according to Sauerbrey equation using OriginPro 2021 software. 

∆𝑓 = −𝐶𝑓 ∙ ∆𝑚       (3) 

 

where ∆f – frequency measured (Hz), Cf – quartz crystal sensitivity factor (56.6 Hz∙cm2∙g−1 for the 

air), Δm – change in the mass of the precipitate on the crystal surface (μg∙cm−2). 

 

2.8. Structural and chemical characterization of electrode materials before and after 

electrochemical tests 

The phase composition and structure of the electrodes after electrochemical tests were 

characterized by high-resolution X-ray diffractometry (Bruker-AXS D8 DISCOVER, Germany) using 

Cu Kα-radiation. The morphology of the materials was evaluated by scanning electron microscopy 

(SUPRA 40VP, Carl Zeiss), the element distribution was studied by EDX analysis. The surface of 

cathode materials was examined by X-ray photoelectron spectroscopy. Zinc content in MnO2-cathodes 

was estimated by X-ray fluorescence analysis of electrode materials in different stages: after 10 and 30 

charge/discharge cycles at a current density of 0.1 A∙g−1 followed by 1 h waiting time in discharge state 

and after 30 cycles with a waiting time in a fully charged state. The electrodes were washed with 

deionized water and partially with a solution of 0.25 M acetic acid to remove surface precipitate of 

basic zinc sulfate Zn4(OH)6SO4∙nH2O. 
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Chapter 3. Investigation of functional properties of manganese oxide-based 

cathode materials in aqueous electrolytes 

 

3.1. Study of the properties of LiMn2O4-based cathodes as a function of the type of electrolyte used 

Since it was previously reported in [79–81] that the λ-MnO2 phase formed by complete delithiation 

of LMO was electroactive as a cathode for AZIBs, we assumed an electrochemical conversion between 

LiMn2O4 and ZnMn2O4. To verify this hypothesis, LMO-based cathode material was investigated by 

CV in two electrolytes: aqueous solution of 2 M ZnSO4 and 1 M ZnSO4 / 2 M Li2SO4 solution. In the 

mixed electrolyte containing lithium ions, the CV curve is well correlated with the same literature data 

in aqueous electrolytes: two pairs of peaks at E = 1.81/1.74 V (first pair) and E = 1.94/1.88 V (second 

pair) are observed, corresponding to the processes of reversible intercalation/deintercalation of lithium 

ions into the LMO lattice [166]. The electrode demonstrates high stability over 10 cycles (Figure 

14, a) [41]. 
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Figure 14. CV curves of LMO-based cathodes, sequentially tested in two types of electrolytes at the 

scan rate of 0.1 mV∙s−1. 

 

When the same electrode is transferred from the mixed solution to 1 M ZnSO4 solution, only two 

anodic peaks corresponding to the processes of lithium ion deintercalation are observed in the first 

cycle, while the height of the cathodic peak decreases significantly, then in the second cycle the 
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currents of the anodic peaks decrease by 5 and more times, and in the fifth cycle they disappear 

completely (Figure 14, b). Such a significant decrease in currents indicates that in the absence of 

lithium ions in 2 M ZnSO4 solution, intercalation of Zn2+ cations into the lithium-depleted spinel 

structure (designated as λ-MnO2) does not occur. 

When 2 M ZnSO4 electrolyte was used as the first solution (Figure 14, c), two peaks with very 

different intensities were observed in the first anodic cycle, while no peaks and zero current density 

were observed in the cathodic and subsequent cycles. However, after the transfer of the electrode to the 

mixed electrolyte, a partial “recovery” of the electrochemical activity occurs during the first 5 cycles 

and by the 8th cycle the anodic and cathodic currents are stabilized (Figure 14, d). At the same time, the 

capacity of the cathode placed in the 1 M ZnSO4 / 2 M Li2SO4 electrolyte after cycling in 2 M ZnSO4 

is insignificantly lower than that of the cathode initially placed in the mixed electrolyte: 93 mAh∙g−1 

per the 10th cycle for the electrode firstly cycled in zinc sulfate solution and 119 mAh∙g−1 per the 10th 

cycle for the electrode, initially cycled in the mixed electrolyte. Thus, there is almost complete 

recovery of the cathode capacity, which means that the loss of electroactivity in pure zinc sulfate 

solution is caused by blocking of electroactive sites – vacancies in the crystalline structure of the 

material, which can be caused by surface interaction between Zn2+ cations and the cathode material. 

For a more detailed analysis of the cathode/electrolyte interface, impedance spectra were obtained 

for the electrode materials after 5 CV cycles in the corresponding electrolyte with their subsequent 

change. On the spectra of LMO cathodes initially obtained in pure zinc sulfate solution (inset of Figure 

15, a), the main component is the pseudo-capacitive response observed as a linear section at an angle 

close to 90 °, which correlates with the quasi-rectangular shape of the CVA in pure ZnSO4 solution. A 

semicircle corresponding to the interfacial resistance can be seen on the enlarged graph. The small 

value of this interfacial impedance (≈ 15 Ohm) can be related to both the zinc counter electrode and 

the substrate/electrolyte interface (Figure 15, a). The weak dependence of the impedance spectra of the 

electrodes in zinc sulfate solution on the potential is related to the low current response caused by the 

almost complete absence of lithium ions in the LMO structure.  After changing the electrolyte solution 

to the one containing lithium ions, the shape of the spectra changes drastically: the second semicircle 

appears which is the most clearly visible at E = 1.96 V (Figure 15, b, red curve), as well as a linear part 

in the mid-frequency range at an angle of ≈ 45 ° indicating a diffusion response. Since the zinc 

electrodeposition/dissolution reaction takes place on the surface and is controlled by the diffusion of 

Zn2+ ions to the anode surface, it can be concluded that the new parts of the spectrum correspond to the 

LMO/electrolyte interface. 
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Figure 15. Impedance spectra of LMO cathodes cycled in the 2 M ZnSO4 solution (a) and then 

transferred to the 1 M ZnSO4 / 2 M Li2SO4 solution (b). The inset shows the spectra for LMO cathodes 

in the full frequency range. 

 

For a detailed study of the ion intercalation process, the impedance spectra were recorded during 

the discharge of the cell. In the mixed 1 M ZnSO4 / 2 M Li2SO4 electrolyte, the shape of the spectra is 

slightly dependent on the redox potential value and differs significantly only in the fully charged state 

at Е = 2.1 V (Figure 16, a). A clearly visible semicircle is observed in all spectra, corresponding to the 

charge transfer resistance at the LMO/electrolyte interface, and a linear part in the mid-frequency 

range, corresponding to the diffusion limitations of Li+-ion transport in the material structure. The Rct 

value is close to ≈ 65 – 70 Ω. After the transfer of the cathode recharged in mixed electrolyte into the 

2 M ZnSO4 solution, a twofold increase in the charge transfer resistance, the appearance of an 

additional semicircle in the high-frequency region on the spectra, and a pseudo-capacitive response are 

observed. This indicates the formation of a new interface (Figure 16, b), which could be related to the 

modification of the cathode surface due to the filling of surface vacancies in the LMO structure with 

zinc ions, leading to the electrochemical inactivation of the cathode material. 
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Figure 16. Impedance spectra of LMO cathodes cycled in the 1 M ZnSO4 / 2 M Li2SO4 solution (a), 

and after transferring to the 2 M ZnSO4 solution (b). 

 

To confirm the possible blocking of the cathode surface by Zn2+ ions, SEM images of the 

electrodes after electrochemical tests in two different electrolytes were obtained and EDX analysis 

with Zn mapping was performed (Figure 17). According to the results of element content calculation 

from the EDX data, it was found that the surface zinc concentration in the electrode cycled in 

2 M ZnSO4 solution was 27 wt.% of the total content, which is 10 times higher than for the electrode 

after testing in mixed zinc-lithium electrolyte (2 wt.%). It can be clearly seen that zinc in both cases is 

distributed uniformly over the entire surface of the electrode. 

 

  

Figure 17. EDX-mapping of the zinc, overlayed on SEM images of LMO cathodes after tests in the 

2 M ZnSO4 (a) and 1 M ZnSO4 / 2 M Li2SO4 (b) electrolytes. 

 

a b 

1 μm 1 μm 
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In addition, the electrode surface after tests in 1 M ZnSO4 / 2 M Li2SO4 solution is smoother 

compared to the sample from 2 M ZnSO4 solution, which shows rough flaky structures probably 

resulting from the transformation of the surface structure upon insertion of Zn2+ ions. 

In addition to the ex situ morphological analysis of the electrodes, the phase composition of the 

electrode materials after testing in both types of electrolytes was analyzed by X-ray diffraction. The 

resulting XRD patterns are shown in figure 18. For the cathode cycled in the mixed aqueous solution 

of zinc and lithium sulfates, only a phase of LiMn2O4 (ICCD card #01-070-8343) is observed. Small 

shifts of the peaks, especially those related to (511), (440), and (531) crystal edges (at 58.34°, 64.09°, 

and 67.41°, respectively) are associated with the fixed position of the LMO crystals in the composite 

electrode, which reduces the random distribution of the crystal edge, or may be related to different 

degrees of lithium intercalation [169].  
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Figure 18. XRD patterns of LMO cathodes after electrochemical tests in two types of zinc-containing 

electrolytes. 

 

After cycling in the zinc sulfate solution, a delithiated spinel Li0.1Mn2O4 phase (ICCD card #01-

086-5384) is attributed as the main phase with a small admixture of λ-MnO2 (a weak signal at 30.43°), 

i.e. products formed by almost complete delithiation of LMO. The diffraction peaks that could be 

unambiguously attributed to the ZnxMn2O4 phase were not detected: the most intense diffraction peaks 

at 29.32°, 33.01° and 60.83° are missing. However, there is a visible splitting of the (111), (311) and 

(400) peaks. Thus, complete intercalation of zinc ions into the material structure does not occur, and 
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phases containing both types of ions, such as ZnxLiyMn2O4, which have no electrochemical activity, 

are formed [41]. 

Since the presence of manganese salt in the electrolyte solution for Zn//MnO2 rechargeable systems 

leads to the improvement of the functional properties, this additive was used for testing with LMO-

based cathode material. figure 19, a – c, shows the comparison of the electrochemical properties of 

LMO cathode in the presence and absence of manganese sulfate in the electrolyte solution. First of all, 

the changes in the shape of the CV curves (Figure 19, a), should be noted, in particular, the increase in 

the peak currents (especially at E = 2.05 V), as well as the appearance of a slight current increase in the 

potential range close to E ≈ 2.2 V, which is associated with the competing processes of oxygen 

evolution and MnOx precipitation from the electrolyte solution. To avoid these processes and to avoid 

significant artificial capacity increase, further tests were performed up to the upper limit of the 

potential E = 2.0 V. 
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Figure 19. Electrochemical performance of LMO cathodes in in zinc-lithium-manganese sulfate 

electrolyte solutions: comparison of CVs at 0.1 mV∙с−1 (a), cyclic stability (b) and C-rate capability 

(c); charge/discharge profiles in ternary electrolyte at 0.2 C (d), and as function of the discharge 

current density (e). 

In the ternary electrolyte containing 0.1 M MnSO4 the higher initial specific capacity of the 

materials was observed compared to that in binary 1 M ZnSO4 / 2 M Li2SO4 electrolyte regardless of 
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the charging current: 140 mAh∙g−1 at a current density of 0.2 C and 137 mAh∙g−1 at I = 1 С. Despite 

this, during cycling in ternary electrolyte the capacity of cathode decreases significantly faster than in 

the binary electrolyte (Figure 19, b, c). For example, at a current density of 5 C the capacity of LMO in 

the ternary electrolyte is only 56 mAh∙g−1, while it reached 86 mAh∙g−1 in solution of zinc and lithium 

sulfates at the same current density. During 100 charge/discharge cycles, 85% of the initial capacity 

was retained for the cathode in the bi-salt electrolyte, while in the 

1 M ZnSO4 / 2 M Li2SO4 / 0.1 M MnSO4 solution, the capacity dropped by 54% over 80 cycles. 

A third plateau appears on the charge/discharge profiles at low current density (0.2 C) in the ternary 

electrolyte at potentials above 2.0 V, which can be attributed to the process of oxidation of Mn2+ 

cations from the solution on the electrode surface. Since there is no reverse dissolution process of the 

MnOx precipitate, the Coulombic efficiency of the electrodes becomes significantly lower than 100% 

(Figure 19, d). When the current density increases (Figure 19, e) the electrode polarization increases 

significantly, and the potentials of the redox transitions become almost indistinguishable [41]. 

In summary, it can be concluded that improving the properties of LMO-based cathode materials by 

adding manganese salt to the electrolyte composition leads to an increase in specific capacity, possibly 

in a limited range of current densities. Despite the increase in specific capacity, the stability of such 

cell is much lower than that of the zinc and lithium sulfate binary electrolyte system due to the 

intensive deposition of the MnOx layer on the cathode surface and the high probability of oxygen 

release reaction. 

 

3.2. Synthesis and study of electrochemical properties of MnO2-based cathode materials depending 

on synthetic route 

Among many manganese oxide polymorphs, the objectives of the work were to obtain the oxide 

with layered structure. Therefore, after literature analysis, two techniques were selected for the 

hydrothermal synthesis of δ-MnO2, the product of one of which has not been previously studied as a 

cathode material for AZIBs, namely, the material obtained by hydrothermal treatment of aqueous 

KMnO4 solution in the absence of other reagents [167]. The synthesis of the initial manganese oxides 

was carried out according to the following reactions: 

 

Synthetic reaction for MnO2-I: 

2 𝐾𝑀𝑛𝑂4  +  3 𝑀𝑛𝑆𝑂4  +  2 𝐻2𝑂 →  5 𝑀𝑛𝑂2  +  𝐾2𝑆𝑂4  +  2 𝐻2𝑆𝑂4  (4) 

Synthetic reaction for MnO2-II: 

4 𝐾𝑀𝑛𝑂4  +  2 𝐻2𝑂 →  4 𝑀𝑛𝑂2  +  3 𝑂2  +  4 𝐾𝑂𝐻    (5) 
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The primary characterization of synthesized MnO2-I and MnO2-II powders was performed by XRD 

to evaluate the phase composition of the synthesis products. It was found that regardless of the reaction 

mixture composition and synthesis temperature, we obtained the potassium-doped manganese dioxide 

with birnessite-type structure (Figure 20). The resulting diffraction patterns are well correlated with the 

ICCD card #01-086-0666, corresponding to the elemental composition of K0.27MnO2∙0.54H2O: there 

are two intense peaks at 12.3 and 24.7 °, corresponding to the (0,0,3) and (0,0,6) planes, as well as a 

number of paired peaks characteristic of layered crystal structures. The presence of potassium ions in 

the structure is related to the excess of KMnO4 in reaction systems; in addition, they keep the 

manganese dioxide layers at fixed distances [93].  
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Figure 20. X-ray diffraction patterns of manganese dioxide MnO2 synthesized by two different ways. 

 

From the XRD data, the crystallite sizes were also estimated, which are slightly different: for 

MnO2-I material, crystallites of about 8 nm are observed, for MnO2-II ≈ 10 nm. The increase in 

crystallite size is reasonably caused by the increase in the hydrothermal synthesis temperature of the 

samples in the case of MnO2-II. In addition, in the MnO2-I sample, the diffraction maxima are less 

intense and broader due to a higher degree of amorphous material, confirming the lower crystallinity of 

the powder.  

On the SEM images of MnO2 powders (Figure 21) some differences in the size of formed 

agglomerates of particles are observed: for MnO2-I material there is a trend to the formation of large-

size agglomerates (≈90 μm) in which separate crystals are barely discernible (Figure 21, a); when 

scaling up by 10 times (Figure 21, b), no well pronounced crystal fragments are present, which 

confirms a more amorphous structure. By contrast, for the MnO2-II powder it is clearly seen that 

despite the large agglomerates, they clearly contain smaller particles ranging from 1.5 to 6 µm in size 

(Figure 21, d) which are clearly distinguishable at higher magnification (Figure 21, e). Together with 
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the XRD data, it can be concluded that with increasing temperature and synthesis time, there is a 

tendency for the crystallite size to increase, resulting in an increase in the crystallinity of the sample. 

At the maximum resolution (Figure 21, c, f) it can be seen that both materials consist of randomly 

oriented layered structures such as “nanoflowers” or nanosheets. This morphology confirmed the 

layered structure of the synthesized manganese dioxide for both synthesis methods, while the starting 

chemicals and the synthesis temperature influenced the micromorphology of the obtained materials. 

 

 

Figure 21. SEM-images of MnO2-I (a – c) and MnO2-II (d – f) powders at different resolutions: 10 μm 

(a, d), 1 μm (b, e) and 100 nm (c, f). 

 

To study the electrochemical properties of the prepared cathode materials, the Zn//MnO2 two-

electrode cells of CR2032 type were assembled with aqueous 2 M ZnSO4 / 0.1 M MnSO4 electrolyte, 

selected on the basis of literature analysis of electrochemical performance of MnO2-based cathode 
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materials. Primary characterization of the properties of the assembled cells was carried out using CV 

technique at the potential scan rate of 0.1 mV∙s−1. Hereinafter, the term “potential” refers to the 

electrical potential difference between the metal contacts of a two-electrode cell; the term “cell 

voltage” is commonly used. On the CV curves for both types of materials shown in figure 22, two 

pairs of peaks at Е = 1.57/1.25 V and Е = 1.61/1.37 V are observed. Notably, only one peak is present 

at E = 1.21 V for the MnO2-I material and at E = 1.18 V for MnO2-II on the first discharge cycle. This 

form of the CV curves is in accordance with the dependences reported in the literature [89,92], detailed 

discussion and correlation of the peaks on the Cv curves and electrochemical reactions in the system 

with the participation of H+ and Zn2+ cations will be presented further in Chapter 4 and Chapter 5 of 

this work. 
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Figure 22. CV curves for MnO2-based cathodes depending on the cycle number at the scan rate of 

0.1 mV∙s−1 for MnO2-I (a) and MnO2-II (b). 

 

From the presented data, the difference in the electrochemical behavior of materials with different 

degrees of crystallinity can be seen. For the MnO2-I material, a constant increase in both anodic and 

cathodic currents is observed from the first to the tenth cycle, followed by a less intense increase in 

current density with further stabilization of the current response (Figure 22, a). The current growth is 

explained both by a more complete “utilization” of the electrode material and by the accompanying 

process of precipitation of the MnOx phase from the electrolyte solution [17]. The MnO2-II sample 

synthesized from the KMnO4 solution in the absence of manganese sulfate shows an increase of the 

anodic current after the first cathodic cycle, while the cathode current density changes insignificantly. 

After the fifth cycle, a slight drop in the anodic current and its subsequent stabilization are observed, 

while the cathodic currents do not increase considerably (Figure 22, b). Such behavior could be 

explained by the difference in the crystallinity of the electroactive materials: in a more amorphous 

material, the intercalation processes and the accompanying process of MnOx deposition on the cathode 
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surface proceed more easily than in the case of an oxide with higher crystallinity. This effect is widely 

known for cathode materials based on vanadium oxides [170,171] and was previously shown for 

MnO2-based cathodes [92,93]. For both materials, the CV curves show a shift of the anodic peaks to 

more positive voltages, and of the cathodic peaks to lower voltage values. With increasing number of 

cycles, the initially well-separated anodic peaks become less pronounced and a single broad anodic 

peak is observed on the CV curves. Since the masses of electroactive components in the composition 

of cathode materials are equal, the CV data are given in absolute current values. 

The electrochemical performance of the CR2032 cells was studied by galvanostatic 

charge/discharge. The C-rate capability for both materials is shown in figure 23. It can be observed that 

the initial capacity of the MnO2-II based cathode is twice higher – 222 mAh∙g−1 compared to that of 

MnO2-I material – 103 mAh∙g−1. However, at low currents, an increase in the specific capacity at 

constant current density is observed for the MnO2-I cathode, which is caused by additional 

precipitation of MnOx from the electrolyte solution (the capacity at 35th cycle at a current density of 

0.1 A∙g−1 was 210 mAh∙g−1). In the range of current densities 0.5 – 5.0 A∙g−1, the specific capacities of 

the materials are comparable (Figure 23, a) [39].   

 

0 5 10 15 20 25 30 35 40

0

50

100

150

200

250

0 50 100 150 200 250

1.0

1.2

1.4

1.6

1.8

0 50 100 150 200 250

1.0

1.2

1.4

1.6

1.8

I (A·g-1)

2.0 5.00.2 0.10.3 1.00.5

Q
 (

m
A

h
·g

-1
)

Cycle number

 MnO2-I

 MnO2-II

0.1

a

c

b

MnO2-II

E
 (

V
 v

s
. 

Z
n
/Z

n
2
+
)

Q (mAh·g-1)

 1ый cycle

I (A·g-1) 

 0.1

 0.2

 0.3

 0.5

 1.0

 2.0

 5.0

 0.1

MnO2-I

 

Figure 23. C-rate capability for Zn//MnO2 cells (a), charge/discharge profiles for MnO2-I (b) and 

MnO2-II (c) cathode materials. 
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In the first charge/discharge cycle for both types of materials (Figure 23, b,c), there is only one 

plateau on the discharge curve at E = 1.30 V, which can be compared to the first reduction cycle on 

CV. In the subsequent cycles, two plateaus are observed on the discharge curve at E = 1.4 V and E = 

1.28 V. There is also a characteristic feature on the discharge curve: a slight rise or kink at E = 1.24 – 

1.27 V at different discharge current values (indicated by *), which is related to the chemical reaction 

of precipitation of the basic salt of zinc hydroxide sulfate (ZHS), caused by a local change in the pH of 

the electrode layer [13,25,143,168,172]. Two plateaus are observed on the charge curve at E ≈ 1.55 V. 

The voltage values of the observed plateaus correlate well with the peaks on the CV curves. As the 

discharge current increases from 1 to 5 A∙g−1, the plateaus become less pronounced due to the high rate 

of the processes and the resulting incomplete utilization of cathode material capacity. 

The cyclability of cathode materials was studied at a current density of 0.3 A∙g−1 during 100 cycles 

(Figure 24). For the amorphous MnO2-I material the initial capacity was 113.6 mAh∙g−1, while for the 

MnO2-II cathode the initial capacity was 183.3 mAh∙g−1. During the first 30 cycles, a small capacity 

growth up to 134.7 mAh∙g−1 was observed for MnO2-I, after which the capacity fading was 10% from 

the maximum value. For MnO2-II, despite the presence of MnSO4 additive in the electrolyte solution, 

the MnOx deposition process did not lead to a significant positive effect: there was at first a sharp 

(during 25 cycles) and then a more gradual capacity decrease that stabilized after 60 cycles, resulting 

in only 52% of the initial capacity retained. The Coulomb efficiency for both materials is close to 

100% (Figure 24, a). Thus, from the point of view of cyclic stability, the more amorphous material is 

of interest due to the greater number of internal lattice defects, as discussed previously [92,93]. 
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Figure 24. Cyclic stability (a) and charge/discharge profiles (b) for Zn//MnO2 cells at I = 0.3 A∙g−1. 

 

The difference of the two materials is clearly seen in the charge/discharge curves. For the 

amorphous manganese oxide, two poorly resolved plateaus are observed on the charge curve at 

Е = 1.56 V and Е = 1.60 V, which are matched by clearly separated discharge plateaus at Е = 1.37 V 

and Е = 1.22 V. There is also a kink in the curve at E = 1.26 V described above. For the MnO2-II 
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material both charge and discharge plateaus are weakly expressed, the electrode polarization is 

practically twice as high compared to the MnO2-I material and the kink in the discharge curve is 

negligible (Figure 24, b).  

Based on the higher polarization of the MnO2-II cathode during long-term cycling, it can be 

concluded that the internal ohmic resistance of the cell increases during operation. To test this 

hypothesis and study the kinetic parameters, electrochemical impedance spectroscopy was applied. 

The measurements were performed after registration of 20 CV cycles at the scan rate of 0.1 mV∙s−1 at 

the voltages values close to the values of the redox-transition potentials: 1.48, 1.38, and 1.30 V, since 

the spectra at E = 1.8, 1.26, and 1.0 V are uninformative. The obtained data are shown in figure 25.  
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Figure 25. Impedance spectra for Zn//MnO2 cells based on MnO2-I (a) and MnO2-II (b) at different 

voltage values during the discharge. The inset shows the spectrum for the MnO2-II-based cell at higher 

magnification. The figure shows the equivalent circuit, the dots on the graph indicate the experimental 

data, the lines – the impedance spectra calculated according to the equivalent circuit. 

 

For the Zn//MnO2-I cell the shape of spectrum was weakly dependent on the voltage value: we 

observed two semicircles in the high- and mid-frequency regions and a linear part with a slope of 45° 

in the low-frequency region corresponding to the diffusion limitations of the cell (Figure 25, a). In the 

case of the MnO2-II cathode, there is a well-defined semicircle in the high-frequency region coinciding 

with the resistance value (inset of Figure 25, b),  as well as a second semicircle that increases with 

decreasing cell potential, which is particularly noticeable in the transition from E = 1.38 V to E = 1.30 

V. The diffusion part of the spectrum is weakly expressed. All of the above spectra could be described 

satisfactorily using the equivalent circuit given in the literature for the Zn//MnO2 cells [13,142,173]. In 

this circuit, the interphase resistance R1 corresponds to the zinc anode/electrolyte; the resistance R2 is 

formed at the cathode/electrolyte interface or is determined by the combination of zinc anode and 
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cathode material; the diffusion resistance Zd corresponds to the ion intercalation into the MnO2-cathode 

structure [13].  

The analysis of the spectra by the equivalent circuit method showed that for both cathode materials, 

in all the measured states, the resistance value R1 corresponding to the first semicircle, varies 

insignificantly, which allows us to attribute it to a constant interface, i.e., the interface between the zinc 

anode and the electrolyte solution. For the interfacial resistance R2, corresponding to the second 

semicircle, other tendencies are observed: its value does not increase significantly with the change of 

potential for the MnO2-I material, while for the MnO2-II cathode the growth is sharper. The resistance 

jump at E = 1.30 V can be caused by the beginning of the process of formation of a non-conductive 

phase on the electrode surface – the basic zinc salt ZHS. 

In addition, the diffusion regions of the spectra were analyzed in ZRe, −ZIm – ω−1/2 coordinates 

according to the Mathias-Haas criteria [174]. The values of the Warburg constants σW which are related 

to the diffusion coefficient of the intercalated ions (Zn2+ and/or H+) were calculated from the following 

equation:  

𝐷𝑀𝑒+𝑛 =
𝑅2𝑇2

2𝐴2𝑛4𝐹4𝑐2𝜎W
2        (6) 

This equation shows an inverse relationship between the diffusion coefficient and the value of the 

Warburg constant. Quantitative calculation of the DMe value is impossible due to the complexities of 

the mechanism of Zn//MnO2 cells operation (possible participation of two types of cations) as well as 

unknown concentration of the charge transfer ions (Zn2+ and H+) in the MnO2 crystal lattice.  

Based on the ZRe, −ZIm – ω−1/2 dependencies, it follows that the value of the slope of the parallel 

section, or the Warburg constant value, is lower for the MnO2-I material which indicates faster ions 

diffusion in the more amorphous crystal lattice (Figure 26) which was previously observed [92]. 
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Figure 26. ZRe, −ZIm – ω−1/2 dependencies for Zn//MnO2 cells obtained at Е = 1.48 V for MnO2-I (a) 

and MnO2-II (b). 



65 

 

Thus, depending on the synthetic conditions (reaction mixture composition, time and temperature 

of hydrothermal synthesis), samples with the same phase composition and nanostructure are obtained, 

but the differences in micromorphology and degree of crystallinity are observed. These differences 

have a significant impact on the functional properties of the cathode materials, namely the initial 

specific capacity value and cyclic stability. In the case of more crystalline MnO2 oxide, the initial 

capacity is significantly higher, but during cycling the material loses almost 50% of its initial capacity 

just over 100 cycles. At the same time, the material with a higher degree of amorphousness (MnO2-I) 

has lower capacity values, but due to the increase of the specific capacity during cycling caused by the 

deposition of additional MnOx layers, it retains 90% of the maximum capacity after 100 

charge/discharge cycles [39], which makes it a more promising material for further study and the 

creation of cathodes based on it. 

 

3.3. Effect of conducting polymer-based modifier on specific characteristics of δ-MnO2-based 

cathode materials 

 

3.3.1. Addition of conducting polymer to the electrode composition 

As it has been shown in numerous papers cited in the review of the properties of manganese oxide 

based cathode materials [40], conducting polymers are promising materials to improve the overall 

electronic and ionic conductivity of manganese oxides, in addition to having a significant effect on the 

specific capacity values and cyclability of cathodes. Poly(3,4-ethylenedioxythiophene), including the 

aqueous dispersion PEDOT:PSS, was chosen to improve the properties of MnO2-I-based cathode 

materials (the synthesis designation “I” is omitted in the following text). 

The cathode material was modified using two methods: addition of chemically synthesized PEDOT 

polymer to the electrode composition (the amount of active material and binder was decreased) and 

dispersing δ-MnO2 powder in aqueous dispersion of PEDOT:PSS with subsequent evaporation of 

water to create a polymer shell on the surface of the active component grains. The ratios of 

components in the electrode composition, as well as the designations of materials are given in table 1.  

The PEDOT powder obtained by chemical synthesis was studied by EDX analysis to estimate the 

element ratios. It was observed that the mass fraction of carbon is close to the theoretical value (56.88 

wt.%), while the fraction of oxygen is lower and of sulfur is higher (11.64 wt.% and 31.47 wt.%, 

respectively). The morphology of the powder was evaluated by SEM (Figure 27). The powder consists 

of small porous granules, easily agglomerating into particles of ≈ 30 μm in size, with the occurrence of 

particles of ideal spherical shape, which are uncharacteristic for this polymer, containing 0.1 – 
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0.2 wt.% of chlorine due to the presence of FeCl3 in the reaction mixture as oxidant. The size of the 

spheres averages 2 – 5 μm (Figure 27, b). 

 

  

Figure 27. SEM images of PEDOT powder at 20 μm (a) and 1 μm (b). 

 

The morphology of cast electrode materials was also studied by scanning electron microscopy 

combined with EDX-analysis. The MnO2 electrode material (Figure 28, a) is characterized by a 

nonuniform structure in which the grains of the active component agglomerate into large fragments. In 

contrast, a denser and smoother surface is observed for both types of PEDOT-containing electrodes 

(Figure 28, b, c).  

 

 

Figure 28. SEM images of MnO2 (a), MnO2/PEDOT (b) and MnO2/PEDOT:PSS (c) cathode materials. 

 

The elemental distribution of the main components of the cathode materials was studied by EDX 

analysis. In all cases, a complete correlation between the distribution of manganese and oxygen can be 

seen, confirming the presence of manganese oxide, as well as a uniform distribution of fluorine, 

confirming the homogeneity of the electrode material (Figure 29). 

 

a b 

20 μm 1 μm 
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Figure 29. EDX-mapping of the Mn, O, F and S for MnO2 (a), MnO2/PEDOT (b) and 

MnO2/PEDOT:PSS (c) cathode materials. 

 

After the addition of the conducting polymer, a more uniform distribution of the components on the 

surface of the electrode material is observed, the polymer particles being linked with most of the grains 

of the active material (Figure 29, b). In the case of the cathode material with PEDOT:PSS coating, the 

elemental distribution for sulfur has a higher coincidence with that of manganese, indicating the 

creation of a polymer coating on the MnO2 surface (Figure 29, c). 

The electrochemical properties of the electrode materials were investigated by CV at the scan rates 

of 0.1 – 0.5 mV∙s−1. In general, the CV shapes for different cathodes were very similar and they 

showed two weakly resolved anodic peaks for MnO2/PEDOT:PSS electrodes, and two distinct 

cathodic peaks at Е = 1.37 V and Е = 1.24 V. The effect of the addition of the conducting polymer is 

observed in the increase of the anodic current by ≈ 1.5 times for the MnO2/PEDOT and 

MnO2/PEDOT:PSS electrodes, the cathodic currents are slightly higher than for the MnO2-based 

electrode. In addition, the cathodic peak at E = 1.24 V is broadened with respect to the unmodified 

cathode, the so-called “diffusion valleys” are observed, caused by the progressive ZHS precipitation on 

the more porous surface due to the additional porosity of PEDOT or PEDOT:PSS (Figure 30, a).  
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Figure 30. CV curves for MnO2-cathodes at the scan rate of 0.1 mV∙s−1: comparison of different 

cathode materials at 5th cycle (a) and the dependence on the cycle number for MnO2/PEDOT (b). 

 

As already mentioned, in the electrolyte solution with the addition of manganese sulfate, for all 

three cathode materials, a gradual growth of currents is observed, as already recorded (see Figure 22, 

a), due to the formation of the MnOx layer on the electrode surface, which has its own electroactivity. 

In particular, for the MnO2/PEDOT electrode, the capacity growth is observed during 25 CV cycles 

(Figure 30, b) [38].  

In order to evaluate the effect of the conducting polymer on the charge transfer kinetics in modified 

cathode materials, the nature of the limiting stage was analyzed by the CV at different scan rates. With 

increasing scan rate (from 0.2 mV∙s−1 to 0.5 mV∙s−1) close tendencies are observed for both electrode 

materials: anodic peaks become practically inseparable and shift to the more positive potentials with 

increasing scan rate. The cathodic peak at E = 1.24 V almost disappears at high scan rates, while the 

second one at E = 1.4 V is slightly increased and shifts insignificantly to the more negative potentials 

(Figure 31, a, c).  
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Figure 31. CV curves for MnO2/PEDOT (a) and MnO2/PEDOT:PSS (b) cathodes depending on the 

scan rate; bilogarithmic dependencies of peak current on scan rate for MnO2/PEDOT (c) and 

MnO2/PEDOT:PSS (d) electrodes. 

 

To evaluate the limiting stage of the electrode process, the value of the peak current (anodic or 

cathodic) was analyzed as a function of the scan rate. This dependence can be described by an 

empirical equation written in the logarithmic form: 

 

(log 𝐼𝑝) =  log 𝑎 + 𝑏 ∙ log 𝜈      (7) 

 

The value of b, defined as the tangent of the slope of the logarithmic dependence, is in the range 

0.5 – 1.0. When the b value is close to 0.5, the limiting stage of the process is mass transfer, and the b 

value close to 1.0 corresponds to the capacitive response. However, due to the complexity of the 

mechanism and the different nature of the ongoing reactions (both chemical and electrochemical), this 

analysis to assess the diffusion limitations is only qualitative. For example, for the MnO2/PEDOT 

cathode, the values of the slope 0.57, 0.71 and 0.56 were obtained, which correspond to a greater 

extent to diffusion control in the case of deintercalation processes and the second redox transition at 

E ≈ 1.2 V, while for the first cathodic process (E = 1.34 V) we should speak of mixed diffusion-

capacitive control (Figure 31, b). For the MnO2/PEDOT:PSS electrode the b values were 0.64, 0.71 

and 0.45. The difference of the b value for the second cathodic process from the theoretical one 
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(b < 0.5) is due to the parallel chemical process of ZHS deposition and, therefore, it is more correct to 

speak here about the movement of Zn2+ ions and hydroxide anions to the cathode surface (Figure 31, 

d). Thus, to a considerable degree, the rate of the electrochemical process is limited by the ion 

diffusion. 

The electrochemical performance of the cells with three cathode materials was studied by 

galvanostatic charge/discharge in different modes. It can be seen that at low current densities (0.1 –

 0.5 A∙g−1) the specific capacity of electrodes with conducting polymer additives is much higher than 

of the unmodified MnO2-cathode. At a current density of 0.1 A∙g−1 the specific capacities were 133, 

210 and 291 mAh∙g−1 for MnO2, MnO2/PEDOT and MnO2/PEDOT:PSS electrodes, respectively 

(Figure 32, a). In the wide current range the specific capacity of PEDOT:PSS-coated electrode material 

is close to the theoretical value (in the case of one-electron transfer, or MnIV – MnIII process). For all 

three cathodes, an increase in the specific capacity at constant discharge current was also observed due 

to the additional formation of the electroactive precipitate, which could be seen on the surface of a 

stainless steel disk (spacer) in contact with the electrolyte. At high current densities the capacity of the 

materials drastically decreased, i.e., at I = 2.0 A∙g−1 the specific capacity was 66, 103 and 133 mAh∙g−1 

for MnO2, MnO2/PEDOT and MnO2/PEDOT:PSS electrodes, respectively, and at further increase of 

the current up to 5.0 A∙g−1 the capacity dropped to 6 mAh∙g−1 for MnO2-cathode and to 35 –

 40 mAh∙g−1 for the cathodes with conducting polymer.  
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Figure 32. Electrochemical performance of MnO2-based cathode materials: C-rate capability (a) and 

cyclic stability at 0.3 A∙g−1 (b); charge/discharge profiles for MnO2/PEDOT:PSS cathode (c) and for 

all cathode materials at 0.3 A∙g−1 (d). 

 

The cyclic stability of the cathode materials was evaluated at a current density of 0.3 A∙g−1 during 

100 charge/discharge cycles (Figure 32, b.). During the initial 20 – 30 cycles a capacity increase was 

observed for all three cathodes – 15% for MnO2, 25% for MnO2/PEDOT, and 20% for 

MnO2/PEDOT:PSS. During further cycling a small capacity fading (10% from the maximum value of 

134 mAh∙g−1) was observed for the MnO2-cathode, while no capacity fading occurred for the polymer-

modified electrodes, which retained 99% of the maximum value [38].  

The shape of the charge/discharge profiles of the MnO2/PEDOT:PSS electrode is well correlated 

with that previously observed for the manganese oxide-based cathode (Figure 32, c): two discharge 

plateaus at E = 1.4 V and E = 1.25 V, and a plateau on the charge curve at E = 1.55 V are observed. 

The discharge curves clearly show that the plateau at E = 1.4 V is slightly longer than the second one, 

i.e. this this process is the dominant energy storage reaction. The discharge curves at E = 1.26 – 1.28 V 

also show a kink in the curve and a slight increase in potential. It corresponds to zinc ion intercalation 

or/and chemical precipitation of a Zn2+-containing insoluble byproduct zinc hydroxide sulfate ZHS. 

For the materials with conducting polymer additives the slope of the curve is smoother at the end than 

for the pristine MnO2-based cathode (Figure 32, d) which correlates with the shape of CV curves of 

MnO2/PEDOT and MnO2/PEDOT:PSS electrodes in this voltage range. 
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To examine the surface changes during the cell cycling, the electrode materials before and after 100 

charge/discharge cycles were studied by ex situ XPS. The survey spectra of electrode materials (Figure 

33, a, b) shows the changes in the peak intensities of the main components that occurred after long-

term cycling. Thus, there is a sharp increase in the intensity of the oxygen peak and an increase in its 

surface content almost 7 times (≈ 9% before and ≈ 70% after cycling) which is due to a number of 

factors like the formation of the basic zinc salt (ZHS) on the electrode surface and partial 

decomposition of electrode material components due to the overall degradation of the cathode, which 

is expressed in a decrease in the surface content of carbon, fluorine and manganese, as can be seen 

from the change in the intensity of their respective peaks. Also new peaks in the range of 1020 – 1050 

eV are observed after cycling, which correspond to the presence of zinc ions in the composition of the 

electrode material, and in the case of pristine MnO2-cathodes these peaks are more intense than in the 

case of polymer-modified composite.  

Detailed examination of the state of manganese in the composition of the electrode materials is 

shown in figure 33, c. It can be seen that after cycling there is a slight shift of the peaks by the same 

fixed value, with the value of the spin-orbit splitting energy being 11.7 eV, which correlates with the 

data previously obtained for MnO2 [175]. Depending on the modification strategy, the surface 

manganese content in the cathode material also changes (Figure 33, c, red curves): in the case of 

unmodified MnO2, practically zero intensity of manganese peaks is observed, while for polymer-

modified electrodes the intensity is maintained; in the case of MnO2/PEDOT:PSS cathode, the 

intensity of peaks before and after the tests is practically the same. This indicates that the PEDOT:PSS 

coating on the surface of MnO2 particles prevents the dissolution of the active material during cycling. 
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Figure 33. XPS spectra for MnO2-based cathodes before and after electrochemical tests: survey 

spectra for MnO2/PEDOT:PSS (a) and MnO2-cathodes (b); high resolution XPS spectra of Mn 2p (c) 

and Zn 2p (d) for all three cathode materials. 

 

After 100 charge/discharge cycles, for all three materials in the discharged state the peaks 

corresponding to Zn2+ cations are observed (Figure 33, d), i.e., there is a surface interaction between 

zinc ions and the cathode material, including a possible process of intercalation of Zn2+ ions into the 

MnO2 structure. At the same time, zinc predominates in the ratio of elemental content: for the 

unmodified oxide, the Mn:Zn ratio was about 1:15 atomic percent, while for the polymer-modified 

cathodes it was about 1:3. Thus, in the absence of a conducting polymer, there is a significant change 

in the surface of the cathode material caused by the dissolution of MnO2, while the use of PEDOT or 

PEDOT:PSS as part of the electrode material allowed to suppress the dissolution of the cathode and, as 

a consequence, had a positive effect on the functional properties of the system. 

In order to study the composition of the electrodes and the phases formed during discharge and 

charge under electrochemical tests, the XRD patterns of MnO2-based cathodes were obtained. The first 

phase present in the XRD patterns of the electrode materials in the discharged state (Figure 34, a) is δ-

MnO2 (K0.27MnO2∙0.54H2O) with no main diffraction maxima for the cathode without conducting 

polymer (only maxima at 36 and 65° are present), which may be due to both dissolution of the cathode 

during cycling and to a decrease in the degree of oxidation of manganese in the cathode. However, the 

maxima of the (0,0,3) and (0,0,6) planes are preserved for the cathodes modified by the conducting 
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polymer, which proves the protective functions of the polymer as a modifier. The second phase is the 

zinc-containing manganese oxide ZnMn3O7-2H2O (ICCD card #00-047-1825), identified by strong 

diffraction peaks at 18.55, 33.67, 36.59 and 65.39 °. It should be noted that several peaks (12.35, 

25.14, 32.75, 35.12 °) are broader due to the presence of the highly amorphous phase 

Zn4(OH)6SO4∙1.55H2O (ZHS, ICCD card #00-044-0674). For electrodes with conducting polymer, the 

diffraction peaks of ZnMn3O7 are fewer and lower in intensity than the peaks of the MnO2 cathode, 

while the peaks corresponding to the ZHS phase are clearer. This is the evidence that PEDOT or 

PEDOT:PSS prevents the active irreversible insertion of zinc ions into the electrode material lattice. 
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Figure 34. X-ray diffraction patterns of MnO2-based electrode materials after electrochemical tests in 

fully discharged (a) and fully charged (b) states. 

 

In the charged state (Figure 34, b), no peaks corresponding to the ZHS phase are observed in the 

diffractograms for all three materials; therefore, there is a change in the pH of the near-electrode layer 

during charging, resulting in the dissolution of the additional surface layer of ZHS salt, as previously 

observed for electrodeposited MnO2 [168]. The main crystal phases are MnO2 formed during charging 

due to the presence of MnSO4 in the electrolyte, and ZnMn3O7, which has no electrochemical activity 

and does not participate in the charge/discharge process [38]. The presence of zinc-containing phase of 

manganese oxide in the charged state may be evidence of irreversible intercalation of zinc ions into the 

MnO2 crystal lattice. 
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3.3.2. Electrodeposition of PEDOT on the prepared MnO2-cathodes surface 

An alternative way to modify the cathode materials is to deposit a polymer coating on the surface 

as-prepared electrode material, similar to the approach previously used for a mixture of manganese 

oxides of different morphologies [35]. The synthesis of PEDOT polymer on the surface of the 

electrode material was carried out in potentiostatic mode at Е = 1.1 V vs. Ag/AgCl pseudoreference 

electrode with varying the deposition time (300 and 600 s). The resulting composite was characterized 

by scanning electron microscopy and X-ray photoelectron spectroscopy.  

 

 

Figure 35. EDX spectrum (a) and XPS spectrum of S 2p (b) for MnO2
/PEDOT electrodes obtained by 

polymer electrodeposition over 300 s. 

 

The EDX spectra of the samples show Mn and O elements corresponding to the presence of MnO2, 

as well as a pronounced sulfur peak at 2.3 keV (Figure 35, a). The XPS spectra of sulfur demonstrate 

two peaks at 163.9 and 165.1 eV associated with the binding energy of sulfur in the thiophene ring 

(S 2p3/2 and S 2p1/2, respectively) (Figure 35, b) [176]. Thus, during the electrodeposition oligomeric or 

polymer PEDOT fragments are formed on the surface of the cathode material.  

Polymer-modified cathode materials were also studied in the Zn//MnO2 cells. The specific 

capacities of the cathode materials at different current densities are shown in Figure 36. At the current 

density of 0.1 A∙g−1 the capacity of the polymer-coated electrode is 15% higher (Figure 36, a), while 

the process of capacity growth during cycling due to MnOx deposition from the electrolyte solution is 

weaker for the modified electrodes. The higher value of the specific capacity corresponds to the 

improved electronic and ionic contact between the active material particles through the additional 

conductive PEDOT coating on the cathode surface. 
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Figure 36. C-rate capability (a) and cyclic stability at I = 0.3 A∙g−1 (b) of MnO2/PEDOT cathode 

materials 

 

During long-term cycling at a current density of 0.3 A∙g−1 (Figure 36, b), after several initial cycles 

the active deposition of MnOx starts on the unmodified cathode (black curve), while for PEDOT-

coated cathodes this process either proceeds to a lesser extent (for t = 300 s, red curve) or is completely 

suppressed (t = 600 s, blue curve), so, the conducting polymer coating partially blocks the deposition 

of additional manganese oxide on the electrode surface and prevents the artificial capacity increase.  

The electrochemical response of MnO2/PEDOT cathode material with a modifying PEDOT coating 

was studied by CV. It is seen that in the first cycle a clear cathodic peak at E = 1.22 V is observed, and 

in the following cycles two pairs of peaks at Е = 1.55/1.25 V and Е = 1.60/1.39 V are observed (Figure 

37, a).  
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Figure 37. CV curves for MnO2/PEDOT electrodes depending on the cycle number (a); comparison of 

CV curves for two types of electrodes normalized to the mass of the active component (b) at the scan 

rate of 0.1 mV∙s−1. 
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The comparative analysis (Figure 37, b) shows that the shape of the CV curves is practically 

independent of the presence of the conducting polymer, but there is a slight difference in the anodic 

peaks: for the electrode without conducting polymer, the second peak at E = 1.62 V is more intense 

and the current intensity of the first anodic peak is low, while for the electrode coated with PEDOT, the 

first peak at E = 1.56 V is more intense and a clear separation of the peaks is maintained. Due to the 

previously observed slower capacity growth resulting from suppressed MnOx deposition for the 

polymer-coated electrode, a decrease in specific current is observed during cycling, which correlates 

with the charge/discharge characteristics during long-term cycling. 

To investigate the electrode/electrolyte interfaces for cathode materials, the electrochemical 

impedance spectroscopy was used (Figure 38). For reliable analysis, the spectra were normalized to the 

mass of the active component in accordance with earlier studies [177]. For the experimental and 

normalized spectra in the fully charged state (E = 1.8 V), the presence of the polymer coating reduces 

the charge transfer resistance, which is attributed to the high conductivity of PEDOT. For the coated 

cathodes the diffusion part in the low-frequency region of the spectrum is more pronounced, which 

suggests easier ion transport in the composite electrode due to the conductive surface coating. 
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Figure 38. Impedance spectra of MnO2- and MnO2/PEDOT-based cathodes after 100 

charge/discharge cycles at E = 1.8 V: experimental data (a) and normalized on the MnO2 mass (b). 

 

Based on the analysis of the electrochemical performance of manganese dioxide-based cathode 

materials in rechargeable Zn//MnO2 electrochemical systems, materials with a low crystallinity are 

required for high reversibility of the specific capacity during long-term cycling. Among the different 

methods of cathode modification with the conducting polymer PEDOT, the highest specific capacity 

values were observed in the case of coating MnO2 grains with a thin layer of PEDOT:PSS (mass 

loading did not exceed 2%) and in the case of long (t = 600 s) deposition of the PEDOT film on the 

surface of the as-prepared cathode. Nevertheless, there are still unclear issues about the reaction 
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behavior in these systems. Since the shape of the curves is practically similar for all cathodes, the 

reaction mechanism will be considered using the example of the unmodified MnO2 cathode. 
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Chapter 4. Investigation of the effect of the electrolyte composition on the 

electrochemical properties of MnO2-based cathode materials 

 

4.1. Zinc/manganese sulfate-based electrolytes 

An important fundamental issue of the research was to determine the possible electrochemical 

reactions occurring during charge/discharge processes for MnO2-based cathodes. Several types of ions: 

Zn2+, H+, Mn2+ including their hydrated forms could be involved in the electrochemical reaction, the 

easiest way to study the influence of each ion is to eliminate it or other ions from the electrolyte 

solution. The most commonly used electrolyte for Zn//MnO2 cells is an aqueous solution based on zinc 

and manganese sulfates (2 M ZnSO4 / 0.1 MnSO4, pH ≈ 4.5). The typical feature of the 

electrochemical behavior of cathodes in this electrolyte, observed by various methods in two-electrode 

cells, is the increase in electrochemical activity caused by the deposition of an additional surface layer 

of MnOx from the electrolyte solution, with a change in the shape of the curves from the first cycle to 

the next one (Figure 39). 
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Figure 39. Charge/discharge profiles at I = 0.1 A∙g−1 (a) and CV curves at ν = 0.1 mV∙s−1 (b) for 

Zn//MnO2 two-electrode cells in 2 M ZnSO4 / 0.1 M MnSO4 electrolyte. 

 

In particular, on the first cycle (black curve) only one redox transition is present at E = 1.28 V 

(charge/discharge curve) and E = 1.21 V (CV), the cathodic process at E = 1.38 V (CV) proceeds to a 

very minor extent, the primary charging process is not pronounced because the MnO2 phase is already 

charged. From the second cycle, the shape of curves changes: two well-defined peaks/plateaus appear 

at E = 1.39 / 1.25 V during discharge, and two weakly separated peaks/plateaus appear at E = 1.56 V 

during charge. The appearance of the voltage kink on the charge/discharge profiles from the second 

cycle could be associated with the formation of the basic salt ZHS during discharge [20], which is a 

competitive chemical process occurring on the surface of the cathode material.  
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As previously discussed for the LMO-based cathodes (Section 3.1) and for the polymer-modified 

electrode materials (Section 3.3.1), processes related to the irreversible incorporation of Zn2+ cations 

into the cathode structure were observed. To determine the changes in the electrochemical behavior of 

manganese oxide depending on the type of electrolyte: in the absence of manganese or zinc ions and in 

the presence of both, the electrochemical properties of MnO2 cathodes were tested by the CV method. 

The compositions of electrolyte solutions used to establish the influence of its nature on the properties 

of the system, in particular, the shape of CV curves, are given in Section 2.6 (Table 2). To prove the 

necessity of the presence of zinc ions in the electrolyte solution to ensure the reversibility of Zn//MnO2 

cell, the properties of the MnO2-electrodes were studied in the absence of a metallic zinc anode in 

manganese sulfate solution and compared with the response in the binary electrolyte 

2 M ZnSO4 / 0.1 M MnSO4. For this, three-electrode cell with separated compartments was assembled. 

The as-prepared MnO2 cathode was used as the working electrode, and an aqueous Ag/AgCl electrode 

filled with 3 M NaCl solution was used as the reference electrode. The first electrolyte applied was 

aqueous 2 M ZnSO4 / 0.1 M MnSO4 solution, then the cathode was tested in 0.1 M MnSO4 solution, 

after which the mixed electrolyte was used again. The counter and reference electrodes were connected 

by a salt bridge to avoid side processes. The resulting CV curves are shown in Figure 40.  
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Figure 40. CV curves for MnO2-cathodes obtained serially in a three-electrode cell in 

2 M ZnSO4 / 0.1 M MnSO4 (a), 0.1 M MnSO4 (b), 2 M ZnSO4 / 0.1 M MnSO4 (c) electrolyte solutions 

at ν = 0.1 mV∙s−1; comparison of curves obtained in different electrolytes at the third cycle (d). 
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In conventional 2 M ZnSO4 / 0.1 M MnSO4 electrolyte the shape of CV curve is correlated with the 

observed earlier (see Section 3.2): on the anodic part a widened peak at E = 0.61 V is observed and on 

the cathodic one there are peaks at E = 0.44 V and E ≈ 0.3 V vs. Ag/AgCl (Figure 40, a). However, 

there are significant changes in the CV curve in 0.1 M MnSO4 solution. During oxidation up to 0.8 V, 

an anodic peak at Е = 0.49 V is observed, which then disappears. On the cathodic curve during the first 

discharge, a broad peak at Е = 0.15 V is observed, which is also extremely weak during the second 

cycle and completely absent during the following cycles. The shape of the curve is similar to a 

rectangular one, which indicates the accumulation of charge by the pseudocapacitive mechanism, and 

at potential values above 0.7 V there is an increase in the current caused by the deposition of MnOx on 

the cathode surface (Figure 40, b).  

Despite the processes of manganese oxide deposition on the cathode surface from the electrolyte 

solution, which previously led to an increase in capacity, after transfer of the cathode from the 

manganese sulfate solution to the mixed electrolyte, there is no recovery of the electroactivity of the 

material. The CV curves of the material in 2 M ZnSO4 / 0.1 M MnSO4 solution after cycling in MnSO4 

pristine solution look quite different: after the first cycle only one cathodic peak at Е = 0.56 V is 

observed, on the anodic curve an intense current increase is observed after reaching the potential value 

of 0.6 V (Figure 40, c). The current intensity is higher than that of the background (titanium current 

collector), indicating that the cathode material is retained on the surface. Comparing the data for the 

same electrode, it can be seen that the current drops several times with the same surface area of the 

cathode placed in the electrolyte solution: for clarification, the third CV cycle obtained in all three 

electrolytes is presented (Figure 40, d). Thus, cathode inactivation is observed in manganese sulfate 

solution in the absence of Zn2+ cations. 

To evaluate the importance of the combined presence of zinc and manganese cations, following 

other works [21] we studied the as-prepared MnO2-cathodes in the same three-electrode cell in 

solutions of 2 M ZnSO4 and mixed 2 M ZnSO4 / 0.1 M MnSO4 electrolyte (Figure 41). In the pristine 

ZnSO4 solution gradual electroactivity fading during 5 CV cycles is observed: the intensity of cathodic 

currents drops more than three times; characteristic peaks are practically absent on the anodic curve. 

The cathodic curve shows a clear peak at E = 0.31 V and a weakly pronounced peak at E = 0.42 V, 

which completely disappears by the 5th cycle (Figure 41, a). 
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Figure 41. CV curves obtained for MnO2-cathode in three-electrode cell in 2 M ZnSO4 (a) and 

2 M ZnSO4 / 0.1 M MnSO4 (b) electrolytes solutions at ν = 0.1 mV∙s−1. 

 

When changing the electrolyte solution from zinc sulfate to the mixed electrolyte with MnSO4 

additive, after the first reduction cycle, the formation of an intense anodic peak at E = 0.58 V which 

broadens during continuous cycling, is observed, as well as the appearance of a cathodic peak at 

E = 0.43 V, which increases from cycle to cycle (Figure 42, b). This effect has been previously 

observed for LiMn2O4-based cathode materials, and it is indicative of the recovery of the cathode 

electroactivity in a mixed solution of zinc and manganese sulfates. 

In order to study the mass transfer processes in more detail, experiments were carried out to 

measure the mass of the electrode material in operando using the electrochemical quartz crystal 

microbalance (EQCM). To perform measurements on a gold-sprayed quartz crystal (hereafter referred 

to as the gold electrode), manganese dioxide (hereafter referred to as Au-MnO2) was presynthesized 

potentiostatically according to the method described in [168] and tested in a 2 M ZnSO4 / 0.1 M 

MnSO4 solution. It was observed that for electrodeposited manganese oxide the shape of CV curve is 

close to conventional from the second cycle: two cathodic peaks at Е = 1.37 V and Е = 1.19 V are 

observed as well as an anodic peak splitting into two at Е ≈ 1.55 V (Figure 42, a). During cycling, 

there is an increase in mass at E ≈ 1.3 V during reduction (cathodic curve), while during oxidation 

(anodic curve) there is a sharp decrease in the mass of the precipitate on the gold electrode surface 

(E = 1.55 V) and a slight increase in mass in the region of potentials E > 1.6 V (Figure 42, b). 
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Figure 42. CV curves (a) and mass – potential dependencies (b) for Au-MnO2 electrode obtained by 

electrodeposition in 2 M ZnSO4 / 0.1 M MnSO4 solution. 

 

At the first cycle, when moving from the open circuit potential (E = 1.49 V), it can be seen that in 

the potential area Е > 1.6 V a gradual mass increase, which is related to MnOx deposition on the Au 

electrode surface, starts. At further cathodic process at the potentials near E = 1.4 V an insignificant 

mass drop is observed, which is followed by mass intensive growth in the potential range ΔЕ = 1.05 – 

1.25 V. The obtained dependences are in accordance with the data published earlier by the scientific 

group [168]. 

The analysis of the mass-charge dependence for the first cycle had shown that three slopes 

observed on that curve are well-correlated with the mass changes observed. The calculated values of 

molecular mass for different parts of the cathodic curve according to Faraday's law were 87 g∙mol−1, 

8 g∙mol−1 and 757 g∙mol−1 which correspond to the formation of MnO2 (molar mass 87 g∙mol−1), 

transfer of small monovalent ion (probably the transfer of H+ or H3O
+ ions), and the formation of an 

insoluble precipitate of the basic zinc salt (Figure 43, a, b). The values of the number of electrons n 

were chosen based on the literature analysis, according to which the process at E = 1.4 V is attributed 

to the participation of a univalent ion (H+) in the reaction, and the process at E = 1.25 V is attributed to 

the participation of a divalent ion (Zn2+) [89,90]. 
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Figure 43. CV curves and m – E dependencies for the first (a) and fifth (c) cycles; the mass-charge 

dependence of cathodic half-cycle for the first (b) and fifth (d) cycles. 

 

For the fifth CV cycle the mass changes differ from the first cycle: at the anodic peak potential 

Е = 1.54 V a sharp mass drop is observed, then it slightly increases at Е = 1.57 V and during the 

cathodic process the mass grows smoothly up to E = 1.25 V and then drastically increases in the 

potential range ΔЕ = 1.05 – 1.25 V. The mass-charge dependence during the cathodic process shows 

two slopes, which correspond to the processes of ion intercalation (molar mass of particles 

≈ 25 g∙mol−1) and surface precipitate formation (molar mass 1342 g∙mol−1) (Figure 43, c, d). Thus, it is 

not possible to identify direct intercalation of zinc ions into the structure of materials from the data 

obtained. Nevertheless, based on the literature analysis, it can be assumed that the cathodic peak at the 

potential E ≈ 1.4 V is associated with the participation of the monovalent ion H+. The experiments 

carried out in pure zinc sulfate solution for Au-MnO2 showed that during the first cathodic scan at the 

potentials E < 1.3 V a significant mass increase is observed, which is associated with the process of 

ZHS formation on the electrode surface [20,168], after which the mass of the cathode remains 

practically unchanged, i.e. there is a rapid blocking of the electrode surface, due to which further 

electrochemical reactions do not take place [168]. 

Thus, it can be concluded that two types of ions (Zn2+ and Mn2+) are necessary in the electrolyte 

composition to ensure the reproducibility and obtain a stable response of the Zn//MnO2 system. 
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4.2. Zinc sulfate-based electrolytes with addition of alkali metal ions 

As it was shown in the literature review (Section 1.5), H+ ions are involved in the overall 

electrochemical reaction, as was confirmed by direct in operando pH tracking during CV 

measurements [22]. However, the form of proton participation – their intercalation into the cathode 

structure or conversion reaction with oxide fragments – remains not completely clear. To evaluate the 

intercalation processes involving the monovalent ion, solutions based on zinc sulfate with the addition 

of alkali metal salts were prepared, containing an excess of metal ions (Li+, Na+): 2 mol∙L−1. Moreover, 

solutions with the absence of manganese sulfate were prepared to test the possibility of substitution of 

Mn2+ ions for alkali metal ion in the electrochemical reaction, details of the solution compositions are 

given in table 2.  

In ternary solution in the presence of lithium ions the shape of CV curve is completely similar to 

those obtained in the conventional 2 M ZnSO4 / 0.1 M MnSO4 solution: at the first cycle, a pronounced 

cathode peak at E = 1.20 V is observed, and at subsequent cycles, two pairs of peaks are observed at 

E = 1.60 / 1.24 V and E = 1.64 / 1.36 V (Figure 44, a). After the second cycle the CV curve is almost 

unchanged, which indicates stabilization of the electrochemical response. In the absence of manganese 

salt in the electrolyte composition, a different behavior during cycling is observed: after the first 

reduction cycle the cathodic peak at Е = 1.39 V stabilizes up to the fifth cycle, and then the current 

response becomes stable. The intensity of the second cathodic peak at E = 1.24 V gradually decreases, 

which indicates the difficulties arising in this reaction (Figure 44, b). 
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Figure 44. CV curve for MnO2-cathodes in ternary solution 2 M ZnSO4 / 0.1 M MnSO4 / 1.0 M Li2SO4 

(a) and in binary solution 2 M ZnSO4 / 1.0 M Li2SO4 (b) at ν =0.1 mV∙s−1. 

 

Completely identical dependences are observed when Li+ cations are replaced by Na+ cations, 

while in the ternary solution the current response does not change after the fifth cycle (Figure 45, a), 

indicating high reversibility of this system. In the binary electrolyte solution, the cathodic peak at 
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E = 1.21 V also strongly decreases in intensity relative to the peak at E = 1.4 V (Figure 45, b). Thus, in 

the absence of manganese salt in solution, the cathodic peak at E = 1.21 V shifts to more positive 

values of the potential, and its intensity decreases, which indicates a decrease in the proportion of 

intercalated Zn2+ ions and suppression of the reaction of formation of the basic zinc salt, while the 

current value of the second peak remains stable, i.e. in this range of potentials the intercalation of 

single-charged ions (Li+/Na+) takes place, which are present in excess of the concentration of free H+ 

cations by 3–4 orders of magnitude. 
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Figure 45. CV curves for MnO2-cathodes in ternary solution 2 M ZnSO4 / 0.1 M MnSO4 / 

1.0 M Na2SO4 (a) and in binary solution 2 M ZnSO4 / 1.0 M Na2SO4 (b) at ν =0.1 mV∙s−1. 

 

The C-rate capability tests in binary and ternary electrolyte solutions (Figure 46, a, b) show that the 

initial specific capacity of cathode materials is similar (for the solution with Li+ ions Qin 

≈ 165 mAh∙g−1, for the Na-containing electrolyte Qin ≈ 140 mAh∙g−1). During the tests in binary 

solutions, regardless of the nature of the alkali metal cation, a gradual drop in the specific capacity of 

cathodes is observed, there is no increase in capacity due to the absence of MnSO4 in the electrolyte 

solution. In the case of ternary solutions at low current densities (0.1 – 0.5 A∙g−1) the capacity of MnO2 

cathodes increases slightly from cycle to cycle, which correlates well with our earlier data on the 

cycling of cathodes in a solution containing 0.1 M MnSO4. Cathode materials cycled in Li-containing 

electrolyte show a higher specific capacity compared to the same materials cycled in Na-containing 

solutions which could be related to the difficulty of insertion/extraction of Na+ due to its larger ionic 

radius than that of Li+ in dehydrated state.  
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Figure 46. C-rate capabilities of MnO2-cathodes in the solutions with Li+ (a) or Na+ (b) additives; 

charge/discharge profiles of the cathode materials cycled in the binary solutions containing Li+ (c) or 

Na+ (d) ions. 

 

The charge/discharge profiles for the cathode materials cycled in the binary solutions are similar to 

the CV data: during the cycling process, the plateau in the potential region E = 1.24 V, which 

dominates at the first discharge cycle, practically disappears with increasing number of cycles, even 

when returning to the initial current density (Figure 46, c, d). Thus, replacement of Mn2+ cation by M+ 

cation (M = Li, Na) in this system does not lead to a significant improvement of electrochemical 

properties, on the contrary, one of the cathodic processes is completely suppressed, despite the 

presence of Zn2+ cations. 

Complex CV measurements with registration of the mass changes of the electrode by EQCM were 

performed to find out the charge carriers during the cycling process in binary solutions. Au-MnO2 

electrode was previously synthesized, Na-containing solution was used due to Na+ higher molar mass 

in comparison with H+ or Li+ ions. In the first cycle, a distinct cathode peak at Е = 1.20 V is observed. 

From the second cycle, the shape of the CV curve is similar to that observed in ZnSO4 solutions: 

almost complete absence of cathode electroactivity, insignificant cathodic and anodic currents (Figure 

47, a).  
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Figure 47. CV curves (a) and mass – potential dependencies (b) for Au-MnO2 electrode obtained by 

electrodeposition in 2 M ZnSO4 / 1.0 M Na2SO4 solution. 

 

During the first CV cathodic scan, a sharp and significant mass increase is observed in the potential 

range ΔE = 1.05 – 1.25 V, corresponding to the redox transition, which was previously observed in 

ZnSO4-based solutions and corresponding to the primary process of deposition of the basic zinc salt on 

the cathode surface. In the following cycles, the mass change is practically not observed, which leads 

to the conclusion that there is no dissolution of ZHS from the surface during the charging of the cell, 

resulting in the blocking of the cathode surface (Figure 47, b).  

To minimize the deposition of ZHS on the electrode surface and, as a consequence, blocking the 

electrode surface, in situ deposition of the cathode material on the gold electrode was performed by 

potentiodynamic method, for which ternary solutions were applied because of the need of the presence 

of Mn2+ ions. First of all, it is worth noting that the mass accumulation of the precipitate in this 

solution is extremely low, hence very thin, close to monolayer, films of cathode material were 

obtained. The main deposition process occurs at the potentials E > 1.7 V which correspond to a sharp 

increase in anodic currents and an increase in the mass of the precipitate in this range (Figure 48). 

Moreover, the shape of CV curve differs significantly in the thin-layered cathode: on the first discharge 

cycle three different processes at Е = 1.53, 1.40 and 1.20 V are observed, and at the second and 

following cycles only one peak at Е = 1.4 V is retained (Figure 48, a). During discharge of the cell at 

potentials 1.35 – 1.45 V, a mass drop begins which was not previously observed in sulfate solutions, 

and the mass of the precipitate decreases by ≈ 40% of the maximum value per cycle (Figure 48, b). 
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Figure 48. CV curves (a) and mass – potential dependencies (b) for in situ deposited Au-MnO2 

electrode in 2 M ZnSO4 / 0.1 M MnSO4 / 1.0 M Na2SO4 solution. 

 

A detailed study of the current and mass dependence on the potential shows that the mass loss is 

observed in the initial and final stages of charging, precisely in the redox transition region 

corresponding to ion deintercalation. Then the cathode mass increases at the MnO2 deposition 

potential, and after the first cathodic peak at the CV curve, the cathode mass starts a slow decrease 

(Figure 49, a). From the mass-charge dependence of the cathodic cycle it was found that this curve has 

two slopes, which correspond to molecular mass values of 29 g∙mol−1 and 107 g∙mol−1 for single-

charged particles. The first slope correlates with the position of the peak at E = 1.4 V, and is also close 

to the molecular mass of the Na+ ion (23 g∙mol−1), deviations may be related to the presence of the 

hydrate shell of the Na+ ion. Thus, the intercalation of the monovalent ion during the cathodic process 

at E = 1.4 V is noticeable (Figure 49, b).  

Similar dependencies were found for solutions containing Li+ ions: the CV curves for in situ 

deposited cathode material show comparable shape, the anodic process at E = 1.65 V is more clearly 

expressed, which is associated with ion deintercalation, the cathodic cycle also shows only one peak at 

E = 1.36 V. The cathode mass trends are similar to those observed in solutions with Na+ ions (Figure 

49, c). The slopes on the mass-charge dependence of the cathode cycle in Li-containing solution 

analyzed according to Faraday's law show that two of the observed slopes (18 g∙mol−1 and 45 g∙mol−1) 

can be related to the participation of Li+ ions (7 g∙mol−1) in the reaction; the larger mass values can be 

explained by the movement of Li+ cations with hydrate shell (Figure 49, d). 
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Figure 49. CV curves and m – E dependencies for the Au-MnO2 electrodes obtained by in situ 

electrodeposition from the ternary solutions containing Na+ (a) and Li+ (c) ions; cathodic mass-charge 

dependencies for Au-MnO2-electrodes in presence of Na+ (b) and Li+ (d) ions.  

 

Thus, studies of the cathode mass change during cycling of MnO2 thin films, for which 

insignificant changes in the pH of both the solution and the near-electrode layer allowed to avoid the 

formation of the basic salt on the cathode surface and to detect the intercalation processes taking place. 

The introduction of a high concentration of monovalent ions made it possible to suppress the injection 

of H+ ions, which occurs at the same potentials, and to detect the intercalation of alkali metal ions. 

However, despite the high stability of MnO2 properties in sulfate solutions, several works reported 

that zinc acetate Zn(CH3COO)2 based solutions would be more suitable for Zn//MnO2 cells, since they 

would have a weaker contribution of H+ ions to the overall reaction, as well as a reduced MnO2 

precipitation potential [37]. Therefore, to confirm or disprove the participation of Zn2+ cations in the 

overall reaction and to determine the influence of protons on the overall electrochemical process, it is 

necessary to study the properties of MnO2-based cathodes in acetate electrolytes. 

 

4.3. Zinc/manganese acetate-based electrolytes 

The investigations were carried out in different solutions based on zinc acetate Zn(CH3COO)2 

(further acetate ion CH3COO− denoted as Ac) with compositions given in table 2. Since zinc acetate is 
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a salt formed by a weak cation and a weak anion, the media of this solution are close to neutral, which 

was confirmed by direct measurement of the pH of the solutions prepared (pH ≈ 6). To compare the 

results with those obtained with zinc and manganese sulphate solutions, some solutions were acidified 

to a pH of ≈4.5 with a 0.25 M acetic acid solution. 

From the C-rate capability data in the pure zinc acetate solutions with different concentrations 

(1.0 M and 1.5 M), we concluded that the functional properties are slightly higher for the less 

concentrated solution: i.e. the initial specific capacity of the cathode in 1.0 M ZnAc2 reached app. 280 

mAh∙g−1 at I = 0.1 A∙g−1, while in the concentrated electrolyte it was only 200 mAh∙g−1 (Figure 50, a). 

However, regardless of the type of electrolyte used and the current applied, a sharp capacity decrease is 

observed, which is most evident for cells with 1.5 M ZnAc2 electrolyte: at a current density of 0.3 

A∙g−1, the specific capacity of the cathode decreases for 5 – 10 mAh∙g−1 during 10 cycles, while for 1.0 

M ZnAc2 solution the same processes occur during 30 cycles (Figure 50, b). This instability has 

previously been observed in aqueous solutions of zinc acetate and has been associated with incomplete 

dissolution of the Zn5(OH)8(CH3COO)2·nH2O salt and stronger binding of acetate ions to Zn2+ cations 

[178]. At higher electrolyte concentrations, this basic salt is formed more rapidly and a lower mobility 

of the ions in solution is observed. 
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Figure 50. C-rate capability (a) and cyclic stability at a current density of 0.3 A∙g−1 (b) for Zn//MnO2 

cells with zinc acetate-based electrolytes. 

 

The data on the degradation of the MnO2-based cathode in the electrolyte without the addition of 

Mn2+ salt correlate with the observed dependencies in the pure 2 M ZnSO4 solution, so for further 

investigations solutions based on 1.0 M ZnAc2 with the addition of 0.2 М MnAc2 and 0.05 MnAc2 

were prepared, some of which were also acidified with acetic acid to lower the pH of the solution. 

Based on the charge/discharge profiles in mixed 1 M ZnAc2 / 0.2 М MnAc2 solution in the presence or 

absence of acetic acid (Figure 51), it was observed that without the addition of CH3COOH (pH = 6.0) a 
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well resolved plateau at E = 1.16 V and slight changes in the slope at E = 1.38 V are observed and a 

redox process at E = 1.63 V is visible at the first charge. In the second cycle, the charge plateau 

potential drops to E = 1.54 V and rises further due to increasing polarization, while the discharge 

curves show a plateau at E = 1.43 V (Figure 51, a). In acidified acetic solution (pH = 4.5), a sloping 

plateau at Е = 1.55 V is observed on the first and subsequent discharge cycles, while on the charge 

curve of the first cycle the value of the redox transition potential was 1.70 V and from the second cycle 

E = 1.62 V (Figure 51, b). 
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Figure 51. Charge/discharge profiles for Zn//MnO2 cells at a current density of 0.1 A∙g−1 in the 

1.0 M ZnAc2 / 0.2 M MnAc2 solution: unacidified (a) and acidified with acetic acid (b). 

 

Thus, the complete loss of functional properties of cathode materials occurs regardless of the 

composition of the electrolyte solution, even when manganese salt is added to the electrolyte, which 

proves the failure of pure acetate solutions as electrolytes for Zn//MnO2 cells. This effect is explained 

by the high coordination ability of acetates to Zn2+ and Mn2+ cations, which reduces the proportion of 

free cations and prevents their participation in the electrochemical reaction [179]. The actively forming 

layer of the basic zinc salt, which does not dissolve completely, plays no small part in the overall 

process [178]. Nevertheless, the acidity of the medium has an important influence on the 

electrochemical reaction, especially on the first cycle. Such a dependence of the mechanism on pH 

also confirms, if not directly, then indirectly, the involvement of H+ cations in the electrochemical 

reactions of rechargeable Zn//MnO2 systems. 

For the detailed study of the electrochemical behavior of the cathode materials, the EQCM 

technique was applied to the gold crystal electrode. The synthesis of manganese oxide was carried out 

in situ with simultaneous measurement of the precipitate mass on the crystal. In the case of electrolyte 

solution with pH = 4.5, a stable current response was observed on the CV curve, a broad cathodic peak 

is observed at Е = 1.51 V, on the anodic curve a current increase is detected in the potential region E > 

1.7 V, which corresponds to a gradual deposition of MnO2 on the electrode surface (Figure 52, a). The 
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mass-potential dependencies show a slight increase in mass after each cycle, which is associated with 

the gradual deposition of MnO2 on the cathode surface. Nevertheless, a mass decrease is observed in 

the potential region E = 1.4 V, which correlates with the cathode peak on the CV curve (Figure 52, b). 

Thus, it can be assumed that part of the manganese oxide deposited on the electrode surface during 

charge is dissolved during discharge, and this process provides a certain fraction of the electrochemical 

reaction capacity due to the intercalation of H+ cations, which entail the conversion of MnO2 and, as a 

consequence, the spontaneous reduction of Mn3+ to Mn2+. 
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Figure 52. CV curves (a, c) and mass – potential dependencies (b, d) for Au electrodes in 1.0 M ZnAc2 

/ 0.05 M MnAc2 / Hac (a, b) and 1.0 M ZnAc2 / 0.2 M MnAc2 (c, d) electrolyte solutions. 

 

On the other hand, in the absence of acetic acid in the electrolyte solution, the current response on 

the CV curve is maximum for the first cycle and then decreases until the third cycle, after which it 

stabilizes (Figure 52, c). On the cathode curve there is no peak in the potential range 1.45 – 1.55 V, but 

on the first cycle there is a peak at Е = 1.36 V, which disappears in the following CV cycles. The mass 

of the precipitate on the electrode increases throughout the cycle, and the mass increase occurs in two 

potential ranges: in the range of potentials 1.7 – 1.8 V, which corresponds to the deposition of MnO2, 

and at a potential of 1.34 V, where the cathodic peak is observed (Figure 52, d). Therefore, it can be 

assumed that during cycling there is no dissolution of MnO2 and the peak is associated with mass 

growth due to the formation of an electrochemically inactive compound. The accumulation of this 

compound on the surface of the gold electrode leads to the blocking of its surface [135].  
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In summary, the shape of the voltammetric response of the Zn//MnO2 electrochemical system is 

strongly dependent on the acidity of the electrolyte, which could be related to different electrochemical 

reaction mechanisms. At pH = 4.5, regardless of the nature of the anion, a reproducible response is 

observed due to the active participation in the general reaction of H+ cations, the concentration of 

which is extremely small in solutions with pH = 6.0. Consequently, the overall electrochemical 

reaction can proceed in forward and reverse direction only with the participation of H+ cations in the 

process. 
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Chapter 5. Interpretation of electrochemical reaction mechanism in Zn//MnO2 

rechargeable cells 

 

Despite the large number of studies on the electrochemical properties of Zn//MnO2 rechargeable 

cells using aqueous mildly acidic electrolyte carried out in the last 7 years, the key and controversial 

issue still remains the understanding of the electrochemical reaction mechanism. Due to the complex 

electrolyte composition containing several types of ions (Zn2+, Mn2+, H+) as well as their different 

forms of presence in aqueous solution, the full disclosure of the charge storage mechanism in such 

systems seems to be an ambitious task that has not been solved yet. The data obtained and discussed in 

this work and the following discussion should be considered as an attempt to bring more clarity to the 

understanding of the charge transfer processes in the Zn//MnO2 cell, to verify and systematize already 

proposed hypotheses, but they are not comprehensive. 

To date, the following variants of the reaction mechanism have been proposed at different stages of 

the study of aqueous zinc-ion systems [6,37]: 

• Reversible intercalation of Zn2+ ions; 

• Reversible co-intercalation of Zn2+ and H+ ions; 

• Conversion reaction with participation of H+ ions; 

• Electrolytic deposition/dissolution of MnO2. 

A number of works studying this problem emphasize a single factor or detail of the mechanism 

(evolution of crystal phases, changes in the pH of the electrolyte solution, changes in the concentration 

of ions in solution during cycling). However, all these changes are in fact complementary, and, 

although the data of different methods may testify in favor of one or another hypothesis, they 

collectively reflect the course of the same chemical and electrochemical reactions. 

Although there are different polymorphic modifications of manganese oxide, their electrochemical 

behavior is much the same [76,78], the shape of both the first cycle and the subsequent ones is slightly 

dependent on the MnO2 crystal lattice. Differences are observed only in the value of the initial specific 

capacity [77]. It can be concluded that changes in the cathode material during cycling are only 

indirectly related to intercalation processes, since surface reactions (precipitation of precipitates on the 

cathode surface, formation of additional MnO2 layers) become more important [76]. Thus, the crucial 

role in the electrochemical reaction mechanism is attributed to the electrolyte solution, primarily its 

cationic composition and acidity (pH). An important factor is the dynamic process of formation and 

dissolution of surface precipitates of both the basic zinc salt and new layers of manganese oxide during 

charge and discharge, which regulates the concentrations of ions – participants of the reaction in the 

near-electrode layer. 
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It is well known that in order to suppress the disproportionation process of MnO2 cathodes during 

cycling, manganese (II) salt is added to the electrolyte solution in low (0.1 – 0.5 M) concentration [16–

18]. However, it has been shown that the addition of Mn2+ ions to the electrolyte is much more 

important than just preventing the cathode dissolution. To verify this influence, tests were performed in 

solution without the co-presence of Zn2+ and Mn2+ ions (see Section 4.1).  

From the experiments carried out in the absence of Mn2+ cations in the solution composition, it is 

shown that the electroactivity of the material in zinc sulfate electrolyte practically disappears after the 

third cycle (Figure 41, a). During the first cathodic cycle, an intense peak at Е = 0.31 V is observed, as 

well as a weak peak at Е = 0.42 V, which disappears during the second cycle. The absence of anodic 

peaks during the oxidation process and the corresponding loss of electroactivity of MnO2 indicate the 

blocking of the deintercalation of zinc ions into the solution, which means the irreversibility of the 

process during the first discharge cycle. Direct measurements of mass changes by EQCM for Au-

MnO2 electrode in 2 M ZnSO4 showed that during the first discharge process active mass increase is 

observed in the potential range Е ≈ 1.2 V, after which no mass changes were detected [168]. Thus, 

electrochemical inactivation of the cathode takes place in pure zinc sulfate solution. The obtained 

results are well correlated with those previously reported in [21], where the similar trends were 

observed in studies by galvanostatic charge/discharge (Figure 53, a). 

 

 

Figure 53. Charge/discharge profiles for MnO2-cathodes obtained in the solutions based on ZnSO4 

and MnSO4 [21] (a); CV curves for MnO2-cathodes obtained in the solutions based on ZnSO4 and 

MnSO4 obtained in this work (b). 

 

Another confirmation of the blocking of the cathode surface is the decrease in electroactivity of 

LiMn2O4-based cathodes in zinc sulfate solution, for which irreversible surface introduction of zinc 

cations was shown by EDX analysis of the electrodes after cycling (Figure 17). Therefore, the 
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mechanism of intercalation/deintercalation of Zn2+ ions only was not accepted for MnO2 cathodes, 

which is confirmed by most of the publications. As a result, the Zn//MnO2 electrochemical system can 

only be indirectly called a “zinc-ion battery” in the classical meaning (by the rocking chair 

mechanism). After adding the manganese salt to the electrolyte solution, the cathodes regain their 

electroactivity (Figure 53, b).  

It has been shown in this work that during the electrochemical tests in MnSO4 solution, which does 

not contain zinc cations, at pH values ≈ 4 the loss of electroactivity of the MnO2 cathode is also 

observed. During charging at E > 1.7 V, the deposition process of MnO2 on the cathode surface is 

observed, but the cathodic dissolution process of the oxide is not (Figure 40, b). Thus, the deposition of 

the amorphous layer of manganese oxide is not dominant in the overall charge/discharge process and 

charge storage of the MnO2 electrode. The mass-potential dependencies were obtained in 0.1 MnSO4 

solution [179], where after the first cycle during oxidation there is an increase in the electrode mass at 

the potentials Е > 0.5 V, and then during reduction there is a decrease in the mass, which is associated 

with the process of dissolution of the oxide (Figure 54, a). The mass-potential dependencies obtained 

by EQCM for Au-MnO2 electrodes in 0.1 M manganese acetate solution are similar to those previously 

discussed [179]: there is an increase in mass during oxidation in the range of high positive potentials, 

which is replaced by a sharp decrease in mass during cell reduction at E= 0.34 V, and then the mass 

decreases smoothly to zero value (Figure 54, b). As in the case of the manganese sulfate solution, there 

is almost complete dissolution of the oxide film from the surface of the gold electrode. 

 

 

Figure 54. The mass-potential dependencies for Au-MnO2 electrodes obtained in 0.1 M MnSO4 [179] 

(a) and 0.1 M Mn(CH3COO)2 (this work, b) solutions. 

 

To summarize the results obtained, we can conclude that the electroactivity of MnO2-cathodes in 

sulfate-based solution is provided by the simultaneous presence of Zn2+ and Mn2+ ions. It is also worth 

noting that different forms of I – E dependences are observed for MnO2 in the first CV cycle 
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depending on the electrolyte composition (Figure 55). In manganese sulfate solution (pH ≈ 4), no 

cathodic and anodic peaks are observed on the CV for the MnO2 cathode, confirming the conclusion 

about the absence of electroactivity of cathodes in this solution. In zinc sulfate-based solutions: 

2 M ZnSO4 and 2 M ZnSO4 / 0.1 M MnSO4, two cathode peaks are observed at E = 1.44 V and E = 

1.29 V, whereas the intensity of the first peak is significantly lower than that of the second one, 

respectively. The presence of two clearly separated peaks on the cathodic curve indicates that two 

different energy processes occur during the discharge, apparently due to the intercalation of particles of 

different nature present in the electrolyte solution, or they may be associated with the formation of 

additional barriers on the electrode surface, leading to a change in the conditions of charge transfer.  
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Figure 55. First CV cycle for MnO2 -cathodes obtained in the three types of zinc and manganese 

sulfate electrolytes considered. 

 

For the first cathodic cycle at E ≈ 1.44 V vs. Zn/Zn2+, the low intensity of the current response can 

be related to the low concentration of intercalated particles, which can be the free hydrogen ions 

present in the electrolyte solution. Moreover, in accordance to the direct measurements of the cathode 

mass during cycling (Figure 43, a, b) and analysis of electrochemical properties of MnO2 cathodes in 

the solutions with excess of alkali ions concentration (Section 4.2), the processes involving the 

monovalent ions occur in this potential range. In the mixed 2 М ZnSO4 / 0.1 М MnSO4 electrolyte 

solution this monovalent ion is H+ or H3O
+ ion. At pH = 4.5 its concentration is [H+] ≈ 0.000032 М, 

which causes a low intensity of peak currents during the cathodic process, so at E ≈ 1.44 V H+ ions 

contained in the electrolyte solution due to hydrolysis of zinc and/or manganese salts participate in the 

cathodic reaction, let us call them “free H+ ions”. This observation correlates well with the change in 

the electrochemical response of Zn//MnO2 in ZnSO4 solution, where the pH was fixed by the addition 
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of acetic acid [76]. At pH = 4.0, the peak at E ≈ 1.5 V was practically the only one observed on the CV 

curve; as the pH of the solution increased, its intensity decreased, which correlates with a decrease in 

the concentration of free H+ ions contained in the solution. The process of intercalation of H+ ions is 

associated with a decrease in the degree of oxidation of manganese to Mn3+, so one of the phases 

formed in this case is MnOOH [142,180,181]. In particular, the formation of Mn–O–H bonds has been 

demonstrated by ex situ XPS [181], from which it has been concluded that H+ ions intercalate. 

Apparently, the formation of MnOOH phase in this case does not occur in the whole volume of the 

electroactive material due to the small amount of H+ ions. 

It is seen for the cathode process occurring at the potential values Е ≈ 1.29 V, based on the intensity 

of currents at the first cycle, that the concentration of redox centers participating in the electrochemical 

process, in which there is a simultaneous intercalation of ions – participants of the reaction should be 

higher than during the redox process at E ≈ 1.44 V. Considering that zinc ions maintain the high 

currents of this peak in the first cycle, it could be assumed that intercalation of zinc ions occurs with 

their subsequent transformations in the solid phase of manganese oxide. Moreover, from the changes 

of the electrode mass it is clearly seen that in this potential range the most intense growth of the 

precipitate mass on the Au electrode is observed, which is associated with the intercalation of zinc ions 

and the formation of zinc basic salt precipitate (Figure 42, b). Thus, the electrochemical process 

involves the desolvation and intercalation of zinc ions, their partial dissociation and the process of 

chemical precipitation of the basic salt Zn4(OH)6SO4·nH2O (ZHS), the presence of which has been 

repeatedly confirmed in various publications [182,183], as well as in our X-ray diffraction data. At the 

same time, there is a periodic pH change in the near-electrode region, which has been estimated to a 

first approximation using in operando pH measurements [22]. The pH shift to 5.0 is due to the release 

of OH− ions which promotes the formation of ZHS. This process could be generally described by the 

following equation [37]: 

 

4𝑍𝑛2+ + 𝑆𝑂4
2− + (6 + 𝑥)𝐻2𝑂 → 𝑍𝑛4(𝑂𝐻)6𝑆𝑂4 ∙ 𝑥𝐻2𝑂 + 6𝐻+  (8) 

 

Based on this form of the equation, the second cathodic process involves Zn2+ ions, which could be 

present in solution, for example, in the aqua complex [Zn(H2O)6]
2+. The deposition of ZHS on the 

MnO2 cathode surface occurs due to a chemical process associated with the pH changes. It should be 

noted that when the cell is discharged, part of the charge (equivalent to 0.77 mAh) is spent on the ZHS 

formation process, so additional electrochemical reactions occur during the ZHS formation process 

that contribute to the capacity.  

When the cell is charged in the potential range ΔЕ = 1.0 – 1.2 V, the insignificant mass increase is 

observed on the m – E dependence, which is related to the continuous chemical process of ZHS 
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formation, further at Е ≈ 1.5 V, where anodic peaks are present on the CV curves, the electrode mass 

decreased sharply. After this loss of mass, a slight increase begins, which is particularly noticeable in 

the following cycles (Figure 42, b). So, two parallel processes: ZHS dissolution and Mn2+ oxidation 

with MnO2 deposition take place as follows: 

 

𝑀𝑛2+ + 2𝐻2𝑂 − 2𝑒̅ → 𝑀𝑛𝑂2 + 4𝐻+     (9) 

 

According to this equation, during Mn2+ oxidation, the large amount of free protons in the solution 

leads to the acidification of the near-electrode layer, which may contribute to a more efficient 

dissolution of the surface ZHS precipitate. Therefore, the equilibrium between MnO2 formed on the 

cathode surface and ZHS ensures a constant acidity of the electrolyte solution in the absence of 

additional buffering agents [136]. Furthermore, it has been demonstrated that the presence of ZHS in 

the system reduces the potential of oxidation of Mn2+ to MnO2. A higher oxidation potential (E > 1.7 

V) is required for the primary assembled cell compared to the charged cell while after achieving E = 

1.0 V during charge the deposition process of manganese oxide on the surface is reduced to E = 1.55 V 

[20,184]. Hence, the presence of ZHS layer is crucial for the electrodeposition of new MnO2 layers 

and these processes are inverse in terms of their charge/discharge. The dependence between ZHS 

dissolution and Mn2+ oxidation was proven during synthesis of the cathode material, which employed 

a carbon paper substrate coated with a layer of chemically synthesized ZHS rather than manganese 

oxide. In situ measurements revealed that during the charge process, ZHS undergoes dissolution while 

MnO2 is deposited on the surface of the current collector, in accordance with the following equation 

[185]: 

 

3𝑀𝑛2+ + 2𝑍𝑛4(𝑂𝐻)6𝑆𝑂4 ∙ 5𝐻2𝑂 − 6𝑒̅ → 3𝑀𝑛𝑂2 + 8𝑍𝑛2+ + 2𝑆𝑂4
2− + 16𝐻2𝑂  (10) 

 

The formation of manganese dioxide with birnessite structure has been proved by scanning and 

transmission electron microscopy with elemental analysis, and it has also been shown that Zn2+ ions 

are injected into the interlayer spaces of the cathode structure, indicating the formation of zinc-

containing ZnxMnO2 phases [183]. Thus, ZHS is an electrochemically inactive participant in the 

reaction, but its presence in combination with the presence of Mn2+ ions in the solution allows the 

processes of precipitation and dissolution of manganese oxide to proceed efficiently. 

The formation of the basic salt is reversible only in solutions containing Mn2+ ions and irreversible 

in pristine zinc sulfate electrolytes. This leads to the conclusion that the reaction of ZHS formation and 

dissolution is a consequence of the participation of H+ in the oxidation process of Mn2+ ions which is 

supported by previous studies [20,181]. 
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However, in the second cathodic process at E ≈ 1.29 V, not only H+ cations but also Zn2+ cations 

are involved (Figure 55). Moreover, following the initial intercalation phase at E ≈ 1.44 V, the proton 

concentration in the solution is relatively low. This indicates that the primary process should be the 

intercalation of Zn2+ cations into the electrode structure. The accumulation of phases of zinc-

containing manganese compounds, ZnxMnO2 [186] or ZnxMnO(OH)y [187] in the electrode provides 

clear evidence of this intercalation. During the following cycling process, the accumulation of 

ZnMn3O7 (woodruffite), which is non-electroactive, begins. In addition to X-ray diffraction data and 

analysis of the cathode phase composition, it is possible to estimate the content of Zn2+ cations in the 

cathode structure in the fully charged and fully discharged states by elemental analysis in order to 

determine the presence of intercalated cations in the cathode structure. We used X-ray fluorescence 

analysis to determine the zinc content in the cathode materials in discharged state after 10 and 30 

charge/discharge cycles and in the charged state after 30 cycles. The samples were washed by 

deionized water and 0.25 M solution of acetic acid to completely or partially remove surface 

compounds. In all three states, manganese and zinc were the main components of the material, 

impurity amounts of potassium were also detected, consistent with the initial structure of the 

synthesized birnessite, as well as traces of sulfur indicative of sulfate residues on the surface or in the 

volume. The data on the quantitative content of elements was used to obtain the ratios of Mn:Zn per 

one manganese atom, which are presented in the table 3. 

 

Table 3. Mn:Zn ratio in the electrode materials after electrochemical tests based on the X-ray 

fluorescence analysis data. 

 Before CH3COOH treatment After CH3COOH treatment 

10 cycles (Е = 1.0 V) 1 : 1.4 1 : 0.2 

30 cycles (Е = 1.0 V) 1 : 1.5 1 : 1.05 

30 cycles (Е = 1.8 V) 1 : 0.4 1 : 0.3 

 

These data indicate that zinc is present in the composition of the cathode material in both the 

discharged (E = 1.0 V) and charged (E = 1.8 V) states, so, zinc is inserted into the cathode material at 

discharge and that its extraction is incomplete at charge. In the discharged state, zinc cations exist in 

two forms: the surface precipitate of the basic salt and zinc ions intercalated into the MnO2 lattice. 

After the acidic treatment of the cathode the fraction of zinc decreases, indicating dissolution of ZHS. 

The remaining fraction of zinc is Zn2+ ions intercalated in the crystal lattice of the material. As the 

number of cycles increases, the zinc content increases in a manner that is consistent with the 

accumulation of zinc-containing manganese oxide detected from XRD or high-resolution transmission 

electron microscopy data [20], indicating that electroactive sites in the cathode structure are blocked 

due to the strong binding of Zn2+ ions and the cathode material. This is also supported by the fact that 
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zinc is present in the fully charged state of the cathode material, and its concentration is weakly 

dependent on the treatment with acetic acid solution. 

Nevertheless, the process of Zn2+ ion injection into the MnO2 structure is not the only reaction 

occurring at the potential E = 1.2 V and requires more detailed consideration. In particular, a number 

of authors claim that H+ ions are also involved in this process [181], which correlates well with 

alkalinization of the near-electrode layer of the solution for the efficient course of the parallel reaction 

of ZHS formation. In this case, the question arises about the source of protons involved both in co-

intercalation and in the surface reaction. The most probable source of protons near the particles of the 

electroactive material in this case are the [Zn(H2O)6]
2+ ions adsorbed on the surface or located in the 

near-electrode layer. This cation exhibits weak Brønsted acidity, as indicated by a pKa value of 8.96 in 

the first step [188,189]. If we consider that the dissociation of the intra-sphere water molecule in the 

coordination sphere of the [Zn(H2O)6]
2+ ion is essentially a hydrolysis process of the Zn2+ ion, the 

value of the hydrolysis constant will be determined as a value of 14 – 8.96 = 5.04 which correlates 

with the acidity range of the electrolyte solution 2 M ZnSO4 / 0.1 M MnSO4 for processes at 

E ≈ 1.29 V, confirmed by in operando pH measurements [22]. Hydrolysis of zinc ions, or dissociation 

of hexaaquozinc cations, can be described by the following equations:  

 

[𝑍𝑛(𝐻2𝑂)6]2+ ↔ [𝑍𝑛(𝐻2𝑂)5(𝑂𝐻)]+ + 𝐻+    (11) 

 

[𝑍𝑛(𝐻2𝑂)6]2+ + 𝐻2𝑂 ↔ [𝑍𝑛(𝐻2𝑂)5(𝑂𝐻)]+ + 𝐻3𝑂+    (12) 

 

In order to distinguish the nature of the as-generated H+ particles, let us denote the ones formed in 

this reaction “bound H+ ions”, hydrated zinc ions act as a source of H+ ions. The H+ ions, which are 

formed as a result of the dissociation of the water molecule within the hydrate shell of the Zn2+ ion, are 

more strongly repelled by the resulting positive cation. As a result, they are effectively transported both 

deep into the cathode and from the near-electrode layer into the electrolyte solution. The formed 

[Zn(H2O)5)OH)]+ ion, in turn, acts as a precursor for the synthesis of ZHS on the surface of the 

electroactive material. This explains the fact that as the degree of discharge of the Zn//MnO2 system 

and the number of charge/discharge cycles increase, the accumulation of the basic salt proceeds more 

intensively [135]. Further evidence that ZHS formation is dependent on “bound” rather than “free” H+ 

ions is provided by studies of MnO2 cathodes in binary solutions containing alkali metal ions. During 

the initial cycle, the formation of ZHS on the surface of MnO2 particles is observed, followed by the 

absence of dissolution (Figure 47, b). Subsequently, the primary process is the intercalation of alkali 

metal ions, with the process of Zn2+ injection and the formation of new ZHS layers becoming 

significantly challenging (Figure 45, b).  
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To summarize, the electrochemical reaction in the Zn//MnO2 electrochemical cell in sulfate-based 

solutions involves both H+ cations associated with the processes of dynamic precipitation/dissolution 

of both the ZHS precipitate and additional MnO2 layers. In addition, Zn2+ cations are also involved, 

resulting in an accumulation of cathode capacity. This confirms the term “co-intercalation of Zn2+ and 

H+ ions” used repeatedly in the literature for the mechanism in MnO2 cathodes. In this case, the H+ 

cations have two different formation pathways. The first type are the ions initially present in solution 

either as a result of hydrolysis of zinc and manganese salts (in the first cycle) or as a result of oxidation 

of Mn2+ to MnO2 (subsequent cycles). The second type of H+ ions is formed as a result of the 

dissociation of [Zn(H2O)6]
2+ ions in the reaction zone, which is located in close proximity to the 

surface of the electroactive material particles. The formation and dissolution of ZHS, along with the 

electrolytic deposition and dissolution of MnO2, regulate the concentration of H+ ions in the near-

electrode layer, thus maintaining the equilibrium within the system (Figure 56). 

 

 

Figure 56. Schematic representation of the electrochemical reaction realized in the Zn//MnO2 system in 

a solution of zinc and manganese sulfates. 

  

In addition, it should be noted that controlling the acidity of the solution can lead to a change in the 

reaction mechanism. The tests carried out with the CV and EQCM in acetate-based solutions with a 

constant pH of 4.5 showed that the formation of the basic salt did not occur. Consequently, the 

oxidation potential of MnO2 remained within the initial potential range (Figure 52, a, b). In addition, 

these data confirm that the main variant of the mechanism under these conditions is electrolytic 

precipitation/dissolution of MnO2, which has been shown by other authors [76,135,145]. This is in 

good agreement with the conclusions of [179], where the impact of an acetic acid buffer solution on 
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the electrochemical reaction mechanism was examined. In contrast, the use of a non-acidified zinc 

acetate-based electrolyte solution results in the formation of a surface precipitate, which explains the 

mass increase on the gold electrode (Figure 52, c, d). At the same time, there is no reverse dissolution 

process of this precipitate, in contrast to sulfate-based electrolyte solutions. Despite the occurrence of 

intensive processes of MnO2 deposition on the cathode surface during charging, the extremely low 

concentration of H+ ions in the solution precludes the possibility of ensuring the dissolution of 

precipitates from the surface of grains of electroactive material. This results in a loss of electroactivity 

and a reduction in current response. 
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Conclusions 

 

A systematic study of the properties of cathode materials based on manganese oxide with layered 

structure and spinel structure in aqueous zinc-ion and zinc-hybrid battery test cells has been conducted. 

The influence of the electrolyte composition, the structure and the composition of the cathode material 

on their functional properties has been established. 

For the LiMn2O4-based cathode materials, the necessity of the presence of lithium salt in the 

electrolyte solution was established. In solutions containing only Zn2+ ions, the irreversible 

introduction of these ions into the material structure is observed, resulting in a deterioration of the 

electrochemical properties of LiMn2O4. However, this structural transformation is reversible. 

Therefore, reactions involving H+ ions present in the aqueous electrolyte solution are practically non-

existent. The presence of Mn2+ ions in the mixed electrolyte (zinc and manganese sulfates) results in an 

artificial increase in the specific capacity, which is subsequently offset by its sharp decrease during 

long-term cycling due to competing processes of deposition of an additional phase, blocking the 

surface of the material for ionic transport, as well as the competing process of oxygen evolution 

reaction. The dependence of the functional properties and kinetic parameters of cathode materials for 

aqueous zinc-ion batteries based on manganese oxide with a layered structure on the synthesis 

procedure has been established. It was observed that with increasing amorphousness of the synthesized 

manganese oxide, there was a corresponding decrease in the initial specific capacity, accompanied by 

an increase in the cyclic stability of the capacity. In addition, the resistance to charge transfer was 

found to be lower, which can be attributed to the preservation of the bonds between the fragments of 

the cathode material. 

Among the various methods of modification of MnO2-based cathodes by conducting polymer 

PEDOT, considered in this research, the best electrochemical performance and kinetic parameters were 

obtained for the MnO2 cathodes coated by PEDOT:PSS. Due to the reduced direct contact area of the 

electroactive material and electrolyte, as well as the conductivity of the polymer coating, the best 

specific capacity values during cycling were achieved (291 mAh∙g−1 and 276 mAh∙g−1 at current 

densities of 0.1 and 0.3 A∙g−1, respectively). In the case of the MnO2/PEDOT:PSS composite electrode, 

the processes of MnOx deposition from the electrolyte solution occur on the surface of the polymer 

rather than the electroactive material. This results in an increase in the amount of material deposited 

and a stabilization of the specific capacity of the material. 

Investigations of the dependence of the electrochemical properties of MnO2 on the electrolyte 

composition have shown the necessity of the presence of two cations (Zn2+ and Mn2+) in the electrolyte 

solution, because in the absence of one of the cations the degradation of the properties occurs. The 

widely discussed but elusive involvement of H+ ions in the electrode reaction was indirectly 
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demonstrated by the addition of a monovalent ion in an excess concentration to the solution, with Na+ 

ions serving as an illustrative example. According to the measured in operando mass changes of MnO2 

precipitate on the quartz crystal surface in thin films, at the potential E = 1.4 V at discharge, the 

monovalent ion is identified as the primary contributor to the capacity. 

In zinc acetate-based electrolyte solutions, the main proposed mechanism for manganese oxide is 

proton intercalation initiating the processes of electrolytic precipitation/dissolution of additional MnOx 

layers. The direct dependence of the electrochemical process on the pH value of the solution allows us 

to state that the processes of formation of basic salts on the surface of the cathode material are 

practically suppressed in the case of acidic electrolyte solutions, this leads to a change in the reaction 

mechanism and suppression of the participation of Zn2+ ions in the overall electrochemical process. 

A new hypothesis is proposed to explain the mechanism of electrochemical processes in MnO2-

cathodes in mixed zinc- and manganese-containing sulfate electrolyte solutions. The electrochemical 

reaction mechanism involves the co-intercalation of Zn2+ ions and H+ ions, which proceeds with the 

dissociation of a water molecule within the hydrate shell of the zinc cation injected into the oxide 

structure. This results in the occurrence of free hydrogen ions H+ and a reduction in the charge of the 

cation, leading to the formation of [Zn(H2O)5)OH)]+ ion. The latter acts as a precursor for the 

subsequent precipitation/dissolution reaction of the basic salt Zn4(OH)6SO4∙nH2O on the surface of 

manganese oxide particles within the composite cathode. However, the question of the contribution of 

each ion to the total cathode capacity remains unanswered, as does the chemical state of the H+ ion in 

the MnO2-cathode structure. 
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