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ABSTRACT 

Zinc-air batteries emerge as a highly promising option for renewable energy storage 

within grid systems and electric vehicles amidst global warming and energy scarcity. 

However, challenges such as sluggish kinetics of oxygen evolution reaction & oxygen 

reduction reaction have hindered their large-scale commercialization. This study 

addresses these challenges by developing a bifunctional oxygen electrocatalyst 

utilizing cobalt-manganese nitrogen-doped mesoporous carbon (Co-Mn/N-MC) using 

a template casting method. Bimetallic catalysts offer improved catalytic activity by 

leveraging the complementary properties of both cobalt and manganese within a 

nitrogen-doped carbon framework. The Co-Mn/N-MC catalyst demonstrated 

impressive results for both key reactions. For ORR, it achieved a half-wave potential 

(E₁/₂) of 0.85 V, reflecting high activity. Regarding the OER it showed an over 

potential of 360mV at 10mA/cm2 and a Tafel slope of 55 mV/dec, indicating efficient 

reaction kinetics. This research demonstrates a scalable and cost-effective catalyst 

with performance comparable to traditional catalyst based on precious metal such as 

iridium and platinum by using abundant, low-cost materials, the proposed catalyst 

addresses key economic and technical barriers to the commercialization of MABs. 

With enhanced bifunctional performance, this study contributes to the broader 

implementation of metal air batteries in grid scale energy storage, electric vehicle and 

other renewable energy systems. 

Keywords:  Accessible active site; Mesoporous carbon; Oxygen reduction 

reaction; Dual-atom electrocatalyst; Zinc-air battery
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CHAPTER 1: INTRODUCTION  

1.1 Background 

No-renewable energy resources are finite sources that release harmful gases such 

as methane and carbon dioxide into the atmosphere. These emissions significantly 

contribute to global warming & continuous rise in Earth's temperature. The entire 

ecosystem is being disrupted by excessive global warming, including humans, wildlife, 

and marine life [1],[2]. This has prompted extensive study into renewable and 

environmentally friendly energy sources, which include hydropower, photovoltaics, wind 

turbines and solar. Solar and wind energy rely on weather conditions that have 

unpredictable and erratic qualities. To harness these sustainable energy sources ,advanced 

energy storage systems must be developed .Such a system can address peaks demands 

reducing grid stress and mitigating price surges[3],[4]. Various energy storage methods 

such as electrochemical ,mechanical thermal and other are viable solutions[5],[6]. Among 

these systems batteries are favored due to their rapid charge discharge capabilities 

compared to turbines and engines. Examples of such batteries include lead acid battery, 

lithium , sodium Sulphur , lithium ion metal-air, nickel-cadmium, and others [7]. Batteries, 

which are available in a range of sizes and forms, are among the greatest options for energy 

storage. The rise of electric vehicles and portable devices has created a growing demand 

for power sources. Lithium-ion batteries are considered a promising solution because of 

their superior energy density compared to other batteries. However ,the energy density of 

lithium ion battery is restricted by complex chemistry involved in their electrode material 

,making them less suitable for practical electric vehicle application [8].  
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Figure 1. 1 Energy Storge Devices [9]  

Metal air batteries are an emerging technology that shows suitability for electric 

vehicles, electronic and wearable devices. Their attractive features include high energy 

density, flat discharge voltage, safety of operation, simplicity of system and lower cost 

[10]. However, much work is still needed before substantial commercialization of such 

batteries can be realized. MABs can be made rechargeable if efficient bifunctional 

electrocatalysts are available. Many materials are explored for this purpose and precious 

metal-based catalysts are considered as benchmarks due to their high activities. However, 

they are too expensive to be employed commercially [11]. When cheap alternative 

materials are explored, transitional metal-based materials show good potential as 

bifunctional electrocatalyst [12]. Among these materials metal-nitrogen-carbon based 

advance material have high activity and are very promising to replace precious metal. In 

such catalysts metal atoms such as Co, Mn, Fe are surrounded by nitrogen atoms and 

anchored on carbon supports like graphene of activated porous carbon [13]. Moreover, long 

term stability of the catalysts has prime importance for practical applications. Several 

Strategies have been implemented to enhance these properties effectively. One such 

strategy is doping of an appropriate metal or non-metal that can provide ground for tuning 

majorly electronic structure and consequently reactants B.E and active sites’ intermediate 

[14]. 
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1.2 Conventional Energy Storage Methods 

The conventional energy carriers are mainly fossil fuels like gasoline used for 

vehicles and stationary energy needs. Such methods are inefficient, non-sustainable and 

damage the environment [15]. For storage of intermittent or renewable energy, li-ion 

batteries are used to run PEDs and EVs. These have been very successful for PEDs but for 

EVs much improvement is needed to allow long distances with least interruptions [16]. 

1.3 Alternative Energy Storage Methods 

To mitigate the challenges & surpass the limitation of conventional systems, many 

alternative energy storage methods are being explored to meet high demands of increasing 

population. Hydrogen is an emerging fuel that offers a good deal of advantages over 

conventional fuels. Since it can be extracted from water, circularity and sustainability are 

achieved by shifting to hydrogen [17]. However, one of the biggest challenges associated 

with hydrogen infrastructure is the storage of hydrogen. Hydrogen is a very light molecule 

which makes it occupy a large volume for a small mass. For practical purposes, hydrogen 

must be compressed and cooled down to decrease the volume. The extreme conditions of 

high pressure or low temperature make the storage of hydrogen unsafe and costly [18]. 

There have been many methods under research to allow safe hydrogen storage by absorbing 

in materials such as metal hydrides or metal-organic-frameworks so that hydrogen remain 

stable and can be released when desired by heating the materials [19]. 

Lithium-ion batteries have very good rechargeability and long cycle life due to 

which they are extensively utilized in portable electronic devices & are widely used in 

portable electronic devices and considered a suitable option for electric vehicles. On the 

other hand, LIBs are expensive, and the use of inorganic electrolytes and reactive Li makes 

it prone to thermal runaway raising safety concerns. Their efficiency is less than 30% which 

makes them not very suitable for electric vehicles [20]. To make them suitable for EVs, 

some features such as power density, safety and energy density need to be improved. Metal 

air batteries (MABs) are an emerging technology that is drawing significant interest from 

researchers for its high energy density. MABs can use cheaper metal as anode and safe 
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aqueous electrolytes make them significantly cheaper. Oxygen is received from the 

atmosphere; therefore, oxygen storage is not required. This makes the battery cheaper, 

lighter, and simpler [21] . 

1.4 Metal-Air Batteries 

These are electrochemical systems that is mainly consist of cathode, anode, 

separator & electrolyte. Anode consists of a metal that oxidizes to form metal ions while 

releasing electrons. A separator is a permeable membrane that allows selective ions to pass 

through and is a prime component to allow the functioning of cell by preserving 

electroneutrality.  

Oxygen passes through a gas diffusion layer and enters the cathode where it is 

reduced by the incoming electrons. As a result, hydroxide ions are formed that is the 

oxygen reduction reaction. These hydroxide ions combine with the metal cations that came 

from anode to cathode. As an overall reaction, metals have reacted with oxygen and water 

to form metal hydroxides and generated useful electric current [22]. 

MABs are very suitable for applications where high energy densities are required, 

for example electric vehicles. MABs are versatile and with flat discharge voltage, they have 

good applicability for PEDs and grid storage. Since MABs can work with aqueous 

electrolytes, they resist explosions. MABs have low cost because of many reasons. 

Affordable & readily available metals serve as anode while oxygen functions as cathode 

reactant due to which oxygen storage is not required. The fabrication process is also cheap 

because unlike lithium, the metals can be handled under normal conditions and safety 

concerns are also relaxed [23]. 

Different types of metals can be used as anode, for example Li, Zn, Al, and Fe. Li, 

K, and Na are more stable in non-aqueous electrolytes, and metals like Zn, Al & Fe exhibit 

better aqueous` electrolyte stability. Among all MAB, zinc air batteries gained more 

popularity because of their rechargeability, stability and high voltage. They are employed 

in hearing aids and medical devices for providing a constant power for long times [24]. 
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MABs are mostly primary batteries i.e., they cannot be recharged once the anode is 

consumed. However, if the electrocatalyst at cathode can drive the oxygen evolution 

reaction, the battery can be recharged. A catalyst that can catalyze both types of oxygen 

reactions is termed as a bifunctional electrocatalyst. In many studies, zinc-air batteries have 

shown favorable results for rechargeability. However, the secondary (rechargeable) MABs 

face many issues, for example formations of dendrites that lead to short circuits. Primary 

MABs have a relatively simplified system but the recycling infrastructure must be there to 

generate metals from hydroxides that have been produced during discharge process of the 

battery [25].The mechanisms of ORR and OER are very different, they demand different 

types of active sites making it challenging to design single active site capable of catalyzing 

both reactions [26]. However, various design strategies are adopted to design such 

electrocatalyst that can incorporate both types of active sites. Such a catalyst is known as 

a bifunctional electrocatalyst. 

1.5 Types of Metal-Air Batteries 

MABs are broadly classified as those based on aqueous and non-aqueous 

electrolytes [27]. Metals like Zn, Mg & Al are compatible with electrolytes with aqoues 

solution but reactive spices of metal such as Na & Li are compatible with non-aqoues 

solution of electrolyte. Former ones are safer because of resistance to explosions, that’s 

why such batteries get significant attention from the scientific community. For Al-air and 

Zn-air batteries alkaline electrolytes like a water-based solution of potassium hydroxide 

are common. However, such electrolytes are also associated with a smaller voltage window 

because water gets decomposed into hydrogen and oxygen at voltages above 1.23 V [28]. 

Also, evaporation of water can alter the concentration of electrolytes that can have 

unwanted effects on the performance of battery. 

In case of sodium and li air battery, the non-aqueous solution of  electrolytes allow 

a wider electrochemical voltage window and high energy density [29]. However, such 

electrolytes have associated hazards and risk of explosion. Both aqueous and non-aqueous 

MABs have their own advantages and limitations, and the choices are based on the 

applications. 
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➢ Li Air battery  

➢ Iron Air Battery 

➢ Aluminum air battery  

➢ Zinc iron battery 

Li-air batteries have a very high energy density like that of gasoline. However, they 

have a high cost due to scarcity of lithium. Lithium is highly reactive and must be handled 

under controlled conditions to prevent its contact with moisture or air that consequently 

increases the cost even further. Now a days famous batteries such as li-ion batteris are the 

most successful rechargeable batteries and are employed worldwide in all types of 

electronic devices [30]. However, their energy density is far less than Li-air battery. The 

recovery and recycling of Li from such batteries is an un-resolved problem that makes 

these batteries not a sustainable choice. 

 

Figure 1. 2 Recent advances on Metal-air batteries [31] 

Zinc air batteries are considered the most MAS because of favorable results 

obtained in terms of rechargeability and stability. Unlike Li, Zn is less reactive and can be 

handled under mild conditions. Moreover, the low cost and abundance are big advantages 

[32]. 
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High Energy density such as aluminum air battery second only to Li-air battery 

among MABs. Al has a very safe nature, and this abundant metal is already a part of daily 

life in terms of food packaging, utensils, windows and so on. Al is recyclable and allows 

to store energy. Aluminum air batteries are not rechargeable due to which the recycling 

would be more frequent, and the infrastructure would be large and complicated. If Al-air 

batteries can be made sufficiently rechargeable, it will be a great achievement in the domain 

of green energy storage [33]. 

Iron Air battery is very interesting because of the very low cost and high abundance 

of Fe. Although the energy density is not lower and not very suitable for demanding 

applications like electric vehicles, the Fe-based battery is a great choice for stationary 

storage where lower energy densities are acceptable [34]. 

 

Figure 1. 3 Theoretical energy density of different MABs [21] 

1.5.1 Zinc-Air Batteries 

Generally, Zinc-air batteries typically consist of three primary components, an 

anode, cathode & electrolyte (Figure 1.4). Zn metal used as anode while cathode comprise 
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air electrode with a gas diffusion & catalyst layer. The whole setup is separated by porous 

separator immersed with solution of 6M KOH and 0.2M Zn (CH3COO)2 electrolyte. In 

detail, an electrolyte is used for transferring of OH- species between cathode and anode, a 

physical barrier i.e. porous separator is used between both electrodes for prevention of 

short circuit, for improving transfer rate gas diffusion layer is applied to catalyst surface 

and a catalyst layer is added to increase reaction rate and kinetics. Zinc air battery is a 

rechargeable battery that follows redox chemistry like other batteries. During discharge 

process, there is oxidation on the anode side and reduction on cathode side and vice versa 

in charge process. There are two important reactions:  

i. Oxygen reduction reaction (ORR) 

ii.  Oxygen evolution reaction (OER)  

on cathode surface that completes electro chemistry of air battery. OER happens on a 

catalyst layer of positive electrode while battery is under charging process that corresponds 

to formation of O2 from OH- & oxygen utilization during ORR. Detailed charge-discharge 

reactions will be discussed in the working principle of zinc-air battery. 

All batteries undergo charge and discharge operations. Electrochemical 

conversions of re-chargeable Zn-air battery are accomplished through these two processes. 

The following equations (equations 1.1, 1.2 and 1.3) can be used to express these discharge 

processes: 

At Zn anode: 

Zn + 2OH- ↔ ZnO + H2O + 2e-   E = - 1.26 V (vs. SHE)     (1.1) 

At air Cathode: 

O2 + 2H2O + 4e- ↔ 4OH-    E = 0.40 V (vs. SHE)        (1.2) 

Overall Reaction: 

2Zn + O2 ↔ 2ZnO                E = 1.66 V (vs. SHE)      (1.3) 
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All above reactions are reversed in case of charging , and the electrical energy 

drives the non-spontaneous chemical reactions to obtain the initial reactants. Therefore, 

metals deposit at anode during recharging and oxygen is released. This is called the oxygen 

evolution reaction (OER). 

 

Figure 1. 4 Schematic of a zinc-air battery showing its structure, operation in aqueous and solid-

state systems [35] 

The sections below cover electrochemistry & engineering problems of cathode & anode in 

more detail. 

  Anode is also a major part of battery, and their understanding is also important. 

Zinc anode serves as energy storage component in a zinc-air cell. During discharge process 

2 valence e- are released by zinc.[36]. Research shows that zinc powder with porosity levels 

ranging from 60% to 80% can achieve a specific energy capacity between 1.2 and 2.2 

Ah/cm² [37]. 

Concentrated solution of potassium hydroxide used in zinc air battery due to high 

ionic conductivity. During the discharge process, the zinc anode goes through several 
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chemical reactions, including dissolving into ions and the oxidation of its surface atoms 

[37]. The solubility of zinc and the types of ions formed when it dissolves depend on the 

pH level. For instance, insoluble compounds like ZnO (zinc oxide) and Zn (OH)₂ (zinc 

hydroxide) can form in solutions with a pH around 8 to 13.  

Air oxygen interacts at the triple phase boundary where O2, catalyst surface & 

electrolyte encounter cathode (Figure 1.5). During the discharge process, the O2 is reduced 

and consumes e- released at anode due to oxidation of zinc anode. The oxygen reduction 

reaction is slow, prompting significant research into ways to enhance this process through 

catalysis. Two important pathways are involved in ORR i.e. 2e- pathway and 4e- pathway 

previous one is less efficient than other. Precious metals are well-established catalysts that 

facilitate the four-electron pathway; however, their high cost has driven the search for 

alternative catalysts [37]. 

Cathode Designing is crucial for ensuring that oxygen can effectively diffuse to 

catalyst layer. Although using air O2is cost effective and convenient, it poses a challenge 

since the concentration of oxygen in air is only about 20%, and even lower when the air is 

fully humidified, resulting in a relatively low mass transfer driving force. 

 

Figure 1. 5 Standard Cathodes used in metal air battery [38] 

1.6 Bifunctional Electrocatalysts for RZABs 

Choosing the right electrocatalyst is vital for improving a battery's electrode 

capacity and creating a long-lasting, efficient energy storage system. The electrocatalyst's 
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properties significantly affect performance and make it key factor. Bifunctional oxygen 

catalysts should have stability, high activity and selectivity. Figure 1.6 illustrates the 

bifunctional basic parameters. Bi functional electrocatalysts are increasingly preferred over 

monofunctional ones to improve ZAB performance. Bifunctional electrocatalysts must 

meet specific parameters to provide both ORR and OER activity [39]. 

 

Figure 1. 6 Illustrates the basic requirements for a bifunctional catalyst 

1.7 Advancements in Material Developments  

Precious metals such as ruthenium (Ru), platinum (Pt), iridium (Ir), and their alloys, 

have long been regarded as the standard for advanced electrocatalysts. This reputation 

stems from their exceptional catalytic activity in facilitating both ORR & OER. However, 

despite their effectiveness, the high cost of these materials has limited their widespread use 

and scalability in practical applications. Recent years, the focus on transition metal catalyst 

has significantly increased, with particular attention directed towards single atom catalyst 

& dual atom catalyst. These innovative materials offer a promising alternative to noble 

metals by leveraging the unique properties of transition metals while potentially reducing 

costs. SACs, which consist of individual metal atoms dispersed on a support, can provide 
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high catalytic activity with minimal material usage. DACs, on the other hand, incorporate 

pairs of metal atoms, allowing for enhanced catalytic performance through synergistic 

effects. The development of SACs and DACs represents a significant advancement in the 

field of electrocatalysis, as they not only aim to provide a more affordable solution but also 

maintain or even improve upon the catalytic efficiencies seen with traditional noble-metal-

based materials. This shift towards transition metal catalysts is paving the way for more 

sustainable and economically viable electrocatalytic technologies [40-43]. 

1.7.1 Single Atom Catalyst 

Single metal atoms are characterized by metal atoms individually dispersed on 

support material. The stabilization of these materials of this atomically dispersed metal 

atom depends on their interaction with surrounding atom. Coordination atoms can include 

carbon, nitrogen, sulfur, oxygen, and phosphorus, functioning similarly to the coordination 

atoms found in organometallic structures. Additionally, metallic supports can enhance the 

performance of SACs by leveraging metal-metal interactions [44]. 

Recent advancements in nanomaterials have facilitated the development of single-

atom catalysts (SACs). The origins of this research can be traced back to the 1990s when 

Thomas et al. achieved the atomic dispersion of titanium (Ti) on an MCM-41 surface. This 

Ti catalyst exhibited exceptional selectivity in the epoxidation of cyclohexene [45]. 

However, it wasn't until 2011 that the term "single-atom catalyst" was formally introduced. 

Zhang et al. were the first to conceptualize SACs, synthesizing a highly efficient Pt/FeOx 

catalyst that demonstrated remarkable selectivity in the oxidation of carbon monoxide. 

They also employed DFT calculations to show how the platinum sites were stabilized on 

the support and elucidated the mechanism behind the selective oxidation of carbon 

monoxide [46]. There are various synthesis pathways for producing SACs, which can 

generally be divided into dry chemistry and wet chemistry routes [47]. Dry chemistry 

methods include techniques such as atomic layer deposition, ball-milling, two-step doping, 

and pyrolysis. The pyrolysis method involves decomposing an organic precursor at 

elevated temperatures in a controlled atmosphere. This approach is particularly effective 

for transition metals, with the choice of support material depending on its ability to 
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withstand high temperatures. The interaction between the metal and the support is crucial 

for maintaining atomic dispersion following heat treatment. 

In contrast, the wet chemistry routes for synthesizing SACs are more varied. 

Numerous methods have been proposed in the literature, including photoreduction, 

galvanic replacement, ion-exchange, and wetness impregnation methods. The wetness 

impregnation method is a common approach for preparing heterogeneous catalysts, 

wherein an aqueous or organic metal salt is impregnated onto the catalyst support. The 

excess solvent is then removed by evaporation. This method heavily relies support surface 

area, which should provide adequate anchoring sites for the metal atoms. Furthermore, the 

interaction between support and metal is vital, as it influences the metal loading and helps 

prevent aggregation. SACs possess unique structural characteristics that enable them to 

demonstrate higher specific activity, stability, and selectivity compared to nanoparticle 

catalysts. They can achieve atomic utilization efficiencies of nearly 100%, meaning that 

every metal atom is in contact with the reactants. Despite their promising advantages, SACs 

do have limitations. One major drawback is the absence of ensemble sites adjacent to the 

single atom, making them less suitable for surface reactions involving larger molecules. 

For instance, their selectivity in C-C coupling reactions is restricted, and in carbon dioxide 

reduction reactions (CO2RR), the products are typically limited to C1 species due to the 

lack of neighboring atoms. [48, 49]. Additionally, to avoid aggregation, the metal loading 

in SACs must be kept low, which can lead to reduced overall activity compared to 

nanoparticle catalysts. 
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Figure 1. 7 SAC Applications Overview [50] 

1.7.2. Dual Atom Catalyst  

Dual-atom catalysts (DACs) consist of pairs of metal atoms evenly spread across a 

support material. They build on the concept of single-atom catalysts (SACs) and can help 

address some of the challenges faced by SACs. The interaction between the two metal 

atoms can modify the electronic properties of the active sites, enhancing the catalyst's 

performance. Unlike SACs, DACs often excel in complex reactions involving larger 

molecules. They are particularly effective for carbon-carbon (C-C) coupling and can help 

produce C2 compounds such as ethylene (C2H4) or ethanol (C2H5OH) in carbon dioxide 

reduction reactions (CO2RR) [51]. Dual-atom catalysts (DACs) can be categorized into 

two types based on whether the metal pairs are the same or different: 

I. Homonuclear DASC  

II. Heteronuclear DASC 

 Homonuclear DACs are made up of two identical metal atoms that are positioned 

next to each other on a substrate. These atoms may have the same or different oxidation 

states. The interaction between these two metal sites can enhance certain reactions by 

creating additional active sites for attaching reactants or intermediates during the catalytic 
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process [48]. Heteronuclear dual-atom catalysts consist of two distinct metal atoms, 

allowing for a wide range of combinations. The interactions and synergistic effects between 

these different metal atoms can lead to unique electronic structures, potentially resulting in 

enhanced performance compared to homonuclear dual-atom catalysts. Advances in 

theoretical methods, such as density functional theory calculations, machine learning, and 

molecular simulations, play a crucial role in the design of these catalysts. This is especially 

important given the challenges associated with synthesizing well-dispersed heteronuclear 

catalysts and the numerous combinations of metal atoms available [52]. 

 

Figure 1. 8 DAC Types and Applications Overview [49] 

SAC showed impressive performance in single-molecule elementary reactions, 

such HER and ORR. However, their inherent simplicity has hindered their effectiveness in 

multi-step reactions. For example, in electrocatalytic processes like the electrochemical 

reduction of CO2 (CO2RR), SACs often fall short compared to other catalysts. In contrast, 

dual-atom catalysts (DACs) present numerous opportunities to broaden the scope of 

electrocatalysis. These catalysts can address the complexities of various reactions by 

combining the benefits of SACs with a greater variety of functionalized sites. For instance, 

DACs have been predicted to facilitate the production of C2 products in CO2RR, whereas 

SACs are typically restricted to generating only C1 products. 
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 The reaction mechanism for carbon dioxide reduction (CO2RR) using dual-atom 

catalysts (DACs) has been predicted through DFT calculations [51]. The main difference 

between SAC and DAC carbon-carbon (C-C) coupling, which is enhanced by the larger 

size of the metal pairs. This enhancement occurs due to various intermediates absorbing 

onto the metal pairs, leading to the formation of C2 products (C2H4, C2H5OH). 

It has been found that co-adsorbed carbon monoxide (CO) molecules act as 

intermediates that facilitate C-C coupling. These CO molecules can dimerize to form 

OCCO dimers, which help generate C2 products. The specific ways CO molecules are 

absorbed play a major role in this dimerization process, further enhanced by  metal pairs 

in DACs. Unlike SACs, there have been successful reports of producing ethylene using 

heteronuclear dual-atom catalysts 

Currently, dual-atom catalysts (DACs) are gaining popularity in electrocatalytic 

reactions and have also demonstrated impressive performance in various organic reactions. 

For instance, copper-dimer catalysts exhibit high selectivity in the partial oxidation of 

methane, achieving a 10% photocatalytic conversion of methane (CH4) with O2, 

specifically targeting methyl oxygenates [53]. This enhanced selectivity is attributed to the 

presence of Di copper-oxo centers, which effectively catalyze the partial oxidation of 

methane. In contrast, copper monomers only facilitate methane oxidation, resulting in 

lower selectivity. 

1.8 Problem Statement 

Primary challenges facing zinc-air batteries (ZABs) is development of stable 

&efficient dual function electrocatalyst oxygen electrode, which can effectively address 

the sluggish reaction kinetics associated with both ORR & OER. These reactions are 

crucial for the overall performance of ZABs. However, the sluggish kinetics of these 

reactions often lead to high overpotentials, reducing the overall energy efficiency of the 

system. Despite significant advancements, achieving a bifunctional catalyst that can 

perform both reactions with high efficiency and stability remains a significant challenge. 

This is mainly due to the differing reaction mechanisms and required catalytic properties 
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for ORR and OER, which makes it difficult to design a single material that can perform 

both reactions effectively. In addition, stability of these electrocatalysts under the operating 

conditions of ZABs for longer time is another major hurdle. The air electrode experiences 

fluctuating conditions, including varying current densities and potential cycling, which can 

lead to catalyst degradation over time. This degradation results from processes such as 

corrosion, oxidation, and the dissolution of active sites, ultimately reducing the catalyst’s 

performance and lifespan. 

1.9 Research Objectives 

The primary aim of this study is 

➢  Develop a durable, efficient, and cost-effective bifunctional electrode for zinc-air 

batteries 

➢ Investigate catalyst properties affecting ORR and OER activities 

➢ Synthesize and optimize CoMn-N-C/N-MC bifunctional electrocatalysts 

➢ Analyze structure and morphology using SEM, XRD, etc. 

➢ Correlate structural features with electrocatalytic performance 

➢ Evaluate activity, stability, and efficiency under operational conditions 
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CHAPTER 2: LITERATURE REVIEW 

Manh-Kien Tran et al discusses the role of different kinds of zinc-air batteries for 

electric vehicles. The potential and suitability of primary and secondary batteries is 

summarized for electric vehicles where high energy & power density is required. For 

chemical recharging, fast recharging and stable battery chemistry must be ensured. The 

charging and discharging are driven by OER & ORR. A high performance dual functional 

electrocatalyst has prime importance in such batteries [54]. 

ZIFs have remarkable qualities that make them very promising for wider 

application, particularly in the field of catalysis. These properties include excellent 

chemical stability obtained from metal-N bonds, specific surface area and pore size 

[55],[56]. Important methods of converting chemical processes into energy include 

electrocatalysis, photocatalysis, and organic catalysis. Consequently, it's critical to create 

catalysts with superior stability and activity. When properly heated and/or chemically 

treated, the ZIF hybrid materials formed by using the template approach increase the 

efficiency of catalytic reactions [57]. A high active specific surface area porous structure 

efficiently facilitates the transport of ions or molecules.  

Building well-defined structures with more tri-phase interphases can also greatly 

benefit from hollow architecture with its large specific surface area and well-defined void 

space. Fe-doped Co/Co3O4 with a mesopore-rich concave surface that was encased in 

hollow carbon was formed by pyrolysis of MOF precursors with the help of a NaCl 

template [58]. The catalyst's special structure made it easier for oxygen molecules to collide 

with one another on its inner and outer surfaces and to use its active sites to their fullest 

potential. Synthesized material when addition of Fe element showed good ORR & OER 

performance. The Zn-air batteries made with the designed electrocatalysts demonstrated 

exceptional durability over an extended period and excellent charge-discharge cycle 

capability.  

KCl particles and ZIF-67 were used in the salt-template process to create single Co-

N sites. The resultant monodispersed, had a very high Co loading of approximately 17.3 
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weight percent and as KCl encapsulation prevents ZIF-67 layer from shrinking during 

pyrolysis with high temperature , KCl played a critical role in the salt-template method. 

Consequently, the immobilization of the Co atoms in the ZIF leads to a limited size of 

0.10–0.40 nm and reduces the aggregation of Co particles. The Co-N sites of SCoNC, 

which were densely populated, demonstrated a good bifunctional catalytic activity, for 

OER it showed at 10 mA cm−2 at 1.54 V, 74 mV dec–1 tafel slope and for ORR process it 

showed half-wave potential (E1/2 ) of 0.91V[59].  

In another work, Co@N-CNTs/3DHC electrocatalyst was designed. A NaCl-

template technique that includes the following steps: carbonization, freeze-drying, and 

finally removing the template; was used to fabricate a 3DHC (3D honeycomb carbon) 

substrate with honeycomb-like nano-chambers. Encouraging the uniform growth of BZIFs 

nanocrystals using the confinement principle, these nano-chamber structures can serve as 

suitable nanoreactors. Co@N-CNT assembly, in which cobalt nanoparticles are encased 

by N-CNT shells that obtained by meticulously pyrolyzing the confined BZIFs 

nanocrystals [60].  

Among different carbon templates/substrates CNTs are also famous one because  e- 

of the C atom on CNTs develop off-domain π-bonds of large range, which have a big 

impact on conjugation [61]. Figure 2.1 (a), by pyrolyzing ZIF grown on oxidized carbon 

nanotubes (OCNTs), Sheng et al. Synthesized carbon fragments that rich in atomically 

dispersed metal nitrogen carbon sites. The E1/2 is 0.865 V and OER overpotential of 0.442 

V at 10 mA cm−2, which is lower than combination without CNTs. This catalyst based 

RZABs gives 182 mW cm−2 power density of 1000 h at 10 mA cm−2 cyclic stability, better 

than commercial Pt/C & other reported catalyst. Figure 2.1 b-d depicts morphology of the 

Fe-ZIF/OCNT products manufactured under optimal conditions. Figure 2.1 e depicts the 

energy dispersive X-ray ESEM, which reveals a similar or homogenous distribution of N,C 

& Fe . HAADF-STEM pictures (Figure 2.1 f-g) considerable number of solitary bright 

spots caused by iron or residual zinc atoms are evenly dispersed over the carbon sheet. The 

abundance of controlled active sites, the combination of several effective single-site 

catalysts, and the CNT network's good charge/mass transfer dramatically increased ORR 

& OER performance [62].  
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Kalsoom Zahra et al summarize and comment on the various strategies adopted to 

develop electrocatalysts based on cheap transition metals. The advantages and 

disadvantages of strategies are discussed important contributions are highlighted. The 

transition metal based electrocatalysts are very potent candidates for oxygen reactions in 

rechargeable metal air batteries, fuel cells and electrolyzes [63]. 

Jiarun Cheng et al study the effect of phosphorus and sulfur doping on ORR 

selectivity of nitrogen doped carbon spheres. The electronic structure of N-doped carbon 

was modified because of dopants and facilitated the ORR by two-electron route. The 

mechanisms of observed results are investigated in detail, and it is concluded that the 

graphitic-N is mainly responsible for improving the kinetics of ORR. The presence of 

heteroatoms allows control over materials properties by adjusting their doping ratio [64]. 

Figure 2. 1 a) Schematic illustration for the synthesis of Fe-NC/rOCNT hybrids. b) TEM 

image of Fe-ZIF/OCNT. c) SEM image. d) TEM image of Fe-NC/rOCNT. e) EDS mapping 

of Fe-NC/rOCNT. f) HAADF-STEM image of Fe-NC/rOCN 
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Lianhui Wu et al discuss the influence of surface reconstruction on oxygen 

evolution reactions and methods to control the extent of surface reconstruction for 

transition metal-based catalyst. The prepared catalyst acts as a pre-catalyst that undergoes 

surface reconstruction during which its activity is increased. In this way the actual catalyst 

is obtained that catalyzes the OER. It is important to adopt suitable strategies to achieve 

controlled and optimized surface reconstruction. Such strategies include doping, leaching 

and particle size regulation are discussed [65]. 

Fang Dong et al discuss recent progress and future directions of metal-nitrogen-

carbon (M-N-C) materials. These materials are based on abundant transition metals and 

cheap elements, i.e., nitrogen and carbon. They have great potential to replace Pt based 

electrocatalyst for ORR due to high activity, efficient utilization of loaded metal and low 

cost. However, the current synthesis methods are still expensive and not suitable for 

commercial purposes. Methods to design the M-N-Cs and prominent strategies for 

improving the bifunctional performance are highlighted [66]. 

He Sun et al reports on a strategy to improve the intrinsic activity of single atom 

active sites that will consequently improve the energy efficiency of the reaction. For this 

purpose, a P-O bond is introduced in the catalyst system that alters and adjusts the 

electronic structure of the catalyst. The concept is also evaluated by using density 

functional theory and it is observed that P-O bond is responsible for enhanced bifunctional 

properties. An excellent half wave potential of 0.89 V is obtained against reversible 

hydrogen electrode (RHE). The reported materials performed impressively for aqueous as 

well as solid state zinc air batteries [67]. 

Licheng Wei et al discuss various types of modifications of transition metal based 

electrocatalysts that can potentially be employed in commercial zinc-air batteries. The 

modifications include formation of nitride, oxides, or phosphides of the metals. It is also 

important to tune the conductive properties of support material. The significance of single 

atom catalysts based on transition metals is highlighted and the strategy of rationally 

combining different metals is also discussed [68]. 
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 Jing Wang et al studied the effect of incorporation of axial oxygen in M-N-C based 

catalysts for the catalyzing the electrochemical reduction of carbon dioxide. It is observed 

that the number of electrons in d-shell of outermost orbital and electronegativity of 

elements has great effect on the materials properties and catalytic activity. This strategy 

helped to significantly improve the intrinsic activity and stability of the prepared catalysts. 

M-N-Cs based on different metals (for example Mn, Cr, Os, Ru and Rh) were studies by 

using volcano plots [69]. 

 Eric Musa et al used machine learning to explore the properties of single atom 

catalysts. The methods to select the appropriate catalyst for are discussed for various 

reactions like OER, ORR and HER. The methods to use machine learning for rationally 

designing catalysts are also summarized [70]. 

Wenzheng Cheng et al studied the contribution of topological defects in improving 

the activity of Fe-N4 based active sites. Defective carbon nanosheets doped with nitrogen 

and phosphorus showed excellent results for both OER and ORR. A half wave potential of 

0.903 V was obtained. The catalyst was tested in zinc air batteries and a good cycle life 

was observed [71]. 

2.1 Research gap 

Despite significant progress in the development of bifunctional electrocatalysts for 

zinc-air batteries (ZABs), several research gaps remain. One of the primary challenges is 

the limited performance of existing bifunctional catalysts. Many current catalysts struggle 

to achieve high efficiency for both the oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER), often exhibiting a trade-off between the two. Identifying new 

materials or innovative combinations of metals that can deliver optimal performance for 

both reactions is essential. Additionally, while some catalysts show promising activity, 

they often lack long-term stability. Under the harsh operating conditions of ZABs, such as 

fluctuating current densities, high potentials, and cycling, catalysts can degrade due to 

corrosion, oxidation, or the loss of active sites. This instability severely impacts their 

practical application. Further research is needed to address the durability of these materials 

and enhance their performance over extended periods. 
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2.2 Purposed Solutions 

To address these challenges, one potential solution is the design of new bifunctional 

catalysts with optimized performance for both ORR and OER. This could involve 

exploring new metal combinations, dual-metal systems, or atomic-level precision in 

catalyst design to enhance catalytic activity for both reactions. Improving the stability of 

catalysts can be achieved through material engineering along with this scalability and cost-

effectiveness of synthesis methods must be addressed. Developing low-cost precursors and 

green synthesis routes, along with scalable deposition techniques like atomic layer 

deposition (ALD) or electrochemical deposition, could make advanced catalysts more 

accessible for commercial use. These solutions could help bridge the existing gaps and lead 

to the development of more efficient, durable, and scalable bifunctional electrocatalysts for 

ZABs, contributing to the advancement of sustainable energy storage technologies. 
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CHAPTER 3: INTRODUCTION TO EXPERIMENTAL 

TECHNIQUES 

3.1 Physical Characterizations  

Since it provides details about the material's shape, composition, and crystallite 

size, X-ray diffraction, or XRD, is a crucial tool for material characterization. To complete 

the process, the X-ray radiation must be sent through the material at an angle. The 

measurement of the diffraction angle and intensity, which yields details about the structural 

morphology of the material under investigation, is the next step. The patterns of X-ray 

diffraction (XRD) in crystalline materials are predicated on the fact that X-rays can exhibit 

two distinct behaviors: waves and particles. 

 

Figure 3. 1 A schematic of X ray diffraction 

The fundamental purpose of this technique that is employed is to identify and 

characterize materials based on the X-ray diffraction patterns of such materials. They make 

use of this technology. Diffraction is the term for the phenomena that occurs when a 

monochromatic X-ray beam strikes a substance. The Law of Bragg governs this 

phenomenon. Interference, which can be constructive or destructive, is a characteristic of 
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crystalline structures. The atoms that make up the material are the source of this 

disturbance.  

2𝑑 𝑆𝑖𝑛(𝜃) = 𝑛(𝜆)                                       (3.1) 

Figure 3. 2 The Bragg’s Law [11] 

The accessible directions of diffraction are determined by the size and shape of the 

unit cell in the material, and the intensity of the diffracted waves is influenced by the 

arrangement of atoms within the crystal lattice. Numerous small crystallites grouped in 

various orientations make up many materials. These crystallites are known as aggregate or 

polycrystalline powder. Anytime an X-ray beam strikes a material, it interacts with every 

available interatomic plane. By changing the experimental angle, this interaction enables 

the identification of every diffraction peak. 

A high-energy electron beam is used in SEM to produce a range of signals on an 

object's solid surface. These electrons can move through the material and come out on the 

other side, as shown in Figure 3.3. The material's crystalline structure, surface appearance, 

material orientation, and chemical makeup can all be inferred from the interactions that 

occur between the electron beam and the sample. 
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Figure 3. 3 Illustration of how SEM works [72] 

Usually, the SEM produces two-dimensional images that show spatial variations in 

the material's surface characteristics. The basic scanning electron microscope (SEM) 

technology may use magnification (20X to 30,000 X) and a three-dimensional resolution 

of 50 to 100 nm to differentiate between areas that are between 1 cm and 5 microns in size. 

This method is particularly useful for analyzing crystalline structures, determining crystal 

orientations (EBSD), and performing semi-quantitative or qualitative studies of chemical 

components (EDS). This scanning electron microscope (SEM) is like EPMA in terms of 

both design and function, and it can do specialized area or point location examinations on 

samples. 

TEM is a high-resolution imaging tool used to analyze materials at the nanoscale. 

Using this technique, a sample is exposed to an electron beam, and the interaction between 

the electrons and the sample is used to create a graphic representation on the screen. 

Transmission electron microscopy (TEM) uses electromagnetic lenses to concentrate a 
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high-energy electron beam from an electron gun onto a thin sample. The density and 

thickness of the sample determine how the electrons behave when they encounter the 

material, whether they are transmitted, absorbed, or scattered. By revealing the inner 

structure of materials at the atomic level, TEM facilitates the investigation of flaws and 

dislocations that are challenging to detect using conventional methods. Instrumentation 

TEM is divided into four sections: 

i. Electron Gun 

ii. The system of EM lenses 

iii. Mount 

iv. Visual apparatus  

The surface analysis technique XPS, used to identify oxidation state. Surface of 

sample is bombarde with rays of X-rays, which causes the atoms there to release electrons 

known as photoelectrons. This is what allows the instrument to work. 

 

Figure 3. 4 Working principle of XPS [5] 

These photoelectrons' properties are then ascertained by analyzing their kinetic 

energy and emission angles. Usually, the X-ray beam's energy is set to be higher than the 
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electrons' binding energy in the sample's valence band. By means of absorption, X-ray 

photons possess the ability to create a positively charged ion by removing one electron 

from the valence band. Atom electronic structure, including its chemical composition and 

bond state, can be determined by measuring the kinetic energy of these emitted 

photoelectrons using an electron analyzer. 

3.2 Electrochemical Characterization  

The electrochemical properties of the materials and their applicability for charge-

discharge functions in zinc-air batteries were evaluated using important technique: 

➢ Cyclic Voltammetry (CV) 

➢ Linear sweep Voltammetry (LSV) 

➢ Electrochemical Impedance Spectroscopy (EIS) 

A widely used technique known as CV is used for the analysis of electrochemical 

reactions and their kinetics. Generally, CV studies provide insights into electroactive 

material’s redox behavior [73, 74]. During analysis of CV, voltage of stationary working 

electrode in a non-stirred solution is change. [74]. 

 From the Curves of CV, we can determine desorption and adsorption of oxygen 

species on surface of catalyst, indicated by the presence of specific peaks in the lower 

voltage region [75, 76]. Similarly, redox behavior of oxygen can be observed through 

corresponding peaks in the higher voltage regions during the forward and reverse scans 

[77, 78]. The CV profile offers essential information about the electrocatalysts. 

LSV specialized technique used for the study of redox behavior of species that it 

electroactive species by applying voltage in both anodic (reverse, moving from upper limit 

to lower limit) and cathodic sweeps [79]. Unlike cyclic voltammetry (CV), LSV records 

data in only one direction, either forward or backward. 

When LSV is conducted under hydrodynamic conditions, it helps us understand 

electron transfer rate between the electrode and the electrolyte. This information is valuable 

for evaluating  mass transfer effect and kinetics involved in  reaction [80, 81].  
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The kinetics of the ORR can be evaluated through factors such as current density, specific 

activities obtained from curves of LSV[82]. By examining LSV profiles under specific 

conditions, we can gain a clear understanding of the electrocatalytic performance of the 

materials. 

EIS technique is used to study the electron transfer processes occurring at the 

interface of electrode electrolyte during reactions [83]. It is a valuable method for gaining 

insights into chemical transformation involved in these reactions.[84]. For investigation of 

intrinsic properties of catalyst material EIS is commonly employed as intrinsic property 

impact efficiency and conductivity of fuel cell [85]. EIS is typically characterized by 

following factors: 

i Ohmic Resistance  

ii Double-Layer Capacitance  

iii Charge Transfer Resistance  

Additionally, the diffusion properties of electroactive species, resulting from the 

adsorption of reactants or products on surface of electrode, is Warburg impedance [84]. 

Depending on the materials being studied and the type of information required for accurate 

evaluation. Figure 3.5. A typical EIS (Nyquist plot) diagram illustrating an electrical 

circuit fit. The plot features complex Cartesian coordinates, with the real axis representing 

the resistive component and the imaginary axis representing the capacitive or impedance 

component [84]. 

 

Figure 3. 5 Nyquist plot and its corresponding equivalent circuit, illustrating the influence of 

diffusive impedance [84] 
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CHAPTER 4: METHODOLOGY 

4.1 Material Collection and Methods 

4.1.1 Material Collection 

For preparation of Co Mn-N-C/N-MC electrocatalyst all reagents &amp; chemicals 

were high analytical grade, and these materials sourced from sigma-Aldrich and utilized 

directly without any further processing. The chemical and reagents employed in synthesis 

includes Ni (NO3)2.6H2O (nickel nitrate hexahydrate), Mn (NO3)2.6 H2O (manganese 

nitrate hexahydrate), Co (NO3)2.6 H2O (cobalt nitrate hexahydrate),2-methylimidazole, 1-

10 Phenanthroline monohydrate, Hydrophilic nano silica (15nm), methanol, DI water and 

HF. 

4.1.2 Synthesis of Mn-N-C/N-MC 

Mn(CH₃COO)₂·4H₂O was used as the metal precursor for the synthesis of Mn-N-

C/N-MC, following a modified procedure based on reported literature [86]. Initially 1,10-

phenanthroline monohydrate (0.094 g) was dissolved in 20 mL methanol and stirred for 25 

mints. Then, 2-methylimidazole (0.66g) was added. The mixture was stirred for another 55 

mint and then added into Hydrophilic nano silica (1 g) under stirring after 6 to 7 hours of 

stirring gel-like structure formed and Methanol evaporated at 75 °C. The collected sample 

was pyrolyzed in a tube furnace at 800 °C for 3 h under flowing argon. The obtained sample 

was denoted as Co Mn-N-C/OMC. HF solution is used to remove silica template. The 

obtained sample was denoted as Mn-N-C/N-OMC. 

4.1.3 Synthesis of Co-N-C/N-MC 

Here Co (NO3)2.6 H2O were used as the metal precursors. Initially 1,10-

phenanthroline monohydrate (0.094 g) was dissolved in 20 mL methanol and stirred for 25 

mints. Then, 2-methylimidazole (0.66g) was added. The mixture was stirred for another 55 

mint and then added into Hydrophilic nano silica (1 g) under stirring after 6 to 7 hours of 
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stirring gel-like structure formed and Methanol evaporated at 75 °C. The collected sample 

was pyrolyzed in a tube furnace at 800 °C for 3 h under flowing argon. The obtained sample 

was denoted as Co-N-C/OMC. HF solution is used to remove silica template. The obtained 

sample was denoted as Co Mn-N-C/N-OMC.  

4.1.4 Synthesis of Co Mn-N-C/N-MC 

Co (NO3)2.6 H2O and Mn (CH3COO)2·4H2O were used as the metal precursors in 

a 1:1 molar ratio, respectively. Initially 0.094 g of 1,10-phenanthroline monohydrate was 

dissolved in 20 mL of methanol and mixed for 25 minutes. Afterwards 0.66 g of 2 

methylimidazole was added to the solution. This mixture was agitated for an additional 55 

minutes and then added in Hydrophilic nano silica (1 g) under stirring after 6 to 7 hours of 

stirring gel-like structure formed and Methanol evaporated at 75 °C. The Collected sample 

subjected to pyrolysis in tube furnace at a temperature of 800°C for a duration of 3 hours 

with an argon gas flow maintained thorough out process. HF solution is used to remove 

silica template. The obtained sample was denoted as Co Mn-N-C/N-M. The Synthetic 

Process of catalyst is shown in Figure 4.1 

 

Figure 4. 1  Schematic representation of Co Mn-N-C/MC 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1 X-Ray Diffraction (XRD) 

The crystalline structure of the synthesized CoMn-N-C/N-OMC material was 

examined using X-ray diffraction (XRD). The XRD pattern of the mesoporous carbon 

structure, pyrolyzed at 800°C, is presented in Fig 5.1 The material exhibited two distinct 

diffraction peaks at approximately 25° and 43°, which correspond to the (002) and (101) 

planes of graphitic carbon, respectively. These reflections indicate the formation of N-

doped graphitic carbon, suggesting the presence of a conductive, amorphous carbon 

framework. Interestingly, the XRD pattern showed no prominent peaks corresponding to 

metal or metal oxide phases, such as Co or Mn-based oxides. This absence suggests that 

the Co and Mn atoms were successfully embedded as atomically dispersed species within 

the carbon matrix rather than forming separate metal clusters or oxide particles. The lack 

of metal or oxide peaks is further indicative of a homogeneous distribution of dual Co and 

Mn atoms within the carbon framework, which is advantageous for electrocatalytic 

applications by providing highly accessible and active atomic sites. The absence of Co and 

Mn clusters is consistent with the small amounts of these metals introduced during 

synthesis, confirming that only trace amounts of the metals are integrated into the carbon 

structure. This result demonstrates the effectiveness of the template-casting method in 

producing atomically dispersed dual-metal catalysts without agglomeration, a key feature 

for achieving high catalytic performance [87]. 
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Figure 5. 1 XRD pattern of Co-N-C/N-MC, Mn-N-C/N-MC Co Mn-N-C/N-MC 

5.2 Scanning Electron Microscopy 

The Scanning Electron Microscopy (SEM) analysis of the CoMn-N-C/N-MC catalyst 

provides valuable insight into the evolution of its morphology before and after acid 

washing. In the SEM micrograph shown in Figure 5.2 (a), the sample displays a porous 

structure, but the pores are not clearly visible, likely due to the presence of residual silica 

from the template used during the synthesis. This incomplete removal of the silica template 

during the pyrolysis process obscures the finer details of the pore network, resulting in an 

irregular structure. However, after the sample undergoes acid washing with hydrofluoric 

acid (HF) to remove the silica template, the morphological changes are striking, as shown 

in Figure 5.2 (b). The acid-washed sample reveals a well-organized 3-dimensional open 

framework with a desert rose-like structure, characterized by petal-like formations and 

interconnected layers, providing a high degree of mesoporosity. The successful removal of 

the template not only exposes the mesoporous channels but also ensures that the structural 

integrity of the carbon framework is preserved. This porous structure offers enhanced 

surface area, facilitating the rapid transport of ions and reactants through the interconnected 

pores. Such a highly accessible and interconnected framework makes the CoMn-N-C/N-
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MC catalyst ideal bifunctional electrocatalyst, where efficient mass and charge transfer are 

critical for performance. The transformation from an unclear porous structure to a well-

defined, open mesoporous framework highlights the effectiveness of the synthesis and 

acid-washing processes in creating a material with improved functionality and catalytic 

potential. 

 

Figure 5. 2 SEM images of Co Mn-N-C/MC (a) After pyrolysis (b) After acid itching 

5.3 Brunauer-Emmet-Teller (BET) Analysis 

To analyze the surface area and pore size of the synthesized CoMn-N-C/N-OMC 

catalyst, nitrogen adsorption-desorption (N₂ sorption) measurements were performed. The 

nitrogen sorption isotherms, presented in Figure 5.3 (a), exhibit a type-IV adsorption-

desorption profile, which is characteristic of mesoporous materials. This type of isotherm 

indicates the presence of well-developed mesopores, with a distinct hysteresis loop 

associated with capillary condensation within the mesoporous structure. The Barrett-

Joyner-Halenda (BJH) analysis reveals that the average pore size of the CoMn-N-C/N-

OMC framework is approximately 3.6 nm, as shown in Figure 5.4 (b), confirming the 

successful formation of mesopores. Additionally, the specific surface area of the catalyst 

is measured to be 136 m² g⁻¹, while the pore volume is determined to be 0.94 cm³ g⁻¹, both 

of which are indicative of a highly porous structure. The combination of a high surface area 

and a well-defined pore network ensures that the catalyst offers abundant active sites and 

enhanced accessibility for reactants, making it highly suitable for applications such as 
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catalysis and energy storage. This mesoporosity, combined with atomic-level dispersion of 

Co and Mn, enhances mass transport and ensures efficient utilization of active sites, 

contributing to the material’s excellent performance potential. 

 

Figure 5. 3 BET analysis (a) N2-sorption isotherms of CoMn-N-C/N-MC, (b) pore size 

distribution CoMn-N-C/N-MC 

5.4 Raman Spectroscopy 

The Raman spectrum of the CoMn-N-C/N-MC, Co-N-C/N-MC and Mn-N-C/N-

MC catalyst presented in Figure 5.4. Spectrum provides further insights into the structural 

characteristics of the N-doped mesoporous carbon framework. The spectrum exhibits two 

prominent peaks: the D-band at 1349 cm⁻¹ and the G-band at 1579 cm⁻¹. The D-band is 

associated with the defects and disorder in the carbon structure, while the G-band 

corresponds to the in-plane vibrations of sp²-hybridized carbon atoms in graphitic domains. 

Here CoMn-N-C/N-MC, Co-N-C/N-MC and Mn-N-C/N-MC showed intensity ratio of 

1.07, 0.93 and 0.92.The intensity ratio ID/IG of 1.07 suggests a moderate degree of structural 

disorder, which is typical for N-doped carbon materials. The presence of both D and G 

bands, along with their nearly equal intensity, reflects a balance between defects introduced 

by nitrogen doping and the retained graphitic features of the carbon framework. This 

balance is crucial as the defects increase the number of active sites for catalysis, while the 

graphitic domains enhance the electrical conductivity of the material. The Raman analysis, 
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therefore, confirms that the CoMn-N-C/N-MC framework exhibits a partially graphitized 

structure with sufficient defects. 

 

Figure 5. 4 Raman spectra of Co Mn-N-C/N-MC, Mn-N-C/N-MC, Co-N-C/N-MC 

5.5 X-Ray Photoelectron Spectroscopy (XPS)  

The elemental composition along with Bonding state of catalyst are determined 

using surface sensitive quantitative spectroscopic technique called XPS (X-ray 

photoelectron). To determine the surface composition and oxidation states involved in Co 

Mn-N-C/N-MC electrocatalyst XPS analysis was explored. XPS Survey spectra of 

obtained material were shown in figure 5.5 (a). It confirmed the presence of N, C, Mn and 

Co elements. Moreover, peaks of all element in spectrum were fitted by using a XPS fitting 

software, ‘XPSPEAK41’ [88].  Next in figure 5.5 (b) carbon (C1s)  deconvolved in 3 peaks 

of C=C,C-N and C=O with binding energy of  284.5,285.5 and 286.1 [89].The C1s signal 

at 285.6 eV, attributed to carbon atoms associating with N atoms, verifies the development 

of an N-doped framework of carbon [86]. Furthermore, the presence of C=C and C-N 

bonds indicates significant graphitization and effective N doping [90]. Figure 5.5 (c) The 

nitrogen (N1s) spectrum of Co Mn-N-C/N-MC revealed the presence of pyrrolic-N, 

pyridinic-N, graphitic-N, Metal-Nitride, oxidized-N at binding energies of 397.4 ,400.5 

,398.5 ,399.2 and 401.5 respectively. According to published research, pyridinic nitrogen 

is especially useful for regulating the ORR's active sites. Graphitic N can serve as an 

electron donor to increase the catalytic activity of Pyridinic N for ORR also goes in favor 
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of OER. There are many active sites in graphitic and pyridinic N that allow O2 molecules 

to dissolve and adsorb [43,44]. The electron density of nearby nitrogen-carbon sites may 

be impacted by localized charge redistribution within the carbon matrix caused by 

defective carbon structures. This change has the potential to greatly increase the oxygen 

reduction reaction's (ORR) activity [91]. Moreover Pyridinic and pyrrolic nitrogen are 

important for the formation of metal-nitrogen sites, while graphitic nitrogen may improve 

ORR performance, resulting in a synergistic impact and an increase in catalytic activity 

[92]. Apart from the two satellite peaks, two signals appear at 781.8 eV and 797.0 eV in 

the Co 2p spectrum, corresponding to the 2p3/2 and 2p1/2 peaks of Co²⁺, respectively. In 

contrast, the peaks observed at 779.8 eV and 794.9 eV are attributed to the 2p 3/2 and 2p1/2 

peaks of Co⁰, respectively [93]. The presence of Co⁰ enhances electron transfer to Mn-

containing compounds, with this strong electronic interaction facilitating the adsorption 

and desorption of reaction intermediates (such as *O and *OOH) during oxygen 

electrocatalysis [94]. Similarly figure 5.5 (e)Three sub peaks of O1s spectrum formed 

which are centered at binding energies of 530.1eV,531.3 eV and 532.3 eV and belongs to 

lattice OH, adsorbed water molecule and C=O. Figure 5.6 (f) shows F1s spectrum. Figure 

5.7 (a) a peak in the XPS spectrum  can be seen at 685 eV, which corresponds to manganese 

fluoride bonding energy ,this signal is likely attributed to  HF residue [95]. Additionally 

significant electrochemical activity has been shown by manganese fluoride in alkaline 

environments [96]. 
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Figure 5. 5 (a)XPS spectrum of Co Mn-N-C/N-MC (b) C1s (c) N1s (d)Co 2p (e) O1s (f) F1s  

5.6 Linear Sweep Voltammetry (LSV) 

5.6.1 Oxygen Reduction Reaction (ORR) 

The ORR activities of single-atom and dual-atom electrocatalysts, including 

CoMn-N-C/N-MC, were evaluated through rotating disk electrode (RDE) analysis in a 0.1 

M KOH solution. The electrode disc area was used to regulate current densities, ensuring 

accurate comparison across samples. Linear Sweep Voltammetry (LSV) results, presented 

in Figure 5.5 demonstrate that CoMn-N-C/N-MC exhibits the best ORR performance 

among the tested samples, including Co-N-C/N-MC, Mn-N-C/N-MC, and 20% Pt/C. The 

half-wave potential (E₁/₂) for CoMn-N-C/N-MC is 0.85 V (vs. RHE), outperforming Co-

N-C/N-MC, Mn-N-C/N-MC, and Pt/C by 37 mV, 28 mV, and 15 mV, respectively 

.Additionally, CoMn-N-C/N-MC displays an onset potential of 0.96 V (vs. RHE), which 

is nearly equivalent to 10% Pt/C (0.98 V) and superior to the monometallic catalysts (0.94 

V). The enhanced ORR performance of CoMn-N-C/N-MC highlights the synergistic effect 
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of dual-atom sites, where the combination of pyridinic nitrogen and highly active Co and 

Mn sites results in improved catalytic activity and efficient atomic utilization. 

Further analysis using the RDE system at varying rotational speeds (400–1600 rpm) 

reveals the impact of mass transfer on ORR kinetics. As seen in Figure 5.6 (b), the current 

density increases with rising rotation speeds, demonstrating that enhanced mass transfer 

accelerates the reaction rate. The rapid electron transfer associated with the improved 

reaction rate further raises the current density. The measured current density of 6.1 mA/cm² 

represents the combined contribution of kinetic current and mass diffusion current. To gain 

further insight into the reaction mechanism, Koutecky–Levich (K-L) plots were 

constructed for CoMn-N-C/N-MC, as shown in Figure 5.6 (c). These plots exhibit straight 

lines with slopes between 0 and 1, indicating that the kinetic factors dominate over mass 

transfer effects. 

The number of electrons involved in the ORR was calculated from the K-L 

equation, and the results show that the average number of transferred electrons is close to 

4. This confirms that the ORR on CoMn-N-C/N-MC follows a four-electron pathway, 

which is kinetically favorable and desirable for practical applications, as shown in Figure 

5.6 (c). The ability of CoMn-N-C/N-MC to achieve efficient oxygen reduction through this 

pathway highlights its potential as a superior bifunctional catalyst for energy applications 

such as fuel cells and metal-air batteries 

5.6.2 Oxygen Evolution reaction (OER) 

We further investigated the Oxygen Evolution Reaction (OER) performance of the 

CoMn-N-C/N-MC electrocatalyst in a 0.1 M KOH solution. The results indicate that this 

electrocatalyst exhibits significant OER activity, demonstrating a low overpotential of 360 

mV at a current density of 10 mA cm⁻². This performance is comparable to that of 

commercial RuO₂, but significantly superior to that of single-atom dispersed 

monometallic-N moieties. Notably, CoMn-N-C/N-MC showcases excellent OER activity 

relative to other samples in the study, contrasting with its previously discussed ORR 

performance figure 5.6 (d-e).The Tafel slope for CoMn-N-C/N-MC is measured at 55 mV 
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dec⁻¹ (Table 1), which is considerably lower than that of RuO₂ (98 mV dec⁻¹), Co-N-C/N-

MC (116 mV dec⁻¹), and Mn-N-C/N-MC (127 mV dec⁻¹). This low Tafel slope indicates 

fast OER kinetics, signifying that the CoMn-N-C/N-MC catalyst facilitates the OER 

process more efficiently than its counterparts. 

To evaluate the overall performance of the oxygen electrode, we calculated the 

difference in potential (∆E) between the OER potential at 10 mA cm⁻² and the ORR half-

wave potential. As shown in Figure 5.7 (f), the CoMn-N-C/N-MC electrocatalyst exhibits 

the smallest overpotential (∆E) of approximately 0.74 V in the 0.1 M KOH solution, 

surpassing most transition metal-based bifunctional oxygen catalysts reported in the 

literature.  

 

Figure 5. 6 (a) ORR of Co-N-C/N-MC, Co-N-C/N-MC, Co Mn-N-C/N-MC and 10% Pt/C (b) 

ORR at different rpm (c) K-L plots (d) OER plots Co-N-C/N-MC, Co-N-C/N-MC, Co Mn-N-

C/N-MC and RuO2 (e) Tafel plots (f) Combined ORR and OER overall LSV curves of  Co Mn-

N-C/N-MC 
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This exceptional performance underscores the potential of CoMn-N-C/N-MC as a 

highly effective bifunctional catalyst for both OER and ORR, making it a promising 

candidate for applications in energy conversion and storage systems. The synergistic 

effects arising from the dual-metal sites within the N-doped carbon framework contribute 

to the catalyst's enhanced efficiency and overall performance in electrochemical 

applications. 

Table 5. 1 Electrochemical performance Prepared sample 

Sample Electrolyte  Eonset Tafel slope E=1/2 Current 

Density 

Over 

Potential 

Co-N-C/N-

MC 

0.1 M KOH  0.98 116 

mV/dec 

0.819 5.1 0.67 

Mn-N-C/N-

MC 

0.1 M KOH 0.94 127mV/dec 0.828 4.9 0.72 

CoMn-N-

C/N-MC 

0.1 M KOH 0.96 55 mV/dev 0.856 6.1 0.36 V 

Pt/C 0.1 M KOH 1.02 -- 0.841 3.24 -- 

RuO2 0.1 M KOH -- 98 mV/dec -- -- 0.42 V 

To evaluate the overall performance of the oxygen electrode, we calculated the 

difference in potential (∆E) between the OER potential at 10 mA cm⁻² and the ORR half-

wave potential. As shown in Figure 5.7 (f), the CoMn-N-C/N-MC electrocatalyst exhibits 

the smallest overpotential (∆E) of approximately 0.74 V in the 0.1 M KOH solution, 

surpassing most transition metal-based bifunctional oxygen catalysts reported in the 

literature. This exceptional performance underscores the potential of CoMn-N-C/N-MC as 

a highly effective bifunctional catalyst for both OER and ORR, making it a promising 

candidate for applications in energy conversion and storage systems. The synergistic 

effects arising from the dual-metal sites within the N-doped carbon framework contribute 
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to the catalyst's enhanced efficiency and overall performance in electrochemical 

applications. Table 5.2 shows the comparison of different samples. 

Table 5. 2 Comparison with Literature 

Sample E1/2 V E 10 (V) △E Ref 

Ni-N4/GHSs/Fe-N4 0.83  1.62 0.79 [97] 

CoNi-Sas/NC 0.76 1.57 0.81 [98] 

 FeCo-N-C 0.81 1.61 0.8 [3] 

Fe-NSDC 0.84 1.61 0.80 [99] 

Co-N, B-CSs 0.83 1.66 0.83 [100] 

Pt/C and RuO2 0.84 1.65 - This work 

Co-N-C/N-MC 0.81 1.70 0.89 This work 

Mn-N-C/N-MC 0.82 1.76 0.94 This work 

CoMn-N-C/N-MC 0.85 1.59 0.74 This work 

5.7 Stabilty Test  

The durability of the sample is a critical factor when evaluating its potential for 

commercialization, as it directly impacts the long-term performance and reliability of the 

material [101]. To assess this aspect, we conducted long-term cycling tests on the sample. 

The results presented in Figure 5.7 demonstrate that there was only a minimal loss of 

activity after 1000 cycles, indicating a promising level of stability. Specifically, for the 

CoMn-N-C/N-MC electrocatalyst, we observed a negligible negative shift of 2.0 mV in the 

half-wave potential, suggesting that its electrochemical performance remains largely intact 

even after extensive cycling. Figure 5.7 (a) Furthermore, we evaluated the long-term 

stability of the CoMn-N-C/N-MC electrocatalyst in the context of oxygen evolution 
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reaction (OER) activity over the same 1000 cycles. As shown in Figure 5.7 (b) , there was 

a modest decline of 8 mV in the potential required to achieve a current density of 

Ej=10 mA cm−2 by the end of the 1000th cycle figure 5.7 (b).This slight decrease in 

performance indicates that while the catalyst maintains a good level of stability, continuous 

monitoring and assessment are essential for understanding its long-term viability in 

practical applications. 

 

Figure 5. 7 Stability curve (a) OER and (b) ORR 

5.8 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) was employed to further evaluate 

the electrochemical performance of the CoMn-N-C/N-MC catalyst, focusing on its 

impedance mechanism and charge transfer kinetics. The Nyquist plots, presented in Figure 

5.8 consist of three distinct regions, each representing different electrochemical processes. 

The solution resistance (Rₛ), which accounts for the resistance of the electrolyte, is 

identified by the high-frequency intercept on the x-axis. The semicircle observed at high 

to medium frequencies reflects the charge transfer resistance (Rcₜ), representing the 

resistance encountered during electron transfer at the electrode-electrolyte interface. The 

linear segment at lower frequencies, known as the Warburg resistance (Rₓ), captures the 

diffusive behavior of ions within the porous electrode structure, indicating mass transport 

limitations [102]. To quantitatively assess the impedance behavior, the EIS data was fitted  
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using the CHI 760E software, employing an equivalent circuit model. A schematic of the 

equivalent circuit used for fitting is provided in the inset of Figure 5.8. 

. 

Figure 5. 8 EIS plots of Co-N-C/N-MC, Mn-N-C/N-MC and Co Mn-N-C/N-MC 

 The fitting allowed for accurate determination of key electrochemical parameters, 

such as Rₜ transport timings, all its output is represented in comprehensive time. Table 5.3 

shows the Charge transfer resistance of each sample. 

Table 5. 3 Charger transfer resistance of each sample 

The N-doped mesoporous carbon-supported CoMn-N-C/N-MC catalyst exhibits 

excellent bifunctional activity, significantly enhancing its performance for both the oxygen 

evolution reaction (OER) and the oxygen reduction reaction (ORR). The incorporation of 

Material Rs (Ω) Rct Ω  

Mn-N-C/N-MC 0.001 23.16 

Co-N-C/N-MC 0.002 11.98 

CoMn-N-C/N-MC 0.14 8.36 
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Co and Mn within the N-doped carbon matrix provides synergistic catalytic effects, 

improving the overall kinetics of both reactions. The high surface area and mesoporous 

structure of the carbon framework further contribute to the catalyst's efficiency by 

facilitating rapid oxygen transport to the active sites. The interconnected pores ensure 

better mass diffusion and improved accessibility of reactants, which is critical for 

sustaining high catalytic performance. This combination of enhanced active site exposure, 

fast charge transfer, and efficient oxygen transport underscores the potential of CoMn-N-

C/N-MC as a promising material for Zinc-air batteries. 
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CHAPTER 6:   CONCLUSION AND FUTURE 

RECOMMENDATION 

6.1 Conclusion 

CoMn-N-C/N-MC catalyst showcases remarkable performance as an efficient 

electrocatalyst for the oxygen evolution reaction (OER). Its low Tafel slope of 55.0 mV/dec 

indicates a rapid reaction rate, while the requirement of only 360 mV of overpotential at a 

current density of 10 mA/cm² signifies its high efficiency and energy-saving potential. This 

characteristic is particularly crucial in zinc air battery. Furthermore, the catalyst exhibits 

excellent stability, maintaining its electrocatalytic performance over extended periods. The 

outstanding performance and stability of CoMn-N-C/N-MC can be attributed to the 

presence of many active sites within its structure, facilitating the efficient flow of charges 

and electrons during electrochemical reactions. The unique properties of the metal atom 

catalyst contribute significantly to enhancing the overall electrocatalytic activity. The 

synergistic effect arising from the combination of the active sites and the metal atom 

catalyst leads to improved charge transfer kinetics and faster electron transport during the 

electrochemical reaction. Overall, the findings of this study underscore the potential of 

CoMn-N-C/N-MC as a leading candidate for practical applications in energy conversion 

and storage technologies. 

6.2 Future Recommendation  

Refining the synthesis process is crucial to improving the morphology, surface area, 

and metal distribution of electrocatalysts, leading to enhanced catalytic efficiency. 

Additionally, exploring new metal combinations and investigating their interactions can 

uncover synergies that improve both activity and stability. Furthermore, evaluating catalyst 

performance in alternative applications, such as water splitting for hydrogen production 

and supercapacitors for energy storage, can provide valuable insights into their versatility. 

Testing these catalysts in diverse applications will help establish their potential for broader 

renewable energy use. 
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