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Abstract 
This research work focuses on the utilization of a bio-based polymer-derived nitrogen-

doped carbon as a support for CoFe2O4 nanoparticles electrocatalyst in Li-air battery 

application. This work also showcases the electrocatalyst’s bifunctional ability to perform 

robust electrochemical performances. Nowadays lithium-air batteries (LABs) have emerged 

as a promising prospect due to their unparalleled theoretical energy density of 3,505 Whkg-1. 

However, despite the promising theoretical advantages, issues such as poor cycling stability, 

limited lifespan, and unresolved side reactions have hindered their commercial viability and 

widespread adoption. The major challenges of LABs are sluggish oxygen kinetics from 

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are major issues that 

hinder their performance. Hence, developing electrocatalysts to promote ORR/OER is 

essential to reach the theoretical performance of LABs. 

In this study, we introduced spinel cobalt iron oxide (CoFe2O4) nanoparticles decorated 

on bio-derived pyrolyzed poly(2,5-benzimidazole) (PYPBI800) as a nitrogen-doped carbon 

support electrocatalyst for LABs. The electrocatalyst was synthesized through pyrolysis of 

PBI followed by incipient wetness impregnation calcination on the metal precursors. The 

Strong Metal-Substrate Interaction (SMSI) between CoFe2O4 and PBI800 has been confirmed 

with X-ray photoelectron spectroscopy. Due to both the intrinsic properties of CoFe2O4 and 

the nitrogen doping effect, these electrocatalysts also modulate the electronic state of metals, 

facilitating oxygen adsorption and desorption at the electrode. 

The electrocatalysts were evaluated as air-breathing electrodes in a CR-2032 coin-type 

cell LABs compared with other types of carbon supports. The initial discharge capacity for 

LAB coin cells with CoFe2O4 on PBI800 was observed to be 18,356 mAhg-1. Furthermore, 

the cycling stability of the CoFe2O4 on PBI800 cathode was tested through 200 charge-

discharge cycles at 400 mAg-1 with 1,000 mAhg-1 cut-off capacity. The resulting cycle-life 

data revealed that the battery maintains a discharge capacity as high as 100% even after the 

200th cycle, demonstrating exceptional stability with overpotential remains consistently low 

at 140 mV throughout the examined cycle. The extensive surface area with N heteroatom 

defects of the PBI provides abundant nucleation sites for CoFe2O4 nanoparticles which serve 

as active sites for ORR and OER. The CoFe2O4 nanoparticles formed on the support exhibit 

strong metal-substrates interaction which leads to high exceptional stability and 

electrocatalytic activity. 
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Based on these findings, the CoFe2O4 nanoparticles on bio-based polymer-derived 

nitrogen-doped carbon suggested through this hold promise as a practical air-breathing 

electrode for high-performance rechargeable LABs. This work will also benefit future 

heteroatom-doped carbon support design, specifically nitrogen to enhance LABs performance.  

Keywords:  Oxygen Reduction Reaction, Oxygen Evolution Reaction, Metal 

Nanoparticles, Lithium Air Battery, Nitrogen Doped Carbon. 
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Preface 
This thesis is consolidation of results of the doctoral research works on the topic of 

“CoFe2O4 nanoparticles on bio-based polymer derived nitrogen doped carbon as bifunctional 

electrocatalyst for Li-air battery”. This work was carried out under the supervision of 

Professor Noriyoshi Matsumi at the School of Materials Sciences, Japan Advanced Institute 

of Science and Technology during October 2021 – September 2024. 

Energy storage is crucial in our modern society for a variety of reasons. It plays a vital 

role in balancing the supply and demand of electricity, ensuring a stable and reliable power 

supply. Energy storage not only improves the efficiency of power grids but also reduces the 

reliance on fossil fuels, contributing to a more sustainable and environmentally friendly 

energy landscape. Lithium-air batteries (LABs) are a promising option among various battery 

technologies, primarily due to their remarkable theoretical energy density. LABs utilize 

oxygen from the atmosphere as a reactant. However, their practical application is impeded by 

several issues, including poor cycling stability, limited lifespan, and unresolved side reactions. 

The main difficulties are associated with the air cathode, which consists of porous material 

for Li₂O₂ storage and electrocatalysts to aid oxygen reduction and evolution reactions. The 

development of effective electrocatalysts is key to unlocking the full theoretical potential of 

LABs. 

The work presented in this thesis covers the synthesis of CoFe2O4 nanoparticles on 

bio-based polymer derived nitrogen doped carbon and their application as electrocatalyst 

materials for oxygen reduction reaction and oxygen evolution reaction in non-aqueous Li-air 

batteries. The thesis concludes with a final chapter that encapsulates all the research conducted 

and offers perspectives on the potential future uses of pyrolyzed poly(2,5-benzimidazole) in 

electrocatalytic applications. 

 

Pirapath Arkasalerks 

School of Material Science 

Japan Advanced Institute of Science and Technology 

October 2024 
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Chapter 1 Introduction 

1.1 General Introduction 
In the relentless pursuit of sustainable energy solutions, the global scientific 

community has long recognized the pressing need for advanced energy storage systems to 

address current technologies' limitations. Among the array of potential candidates, lithium-air 

batteries (LABs) have emerged as a promising prospect due to their unparalleled theoretical 

energy density, which surpasses that of the prevalent lithium-ion [1]. This remarkable 

potential stems from the fact that Li-air batteries utilize atmospheric oxygen as a reactant, 

thereby significantly reducing the weight and volume of the required cathode materials. 

However, despite the promising theoretical advantages, the practical realization of Li-

air batteries remains fraught with multifaceted challenges [2]. Issues such as poor cycling 

stability, limited lifespan, and unresolved side reactions have hindered their commercial 

viability and widespread adoption [3]. Consequently, the imperative for rigorous research and 

development efforts aimed at overcoming these obstacles cannot be overstated. 

The significance of advancing Li-air battery technology extends beyond mere 

incremental improvements; it holds the potential to catalyze transformative shifts in various 

sectors ranging from transportation and grid storage to portable electronics. By enabling 

higher energy densities and extended operational lifespans, the successful development of Li-

air batteries could substantially accelerate the global transition towards a more sustainable 

and carbon-neutral energy landscape. Moreover, the economic implications are profound, 

with the potential to create new industries, generate employment opportunities, and drive 

innovation across the supply chain. 

In summary, while the conceptual allure of lithium-air batteries as a game-changing 

energy storage solution is undeniable, realizing this potential necessitates concerted research 

efforts to address existing challenges. By fostering interdisciplinary collaboration and 

leveraging cutting-edge scientific advancements, the scientific community stands on the cusp 

of unlocking the transformative capabilities of Li-air batteries, thereby paving the way for a 

more sustainable and energy-efficient future. 
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Abstract 
This research work focuses on the utilization of a bio-based polymer-derived nitrogen-

doped carbon as a support for CoFe2O4 nanoparticles electrocatalyst in Li-air battery 

application. This work also showcases the electrocatalyst’s bifunctional ability to perform 

robust electrochemical performances. Nowadays lithium-air batteries (LABs) have emerged 

as a promising prospect due to their unparalleled theoretical energy density of 3,505 Whkg-1. 

However, despite the promising theoretical advantages, issues such as poor cycling stability, 

limited lifespan, and unresolved side reactions have hindered their commercial viability and 

widespread adoption. The major challenges of LABs are sluggish oxygen kinetics from 

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are major issues that 

hinder their performance. Hence, developing electrocatalysts to promote ORR/OER is 

essential to reach the theoretical performance of LABs. 

In this study, we introduced spinel cobalt iron oxide (CoFe2O4) nanoparticles decorated 

on bio-derived pyrolyzed poly(2,5-benzimidazole) (PYPBI800) as a nitrogen-doped carbon 

support electrocatalyst for LABs. The electrocatalyst was synthesized through pyrolysis of 

PBI followed by incipient wetness impregnation calcination on the metal precursors. The 

Strong Metal-Substrate Interaction (SMSI) between CoFe2O4 and PBI800 has been confirmed 

with X-ray photoelectron spectroscopy. Due to both the intrinsic properties of CoFe2O4 and 

the nitrogen doping effect, these electrocatalysts also modulate the electronic state of metals, 

facilitating oxygen adsorption and desorption at the electrode. 

The electrocatalysts were evaluated as air-breathing electrodes in a CR-2032 coin-type 

cell LABs compared with other types of carbon supports. The initial discharge capacity for 

LAB coin cells with CoFe2O4 on PBI800 was observed to be 18,356 mAhg-1. Furthermore, 

the cycling stability of the CoFe2O4 on PBI800 cathode was tested through 200 charge-

discharge cycles at 400 mAg-1 with 1,000 mAhg-1 cut-off capacity. The resulting cycle-life 

data revealed that the battery maintains a discharge capacity as high as 100% even after the 

200th cycle, demonstrating exceptional stability with overpotential remains consistently low 

at 140 mV throughout the examined cycle. The extensive surface area with N heteroatom 

defects of the PBI provides abundant nucleation sites for CoFe2O4 nanoparticles which serve 

as active sites for ORR and OER. The CoFe2O4 nanoparticles formed on the support exhibit 

strong metal-substrates interaction which leads to high exceptional stability and 

electrocatalytic activity. 
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Based on these findings, the CoFe2O4 nanoparticles on bio-based polymer-derived 

nitrogen-doped carbon suggested through this hold promise as a practical air-breathing 

electrode for high-performance rechargeable LABs. This work will also benefit future 

heteroatom-doped carbon support design, specifically nitrogen to enhance LABs performance.  

Keywords:  Oxygen Reduction Reaction, Oxygen Evolution Reaction, Metal 

Nanoparticles, Lithium Air Battery, Nitrogen Doped Carbon. 
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Preface 
This thesis is consolidation of results of the doctoral research works on the topic of 

“CoFe2O4 nanoparticles on bio-based polymer derived nitrogen doped carbon as bifunctional 

electrocatalyst for Li-air battery”. This work was carried out under the supervision of 

Professor Noriyoshi Matsumi at the School of Materials Sciences, Japan Advanced Institute 

of Science and Technology during October 2021 – September 2024. 

Energy storage is crucial in our modern society for a variety of reasons. It plays a vital 

role in balancing the supply and demand of electricity, ensuring a stable and reliable power 

supply. Energy storage not only improves the efficiency of power grids but also reduces the 

reliance on fossil fuels, contributing to a more sustainable and environmentally friendly 

energy landscape. Lithium-air batteries (LABs) are a promising option among various battery 

technologies, primarily due to their remarkable theoretical energy density. LABs utilize 

oxygen from the atmosphere as a reactant. However, their practical application is impeded by 

several issues, including poor cycling stability, limited lifespan, and unresolved side reactions. 

The main difficulties are associated with the air cathode, which consists of porous material 

for Li₂O₂ storage and electrocatalysts to aid oxygen reduction and evolution reactions. The 

development of effective electrocatalysts is key to unlocking the full theoretical potential of 

LABs. 

The work presented in this thesis covers the synthesis of CoFe2O4 nanoparticles on 

bio-based polymer derived nitrogen doped carbon and their application as electrocatalyst 

materials for oxygen reduction reaction and oxygen evolution reaction in non-aqueous Li-air 

batteries. The thesis concludes with a final chapter that encapsulates all the research conducted 

and offers perspectives on the potential future uses of pyrolyzed poly(2,5-benzimidazole) in 

electrocatalytic applications. 
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Chapter 1 Introduction 

1.1 General Introduction 
In the relentless pursuit of sustainable energy solutions, the global scientific 

community has long recognized the pressing need for advanced energy storage systems to 

address current technologies' limitations. Among the array of potential candidates, lithium-air 

batteries (LABs) have emerged as a promising prospect due to their unparalleled theoretical 

energy density, which surpasses that of the prevalent lithium-ion [1]. This remarkable 

potential stems from the fact that Li-air batteries utilize atmospheric oxygen as a reactant, 

thereby significantly reducing the weight and volume of the required cathode materials. 

However, despite the promising theoretical advantages, the practical realization of Li-

air batteries remains fraught with multifaceted challenges [2]. Issues such as poor cycling 

stability, limited lifespan, and unresolved side reactions have hindered their commercial 

viability and widespread adoption [3]. Consequently, the imperative for rigorous research and 

development efforts aimed at overcoming these obstacles cannot be overstated. 

The significance of advancing Li-air battery technology extends beyond mere 

incremental improvements; it holds the potential to catalyze transformative shifts in various 

sectors ranging from transportation, grid storage, and electronic devices. By enabling higher 

energy densities and extended operational lifespans, the successful development of Li-air 

batteries could substantially accelerate the global transition towards a more sustainable and 

carbon-neutral energy landscape. Moreover, the economic implications are profound, with the 

potential to create new industries, generate employment opportunities, and drive innovation 

across the supply chain. 

In summary, while the conceptual allure of lithium-air batteries as a game-changing 

energy storage solution is undeniable, realizing this potential necessitates concerted research 

efforts to address existing challenges. By fostering interdisciplinary collaboration and 

leveraging cutting-edge scientific advancements, the scientific community stands on the cusp 

of unlocking the transformative capabilities of Li-air batteries, thereby paving the way for a 

more sustainable and energy-efficient future. 

 



2 
 

1.2 Oxygen Reduction Reaction and Oxygen Evolution Reaction in 

Aqueous Electrolyte 

1.2.1 Oxygen Reduction Reaction in Aqueous Electrolyte 
The Oxygen Reduction Reaction (ORR) is a fundamental electrochemical process that 

plays a vital role in diverse energy conversion and storage technologies, such as fuel cells, 

metal-air batteries, and specific aspects of electrolysis. At its essence, the ORR entails 

converting oxygen molecules (O2) from the atmosphere into various products through a 

sequence of intermediate steps, accompanied by the release of electrons. This redox reaction 

is inherently complex, involving multiple electron transfer events and intermediate species, 

which underscores the need for meticulous attention to optimize efficiency and kinetics. 

One of the defining characteristics that underscore the significance of the ORR lies in 

its sluggish nature when compared to other electrochemical reactions, such as the hydrogen 

evolution reaction (HER). This intrinsic sluggishness poses considerable challenges, 

particularly in applications where rapid oxygen reduction is essential for maintaining device 

performance and overall efficiency. Consequently, the development of efficient ORR catalysts 

and strategies to enhance reaction kinetics has become a focal point of extensive research 

endeavors spanning disciplines such as materials science, chemistry, and engineering. 

Currently, the catalysts facilitate ORR in two major pathways including four electrons and 

two electrons pathway as shown in Table 1.1. Considering ORR in acidic electrolytes, the 

detailed mechanisms are shown in  

Figure 1.1 where * represents the electrocatalyst surface. In the case of 4e- pathway, 

there are 2 minor mechanisms, including the associative mechanism and dissociative 

mechanism. The associative mechanism considered the adsorption of the O2 molecule on the 

electrocatalyst surface and followed by the formation of OOH* intermediates. At this point, 

there are two possible pathways for OOH*. First, the OOH* are reduced into OH* and bind 

with another OH* and form H2O and another OH*. This OH* is then protonated and produces 

another molecule of H2O which 2 molecules of water are formed in total. Second, the OOH* 

is protonated into O* and H2O. Then O* is protonated twice into another molecule H2O. On 

the other hand, the dissociative mechanism involved the cleavage of O-O bond, and 

subsequently, the hydrogenation of atomic oxygen (O*) to form OH* and then H2O where 

hydrogenation of OH is the rate-limiting step at ORR equilibrium potential at 1.299 V vs 



3 
 

SHE[4–6]. For 2e- pathway, the early steps are like that of the associative mechanism 

including the adsorption of O2 and formation of OOH*. Then, OOH* is protonated and forms 

H2O2*. At this point, H2O2 might be desorbed or further protonated twice into 2 molecules of 

H2O. In the case of ORR in alkaline electrolyte, H2O is a proton source instead of H+, and the 

final product is hydroxide anion and peroxide ion in 4e- and 2e-, respectively. The mechanisms 

of ORR in alkaline electrolyte are shown in Figure 1.2 which have similar associative, 

dissociative, and 2e- pathway mechanisms to acidic electrolyte. For the associative 

mechanism, the O2 is adsorbed and protonated and form OOH* with OH-. Then, the OOH* 

binds with OH- and form 2OH- with O*. This O* is also protonated by H2O into OH* and 

another OH-, and OH* is desorbed from the surface which made totally 4OH- over the 

processes. In this pathway, the intermediate OOH* might get desorbed as the product from 2e- 

pathway. For the dissociative pathway, after the O-O bond cleavaging, each O* is protonated 

with H2O which made total 4 protons and electrons transferred obtaining 2OH* and 2OH-. 

Then, The OH* is desorbed resulted as 4OH- in total. 

 

Figure 1.1 ORR pathways mechanism in acidic electrolyte[7]. 
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Figure 1.2 ORR pathways mechanism in alkaline electrolyte[8]. 

 

 

Table 1.1 Mechanism of ORR in various electrolytes 

Electrolyte ORR 

Thermodynamic electrode 

potential at 25°C and 1 atm 

(V vs SHE) 

Acidic aqueous electrolyte 

!! + 4$" + 4%# → $!! 

!! + 2$" + 2%# → $!!! 

$!!! + 2$" + 2%# → 2$!! 

1.229 

0.70 

1.76 

Alkaline aqueous electrolyte 

!! +$!! + 4%# → 4!$# 

!! +$!! + 2%# → $!!# + !$# 

$!!# +$!! + 2%# → 3!$# 

0.401 

-0.065 

0.867 

Non-aqueous electrolyte 
!! + %# → !!# 

!!# + %# → !!!# 
Electrolytes dependence 
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1.2.2 Oxygen Evolution Reaction in Aqueous Electrolyte 

The Oxygen Evolution Reaction (OER) serves as a corners tone in the realm of 

electrochemistry, offering a vital pathway for the generation of oxygen gas (O2) from ORR 

products through an intricate series of redox processes. This pivotal reaction, often related to 

its counterpart, the ORR, holds paramount significance in a multitude of energy conversion 

and storage applications. Unlike the ORR, which involves the reduction of oxygen, the OER 

necessitates the oxidation of water molecules to liberate oxygen, making it an indispensable 

process for sustainable energy generation. 

Despite its fundamental importance, the OER is inherently challenging from an 

electrochemical perspective due to its sluggish kinetics and the need for robust catalysts to 

facilitate the reaction efficiently. The complexities associated with the OER arise from the 

multi-step nature of the reaction, involving proton-coupled electron transfer events, 

intermediate species formation, and intricate surface interactions, which collectively dictate 

the overall efficiency and stability of the process. 

In OER, there are 2 possible pathways from the O* intermediate for both electrolytes 

as shown in Figure 1.3. Starting from H2O as ORR product in acidic electrolyte, the H2O 

absorbed on the electrocatalyst surface and released H+ and e- into OH* Then, OH* is 

deprotonated into O* and desorbed as O2 from the surface. On another pathway, after the 

deprotonation of OH* into O*, it is oxidized with H2O into *OOH intermediate followed by 

oxidation into O2 and desorbed from the surface. Similarly, in alkaline electrolyte, OH- is 

absorbed on the electrocatalyst surface, then deprotonates into O*, before desorbing off the 

surface. For another pathway, the O* is oxidized to OOH* and follows a similar process with 

an acidic electrolyte. 
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Figure 1.3 OER mechanism pathways in acidic and alkaline electrolytes[9]. 

 

1.3 Oxygen Reduction Reaction and Oxygen Evolution Reaction in 
Nonaqueous Li-Air Batteries 

Earlier studies in electrochemistry explored the possibility of reducing molecular 

oxygen to superoxide (O2-) within organic solvents during the ORR in a nonaqueous 

e l e c t r o l y t e .  P r e d o m i n a n t  r e s e a r c h  e f f o r t s  o n  O R R  a n d  O E R  n o n a q u e o u s 

electrolytes are directed toward Li⁺ nonaqueous electrolytes (consisting of organic solvents 

and lithium-containing salt), primarily due to their pivotal role in the mechanism of Li–air 

(O2) batteries (LABs). A fundamental nonaqueous LABs comprises several essential 

components. These include a lithium metal anode, a separator, and a porous carbon-based 

cathode soaked in electrolytes. The carbon cathode serves as a structural framework rather 

than an active material, according to its lightweight nature, affordability, excellent electrical 

conductivity, and high chemical stability. ORR take place during discharge, O2 in the 

atmosphere interact with lithium ions together with electrons at the cathode, resulting in the 

formation of a solid reaction product—typically lithium peroxide (Li2O2)—which 

accumulates within the carbon framework pores. During charging, Li2O2 decomposes as OER 

producing O2 back to the atmosphere. 

1.3.1 Oxygen Reduction Reaction as Discharge in Li-Air Batteries 
During discharge at the cathode surface of LAB. ORR is shown in equation (1), with 

the equilibrium voltage of 2.96 V vs Li+/Li[10]. There are two possible pathways for ORR in 

LAB including the surface mechanism or solution-mediated pathway[11–14]. These pathways 
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are illustrated in Figure 1.4, where the subscription of “(cat)” and “(sol)” referred to the 

species adsorbed on the surface of the cathode and dissolved in the solution, respectively. 

 In the solution-mediated pathway, O2(g) is adsorbed on the surface which forms LiO2 

and diffuses into the solution. The diffused LiO2(sol) is dissolved into Li+ and O2-. However, 

the solubility in organic electrolytes is considerably low. So, instead of dissolving, 

disproportionation of LiO2(sol) takes place and forms Li2O2(sol) and O2(g). The Li2O2(sol) is 

precipitated which can be observed from the Li2O2 particles on the LAB separators. On the 

other hand, in the surface mechanism pathway, O2(g) is adsorbed on the surface which forms 

LiO2(cat) similarly, remains at the cathode surface instead of diffusing into the solution. Then, 

LiO2(cat) is further reduced into Li2O2(cat), hence it can observe the deposited Li2O2 particles on 

the cathode surface. 

 

2#$(") + &$(%) ↔ #$$&$("), 		*& = 2.96	/	#$'/#$   (1) 

 

Figure 1.4 ORR mechanism pathways on cathode in non-aqueous LAB 

Comparing these two mechanisms, the solution-mediated mechanism is preferred, due 

to the formation of Li2O2 on the cathode surface being limited. On the cathode surface, it is 

believed that when all active surfaces become covered with a thick layer of Li2O2[15,16], 

which acts as an insulator, the discharge process ends. Thus, the tunnelling current through 

Li2O2 is no longer able to sustain electrochemical current[17–20]. At this point, there is a 

significant drop in current which is called “sudden death” which indicates the termination of 
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cell discharge. This is a critical factor due to its direct effect on the achievable energy density 

of the LAB. Apart from the cathode, this rapid electrochemical polarization can similarly arise 

at the Li anode. Research groups have demonstrated that during the discharge of LAB with 

ether type electrolytes, additional by-products such as LiOH, Li2CO3, and Li2O formed and 

accumulated on the Li anode due to electrolyte decomposition and formed solid electrolyte 

interface (SEI) which can mitigate the decomposition of the electrolyte[21–23]. However, low 

lithium-ion conductivity SEI layer can significantly raise charge transfer impedance at the 

anode and lead to a sudden death phenomenon. Electrochemical impedance spectroscopy 

(EIS) data further demonstrated that the impedance related to electronic transport through 

Li2O2, deposited at the cathode, experiences a significant increase during the “sudden death” 

phase of discharging[24]. In contrast, the impedance associated with the anode’s SEI shows 

only a minor increase. This suggests that the sudden death is primarily governed by electronic 

transport through the Li2O2 layers covering the cathode surface. 

The LAB discharge is dependent on various factors, including the donor number (DN) 

or acceptor number (AN) of electrolytes, choice of Li+ salt and additives that can stabilize O2-

, the use of redox mediators, operating temperature and pressure, or multiple factors. The 

main aim of modifying these factors is to promote Li+(sol) and O2(sol) or LiO2(sol). In the case of 

DN and AN of electrolytes, it has been investigated that high DN solvent and high AN 

additives enhance the dissolution of LiO2 into Li+ and O2-, and lead to formation of large 

toroidal Li2O2(sol) which increased the LAB discharge capacity. However, solvents with high 

DN such as dimethylformamide (DMF)[25] or N-methyl pyrrolidone (NMP) [26] suffered 

against nucleophilic attacks by superoxide and peroxide species[27], and resulted in low 

stability or rechargeability compared to ethers[27] or acetonitrile[28]. Apart from the 

electrolytes and additives, the choice of lithium salt anion can play an important role in 

stabilizing Li+ in the solution. Another potential strategy is to use redox mediators which can 

shift the Li2O2 precipitation reaction zone away from the surface. However, increasing the 

solubility of LiO2 or Li2O2 might cause the reaction to occur far from the cathode and lead to 

difficulties during the charge process which requires Li2O2 to be nearby the cathode 

surface[29]. Enhancing the performance of LABs  necessitates a comprehensive approach that 

considers all architectures of the cell. 

1.3.2 Oxygen Evolution Reaction as Charge in Li-Air Batteries 
In the charging process, the mechanisms are not a simple reverse process of 

discharging. It involved different electrochemical profiles and higher overpotential. The 
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possible mechanisms are shown in Figure 1.5. The process includes either solid-solution 

decomposition or liquid-phase mediation. Solid-solution decomposition includes the 

decomposition of Li2O2(s) into LiO2(s) and dissolves into the electrolyte as LiO2(sol). Then, 

LiO2(sol) is further oxidized into O2 gas while comproportionating of LiO2(sol) to form Li2O2(sol) 

and O2 gas take place in the liquid phase mediation pathway. There is also a case where the 

mechanism begins from the dissolution of Li2O2 into the electrolyte. Then, the process is 

followed by a direct 2e- transfer. Besides, the Li2O2(sol) could undergo a single e- transfer 

process to form LiO2(sol) and comproportionate into Li2O2(sol) and O2 gas similarly. It thus 

suggests that either decomposition or dissolution of Li2O2(s) is the dominant step governing 

the charging overpotential. 

 The high overpotential is caused by several problems at the different charging current 

rates. At a lower rate, the electrocatalyst surface becomes coated with Li2O2 and other 

byproducts resulting from parasitic reactions, which possess insulating properties. 

Additionally, the porous structure of the electrode may become clogged due to the 

accumulation of these byproducts. At higher charging rates, Li2O2 detaches from the surfaces, 

leading to increased resistance between Li2O2 and the electrocatalyst surface. Furthermore, Li 

metal anode degradation can occur because of an unstable solid electrolyte interface (SEI) 

layer. 

 

Figure 1.5 OER mechanism pathways on cathode in non-aqueous LAB 

While the exact reaction mechanism remains incompletely understood, both ORR and 

OER occur at the surfaces of LAB’s cathodes. Hence, it plays a critical role in enhancing 

energy density for LABs. Despite their potential, commercialization of LABs has not yet 

arose according to challenges associated with cathodes. Porous structures are essential for 
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LAB’s cathode to facilitate easy electrolyte uptake and prevent pore-clogging caused by Li2O2 

formation which led to increased ORR/OER overpotentials[30]. Similarly, in order to achieve 

high discharge capacity which determines the LAB energy density, the cathode should have a 

property of large surface area where numerous Li2O2 could deposited[31,32]. Also, the 

cathode is needed to be highly conductive, to achieve high chemical and electrochemical 

stability, and high electrocatalytic activity. These properties lead to superior electronic 

conductivity, preventing residual Li2O2 products after repetitive discharge and charge[33,34]. 

Therefore, it is necessary to uniformly decorate efficient electrocatalysts on highly conductive 

support materials to decompose the deposited Li2O2 at a cathode after discharge, resulting in 

enhanced round-trip efficiency of OER and ORR. Additionally, decomposition of carbon 

cathode, electrolyte, binder, trace water as parasitic reactions could generate undesirable by-

products including Li₂CO₃ and LiOH which possess insulative properties cover the cathode 

surface and reduce LAB efficiency[35–37]. As these parasitic species occurred at higher 

charging potential, the electrocatalyst which reduces the overpotential is necessary. 

Considering these challenges, LAB cathode plays a major role in the commercialization of 

LAB. Thus, the development of electrocatalyst for the cathode to address these challenges is 

essential. 

1.4 Catalysts for Li- air battery 
The aprotic LAB consists of several components, including the cathode, anode, 

separator, and electrolyte. Among these, the cathode plays a critical role in the direct 

electrochemical reactions and significantly impacts the formation of Li2O2. The absorption of 

O2 and the reaction between O2 and Li+ occur at the cathode catalyst sites. For optimal 

electrochemical performance, cathode catalysts should exhibit good catalytic activity, provide 

sufficient space for storing discharge products, and offer efficient channels for oxygen and 

charge transport. Therefore, thoughtful design and construction of cathode materials are 

essential for enhancing electrochemical performance and advancing the commercial use of 

aprotic Li-O2 batteries. 

1.4.1 Noble metal  
In the past few decades, significant progress has been made in the development of 

non-precious metals for various electrochemical reactions[38–40]. To date, noble metals 

continue to be crucial in electrocatalysis applications because of their exceptional catalytic 

abilities. Numerous studies suggest that the platinum (Pt) is the most effective noble metal 
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electrocatalyst for ORR and hydrogen evolution reaction (HER) [41,42]. Additionally, 

catalysts made of ruthenium (Ru) and iridium (Ir) oxides are known to exhibit advantageous 

reaction kinetics for OER[43,44] Efforts to reduce the use of noble metals and improve their 

catalytic effectiveness have led to the creation of innovative and highly efficient noble metal 

electrocatalysts. It’s widely recognized that nanostructured noble metals offer significant 

benefits in electrocatalysis over their bulk forms[45,46]. Nanomaterials feature a vast surface 

area and experience size-dependent quantum effects. As the particle size shrinks to the 

nanometer scale, the catalytic performance is notably enhanced due to a greater number of 

accessible surface atoms and adjustments in the proportion of undercoordinated atoms. When 

reduced to the atomic scale, active sites become maximally exposed on the surface, allowing 

for their full utilization in catalysis[47]. In an early study of LABs, researchers observed that 

Au/C exhibited the highest charge activity, while Pt/C demonstrated exceptionally high 

discharging activity. To combine the advantages of both materials, they synthesized PtAu 

nanoparticles with Au and Pt on their surfaces[48]. They investigated their oxygen reduction 

reaction (ORR) and oxygen evolution reaction (OER) activity when supported on carbon in 

LAB cells. Surprisingly, the PtAu/C catalyst exhibited highly active bifunctional behaviour, 

contributing to the efficient round-trip efficiency of rechargeable LABs. While this research 

focused on a PC/DME electrolyte where parasitic reactions could occur, the concept of 

enhancing specific atoms (like Pt and Au) with varied properties on nanoparticle exteriors 

shows potential for creating exceptionally effective bifunctional catalysts in LABs.  

Subsequently, these researchers explored the electrocatalytic activity of ORR on four 

polycrystalline noble metal surfaces including Pd, Pt, Ru, and Au. The electrolyte used was 

0.1 M LiClO4 in 1,2-dimethoxyethane with rotating disk electrode as the working electrode. 

They found that the ORR activity in nonaqueous Li⁺ electrolyte significantly correlates with 

the oxygen adsorption energy, resulting in a ‘volcano-type’ trend[49] as shown in Figure 1.6. 

Moreover, Ru-decorated vertically aligned graphene nanosheets (VGNS) on Ni foam (Ru-

decorated VGNS@Ni foam) serve as an effective cathode catalyst for lithium-oxygen (Li-O2) 

batteries. The Ni foam acts as a framework structure and current collector, while the VGNS 

with a high surface area promotes O2 molecule adsorption. The Ru catalyst and carbon defects 

contribute to reducing O2 to O2-, leading to the formation of toroid-shaped Li2O2 particles 

(~500 nm in size). The decomposition of Li2O2 into Li⁺ and O2- occurs at the electrocatalyst 

surface active sites such as Ru nanocrystals (Ru NCs) and vacancies in the VGNS. The 

multifunctional Ru-decorated VGNS/Ni foam-based cathode exhibits high discharge and 

charge capacities exceeding 5,000 mAhg-1 at a current density of 200 mAg-1, with a very low 
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charge overpotential (~450 mV). However, the significant expense of materials and 

the limited availability of resources in the Earth’s crust pose major challenges that greatly 

hinder the industrial scalability of noble metals electrocatalysts. Therefore, parameters such 

as price, processing, cathode material properties, and electrochemical performance must be 

carefully considered and prioritized. 

 

Figure 1.6 ORR volcano plot of noble metal electrocatalysts 

1.4.2 Carbon-based 
In LABs, the cathode are the combination of porous support materials and highly 

conductive materials. The term “support material” refers specifically to a porous framework 

designed to stored Li2O2 during ORR prior to the decomposition it during OER. The 

properties of these support materials such as morphology, electronic conductivity, chemical 

stability, and oxygen adsorption characteristics significantly affect LABs performance[50,51]. 

Notably, an insoluble discharge product (mainly Li2O2) forms and deposits on the surface of 

the supports. Therefore, the structure of these cathode materials must be carefully designed to 

accommodate the solid product and facilitate oxygen gas diffusion and electrolyte 

penetration[52]. However, creating porous support materials with sufficient conductivity and 

high mechanical stability remains a challenge due to their inherent fragility and reduced 

conductivity[53]. Porous carbon-based materials are commonly studied for LAB cathodes 

because of their high electronic conductivity, high porosity, lightweight, and earth 

abundant[54]. 

Commercial carbon blacks such as Super P, Vulcan XC-72, or Ketjen black have been 

employed as the porous structure for LAB cathode. Research has shown that the discharge 

capacity of LAB is significantly affected by the pore size and volume of carbon powders, 

more so than the surface area of the carbon powder[55]. Eight different types of carbon 
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electrodes with varying pore sizes and volumes have been investigated by Lui and co-

workers[55]. The findings revealed that while super P carbon which exhibits a low surface 

area of about 62 m²g-1 exhibited good performance, an activated carbon (with a higher surface 

area of about 1200 m²g⁻¹) achieved a capacity of approximately 1900 mAhg⁻¹, which is much 

lower than that of super P. A simulation was used to explain how carbon pore size influences 

LAB capacity and the formation of Li₂O₂. The studies also indicated that carbon remains 

stable when the charge potential is below 3.5 V (vs Li/Li+). However, irreversible by-product, 

Li₂CO₃, could be formed at charge potentials higher than 3.5 V, leading to the decomposition 

of carbon cathode[35]. Apart from amorphous carbon, other carbon structures have also been 

investigated. For instance, single-wall carbon nanotubes (SWCNTs) were employed 

as cathode catalysts in LABs which were able to achieve the capacity of 1600 mAhg-1 [56]. 

These CNTs exhibited higher capacities compared to carbon black, graphite, and activated 

carbon. However, compared with aligned multi-wall carbon nanotubes (MWCNTs), featuring 

controllable pore structures[57], were integrated into the CNT fibril as cathode for LABs. 

During the initial 20 cycles, these electrodes exhibited a capacity exceeding 2500 mAhg⁻¹. 

Additionally, graphene mesosponge (GMS) synthesized using the advanced template 

technique followed by high-temperature annealing at 1800 °C has been employed as binder-

free LAB cathode[58]. As the GMS possess edge site free, the active sites for ORR and OER 

are the topological defects. These defects are the non-hexagonal carbon in the graphene 

framework. The LABs with GMS cathode exhibit an initial discharge capacity of up to 6700 

mAhg-1 at 0.2 mAcm-2. The LAB shows extremely long stability up to 307 cycles. Heteroatom 

doping is another defects modification strategy to improve the electrocatalytic activity of the 

LAB cathode. Hu et al. proposed that ORR activity of carbon material originates from the 

activation of carbon p electrons, achieved by modification the integrity of p conjugation 

through heteroatom doping. This activation can be quantitatively correlated with the 

electronegativity of the dopants[59]. The electronegativity difference between carbon and 

dopants significantly influences the ORR. Additionally, the modified charge distribution 

resulting from doped carbon affects the wettability of carbon-based materials. This wettability 

adjustment is crucial for the typical three-phase reaction which is mainly in the ORR process 

on the air-cathode of metal–air batteries[60]. Ensuring good contact between catalysts and the 

non-aqueous electrolyte enhances charge transfer rates and improves ORR activity. The 

doping of carbon material could vary from single dopant to multiple dopant which have 

different effects on ORR and OER activity. For example, N doped graphene exhibits an initial 
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discharge capacity of 7300 mAhg-1 at 50 mAg-1. The stability for this material was 

considerably low which is 22 cycles with the cut-off capacity of 500 mAhg-1 at 100 mAg-1 

[61]. On the other hand, N, S doped mesoporous carbon on graphene nanosheet has been 

employed as the cathode in LAB[62]. The initial discharge was enhanced up to 11500 mAhg-1 

at 100 mAg-1. The stability was also improved and reached 100 cycles at 50 mAg-1 with a cut-

off capacity of 250 mAhg-1. Decorating metal nanoparticles on carbon is another wide strategy 

to improve ORR and OER in LAB. This strategy provides the benefits in several ways 

including minimizing amount of metals content, improving stability, agglomeration 

mitigation, and enhance ORR/OER electro catalytic activity. Therefore, carbon materials are 

mostly acting as porous support material which could be modified in many ways to provide 

synergistic effects on LAB performance. 

1.4.3 Transition-metal oxides 
Transition-metal oxides form a diverse group of oxygen electrocatalysts, encompassing 

both mono-metal oxides and mixed-metal oxides. Compared to noble metals, transition-metal 

oxides offer several advantages, including abundant availability, cost-effectiveness, ease of 

preparation, and environmental friendliness. Moreover, these transition-metal oxides possess 

various crystal structures due to the multiple valence states of transition-metal elements. In 

the following sections, three different types of transition-metal oxide electrocatalysts based 

on their composition and structure will be explore. 

1.4.3.1 Single metal oxide 
The most prevalent transition metal elements as electrocatalysts for ORR and OER 

include Fe, Co, and Mn. However, additional transition elements, such as scandium (Sc), have 

also demonstrated remarkable catalytic potential in electrode reactions [63]. Manganese 

oxides have garnered significant attention according to their variable valences and abundant 

structural diversity, resulting in rich redox electrochemistry. These oxides can serve 

simultaneously as catalysts for both the ORR and OER[64], making them attractive 

bifunctional catalysts for oxygen electrochemistry. The most studied group of manganese 

oxides is manganese dioxide (MnO₂). MnO₂, first reported in the early 1970s for the ORR, 

has since been the focus of extensive research efforts aimed at evaluating and optimizing 

MnOₓ-based catalysts for air cathodes[65]. Researchers have explored various factors, 

including chemical composition, texture, morphology, oxidation state, and crystalline 

structure, to enhance the electrocatalytic properties of MnO₂. The bifunctional activity of 

MnO₂ is significantly influenced by the specific crystal phase of the oxide[66]. For example, 
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A non-aqueous LAB constructed with β-MnO₂ nanowires exhibited a higher discharge 

capacity (approximately 2500 mAhg⁻¹) compared to a LAB utilizing α-MnO₂ nanowires[67] 

as shown in Figure 1.7.  

In general, ORR performance of MnO₂ is typically better than OER performance[68]. 

Hence, enhancing the OER activity is crucial for overall performance improvement. Recent 

research has demonstrated that the vacancy defect engineering method positively influences 

the OER activity of δ-MnO₂. Briefly, ultrathin nanosheets of δ-MnO₂ (NS-MnO₂) were grown 

on the surface of nickel foam, resulting in a high concentration of oxygen vacancies and Mn³⁺ 

active sites. These defects enhance H₂O adsorption, leading to an electrocatalyst with a low 

overpotential and a smaller Tafel slope—lower even than that observed for commercial 

IrO₂[69]. 

Cobalt oxides (CoOx) are promising candidates for LABs given their outstanding 

bifunctional electrocatalytic activity, especially the spinel oxide Co3O4. In a typical spinel 

structure of Co₃O₄, Co²⁺ and Co³⁺ ions occupied in tetrahedral and octahedral sites, 

respectively[70]. Researchers have found that electrocatalysts with more Co²⁺ on the surface 

is more active toward ORR performance, while the OER activity is elevated from a higher 

number of Co³+ sites on the surface[71]. This elevated activity can be corresponded to the 

improved adsorption of O₂ at Co²⁺ sites and OH⁻ at Co³+ sites[72]. Consequently, the 

arrangement of Co²+ and Co³+ ions on the surface of Co₃O₄ electrocatalysts plays a significant 

role in optimizing bifunctional electrocatalytic activity. Some researchers have pointed out 

that Co₃O₄ polyhedrons enclosed by {112} facets possess higher bifunctional catalytic 

activities for ORR and OER compared to octahedrons enclosed by {001} and {001}+{111} 

facets. This result is corresponded to the optimised ratio of Co²+/Co³+ active sites and the 

presence of octahedrally coordinated Co³+ ions[73]. Zhao and colleagues recently explored a 

solvent-mediated method to control the structures of Co₃O₄ nanostructures. By adjusting the 

mole ratio of water and dimethylformamide of the solution, they produced rod-

shaped and spherical nanostructures. Interestingly, Co₃O₄ nanorods posess the best 

electrocatalytic activity for ORR among all the electrocatalyst samples prepared under 

different conditions. Their catalytic activity for the ORR was higher than that of the noble 

palladium catalyst. This finding suggests that the number and activity of surface-exposed 

Co³⁺ ions can be controlled by the structure of the cobalt oxides[74]. 
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Figure 1.7 SEM images of a) α-MnO₂ and β-MnO₂ and initial discharge of LAB employing various type of MnO₂ as cathode 
in c) LiPF6/PC electrolyte and d) LiTFSI/TEGDME[67] 

1.4.3.2 Mixed-metal oxide 
The presence of additional metal ions can introduce more active sites, leading to 

higher intrinsic activity in mixed-metal oxides compared to single-metal oxides for ORR and 

OER[75]. Moreover, the activity of the electrocatalyst can be readily optimized by adjusting 

factors such as crystalline structure, valence, and electronic states of each metal element[76]. 

In this section, polymetallic spinel, and perovskite oxides as bifunctional electrocatalysts will 

be  focused on,  highl ight ing their  excel lent  performance and widespread use 

in electrocatalysis and metal-air batteries. 

Spinel 
The structure of spinel oxides (denoted as AB2O4, where A and B represent transition 

metal ions) comprises B3+ ions occupying octahedral sites and A2+ ions occupying tetrahedral 

sites. Within this structure, there are numerous disordered sites due to cation arrangement. 

Even small structural changes significantly impact the performance of ORR and OER[77]. 

Researchers have designed and synthesized a highly efficient hierarchical porous 

structure three-dimensional MnCo2O4 nanowire using the hydrothermal method. This 

(c) (d) 
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nanowire was employed as a carbon-free and binder-free cathode for LABs, the initial 

discharge capacity reached 12,919 mAhg−1 at 0.1 mAcm−2. Furthermore, at higher rates of 

0.2, 0.5, and 1.0 mAcm−2, the initial discharge capacities were measured as 10,146, 7112, and 

4771 mAhg−1, respectively, highlighting the superior rate capability of the MnCo2O4 nanowire 

catalysts. As the cathode in LABs, the MnCo2O4 nanowire exhibited an overpotential of 

approximately 0.54 V with a cut-off capacity of 500 mAhg−1 at 0.1 mAcm−2. Remarkably, the 

cell operated for over 300 cycles under these conditions. Even with a 1000 mAhg−1 cut-off 

capacity, the nanowire demonstrated 144 stable charge and discharge cycles at 0.1 mAcm−2. 

The unique hierarchical interconnected mesoporous/macroporous weblike structure of the 

hybrid MnCo2O4/Ni foam cathode was identified as the primary reason for its excellent 

electrochemical performance. 

Ultrathin porous NiCo2O4 nanosheets containing oxygen vacancies have been 

employed as cathode catalysts in LABs[78]. these nanosheets exhibit an initial discharge 

capacity of up to 16,400 mAhg−1 at 200 mAg−1. At the cut-off capacity of 1000 mAhg−1, the 

battery maintains stability over 150 cycles. The electrochemical performance is further 

enhanced by a unique solution mechanism involving the electrochemical double layer at the 

cathode-electrolyte interface. 

Additionally, microspheres containing a NiCo2O4@CeO2 composite have been used 

as cathodes in LABs[79]. This microstructure catalyst provides ample electrocatalytic surface 

area, facilitating barrier-free transport of oxygen and Li+. The microsphere’s porous structure 

accelerates electrolyte penetration and enables reversible deposition and dissolution of Li2O2. 

The introduction of CeO2 enhances oxygen vacancies and optimizes the electronic structure 

of NiCo2O4, resulting in improved electron transport throughout the entire electrode. As a 

result, this catalytic cathode material significantly reduces the overpotential to only 1.07 V 

and exhibits impressive cycle stability over 400 cycles at 500 mAg−1. Beyond these materials, 

there are other spinel-structured compounds, such as CuCo2O4 nanotubes[80], MnCo2O4 

nanotubes[81], and MnCo2O4/MoO2 nanocomposites [82], which also demonstrate excellent 

catalyst performance for LABs.  

The flexible crystal structure of spinel materials allows for easy doping to modify 

electrocatalytic performance. Nevertheless, the precise relationship between structure and 

electrocatalytic activity remains an area of ongoing research. Investigating the mechanism of 
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electrocatalytic activity, along with advancements in structural chemistry and controllable 

preparation methods, remains crucial for applied research in LABs. 

Perovskite 
Perovskite-type transition metal oxides, with the general formula ABO3, have 

undergone extensive research due to their bifunctional electrocatalytic properties in alkaline 

electrolytes. These materials exhibit a wide range of properties, which can be controlled by 

partially substituting either A or B cations with other metals. A-site substitution affects the 

ability to adsorbed oxygen, while B-site substitution impacts the activity of the adsorbed 

oxygen[83,84]. Substituted perovskites are described by the formula A1-xA’xB1-yB’yO3, where 

A or A’ represents a rare-earth or alkaline-earth metal, and B or B’ represents a transition 

metal. The cations’ ability to adopt different valency states significantly influenced the 

electrocatalytic activity of transition metal oxide catalysts, specifically when they form redox 

couples during oxygen reduction/evolution reactions. As a result, various perovskite-type 

transition metal oxides with different substitution have been explored as bifunctional 

electrocatalysts[85,86]. 

CaMnO3, known for its good electrocatalytic performance, exhibited a reduced 

overpotential of approximately 0.62 V at 50 mAg−1 when used as an electrocatalyst in LAB’s 

cathode [87]. The 3D ordered macroporous LaFeO3 cathode (3DOM-LFO), gaining from both 

porosity and higher electrocatalytic activity, demonstrated a stable charge and discharge 

performance of up to 124 cycles[88]. Additionally, porous LaNiO3 nanocubes[89], serving as 

the air electrode in LABs, maintained stability over 75 cycles with a cut off capacity of 500 

mAhg−1 at 0.08 mAcm−2. Moreover, introducing defects into the perovskite structure can 

improve electrocatalytic activity. Researchers have compared CaMnO3, both in its pristine 

form and with induced defects, serves as a cathode catalyst in LABs[90]. When evaluated 

alongside a redox mediator LiI, the oxygen-deficient CaMnO3 exhibits an improved cycle life 

at a high current rate of 500 mAg–1, with a capacity of 500 mAhg–1. The introduction of 

defects predominantly enhances catalytic activity by reducing the overpotential. The presence 

of oxygen vacancies leads to mixed-valence states of Mn3+/Mn4+, which modify the electronic 

structure and contribute to improved electrocatalytic performance. 

1.4.3.3 Supporting Metal oxide with carbon material 
In electrochemical reactions, perovskite and spinel metal oxides encounter two 

primary challenges similar to other metal oxides. Firstly, the particles of metal oxides tend to 

agglomerate together, reducing the number of active sites available. Secondly, they 
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demonstrate poor electrical conductivity, which hampers electron transfer and diminishes 

their electrocatalytic effectiveness. To overcome these issues, researchers have investigated 

approaches such as synthesizing nanostructured materials or developing materials with a 

porous structures. In both instances, supporting the metal oxides with other materials is 

crucial to enhance electrical conductivity and maximize exposure of active sites to the 

electrolyte. Carbon materials are particularly suitable for this purpose due to their inherent 

characteristics, such as high electrical conductivity, thermal stability, extensive surface area, 

and, in some cases, cost-effectiveness. Various types of carbon materials have been employed, 

including carbon blacks, carbon nanotubes, graphene-based materials, activated carbons, and 

nitrogen-doped carbon materials. For instance, researchers have investigated the 

electrocatalytic performance of Mn2O3 supported with carbon black, MWCNTs, catalytic 

filamentous carbon and pyrolytic carbon. The results show that both the accessibility of metal 

oxide surfaces for charge-transfer reactions and the oxide/carbon interface extension are 

improved by carbon support with moderate specific surface area, such as Vulcan carbon black 

and pyrolytic carbons[91]. Similarly, Kostuch and co-workers have demonstrated the effects 

of carbon support by the in-situ synthesis of MnCo2O4 on carbon blacks, MWCNTs, 

mesoporous carbon, and amorphous carbon. It is reported that MWCNTs performed best 

according to the higher particle dispersion, higher exposition of Co3+ and Mn2+ sites, and 

higher amorphous content which led to favor peroxide formation. It can be seen that carbon 

supports play an important role regulating electrocatalytic performance of LAB. Therefore, 

carbon support should be rationally designed and investigated. 

1.5 Strong Metal-Substrates Interaction  
Recently, researchers have focused on the interaction between the supported metal and 

carbon support which provide synergies effects that enhance the electrochemical properties of 

the electrocatalyst. This interaction is called “strong metal-substrates interaction” or “strong 

metal-support interaction” (SMSI)[92]. SMSI was initially discovered by Tauster et al in 

1978. The researchers found that the CO and H2 chemisorption on Pt decorated on TiO2 

disappeared after the reduction treatment at 500 °C[92]. This phenomenon is reported to be 

caused by the electronic perturbation of Pt-Ti bond which describes SMSI, however, it was 

later confirmed that the metal nanoparticles were encapsulated by the support which led to the 

disappearance of the chemisorption properties[93–97]. In 1986, SMSI evidence was 

illustrated using extended X-ray absorption fine structure spectroscopy (EXAFS)[97]. EXAFS 

provided that the bond length between formed Rh-TiO2 was shorter than Rh-Ti compound. 
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This shorter bond length emphasizes the “strong” in SMSI. However, SMSI identification has 

remained to be done by physicochemical behaviors such as encapsulation or chemisorption 

ability. 

In the case of carbon support materials, SMSI in heterogenous catalysts has been 

confirmed to improve the electrocatalytic performance of ORR and OER[98–100]. In case of 

ORR, researchers found that SMSI characterized by XPS indicating Pt strongly anchoring to 

carbon, facilitates efficient electron transfer to reactants. Additionally, the moderate strength 

of Pt-oxygen coordination (due to SMSI) enables easy desorption of intermediates and the 

final product or H2O [100]. Similarly, SMSI was investigated with N doped carbon supports, 

besides metal oxide supports. N doped carbon supports improve the catalysts in every aspect 

including providing nucleation sites with better dispersion at graphitic-N, metal nanoparticles 

anchoring and dispersants at pyridinic-N sites[101]. Moreover, SMSI shows significant 

impacts in both ORR and OER. In ORR, N doped carbon nanofibers were employed as 

support for Pt nanoparticles[102]. The electrocatalyst indicates great improvement in ORR 

electrocatalytic activity. Using NEXAFS spectroscopy, Melke et al demonstrated that Pt 

interacts with N containing groups in the precursor which is polyaniline (PANI). This 

interaction shifts electrons from Pt nanoparticles into the π-conjugated system. This electron 

shifting increase the electron density in the π-conjugated system. Consequently, the N-defects 

serve as nucleation sites for Pt nanoparticles, explaining the high Pt dispersions observed via 

TEM measurements as shown in Figure 1.8. Additionally, the electronic interaction 

significantly affects PANI nanofibers (NFs) carbonization, influencing the resulting N-doped 

carbon nanofibers (N-CNFs) structure. Notably, in the presence of Pt, a larger number of 

PANI chains contribute to forming the carbon network. Further analysis using NEXAFS 

spectroscopy and XPS revealed changes in the Pt’s electronic structure according to its 

interaction with N-defects. Interestingly, the Pt dispersion observed in both N-CNFs suggested 

that different N-functionalities may interact with Pt. This results in a uniform particle size 

facilitated by interactions with pyridinic-N in Pt/PANIlong750. Conversely, N-CNFs 

predominantly containing graphitic-N (Pt/PANIlong1000) possess a broad particle size 

distribution with a larger mean particle size. 
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Figure 1.8 TEM images and histograms of the Pt NP size distribution of a) Pt/PANIlong750 and b) Pt/PANIlong1000 

1.6 Introduction to Poly(2,5-benzimidazole) 
According to the previous section, SMSI effects are different among various N 

functionalities such as graphitic N improve metal nanoparticle dispersion, while pyridinic 

provides anchoring sites for metal nanoparticles[102]. Thus, it is crucial to design and develop 

the desired N doped carbon support in both physical and chemical aspects. One of the 

strategies to develop the desired properties of carbon support is utilizing polymer-based 

carbon. Given the ongoing advancements in polymer nanomaterials, polymers offer great 

potential for producing diverse carbon materials with varying morphologies. These polymers 

can initially be processed into intricate structures and subsequently form selective porous 

a) 

b) 
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networks through intrinsic phase separation. Additionally, by incorporating heteroatoms, the 

electronic properties of these hybrid polymer-carbon materials (HPCMs) can be deliberately 

tailored for specific applications[103]. However, these polymers typically produced from 

fossil-based carbon, involve olefin and aromatics building blocks which are recognized that 

lead to global warming. Hence, to produce more sustainable polymers, researchers have 

extensively explored converting bio-feedstocks into compounds that closely resemble those 

derived from petroleum[104,105]. Poly(2,5-benzimidazole) (ABPBI) is a highly promising 

conductive polymer for carbon precursors. Its simple preparation process involves a single 

monomer[106], making it an attractive choice. The repeating unit of ABPBI contains only 

one benzimidazole moiety, resulting in a higher N-H group density[107]. Bio-derived ABPBI 

was prepared from 3,4-diaminobenzoic acid (DABA) monomers as shown in Figure 1.9 

which were converted from 3-amino-4-hydroxybenzoic acid (AHBA). AHBA is synthesized 

from kraft pulp, an inedible cellulosic material, using genetically modified bacteria[108]. 

After pyrolysis of ABPBI, it leads to significant nitrogen doping in the carbon structure. 

 

Figure 1.9 Synthesis of polymer poly(2, 5-benzimidazole) (2,5-PBI) from DABA[108] 

1.7 Electrochemical Performance Testing 

1.7.1 Rotating Disk Electrode 
The rotating disk electrode (RDE) as shown in Figure 1.10 is an electroanalytical 

technique employed to mitigate the impact of mass transfer for analytes converted from 

precursors. The concept originates from the rotating disk electrode, which induces centrifugal 

movement of the electrolyte solution toward the radial ring. As the electrode’s rotation rate 

increases, so does the convection velocity of the electrolyte solution. Consequently, the 

diffusion layer near the electrode becomes thinner, leading to enhanced reactions toward the 

electrochemical product. RDE is valuable for calculating parameters related to the diffusion-

convection process[109]. 
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Figure 1.10 Rotating Disk Electrode with three electrodes system configuration. 

This method finds widespread use in studying electrocatalytic oxygen reduction 

reactions (ORR) by assessing reaction efficiency. Researchers can investigate reaction 

kinetics, as the diffusion effect of the studied species is already accounted for. Additionally, 

the instrument facilitates the determination of kinetic viscosity, exchange current density, and 

the number of electrons transferred. 

In this technique, the solution near the RDE rotates along with the RDE. When 

observed from the RDE as a frame of reference, the solution appears stagnant. The thickness 

of this stagnant layer (δ() can be estimated using the following formula in equation (2) 

δ( = 3.6 5)*6
!
"      (2) 

where ν is kinematic viscosity, ω is the rotational speed of RDE.  

In this method, ions move from the bulk solution to the stagnant layer primarily 

through convection, while their transport to the electrode surface relies solely on diffusion. 



24 
 

Consequently, this technique completely avoids convection. The diffusion layer also possesses 

a specific thickness, which can be measured using equation (3) 

δ+ = 1.61D
!
#ν

!
$ω,!"      (3) 

From the diffusion layer specific thickness in equation (3), the diffusion limiting 

current can be calculate from equation (4) 

i- = 0.0620nFAD
"
#ν,

!
$ω

!
"C     (4) 

To determine the number of electron transfers, the Koutecky-Levich (K-L) equation can be 
used as shown in the equation (5). From the given equation (6), the number of electron 
transfers (n) can be calculated from the slope (BL) of the linear K-L plot as shown in Figure 
1.11 
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B1 = 0.0620nFAD
"
#ν,

!
$C    (6) 

Where  il is the diffusion limiting current (A) 

  ik is the kinetic current density (A) 

  C is the bulk concentration of O2 (mol cm-3) 

  F is the Faraday’s constant (96485 Cmol-1) 

A is the electrode surface area (cm2) 

  D is the diffusion coefficient of O2 

  n is the number of electron transfer 

  n is the kinematic viscosity of the electrolyte (cm2s-1) 

  ⍵ is the angular rotational speed (rad s-1) 
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Figure 1.11 K-L plot from RDE which use to determine the number of electrons transferred 

1.7.2 Cyclic Voltammetry 
Cyclic Voltammetry (CV) is an electrochemical measurement used to observe redox 

processes' current response to a cycled potential between the set values. CV can explain the 

electrochemical behavior of each molecular species as a form of voltammogram. The 

voltammogram shows the redox peaks of the materials for the oxidation and reduction 

process. This data can be used to predict the element's ability for redox reaction, the 

electrochemical kinetics, and other characteristics which are involved in the electrochemical 

reaction. An example of CV voltammogram is shown in Figure 1.12.  

 

 

Figure 1.12 Example of cyclic voltammogram for electrochemically reversible one-electron redox process [110] 
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 In three electrodes system, the current flows between working electrodes through the 

counter electrodes, the measurement of current is done by measuring the current from the 

working electrode to the reference electrode. The waveform of CV usually tells the potential 

over time as a peak, and the slope refers to the total potential in the testing. An example of a 

CV waveform can be seen in Figure 1.13. The composition of an electrolyte, the potential 

scan rate, and the working electrode status are the factors that affect the moving current that 

passes through the working electrode in a significant amount. 

 

Figure 1.13 Example of CV potential waveform [111]. 

1.7.3 Linear Sweep Voltammetry 
 Linear Sweep Voltammetry (LSV) is a fundamental potentiostatic sweep technique. It 

is similar to a one-segment cyclic voltammetry experiment as shown in Figure 1.14. The 

working electrode potential is scanned linearly from a lower limit to an upper limit. During 

this scan, the current at the working electrode is monitored as a function of time. The primary 

outcome of an LSV experiment is a voltammogram, which depicts the relationship between 

current and potential. LSV provides both qualitative and quantitative insights into 

electrochemical systems and serves as a reliable and efficient characterization technique. 

Additionally, LSV is commonly used to study the kinetics of reactions involving electron 

transfer processes. 
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Figure 1.14 Comparison of a) Linear sweep voltammetry (LSV) and b) cyclic voltammetry waveforms[112]. 

1.7.4 Electrochemical impedance spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) is a highly sensitive technique used to 

characterize chemical systems nondestructively. By applying low amplitude alternating 

current (AC) voltages across an electrode setup (consisting of working, reference, and counter 

electrodes), EIS reveals the time response of chemical systems. It provides quantitative 

insights into small-scale chemical mechanisms at the electrode interface and within the 

electrolytic solution. However, interpreting EIS spectra can be challenging. Researchers often 

employ simple fitting models based on equivalent circuit analogues as shown in Figure 1.15 

and physical models to extract parameters representing the underlying cell processes[113]. 
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Figure 1.15 Experimental and simulated impedance spectra showing a simplified Randles equivalent circuit for an 
electrochemical system. [114] 

1.8 Li-air Battery Evaluation 
Apart from the electrochemical performance of the electrocatalyst tested by the RDE 

in a non-aqueous electrolyte, the electrocatalysts are employed as cathodes for LAB. The 

LABs are tested for their initial discharge capacity which significantly affects their energy 

density. The LAB will be discharged until the potential suddenly drops or the sudden death 

phenomenon. Furthermore, the LAB’s stability is tested with charge-discharge cycles at a 

certain current rate and cut-off capacity. Then, from the charge-discharge cycles data, the 

overpotential of the LAB is determined by equation (7).  

Columbic	EfKiciency = 2()*+,-./0
2+,-./0

     (7) 

Similarly, given that batteries serve as energy storage devices, researchers suggest 

calculating battery efficiency by comparing the output energy to the input energy. The goal is 

to assess the energy efficiency of the entire charging and discharging process. Therefore, 

energy efficiency is determined[115] by equation (8).  
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Energy	EfKiciency = 3)1234!4()*+,-./0×6()*+,-./0×78)
3)1234!4+,-./0×6+,-./0×78)

     (8) 

 

 

Figure 1.16 LAB evaluation including a) cycle stability test, b) initial discharge capacity, and c) LAB efficiencies and 
overpotential[116]. 

 

1.9 Research Outlook 
According to the high theoretical energy density of LAB, it has recently become a highly 

active and interesting area of research. In this perspective, the mechanism behind LAB charge 

and discharge was introduced, followed by the discussion of the electrocatalysts that 

employed as cathode on LABs. According to the literature, the following areas of 

electrocatalyst for LAB were explored. 

1. The design of the electrocatalyst utilizing N-doped carbon as support to explore the 

effect of strong metal substrate interaction to enhance the performance of LAB. 

2. In order to obtain the desired physicochemical properties of N-doped carbon, the bio-

based polymer will be used as an N-doped carbon precursor. Thus, the obtained N-

doped carbon is environmentally friendly with the desired properties. 

3. Spinel-type metal oxides will be supported on the N-doped carbon to enhance the 

drawbacks of metal oxides. On the other hand, SMSI will play a significant role in 

improving the LAB performance synergistically. 

4. Prior to the LAB evaluation, the electrocatalysts need to be studied with RDE in a 

non-aqueous electrolyte under O2 atmosphere. 
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Chapter 2 CoFe2O4 Nanoparticles on Bio-based 
Polymer Derived Nitrogen Doped Carbon as Bifunctional 
ORR/OER Electrocatalyst in Nonaqueous Electrolyte. 

Abstract 
The oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) play a 

crucial role in various energy storage devices. Metal oxides nanoparticles on carbon support 

have been investigated for ORR and OER applications. ORR and OER electrochemical 

activity depend on physicochemical properties of both metal oxides nanoparticles and carbon 

support. Nitrogen functional groups naturally present on the carbon surface act as adsorption 

sites for ORR intermediates and nucleation sites for nanoparticles. Some of these nitrogen 

functionalities lead to an increase in the dispersion and stabilization of metal oxides 

nanoparticles, which positively impacts the ORR and OER performance in aqueous 

electrolyte. Researchers are particularly interested in studying the effect of nitrogen groups on 

aprotic ORR due to the growing development of aprotic metal-air batteries. Similarly, in Li+ 

containing electrolytes, these nitrogen groups enhance both the ORR and OER performance. 

Herein, we synthesized spinel CoFe2O4-decorated on bio-based nitrogen doped carbon 

derived from poly(2,5-benzimidazole) (ABPBI) electrocatalysts. The carbon support (PY-

PBI800) possesses highly doped nitrogen up to 17% wt. Notably, strong metal-substrate 

interaction (SMSI) influence by the nitrogen functionalities was observed through X-ray 

photoelectron spectroscopy. 

2.1 Introduction 
In the relentless pursuit of sustainable energy solutions, the global scientific community 

has long recognized the pressing need for advanced energy storage systems. Among the array 

of potential energy storages, lithium-air batteries (LABs) have emerged as a promising prospect 

due to their unparalleled theoretical energy density of 3,505 Whkg-1 [1], which surpasses that 

of the prevalent typical lithium-ion batteries (500 – 800 Whkg-1)[2]. This remarkable potential 

stems from LABs utilizing atmospheric oxygen as a reactant. However, despite the promising 

theoretical advantages, the practical realization of LABs remains fraught with multifaceted 

challenges. Issues such as poor cycling stability, limited lifespan, and unresolved side reactions 

have hindered their commercial viability and widespread adoption [3]. Consequently, the 
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imperative for rigorous research and development efforts aimed at overcoming these obstacles 

cannot be overstated. The major challenges of LABs are mostly dependent on air cathode which 

consists of porous material to store Li2O2 and electrocatalysts to facilitate oxygen reduction 

reaction (ORR) and oxygen evolution reaction (OER). The sluggish kinetics from these 

reactions are a major issue that hindered their performance compared to their theoretical 

performance. Hence, developing electrocatalysts to promote ORR/OER is essential to reach 

the theoretical performance of LABs. 

In recent times, researchers have investigated noble metal-free oxides as potential 

electrocatalysts. There are several types of metal oxides catalysts including single metal oxide, 

spinel metal oxides, and perovskite[4]. Single metal oxides are efficient electrocatalyst in either 

ORR or OER, however they do not possess efficient bifunctional electrocatalytic activity[5,6]. 

Hence, combining metal oxides to promote bifunctional electrocatalytic activity has been 

investigated. In the case of perovskite, efficient bifunctional electrocatalysts mostly contain 

rare earth metal such as La or Sr [7–9]. Therefore, among these oxides, spinel oxides have 

garnered attention. The structure of spinel oxides (denoted as AB2O4, where A and B represent 

transition metal ions) comprises B3+ ions at the octahedral sites and A2+ ions at the tetrahedral 

sites. These metal ions serve as active sites, enhancing the reactivity of ORR and OER [10,11]. 

Despite their potential, spinel-oxide electrocatalysts suffer from inadequate cyclability and 

limited electrocatalytic performance. To tackle these challenges, employing carbon-based 

electrocatalyst as the support materials which possess high surface area and good conductivity 

is crucial. These conductive support materials, characterized by their large surface area, 

enhance the availability of active sites for oxygen adsorption. Additionally, they facilitate rapid 

ion and charge transportation by providing elevated electrode – electrolyte interface. As a 

result, this enhancement in electrocatalytic activity contributes to improved ORR and 

OER[12,13]. Notwithstanding their inherent potential, carbonaceous electrocatalysts still 

exhibit lower electrocatalytic performance compared to commercial Pt/C electrocatalysts. 

Researchers have widely employed the doping of heteroatoms into carbonaceous materials as 

an effective strategy to enhance electrocatalytic performance[14–16]. These heteroatoms, 

including nitrogen, boron, phosphorus, and sulfur, induce changes in spin and charge density 

between atoms [17]. Consequently, these density alterations facilitate oxygen absorption and 

desorption within the carbonaceous materials, leading to improved oxygen electrocatalytic 

reactions. 
Among heteroatom-doped carbon, nitrogen-doped carbon is widely studied for 

electrocatalytic application [18–20]. Nitrogen-doped carbon materials exhibit fascinating 
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properties due to the introduction of nitrogen atoms. Despite having a similar size to carbon 

atoms, nitrogen possesses higher electronegativity [21]. Consequently, when nitrogen is 

incorporated into the carbon structure, it induces defects that disrupt the electroneutrality of 

carbon atoms[22]. This modification enhances both electronic and ionic conductivity without 

distorting the local geometry[23]. In the case of applying nitrogen-doped carbon as a support 

for metal electrocatalyst, these defects also serve as anchoring sites for uniformly active metals, 

leading to enhanced stability according to the strong interaction between metal nanoparticles 

and the nitrogen-doped carbon support [24]. The strong metal–substrate interaction (SMSI) 

between the nitrogen-doped carbon support and the active metallic species can be modulated 

by electronic interactions originating from incorporating heteroatoms into the carbon 

materials[25].  Research has demonstrated that metal nanoparticles supported on nitrogen-

doped carbon materials possess higher stability according to the stronger binding to the support 

in regions with high nitrogen doping[26]. Even when metal is directly deposited on nitrogen-

doped carbon followed by carbonization at high temperatures, it leads to highly dispersed metal 

nanoparticles [27]. A study involving Pt nanoparticles on nitrogen-doped highly ordered 

pyrolytic graphite (HOPG) revealed that Pt preferentially nucleates on pyrrole and pyridinic 

defect sites, according to the partial charges on adjacent carbon atoms induced by nitrogen[28]. 

Thus, For ORR and OER, the nitrogen functionalities on carbon support and the corresponding 

SMSI with the metal nanoparticles are crucial to achieving highly efficient and stable 

electrocatalysts. 

To obtain preferable nitrogen functionalities in the carbon support structure both carbon 

and nitrogen precursors should be intensively selected. Polymers, as precursors, hold 

significant potential due to their adaptable molecular and nanoscale structures, tuneable 

chemical composition, and diverse processing methods. These attributes, combined with solid-

state chemistry, allow the resulting carbon materials to maintain their desired textures during 

carbonization[29]. However, these polymers typically produced from fossil-based carbon, 

involve olefin and aromatics building blocks which lead to climate change. Hence, to produce 

more sustainable polymers, researchers have extensively explored converting bio-feedstocks 

into compounds that closely resemble those derived from petroleum [30,31]. Poly(2,5-

benzimidazole) (ABPBI) is a highly promising polymer for carbon precursors. Its simple 

preparation process involves a single monomer [32], making it an attractive choice. The 

repeating unit of ABPBI contains only one benzimidazole moiety, resulting in a higher N-H 

group density[33]. Bio-derived ABPBI was prepared from 3,4-diaminobenzoic acid (DABA) 

monomers which were converted from 3-amino-4-hydroxybenzoic acid (AHBA). AHBA is 
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synthesized from kraft pulp, an inedible cellulosic material, using genetically modified 

bacteria[34]. After pyrolysis of ABPBI, it leads to significant nitrogen doping in the carbon 

structure. According to these properties, ABPBI serves as a single precursor for both carbon 

and nitrogen, enabling the preparation of heavily N-doped carbon material (PYPBI800). This 

material boasts an impressive char yield of up to 95% and heavily nitrogen doping on carbon 

(∼17 wt%)[35].  

Herein, we introduced spinel cobalt iron oxide (CoFe2O4) nanoparticles decorated on 

pyrolyzed poly(2,5-benzimidazole) (PYPBI800) as the bifunctional electrocatalyst in Li+ non 

aqueous electrolyte. The electrocatalyst was synthesized through pyrolysis of PBI followed by 

incipient wetness impregnation calcination on the metal precursors. The SMSI between 

CoFe2O4 and PYPBI800 has been confirmed with X-ray photoelectron spectroscopy. Due to 

both the intrinsic properties of CoFe2O4 and the nitrogen doping effect, these electrocatalysts 

also modulate the electronic state of metals, facilitating oxygen adsorption and desorption at 

the electrode. When employed as an electrocatalyst in three electrode system, the 

electrocatalyst exhibited promising onset potential of -0.85 V vs Ag/Ag+ for ORR, and 1.0 V 

vs Ag/Ag+ for OER which are comparable to noble metal electrocatalyst[36]. To the best of 

our knowledge, this will be the first study to employ bio-derived PYPBI800 as a support for 

CoFe2O4 as ORR/OER bifunctional electrocatalysts in nonaqueous electrolyte. 

2.2 Experimental  

2.2.1 Synthesis of Pyrolyzed Poly(2,5-benzimidazole) 
Pyrolyzed poly(2,5-benzimidazole) (PYPBI) was prepared according to the literature 

[35]. First, ABPBI precursor was synthesised by polycondensation of bio-derived 3,4-

diaminobenzoic acid (DABA). In brief, 30 g of polyphosphoric acid (PPA) as a condensation 

agent was heated to 120 ⁰C under N2 atmosphere for 30 minutes to remove water. Then, 

HCl•DABA as monomers were added into the PPA and stirred until a homogenous mixture 

was obtained. The temperature was then elevated to 160 ⁰C, and then the mixture was 

continuously stirred for 2 hours. After that, the temperature was further elevated to 200 ⁰C and 

the mixture was stirred overnight. The obtained ABPBI was rinsed with deionized water and 

oven-dried overnight and ground into powder. The powdered PBI was dispersed in 10% KOH 

to remove the remaining PPA. Finally, the ABPBI powder is filtered and dried in a vacuum 

oven overnight. The ABPBI was carbonized under N2 atmosphere in a tube furnace. The 

temperature was raised from room temperature to 200 ⁰C at the rate of 5 ⁰C min-1 and held for 

30 minutes to remove moisture. Then it was elevated to 800 ⁰C at 5 ⁰C min-1 and kept for 145 
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minutes. The obtained product was activated in 1M HCl. Then, it was washed and dried in a 

vacuum oven overnight. The final product yield was 25% compared to the initial monomer. It 

is labelled as PYPBI800. 

2.2.2 Decoration of CoFe2O4 on PYPBI800 
In this work, PYPBI800-supported CoFe2O4, Co, and Fe samples were prepared. Co-

incipient wetness impregnation method with the mixture of ethylene glycol and DI water (3:1) 

was used. Cobalt(II) nitrate hexahydrate and iron(III) nitrate nonahydrate was used as 

precursors. Firstly, the metal precursors were dissolved in a mixture of ethylene glycol and DI 

water separately. Then, both nitrate solutions were incorporated into PYPBI800 to obtain total 

metals loading of 20%. Next, the impregnated samples were dried in the vacuum oven 

overnight. After drying, the samples were calcinated under N2 atmosphere in a tube furnace. 

The temperature was raised from room temperature to 200 ⁰C at the rate of 5 ⁰C min-1 and 

held for 30 minutes to remove moisture. Then it was elevated to 550 ⁰C at 5 ⁰C min-1 and kept 

for 4 hours. The samples were denoted as 20% CoFe2O4 PBI, Co PBI, and Fe PBI. Besides, 

10% CoFe2O4 and 30% CoFe2O4 were also prepared to study the effects of metal loading. 

2.2.3 Characterization of Electrocatalyst 
The morphologies and elemental composition of each sample were studied by scanning 

electron microscopy equipped with energy dispersive X-ray spectrometers (SEM-EDS) using 

Tabletop Microscope TM3030 plus (Hitachi High-Technologies Co. Ltd) and the TM Series 

Energy Dispersive X-ray Spectrometers: AZtec Series from Oxford Instruments (UK) Co. 

Ltd. High-resolution transmission electron microscope (HR-TEM) along with JEM-

ARM200F instrument (JEOL Ltd) was used to determine nanoparticles size, crystal plane, 

and composite formation of the samples. The chemical composition and oxidation state of 

each sample were determined by X-ray photoelectron spectroscopy (XPS) with S-

ProbeTM2803 (Fisions Instrument Ltd.) The X-ray diffraction (XRD) patterns of each sample 

were analysed using Smart Lab X-Ray Diffractometer (Rigaku Corporation) with Cu Kα 

radiation (λ = 0.15418 nm, over the 2θ range of 10° – 80° with a step size of 0.02°)  

2.2.4 Electrochemical Characterization 
Electrochemical performance of the electrocatalysts was performed in rotating disk 

electrode RRDE-3A (ALS Japan) with three electrodes configuration in 0.1 M LiTFSI in 

tetra-ethylene glycol dimethyl ether (TEGDME) nonaqueous electrolyte with VSP potentiostat 

(Bio-logic Science Instruments). The working electrode was a 3 mm glassy carbon electrode 
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which was polished with alumina paste to get a smooth surface. Then, the electrocatalyst ink 

was prepared by dissolving 3 mg of active material and 3 mg of acetylene black in 1200 μL 

solution of 6:4 isopropyl alcohol and deionized water. Then, Nafion™ perfluorinated resin 

solution 5 wt% was added as a binder for 12 μL. 2.5 μL of electrocatalyst ink was dropped on 

the glassy carbon electrode which make the active material loading of 88.5 µg cm-2. A 

platinum coil was used as the counter electrode. Ag/Ag(NO3) which consisted of a silver wire 

and 0.01 M AgNO3, 0.1 M tetrabutylammonium perchlorate in acetonitrile electrolyte was 

used as the reference electrode for nonaqueous electrolyte. Electrochemical impedance 

spectroscopy (EIS) was performed to gather the impedance information of the electrocatalyst. 

Cyclic voltammetry (CV) plots were recorded by sweeping the potential between 1.8 to -2.5 

V vs Ag/Ag+ at a scan rate of 50 mVs-1 under 1600 rpm. 

2.3 Results and Discussion  

2.3.1  Characterisation of Electrocatalysts 
In the study of carbon-supported catalysts, various metal loadings were examined, 

revealing a similar carbon support structure across all loadings. As shown in Figure 2.1, Co 

PBI exhibited finely dispersed nanoparticles, while Fe PBI showcased larger nanoparticles 

but with superior distribution. Interestingly, the combination of Co and Fe yielded 

nanoparticles that demonstrated a fusion of these characteristics. Furthermore, it was observed 

that higher concentrations of CoFe2O4 resulted in an expanded coverage area. In Figure 2.2, 

the elemental mapping for PYPBI800 indicates that nitrogen is well distributed in the carbon 

structure. On the other hand, 20%CoFe2O4 PBI elemental mapping is illustrated in Figure 2.3 

which confirmed the well dispersion of the CoFe2O4 nanoparticles on PYPBI800. Similarly, 

the other sample also shown well distributed of the metal oxides nanoparticles as shown in 

Figure 2.4 for Co PBI, Figure 2.5 for Fe PBI, Figure 2.6 for 10%CoFe2O4 PBI, and Figure 2.7 

for 30%CoFe2O4 PBI. The elemental content determined from SEM-EDS is illustrated in 

Table 2.1. It can be observed that nitrogen content was significantly dropped compared to the 

metal-free PBI. Additionally, oxygen content was increased after the introduction of metal 

nanoparticles. These indicate the formation of metal oxides in the electrocatalysts. However, 

in the case of Co PBI, the oxygen content was much lower which could be referred to as 

metallic Co nanoparticles were formed.  

To confirm the formation of spinel CoFe2O4 on PBI, powder XRD were recorded as 

shown in Figure 2.8. The broad peak observed in the range of 10° to 30° corresponds to the 

presence of carbon in the PYPBI800 support[37]. Comparing the XRD patterns of 
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20%CoFe2O4 PBI and PYPBI800, it is evident that 20%CoFe2O4 PBI retains the basic 

characteristic peaks of PYPBI800, indicating that PYPBI800 remains relatively unaffected 

during the calcination of 20%CoFe2O4 PBI. In the XRD spectrum of 20%CoFe2O4 PBI, 

typical diffraction peaks are located at specific angles: 30.17°, 35.55°, 38.14°, 43.21°, 54.42°, 

57.08°, and 62.67°. These peaks can be indexed to the diffraction of CoFe2O4, corresponding 

to crystal planes (220), (311), (222), (400), (422), (511), and (440) (according to the PDF#22-

1086 database) [38]. In the case of Fe PBI, similar peaks were observed corresponding to the 

spinel structure of Fe3O4 according to PDF# 96–900-7645 database. Besides, apart from PBI, 

Co PBI exhibits a single peak at 44.4° peaks corresponding to crystal planes (111) of metallic, 

according to PDF#15-0806 database. The Scherrer formula, expressed as Equation 1, was 

employed to determine the average crystallite size of CoFe₂O₄ based on the intensity of the 

corresponding Bragg peaks. 

  "#$%&'(()&* 	%),*-Å/ = !"
#$%&'   (1) 

where k is a dimensionless shape factor having a value of 0.9, λ is the wavelength of X-rays 

used (1.5418 Å), β is full width at half maximum (FWHM) of the Bragg peak in radians, and 

θ is the diffraction angle. The crystallite size of CoFe2O4 in 20%CoFe2O4 PBI was found to be 

in the range of 15 - 20 nm. 

Figure 2.9a displays a high-resolution transmission electron microscope (HR-TEM) 

image of 20%CoFe2O4 PBI. The image reveals well-decorated, random-shaped CoFe2O4 

grains on the PBI support with a size of 10 – 20 nm which is in accord with XRD results. 

Additionally, the image also shows a high coverage area of CoFe2O4 nanoparticles compared 

to decorating on Vulcan XC-72[39] and carbon black[40]. This emphasized the SMSI effect 

by the nitrogen defects in the carbon structure. Nitrogen defects act as an anchoring site for 

CoFe2O4[27,28]. 

Figure 2.9b shows lattice fringes of 20%CoFe2O4 PBI, where the d-spacing value of 

0.253 nm, 0.210 nm, 0.170 nm, and 0.150 nm corresponds to the (311), (400), (422), and 

(420) plane of CoFe2O4, respectively. The observed clear lattice fringes align with the results 

obtained from the XRD pattern, confirming the presence of cubic spinel CoFe2O4. Moreover, 

the SAED pattern for the 20%CoFe2O4 PBI is depicted in Figure 2.9c. The clear diffraction 

rings and spots observed at 0.29, 0.25, 0.20, 0.16, and 0.14 nm are associated with the (220), 

(311), (400), (511), and (440) planes of CoFe2O4, respectively. Thus, these values from HR-

TEM showed good agreement with the values determined from Bragg’s Law as shown in 

Equation 2 where n is diffraction order (n=1) and d is the d-spacing. 
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12 = 24 sin 8   (2) 

 

 
Figure 2.1 SEM images of a) PBI800, b) Fe PBI, c) Co PBI, d )20%CoFe2O4 PBI, e) 10%CoFe2O4 PBI, and f) 30%CoFe2O4 

PBI 

 

Figure 2.2 SEM-EDS Mapping images of PYPBI800 a) Depicted area for EDS elemental mapping. b) Carbon c) Nitrogen 
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Figure 2.3 SEM-EDS Mapping images of Fe PBI a) Depicted area for EDS elemental mapping. b) Carbon c) Nitrogen d) 

Oxygen e) Iron 

 

Figure 2.4 SEM-EDS Mapping images of Co PBI a) Depicted area for EDS elemental mapping. b) Carbon c) Nitrogen d) 

Oxygen e) Cobalt 
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Figure 2.5 SEM-EDS Mapping images of 10%CoFe2O4 PBI a) Depicted area for EDS elemental mapping. b) Carbon c) 

Nitrogen d) Oxygen e) Iron f) Cobalt 

 

Figure 2.6 SEM-EDS Mapping images of 20%CoFe2O4 PBI a) Depicted area for EDS elemental mapping. b) Carbon c) 

Nitrogen d) Oxygen e) Iron f) Cobalt 
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Figure 2.7 SEM-EDS Mapping images of 30%CoFe2O4 PBI a) Depicted area for EDS elemental mapping. b) Carbon c) 

Nitrogen d) Oxygen e) Iron f) Cobalt 

 

Table 2.1 Composition of synthesized electrocatalysts acquired from SEM-EDS. 

Elemental Content (%wt.) 

Sample C N O Co Fe Metal Loading 

PYPBI800 70.47 23.54 5.99 - - - 

Fe PBI 62.21 4.74 13.00 - 20.05 20.05% 

Co PBI 69.37 7.41 3.34 19.88 - 19.88% 

20%CoFe2O4 PBI 58.25 7.94 12.80 10.36 10.65 21.01% 

10%CoFe2O4 PBI 64.27 13.32 11.24 5.70 5.47 11.17% 

30%CoFe2O4 PBI 54.38 7.47 12.46 13.27 12.42 25.69% 
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Figure 2.8 XRD patterns corresponded to Fe PBI, Co PBI, 20%CoFe2O4 PBI, and PBI800 

 
Figure 2.9 a) HR-TEM image, b) lattices fringes, and c) SAED pattern of 20%CoFe2O4 PBI  

XPS measurements were conducted to determine the cation state and surface chemical 

composition of PYPBI800, 20% CoFe2O4 Graphite, Co PBI, and Fe PBI 10% CoFe2O4 PBI, 

and 20% CoFe2O4 PBI. The survey spectrum for PYPBI800 reveal peaks corresponding to 

C1s, N1s and O1s as shown in Figure 2.10a. In the case of 20% CoFe2O4 Graphite, the C1s, 

O1s, Fe2p, and Co2p peaks are observed (Figure 2.10b). For Co PBI, the survey spectra 

reveal C1s, O1s, N1s, and Co2p peaks (Figure 2.10c), while Fe PBI reveals C1s, O1s, N1s, 

and Fe2p peaks as illustrated in Figure 2.10d. Besides, 10% CoFe2O4 PBI and 20% CoFe2O4 

PBI reveal similar peaks corresponding to C1s, N1s, O1s, Fe2p, and Co2p as shown in Figure 

2.10e and Figure 2.10f, respectively. 

The C1s deconvolution of all samples are illustrated on Figure 2.11a and Table 2.2. In 

can be seen that the peaks were shifted according to the developed C-N peak in PYPBI800 

supports. These could be owing to the charge transfer from the nanoparticles to the carbon 
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structure[41]. Moreover, the peak at 290.7 eV in 20% CoFe2O4 Graphite indicate the p-p* 

bond[42,43] which was not observable in PYPBI800 supports. This is the evidence that the p-

p* bond is perturbated by the nitrogen defects.  

The N1s deconvolution of 20%CoFe2O4 PBI exhibits peaks at 397.6, 399.0, 400.5, 

and 404.0 eV, assignable to pyridinic-N, metal-N, graphitic-N, and oxidized-N, 

respectively[44] as shown in Figure 2.11b and Table 2.3, while PYPBI800 N1s peak is 

deconvoluted into pyridinic-N, graphitic-N, and oxidized-N at the binding energy of 397.9, 

400.5, and 404.0 eV. According to the results can be seen that the peak at 399.0 eV in 

20%CoFe2O4 PBI which corresponds to metal-N has appeared compared to PYPBI800. This 

metal-N illustrate that the metal oxide nanoparticles are anchored on the carbon support at N-

defect sites, indicating SMSI between PYPBI800 support and CoFe2O4 nanoparticles[45]. 

The O1s spectra reveal peaks at 529.0 and 530.3 eV (associated with absorbed water 

and metal-O[12] in the carbon structure[46]) as shown in Figure 2.12 and Table 2.4. The 

metal-O is corresponded to the O in the metal oxide structure. Regularly, PYPBI800 does not 

contain oxygen in the carbon structure, hence O1s spectra for PYPBI800 show only absorbed 

water at 532.3 eV. Moreover, decoration of metal oxide nanoparticles led to a significant shift 

that correspond to oxygen in the spinel oxide structure Besides, the metal-O peak is not 

observed in Co PBI. This indicates that the nanoparticles in this sample are in metallic form 

instead of metal oxide in accord with XRD and SEM-EDS results.  

Regarding the Co2p deconvolution of 20%CoFe2O4 PBI, five peaks are observed. The 

fitting results indicate that the peaks at 772.7 eV indicate Co-N[47] in CoFe2O4 decorated 

samples as shown in Figure 2.13a and Table 2.5. The metallic Co0 is also observed at 776.3 

eV. Also, the peaks at 779.7 and 795.3 eV correspond to Co2+ at the octahedral sites, while the 

peaks at 782.2 and 796.98 eV indicated Co3+ at the tetrahedral sites [48]. Compared to pure 

CoFe2O4 nanoparticles[45] and 20% CoFe2O4 Graphite, the peak for Co-N at 773.4 eV was 

not observed, also the peaks for Co2+ are located at 780.7 and 796.3 eV which are shifted by 

1.0 eV. These are the evidence that SMSI is also observable in 20%CoFe2O4 PBI at Co 2p 

region. When compared to Co PBI, the satellites peak of 20%CoFe2O4 PBI was much stronger 

due to the Fe LMM line[48,49].  

Fe2p spectrum of 20%CoFe2O4 PBI revealed 7 peaks. The peaks at 709.6 and 722.7 

eV correspond to the binding energy of Fe3+ 2p3/2 and Fe3+ 2p1/2 at the octahedral sites, 

respectively. Besides, the binding energy at 712.1 and 724.8 eV correspond to Fe3+ 2p3/2 and 

Fe3+ 2p1/2 at the tetrahedral sites as illustrated in Figure 2.13b and Table 2.6. Moreover, the 



51 
 

strong satellite peak at 717.8 eV could potentially indicate the existence of a minor quantity 

of Fe2+ in the sample[48,49]. In comparison to Fe PBI, they exhibit similar Fe3+ species. The 

pure CoFe2O4 nanoparticles [12] and 20% CoFe2O4 Graphite show peaks at 710.9 and 724.2 

eV in Fe 2p region. The broader satellite peaks at 717.8 and 728.9 eV are overlaid by the 

Auger line originating from the Co. Thus, decorating CoFe2O4 nanoparticles on PYPBI800 

was shown to cause a peak shift by 1.0 – 1.5 eV confirming the SMSI[50,51]. From XPS 

results, the structure of CoFe2O4 is partially inversed spinel type which could be represented 

by (Co0.2Fe0.80)Tet(Co0.86Fe1.14)OctO4. 
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Figure 2.10 XPS survey spectra for a) PYPBI800, b) 20%CoFe2O4 Graphite, c) Co PBI, d) Fe PBI, e) 10%CoFe2O4 PBI, and 

f) 20%CoFe2O4 PBI 
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Figure 2.11 XPS spectra of PYPBI800, 20%CoFe2O4 Graphite, Co PBI, Fe PBI, 10%CoFe2O4 PBI, and 20%CoFe2O4 PBI at 

a) C 1s region and b) N 1s region. 
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Figure 2.12 XPS spectra at O 1s region of PYPBI800, 20%CoFe2O4 Graphite, Co PBI, Fe PBI, 10%CoFe2O4 PBI, and 

20%CoFe2O4 PBI 
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Figure 2.13 XPS spectra of PYPBI800, 20%CoFe2O4 Graphite, Co PBI, Fe PBI, 10%CoFe2O4 PBI, and 20%CoFe2O4 PBI 

at a) Co 2p region and b) Fe 2p region. 

Table 2.2 Peaks corresponded to C 1s region of XPS spectra 

Electrocatalysts 
C 1s (eV) 

C – C C – N C – O C – C(sp3) p – p* 

PYPBI800 284.4 285.1 286.6 - - 

Co PBI 284.1 285.0 286.9 - - 

Fe PBI 284.4 285.1 286.6 - - 

10%CoFe2O4 PBI 283.8 284.8 286.1 - - 

20%CoFe2O4 PBI 283.9 284.9 285.7 - - 

20%CoFe2O4 Graphite 284.4 - 285.6 285.0 290.8 
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Table 2.3 Peaks corresponded to N 1s region of XPS spectra 

Electrocatalysts 
N 1s (eV) 

Pyridiinc-N Metal-N Graphitic-N N-oxide  

PYPBI800 397.9 - 400.5 404.0  

Co PBI 397.4 399.0 400.2 404.0  

Fe PBI 397.9 399.0 400.5 404.0  

10%CoFe2O4 PBI 397.9 399.0 400.5 404.0  

20%CoFe2O4 PBI 397.6 399.0 400.1 404.0  

20%CoFe2O4 Graphite - - - -  

 

Table 2.4 Peaks corresponded to O 1s region of XPS spectra 

Electrocatalysts 
O 1s (eV) 

Absorbed water Metal-O O2 Defects  

PYPBI800 532.3 - -  

Co PBI 530.9 - -  

Fe PBI 530.0 532.4 -  

10%CoFe2O4 PBI 530.8 529.5 -  

20%CoFe2O4 PBI 530.8 529.5 -  

20%CoFe2O4 Graphite 531.5 - 529.8  

 

Table 2.5 Peaks corresponded to Co 2p region of XPS spectra 

Electrocatalysts 
Co 2p (eV) 

Co-N Metallic Co Co3+ 2p3/2 (Tet) Co3+ 2p1/2 (Tet) Co2+ 2p3/2 (Oct) Co2+ 2p1/2 (Oct) 

PYPBI800 - - - -   

Co PBI 770.0 775.4 777.6 792.6 780.7 796.1 

Fe PBI - - - -   

10%CoFe2O4 PBI 772.7 776.3 782.2 796.9 780.0 795.4 

20%CoFe2O4 PBI 772.7 776.3 782.2 796.9 779.7 795.4 
20%CoFe2O4 Graphite - 776.6 782.4 798.4 780.4 796.3 
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Table 2.6 Peaks corresponded to Fe 2p region of XPS spectra 

Electrocatalysts 
Fe 2p (eV) 

Fe2+ (Sat.) Metallic Fe Fe3+ 2p3/2 (Tet) Fe3+ 2p1/2 (Tet) Fe3+ 2p3/2 (Oct) Fe3+ 2p1/2 (Oct) 

PYPBI800 - - - -   
Co PBI - - - -   
Fe PBI 718.0 706.8 712.5 724.4 710.1 723.0 
10%CoFe2O4 PBI 718.3 706.8 712.9 724.9 710.2 722.8 
20%CoFe2O4 PBI 717.4 706.2 712.1 724.9 709.1 722.7 
20%CoFe2O4 Graphite 716.23 707.9 712.4 724.0 709.9 722.0 

 

2.4 Electrocatalytic Performance of Electrocatalysts 
To get insight into the catalytic activity of 20%CoFe2O4 PBI toward ORR and OER, the 

electrocatalytic activity of the 20%CoFe2O4 PBI in 0.1 M LiTFSI in TEGDME was 

investigated using a standard three-electrode configuration. PBI800, Co PBI, Fe PBI, 

10%CoFe2O4 PBI, and 30%CoFe2O4 PBI were also tested for comparison. Figure 2.14a 

displays the CV curves for PBI800, Co PBI, Fe PBI, and 20%CoFe2O4 PBI electrocatalysts, 

recorded at a scan rate of 50 mV/s. All the electrocatalysts exhibit a distinct ORR peak in the 

CV curves recorded under an O2 atmosphere. Notably, there are discernible differences in the 

limiting current density for each case. Interestingly, 20%CoFe2O4 PBI electrocatalyst 

demonstrates a significantly higher limiting current density of -4.07 mAcm-2 compared to the 

others. Upon comparison across 10% and 30% loadings of CoFe2O4, the CV shows that the 

20%CoFe2O4 PBI loading remains to have the highest limiting current density as shown in 

Figure 2.14b. Similarly, the OER part of CV shows that 20%CoFe2O4 PBI has the highest 

current density. The results suggest that the 20%CoFe2O4 PBI electrocatalyst exhibits superior 

electrocatalytic activity toward ORR and OER when compared to the other electrocatalysts. 

Due to the synergized of Co and Fe in the spinel CoFe2O4 structure, six possible pathways 

towards OER have been proposed[52]. The coulombic efficiency of each electrocatalyst was 

separately calculated from CV cathodic and anodic region. As shown in Figure 2.15, 

20%CoFe2O4 PBI has the coulombic efficiency of 83% which is significantly improved 

compared to PYPBI800 with 59%. The coulombic efficiency of Co PBI, Fe PBI, 10%CoFe2O4 

PBI, and 30%CoFe2O4 PBI are 70%, 70%, 80%, and 66%, respectively. Thus, 20%CoFe2O4 

PBI has the highest reversibility compared to other electrocatalysts. The 20%CoFe2O4 PBI 

exhibits a highest limiting current density due to the conductivity of the CoFe2O4 

nanoparticles, concluding that the results aligns with the electrochemical impedance 
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spectroscopy data. As depicted in Figure 2.16a, Rs represents the ohmic resistance of the 

electrode – electrolyte interface, according to the high-frequency intercept of the semicircle 

on the real axis. The combination of charge-transfer resistance (Rct) and the double layer 

capacitance (Cdl) are indicated by the semicircle in the high- and medium-frequency regions. 

The tail in the low-frequency Warburg-like emerges from electric double layer formation 

(steep slope region) and diffusion-controlled process (low slope region) [53]. The transmission 

line model (TLM) has been employed to analyze the impedance characteristics of porous 

electrodes in Li-ion batteries, metal-O2, and LABs [54–56]. Specifically, the Warburg-like 

linear region in TLM corresponds to the resistance of ionic resistance in the pores (Rion) [57]. 

The Warburg-like projection can be used to estimated Rion impedance. According to the fitted 

results in Figure 2.16b, the ohmic resistance (Rs) the electrocatalysts at open circuit voltage 

(OCV) are approximately 700 – 900 Ω, except Co PBI which has the Rs at 1,043 Ω. However, 

Co PBI exhibits lowest Rct according to conductivity of metallic cobalt. The Rct of the 

electrocatalysts are approximately 2200 – 2500 Ω. However, a notable difference is observed 

in the Rion. The Rion of the 20%CoFe2O4 PBI electrode is measured to be 1688.1 Ω, compared 

to 1,009.5 Ω for the PYPBI800 electrode, suggesting a lower ionic transfer process in the pore 

for the 20%CoFe2O4 PBI electrode. Based on Rion, by decorating CoFe2O4 nanoparticles on 

PYPBI800, the conductivity of the CoFe2O4 nanoparticles has increased. As depicted in Table 

2.7, PYPBI800 has the least Rion, and the Rion increased with higher loading of metal oxides. 

However, in the case of Co PBI, the particles size was much finer according to the SEM 

result. Thus, these finer particles were able to block the pores resulted as higher Rion at the 

same metal loading.  

The Fe3+ sites in CoFe2O4 PBI serve as reaction centers for OER, while the Co2+ sites 

provide conductivity and favorable synergetic effects for Fe3+ sites [52,58]. Also, the 

extensive surface area with N heteroatom defects of the PBI provides abundant nucleation 

sites for CoFe2O4 nanoparticles which serve as active sites for ORR and OER. The CoFe2O4 

nanoparticles formed on the support exhibit SMSI which leads to high electrocatalytic activity 

and stability. The SMSI enhance the resistance to poisonous species which might occur during 

ORR and OER [59]. 
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Figure 2.14 CV plot comparing a) different metal content and b) different metal loading at 1600 rpm at a scan rate of 50 

mVs-1 in 0.1 M LiTFSI in TEGDME under O2 atmosphere. 

 
Figure 2.15 Coulombic efficiency of electrocatalyst calculated from CV at 1600 rpm at a scan rate of 50 mVs-1 in 0.1 M 
LiTFSI in TEGDME under O2 atmosphere. 
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Figure 2.16 Potentiostatic electrochemical impedance spectroscopy of electrocatalyst calculated at 1600 rpm in 0.1 M 
LiTFSI in TEGDME under O2 atmosphere. 

Table 2.7 Potentiostatic electrochemical impedance spectroscopy parameter from Nyquist plot fitting 

Electrocatalyst Rs (Ω) Rct (Ω) Rion (Ω) 
PYPBI800 828.5 2325 1009.5 
10%CoFe₂O₄ PBI 723.5 2356 1561.5 
20%CoFe₂O₄ PBI 733.3 2404 1688.1 
30%CoFe₂O₄ PBI 769.1 2417 2204.7 
Co PBI 1043.0 2256 2709.0 
Fe PBI 806.6 2425 1651.2 

 

2.5 Conclusions  
 In this study, spinel CoFe2O4 decorated on PYPBI800 were synthesized as 

electrocatalyst. CoFe2O4 with the size of 15 – 20 nm were well distributed according to SEM 

images. On the other hand, XRD and HR-TEM confirmed the formation of the spinel structure 

of CoFe2O4. More importantly, the strong metal-substrate interaction (SMSI) is confirmed by 

the developed metal-N peak in N1s region of XPS spectra. Furthermore, the shifted peaks in 

both Co2p and Fe2p regions of XPS spectra also indicate the SMSI from the CoFe2O4 

decorated on PYPBI800 electrocatalysts. The bifunctional electrocatalytic activity toward 

ORR and OER was enhanced by the SMSI due to the bonding state of Co2+ and Fe3+ in the 

spinel structure as the active sites. Remarkably, the 20%CoFe2O4 PBI electrocatalysts 

exhibited an improved catalytic limiting current density compared to other synthesized 

electrocatalysts. The catalytic activity of 20%CoFe2O4 PBI can be attributed to the synergistic 

contribution of CoFe2O4 nanoparticles, and the N doped carbon support network. 
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Chapter 3 CoFe2O4 Nanoparticles on Bio-based 
Polymer Derived Nitrogen Doped Carbon as Bifunctional 
Electrocatalyst for Li-air Battery 

Abstract 
Lithium-air batteries (LABs) are gaining attention as a promising energy storage solution. 

Their theoretical energy density of 3,505 Whkg-1 exceeds that of conventional lithium-ion 

batteries (500 – 800 Whkg-1). The commercial viability and widespread adoption of lithium-

air batteries face challenges such as poor cycling stability, limited lifespan, and unresolved 

side reactions. In this study, we synthesized spinel CoFe2O4-decorated on bio-based poly(2,5-

benzimidazole) derived N-doped carbon for electrocatalysts. Notably, strong metal-substrate 

interaction (SMSI) was observed through various characterizations. The bifunctional 

electrocatalytic activity and stability toward oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER) were significantly enhanced by the SMSI, The LAB (lithium-air 

battery) demonstrated a high discharge capacity of 18,356 mAhg-1 at a current density of 200 

mAg-1, maintaining a remarkable discharge capacity of 1,000 mAhg-1 even at a high current 

density of 400 mAg-1 for 200 cycles. CoFe2O4-decorated on bio-derived ABPBI holds 

promise as a practical air-breathing electrode for high-capacity rechargeable LABs. 

3.1 Introduction 
Lithium-ion batteries (LIBs) have been widely used as rechargeable energy sources for 

portable electronic devices over the past few decades. While cutting-edge LIBs have 

demonstrated a 10-year operational lifespan and have been successful in consumer electronics, 

they do not meet the energy-density demands required for grid-scale energy storage. Given the 

growing energy requirements of modern devices such as smartphones, laptops, and tablets, 

there is a concerted effort to enhance the capacity of existing Li-ion batteries. Researchers are 

actively exploring alternative active materials to create more cost-effective LIBs with 

significantly higher energy density, all while ensuring acceptable cycle life and safety 

On the other hand, the global scientific community has long recognized the pressing need 

for advanced energy storage systems. Among the various options, lithium-air batteries (LABs) 

stand out due to their exceptional theoretical energy density of 3,505 Whkg-1 [1], surpassing 

that of typical lithium-ion batteries (500–800 Whkg⁻¹)[2]. LABs leverage atmospheric oxygen 
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as a reactant, but practical challenges such as poor cycling stability, limited lifespan, and 

unresolved side reactions hinder their commercial viability [3]. Addressing these obstacles 

through rigorous research and development efforts is crucial. The primary challenges lie in the 

air cathode, which comprises porous material for Li₂O₂ storage and electrocatalysts to facilitate 

oxygen reduction and evolution reactions. Developing efficient electrocatalysts is essential to 

realize LABs’ full theoretical potential. 

Consequently, the imperative for rigorous research and development efforts aimed at 

overcoming these obstacles cannot be overstated. The air cathode which consists of porous 

material to store Li2O2 and electrocatalysts to facilitate oxygen reduction reaction (ORR) and 

oxygen evolution reaction (OER) are the major components that affect LABs performance. The 

sluggish oxygen kinetics from these reactions are a major issue that hindered their performance 

compared to their theoretical performance. Hence, researchers have been developing 

electrocatalysts to enhance ORR/OER electrocatalytic activity to achieve the theoretical 

performance of LABs. 
In recent times, researchers have investigated the modification of LAB cathode in several 

aspects including morphology/nanostructure engineering, heteroatom doping, defect 

engineering, and functionalization engineering[4]. According to the chemical and physical 

properties, nanostructured materials have recently garnered significant interest as electrodes 

for LABs. Moreover, the shape, particle size of these nanostructured electrodes, and the 

influence of the support material play a crucial role in their electrocatalytic performance. 

Various metal or metal oxide nanoparticles have been employed in electrochemical energy 

storage devices to deliver both high power and high energy density, thanks to their large 

surface-to-volume ratio. For instance, cobalt ferrite (CoFe2O4) nanoparticles have been 

investigated as cathode electrocatalysts in LABs. While bulk CoFe2O4 was shown to offer a 

high initial discharge capacity, it experienced a swift initial capacity fade. This capacity drop 

issue could be resolved by either altering the size and shape of the CoFe2O4 electrode or 

supporting it on carbonaceous materials. Cao and co-workers demonstrated an increase in 

capacity by using graphene as a support material for CoFe2O4 in LAB, increasing from 1200 

mAhg-1 of CoFe2O4 to 2116 mAhg-1 of the combined graphene and CoFe2O4[5]. However, the 

commercialization of carbon nanotubes and graphene is currently challenging, time-intensive, 

and expensive. As a result, Vulcan XC-72, a commercial and inexpensive carbon support 

material with excellent electrical and thermal conductivity, has been used for creating 

uniformly dispersed and more cost-effective CoFe2O4-based designs by Sener et al[6]. The 

different loading of CoFe2O4 on Vulcan XC-72 was employed as LAB cathodes. At 16.4 %wt 
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loading, the higest capacity for LAB was 7510 mAhg-1. 

Moreover, decoration of CoFe2O4 on heteroatom doped carbon support is able to promote 

LAB performance. Gong et al presented a composite of inverse spinel Co[Co,Fe]O4 and 

nitrogen-doped graphene (NG), which shows promise as a electrocatalyst for rechargeable Li–

O2 batteries[7]. The batteries using this Co[Co,Fe]O4/NG electrocatalyst demonstrate a high 

initial capacity of 13292 mAhg-1, impressive cyclability for more than 110 cycles with 1000 

mAh g-1 cut-off capacity, and solid rate capability. Furthermore, the overpotential of the LABs 

is significantly lowered. The enhanced ORR and OER performances can be credited to the 

favorable properties of inverse spinel structure Co[Co,Fe]O4 for ORR and the increased 

electronic conductivity of the N-doped graphene. N defects in the carbon structure play 

important roles. Hence, incorporating more defects to the carbon support is one the strategy to 

enhance LAB performance[1,4,8] 

In this study, we introduced spinel cobalt iron oxide (CoFe2O4) nanoparticles decorated on 

pyrolyzed poly(2,5-benzimidazole) (PYPBI800) as the bifunctional electrocatalyst for LABs. 

The electrocatalyst was synthesized through pyrolysis of PBI followed by incipient wetness 

impregnation calcination on the metal precursors. The SMSI between CoFe2O4 and PYPBI800 

has been confirmed with X-ray photoelectron spectroscopy. Due to synergistic properties of 

CoFe2O4 and the nitrogen doping, these electrocatalysts also modulate the electronic state of 

metals, facilitating oxygen adsorption and desorption at the electrode. When employed as an 

electrocatalyst in LAB, the electrocatalyst exhibited promising discharge capacity and stability 

over 200 cycles at 400 mAhg-1 with low overpotential at 140 mV. To the best of our knowledge, 

this will be the first study to employ bio-derived PYPBI800 as a support for CoFe2O4 in LAB 

application. 

3.2 Experimental 

3.2.1 Electrocatalyst Preparation  
The electrocatalysts was prepared according to the previous chapter. Briefly, The ABPBI 

precursor was synthesized by polycondensation of 3,4-diaminobenzoic acid (DABA) using 

30 g polyphosphoric acid (PPA) as a condensation agent. The mixture was heated and stirred 

at 160 ⁰C to 200 ⁰C under N2 atmosphere. The obtained ABPBI was rinsed, dried, and ground 

into powder. The powder was then treated with 10% KOH to remove remaining PPA, filtered, 

and dried. The ABPBI was then carbonized under N2 atmosphere in a tube furnace, at 800 ⁰C 

with 5 ⁰C min-1. The product was activated in 1 M HCl, washed, and dried. The final product, 

labelled as PYPBI800. PYPBI800 yield was around 25% compared to the initial monomer. 
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Then, PYPBI800-supported CoFe2O4 were prepared using the co-incipient wetness 

impregnation method. Cobalt(II) nitrate hexahydrate and iron(III) nitrate nonahydrate were 

dissolved in a mixture of ethylene glycol and DI water at the ratio of 3:1, respectively to 

obtain. Then, incorporated into PYPBI800 for a total metal loading of 20%. The samples were 

dried, then calcinated under N2 atmosphere in a tube furnace, with the temperature gradually 

raised to 550 ⁰C. The samples were denoted as 20% CoFe2O4 PBI, Co PBI, and Fe PBI. 

Additionally, 10% and 30% CoFe2O4 were prepared to study the effects of metal loading. 

3.2.2 Characterisation of Electrocatalyst 
The electrocatalyst characterization has been done according to the previous chapter. 

Briefly, the morphology and elemental composition were examined using scanning electron 

microscopy with energy dispersive X-ray spectrometers (SEM-EDS), specifically the 

Tabletop Microscope TM3030 plus and the AZtec Series from Oxford Instruments. The size 

of nanoparticles, crystal plane, and composite formation were determined using a high-

resolution transmission electron microscope (HR-TEM) and the JEM-ARM200F instrument. 

The chemical composition and oxidation state were identified using X-ray photoelectron 

spectroscopy (XPS) with the S-ProbeTM2803. Lastly, the X-ray diffraction (XRD) patterns 

were analyzed using the Smart Lab X-Ray Diffractometer with Cu Kα radiation, scanning 

over a 2θ range of 10° – 80° with a step size of 0.02°. 

3.2.3 Electrochemical Characterisation 
Electrochemical performance of the electrocatalysts was performed in rotating disk 

electrode RRDE-3A (ALS Japan) with three electrodes configuration in 0.1 M LiTFSI in 

tetra-ethylene glycol dimethyl ether (TEGDME) nonaqueous electrolyte with VSP potentiostat 

(Bio-logic Science Instruments). The working electrode was a 3 mm glassy carbon electrode 

which was polished with alumina paste to get a smooth surface. Then, the electrocatalyst ink 

was prepared by dissolving 3 mg of active material and 3 mg of acetylene black in 1200 μL 

solution of 6:4 isopropyl alcohol and deionized water. Then, Nafion™ perfluorinated resin 

solution 5 wt% was added as a binder for 12 μL. 2.5 μL of electrocatalyst ink was dropped on 

the glassy carbon electrode. The counter electrode employed the Pt coil. The reference 

electrode for nonaqueous electrolyte was Ag/Ag(NO3) which consisted of a silver wire and 

0.01 M AgNO3, 0.1 M tetrabutylammonium perchlorate in acetonitrile electrolyte. 

Electrochemical impedance spectroscopy (EIS) was performed to gather the impedance 

information of the electrocatalyst. The linear sweep voltammetry (LSV) was obtained by 

sweeping the potential from 0 to -2.5 V vs Ag/Ag+ for ORR and from 0 to 0.18 V vs Ag/Ag+ 
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for OER at a scan rate of 5 mVs-1 under 1600 rpm. All experiments were carried out at 25⁰C 

controlled temperature. 

3.2.4 Li−Air Battery Fabrication and Testing 
To create the battery cathode, a slurry containing active materials, acetylene black, and 

poly(vinylidene fluoride) (PVDF) binder in a 4:5:1 ratio was dissolved in N-methyl 

pyrrolidone as a solvent to obtain a uniform dispersion. The slurry was coated onto 12 mm 

diameter disks GDL-coated carbon cloth (MTI Corporation, BCGDL1400s). The electrode 

was then prepared with brush coating and followed by drying in a vacuum oven at 80°C 

overnight. After drying, the electrode underwent hot pressing at 80°C overnight to achieve a 

uniform coating thickness, each serving as a cathode in the fabricated battery. The LABs were 

assembled in punched 2025-coin cells. The cell base punched portion was covered by nickel 

mesh acting as an oxygen window. The 1.0 M LiTFSI in TEGDME, with 0.1 M LiI as a redox 

mediator was used as the electrolyte for the cell. Prior to the electrolyte preparation, the 

TEGDME trace water was remove by drying with activated molecular sieves. Glass fiber 

(GF/D), polypropylene (PP), and polytetrafluoroethylene (PTFE) were employed as 

separators. These separators were soaked with 100 μL of the electrolyte. The anode of the cell 

was employing a lithium disk with12 mm in diameter. The cells were assembled in an argon 

glovebox with oxygen and water content below 1 ppm. LABs testing took place in a custom-

built, leak-proof chamber filled with oxygen. The LABs testing conditions are at 25⁰C under 

1 bar O2 atmosphere. LABs evaluations were conducted using a Versastat electrochemical test 

station. Firstly, the initial discharge was studied with a current density of 200 mAg-1, and cut-

off voltage at 4.5 V and 2.0 V for charge and discharge, respectively.  Then, stability tests 

were performed with charge and discharge capacity limited to 1,000 mAhg-1 and a current 

density of 400 mAg-1. The limited capacity and current density were based on the weight of 

the active material. 

3.3 Results and Discussion 

3.3.1 Characterisation of Electrocatalysts 
According to the previous chapter, PYPBI800 was decorated with spinel CoFe2O4 

nanoparticles through a synthesis process. The SEM images revealed that the CoFe2O4, which 

ranged in size from 15 to 20 nm, were evenly distributed. The formation of the spinel structure 

of CoFe2O4 was validated by XRD and HR-TEM. The strong metal-substrate interaction 

(SMSI) was evidenced by the appearance of a metal-N peak in the N1s region of the XPS 
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spectra. The SMSI from the CoFe2O4 decorated on PYPBI800 electrocatalysts was further 

indicated by the shifted peaks in the Co2p and Fe2p regions of the XPS spectra. The 

bifunctional electrocatalytic activity towards ORR and OER was amplified by the SMSI, 

along with the changes in bonding state of Co2+ and Fe3+ in the spinel structure serving as the 

active sites. Notably, the 20%CoFe2O4 PBI electrocatalysts displayed a significantly enhanced 

catalytic limiting current density compared to other synthesized electrocatalysts. The superior 

catalytic activity of the 20%CoFe2O4 PBI can be ascribed to the combined effect of the 

CoFe2O4 nanoparticles, and the N doped carbon support network. 

3.3.2 Electrocatalytic Performance of Electrocatalysts 
Apart from CV in the previous chapter, the ORR activity of all the synthesized 

electrocatalysts was further compared with IR-corrected LSV curves, acquired at a scan rate 

of 5 mVs-1 and a rotation rate of 1600 rpm. The obtained voltammograms are presented in 

Figure 3.1a and b. Notably, the onset potential of noble metal-based electrocatalysts in 

nonaqueous electrolyte is around -1.0 V vs Ag/Ag+[9]. In contrast, the LSV curve for the 

CoFe2O4 PBI electrocatalysts as shown in Table 3.1, exhibits a lower onset potential of -0.85 

V vs Ag/Ag+. Remarkably, the present catalyst demonstrates significantly superior onset 

potential compared to that of the noble metal electrocatalyst. However, the limiting current 

density was lower compared to the noble metal electrocatalysts. Figure 3.1c and d present IR-

corrected LSV curves for the electrocatalysts, acquired at a scan rate of 5 mVs-1 and a rotation 

rate of 1600 rpm. The OER peak that appeared at around 0.9 V vs Ag/Ag+ in CV did not 

appear in LSV. It could be explained that OER in TEGDME is scan rate sensitive, so at a 

lower scan rate OER peak is not observable[10]. In this case, the onset for OER shifted to 

approximately 1.04 V vs Ag/Ag+ as shown in Table 3.1. Combining results from CV and LSV, 

it could be seen that CoFe2O4 PBI electrocatalysts were able to catalyze both ORR and OER 

in nonaqueous electrolyte. This enhanced ORR and OER activity is a critical prerequisite for 

utilizing as an air-breathing electrode in LAB. 

The catalytic kinetics of these electrocatalysts were additionally assessed using Tafel 

slopes (as shown in Figure 3.2). In ORR there are two stages of kinetics due to the TEGDME 

base electrolyte. The reaction moves from step 1 to step 2 rapidly as it can be seen in a single 

ORR peak rather than 2. Therefore, in Figure 3.2a and b, there are two values of Tafel slope 

from each electrocatalyst. 20%CoFe2O4 PBI exhibits the lowest Tafel slope among its 

counterparts which are 364.2 mVdec-1 and 592.1 mVdec-1 for the first and second step, 

respectively. However, comparing different metal loading, 10% CoFe2O4 PBI has Tafel slope 
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of 366.3 mVdec-1 and 577.6 mVdec-1 which is even lower than 20% CoFe2O4 PBI. In the case 

of OER as shown in Figure 3.2c and d, CoFe2O4 PBI electrocatalysts also show better 

performance compared to their counterparts. This observation suggests more favourable ORR 

and OER kinetics for the CoFe2O4 PBI electrocatalysts, specifically 10%CoFe2O4 PBI. 

 

 
Figure 3.1 LSV plot comparing a) ORR on different metals, b), ORR on different CoFe2O4 content c) OER on different metals 

d) OER on different CoFe2O4 content at 1600 rpm at a scan rate of 5 mVs-1 in 0.1 M LiTFSI in TEGDME under O2 

atmosphere. 
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Table 3.1 Onset potential for ORR and OER determined from LSV at scan rate of 5 mVs-1 in 0.1 M LiTFSI in TEGDME under 

O2 atmosphere of synthesized electrocatalysts. 

Sample ORR onset Potential (V vs Ag/Ag+) OER onset Potential (V vs Ag/Ag+) 

PYPBI800 -0.902 1.107 

10%CoFe₂O₄ PBI -0.846 1.035 

20%CoFe₂O₄ PBI -0.848 1.052 

30%CoFe₂O₄ PBI -0.847 1.02 

Fe PBI -0.845 1.044 

Co PBI -0.851 1.043 

 

 

Figure 3.2 Tafel plots comparing different metal content in a) ORR and b) OER, and different metal loading in c) ORR and d) 

OER at 1600 rpm at a scan rate of 5 mVs-1 in 0.1 M LiTFSI in TEGDME under O2 atmosphere 
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Figure 3.3 a)ORR and b)OER mechanism pathways on cathode in non-aqueous LAB 

 

3.3.3 Li-Air Battery Evaluation 
Given the remarkable ORR and OER activity demonstrated by the CoFe2O4 PBI 

electrocatalysts, a practical application in LABs was conducted. The electrocatalysts were 

evaluated as air-breathing electrodes in a CR-2032 coin-type cell LABs with their 

counterparts. The initial discharge curves for LAB coin cells with different electrocatalysts on 

the air-cathode within the 2.0 V cut-off voltage at 200 mAg-1 were presented in Figure 3.4a. 

The discharge voltage plateau for 20%CoFe2O4 PBI was observed at 2.65 V, at 2.70 V for Co 

PBI, 10%CoFe2O4 PBI, and 30%CoFe2O4 at 2.75 V for Fe PBI and 2.50 V for PYPBI800. 

The capacity of 18,356 mAhg-1 was observed from 20%CoFe2O4 PBI, 16,595 mAhg-1 for 

10%CoFe2O4 PBI, 14,935 mAhg-1 for 30%CoFe2O4 PBI, 2,576 mAhg-1 for Co PBI, 4,176 

mAhg-1 for Fe PBI and 1,596 mAhg-1 for PYPBI800. The discharge capacity of 20%CoFe2O4 

PBI are comparable to the noble metal LAB[11]. The introduction of metal NPs into N-doped 

carbon structure significantly improved its discharge capacity. Moreover, decorating 

bimetallic Co-Fe NPs which later formed spinel CoFe2O4 provided a synergising effect and 

drastically improved the discharge capacity by 3 - 4.5 folds compared to its Fe and Co 

counterpart, respectively. However, too much metal loading led to the blockage of PYPBI800 

pores which prevented the formation of Li2O2 and resulted in a lower discharge capacity in 

30%CoFe2O4 PBI [12].  

To compare the LAB performance, the initial discharge capacity of LABs reported in the 

literature with the present work is shown in Table 3.2. The initial discharge capacity of 

CoFe2O4 PBI electrocatalyst on air-cathode is comparable or higher with similar 

electrocatalysts which are normally decorated on pristine carbon. Furthermore, the charge – 

discharge capacity before and after 200 charge-discharge cycles at 400 mAg-1 were tested as 

depicted in Figure 3.4b and Figure 3.4c. The charging voltage has been reduced while the 

discharge voltage was increased. Both charge and discharge show sign of further stability. To 
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obtain further charge – discharge data, the results of 200 cycle-life data are depicted in Figure 

3.5. In every sample, the 1st cycle depicted high overpotential which might cause by the 

impurity on the cathode surface. This revealed that the battery maintains a discharge capacity 

as high as 100% even after the 200 th cycle, demonstrating exceptional stability. The 

overpotential and energy efficiency for each sample are illustrated in Figure 3.6. In the case 

of LAB with 20%CoFe2O4 PBI cathode, overpotential remains consistently low at 140 mV 

throughout the examined cycle range. Besides, Fe PBI possess similar overpotential with 

slightly higher energy efficiency, however the overpotential start to increase after 50 cycles. 

 

 
Figure 3.4 a) Initial discharge of LABs at the discharge current density of 200 mA g-1, cyclic stability of LABs at current 

density of 400 mA g-1 for b) 1st cycle, and c) 200th cycle. 
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Figure 3.5 Cyclic stability of LABs at current density of 400 mA g-1 from 1st cycle to 200th cycle employing a) PYPBI800, b) 
Co PBI, c) Fe PBI, d) 10%CoFe2O4 PBI, e) 20%CoFe2O4 PBI, and f) 30%CoFe2O4 PBI as cathodes. 
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Table 3.2 Comparison of discharge capacity of the LAB reported in literatures. 

Electrocatalyst Discharge Capacity (mAhg-1) Reference 
MnO2/Carbon submicron tube 4675 [13] 
MnO2/Co3O4 5738 [14] 
MnO2/C 4150 [15] 
Ni/NiFe2O4@C 3820 [16] 
r-Co3O4@Ni 4448 [17] 
Co/CoFe2O4/Carbon 4320 [18] 
CoFe2O4/Vulcan XC-72 7510 [6] 

CoFe2O4/PBI (N-doped Carbon) 18356 This work 

 

This exceptional performance of 20% CoFe2O4 PBI are from the Fe3+ sites that act as 

the reaction sites for OER, while the Co2+ sites contribute to conductivity and create beneficial 

synergistic effects for the Fe3+ sites [19,20]. Additionally, the PBI’s large surface area, which 

is marked by N heteroatom defects, offers a multitude of nucleation sites for CoFe2O4 

nanoparticles. These nanoparticles serve as active sites for both ORR and OER. The CoFe2O4 

nanoparticles that form on the support display a strong metal-substrate interaction (SMSI), 

which results in high electrocatalytic activity and stability[21]. Besides, Athika et al. have 

developed LAB applying CoFe2O4 on carbon black support as the air-breathing cathode. With 

the lack of nitrogen defects, the metal-substrate interaction was weaker[22–24] and led to 

lower electrocatalytic activity and stability as the capacity slightly dropped by 37% after 100 

cycles of charge and discharge [18]. In our case, the porous nature of the carbon support 

accommodates the solid discharge product [2,25,26], ensuring oxygen diffusion and 

electrolyte penetration during battery cycling. Furthermore, the bifunctional electrocatalyst 

effectively promotes the decomposition of discharge product Li2O2 at a lower overpotential, 

contributing to the battery’s high capacity. Moreover, as the charge potential was not over 3.5 

V, the byproducts were not formed during this process [2]. Hence, the low overpotential with 

high stability originated from the SMSI between the CoFe2O4 nanoparticles and nitrogen-

doped carbon support. In summary, the synthesized 10%CoFe2O4 PBI electrocatalyst holds 

promise as a practical air-breathing electrode for high-capacity rechargeable LAB. 
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Figure 3.6 Overpotential and energy efficiency of LABs at current density of 400 mA g-1 from 1st cycle to 200th cycle 

employing a) PYPBI800, b) Co PBI, c) Fe PBI, d) 10%CoFe2O4 PBI, e) 20%CoFe2O4 PBI, and f) 30%CoFe2O4 PBI as 

cathodes. 

3.4 Post-mortem Analysis 
According to the Coulombic efficiencies results in the previous chapter, the lost 

efficiency might be due to the parasitic reaction during the discharge. Also, the electrode – 

electrolyte interface (EEI) passivation layer might be formed on the cathode [27,28]. In order 

to confirm the formation of EEI layer, XPS was used to identify the products from these 

parasitic reactions. The cathode was removed from the coin cell and washed with diethyl 
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carbonate (DEC). The electrode was dried under vacuum overnight, before characterized with 

XPS. The pristine electrode was also characterized as a control.  

From the XPS results of pristine electrode, C1s spectrum shows 5 peaks at 283.3, 

284.7, 287.7, 289.3, and 291.2 eV corresponded to C-C, C-O, C=O, O-C=O, and CO3, 

respectively. According to Figure 3.7a, C-O and CO3 intensities had increased after 200 

cycles. These indicate that the parasitic reaction as shown in equation (3-1) and (3-2) has 

occurred forming LiCO3. However, the intensified C-O was developed from the electrolyte 

which is TEGDME [29]. In O1s region, there are 2 peaks, including 531.1 and 532.2 eV 

corresponded to C-O and Metal-O. The higher intensity of C-O was originated from 

TEGDME. 

The formation of EEI layer was also observed in F1s region as shown in Figure 3.7c, 

the peak at 684.4 eV has appeared corresponding to LiF. This suggested that the EEI layer 

was also formed due to the parasitic reaction between the electrolyte and binder. Hence, these 

observations indicated that there were parasitic reactions occurred. These reactions were led 

to the formation of the EEI layer which increased the cell resistance. The EEI layer formation 

might occurred during the first cycle according to the charge – discharge studies in which the 

overpotentials were significantly high in the first cycle as shown in Figure 3.5.  

 

!"!#! + % + "
!#! → !"!%##      (3-1) 

2!"!#! + % → !"!# + !"!%##     (3-2) 

 

 

 

Figure 3.7 XPS results for pristine electrode and electrode after 200 charge-discharge cycles of 20%CoFe2O4 PBI at a) 
C1s, b) O1s, and c) F1s region 
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3.5 Conclusions 
In this study, spinel CoFe2O4 decorated on PYPBI800 as electrocatalyst was 

synthesized. Material characterization confirmed the formation of the spinel structure of 

CoFe2O4. More importantly, the strong metal-substrate interaction (SMSI) is confirmed by the 

characterizations. The bifunctional electrocatalytic activity toward ORR and OER was 

enhanced by the SMSI together with the bonding state of Co2+ and Fe3+ in the spinel structure 

as the active sites. Remarkably, the 20%CoFe2O4 PBI electrocatalysts exhibited a remarkably 

improved catalytic limiting current density compared to other synthesized electrocatalysts. 

The excellent catalytic activity of 20%CoFe2O4 PBI can be attributed to the synergistic 

contribution of CoFe2O4 nanoparticles, and the N-doped carbon support network. As a 

practical demonstration, CR-2032 coin-cells utilizing 10%CoFe2O4 PBI, 20%CoFe2O4 PBI, 

and 30%CoFe2O4 PBI as an air-breathing electrode were fabricated. The LAB with 

20%CoFe2O4 PBI achieved a high discharge capacity of 18,356 mAhg-1 at a current density 

of 200 mAg-1, with a remarkable charge - discharge capacity of 1,000 mAhg-1 even at a high 

current density of 400 mAg-1. The fabricated LAB exhibited stable charge - discharge capacity 

at 1,000 mAhg-1 even after 200 charge-discharge cycles, along with acceptable overpotential. 

Hence, CoFe2O4 PBI holds promise as a practical air-breathing electrode for high-capacity 

rechargeable LABs. 
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Chapter 4 Conclusion 

4.1 General Conclusion 
In an increasingly electrified world, energy storage technologies have become pivotal 

for ensuring the reliability and efficiency of various applications, ranging from portable 

electronic devices to electric vehicles and renewable energy systems.  

Energy storage is crucial for bridging the gap between energy production and 

consumption, enabling the effective utilization of intermittent renewable resources, and 

maintaining a stable power supply during peak demand periods. Particularly batteries, have 

gained widespread prominence due to their high energy density, rapid response times, and 

versatility for diverse applications. Different types of batteries cater to specific needs, each 

with their unique chemistry, advantages, and limitations. Lithium-ion batteries, for instance, 

are renowned for their reliability and high energy density but face challenges concerning 

limited capacity and eventual degradation. Innovations such as lithium-sulfur and solid-state 

batteries have sought to address these issues, but none hold as much transformative potential 

as lithium-air batteries. 

Energy storage is essential for balancing energy production and consumption, 

optimizing the utilization of intermittent renewable sources, and maintaining a steady power 

supply during peak demand. Among storage technologies, batteries have garnered significant 

interest due to their efficiency, rapid response capabilities, and versatility across different uses. 

Various types of batteries cater to specific requirements, each distinguished by its chemistry, 

benefits, and drawbacks. While lithium-ion batteries are known for their reliability and high 

energy density, they encounter challenges such as limited capacity and gradual deterioration 

over time. Innovations like lithium-sulfur and solid-state batteries are being developed to tackle 

these issues, yet lithium-air batteries are seen as particularly promising for their potential to 

bring about transformative changes. 

Lithium-air batteries (LABs), also known as lithium-oxygen batteries, represent an 

innovative frontier in energy storage due to their unmatched potential for high energy density. 

The fundamental concept of a Li-air battery involves the reaction between lithium and oxygen 

from the air to generate electrical energy, facilitated by a porous cathode and a solid electrolyte 

separator. The pursuit of more effective energy storage solutions has spurred the development 

of lithium-air batteries, poised to transform the energy storage landscape. With their 

exceptional energy density potential, utilization of abundant and non-toxic oxygen sources, and 
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capacity to reshape various sectors, lithium-air batteries offer promise in addressing many of 

the challenges associated with current battery technologies. Nonetheless, it is important to 

acknowledge that while lithium-air batteries show great potential, there remain obstacles to 

overcome, including concerns regarding efficiency, longevity, and safety. 

For LABs to be widely adopted, several significant challenges must be addressed. One 

of these is the need for an electrocatalyst to facilitate key reactions on the cathode side. Oxygen 

reduction reaction and Oxygen evolution reaction takes place during discharge and charge, 

respectively. These reactions are notably slow and have sluggish kinetics. The most used 

electrocatalyst for this reaction is Pt/C and RuO2/C, but it has its drawbacks, including cost, 

corrosion, and durability issues. The focus of this thesis is to develop an alternative 

electrocatalyst using innovative methods. 

Chapter 1 provides a comprehensive introduction to the principles of Lithium-air 

batteries. It discusses the overview of the oxygen Reduction Reaction (ORR) and oxygen 

evolution reaction (OER) together with their mechanism in different mediums. The chapter 

includes brief discussions about the reaction mechanism and the constraints of this reaction. It 

places special emphasis on LABs’ cathode with various electrocatalysts and discusses the 

enhancement in ORR/OER activity by modifying with different strategies. Among the various 

electrocatalysts, metal nanoparticles on carbon support are widely used. This type of 

electrocatalysts give plenty of room for improvement including metal nanoparticles and carbon 

supports. 

Chapter 2 delves into the significance of the synthesized and characterization of the 

CoFe2O4 nanoparticles on bio-based polymer derived nitrogen doped carbon. The bio-derived 

single precursor for both carbon and nitrogen, poly(2,5-benzimidazole) (ABPBI) has been 

employed as the support for spinel CoFe2O4 nanoparticles. After the pyrolysis of ABPBI, the 

CoFe2O4 nanoparticles are introduced via co-incipient wetness impregnation method. The 

characterization of the electrocatalysts has confirmed the spinel type structure of CoFe2O4 

nanoparticles on pyrolyzed ABPBI (PYPBI800). Moreover, in X-ray photoelectron 

spectroscopy, the strong metal – substrates interaction (SMSI) is observed. This SMSI 

enhances the durability of the electrocatalysts. Furthermore, SMSI also plays an important role 

in ORR and OER in non-aqueous electrolyte. ORR and OER activity are pre-determined via 

rotating disk electrode with three electrodes configuration. The results indicated that at 20% 

CoFe2O4 nanoparticles on PYPBI800 possess the best current density and onset potential 

among all samples. 
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Chapter 3 detailed the lithium air batteries evaluation employing different 

electrocatalysts as the cathode. The electrocatalytic activity for ORR and OER is amplified by 

the SMSI, in conjunction with the bonding state of Co2+ and Fe3+ in the spinel structure serving 

as the active sites. Notably, the 20%CoFe2O4 PBI electrocatalysts demonstrated a significantly 

enhanced catalytic limiting current density compared to other synthesized electrocatalysts. The 

superior catalytic activity of 20%CoFe2O4 PBI can be credited to the combined effect of 

CoFe2O4 nanoparticles and the N-doped carbon support network. As a practical application, a 

CR-2032 coin-cell using synthesized electrocatalysts as an air-breathing electrode was 

constructed. The LAB with 20%CoFe2O4 PBI achieved an impressive discharge capacity of 

18,356 mAhg-1 at a current density of 200 mAg-1, maintaining a notable charge-discharge 

capacity of 1,000 mAhg-1 even at a high current density of 400 mAg-1. The constructed LAB 

maintained a stable charge-discharge capacity at 1,000 mAhg-1 even after 200 charge-discharge 

cycles, with an acceptable overpotential and energy efficiency. Therefore, this chapter shows 

potential of 20%CoFe2O4 PBI as a practical air-breathing electrode for high-capacity 

rechargeable LABs. 

4.2 Future Prospects 
In this doctoral research, the author has investigated the use of bio-based polymer 

derived N-doped carbon (poly(2,5-benzimidazole)) as the support for spinel CoFe2O4 

nanoparticles. This exploration is based on their abundant redox chemistry, electrochemical 

importance, and the relationship between structure and property to catalyzed ORR and OER at 

LAB cathodes. According to the present work the possible outgrowths of this work can be as 

follows: 

1. Employing electrocatalysts in aqueous electrolytes. This will provide a pathway to 

fuel cell application which is another promising energy storage. 

2. Decorate noble metal nanoparticles instead of metal oxides on pyrolyzed poly(2,5-

benzimidazole). From the present work, spinel CoFe2O4 nanoparticles on 

PYPBI800 greatly promote the LAB performance. Replace metal oxide with noble 

metal would eventually further enhance the LAB performance. 

3. As the carbon support has the variety of tuning. It is possible to modify the 

PYPBI800 both physically and chemically. With this modification, the 

electrocatalyst might not need to be decorated with metal and work as the metal free 

bifunctional electrocatalyst. 

 


