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ABSTRACT 

 

A-SITE ENGINEERED DOUBLE PEROVSKITE OXIDE AS AIR 

ELECTRODE FOR RECHARGEABLE Zn-AIR BATTERIES 

 

 

 

 

Erdil, Tuncay 

Master of Science, Metallurgical and Materials Engineering 

Supervisor: Assist. Prof. Dr. Çiğdem Toparlı 

 

 

 

September 2023, 88 pages 

 

 

Electrochemical energy storage and conversion devices, such as rechargeable metal-

air batteries, water electrolyzers, and fuel cells, heavily rely on the electrochemical 

oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). The OER, 

characterized by slow reaction kinetics, poses challenges to the efficiency of these 

devices. Perovskite oxides have emerged as promising OER electrocatalysts due to 

their versatile physicochemical properties and high intrinsic activities. However, 

concerns persist regarding their structural stability and long-term electrochemical 

performance. Consequently, there is a pressing need for a highly active and 

structurally stable perovskite oxide electrocatalyst to enhance the overall 

performance of electrochemical energy storage devices, particularly zinc-air 

batteries. 

In this work A-site management strategy is applied to tune the activity and stability 

of the double perovskite oxide. A range of double perovskite oxides was synthesized 

from La2CoMnO6 (LCM) up to Ba2CoMnO6 (BCM) by substituting Ba+2 with La+3 
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to understand the origin of OER performance by investigating crystal structure, 

electronic structure, Fermi level, and work function. The crystal structure transitions 

from cubic to 2H hexagonal, while simultaneously observing a decrease in the work 

function with increasing levels of Ba incorporation. It suggests a relationship 

between crystal structure-oxygen vacancy-work function and activity for BaxLa2-

xCoMnO6 (x = 0, 0.5, 1, 1.5, 2) double perovskite oxide electrocatalysts. The double 

perovskite oxide 2H-Ba2CoMnO6 demonstrates exceptional electrochemical 

performance and stands out as the most promising candidate for zinc-air battery 

applications. Notably, it displays a remarkable OER activity, characterized by a mere 

288 mV overpotential at a current density of 10 mA cm⁻². Moreover, this material 

exhibits an extended period of stability, all the while maintaining its structural 

integrity without succumbing to instability concerns. This novel variety of double 

perovskite oxide not only showcases remarkable performance in terms of OER and 

battery applications, but it also serves as an elucidating model for comprehending 

the impact of crystal structure and work function on OER performance. 

Keywords: Oxygen Evolution Reaction, Perovskite Oxide, Electrocatalyst, Zinc-Air 

Battery 
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ÖZ 

 

ŞARJ EDİLEBİLİR ÇİNKO HAVA BATARYALARI İÇİN A-BÖLGESİ 

TASARLANMIŞ ÇİFT PEROVSKİT OKSİT HAVA ELEKTRODU 

 

 

 

 

Erdil, Tuncay 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Dr. Öğr. Üyesi Çiğdem Toparlı 

 

 

 

Eylül 2023, 88 sayfa 

 

Yenilenebilir metal-hava bataryaları, su elektrolizörleri ve yakıt hücreleri gibi 

elektrokimyasal enerji depolama ve dönüşüm cihazları büyük ölçüde oksijen evrim 

reaksiyonu (OER) ve oksijen redüksiyon reaksiyonuna (ORR) bağlıdır. OER 

oldukça yavaş bir kinetiğe sahiptir ve bu yüzden bu cihazların verimliliğini 

engellemektedir. Perovskit oksitler değiştirebilir fizikokimyasal özellikleri ve 

yüksek içsel aktiviteleri sebebiyle gelecek vadeden OER elektrokatalizörlerinden 

biridir. Ancak, yapısal kararlılıkları ve uzun süreli elektrokimyasal stabiliteleri 

tartışmalıdır. Bu yüzden elektrokimyasal enerji depolama cihazlarının, özellikle 

çinko-hava bataryalarının, performansını geliştirmek için yüksek aktiviteye sahip ve 

yapısal olarak kararlı perovskit oksitlere ihtiyaç vardır.  

Bu çalışmada A tarafı yönetim stratejisi uygulanarak çift perovskit oksitlerin aktivite 

ve stabilitesi ayarlanılmıştır. OER performansını anlamak için La2CoMnO6 

(LCM)’den başlayarak Ba2CoMnO6 (BCM)’ye kadar çeşitli perovskit oksitler 

Ba+2/La+3 değişikliği ile üretilerek kristal yapıları, elektronik yapıları, Fermi 

seviyeleri ve iş fonksiyonları incelenmiştir. Ba miktarıyla birlikte kristal yapı 
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kübikten 2H altıgene dönmüştür ve iş fonksiyonu giderek azalmıştır. BaxLa2-

xCoMnO6 (x = 0, 0.5, 1, 1.5, 2) çift perovskit oksit elektrokatalistleri için kristal yapı-

oksijen boşluğu-iş fonksiyonu ve aktivite arasında bir ilişki olduğu önerilmektedir. 

2H-Ba2CoMnO6 çift perovskit oksidi en iyi elektrokimyasal performans ve çinko-

hava bataryası sonuçlarına sahip olmakla birlikte 10 mA cm-2 de 288 mV aşırı 

potansiyele sahiptir ve yapısal kararsızlık olmadan uzun süreli stabiliteyle yüksek bir 

OER aktivitesi göstermektedir. Bu yeni tip çift perovskite oksit yalnızca üstün OER 

ve batarya performansı göstermekle kalmamış ayrıca kristal yapı ve iş 

fonksiyonunun OER performansı üzerindeki etkisini de açıklamaya yardımcı 

olmuştur. 

Anahtar Kelimeler: Oksijen Oluşum Reaksiyonu, Perovskit Oksit, Elektrokatalizör, 

Çinko-Hava Bataryası  
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CHAPTER 1  

1 INTRODUCTION  

The development of clean and renewable energy storage and conversion devices is 

crucial in mitigating climate change[1–3]. Within the realm of emerging 

technologies aimed at tackling climate change, water electrolyzers, regenerative fuel 

cells, and rechargeable metal-air batteries are emerging as prominent and impactful 

solutions [4–9]. These devices are reliant on oxygen/hydrogen evolution and 

reduction reactions, for which the utilization of catalysts capable of sustaining 

prolonged operation and achieving high efficiency within alkaline environments is 

imperative [10–13]. The oxygen evolution reaction (OER) constitutes a pivotal and 

determining phase in these systems. Nonetheless, the OER presents sluggish kinetics 

attributed to its intricate four-step mechanism, which encompasses the transfer of 

numerous electrons and protons [10,14–21]. Extensive research has been conducted 

to reduce the anodic overpotential during the OER by exploring various 

electrocatalysts. Currently, IrO2 and RuO2 are considered state-of-the-art OER 

electrocatalysts [22–25]. However, the widespread adoption of these technologies 

for large-scale applications is impeded by their substantial cost, restricted availability 

of materials, and inadequate long-term stability. 

Numerous economically viable and efficient OER electrocatalysts have been 

documented to date, encompassing metal oxides, carbon-based materials, 

chalcogenides, and perovskite oxides [26–31]. Within this array of options, 

perovskite oxides stand out as prominent and robust electrocatalysts. This distinction 

is attributed to their capacity for tuning A and B sites, along with their advantageous 

physicochemical characteristics. Perovskite oxides exhibit a structural configuration 

denoted as ABO3, wherein the A-site accommodates alkaline, alkaline earth, 

lanthanides, or actinides, while the B-site houses 3d transition metals. Notably, the 

crystal and electronic structures of perovskite oxides can be systematically adjusted 
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by modifying either the A-site or the B-site components [32–36]. Therefore, 

perovskite oxide electrocatalysts present proof to explain the relationship between 

the nature of the material and the electrochemical performance Multiple reports have 

consistently indicated that the OER activity of perovskite oxide electrocatalysts is 

commonly associated with the electronic structure of the B-site metal, the presence 

of oxygen vacancies, and the involvement of lattice oxygen in the reaction 

mechanism [14,37–45]. Indeed, strategies that involve manipulation of the B-site 

element lead to modifications in the OER activity [46–50]. A-site management 

strategy is explored less compared to substituting the B-site element for improving 

the electrocatalyst's OER activity and long-term stability. The A-site substitution 

between trivalent and divalent cations can cause the changing and arrangement of 

the charge balance, leading to vacancy formation [35,42,51–54]. For example, 

incorporating Sr2+ at the A-site of LaNiMnO3 induces Ni3+ states, this manipulation 

causes an upward shift in the occupied valence band center and enhances the 

hybridization between O 2p and metal 3d orbitals [55]. Also, Sr doping into LaCoO3 

caused an increase in electrical conductivity and changed the OER mechanism [35]. 

However, Sr at the A-site leads to segregation during the long-term electrochemical 

test and causes structural instability and surface reconstruction [56–58]. Moreover, 

a well-known catalyst, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), also suffer from structural 

instability; it becomes amorphous under long-term OER condition [38,59]. Ba is an 

attractive choice for the divalent A-site cation because it has a large ionic radius 

among the divalent cations, and due to that, it forms the hexagonal perovskite oxide 

structure. The primary distinction between the hexagonal and cubic crystal structures 

lies in the arrangement of B-cations. In the cubic structure, B-cations are exclusively 

corner-shared. However, in the hexagonal structure, B-site cations are linked to both 

corner-shared and face-sharing octahedral sites. Notably, the 2H hexagonal structure 

exclusively features face-sharing octahedral points. Theoretical calculations have 

demonstrated the crucial role played by face-sharing octahedral sites in driving the 

heightened OER activity of hexagonal perovskite oxides compared to their cubic 

counterparts [60–65]. Also, the presence of larger A-site cations, like Ba, results in 
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an augmentation of the oxygen-metal bond angle. This alteration contributes to an 

enhancement in electrical conductivity, thereby leading to improved OER activity. 

 

In this thesis, an A-site management strategy has been applied to the La2CoMnO6 to 

improve the OER activity by substituting La with Ba. Thus, A previously 

unattainable 2H-Ba2CoMnO6-δ (BCM) double perovskite oxide is successfully 

synthesized using a novel air-quenching method. BCM showcases outstanding OER 

performance, achieving an impressive overpotential of 288 mV at a current density 

of 10 mA cm-2. Furthermore, its crystal structure and OER activity remain unchanged 

even after undergoing extensive long-term electrochemical testing for over 60 hours 

in a 0.1 M KOH environment. The stability of the crystal and electronic structures 

was assessed through high-resolution transmission electron microscopy (HRTEM) 

and X-ray photoelectron spectroscopy (XPS) after a 60-hour testing period. To 

explain the OER performance of the electrocatalyst experimental work function 

values, oxygen vacancy variation, and crystal structure change are consideredThese 

investigations indicate the promising potential of employing the A-site management 

strategy to enhance both the OER activity and structural stability of perovskite 

oxides. This approach can have an impact by influencing factors such as crystal 

structure, work function, charge balance, and the presence of oxygen vacancies.
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Metal-Air Batteries 

The lithium-ion batteries (LİBs) have exhibited extraordinary developments in the 

past decades. This approved battery technology is used in everyday applications, 

from mobile phones to electric vehicles, due to high energy efficiency and long 

cycling stability [66,67]. However, global lithium scarcity is currently evident, with 

the element being increasingly scarce in contemporary times. Additionally, a 

formidable challenge exists to recycle lithium [68–70]. Therefore, higher energy-

density electrochemical systems are needed to ensure the requirements of these new 

technologies. Metal-air batteries are promising candidates due to their relatively high 

specific energy and volumetric energy density comparable to other batteries. Among 

the metal-air batteries, Zn-air batteries (ZABs) step forward. ZABs are inexpensive, 

abundant, environmentally friendly, have high theoretical specific energy, and have 

a long shelf-life [1,12,13,71].   

2.1.1 Zinc-Air Batteries 

Zinc-air batteries are composed of three essential components: a zinc metal anode, 

an aqueous alkaline electrolyte, and an air electrode cathode that is permeable to both 

air and O2 gas, Figure 2.1. ZABs are categorized into three primary types: primary 

batteries, secondary batteries, and mechanically rechargeable batteries. Primary 

batteries are used only once and are disposable zinc-air batteries, and they are not 

rechargeable; thus, only zinc and electrolyte control the battery performance.  
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Figure 2.1 Schematic representation of a Zinc-Air battery. 

Conversely, the longevity of mechanically rechargeable zinc-air batteries hinges on 

the performance of the air cathode, as the zinc anode and electrolyte can be 

replenished. The secondary zinc-air battery relies on a reversible zinc anode and 

efficient bifunctional catalyst. The oxygen pressure gradient between the external 

environment and the battery interior causes the diffusion of oxygen through the 

porous carbon air electrode into the cell. Thus, the oxygen is reduced to hydroxyl 

ions with the help of catalysts accompanied by zinc oxidation at the anode side. Then, 

generated hydroxyl ions migrate from the cathode to the anode, facilitating the 

completion of the cell reaction. The reactions occurring during the charging and 

discharging processes at the anode and cathode sections of the battery are as 

follows[72]: 
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2.1.1.1 Anode 

The ZAB has a pure zinc metal anode, and the zinc oxidizes during discharge, and 

zinc oxide transforms pure metal zinc during charge. Therefore, many research 

focuses on the air cathode electrode, especially the catalyst part of the electrode. The 

zinc anode is responsible for high-efficiency recharging, high specific 

capacity/energy, and maintaining capacity over long charge and discharge cycles. 

Some limiting factors obstruct the performance of the zinc electrode. These are 

hydrogen evolution, dendrite growth, shape change, and passivation.  
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The zinc corrosion produces H2 with respect to equation [73,74]:  

Zn + 2H2O → Zn(OH)2 + H2 (Hydroggen evalutaion reaction (HER))aaa              (2.9)  

The HER retard the coulombic efficiency of the zinc electrode. Also, HER consumes 

some of the electrons during charging. Therefore, the HER should be hindered to 

avoid zinc electrode consumption; in this way, zinc metal will be completely 

consumed during discharge without zinc corrosion and passivation and cause an 

increase in the capacity of the battery [75–77].  

The zinc dendrites form during the charging step. These dendrites are needle-like, 

sharp, metallic ledges [78,79]. They break off from the anode electrode and result in 

capacity loss, or more crucially, it perforates the separator and touches the cathode, 

causing a short circuit. Many studies show that zinc reduction overpotential is the 

crucial parameter of zinc dendrite formation [1,80,81]. The lower overpotentials are 

prone to produce different morphologies, such as epitaxial, sponge, or boulder types 

[78,79]. However, dendritic structures can also develop at lower zinc reduction 

overpotentials when the initiation time is prolonged due to repeated dissolution and 

deposition cycles. 

The shape change is another limited factor. During discharge, zinc dissolves into the 

electrolyte, while during charging, it accumulates at various points on the anode. 

After undergoing multiple charge and discharge cycles, this accumulation and 

segregation lead to uneven current distribution and a decrease in capacity [82,83].  

The passive layer is insulating and cannot be discharged anymore. This layer hinders 

the motion of the OH- ions and discharge products. The formation of a passive ZnO 

layer occurs when the solubility limit of Zn(OH)4
2- is reached, causing ZnO to 

precipitate onto the surface of the zinc electrode. This layer impedes the discharge 

reactions from progressing [84,85]. Also, the presence of the ZnO layer raises the 

resistance of the zinc anode, leading to a loss of discharge voltage and an elevation 

in charge voltage. 
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Increasing the electrode thickness promotes the passivation of the zinc electrode, 

favoring the formation of ZnO over Zn(OH)4
2-. [84,86]. 

These limitations can also interplay with each other. For instance, changes in shape 

can diminish the active surface area of the zinc anode, resulting in an elevation of 

zinc reduction overpotential. Consequently, zinc dendrites may form, and zinc 

passivation can induce dendritic growth due to the same underlying reason. 

Therefore, the solution to one limitation can trigger the mitigation of other 

limitations directly or indirectly.  

There are various strategies to retard these limitations and improve the performance 

of the zinc electrode. These strategies can improve the cycle life, coulombic 

efficiency, and capacity of the battery. This thesis considers the electrocatalyst effect 

on the OER and the improvement of the ZAB cathode. Thus, the strategies for 

improving the performance of zinc electrodes are briefly mentioned in this section 

because it is a different research area to focus on enhancing zinc anode to upshift the 

performance.  

The extensive surface area of the zinc electrode mitigates the reduction overpotential 

of zinc, thereby impeding the formation of dendrites during the charging process. 

Also, zinc passivation can be prevented by allowing the distribution of the current 

and electrolyte through the three dimensions of the zinc electrode, such as the 3D 

electrode structure [87–89]. However, increasing surface area causes an increase in 

the hydrogen evolution rate due to high exposing area. 

Heavy-metal or carbon-based materials are the common additives of the zinc 

electrode. These materials improve the conductivity and chemical resistance to the 

alkaline environment, which helps to prevent zinc oxide passivation on the anode 

surface [90]. Bi, In, and Pb are the most common heavy-metal additives. These 

additives can help to reduce dendritic growth, shape change, hydrogen evolution, 

and passivation [91–93]. These additives should be homogenously distributed with 

an adequate amount; otherwise, they cause a capacity loss.  



 

 

10 

Discharge-trapping additives can also be beneficial for reducing dendritic growth. 

These additives trap the Zn(OH)4
2- discharge product [94]. Ca [95] and Al [96] are 

the examples of the discharge-trapping additives. 

The most applying and straightforward strategy is coating. The zinc electrode or zinc 

powders can be coated to improve the long-term cyclic life of the ZAB. The coatings 

allow the movement of the OH- ions and reduce the Zn(OH)4
2- movement or total 

blocks. This reduction smooths down the shape change and reduces the concentration 

gradient [97–99]. 

2.1.1.2 Electrolyte 

The electrolyte serves as the medium for ionic migration, allowing OH- ions to travel 

from the zinc anode to the cathode across the electrolyte during both the charge and 

discharge cycles. Commonly employed alkaline electrolytes include potassium 

hydroxide, sodium hydroxide, and lithium hydroxide [100]. KOH steps forward due 

to its high ionic conductivity (~640 mS cm-1) [101]. KOH exhibits maximum 

conductivity at 6 M concentration; so, in batteries, generally, this concentration is 

used [102]. Raising the concentration of KOH diminishes the resistance of the 

electrolyte, although excessively high concentrations can lead to elevated electrolyte 

viscosity. The alkaline KOH electrolyte is very sensitive to CO2 because the battery 

is operated under ambient air. The CO2 reacts with OH- and forms carbonates; thus, 

the OH- concentration decreases. As an instance, the elevated concentration of CO2 

in the atmosphere impacts the bifunctional air electrode, leading to decreased 

performance and shortened electrode lifespan. This is attributed to the precipitation 

of carbonates within the electrode's pores, obstructing the entry of air and oxygen 

[103–105]. Some electrolyte additives, such as Zn(OAc)2, can be added to suppress 

these obstacles. Aqueous alkaline electrolytes are predominantly employed in ZABs 

owing to their notable ionic conductivity and favorable interfacial properties 

between the electrodes and the electrolyte. Non-aqueous solid electrolytes can serve 

as alternatives, yet it's important to note that solid electrolytes generally exhibit 
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diminished energy efficiency and lower power performance compared to their 

aqueous counterparts. Solid electrolytes allow zinc-air batteries to become portable 

and flexible with various shapes [106–109]. However, solid electrolyte causes a 

challenging electrode-electrolyte interface because in an aqueous electrolyte, the 

catalyst layer, for example, is fully covered with aqueous electrolyte but the solid 

electrolyte just contact with the surface of the catalyst layer and does not cover or 

penetrate the catalyst layer. This results in high interfacial resistance, leading to a 

low current rate and high overpotential during charging and discharging 

[105,110,111]. 

2.1.1.3 Cathode 

The cathode of the ZAB is responsible for bifunctional oxygen electrochemistry. The 

bifunctional electrode reduces oxygen during discharging and evolves oxygen 

reversely during charging. The bifunctional catalysts affect the zinc-air batteries' 

power performance, long-term cyclic charge-discharge, and coulombic efficiency. 

The development of highly active bifunctional air electrodes is quite challenging 

because both oxygen reactions, i.e., OER and ORR, have high overpotentials; both 

are sluggish and consist of many steps [33,112–115]. Therefore, a significant 

bifunctional electrocatalyst can promote both OER and ORR. Also, it should be 

stable under highly oxidative (OER) and highly reducing (ORR) conditions at 

considerably high current rates. Also, the bifunctional electrocatalyst must withstand 

a voltage range between ~0.8 V during discharging and ~2.2 V during charging 

[1,6,12,13,80,116]. Implementing a divided electrocatalyst setup for separate OER 

and ORR processes can enhance the cyclic stability of the battery over the long term. 

However, this approach inherently introduces greater intricacy to the battery design, 

resulting in increased weight and volume, which subsequently impacts the power 

and energy densities negatively. A common bifunctional electrode configuration 

includes a hydrophobic gas diffusion layer (GDL) and a catalyst layer with moderate 

hydrophilicity. This catalyst layer plays a critical role in catalyzing the oxygen 
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reactions and enhancing the overall battery performance in aspects such as cycle life, 

specific capacity, energy density, power density, and coulombic efficiency. The 

primary purpose of the GDL is to support the catalyst physically and conductively 

and allow oxygen diffusion during discharging and charging. The OER happens at 

the interface between the electrolyte and solid catalyst (forming a two-phase reaction 

zone), whereas the ORR takes place at the three-phase interface involving oxygen, 

the electrolyte, and the catalyst. Therefore, creating a bifunctional electrode with the 

right degree of hydrophilicity is essential to prevent excessive wetting or drying of 

the active catalytic sites, ensuring optimal performance of the catalyst. 

The gas diffusion layer crucially affects the battery performance by supporting the 

bifunctional electrocatalyst physically and electrically. The functions of the gas 

diffusion layer are essential for maintaining the battery's performance. The GDL 

physically supports the catalyst and avoids the leakage of the electrolyte by acting as 

a hydrophilic wet-proofing electrode. Also, the GDL permits the ingress and egress 

of oxygen gas, while also functioning as a conduit for electrical conduction between 

the current collector and the electrode. The GDL should possess characteristics of 

being thin, porous, and hydrophobic, in order to facilitate the movement of oxygen 

while minimizing the likelihood of electrolyte leakage. The hydrophobicity is 

generally provided by coating or grafting the GDL with PTFE, PVDF, PE, and FEP 

[117–119]. It is wanted that GDL should perform rapid oxygen diffusion, high 

structural integrity, excellent electrical conductivity, also strong electrochemical 

stability, and chemical durability.  

The sluggish kinetics of both OER and ORR necessitate the use of bifunctional 

catalysts to enhance the efficiency of these electrochemical oxygen reactions. 

Nowadays, IrO2 and RuO2 are efficient OER electrocatalysts, but their ORR 

performance is poor. On the other hand, Pt or Pt/C is excellent for the ORR but 

performs poor OER performance [120]. Also these precious catalysts suffer from 

limitations in terms of structural and chemical stability. Additionally, their high cost, 

limited availability, and poor long-term stability pose challenges for their widespread 

utilization in large-scale applications. Therefore, developing robust and 
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economically viable new bifunctional electrocatalysts is crucial to accelerate the 

utilization of zinc-air batteries. However, due to the OER and ORR having different 

operating ranges during the discharge and charge processes, obtaining an efficient 

bifunctional catalyst with chemically and structurally stable is challenging. 

Significant progress has been made in the field of bifunctional catalyst development, 

encompassing materials derived from transition metals, including oxides, 

perovskites [33,34,36,54,116,121–124], chalcogenides [125–129], nitrides [130–

132], and carbides [133–135]. Furthermore, research has explored heteroatom-doped 

carbon nanomaterials and hybrid materials [136–138] that combine the attributes of 

both types. The mechanisms and kinetics of OER and ORR are intricate and 

challenging to foresee, often necessitating the trial-and-error approach in catalyst 

development. Regarding ORR, two distinct reaction pathways are observed for the 

reduction of oxygen in aqueous environments: the direct four-electron pathway and 

the two-electron pathway [114,139,140]: 

O2 + 2H2O + 4e- ↔ 4OH-                  (2.10) 

O2 + H2O + 2e- ↔ HO2
- + OH-             (2.11) 

The ORR process typically exhibits a preference for the direct four-electron 

reduction pathway, leading to the conversion of oxygen into OH- without producing 

peroxide in the solution [114,120,141]. This outcome is advantageous in terms of 

desired reaction products. Noble metal catalysts, perovskite oxides, high entropy 

oxides, and nitrogen-doped carbon catalysts are favored for facilitating the direct 

four-electron reduction pathway. On the other hand, the two-electron pathway 

release peroxide species, and these peroxide species buildups hinder ORR's 

efficiency and poison the catalyst and GDL due to its high oxidizability. 

The OER reaction mechanism pathways and kinetics are more unclear and hard to 

be determined. The reverse process of the ORR direct-four electron pathway is the 

commonly accepted mechanism for metal-catalyzed OER. As aforementioned, noble 

metal oxide catalysts have superior OER activity and very high electrical 

conductivity, but these catalysts are expensive and scarce, and their long-term 
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stability is not enough. Therefore, the transition metal oxides and/or (oxy)hydroxides 

can be the alternative catalysts because of their long-term structural and chemical 

stability and abundance. The perovskite and spinel-type oxides, e.g., lanthanum 

nickel oxide, barium-lanthanum cobalt manganese oxide, high-entropy spinel oxide, 

and nickel/cobalt oxide, exhibit semiconducting properties and thus demonstrate 

high OER performance.  

These catalysts have surface metal active sites (M*) for the OER, these metal active 

sites react with OH- ions in four stages given below, and at the end of these stages, 

O2 evolves [114,142,143]. 

 

In the last stage, the O2 evolves, and the metal active site is recovered with water. 

The transition metal-oxygen binding strength determines the rate-determining step 

for overall OER performance. The rate-determining step of the OER can be enhanced 

by adjusting the structural, compositional, geometric, and electronic properties of the 

electrocatalyst. Certain descriptors used to explain the OER activity encompass the 

O p-band center position in relation to the Fermi level, work function, eg orbital 

occupancy, metal-oxygen covalency, and oxygen vacancy content [39,62,144–146]. 

However, these trends are intricate and often interconnected. As a result, factors such 

as electronic structure, chemical composition, electrochemically active surface area, 

surface composition, and electrical conductivity play crucial roles in determining 

these descriptors. The catalytic active sites, selectivity, i.e., minimizing unwanted 

products, and stability are the critical parameters of a bifunctional electrocatalyst. 

The catalytic active sites play a pivotal role in facilitating the adsorption of reaction 

intermediates on the surface and aiding in the migration of ions. Selectivity 
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minimizes undesirable products such as peroxide and OH- and O2 for ORR and OER, 

respectively. Therefore, an efficient bifunctional electrocatalyst can selectively 

catalyze oxygen via a direct four-electron transfer process during ORR, hindering 

CO2 evolution during OER. The bifunctional electrocatalyst should be stable under 

harsh alkaline conditions and also withstands highly oxidative OER and highly 

reductive ORR conditions at different current rates. The phase/crystal structure 

change, surface passivation, material degradation, and segregation can cause 

stability loss.  

The catalytic activity of the electrocatalyst is significantly influenced by factors such 

as crystal structure, stoichiometry, particle size, and morphology. The drastic effect 

of the crystal structure is observed clearly when the crystal structure changes from 

cubic to hexagonal. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is a widely recognized cubic 

perovskite electrocatalyst that has demonstrated OER performance approximately 

one order of magnitude higher than commercial IrO2 in alkaline media [59,61,64]. 

When the crystal structure of the BSCF changes to hexagonal [61,64], BSCF shows 

even superior OER activity than cubic BSCF. Also, 6H-SrIrO3 perovskite oxide with 

a hexagonal crystal structure has been identified as an excellent OER electrocatalyst 

in acidic media [147]. Furthermore, the incorporation of Ir into BSCF facilitates the 

movement of the O p-band center towards the Fermi level [64]The valence of cobalt 

in hexagonal perovskite structures is typically higher than in cubic perovskite 

structures, as observed in the BSCF system. This difference arises due to the B-site 

transition metal-oxygen bond distances in the hexagonal crystal structure being 

smaller in face-sharing octahedral sites compared to the corner-sharing octahedral 

sites in the cubic crystal structure. The enhanced OER activity of hexagonal 

perovskite oxides is attributed to the presence of the face-sharing octahedral units. 

In hexagonal structures, B-site cations are connected to face-sharing octahedral sites, 

unlike in cubic structures where they are connected solely to corner-sharing points. 

This distinction in connectivity contributes to the superior OER performance 

observed in hexagonal perovskite oxides. Theoretical calculations have revealed that 

the presence of face-sharing octahedral sites plays a crucial role in the significantly 
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enhanced OER activity exhibited by hexagonal perovskite oxides compared to their 

cubic counterparts. This structural arrangement provides a favorable environment 

for catalytic activity, contributing to the superior OER performance of hexagonal 

perovskite oxides. 

The stoichiometry and composition of an electrocatalyst are crucial for its catalytic 

activity and selectivity. These factors determine its ability to facilitate specific 

electrochemical reactions by affecting its electronic structure, active site availability, 

and surface properties. For example, A-site or B-site substitution in perovskite 

oxides strongly affects catalyst performance. Substituting Sr for La in LaCoO3 

enhances electrical conductivity and OER performance. This substitution shifts the 

OER mechanism from adsorbate evolution mechanism (AEM) to lattice-oxygen-

mediated mechanism (LOM) [35]. Incorporating Sr into LaNiO3 introduces Ni3+ 

states, elevating the occupied valence band center and enhancing the hybridization 

of O 2p with metal 3d orbitals. [55]. These electronic characteristics facilitate the 

exchange of O2- / OH- ions, thereby promoting bifunctional catalytic activity for both 

the ORR and OER. However, incorporating Sr at the A-site may lead to the 

segregation of Sr-rich regions and surface reconstruction during electrochemical 

reactions. These phenomena can potentially disrupt the bifunctional electrocatalyst's 

performance in both OER and ORR reactions. 

The size of the electrocatalyst particles affects the catalytic reactivity, electrical 

conductivity, and surface area. The nanosized catalyst particles have significantly 

different physical and chemical properties than larger (bulk) particles due to quantum 

effects. The nanosized particles have higher specific catalytic activity due to the 

absence of geometric size-induced strain. Morphology, like particle size, 

significantly impacts the catalytic activity of an electrocatalyst. The different 

morphologies, such as 3D-honeycomb, 3D-mesoporous, nanofibers, and core shells, 

directly or indirectly affect the catalytically active surface area and enhance the 

performance of the OER and ORR of the bifunctional electrocatalyst [148,149]. 
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2.1.2 Electrochemistry of Batteries 

Sustainable energy devices, especially energy storage and conversion applications, 

operate via chemical energy-electrical energy conversion. These conversion 

processes heavily depend on electrochemical reactions. In the case of zinc-air 

batteries, these electrochemical reactions are OER and ORR. A significant increase 

in overpotential is necessary to initiate OER and ORR, resulting in additional energy 

input during energy storage and reduced energy output during energy conversion, as 

shown in Figure 2.2. Therefore, developing highly active and stable materials for 

catalyzing electrochemical reactions is challenging and essential. The OER and ORR 

are based on O2/H2O redox couple equilibrium.  

The below Nernst equation gives the equilibrium. The standard equilibrium potential 

for forming oxygen from water is E0
O2/H2O = 1.229 V vs. RHE [114,150].  

2H2O ↔ O2 + 4H+ + 4e-             (2.16) 

𝐸𝑂2/𝐻2𝑂 =  𝐸𝑂2/𝐻2𝑂
0 −

𝑅𝐹

4𝐹
𝑙𝑛

𝑎𝐻2𝑂
2

𝑎𝑂2𝑎
𝐻+
4                   (2.17) 

O2 + 2H+ + 2e- ↔ H2O2              (2.18) 

H2O2 + 2H+ + 2e- ↔ 2H2O              (2.19) 

𝐸𝑂2/𝐻2𝑂2
=  𝐸𝑂2/𝐻2𝑂2
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Figure 2.2 The graph displays the relationship between voltage and power density 

for the processes of water splitting (indicated by the blue line) and battery 

operation (indicated by the red line). 

The given equations are the overall expression of the OER and ORR. There are 

several principal steps during OER and ORR, for example, four-electron and proton 

transfer, bond-breaking ORR step, or bond-forming OER. The OER and ORR 

mechanisms can be combined in three stages[114,150–152]: 

1) The dissociation mechanism of ORR and the recombination mechanism of 

the OER (reverse): the oxygen O-O bond is broken during adsorption, and 

Oads are reduced to OHads and H2O
ads; the reverse of this mechanism is OER 

recombination. 

2) The association mechanism of ORR and OER: the OOHads breaks into Oads 

and OHads during ORR, or OOHads form from Oads and OHads during OER. 
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3) In addition, step, when the two-electron transfer step takes place during ORR, 

the peroxo mechanism is activated and leads to the formation of OOHads and 

HOOHads, then breaks into OHads; the reverse mechanism is the peroxo 

mechanism for OER. 

These formed adsorbed oxygenated species are the significative elements to 

determine the performance of electrocatalysts. These processes occur during the 

OER and ORR reactions on the surfaces of transition-metal catalysts. Indeed, a 

correlation has been established between the adsorption energy of oxygenated 

species on the surface of a transition-metal and the position of the d-band center 

relative to the Fermi level, known as the d-band center model. The d-band center 

model proposes that when there is a larger separation between the Fermi level and 

the d-band center, the strength of the metal-adsorbate oxygen (M-Oads) bond tends 

to decrease. 

2.1.2.1 Oxygen Evolution Reaction (OER) 

The OER is an electrochemical process where water molecules are oxidized at the 

anode to produce oxygen gas and H+ ions. A visual representation of the OER cycle 

can be observed in Figure 2.3. OER plays a crucial role in the overall process of 

water splitting. Oxygen evolution reaction has sluggish kinetics; therefore, 

improving catalysts to enhance the performance and upshift the kinetics of OER is 

necessary. The OER takes place on oxidized surfaces [153–155]. The absorption of 

OOH and O limits the progress of the OER. The overpotential is an important factor 

for evaluating the electrocatalyst OER performance. The overpotential is the 

deviation from the reversible oxygen potential (1.23 V) that occurs at a current 

density of 10 mA cm-2.  Also, the difference between O and OH binding energies is 

another catalytic descriptor. The Sabatier principle suggests that the highest catalytic 

activity is attained with an optimal binding energy difference.  
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Figure 2.3 Diagram illustrating the four-step process of the oxygen evolution 

reaction [123]. 

The electrocatalyst's inner surface becomes active as the oxygen evolution reaction 

leads to an elevated overpressure at the electrode-electrolyte interface. This is one of 

the distinct properties of OER over ORR because in ORR, only the outer surface of 

the electrocatalyst is active, and diffusion limits the reduction when overpotential 

increases [114,142]. Therefore, the porosity of the electrocatalyst should be 

considered for OER because the inner part of the electrocatalyst becomes active 

during the reaction. Moreover, formed O2 bubbles during OER can attach to the 

active sites and block the active sites, decreasing the efficiency; thus, detachment of 

O2 bubbles is an essential feature for electrocatalysts. The rapid oxygen evolution 

rate results in oxygen gas saturation at the solid-liquid interface, preventing complete 

dissolution of some O2 molecules. These bubbles act as a sink for newly formed 

gasses and obstruct the electrochemically active areas. One of the promising 

strategies for increasing the detachment of gas bubbles is accelerating the O2 

evolution to decrease overpotential. However, the stability of the catalysts to 

continuously evolve O2 is challenging.  
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Commercial IrO2 and RuO2 exhibit limited long-term stability (2-4 hours) in alkaline 

conditions. As a result, perovskite, Ruddlesden-Popper, and spinel-type oxides are 

considered promising electrocatalysts that can sustain OER in alkaline media for 

extended periods. 

2.1.2.2 Oxygen Reduction Reaction (ORR) 

The oxygen reduction reaction (ORR) is a fundamental electrochemical process of 

significant importance in a variety of energy storage and conversion devices. The 

ORR involves the reduction of O2 gas to water or OH-. The mechanism of the ORR 

encompasses multiple stages, comprising the binding of oxygen molecules onto the 

cathode surface, the transfer of electrons from the cathode to the oxygen molecules, 

and the subsequent generation of hydroxide ionsThe ORR is a intricate process that 

is impacted by a range of elements, including the characteristics of the electrode 

material, the composition of the electrolyte, and the conditions under which the 

electrochemical system operates. 

The ORR has a high energy barrier like the OER, so finding an efficient, long-term, 

cost-effective electrocatalyst is challenging. Platinum is the commercial 

electrocatalyst for ORR, but its high cost, scarcity, and poor long-term stability 

obstruct its usage [114,139,141,154]. Catalysts with ample surface area, like 

graphene, carbon nanotubes, and carbon black, can furnish active sites for the ORR. 

Additionally, the crystal structure's defect chemistry offers active sites for the ORR, 

enhancing electrochemical activity. Moreover, the crystal structure plays a pivotal 

role in determining the electrocatalytic activity of the ORR. For instance, hexagonal 

nanoparticles exhibit heightened ORR activity in both acidic and alkaline 

electrolytes, such as 0.1 M HClO4, 0.5 M H2SO4, and 0.1 M KOH.  
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2.1.3 Electrocatalysts for OER/ORR 

Electrochemical energy storage devices use chemical bonds to store energy. Water 

splitting stands as an optimal and environmentally friendly energy solution, notably 

contributing to energy storage through electrochemical means. This process of water 

splitting emerges as a fundamental electrochemical reaction with paramount 

importance. Energy is stored by forming H2 and is released by reducing H2. 

However, there are two crucial reactions, OER and ORR, and both have sluggish 

kinetics and high overpotentials. Therefore, designing efficient and reliable 

electrocatalysts for oxygen reactions is critical. 

2.1.3.1 Platinum Group Catalysts 

Platinum is the commercial ORR electrocatalyst because it activates the four-

electron pathway. Pt has high mass activity and low overpotential, but its stability is 

very poor in alkaline electrolytes and is scarce and expensive. [156,157] 

Commercially, catalysts from the platinum group, including Pt, Ir, Ru, and Au, as 

well as their oxide derivatives, are commonly employed for electrocatalysis in both 

OER and ORR processes. Notably, IrO2 and RuO2 are recognized as exceptional 

OER electrocatalysts due to their remarkable attributes, including low overpotential 

and rapid kinetics. However, they are again scarce and expensive, so their widely 

used is obstructed. The ORR activity of platinum group metal oxide electrocatalyst 

is determined as Os > Ru > Ir > Pt > Au, and the stability of the catalysts to OER is 

Au > Pt > Ir > Ru >Os; there exists an inverse relationship between stability and 

activity [158]. Therefore, IrO2 is the most commonly used electrocatalyst due to 

activity-stability balance. Whether these elements are very effective for bifunctional 

electrocatalysts, they are extremely expensive. Therefore, new feasible 

electrocatalysts are needed to boost oxygen electrochemistry. These new, very 

efficient electrocatalysts can be designed by considering material science methods. 

For example, different crystal structures, e.g., spinel, perovskite, rock-salt, or 
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different morphologies, e.g., nanoparticles, nanotubes, and heterojunctions, could be 

synthesized to upshift the performance of OER and ORR. 

2.1.3.2 Perovskite Type Transition Metal Oxide Catalysts 

Perovskite oxides are considered promising bifunctional electrocatalysts due to their 

adjustable physicochemical properties. The single perovskite oxide is represented as 

ABO3, while the double perovskite oxide is denoted as A2BB'O6. In these structures, 

the A site typically comprises alkaline rare earth or lanthanide ions, and the B site is 

occupied by transition metal ions; Figure 2.4 represents the single and double 

perovskite oxides [36]. Lately, double perovskite oxides have captured considerable 

interest within the energy materials domain. This is attributed to their unanticipated 

and improved physicochemical properties, along with heightened intrinsic catalytic 

activities when contrasted with single perovskite oxide structures 

[65,121,122,159,160]. Also, double perovskite oxides have too many elemental 

combinations for maintaining charge balance. Perovskite oxides can be different 

crystal structures. The ideal crystal structure for single perovskite oxide is a cubic 

structure with Pm-3m space group. It consists of a BO6 corner-sharing octahedral 

site, and A cations occur at the remaining holes; their symmetry is cuboctahedra 

[161]. Conversely, the crystal structure of double perovskite oxides hinges on the 

interplay between the charge and size disparities among B cations, dictating their 

arrangement. The variance in charge between B cations defines the specific crystal 

structure type. This charge difference contributes to three distinct crystal structures 

characterized as random, rock salt, and layered. 

The first studies on single perovskite electrocatalysts were published during the 

1970s. Several perovskite oxide compositions have been examined. LaCoO3 has 

promising activity; Ni and Sr doping also improved the performance by increasing 

conductivity. The early studies on LaNiO3-δ suggested the σ* bond formed between 

the eg orbitals of transition metal and adsorbate oxygen [141]. Various 3d transition 

metals (LaMnO3, LaCoO3, LaFeO3, BaCoO3, BaMnO3, etc.) and A-site elements 
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(La, Sr, Ba, Pr, Nd, Sm, Gd, Eu, etc.) containing perovskite oxides have been studied 

as electrocatalyst. For example, different A-sites containing AMnO3 were tested for 

ORR, and results show that when ionic radius increases, ORR activity also increases.  

      

 

Figure 2.4 The schematic representation of different crystal types of perovskites. 

Center single perovskite surrounding various crystal structures [36]. 

The tolerance factor and crystal symmetry are directly proportional to the radius of 

the A-site cation. La3+ tends to form most symmetric phases, such as cubic or 

rhombohedral. On the other hand, small Pr3+ and Nd3+ tend to form less symmetric 

orthorhombic and/or tetragonal phases. Also, large A-site cations, such as Ba2+, 

distort the symmetry too much and cause the formation of a hexagonal or layered 

hexagonal crystal structure [36,59,61,63–65,124,145,161]. The electrocatalytic 

activity is intimately tied to the crystal structure and the configuration of the BO6 

octahedral sites. For instance, hexagonal double perovskite oxides feature face-

sharing octahedral sites, unlike their cubic counterparts, which predominantly have 

corner-sharing octahedral configurations. 
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CHAPTER 3 

 

3 EXPERIMENTAL PROCEDURE 

3.1 Materials 

The following chemicals were used as received in this thesis: barium nitrate 

(Ba(NO3)2, Sigma Aldrich), lanthanum (III) nitrate hexahydrate (La(NO3)3·6H2O, 

Sigma Aldrich), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, Sigma Aldrich), 

manganese(II) nitrate tetrahydrate (Mn(NO3)2·4H2O, Sigma Aldrich), Super P 

carbon (Sigma Aldrich), ethyl alcohol (CH3CH2OH, Sigma Aldrich, 99 %), citric 

acid (HOC(COOH)(CH2COOH)2, Sigma Aldrich), Nafion solution (Sigma-

Aldrich, 5 wt %), carbon cloth (EDTA, Fuel Cell Store), carbon foam (Fuel Cell 

Store). 

3.2 Synthesis of Double Perovskite Oxides 

The double perovskite BaxLa2-xCoMnO6-δ (x= 0, 0.5, 1, 1.5, 2) was synthesized using 

a Pechini method with modifications. Metal nitrates, Ba(NO3)2, La(NO3)3·6H2O, 

Co(NO3)2·6H2O, and Mn(NO3)2·4H2O were dissolved in 100 mL of ultrapure water 

(18.2 MΩ·cm) in stoichiometric amounts, and stirred continuously. Subsequently, a 

mixture of citric acid (CA) and acrylamide (AC) was added to the solution as the 

gelation agent, with a molar ratio of 1:3:9, considering the total metal cation content, 

CA, and AC, respectively. While incorporating the complexing agents, the solution 

was stirred at a temperature of 100 °C on a hot plate until a gel-like substance was 

produced. The gel formation occurs once all physically bonded water has completely 

evaporated. After evaporation, the gel was subjected to overnight drying at 200 °C 

under an air atmosphere. This drying step was succeeded by calcination at 600 °C 

for a duration of 15 hours to eliminate undesired compounds such as H2O, CO, CO2, 
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and NO2. The powders were subjected to annealing and air-quenching at a 

temperature of 1300 °C to achieve the formation of the single-phase double 

perovskite oxide. An example of synthesizing process can be seen in Figure 3.1. 

 

Figure 3.1 The example of the synthesizing procedure from Sol-Gel to the final 

product. 

3.3 Material Characterization 

The crystal structure of the synthesized double perovskite oxides was determined 

using powder X-ray diffraction (XRD) with Cu Kα radiation (λ= 1.5406 Å) in the 2θ 

range of 20-90 °, employing a Rigaku instrument. The obtained XRD patterns were 

refined using the Rietveld refinement method through the EXPGUI interface and 

GSAS software. The morphology and microstructure of the samples were analyzed 

using a high-resolution field-emission scanning electron microscope (SEM, FEI 

Nova NanoSEM 430). Additionally, the morphology, microstructure, and crystal 

structure were characterized using a field-emission high-resolution transmission 

electron microscope (HRTEM, Tecnai G2 F30). The HRTEM provided high-
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resolution and high-angle annular dark-field (HAADF) micrographs, as well as 

corresponding energy dispersive spectroscopy (EDS) element mapping and selected 

area electron diffraction (SAED) patterns. The specific areas of the samples were 

obtained from the Brunauer-Emmet-Teller (BET) method within the P/P0 = 0.06-

0.30 relative pressure rangeX-ray photoelectron spectroscopy (XPS) was performed 

using the PHI 5000 Versa Probe spectrometer with Al Kα radiation. This technique 

was employed to investigate the characteristics of the double perovskite oxides, 

determine their chemical composition, and measure the work function. To ensure 

accuracy, all peaks were calibrated using a standard C 1s spectrum at 284.6 eV.  To 

measure the work function, approximately 20 nm of Au was sputter-coated onto one 

half of each specimen. This was done to establish an electrical contact between the 

sample and the standard sample stage [146]. The samples were placed on a stage for 

biasing the samples. The stage includes a standard gold foil with a 5.1 eV measured 

work function value for work function value calibration. The Au work function from 

the specimen surface was calibrated to the standard Au from the stage. The work 

function values were calculated from the equation: Φ = hv – (Ecutoff – EF). The "hv" 

photon energy is 1486.68 eV. The corrected work function values were obtained 

using the formula Φcorrected = Φsample + (Φstage - Φcoating).  

3.4 Electrochemical Characterization 

Electrochemical measurements were conducted using a three-electrode rotating disk 

electrode system (RDE) from BASI, coupled with a GAMRY Reference 3000 

potentiostat/galvanostat/ZRA. The three-electrode configuration consisted of an 

Ag/AgCl reference electrode (immersed in 3 M KCl), a platinum wire counter 

electrode, and a glassy carbon (GC) working electrode coated with a drop-casted ink 

of the double perovskite catalyst. The experiments were carried out using a 

continuous flow of O2-bubbled and O2-saturated 0.1 M KOH electrolyte. The 

preparation of the 0.1 M KOH electrolyte involved dissolving KOH pellets in 

ultrapure water (with a resistivity of 18.2 MΩ). To account for the electrolyte 
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resistance, all recorded potentials were iR-corrected. The potentials collected from 

Ag/AgCl reference electrode were converted to the reversible hydrogen electrode 

(RHE) according to the Nernst Equation:  

Evs.RHE = Evs.Ag/AgCl + 0.0059 x pH + 0.1976  pH for 0.1 M KOH = 12.6              (3.1). 

3.4.1 Catalyst Ink Preparation 

To assess the activity of the double perovskite oxides in oxygen reactions, the 

specimens needed to be prepared as working electrodes. For this purpose, a catalyst 

ink was formulated and deposited onto glassy carbon electrodes (with a diameter of 

3 mm). The catalyst ink was created by combining 10 mg of the double perovskite 

oxide, 5 mg of Super-P carbon, 2 mL of ethanol, and 200 μL of Nafion solution. This 

mixture was then thoroughly mixed using a mortar and pestle until a homogeneous 

solution was achieved. Subsequently, the mixture underwent ultrasonication for a 

minimum of three hours to disperse any agglomerates and maintain uniformity. The 

fabrication of the working electrode involved depositing 10 μL of the catalyst 

solution onto the glassy carbon electrode, resulting in a mass loading of 0.557 mg 

oxide cm-2. Prior to each experiment, the surface of the glassy carbon electrode was 

polished using a 0.05 μm alumina suspension. 

3.4.2 Rotating Disk Electrode (RDE) Experiments 

The electrocatalytic performance of the double perovskite oxide materials in OER 

and ORR was evaluated through experiments utilizing a RDE configuration. A 

photograph of the RDE set up used in this thesis is shown in Figure 3.2. The RDE 

setup includes a rotating shaft that constantly stirs the electrolyte solution, allowing 

a well-defined and homogenous solution flow pattern. Additionally, the rotation of 

the electrode prevents the accumulation and depletion of reactants at the electrode's 

tip. In the setup of a RDE, the reaction rate on the electrode surface is primarily 

governed by kinetics, as the electrode's rotation manages the transfer of reactants. 
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Reactants reach the electrode surface, and products are carried away. In contrast, 

under static conditions, the reaction rate on the electrode surface is influenced by 

both kinetics and mass transport. All experiments with the RDE were conducted in 

an electrolyte of 0.1 M KOH saturated with O2, and the rotation speed was set at 

1600 rpm, unless specified otherwise. 

 

Figure 3.2 The RDE setup used in the experiments. 

Prior to each experiment, a series of 10 cyclic voltammetry (CV) cycles were 

conducted at a scan rate of 100 mV/s. This process aimed to cleanse, activate, and 

stabilize the surface of the electrocatalyst. 

The linear sweep voltammetry (LSV) was conducted to measure the double 

perovskite oxide electrocatalyst's overpotential and turnover frequency (TOF). In the 

LSV experiment, the current of the working electrode is determined by the potential 

difference between the reference and working electrode. The potential is swept 

linearly over a specified range. For the OER, the LSV measurements were conducted 
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within the range of 0.2 to 1.1 V vs. Ag/AgCl, while for the ORR, the range was 0.1 

to -0.8 V vs. Ag/AgCl. The scan rate for both cases was set to 10 mV/s. 

The mass activity (MA) and specific activity (SA) are computed to enhance the 

comparison of electrocatalysts among themselves and with existing literature, 

mitigating the impact of mass loading and surface area. These activities are 

determined using the following equations: 

MA = J / m and SA = J / (10 x m x SBET)                (3.2)  

where J, m, and SBET are the current density (mA cm-2), the mass loading (0.557 

mgoxide cm-2), and BET surface area (m2 g-1), respectively. 

To explore the kinetics of the double perovskite oxide electrocatalysts, a Tafel 

analysis was employed under stable conditions. The Tafel analysis was conducted 

using the chronoamperometry (CA) technique within a potential range of 0.4 – 0.59 

V vs. Ag/AgCl, which is in the range of where the OER take place for synthesized 

perovskite oxides, with voltage increments of 0.01 V. The current at the conclusion 

of each voltage increment was recorded, and Tafel plots were constructed based on 

these current and voltage values. 

Electrochemical impedance spectroscopy (EIS) was employed to assess the 

impedance characteristics of the electrocatalysts. EIS measurements were carried out 

over a frequency range of 0.1 MHz to 0.01 Hz, utilizing a 10 mV AC voltage, and 

the results were recorded at the voltage of OER start, 0.7 V vs. Ag/AgCl, in a 0.1 M 

KOH electrolyte. 

The long-term durability was evaluated using the chronopotentiometry (CP) 

technique at a consistent current density of 10 mA cm-2 for a duration exceeding 

sixty hours. The CP measurements were conducted without the rotation of the 

working electrode. 

To examine the band bending characteristics of the electrocatalyst within the OER 

potential range, Mott-Schottky (MS) analysis was carried out. This analysis involved 

performing EIS measurements over a potential range of open circuit voltage (OCP) 
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-0.5 V to 0.6 V vs. Ag/AgCl in increments of 50 mV. The space charge capacitance 

was calculated using the following equation: 

C = -1 / 2πvZ”                (3.3) 

Z" is the imaginary part of the impedance at the constant frequency v = 10 Hz.   

3.4.3 Zinc-Air Battery Experiments 

The LCM and BCM battery performance was evaluated by assembling a homemade 

zinc-air battery (Figure 3.3). Anode is a commercial zinc-foil, cathode consists of 

carbon cloth gas diffusion layer (ELAT), PTFE film, and drop-casted LCM or BCM 

electrocatalyst, and the electrolyte is 6 M KOH with 0.2 M Zn(OAc)2. The cathode 

comprises three layers: the outer layer is a PTFE film that prevents electrolyte 

leakage and facilitates oxygen exchange; the middle layer is a carbon cloth that 

enables oxygen diffusion and supports the electrocatalyst layer; the inner layer, in 

contact with the electrolyte, consists of a drop-casted electrocatalyst to facilitate the 

OER and ORR reactions. 

 

Figure 3.3 Homemade Zinc-Air battery cell. 

The assembled Zn-Air battery's performance was tested with GAMRY Interface 

1000 potentiostat/galvanostat/ZRA. Charge and discharge polarization curves, along 
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with the corresponding power densities, were obtained for Zn-air batteries based on 

both BCM and LCM. These measurements were conducted across a current density 

range of 0 to 200 mA cm-2. To determine the specific capacities of these Zn-air 

batteries, they were fully discharged within a current density range of 5 mA cm-2 to 

50 mA cm-2. Additionally, specific capacities and specific energies were calculated 

using the provided equations. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑦 =  
𝐼 ×𝑡

𝑚
               (3.4) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =  
𝐼×𝑉×𝑡

𝑚
               (3.5) 

where I is the applied current density (mA cm-2), t is the total discharge time (hours), 

m is the consumed mass of the zinc anode (grams), and V is the voltage of the 

nominal discharge (volts). Following the assessment of specific capacities, the cyclic 

charge-discharge performance of the Zn-Air batteries was evaluated at a constant 

current density of 5 mA cm-2. The cycles consisted of 5 minutes of charging followed 

by 5 minutes of discharging.
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CHAPTER 4  

4 RESULTS and DISCUSSION 

The oxygen evolution reaction activities of the double perovskite oxide 

electrocatalysts' series, Ba2-xLaxCoMnO6−δ, were investigated. All synthesized 

double perovskite oxides were examined, but only the most promising 

electrocatalyst, Ba2CoMnO6−δ, was studied in detail. The double perovskite oxides 

were subjected to structural characterization using techniques such as XRD, SEM, 

TEM, and BET. The electronic structure was examined through XPS and EPR 

analyses. Electrochemical evaluation was carried out using a three-electrode system 

with a rotating disk electrode setup in an O2-saturated 0.1 M KOH electrolyte. 

Various parameters including overpotentials under different conditions, Tafel slopes, 

EIS values, turnover frequencies, Mott-Schottky analysis, work functions, pre- and 

post-stabilities, as well as battery performance were thoroughly investigated for the 

double perovskite oxide electrocatalysts. 

4.1 Crystal Structure of the Catalysts 

Multiple Ba2CoxMn2−xO6−δ samples were synthesized, each having different Co/Mn 

ratios and being subjected to varying annealing temperatures. This was done to 

achieve a single-phase crystal structure in the samples. XRD analysis of the samples 

annealed at 1100 °C reveals the presence of individual perovskite phases, BaCoO3 

and BaMnO3, as shown in Figure 4.1(a). This suggests that an annealing temperature 

of 1100 °C is insufficient to yield a single-phase double perovskite oxide. Therefore, 

raising the annealing temperature becomes necessary. Subsequent annealing at 1300 

°C followed by cooling in the furnace introduces minor oxide phases, as indicated 

by the XRD pattern in Figure 4.1(b). Therefore, we designed a rapid air-quench 

method from 1300 °C, and the obtained Ba2CoMnO6 (BCM) sample has a 2H 
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hexagonal perovskite oxide phase without any impurity and secondary phases. On 

the other hand, Ba2Co0.5Mn1.5O6-δ still contains a secondary phase even at this 

annealing temperature, and Ba2Co1.5Mn0.5O6-δ partially melted at 1300 °C, it can be 

related to Co-rich inter-oxidic phases, the XRD patterns of synthesized 

Ba2CoxMn2−xO6−δ samples at different chemical compositions and annealing 

temperature are shown in Figure 4.1(c). Also, as shown in Figure 4.1(d), there is a 

transformation from multiphase to single phase when the sintering temperature 

increases for BCM. Consequently, our attention is directed towards the highly 

electrocatalytically active BCM. In our investigation, we replace trivalent La with 

divalent Ba at the A-site. This substitution is aimed at comprehending the alterations 

in crystal and electronic structure, along with their impact on OER performance. 

 

Figure 4.1 The XRD patterns for Ba-Co-Mn-O system (a) at 1100 °C furnace cooled, 

(b) 1300 °C furnace cooled, (c) 1300 °C air quenched (AQ), and (d) XRD patterns 

for BCM synthesizing at different temperatures and ball-milled (BM). 
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The XRD patterns of successfully synthesized single phase 2H hexagonal BCM and 

its La-containing derivatives, such as cubic La2CoMnO6-δ (LCM) and series of 

BaxLa2−xCoMnO6 (x = 0, 0.5, 1, 1.5, 2) are shown in Figure 4.2(a). The 2H-hexagonal 

crystal structure with P63/mmc space group (Pearson's Crystal Data: 1900378) of 

1300 °C annealed and air-quenched BCM was confirmed by Rietveld refinement 

analysis, shown in Figure 4.2 (b), (c), (d), (e), (f) for LCM, BLCM-5, BLCM, 

BLCM-15, and BCM, respectively. The 2H-hexagonal BCM has a = 5.77 Å, c = 

4.37 Å lattice constants with the space group P63/mmc. On the other hand, 

La2CoMnO6-δ exhibits a cubic perovskite structure characterized by the Fm3̅m space 

group. Similarly, Ba0.5La1.5CoMnO6-δ (BLCM-5) also manifests a single-phase cubic 

perovskite structure within the Fm3̅m space group. The crystal structures of both 

cubic and hexagonal perovskite oxides are depicted in Figure 4.3. 
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Figure 4.2 (a) XRD patterns of the double perovskite series of La2CoMnO6−δ (LCM), 

Ba1.5La0.5CoMnO6−δ (BLCM-5), BaLaCoMnO6−δ (BLCM), Ba0.5La1.5CoMnO6−δ 

(BLCM-15), and Ba2CoMnO6 (BCM). Rietveld refinement profile of XRD for (b) 

LCM, (c) BLCM-5, (d) BLCM, (e) BLCM-15, (f) BCM. 
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when the Ba amount increases, the amount of the hexagonal phase increases, and the 

cubic phase decreases. As a result, if A-site is totally occupied by Ba atoms, the 

crystal structure is hexagonal; if it is La atoms, the crystal structure turns cubic. The 

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

 LCM

 BLCM-5

 BLCM

 BLCM-152H 2H
CCC

C2H

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

2q (°)

 BCM

C
2H

C 2H 2H

C

C
2H

C
2H

C

a
c2 = 2.81

2q (°)

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

 Observed

 Calculated

 Difference

 Background

 Fm-3m

LCMb

BLCM-5

2q (°)

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

 Observed

 Calculated

 Difference

 Background

 Fm-3m

c2 = 2.32

c BLCM

c2 = 2.53

2q (°)

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

 Observed

 Calculated

 Difference

 Background

 Fm-3m

 P63/mmc

d

BLCM-15

c2 = 3.27

2q (°)

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

 Observed

 Calculated

 Difference

 Background

 Fm-3m

 P63/mmc

e BCM

c2 = 3.04

2q (°)

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

 Observed

 Calculated

 Difference

 Background

 P63/mmc

f



 

 

37 

Rietveld refinement results of the samples, the crystal structure, lattice parameters, 

also Goldschmidt tolerance factors were summarized in Table 4.1. Goldschmidt 

tolerance factor gives basic information about the perovskite oxides, such as whether 

this composition forms a perovskite oxide or what would be the crystal structure. 

The Goldschmidt tolerance factor equation takes into account the tolerance factor (tf) 

along with the average radii of A-site cations (rA), B-site cations (rB), and oxygen 

anions (rO). In this context, tolerance factor values falling between 0.8 and 1.0 

indicate the likelihood of a cubic structure forming, whereas a tolerance factor 

exceeding 1.0 suggests the potential formation of a hexagonal structure. The XRD 

findings of the synthesized BCM, LCM, and other materials align well with the 

predictions derived from the Goldschmidt tolerance factor. 

 

Figure 4.3 Representative crystal structure of (a) cubic Fm3̅m LCM perovskite oxide 

and (b) 2H-hexagonal P63/mmc BCM perovskite oxide. 
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Table 4.1 Rietveld refinement analysis and Goldschmidt tolerance factor of double 

perovskite series of BaxLa2-xCoMnO6 (x = 0, 0.5, 1, 1.5, 2) 

 
Lattice Parameter (Å) 

   

Catalyst a b c Space Group Volume(Å
3
) 

Tolerance 

Factor 

LCM 7.76 7.76 7.76 𝐹𝑚3̅𝑚 466.620 0.991 

BLCM-5 7.77 7.77 7.77 𝐹𝑚3̅𝑚 469.097 0.997 

BLCM 

7.79 7.79 7.79 𝐹𝑚3̅𝑚(90wt%) 472.365 

1.023 

5.78 5.78 4.35 𝑃63/𝑚𝑚(10wt%) 125.706 

BLCM-15 

7.79 7.79 7.79 𝐹𝑚3̅𝑚(59wt%) 471.99 

1.045 

5.78 5.78 4.35 𝑃63/𝑚𝑚𝑐(41wt%) 125.810 

BCM 5.77 5.77 4.37 𝑃63/𝑚𝑚𝑐 126.362 1.063 

 

Additionally, the crystal structure of the 2H-hexagonal BCM was verified through 

HRTEM and the corresponding SAED techniques. The HRTEM image captured in 

the [001] projection, as depicted in Figure 4.4(a), illustrates a hexagonal arrangement 

of atoms. A central atom is surrounded by six others, forming a hexagonal pattern 

with a measured spacing of d=0.5 nm, corresponding to the (100) lattice planes. 

Moreover, Figure 4.4(b) displays the corresponding SAED pattern of BCM along 

the [001] direction. The SAED pattern confirms the hexagonal nature of BCM. The 

d-spacing determined from the SAED pattern aligns well with the d-spacing obtained 

from XRD and Rietveld refinement analyses. These findings provide evidence of the 

successful synthesis and formation of the 2H layered hexagonal perovskite oxide 

structure in BCM. 
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Figure 4.4 (a) HRTEM image of BCM, (b) SAED patterns along the [001] axis for 

BCM, and (c) HAADF image alongside corresponding EDS element mappings 

highlighting the presence of Ba, Co, Mn, and O in BCM. 

Moreover, the morphological characteristics of the synthesized double perovskite 

oxides were examined using SEM, as depicted in Figure 4.5. The SEM image reveals 

particles at the submicron scale, measuring several hundred nanometers in size. 

Although the particles' shape and size are somewhat unevenly distributed due to the 

air-quenching and ball milling processes, there is a general consistency in particle 

size and shape across all perovskite oxides. Hence, it can be inferred that the impact 

of particle size and morphology on the electrocatalytic activity can be considered 

negligible. Elemental distribution in the double perovskite oxides was examined 

through EDX mapping. Additionally, TEM confirmed the EDX mapping results for 

BCM, as seen in Figure 4.4(c). The outcomes revealed a uniform distribution of all 

elements—Ba, La, Co, Mn, and O—across the particles. The specific surface area of 

the particles was determined using N2 adsorption/desorption isotherms and 

calculated using the Brunauer-Emmet-Teller (BET) method. The BET results, 

presented in Table 4.2, indicate that the catalysts share a similar specific surface area. 

Consequently, the influence of surface area on the electrocatalytic activity can be 

discounted, enabling focused investigation into the impact of elements and doping. 
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Figure 4.5 SEM images and EDS mapping of the (a) LCM, (b) BLCM-5, (c) BLCM, 

(d) BLCM-15, (e) BCM. 

Table 4.2 BET analysis results 

Sample Multipoint BET Single Point BET 

P/P0 Volume(cc/g) Slope Area(m2/g) P/P0 Area(m2/g) 

LCM 0.06112 2.5671 

173.9 18.90 0.31144 18.78 
0.08765 2.9831 

0.11267 3.3101 

0.16424 3.9766 

BLCM-5 0.06059 2.2213 

239.8 13.99 0.31222 14.82 
0.08756 2.5237 

0.11270 2.7681 

0.16231 3.2281 

BLCM 0.11260 3.7133 

132.2 23.96 0.31212 19.90 
0.16231 4.3159 

0.21161 5.2742 

0.26221 6.0080 

BLCM-15 0.08743 3.1955 

156.2 20.82 0.31207 18.12 
0.11256 3.5191 

0.16226 4.0865 

0.21154 4.9035 

BCM 0.06044 2.7515 

160.3 20.49 0.31119 19.41 
0.08751 3.1486 

0.11227 3.6338 

0.16214 4.3677 
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4.2 Electronic Structure of the Catalysts 

 XPS was employed to analyze the surface chemical composition and chemical states 

of Co, Mn, and O. The survey spectra of the BaxLa2-xCoMnO6 series (x = 0, 0.5, 1, 

1.5, 2) indicated the absence of impurity elements within the structure. The XPS core 

level spectra of Co 2s, Mn 2p, and O 1s are depicted in Figures 4.6(a), (b), and 4.7, 

respectively. The O 1s peak was deconvoluted into three regions, as illustrated in 

Figure 4.7. The fitted peaks centered around 529.5, 531.2, and 532.6 correspond to 

the typical metal-oxygen bond, a significant number of defect sites with low oxygen 

coordination in the material, and chemically and physically adsorbed water on the 

material's surface.  

Figure 4.6 XPS core level spectra of (a) Co2p and (b) Mn2p of LCM, BLCM-5, 

BLCM, BLCM-15, BCM 
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Comparing all samples, BCM has the strongest metal-oxygen bond indicating more 

stable oxide formation. In Figure 4.6(a), the XPS core level spectra of Co 2p are 

depicted. Firstly, the presence of Co4+ can be excluded, as the satellite peak with a 

binding energy of around 789 eV differs from that of Co4+ in SrCoO3 [64]. Across 

all catalysts, the Co 2p spectra exhibit two main peaks along with corresponding 

weak satellites. The shapes and peak positions (Co 2p3/2 at around 780 eV and Co 

2p1/2 at around 795 eV) indicate the coexistence of Co2+ and Co3+. Differentiation 

between the oxidation states of Co2+ and Co3+ is possible by observing the separation 

in the main peaks and satellites. The main peaks for Co2+ are centered at 

approximately 795 and 780 eV. On the contrary, Co3+ exhibits a distinct satellite 

(Co3+ shake-up) at around 789 eV. Additionally, the separation in the main peaks is 

roughly 6 eV for Co2+ and about 9 eV for Co3+. Notably, the Co 2p spectra in Figure 

4.6(a) exhibit a strong satellite originating from Co2+, underscoring the 

predominance of Co2+ in the cubic LCM structure [162]. As the Ba content increases, 

the intensity of the Co2+ satellite diminishes, and a weak satellite from Co3O4 

emerges, accompanied by the formation of the hexagonal phase. 
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Figure 4.7 XPS core level spectra of (a) LCM, (b) BLCM-5, (c) BLCM, (d) BLCM-

15, (e) BCM 

According to existing literature, the valence of cobalt in hexagonal perovskite 

structures is typically higher compared to that in cubic perovskite structures, such as 

those in the BSCF system. This difference can be attributed to the fact that the 

distances between B-site cations (B) and oxygen (O) in face-sharing octahedral 

arrangements are smaller than those in corner-sharing octahedral arrangements. 

Therefore, the increase in the oxidation of Co through Ba doping is consistent with 

the literature. Mn 2p core level spectra of the catalysts measured in this work are 

shown in Figure 4.6(b). Each spectrum exhibits distinct peaks corresponding to Mn 

2p3/2 and 2p1/2, with a spin-orbit splitting of 11.7 eV. The major peaks, approximately 

at 640 and 652 eV, can be assigned to Mn 2p3/2 and Mn 2p1/2, respectively. By 

employing peak fitting for Mn 2p3/2, the spectra provide insights into different 

valence states of Mn, namely Mn4+, Mn3+, and Mn2+. The specific binding energies 

associated with these valence states are outlined in Figure 4.6(b). Notably, the 

observed binding energy of Mn 2p3/2 closely aligns with those exhibited by MnO2, 
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Mn2O3, and MnO. Satellites corresponding to the 2p3/2 and 2p1/2 peaks are evident 

within the binding energy range of 646–649 eV and 659–670 eV, respectively. The 

presence of a satellite at 646 eV signifies the Mn2+ oxidation state [17,163]. 

Moreover, as the content of Ba in the structure increases, this satellite weakens and 

the Mn 2p3/2 peak becomes narrower, indicative of an elevated Mn oxidation state, 

particularly Mn+4. The XPS analysis of the O 1s peak reveals three distinct regions, 

as depicted in Figure 4.7. The identified peaks at approximately 529.5, 531.2, and 

532.6 eV can be attributed to the conventional metal-oxygen bond, a higher 

concentration of defect sites featuring lower oxygen coordination within the 

material, and chemically and physically adsorbed water on the material's surface 

[162]. Notably, the peak associated with oxygen vacancy formation, situated at 

around ∼531 eV, gains prominence in the BCM spectra. This shift indicates that the 

augmentation of Ba content leads to a more defective oxide crystal structure 

characterized by an increased presence of oxygen vacancies. This dominant oxygen 

vacancy peak may be related to the long B-O bond distance in face-sharing 

octahedral compared to corner-sharing octahedral and short, nearly metallic, B-B 

bond distance. In a way that supports this, when the amount of hexagonal structure 

decreases, the intensity of the oxygen vacancy peak decreases, and the lattice oxygen 

peak increases. The oxygen vacancy of the BCM was also observed via electron 

paramagnetic spectroscopy (EPR) at a g value of 2.002, Figure 4.8. 
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Figure 4.8 Electro paramagnetic resonance (EPR) spectra of BaxLa2-xCoMnO6 (x = 

0, 0.5, 1, 1.5, 2) 

4.3 Electrochemical OER Activity and Stability of the Catalysts 

This thesis predominantly centers on investigating the OER performance of BCM 

and comprehending the factors underlying its heightened activity, given that the OER 

constitutes a relatively sluggish phase within water-splitting reactions. The research 

primarily examined a series of double perovskite oxides, denoted as 

BaxLa2−xCoMnO6 (with varying x values of 0, 0.5, 1, 1.5, and 2), utilizing a three-

electrode system with a rotating disk electrode (RDE). The experimental setup 

consisted of a platinum wire counter electrode, an Ag/AgCl reference electrode, and 

a glassy carbon (GC) working electrode coated with the double perovskite oxide, 

with a geometric area of 0.07068 cm². The electrolyte is O2-saturated 0.1 M KOH, 

and the oxygen gas is continuously purged during the experiment. Before every 

experiment, cyclic voltammetry (CV) is conducted to clean the surface and activate 

the electrocatalyst.  
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Figure 4.9 (a) LSV curves of double perovskite electrocatalysts at OER region, (b) 

Tafel plots obtained from steady-state measurements, (c) Chronopotentiometry 

stability curve of BCM at a current density of 10 mA cm-2, (d) EIS of catalysts, (e) 

The OER performance at different pH conditions. (f) The specific and mass activity 

of LCM, BLCM-5, BLCM, BLCM-15, BCM, and RuO2. RuO2 data reproduced from  

Luo, Q.; Lin, D.; Zhan, W.; Zhang, W.; Tang, L.; Luo, J.; Gao, Z.; Jiang, P.; Wang, 

M.; Hao, L.; Tang, K. Hexagonal Perovskite Ba0.9Sr 0.1Co0.8Fe0.1Ir0.1O3−δ as an 

Efficient Electrocatalyst towards the Oxygen Evolution Reaction. ACS Appl Energy 

Mater 2020, 3 (7), 7149–7158. Copyright 2020 American Chemical Society. 
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To understand the OER performance LSV technique is applied between 0.2 V to 1.8 

V. Figure 4.9(a) depicts IR-corrected LSV curves that have been normalized by 

current density. Notably, an increase in the Ba content within the double perovskite 

oxide composition leads to a significant reduction in overpotential and a substantial 

enhancement in OER catalytic activity. The OER activity follows the sequence of 

BCM > BLCM-15 > BLCM > BLCM-5 > LCM. Notably, BCM consists of solely 

hexagonal phases, while LCM and BLCM-5 are composed solely of cubic phases. 

On the other hand, BLCM and BLCM-15 encompass both hexagonal and cubic 

phases. Incorporating Ba into the composition induces a transition from a cubic to a 

hexagonal crystal structure, resulting in reduced OER overpotentials. Notably, the 

hexagonal-containing electrocatalysts, including BLCM (η = 300 mV), BLCM-15 

(η = 295 mV), and BCM (η = 288 mV), exhibit significantly lower overpotentials 

compared to the pure cubic perovskite oxide electrocatalysts: BLCM-5 (η = 346 mV) 

and LCM (η = 365 mVAdditionally, the electrocatalysts were subjected to testing 

under higher KOH concentrations, namely 1 M and 6 M. These experiments revealed 

an enhanced OER performance, yet the catalytic trend remained consistent with the 

findings from the 0.1 M KOH experiments, as depicted in Figure 4.9(d). These 

electrochemical results obtained from different pH conditions prove that the 

synthesized double perovskite oxide electrocatalysts are suitable for various pH 

applications. In order to gain insights into the fundamental electrochemical kinetics 

of the samples, Tafel slopes were determined using the multistep 

chronoamperometry method, with steady-state current variables being taken into 

consideration. Since the specimen should be in the steady-state current condition to 

understand the real kinetic behavior, the multistep chronoamperometry method with 

increasing voltage increments was chosen. This CA test was conducted within the 

potential range of 1.34 – 1.53 V vs. RHE, with a step increment of 0.01 V, Figure 

4.10. This potential range is selected because the water splitting and oxygen 

evolution reactions take place around these potentials for BCM and other double 

perovskites. The steady-state current density vs. potential graph is the counterpart of 
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the LSV curve, and the only difference is the current is measured longer times and 

reaches steady-state in the multistep CA.  

The obtained Tafel slopes from the CA tests are 50, 85, 73, 57, and 56 mV dec-1 for 

BCM, BLCM-15, BLCM, BLCM-5, and LCM, respectively, as illustrated in Figure 

4.9(b). These results highlight the significant impact of the electrocatalyst's single-

phase composition and crystal structure on its kinetic behavior. 

 

Figure 4.10 Staircase CP to determine the Tafel plot for BaxLa2-xCoMnO6-δ (x = 0, 

0.5, 1, 1.5, 2) 
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Unlike the OER activity and charge-transfer resistance, the barium amount and the 

hexagonal crystal structure amount are less effective in the kinetics of the 

electrocatalysts. Kinetics are mainly related to the single-phase and the type of 

crystal structure. The single-phase LCM and BLCM-5 have a cubic crystal structure, 

and their Tafel slopes are lower than double-phase BLCM and BLCM-15. Among 

the synthesized double perovskite oxide electrocatalysts, BCM stands out as the 

other single-phase electrocatalyst with the highest activity and the most rapid OER 

kinetics due to its 2H-hexagonal crystal structure. Electrochemical impedance 

spectroscopy was employed to assess the electrocatalysts' charge-transfer ability and 

conductivity. The equivalent circuit fitting comprised components such as solution 

resistance (Rs), a constant-phase element (CPE), and charge-transfer resistance (Rct). 

The charge-transfer resistance of BCM is determined to be 30.86 Ω from the model. 

This value is notably lower compared to the other synthesized electrocatalysts, 

namely 306 Ω, 131 Ω, 51 Ω, and 33 Ω for LCM, BLCM-5, BLCM, and BLCM-15, 

respectively, as depicted in Figure 4.9(c). This reduced charge-transfer resistance in 

BCM signifies its superior intrinsic electronic conductivity. Additionally, in line 

with the LSV curves and OER activity, perovskites with hexagonal crystal structures 

like BCM, BLCM, and BLCM-15 exhibit notably smaller semicircles, indicative of 

lower resistance, compared to the cubic counterparts, LCM and BLCM-5. The BCM 

shows great catalytic durability above 60 hours. The catalytic durability of the BCM 

electrocatalyst was assessed using the chronopotentiometry (CP) method under a 

constant current density of 10 mA cm-2. The CP measurements revealed that BCM 

maintains its potential for approximately 60 hours without any significant change, as 

depicted in Figure 4.9(d). This observation highlights the exceptional stability of 

BCM, coupled with its outstanding OER activity, surpassing that of existing state-

of-the-art catalysts. When evaluating MA and SA, it is notable that perovskite oxides 

typically exhibit lower values in both parameters. This is primarily attributed to the 

requirement of high annealing temperatures for achieving a single-phase structure 

(e.g., above 900 °C). Therefore, to investigate the intrinsic activity of the 

electrocatalyst, understanding the effect of surface area and mass loading is crucial. 
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The specific area can be measured with different methods, such as ECSA and BET. 

In this study, the BET method was conductedThe specific surface area of the 

electrocatalysts was determined using N2 adsorption/desorption isotherm curves. 

The BET results reveal that all the synthesized double perovskite oxides exhibit 

similar specific surface areas. Consequently, any potential impact associated with 

specific surface area on the electrocatalytic activity can be disregarded. The 

uniformity in specific surface areas allows us to isolate and investigate the influence 

of elements and doping on electrocatalytic effects, making it easier to discern the 

effects of doping and crystal structure without the interference of other factors. The 

specific activity is the current density per surface area of the catalyst. The mass 

activity was also calculated to normalize the catalyst's mass loading during drop-

casting. When the Ba amount increases and the hexagonal crystal structure starts to 

form, both specific activity and mass activity increase sharply, as shown in Figure 

4.9(f). The turnover frequency (TOF) is a close approximation to the specific 

activity. TOF refers to the rate of electron flow through an active site per second, 

Figure 4.11. Specific activity is a widely used method to determine the intrinsic 

property of electrocatalysts. TOF is another frequently employed approach for 

examining intrinsic activity. However, a challenge arises from the often unknown 

count of active sites. The TOF values demonstrate a notable correlation with the SA 

graph, and the values are provided along with a comparison to existing literature. 
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Figure 4.11 TOF values calculated at η = 250, 300, 350, 400, and 450 mV 

The investigation of surface work functions and band bending behavior of all 

catalysts was undertaken to comprehend the underlying factors contributing to the 

improved electrochemical OER activity of BCM and to identify its OER descriptor. 

The behavior of band bending at the interface between the solid and liquid phases 

was explored through MS analysis within the OER potential window. The MS graph 

is shown in Figure 4.12(a).  
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Figure 4.12 (a) Mott-Schottky plots of double perovskite oxide electrocatalyst in 

alkaline media, (b) Correllation between work function and overpotenial, (c) 

Reppresentative scheme of Fermi level allignment of LCM, BLCM, and BCM 

relativve to vacuum. 

In all the samples, there is an observable positive slope indicating n-type behavior 

from the OCV to approximately 0.8 V vs. RHE. This suggests that the surface of the 

catalyst layers, despite being nominally p-type, experiences charge inversion due to 

downward band bending. Around the potential of 0.8 V vs. RHE, a transition from 

n-type (positive slope) to p-type (negative slope) behavior becomes evident. This 

transition signifies a shift from charge inversion to the hole depletion region [43]. 

The precise point of transition corresponds to the peak in the Mott-Schottky plots, 

where the shift from n-type to p-type behavior is identified. The flat-band potential 

(Efb) is determined by linear extrapolation of the Mott-Schottky plot within the p-

type behavior region. The flat-band potential decreases from LCM to BCM. Efb is 

1.34 V vs. RHE for BCM and larger than 1.86 V vs. RHE for even BLCM-5. More 

positive flat-band potential indicates a strong limitation for the OER activity [18,43]. 
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The MS plots exhibit a plateau at the flat-band potential, indicating the occurrence 

of hole accumulation during the OER process. This flat region signifies the presence 

of an accumulated positive charge at the interface. For all the samples tested, 

including LCM, BLCM-5, BLCM, BLCM-15, and BCM, it appears that the OER 

activity is not primarily governed by electronic charge transfer at the interface. 

Indeed, the work function plays a crucial role in influencing the electrocatalyst's 

performance during the OER process. The work function can be understood as the 

energy barrier that electrons must overcome to move from the conduction band to 

the vacuum level. Consequently, a lower work function implies that a greater number 

of electrons can participate in the reaction, which can have a positive impact on the 

electrocatalytic activity. The present research delves into the exploration of the work 

function of the synthesized double perovskite oxides as an experimental approach to 

uncover any potential correlation with their electrochemical OER activities, as 

depicted in Figure 4.12(b). The work function assessment is conducted through XPS 

analysis involving Fermi level and valence band spectral analysis, and further 

insights can be found in Figure 4.13 and Table 4.3. 
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(a) Au reference (stage)                           (b) La2CoMnO6 

 

 

 

 

 

 

(c) Ba0.5La1.5CoMnO6                   (d) BaLaCoMnO6 

 

 

 

 

 

(e) Ba1.5La0.5CoMnO6                         (f) Ba2CoMnO6 

 

 

 

 

 

 

Figure 4.13 Valance and fermi spectra of (a) Au reference, (b) LCM, (c) BLCM-5, 

(d) BLCM, (e) BLCM-15, (f) BCM. 
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Nonetheless, it's crucial to emphasize that the measured work functions should be 

viewed as qualitative trends for the purpose of comparing the tested specimens 

within this study. As the amount of Ba increases, there is a corresponding decrease 

in the work function values. This suggests that the intrinsic conductivity of BCM is 

greater than that of the other samples; this observation is consistent with the findings 

from EIS measurements. The increase in electronegativity due to the presence of Co 

and the formation of oxygen vacancies may lead to a modulation of surface electron 

affinity, in accordance with the Gordy-Thomas relation [18]. Additionally, density 

functional theory (DFT) calculations and several experimental studies suggest that 

the reduction in bond distance between B-site elements and the increase in B-O bond 

distance within face-sharing octahedral sites can provide an explanation for the 

metallic character of B-B bonds. This metallic bonding characteristic leads to 

intrinsic metallic conductivity and subsequently lower work function values. As a 

result, the conclusion can be drawn that BCM, possessing a 2H-hexagonal structure 

with exclusively face-sharing octahedral sites, exhibits a structural behavior that 

contributes to its metallic character based on the previous discussion. This structural 

characteristic likely contributes to the decrease in work function due to the enhanced 

electronic conductivity. 
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Table 4.3 Corrected work function values. 

 
Cut off 

(BE/eV) 
Fermi Level 

(BE/ev) 
ϕ, Work 

function (eV) 
ϕ, Work 

function 

(eV)(corrected 

with Au 

coating) (eV) 

Au coating on LCM 1468.5 -0.79 4.89 *5.2 

La2CoMnO6(LCM) 1468.7 -0.40 4.37 4.68 

Au coating on BLCM-5 1468.7 -0.73 4.63 
 

Ba0.5La1.5CoMnO6(BLCM-

5) 
1468.7 -0.16 4.06 4.63 

Au coating on BLCM 1468.5 -0.74 4.84 
 

BaLaCoMnO6(BLCM) 1468.8 -0.12 3.92 3.56 

Au coating on BLCM-15 1468.5 -0.74 4.84 
 

Ba1.5La0.5CoMnO6(BLCM-

15) 
1468.5 0.47 3.63 3.27 

Au coating on BCM 1468.3 -0.74 5.04 
 

Ba2CoMnO6(BCM) 1469.2 4.64 3.40 3.24 
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The OER electrocatalysts have a trade-off between long-term structural and 

electrochemical stability. In this study, the BCM electrocatalyst was tested for more 

than 60 hours in the OER range to observe the electrochemical and structural stability 

of the electrocatalyst. XPS analysis shows that the oxygen vacancy concentration 

increases while the chemical state of Co and Mn does not change after sixty hours, 

Figure 4.14.  

 

Figure 4.14 XPS core level spectra of BCM after ~ 60 hours of CA test (a) O1s, 

(b)Co2p and (c)Mn2p 

The oxygen vacancies act as active sites; thus, these vacancies can be a source of O2 

production by contributing to charge transport. The long-term stability of BCM at a 

constant 10 mA cm-2 shows that there is a decrease in the nominal voltage and 

overpotential; this can be related to the increasing metal active sites due to increased 

oxygen vacancies. Therefore, it can be stated that BCM is very stable under constant 

current conditions and also exhibits more activation due to newly formed oxygen 

vacancies. Moreover, BCM is also structurally stable. The TEM images indicate the 

hexagonal BCM, Figure 4.15. The SAED pattern and the corresponding FFT pattern 

provide evidence that the structure of BCM remains unchanged even after the sixty-

hour duration. The observed results align with the 2H-hexagonal structure observed 

in the specimen prior to the commencement of the electrochemical test. Notably, no 

discernible distinction is observed between the structure before the test and the 

structure following the sixty-hour electrochemical test. In Figure 4.15(b), the 

HRTEM image highlights the [001] projection, revealing d-spacing values of 2.89 Å 

for (110) and 2.50 Å for (200) lattice planes. Notably, these d-spacing values align 

with those documented in Pearson's Crystal Data entry: 1900378. The distribution of 
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elements in hexagonal BCM is demonstrated through EDX mapping, depicted in 

Figure 4.15(c). The results indicate a uniform dispersion of Ba, Co, Mn, and O 

elements across the particle structure. Moreover, the absence of element segregation 

is evident from the EDX mapping, suggesting that there is no indication of element 

depletion or segregation even after prolonged service periods. The after-TEM images 

and after-XPS results provide clear evidence that the 2H hexagonal BCM structure 

remains stable both during and after the electrochemical tests. 

 

Figure 4.15 After ~ 60 hours of CA test on BCM (a) Bright-field image and SAED 

pattern (inside) along the [100] axis, (b) HR-TEM image and corresponding FFT 

pattern (inside) along the [100] axis, (c) HAADF image and corresponding EDS 

element mapping of Ba, Co, O, and Mn. 

 

 

 

 

 



 

 

59 

4.4 Rechargeable Zinc-Air Battery Performance 

The custom-made Zinc-Air battery configuration involves a Zn-foil anode, 

accompanied by a cathode comprising the double perovskite oxide (LCM or BCM), 

all operating within a 6 M potassium hydroxide (KOH) electrolyte supplemented 

with a 0.2 M zinc acetate (Zn(OAc)2) additive. It's important to highlight that during 

the charging and discharging processes, the surface of the air cathode is where the 

OER and ORR occur, respectively. The catalytic transformations occurring at the air 

cathode can be elucidated as follows: 

Discharge:  O2 + 4e- + 2H2O ↔ 4OH-  (E0 = 0.4 V) (Oxygen Reduction Reaction) 

Charge:  2OH- ↔ ½O2 + 2e- + H2O (Oxygen Evolution Reaction) 

The open-circuit potential (OCP) of the BCM is 1.652 V, which is higher than the 

OCP of LCM (1.387 V). As depicted in Figure 4.16(a), the power density of ZABs 

utilizing LCM and BCM cathodes is presented, along with the corresponding charge 

and discharge polarization curves. Importantly, the ZAB incorporating a BCM 

cathode demonstrates a lower charging voltage and a higher discharge voltage 

compared to the battery using an LCM cathode. This distinct voltage gap serves as 

an indicator: the ZAB equipped with a BCM cathode presents improved 

rechargeability owing to the narrower voltage disparity between the OER and ORR. 

The BCM cathode requires 1.846 V and 1.004 V to reach 10 mA cm-2 current density 

during charge and discharge, respectively. On the other hand, the LCM cathode 

requires 1.963 V during charging and 0.916 V during discharging. The BCM cathode 

exhibits 74 mW cm-2 peak power density at a high current density of 190 mA cm-2. 

On the other hand, LCM only has 62 mW cm-2 at a comparatively lower curent 

density of 140 mA cm-2. Figure 4.16(b) illustrates the specific capacities of BCM-

based ZABs across various current densities ranging from 5 mA cm-2 to 20 mA cm-

2, as well as the specific capacity of the LCM-based battery at current densities of 5 

mA cm-2 and 10 mA cm-2. The BCM-based Zn-air battery at 5 mA cm-2 has the 

highest specific capacity. However, its specific capacity capability at high current 
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densities is lower than the LCM. Zn-air battery with LCM cathode has near specific 

capacities at both current densities, but its specific capacities are lower than the 

BCM-based Zn-air battery.  

 

 

Figure 4.16 Zn-Air batteries with LCM and BCM electrocatalysts as air cathodes' (a) 

Charge and discharge polarization curves, corresponding peak power density plots, 

(b) Specific capacities at 5, 10, and 20 mA.cm-2 current densities, (c) Cyclic charge-

discharge curves at 5 mA.cm-2, (d) Durability performance in the first cycles of 

cyclic charge-discharge, (d) Durability performance in the last cycles of cyclic 

charge-discharge, (f, g) Open circuit voltage of LCM and BCM, respectively. 
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Moreover, the cyclic charge-discharge capacities of the batteries were performed at 

5 mA cm-2 current density with 10 minutes cycles to understand the electrochemical 

durability of the double perovskite oxide cathodes. Zn-air battery with BCM cathode 

shows 2.05 V charge and 1.08 V discharge voltage during cycling with a 0.97 V 

voltage gap; even after 30 hours of cycling, the voltage gap remains stable, Figure 

4.16(c). Therefore, the BCM-based Zn-air battery displays great rechargeability and 

battery durability. This battery performance indicates that BCM is an efficient 

catalyst for OER and ORR during charging and discharging for at least 30 hours. On 

the other hand, the Zn-air battery with LCM cathode exhibits a 2.41 V charge voltage 

and 0.66 V discharge voltage even at the first cycles. The voltage gap is greater than 

the BCM-based Zn-air battery, and the differences are clearly seen in Figure 4.16(c), 

(d). Also, the LCM Zn-air battery lost its stability too early, approximately 10 hours. 

It indicates that LCM exhibits very low OER/ORR bifunctional electrocatalytic 

activity and durability. Therefore, the Zn-air battery utilizing the BCM cathode 

electrocatalyst exhibits superior performance in comparison to the battery employing 

the LCM cathode. This can be attributed to the enhanced bifunctional activity of 

BCM, coupled with its robust structural and electrochemical stability. Furthermore, 

the electrochemical activity of BCM experiences an initial enhancement during the 

early reaction cycles. This phenomenon can be attributed to the presence of oxygen 

vacancies, a phenomenon that is further supported by subsequent XPS and EPR 

analyses. 
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CHAPTER 5 

5 CONCLUSIONS 

In this thesis, novel double perovskite oxide electrocatalysts were synthesized via 

the air-quenching method. These electrocatalysts were subjected to electrochemical 

testing for their efficacy in facilitating the oxygen evolution reaction. Furthermore, 

they were employed in the fabrication of porous air cathodes for utilization in zinc-

air batteries. 

• We successfully synthesized previously unattainable 2H-Ba2CoMnO6-δ 

through the air-quenching process at extremely elevated temperatures. 

• Electrochemical analysis of the OER activity and structural evaluations of 

Ba2-xLaxCoMnO6-δ (where x = 0, 0.5, 1, 1.5, 2) reveal that substituting 

trivalent La with divalent Ba at the A-site triggers the generation of oxygen 

vacancies, crucial for maintaining charge equilibrium. Consequently, 

electrocatalysts with elevated Ba content exhibit an increased quantity of 

oxygen vacancies, effectively creating a surplus of active sites that facilitate 

the OER process. 

• BCM demonstrates a remarkably low overpotential of 288 mV at a current 

density of 10 mA cm⁻², displaying elevated mass and specific activities. 

Notably, it maintains outstanding electrochemical and structural stability, 

retaining its 2H-hexagonal crystal structure, Co and Mn element valence and 

oxidation states, even after 60 hours. Moreover, the overpotential of BCM 

experiences a slight reduction owing to the emergence of new oxygen 

vacancies during the operation. The effective OER activity of BCM is closely 

linked to its structural oxygen vacancy formation and low work function. 

• The Zn-air battery featuring the BCM cathode demonstrates exceptionally 

elevated specific capacities across various current densities, underscoring the 

substantial activity of BCM during both OER and ORR reactions. 
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Additionally, this Zn-air battery excels in terms of rechargeability and 

durability, maintaining a low voltage gap for a minimum of 30 hours. The 

cyclic charge-discharge performance aligns well with the results from 

chrono-potentiometric long-term stability assessments.  

• The outcomes from this study propose that the A-site management approach 

holds significant promise in enhancing both the OER activity and structural 

stability of perovskite oxides. Furthermore, these findings highlight a 

correlation between the elemental composition, crystal structure, work 

function, and electrochemical activity of perovskite oxide electrocatalysts, 

indicating intricate interactions between these factors. 
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