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ABSTRACT 

 

DESIGNING MULTI-COMPONENT OXIDES AS AIR CATHODE FOR 

RECHARGEABLE AQUEOUS ZN-AIR BATTERIES 

 

Özgür, Çağla 

Master of Science, Metallurgical and Materials Engineering 

Supervisor : Assoc. Prof. Dr. Çiğdem Toparlı 

 

August 2024, 120 pages 

 

 

To address environmental pollution concerns and meet the increasing energy 

demand, the development of renewable energy systems and cost-effective 

electrochemical energy storage solutions is essential. Rechargeable zinc-air batteries 

have gathered significant attention among various energy storage devices due to their 

high specific energy, cost-effectiveness, and environmental friendliness. However, 

the sluggish kinetics of the oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER) during the discharge and recharge process of the air cathode hinder 

large-scale application. Thus, designing robust and economically viable bifunctional 

oxygen electrocatalysts is crucial for the commercialization of Zn-air batteries. In 

this thesis, multicomponent oxide bifunctional electrocatalysts namely high entropy 

oxides (HEOs) and double perovskite oxides for Zn-air batteries are thoroughly 

investigated. The effect of oxygen vacancy, porosity, and doping on the 

electrocatalytic OER/ORR activity and Zn-air battery performance are explored. 

Firstly, we introduce a novel synthesis method to produce (FeCrCoMnZn)3O4-δ high 

entropy spinel oxide in a vacuum atmosphere, primarily aimed at incorporating 

oxygen vacancies into the crystal structure. Compared to its air-synthesized 

counterpart, the resulting HEO with abundant oxygen vacancies exhibits a better 

bifunctional index of 0.89 V, indicating enhanced electrocatalytic activity for oxygen 
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reactions. When used as electrocatalysts in the air cathode of Zn-air batteries, the 

vacuum-synthesized HEO catalysts outperform HEO treated in air, demonstrating 

superior peak power density, specific capacity, and cycling stability. Then, we 

applied a low-temperature sol-gel method to synthesize nano-porous 

(FeCrCoMnZn)3O4-δ powders. To understand the effect of pore size on the 

electrocatalytic activity, calcination is applied at various temperatures. The HEO 

powder treated at 600°C exhibits larger pore size and a higher concentration of 

oxygen vacancies compared to other electrocatalysts calcined at 500°C and 700°C. 

When used as an air cathode in a Zn-air battery, the HEO treated at 600°C achieves 

greater capacity and peak power density. Notably, the Zn-air battery with 

nanoporous HEO treated at 600°C maintains its stability even after 1000 hours of 

cyclic charge-discharge, demonstrating exceptional stability and durability. Finally, 

we synthesized B-site doped NdBaCoaFe2-aO5+δ (a= 1.0, 1.4, 1.6, 1.8) electrocatalysts 

to understand the effect of cobalt and iron amount on the B-site of double perovskite 

oxides. X-ray photoelectron spectroscopy analysis revealed a correlation between 

iron reduction and increased oxygen vacancy content, which influences the 

electrocatalyst's bifunctionality by lowering the work function. The electrocatalyst 

with the highest cobalt content, NdBaCo1.8Fe0.2O5+δ, exhibited a bifunctionality 

value of 0.95 V, outperforming the other synthesized electrocatalysts. As an air 

cathode in a Zn-air battery, NdBaCo1.8Fe0.2O5+δ demonstrated superior performance 

characteristics, including elevated capacity, the highest peak power density, and 

enhanced durability and stability. Our findings strongly suggest that adjusting the 

quantity of oxygen vacancies, porosity, and doping of multi-component oxides offers 

a novel approach to customize electrochemical OER/ORR performance. 

 

Keywords: Zinc-air battery, Oxygen Evolution Reaction, Oxygen Reduction 

Reaction, Perovskite Oxide, High Entropy Oxide
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ÖZ 

 

ŞARJ EDİLEBİLİR SULU ÇİNKO-HAVA PİLLERİ İÇİN ÇOK 

BİLEŞENLİ OKSİTLERİN HAVA KATODU OLARAK TASARLANMASI 

 

Özgür,Çağla 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Assoc. Prof. Dr. Çiğdem Toparlı 

 

 

Ağustos 2024, 120 sayfa 

 

Çevre kirliliği endişelerini gidermek ve artan enerji talebini karşılamak için 

yenilenebilir enerji sistemlerinin ve uygun maliyetli elektrokimyasal enerji 

depolama çözümlerinin geliştirilmesi esastır. Şarj edilebilir çinko-hava pilleri, 

yüksek özgül enerjileri, uygun maliyetli olmaları ve çevre dostu olmaları sebebiyle 

çeşitli enerji depolama cihazları arasında öne çıkmaktadır. Ancak, deşarj ve şarj 

işlemi sırasında hava katodunda gerçekleşen oksijen indirgenme reaksiyonunun 

(ORR) ve oksijen yükseltgenme reaksiyonunun (OER) yavaş kinetiği, büyük ölçekli 

uygulamayı engellemektedir. Bu nedenle, sağlam ve ekonomik bifonksiyonel 

oksijen elektro katalizörleri tasarlamak, Zn-hava pillerinin ticarileştirilmesi için çok 

önemlidir. Bu tezde, Zn-hava pilleri için çok bileşenli oksit bifonksiyonel elektro 

katalizörler (yüksek entropili oksitler (HEO'lar) ve çift perovskit oksitler) kapsamlı 

bir şekilde incelenmiştir. Oksijen boşluğunun, gözenekliliğin ve dopingin elektro 

katalitik OER/ORR aktivitesi ve Zn-hava pil performansı üzerindeki etkisi 

araştırılmıştır. Öncelikle, kristal yapıya oksijen boşlukları dahil etmeyi amaçlayan 

vakum atmosferinde (FeCrCoMnZn)3O4-δ yüksek entropili spinel oksit üretmek için 

yeni bir sentez yöntemi sunuyoruz. Havada sentezlenen muadiliyle 

karşılaştırıldığında, bol oksijen boşluğuna sahip HEO, oksijen reaksiyonlarında 

elektrokimyasal aktiviteyi gösteren 0.89 V'luk bifonksiyonel indeksiyle daha iyi 
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performans sergiliyor. Zn-hava pillerinin hava katodunda elektrokimyasal katalizör 

olarak kullanıldığında, vakumda sentezlenen HEO katalizörleri havada işlenen 

HEO'dan daha iyi performans göstererek üstün tepe güç yoğunluğu, özgül kapasite 

ve çevrim kararlılığı gösteriyor. Daha sonra, nano gözenekli (FeCrCoMnZn)3O4-δ 

tozlarını sentezlemek için düşük sıcaklıklı sol-jel yöntemini uyguladık. Gözenek 

boyutunun elektrokimyasal aktivite üzerindeki etkisini anlamak için çeşitli 

sıcaklıklarda kalsinasyon uygulanır. 600°C'de işlenen HEO tozu, 500°C ve 700°C'de 

kalsine edilen diğer elektro katalizörlere kıyasla daha büyük gözenek boyutu ve daha 

yüksek oksijen boşlukları konsantrasyonu sergiler. Bir Zn-hava pilinde hava katodu 

olarak kullanıldığında, 600°C'de işlenen HEO daha büyük kapasite ve tepe güç 

yoğunluğuna ulaşır. Özellikle, 600°C'de işlenen nanogözenekli HEO'lu Zn-hava pili, 

1000 saatlik döngüsel şarj-deşarjdan sonra bile kararlılığını koruyarak olağanüstü 

kararlılık ve dayanıklılık gösterir. Son olarak, kobalt ve demir miktarının çift 

perovskit oksitlerin B-bölgesindeki etkisini anlamak için B-bölgesi katkılı 

NdBaCoaFe2-aO5+δ (a= 1.0, 1.4, 1.6, 1.8) elektro katalizörleri sentezledik. X-ışını 

fotoelektron spektroskopisi analizi, demir indirgemesi ile artan oksijen boşluğu 

içeriği arasında bir korelasyon olduğunu ortaya koydu; bu, elektrokatalistin işlevini 

düşürerek çift işlevliliğini etkiler. En yüksek kobalt içeriğine sahip elektrokatalizör, 

NdBaCo1.8Fe0.2O5+δ, 0.95 V'luk bir çift işlevlilik değeri sergileyerek diğer 

sentezlenen elektrokatalizörlerden daha iyi performans gösterdi. Bir Zn-hava pilinde 

hava katodu olarak NdBaCo1.8Fe0.2O5+δ, yükseltilmiş kapasite, en yüksek tepe 

güç yoğunluğu ve geliştirilmiş dayanıklılık ve kararlılık dahil olmak üzere üstün 

performans özellikleri gösterdi. Bulgularımız, oksijen boşluklarının miktarını, 

gözenekliliği ve çok bileşenli oksitlerin katkılanmasını ayarlamanın, 

elektrokimyasal OER/ORR performansını özelleştirmek için yeni bir yaklaşım 

sunduğunu güçlü bir şekilde önermektedir. 

Anahtar Kelimeler: Çinko-hava pili, Oksijen Evrim Reaksiyonu, Oksijen 

İndirgenme Reaksiyonu, Perovskit Oksit, Yüksek Entropili Oksit 
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CHAPTER 1  

1 INTRODUCTION  

Renewable energy sources such as solar and wind power have emerged as the most 

promising alternatives to traditional fossil fuels. However, effectively storing the 

energy generated from these sources is a significant challenge. Thus, developing 

advanced energy storage systems which are reliable, efficient, and highly safe is very 

important. Zinc-air (Zn-air) batteries have gained significant attention as a potential 

and sustainable solution for future electrochemical energy storage because of their 

high theoretical specific energy densities, safety features, and cost-effectiveness [1–

4]. Although Zn-air batteries are promising for grid energy storage, it is still essential 

to have an economically feasible, highly efficient, and chemically stable catalyst for 

both the oxygen evolution reaction (OER) and the oxygen reduction reaction (ORR) 

at the air cathode to make Zn-air batteries practically viable [5–7]. Currently, state-

of-the-art platinum group electrocatalysts like  Pt/C, IrO2, and RuO2 are used to 

accelerate these reactions. However, despite their high bifunctional activity for both 

OER and ORR, their high cost and scarcity limit the commercial potential of Zn-air 

batteries [8–10] Therefore, designing durable, efficient, and cost-effective 

bifunctional electrocatalysts both for OER and ORR is critical for their application 

in the air cathode of rechargeable Zn-air batteries [11,12]. 

Recently, high entropy oxides (HEOs) and double perovskite oxides, particularly 

those containing transition metals in their structure, have gained significant attention 

in electrochemical applications[7,13–18]. HEOs are single-phase oxides containing 

five or more elements in their structure in equal molar or near equal molar ratios. 

Especially, HEOs containing 3d transition metals have shown remarkable 

electrocatalytic activity for oxygen reactions [19–22]. Double perovskite oxides 

(A2BB’O5+δ) are currently being explored as potential electrocatalysts due to their 

tunable properties, and enhanced stabilities [23]. Their surface electronic structure 
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can be changed and active sites for electrochemical reactions can be increased, for 

example by doping [24–26]. Additionally, oxygen vacancies significantly affect 

material properties such as ionic/electronic conductivity, electronic structure, and 

magnetic characteristics of both HEOs and double perovskite oxides [27–30]. 

Previous research has demonstrated that an optimal number of oxygen vacancies can 

enhance the OER and ORR activity in transition metal oxides [29,31]. This 

improvement is attributed to significant alterations in bulk properties such as energy 

levels and conductivity, along with changes in surface properties and molecular 

adsorption. [32,33].  Various techniques have been utilized to generate oxygen 

vacancies in metal oxides, involving both during synthesis methods and post-

synthesis treatments [34–36]. These methods include thermal treatment, reduction 

processes, cation/anion doping, plasma treatment, and other advanced techniques 

like laser processing, flame treatment, exfoliation, and template strategies [37,38]. 

In this thesis, HEO and double perovskite oxide OER/ORR electrocatalysts were 

synthesized for an air cathode application on rechargeable Zn-air batteries. Firstly, 

to understand the effect of oxygen vacancy content on the electrocatalytic activity of 

HEOs, our objective is to create an oxygen vacancy-rich spinel (FeCrCoMnZn)3O4-

δ HEO using a fast and efficient one-step synthesis approach. We employed the co-

precipitation method followed by sintering in both air and vacuum conditions. 

Transitioning from an air to a vacuum environment during synthesis resulted in a 

higher production of oxygen vacancies. A higher concentration of oxygen vacancies 

significantly improved the electrocatalytic performance of (FeCrCoMnZn)3O4-δ. The 

sample treated in a vacuum demonstrated superior OER/ORR performance with 

lower overpotentials compared to the sample treated in air. Both electrocatalysts 

were tested as an air cathode in a custom-made Zn-air battery cell. The Zn-air battery 

with vacuum-calcined (FeCrCoMnZn)3O4-δ exhibited a peak power density of 102 

mW cm−2 and a specific capacity of 576.07 mA h g−1 at 5 mA cm−2. Additionally, it 

demonstrated superior cycling stability compared to the battery with air-calcined 

(FeCrCoMnZn)3O4-δ [12]. Then, to understand the effect of pore structure and pore 

size on the OER/ORR performance of HEOs, we successfully produced 
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(FeCrCoMnZn)3O4-δ nano-porous HEOs using a pore-forming aging process 

conducted at low temperatures. After producing our (FeCrCoMnZn)3O4-δ powders 

by low-temperature sol-gel method using glycine we applied calcination at 500 °C, 

600 °C, and 700 °C. Then, we investigated the porous nature of our electrocatalysts 

by scanning electron microscopy (SEM) and high-resolution electron microscopy 

(HRTEM). The HEO powder treated at 600°C exhibits bigger pore size as compared 

to other electrocatalysts. In addition, X-Ray photoelectron spectroscopy (XPS) 

revealed that (FeCrCoMnZn)3O4-δ treated at 600°C has higher oxygen vacancy 

content in its structure which influences its OER/ORR activity. When applied to a 

rechargeable Zn-air battery as an air cathode, the electrocatalyst treated at 600°C 

reaches a capacity of 443.34 mA h at 5 mA cm-2, and a peak power density of 80 

mW cm-2 at a current density of 133 mA cm-2. More importantly, the Zn-air battery 

with nano-porous (FeCrCoMnZn)3O4-δ treated at 600°C does not lose its stability 

even after 1000 hours (over 1.5 months) cyclic charge-discharge. Hence, it shows 

outstanding stability and durability.  

Finally, we designed double perovskite oxide electrocatalysts by doping the B-site 

for rechargeable Zn-air battery application. A series of NdBaCoaFe₂₋aO₅₊δ (NBCF) 

double perovskite oxides were synthesized with cobalt and iron ratios denoted by 'a' 

values of 1.0, 1.4, 1.6, and 1.8. Our study systematically evaluated B-site doped 

double perovskite oxide’s bifunctional electrocatalytic performance focusing on how 

variations in cobalt and iron content affect their OER/ORR activity. The NBCF 

electrocatalysts were synthesized by modified sol-gel Pechini method and then they 

were subjected to calcination. The electrocatalyst with the lowest iron content, 

NdBaCo1.8Fe0.2O5+δ, significantly shows superior performance when it is used in a 

rechargeable Zn-air battery as compared to other NBCF double perovskite oxides. 

Zn-air battery with the NdBaCo1.8Fe0.2O5+δ electrocatalyst demonstrated a maximum 

capacity of 428.27 mA h at 10 mA cm⁻², a peak power density of 64 mW cm⁻², and 

outstanding durability and stability with maintaining it performance over 350 hours 

of cyclic charge-discharge [39]. 
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Metal- Air Batteries 

Metal-air batteries are viewed as a next-generation promising energy storage device 

with their high energy densities, and cost-effectiveness. Metal-air batteries have a 

unique half-open cell structure. They are mainly composed of a metal anode such as 

lithium (Li), sodium (Na), potassium (K), magnesium (Mg), aluminum (Al), zinc 

(Zn) and iron (Fe), and air cathode which utilizes oxygen (O2) in the ambient air [40–

42]. In Figure 2.1 theoretical specific energies, volumetric energy densities, and cell 

voltages for different metal anodes are presented. Among the various metal-air 

batteries, Li-air batteries are widely investigated since Li-air batteries offer the 

highest theoretical energy density and high battery voltage, theoretically. However, 

they have safety problems and Li is an expensive, and scarce metal [43–45]. Alkali 

metal-based metal-air batteries such as Na, Li, and K are highly susceptible to water 

and moisture, presenting safety concerns in aqueous environments. Hence, they are 

used mainly in non-aqueous systems, but non-aqueous metal-air batteries suffer from 

low coulombic efficiency and self-discharge. Therefore, the practical application of 

these batteries is inhibited [46,47]. Al-air and Mg-air batteries also have similar 

theoretical energy densities and operating cell voltages as compared to Li-air 

batteries. However, they show self-discharge phenomena and low coulombic 

efficiency resulting from their low reduction potential. In addition, they have 

challenges such as parasitic corrosion due to the hydrogen evolution reaction (HER) 

on Al and Mg electrode surfaces. Moreover, they cannot be rechargeable because, in 

aqueous electrolytes, Al and Mg electrodeposition are impossible 

thermodynamically. In contrast, both Fe-air and Zn-air batteries can be rechargeable 

in aqueous environments. Hence, they offer potential advantages for widespread 



 

 

6 

application. As can be seen in Figure 2.1 Fe-air batteries have lower energy density 

than Zn-air batteries. As a result, Zn-air batteries attract great attention with their 

high theoretical energy densities (1086 W h kg-1), high specific energy (1218 W h 

kg−1), and a volumetric energy density of 6136 W h L−1. Additionally, Zn metal is 

safe, abundant, and eco-friendly [48–52].  

 

Figure 2.1 Comparison of different metal-air batteries in terms of specific energies, 

volumetric energy densities, and cell voltages [53]. 

2.2 Zinc-Air Batteries 

Among the primary metal-air batteries Zn-air battery is highly favored because of its 

affordability and high capacity as mentioned before. The first primary Zn-air battery 

dates back to 1868 and it used an NH4Cl aqueous solution as an electrolyte [54]. 

However, it faced challenges such as low working voltage and instability. Then in 

the 1930s, the electrolyte of the Zn-air battery is switched from neutral to alkaline 

media resulting in improved discharge performance [55]. Additionally, thanks to 

improvements in battery packaging technology, alkaline Zn-air batteries started to 

be used as power sources for hearing aids, railway signals, and other equipment. 

Since primary Zn-air batteries have an impressive volumetric energy density, they 

are widely used in hearing aids [53]. Over the last twenty years, the progress of 

materials and catalytic science has been stimulated by the improvements in 

nanotechnology. Consequently, the development of rechargeable Zn-air batteries is 

accelerated. Rechargeable Zn-air batteries especially for electric vehicles (EVs) were 
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extensively studied between the 1970s to 2000s with both mechanically and 

electrically rechargeable alternatives proposed [56,57].  In mechanical Zn-air 

batteries, the used zinc electrode is replaced physically as a result the battery can be 

recharged mechanically. However, mechanically rechargeable Zn-air batteries have 

challenges such as high setup costs. Therefore, electrically rechargeable Zn-air 

batteries are the most promising power source for EVs and portable electronic 

devices. In addition, they are generally considered one of the most economically 

viable battery solutions for grid-scale applications [49]. In rechargeable applications, 

the Zn electrode demonstrates low activity which provides stability in aqueous 

electrolytes. Hence, electrically rechargeable Zn-air batteries are promising for long-

term cyclic operation. Nevertheless, rechargeable Zn-air batteries still face 

challenges such as low output power density, limited cycling stability, and poor 

discharge voltage plateaus which inhibit their large-scale commercial applications 

[43]. One significant obstacle affecting rechargeable Zn-air battery performance is 

the high overpotential on the air cathode, mainly due to the slow kinetics of oxygen 

reduction reaction (ORR) and oxygen evolution reactions (OER) [58,59]. Moreover, 

zinc anodes have problems like passivation, dendrite growth, and HER [60,61]. In 

addition, present rechargeable Zn-air batteries mainly work with liquid basic 

electrolytes that eventually cause leakage or volatilization [62–64]. Today, research 

efforts are mainly focused on material design for OER/ORR electrocatalysts and 

companies like EOS Energy Storage, Fluidic Energy, and ZincNyx Energy Solutions 

have already tried to develop innovative Zn-air systems [65].  

2.2.1 Design and Working Principle of Rechargeable Zinc-Air Batteries 

As can be seen from the schematic of a typical rechargeable Zn-air battery 

represented in Figure 2.2 the rechargeable Zn-air batteries generally contain four 

primary components: an air cathode which consists of a catalyst-coated gas diffusion 

layer (GDL), an alkaline electrolyte (commonly potassium hydroxide (KOH)), a 

separator, and a zinc anode. 



 

 

8 

 

Figure 2.2 Schematic of a typical rechargeable Zn-air battery [49] 

Rechargeable Zn-air battery reactions take place in the Zn anode and the air cathode 

during the discharge process are as follows: 

Air cathode:   𝑂2 +  2𝐻2𝑂 + 4𝑒−  → 4𝑂𝐻− (𝑂𝑅𝑅)      (2.1) 

Zn anode:    𝑍𝑛 + 4𝑂𝐻−  → 𝑍𝑛(𝑂𝐻)4
2− + 2𝑒−   (2.2) 

    𝑍𝑛(𝑂𝐻)4
2− → 𝑍𝑛𝑂+ 𝐻2𝑂 + 2𝑂𝐻−   (2.3) 

Overall reaction:  2𝑍𝑛 +  𝑂2 → 2𝑍𝑛𝑂     (2.4) 

During discharge, the Zn-air battery acts as a power source by chemically coupling 

zinc metal with atmospheric oxygen (O2) at the air cathode in the presence of an 

alkaline electrolyte. While zinc ions (Zn2+) are produced at the zinc anode, electrons 

released from the zinc anode travel through an external circuit to the air cathode. 

Meanwhile, O2 from the air diffuses into the porous air cathode and it experiences 

reduction to hydroxide ions (OH-) by the ORR at a three-phase reaction site among 

the electrocatalyst (solid), electrolyte (liquid) and O2 (gas). OH- ions then move to 

the zinc anode, and with Zn2+ ions they form zincate ions (Zn(OH)4
2-) together. When 

the concentration of Zn(OH)4
2- ions in the electrolyte becomes saturated, it 

decomposes into ZnO  [66,67]. The insulating nature of ZnO hinders the Zn anode 

from efficiently releasing Zn2+ ions, potentially reducing effective contact at the 

electrolyte-Zn interface and subsequently decreasing the cell's overall efficiency. 

[68].  
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For the charging process reactions take place at the Zn anode and the air cathode in 

the rechargeable Zn-air battery are as follows:   

Air cathode:  4𝑂𝐻−  → 𝑂2 + 2𝐻2𝑂 + 4𝑒− (𝑂𝐸𝑅)   (2.5) 

Zn anode:   𝑍𝑛𝑂+ 𝐻2𝑂 + 2𝑂𝐻−  →  𝑍𝑛(𝑂𝐻)4
2−  (2.6)  

   𝑍𝑛(𝑂𝐻)4
2− + 2𝑒−  → 𝑍𝑛 + 4𝑂𝐻−   (2.7) 

Overall reaction:  2𝑍𝑛𝑂 →  2𝑍𝑛 +  𝑂2     (2.8) 

During charging, the Zn-air battery stores electrical energy with OER at the 

electrode-electrolyte interface while ZnO reduces back to Zn. The Zn+2 ions in the 

electrolyte are reduced to form metallic Zn, which is then deposited onto the surface 

of the Zn anode. Simultaneously, OH- ions are oxidized to produce O2 at the air 

cathode. During charging Zn can deposit on the Zn anode non-uniformly due to 

uneven distribution of current densities.  As a result, significant shape changes may 

occur on the anode surface. This uneven deposition can create sharp, needle-like 

structures called dendrites. These dendrites may separate from the anode, decrease 

the battery capacity, or break the separator and cause short circuits [69]. In addition, 

during battery charging, the hydrogen evolution reaction (HER) creates another 

barrier to Zn-air battery performance. As illustrated in reaction 2.9 HER competes 

with the anode for electrons, thus reducing the energy efficiency of the charging 

process [70]. 

HER:    2𝐻2𝑂 + 2𝑒−  → 2𝑂𝐻− + 𝐻2     (2.9) 

More importantly, the battery efficiency is significantly affected by the sluggish 

redox pathways at the air cathode. The four-electron oxygen chemistry depicted in 

reaction 2.5 is remarkably slow because of the strong oxygen bonds, resulting in 

elevated overpotentials in the OER/ORR. Electrocatalysts are commonly utilized to 

accelerate the OER/ORR. However, finding a catalyst that promotes both redox 

reactions at the air cathode is challenging, thus it limits the power density of Zn-air 

batteries. Although developing bifunctional oxygen electrocatalysts to accelerate 
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OER/ORR is investigated by the researchers vastly, the current achievable discharge 

voltages of Zn-air batteries remain below the theoretical voltage of 1.65 V under 

standard conditions. Additionally, a recharge voltage of 2 V or higher is typically 

needed to reverse the reactions [66].  The significant difference from the equilibrium 

value primarily occurs because of the overpotentials of the OER/ORR at the air 

cathode [71,72]. In addition, the difference may be attributed to activation loss and 

dendritic formation in the air cathode and zinc anode, respectively [73].  

2.2.2 Oxygen Reduction and Oxygen Evolution Reactions 

As mentioned in Section 2.2.1, the fundamental electrochemical reactions that take 

place at the air cathode are the ORR and OER during the discharge and charge of the 

Zn-air battery, respectively. During the discharge of Zn-air batteries, the air cathode 

continuously takes oxygen from the surrounding air for oxygen reduction. The ORR 

typically follows two primary pathways in alkaline electrolytes. It can proceed by 

four electron (4e-) or two electron pathways (2e-) [74]. The ORR pathway is 

influenced by the configurations of oxygen adsorption on the active sites of the 

catalyst. Two types of oxygen adsorption are observed for ORR which are side-on 

O2 adsorption, where both oxygen atoms are coordinated to the catalyst, and end-on 

O2 adsorption, where only one oxygen atom is coordinated to the catalyst. Side-on 

bidentate adsorption promotes the direct 4e− pathway, while end-on coordination 

favors the 2e− pathway with intermediate peroxide formation [75–77].   

In the 4e- pathway, firstly, a bidentate oxygen molecule adsorbs onto the active site 

of the catalyst surface (M*). Then, electrons are transferred from the anode to the 

adsorbed oxygen molecule and the O=O bond weakens and breaks, leading to the 

generation of OH- ions. The 4e- pathway of ORR is as follows:  

  𝑀∗ +  𝑂2 +  𝐻2𝑂 + 𝑒−  →  𝑀∗𝑂𝑂𝐻 + 𝑂𝐻−  (2.10) 

  𝑀∗𝑂𝑂𝐻 + 𝑒−  →  𝑀∗𝑂 + 𝑂𝐻−    (2.11) 
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  𝑀∗𝑂 + 𝐻2𝑂 + 𝑒−  →  𝑀∗𝑂𝐻 + 𝑂𝐻−   (2.12) 

  𝑀∗𝑂𝐻 +  𝑒−  →  𝑀∗ + 𝑂𝐻−     (2.13) 

Overall Reaction:   𝑂2 +  2𝐻2𝑂 + 4𝑒−  →  4𝑂𝐻− (𝐸0 = 0.40 𝑉)  (2.14) 

In the 2e- pathway for ORR, a catalyst coordinated with only one oxygen atom and 

peroxide species is produced. Then, OH− is formed through the reduction of peroxide 

(Reaction 2.16) or decomposition of peroxide (Reaction 2.17). The pathway 

involving reactions 2.15 and 2.16 or 2.17 is termed a serial 2 × 2e− pathway. ORR 

with 2e- pathway is as follows:   

𝑂2 + 𝐻2𝑂 + 2𝑒−  →  𝐻𝑂2
− + 𝑂𝐻−  (𝐸0 = −0.07 𝑉)   (2.15) 

𝐻𝑂2
− +  𝐻2𝑂 + 2𝑒−  →  3𝑂𝐻−  (𝐸0 = 0.87 𝑉) (𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)  (2.16) 

2𝐻𝑂2
−  → 𝑂2 +  2𝑂𝐻−  (𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑡𝑖𝑜𝑛)   (2.17) 

Peroxide species generated during the 2e− pathway are corrosive and detrimental to 

Zn-air battery stability. Therefore, in practical rechargeable Zn-air battery 

applications, catalysts that facilitate ORR with a direct four-electron reduction 

pathway are strongly favored [78]. 

During the charging of Zn-air batteries, the electrochemical reactions that take place 

in the air cathode in ORR are reversed, resulting in oxygen evolution at the air 

cathode. Like ORR, OER involves multiple electron transfers. OER can occur with 

two different pathways which are adsorbed evolution mechanism (AEM) and lattice-

oxygen mediated mechanism (LOM) [79].  

AEM is extensively studied in alkaline electrolytes and it involves the adsorption of 

OH- on an oxide surface, coordinating with an active metal site (M*) of catalyst to 

form the M*OH. M*OH group then reacts with OH-, leading to the formation of 

intermediates M*O and M*OOH. Eventually, O2 is released [80]. The steps of the 

AEM pathway for OER are as follows: 

𝑀∗ + 𝑂𝐻− →  𝑀∗𝑂𝐻 +  𝑒−         (2.18) 

𝑀∗𝑂𝐻 + 𝑂𝐻−  →  𝑀∗𝑂 +  𝐻2𝑂 + 𝑒−      (2.19) 
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𝑀∗𝑂 + 𝑂𝐻− →  𝑀∗𝑂𝑂𝐻 + 𝑒−        (2.20) 

𝑀∗𝑂𝑂𝐻 + 𝑂𝐻−  →  𝑀∗ +  𝑂2 + 𝐻2𝑂 + 𝑒−    (2.21) 

 

The LOM pathway is different from the traditional AEM pathway since it avoids the 

proton-electron transfer steps. Instead, it directly links to the O–O bond to produce 

oxygen without the formation of M*OOH intermediates [81]. The reactions for the 

LOM pathway for OER are as follows:  

𝑀∗ + 𝑂𝐻− →  𝑀∗𝑂𝐻 +  𝑒−         (2.22) 

𝑀∗𝑂𝐻 + 𝑂𝐻−  →  𝑀∗𝑂 +  𝐻2𝑂 + 𝑒−     (2.23) 

𝑀∗𝑂 +  𝑀∗𝑂 →  2𝑀∗ +  𝑂2         (2.24) 

The overpotential needed for oxygen evolution depends on the kinetic barriers 

related to each step. Typically, the thermodynamic barrier of reaction 2.24 is higher 

than the reactions 2.20 and 2.21. Therefore, the AEM pathway is thermodynamically 

more advantageous. However, the reaction pathway and the step that determines the 

rate of OER depend on the catalytic material and the conditions of the OER reaction. 

The equilibrium potential of ORR and OER is 1.23 V vs. the reversible hydrogen 

electrode (RHE) [82]. However, significant overpotentials are required to facilitate 

these reactions because of the complicated mechanisms and slow kinetics of the 4e- 

pathways. High overpotentials in ORR and OER reduce the overall energy efficiency 

of rechargeable Zn-air batteries. Therefore, efficient bifunctional electrocatalysts for 

OER/ORR with low overpotentials must be used in the air cathode.  

2.3 Components of Rechargeable Zinc-Air Batteries 

As discussed in Section 2.2.1 main components of rechargeable Zn-air batteries are 

Zn-anode, electrolyte, separator, and catalysts coated GDL which creates the air 

cathode. In this section, the main components of the rechargeable Zn-air batteries 

will be detailed in terms of the materials used, the challenges encountered, and the 

latest advancements.  
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2.3.1 Zinc Anode 

An effective zinc anode needs to have a significant amount of active material, it 

should facilitate efficient recharging, and maintain its capacity over a long time and 

many charge-discharge cycles. The Pourbaix diagram in Figure 2.3 demonstrates the 

regions of corrosion, passivation, and stability for Zn within the electrolyte [83]. The 

unstable transition between Zn and ZnO creates problems such as corrosion, dendrite 

formation, and HER as mentioned before.  Therefore, the performance and long-term 

stability of the Zn anode is mainly limited [84]. 

The shape, structure, and surface characteristics of Zn play a crucial role to determine 

the performance of Zn-air batteries [85–88]. These factors affect interparticle 

connections, internal electrical resistance, and overall electrochemical behavior. The 

surface structure of Zn is important for improving reaction rates in an alkaline 

electrolyte. Apart from traditional bulk Zn, different forms of Zn anode materials 

such as powders, flakes, and fibers with larger surface areas have been investigated 

[89,90]. A higher surface area is suitable for applications which require high 

discharge currents. In addition, Zn anodes with three-dimensional (3D) porous 

structures to increase surface area and prevent dendrite formation by creating direct 

contact with the electrolyte have been used recently in rechargeable Zn-air batteries. 

However, a higher surface area may increase the corrosion rate, which decreases the 

lifespan of the battery and reduces zinc efficiency [91].  

 

Figure 2.3 (a) Pourbaix diagram of oxygen and zinc (b) Schematic illustration of 

corrosion, dendrite growth, and HEO on Zn [40] 
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Alloying Zn with other metals like lead (Pb), cadmium (Cd), bismuth (Bi), tin (Sn), 

and indium (In) has been shown to improve the stability of the Zn anode [92–94]. 

Additionally, using additives such as silicates, surfactants, and polymers can modify 

Zn’s electrochemical properties and reduce hydrogen gas production [95,96]. 

Moreover, applying coatings onto Zn metal is an effective method to enhance the 

overall performance of the Zn anode. Organic anode coatings are advantages since 

they are cost-effective, easy to fabricate, environmentally friendly, and controllable 

as compared to inorganic coatings. Many research has focused on organic additives 

such as polyvinyl alcohol (PVA), polyacrylonitrile (PAN), and polyaniline (PANI) 

hydrogels to mitigate the self-discharge and corrosion issues in Zn-air batteries 

[97,98]. 

2.3.2 Electrolyte 

Efficient electrolyte must have high conductivity and low viscosity. Currently, in 

rechargeable Zn-air batteries, alkaline electrolytes such as KOH, NaOH, LiOH, and 

neutral NH4Cl electrolytes are commonly used. While near-neutral chloride 

electrolytes are safer and more resilient options as compared to traditional ones, 

KOH is the primary choice in Zn-air batteries. This is due to KOH’s superior ionic 

conductivity, higher oxygen diffusion coefficient, and lower viscosity [99]. 

Additionally, the side reaction products of KOH with CO2 are more soluble than 

their sodium counterparts. Therefore, KOH may potentially address the carbonate 

precipitation issue in Zn-air batteries. In addition, one method to decrease the 

electrolyte resistance is to raise the concentration of KOH. However, this can 

increase the electrolyte viscosity [100]. Moreover, higher KOH concentrations may 

promote ZnO formation which indirectly raises the viscosity and potentially cause 

dendrite formation. Therefore, 6 M KOH is commonly used for its sufficient 

viscosity and ionic conductivity [101]. 

There are mainly two major problems related to the electrolyte because of Zn-air 

batteries’ open system. Firstly, carbonate precipitation occurs due to atmospheric 
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CO2. The alkaline solution reacts with hydroxyl ions, and they can form carbonate 

(CO3
2- or HCO3

-2) which in turn reduces OH- concentration and thus electrolyte 

conductivity. Moreover, carbonate crystal formation can block the porous air 

electrode. Hence, it leads to a decrease in cell capacity and reduces the lifetime of 

the battery [102,103]. Secondly, water leakage may occur in the Zn-air battery. Air 

cathode can indirectly allow water to escape into the environment as a gas. Gelling 

the electrolyte is a potential solution to minimize water loss and, therefore; improve 

battery performance.  

2.3.3 Air Cathode and Bifunctional Electrocatalysts for OER and ORR 

A bifunctional air cathode consumes oxygen during discharge and produces oxygen 

during charging as mentioned in Section 2.2. Electrically rechargeable Zn–air 

batteries depend heavily on air cathode, which should be bifunctionally active and 

durable to achieve high power performance. Air cathodes must tolerate the harsh 

conditions of repetitive discharge and charge cycles in alkaline electrolytes. Both the 

ORR and OER take place in an air cathode and exhibit significantly high 

overpotentials, therefore; developing a bifunctionally active air cathode is 

challenging. A bifunctional electrocatalyst is required to accelerate both processes 

(OER/ORR) efficiently. Additionally, the cathode materials must be stable in highly 

oxidative (OER) and strongly reducing (ORR) conditions at high potentials. The 

working potential range changes from ≈0.6 V (vs. RHE at pH = 14) during discharge 

to ≈2.0 V (vs. RHE) during charge for rechargeable Zn-air batteries.  

In general, the bifunctional air cathode consists of a hydrophobic gas diffusion layer 

(GDL) and a relatively hydrophilic catalyst layer. The GDL offers both physical 

support and electrical conductivity for the catalysts, and it allows oxygen diffusion 

during the discharge and charge of the Zn-air battery. In addition, the GDL acts as a 

wet-proofing electrode backing to prevent electrolyte leakage, and it provides high 

electrical conductivity for efficient current collection. Hence, GDL should be thin, 

hydrophobic, and highly porous. This hydrophobicity can be achieved by 
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impregnating the GDL with hydrophobic agents such as PVDF, PTFE, and 

fluorinated ethylene propylene (FEP) [104–106].  The hydrophobicity of GDL 

effects battery polarization behavior, including electrical conductivity (Ohmic 

resistance) and gas permeability (mass transfer). To optimize Zn-air battery 

performance, the GDL should inhibit electrolyte evaporation and resist electrolyte 

flooding under extreme conditions [107]. Additionally, an ideal GDL should 

facilitate fast air diffusion, maintain its mechanical integrity, exhibit superior 

electrical conductivity, and present chemical durability in strong alkaline 

electrolytes. Currently, two types of carbon-based GDLs are commercially available, 

and they are used in Zn–air batteries generally. They are nonwoven carbon paper 

(e.g., Toray, Freudenberg, and Sigracet) and woven carbon cloth (e.g., Zoltek, GDL-

CT, and ELATTM). As illustrated in Figure 2.4 these carbon-based GDLs typically 

have a double-layer structure, consisting of a macroporous gas-diffusion backing 

layer and a thin microporous layer (MPL). The macroporous backing layer is made 

up of highly hydrophobic graphitized carbon fibers that create large gas-diffusion 

pores. In contrast, the MPL is a thin, relatively hydrophilic carbon layer, such as 

carbon black, with fine porosity. This MPL supports the catalytic active materials, 

efficiently distributes air across the catalyst layer, and reduces contact resistance 

between the macroporous layer and the catalyst layer. [108]. 

 

Figure 2.4 (a) Schematic illustration of the catalyst-loaded gas diffusion electrode 

(GDE) in contact with the liquid electrolyte, designed to facilitate the easy 

permeation of oxygen from the surrounding atmosphere and its reduction on 

supported electrocatalysts (b) SEM image of commercial Toray carbon paper treated 

with hydrophobic PTFE [66]. 
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As mentioned in Section 2.2. the ORR occurs at a three-phase interface which 

consists of a gaseous oxygen, liquid electrolyte, and solid catalyst, while the OER 

occurs at a two-phase liquid (electrolyte) and solid (catalyst) interface. As a result, 

an interface with a high surface area between the three phases is crucial for highly 

active and efficient air cathodes. Hence, to enhance the catalytic activity and prevent 

flooding of the catalytic sites, an air cathode with an optimal interfacial structure and 

hydrophilicity should be designed. The air cathode must facilitate oxygen diffusion 

while preventing leakage of the electrolyte.  

Moreover, the catalytic active layer on the air cathode, where ORR and OER take 

place, consists of a bifunctional electrocatalyst, carbon materials, and a binder. The 

bifunctional catalyst is crucial for the performance of the air cathode. As detailed in 

Section 2.2.2 both ORR and OER involve four fundamental steps. ORR starts with 

the formation of M*OOH from adsorbed O2 on the metal active catalyst site, 

followed by its reduction to M*O and M*OH. OER proceeds in the reverse direction. 

These reactions have slow kinetics. They require an active bifunctional oxygen 

electrocatalyst to minimize the required overpotentials [109,110]. Hence, it is 

important to develop new bifunctional catalysts that are efficient, cost-effective, and 

environmentally friendly. Recent research efforts in rechargeable Zn-air batteries 

have primarily aimed to improve the materials and structural design of bifunctional 

oxygen electrocatalysts. Researchers try to enhance the electrochemical reaction 

kinetics at the air cathode while increasing the endurance of the bifunctional 

electrocatalysts during the cyclic operation of Zn-air batteries. Various materials, 

such as metal oxides, metal hydroxides, metal sulfides, carbon materials, and their 

composites, have been extensively investigated as potential bifunctional oxygen 

electrocatalysts [111,112]. However, the lack of cheap, stable, and efficient 

bifunctional OER/ORR catalysts still inhibits the commercialization of rechargeable 

Zn-air batteries. Therefore, this thesis mainly focusses on designing effective, and 

stable bifunctional oxygen catalysts for rechargeable Zn-air batteries that work in 

alkaline environments. As a result, in the next sections, bifunctional electrocatalysts 
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that are used commercially and presented in the literature for Zn-air batteries were 

deeply explained.  

2.3.3.1 Platinum Group Metals (PGMs) and Their Alloys 

The most efficient oxygen electrocatalysts which are developed and used 

commercially in the Zn-air batteries are rare and expensive platinum group metals 

(PGMs) such as platinum (Pt), palladium (Pd), iridium oxide (IrO2), and ruthenium 

oxide (RuO2). RuO2, IrO2, and Pt are still the benchmark catalysts for estimating new 

bifunctional oxygen electrocatalyst materials. However, the large-scale application 

of PGMs in Zn-air batteries is limited by their high costs and scarcity. Additionally, 

rechargeable Zn-air batteries necessitate bifunctional catalysts capable of 

simultaneously catalyzing both the ORR during discharge and the OER during 

charging as mentioned before in the previous sections of this thesis. However, in 

general, PGMs exhibit poor bifunctional activities. For example, although Pt shows 

excellent ORR performance, it exhibits low OER performance due to the formation 

of a low-conductive oxide layer on its surface at OER working potential [113]. On 

the other hand, noble-metal oxides like IrO2 or RuO2 are excellent OER catalysts, 

but they exhibit lower activity for the ORR [114,115]. This typically requires using 

a combination of two different PGMs to achieve bifunctionality, which can impact 

the overall electrocatalytic performance. For instance, Pt catalysts supported on high 

surface area carbon (Pt/C) are often mixed with OER catalysts like RuO2 or IrO2 and 

used as standard air cathodes for Zn-air batteries. This approach necessitates a higher 

PGM loading to compensate for the activity loss in these mixed catalysts, thus 

increasing the cost of Zn-air batteries. The scarcity and high cost of PGMs have 

motivated researchers to develop methods to enhance their activity and stability 

while reducing the required amount. These strategies include minimizing Pt 

dimensions to the nano or atomic scale, modifying Pt's morphology and crystal 

facets, and alloying Pt with more affordable noble metals such as Pd, heavy metals 

like Pb, and transition metals including Fe, Ni, Co, Mo, and Cu. [116,117]. However, 
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despite these efforts, the high cost and scarcity of PGMs severely affect the mass-

production of rechargeable Zn-air batteries. Therefore, it is important to decrease 

PGM usage and develop earth-abundant non-precious materials as bifunctional 

electrocatalysts for rechargeable Zn-air battery applications.  

2.3.3.2 High Entropy Oxides 

In 2015, Rost et al. made a noteworthy improve in materials science by introducing 

High Entropy Oxides (HEOs), a new class of materials that is thermodynamically 

similar to High Entropy Alloys (HEA) [118]. Since then, HEOs have attracted 

significant research interest, leading to the development of various compositions, 

crystal structures, microstructures, and, most notably, customizable properties 

(Figure 2.5). HEAs are produced by combining five or more elements in equal or 

nearly equal atomic ratios. Thanks to the high entropy effect in thermodynamics, 

lattice distortion in structure, delayed diffusion in kinetics, and the cocktail effect in 

performance, these alloys can easily form solid solution phases, nanostructures, and 

even amorphous structures with high thermal stability. Hence, HEAs can have 

superior strength, exceptional wear resistance, and excellent corrosion resistance. 

 

Figure 2.5 Different crystal structures, and elements for HEOs that is researched in 

the electrochemical applications [119] 
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HEAs exhibit exceptional physicochemical properties and outstanding structural 

stability which makes them ideal for electrocatalysis due to the high-entropy 

stabilization and synergy between various metallic components.  Interestingly, the 

concept of utilizing high configurational entropy to achieve desired catalytic 

properties has been extended to other material systems, including (oxy)hydroxides, 

oxides, intermetallics, halides, carbides, nitrides, sulfides, phosphides, and metal-

organic frameworks (MOFs). The compositional flexibility of high-entropy 

materials allows tuning of electrocatalytic activity, while high-entropy mixing 

ensures structural stability under operational conditions. Consequently, high-entropy 

materials offer new and exciting opportunities in the development of advanced 

water-splitting electrocatalysts [120–122]. 

Unlike HEAs which primarily exhibit single-site occupancies in a face-centered 

cubic crystal structure, HEOs have independent cation and anion sublattices, leading 

to greater structural diversity. This structural complexity, combined with the 

expanded tuning range in both composition and structure, has shifted the focus 

toward understanding the increased entropic effects on the oxygen component, 

particularly the activation of lattice oxygen. The capability to create and manipulate 

oxygen defects within various HEO structures is especially beneficial for enhancing 

the catalytic activity in a range of oxidation reactions. As a result, HEOs have 

recently become significant in electrochemical applications. Especially, HEOs 

containing 3d metals like Fe, Cu, Co, Ni, Mn, Zn, and Cr have shown remarkable 

electrocatalytic activity for OER and ORR. This enhanced performance is due to 

their capability to adjust the electronic structure. [123–125]. For instance, Zhang et 

al. synthesized (CoNiMnZnFe)3O3.2, which exhibits a 336 mV overpotential and a 

Tafel slope of 47.5 mV dec-1 [126]. Duan et al. synthesized a spinel-structured OER 

catalyst, (FeCoNiCrMn)3O4, which shows a low overpotential of 288 mV [127]. 
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2.3.3.3 Perovskite Oxides 

Replacing noble-metal catalysts with first-row transition metal containing perovskite 

oxides has gathered interest due to their low cost, simple production methods, and 

high structural and compositional flexibility, which enhance their catalytic activity. 

Perovskite oxides have the general formula ABO3, where A and B are large 

electropositive cations. They have the structure shown in the center of Figure 2.6. In 

perovskite-type oxides, cations in the A-site are usually rare-earth or alkaline earth 

metals (such as Sm, La, Sr) with 12-fold oxygen coordination, while B-site cations 

are composed of transition metals (such as Fe, Co, Mn, Ni) with 6-fold oxygen 

coordination. The ideal perovskite oxide, ABO3, has a cubic crystal structure with 

high 𝑃𝑚3̅𝑚 symmetry. This structure features a flexible framework composed of 

chains of corner-sharing [BO6] octahedra, with A cations filling the resulting 

cuboctahedral holes. Corner-sharing [BO6] octahedral building blocks are the 

primary OER active sites in noble metal-free perovskites. Octahedral sites allow 

modification of both oxygen anions and B-site metal cations. By doping multiple 

cations at the A and/or B sites, the electronic structure can be manipulated to enhance 

electrocatalytic activity. In addition, double perovskite oxides (A2BB'O5+δ) 

demonstrate enhanced stability and superior electrocatalytic performance compared 

to single perovskite oxides [128,129]. These compounds have two octahedral sites, 

BO6 and B'O6, consisting of alternating pairs of B and B' atoms bound to oxygen. 

The arrangement of cations within the B-site and the oxidation state of the transition 

metal are key factors influencing the electrocatalytic efficiency of double perovskite 

oxide catalysts [130]. The metal-oxygen covalency, involving the hybridization of 

metal M 3d and oxygen O 2p orbitals, significantly effects their electrocatalytic 

performance [131–135]. Additionally, a perovskite oxide structure with a network 

of oxygen vacancies can enhance oxygen ion transport and conductivity, thereby 

improving the kinetics of both OER and ORR [29,31,38]. Thus, different strategies 

have been utilized to modify the surface electronic structure and increase the number 

of active sites for electrochemical reactions. [136,137]. A simple and fast method to 
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adjust the electronic characteristics of perovskite oxides is doping [128,138–141]. 

For example, doping divalent Sr2+ cations into LaCoO3 at the A-site significantly 

enhances its electrocatalytic activity by increasing oxygen vacancies and promoting 

higher oxidation states of B-site Co cations, thereby improving Co 3d-O 2p 

hybridization [142]. Similarly, doping Co into LaMn1-xCoxO3 at the B-site enhances 

OER performance by facilitating the conversion of OOH− to O2 by mixed Mn4+/Mn3+ 

oxidation states [143]. In another study, Kim et al. reported that doping transition-

metal oxides such as Fe2+, Ni2+, Cu2+, and Mn2+ into the B-sites of the 

NdBa0.75Ca0.25Co2O5+δ catalyst enhances electron and oxygen-ion mobility by 

promoting the formation of oxygen vacancies in double perovskite oxides [144]. 

Moreover, many research suggests that doping both A and B-sites can improve 

bifunctional activity. For instance, perovskite oxides with Ba and Sr at the A-site 

demonstrate fast ion transport kinetics, whereas those with increased Co content at 

the B-site show higher kinetic coefficients as compared to compositions with a 

higher Fe content. [145]. Merkle et al. reported that incorporating cobalt into 

Ba0.5Sr0.5Co1-yFeyO3−y reduces the energy required for O-vacancy formation due to 

the proximity of the electronic states' density to the Fermi level, making it easier to 

reduce Co4+ to Co3+ compared to Fe4+ to Fe3+ [146].     

 

Figure 2.6 Center shows the crystal structure of a cubic perovskite oxide while in the 

outer circle double perovskite oxides with different crystal structure such as rock-

salt, layered etc. are presented. 
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CHAPTER 3  

3 EXPERIMENTAL PROCEDURE 

3.1 Synthesis of (FeCrCoMnZn)3O4-δ  Powders in Vacuum and Air 

Atmosphere 

The co-precipitation method was employed to fabricate powders of 

(FeCrCoMnZn)3O4-δ HEO. Firstly, metal nitrate salts including FeSO4·7H2O (99.5% 

purity), MnSO4·H2O (99% purity), Cr(NO3)3·9H2O (99% purity), CoSO4·7H2O 

(99% purity), and Zn(NO3)2·6H2O (98% purity) were combined in stoichiometric 

ratios and dissolved in deionized water (18.2 MΩ·cm). The mixture was gently 

stirred on a magnetic stirrer to form a 1 M metal-salt solution. Then, a 1 M aqueous 

potassium hydroxide (KOH) solution which acts as a precipitating agent was slowly 

added to the metal-salt solution until the pH reached 12.0. Following the 

precipitation, the resulting powders were filtered and dried in an oven at 110°C for 

8 hours. To examine the impact of the synthesis environment on the electrocatalytic 

activity for water splitting reactions, the powders were subjected to calcination in 

vacuum and air atmospheres independently at 900°C for 60 minutes. In this study, 

the (FeCrCoMnZn)3O4-δ synthesized in vacuum and air conditions are denoted as 

HEO-Vac and HEO-Air, respectively. The experimental procedure to synthesize 

HEO-Vac powders was shown schematically in Figure 3.1.   

 

Figure 3.1 Schematic illustrating the sequential procedures in the synthesis of 

(FeCrCoMnZn)3O4-δ  HEO under vacuum conditions. 
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3.2 Synthesis of Nanoporous (FeCrCoMnZn)3O4-δ  Powders 

Nanoporous (FeCrCoMnZn)3O4-δ  powders were synthesized with low-temperature 

sol-gel method. Metal nitrate salts including FeSO4·7H2O (99.5% purity), 

MnSO4·H2O (99% purity), Cr(NO3)3·9H2O (99% purity), CoSO4·7H2O (99% 

purity), and Zn(NO3)2·6H2O (98% purity) were mixed in stoichiometric ratios and 

dissolved in deionized water (18.2 MΩ·cm). Glycine was then added to the deionized 

water as a chelator and fuel agent, allowing the metal nitrate mixture to hydrolyze in 

the liquid phase. After the drying and aging process at approximately 90°C, the sol 

gradually polymerized to form a gel with a three-dimensional network structure. 

Finally, nanometer-scale porous HEO materials were produced through a calcination 

process. To understand the effect of pore size on the electrocatalytic activity, and 

rechargeable Zn-air battery performance calcination is applied at 500 °C, 600 °C, 

and 700 °C for 1 hour. In this thesis, (FeCrCoMnZn)3O4-δ powders calcined at 500 

°C, 600 °C, and 700 °C are denoted as GLY500, GLY600, and GLY700, 

respectively. The experimental procedure to synthesize nanoporous GLY500, 

GLY600, and GLY700 powders was shown schematically in Figure 3.2. 

   

 

Figure 3.2 Schematic illustrating the sequential procedures in the synthesis of 

GLY500, GLY600, and GLY700 nanoporous HEOs 
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3.3 Synthesis of NdBaCoaFe2-aO5+δ (a= 1.0, 1.4, 1.6, 1.8) Powders 

The NdBaCoaFe2-aO5+δ (a= 1.0, 1.4, 1.6, and 1.8) double perovskite oxides which are 

designated as NBCF were synthesized with modified sol-gel Pechini method. In this 

process, firstly, stoichiometric amounts of metal-nitrate salts, Nd(NO3)3 ·6H2O 

(Sigma Aldrich), Ba(NO3)2 (Alfa Aesar 99%), Co(No3)2.6H2O (Alfa Aesar 98.9-

102.0%), and Fe3(NO3)3.9H2O (Sigma Aldrich) were dissolved in ultrapure water 

(18.2 M.cm) and stirred on a hot plate at 100°C. As chelating agents, citric acid 

(CA) and acrylamide (AC) were then added to the metal-nitrate salt solution. After 

evaporation of physically bonded water, the resulting gel was dried at 225°C for 

approximately 24 hours. Then, the calcination process was applied to the powders at 

600°C for 15 hours to eliminate compounds such as CO, CO2, and NO2. Finally, the 

calcined powders were annealed at 1300°C to achieve a single-phase double 

perovskite oxide. The experimental procedure to synthesize NBCF double 

perovskite oxide powders was shown schematically in Figure 3.3.  

 

Figure 3.3 Schematic illustrating the sequential procedures in the synthesis of NBCF 

double perovskite oxides. 

3.4 Materials Characterization 

The X-ray diffraction (XRD) method was used to explore the crystal structure of 

synthesized powders. XRD experiments were performed using Ni-filtered Cu Kα 

radiation (λ = 1.5406 Å) within a 2θ range of 10° to 80°. The measurements were 

conducted with a Rigaku DMAX2200 diffractometer operating at 40 kV and 30 mA, 
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equipped with an Ultima+ theta-theta high-resolution goniometer in Bragg-Brentano 

geometry. The acquired XRD patterns were refined using the Rietveld Refinement 

Method with the help of GSAS software and the EXPGUI interface. 

The microstructure and morphology of the HEO-Air, HEO-Vac, GLY500, GLY600, 

and GLY700 powders were examined using a field emission high-resolution 

transmission electron microscope, JEOL JEM 2100F 200kV. By HRTEM, bright 

field (BF), high angle annular dark field (HAADF), HRTEM image, and selected 

area electron diffraction (SAED) patterns were acquired. Moreover, energy 

dispersive spectroscopy (EDS) elemental mappings of HEO-Air and HEO-Vac were 

obtained with HRTEM. In addition, to examine the structure and surface 

characteristics of the synthesized NBCF and nanoporous HEO powders, a scanning 

electron microscope (SEM), FEI Nova Nano SEM 430, was employed. 

The specific surface areas of HEO-Air and HEO-Vac powders were determined 

using the Brunauer-Emmet-Teller (BET) method across a relative pressure range of 

P/P0= 0.055-0.30. Nitrogen (N2) adsorption-desorption isotherms, achieved by using 

a Quantachrome Corporation Autosorb-6 instrument, were employed for specific 

surface area calculations. Before BET analysis, the powders experienced degassing 

at 300°C for 2 hours under vacuum. 

To analyze the electronic characteristics of HEO-Air, HEO-Vac, nanoporous HEO, 

and NBCF powders, X-ray photoelectron spectroscopy (XPS) was conducted using 

a PHI 5000 Versa Probe spectrometer with Al Kα radiation. XPS was utilized a 

standard carbon 1s spectrum at 284.6 eV which serves for peak calibration. To 

prevent localized charge accumulation during XPS analysis that uses 5 eV electrons 

and low-energy argon ions, the PHI 5000 charge compensation system was applied. 

XPS spectra were processed using Avantage software, employing a peak-fitting 

technique with a Shirley background and symmetrical mixed Gaussian-Lorentzian 

peak forms within the 70% to 30% range. Additionally, electron paramagnetic 

resonance spectroscopy (EPR) was conducted using a Bruker ELEXSYS E580 

instrument to investigate the oxygen vacancy content of HEO-Air and HEO-Vac 
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powders. Moreover, Ultraviolet photoelectron spectroscopy (UPS) experiments were 

conducted on NBCF double perovskite oxide electrocatalysts using the Physical 

Electronics (PHI), Versa Probe 5000 instrument under high vacuum conditions with 

a base pressure of 1 × 10−9 mbar. UV light for UPS measurements was provided by 

a He gas discharge lamp with an energy of 21.22 eV. 

3.5 Electrochemical Characterization 

The electrochemical performance of synthesized powders was assessed using a 

Rotating Disc Electrode (RDE) setup from BASI, coupled with a GAMRY 

Reference 3000 potentiostat/galvanostat/ZRA. A standard three-electrode 

configuration was used, which has a Pt wire as the counter electrode, Ag/AgCl as 

the reference electrode, and a glassy carbon electrode (GCE) as the working 

electrode throughout the experiments. An electrolyte consisting of a 0.1M potassium 

hydroxide solution, prepared using deionized water and KOH (Alfa, 99.99%), was 

utilized, during all the experiments unless otherwise specified.  

Initially, catalyst inks for HEO-Air, HEO-Vac, GLY500, GLY600, GLY700, and 

NBCF double perovskite oxide powders were individually prepared, each 

comprising 8 mg of synthesized powder, 5 mg Super-P carbon, 50 µL Nafion 

solution (Sigma-Aldrich, 5 wt %), and 1.8 mL ethanol. Following ultrasonic mixing 

of the ink components, 10 µL of the catalyst ink was drop cast onto a GCE and air-

dried, resulting in a mass loading of 0.15 mgpowder cmdisk
-2, thus preparing the working 

electrode. Before all experiments, the KOH electrolyte was oxygen-saturated for 

approximately 30 minutes. Additionally, to maintain the O2/H2O equilibrium at 1.23 

V, oxygen gas was supplied continuously to the system throughout the experiments. 

Furthermore, unless otherwise specified the rotation speed of the RDE was 

maintained at 1600 rpm for conducted experiments.  

To understand the OER activity of electrocatalysts, surface activation of HEO-Air, 

HEO-Vac, nanoporous HEOs, and NBCF electrocatalysts was conducted through 10 
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cycles of cyclic voltammetry (CV) tests at a scan rate of 100 mV s-1, spanning from 

0.2 to 1.1 Volt vs. Ag/AgCl. After obtaining reproducible CV data, an assessment of 

the electrocatalytic performance of synthesized powders was carried out using linear 

sweep voltammetry (LSV) within the range of 0.2 to 1.1 V vs. Ag/AgCl, employing 

a scan rate of 10 mV s-1. All the recorded potentials vs. Ag/AgCl were subsequently 

normalized to the reversible hydrogen electrode (RHE) based on the Nernst equation.  

For Tafel analysis under steady-state conditions, chronoamperometry (CA) tests 

were applied to all of the electrocatalysts within a potential range of 0.40 to 0.65 V 

vs. Ag/AgCl, with increments of 0.01 V.  

Electrochemical impedance spectroscopy (EIS) was conducted using an alternating 

current (AC) voltage with an amplitude of 10 mV over a frequency range of 105 to 

10-2 Hz. The EIS measurements were recorded at a potential of 1.641 V vs. the RHE.  

The electrochemically active surface area (ECSA) was assessed by measuring the 

double-layer capacitance (Cdl). This was derived from CV measurements performed 

at varying scan rates in the non-faradaic region. [6,147]. CVs were conducted in an 

oxygen-saturated 1 M KOH solution and scanned 0.2 V to 0.3 V vs. Ag/AgCl, at 

scan rates of 10, 20, 30, 40, 60, 80, 100, and 120 mV s-1 for both HEO and NBCF 

double perovskite oxide electrocatalysts [148]. Subsequently, at 0.25 V vs. Ag/AgCl, 

scan rate versus half of the difference between anodic and cathodic current densities 

(ΔJ/2 = (Ja - Jc)/2) plots were generated [149,150]. Following linear fitting, Cdl values 

for synthesized powders were calculated as half of the slope. By dividing Cdl by the 

specific capacitance (Cs), where Cs is equal to 0.040 mF cm-2 in 1 M KOH, ECSA 

was determined [151].  

The specific activity (mA cmpowder
-2) (SA) of the HEO-Air and HEO-Vac were 

calculated using the specific BET surface area, whereas for nanoporous HEOs, and 

NBCF electrocatalysts the SA was calculated with ECSA. The mass activity (A 

gpowder
-1) (MA) of all the electrocatalysts was calculated with mass loading.  
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A galvanostatic test was performed on HEO-Air and HEO-Vac with GAMRY 

Interface 1000 potentiostat/galvanostat/ZRA. Carbon paper coated with catalyst ink 

was air-dried and utilized as the working electrode in a three-electrode cell setup, 

where platinum is the counter electrode and Hg/HgO is the reference electrode 

(Figure 3.4). The experiment was conducted using a 0.1 M KOH electrolyte, which 

remained oxygen-saturated throughout the whole experiment. The test was run with 

a constant current density of 10 mA cm-2, and the potential was recorded for 75 hours 

approximately to evaluate the long-term durability of the electrocatalysts. 

Mott-Schottky (MS) analysis was conducted to investigate the band-bending 

properties of the NBCF electrocatalyst within the OER potential range. The analysis 

involved conducting EIS measurements across a potential range spanning from -0.5 

V to 0.6 V vs. Ag/AgCl, with increments of 50 mV, corresponding to the open circuit 

voltage (OCP). 

To investigate the ORR activity of HEO-Vac, HEO-Air, GLY500, GLY600, 

GLY700, and NBCF double perovskite oxide electrocatalysts, CV and LSV 

experiments were carried out in a manner consistent with the procedure outlined 

earlier for evaluating OER activity. Except, the applied potentials ranged from 0.1V 

to (-1.2) V vs. Ag/AgCl for the ORR activity. Tafel plots were obtained by plotting 

overpotential against the logarithm of current density polarization curves. Tafel 

slopes of the electrocatalysts were determined by fitting the linear portion of the 

Tafel plots to the Tafel equation. The Koutecky-Levich (K-L) equation (Equation 1) 

was applied to assess the kinetic current density (JK) and electron transfer number 

(n) of all the electrocatalysts. To apply the K-L equation, in an oxygen-saturated 

0.1M KOH electrolyte, a sequence of LSV experiments was conducted at a scan rate 

of 5 mV.s-1, spanning the potential range from 0.2 V to (-0.8) V vs. Ag/AgCl, 

employing different rotation speeds (400, 800, 1200, 1600, 2000 rpm) [29,152,153]. 

1

𝐽
=  

1

𝐽𝐾
 +  

1

𝐽𝐿
 =  

1

𝑛𝐹𝑘𝐶𝑜
 +  

1

0.62𝑛𝐹𝐷𝑂2

2/3
𝜈−1/6𝐶𝑜𝜔1/2

   (Eqn 1) 
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Figure 3.4 (a) RDE set-up (b) Three electrode cell set-up for long-term stability   

3.6 Evaluation of the Zn-Air Battery Performance 

Zn-air batteries were assembled with zinc foil as the anode, HEO-Vac, HEO-Air, 

GLY500, GLY600, GLY700, and NBCF double perovskite oxide electrocatalysts as 

the cathode, with an electrolyte composed of 6.0 M KOH with an additive of 0.2 M 

Zn(OAC)2. The air cathodes were created with a gas diffusion layer comprising 

carbon foam, HEO and NBCF electrocatalysts, and a PTFE film. The air cathode 

design permits the diffusion of oxygen from the surrounding air into the cell while 

preventing the leakage of the electrolyte. Following the assembly of the Zn-air 

batteries, battery performance characteristics were assessed using a GAMRY 

Interface 1000 potentiostat/galvanostat/ZRA and Neware battery testing system 

(Figure 3.5). 

The discharge and charge polarization curves of Zn-air batteries based on HEO-Vac, 

HEO-Air, nanoporous HEO, and NBCF double perovskite oxide electrocatalyst on 

the air cathode, along with their power densities, were evaluated over a current 

density range of 0 to 200 mA cm−2.  
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Full discharge of the batteries was carried out at various current densities to 

determine specific capacities and specific energies using Equation 2 and Equation 3, 

respectively. Additionally, for batteries incorporating HEO-Vac, specific capacities, 

specific energies, and depth of discharge of the Zn foil (DODZn) were computed at 

discharge current densities of 5, 10, 20, and 50 mA cm−2, respectively. In Equation 

2 and Equation 3, the symbols denote the following variables: I denotes the applied 

current, t represents the discharge time, m indicates the consumed zinc mass in 

grams, and V signifies the voltage observed throughout the discharge plateau. 

Furthermore, in Equation 4, C denotes the capacity, A represents the area, V 

indicates the volume, and ρ signifies the zinc foil density. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐼×𝑡

 𝑚
    (Eqn 2) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =  
𝐼×𝑉×𝑡

 𝑚
    (Eqn 3) 

𝐷𝑂𝐷𝑍𝑛 =  
𝐶𝑍𝑛−𝐴𝑖𝑟

𝐶𝑍𝑛
=  

𝐴×𝑗×𝑡

𝑉𝑍𝑛×𝜌𝑍𝑛×819.73
=

𝐴𝑐𝑎𝑡ℎ𝑜𝑑𝑒×𝑗×𝑡

𝐴𝑍𝑛×ℎ𝑍𝑛× 𝜌𝑍𝑛×819.73
  (Eqn 4) 

The capacities of the nanoporous HEO and NBCF-based Zn-air batteries were 

estimated with a full-discharge of the batteries at 5, 10, 20, and 50 mA.cm-2 current 

densities respectively.  

 

Figure 3.5 Rechargeable Zn-air battery testing with Neware battery testing system 
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Following the determination of capacities, the cycling stability and rate capability of 

HEO and NBCF-based Zn-air batteries were assessed by comparing the output 

voltage of the Zn-Air batteries as they were cycled from 0 to 20 mA cm-2 and then 

back to 0 mA cm-2.  

Subsequently, the cyclic charge-discharge performance of the Zn-Air batteries was 

estimated at a current density of 5 mA cm-2, with discharge and charge durations of 

5 minutes each.  

To calculate the coulombic efficiencies of the Zn-air batteries with HEO-Vac and 

HEO-Air, cyclic charge-discharge tests were applied. Throughout these tests, the 

batteries were charged for 5 minutes at 5 mA cm-2, discharged for 5 minutes at 165 

ohms, and coulombic efficiencies were determined using equation 5. 

𝐶oulombic Efficiency =  
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
   where 𝑄 =  𝐼 × 𝑡   (Eqn 5) 
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CHAPTER 4  

4 RESULTS AND DISCUSSION FOR (FeCrCoMnZn)3O4-δ ELECTROCATALYSTS 

SYNTHESIZED IN AIR AND VACUUM ATMOSPHERES 

“This chapter contains information used with the permission of JOHN/WILEY & 

SONS LTD. from “Engineering Oxygen Vacancies in (FeCrCoMnZn)3O4-δ High 

Entropy Spinel Oxides Through Altering Fabrication Atmosphere for High-

Performance Rechargeable Zinc-Air Batteries”, Cagla Ozgur, Tuncay Erdil, Uygar 

Geyikci, Can Okuyucu, Ersu Lokcu, Yunus Eren Kalay, Cigdem Toparli, Global 

Challenges 8.1 (2024): 2300199.” 

4.1 Crystal Structure and Morphology of the HEO-Air and HEO-Vac 

Electrocatalysts 

The crystal structure of HEO-Air and HEO-Vac electrocatalysts were investigated 

with the XRD method. Figure 4.1 displays the XRD patterns for both HEO-Air and 

HEO-Vac. The analysis of these patterns indicated that both samples are single-

phase, with no detectable peaks corresponding to impurities such as hydroxides or 

oxides of Fe, Cr, Co, Mn, and Zn. Then, to investigate the impact of the synthesis 

environment on the crystal structure Rietveld Refinement analysis was performed 

both for HEO-Air and HEO-Vac respectively, as seen in Figure 4.1(b) and Figure 

4.1(c). The confirmation of the space groups for HEO-Air and HEO-Vac samples 

was achieved through Rietveld refinement analysis, yielding notably low χ2 values, 

as depicted in Table 4.1 and Table 4.2. Both HEO-Air and HEO-Vac exhibit spinel 

cubic crystal structures with a space group of 𝐹𝑑 3̅ 𝑚 (ICDD #04-024-0120) 

[154,155]. The lattice parameters for HEO-Air and HEO-Vac were determined to be 

8.3621 and 8.3520 Å, respectively. Consequently, a decrease in the lattice parameter 

and cell volume is evident in the HEO electrocatalyst synthesized under a vacuum 
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atmosphere compared to its counterpart synthesized in air which is attributable to the 

formation of oxygen vacancies in HEO-Vac’s crystal structure.  

 

 

Figure 4.1 (a) XRD patterns of HEO-Air and HEO-Vac. Rietveld refinement analysis 

performed for (b) HEO-Air (c) HEO-Vac 
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Table 4.1 Rietveld refinement data for HEO-Air 

Sample ID HEO-Air 

Phase Spinel 

  1.358 

Space Group Fd-3m 

Cell Volume (Å3) 584.73 

Crystal Density (g cm-3) 5.3668 

Lattice parameter 8.3621 

Label Wyckoff 

site 

x y z Atom Occupation 

Anion 3m(111) 0.2551 0.2551 0.2551 O 1 

Oct. -3m(111) 0.5 0.5 0.5 Fe 0.2 

     Co 0.2 

     Cr 0.2 

     Mn 0.2 

     Zn 0.2 

Tetr. -43m 0.125 0.125 0.125 Fe 0.2 

     Co 0.2 

     Cr 0.2 

     Mn 0.2 

     Zn 0.2 
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Table 4.2 Rietveld refinement data for HEO-Vac 

Sample ID HEO-Vac 

Phase Spinel 

  1.913 

Space Group Fd-3m 

Cell Volume (Å3) 582.61 

Crystal Density (g cm-3) 5.3864 

Lattice parameter 8.3520 

Label Wyckoff 

site 

x y z Atom Occupation 

Anion 3m(111) 0.2555 0.2555 0.2555 O 1 

Oct. -3m(111) 0.5 0.5 0.5 Fe 0.2 

     Co 0.2 

     Cr 0.2 

     Mn 0.2 

     Zn 0.2 

Tetr. -43m 0.125 0.125 0.125 Fe 0.2 

     Co 0.2 

     Cr 0.2 

     Mn 0.2 

     Zn 0.2 
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To further investigate the crystal structure of the HEOs, we performed several 

characterizations by HRTEM. Figure 4.2(a) displays a BF TEM image alongside the 

subsequent SAED pattern from the <211> zone axis for HEO-Vac. The observed 

HEO-Vac particle in this image exhibits an approximate size of 400 nm. 

Examination of the HEO-Vac crystal from the <211> zone axis further confirms 

HEO-Vac’s spinel cubic crystal structure. HRTEM analysis reveals lattice fringes 

consistent with the crystalline structure. Fast Fourier transform (FFT) data obtained 

from this crystal in the <211> zone axis corresponds to the 𝐹𝑑 3̅ 𝑚 (227) space 

group, with a d-spacing of 0.147 nm for the (440) plane (Figure 4.2(b)). The 

integration of these findings with the Rietveld analysis conducted on the XRD data 

confirms the spinel structure of HEO-Vac. Furthermore, the spatial distribution of 

elements within the HEO-Vac was investigated using HADDF imaging and EDS 

elemental mapping for Fe, Cr, Co, Mn, Zn, and O in scanning transmission electron 

microscopy (STEM) mode. The results are presented in Figure 4.2(c). EDS mapping 

showed a homogeneous distribution of elements within the structure of HEO-Vac. 

Additionally, the consistent bright contrast observed throughout the HEO-Vac 

particle in the HAADF image signifies the uniform distribution of elements. 

Collectively, HRTEM analyses conducted on HEO-Vac confirm the XRD findings, 

indicating a single-phase homogeneous solid solution with a spinel cubic crystal 

structure (227). 

The HEO-Air powders underwent the same analyses using HRTEM. Figure 4.2(d) 

displays the BF TEM image and the SAED pattern from the <211> zone axis for the 

HEO-Air. The particle size measures approximately 200 nm. For HEO-Air, the 

SAED pattern confirms the 𝐹𝑑 3̅ 𝑚 (227) symmetry established through Rietveld 

refinement of the XRD results. Furthermore, Figure 4.2(e) showcases the HRTEM 

image and the subsequent FFT pattern from the <211> zone axis, confirming the 

spinel cubic structure with a d-spacing of 0.149 nm for the (440) plane. The 

homogeneous distribution of Fe, Cr, Co, Mn, Zn, and O elements is evident in the 

HAADF image, while in Figure 4.2(f) the EDS elemental mapping results are 

presented. 
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Figure 4.2  HEO-Vac’s (a) BF TEM image and the inset displays the SAED pattern 

from <211> zone axis (b) HRTEM image and the inset shows the FFT pattern (c) 

HADDF image and corresponding EDS element mapping of Fe, Cr, Co, Mn, Zn, and 

O. HEO-Air’s  (d) BF TEM and the inset displays the SAED pattern from the <211> 

zone axis (e) HRTEM image and inset shows the FFT pattern (f) HADDF image and 

corresponding EDS element mapping of Fe, Cr, Co, Mn, Zn, and O  
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4.2 Electronic Structure of the HEO-Air and HEO-Vac Electrocatalysts 

Figure 4.3 illustrates the deconvolution of XPS core level spectra for Fe 2p, Cr 2p, 

Co 2p, Mn 2p, and Zn 2p. The Co LMM peak overlaps with the deconvolution of Fe 

2p due to the Co LMM peak's interference in the Fe 2p region, presenting challenges 

in Fe 2p spectra deconvolution. Nonetheless, in Figure 4.3(a), peaks corresponding 

to Fe 2p3/2, Fe 2p3/2 satellite, Fe 2p1/2, and Fe 2p1/2 satellite are evident at 711 eV, 718 

eV, 724 eV, and 732 eV binding energies, respectively. The satellite indicates Fe+3 

is observable in the sample calcined in air, but it is absent in the spectra of vacuum-

synthesized HEO [11]. The Cr 2p spectra in Figure 4.3(b), display peaks positioned 

at 586 eV and 576 eV, corresponding to the Cr 2p1/2 and Cr 2p3/2 signals, respectively. 

These peaks indicate the presence of Cr in the +3 oxidation state in both vacuum and 

air-synthesized HEO electrocatalysts. In Figure 4.3(c), the Co 2p spectra display Co 

2p3/2, Co 2p3/2 satellite, Co 2p1/2, and Co 2p1/2 satellite peaks positioned at binding 

energies of 780, 786, 796, and 802 eV, respectively. Co 2p XPS core level spectra 

of HEO-Vac and HEO-Air show a prominent Co+2 satellite, suggesting that both 

HEO-Air and HEO-Vac exhibit the same state of Co. Figure 4.3(d) show the Mn 2p 

XPS core level spectra, featuring peaks positioned at binding energies of 641 eV, 

645 eV, and 653 eV, corresponding to Mn 2p3/2, MnO satellite, and Mn 2p1/2, 

respectively. The Mn 2p XPS core level spectra indicate the presence of MnO in 

both HEO-Air and HEO-Vac samples, although Mn2O3 may also be present in the 

vacuum-synthesized HEO [156]. The Zn 2p XPS core level spectra presented in 

Figure 4.3(e) suggest the presence of the Zn+2 state in all samples, with Zn 2p3/2 and 

Zn 2p1/2 peaks observed at binding energies of 1021 eV and 1045 eV, respectively 

[157]. 
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Figure 4.3 Deconvolution of XPS core level spectra for (a) Fe 2p (b) Cr 2p (c) Co 

2p (d) Mn 2p, and (e) Zn 2p 
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Figure 4.4(a) displays fitted O 1s XPS core level spectra of HEO-Air and HEO-Vac, 

showing the presence of lattice oxygen (OL) and oxygen vacancies (OV) at binding 

energies of 529 eV and 532 eV, respectively. For HEO-Vac, the oxygen vacancy 

peak accounts for 43.58% of the total O 1s spectra, whereas for HEO-Air, it 

represents 26.13% of the overall area. Thus, a decrease in the oxygen content in the 

synthesis environment correlates with an increase in the quantity of oxygen 

vacancies within the structure, as observed in the O 1s XPS core level spectra. EPR 

was utilized to investigate and compare the oxygen vacancy content of HEO-Air and 

HEO-Vac further. The oxygen vacancy content of the electrocatalysts was assessed 

based on the EPR signal at g = 2.005 (Figure 4.4(b)). The EPR peak intensity of 

HEO-Vac is notably higher as compared to HEO-Air, indicating a higher oxygen 

vacancy content in HEO-Vac. 

 

Figure 4.4 HEO-Air and HEO-Vac electrocatalyst’s (a) O 1s XPS core level spectra 

(b) EPR spectrum  
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4.3 OER/ORR Performance of the HEO-Air and HEO-Vac Electrocatalysts 

The primary objective of this thesis is to explore the influence of the synthesis 

environment on the bifunctional OER/ORR activity of (FeCrCoMnZn)3O4-δ 

powders. To achieve this aim, an extensive investigation was conducted, beginning 

with the successful synthesis of our powders under both air and vacuum 

atmospheres. Following the synthesis, a comprehensive characterization of the 

powders was performed employing a range of advanced techniques including XRD, 

TEM, XPS, and EPR. Once the powders were characterized, the bifunctional 

electrocatalytic OER/ORR performance of HEO-Air and HEO-Vac was 

systematically evaluated. This evaluation was carried out utilizing a standard three-

electrode system incorporated within the RDE setup. As explained in the 

experimental chapter before, a three-electrode setup consists of an Ag/AgCl as a 

reference electrode, Pt as a counter electrode, and catalyst ink dropped glassy carbon 

as a working electrode. During the tests, oxygen-saturated 0.1 M KOH solution was 

used unless otherwise stated. LSV was conducted on both HEO-Air and HEO-Vac 

utilizing a reference electrode of Ag/AgCl, with the obtained potentials converted to 

the RHE scale. Moreover, the LSV curves were normalized based on the geometric 

area of the GCE, which is 0.0707 cm2. The LSV curves both for HEO-Air and HEO-

Vac are presented in Figure 4.5(a) At a current density of 10 mA cm−2, which is a 

significant value to understand the electrocatalytic OER activity of a catalyst 

according to the literature, the overpotential values were measured. As a result, the 

overpotential values for HEO-Air and HEO-Vac were determined to be 404 mV and 

329 mV, respectively. Hence, the overpotential of the HEO-Air and HEO-Vac are 

comparable with the previously reported benchmark electrocatalysts such as IrO2, 

Pt/C, and RuO2. Notably, the considerably lower overpotential observed for HEO-

Vac compared to HEO-Air can be attributed to the elevated oxygen vacancy content 

of HEO-Vac [30,158].  
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Figure 4.5 HEO- Air and HEO-Vac electrocatalyst’s (a) LSV curves at OER region 

(b) Tafel plots (c) EIS data (d) Electric double layer capacitance analysis (e) Mass 

activity and specific activity calculations (f) Galvanostatic stability curve recorded 

at a current density of 10 mA cm-2  
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To explore and compare the electrochemical reaction kinetics of the samples, Tafel 

slopes were determined using the multistep chronoamperometry (CA) method, 

considering steady-state current variables. To ensure that the specimen was in a 

steady-state current condition for a comprehensive understanding of its kinetic 

behavior, we employed the multistep chronoamperometry method with incremental 

voltage steps. This chronoamperometry test was conducted within the potential range 

of 0.40 – 0.65 V vs. Ag/AgCl, with a step increment of 0.01 V, as depicted in Figure 

4.6. This potential range was specifically selected as it corresponds to the region 

where the water splitting and OER primarily occur for HEO-Air and HEO-Vac 

electrocatalysts. The graph showing steady-state current density versus potential 

serves as the counterpart to the LSV curve, with the key distinction being that the 

current is measured over longer durations, ultimately reaching a steady-state in the 

multistep chronoamperometry approach.  As depicted in Figure 4.5(b), the Tafel 

slopes are calculated as 47.84 and 43.55 mV dec−1, respectively for HEO-Air and 

HEO-Vac by multistep chronoamperometry method. Consequently, HEO-Vac 

demonstrates faster reaction kinetics, characterized by a lower Tafel slope as 

compared to HEO-Air. 

 

 

Figure 4.6 Multistep chronoamperometry to determine the Tafel slopes for HEO-Air 

and HEO-Vac. 
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Electrochemical impedance spectroscopy (EIS) was utilized to assess the charge 

transfer rate of the electrocatalysts. Figure 4.5(c) displays the fitted EIS data, 

including the charge-transfer resistance (Rct), the solution resistance (Rs), and a 

constant-phase element (CPE). The charge transfer resistance of HEO-Air is 

measured at 56.3 Ω, while HEO-Vac exhibits a resistance of 18.34 Ω. This finding 

suggests that HEO-Vac possesses superior electrocatalytic activity for the OER due 

to its higher conductivity and faster charge transfer compared to HEO-Air. As 

explained in the experimental section, ECSA is calculated with the Cdl, obtained 

from CV measurements conducted across various scan rates within the non-faradaic 

region. CVs were performed in a 1 M KOH solution saturated with oxygen, scanning 

between 0.2 V and 0.3 V vs. Ag/AgCl, at scan rates ranging from 10 to 120 mV s-1 

for both HEO-Air and HEO-Vac electrocatalysts, as depicted in Figure 4.7, Cdl 

values for HEO-Air and HEO-Vac were computed as 1.99 mF cm-2 and 1.12 mF cm-

2, respectively (Figure 4.5(d)). Given the superior electrocatalytic activity of HEO-

Vac compared to HEO-Air, it is probable to attribute the enhanced performance of 

HEO-Vac to its superior intrinsic activity instead of ECSA [159]. 

 

Figure 4.7 Cyclic Voltammetry (CV) scans were conducted for (a) HEO-Air (b) 

HEO-Vac at scan rates of 10, 20, 30, 40, 60, 80, 100, and 120 mV s-1 
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To evaluate the intrinsic activity, we determined the MA and SA of both HEO-Air 

and HEO-Vac. MA was estimated based on the mass loading of the electrocatalysts, 

while SA was determined using the BET specific area analysis. The BET data for 

HEO-Air and HEO-Vac is represented in the Table 4.3 and Table 4.4. Notably, the 

MA and SA of HEO-Vac were significantly greater than those of HEO-Air, as 

illustrated in Figure 4.5(e). Specifically, the MA of HEO-Vac (10.19 A g-1) and SA 

of HEO-Vac (0.39456 mA cm-2) surpassed those of the benchmark electrocatalyst 

RuO2, which recorded an MA of 8.87 A g-1 and an SA of 0.06224 mA cm-2 [160]. 

Table 4.3 Bet analysis data for HEO-Air 

Area 7.01 m2/g 

Slope  485.9 

Y-Intercept 10.95 

Correlation Coefficient 0.998366 

C  45.36 

P/P0 Volume [cc/g] 1/(W((P0/P)-1)) 

0.055183 1.3273 35.21 

0.087283 1.4311 53.47 

0.11243 1.5133 66.97 

0.16212 1.6408 94.35 

0.21037 1.918 111.1 

0.26148 2.091 135.5 

0.31204 2.2184 163.6 
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Table 4.4 Bet analysis data for HEO-Vac 

Area 2.58 m2/g 

Slope  1256 

Y-Intercept 92.47 

Correlation Coefficient 0.992367 

C  14.58 

P/P0 Volume [cc/g] 1/(W((P0/P)-1)) 

0.061216 0.3399 153.5 

0.087886 0.3746 205.8 

0.11292 0.4002 254.5 

0.21155 0.6115 351.1 

0.2624 0.6751 421.6 

 

To explore HEO-Air and HEO-Vac electrocatalysts’ long-term stability 

galvanostatic tests were carried out while applying a constant current density of 10 

mA cm-2. The experimental setup involved subjecting the electrocatalysts to 

continuous current flow to evaluate their performance over an extended period. The 

results depicted in Figure 4.5(f) indicate that both HEO-Air and HEO-Vac exhibit 

exceptional stability, suggesting their potential suitability for prolonged 

electrochemical applications. Both HEO-Air and HEO- Vac does not lose their 

electrocatalytic activity even after 75 hours. Hence, their catalytic activity is 

exceedingly higher than the state-of-the-art electrocatalysts such as IrO2, which lost 

its stability after 2 hours. 
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To gain insights into the bifunctional OER/ORR performance of the electrocatalysts, 

the oxygen reduction reaction activity of the HEO-Air and HEO-Vac was evaluated, 

as illustrated in Figure 4.8. First, we generated LSV curves, like the approach 

adopted for the OER activity analysis as explained in the experimental section 

(Figure 4.8(a)). At a current density of -1 mA cm-2, the potentials recorded for HEO-

Air and HEO-Vac were 0.63 V and 0.67 V, respectively. Consequently, it is evident 

that the ORR activity of HEO-Vac surpasses that of HEO-Air. Then, as shown in 

Figure 4.8(b) Tafel plots were utilized to determine the Tafel slopes. Tafel slopes 

were calculated as -141 mV dec-1 for HEO-Air and -155 mV dec-1 for HEO-Vac.  

 

Figure 4.8 HEO- Air and HEO- Vac electrocatalysts’ (a) ORR activity curves (b) 

Tafel plots (c) Koutecky-Levich plots at 0.15V (d) Kinetic current density (Jk) and 

electron transfer number (n). 
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To further investigate the electrocatalytic activity and kinetics of HEO-Air and HEO-

Vac, calculations were performed to determine the electron transfer number and 

kinetic current densities using the K-L equation. As seen in Figure 4.8(c), Koutecky-

Levich (K-L) plots were constructed through LSV experiments employing an RDE. 

These experiments spanned a potential range from 1.2 V to 0.14 V vs. RHE at various 

rotation speeds of 400, 800, 1200, 1600, and 2000 rpm, with a scan rate of 5 mV s-1.  

As the rotational speed of the working electrode rises, there is a corresponding 

increase in the reduction current, attributed to the improvement of mass transport at 

the surface of the working electrode (Figure 4.9(a) and Figure 4.9(b)). The 

acceleration in rpm increases the oxygen diffusion from the electrolyte to the 

electrocatalyst surface. Consistently, HEO-Vac demonstrates a superior reduction 

current density under both constant potential and rotational speed conditions as 

compared to HEO-Air. The K-L plots for HEO-Air and HEO-Vac at 0.50, 0.40, 0.30, 

0.25, 0.20, and 0.15 V vs. RHE reduction potentials are depicted in Figure 4.9(c) and 

Figure 4.9(d). These plots exhibit linearity which indicates that the ORR follows 

first-order kinetics. At a low voltage of 0.15 V vs. RHE, the electron transfer number 

was determined to be 3.59 for HEO-Vac and 1.54 for HEO-Air, as shown in Figure 

4.8(c). The electron transfer number of HEO-Vac which is closer to 4, indicates a 

predominance of the 4-electron ORR process, whereas, for HEO-Air, the 2-electron 

ORR process is dominant [161,162]. Consequently, the HEO synthesized in a 

vacuum environment demonstrates improved electrocatalytic activity due to its four-

electron ORR process, attributed to its elevated oxygen vacancy content compared 

to HEO-Air. These oxygen vacancies may facilitate easier charge transfer and 

oxygen gas adsorption, thus improving the ORR performance of HEO-Vac. 

Additionally, to further elucidate the reaction kinetics of HEO-Air and HEO-Vac, 

kinetic current densities were determined to be 23.02 mA cm-2 for HEO-Air and 

18.44 mA cm-2 for HEO-Vac as illustrated in Figure 4.8(d). 
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Figure 4.9 At 400, 800, 1200, 1600, 2000 rpm rotation speeds (a) LSV experiments 

for HEO-Air and (b) LSV experiments HEO-Vac. At potentials ranging from 0.50 

to 0.15 V, Koutecky-Levich (K-L) for (c) HEO-Air and (d) HEO-Vac 

The bifunctional index (BI) serves as a metric to assess the electrocatalysts' 

proficiency in both the OER and ORR within an alkaline environment. It is 

calculated with the potential difference between -1 mA cm-2 and 10 mA cm-2 current 

densities. A lower BI indicates superior performance in both OER and ORR. In this 

thesis, the BI for HEO-Air is determined to be 1.0 V, whereas for HEO-Vac, it is 

found to be 0.89 V. Consequently, the BI of HEO-Vac is notably lower (and hence, 

better) compared to HEO-Air. This signifies that HEO-Vac exhibits significantly 

enhanced electrocatalytic activity in both the OER and ORR processes. 
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4.4 Materials Characterization after Galvanostatic Stability Test 

Following the galvanostatic stability experiments, additional XRD and HRTEM 

characterizations were conducted to study possible changes in the structure and 

composition of the HEO-Vac and HEO-Air particles. The XRD analyses depicted in 

Figure 4.10(a) provide an overview of any structural modifications. The noticeable 

presence of graphite, nickel, and foam peaks in the XRD data can be attributed to the 

utilization of carbon foam-coated nickel during the galvanostatic stability 

experiments. This foam facilitated the adherence of the particles to the electrodes, 

making them inseparable post-tests, thereby necessitating XRD analyses on the HEO 

particles remained to this foam. Upon the removal of these peaks, the remaining 

peaks demonstrated a consistent alignment with the 𝐹𝑑 3̅ 𝑚 (227) spinel cubic 

structure. Consequently, it can be inferred that no phase transformations occurred for 

the HEO-Air and HEO-Vac particles throughout the stability assessments. 

 

 

Figure 4.10 XRD patterns of the HEO-Air, HEO-Vac and the carbon foam-coated 

nickel after the galvanostatic stability test 
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The BF TEM image of the HEO-Vac powder in Figure 4.11(a) shows an average 

particle size of 200 nm, consistent with experimental measurements before the 

stability experiments. Its SAED pattern from <110> zone axis confirms the presence 

of spinel cubic crystal structure. HRTEM images of HEO-Vac particles after 

galvanostatic stability show no signs of structural alterations or amorphization 

following the electrochemical tests (Figure 4.11(b) and Figure 4.11(c)). The 

crystallinity of the particles remains, as evidenced by FFT signals validating the 

spinel cubic structure with space group 𝐹𝑑 3̅ 𝑚 (227). STEM mode gives 

information about the possible chemical changes. HAADF imaging as illustrated in 

Figure 4.11(d), indicates no visible chemical changes, with consistent single bright 

contrast observed inside the particles. EDS mapping confirms these findings, 

illustrating a uniform distribution of elements. Thus, it is evident that the single-

phase spinel cubic crystal structure, along with homogeneous elemental distribution, 

remains unchanged after galvanostatic stability experiments.  

The examination for any changes in the HEO-Air particles after electrochemical 

stability tests followed a similar procedure with HEO-Vac particles. BF TEM images 

of HEO-Air in Figure 4.11(e) and Figure 4.11(f) illustrate unchanged morphology 

compared to HEO-Air particles before galvanostatic stability tests, indicating the 

single-phase crystal structure. HRTEM analysis in Figure 4.11(g) confirms the 

unchanged crystalline nature of HEO-Air particles after stability tests, with FFT 

signals from <211> zone axis validating the conservation of the 𝐹𝑑 3̅ 𝑚 (227) spinel 

cubic structure during electrochemical activity. Chemical distribution analysis via 

HAADF and EDS elemental mapping in Figure 4.11(h) reveals no element 

segregation after the galvanostatic stability experiment, emphasizing the structural 

integrity and homogeneity of HEO-Air particles throughout stability tests. 
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Figure 4.11 HRTEM after the galvanostatic stability test for HEO-Vac and HEO-

Air. HEO-Vac’s (a) BF TEM image, with the SAED pattern inside (b,c) HRTEM 

images, with the insets showing the FFT signals (d) HAADF image and subsequent 

EDS elemental mapping. HEO-Airs’ (e,f) BF TEM images, with the inset displaying 

the SAED pattern (g) HRTEM analysis, with the inset showing the FFT signal (h) 

HAADF image and EDS elemental mapping. 
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4.5 Evaluation of Zinc-Air Battery Performance of HEO-Air and HEO-

Vac Electrocatalysts 

The Zn-air battery consists of a Zn plate serving as the anode, a high entropy spinel 

oxide cathode, and a 6 M KOH electrolyte containing 0.2 m Zn(OAc)2 additive. 

Comparing the open-circuit potential (OCP) values, the OCP of HEO-Vac is slightly 

higher than that of HEO-Air.  

Figure 4.12(a) illustrates the discharge and charge polarization curves of the Zn-air 

battery using HEO-Vac and HEO-Air catalysts in the air cathodes. The HEO-Vac 

based Zn-air battery shows a lower charging voltage and higher discharge voltage 

compared to the HEO-Air based Zn-air battery. This indicates that the HEO-Vac 

catalyst has a reduced voltage difference between the OER and ORR during the 

charge and discharge cycles, enhancing the battery's rechargeability. Specifically, at 

a current density of 10 mA cm−2, the HEO-Vac cathode requires 1.279 V for charging 

and 1.165 V for discharging. In contrast, the HEO-Air cathode needs 1.838 V for 

charging and 1.059 V for discharging (Figure 4.12(a)). The HEO-Vac based Zn-air 

battery achieves a significant peak power density of 102 mW cm−2 at a current 

density of 180 mA cm−2, better than the 82 mW cm−2 power density of the HEO-Air 

based Zn-air battery and comparable to the power densities reported for catalysts in 

earlier studies. 

The specific capacities of the Zn-air battery with HEO-Vac at various current 

densities, ranging from 5 to 50 mA cm−2, alongside the specific capacity of the Zn-

air battery with HEO-Air at 5 mA cm−2 current density are presented in Figure 

4.12(b). The Zn-air battery with the HEO-Vac catalyst attains a maximum specific 

capacity of 576.07 mA h gZn
−1, approximately 70% of the theoretical Zn capacity 

(820 mA h gZn
−1), at 5 mA cm−2, along with a specific energy of 662.46 W h kg−1. 

Notably, the HEO-Vac-based Zn-air battery demonstrates excellent high-rate 

capability, delivering specific capacities of 479.89, 376.76, and 225.31 gZn
−1 at 

current densities of 10, 20, and 50 mA cm−2, respectively. In comparison, the Zn-air 
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battery with the HEO-Air cathode achieves a specific capacity of only 190.77 mA h 

gZn
−1 at a discharge rate of 5 mA cm−2. 

Moreover, meeting the technologically significant benchmark of 100 W h kg−1 

necessitates a minimum depth of discharge of zinc (DODZn) of 0.20 within a Zn–air 

battery [163]. In this study, the DODZn values were computed for HEO-Vac-based 

Zn-air batteries at current densities of 5, 10, 20, and 50 mA cm−2, resulting in 0.70, 

0.59, 0.46, and 0.27, respectively. In contrast, the DODZn of HEO-Air based Zn-air 

battery is equal to 0.23. 

Figure 4.12(c) provides a comparative analysis of the rate capabilities and cycling 

stabilities between Zn-air batteries utilizing HEO-Vac and HEO-Air cathodes. The 

discharge rates were adjusted stepwise from 0 to 20 mA cm−2 and back to 0 mA cm−2 

to measure the output voltage. The HEO-Vac based Zn-air battery demonstrates 

superior rate capability and stability. After 400 minutes of operation, the output 

voltage remains at 1.336 V, maintaining 98.45% of the initial output voltage of 1.357 

V. In contrast, the Zn-air battery with the HEO-Air cathode shows an output voltage 

of 1.229 V, which is 94.54% of its initial output voltage of 1.30 V after the same 

duration. 

To evaluate the electrochemical durability of Zn-air batteries, cyclic charge-

discharge tests were conducted at a constant current density of 5 mA cm−2. The Zn-

air battery with HEO-Vac cathode demonstrates a charge voltage of 2.0 V and a 

discharge voltage of 1.1 V throughout the cycling process, maintaining a voltage gap 

of 0.9 V, as depicted in Figure 4.12(d). Notably, the discharge and charge voltages 

of the HEO-Vac based Zn-air battery stay constant over 300 hours of cycling, 

featuring its exceptional rechargeability and durability. This suggests that the HEO-

Vac catalyst effectively catalyzes OER/ORR during both discharge and charge 

cycles, even after 300 hours of operation. In contrast, during the initial cycles the 

HEO-Air based Zn-air battery exhibits a charge voltage of 2.5 V and a discharge 

voltage of 1.0 V, with a wider voltage gap compared to the Zn-air battery with HEO-

Vac cathode. Additionally, the stability of the HEO-Air based Zn-air battery was lost 
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after approximately 75 hours of operation, as expected. This outcome aligns with the 

lower bifunctional electrocatalytic activity of HEO-Air discussed in Section 4.3 of 

this thesis. Therefore, the Zn-air battery utilizing the HEO-Vac electrocatalyst 

outperforms the one employing the HEO-Air electrocatalyst, primarily owing to the 

superior bifunctional OER/ORR performance of HEO-Vac, attributed to its higher 

oxygen vacancy content. 

To gain deeper insights into the cycling behavior of Zn-air batteries utilizing HEO-

Vac and HEO-Air cathodes, the Coulombic efficiency of the batteries was evaluated. 

This involved charging the batteries at a 5 mA cm−2 steady current density for 5 

minutes, followed by discharging them under a constant load of 165 Ω (equivalent 

to an average discharge current density of 5 mA cm−2) for 5 minutes, repeated over 

350 cycles. Figure 4.12(e) illustrates that the Coulombic efficiency of the HEO-Vac-

based Zn-air battery consistently remained above 87%, peaking at 96% at its highest 

point. In contrast, the HEO-Air-based Zn-air battery’s Coulumbic efficiency 

fluctuated below 87%, dropping to 80% at its lowest point over the 350 cycles. 

Furthermore, the durability performance of both HEO-Air and HEO-Vac based Zn-

air batteries during the initial seven cycles of cyclic charge-discharge is depicted in 

Figure 4.12(f). This plot highlights the charge-discharge voltages and the difference 

in voltage gap between the Zn-air batteries with HEO-Air and HEO-Vac 

electrocatalysts.  

Figure 4.12(g) illustrates that the OCP of the Zn-Air battery utilizing the HEO-Vac 

electrocatalyst is recorded at 1.538 V. Additionally, Figures 4.12(h) and Figure 

4.12(i) demonstrate that the Zn-Air battery employing the HEO-Vac electrocatalyst 

in an air cathode successfully powered a panel featuring red LEDs, marked with the 

acronym "METU". To emphasize its practical applicability, two Zn-air batteries 

equipped with HEO-Vac air cathodes were connected in series. These combined 

batteries achieved an open circuit voltage of 2.952 V and provided continuous and 

reliable power to illuminate 35 red LEDs (each requiring 2.7 V) for a duration 

exceeding 48 hours. 
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Figure 4.12  HEO-Air and HEO-Vac based Zn-air battery’s (a) charge and discharge 

polarization curves and peak power density plots (b) specific capacities at 5, 10, 20, 

and 50 mA cm-2 current densities (c) rate capability study  (d) cyclic charge-

discharge curves (e) coulombic efficiencies (f) durability performance over the first 

seven cycles of cyclic charge-discharge (g) open circuit voltage of the HEO-Vac 

based Zn-air battery, and (h-i) digital photographs of the operating HEO-Vac based 

Zn-air battery. 
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CHAPTER 5 

5 RESULTS AND DISCUSSION FOR NANOPOROUS (FeCrCoMnZn)3O4-δ HIGH 

ENTROPY OXIDE ELECTROCATALYSTS 

5.1 Crystal Structure and Morphology of Nanoporous HEOs 

The crystal structures of the nanoporous HEO electrocatalysts were examined with 

XRD. Figure 5.1 shows the XRD patterns of nanoporous HEO electrocatalysts. The 

analysis of these patterns shows us that all nanoporous HEOs are single-phase. To 

further explore the impact of the porosity on the lattice structure, Rietveld 

Refinement analysis was conducted for GLY500, GLY600, and GLY700, as 

illustrated in Figures 5.2(b,c,d), respectively. Nanoporous HEOs demonstrate spinel 

cubic crystal structures with the space group 𝐹𝑑3̅𝑚 (ICDD #04-024-0120). The 

lattice parameters were measured as 8.3721 Å for GLY500, 8.3634 Å for GLY600, 

and 8.3684 Å for GLY700. 

 

Figure 5.1 (a) XRD patterns of GLY500, GLY600, and GLY700 nanoporous HEOs. 

Rietveld refinement analysis of (b) GLY500 (c) GLY600 (d)GLY700 
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The morphology of the synthesized nanoporous HEOs was examined using SEM, as 

shown in Figure 5.2. It is clearly seen that all the samples have a porous nature, and 

a distinct network structure in the samples is evident. HEO particles are connected, 

and they form a large network system with irregular pore sizes and shapes. All 

samples display a coral-like structure with ranging pore sizes. The pores formed 

during the low-temperature sol-gel process result from the escape of large quantities 

of gases such as CO2, N2, and H2O. For GLY500 HEO sample pore sizes ranging 

from several nanometers to five micrometers (Figure 5.2(a,b,c,)). For the GLY600 

sample average pore size is bigger than GLY500 (Figure 5.2(e,f,g)). As the heat 

treatment temperature increased smaller pores in the structure were eliminated and 

bigger pores grew in the structure. This can be attributed to elimination of the 

gaseous in the sample successfully. On the other hand for GLY700, it can be seen 

that from Figure 5.2(i,j,k), the average pore size decreases but the pore size becomes 

more homogeneous. This can be attributed to the high sintering rate in the material. 

At 700 °C, the diffusion rate is higher, therefore; the sintering process may dominate 

in the structure, and particles in the sample may start to fuse together which 

eventually decreases the overall pore size and volume. In addition, we examined the 

elemental distribution within the nanoporous HEOs using EDS mapping. The EDS 

mapping results for GLY500, GLY600, and GLY700 samples were presented in 

Figure 5.2(d,h,l). EDS mapping revealed a uniform distribution of all elements which 

are Fe, Cr, Co, Mn, Zn, and O throughout the particles for all the nanoporous HEO 

samples.  
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Figure 5.2 SEM images of GLY500 (a) at 20000x magnification (b) at 10000x mag. 

(c) at 5000x mag. (d) EDS Mapping of GLY500 for Fe, Cr, Co, Mn, Zn, and O.  SEM 

images of GLY600 (e) at 20000x mag. (f) at 10000x mag. (g) at 5000x mag. (h) EDS 

Mapping of GLY600.  SEM images of GLY700 (i) at 20000x mag. (j) at 10000x 

mag. (k) at 5000x mag. (l) EDS Mapping of GLY700. 
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We conducted further materials characterizations with HRTEM to examine the 

crystal structure of the nanoporous HEOs. Figure 5.3(a) shows a BF TEM image and 

the corresponding SAED pattern from the <211> zone axis for GLY500 nanoporous 

HEO. The porous nature of GLY500 particles can be seen clearly in the BF TEM 

image and the analysis from the <211> zone axis further confirms GLY500 HEOs 

spinel cubic crystal structure. In addition, HRTEM analysis reveals lattice fringes 

which show us the crystalline structure of GLY500 nanoporous HEO. FFT data 

obtained from this crystal in the <211> zone axis corresponds to the 𝐹𝑑 3̅ 𝑚 (227) 

space group (Figure 5.3(b)). HRTEM analysis confirms the spinel cubic crystal 

structure of GLY500 which is comparable with the Rietveld analysis conducted on 

the XRD data. HRTEM analysis of GLY500 is also comparable with the analysis 

presented in Chapter 4 Section 4.1 of this thesis. The crystal structure of the 

(FeCrCoMnZn)3O4-δ HEO doesn’t change when it is produced with the pore-forming 

aging process. The GLY600 powders were subjected to similar analyses using 

HRTEM. Figure 5.3(c) presents the BF TEM image and the corresponding SAED 

pattern from the <211> zone axis for the GLY600 nanoporous HEO powders, 

revealing a particle size of approximately 450 nm with a porous nature. The SAED 

pattern for GLY600 verifies the 𝐹𝑑 3̅ 𝑚 (227) symmetry determined with Rietveld 

refinement of the XRD results. Additionally, Figure 5.3(d) displays the HRTEM 

image and the corresponding FFT pattern from the <211> zone axis, further 

confirming the spinel cubic crystal structure. HRTEM analyses were conducted for 

the GLY700 powders. Figure 5.3(e) presents a BF TEM image with the 

corresponding SAED pattern from the <211> zone axis. BF TEM image of GLY700 

also shows the porous structure of the HEO powders.  The SAED pattern confirms 

the 𝐹𝑑 3̅ 𝑚 (227) symmetry. Figure 5.3(f) displays the HRTEM image and the 

associated FFT pattern from the <211> zone axis which further confirms the spinel 

cubic crystal structure of GLY700 powders. As a result, all of the nanoporous HEO 

particles have spinel cubic structures, and there is no amorphization due to the pore-

forming aging process.  
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Figure 5.3 (a) BF TEM image of GLY500 and the inset shows the SAED pattern (b) 

HRTEM image of GLY500 and the inset shows the FFT pattern (c) BF TEM image 

of GLY600 and the inset shows the SAED pattern (d) HRTEM image of GLY600 

and inset shows the FFT pattern (e) BF TEM image of GLY700 and the inset shows 

the SAED pattern (f) HRTEM image of GLY700 and the inset shows the FFT pattern  

5.2 Electronic Structure of Nanoporous HEOs 

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

states of the elements in the nanoporous HEO electrocatalysts. Figure 5.2 displays 

the XPS core level spectra and the corresponding deconvolution of the Fe 2p, Co 2p, 
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Cr 2p, Mn 2p, and Zn 2p. In the Fe 2p XPS core level spectra for GLY500, GLY600, 

and GLY700, the presence of the Fe (III) Fe 2p3/2 satellite peak located at a binding 

energy of ≈720 eV indicates the presence of Fe2O3 (Figure 5.4(a)). Additionally, the 

Fe 2p XPS core level spectra also display peaks at binding energies of 732 eV, 724 

eV, and 711 eV, corresponding to Fe (III) Fe 2p1/2 satellite, Fe 2p1/2, and Fe 2p3/2, 

respectively. This confirms that iron exists in the Fe3+ oxidation state in the structure 

for all samples. Figure 5.4(b) displays the Co 2p XPS core level spectra for 

nanoporous HEOs. For the GLY500 sample, the Co 2p XPS spectra show Co 2p1/2  

and Co 2p3/2  peaks at binding energies of 795 eV and 780 eV, respectively. These 

peak positions indicate the presence of Co3O4, suggesting that both Co2+ and Co3+ 

oxidation states are present in the structure of the GLY500 HEO. On the other hand, 

in the Co 2p XPS core level spectra for GLY600, and GLY700 peaks at binding 

energies of 802 eV for the Co 2p1/2 satellite, 795 eV for Co 2p1/2, 785 eV for the Co 

2p3/2 satellite, and 780 eV for Co 2p3/2 are observable. Strong satellites in Co 2p XPS 

spectra indicate that Co is present in the Co2+ oxidation state in the GLY600, and 

GLY700 HEO samples. In Figure 5.4(c), the Cr 2p XPS core level spectra are 

illustrated. In GLY500 Cr 2p spectra, Cr 2p1/2 and Cr 2p3/2 peaks located at 585 eV, 

and 576 eV binding energies are observable. Peak splitting exists in the Cr 2p1/2 and 

Cr 2p3/2 peaks, therefore; chromium is present both in Cr3+ and Cr6+ oxidation states 

in the GLY500 HEO electrocatalyst as shown in the deconvolution in Figure 5.4(c). 

For GLY600 and GLY700 samples Cr 2p XPS core level spectra show peaks at 585 

eV and 576 eV, corresponding to the Cr 2p1/2 and Cr 2p3/2 signals, respectively. These 

peaks confirm the presence of Cr3+ in the GLY600 and GLY700 HEO 

electrocatalysts. The XPS results in Figure 5.4(d) show the Mn 2p XPS core level 

spectra with peaks at binding energies of 653 eV and 641 eV, corresponding to Mn 

2p1/2 and Mn 2p3/2, respectively, indicating the presence of Mn2O3 in all samples. 

Additionally, the Zn 2p core level spectra in Figure 5.4(e) reveal the Zn2+ oxidation 

state in all samples, with Zn 2p1/2 and Zn 2p3/2 peaks at binding energies of 1043 eV 

and 1020 eV, respectively. 
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Figure 5.4 XPS core level spectra and corresponding deconvolution of (a) Fe 2p (b) 

Co 2p (c) Cr 2p (d) Mn 2p, and (e) Zn 2p for GLY500, GLY600, and GLY700  
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Figure 5.5 shows the fitted O 1s XPS core level spectra for the nanoporous HEO 

electrocatalysts. The O 1s spectra indicate the presence of oxygen vacancies and 

lattice oxygen at binding energies of 531 eV and 529 eV, respectively. The oxygen 

vacancy peak accounts for 23.05%, 38.75%, and 29.10% of the total O 1s XPS 

spectra peak area for GLY500, GLY600, and GLY700, respectively. In contrast, the 

lattice oxygen peak constitutes 61.70%, 45.99%, and 57.59% of the total area for 

GLY500, GLY600 and GLY700, respectively. 

 

Figure 5.5 O 1s XPS core level spectra for (a) GLY500 (b) GLY600 (c) GLY700   
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5.3 OER/ORR Performance of Nanoporous HEO Electrocatalysts 

To understand the effect of porosity on the bifunctional OER/ORR activity, after the 

characterization of GLY500, GLY600, and GLY700 HEO powders, a series of 

electrochemical tests were conducted as discussed in the experimental chapter of this 

thesis before. Firstly, LSV curves for GLY500, GLY600, and GLY700 powders 

were obtained. The LSV curves are shown in Figure 5.6(a) At a current density of 

10 mA cm−2 the overpotential values were measured. The overpotential for GLY500, 

GLY600, and GLY700 HEO electrocatalysts were found to be 451 mV, 447 mV, 

and 467 mV, respectively. Therefore, GLY600 has the lowest overpotential among 

the nanoporous HEO electrocatalysts which can be attributed to its bigger pore size 

and higher oxygen vacancy content in its structure as compared to others.  

To investigate the electrochemical reaction kinetics of the samples, Tafel slopes were 

determined using the multistep chronoamperometry method. We utilized the 

multistep chronoamperometry method with incremental voltage steps as we did for 

HEO-Air and HEO-Vac samples. This test was conducted within the potential range 

of 0.50 – 0.90 V vs. Ag/AgCl, with an increment of 0.01 V where OER primarily 

occurs for GLY500, GLY600, and GLY700 HEO electrocatalysts. As shown in 

Figure 5.6(b), the Tafel slopes for GLY500, GLY600, and GLY700 nanoporous 

HEO electrocatalysts were calculated as 78.68 mV dec−1, 77.58 mV dec−1, and 81.82 

mV dec−1, respectively. Hence, GLY600 has lower Tafel slopes which means its 

reaction kinetics are faster as compared to GLY500, and GLY700 samples.  

EIS was employed to evaluate the charge transfer rate of the electrocatalysts in the 

same manner we applied to HEO-Air and HEO-Vac electrocatalysts. Figure 5.6(c) 

presents the fitted EIS data, which includes the Rs, Rct, and CPE (see the series in the 

index of Figure 5.6(c)). The charge transfer resistance of GLY500, GLY600, and 

GLY700 are measured at 63.50 Ω, 73 Ω and 107 Ω.  
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Figure 5.6 GLY500, GLY600 and GLY700 nanoporous HEO electrocatalysts’ (a) 

LSV curves (b) Tafel plots (c) Fitted EIS data (d) Electric double layer capacitance 

analysis results (e) MA and SA activity calculations  
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ECSA was calculated using the double-layer capacitance (Cdl), obtained from CV 

measurements conducted at various scan rates within the non-faradaic region as we 

measured for HEO-Air and HEO-Vac samples explained in the previous chapter. As 

presented in Figure 5.7, the CVs were performed in a 1 M KOH solution saturated 

with oxygen, scanning between 0.2 V and 0.3 V vs. Ag/AgCl, at scan rates of 10, 20, 

30, 40, 60, 80, 100, and 120 mV s⁻¹ for GLY500, GLY600, and GLY700 

electrocatalysts. The Cdl values for GLY500, GLY600, and GLY700 electrocatalysts 

were calculated as 3.20 mF cm⁻², 3.93 mF cm⁻² and 7.77 mF cm⁻², respectively as 

shown in Figure 5.6(d). As discussed in Chapter 3.4 of this thesis before, ECSA is 

determined by dividing Cdl by the Cs, where Cs in 1 M KOH is equal to 0.040 mF 

cm-2. Therefore, for GLY500, GLY600, and GLY700 electrocatalysts ECSA was 

calculated as 5.6 cm2, 6.88 cm2, and 13.60 cm2, respectively. Hence, the ECSA of 

the GLY700 is higher than the others.  

Figure 5.7 CV scans at scan rates 10, 20, 30, 40, 60, 80, 100, and 120 mV s⁻¹ for 

(a) GLY500 (b) GLY600 (c) GLY700  
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The MA and SA were evaluated to investigate the intrinsic activity of the GLY500, 

GLY600, and GLY700 electrocatalysts (Figure 5.6(e)). As explained in the 

experimental section, the mass loading was used to compute the mass activity, while 

the specific activity was determined using the ECSA. GLY600 nanoporous HEO 

electrocatalyst demonstrated superior performance compared to the other 

electrocatalysts in both MA and SA. The MA and SA of GLY600 were quantified at 

20.93 A g⁻¹ and 0.46 mA cm⁻², respectively. On the other hand, MAs were calculated 

as 20.07 and 14.07 A g⁻¹, and SAs were calculated as 0.54 and 0.16 mA cm⁻² for 

GLY500, and GLY700 respectively.  

  

Figure 5.8 GLY500, GLY600 and GLY700 nanoporous HEO electrocatalysts’ (a) 

ORR activity curves (b) Tafel plots  
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In this thesis, the BI for GLY500, GLY600, and GLY700 were found 0.97, 0.94, and 

0.93 respectively. Consequently, the BI of GLY700, and GLY600 are very similar, 

and they are slightly lower than GLY500 nanoporous HEO electrocatalyst.   

5.4 Zn-Air Battery Performance of Nanoporous HEO Electrocatalysts 

Rechargeable Zn-Air batteries were assembled with a zinc plate as the anode, 

GLY500, GLY600, and GLY700 nanoporous HEO’s as the air cathodes, and a 6 M 

KOH electrolyte with 0.2 M Zn(OAc)2. 

Polarization curves that demonstrate the charge and discharge characteristics of Zn-

air batteries with nanoporous HEOs as air cathodes are shown in Figure 5.9(a). The 

Zn-air battery with a GLY600 cathode requires 2.095 V for charging and 1.128 V 

for discharging to achieve a current density of 10 mA cm-2. Zn-air batteries with 

GLY500 and GLY700 air cathodes exhibit larger voltage gaps. Specifically, the 

GLY500 electrocatalyst based Zn-air battery requires 2.173 V for charging and 1.104 

V for discharging, and GLY700 based Zn-air battery requires 2.151 V for charging, 

and 1.103 V for discharging. Additionally, the Zn-air battery with the GLY600 based 

cathode demonstrates the highest peak power density, reaching 80 mW cm-2 at a 

current density of 133 mA cm-2. Other nanoporous HEO based Zn-air batteries show 

diminished peak power densities. GLY500 based Zn-air battery reaches its peak 

power density of 69 mW cm-2 at a current density of 116 mA cm-2, whereas GLY700 

based Zn-air battery shows the smallest peak power density of 65 mW cm-2 at a lower 

current density of 115 mA cm-2.  

The discharge capacities of GLY500, GLY600, and GLY700 based Zn-air batteries 

at current densities of 5 mA cm-2,10 mA cm-2, and 20 mA cm-2 are shown in Figure 

5.9(b), Figure 5.9(c), and Figure 5.9(d), respectively. The capacities of Zn-air 

batteries decrease from 5 mA cm-2 to 20 mA cm-2, as expected. Specifically, the Zn-

air battery with a GLY600 cathode achieves a capacity of 443.34 mA h at 5 mA cm-

2 , 399.27 mA h at 10 mA cm-2, and 345.78 mA h at 20 mA cm-2. Although the 



 

 

72 

GLY500 cathode achieves the highest capacity of 461.04 mA h at 5 mA cm-2, its 

capacity decreases more as compared to the GLY600 cathode as the discharge 

current density increases. As a result, at 10 mA cm-2, and 20 mA cm-2 discharge 

current densities it becomes the second-best electrocatalyst with capacities of 390.60 

mA h, and 340.51 mA h, respectively. On the other hand, GLY700 based Zn-air 

batteries demonstrate the lowest capacities among nanoporous HEO electrocatalysts 

with 423.88 mA h at 5 mA cm-2 , 385.95 mA h at 10 mA cm-2, and 243.33 mA h at 

20 mA cm-2. Especially at 20 mA cm-2 discharge current density GLY700 based Zn-

air batteries capacity decreased significantly. This can be attributed to GLY700 

electrocatalyst's smaller pore sizes as compared to GLY500, and GLY600. With its 

bigger pore size which effects its OER/ORR performance positively, GLY600 shows 

high capacity at different current densities.  Moreover, GLY600 maintains stable 

capacity across different current densities, as its capacity retention is less affected by 

an increase in current density compared to GLY500, and GLY700. 

As illustrated in Figure 5.9(e), by varying the discharge rate from 0 to 20 mA cm-2 

and then returning to 0 mA cm-2, while monitoring the output voltage the cycling 

stability and rate capability of GLY500, GLY600, and GLY700 nanoporous HEO 

electrocatalyst based Zn-air batteries were systematically evaluated. Among the 

nanoporous HEO based Zn-air batteries, the one with the GLY600 electrocatalyst 

demonstrated superior rate capability and stability. Initially, the output voltage for 

the GLY600 electrocatalyst was 1.44 V, and after 400 minutes of operation, it 

decreased to 1.31 V, retaining 90.97% of the initial output voltage. For GLY500 

based Zn-air battery initial output voltage was 1.52 V, and final output voltage was 

1.35 V. Although for GLY500 based Zn-air battery's initial and final output voltages 

were higher as compared to GLY600, its voltage decrease was also higher with a 

voltage retention of 88.82%. In addition, GLY700 based Zn-air battery exhibits an 

initial output voltage of 1.43 V, after 400 minutes of operation its output voltage 

decreases to 1.21 V with a retention of 84.6%. As shown in Figure 5.9(e) between 

135th to 180th minutes of operation, when the discharge current density is 15 mA cm-

2, GLY700 based Zn-air battery shows nearly 1.10 V output voltage.  After a while 
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between the 225th to 270th minutes of operation, when it is discharged at 15 mA cm-

2 current density again, the output voltage starts from 1.08 V, and it decreases 

suddenly to 1.01 V.  As a result, it can be concluded that GLY700 based Zn-air 

battery may not be reliable at high current densities, and longer operation times. 

Notably, the GLY600 electrocatalyst exhibited the least voltage decay after 400 

minutes of operation under varying discharge current densities compared to other 

nanoporous HEO based Zn-air batteries.  

The cyclic charge-discharge performance of GLY500, GLY600, and GLY700 based 

Zn-air batteries are shown in Figure 5.9(g). Cyclic charge-discharge performance 

was evaluated at a constant current density of 5 mA cm-2 with 5-minute charge and 

discharge intervals to evaluate the electrochemical durability of the electrocatalysts. 

Initially, the GLY700 based Zn-air battery displayed charge and discharge voltages 

of 2.00 V and 1.19 V, respectively, resulting in a voltage gap of only 810 mV. In 

comparison, GLY500, and GLY600 had voltage gaps of 840 mV, and 857 mV, 

respectively, as shown in Figure 5.9(f). Specifically, the initial charge and discharge 

voltages for the GLY500-based Zn-air battery were 2.03 V and 1.19 V, respectively, 

while for the GLY600-based Zn-air battery, they were 2.02 V and 1.17 V, 

respectively. Hence, the GLY700 based Zn-air battery exhibited the smallest voltage 

gap at the beginning of the cyclic charge-discharge test. However, over time its 

voltage gap started to increase, and GLY600 based Zn-air battery’s voltage gap 

became the lowest among the other nanoporous HEO based Zn-air batteries. 

Moreover, after 715 hours of operation GLY700 based Zn-air battery lost its 

stability. Then, nearly after 768 hours of operation GLY500 based Zn-air battery lost 

its stability too. However, after more than 1000 hours of cyclic charge-discharge 

operation, GLY600 based Zn-air battery succeeds in maintaining its stability with 

minimal increase in its voltage gap. Even after this extended period, the voltage gap 

of the GLY600 based Zn-air battery increased by only 14% from the initial value 

after 1030 hours, reaching 970 mV.  
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Figure 5.9 Zn-air batteries with nanoporous GLY500, GLY600, and GlY700 HEO 

electrocatalyst’s (a) Peak power density plots along with charge and discharge 

polarization curves (b) Capacities at a current density of 5 mA cm-2 (c) Capacities at 

a current density of 10 mA cm-2 (d) Capacities at a current density of 20 mA cm-2 (e) 

Rate capability study from 0 to 20 mA mA cm-2 and back to 0 mA cm-2 (f) Durability 

performance during the first hour of cyclic charge-discharge (g) Cyclic charge-

discharge performance at 5 mA cm-2 
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CHAPTER 6 

6 RESULTS AND DISCUSSION FOR NdBaCoaFe2-aO5+δ (a= 1.0, 1.4, 1.6, 1.8) 

DOUBLE PEROVSKITE OXIDE ELECTROCATALYSTS 

“This chapter contains information used with the permission of JOHN/WILEY & 

SONS LTD. from “B-site Doping Boosts the OER and ORR Performance of Double 

Perovskite Oxide as Air Cathode for Zinc-Air Batteries”, Cagla Ozgur, Tuncay Erdil, 

Uygar Geyikci, Ilker Yildiz, Ersu Lokcu, Cigdem Toparli, ChemPhysChem: 

e202400531” 

6.1 Crystal Structure and Morphology of NBCF Electrocatalysts 

To investigate the crystal structures of NBCF double perovskite oxides XRD 

analysis was conducted. Figure 6.1 demonstrates the XRD patterns and the results of 

the Rietveld Refinement analysis. The XRD patterns in Figure 6.1(a) clearly show 

that all NBCF double perovskite oxides are single-phased. There were not any 

evident peaks related to oxides or hydroxides of Nd, Ba, Co, Fe, or any other 

impurities. Additionally, the structural properties, such as lattice parameters, space 

groups, and crystal structures, were determined using Rietveld Refinement analysis. 

The results show that both CoFe and Co1.4Fe0.6 have an orthorhombic crystal 

structure with a space group of Pmmm. As the cobalt content increases and the iron 

content decreases in the NBCF double perovskite oxide’s structure, the crystal 

structure changes to a tetragonal with the space group of P4/mmm. In Table 6.1, the 

lattice parameters and total crystal volumes for the NBCF double perovskite oxides 

are tabulated. As demonstrated in Table 6.1, CoFe has larger lattice parameters as 

compared to other double perovskite oxides and a total crystal volume of 118.47 Å3, 

while Co1.8Fe0.2 shows smaller lattice parameters and a volume of 116.17 Å3. The 

increased iron content in the structure leads to more lattice distortion, attributed to 
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the larger ionic size of iron, which results in a higher total crystal volume for the 

Co1.8Fe0.2 double perovskite oxide.  

 

Figure 6.1 (a) XRD patterns of NBCF double perovskite oxides. Rietveld refinement 

analysis for (b) CoFe (c) Co1.4Fe0.6 (d) Co1.6Fe0.4 and (e) Co1.8Fe0.2 

Table 6.1 Lattice parameters, crystal volume, crystal structure and space group for 

CoFe, Co1.4Fe0.6, Co1.6Fe0.4 and Co1.8Fe0.2 

 a b c Crystal 

Volume 

Crystal 

Structure 

Space 

Group 

CoFe 3.90908 3.90284 7.76516 118.47 Orthorhombic Pmmm 

Co1.4Fe0.6 3.90752 3.90533 7.68501 117.27 Orthorhombic Pmmm 

Co1.6Fe0.4 3.90198 3.90198 7.64396 116.38 Tetragonal P4/mmm 

Co1.8Fe0.2 3.90304 3.90304 7.62614 116.17 Tetragonal P4/mmm 

 

We analyzed the morphology of the synthesized NBCF double perovskite oxides 

using scanning electron microscopy (SEM), as illustrated in Figure 6.2. The SEM 

images revealed particles at the submicron scale, typically ranging in size from 

several hundred nanometers. Although there was some variation in particle shape 
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and size, overall consistency was observed across all perovskite oxides. This 

suggests that any potential influence of particle size and morphology on 

electrocatalytic activity is likely insignificant. Additionally, we investigated the 

elemental distribution within the double perovskite oxides using energy-dispersive 

X-ray (EDX) mapping. The results of the EDX mapping for NBCF double perovskite 

oxides, shown in Figure 6.2, demonstrated a uniform distribution of all elements (Nd, 

Ba, Co, Fe, and O) throughout the particles. 

 

Figure 6.2 SEM images of CoFe (a) at 50000x magnification (b) at 10000x mag. (c) 

EDS Mapping of CoFe for Nd, Ba, Co,Fe, and O.  SEM images of Co1.4Fe0.6 (d) at 

50000x mag. (e) at 10000x mag.  (f) EDS Mapping of Co1.4Fe0.6.  SEM images of 

Co1.6Fe0.4 (g) at 50000x mag. (h) at 10000x mag.  (i) EDS Mapping of Co1.6Fe0.4  

SEM images of Co1.8Fe0.2 (j) at 50000x mag. (k) at 10000x mag.  (l) EDS Mapping 

of Co1.8Fe0.2 
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6.2 Electronic Structure of NBCF Electrocatalysts 

X-ray Photoelectron Spectroscopy (XPS) was utilized to investigate the surface 

chemical composition and chemical states of the elements within the NBCF double 

perovskite oxide electrocatalysts. The XPS core level spectra and the corresponding 

deconvolution of Fe 2p and Co 2p peaks are shown in Figure 6.3. In Figures 6.3(a) 

and 6.3(c), the presence of the Fe (III) 2p3/2 satellite is evident which indicates Fe2O3. 

Therefore, for CoFe and Co1.4Fe0.6, iron is present in both Fe+2 and Fe+3 oxidation 

states in the structure [16]. However, in the Fe 2p XPS core level spectra of 

Co1.6Fe0.4 and Co1.8Fe0.2 which are shown in Figure 6.3(e) and 6.3(g), the Fe (III) 

2p3/2 satellite is absent. On the other hand, Fe (II) 2p3/2 satellite which indicates FeO 

is observed in the XPS core level spectra [164]. This suggests a decrease in the 

oxidation state of iron to Fe+2 as the iron content in the NBCF double perovskite 

oxide decreases. Meanwhile, in Figure 6.3(b,d,f,h) the Co 2p XPS core level spectra 

which have Co 2p3/2 and Co 2p1/2 peaks located at 780 eV and 796 eV binding 

energies, respectively are illustrated. The peak locations in Co 2p spectra indicate 

the existence of Co3O4, hence; Co presents both Co+2 and Co+3 oxidation states in the 

structure of NBCF double perovskite oxides. As a result, Co 2p XPS spectra of 

NBCF electrocatalysts suggest that all samples have the same Co oxidation state. 
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Figure 6.3 XPS core level spectra and corresponding deconvolution of Fe 2p and 

Co2p respectively for (a,b) CoFe (c,d) Co1.4Fe0.6 (e,f) Co1.6Fe0.4 (g,h) 
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Figure 6.4 presents the fitted O 1s XPS core level spectra for the NBCF double 

perovskite oxide electrocatalysts. O 1s spectra reveal the presence of oxygen vacancy 

and lattice oxygen at binding energies of 531 eV and 529 eV, respectively. The 

oxygen vacancy peak contributes to 46.57%, 58.40%, 59.78%, and 57.65% of the 

total O 1s XPS spectra peak area for CoFe, Co1.4Fe0.6, Co1.6Fe0.4, and 

Co1.8Fe0.2, respectively. In contrast, the lattice oxygen peak covers 37.45%, 

26.37%, 23.34%, and 27.51% of the total area for the CoFe, Co1.4Fe0.6, 

Co1.6Fe0.4, and Co1.8Fe0.2, respectively. Thus, with an increase in the cobalt 

content in the NBCF double perovskite oxide, the oxidation state of iron shifts from 

+3 to +2, while the oxidation state of cobalt remains constant. Consequently, there 

is a rise in the concentration of oxygen vacancies within the structure. 

 

Figure 6.4 O 1s XPS core level spectra for (a) CoFe (b) Co1.4Fe0.6 (c) Co1.6Fe0.4 
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6.3 OER/ORR Performance of NBCF Electrocatalysts 

To evaluate the electrocatalytic OER/ORR performance of the NBCF 

electrocatalysts, RDE with a standard three-electrode system was utilized, as detailed 

in Section 2.3. The electrochemical bifunctional performance of the NBCF 

electrocatalysts was investigated with the similar procedures that we follow for 

HEO-Air and HEO-Vac electrocatalysts detailed in Chapter 3. Firstly, LSV tests 

were performed with an Ag/AgCl reference electrode, and the obtained potentials 

were converted according to the RHE scale. The geometric area of the glassy carbon 

electrode is measured as 0.0707 cm² and it was used to standardize the LSV profiles 

(Figure 6.5(a)). Notably, the overpotential values of the NBCF electrocatalysts were 

found at a current density of 10 mA·cm⁻². The overpotential values for the NBCF 

electrocatalysts are 439 mV for CoFe, 384 mV for Co1.4Fe0.6, 428 mV for 

Co1.6Fe0.4, and 444 mV for Co1.8Fe0.2. It is evident from this analysis that 

Co1.4Fe0.6 exhibits the lowest overpotential among the NBCF electrocatalysts. 

Moreover, the overpotential values for the NBCF electrocatalysts are comparable 

with the previously reported benchmark bifunctional electrocatalysts 

[8,160,165,166]. Additionally, Tafel plots were obtained to compare the reaction 

kinetics of NBCF electrocatalysts, as shown in Figure 6.5(b). The Tafel slopes are 

determined as 106 mV dec-1 for CoFe, 83 mV dec-1 for Co1.4Fe0.6, 86 mV dec-1 for 

Co1.6Fe0.4, and 96 mV dec-1 for Co1.8Fe0.2. Although Co1.4Fe0.6 displays a lower 

Tafel slope which indicates faster reaction kinetics, it is notable that the Tafel slopes 

of NBCF electrocatalysts are comparable. It suggests a high degree of similarity in 

the electrocatalysts’ reaction kinetics. Furthermore, the charge transfer rate of the 

NBCF electrocatalysts was evaluated using EIS. The EIS results in Figure 6.5(c) 

clearly demonstrate that the conductivity of the Co1.8Fe0.2 exceeds the other NBCF 

electrocatalysts’ conductivity. This enhanced conductivity exhibited by the 

Co1.8Fe0.2 highlights its improved charge transfer rate during the OER. Although 

the Co1.8Fe0.2 electrocatalyst shows a slightly higher overpotential than the other 

NBCF counterparts, its charge transfer rate is a prominent feature.  
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Figure 6.5 For CoFe, Co1.4Fe0.6, Co1.6Fe0.4 and Co1.8Fe0.2 double perovskite 

oxide electrocatalysts (a) LSV curves in OER region (b) Tafel plots (c) EIS data with 

corresponding electrical circuit (d) Electric double layer capacitance measurements 

(e) MA and SA analysis (f) Mott-Schottky plots 
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ECSA for NBCF electrocatalysts is determined with the Cdl which is calculated from 

CV experiments conducted at different scan rates from 10 to 120 mV s-1 current 

density. CV measurements are performed in the non-faradaic region between 0.2 V 

to 0.3 V vs. Ag/AgCl as illustrated in Figure 6.6. The calculated Cdl values for CoFe, 

Co1.4Fe0.6, Co1.6Fe0.4, and Co1.8Fe0.2 are determined as 4.01, 9.04, 14.06, and 

8.93 mF cm-2, respectively (Figure 6.5(d)). Hence, Co1.6Fe0.4 betters the other 

electrocatalysts in terms of ECSA, indicating its larger electrochemically active 

surface area. Remarkably, the ECSA analysis implies that the enhanced 

electrocatalytic performance of Co1.4Fe0.6 is not only attributed to its ECSA; rather, 

it may be correlated to its intrinsic activity. 

 

Figure 6.6 CV scans  conducted at scan rates of 10, 20, 30, 40, 60, 80, 100, and 120 

mV s-1 for a) CoFe (b) Co1.4Fe0.6 (c) Co1.6Fe0.4 (d) Co1.8Fe0.2 

 

1.14 1.16 1.18 1.20 1.22 1.24

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.14 1.16 1.18 1.20 1.22 1.24

-2

-1

0

1

2

3

1.14 1.16 1.18 1.20 1.22 1.24

-3

-2

-1

0

1

2

3

4

1.14 1.16 1.18 1.20 1.22 1.24

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

CoFe

C
u

rr
e

n
t 
D

e
n

s
it
y
 (

m
A

/c
m

2
)

E (V vs RHE)

 10 mV/s  60 mV/s

 20 mV/s  80 mV/s

 30 mV/s  100 mV/s

 40 mV/s  120 mV/s

(a) Co1.4Fe0.6
C

u
rr

e
n

t 
D

e
n

s
it
y
 (

m
A

/c
m

2
)

E (V vs RHE)

 10 mV/s    60 mV/s

 20 mV/s    80 mV/s

 30 mV/s    100 mV/s

 40 mV/s    120 mV/s

(b)

Co1.6Fe0.4

C
u

rr
e

n
t 
D

e
n

s
it
y
 (

m
A

/c
m

2
)

E (V vs RHE)

 10 mV/s   60 mV/s

 20 mV/s   80 mV/s

 30 mV/s   100 mV/s

 40 mV/s   120 mV/s

(c) Co1.8Fe0.2

C
u

rr
e

n
t 
D

e
n

s
it
y
 (

m
A

/c
m

2
)

E (V vs RHE)

 10 mV/s   60 mV/s

 20 mV/s   80 mV/s

 30 mV/s   100 mV/s

 40 mV/s   120 mV/s

(d)



 

 

84 

To understand the intrinsic activity of the electrocatalysts in OER, the MA and SA 

were calculated as shown in Figure 6.5(e). MA was calculated with the mass loading 

of electrocatalysts, while specific activity was found with ECSA. Co1.4Fe0.6 

demonstrated higher MA and SA as compared to the other electrocatalysts. 

Co1.4Fe0.6 have MA and SA of 33.53 A g-1 and 0.318 mA cm-2, respectively. Hence, 

the MA and SA of the Co1.4Fe0.6 are higher than the benchmark electrocatalyst 

RuO2 (MA= 8.87 A g-1 and SA= 0.06224 mA cm-2) [160]. This result shows the 

exceptional intrinsic activity of Co1.4Fe0.6 in OER.  Figure 6.5(f) shows the Mott-

Schottky plots for NBCF electrocatalysts. All the electrocatalysts display p-type 

behavior, because of the negative slope after 1.2 V vs RHE, which is the OER 

working range at 1.23 V vs RHE. In the potential range between 1.2 V and 1.7 V, 

there is no transition from n-type to p-type semiconductor behavior. The flat-band 

potential (Efb) values for NBCF double perovskite oxide electrocatalysts were 

determined with linear extrapolation of the p-type behavior region. A more positively 

shifted flat-band potential indicates greater limitation on OER activity [167,168]. 

Among the NBCF double perovskite oxide electrocatalysts, Co1.4Fe0.6 exhibits the 

lowest Efb at 1.53 V vs RHE, comparable with its overpotential value of 384 mV. In 

contrast, Co1.6Fe0.4, Co1.8Fe0.2, and CoFe show increasing Efb values, 

respectively. As a result, Co1.4Fe0.6 demonstrates superior OER electrocatalytic 

activity with the lowest flat-band potential. Hence Co1.4Fe0.6 is a promising 

candidate as an OER electrocatalyst due to its lower overpotential and enhanced 

intrinsic activity combined with lower flat-band potential. On the other hand, the 

Co1.8Fe0.2 electrocatalyst demonstrates a higher charge transfer rate, along with an 

overpotential and ECSA similar to conventional previously reported OER 

electrocatalysts. 
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The analysis of ORR activity for NBCF electrocatalysts is illustrated in Figure 6.7. 

LSV curves are shown in Figure 6.7(a). The potentials at a current density of -1 mA 

cm-2 for CoFe, Co1.4Fe0.6, Co1.6Fe0.4, and Co1.8Fe0.2 were recorded as 0.52, 

0.64, 0.65, and 0.73 V, respectively. This indicates that Co1.8Fe0.2 exhibits superior 

ORR activity compared to the other NBCF electrocatalysts. Additionally, the Tafel 

slopes derived from the Tafel plots were found to be -179, -234, -328, and -281 mV 

dec-1 for CoFe, Co1.4Fe0.6, Co1.6Fe0.4, and Co1.8Fe0.2, respectively (Figure 

6.7(b)). It is concluded that the reaction kinetics of the Co1.8Fe0.2 electrocatalyst 

for ORR is comparable to the other NBCF electrocatalysts. 

 

 

Figure 6.7 For NBCF electrocatalysts (a) ORR activity curves  (b) Tafel plots (c) 

Koutecky-Levich plots at 0.15V (d) Kinetic current density (Jk) and electron transfer 

number (n). 
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The electron transfer number and kinetic current densities of the NBCF 

electrocatalysts were calculated with the KL equation. As shown in Figure 6.8, KL 

plots were generated by LSV within a voltage range of 1.2 V to 0.14 V versus RHE 

at different rotation speeds. As the rotational speed of the working electrode 

increases, the reduction current increases too which indicates enhanced mass 

transport at the electrode surface due to improved oxygen diffusion from the 

electrolyte. Co1.8Fe0.2 showed a higher reduction current density at a constant 

potential and rotational speed as compared to other NBCF electrocatalysts. The 

linearity observed in the KL plots illustrated in Figure 6.9 suggests that the ORR 

follows first-order kinetics. At a low voltage of 0.15 V versus RHE, the electron 

transfer number (n) was determined to be 3.649, 2.704, 2.733, and 3.998 for CoFe, 

Co1.4Fe0.6, Co1.6Fe0.4, and Co1.8Fe0.2, respectively (Figure 6.6(d)). The electron 

transfer number for Co1.8Fe0.2 is closer to 4 so it can be concluded that the 4-

electron ORR process dominates in Co1.8Fe0.2 [161,162]. 

 

Figure 6.8 LSV curves at 400, 800, 1200,1600, and 200 rpm of (a) CoFe (b) 

Co1.4Fe0.6 (c) Co1.6Fe0.4 (d) Co1.8Fe0.2  
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Figure 6.9 KL plots at 0.15, 0.20, 0.25, 0.30, 0.40 V of (a) CoFe (b) Co1.4Fe0.6 (c) 

Co1.6Fe0.4 (d) Co1.8Fe0.2 

 

In conclusion, the potential gap between current densities of -1 mA cm-2 and 10 mA 

cm-2 was calculated to find the BI. The BI values for NBCF double perovskite oxides 

are 1.15, 0.97, 1.01, and 0.95 V for CoFe, Co1.4Fe0.6, Co1.6Fe0.4, and Co1.8Fe0.2, 

respectively. Therefore, among the NBCF double perovskite oxide electrocatalysts, 

Co1.8Fe0.2 showcases superior bifunctional OER/ORR electrocatalytic activity with 

a low bifunctional index, enhanced charger transfer rate in OER, and 4-electron 

transfer in ORR.  
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6.4 Zn-Air Battery Performance of NBCF Electrocatalysts 

Rechargeable Zn-Air batteries were constructed with a zinc plate as the anode, 

NBCF double perovskite oxides as the air cathodes, and a 6 M KOH electrolyte with 

an addition of 0.2 M Zn(OAc)2.  

Figure 6.10(a) illustrates polarization curves showing the charge and discharge 

characteristics of Zn-air batteries utilizing NBCF double perovskite oxides as air 

cathodes. The Zn-air battery with a Co1.8Fe0.2 cathode requires 2.086 V for charge 

and 1.069 V for discharge to achieve a current density of 10 mA cm-2. As shown in 

Figure 6.10(a) other NBCF-based Zn-air batteries have larger voltage gaps and CoFe 

demonstrates the most significant difference between discharging and charging. This 

difference features the promising compatibility of the Co1.8Fe0.2 double perovskite 

oxide electrocatalyst in both OER and ORR. Additionally, the Co1.8Fe0.2-based Zn-

air battery exhibits the highest and notable peak power density, reaching 64 mW cm-

2 at a higher current density of 135 mA cm-2. On the contrary, the second-best peak 

power density is observed in the Co1.4Fe0.6-based Zn-air battery at 59 mW cm-2 

with a lower current density of 120 mA cm-2. CoFe demonstrates the smallest peak 

power density, observed at the lowest current density of 100 mA cm-2. 

The discharge capacities of NBCF-based Zn-air batteries at 5 mA cm-2, 10 mA cm-

2, and 50 mA cm-2 current densities, respectively are illustrated in Figure 6.10(b), 

Figure 6.10(c), and Figure 6.10(d). The Zn-air batteries exhibit higher capacities at 

5 mA cm-2 compared to 10 mA cm-2, and 50 mA cm-2. Co1.8Fe0.2 based Zn-air 

battery achieves a capacity of 443.34 mA h at 5 mA cm-2, 428.27 mA h at 10 mA 

cm-2, and 251.74 mA h at 50 mA cm-2. This shows that in different current densities, 

Co1.8Fe0.2 maintains a stable capacity since its capacity retention is affected less 

from an increase in current density as compared to other electrocatalysts. In contrast, 

the Co1.4Fe0.6-based Zn-air battery is more dependent on changes in current 

density, with the highest capacity of 477.28 mA h at 5 mA cm-2, the second-lowest 

capacity of 324.59 mA h at 10 mA cm-2, and the lowest capacity of 225.18 mA h at 

50 mA cm-2. This indicates that the capacity of the Co1.4Fe0.6-based Zn-air battery 
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may not be sustained at higher current densities, while Co1.8Fe0.2 maintains a 

capacity that is not significantly lower even at higher current densities. 

Consequently, Co1.8Fe0.2 demonstrates greater stability, making it a more 

dependable Zn-air battery electrocatalyst than Co1.4Fe0.6, despite its slightly lower 

capacity at lower current densities. 

The cycling stability and rate capability of NBCF-based Zn-air batteries were 

evaluated systematically by changing the discharge rate from 0 to 20 mA cm-2 and 

then returning to 0 mA cm-2, while examining the output voltage as shown in Figure 

6.10(e). Among NBCF-based Zn-air batteries, the Zn-air battery with Co1.8Fe0.2 

electrocatalyst exhibited superior rate capability and stability. At the beginning for 

the Co1.8Fe0.2 electrocatalyst, the output voltage was 1.29 V, and after 400 minutes 

of operation, the output voltage decreased to 1.14 V, which was 87.14% of the initial 

output voltage. Remarkably, the Co1.8Fe0.2 electrocatalyst exhibited the minimum 

voltage decay after 400 minutes of operation under different discharge current 

densities compared to other NBCF-based Zn-air batteries.  

The cyclic charge-discharge performances of NBCF-based Zn-air batteries were 

evaluated at a constant current density of 5 mA cm-2 at 5-minute charge and 

discharge intervals to comprehend the electrochemical durability of electrocatalysts 

(Figure 6.10(f)). Initially, the Co1.8Fe0.2-based Zn-air battery displayed charge and 

discharge voltages of 1.98 V and 1.18 V, respectively, with a voltage gap of only 

800 mV. In contrast, other NBCF-based Zn-air batteries, such as Co1.6Fe0.4, 

Co1.4Fe0.6, Co1.2Fe0.8, and CoFe, had voltage gaps of 822 mV, 846 mV, 840 mV, 

and 897 mV, respectively as illustrated in Figure 6.10(g). The Co1.8Fe0.2-based Zn-

air battery exhibited the smallest voltage gap. Over time, some of the NBCF-based 

Zn-air batteries experienced a loss of stability. The Co1.6Fe0.4-based Zn-air battery 

lasted approximately 110 hours, Co1.2Fe0.8 lasted about 180 hours, and CoFe lasted 

about 200 hours before showing a significant increase in their voltage gap. In 

contrast, the Co1.8Fe0.2 and Co1.4Fe0.6 batteries endured for more than 350 hours 

with minimal increases in their voltage gap. Even after this extended period, the 

voltage gap of the Co1.8Fe0.2 ZAB increased by only 41% from the initial voltage 
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gap after 350 hours, reaching 1.13 V. On the other hand, the voltage gap of the 

Co1.4Fe0.6-based ZAB increased to 1.37 V. 

The performance comparison of NBCF-based Zn-air batteries reveals that while 

some configurations may outperform Co1.8Fe0.2 electrocatalyst under specific 

conditions, overall, Co1.8Fe0.2-based Zn-air batteries demonstrate the most 

promising performance among the other NBCF-based rechargeable Zn-air batteries. 

For example, as compared to Co1.8Fe0.2 which maintains its capacity across 

different discharge current densities Co1.4Fe0.6 based Zn-air battery achieves the 

highest capacity at 5 mA cm-2 but experiences a capacity decline at 10 mA cm-2 

discharge current density. While Co1.4Fe0.6 shows a comparable cyclic charge-

discharge time as Co1.8Fe0.2, it demonstrates lower voltage stability and 

significantly lower rate capability and peak power density as compared to 

Co1.8Fe0.2-based Zn-air battery. Although CoFe-based Zn-air battery exhibits a rate 

capability similar to Co1.8Fe0.2, the other experimental results show that it is the 

least effective cathode for rechargeable Zn-air batteries. 

Experimental data indicates that the electrocatalyst with the highest cobalt content 

which is the Co1.8Fe0.2 exhibits the highest peak power density (64 mW cm-2), the 

highest capacity at a 10 mA cm-2 discharge current density (428.27 mA h), stable 

capacity retention, the highest rate capability (87.14%), and the longest cyclic 

charge-discharge time (350 hours), along with the lowest voltage gap after 350 hours. 

Even though the Co1.8Fe0.2 electrocatalyst has moderate OER overpotential and 

Tafel slope, its distinct advantages lie in its low resistivity and high charge transfer 

rate compared to other NBCF electrocatalysts. Moreover, Co1.8Fe0.2 exhibits better 

ORR performance as compared to other NBCF electrocatalysts with the lowest onset 

potential, highest limiting current, low kinetic current density, and efficient ~4-

electron transfer processes. The calculated electron transfer number for Co1.8Fe0.2, 

close to 4, indicates highly efficient ORR performance, which significantly 

influences discharge-based experiments such as peak power density, capacity 

measurements, and rate capability tests. 
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Figure 6.10 Zn-air batteries with NBCF-based air cathodes’ (a) Peak power density 

plots along with charge and discharge polarization curves (b) Capacities at a current 

density of 5 mA cm-2 (c) Capacities at a current density of 10 mA cm-2 (d) Capacities 

at a current density of 50 mA cm-2 (e) Rate capability study (f) Durability 

performance during the first hour of cyclic charge-discharge (g) Cyclic charge-

discharge performance at 5 mA cm-2 

6.5 Analysis of the Electronic Structure of Co1.8Fe0.2 and CoFe 

The work functions of Co1.8Fe0.2 and CoFe electrocatalysts were determined with 

UPS by applying a bias voltage of -7 eV, and the UPS spectra are shown in Figure 

6.11(a). The work functions (ϕ) were calculated by subtracting the He (I) radiation 

(21.22 eV) from the high-binding-energy cut-off. To ensure consistency, Fermi edge 

calibration was conducted with a sputter-cleaned Ag standard, aligning all energies 

to a common Fermi level (0 eV). Thus, the work function was computed using the 

equation: ϕ = hυ – Ecut-off, where hυ represents the incident photoelectron energy 

(21.22 eV), and Ecut-off was determined through linear extrapolation with the baseline 
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of the secondary electron onset [169]. The work function of Co1.8Fe0.2 was found 

to decrease to 3.06 eV from 3.6 eV for CoFe, indicating the higher intrinsic 

conductivity of the Co1.8Fe0.2 electrocatalyst, consistent with the EIS results. 

The positioning of the O p-band center relative to the Fermi energy (Ef) provided an 

alternative means of characterizing electrocatalytic performance. Consequently, the 

valence band (VB) spectra of CoFe and Co1.8Fe0.2 are presented in Figure 6.11(b). 

The VB spectrum reveals O 2p electronic states hybridized with Co 3d and Fe 3d 

derived states, with Co 3d and Fe 3d states labeled as “A and B” in the 0-6 eV region, 

and O 2p character dominating in the 4-13 eV region farther from Ef marked as “C” 

in the XPS valence band spectra [170–172]. The XPS valence band spectra confirm 

that both Co1.8Fe0.2 and CoFe exhibit the hybridization of O 2p and Co/Fe 3d 

orbitals, reducing the charge transfer gap between the electrocatalyst surface and 

oxygen intermediate species (O2*, OH*, O*, OOH*) in the alkaline electrolyte 

solution. This facilitates the exchange of O2
2−/OH- on the surface for OH- 

regeneration [132]. 

 

 

Figure 6.11 (a) UPS spectra and (b) XPS valence band spectra of CoFe, and 

Co1.8Fe0.2 
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6.6 Materials Characterization after Cyclic Charge/Discharge Battery Test  

XRD analysis was performed on the Co1.8Fe0.2 air cathode after a 350-hour cyclic 

charge-discharge test to investigate whether there is a potential change in the crystal 

structure of the Co1.8Fe0.2 electrocatalyst or not. Figure 6.12 illustrates the XRD 

patterns of the Co1.8Fe0.2 double perovskite oxide before and after the cyclic 

charge-discharge experiment. XRD analysis of the Co1.8Fe0.2 air cathode after the 

cyclic charge-discharge test shows peaks that are consistent with a tetragonal 

structure with the space group "P4/mmm. In addition, in the XRD pattern, additional 

peaks corresponding to potassium oxide, potassium peroxide, and potassium 

hydroxide derivatives are observed, originating from the 6 M KOH electrolyte. 

Moreover, the presence of zinc oxide peaks in the XRD pattern can be attributed to 

both the reduction of the Zn anode during the operation of the Zn-air battery or the 

presence of Zn(OAc)2 additive in the electrolyte. Therefore, it is concluded that the 

crystal structure of Co1.8Fe0.2 remains unchanged even after 350 hours of cyclic 

charge-discharge testing.  

 

Figure 6.12 XRD patterns of Co1.8Fe0.2 before and after the cyclic charge-discharge 

experiment in the Zn-air battery.
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CHAPTER 7 

7 CONCLUSIONS 

In this thesis, multicomponent oxides were designed as bifunctional oxygen 

electrocatalysts for use in rechargeable zinc-air battery air cathodes. The study 

examined the effects of oxygen vacancies and porosity in HEOs, as well as B-site 

doping in double perovskite oxides, on the electrocatalytic activity and performance 

of Zn-air batteries. 

• In Chapter 4, we successfully synthesized single-phase, spinel crystal-structured 

(FeCrCoMnZn)3O4-δ in both air and vacuum environments. By altering the 

calcination atmosphere from air to vacuum, we increased the oxygen vacancy 

content. HEO-Vac, with its higher oxygen vacancy content, outperforms HEO-

Air in OER/ORR activity due to enhanced charge transfer rates and catalytic 

performance. Remarkably, HEO-Vac exhibits long-term stability and an 

overpotential of 329 mV at a current density of 10 mA cm-2. The BI of HEO-Vac 

is 0.89 V, making it competitive with state-of-the-art electrocatalysts. When used 

in a Zn-air battery, HEO-Vac achieves a peak power density of 102 mW cm-2, a 

specific capacity of 576.07 mA h g-1, and a specific energy of 662.46 W h kg-1 at 

a 5 mA cm-2 current density. Compared to the HEO-Air based Zn-air battery, the 

Zn-air battery with HEO-Vac shows improved performance with greater 

capacity, durability, and efficiency. This study introduces a novel method for 

modifying the structure of HEOs by manipulating the synthesis environment, 

offering significant potential for advancing HEOs in electrochemical energy 

storage applications. 

• In Chapter 5, we synthesized nanoporous (FeCrCoMnZn)3O4-δ powders by low-

temperature sol-gel method using glycine. We changed the pore size in the HEO 

structure by applying calcination at 500 °C, 600 °C, and 700 °C. The sample 
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calcined at 600 °C has a bigger pore size and higher oxygen vacancy content in 

its structure. As a result, the GLY600 nanoporous HEO sample exhibits the 

lowest overpotential with 447 mV at a current density of 10 mA cm-2, faster 

reaction kinetics with 77.58 mV dec−1 Tafel slope among the other nanoporous 

HEO electrocatalysts. When GLY600 is applied to a Zn-air battery, it achieves a 

capacity of 443.34 mA h at a current density of 5 mA cm-2 and a peak power 

density of 80 mW cm-2 at 133 mA cm-2. The Zn-air battery with nano-porous 

GLY600 maintains its stability even after 1000 hours of cyclic charge-discharge. 

This study highlights the effect of porosity on Zn-air battery performance.  

• In Chapter 6, we synthesized B-site doped NdBaCoaFe2-aO5+δ (a= 1.0, 1.4, 1.6, 

1.8) electrocatalysts, our results show that increasing the Co content leads to 

changes in both the crystal and electronic structures, enhancing electrocatalytic 

performance. The crystal structure shifts from orthorhombic in CoFe to 

tetragonal in Co1.8Fe0.2. Additionally, the oxidation state of Fe changes from 

+3 to +2, and the oxygen vacancy content increases with higher Co content. The 

rise in oxygen vacancies correlates with improved bifunctional electrocatalytic 

activity. Co1.8Fe0.2 demonstrates the fastest charge transfer rate, optimal ORR 

performance with an approximate 4-electron transfer number, and a 

bifunctionality value of 0.95 V. In Zn-air batteries, the Co1.8Fe0.2 air cathode 

exhibits remarkable performance, including a peak power density of 64 mW cm-

2, a high capacity of 428.27 mA h at a current density of 10 mA cm-2, and 

prolonged cyclic stability exceeding 350 hours with minimal voltage gap 

increase. Comparative analysis with NBCF electrocatalysts shows the superior 

performance of the Co1.8Fe0.2-based Zn-air battery with an enhanced capacity, 

durability, and efficiency, attributed to its lower work function value of 3.06 eV. 

This study highlights the significant impact of B-site cation ratios on oxygen 

vacancy generation by modulating the Fe oxidation state while maintaining Co's 

oxidation state. Our findings emphasize the potential for synthesizing NBCF 

with controlled cation ratios and oxygen vacancies, leading to improved 

bifunctional electrocatalytic performance and zinc-air battery efficiency. 
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