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ABSTRACT 

Perovskites have emerged as a promising class of materials for use as cathodes in ceramic 

electrochemical cells (CECs), which offer a clean and efficient means of energy conversion. The 

conventional CECs have operated at elevated temperatures (800 – 1000 oC), which has resulted in 

rapid material degradation and poor stability, impeding their commercial viability. Reducing the 

operating temperatures of CECs to 450 – 650 oC has therefore been proposed as a potential 

solution. Still, it has often led to suboptimal electrocatalytic reactions at the cathode, necessitating 

further research and development efforts to overcome them. 

Therefore, this research aimed to enhance the oxygen reduction reaction (ORR) kinetics and 

stability of cathode materials for CECs, focusing on solid oxide fuel cells (SOFCs) and protonic 

ceramic fuel cells (PCFCs) at reduced operating temperatures (450 – 650 oC). The objectives of 

this study were to: - examine the structure-function relationship between lattice strain and ORR 

activity/CO2 tolerance in ABO3 perovskite-based cathodes; - evaluate self-assembly engineering 

as a viable cathode material developmental strategy in comparison to state-of-the-art methods; and 

- understand the electrokinetic triple ionic and electronic conductivity (TIEC) dynamics in self-

assembled cathodes that enabled their superior performance using electrical conductivity 

relaxation (ECR) and protonation enthalpy. The present study addressed these objectives to 

improve the performance and viability of CECs as a clean and sustainable energy generation 

technology. 

The first research objective was accomplished by applying lattice engineering to improve the ORR 

and CO2 tolerance of Ba0.5Sr0.5Co0.7Fe0.3O3-δ (BSCF) functional material for intermediate 

temperature SOFCs. The introduction of copper-transition metal (Cu-TM) and zinc-transition 
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metal (Zn-TM) caused a contraction and expansion in the lattice of the BSCF, respectively. 

Enhanced catalytic ORR and CO2 tolerance were also correlated with lattice contraction, which 

was attributed to the shortened pathway for oxygen mobility in the lattice of BSCF and the 

weakened adsorption energy of the constitutive reactive intermediates. The BSCFC5 cathode, in 

which lattice contraction occurred, demonstrated the best performance with an area-specific 

resistance (ASR) of 0.0247 Ω cm2 and an exceptional peak power density (PPD) of 1715 mW cm-

2 at 650 ℃ for symmetrical and single cells, respectively. In addition, the material displayed 

enhanced tolerance to CO2 infusion, with good recoverability when switched intermittently 

between pure air and 10-vol% CO2 infusions for 100 hours. The findings conclude that Cu-TM-

doped BSCF (BSCFC5) is a superior substitute for BSCF material in SOFC applications. 

The second research objective was actualized by developing a thermodynamically stable self-

assembled nanocomposite cathode material with a unique composition BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ 

(BCCFYb). Upon calcination, the precursor material separates into a host cubic and ancillary 

rhombohedral phase. The performance of the TIEC (O2-/H+/e-) BCCFYb was compared to that of 

cobalt-rich oxide-ion and electron (O2-/e-) conducting BaCo0.833Yb0.167O3-δ (BCYb), cerium-rich 

proton and electronic (H+/e-) conducting BaCe0.75Fe0.25O3-δ (BCF), and Co-Ce-rich triple ionic and 

electronic (O2-/H+/e-) conducting BaCo0.833Yb0.167O3-δ - BaCe0.75Fe0.25O3-δ (BCYb-BCF) traditional 

composite materials. The BCCFYb demonstrates a low TEC, good operational stability, and 

superior cathodic performance in oxygen ion- and proton-conducting ceramic fuel cell (CFC) 

modes, making tailored self-assembly engineering a promising cathode material developmental 

method for CFCs.  

In the final objective, the electrokinetic phenomena in a self-assembled cathode material were 

investigated. A low-cobalt-content self-assembled cubic-rhombohedral TIEC nanocomposite 
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cathode material with the composition BaCe0.4Co0.4Fe0.1Zr0.1O3-δ (BCCFZ) was synthesized for 

this purpose. The proton conduction mechanisms of the material were elucidated via hydrogenation 

and hydration reactions using the ECR method. The BCCFZ exhibited good TIEC properties with 

a low protonation enthalpy of -30 ± 9 kJ/mol compared to state-of-the-art proton-conducting 

materials. The material's high cerium and low cobalt content also contributed to its low thermal 

expansion coefficient (TEC) of 9.6 ×10-6 K-1. The PPD of the anode-supported single cell based on 

a BCCFZ air electrode reached 1054 mW cm-2 at 650 oC, and the material demonstrated good 

operational stability over 500 h at 550 oC. The findings from this study suggest that low enthalpy 

enabled enhanced proton uptake, and the synergistic phases enabled improved TIEC and low TEC, 

providing valuable insights as to how tailored self-assembly engineering can revolutionize 

PCFC cathode material development. 

The present study has made significant contributions to the discipline of CEC technology, 

theoretically and practically. The research outcomes have provided valuable insights, practical 

strategies, and recommendations for addressing the limitations of current CECs. The results of this 

investigation will be crucial in improving the performance and viability of CECs as a clean energy 

generation technology, both regionally and globally. To sum up, the findings of this study have 

the potential to significantly advance the field through the development of innovative cathode 

materials for clean energy generation. 
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CHAPTER 1: INTRODUCTION 

1.1 Chapter Overview 

This chapter provides a detailed account of the research background and motivation that underlie 

the study. The chapter outlines the research scope and objectives, elucidating the specific research 

themes to be addressed in the following chapters. Moreover, it explicates the research significance 

by situating the current study within the larger context of the field and highlighting its potential 

contributions to advancing knowledge in solid-state electrochemical power generation 

technologies. The chapter ends by summarizing the structure and contents of the thesis, giving 

readers an idea of what to expect in the upcoming chapters. 

1.2 Background 

Since 1965, global energy consumption has increased exponentially and exceeded 160,000 TWh 

across all energy sources, as reported in the BP Statistical World Energy Review 2020[1]. The 

surging energy demand is primarily attributed to the growing global population, contemporary 

urbanization, industrialization, and technological advancements[2]. The principal source of global 

energy consumption remains fossil fuels, which, being non-renewable, generate greenhouse gas 

(GHG) emissions that adversely affect the environment, including climate change and respiratory 

diseases[3]. This detrimental impact of fossil fuels calls for alternative and sustainable energy 

sources that are clean and safe. Efforts have been made to find alternative energy sources, 

including solar, wind, geothermal, tidal, and biomass, to mitigate the damage caused by fossil fuels 

[4,5]. However, these sources have inherent limitations that restrict their use to specific locations, 

seasons, and times [6]. Therefore, the need for more efficient, cleaner, and safer energy solutions 

without traditional energy sources' limitations is pressing. Fuel cells could address these 
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limitations, being a promising and emerging energy conversion technology [7]. Fuel cells have the 

potential to offer clean, efficient, and safe energy, making them a viable option in the quest for 

sustainable energy. 

A fuel cell generates electricity through the direct electrochemical conversion of chemical energy 

in fuels, such as hydrogen, alcohols, and hydrocarbons, into electrical energy with high efficiency 

and low emissions [8]. Fuel cells have a higher electricity generation efficiency than traditional 

thermal power plants because they are not limited by the Carnot cycle [7]. There are various types 

of fuel cells, which are distinguished by the type of application, electrolyte material used and the 

operating temperature. Table 1.1 illustrates the different types of fuel cells in existence. 

  

Table 1.1: Fuel cell varieties and their distinct features. 

Fuel Cell Electrolyte Operation 

Temperature 

Power Output Efficiency Catalyst Ref. 

Alkaline fuel cell Potassium hydroxide 60 – 120℃ 10 kW – 100 kW 35 – 70 % Platinum [9,10] 

Phosphoric acid fuel 

cell 

Phosphoric acid 150 – 200℃ < 200 kW 40 – 80 % Platinum [11] 

Proton exchange 

membrane fuel cell 

Polymer membrane 50 – 80℃ 50 – 250 kW 40 – 50 % Platinum [12,13] 

Direct Methanol Fuel 

Cell 

Polymer membrane 50 – 130℃  < 1 kW 20 - 55 % Platinum [14] 

Molten carbonate fuel 

cell 

Molten lithium or 

potassium carbonate 

≈ 650℃ 10 kW – 2 MW 60 – 80 % Nickel  [15] 

Solid oxide fuel cell Ceramics 500 – 1000℃ kW - MW > 60 % Nickel and 

Perovskites 

[16–19] 
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Among the various types of fuel cells, SOFC stands out in terms of its fuel flexibility, high energy 

efficiency, low emission, and relatively low cost [7]. Moreover, SOFCs are most suited for 

stationary power applications, unlike the PEMFCs (polymer electrolyte membrane fuel cells) 

which are more promising for portable applications [20].  Previously developed SOFCs were high-

temperature energy conversion systems operating in the temperature range of 800-1000℃ 

designed for distributed and centralized power generation in residential buildings and offices. The 

high operating temperature was designed to promote oxide ion conduction across the solid ceramic 

electrolyte, thereby increasing the ORR reaction kinetics at the air electrode. However, the high 

operating temperature has a negative impact on the durability and stability of the cell components 

[21]. Furthermore, this high operating temperature leads to a continuous decrease in the energy 

efficiency of the cell from a thermodynamic perspective, as well as an increase in the 

manufacturing and maintenance cost of the cells due to their rapid degradation [8]. Addressing 

these issues necessitates developing SOFCs that can operate efficiently at intermediate to low 

temperatures (usually 300-700℃) [18,21–28]. However, reducing the operating temperatures of 

SOFCs unavoidably decreases the reaction kinetics of the electrodes and the ionic conductivity in 

the electrolyte, causing higher overpotential losses. Therefore, measures must be put in place to 

cushion the effects of the sluggishness of the reaction kinetics at intermediate to low temperatures 

through the design and proper selection of air electrode materials. The selected materials also have 

to significantly resist the ohmic losses in the electrolyte and the activation and concentration losses 

in the cathode [29].  
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1.3 Research Scope and Objectives 

This research aims to explore strategies to enhance the electrocatalytic ORR kinetics of functional 

cathode materials for ceramic electrochemical fuel cells at reduced operating temperatures (450 – 

650 oC). The specific objectives of this research are as follows: 

a. To investigate the effects of lattice engineering (i.e., lattice expansion and 

contraction) on the electrocatalytic performance and CO2 tolerance of an 

established functional cathode material (i.e., Ba0.5Sr0.5Co0.7Fe0.3O3-δ) for 

intermediate temperature SOFC applications. 

b. To investigate how self-assembly nanocomposite engineering affects the TIEC and 

power output in CFCs, in contrast to the traditional composite and single-phase 

cathodes.  

c. To understand the electrokinetic TIEC mechanisms of cathode materials developed 

via self-assembly engineering using the ECR and protonation enthalpy. 

1.4 Research Significance  

This research addresses the limitations of CECs and explores practical ways air electrodes can 

operate efficiently at reduced temperatures (450 – 650 oC). The goal is to decrease system start-up 

time and material degradation and improve operation performance, stability, durability, and 

efficiency. This research highlighted how novel lattice-engineered contraction and self-assembly 

nanocomposite engineering can enhance the functionalities of air electrode materials for CFCs. 

This research contributes to developing clean and efficient energy generation technology, reducing 

the dependence on non-renewable fossil fuels, and decreasing GHG emissions. This research also 

has the potential to contribute to the advancement of sustainable energy solutions for various 

sectors, such as industry and residential. 
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1.5 Report structure 

This thesis is structured into six chapters. Chapter 1 gives the essential background and challenges 

in developing air electrode materials for ceramic electrochemical cells. The aim and objectives of 

the research are clearly highlighted. The significance of the research is also summarized. 

Chapter 2 provides a detailed fundamental of CFC technology, highlighting the principles and 

operation of SOFCs, and how cathode materials play a vital role in the operation of CFCs at 

reduced temperatures. The chapter thoroughly and systematically examines the electrolyte, 

cathode, and anode, covering their operational and reaction mechanisms, material classes, 

synthesis and fabrication methods, performance and stability improvement strategies. Notably, the 

chapter emphasizes that the design of PCFC cathode materials requires careful consideration of 

their TIEC, distinguishing them from traditional SOFCs.  

Chapter 3 offers a comprehensive summary of the methodology utilized in developing cathode 

materials tailored for CECs optimized for operation at intermediate and low temperatures. The 

synthesis process involved the application of the EDTA-citric acid complexing sol-gel method. 

The chapter presents detailed procedures for fabricating symmetrical cells and anode-supported 

single cells, encompassing crucial steps such as pressing, sintering, and the application of cathode 

slurries. Furthermore, the chapter elucidates the procedure for conducting electrochemical 

measurements. This comprehensive overview of the methodology serves as a foundation for 

subsequent chapters, establishing the groundwork for further investigations and analyses. 

Chapter 4 investigates the effects of lattice engineering on the electrocatalytic performance and 

CO2 tolerance of an established functional cathode material, Ba0.5Sr0.5Co0.7Fe0.3O3-δ, for 
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intermediate-temperature SOFC applications. This study entails expanding and contracting the 

lattice structure of the material to observe its impact on the material's electrocatalytic activity. 

Chapter 5 evaluates the performance of a novel self-assembled cathode material, 

BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ (BCCFYb), for potential use in ceramic fuel cells, SOFCs, and PCFCs. 

The performance of the BCCFYb was compared with other novel cathode materials, including 

cobalt-rich oxide-ion and electron-conducting BaCo0.833Yb0.167O3-δ (BCYb), cerium-rich proton 

and electron-conducting BaCe0.75Fe0.25O3-δ (BCF), and cobalt-cerium-rich triple ionic-conducting 

BaCo0.833Yb0.167O3-δ - BaCe0.75Fe0.25O3-δ (BCYb-BCF). 

Chapter 6 focuses on the development and evaluation of a novel cathode material, 

Ba(CeCo)0.4(FeZr)0.1O3-δ (BCCFZ), for use in PCFCs. The material was designed through a self-

assembly engineering process and consisted of a mixed ionic and electronic conducting phase (M-

BCCFZ) and a dominant proton-conducting phase (H-BCCFZ). The electrokinetic phenomena that 

enabled superior TIEC were thoroughly discussed. 

Chapter 7 comprehensively summarizes the key findings, the research significance and 

contributions, and the limitations encountered during the research process. The chapter serves as 

an opportunity to reflect on the research outcomes and offers recommendations for future studies 

in low-temperature operating ceramic fuel cell technology. 

1.6 Chapter Summary 

This chapter laid the groundwork for the research by providing a comprehensive overview of the 

background, research aim, objectives, and significance. The chapter identified the problems faced 

by the research topic's practical and theoretical aspects. Moreover, it highlighted the contributions 

the study aims to contribute to the field. The structure of the thesis was also outlined, and the 
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chapter established the knowledge gap that the research objectives aim to address. The subsequent 

chapter will delve into the relevant literature review, which is integral to achieving the research 

objectives. 



 

1
This chapter primarily draws from the following published journal papers: 

 

Bello IT, Zhai S, He Q, Xu Q, Ni M. Scientometric review of advancements in the development of high-

performance cathode for low and intermediate temperature solid oxide fuel cells: Three decades in retrospect. 

International Journal of Hydrogen Energy. 2021 Jul 29;46(52):26518-36. 

 

Bello IT, Zhai S, Zhao S, Li Z, Yu N, Ni M. Scientometric review of proton-conducting solid oxide fuel cells. 

International Journal of Hydrogen Energy. 2021 Oct 29;46(75):37406-28. 

 

Bello IT, Zhai S, He Q, et al. Materials development and prospective for protonic ceramic fuel cells. Int J Energy 

Res. 2021; 1-29. doi:10.1002/er.7371 
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CHAPTER 2: LITERATURE REVIEW1 

2.1 Background 

Building upon the foundation established in the previous chapter this chapter provides a detailed 

review of the current state of CFCs, with a specific focus on perovskite oxide cathode materials, 

their operational mechanisms, and their practical limitations. This review is intended to provide a 

comprehensive understanding of the current research landscape and serve as a critical basis for 

developing novel electrode materials that can enhance the efficiency and practicality of CFCs. 

2.2 Fundamentals of ceramic fuel cells  

Ceramic fuel cells (CFCs), popularly referred to as SOFCs, are an up-and-coming class of solid-

state electrochemical power generation technologies that can convert chemical energy directly into 

electrical energy in the presence of air and a continuous supply of fuel [30]. The development of 

SOFCs can be traced back to 1937, when Baur and Preis first demonstrated a fuel cell utilizing a 

solid ceramic electrolyte [30]. Since then, extensive research on SOFCs has been conducted to 

advance the technology. Early-generation SOFCs primarily conduct oxide ions in their electrolytes 

and require high operating temperatures  
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ranging between 800-1000 ℃ to achieve sufficient ionic conductivity. This high temperature 

requirement generates residual heat during operation, which can be efficiently utilized through 

integration with a gas turbine or as thermal energy in cogeneration[30]. Furthermore, SOFCs have 

the advantages of minimal maintenance costs, compatibility with multiple fuels, and modular 

design, making them an attractive alternative to conventional thermal power plants [21,31,32].  

2.2.1 Principles and operation of SOFCs 

SOFCs consist of three major components: the anode, cathode, and electrolyte, as illustrated in 

Figure 2.1. Electrons from the anode react with oxygen at the cathode to produce oxide ions, 

which are transported through the dense ion-conducting electrolyte to the anode side [cathode 

reaction: 4e− + O2 → 2O2−]. At the anode, the oxygen ions combine with fuel, such as hydrogen, 

to generate steam and electrons that flow to the cathode through an external circuit, producing 

usable electricity [anode reaction: 2H2 + 2O2− → 2H2O + 4e−]  [30]. The overall reaction of the 

system will then be 2H2 + O2
 → 2H2O. 
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Figure 2.1: Operation of a solid oxide fuel cell.  

A significant characteristic of SOFCs is that the ORR kinetics in the cathode are relatively fast, 

resulting in a lower activation voltage loss, eliminating the need for any noble metals as a catalyst. 

Moreover, since the operating temperature of SOFCs is high (800-1000°C), the water produced at 

the anode where hydrogen is supplied as the reactant exists as vapor and does not cause mass 

transfer loss. This differs from low-temperature fuel cells, such as PEMFCs, where water 

management is crucial to prevent either drying or flooding of the membrane [30].  

2.2.2 Issues associated with high-temperature operating SOFCs 

Early-generation SOFCs were primarily designed to conduct oxide ions in their electrolytes, which 

necessitated high operating temperatures between 800-1000 ℃ to achieve sufficient ionic 

conductivity[33]. However, such elevated temperatures can result in complicated thermal 

management and jeopardize the cell's durability due to mismatched thermal expansion coefficients 

between its components, which may lead to structural and chemical degradation over time [33–
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35]. Also, the associated cost due to their high operating temperature is exorbitant considering the 

rapid rate of component materials degradation, and the incorporation of thermal management 

systems further raises the cost and impracticality of commercializing this emerging 

technology[21]. Therefore, recent efforts have been focused on developing SOFCs with lower 

operating temperatures between 300-600 ℃ to reduce costs, system start-up and shutdown time, 

and increase the cell's lifetime[36].  

2.2.3 Intermediate to low-temperature operating SOFCs  

Developing novel electrolyte and electrode materials that can operate effectively at an intermediate 

or low temperature is crucial to address the limitations of high-temperature SOFCs [26,37–44]. 

However, lowering the temperature of SOFCs causes high overpotential losses due to the 

electrolyte's lower ionic conductivity and the significantly reduced electrodes' electrocatalytic 

activity[45]. Thus, developing novel electrolyte and electrode materials that can operate effectively 

at an intermediate or low temperature is crucial[18,21–28].  

One approach to reducing the ohmic loss of the electrolyte is to utilize alternative materials with 

high ionic conductivity or to decrease the thickness of the electrolyte, as the ohmic loss is directly 

proportional to the thickness [21,46]. In addition, improving the cathode through developing new 

materials with high electrocatalytic activity, optimizing the cathode thickness, or utilizing 

nanostructured cathodes to increase the surface area and facilitate the ORR can help overcome the 

activation loss at the cathode and enhance SOFC performance at lower operating temperatures. 

For instance, SOFCs with yttria-stabilized zirconia (YSZ) electrolytes that are thick and have a 

lanthanum strontium manganite (LSM) cathode have demonstrated low power density at 

intermediate temperatures due to increased polarization resistance (Rp) and ohmic resistance (Ro) 
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of the electrolyte[21,46]. However, utilizing thin film electrolytes for YSZ and doped ceria-based 

electrolytes, such as Samarium doped Ceria (SDC) and Gadolinium doped Ceria (GDC), has 

reduced the ohmic resistance to an acceptable level at temperatures ranging from 700 to 550 ℃ 

[47–49]. Thus, such advancements can enable the development of intermediate and low-

temperature operating SOFCs with improved performance[22,47,50–53]. 

In the preliminary stages of SOFC development, cathodes with high electronic conductivity were 

necessary to facilitate the exchange reactions at the triple-phase boundary (TPB) between the 

electrode, electrolyte, and oxidant [33]. Lanthanum strontium-doped manganite (LSM) was 

commonly used (for the high-temperature operating SOFCs) as cathode material due to its good 

electronic conductivity and activity toward oxygen reduction reaction (ORR)[63]. However, 

intermediate to low-temperature operating SOFCs have a more stringent requirement. The cathode 

materials require mixed ionic and electronic conducting (MIECs) properties to facilitate the 

extension of the electrochemical reaction region from the TPB to the entire cathode surface to 

achieve improved cathodic performance [112–121].  

Adler  [66] outlines the mechanisms governing ORR in SOFC cathodes. He identifies several 

possible steps that may be involved in the ORR, depending on the materials, microstructure, and 

conditions of the electrode. Figure 2.2 illustrates these mechanisms schematically, showing the 

different phases (α, β, and γ) and the possible reaction pathways. 

The steps involved in the ORR include:  

i. Incorporation of oxygen into the bulk of the electronic phase (if mixed conducting) 

ii. Adsorption and/or partial reduction of oxygen on the surface of the electronic phase 
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iii. Bulk or surface transport of O2- or On-, respectively, to the electronic/ionic interface 

iv. Electrochemical charge transfer of O2- or combinations of On- and e-, respectively, across 

the electronic/ionic interface 

v. The rates of one or more of these mechanisms wherein the electrolyte itself is active for 

generation and transport of electroactive oxygen species. 

 

Figure 2.2: Schematic representation of the possible mechanisms of oxygen reduction in SOFC 

cathodes. Phases α, β, and γ refer to the electronic phase, gas phase, and ionic phase, respectively. 
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The arrows indicate the transport and reaction of oxygen species in the electrode. Adapted from 

ref. [66].  

Each step is influenced by the material properties and microstructure of the cathode, such as the 

oxygen vacancy concentration, the surface exchange coefficient, the bulk diffusion coefficient, the 

surface morphology, and the TPB length [66]. The rate-limiting step of the ORR can vary 

depending on the operating conditions, such as the temperature, the oxygen partial pressure, and 

the applied potential [66]. Therefore, a cathode material must meet specific requirements to ensure 

high performance in intermediate to low-temperature SOFCs. Some of these requirements are:  

i. High activity: The cathode material should have a high electrocatalytic activity for the ORR 

within the desired temperature range of 400 – 750 oC. This means that the cathode material 

should have a low ASR of less than 0.3 Ω cm2, which is the target value to achieve the 

desired PPD of 1.0 W cm−2 [21]. 

ii. Good durability: The cathode material should maintain its high activity and stability at the 

operating temperature, even in the presence of impurities or phase transitions [21]. This 

means that the cathode material should have a low degradation rate and a high tolerance to 

CO, SO2, and H2O [64]. 

iii. Sufficient electronic and ionic conductivity: The cathode material should have a high 

electronic conductivity of at least 0.1 S cm-1 and a high ionic conductivity of at least 0.01 

S cm-1 to prevent additional ohmic losses from the electrode [67]. This means that the 

cathode material should have MIEC property, which can facilitate the extension of the 

electrochemical reaction region from the TPB to the entire cathode surface [66]. 
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iv. Affordable and reproducible: The cathode material should be cost-effective and easy to 

synthesize and fabricate for commercial applications. This means that the cathode material 

should have a low raw material cost, a simple synthesis method, and a scalable fabrication 

process [64]. 

Based on these requirements, the cathode materials for intermediate to low-temperature SOFCs 

can be classified into distinct groups, such as perovskite oxides (which are mostly Co/Fe-based), 

double perovskite oxides, composite oxides, and others [64]. Table 2.1 lists some notable cathode 

materials for intermediate to low-temperature SOFCs from each group. 

Table 2.1: Assessment of some notable cathode materials for intermediate to low-temperature 

SOFCs (where PPD = peak power density, ASR = area-specific resistance, TEC = thermal 

expansion coefficient 

Cathode material Configuration Perovskite 

class 

PPD 

(W 𝐜𝐦𝟐) 

ASR 

( Ω 𝐜𝐦−𝟏) 

TEC 

(10-6 K-1) 

Temp 

(℃) 

Ref. 

BaCo0.8Nb0.1Sc0.1O3−δ BCNS|YSZ| Ni + YSZ Co-based 0.481 0.0373 18.67 650 [68] 

Ba0.5Sr0.5Co0.7Fe0.28Pr0.02O3−δ BSCFP|YSZ| Ni + YSZ Co-based 1.083 0.026 16.4 700 [69] 

La1.8Sr0.2CoFeO5+δ LSCF|GDC| Ni + GDC Double   0.42 19.4 700 [70] 

Nd1.9Ce0.1CuO4 NCC|GDC| Ni + GDC Double  0.283 0.66 11.79 700 [71] 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ PBSCF|LSGM| Ni + 

LSGM 

Double  0.59 0.067  800 [72] 

Bi0.5Sr0.5Fe0.95P0.05O3−δ BSFP|YSZ| Ni + YSZ Fe-based 0.56 0.18 13.5 700 [73] 

LaBaCo2O5+δ LBC|LSGM| Ni + LSGM Double  0.046 27 700 [74] 

Pr0.94Ba0.7Ca0.3Co2O5+δ PBCC|YSZ| Ni + YSZ Double 1.202 0.022  700 [75] 

LaNi0.4Co0.6O3−δ LNC|SDC| Ni + SDC Co-based 0.45   650 [76] 

La1.2Sr0.8CoO4±δ LSC|LSGM| Ni + LSGM Co-based 0.630 0.062 15 800 [77] 

LaCoO3 LC|YSZ| Ni + YSZ Co-based 0.812 0.34  800 [78] 

SrCo0.95Ir0.05O3−δ SCI|LSGM| Ni + LSGM Co-based 0.6  16.36 800 [58] 

SmBa0.1Ca0.9Co2O5+δ SBCC|GDC| Ni + GDC Double  0.07  700 [79] 

Ba2YCu3O6+δ BYC|BZCY| Ni + BZCY Layered 0.175 0.29  650 [80] 
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Sm0.5Sr0.5CoO3−δ SSC|GDC| Ni + GDC Co-based  0.035  650 [81] 

Sr0.9Y0.1CoO3−δ SYC|LSGM| Ni + LSGM Co-based 0.3533 0.044 19 700 [82] 

YBa0.5Sr0.5Co1.4Cu0.6O5+δ
− Sm0.2Ce0.8O1.9 

YBSCC-SDC|LSGM| Ni + 

LSGM 

Composite 0.432 0.034 11.2 800 [83] 

La0.7Sr0.3Ti0.1Fe0.6Ni0.3O3−δ LSTFN|LSGM| Ni + 

LSGM 

Fe-based 0.402 0.047  800 [84] 

Bi0.5Sr0.5Fe0.9Sn0.1O3−δ BSFS|YSZ| Ni + YSZ Fe-based 0.960 0.09 12.9 700 [85] 

BaCe0.1Zr0.2Fe0.6O3−δ BCZF|BCZYYb| Ni + 

BCZYYb 

Fe-based 0.24 0.21  700 [86] 

 

The pursuit of developing highly efficient SOFCs that can operate at intermediate and low 

temperatures has led to exploring proton-conducting CFCs [87]. The concept of proton 

conductivity in perovskite oxide-based materials was introduced by Iwahara et al. in 1981[88]. 

Moreover, later studies have revealed that proton-conducting solid oxide fuel cells (P-SOFCs), 

popularly referred to as protonic ceramic fuel cells (PCFCs), have higher maximum theoretical 

efficiency compared to oxide ion conducting SOFCs. This is mainly because of their lower 

activation energy and lack of fuel dilution at the anode [89,90]. Hence, PCFCs are considered 

promising alternatives to SOFCs[91].  

2.2.4 Detailed comparison between SOFCs and PCFCs 

Figure 2.3 illustrates the schematic of SOFC and PCFC. The most distinctive feature which 

differentiates PCFC from SOFC is the mode of operation of the electrolyte. The electrolyte of 

PCFC conducts protons, while that of SOFC conducts oxygen ions during operation. SOFCs are 

characterized by the migration of oxygen ions from the cathode side to the anode side through the 

dense ceramic electrolyte when the air supplied to the cathode is reduced after reacting with the 

electrons received from the anode via the externally connected circuit.  
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In contrast to the traditional oxygen ion-conducting SOFC, where oxygen ions migrate from the 

cathode to the anode, the PCFC are SOFCs in which the migration species are predominantly 

protons, which migrate from the anode to the cathode at relatively lower activation energy with 

the formation of water at the cathode side as illustrated in Figure 2.3. The lower activation energy 

for the migration of protons through the electrolyte and water formation at the cathode is 

advantageous [92,93]. They give PCFCs an edge over the oxygen ion-conducting SOFC because 

there will be no fuel dilution problem at the anode since the water formation will only occur at the 

cathode. Thus, the unreacted hydrogen fuel can be directly recycled for reuse. In addition, the 

maximum theoretical efficiency of PCFCs is higher than that of SOFC since this theoretical 

efficiency increases with decreasing temperature. PCFCs are also compatible with multiple fuel 

types. When hydrocarbon fuel such as methane is used, there can be simultaneous electricity 

production and valuable byproduct such as ethylene (which helps regulate physiological processes, 

particularly in plant growth) [21,94]. Another exciting benefit of water formation at the cathode 

side is that CO2 capture, and sequestration will be easier since the water formed will be separated 

from CO2.  
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Figure 2.3: Schematic of ceramic fuel cells with (a) oxygen-ion conducting electrolyte and (b) 

proton conducting electrolyte [95]. 

 

Furthermore, several studies have suggested that PCFCs can potentially resist the poisoning effect 

of H2S [96]. However, despite the numerous potentials of PCFC in achieving a state-of-the-art 

energy conversion technology, specific challenges, particularly with the anodic and cathodic 

reaction processes, need to be thoroughly investigated. For instance, issues related to the sintering, 

conductivity, stability, and durability of PCFC electrolyte materials are detrimental to the 

development and commercialization of CFCs.  

2.3 Proton conduction mechanisms in PCFC materials 

2.3.1 Protonic defects 

Proton uptake within the structure of ceramic oxide materials is predominantly due to their oxygen-

deficient nature induced by either extrinsic or intrinsic defects. The latter are defects attributed to 
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alterations in the material structure (such as the absence of an atom), while the former are defects 

due to impurities or substitution of the B-site species with acceptor dopants, as illustrated in Eqn 

2.1[97]. 

Acc2O3 + 2BB
× + 0.5O2 → 2AccB

′ + Vӧ + 2BO2                                                  (2.1) 

where Acc stands for the acceptor dopants, a trivalent cation, and B symbolizes the host specie at 

the B-site. 

The above mechanism is predominantly observed for proton defect formation in proton-conducting 

solid oxide electrolysis and fuel cells. However, a proton defect can also be formed through another 

means, which involves a non-oxygen defect participating in proton incorporation in the presence 

of a hydrogen-enriched atmosphere, as shown in Eqn 2.2. 

H2 + 2OO
× → 2OHȯ + 2e′                                                                                                   (2.2)         

Nevertheless, this latter category of materials is not suitable and used as electrolyte materials 

because of the formation of electronic defects as compensational charges, which eventually trigger 

electronic conductivity [98]. 

Hence, in a sodden atmosphere, protonic defects are formed through the dissociation of water into 

two hydroxyl ions in the presence of oxygen lattice and oxide ion vacancies, as illustrated in Eqn 

2.3. The formation of these hydroxyl ions is due to the covalent bond between the lattice oxygen 

from the structure and a proton and also as a result of the filling of the oxygen ion vacancy by the 

other hydroxide ion to form a protonic defect [97]. 

H2O + OO
× + Vӧ ⇋ 2OHȯ                                                                                         (2.3) 
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where 𝑂𝑂
× Symbolizes the lattice oxygen, 𝑉ӧ symbolizes the oxygen vacancy, and 𝑂𝐻ȯ represents 

the proton defect.  

Based on Equation 3, known as the hydration equation, proton uptake involves an acid-base 

reaction involving the dissociative incorporation of water into oxide ion vacancies. It implies that 

an increase in the partial pressure of water will result in an increase in proton uptake and a decrease 

in oxygen vacancy concentration. The law of mass action can represent the hydration process, as 

shown in Eqn 2.4. 

𝐾ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 =
[OHȯ]2

𝑝𝐻2𝑂[𝑉ӧ][𝑂𝑂
×]

                                                                          (2.4) 

2.3.2 Proton transport mechanism 

The transport mechanism of protons in ceramic oxide materials has been a subject of long-standing 

debate and research. Among the proposed mechanisms, the Grotthuss mechanism has gained the 

most acceptance. According to this mechanism, proton migration occurs through a hopping 

process facilitated by thermally activated rapid rotation, reorientation of the proton, and diffusion 

from one neighbouring oxygen ion site to another, as depicted in Figure 2.4. This concept is 

supported by experimental measurements of the H/D isotope effect in perovskite oxide materials, 

as shown in Figure 2.4. 
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Figure 2.4: Proton transport mechanism in a typical ABO3 perovskite oxide material [99]. 

Copyright 2016, Royal Society of Chemistry. 

2.4 Overview of P-SOFC/PCFC component materials 

PCFCs have three major components, like SOFCs: dense electrolyte, cathode, and anode. 

However, unlike traditional SOFCs, the electrolytes of P-SOFCs/PCFCs facilitate ionic 

conduction by promoting swift and efficient migration of protons from the anode to the cathode 

with minimal ohmic resistance[100]. The electrolyte material must be dense, allowing for 

maximum conductivity of protons and minimizing reactant crossovers[101]. It is crucial for the 

electrolyte material to exhibit good chemical and thermo-mechanical compatibility with the other 

cell components and the atmospheric environment, thereby ensuring reasonable stability and 

durability[102]. Section 2.6.1 presents more details about the electrolytes used in PCFCs.  

On the other hand, the cathode electrode should have excellent diffusion paths and ionic 

conductivity (i.e., primarily for protons) to extend the cathode reaction zone throughout the 

electrode surfaces[103]. The cathode should also possess good electronic and ionic conductivity 

to reduce polarization resistance. Likewise, it should possess excellent catalytic activity towards 

ORR since cathode reactions in PCFCs start with oxygen adsorptive dissociation on the catalyst's 
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surface[104]. The other qualities a good cathode material for PCFC should possess are good 

compatibility with the electrolyte, excellent chemical and physical stability, and sufficient porosity 

to provide sufficient transport paths for oxygen and stream molecules. An elaborate detail of the 

cathode requirements and other insightful information can be found in Section 2.6.2. 

The anode material should possess sufficient porosity (about 20 – 40%) and have good 

conductivity [105]. It is also desirable that the anode material maintains excellent compatibility 

with multiple fuels such as hydrogen, natural gas, methanol, ethanol, and other hydrocarbons 

[21,106,107]. It should possess a good surface area with good electrical conductivity and chemical 

compatibility with adjoining components under reducing conditions at the operating temperature. 

In the case of anode-supported cells, the anode material should also have a compatible TEC with 

other cell components and sufficient mechanical strength to support the cell [108]. See Section 

2.6.3 for more details about the anode materials for P-SOFCs.  

The early PCFCs were high-temperature proton-conducting SOFCs. They were often referred to 

as high-temperature proton conductors (HTPCs) to differentiate them from polymer electrolyte 

membrane fuel cells (PEMFCs) that operate at low temperatures (< 100 oC). However, attention 

is currently shifted to intermediate and low-temperature operating PCFCs. This is because it is 

cheaper and can potentially increase the durability of CFC components, thereby hastening the 

commercialization process. Attempts have been made to develop intermediate to low-temperature 

operating oxygen ion-conducting CFCs, but this has been challenging. Another viable alternative 

that has drawn much attention lately is the proton-conducting CFCs. It is quite advantageous to 

SOFC on many fronts. It has lower activation energy and has been reported as coking and sulfur 
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resistant in reputable studies. Despite the benefits of PCFCs, research is still ongoing to improve 

their performance, stability, and durability.  

2.5 Naming conventions for PCFC materials  

Duan et al. [107] proposed a naming convention for the various material’s stoichiometric 

compositions to facilitate uniformity and understanding among various researchers focused on 

PCFC research. If the compound is in the form of BaCe1−xYxO3−δ and BaZr1−xYxO3−δ, it should 

be represented with BCYX and BZYX, respectively and the value of X should be 𝑥 × 100. For 

instance, the abbreviation for BaCe0.8Y0.2O3−δ will be BCY20 and that of BaZr0.8Y0.2O3−δ will be 

BZY20. For other categories of compounds in the form of BaZr1−x−yCeyYxO3−δ, the format of the 

abbreviation will indicate the B-site major constituent. If y < 1– x – y, Zr will be the major B-site 

constituent, and the short form will be BZCYTY, where T = (1 – x – y) × 100. However, if y > 1 

– x – y, Ce will be the major B-site constituent, and the abbreviation will be BCZYYT, where Y 

= y × 100 and T = (1 – x – y) × 100. For instance, the abbreviations for BaCe0.6Zr0.2Y0.2O3−δ 

and BaZr0.6Ce0.2Y0.2O3−δ will be BCZY62 and BZCY62, respectively. Finally, if the compound 

happens to be in the form of BaZr1−x−y−zCeyYxYbzO3−δ , it will follow the same rule as in 

BaZr1−x−yCeyYxO3−δ compounds earlier described with only an exception that all the percentage 

constituents of all the B-site compositions will reflect. For instance, the abbreviation of the 

compounds BaZr0.4Ce0.4Y0.1Yb0.1O3−δ and BaZr0.7Ce0.1Y0.1Yb0.1O3−δ will be BZCYY4411 and 

BZCYYb7111, respectively. 
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2.6 Materials development for various components of PCFCs 

2.6.1 Electrolyte materials  

Research spanning several decades has identified perovskite oxides with ABO3 structure as the 

most promising materials for PCFCs [109,110]. These materials are characterized by A-sites 

predominantly filled with large ionic-size metals such as Ca, Sr, Ba, and La, and B-sites dominated 

by smaller tetravalent elements such as Zr and Ce[111–114]. Doping the B-sites with trivalent 

elements like Yb, Y, Gd, and in creates oxygen vacancies that enhance the proton conductivity of 

the material. An example of the ABO3 unit cell structure of a typical proton-conducting perovskite 

oxide electrolyte material is shown in Figure 2.5. A summary of the electrochemical performances 

of PCFC single cells with proton-conducting electrolyte materials is presented in Table 2.2. 

 

Figure 2.5: ABO3 structure of a typical protonic ceramic electrolyte material. 
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Barium cerate-based electrolyte materials 

BaCeO3-based oxides are one of the most explored perovskite oxide materials for proton-

conducting electrochemical systems [115–122]. These materials exhibit mixed conductivity (i.e., 

ionic and protonic), and they find application in various systems such as steam electrolyzers for 

hydrogen production and electrolytes for proton-conducting solid oxide fuel cells. The proton 

conductivity in this category of protonic electrolyte materials stems from the interaction between 

oxygen vacancies and water vapor, as described in [123]. Furthermore, an early investigation of 

proton conductivities of various perovskite oxide-based materials such as indates, hafnates, 

scandates, yttrates, tantalates, zirconates of alkali-earth elements, and barium cerates, confirms 

that those based on barium cerates have the highest conductivities [2,97]. The higher proton 

conductivity in BaCeO3-based oxides (i.e., 10-2 S cm-1 at 600 oC [124] ) could be due to their 

relatively low electronegativities, larger ionic radii due to the Ba cation in their A-sites, or/and 

their lower grain-boundary resistance on the overall resistance of the perovskite oxide material 

[115]. Also, studies have confirmed that Sr/CaCeO3 and Sr/CaZrO3-based oxides have poor 

hydration capability and lower proton conductivity than BaCeO3-based oxides, as shown in Figure 

2.6.  
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Figure 2.6: Proton conductivities of BaCeO3 electrolyte material relative to other protonic ceramic 

materials [97].  

 

However, later studies suggested that the high proton conductivity in BaCeO3-based oxides should 

not be the major yardstick in concluding the viability of their application in electrochemical 

systems due to their low stability in water and other acidic compounds [120,123,125]. Also, Bhide 

et al. [126] confirmed that BaCeO3-based electrolyte materials have poor stability relative to other 

electrolyte materials. Figure 2.7 indicates that BaCeO3-based materials have reaction affinity for 

atmospheric gases (as illustrated in Eqns 2.5-2.8), and this causes the cerate phase to be 

decomposed.  Eqns 2.5 – 2.8 show what happens when BaCeO3 reacts with water or any acidic 

compound.  
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𝐵𝑎𝐶𝑒𝑂3  + 𝐻2𝑂  → 𝐵𝑎(𝑂𝐻)2 + 𝐶𝑒𝑂2                                           (2.5) 

𝐵𝑎𝐶𝑒𝑂3  + 𝐶𝑂2   → 𝐵𝑎𝐶𝑂3 + 𝐶𝑒𝑂2                                                (2.6) 

𝐵𝑎𝐶𝑒𝑂3  + 𝑆𝑂2   → 𝐵𝑎𝑆𝑂3 + 𝐶𝑒𝑂2                                                  (2.7) 

𝐵𝑎𝐶𝑒𝑂3  + 𝐻2𝑂  → 𝐵𝑎𝑆 + 𝐻2𝑂 + 𝐶𝑒𝑂2                                         (2.8) 

Due to the challenges encountered with using BaCeO3-based oxides as electrolyte materials for 

proton-conducting solid oxide fuel cells, efforts were channeled toward developing materials with 

excellent mixed conductivity and good stability against water and acidic 

atmospheres[97,99,112,127–133]. Some of those strategies employed were (i) co-doping of 

BaCeO3 using various suitable elements, which could either be metallic or non-metallic, (ii) 

introduction of phases with high stability properties to the BaCeO3 based material in the form of 

composite material development. Based on the outcome of various research works, zirconium was 

found to be the most suitable element to improve the stability of BaCeO3 [117], although at the 

expense of other electrical properties of the material as will be discussed in the next section. 
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Figure 2.7: Stability of various proton-conducting electrolyte materials based on different pCO2 

and temperatures reproduced from [134]. Copyright Elsevier, 2008. 

 

Barium zirconate-based electrolyte materials 

It has been established that the cerate-based perovskite oxide materials exhibit the highest protonic 

conductivity among all other perovskite oxide materials, with BaCeO3-based oxides being the 

category of cerates with the highest conductivity. Nevertheless, they are very unstable under 

practical conditions in electrochemical systems. On the other hand, Zirconium-based oxides are 

reputable for their high stability under various acidic and atmospheric conditions. BaZrO3-based 

oxides are chemically stable in water and CO2 environments. Lu et al. [134] established the 

relationship between increasing partial pressure of CO2, Zr content, x, and equilibrium reaction 

temperature of BaCe1-xZrxO3. They confirmed that the stability of BaCe1-xZrxO3 increases with 

increasing Zr content, x, at a given CO2 partial pressure, as illustrated in Figure 2.8. 
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Furthermore, BaCeO3 and BaZrO3-based oxides have ionic conductivities of 10-2 and 10-1 S cm-1 

at low and intermediate temperatures[135,136]. However, particular challenges limit their 

application as electrolyte materials in proton-conducting solid fuel cells. BaZrO3-based oxides 

have issues of significant grain boundary resistance and poor sintering.  

 

Figure 2.8: Effect of Zr content and partial pressure of CO2 on equilibrium reaction temperature 

of BaCe1-xZrxO3, reproduced from [134]. Copyright 2008, Elsevier.  

 

Grain boundary characteristics of PCFC electrolyte materials 

One significant influencing factor affecting the conductivities of proton-conducting solid oxide 

fuel cells is their grain boundary characteristics[45,104,137,138]. Grain boundary resistance has 

been identified as a problem, particularly in the conductivity of BaZrO3-based oxides. Hence, as a 

rule of thumb, as the grain size increases, the material conductivity increases, and vice versa. 

BaZrO3-based oxides, on the other hand, are characterized by small-sized grains at the grain 

boundaries, which is responsible for their high grain boundary resistances and low conductivity 
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[139]. Grain boundary architecture is often influenced by segregation forces causing acceptor 

dopants to accumulate around grain boundary core materials and depleting oxygen vacancies and 

protons. The consequence of this interaction is the formation of space effects that influence ions' 

transport, as shown in Figure 2.9. 

 

Figure 2.9: Space charge layer model at the grain boundary core of a typical PCFC electrolyte 

material. Copyright 2013, Elsevier.  

 

Iguchi et al. [140] investigated the effects of grain boundary diameter and microstructure on the 

electrical conductivities of BaZrO3-based oxides. They notably considered Y-doped BaZrO3 

prepared by solid-state reaction process and Pechini method subjected to different sintering 

conditions. It was confirmed that the sintering duration significantly affected the material's 

electrical conductivity, with the sample subjected to 200 h sintering time exhibiting the lowest 

electrical conductivity. However, the sample preparation methods did not affect the grain boundary 

characteristics [140]. Y-doped BaZrO3 with a 20% doping level has been widely used and 

considered an excellent candidate for PCFC electrolytes. However, the percentage level of doping 

of BaZrO3 with Y (i.e., BZY20) often leads to the formation of a secondary phase (i.e., BaY2NiO5), 

thereby compromising the BZY20 as shown in Figure 2.10. This implies that the subsequent co-

sintering of the supposed BZY20 with NiO will no longer be a 2-phase equilibrium comprising 
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just BZY20 and NiO. Hence, it is proposed that this problem can be solved by limiting the doping 

level of Y in BZY20 to a maximum of 12% or introducing other dopants such as Yb [141]. The 

phenomenon described involving foreign phase formations significantly affects the transport of 

ions around the grain boundaries [142]. 

 

Figure 2.10: (a) Expected secondary phases to be formed when various BZY compositions are 

co-sintered with NiO [141]. Copyright 2019, Royal Society of Chemistry. (b) Stability of BZY as 

a function of its composition and heat treatment temperature. The partial phase diagram of the 

BaO-Y2O3-ZrO2 system at 1600 °C was proposed by Ueno et al. [143]. 

According to Ueno et al.[143], the stability of BZY (BaZrO3) can be represented as a function of 

its composition and heat treatment temperature in a BaO-Y2O3-ZrO2 ternary system. They 

proposed a partial phase diagram of the system at 1600 °C, which is shown in Figure 2.10b. The 

diagram shows that BZY solid solution is continuous in 0–40 mol% in the molar ratio of Y/(Zr + 

Y) at 1600 °C, but it may separate into two kinds of BZY phases with different Y contents at lower 

temperatures. The separation region is probably around 10 mol% in the molar ratio of Y/(Zr + Y). 

They also suggested that the coexistence of two BZY phases could retard the grain growth and 

affect the conductivity of BZY samples. Therefore, to obtain a homogeneous microstructure with 
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sufficient grain growth and high conductivity, it is desirable to homogenize the distribution of Y 

in BZY samples before sintering and choose a higher dopant level of Y (> 15 mol%) [143]. 

Sintering of PCFC electrolyte materials 

As earlier discussed in the previous section concerning the grain boundary-resistant problem of 

BaZrO3-based oxide, various approaches have been employed to address this challenge. The use 

of several sintering aids, such as NiO, ZnO, and CuO, has been proposed [144–146]. However, 

Han et al. [131] and others suggested that using sintering aids such as NiO, ZnO, and CuO impedes 

the proton conductivity in BZY20 and creates hole conduction in an oxidizing atmosphere 

[145,147,148]. The most investigated doped BaZrO3 oxide is yttrium doped barium zirconate, 

BZY. There have been co-doping strategies of yttrium barium zirconates with other elements such 

as Nd, In, Sn, Pr, and Yb to improve the sintering and proton-conducting properties of barium 

zirconates which has led to specific promising outcomes [149,150]. Asides from the introduction 

of sintering aids to barium zirconates and co-doping strategies, the use of PLD has also been used 

to improve the sintering of barium zirconates by Pergolesi et al.[151]. However, PLD is an 

expensive method and not suitable for large-scale applications. Due to the various challenges 

enumerated, an alternative approach to getting a superior proton-conducting electrolyte for PCFCs 

will be a natural combination of yttrium doped barium cerate and yttrium doped barium zirconate 

to get cerium and yttrium doped barium zirconates as will be explored in the subsequent section. 

Other Materials and Challenges 

The combination of BCY and BZY has been identified to be a promising approach to getting an 

improved proton-conducting electrolyte for PCFCs. Katahira et al. [117] investigated the effects 

of variations in the constituents of BCZY. They observed that increasing the Zr content increases 

the stability of the compound against CO2 but sacrifices conductivity. Likewise, they varied the 
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Ce content and confirmed that its presence increases the conductivity and sinterability of BCZY. 

Overall, they concluded that BCZY is stable with acceptable conductivity. For instance, Zuo et al. 

[152] investigated the conductivity and stability of BCZY712 at a low temperature of 500 oC. It 

was discovered that BCZY712 exhibited excellent ionic conductivity of 0.009 S cm-1, which 

surpassed that of LSGM, GDC, and YSZ. Likewise, in terms of stability, the structure of BCZY712 

was confirmed to be the same before and after exposure to CO2, H2O, and CO2 and H2O. Another 

innovative product of the combination of BCY and BZY is BCZY442 [153]. This electrolyte 

material was reported to have a high bulk proton conductivity and an excellent tolerance to CO2. 

However, the challenge with is material lies in its high sintering temperature and low grain 

boundary proton conductivity [154]. 

Other approaches that researchers have employed are the introduction of several dopants to the B-

sites of BCY and BZY. An example of a breakthrough with this approach is the development of 

BCZYYb7111 in 2009 by Yang et al. [155]. The introduction of Yb into BCZY improved the 

conductivity and stability of BCZY against sulfide and other hydrocarbons. Later studies revealed 

that CO2 affects the stability of BCZYYb7111. The exceptional discovery of another 

stoichiometric manipulation of BCZY by Choi et al. [156] gave rise to BCZYYb4411. This 

material was reported to have a high tolerance for CO2, which was attributed to the higher content 

of Zr. Also, the material has relatively improved performance with high resistance to coking and 

sulfur atmospheres.  
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Table 2.2: Selected electrochemical performances of single cells with P-SOFC electrolyte 

materials operated under humidified hydrogen and ambient air. 

Electrolyte Power 

density (mW 

cm-2) 

OCV 

(V) 

Temp. 

(℃) 

Cell configuration (cathode | electrolyte | 

anode) 

Ref. 

BaCe0.9Y0.1O3-δ  96 1.145 600 PR2NiO4 | BCY10(85µm) | Ni + BCY10 [157] 

BaCe0.9Y0.1O3-δ 150 0.98 600 LSCF8282- BCYb10 | BCY10(13.4µm) | Ni + 

BCY10  

[158] 

BaZr0.8Y0.2O3- δ  169 0.97 600 PBC- BZYP | BZY20(20µm) | Ni + BZY20 [159] 

BaZr0.8Y0.2O3- δ 110 0.99 600 LSCF6428- BCYb10| BZY20(4µm) | Ni + 

BZY20 

[160] 

BaZr0.3Ce0.55Y0.15O3- δ  1302 1.056 600 BSCF| BZCY3(5µm) | Ni + BZCY3 [161] 

BaZr0.1Ce0.7Y0.1Yb0.1O3- δ 690 1.04 600 NBSCF| BZCYYb1711(14.7µm) | Ni + 

BZCYYb1711 

[155] 

BaZr0.4Ce0.4Y0.1Yb0.1O3- δ 1098 1.01 600 PBSCF| BZCYYb441(15µm) | Ni + 

BZCYYb441 

[156] 

BaZr0.1Ce0.7Y0.2O3- δ 428 1.01 600 SFNb | BZCY172 (20µm) | Ni + BZCY172 [162] 

BaZr0.1Ce0.7Y0.1Yb0.1O3- δ 580 0.95 600 LSM-SDC | BZCYYb1711(12µm) | Ni + 

BZCYYb1711 

[163] 

BaZr0.1Ce0.7Y0.1Yb0.1O3- δ 700 0.98 600 LSCF6428-SDC | BZCYYb1711(12µm) | Ni + 

BZCYYb1711 

[164] 

For cathode. 

LSCF8282- BCYb10 = La0.8Sr0.2Co0.8Fe0.2O3- δ - BaCe0.9Yb0.1O3- δ; PBC- BZYP = PrBaCo2O5+δ- BaZr0.7Y0.2Pr0.1O3- δ ; LSCF6428 

- BCYb10 = La0.6Sr0.4Co0.2Fe0.8O3-δ - BaCe0.9Yb0.1O3- δ; BSCF = Ba0.5Sr0.5Co0.8Fe0.2O3-δ; NBSCF = NdBa0.5Sr0.5Co1.5Fe0.5O5+δ ; 

PBSCF = PrBa0.5Sr0.5Co1.5Fe0.5O5+δ; SFNb = SrFe0.95Nb0.05O3- δ; LSM-SDC = La0.75Sr0.25MnO3- δ - Ce0.8Sm0.2O2- δ; LSCF6428-SDC 

= La0.6Sr0.4Co0.2Fe0.8O3- δ - Ce0.8Sm0.2O2- δ 

 

2.6.2 Cathode Materials development for PCFCs 

The cathode is the most explored research area in ceramic fuel cell development because of the 

high activation loss for ORR at the cathode during low and intermediate-temperature operating 

conditions. Thus, developing highly active and stable cathode materials could contribute 
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significantly to the performance improvement of PCFCs. Unlike the case of oxygen ion conducting 

solid oxide fuel cells where the cathode reaction involves oxygen adsorptive dissociation on the 

catalyst surface followed by the diffusion of oxygen ions to the anode through the electrolyte, in 

PCFCs, the oxygen adsorptive dissociation first occurs on the catalyst surface, after which the 

oxygen ions react with the protons that migrated from the anode through the electrolyte to form 

water. Eqns 2.9 and 2.10 illustrate the adsorptive dissociation reactions in SOFC and PCFCs, 

respectively. Detailed stepwise elementary reactions at the cathode for PCFCs are presented in 

Table 2.3. In contrast, the reaction pathway for a single-phase proton, electron, and oxygen ion-

conducting cathode material for PCFCs is illustrated in Figure 2.11. 

𝑂2  + 4𝑒
− → 2𝑂2−                                                          (2.9) 

𝑂2  + 4𝑒
− + 4𝐻+ → 2𝐻2𝑂                                             (2.10) 

 

 

Figure 2.11: Schematic illustrating reactions in a single-phase triple conducting P-SOFC cathode. 
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There are four types of transfer modes in PCFC cathodes: electron-conducting single-phase, proton 

and oxygen ion-conducting (either single-phase or composite), oxygen and electron-conducting 

(MIEC) (as a single-phase or composite), and proton-electron-oxygen ion-conducting single-

phase. Figure 2.12 provides a schematic illustration of these different transfer modes in P-SOFC 

cathode materials. 

 

Figure 2.12: Cathodic reactions in PCFCs [165] for (a) Single-phase electron-conducting cathode 

materials, (b) proton and oxygen ion-conducting cathode materials, (c) MIEC cathode materials, 

and (d) proton, electron, and oxygen ion-conducting cathode materials: copyright 2018, Royal 

Society of Chemistry [165]. 
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The foundational concepts for developing cathode materials for PCFCs stem from the knowledge 

of cathode development for oxygen ion-conducting SOFCs. In the conventional SOFCs, what is 

currently prominent is the development of single-phase mixed ionic and electronic conducting 

(MIEC) cathodes which are different from the early traditional SOFCs where cathode reactions 

are limited to the triple-phase boundary (i.e., the interface where oxygen ion, electrolyte, and 

cathode coincide)[7,21]. The MIEC concept in SOFCs allows extending the reaction zone beyond 

the TPB to the whole surface of the cathode, depending on the efficacy of the cathode constitutive 

elements [64,65]. Some of the most outstanding results of cathode materials developed for SOFC 

with MIEC are Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)[166] and La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)[167]. 

Besides these materials developed, other categories of materials developed in later years are double 

perovskites (i.e., AÁB2O5+δ based oxides such as PrBaCo2O5+δ [168]), Ruddlesden-Popper (i.e., 

An+1BnO3n+1  based oxides such as La2NiO4+δ  [169]) phases and layered ferrites [170] (e.g., 

Sr2Fe2O5). Other procedures developed to improve the oxygen exchange rate by controlling the 

cathode morphology include in situ exsolution[129], impregnation[171,172], and atomic layer 

deposition[76].  

PCFCs share standard requirements in cathode development, such as consideration of the cost of 

constituent cathode materials, compatibility with other cell components, stability, durability, and 

performance. Some other requirements, such as proton conductivity and TIEC, are peculiar to 

PCFCs [165]. 

Activity 

For PCFCs, the cathode material must possess effective proton diffusion paths to extend the 

reaction zone to a higher specific area of active sites, which implies that a PCFC cathode material 
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should have a high catalytic activity toward ORR [173]. The cathode catalyst should be capable of 

effectively dissociating the adsorbed oxygen on its surface for further reactions at the cathode. One 

of the strategies for increasing the catalytic activity of PCFC cathode material is substituting the 

A-sites with lower valence ions which have been proven to increase electronic conductivity and 

oxygen adsorptive dissociation. Hence, proton conductivity in PCFCs can be achieved by either 

introducing proton conductivity into an existing conventional MIEC cathode as in the case of 

BaCe0.8Sm0.2O2.9 being introduced into Sm0.5Sr0.5CoO3 to achieve a proton-conducting composite 

cathode with a highly reduced polarization resistance[174]. Another way of achieving a highly 

active proton-conducting cathode material is by designing single-phase oxides with a triple 

conducting capability (i.e., proton, oxygen ion, and electron conductivity) as illustrated in Figure 

2.12 (d) and Figure 2.11. This oxide should have a conductivity up to 1 S/cm to ensure excellent 

performance. In this case, the reaction is extended to the cathode's entire surface, which improves 

the cathode's catalytic activity. The stepwise reaction paths for these novel PCFC cathodes with 

triple conductivity are summarily described in Table 2.3. 
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Table 2.3: Basic steps and order of reactions at the cathode for a typical P-SOFC. 

  

 

Kim et al. [175] developed a single-phase cathode material with triple conductivity, 

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ (NBSCF). A low polarization resistance of 0.081 Ωcm2 was achieved 

at a temperature of 700 oC [175]. Also, proton-conducting cathode materials can be derived from 

proton-conducting electrolytes such as BaZrO3 and BaCeO3-based electrolytes. The electronic 

Step Reaction(s) Description 

1 O2(g) → O2(ad) Molecular oxygen adsorption  

2 O2(ad) → 2O(ad) Molecular oxygen dissociation of 

adsorbed oxygen from the air 

3 O(ad) + e
− → O(ad)

− ; 

O(ad) + 2e
− → 2O(ad)

2−  

Oxygen reduction at the cathode 

4 O(ad) → OTPB 

O(ad)
− → OTPB

−  

Surface diffusion at the 

electrode/electrolyte/oxygen ion 

boundary 

5 Obulk
− → OTPB

−  Bulk diffusion of oxygen throughout 

the cathode 

6 2Hbulk
+ → 2HTPB

+  Proton migration toward the anode 

7 2HTPB
+ + OTPB

2− → OHTPB
−  

OHTPB
− + HTPB

+ → H2OTPB 

Formation of water at the triple-phase 

boundary 

8 H2OTPB → H2O(g) Evaporation of water 
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conductivity and catalytic properties of the proposed cathode materials can be improved by doping 

the B-sites of proton-conducting electrolytes with highly catalytic elements such as Co and Fe as 

in the case of BaZr1-xCoxO3−δ [176] and BaZr1-xFexO3−δ . In 2015, Duan et al. [177] developed 

the novel cathode material, BaCo0.4Fe0.4Zr0.1Y0.1O3−δ  (BCFZY0.1). This cathode material was 

reported to have an excellent ORR at low and intermediate temperatures. When hydrogen fuel was 

used, the peak power density (PPD) was 455 mW cm-2 at a low temperature of 500 oC, and when 

methane fuel was used, the PPD was 142 mW cm-2 at the same temperature. In 2021, Liang et al. 

[178] doped the high-performance BCFZY cathode material with 5% Ni. This dopant interestingly 

improved the ASR and PPD of BCFZY material in both SOFC and PCFC as illustrated in Figure 

2.13. Another exciting strategy for achieving high activity in PCFC cathode materials is the design 

of self-assembled nanocomposite cathode materials. Self-assembly design of cathode materials is 

a novel and emerging approach for preparing composite cathode materials with desirable qualities 

ranging from high activity to excellent thermo-mechanical compatibility with other cell 

components. Earlier, this strategy was used in preparing cathode materials with excellent MIEC in 

SOFCs. For instance, Qi et al. [179] employed the strategy of self-assembly cathode design to 

prepare cubic-hexagonal perovskite nanocomposites (i.e., BaCo0.6Zr0.4 O3−δ  (BZC-BC) 

nanocomposite comprising cubic BaZr0.82Co0.18 O3−δ  (BZC) and 12H hexagonal perovskite 

material, BaCo0.96Zr0.04 O2.6−δ  (12H-BC)) for SOFC. The material exhibited excellent 

compatibility (i.e., TEC) with GDC electrolyte also a high PPD of 1094 mW cm-2 at 650 oC. 

Recently, Song et al. [180] employed the self-assembly cathode design approach to preparing a 

nanocomposite cathode material comprising different phases, proton and electronic conductor 

phase, BaCexYyCozO3−δ (P-BCCY), the MIEC phase, BaCoxCeyYzO3−δ (M-BCCY) and another 

MIEC phase, BaCoO3−δ (BC). The different inherent phases are entwined to achieve a highly 
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active triple conducting material with the active sites extended throughout the cathode material. 

At 550 oC, a high PPD of 508 mW cm-2 was achieved, stable for over 800 h. However, despite the 

significant progress made in developing PCFC cathodes, the electrochemical processes on the 

cathode need to be further investigated. 

 

Figure 2.13: The performance of BCFZYN and other classical electrode materials used in both 

O-SOFCs and PCFCs, respectively (a) ASR in air with SDC and BZCYYb electrolyte (b) PPD 

with Ni + SDC│SDC│cathodes and Ni + BZCYYb│BZCYYb│cathodes. Copyright 2021, 

Elsevier [178]. 

Conductivity improvement strategies for PCFC cathode materials 

Another essential requirement for PCFC cathode material is good electronic conductivity. This is 

important to achieve a cathode material with low ohmic resistance. The idea of electronic 

conduction stems from the formation and transportation of electron holes which are achieved by 

introducing transition elements (i.e., Ni, Mn, Fe, Co) in the B-site. The electron holes can be further 

increased by substituting ions with lower valences, as in the A-site case of Ba2+, Ca2+, and Sr2+ 

[181]. Furthermore, Zohourian et al. [182] and Papac et al. [103] buttressed on mixed and triple 
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conductivity of cathode materials for PCFCs by emphasizing proton uptake mechanisms in 

perovskite oxide materials which have been elaborately discussed in Section 2.3. Specific 

strategies have been suggested in the literature for developing and designing a high-performance 

cathode material with superb proton, electron, and oxygen ion conductivity for PCFCs 

[107,128,183]. The materials that are reported to be most suitable for achieving excellent triple 

conducting single-phase cathodes are either ABO3−δ perovskites, AÁB2O5+δ double perovskites, 

and An+1BnO3n+1 Ruddlesden-Popper with their A and B sites doped with elements such as Ba, 

Sr, Zr, Cu, Mn, Co, and Ni[92,184–190]. Considering materials with cubic structures and large 

lattice volumes is best because they enhance hydration and proton conduction. It is also essential 

when selecting dopants to consider transition metals with multiple oxidation states because that 

will significantly enhance redox capability and good electronic conductivity. The B-site cation 

should possess higher electronegativity than the A-site cation to promote proton uptake and lattice 

hydration as in the case of specific elements such as Zn, Y, and Zr [182]. Also, the A-site cation 

should have a larger ionic radius to increase the lattice volume, oxygen vacancy concentration, 

and mobility. Furthermore, the A-site dopants should be carefully selected because this greatly 

influences the stability and performance of the material. In Table 2.4, recent articles with new 

findings on cathode material development for PCFCs are enlisted. 

Compatibility with other cell components 

A good PCFC cathode material should be compatible with the proton-conducting electrolytes, 

including chemical and TEC compatibility. The TEC of the cathode material must match 

reasonably with that of the electrolyte to prevent large thermal stress during thermal cycling, which 

causes the delamination of the cathode from the electrolyte. TECs of the cathode materials should 

be reasonably close to those of the electrolytes, usually in the range of 10-6 K-1. Past research 
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studies have revealed that Co-based materials usually have good electrocatalytic activity but also 

significantly higher TECs than Mn-based materials[191]. Hence, reducing the percentage of cobalt 

in cathode materials by partially replacing it with transition metals can cause a reduction in the 

material’s TEC. Recently, a novel TEC offset approach was proposed by compositing the Co-

containing cathode materials with negative thermal expansion (NTE) materials to reduce the 

overall TEC [192]. As a result, high-performance and durable cathode materials were developed. 

Although the cathode was for SOFC, the same strategy can also be extended to PCFCs. 

Table 2.4: Notable cathode materials for proton-conducting solid oxide fuel cells. 

Cathode Conductivity 

(Scm-1) 

Rp (𝛀 𝒄𝒎𝟐) PPD (mW cm-2) Cell configuration Ref. 

Ba2YCu3O6+δ 0.48 0.29@650 175 BYC│BZCY│Ni - BZCY [193] 

La1.5Ca0.5NiO4+δ  0.053@

700℃  

923 LCN│BZCY│Ni - BZCY [194] 

Ba0.95La0.05Fe0.8Zn0.2O3−δ  0.08@750℃ 329 BLFZ│BZCYYb│Ni - 

BZCYYb 

[195] 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BS

CF) 

 0.189@

700℃ 

356@600℃ BSCF|BZCY721|Ni + 

BaZr0.2Ce0.7Y0.1O3−δ 

(BZCY721) 

[196] 

BSCF   276@600℃ BSCF|BZCY442|Ni + 

BaZr0.4Ce0.4Y0.2O3−δ 

(BZCY442) 

[197] 

BSCF   508@600℃ BSCF|BZCY305515|Ni + 

BaZr0.3Ce0.55Y0.15O3−δ 

(BZCY305515) 

[198] 

BSCF  0.5@600℃ 380@600℃ BSCF|BCY|Ni + 

BaCe0.9Y0.1O3−δ (BCY) 

[199] 
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Chemical and physical stability 

Stability is one of the essential yardsticks to assessing the quality of a cathode material used in 

proton-conducting solid oxide fuel cells. Any material selected as a cathode for PCFC must possess 

reasonable chemical stability in CO2 and humid air. Ba and Sr are common A-site elements in 

cubic ABO3, and double perovskites are used as cathodes in PCFCs because of their large ionic 

size and effect on promoting better oxygen pathways. However, these alkaline earth metals are 

susceptible to reacting with CO2 in acidic gases-containing environments, thereby causing 

degradation in the fuel cell performance. Despite stability being a crucial quality in PCFC 

BSCF–Ag   245@600℃ BSCF–Ag|BZCY811|Ni + 

BaZr0.1Ce0.8Y0.1O3−δ 

(BZCY811) 

[200] 

BaCo0.4Fe0.4Zr0.1Y0.1O3−δ   0.2@600℃ 970@500℃ BCFZY|BZCYYb + NiO (1 

wt %)|Ni + 

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ 

(BZCYYb) 

[104] 

Ba(Co0.4Fe0.4Zr0.1Y0.1 

)0.95Ni0.05O3−δ  

 0.607@550

℃ 

450@550℃ BCFZYN|BZCYYb4411|Ni + 

BaZr0.4Ce0.4Y0.1Yb0.1O3−δ 

[178] 

PrBaCo2O5+δ   305@600℃ PBC|BZCY721|Ni + 

BZCY721 

[201] 

Ba0.9Co0.7Fe0.2Nb0.1O3−δ   0.046@

600℃ 

1062@600℃  

BCFNb|BZCY721|Ni + 

BZCY721 

 

[202] 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ  0.056@

600℃ 

2160@600℃ PBSCF|BZCYYb4411|Ni + 

BaZr0.4Ce0.4Y0.1Yb0.1O3−δ 

(BZCYYb4411) 

[156] 

BaCo0.7(Ce0.8Y0.2)O3−δ  0.1@600℃ 1150@600℃ BCCY|BZCYYb|Ni + 

BZCYYb 

[202] 
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cathodes, its development has drawn less attention than the effort exerted to improve the 

performance of PCFC cathodes. Several articles have confirmed that using monovalent ions such 

as Zr4+, Hf4+, and Yb3+ to dope cathode materials can significantly enhance the stability and activity 

of the cathode material. Tsvetkov et al. [203] hypothesized and investigated if using less reducible 

cations such as Hf4+, Zr4+, Ti4+, Nb5+, and Al3+ can influence the stability of a model perovskite 

material, La0.8Sr0.2CoO3 (LSC). The study's outcome revealed that these less reducible cations 

improved the stability and the oxygen exchange kinetics. Also, another potential aspect that could 

adversely affect the stability of the cathode electrode material is the TEC mismatch between the 

cathode material and other cell components, such as the anode and electrolyte. This aspect is 

challenging for cathode material development in conventional SOFCs and PCFCs. For instance, 

Figure 2.14 illustrates a schematic of various perovskite materials used as either cathode, 

electrolyte, or anode material for the conventional SOFCs. It is clear from the schematic that 

different material categories have disparate TECs. Hence, stability does not necessarily increase 

the ORR but ensures the cathode material's durability. For instance, cobalt-based cathodes possess 

better ORR and hence better performance, but they exhibit relatively poorer stability than cobalt-

free cathode materials.  
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Figure 2.14: TECs for different SOFC component parts with their various constitutive 

compositions[204] highlighted as follows: Zr0.84Y0.16O1.92 (YSZ)[193], Ce0.8Gd0.2O1.9 (GDC) 

[205],La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM) [206], 48 vol% Ni–GDC (Ni-GDC-48, porous, 75% theoretical density) [207], 

Y0.9In0.1BaCo3.3Ga0.7O7+δ (YIBCG) [208], YBaCo3ZnO7+δ (YBCZ) [208], YBaCo3.2Ga0.8O7+δ (YBCG)[208], La0.8Sr0.2MnO3−δ 

(LSM)[209], La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)[210], Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)[211], La0.6Sr0.4CoO3−δ (LSC)[212], 

SrCo0.9Sb0.1O3−δ (SCSb)[213], Sr0.5Sm0.5CoO3−δ (SSmC)[214], GdBa0.5Sr0.5Co1.5Fe0.5O5+δ (GBSCF)[215], 

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ (NBSCF)[215], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF)[215], La0.6Sr0.4FeO3−δ (LSF) [216], and 

Ba0.95La0.05FeO3−δ (BLF) [217]. 

 

Figure 2.15 illustrates a schematic representation of the different TECs for different cathode and 

electrolyte materials used in PCFCs, and Table 2.4 provides the details of each electrolyte or 

cathode compound represented in Figure 2.15. 

Table 2.5: TECs of different cathode and electrolyte materials for PCFCs. 

Material Abbrev. TEC (×10-6) K-1 Ref. 

Cathode Electrolyte 

La0.5(Ba0.75Ca0.25)0.5Co0.8Fe0.2O3-δ LBCCF 21.7  [218] 

BaZr0.1Ce0.7Y0.1Yb0.1O3-δ BZCYYb  10.5 [218] 

Y0.8Er0.2BaCo3.2Ga0.8O7+ δ YEBCG 8.41  [219] 

(Ba0.85Sr0.15)(Zr0.7Ce0.1Y0.2)O2.9 BSZCY151020  ~10 [220] 

BaZrO3 BZO  7.13 [119] 

BaCeO3 BCO  11.2 [119] 
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SrZrO3 SZO  9.7 [221] 

SrCeO3 SCO  11.1 [221] 

BaZr0.80Y0.20O3-d BZY  8.2 [222] 

BaZr0.60Ce0.2Y0.2O3-d BZCY  9.1 [222] 

BaZr0.1Ce0.7Y0.2O3-d BCZY  10.1 [223] 

Zr0.84Y0.16O1.92 YSZ  10.5 [193] 

La1.5Ca0.5NiO4+δ LCN 14.6  [194] 

Ba0.95La0.05Fe0.8Zn0.2O3−δ BLFZ 20.4  [195] 

 

 

Figure 2.15: TECs of cathode and electrolyte materials for PCFCs. 

Finally, it is also expected that PCFC cathode materials should have high porosity. Although, this 

porosity is not an intrinsic quality achieved by processing. The availability of high porosity will 

ensure enough transport paths for oxygen and steam molecules diffusion [224].  

0

5

10

15

20

25

Cathode Electrolyte



 

 

 

48 | P a g e  

 

2.6.3 Anode materials development for PCFCs 

The anode is one of the essential components of proton-conducting solid oxide fuel cells. However, 

it has attracted less attention compared to electrolyte and cathode materials. The anode electrode 

material for PCFC should have electronic and proton conductivity to increase the number of 

electrochemically active sites and facilitate an efficient hydrogen oxidation reaction. A hydrogen 

molecule is oxidized at the anode to produce two protons and two electrons, as illustrated in Eqn 

2.11. 

H2  → 2H
+ + 2e−                                                        (2.11) 

The design of anode materials for proton-conducting solid oxide fuel cells is like that of oxygen 

ion-conducting solid oxide fuel cells. The PCFC anodes are cermets produced by mixing NiO with 

a proton-conducting electrolyte in which the NiO is subsequently reduced to Ni. This reduction of 

NiO to Ni consequently leads to the generation of porosity which is necessary for gas diffusion 

and continuous electronic pathway. The rule of thumb is that a composite anode material is formed 

by combining an electronic conducting phase (i.e., Ni) with a proton-conducting oxide. Therefore, 

the proportion of the electronic and proton-conducting phases, the microstructure, and the 

particulate size of the anode material must be decided carefully because they significantly 

influence the cell's performance. The triple-phase boundary increases with an increasing anode 

surface area which also speeds up the reaction kinetics. This desirable large surface area can be 

increased by using powders with small average grain sizes. More so, it has been demonstrated that 

improved symmetric cell performance could be achieved by controlling the anode porosity [225–

227].  
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One of the studies which attempted to gain insights into the reactions at the anode for PCFCs to 

develop superior anode materials is the research conducted by Pers et al. [225]. They investigated 

the effect of temperature and atmosphere on the hydrogen oxidation reaction at the Ni-

BaZr0·1Ce0·7Y0.1Yb0.1O3-δ (BZCYYb) interface using impedance spectroscopy at different 

hydrogen partial pressure in the temperature of 350 – 600 ℃. They asserted that the hydrogen 

dissociation step is the rate-limiting step for the hydrogen oxidation reaction. Consequently, the 

polarization resistance of the cermet Ni-BZCYYb was 0.049 Ω cm2 at 600 ℃ when hydrogen fuel 

was used.  

Also, Essoumhi et al. [228] investigated the microstructure and electrical characteristics of two 

cermets (ceramic-metal composite) with different Ni content using BaCe0.9Y0.1O2.95 ceramic 

nanopowders. The proportion of Ni in both cermets (i.e., Ni-BCY) is 35 and 45 vol. %, equivalents 

to 50 and 60 wt% NiO. It was discovered that an increase in Ni content improved the porosity and 

electrical properties of the electrodes.  

Chevallier et al. [229] presented a novel wet-chemical route approach for preparing Ni–

BaCe0.9Y0.1O3 – δ cermet. This was achieved by dispersing BCY10 nanocrystalline powder in a 

nickel nitrate solution and sintering at 1000 ℃. It was found that the resulting cermet was not 

tolerant to the CO2 atmosphere at a temperature of 700 ℃  due to the severe degradation 

encountered. This renders the use of Ni-BCY anode to be restricted to hydrogen fuel and highly 

unsuitable for hydrocarbon-based fuels. 

Plekhanov et al. [108] investigated suitable and possible anode materials for LaScO3-based proton-

conducting electrolytes. Ni-LSS5 cermet was produced via solid-state and co-precipitation 

methods. They then subjected the LSS5 powder to different production and sintering temperatures 
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in the range of 1400 to 1500 ℃ and observed the microstructural features and phase compositions. 

It was discovered that the electrical conductivity and chemical expansion of Ni-LSS were majorly 

influenced by its porosity as opposed to the notion of it being influenced by the various methods 

of synthesis employed. The samples' porosity and average grain size were estimated by scanning 

electron microscopy (SEM) image analysis. It was discovered that as the sintering temperature 

increases, the porosity decreases, as shown in Error! Reference source not found.. 

 

Figure 2.16: Porosity variation of the various specimens with increasing temperature [108]. 

Copyright 2021, Springer.  

 

Onishi et al. [230] investigated the performance of Ni-BZY20 cermet used with BaZr0.8Y0.2O3-δ 

(BZY20) electrolyte. Ni-BZY20 anode symmetrical cells with a 20-70 % NiO content were 

fabricated and tested. They found that an increase in NiO content complicated the sintering 
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process, with cells failing at 80 wt% NiO. Hence, the proportion of NiO in the proposed cermet 

was recommended to be less than 70 wt% during cell fabrications.  

Ni-based anodes have been vastly employed in SOFC applications due to their suitability and good 

performance. However, despite the benefits derived from Ni-based anodes, certain drawbacks have 

been identified especially when the cell operates at a temperature range of 500 – 800 ℃. [231]. 

Some drawbacks include Ni agglomeration, causing anode performance deterioration with time, 

and coke formation when hydrocarbon fuel is used. Nevertheless, only a few alternatives have 

been proposed, as in several instances, hydrogen-permeable metal membranes have been used as 

supporting anodic structures for protonic SOFCs [232,233].  

Sintering of PCFC anode materials 

Anode-supported cell construction is often employed in most proton-conducting solid oxide fuel 

cell fabrications. In this form of cell construction, the anode is made the thickest layer of the cell 

to provide mechanical support for the other cell components. The thick anode and thin electrolyte 

layers are often co-sintered at a high temperature. The essence of this is to provide the necessary 

support for the electrolyte and ensure good sinterability by enhancing the quality densification and 

conductivity of the electrolyte layer. Several studies have highlighted cermet's roles in ensuring 

quality sintering in P-SOFC electrolytes[47,144,145].  

Duan et al. [104] expounded the use of sintering aids such as CuO and NiO to improve the 

densification of the various electrolytes investigated, which were BaCe0.7Zr0.1Y0.1Yb0.1O3-δ 

(BCZYYb), BaZr0.8Y0.2O3-δ (BZY20), and BaCe0.6Zr0.3Y0.1O3-δ (BCZY63). In decreasing order of 

stability, we have BZY20 > BCZY63 > BCZYYb. BCZY63 has relatively better sinterability and 

lower grain boundary resistance, while BCZYYb has the highest reported conductivity for P-
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SOFCs. With a single-cell composition of 40 wt % BCZYYb + 60 wt % NiO | BCZYYb +1.0 wt 

% NiO | BCZY63 + BCFZY0.1, a peak power density of 0.455 W/cm2 was achieved at a 

temperature of 500 ℃ when hydrogen fuel is used.  

Furthermore, the sinterability and performance of the anode electrode are also influenced by the 

morphology of the electrode. For instance, the effect of the quantity of carbon microspheres pore-

former on the porosity, line shrinkage, electrochemical performance, and thermal expansion of 

NiO-BCZY71 was investigated. It was discovered that electrode support with 30 wt% pore formers 

exhibited the best performance because of its excellent porosity and good triple-phase boundary 

reactions [234].  

2.7 General synthesis and fabrication of protonic ceramic oxide materials 

For years, manufacturing challenges have impeded the development of proton-conducting solid 

oxide fuel cells until recently, when novel methods of synthesizing and fabricating proton-

conducting solid oxide fuels emerged. Some of those newly emerged methods for the processing 

and fabricating of proton-conducting solid oxide fuel cells are solid-state reactive sintering, anode-

assisted densification of the electrolyte, extrusion, and interface modification [107].  

The synthesis and fabrication of protonic ceramic oxide materials (PCOM) involve several high-

temperature and energy-demanding procedures. These procedures are requisite to achieving the 

desired phases, microstructures, and other preferable cell component qualities such as porous 

electrodes, dense electrolytes, and highly stable and durable cells [224]. A study estimated that 

materials manufacturing cost accounts for about 30 % of the total proton-conducting solid oxide 

fuel cell manufacturing cost [142]. Therefore, it is essential to devise measures to significantly 
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ameliorate the total manufacturing cost for proton-conducting solid oxide fuel cells by finding 

alternative and economical fabrication approaches.  

Some prominently identified measures to significantly reduce PCOM fabrication cost are lowering 

various material processing temperatures and spotting compositions that do not require expensive 

precursors (i.e., salts or rare earth oxides). One of the recommended cost-effective methods of 

synthesizing and fabricating PCOM is solid-state reactive sintering (SSRS)[235]. With this 

approach, there is a possibility of reducing the arduous and lengthy manufacturing processes from 

above ten steps to just three or fewer in addition to the reduced sintering temperatures, time, and 

energy consumption. What makes the SSRS approach stand out is the fact that it aids the sintering 

process through the incorporation of a small portion of sintering aids (i.e., NiO, ZnO, and CuO), 

as expounded in previous sections.  

In a study, a homogeneous distribution of ZnO was produced in the intergranular region when 4 

wt. % ZnO was added to a well-crystallized BZY powder. The resulting modified grain boundary 

composition enhances electrolyte sintering and improves grain growth and boundary mobility 

caused by increased Ba vacancy concentration. Nevertheless, the grain boundary conductivity of 

unmodified BZY is not improved by introducing ZnO; instead, the grain boundaries are highly 

tuned. More so, the bulk conductivity of ZnO-modified BZY is relatively lower than that of the 

unmodified BZY. This work gave insight into the propensity of synthesizing P-SOFCs with lower 

sintering temperatures and optimized manufacturing processes [236].  

Other studies leveraged the foundational concept of SSRS to incorporate phase formation, grain 

growth, and densification in just a single sintering step which consequently simplified the synthesis 

and lowered the fabrication cost of P-SOFCs [177,236,237]. Aside from NiO, other sintering aids 
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such as Al2O3, LiF, and SnO2 were investigated to see which significantly reduces sintering 

temperatures. It was found that NiO is the most effective sintering aid as it reduces the sintering 

temperature of BZY20 from above 1600 ℃ to 1400 ℃ with a positive densification rating above 

95 %[130]. Furthermore, Tong et al. [142]employed a cost-effective SSRS approach to synthesize 

a high-quality Ni-BZY electrode. A record-breaking conductivity of 0.033 S/cm was achieved at 

600 ℃ under a wet argon atmosphere. NiO is the most established and widely used sintering aid 

in reducing sintering temperatures for P-SOFCs[21,142,144–146,238].  

Aside from sintering aids, the other factor which influences the effectiveness of SSRS is the nature 

of the processing. The effect of four different fabrication processes on the conductivity of BZY10 

was studied by Ricote et al. [239]. The various fabrication processes include (a) SSRS (b) 

conventional sintering using powder prepared by solid-state with NiO as the sintering aid, (c) 

conventional sintering using powder prepared by solid-state reaction and then annealing at a high 

temperature of 2200 ℃ (d) spark plasma sintering (SPS). It was discovered that BZY10 prepared 

by SSRS as in (a) had the least grain boundary resistance while the resistivity of the other samples 

using the other fabrication methods in increasing order is: (c), (d), and (b). This confirms that the 

fabrication process does influence the activation energy for proton conduction across the grain 

boundaries. This suggests that Ni-decorated grain boundaries gotten through SSRS might promote 

proton conduction across grain boundaries. This phenomenon has been confirmed by Clark et al. 

[240] and Costa et al. [241]. However, Han et al. [242] asserted that the addition of NiO on BZCY-

based electrolytes affects proton conductivity and dehydration temperature, and with time, ionic 

conductivity will also be affected. Based on this assertion, they concluded that NiO is detrimental 

to the performance of PCFCs. 
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Even though tremendous success has been recorded in the adoption and application of the SSRS 

approach, certain challenges still need to be addressed [243]. One of those challenges is the 

crossing over of electrons through the electrolyte or leaving residual second phases, which affect 

the cell performance. The existence of second phases at grain boundaries may negatively influence 

the cell's durability by reducing the electrolyte's mechanical strength and exposing it to failure. 

The highlighted challenges, however, do not obviate the recommendation and application of SSRS 

in the fabrication of PCFCs [104,244]. This is because many highly efficient and relatively cheaper 

PCOMs have been developed using the SSRS approach, thereby confirming the efficacy of this 

approach in PCOM synthesis and fabrication. 

Another crucial area vital to the PCFC fabrication process is engineering suitable interfaces 

between the electrodes and electrolytes. Thermal and chemical incompatibility between the 

electrodes and electrolytes can result in the gradual delamination of PCFC parts, consequently 

depreciating the cell performance or even leading to cell failure. In curbing   this challenge, some 

research works have suggested and used interfacial layers to improve the contact between the 

electrolyte and electrode layers[113,156,170,245–248].  

The predominant technique for fabricating PCOM-based cells is through the traditional pressing 

and co-pressing of perovskite oxide powders. Researchers have investigated and attempted using 

tape casting techniques for cell fabrication in recent years to achieve a larger area, hence higher 

performance. In 2017, Jin et al.[242] proposed and successfully fabricated anode-supported 

BZCY-based cells by tape casting and suspension spraying. This is upscale in cell fabrication for 

PCFCs because it is more established in the traditional SOFCs. Hence, more effort is needed in 

this capacity to develop further ways to achieve meaningful upscale in the fabrication of PCFCs. 
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2.8 Prospective for PCFCs 

2.8.1 Identified trends and future guidelines for PCFCs 

This section summarizes recent progress and directions for protonic ceramic fuel cells. Based on 

the discussions in the previous sections and recent findings, the progress in the advancement of 

protonic ceramic fuel cells can be highlighted as follows: 

(a) There has been an increasing propensity and drive toward more compositionally complex 

cathode materials with excellent triple conductivity designed explicitly for PCFCs. More 

so, it has been observed that most high-performance cathode materials always have an 

element of Co in their composition. Therefore, it will be prudent to assert that Cobalt-

containing compounds are promising in achieving a cathode material with an excellent 

ORR, especially for low and intermediate-temperature PCFCs.  

(b) There has been a dynamic shift from traditional BCY and BZY electrolyte materials to 

electrolytes with more complex compositions such as BCZYYb and BZCY, with BCZYYb 

being in the spotlight because of its all-round advantage which involves a balance in the 

stability, performance, ease of fabrication and performance.  

(c) There has been a remarkable improvement in the performance of PCFCs using hydrogen 

fuels from about 0.3 W/cm2 to 1.302 W/cm2 at a temperature of 600 ℃ between 2013 and 

2019. This represents a hallmark achievement in the advancement of PCFCs. 

(d) Attention has been driven towards cathode development for PCFCs through the design of 

self-assembled triple-conducting nanocomposite materials. 
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(e) There has been an increasing interest in developing high-performance bifunctional cathode 

materials that can be used in PCFCs, PCECs, and RePCCs. 

One of the critical future guidelines is the development of PCFCs with high durability under 

realistic working conditions. To achieve this, efforts must be intensified to develop PCFCs that 

can function efficiently below 400 ℃ . A breakthrough in this regard will facilitate the 

commercialization process for PCFCs.  

Hydrogen is an ideal fuel for fuel cells, including PCFCs. However, hydrogen production and 

storage efficiently and economically are still challenging. Nevertheless, hydrogen can be generated 

in the near future through proton-conducting electrolysis cells by using excess energy from 

renewable energy sources such as solar and wind energy. However, conventional hydrocarbon 

fuels such as natural gas will remain a primary fuel in the coming decades. Biogas, consisting of 

methane, hydrogen, carbon monoxide, etc., will increasingly play critical roles in future energy 

supply. Therefore, it is of practical importance to develop PCFCs running on conventional 

hydrocarbon fuels and renewable biogas. Direct hydrocarbon fuel can potentially help in this 

capacity and several studies have explored and demonstrated this possibility [156,177].  

Stability and durability are also important considerations in P-SOFC development. The essential 

roles thermal and chemical stability play in the cell's durability have been addressed in previous 

sections. Stability is highly correlated with durability in P-SOFC development.  

Reversible protonic ceramic cells 

These energy storage devices efficiently combine the functionalities of protonic ceramic fuel cells 

and protonic ceramic electrolysis cells (RePCC). This innovative idea was borne out of the need 

to offset the intermittent nature of energy from renewable sources such as wind and solar, which 
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have penetrated the energy market in recent years. The excess/waste energy from renewable 

energy sources during their peak periods can be used to convert electrical energy to chemical 

energy in the protonic electrolysis cell mode while during periods when the energy demand from 

the grid exceeds the supply, the stored chemical energy can be converted directly to electrical 

energy in the protonic ceramic fuel cell mode as illustrated in Figure 2.17. The merits of RePCC 

are (a) it is relatively more economical than chemical batteries on a larger scale, (b) it has a high 

round trip efficiency, (c) it does not require precious metals as catalysts as in the case of reversible 

polymer electrolyte membrane electrolysis cells, (d) it directly produces pure and dry hydrogen 

thereby saving cost and removing complexities associated with drying and external condensers, 

among others.  

 

 

Figure 2.17: RePCC operating in (a) protonic ceramic fuel cell mode and (b) protonic ceramic 

electrolysis mode. Where HER = hydrogen evolution reaction, ORR = oxygen reduction reaction, 

OER = oxygen evolution reaction, HOR = hydrogen oxidation reaction [249]. Copyright 2021, 

John Wiley & Sons. 
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However, despite the numerous advantages of RePCC, one of the major identified challenges to 

its commoditization is the paucity of bifunctional electrodes which play a vital role in achieving 

highly stable and active electrodes with excellent oxygen evolution reaction (OER) and oxygen 

reduction reaction (ORR). High OER in RePCC implies an efficient surface exchange with proton 

and electron conduction, while a high ORR implies a good adsorptive dissociation and diffusion 

of oxygen, coupled with triple conductivity (i.e., involving protons, electrons, and oxygen ion). 

The functional materials' identified requirements cannot be obtained in a single-phase perovskite 

oxide material. Although some perovskite materials with excellent MIEC can be used as air 

electrodes for RePCC, they lack proton conductivity and are highly unstable under humid 

atmospheres [107,250]. Another approach employed for achieving excellent electrode materials 

for RePCC is the introduction of electronic conductivity into traditional proton conductors such as 

BaCeO3 and BaZrO3 by doping these materials with transition elements and rare earth metals to 

achieve materials such as BaCo0.4Fe0.4Zr0.1Y0.1O3-d and Pr0.5Sr0.5Co1.5Fe0.5O5+d. Although these 

materials have excellent performances, there is a thermal mismatch between these electrodes and 

other components of the cell. Hence, other material improvement strategies must be considered 

that can cater to these enumerated challenges. Among those strategies to achieve this feat is the 

development of nanocomposite electrodes. Recently, Song et al.[249] presented an interesting and 

novel perspective based on nanocomposites for advancing bifunctional reversible protonic ceramic 

cell electrode materials with outstanding performances. Cerium and Nickel Oxide nanoparticles 

were used to embellish the surface of a nanocomposite electrode comprising Ruddlesden-Popper 

(RP) and tetragonal perovskite phases. It was discovered that the RP phases enhanced the proton 

transfer and hydration while the nanoparticles expedited the surface oxygen exchange and transfer 
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of oxide ions from the surface to the major perovskite. This approach promises to create a pathway 

for achieving optimal reaction activity in electrolysis and fuel cell electrodes.  

2.9 PCFC application and scale-up 

PCFCs can be employed for stationary applications, especially as power supplies for residential 

devices such as combined heat and power (CHP) cogeneration systems, and other applications 

such as auxiliary power supplies and power sources for vehicles [251,252]. For these applications 

to be realized, there is a need for a scale-up. This task has been daunting due to various stability 

issues (such as thermal cycling and chemical incompatibility between the cell components) and 

insufficient knowledge about stack design and system integration [87,253–255].  There have been 

attempts to increase the active area of PCFCs from 0.5 cm2 (often used in the labs) to over 50 cm2 

to explore the feasibility of large-scale production [161]. To achieve a scale-up, there must be a 

significant improvement in material advancement, improved fabrication procedures, and a better 

understanding of the various key operation mechanisms of the system. In realizing scale-up in 

PCFCs, some researchers have reported significant contributions that could aid in achieving this 

goal. For instance, Mu et al. [256] presented a unique digital approach that integrates precise micro 

extrusion of 3D printing and fast laser processing to achieve several developmental processes in 

PCFC fabrication, such as sintering, drying, cutting, and polishing. Tarutin et al. [257] also 

introduced a one-step sintering process for preparing multilayer PCFCs considering the 

compatibility of the components and more straightforward cell preparation methods. Likewise, the 

use of dynamic mechanical analysis to characterize the thermo-mechanical behavior of green tapes 

has been introduced by Mercadelli et al. [258]. This proposition promises to help achieve optimal 

lamination viscosity requisite for adhesion between cell parts regardless of the adopted tape 
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formulation. Scaling up SOFCs and PCFCs is very challenging because it requires synergy and 

expertise contributions from disparate researchers (as observed from some of the scaling up 

contributing attempts by researchers) from different disciplines such as Material Science, 

Mechanical Engineering, Electrical Engineering, Control, and Automation, etc. The aspiration of 

scale-up in PCFC cannot be actualized by a single research group and this makes it even more 

complicated coupled with the associated costs. Hence, government and philanthropic aids might 

be required to achieve rapid scale-up in PCFC development.  

2.10 Summary and Conclusion 

This chapter has comprehensively analyzed the strategies for developing vital components of 

ceramic fuel cells, focusing on PCFCs. The electrolyte, cathode, and anode were examined in 

detail, covering their operational mechanisms, synthesis and fabrication methods, and performance 

and stability improvement strategies. Notably, this chapter has highlighted that the design of PCFC 

cathode materials requires careful consideration of their TIEC, which sets them apart from 

traditional SOFCs. In addition, this chapter has discussed the opportunities and challenges that 

must be overcome for the successful scale-up of PCFCs. The insights and recommendations 

provided in this review can inform the development of CFC materials that can enable the 

commercialization of this promising solid-state electrochemical energy conversion technology. 
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CHAPTER 3: METHODOLOGY 

3.1 Background 

The preceding chapters have extensively explored the current advancements in CECs, with a 

particular focus on the materials used in key components of CFCs. Research gaps and potential 

opportunities in this field have been identified. In this chapter, the essential aspects of the synthesis, 

fabrication, and electrochemical testing procedures utilized for examining the cathode materials in 

this study are presented. The subsequent chapters delve into further detailed and comprehensive 

procedural information, providing a deeper understanding of the methodologies employed. 

3.2 Synthesis of cathode materials  

All the cathode materials developed in this study were prepared using the EDTA-citric acid 

complexing sol-gel method. The synthesis of the cathode materials involved utilizing 

stoichiometric amounts of metal nitrates. A web-based application was developed to simplify the 

calculation of material weights, which facilitated accurate and efficient calculations. The 

application can be accessed at gramit.onrender.com. The web-interface of the application is 

presented in Figure 4.3 & 3.2. The web-based application represents the first novel initiative to 

develop an opensource platform to expedite the synthesis procedure for perovskite oxides using 

the sol-gel method. 

https://connectpolyu-my.sharepoint.com/personal/20113777r_connect_polyu_hk/Documents/gramit.onrender.com/
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Figure 3.1: Interface to enter the compound molar concentration, CA: EDTA ratio, element 

symbols, and their molar fractions.  
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Figure 3.2: Output interface showing the results from the first page of the application.   

 

Following the derived chemical reagents from Figure 3.2, the reagents were weighed and 

dissolved in deionized water while continuously stirring and heating the solution until a 

homogeneous mixture was obtained. Under the same conditions, the complexing agents were 

added to the solution, namely C10H16N2O8 (EDTA) and C6H8O7.H2O (citric acid). The pH of the 

solutions was adjusted to a slightly basic level using NH4OH. Stirring and heating were maintained 

until a gel is formed. 

Subsequently, the gel was heated in an aerated oven at 180 ℃ for a minimum of 8 hours, forming 

a solid black precursor. The obtained precursors were then calcined at 1000 ℃ for 5 hours to 

produce the cathode materials. 
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3.3 Characterization 

The crystal structure of the cathode powders synthesized in this study was investigated using an 

X-ray diffractometer (Rigaku SmartLab 9kW -Advanced). The diffraction patterns were observed 

within 20 to 80 degrees at a step size of 0.02 degrees. The diffraction patterns of the cathode 

powders were refined using FullProf opensource software. Scanning electron microscopy (SEM) 

was performed using either TESCAN MAIA3, VEGA, or MIRA instruments to examine the 

morphology of the powders. The microstructure of the calcined cathode powders was probed using 

high-resolution transmission microscopy (HR-TEM), Field Electron Microscope STEM, and 

JEOL Model JEM-2100F. For the electrical conductivity measurements, the as-synthesized 

powders were pressed at a pressure of 200MPa into dense bars with dimensions approximately 20 

mm × 5 mm × 2 mm. These bars were sintered for 10 hours. The electrical conductivity was 

measured using a four-probe DC configuration and a Keithley 2440 source meter. The same bars 

were also used to determine the surface exchange kinetics (kchem) and bulk diffusion (Dchem) 

coefficients using the electrical conductivity relaxation (ECR) technique. At first, the relative 

conductivity was determined using the expression: 

𝑔(𝑡) =
𝜎(𝑡) − 𝜎(0)

𝜎(∞) − 𝜎(0)
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The coefficients 𝛼1𝑛
2 , 𝛼2𝑚

2 , 𝑎𝑛𝑑 𝛼3𝑝
2  are the nth, mth, and pth roots of the following expressions: 

𝐶1 = 𝛼1𝑛 tan𝛼1𝑛, 𝐶2 = 𝛼2𝑚 tan𝛼2𝑚, and 𝐶3 = 𝛼3𝑝 tan𝛼3𝑝 
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The values of n = m = p was fixed to be 10 to ensure good accuracy of the fitted relaxations. Other 

details about the ECR procedure in this study can be found elsewhere[259,260]. 

X-ray absorption spectroscopy (XAS) data around the cobalt K-edge (specifically 

Ba(CeCo)0.4(FeZr)0.1O3-δ and BaCo0.4Fe0.4Zr0.1Y0.1O3-δ) and cerium L-edge (specifically BCCFZ 

and BCZYYb) were collected at the TLS 01C1 beamline of the National Synchrotron Radiation 

Research Center (NSRRC) in Taiwan. The EXAFS data were processed using the ATHENA 

module described elsewhere[261].  

3.4 Cell fabrication 

The fabrication process for symmetrical cells, typically configured as cathode│electrolyte│

cathode, involved several steps. Firstly, the electrolyte powders were weighed and pressed 

uniaxially to form dense pellets. These pellets were then sintered at either 1300 or 1450 ℃ for a 

duration of 10-12 hours. 

Next, the cathode powders were mixed with ethylene glycol, isopropyl alcohol, and glycerol to 

create a colloidal suspension. The mixture was ball milled using Fritsch Pulverisette 6 at 400 rpm. 

The resulting colloidal suspensions were uniformly sprayed onto both sides of the dense electrolyte 

using a compressor pump and spray gun. The sprayed cells were then sintered at 850 ℃ for 2 

hours, forming symmetrical cells with porous electrodes and electrolytes. Ag paste was applied 

evenly to both sides of the cell to serve as the current collector, and Ag wires were attached for 

electrochemical measurements. 

As for the anode-supported single cells, typically configured as NiO-electrolyte│electrolyte│

cathode, they were fabricated through dry pressing and co-sintering. Initially, the NiO-electrolyte 
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cermet was produced by ball milling NiO, electrolyte, and starch powders in a ratio of 6.5:3.5:0.8 

in pure ethanol for 1 hour. The resulting mixture was dried and then pressed into discs. Pure 

electrolyte powders were uniformly added and co-pressed onto the cermet at a higher pressure to 

achieve a dense electrolyte within the single cell. The co-pressed pellets were sintered at a specific 

temperature in a furnace. 

Finally, cathode slurries were sprayed onto the electrolyte, then sintered at 850 ℃ for 2 hours, 

forming a single cell. 

3.5 Electrochemical measurements 

The symmetrical cells' ohmic and polarization resistances were determined by a combination of 

Solarton 1260 frequency response analyzer and Solarton 1287 potentiostat. The measurements 

were conducted within a temperature range of 400 to 650 oC. Under open circuit conditions, with 

no applied DC potential, the measurements were carried out using an AC amplitude of 10-30 mV 

in the frequency range of 10E6 Hz to 0.1 Hz. 

The I-V-P (current-voltage-power) curves were obtained using a four-probe configuration with a 

Keithley 2440 source meter for the anode-supported single cells. The measurements were 

performed in the temperature range of 400 to 650 oC. In this setup, the anode side of the cells was 

supplied with pure H2 at a constant specified flow rate, while the cathode side was exposed to 

ambient air. 

3.6 Chapter Summary 

This chapter comprehensively summarizes the methodology employed in developing cathode 

materials for ceramic electrochemical cells, specifically designed to operate at intermediate and 

low temperatures for clean energy generation. The synthesis process involved utilizing the EDTA-
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citric acid complexing sol-gel method. Detailed procedures for fabricating symmetrical cells and 

anode-supported single cells were presented, including steps such as pressing, sintering, and 

application of cathode slurries. The chapter also covers the procedure for conducting 

electrochemical measurements. This chapter serves as a comprehensive overview of the 

methodology, laying the groundwork for further investigations and analyses in subsequent 

chapters.
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on the performance and CO2 tolerance of Ba0.5Sr0.5Co0.7Fe0.3O3-δ functional material for intermediate 

temperature solid oxide fuel cells. Ceram Int 2022:100310. https://doi.org/10.1016/j.ceramint.2022.04.110 
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CHAPTER 4: LATTICE STRAIN EFFECTS ON ORR/CO2 

TOLERANCE OF PEROVSKITE-BASED CATHODES2 

4.1 Background 

The previous chapter comprehensively summarizes the methodology employed in 

synthesizing, fabricating, and testing cathode materials for CFCs. Building upon this 

foundation, the present chapter focuses on applying lattice engineering methodologies. 

Specifically, the effects of lattice contraction and expansion on the performance and CO2 

tolerance of Ba0.5Sr0.5Co0.7Fe0.3O3-δ (BSCF), a functional cathode material for intermediate 

temperature operating SOFCs, are systematically investigated. This chapter aims to provide a 

detailed analysis of the influence of lattice engineering on the performance of the BSCF 

material in SOFCs, shedding light on its potential for enhanced functionality in real-world 

applications. 

4.2 Introduction 

The universal interest in ameliorating the increasing negative environmental impacts caused 

by fossil-based products has brought SOFCs to the limelight. Research has revealed that 

SOFCs are a viable solution to achieving a clean, safe, and highly efficient power source 

[31,262]. The current trend in the research for SOFCs is the development of low and 

intermediate temperatures (i.e., 350-700 ℃) SOFCs [7,100]. This is to enhance the service life, 

minimize material degradation and manufacturing costs, and fast-track the process of 

overcoming other challenges posed by SOFCs operating at high temperatures (i.e., 800-

1000 ℃) [21]. However, the reduction of the operating temperature of SOFCs 
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significantly decreases the electrolyte conductivity and cathode catalytic activity, causing an 

increase in the ohmic and polarization resistances of SOFCs [29,263]. The electrolyte ohmic 

loss can be reduced by fabricating thin-film electrolytes. However, the polarization loss at the 

cathode for oxygen reduction reaction (ORR) still limits the SOFC performance at reduced 

temperatures [7]. It is, therefore, paramount to develop cathode materials that can function 

efficiently at low and intermediate temperatures. 

Excellent cathode materials for intermediate to low-temperature operating SOFCs are expected 

to exhibit mixed ionic and electronic conductivity (MIEC) so that the reaction zones for 

catalytic ORR can be extended from the traditional triple phase boundaries (TPB ) to the entire 

surfaces of the cathode material [21].  Different categories of compounds, such as perovskite 

oxides, spinel oxides, Ruddlesden-Popper (RP) oxides, and fluorite oxides, have been proposed 

and developed as potential candidates to satisfy most or all the requirements of ideal cathode 

material. Perovskite oxide compounds of the form ABO3 have been asserted to be the most 

promising candidates for intermediate and low-temperature SOFCs[7]. This is due to the 

possibility of modifying these oxides' A- and B- sites by doping by introducing strategic 

stoichiometric amounts of one or more elements into their A- or B- sites [264]. This doping 

could cause a change in their catalytic activities, CO2 tolerance, and electronic structures. 

Strategic doping has been extensively applied to tailor the structural properties of innumerable 

perovskite oxide compounds in the form of lattice expansion and contraction for different 

functional applications. This action could help improve oxygen diffusion in cathode materials 

during operation, reduce materials' thermal expansion coefficient (TEC), enhance materials' 

tolerance to CO2, and increase cathode materials' physical and chemical stability [265–269].  

One of the cathode materials for SOFCs that has garnered lots of attention in the past decades 

is BSCF [270,271]. This material was reported to operate within the temperature range of 500 

to 700 ℃ with a PPD of 1.01 Wcm−2 , with an ASR of 0.071 Ω cm2 at 600 ℃, exceeding the 
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performance record achieved by any other cathode material before that time (i.e., 2004) [271]. 

Since then, it has often been used as the benchmark for assessing the performance of later-

developed cathode materials for SOFCs. The major impediment, however, to the universal 

adoption of this material for commercial SOFC applications is its susceptibility to CO2 

poisoning in a realistic ambiance [272].  Therefore, researchers have adopted different 

mechanisms and approaches to modify the parent BSCF to improve its catalytic ORR at lower 

temperatures or enhance its stability and CO2 tolerance [266,273–278]. No study, however, to 

the best of our knowledge, has reported the use of lattice engineering in the modification of the 

performance and CO2 tolerance of BSCF. 

Many studies have employed lattice engineering to influence cathode materials' catalytic ORR, 

stability, and CO2 tolerance [269,279,280]. Escudero-Escribano et al.[279] outlined the 

introduction of contraction mechanisms in the structural lattices of electrocatalysts to tailor 

their activity, stability, and reactivity. Cai et al. [280] described using lattice engineering for 

tuning material band structures to achieve materials with improved performance and other 

desirable properties. Sun et al. [269] modulated the charge density of an active Cobalt atom in 

LaCoO3 by introducing Ce ions into its lattice, thereby causing a contraction in the lattice 

structure of the material. This contraction consequently caused an improvement in the 

performance of the LaCoO3 by reducing the electron tunneling distance, thereby optimizing the 

charge density distribution of the material.  

TMs (i.e., Cu and Zn) are established dopants to optimize the properties of SOFC cathode 

materials [266,281]. For instance, the phase structure transition of La2Ni1-xCuxO4 has been 

reported to be altered due to the introduction of Cu dopants [282]. Also, other interesting 

properties such as ORR and stability have been reported to be enhanced by co-doping Cu with 

other elements as in the case of Pr2NiO4 [283,284]. It has also been asserted that Cu dopants 

help to enhance the bulk oxygen diffusion and stability of cathode materials by reducing the 
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TEC of the cathode thereby improving the durability [285]. Zn dopant has also been used to 

modify the activity and stability of cathode materials [266,286,287]. However, the correlation 

of the activity and CO2 tolerance of BSCF with lattice expansion and contraction has not 

explicitly been reported to the best of our knowledge.  

In this study, we have systematically investigated the effects of engineering lattice expansion 

and contraction on the performance and CO2 tolerance of the pristine BSCF air electrode 

functional material. We strategically substituted 5 mol.% Fe-B-site cations of BSCF with TMs, 

Zn, and Cu, to achieve an expansion and contraction, respectively. We were able to show how 

lattice engineering is a significant descriptor in illustrating the variability in the catalytic ORR 

and CO2 tolerance of BSCF functional air electrode material. 

4.3 Material and methods 

4.3.2 Powder preparation 

Ba0.5Sr0.5Co0.7Fe0.3O3−δ  (BSCF), Ba0.5Sr0.5Co0.7Fe0.25Cu0.05O3−δ  (BSCFC5), and 

Ba0.5Sr0.5Co0.7Fe0.25Zn0.05O3−δ  (BSCFZ5), powders were synthesized by the EDTA-citric 

acid complexing sol-gel method. Stoichiometric amounts of the following chemical reagents 

from Sinopharm: Ba(NO3)2, Sr(NO3)2, Co(NO3)2.6H2O, Fe(NO3)3.9H2O, Cu(NO3)2.3H20, and 

Zn(NO3)2.6H2O were used to synthesize BSCF, BSCFC5, and BSCFZ5, respectively. At first, 

a homogeneous solution was formed by dissolving stoichiometric amounts of the chemical 

reagents in deionized water under continuous stirring and heating conditions. After that, the 

complexing agents; C10H16N2O8 (EDTA) and C6H8O7.H2O (citric acid) were added to the 

solution under the same condition. The pH of the solution was then adjusted using NH4OH 

(Ammonium hydroxide) until a slightly basic pH is achieved. The stirring and heating 

condition was maintained until a gel-like fluid is formed. The gel was then heated in an aerated 

oven at a temperature of 180 ℃, for at least 8 h, until a solid black precursor is formed. The 
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resulting precursors were then calcined at 1000 ℃ for 5h to generate BSCF, BSCFC5, and 

BSCFZ5. 

4.4 Cell fabrication 

4.4.1 Symmetric cells 

To fabricate the following cells: BSCF│SDC│BSCF, BSCFC5│SDC│BSCFC5, and 

BSCFZ5│SDC│BSCFZ5, SDC powder (supplied by Fuel cell materials) were weighed at 

every instance and then pressed uniaxially to achieve a dense round pellet. The resulting pellets 

were then sintered at 1300 ℃ for 12 h. After that, the powders of BSCF, BSCFC5, and BSCFZ5 

were mixed with ethylene glycol, isopropyl alcohol, and glycerol to form a colloidal suspension 

by ball milling the mixture using Fritsch Pulverisette 6 at 400 rpm for 30 minutes. With the aid 

of a compressor pump and spray gun, the resulting colloidal suspensions were then sprayed 

uniformly on both sides of the dense SDC electrolytes. This was followed by sintering at a 

temperature of 850 ℃ for 2 h to form symmetric cells comprising porous electrodes (i.e., with 

a thickness of about 17 µm and an area of 0.5 cm2) and electrolyte. Afterward, Ag paste was 

uniformly brushed on both sides of the cell to serve as the current collector, and Ag wires were 

attached for taking electrochemical measurements. 

4.4.2 Anode-supported single cells 

The anode-supported single cells with the configurations NiO-SDC│SDC│BSCF, NiO-

SDC│SDC│BSCFC5, and NiO-SDC│SDC│BSCFZ5 were fabricated through the process of 

dry pressing and co-sintering. At first, the NiO-SDC cermet was produced by ball milling NiO, 

SDC, and starch powders in the ratio of 6.5:3.5:0.8 in pure ethanol for 1 h. The resulting 

mixture was dried in the oven and then pressed into discs at a pressure of 100 MPa. This was 

followed by adding and co-pressing pure SDC electrolyte powders uniformly distributed across 

the cermet at 200 MPa to achieve a dense electrolyte in the single cell. The co-pressed pellets 
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were then sintered in the furnace at a temperature of 1300 ℃ for 5 h. In the end, the cathode 

slurry was sprayed on the SDC electrolyte like the approach described in Section 0, followed 

by sintering at a temperature of 850 ℃ for 2h to achieve a single cell. The resulting thickness 

of the cathode, electrolyte and anode layers for the various cells was an average of ~10 µm, 

~20 µm, and ~430 µm, respectively, as illustrated in Figure S3.2a. 

4.5 Materials characterization 

The synthesized powders' phase purity and crystal structure were investigated using x-ray 

diffraction (XRD, Rigaku SmartLab 9kW). The diffraction patterns were collected through a 

stepwise scanning process (i.e., 0.02o step size) over 20 – 80o. Rietveld refinement of the XRD 

patterns for BSCF, BSCFC5, and BSCFZ5 was further carried out using FullProf Suite to get 

more detailed information about the crystal structures. Scanning electron microscopy (SEM) 

(TESCAN VEGA3) was used to investigate the material's morphology at an accelerating 

potential of 20 kV. High-resolution transmission electron microscopy, HR-TEM, FEI Tecnai 

G2 F20 was also used to characterize the microstructure of the calcined BSCFC5 powder. The 

powders of BSCF, BSCFC5, BSCFZ5 which were calcined at 1000 ℃ for 5 h were dry pressed 

at a pressure of 200 MPa into a rectangular shaped block of dimensions ~ 20 𝑚𝑚 × 5 𝑚𝑚 ×

2 𝑚𝑚 followed by sintering at 1050 ℃ for 5 h. Thereafter, the electrical conductivities of the 

samples were measured in the temperature range of 300 ℃ to 800 ℃  using the four-probe DC 

configuration with Keithley 2440 source meter at a temperature interval of 10 ℃ [276]. 

Solarton 1260 frequency response analyzer and Solarton 1287 potentiostat were used to 

measure the polarization resistances of the symmetric cell samples at a temperature range of 

500 ℃ to 700 ℃  in air. The measurements were performed under an open circuit condition 

with zero applied direct current potential and a 10 mV applied alternating current amplitude 

under a frequency range of 10 kHz to 0.1Hz. Thereafter, the performance of single button cells 

based on the cathode materials considered was assessed using I-V-P polarization tests in the 
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temperature range of 500 ℃ to 650 ℃  using a four-probe configuration with Keithley 2440 

source meter. The anode side of the single cells was fed with H2 at a constant flow rate of 100 

mL/min, while the cathode side was exposed to ambient air. 

4.6 Results and discussion 

In perovskites, varieties of physicochemical properties related to their electrocatalytic behavior 

can be extracted from their crystal structure. Figure 4.3a illustrates the X-ray diffraction 

(XRD) profiles of BSCF, BSCFC5, and BSCFZ5 powders after calcination at 1000 ℃ for 5h. 

The profiles show that the perovskite structures of the powders are all single-phase with unique 

characteristic peaks. This confirms the successful doping of Zn and Cu into the perovskite 

lattice of BSCF to yield BSCFZ5 and BSCFC5, respectively. It can be observed from Figure 

4.3b that the XRD pattern of BSCFZ5 shifted to a lower 2𝜃 angle while that of BSCFC5 shifted 

to a higher 2𝜃 angle. This confirms that the TMs doped into the Fe-B-site of BSCF led to an 

expansion and contraction in the unit cell volume. This suggests that the shrinkage and 

expansion in lattice cell volume could be due to the ionic radius of the substituted B-site 

element, Fe (Fe3+ = 0.645 nm, coordination = VI), relative to the introduced dopants, Zn (Zn2+ 

= 0.74 nm, coordination = VI) and Cu (Cu3+ = 0.54 nm, coordination = VI). In addition, the 

slight disparity in the crystal structures of both doped samples (BSCFC5 and BSCFZ5) could 

be attributed to the difference in the electronic structures of the dopant elements (Cu and Zn) 

relative to the main B-site element, Co [288–290]. Figure 4.3c illustrates the crystal structural 

diagram of an idealized cubic BSCFC5 perovskite oxide with its A-site cation being in 12 

coordination with O2- and its B-site cation being in six coordination with O2-. Figure 4.3(d-f) 

present the XRD refinement patterns for BSCF, BSCFC5, and BSCFZ5, respectively. The 

samples all have symmetric cubic structures with the same space group (𝑃𝑚3̅𝑚 ), but different 

lattice constants as expressed in Table 4.1. These values are consistent with those of earlier 

reported BSCF-based perovskite materials [276,291].   
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Figure 4.3: XRD patterns illustrating (a) the crystal structures for as-synthesized BSCF, 

BSCFC5, and BSCFZ5 powders (b) the magnified profile of the (110) plane of all the as-

synthesized powders (c) cubic crystal structures of all the samples. Rietveld refinement for (d) 

BSCF (e) BSCFC5 (f) BSCFZ5. 

 

Table 4.1 presents the lattice parameters, lattice volume, weighted profile reliability factor 

(wRp), integrated intensity reliability factor (Rp), and goodness of fit (𝜒2) for BSCF, BSCFC5 

and BSCFZ5. There is a good agreement between the observed pattern and the calculated 
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profile, as illustrated in the data in Table 4.1, which establishes the reliability of the structural 

refinement model. There is an observed contraction and expansion in the lattice volume of 

BSCF when its Fe-B-site cation is partially substituted with 5 mol.% of Cu and Zn, 

respectively. This can be confirmed from the shifting of the diffraction peaks of BSCF to a 

higher and lower diffraction angle when doped with Cu and Zn, respectively, as illustrated in 

Figure 4.3a. This phenomenon is corroborated with the results from the Rietveld calculations 

presented in Figure 4.3(d-f) and Table 4.1.  

Table 4.1: Refined lattice parameters for all the samples 

Sample a (Å) b (Å) c (Å) V (Å) wRp (%) Rp (%) 𝜒2 

BSCFC5 3.97944 3.97944 3.97944 63.02 8.44 6.87 1.72 

BSCF 3.98116 3.98116 3.98116 63.10 6.18 4.44 1.49 

BSCFZ5 3.99232 3.99232 3.99232 63.63 4.59 6.38 1.61 

 

To gain more insights into the influence of the dopants on BSCF in terms of the observed lattice 

shrinkage and expansion as well as their cationic oxidations states, X-ray photoelectron 

spectroscopy (XPS) was employed to characterize the surface elemental distribution and 

composition of BSCF, BSCFC5, and BSCFZ5. Figure 4.4 illustrates the deconvoluted XPS 

profiles for Co2p, Fe2p, O1s, Cu2p and Zn2p for BSCF, BSCFC5, and BSCFZ5. XPS core-

level spectra of a TM inadvertently provide useful insights into the valence state and electronic 

structure of the TM ion. Hence, Figure 4.4a illustrates the spin-orbital splitting of Co 2p1/2 and 

Co 2p3/2 spectra which were deconvoluted using standard Gaussian-Lorentz. These resulting 

subpeaks could be designated as Co3+ and Co4+ as shown in Figure 4.4a. The binding energy 

values are in the range of ~792.97 eV – 795.82 eV at 2p1/2 and ~777.39 – 779.69 eV at 2p3/2, 

which are consistent with past studies [267,292]. The spin-orbital splitting of Co 2p doublets 

is congruous with less than ~10 eV binding energy as detailed in Table S4.2. There are also 
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no significantly identifiable satellite peaks in the binding energy range of ~785 – 790 eV 

suggesting the absence of Co2+ in all the samples[267]. Figure 4.4b presents the XPS spectra 

of Fe 2p3/2 in BSCF, BSCFC5, and BSCFZ5 and specific details can be found in Table S4.3. 

The spin-orbital splitting of Fe 2p electron spectra was fitted into subpeaks corresponding to 

the valence states Fe3+ (708.05 – 709.26 eV) and Fe4+ (710.53 – 712.37 eV), respectively. These 

results conform with existing reports [293,294]. The binding energy values of Co 2p and Fe 2p 

in BSCFC5 advanced in the higher energy direction while those of BSCFZ5 retreat towards 

the low energy direction suggesting the existence of expansion and contraction in the lattice 

volume of the engineered BSCF samples. The higher binding energy advancement could 

shorten the pathway for oxygen transport thereby enhancing the catalytic performance of 

BSCF, while the retreat towards the lower energy direction could lengthen the distance for 

oxygen transport and affect the ORR of BSCF[269,295]. Figure 4.4c shows the deconvolution 

of the O 1s spectra of all the samples considered into two characteristic subpeaks namely: the 

adsorbed oxygen (OH−, CO3
2−, O2−, and O−~531 eV) and the lattice oxygen (O2−, ~529 eV) 

[291,296]. The peak positions and estimated percentages of the surface oxygen for BSCF, 

BSCFC5, and BSCFZ5 depicted in Figure 4.4c are presented in Table 4. 2. The surface oxygen 

in all the specimens transforms in the order outlined in Eq. 4.1. 

O2 ↔ O2
+e−

→  O2
−
+e−

→  O2
2− ↔ 2O−

+2e−

→   2O2−                                         (4.1) 

Table 4. 2: Percentages of adsorbed and lattice oxygen for BSCF and BSCFC5 

Sample Adsorbed oxygen Lattice oxygen Ratio 

Peak position (eV)  Percentage (%)  Peak position (eV)  Percentage (%) Oads/Olat 

BSCF 530.92 81.36 528.82 18.64 4.36 

BSCFC5 531.90 83.28 529.66 16.72 4.98 

BSCFZ5 530.16 67.67 528.94 32.33 2.09 
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Figure 4.4: XPS spectra of the B-site elements of BSCF, BSCFC5, and BSCFZ5 (a) Co 2p 

(b) Fe 2p (c) O 1s. XPS spectra for (d) Cu 2p and (e) Zn 2p. (f) Percentage contribution of 

dominant B-site cations (a) Co3+/4+ (b) Fe3+/4+. 

  

It can be observed from Figure 4.4c that the adsorbed oxygen for BSCFC5 is relatively higher 

than those of BSCF and BSCFZ5. This is because of the compressive strain on the lattice 

structure of BSCFC5; therefore, the relative volume of the adsorbates is increased and the 

pathway for oxygen diffusion in the lattice is shortened which will subsequently promote 
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enhanced catalytic ORR. On the contrary, the smaller percentages of the adsorbed oxygen in 

BSCF and BSCFZ5 could be attributed to their relatively larger lattice volume since the 

pathway for oxygen diffusion will be extended. This phenomenon hints that the electrocatalytic 

performance of BSCFC5 could be better than those of BSCF and BSCFZ5 because of its higher 

Oads/Olat ratio which has been established in previous studies to influence ORR of cathode 

materials (i.e., the higher the ratio, the better the ORR)[297,298]. In the case of the Cu element 

depicted in Figure 4.4d, the Cu 2p3/2 spectra were deconvoluted into two peaks corresponding 

to Cu2+ and Cu3+ with binding energy values of ~934.69 eV and ~936.62 eV, respectively 

[299].  The Zn 2p3/2 spectrum from BSCFZ5 has a single peak which could be designated as 

Zn2+ (~1021 eV) as depicted in Figure 4.4e [300]. The intensities of Co3+/Co 4+ and Fe3+/Fe 4+ 

were calculated from the XPS analysis as illustrated in Figure 4.4f. It can be inferred that there 

is more electroneutrality in BSCFC5 with its B-site cations having a +3/+4 charge (i.e., 

[CoFeCu]+3/+4. This explains the reason for the contraction in the lattice of BSCFC5 because 

the ionic radius of Cu3+ (0.54 nm, coordination = VI) relative to the other B-site elements with 

+3 charge (Co3+ = 0.61 nm, coordination = VI and Fe3+ = 0.645 nm, coordination = VI) is lower 

[301]. This will inadvertently instigate contraction in its lattice. On the other hand, the ionic 

radius of Zn2+ (0.74 nm) is larger than all other B-site cations in BSCFZ5 thereby engendering 

expansion in its lattice.  

The electrical conductivities of BSCF, BSCFC5, and BSCFZ5 with respect to varying 

temperatures, measured in pure air, are presented in Figure 4.5a. The obtained conductivity 

values (i.e., BSCF) reasonably conform with those reported in previous studies [199,302].  

The substitution of Fe-B-site cation of BSCF with Cu leads to the formation of negatively 

charged defects which requires compensation by positively point charge defects in the form of 

either holes or oxide ions, as expressed in the mechanistic expression in Eq. 3.2, to achieve a 

state of equilibrium. 
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𝐶𝑢𝑂 
𝐵𝑆𝐶𝐹
→    (𝐶𝑢𝐹𝑒

2+)′′ + 2ℎ̇ +
1

2
𝑂2                                    (4.2) 

The resulting balance in Eq. 2 contributes to the redox equilibrium involving the Co and Fe 

species as expressed in Eq. 3. 

𝐶𝑢𝐹𝑒
2+ → (𝐶𝑢𝐶𝑜

3+)′ + 2ℎ̇                                                             (4.3) 

However, the estimation of the conductivity of an MIEC material such as BSCF and its 

derivatives (BSCFC5 and BSCFZ5) using direct current measurements, as in this case, 

generates combined electronic and ionic conductivities which coincide with holes and oxide 

ion migration, respectively. The intensity of this phenomenon, however, is dependent on the 

temperature variation as expressed in the defect’s equilibrium expressions in Eq. 4.2 and 4.3. 

Therefore, from Figure 4.5a, it can be inferred that at low temperatures, below the transition 

point (i.e., around 450-500 ℃), the nature of conductivity is predominantly electronic and 

above the transition point, the progressive increase of ionic behavior is prevalent as expressed 

in the mechanistic expression in Eq. 4.3.  
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Figure 4.5: Dependence of electrical conductivity on temperature (a) conductivity of all the 

samples with respect to temperature (b) Arrhenius plots based on the electrical conductivity of 

the samples. 

 

It can also be inferred from Arrhenius plots in Figure 4.5b that the order of decreasing 

conductivity in the samples studied can be summarized as BSCF>BSCFC5>BSCFZ5, 

implying that doping of BSCF did not enhance its electrical conductivity. This is because the 

substitution of Zn and Cu into the B-site of BSCF led to the reduction of Fe4+ and Co4+ to Fe3+ 

and Co3+, respectively, thereby instigating the reduction in the charge carrier concentrations of 

BSCFZ5 and BSCFC5. This consequently engenders a decrease in the electrical conductivities 

of BSCFZ5 and BSCFC5 relative to BSCF.   The conductivity behavior in the materials under 

consideration is non-uniform, hence the activation energies were estimated at several 

temperature ranges and the cumulative activation energies were summarized in Table S4.4. 

These activation energies were estimated using the expression 𝜎 =  𝜎𝑜𝑒
−𝐸𝑎

𝑘𝑇 , where Ea is 

activation energy and k is Boltzmann constant, T is the absolute temperature and 𝜎𝑜 is the pre-

exponential factor. It can be observed that the BSCF has the least activation energy in the 
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intermediate temperature range of (500 – 650 ℃), followed by BSCFC5. However, in the low-

temperature range of 300 – 400 ℃, BSCFZ5 has the least activation energy (i.e., 0.084 eV) 

which makes it eventually possess the smallest cumulative activation energy as depicted in 

Table S4.4. 

Figure S4.1 presents the morphology of the BSCFC5 comprising the cross-section of the single 

cell. In Figure S4.1a, the SEM image of the single cell of BSCFC5 shows the layers of the 

anode, electrolyte, and cathode with their dimensions. The different layers are fused without 

any apparent significant debonding. It can also be observed that the anode and cathode are 

reasonably porous enhancing gas diffusion, and the electrolyte is well compacted to allow 

strictly for the migration of the oxygen ionic species. Figure 4.6a shows the Scanning 

transmission electron microscopy image (STEM) of BSCFC5. Figure 4.6b confirms that the 

distribution of all the elements, within the single grain, in the observed STEM image on the 

scale of 100 nm from Figure 4.6a are homogenous. The Energy dispersive spectroscopy (EDS) 

mapping in Figure 4.6c confirms that all the elements intended to be in BSCFC5 are present. 

The atomic percentages of the constitutive elements in BSCFC5 are also consistent with the 

stoichiometric proportion of the as-synthesized perovskite powder described in the materials 

synthesis section. The d-spacing for the BSCFC5 from the HR-TEM image was estimated to 

be 0.288 nm, corresponding to the plane (110), as illustrated in Figure 4.6d.  
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Figure 4.6: Schematics showing: (a) STEM of BSCFC5 (b) the energy-dispersive X-ray 

(EDX) of the constitutive elements in BSCFC5 (c) EDS mapping of the constitutive elements 

in BSCFC5 and their atomic percentages (d) the HR-TEM image of the BSCFC5. 

 

The electrochemical performances of BSCF, BSCFC5, and BSCFZ5 cathode materials were 

evaluated using symmetric cells with SDC as the electrolyte in each case. The characterization 

of performances of the cathode materials was achieved by taking electrochemical impedance 

spectroscopy (EIS) measurements. Figure 4. 7a presents the Nyquist plots of the EIS data 

measured at 600 ℃  for all the cathode materials considered. The difference between data 

points corresponding to high- and low-frequency values intercepting the horizontal axis of the 

Nyquist plot represents the area-specific resistance as illustrated in Figure 4. 7b. Based on this, 

the ASRs for the BSCF, BSCFC5 and BSCFZ5 at 600 ℃  are 0.081 Ω cm2, 0.054 Ω cm2 and 

0.278 Ω cm2, respectively. BSCFC5 exhibits the least ASR, followed by BSCF, and then 
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BSCFZ5. The equivalent circuit model, RΩ-(RE1/CPE1)-(RE2/CPE2), was used to fit the EIS 

results of all the samples. The high-frequency polarization resistance can be attributed to the 

charge transfer process of oxygen ions at the interface between the electrode and the electrolyte 

while the low-frequency polarization resistance values can be associated with the oxygen 

adsorption-dissociation process in the cathode electrode [303]. The ASRs of the cathode 

electrode materials from 700 ℃ to 500 ℃ are summarized in  Figure 4. 7d. The BSCFC5 

material exhibited the lowest ASR values (relative to the other materials) at all temperatures 

indicating that it has the best electrocatalytic ORR instigated by the contraction in its lattice 

structure. This suggests that lattice contraction could foster an improved performance of 

cathode materials as opposed to the supposition that lattice expansion alone promotes improved 

ORR. This is because the substitution of the Fe-B-site cation of BSCF with 5 mol.% Cu causes 

a reduction in the oxidation states of Co and Fe. This consequently shortens the pathway for 

oxygen diffusion thereby accelerating the catalytic ORR kinetics. Also, it could be due to the 

weakening of the adsorption energy of the reactive intermediates caused by the Cu dopant 

leading to reduced strength in surface bonds as extensively elaborated in previous studies[304–

307]. This could be corroborated by the reduced performance of BSCFZ5 despite the expansion 

in its lattice volume. The reduced electrocatalytic performance of BSCFZ5 however, could be 

attributed to the strengthening of the adsorption energy of the constitutive reactive 

intermediates thereby increasing the strength of the surface bonds in the perovskite 

structure[304]. Also, the pathway for oxygen diffusion is increased causing a reduction in the 

catalytic ORR of the parent BSCF material. Further insights into the electroactivity of the 

materials were investigated by estimating the activation energies for each of the cathode 

materials using the Arrhenius plots generated from the ASR values of the respective cathode 

materials in  Figure 4. 7c. BSCFC5 was observed to have the least activation energy of 1.110 

eV confirming the superiority of its electrocatalytic performance to BSCF. Table S4.5 
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illustrates the comparison of the ASRs of various non-composite single-phase cathode 

materials that were derived from the traditional BSCF.  

Since BSCFC5 demonstrated a better ASR relative to BSCF, and BSCFZ5 the improved ORR 

can be further expatiated by observing the effects of oxygen partial pressure (PO2) on the area-

specific resistance at different temperatures. Figure 4. 7 (e-f) illustrates the variation in 

polarization resistances relative to changes in oxygen partial pressure. The relation Rp ∝

 (PO2)
−n can be used to express the relationship between polarization resistance Rp and oxygen 

partial pressure (PO2). The value n represents the rate-limiting step of oxygen reduction 

reaction as confirmed in previous studies [307–309].  This n exponent value has different 

connotations regarding the rate-limiting step for ORR depending on its value. When n = 0, 

0.25, 0.375, 0.5, and 1, it means the rate-limiting step for ORR is due to ionic oxygen transfer 

from the triple-phase boundary to the electrolyte, charge transfer process on the electrode, 

charge transfer process at the triple-phase boundary, surface oxygen adsorptive dissociation 

and molecular oxygen adsorption and diffusion at the electrode surface, respectively [310]. It 

can be observed from Figure 4. 7 (e-f) that the polarization resistance decreases with an 

increasing oxygen partial pressure. From Figure 4. 7e, the rate-limiting steps for oxygen 

reduction reaction of the cathode materials at 600 ℃ can be translated to be the charge transfer 

process on the electrode surface for BSCF and BSCFC5 while a charge transfer process at the 

triple-phase boundary is the rate-limiting step of ORR for BSCFZ5. However, the rate-limiting 

steps of ORR for BSCFC5 at 500 ℃ in Figure 4. 7f are predominantly molecular oxygen gas 

diffusion and partly surface exchange at the electrode surface.  
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Figure 4. 7: (a) Electrochemical impedance spectra for symmetric cells of BSCF, BSCFC5, 

and BSCFZ5 at 𝟔𝟎𝟎 ℃  and (b) Impedance spectrum for the symmetric cell of BSCFC5 

showing the frequencies for the charge transfer process and oxygen adsorptive-dissociation (c) 

Arrhenius plots of area-specific resistance values for BSCF, BSCFC5, and BSCFZ5 showing 

their various activation energies (d) The comparison of ASR of all the materials at different 

temperatures. The variation in area-specific resistances with respect to changes in oxygen 

partial pressures for (e) BSCF, BSCFC5, and BSCFZ5 at 600 ℃  and (f) BSCFC5 at  𝟓𝟎𝟎 ℃,
𝟔𝟎𝟎 ℃, and 700 ℃. 

 

To further gain insight into the complex ORR mechanism of BSCFC5 at different operation 
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tools package developed by Ciucci’s lab[311]. From Figure 4.8, the plots can be segmented 

into three parts designated as P1, P2, and P3. The low-frequency region denoted as P3 (with 

frequency value ≤ 101 Hz) corresponds to oxygen gas diffusion while P2 corresponds to surface 

exchange and ion diffusion between the electrode and electrolyte and P1(with frequency value 

≥ 103 Hz)  denotes the charge transfer process at the interfaces as earlier discussed 

above[79,312–315]. Hence, the predominant rate-limiting step for ORR at  600 − 700 ℃ in 

BSCFC5 is the charge transfer process on the electrode, and at the triple-phase boundary as 

illustrated in Figure 4.8. It can also be observed that generally, the rate-limiting process for 

ORR in region P2 decreases with increasing pO2 for BSCFC5 at 600 ℃ while the rate-limiting 

process at region P1 at the same temperature were all fairly the same. 
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Figure 4.8: Distribution of relaxation time for the partial oxygen pressures of BSCFC5 air 

electrode material from 500-700 ℃. 

 

The electrochemical performance of the materials can be further evaluated by taking I-V 

measurements of the anode-supported single cells as illustrated in Figure 4.9. The peak power 

densities of BSCF, BSCFC5, and BSCFZ5 are presented in Figure 4.9 (a-d) while Figure 4.9e 

summarizes the contrast between the PPDs of BSCF, BSCFC5, and BSCFZ5 at 500 ℃,

600 ℃, and 650 ℃, respectively. BSCFC5 demonstrated the best performance which implies 

that the substitution of Fe-TM in the B-site of the traditional BSCF with Cu triggered an 
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increase in the PPD by 31% at 650 ℃ thereby confirming the better suitability of this material 

as cathode for intermediate temperature operating solid oxide fuel cells. The improved PPD of 

the BSCFC5 single cell could be attributed to the lattice contraction of the material as earlier 

explained thereby promoting efficient oxygen diffusion in the material with a shorter oxygen 

diffusion pathway and an increased Oads/Olat ratio of BSCFC5 from the XPS analysis. Also, 

Figure 4.6 confirms that the atomic percentage is high thereby justifying the improved 

performance of BSCFC5. On the other hand, similar justification can be associated with the 

poorer performance of BSCFZ5 in the sense that the lattice volume expanded with a longer 

oxygen diffusion pathway and the Oads/Olat  ratio significantly reduced thereby corroborating 

the reduced ORR of BSCFZ5. Notwithstanding, the observed reduced open-circuit voltage 

(OCV) of BSCF in Figure 4.9a could be attributed to the partial leakage of the supplied fuel 

during the testing. Nevertheless, the OCV values were all approximately ~0.8 𝑉 with the least 

being 0.77 V. As for the other cells, the OCV values tend to decrease with increasing 

temperature from 600 ℃ because the electrolyte material is ceria-based so it gets partially 

short-circuited at temperatures above 600 ℃ causing a reduction and hence, variation in the 

cell OCV values [316].  More specifically, the density and electrical conductivity of the 

electrolyte determines a cell OCV. Under reducing conditions, Ce4+ will be partially reduced 

to Ce3+ thereby enhancing the electronic conductivity of the cell. Likewise, as the temperature 

increases the electrical conductivity will increase causing a corresponding decrease in the cell 

OCV, usually at temperatures above  600 ℃. 
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Figure 4.9:The I-V-P curves of single cells from 𝟓𝟎𝟎 ℃   to 𝟔𝟓𝟎 ℃  for (a) NiO-

SDC│SDC│BSCF (b) NiO-SDC│SDC│BSCFC5 (c) NiO-SDC│SDC│BSCFZ5 and (d) 

Visual illustrative comparison of the PPDs for the materials at different temperatures. 

 

Durability is another important and basic assessment requirement of cathode materials for 

SOFC practical applications. The material with superior performance (BSCFC5) was selected 

for this test. An approximately 185 hours stability test was carried out on the symmetric cell 

based on BSCFC5 relative to the undoped BSCF material using pure air at a flow rate of 100 

mL min-1 as illustrated in Figure 4.10. The BSCFC5 material exhibited reasonable stability in 

pure air during the test which suggests that the material has good performance stability. 
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Figure 4.10: Stability of the ASR of BSCFC5 and BSCF after 180 hrs. at 𝟔𝟎𝟎 ℃. 
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morphology or grain boundaries that enabled more efficient oxygen adsorption kinetics early 

on [317]. This could explain the initial enhancement in performance. However, as exposure 
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activation and subsequent instability point to complex evolution of the BSCF surface and grain 

boundary structure over long-term operation. 

Thereafter, a CO2 exposure test was also carried out on BSCF, BSCFC5, and BSCFZ5 powders 

to observe the degree of the degradation and insurgence of foreign phases in the crystal 

structures of the perovskite samples. The powders were exposed to 100 % CO2 gas at the flow 

rate of 50 mL min-1 at 600 oC for 24 hrs in a tubular furnace. The resulting crystal structure of 

the materials is presented in Figure S4.2 and the refinement in Figure S4.3. BSCFZ5 appeared 

to be more chemically stable in the CO2 atmosphere even though they all reacted to the CO2 

atmosphere through the formation of BaCO3 phases. The degree of degradation of the exposed 

BSCF sample, however, is more severe as seen in Table S4.1 where the lattice volume 

increased by 0.67 % while those of BSCFC5 and BSCFZ5 increased by 0.36 % and 0.14 %, 

respectively. Hence, the stabilities of BSCFC5 and BSCFZ5 both improved and the better 

stability of BSCFZ5 is rational because there has been a trade-off between its performance and 

stability. Nevertheless, BSCFC5 can be confirmed to be the most optimal material with a 

simultaneous improvement in its performance and chemical stability thereby promoting it as a 

superior alternative for intermediate temperature solid oxide fuel cell applications. Moreover, 

it has been suggested in previous studies that adsorbed oxygen can be linked with CO2 and 

functional groups containing oxygen (i.e., OH−, CO3
2−, O2−, and O−)[319,320]. It is worthy of 

note that the adsorbed oxygen content of BSCF increased by 2.36% with Cu substitution in its 

B-site.  Also, the mechanism of the CO2 reduction reaction has been established to be 

associated with the valency of oxygen in air electrode materials[321]. Hence the adsorption 

and reduction reaction of CO2 in BSCF is improved with Cu-doping. 

 To further buttress the effect of the CO2 atmosphere in the samples, the ASRs of their 

symmetric cells were observed at different intervals with the injection and ejection of 10 vol% 

CO2 as shown in Figure 4.11a. 
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Figure 4.11: (a) Impedance spectra for BSCF, BSCFC5, and BSCFZ5 at 𝟔𝟎𝟎 ℃  under pure 

air and injection and ejection of 10 % CO2
. (b) Cyclic Injection and ejection of 10 vol% CO2 in 

BSCFC5 at 600 ℃  and different times, where I = Injection and R = Recovery. 

 

The ASRs of BSCF, BSCFC5 and BSCFZ5 were first tested in pure air followed by the 

injection of 10 vol% CO2 into the cell for 30 minutes which was later extended to 40 minutes. 

The performances of all the materials degraded with time when CO2 was infused into the cells 

and BSCF appears to be more affected by the CO2 infusion relative to BSCFZ5 and BSCFC5. 

This confirms the relative superiority of BSCFC5 and BSCFZ5 to CO2. After 10 minutes of 

the ejection of the 10 vol% CO2 from all the samples, their performances improved. 

Nonetheless, BSCFC5 can be validated to be the optimal material based on its overall 

performance during the ASR test in a CO2-rich atmosphere.  

The equivalent circuit models can provide valuable insights into the degradation mechanisms 

and property changes in the cathode materials when exposed to CO2. The three materials, 

BSCFC5, BSCF, and BSCFZ5, have different circuit models that represent their physical and 

electrochemical processes when exposed to CO2 atmosphere for 40 minutes. The BSCFC5 

material has a simple model of LR(C(R(CR))), where L is the lead wire inductance, R1 is the 
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ohmic resistance, C1 and R2 are the charge transfer capacitance and resistance, and C2 and R3 

are the oxygen reduction capacitance and resistance. The BSCF material has a similar model, 

but with higher R1, lower C1, higher R2, lower C2, and higher R3 than the BSCFC5 material. 

This indicates that the BSCF material has lower conductivity, surface area, catalytic activity, 

and oxygen diffusion rate than the BSCFC5 material. The BSCFZ5 material has a more 

complex model of LR(C(R(Q(R(LR)(CR))))), where Q and R4 are the constant phase element 

and resistance that account for the electrode heterogeneity and polarization loss due to oxygen 

adsorption. The BSCFZ5 material also has an additional LR(CR) combination that represents 

the electrolyte and electrode effects. The BSCFZ5 material has lower R1, higher C1, lower R2, 

higher Q-Yo, lower Q-n, lower R4, higher C2, and lower R3 than the other two materials. This 

suggests that the BSCFZ5 material has higher surface area, electrode non-ideality, polarization 

loss, and oxygen diffusion rate than the other two materials. Therefore, the circuit models can 

provide insights into the degradation mechanisms that affect the material properties, such as 

sintering, poisoning, or delamination. 

To get more insights into BSCFC5 material response to CO2, a cyclic test was then carried out 

in which CO2 was injected and ejected at 600 ℃ and different intervals as shown in Figure 

4.11b. At first, in the base section, pure air was used for the test to get an ASR of 0.056 Ω cm2. 

Secondly, 10 vol% CO2 was injected into the cell for 30 minutes causing the ASR to increase 

to 0.534 Ω cm2 which was then followed by a recovery (ejection of the CO2) for 2 and 30 

minutes. This caused the ASR to reduce to 0.184 Ω cm2 and 0.133 Ω cm2, respectively. The 10 

vol% CO2 was passed into the cell for 2 minutes and then another 30 minutes; again, the ASR 

increased to 0.685 Ω cm2. The recovery process was initiated, which lasted for 2887 minutes 

to get an ASR as low as 0.051 Ω cm2. Again, 10 vol% CO2 was injected for 1440 minutes. The 

ASR increased to 2.564 Ω cm2 and after an ejection process that lasted for 2282 minutes, the 

ASR reduced to 0.104 Ω cm2. Hence, after cyclic exposure of CO2 to BSCFC5 for a total of 
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6683 minutes, the performance of the material only reduced by 46% from 0.056 Ω cm2 to 0.104 

Ω cm2 at 600 ℃. This promotes this material as an excellent substitute for BSCF in fuel cell 

and electrolysis cell applications.  

4.7 Summary and Conclusion 

In conclusion, we have systematically engineered the lattice expansion and contraction of 

BSCF functional material by partially substituting the Fe-B-site cation with the TMs, Zn, and 

Cu, respectively. We were able to show that lattice engineering is a significant descriptor to 

evince the variability in the catalytic ORR and CO2 tolerance of BSCF functional material. 

Enhanced catalytic ORR and CO2 tolerance were also correlated with lattice contraction due to 

the shortened pathway for oxygen mobility in the lattice of BSCF and the weakened adsorption 

energy of the constitutive reactive intermediates. Cu-TM instigated a contraction, while Zn-

TM instigated an expansion in the lattice of BSCF. The BSCFC5 cathode, where lattice 

contraction occurred, exhibits the best performance with an ASR of 0.0247 Ω cm2 and a high 

peak power density (PPD) of 1715 mW cm-2 at 650 ℃ for the symmetrical and single cells, 

respectively.  The material also displayed enhanced tolerance to CO2 infusion with satisfactory 

recoverability when switched intermittently between pure air and 10-vol% CO2 infusions for 

100 hours. Our findings conclude that Cu-TM-doped BSCF (BSCFC5) is a better substitute for 

BSCF material for SOFC applications. 
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4.8 Supplementary information  

 

Figure S4. 1: Scanning electron microscopy captures of BSCFC5 showing (a) the cross-section 

of the single-cell comprising the anode, cathode, and electrolyte (b) the SEM image used for 

the energy-dispersive x-ray spectroscopy (EDX/EDS) (c) mapping of the constitutive elements 

(d) the image used for the EDS analysis (e) the spectrum of the constitutive elements (f) the 

atomic and weight percentages of the constitutive elements. 
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Figure S4.2: XRD pattern of the pure as-synthesized BSCF perovskite powder relative to 

BSCF, BSCFC5, and BSCFZ5 powders exposed CO2 at 600 oC for 24 h. 
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Figure S4.3: Refinement of all the samples exposed to CO2 from Figure S4.2 with the arrows 

denoting the BaCO3 phases. 
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Table S4. 1:  Refined lattice parameters for all the samples 

Sample a (Å) b (Å) c (Å) V (Å) wRp 

(%) 

Rp (%) 𝜒2 

BSCFC5 3.98450 3.98450 3.98450 63.25 7.09 5.34 1.94 

BSCF 3.98998 3.98998  3.98998  63.52 9.57 7.73 1.61 

BSCFCZ5 3.99411 3.99411 3.99411 63.72 7.64 9.36 1.73 

 

From Figure S4.3 and Table S4. 1, it can be inferred that the introduction of CO2 led to the 

generation of BaCO3 phases triggering an increase in the lattice volumes of BSCF, BSCFC5 

and BSCFZ5 compared to Table 4.1 in the main article. 

 

Table S4.2: Comparison of Co2p in BSCF, BSCFC5 and BSCFZ5 

Sample Co4+2p1/2 Co3+2p1/2 Co4+2p3/2 Co3+2p3/2 

Peak (eV)  (%)  Peak 

(eV) 

 (%) Peak (eV) (%) Peak (eV) (%) 

BSCF 794.14 40.66 794.81 9.95 778.35 39.69 779.69 9.71 

BSCFC5 794.20 43.66 795.82 6.95 778.41 42.61 780.76 6.78 

BSCFZ5 792.97 12.43 793.04 38.18 777.39 12.14 778.35 37.25 
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Table S4. 3: Comparison of Fe2p in BSCF, BSCFC5 and BSCFZ5 

Sample Fe3+2p3/2 Fe4+2p3/2 

Peak (eV)  (%) Peak (eV) (%) 

BSCF 709.26 37.10 711.30 62.90 

BSCFC5 709.50 44.54 712.37 55.46 

BSCFZ5 708.05 46.19 710.53 53.81 

 

 

Table S4.4: Estimation of activation energies for the conductivity of BSCF, BSCFC5 and 

BSCFZ5 

Activation energy Temperature 

range (oC) 

BSCF (eV) BSCFC5 

(eV) 

BSCFZ5 (eV) 

Ea1  

300 – 400 0.194752 0.177517 0.066353 

Ea2  

400 – 450  0.035331 0.043087 0.095652 

Ea3  

500 – 650  0.068939 0.083588 0.08445 

 

Cumulative Ea 

 

0.299021 0.304192 0.246456 
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Table S4.5: ASR comparison for various non-composite BSCF-based cathode materials with 

those of this work  

Cathode Electrolyte ASR (Ω cm2) @ 𝟔𝟎𝟎 ℃ Ref. 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ SDC 0.071 [271] 

Ba0.5Sr0.5(Co0.8Fe0.2)0.96Zn0.04O3−δ GDC 0.23 [266] 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ GDC 0.150 [322] 

Ba0.5Sr0.5(Co0.8Fe0.2)0.9𝑌0.1O3−δ GDC 0.070 [307] 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ SDC 0.097 [323] 

(Ba0.5Sr0.5)0.85Gd0.15Co0.8Fe0.2O3−δ SDC 0.171 [324] 

Ba0.5Sr0.5Co0.7Fe0.3O3−δ SDC 0.081 this work 

Ba0.5Sr0.5Co0.7Fe0.25Cu0.05O3−δ 
SDC 0.051-0.056 this work 

Ba0.5Sr0.5Co0.7Fe0.25Zn0.05O3−δ 
SDC 0.288 this work 

𝑺𝑫𝑪: 𝑆𝑚0.2𝐶𝑒0.8𝑂1.9 ; 𝑮𝑫𝑪: 𝐺𝑑0.1𝐶𝑒0.9𝑂1.95  



 

3Fully published chapter: 

Bello IT, Song Y, Yu N, Li Z, Zhao S, Maradesa A, Liu T, Shao Z, Ni M. Evaluation of the electrocatalytic 

performance of a novel nanocomposite cathode material for ceramic fuel cells. Journal of Power Sources. 2023 

Mar 15;560:232722. 
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 CHAPTER 5:  SELF-ASSEMBLY CATHODE VERSUS 

REGULAR COMPOSITES AND SINGLE -PHASE CATHODES3 

5.1 Background 

The previous chapter explored the effects of lattice engineering on the performance and CO2 

tolerance of Ba0.5Sr0.5Co0.7Fe0.3O3-δ (BSCF) air electrode functional material for intermediate 

temperature operating SOFCs. The present chapter aims to investigate the development of a 

thermodynamically stable self-assembled nanocomposite cathode material, 

BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ (BCCFYb) and its performance comparison with other unique 

materials, including a traditional composite material and single-phase material. This chapter will 

discuss the synthesis and characterization of BCCFYb, and its evaluation in SOFC and PCFC 

modes. The results will demonstrate the potential of BCCFYb as a promising cathode material for 

PCFCs. 

5.2 Introduction 

Humanity continues to rely on energy as a commodity indispensable for survival [3]. However, 

critical challenges associated with the popular energy sources (i.e., fossils and renewable energy) 

necessitate seeking alternative technologies with the potential to provide sustainable clean, 

efficient, and safe energy [325]. Solid oxide fuel cells (SOFCs) are promising alternative power 

sources that directly convert chemical energy to electrical energy with high efficiency and low 

emissions [326]. The limiting factor to the commercialization and global adoption of this 

technology (based on yttria-stabilized zirconia) is its high operation temperature (800 – 1000 oC) 
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which negatively impacts its performance and durability[21]. Decreasing the operation 

temperature of SOFCs to 650 – 350 oC while sustaining reasonable energy efficiency is crucial to 

attaining commercialization[326]. 

Numerous advances have been made in accomplishing high-performing SOFCs at reduced 

temperatures by refining the component materials selection and fabrication processes [161,327–

330]. However, recent developments in ceramic fuel cells (CFCs) have led to a renewed interest 

in protonic ceramic fuel cells (PCFCs) because they are more promising and characterized by 

lower activation energies and exculpated fuel dilution at the anode during operation [122]. The 

major challenge with PCFCs is their low power output due to the cathode material's insufficient 

oxygen reduction reaction (ORR) activity [107]. Extensive research has shown that cathode 

materials for PCFCs require an optimal triple ionic-electronic conductivity (TIEC) to expand the 

electrochemical reaction sites for ORR[182,331,332]. However, developing single-phase materials 

that meet this requirement is challenging[333–336]. The existing body of research has confirmed 

that composite materials are more auspicious in realizing TIEC in PCFC cathodes [332,336–342].  

Composite ceramic oxide materials are either generated mechanically or by the self-ordering 

procedure. The mechanically generated composites are derived through the ball-milling of already-

calcined ceramic oxides in desired proportions. In contrast, self-ordered composites, popularly 

known as self-assembled materials, are generated through the automatic arrangement of a pre-

existing disordered precursor into an organized structure comprising multiple phases after 

calcination[339]. For instance, the performances of the mechanically generated ceramic oxide 

composites, La0.6Ba0.4CoO3–δ -BaZr0.1Ce0.7Y0.1Yb0.1O3–δ, La0.6Sr0.4Co0.2Fe0.8O3-δ-

BaZr0.5Pr0.3Y0.2O3-δ, La0.6Sr0.4Co0.2Fe0.8O3-BaCe0.9Yb0.1O3-δ, and Ba0.5Sr0.5Co0.8Fe0.2O3−δ–

Sm0.2Ce0.8O1.9  were enhanced by taking advantage of combining two different ceramic oxides with 
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unique properties  [343–346]. Likewise, self-ordered composite materials such as 

Ba0.5Sr0.5Co0.48125Fe0.20625W0.3125O3-δ (BSCFW), BaCo0.7(Ce0.8Y0.2)0.3O3-δ (BCCY), 

BaCe0.4Co0.4Fe0.1Zr0.1O3-δ (BCCFZ), and BaCe0.4Fe0.4Co0.2O3-δ (BCFC) have also benefitted from 

the synergistic interactions between the inherent phases in the materials to achieve superior 

cathodic performances [249,347–351]. Ytterbium (Yb) has been instrumental in tremendously 

improving the performance of BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) electrolyte material for PCFCs 

[155]. However, little attention has been focused on studying Yb-doped ceramic oxides as cathodes 

for PCFCs. Therefore, we attempt to study the ORR of materials having two or more of the 

following cations, Co, Ce, Fe, and Yb, in their B-sites as cathode materials for PCFCs, 

emphasizing on resulting composite materials. Understanding the ORR mechanisms of materials 

with these B-site cationic combinations in the PCFC domain will further advance the scope of 

knowledge in developing multiphasic TIEC cathode materials for PCFCs. 

In this study, we investigate the potential of a novel cathode material, a self-ordered 

nanocomposite, with the composition BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ (BCCFYb), for use in ceramic 

fuel cells. The material is generated through a nanoscale auto-biphasic ordering process, which 

results in a thermodynamically stable material with a host cubic phase (70 %) and an ancillary 

rhombohedral phase (30 %). We compare the performance of this material to that of other cathode 

materials with different conductivity properties, including a cobalt-rich oxide-ion and electron (O2-

/e-) conducting BaCo0.833Yb0.167O3-δ (BCYb), cerium-rich proton and electronic (H+/e-) conducting 

BaCe0.75Fe0.25O3-δ (BCF), and Co-Ce-rich triple ionic (O2-/H+/e-) conducting BaCo0.833Yb0.167O3-δ 

- BaCe0.75Fe0.25O3-δ (BCYb-BCF) traditional composite. Our results demonstrate that the self-

ordered nanocomposite material, BCCFYb, exhibits superior ORR activity and good stability, 

making it a promising material for use in proton-conducting ceramic fuel cells. At 650 oC, 
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BCCFYb has an area-specific resistance (ASR) of 0.084 Ω cm2 in 2.5 % air-H2O, surpassing those 

of BCYb, BCYb-BCF, and BCF by 24%, 87%, and 100%, respectively. At 650 oC, the peak power 

density (PPD) of the BCCFYb surpasses 800 and 1200 mW cm-2  in PCFC and oxide ion 

conducting solid oxide fuel cell modes, outperforming many previously developed cathode 

materials. This study also highlights the potential of self-assembly engineering as a practical 

approach to developing high-performance cathode materials for ceramic fuel cells. 

5.3 Materials and methods 

5.3.1 Synthesis  

One-pot EDTA-citric acid complexing sol-gel method was used in the synthesis of 

BaCo0.833Yb0.167O3-δ (BCYb), BaCe0.75Fe0.25O3-δ (BCF), BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ (BCCFYb) 

nanocomposite powder, BaCo0.75Ce0.05Fe0.1Yb0.1O3-δ as well as Sm0.2Ce0.8O1.9 (SDC) and 

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) electrolyte powders as discussed elsewhere[352]. 

Stoichiometric amounts of the chemical reagents Ba(NO3)2, Co(NO3)2.6H2O, Ce(NO3)3.6H2O, 

Fe(NO3)3.9H2O, Yb(NO3)3, Zr(NO3)4, Y(NO3)3.6H2O, and Sm(NO3)3 procured from Sinopharm 

were used to prepare BCYb, BCF, BCCFYb,  BCZYYb, and SDC. The stoichiometric amounts of 

the reagents for each case were first dissolved in deionized water under constant stirring and 

heating conditions (70 oC) until a homogeneous solution was formed. C6H8O7.H2O (citric acid) 

and C10H16N2O8 (EDTA) complexing agents were added to the solution. This was followed by 

adding enough NH4OH until a pH of ⁓8 was achieved. The heating and stirring of the solution are 

sustained until a gel is formed. This is followed by the transfer of the gel to an aerated oven 

operating at 170 oC for over 10 h until a dried solid precursor is generated. The precursors are 

finally calcined in air for 5hrs at 1000 oC to obtain crystalline powders of BCYb, BCF, BCCFYb, 
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SDC, and BCZYYb. The traditional BCYb-BCF composite is generated by ball-milling crystalline 

powders of BCYb and BCF in a ratio of 60:40.  

5.3.2 Characterizations 

X-ray diffractometer (Rigaku SmartLab 9kW -Advanced) was used to investigate the crystal 

structure of the as-synthesized BCCFYb nanocomposite powders. The diffraction patterns were 

observed over a diffraction angle range of 20 – 80 o at a step size of 0.02o. FullProf opensource 

was used to refine the diffraction patterns for BCCFYb. The morphology of BCCFYb was further 

examined using TESCAN MAIA3, VEGA, and MIRA scanning electron microscopy (SEM). The 

as-synthesized nanocomposite powders of BCYb, BCF, and BCCFYb were pressed at a pressure 

of 200MPa into a dense bar with the dimensions ~ 20 mm × 5 mm × 2 mm  and sintered at 1120 

oC for 10 h was used to measure the electrical conductivity. This was carried out at a temperature 

range of 400 – 800 oC using a four-probe DC configuration with a Keithley 2440 source meter. 

The same bar was used to ascertain the surface exchange kinetics (Kchem) and bulk diffusion (Dchem) 

coefficients using the electrical conductivity relaxation (ECR) technique.  

5.3.3 Cell Fabrication 

Symmetric cells 

BCYb│BCZYYb│BCYb, BCF│BCZYYb│BCF, BCYb-BCF│BCZYYb│BCYb-BCF 

BCCFYb│BCZYYb│BCCFYb, and BCCFYb│SDC│BCCFYb and configurations were used to 

fabricate the symmetrical cells. The electrolyte powders (SDC and BCZYYb) were weighed and 

pressed into a dense pellet at a pressure of 200 MPa. The sintering of the pellets follows this at 

1300 oC (SDC) and 1450 oC (BCZYYb) for 10h. The cathode slurry was prepared by ball milling 

as-synthesized BCCFYb nanocomposite powders, isopropyl alcohol, ethylene glycol, and glycerol 

in Fritsch Pulverisette at 400 rpm for 5h to form a colloidal suspension. The cathode slurry was 



 

 

108 | P a g e  

 

then sprayed on both sides of the electrolyte pellet and co-sintered at 850 oC for 2h in air. The 

resulting thickness of the electrode is an average of 18 µm and an average effective area of 0.393 

cm2. Finally, the Ag current collector was brushed on the cathode sides, and Ag wires were affixed 

to the cells in preparation for electrochemical measurement.  

Single cells 

NiO-BCZYYb│BCZYYb│BCYb, NiO-BCZYYb│BCZYYb│BCF, NiO-

BCZYYb│BCZYYb│BCYb-BCF NiO-BCZYYb│BCZYYb│BCCFYb, and NiO-

SDC│SDC│BCCFYb single cells were prepared through the mainstream co-pressing and 

sintering process[353]. The anode-electrolyte were co-pressed and sintered at 1350 and 1450 oC 

for 10h, respectively for SOFC and PCFC, respectively. The anode comprised NiO, starch, and 

the electrolyte powders in the ratio 6.5:3.5:1. The cathode slurries wereare then sprayed uniformly 

on the electrolyte side of the already sintered anode-electrolyte, followed by another sintering at 

850 oC for 2h. The average thickness of the SOFC and PCFC is shown in Figure S5.13. 

5.3.4 Electrochemical Measurements 

Solarton 1287 potentiostat and Solarton 1260 frequency response analyzer were used to evaluate 

the polarization resistances of the symmetrical cells under various atmospheric conditions at a 

constant rate of 100 sccm. Before each measurement, it was ensured that the system was set to 

open circuit condition, 30 mV AC amplitude, zero applied DC potential, and a frequency range of 

100 kHz to 100 MHz.   

A four-probe configuration using Keithley 2440 source meter was used for the I-V-P assessment 

of the anode-supported single cells. The cathode was exposed to ambient air while the anode was 

fed with pure hydrogen at a flow rate of 100 sccm. 
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 5.4 Results and discussion  

Figure S5.1 presents the X-ray diffraction (XRD) patterns of all the as-synthesized cathode 

materials after calcination at 1000 oC for 5h. Figure 5.1a shows the refined XRD profile of the 

self-ordered BCCFYb nanocomposite powder. The Rietveld refinement confirms the existence of 

two distinct phases in BCCFYb, cubic and rhombohedral. The details of the quantitative analysis 

of the refined crystal structure are illustrated in Table S5.1. The vast difference in the ionic radii 

of the two dominant B-site cations of BCCFYb (Ce and Co) could be regarded as the impelling 

cause for the separation of the lattice structure into cubic and rhombohedral phases[354]. Under 

IV coordination, the ionic radii of Co4+ and Co3+ are 0.53 nm and 0.55 nm, respectively, while 

those of Ce4+ and Ce3+ are 0.87 nm and 1.01 nm, respectively, from Shannon’s ionic radii 

table[355]. The cubic phase, estimated to be the host phase (70 %), is based on the Pm-3m space 

group, equivalent to JCPDS: 75-0227, while the supporting rhombohedral phase (30 %) is based 

on the R-3c space group, with proximity to JCPDS: 75-0431. The estimated lattice parameters of 

the cubic phase are a = b = c = 4.1378Å, while those of the rhombohedral phase are a = b = 6.2173 

Å and c = 15.1630 Å. The refinements can be confirmed to be reliable because of the low goodness 

of fit (χ2 = 1.76), weighted reliability factor (Rwp = 11.1 %), and integrated intensity reliability 

factor (Rp = 8.41).   

The crystallite size (D) of BCCFYb was then calculated from the XRD profile using all peaks 

associated with each of the constituent phases, as shown in Figure 5.1a using the Scherrer equation 

D = 0.94λ/L cos θ , where λ  is the X-ray wavelength equivalent to 1.5406 Å, L is the line 

broadening at the full width of half maxima (FWHM) in radians, and θ is the Bragg’s angle in 

degrees[356]. The calculated crystallite size of the cubic and rhombohedral phases are 27.50 nm 

and 32.07 nm, respectively. 
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Figure 5.1b shows the scanning transmission electron microscopy (STEM) image and the energy 

dispersive x-ray (EDX) mapping of BCCFYb nanocomposite, while Figure 5.1c shows the point 

EDX scanning spectra alongside the element atomic details. These results confirm the existence 

of two crystalline phases in the BCCFYb nanocomposite. One of the phases is rich in Ce, and the 

other is rich in Co. Figure 5.1d illustrates that the host phase, which is rich in Co, has a cubic 

structure while the ancillary phase, which is rich in Ce, has a rhombohedral structure. The high-

resolution transmission electron microscopy (HR-TEM) images in Figure 5.1e show the inter-

atomic spacing of the host and cubic phases corresponding to 2.07 and 3.11 Å in planes (200) and 

(110) of BCCFYb, respectively. More images and details about the microstructure and 

morphology of BCCFYb can be found in Figure S5.2-5. Figure S5.2-3 present the unique self-

ordered microstructural arrangement of BCCFYb precursor after calcination at 1000 oC for 5h in 

ambient air. From Figure S5.2, it can be deduced that the white patches represent the Ce-rich 

phase due to the higher intensity of the Ce-peak relative to Co-peak on the EDS image. Figure 

S5.4 represents alternative STEM-EDX images of BCCFYb depicting the Co and Ce-rich phases, 

while Figure S5.5 shows the line-EDX scan of the Co and Ce-rich phases from separate STEM 

images of BCCFYb. 
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Figure 5.1: Rietveld refinement of BCCFYb XRD profile. (b)  STEM-EDX mapping of BCCFYb. 

(c) Point EDX results of BCCFYb. (d) Illustration of cubic and rhombohedral integration to 

generate the biphasic BCCFYb nanocomposite. (e) HR-TEM image of the host and ancillary 

phases in BCCFYb. 
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Good thermodynamic stability is an essential feature of cathode material for CFCs to ensure 

performance stability during operation. This feature was therefore investigated through a high-

temperature-XRD (HT-XRD) analysis to observe if the crystal structure of BCCFYb will be 

altered. Figure S5.6 presents the HT-XRD patterns of BCCFYb from room temperature to 750 oC. 

There is no disappearance or emergence of foreign peaks at all temperatures, which confirms the 

thermodynamic phase stability of the self-ordered nanocomposite material. The thermal expansion 

coefficient (TEC) of BCCFYb nanocomposite estimated from the lattice parameters of the HT-

XRD patterns is shown in Figure S5.7. The Ce-rich ancillary phase contributed significantly to 

the reduction of the overall TEC below 13 × 10-6 K-1, suggesting that the cathode material will be 

thermally compatible with the electrolyte. This TEC value is significantly lower than that of some 

popular high-performing Co-containing CFC cathode materials such as BSCF, BCFZY, and 

PBSCF[21,357,358]. Therefore, this study demonstrated an alternative approach to fabricating low 

TEC Co-containing cathode materials for CFCs. 
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 `   

Figure 5.2: (a) Comparison of the ASRs of BCCFYb, BCF, BCYb, and BCYb-BCF from 500 – 

650 oC (b) Arrhenius plots of the ASRs of BCCFYb, BCF, BCYb, and BCYb-BCF. (c) 

Comparison of ASRs of BCCYb-based symmetrical cells in oxygen ion conducting and proton 

conducting modes. (d) Arrhenius plots of the ASRs of BCCYb-based symmetrical cells in oxygen 

ion and proton conducting modes. (e) ASR stability of BCCFYb-based symmetrical cells based on 

SDC and BCZYYb electrolytes at 550 oC. (f) Comparison of ASR of BCCFYb with previously 

reported cathode materials for PCFCs at 600 oC where BCSF= BaCe0.4Sm0.2Fe0.4O3−δ  [42], LSC = 

La0.6Sr0.4CoO3-δ [43], BSCF = Ba0.5Sr0.5Co0.8Fe0.2O3-δ [44], BCFZ = BaCo0.4Fe0.4Zr0.2O3−δ [45], 

SSNC = SrSc0.175Nb0.025Co0.8O3-δ [46], BSFCu-LSGM = Ba0.5Sr0.5Fe0.8Cu0.2O3-δ -
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La0.8Sr0.2Ga0.8Mg0.2O3-δ [47], BCFZY = BaCo0.4Fe0.4Zr0.1Y0.1O3-δ [48], BCSF–Co3O4 = 

BaCe0.4Sm0.2Fe0.4O3-δ - Co3O4 [49]. 

 

The chemical compatibility of BCCFYb nanocomposite with the electrolytes (SDC and BCZYYb) 

was investigated by mechanically mixing the cathode powder with the electrolyte powders in the 

ratio of 1:1 followed by calcination at 900 oC for 2h. Figure S5.8 suggests that BCCFYb is more 

compatible with the BCZYYb electrolyte powders compared with SDC, due to the small impurity 

phase that surfaced in the calcinated mixture of SDC and BCCFYb. 

The catalytic ORR of BCCFYb, BCF, BCYb, and BCYb-BCF in 2.5% H2O-air, was first evaluated 

using proton conducting symmetrical cells, as shown in Figure 5.2a. BCCFYb exhibited the 

lowest ASR at all temperatures suggesting its superior catalytic ORR to the cobalt-rich BCYb, 

cerium-rich BCF, and BCF-BCYb traditional composite. At 650 oC, the performance of BCCFYb 

surpasses those of BCYb, BCYb-BCF, and BCF by 24%, 87%, and 100%, respectively. The 

performance of BCYb is inferior to BCCFYb under BCZYYb electrolyte because it is a mixed 

ionic and electronic material, most suited for SOFCs. The BCF, on the other hand, is highly rich 

in cerium which impedes the transport of electron-hole carriers but with excessive oxygen vacancy 

concentration, thus significantly decreasing its performance as a cathode material for PCFCs[359]. 

The poorer performance of the BCYb-BCF traditional composite relative to the self-ordered 

BCCFYb could be due to the poor percolation between the inherent phases[351,360]. The superior 

performance of BCCFYb could be attributed to the beneficial coactivity of the cubic and 

rhombohedral phases. The cubic phase (rich in Co) facilitates the transport of oxygen vacancy and 

electron holes, while the rhombohedral phase (rich in Ce) facilitates the hydration of the oxygen 

vacancies and hence, promotes the transport of protonic carriers and electron holes[334]. 

Combining these two phases reinforces the expansion of the active reaction sites for 
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electrochemical ORR beyond the triple phase boundary, which is customary to MIEC SOFC 

cathode materials. To confirm that the superior performance of BCCFYb nanocomposite was due 

to the synergy of the Co and Ce-rich phases, we significantly reduced the amount of Ce in the B-

site to 5% to create a Co-rich 97% cubic phase BaCo0.75Ce0.05Fe0.1Yb0.1O3-δ (Figure S5.10). We 

then compared the performance of the BCCFYb nanocomposite to the resulting 97%-BCCFYb 

cubic phase material. Our findings demonstrated that the BCCFYb nanocomposite outperformed 

the 97%-BCCFYb cubic phase material under the SOFC and PCFC modes (Figure S5.11-12). 

Under the PCFC mode, the performance of the 97%-BCCFYb cubic phase material was lower due 

to the dominant MIEC characteristic of the material and its lack of sufficient active site for ORR 

(Figure S5.11-12). This result further substantiates the theory that the complementarity of the Co 

and Ce-rich phases is the main contributor to the enhanced ORR in the BCCFYb nanocomposite.   

The Arrhenius plots in Figure 5.2b compare the activation energies of the materials tested in 

Figure 5.2a. BCCFYb was further assessed on O-SOFC electrolyte, SDC  (in synthetic air with 

0.21% O2 concentration), and proton conducting BCZYYb (in 5% H2O-air) electrolytes from 500-

650 oC, as summarized in Figure 5.2c. The ASRs of the BCCFYb on SDC and BCZYYb at 650 

oC are 0.032 and 0.063 Ω cm2, respectively, which signifies outstanding performance. The EIS 

spectra of the symmetrical cells in the temperature range of 550-650 oC are illustrated in Figure 

S5.9. The Arrhenius plots in Figure 5.2d compare the activation energies of BCCFYb-based 

symmetrical cells on SDC and BCZYYb electrolytes. It can be observed that the activation energy 

in the PCFC operating mode is slightly lower (by 1.25%), thereby substantiating the need to 

develop PCFCs for low-temperature operations. The ASR stabilities of BCCFYb on SDC and 

BCZYYb were also observed for over 200h, as shown in Figure 5.2e. It can be deduced that 

BCCFYb is favorably stable under the described testing conditions in Figure 5.2e. Figure 5.2f 
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contrasts the ASR of BCCFYb at 600 oC with other prominent PCFC cathode materials under wet 

air testing conditions. BCCFYb displays the least ASR, validating it as a highly enhanced cathode 

material for PCFCs.  

X-ray photoelectron spectroscopy (XPS) was used to study the valency and electronic structure of 

the B-site cations, Co, Ce, Fe, Yb, and O, acquired from the core-level spectra of the cations, as 

shown in Figure S5.13-14. This purpose was to ascertain the rationale behind the improved 

electrocatalytic ORR of BCCFYb and provide insights into the oxygen vacancy concentration of 

the material. The XPS profiles were deconvoluted using standard Gaussian-Lorentz[361]. Figure 

S5.13 shows the XPS deconvolution of the major B-site cations in BCCFYb; Co 2p3/2 and Ce 

3d3/2 & 3d5/2. The binding energies and concentrations of Co3+ and Co4+ are ⁓776.85 eV (⁓13 

%) and 777.82 eV (⁓87 %), respectively. The Ce 3d3/2 & 3d5/2 sub-peaks were designated to Ce3+ 

(⁓9 %) and Ce4+ (⁓91 %) at different binding energies as shown in Figure S5.13[362]. It can be 

observed that the binding energies of the cations in BCCFYb are relatively lower compared to 

those of BCYb, BCF, and BCYb-BCF composite, as shown in Figure S5.14. The O1s spectra of 

the four samples illustrated in Figure 5.3a were deconvoluted into four peaks: the O2− (lattice 

oxygen), O2
2− /O−  (highly oxidative oxygen), OH− /O2 (adsorbed oxygen) and H2O (adsorbed 

water), as vividly described in Table S5.2. BCCFYb has a high adsorbed species with significantly 

lower binding energy than the other samples, as shown in Figure 5.3a. It can also be observed that 

there is a relative decrease in the signal of the highly oxidative oxygen in the fitted O1s spectra for 

BCYb-BCF and BCCFYb compared with the other samples, likewise a closeness in the 

percentages of their O2
2−/O− peaks. This phenomenon could be due to the co-existence of Co- and 

Ce-rich phases in the composite materials, engendering similar O2
2− /O−  concentrations, yet 

contrasting binding energies. The process for oxygen vacancy formation based on the Co and Ce-
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rich sites for all the samples, where FeCe
×  and FėCe equate to Fe3+ and Fe4+, is described using 

Kroger-Vink notations in Eqns. 1 and 2.  

 

Yb2O3 + 2CoCo
× + OO

× ⇋ 2YbCo
′ +  Vӧ + 2CoO2                                     1 

 

OO
× + 2FėCe ⇋ 2FeCe

×  +  Vӧ + 
1

2
O2                                                           2 

 

Electrical conductivity is one of the yardsticks for assessing the performance of cathode materials 

for ceramic fuel cells[7]. Figure 5.3b presents the electrical conductivity of BCCFYb relative to 

BCF and BCYb in the temperature range of 400 – 800 oC using the direct current (DC) 

measurement method. This approach has been established to generate a combination of ionic and 

electronic conductivity with σionic << σelectronic[182]. In a non-humid atmosphere, however, the σionic 

corresponds to oxygen ion defects transport while the σelectronic corresponds to electron-hole defects 

transport. Nevertheless, all the samples displayed a typical p-type semiconductor behavior since 

the electrical conductivities increased with temperature due to the small polaron hopping 

phenomenon [363]. The electrical conductivity of the BCYb outperforms all other samples due to 

its high cobalt content, followed by BCCFYb and BCF. The electrical conductivity of BCCFYb 

exceeds the conductivity threshold (0.1 S cm-1) for CFCs throughout the temperature range it was 

tested at, while those of BCF are very low (<0.02 S cm-1) at all temperatures[21]. The activation 

energy of the electrical conductivity of BCCFYb was estimated to be 0.08 eV, which is very low 

compared to BCF, BCYb, and to other prominent cathode materials for CFCs, as shown in Figure 

5.3c [100,334,364].  
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Figure 5.3: (a) The deconvolution of the O1s XPS spectra of BCCFYb, BCYb, BCYb-BCF, and 

BCF. (b) Electrical conductivity of BCCFYb, BCYb, and BCF from 400-800 oC. (c) Arrhenius 

plots of electrical conductivities of BCCFYb, BCYb, and BCF from 400-800 oC. (d,e) Bulk 

diffusion and surface exchange coefficients of BCCFYb, BCF, and BCYb. 

 

The oxygen exchange in BCCFYb, BCYb, and BCF was studied using electrical conductivity 

relaxation (ECR). The dense bars of the samples were subjected to a change in atmospheric 

condition from an oxygen partial pressure of 0.21 to 0.1 atm in the temperature range of 500-650 

oC, as shown in Figure S5.15. Following Fick’s second law, the coefficients of bulk diffusion and 

surface exchange constants were estimated using the ECR data, as shown in Figure 

5.3(d,e)[365,366]. At 650 oC, the Dchem and Kchem for BCCFYb surpass those of BCF and BCYb 

by 145 % and 40 %, respectively, reinforcing BCCFYb as the superior cathode material at 

intermediate temperatures. However, BCF has the lowest activation energy, which could be 

attributed to its low electron-hole concentration and high cerium content[367]. 
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Since BCCFYb exhibited the best performance, the distribution of relaxation time (DRT) of the 

EIS data at various testing conditions were examined, as illustrated in Figure 5.4. The purpose 

was to study the kinetics of the electrochemical processes responsible for the improved catalytic 

ORR of BCCFYb self-ordered nanocomposite [368,369]. The DRT method involves 

deconvoluting complex electrochemical impedance spectra data to study the kinetics of the 

catalytic ORR processes[369]. The deconvolution process helps to understand the electrokinetic 

mechanisms of the ORR in BCCFYb by separating the different steps in the electrode 

electrochemical reactions based on frequency segregation. The DRT peaks are customarily 

partitioned into low, medium, and high-frequency regions denoted as LF, MF, and HF. The LF 

peak represents the rate-limiting step for ORR, which is typically associated with gas diffusion 

due to the transport of ionic/electronic defects within the electrode. The MF peak represents 

resistance from bulk diffusion and surface exchange processes, while the HF represents resistance 

due to charge transfer processes at the electrode-electrolyte interface[370]. The area of the peaks 

within the segmented frequency ranges can be correlated with the corresponding resistance of the 

electrochemical process[371].  

At first, the electrochemical processes for BCCFYb nanocomposite on SDC oxygen ion-

conducting electrolyte at different oxygen partial pressures (pO2) were studied using DRT at a 

constant temperature of 550 oC, as shown in Figure 5.4a. All the peaks fall in the MF region (100 

– 104 Hz), although with depressing intensity as the oxygen concentration increases, suggesting 

that the electrochemical processes of the cathode were generally insensitive to changes in pO2 on 

phase electrolyte. This phenomenon implies that the resistance in the cell is either due to oxygen 

adsorption and dissociation or surface exchange. It could even be a combination of the processes. 

A similar test was conducted using the BCCFYb cathode on BCZYYb proton-conducting 
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electrolyte at the same temperature of 550 oC, as shown in Figure 5.4b. This time, the rate-limiting 

steps for ORR spread across the three regions: HF (≥ 104 Hz), M.F., and L.F. (≤ 100 Hz),  with 

the MF peaks dominating the electrochemical resistance processes. Nevertheless, the intensity of 

the resistances decreased with increasing oxygen concentration, but the cathode was also 

insensitive to pO2 variation on the BCZYYb electrolyte since a similar pattern of rate-limiting 

processes was observed throughout.  

Figure 5.4c presents a more complicated series of DRT peaks derived from EIS data of tests 

conducted under different atmospheric conditions and electrolytes to reveal the various 

electrochemical processes at 650 oC for the BCCFYb nanocomposite-based cathode. Under 

synthetic air, the peaks in the MF and LF were almost completely depressed when the test was 

conducted using an SDC electrolyte, confirming the predominance of ORR resistance from charge 

transfer processes. When the electrolyte was changed to BCZYYb using the same synthetic air, 

the resistance source shifted to MF with very high intensities suggesting that the limiting step for 

ORR was due to bulk diffusion and surface exchange processes at the electrode interface. When 

0.025 pH2O concentration was introduced into the cell, an additional peak emerged at the LF, with 

most of the peaks at the MF. When the pH2O was further increased to 0.05 atm, the intensity of 

the peak at the LF increased while those of the peaks at the MF slightly decreased.  
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Figure 5.4: DRT spectra of pO2 variation (0.2-1 atm) of (a) BCCFYb│SDC│BCCFYb 

symmetrical cell at 550 oC in air (b) BCCFYb│BCZYYb│BCCFYb symmetrical cell at 550 oC in 

2.5 % H2O-air (c) DRT spectra comparing the electrochemical processes of BCCFYb in oxygen 

ion and proton conducting symmetrical cells at different testing conditions (air, 2.5% H2O-air, and 

5% H2O-air) at 650 oC. (d) DRT spectra of BCCFYb relative to BCF, BCYb, and BCYb-BCF at 

650 oC in 2.5 H2O-air. 

 

Figure 5.4d attempts to contrast the electrochemical processes in BCCFYb relative to BCF, 

BCYb, and BCYb-BCF traditional composite at 650 oC in H2O-air. The BCCFYb DRT profile is 

not visible due to its relatively low resistance. Nevertheless, the rate-limiting processes for ORR 

in the other cathode materials, especially BCF and BCYb-BCF, are excessive resistance to charge 

transfer, bulk diffusion, and surface exchange at the electrode-electrolyte interface.  
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Summarily, increasing pO2 concentration decreases the intensity of rate-limiting steps for ORR 

but does not lead to the emergence or disappearance of a new ORR rate-limiting process for 

BCCFYb cathode on both SDC and BCZYYb electrolytes. Introducing humid air into the 

BCCFYb cathode on BCZYYb decreases the intensity of the cell resistance but introduces a rate-

limiting process due to gas diffusion because the hydrated electrode surface will exhibit decreased 

capability for O2 adsorption. Hence, increasing the pH2O further will decrease the total cell 

resistance but trigger an increase in the intensity of cell resistance resulting from a hindrance to 

the transport of electronic defects. 

 

Figure 5.5: I-V-P curves of anode-supported single cells with the anode being fed with H2 and the 

cathode exposed to ambient air (a) BCCFYb│BCZYYb│Ni-BCZYYb. (b) BCCFYb│SDC│Ni-
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SDC. (c) Comparison of PCFCs based on BCCFYb, BCYb, BCF, and BCYb-BCYb cathodes (f) 

Stability of BCCFYb│BCZYYb│Ni-BCCFYb single cell in H2 at 550 oC.  

 

Figure 5.4(a,b) show the I-V-P curves of BCCFYb│BCZYYb│Ni-BCZYYb and  

BCCFYb│SDC│Ni-BCCFYb anode-supported single cells tested under pure H2 fuel. The cross-

section of the tested cell is illustrated in Figure S5.17. The peak power densities of the cells exceed 

1200 mW cm-2 and 800 mW cm-2, respectively, under SOFC and PCFC modes at 650 oC. The 

power output of BCCFYb exceeds that of the mechanically generated BCYb-BCF composite and 

those of BCYb and BCF, as shown in Figure 5.5c and Figure S5.16. This confirms the superiority 

of self-ordered nanocomposites compared to other classes of materials for PCFCs. The comparison 

of the performance of CFCs based on BCCFYb cathode relative to other cathode materials is also 

shown in Table S5.3-4. The PPD values of BCCFYb-based single cells surpass those of famous 

cathode materials for SOFC and PCFCs. As earlier buttressed, the high performance of the 

BCCFYb-based CFCs is due to the synergy of the host and ancillary phases. It can also be observed 

that the open-circuit voltage (OCV) of the SOFC is lower than that of the PCFC. 

Similarly, the performance of the PCFC is slightly higher than that of the SOFC at 500 oC. 

However, during the examination of the performance of the symmetrical cell based on the 

BCCFYb cathode on an oxide-ion conducting electrolyte (Figure 5.2c), the performance was 

better than when it was used as a cathode on a proton-conducting electrolyte at 500 oC. The reduced 

performance of the single cell based on SDC electrolyte at 500 oC and its lower OCV could be 

attributed to the high current leakage in the SOFC resulting from the internal shorting of the SDC 

electrolyte and the lower activation energy characteristic of PCFCs [107,372]. Generally, better 

performance can be achieved for the PCFC with improved single-cell fabrication techniques. The 

PPD values attained confirm the potential of the BCCFYb nanocomposite cathode as a promising 
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candidate for PCFCs and the suitability of self-assembly engineering for cathode development. 

The stability of the single cell under PCFC mode at a current density of 200 mA cm-2 for 300h is 

illustrated in Figure 5.4d, which also showcases the prospects of BCCFYb as a suitable candidate 

for ceramic electrochemical cell applications.  

 

5.5 Conclusion and summary 

In this work, the performance of a self-ordered nanocomposite cathode material was evaluated in 

relation to various cathode materials with different conductivity properties. The 

thermodynamically stable self-ordered nanocomposite material was created through a nanoscale 

auto-biphasic ordering process using the ceramic precursor BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ (BCCFYb). 

The resulting material consists of a host cubic phase (~70 %) and an ancillary rhombohedral phase 

(~30 %), which synergistically enhance its ORR activity. The performance of the BCCFYb 

material was compared to that of cobalt-rich oxide-ion and electron (O2-/e-) conducting 

BaCo0.833Yb0.167O3-δ (BCYb), cerium-rich proton and electron (H+/e-) conducting BaCe0.75Fe0.25O3-

δ (BCF), and Co-Ce-rich triple ionic (O2-/H+/e-) conducting BaCo0.833Yb0.167O3-δ - BaCe0.75Fe0.25O3-

δ (BCYb-BCF) traditional composite materials. The BCCFYb material showed superior 

performance in terms of power output and stability compared to the other materials. These results 

demonstrate the effectiveness of self-assembly engineering as a simple approach for manipulating 

triple ionic and electronic conductivity in cathode materials for ceramic electrochemical cells. 
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5.6 Supplementary section  

 

 

Figure S5.1: XRD profiles of all as-synthesized cathode materials. 

 

 

Table S5.1: Rietveld refinement output generated from as-synthesized BCCFYb XRD 

pattern. 

Element Wyckoff 

Symbol 

x y z 

Phase 1 (Pm-3m; a=b=c=4.1378Å, 70 wt.%) 

Ba 1a 0 0 0 

Co 1b 0.5 0.5 0.5 

Yb 1b 0.5 0.5 0.5 

O 3c 0 0.5 0.5 

Phase 2 (R-3c; a=b=6.2173 Å c=15.1630 Å, 30 wt.%) 

Ba 6a 0 0 -0.25 

Ce 6b 0 0 0 

Fe 6b 0 0 0 

O 18e 0.4487 0 0.25 
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Figure S5.2: SEM micrograph of BCCFYb nanocomposite after undergoing calcination for 5h at 

1000 oC. 

 

Figure S5.3: (a) SEM image of BCCFYb after undergoing calcination at 1000 oC in ambient air. 

(a) EDX mapping of the SEM image in (a). (c)  SEM-EDS spectrum summary. 
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Figure S5.4: EDS mapping results of BCCFYb calcined at 1000 oC for 5h in ambient air. 

 

 

Figure S5.5: (a) Scanning transmission electron microscopy (STEM) image of BCCFYb 

nanocomposite (b) line energy dispersive X-ray (EDX) scan of (a) showing a Co-rich phase (c) 

STEM image of BCCFYb (d) line EDX scan of image (c) showing Ce rich phase. 
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Figure S5.6: HT-XRD for BCCFYb nanocomposite powders from room temperature to 750 oC. 

 

 

Figure S5.7: Calculated TEC of BCCFYb from the HT-XRD patterns in Figure S5.6. 
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Figure S5.8: XRD patterns of (a) BCCFYb, BCZYYb, and mechanically mixed BCCFYb + 

BCZYYb (50:50 weight ratio) calcined at 850 oC for 2h in air and (b) BCCFYb, SDC, and 

mechanically mixed BCCFYb + SDC (50:50 weight ratio) calcined at 850 oC for 2h in air. 

 

 

 

Figure S5.9: EIS spectra of symmetrical cells with the configurations (a) BCCFYb│ 

BCZYYb│BCCFYb and (b) BCCFYb│SDC│BCCFYb. 
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Figure S5.10: (a) XRD patterns showing different cathode materials with decreasing 

rhombohedral phase as Ce content is reduced (b) Refinement of 97 % cubic BCCFYb.  

 

Figure S5.11: EIS spectra of symmetrical cells with the configurations (a) BCCFYb-97% 

cubic│SDC│BCCFYb-97% cubic and (b) BCCFYb-97% cubic│ BCZYYb│BCCFYb-97% 

cubic.  

 

Figure S5.12: Comparison of the ASRs of the self-ordered and 97 % cubic phase BCCFYb under 

(a) SOFC and (b) PCFC.  
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Table S5.2: The composition of the deconvoluted O1s spectra for BCCFYb, BCF, BCYb and 

BCF-BCYb. 

  Position (eV) FWHM (eV) Area  Atomic % 

BCCFYb Olattice 526.41 1.55 5894.37 7.92 

 Oox 527.65 2.37 10220.22 13.73 

 Oad 529.81 2.59 53904.52 72.39 

 H2Oad 531.05 1.94 4441.75 5.97 
      

BCY Olattice 528.69 2.36 7050.72 8.51 

 Oox 530.29 1.9 17019.05 20.54 

 Oad 531.8 1.95 55079.16 66.48 

 H2Oad 533.03 1.99 3707.47 4.47 
      

BCF Olattice 527.11 1.79 2021.19 1.85 

 Oox 529.64 2.62 49228.28 45.13 

 Oad 532.01 2.18 51541.88 47.25 

 H2Oad 532.98 1.94 6301.28 5.78 
      

BCYb-BCF Olattice 527.21 1.94 4445.68 4.46 

 Oox 528.61 1.75 13776.24 13.83 

 Oad 530.57 2.3 76050.22 76.33 

 H2Oad 532 1.55 5360.06 5.38 
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Figure S5.13: Deconvoluted XPS spectra of BCCFYb nanocomposite B-site cations (a) Co 2p (b) 

Ce 3d (c) Fe 2p and (d) Yb 4d.  
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Figure S5.14: XPS spectra of BCCFYb, BCF, BCYb, and BCYb-BCF (a) Co 2p (b) Ce 3d (c) 

Fe 2p and (d) Yb 4d.  
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Figure S5.15: ECR curves for (a) BCCFYb (b) BCYb and (c) BCF. 

 

 

Figure S5.16: Single cells tested under H2 fuel and ambient air. (a) BCYb│BCZYYb│Ni-

BCZYYb (b) BCF│BCZYYb│Ni- BCZYYb (c) BCYb-BCF│BCZYYb│Ni- BCZYYb.  
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Figure S5.17: Cross-sectional SEM images of tested anode-supported ceramic fuel cells based on 

BCCFYb cathode. (a) SOFC (b) PCFC. 

 

Table S5.3: PPDs of anode-supported single cells at 550 °C with different cathode materials based 

on O-SOFCs. 

Cathode Electrolyte  PPD, mW cm-2 (550 °C) Ref. 

LSCF GDC  257  [22] 

SSC SDC (4)/ScSZ  557  [373] 

PBC SDC  300 [374]  

BCFZ SDC  400  [375] 

SCNT GDC  1150  [329] 

BBSC SDC (5)/YSZ  220 (600) [376] 

BCFZY SDC  645  [178] 

PBSCF SDC/LSGM 697@850 oC [358] 

BCCFYb SDC  600  This work 

* LSCF: La0.6Sr0.4Co0.2Fe0.8O3-δ, SSC: Sm0.5Sr0.5CoO3-δ, PBC: PrBaCo2O5+δ, BCFZ: 

BaCo0.4Fe0.4Zr0.2O3-δ, SCNT: SrCo0.8Nb0.1Ta0.1O3-δ, BBSC: Ba0.8Bi0.2Sc0.1Co0.9O3-δ, GDC: 

Gd0.1Ce0.9O1.95, ScSZ: Sc0.1Zr0.89Ce0.01O2-x, YSZ: yttria-stabilized zirconia. PBSCF: 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ 
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Table S5.4: PPDs of anode-supported single cells at 550 °C with different cathode materials based 

on PCFCs. 

Cathode Electrolyte  PPD at 550 °C (mW cm-2) Ref. 

LSCF BZCY  210 [377] 

SSC BZCYYb  115 [378] 

BSCF BZCY 276@600 oC [379] 

SSNC BZCY  250 [380] 

PBC BZCY  195 [381] 

NBSCF BCZYYb 690@600 oC [382] 

BCFZ BZCYYb  200 [383] 

PBSCF BZCYYb 630 [156] 

BCFZY BZCYYb ⁓515 [104] 

PBSCF BZCYYb  205 [384] 

BCFZY BZCYYb  400 [178] 

BCYb BZCYYb 403 This work 

BCYb-BCF BZCYYb 195 This work 

BCCFYb BZCYYb  449 This work 

NBSCF: NdBa0.5Sr0.5Co1.5Fe0.5O5+δ, LSCF: La0.6Sr0.4Co0.2Fe0.8O3-δ, SSC: Sm0.5Sr0.5CoO3-δ, PBC: 

PrBaCo2O5+δ, BCFZ: BaCo0.4Fe0.4Zr0.2O3-δ, SCNT: SrCo0.8Nb0.1Ta0.1O3-δ, BBSC: 

Ba0.8Bi0.2Sc0.1Co0.9O3-δ, PBSCF: PrBa0.5Sr0.5Co1.5Fe0.5O5+δ, BSCF: Ba0.5Sr0.5Co0.8Fe0.2O5+δ, 
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CHAPTER 6: PROBING ELECTROKINETIC PHENOMENA IN 

TAILORED NANOCOMPOSITE CATHODE MATERIALS6 

6.1 Background 

The preceding chapter evaluates the electrocatalytic performance of a novel TIEC nanocomposite 

cathode material developed through self-assembly engineering for ceramic fuel cells. The material 

was thermodynamically stable with superior catalytic performance in SOFC and PCFC modes. 

This chapter focuses on the electrokinetic mechanism of proton defect formation and transport in 

an optimized self-assembled cathode material for protonic ceramic cells.  

6.2 Introduction 

Solid oxide fuel cells (SOFCs) have gained prominence in the past decades due to their propensity 

to compensate for the limitations of fossil-based and renewable energy sources with higher 

efficiency and lower greenhouse gas emissions[30]. Their commercialization, however, is stifled 

due to their high operating temperature, especially when the traditional yttria-stabilized zirconia 

(YSZ) is used as the electrolyte, causing accelerated system degradation and high cost[385]. Thus, 

reducing their operating temperatures (< 700 oC), without significantly affecting their power output, 

is an essential obligation to attain commercialization.  

Past studies have explored approaches to achieve a significant reduction in the operating 

temperature of  SOFCs [7,386–388]. In recent times, proton-conducting solid oxide fuel cells (P-
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SOFCs), otherwise known as protonic ceramic fuel cells (PCFCs), have been confirmed to stand 

better chances of operating efficiently at lower temperatures (up to 350 oC) relative to the 

traditional oxygen ion conducting SOFCs [20]. This is primarily because of their lower activation 

energies and the non-fuel dilution of fuel at their anodes [95,122].  

The cathode is one of the core cell components that facilitate the operation of PCFCs at low 

temperatures. This is because it is the center where oxygen reduction reaction (ORR) takes 

place[62]. Lowering the operation temperature, however, implies that the kinetics for ORR will 

become sluggish and the performance of the cell will be impacted negatively[389]. The mixed 

ionic-electronic conductivity (MIEC) is an essential property requisite for low-temperature 

operating oxygen ion-conducting SOFCs because it helps to extend reaction sites beyond the triple-

phase boundary (TPB) thereby enhancing the electrochemical activities of the cathode at lower 

temperatures[76]. Triple ionic and electronic conductivity (TIEC), however, has been established 

to be more suited for PCFCs because they can facilitate the broader spatial transmission of active 

reaction sites for electrochemical reactions in the cell through the introduction and enhancement 

of proton conductivity in the cathode [103,390]. For proton transport to take place in PCFCs, 

however, a proton transport enabling atmospheres, such as H2 and H2O, is needed so that the 

desired protonic defects can be formed alongside oxygen vacancy and electronic defects. A 

protonic conductivity up to 10-5 Scm-1 has been deemed sufficient for reasonable protonic carrier 

formation and transport in a TIEC material [359,391]. This implies that cathode materials that can 

simultaneously transport protonic carriers, oxygen vacancy, and electron holes, can function more 

efficiently at reduced temperatures without noticeably trading off their electrocatalytic 

performance[103]. The attainment of this feat in PCFC cathodic materials design promises to 
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substantially reduce PCFC degradation and make the transition of this technology to the stage of 

commercialization smoother.  

Several approaches have been attempted in the attainment of TIEC in PCFC cathode materials. 

This could be through the enhancement of proton conductivity in MIEC materials by strategically 

co-doping base materials (such as BaFeO3−δ, BaCoO3−δ, and BaZrO3−δ ) to derive proton-

conducting single-phase materials such as BaCo0.4Fe0.4Zr0.1Y0.1O3−δ , BaCo0.7Fe0.2Nb0.1O3−δ 

among others [104,387]. It could also be through the traditional mixing of as-synthesized materials 

with other materials with various dominant conductivities as delineated in the percolation theory 

used to describe La0.6Sr0.4Co0.2Fe0.8O3−δ(LSCF)-Sm0.8Ce0.2O3−δ-BaZr0.1Ce0.7Y0.2O3−δ composite 

material [392]. For instance, the dual-phase composite material Sm0.5Sr0.5Co O3−δ -

BaZr0.1Ce0.7Y0.2O3−δ  was prepared using this traditional mechanical approach[393]. The self-

assembly approach is an emerging technique recently incorporated into the design of cathode 

materials for ceramic fuel cells[394]. This approach entails the formation of an organized structure 

through the spontaneous amalgamation of constituent phases resulting from the special interaction 

between the constitutive elements. This results in the generation of a unique structure combining 

the inherent properties of the constitutive phases. BaCo0.7(Ce0.8Y0.2)0.3O3-δ, BaCe0.5Fe0.4Ni0.1O3-δ, 

BaCe1-(x+z)FexYzO3-δ and Ba0.5Sr0.5Co0.48125Fe0.20625W0.3125O3-δ are some of the few recently 

reported self-assembled cathodic materials for PCFCs [249,347–349,395,396]. The self-

harmonization of distinct compatible phases with different conductivity characteristics and the 

thermal expansion compatibility of these materials with PCFC electrolytes make them stand out 

in terms of performance and durability. There are certain challenges, however, associated with this 

technique such as phase transition under varying temperature conditions as in the case of 

BaCo0.7Ce0.24Y0.06O3-δ [337];  imbalanced rationing and selection of elements which results in 
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weak synergistic interaction between the different phases and hence, low electrocatalytic 

performance, as in the case of BaCe0.5Fe0.4Ni0.1O3-δ and Ba0.5Sr0.5Co0.48125Fe0.20625W0.3125O3-δ 

[347,349]. In addition, the estimation and description of the mechanism of proton uptake in TIEC 

materials have been daunting and vague[97]. These are some of the salient issues that need to be 

addressed in the incorporation of self-assembly engineering in the development of cathode 

materials for PCFCs. 

This study, therefore, presents a newly designed nanocomposite material with triple ionic-

electronic conductivity for reduced temperature PCFCs via self-assembly engineering. The 

nanocomposite material with the configuration, Ba(CeCo)0.4(FeZr)0.1O3-δ (BCCFZ) was 

strategically developed via a one-pot synthesis. It comprises a cubic and rhombohedral phase 

spontaneously composited into a unique crystal structure. A combination of electrical conductivity 

relaxation (ECR), X-ray absorption spectroscopy (XAS), and distribution of relaxation times 

(DRT) mathematical tool was used to provide insights into the mode of proton uptake as well as 

the thermodynamic enthalpy of protonic defects formation and transport in the nanocomposite 

material relative to the single-phase BaCo0.4Fe0.4Zr0.1Y0.1 O3−δ  (BCFZY). The underlying 

electrokinetic mechanisms and characteristics of BCCFZ that made it perform optimally and thus, 

recommended for reduced temperature protonic ceramic applications are discussed.  

6.3 Results and discussion  

The crystal and microstructural characterization of the one-pot as-synthesized BCCFZ powders at 

room temperature after calcination at 1000 oC for 5h in air is shown in Figure 6.1. The Rietveld 

refinement of the X-ray diffraction spectroscopy (XRD) pattern illustrated in Figure 6.1a shows 

that the material is biphasic containing two distinct crystalline phases, a rhombohedral and cubic 

phase. The phase separation of BCCFZ into a rhombohedral-cubic structure could be due to the 
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wide difference between the ionic radius of the two key B-site elements (Ce and Co) based on their 

stoichiometric configuration during the synthesis of the BCCFZ (4411) nanocomposites [397]. 

The Ce and Co both with coordination of VI have an ionic radius of 0.87 nm and 0.53 nm, 

respectively based on Shannon estimation[355].  Based on the Rietveld refinement results, the 

rhombohedral phase (space group = R-3c, JCPDS: 75-0431) is the dominant phase (60 wt. %) with 

the lattice parameters a = b = 6.167753 Å and c = 15.056063 Å while the cubic phase (40 wt. %, 

space group = Pm-3m, JCPDS: 75-0227), has the lattice parameters a = b = c = 4.1060143 Å. 

Table S6.1 presents a more vivid description of the Rietveld refinement data of the XRD pattern 

for BCCFZ. 
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Figure 6.1: Biphasic structure and microstructural characterization of self-assembled BCCFZ 

after calcination at 1000 oC for 5h showing (a) the Rietveld refinement of the as-synthesized 

BCCFZ nanocomposites (b) the HR-SEM of BCCFZ nanocomposites (c) the HR-TEM image of 

BCCFZ nanocomposites (d) the STEM image and (e) the EDX mapping of BCCFZ 

nanocomposites. 

 

The weighted residual (Rwp), residual of least squares (Rp), and goodness of fit (𝜒2) of the refined 

diffraction pattern of BCCFZ powders corresponding to 8.76 %, 6.34 %, and 2.59 %, respectively 

confirm the reliability of the refinement results. This indicates that the calculated profile agrees 

intimately with the observed XRD pattern of the as-synthesized BCCFZ nanocomposite powders. 

The lattice parameters of the rhombohedral phase, similar to BaCe0.8Zr0.2O3-δ [398]with the 

occupancy data from the refined results in Table S6.1 confirm that the phase is rich in cerium. 
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This suggests that the phase is mainly proton-conducting. The lattice parameters of the cubic phase, 

BaCo0.8Fe0.2O3-δ derived from cubic BaCoO2.23[399], with B-site occupancy similar to that of the 

traditional Ba0.5Sr0.5Co0.8Fe0.2O3-δ material [400], suggests that the cobalt-rich phase is dominantly 

mixed oxygen-ion and electronic conducting phase. It can therefore be inferred from refinement 

results that the BCCFZ is predominantly proton-conducting combined with a mixed ionic 

conducting phase. Since the peaks of the two phases have been determined and identified from the 

refinement of the XRD profile in Figure 6.1a, the crystallite sizes of both phases were then 

estimated using the identified peaks of the observed pattern of the XRD result. The Scherrer 

equation (𝐷 = 𝐾𝜆/𝐿 cos 𝜃) was used in the estimation of the crystallize sizes[356]. The crystallite 

sizes of the rhombohedral and cubic phases were 23.80 nm and 44.01 nm, respectively. Figure 

6.1b is the HR-SEM image showing the unique arrangement of O-BCCFZ and H-BCCZF phases 

to form the BCCFZ biphasic crystal structure. The meandrous nanocomposite particles in Figure 

6.1b can be inferred to be dominantly rich in cerium from the estimated crystallite sizes and they 

are concentrated at the particle boundaries of the other H-BCCZF phase which contains varying 

amounts of Co and Ce in a self-assembled fashion as shown in Figure S6.1-3) and Figure 6.1b. 

From the HR-SEM image, the grain sizes of the cerium-rich phase lie within 0.140 – 0.224 µm 

while those of the cobalt-rich phase are within the range of 0.547 – 0.768 µm. The two distinct 

phases are illustrated in Figure 6.1c. It can be observed that the d-spacings (2.96 Å and 4.47 Å) 

of the two phases in BCCFZ estimated from the HR-STEM images correspond to plane (110) of 

the cobalt-rich phase and plane (012) of the cerium-rich phase. This result conforms with the d-

spacing result estimated from the Rietveld refinement of the BCCFZ XRD pattern in Figure 6.1a. 

The STEM image and the associated EDX mapping results are represented in Figure 6.1(d-e). The 

elemental distribution was not uniform due to the existence of multiple phases. However, there 
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seem to be a fragment of each constitutive element in all the phases as evident in the EDX mapping 

results in Figure 6.1 (d&e) and Figure S6.2&3). The Ce-rich phases are circled in Figure S6.3 

and Figure 6.1e to buttress the fact that the dominant B-site elements (Ce and Co) were not 

distributed uniformly due to the formation of separate phases. A high-temperature HT-XRD 

analysis was then carried out on the BCCFZ material to investigate its phase structural stability at 

varying elevated temperatures. This is because sporadic lattice expansion could occur during a 

phase transition, and this could eventually lead to the detachment of the cathode from the 

electrolyte during operation thereby affecting the durability of the cell [401]. The surface features, 

as well as the bulk diffusion of the cathode during operation, may also be altered due to phase 

transition and this will negatively impact the electrochemical activity of the cathode[402]. 

Therefore, it is prudent to investigate the presence and severity of this phenomenon. In BCCFZ, 

there was no abrupt change observed in its biphasic structure as the temperature was elevated from 

room temperature up to 750 oC. This confirms that the material has good phase stability and hence, 

the potential to be used for long hours without fast degradation. The minimal change observed in 

the diffraction angles of the characteristic peaks in Figure S6.4, however, is customary because as 

the temperature of a perovskite oxide increases, the crystal structure tends to adjust in response to 

the change in the environment[403].  

The oxidation state of metals at the B-site of a perovskite material can be correlated with the 

oxygen vacancy concentration[404–407]. Hence, X-ray photoelectron spectroscopy (XPS) and X-

ray absorption near edge structure (XANES) were used to investigate the valency of Co and Ce in 

BCCFZ nanocomposite. Figure 6.2(a,b) present the X-ray absorption spectroscopy (XAS) of Co 

and Ce in BCCFZ relative to BCFZY and BCZYYb. From the XANES spectra in Figure 6.2a, the 

oxidation state of Cobalt in BCCFZ is lower than in BCFZY which suggests that BCCFZ has a 
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higher oxygen vacancy concentration[407]. The XANES spectra of Ce in BCCFZ and BCZYYb 

presented in Figure 6.2b appear to be closely interwoven. This implies that the oxidation states 

are close with the binding energy of Ce in BCCFZ at the rising edge slightly lower than that of 

BCZYYb. The bond length information of Co and Ce in BCCFZ relative to BCFZY and BCZYYb 

based on information from the extended x-tray absorption fine structure (EXAFS) can be found in 

Figure S6.5. The deconvolution of the XPS profiles of the major B-site elements (Ce 3d5 and Co 

2p) as well as that of the O1s spectrum are illustrated in Figure 6.2 (c-e) while those of the other 

minor B-site elements (Fe 2p and Zr3d3 & Zr3d5) can be found in Figure S6.6. Standard Gaussian-

Lorentz was used in the deconvolution of the XPS profiles of all the spectra. The core-level spectra 

of the elements provided insight into the electronic structure and valence state of the prevailing B-

site ions. It can be deduced from the XPS results that there is reasonable electroneutrality in 

BCCFZ with the B-site cations dominantly having a +4 charge (i.e., [CeCoFeZr]4+).  The 

deconvolution of the O1s spectra resulted in three characteristics peaks: highly oxidative oxygen 

(O2
2−/O−), the lattice oxygen (O−) and the adsorbed oxygen (OH−/O2). The higher percentage of 

the adsorbed oxygen sub-peak suggests that the oxygen vacancy concentration is large which 

means that there will be a high proton uptake  resulting from hydration reaction if the material is 

exposed to controlled humidified conditions [103].  
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Figure 6.2: (a) XAS of Co K-edge showing the XANES for BCFZY and BCCFZ (b) The XAS of 

Ce L-edge showing the XANES for BCCFZ and BCZYYb. The XPS spectra of the major B-site 

elements of BCCFZ composite material, which are: (c) Co 2p (d) Ce 3d5, and (e) the O1s spectrum. 

(f) The conductivity of BCCFZ composite material was measured in air from 300 oC to 900 oC (g) 

The Arrhenius plots of BCCFZ and BCFZY showing their activation energies. 

 

Figure 6.2f presents the electrical conductivity of the novel BCCFZ composite material relative 

to the single-phase BCFZY measured in pure air in the temperature range of 300 oC to 900 oC. The 

conductivity behavior of both materials is that of a typical p-type semiconductor resulting from 

small-polaron hopping under a temperature-activated condition.  The evaluated electrical 

conductivity values are within 0.47-3.05 S cm-1 and 0.46-1.74 S cm-1 from 300 oC to 900 oC for 

BCCFZ and BCFZY, respectively. BCCFZ appears to maintain higher electrical conductivity 

throughout the test temperature range relative to BCFZY. However, the activation energy of 

BCFZY is lower by a small margin as shown in the Arrhenius plot in Figure 6.2g which could be 

due to its lower oxygen vacancy concentration. More so, the activation energies of both samples 

generally decrease as the temperature increases up to a focal point (i.e., 800 oC) where the 
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dynamics begin to change. This could be attributed to the dominant conduction of electron-hole 

defects below the observed focal point. The successive increase in ionic conduction above the 

focal point could be attributed to the increasing activation energies above 800 oC. The 

measurement of electrical conductivity in pure air using the direct measurement approach often 

provides a net value equivalent to the combination of electron defects and oxygen vacancy 

concentration[182]. The higher electrical conductivity of BCCFZ could therefore be due to its 

higher oxygen vacancy concentration which will be buttressed in the later part of this study[103].  

Since the electrocatalytic activity of cathode materials can be correlated with bulk oxygen 

diffusion and surface exchange properties, the bulk diffusion coefficient (Dchem) and surface 

exchange constant (kchem) of BCCFZ were estimated using the electrical conductivity relaxation 

(ECR) as expressed in Figure 6.3f. The Dchem and kchem values of BCCFZ at 650 oC are 4.49E-4 

cm2 s-1 and 5.30E-3 cm s-1 which are significantly higher than those of BCFZY by over 40% [337]. 

This confirms that the bulk diffusion and surface exchange of oxygen in BCCFZ is highly 

enhanced due to the synergistic interaction between the Ce and Co-rich phases in BCCFZ.  

These findings prompted the initial investigation of the performance of the BCCFZ 

nanocomposites in symmetrical cells relative to the single-phase BCFZY material. The catalytic 

ORR of BCCFZ nanocomposite material was first investigated using symmetrical cells based on 

SDC and BCZYYb electrolytes as shown in Figure S6.8. Before this, the possibility of phase 

reaction between SDC and BCZYYb electrolyte and BCCFZ was investigated. According to the 

results in Figure S6.7, there was no phase reaction between the components of the cell. The 

symmetrical cells were tested and the generated Nyquist plots for the P-SOFC based cells were all 

fitted using the circuit model L-Ro-(R1/CP1)-(R2/CP2) while the SOFC symmetric cells based on 

SDC were also fitted using the simple Ro-(R1/CP1) model illustrated in Figure S6.8. For the PCFC 
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with BCCFZ nanocomposites cathode, the ASR values of 0.089, 0.232, 0.573, 1.491, 4.347, and 

14.296 Ω cm2 were obtained at 650, 600, 550, 500, 450, and 400 oC, respectively, in 2.5 % H2O-

air. These values are relatively better compared to the single-phase BCFZY material tested under 

the same condition as shown in Table 6S (2-3) as well as other reported materials 

reported[347,404,408,409]. Figure 6.3a shows the electrochemical impedance spectroscopy (EIS) 

plots of BCCFZ and BCFZY based on the proton-conducting electrolyte at 650 oC in 2.5 % H2O-

air. The performance comparison between the BCCFZ composite electrode and single-phase 

BCFZY electrode tested under the same condition from 650 - 400 oC is illustrated in Figure 6.3b. 

The ASR stability of BCCFZ is shown in Figure 6.3d. The result indicates that BCCFZ is stable 

after testing for over 200h in 2.5 % H2O-air.  
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Figure 6.3: (a) Nyquist plots of symmetrical cells based on BCCFZ air electrode relative to 

BCFZY at 650 oC using 2.5% H2O-air and BCZYYb7111 electrolyte material (b) ASR 

performance comparison between BCCFZ and BCFZY cathode from 650-400 oC (c) Arrhenius 

plots of the EIS data based on ASR values from O-SOFC and P-SOFC of BCCFZ and BCFZY 

symmetrical cells (d) ASR stability of BCCFZ-based symmetrical cell using BCZYYb electrolyte 

in 2.5 % H2O-air. (e) The TEC of BCCFZ was calculated using the refinement data of the HT-

XRD between 400 oC and 700 oC. (f) The comparison of the Dchem and kchem values of BCCFZ 

nanocomposites and BCFZY. 
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The better performance of the BCCFZ nanocomposite electrode signifies that the synergistic 

interplay between the dominant proton-conducting and mixed ionic conducting active sites in the 

two inherent phases led to a superior triple ionic and electronic characteristic. The higher 

percentage of the adsorbed species from the XPS results also suggests that the improved proton 

uptake in BCCFZ nanocomposite led to an optimal catalytic ORR. One of the advantages of P-

SOFCs relative to SOFC is lower activation energy[20]. This phenomenon is verified from the 

results in Figure 6.3c. Although the SOFC-based cells have lower ASR values, their activation 

energies are higher than those of their proton-conducting counterparts. 

 Another essential requirement of cathode materials for PCFCs, which is requisite for cell 

durability, is thermal compatibility with the other cell components.  Single-phase cathode materials 

rich in Co and Fe with high activity are characterized by high thermal expansion coefficients 

(TECs), usually above 19 ×  10−6 𝐾−1 [104,410]. The common SOFC and PCFC electrolytes 

have significantly lower TEC values [100]. This usually results in strain build-up at the electrolyte-

electrode interface due to a thermal mismatch between the electrolyte and the electrode[411]. The 

TEC of BCCFZ was calculated from the HT-XRD result in Figure S6.4 (following a similar 

approach in [412]) illustrated in Figure 6.3f. Remarkably, the estimated TEC of BCCFZ is only 

9.607 ×  10−6 𝐾−1  which is very close to the TEC of BCZYYb7111 (10.5 × 10−6 𝐾−1) [100] 

and BaCe0.5Zr0.35In0.1Zn0.05O3-δ (9.49 ×  10−6 𝐾−1)  [413].  The striking reduction in TEC of 

BCCFZ could be attributed to the Ce-rich phase, which is dispersed in the form of clustered 

nanoparticles at the grain boundaries of the Co-rich phase. The coactive interaction between the 

two inherent phases in BCCFZ resulted in a significant reduction in the TEC.  

Having ascertained the initial electrocatalytic performances of BCFZY and BCCFZ based on 

symmetrical cells in PCFC and SOFC modes, the mechanism of proton diffusion in BCCFZ 
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relative to BCFZY in the PCFC mode was then investigated using the ECR technique. For p-type 

MIEC materials, the use of direct current measurement in the estimation of their electronic 

conductivity mostly gives a combined electronic and ionic conductivity due to the transport of 

electronic defects (holes) and oxygen ions during the measurement [182,403]. To estimate the 

proton conductivity of TIEC materials (which are also mostly p-type like the MIECs) using direct 

measurement, humidified air needs to be introduced[339]. When humidified air is injected during 

the measurement of the electronic conductivity of a typical p-type TIEC material, the electronic 

defect concentration decreases resulting in the reduction of the net output value of the electrical 

conductivity[94]. The degree of electronic defects suppression can be correlated with the amount 

and extent of the predominant mode of proton conduction, which could either be hydration or 

hydrogenation [182]. Eqns. 1&2 illustrate hydration and hydrogenation reactions requisite for 

proton conduction in TIEC materials, respectively.  

H2O + OO
× + Vӧ ⇋ 2OHȯ                          1 

H2O + 2OO
× + 2ḣ ⇋ 2OHȯ +

1

2
𝑂2          2 

In a humid atmosphere, proton conduction through hydration in an acid-base reaction occurs when 

a material sufficiently has a higher oxygen vacancy (Vӧ) concentration than the electronic defects 

(ḣ ) concentration so that proton defects (OHȯ) are conducted as shown in Eqn. 1[414]. Materials 

that fall in this category (such as PCFC electrolyte materials with the configuration BaCe1-x-

yZrxYyO3−δ) are bound to have insignificant or very low electrical conductivities but when pH2O 

is increased, their OHȯ concentration increases while their Vӧ concentration decreases[103]. On 

the other hand, proton conduction in humid atmospheres through hydrogenation occurs when 

electronic defect concentration is sufficiently higher than oxygen vacancy concentration[260]. In 
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this case, when pH2O is increased,  OHȯ  concentration increases while ḣ  concentration 

decreases[103]. Therefore, the conduction of proton carriers in TIEC materials in a humid 

atmosphere could be facilitated through the indirect or direct sacrifice of oxygen vacancies or 

electron holes depending on the predominant inherent concentration in the material. 

Therefore, the electrical conductivity relaxation (ECR) technique was used to study the mode of 

proton conductivity in the self-assembled BCCFZ, single-phase BCFZY, and BCZYYb proton 

conducting electrolyte.  The various materials were considered to have a better discernment of the 

mode of proton uptake in the BCCFZ nanocomposites. A constant oxygen partial pressure of 21% 

was used while varying the pH2O concentration intermittently between 0 and 10%.  Figure 6.4a 

shows the ECR curves of BCCFZ and BCFZY upon varying the humid conditions. It can be 

observed that when pH2O (0.1) was introduced, the net conductivity of both samples dropped 

systematically until an equilibrium is reached where the conductivity becomes constant. Upon 

switching pH2O to zero, the net conductivity of both samples begins to increase again until it 

reaches the equilibrium point where the net conductivity becomes constant again.  The drop in the 

net conductivity values in BCFZY and BCCFZ is due to the occupation of the electron holes by 

the proton carriers which implies that hydrogenation is partially taken place [260]. Taking the 

changes in the net conductivity values to be equivalent to proton uptake due to hydrogenation 

reaction, the enthalpy and entropy of protonic defects uptake can be estimated using Vant’s Hoff 

equation illustrated in Eqn. 3.  

ln(𝐾𝑂𝐻) =
−∆𝐻

𝑅

1

𝑇
+
∆𝑆

𝑅
                          3 

Where 𝐾𝑂𝐻 is the equilibrium constant, ∆𝐻 is the enthalpy change, R is the ideal gas constant, T 

is the absolute temperature, and ∆𝑆 is the change in entropy. Figure 6.4d clearly shows that both 
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reactions are exothermic, and lower energy is needed for the generation and transport of protonic 

defects in the BCCFZ nanocomposite cathode materials relative to the single-phase BCFZY. In 

Figure 6.4c, however, the net conductivity of BCZYYb increases upon the introduction of humid 

air and decreases sharply when pH2O is switched back to zero. This confirms that hydration 

reaction majorly takes place in BCZYYb since the oxygen vacancy concentration far exceeds the 

electron-hole concentration which is customary in electrolyte materials[182,367]. As for BCCFZ 

and BCFZY, the degree of suppression of electron-hole concentration is illustrated in Figure 6.4b. 

Even though BCFZY initially had lower net conductivity values under pure air, when it got 

abruptly exposed to humidified conditions, its net conductivity changes became higher than those 

of BCCFZ due to the occupation of the electron holes by protonic defects. Therefore, BCFZY has 

about three times higher electron-hole concentration than BCCFZ as shown in Figure 6.4b. The 

observed low electron-hole concentration in BCCFZ could be attributed to its high percentage of 

Ce-rich phase as verified in previous studies[367,397]. This phenomenon confirms that the oxygen 

vacancy concentration in BCCFZ is greater than in BCFZY as earlier deduced from the XANES 

spectra of Co Kedge in Figure 6.2a. Proton conduction through hydration can be inferred to be 

the dominant mode of proton uptake in BCCFZ nanocomposites since the holes sacrificed are 

insignificant as shown in Figure 6.4d  but their electrochemical performances in symmetrical cells 

from Figure 6.3 are superior to those of BCFZY under PCFC mode testing conditions [260,391].  
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Figure 6.4: (a) ECR curves of BCCFZ and BCFZY at constant pO2(0.21) and pH2O (0-0.1-0) 

concentration at 650 oC. (b) Comparison of the change in the observed conductivities of BCCFZ 

and BCFZY from the ECR measurement in (a). (c) The observed ECR curve of BCZYYb at 

constant pO2(0.21) and pH2O (0-0.1-0) concentration at 650 oC. (d) Arrhenius plot showing the 

comparison of the enthalpy and entropy of formation of protonic defects in BCCFZ and BCFZY 

based on the hydrogenation reaction taken place with BCFZY** data from [131] (e) summary of 

the mechanism of proton uptake in the BCCFZ nanocomposite cathode in a symmetric cell. 
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The electronic defects in BCCFZ can be assumed to be predominantly localized at the Ce ions 

(based on the results from the ECR) where CeCe
×  and Cė𝐶𝑒  correspond to Ce3+ and Ce4+. The 

combination of Eqn. 1&4 yields Eqn. 6 which illustrates how proton uptake takes place at the 

expense of electron holes using a redox reaction. The transport mechanism of the various defects 

is summarized in Figure 6.4e.   

1

2
𝑂2 +  Vӧ +  2CeCe

× ⇋ OO
× + 2Cė𝐶𝑒                         4 

𝐾𝑜× =
 [OO

×][Cė𝐶𝑒]
2

(𝑝𝑂2)0.5[Vӧ][CeCe
× ]2

                                        5 

H2O + 2OO
× + 2Cė𝐶𝑒 ⇋ 2OHȯ +

1

2
𝑂2 + 2CeCe

×        6 

It is imperative to mention that no specific threshold has been set for each of the conductivities in 

a TIEC cathode material to achieve an optimal result since lots of factors are involved. A 

computational study, however, may accelerate the process of determining optimal values for each 

of the conducting species in a TIEC cathode material using reliable and sufficient experimental 

data. Nonetheless, previous studies have recommended a minimum of 10E-5 S/cm proton 

conductivity to be sufficient to increase electrode reaction active sites[331,359,391]. Other studies 

opined that a minimum of 0.1 S/cm electronic conductivity is still tenable for cathode materials 

for ceramic fuel cells [21,415]. Furthermore,  ionic conductivity can be correlated with oxygen 

vacancy concentration[416]. Materials with optimal oxygen vacancy will therefore foster the 

production and mobility of protons and oxygen ions[331,417]. Of the three collective desired 

conductivities in cathode materials for ceramic cells, electronic conductivity is usually the 
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highest[418]. Substituting more electronic conductivity with ionic conductivities in an already 

high electron conducting material, therefore, is highly recommended to achieve enhanced TIEC 

and general cell performance.  

To gain a deeper perception of the mechanism of the electrocatalytic activity of BCCFZ 

nanocomposite electrode material, the electrochemical processes at various operation temperatures 

were investigated using the mathematical tools package, distribution of relaxation times (DRT) 

[311]. This tool functions by deconvoluting complex electrochemical processes of the Nyquist plot 

data into various peaks with significant electrochemical connotations (based on frequency ranges) 

as shown in Figure S6.9. Based on this, the DRT peaks in Figure 6.5(a-b) are segmented into the 

high-frequency region denoted as P1, the intermediate frequency region denoted as P2, and the 

low-temperature region denoted as P3. The high-frequency region designated as P1 connotes the 

transfer of charges in form of ions from the electrolyte to the interface of the cathode at the triple-

phase boundary (TPB) [369,370,408]. The intermediate frequency region, P2 represents the bulk 

diffusion and surface exchange processes at the electrode-electrolyte interface while the low-

frequency region, P1 denotes the gas diffusion process [419,420]. The equivalent area of each 

designated peak corresponds to the resistance of the electrochemical process [249,421]. Figure 

6.5a presents the EIS plots of symmetrical cells based on BCCFZ under varying H2O 

concentrations (0-5%) at 550 oC while the corresponding DRT plots are shown in Figure 6.5b. 

The ASRs estimated from these plots are 1.12 Ω cm2, 0.57 Ω cm2, and 0.33 Ω cm2 at 0 %, 2.5 % 

and 5 % water concentrations, respectively. When the injected water concentration was zero, bulk 

diffusion and surface exchange, P2, predominantly limited the electrochemical reaction followed 

by the charge transfer process in P3. When the water concentration, however, got increased to 

2.5%, the charge transfer, P3, dominated the rate-limiting process, and some initially non-existent 
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resistances due to gas diffusion in P1 surfaced. At 5% water concentration, the overall resistances 

reduced significantly and the peak representing the dominating rate-limiting process, P2, was 

uniquely stretched over a frequency range of 101-103 Hz as highlighted in Figure 6.5b. This 

implies that the performance of BCCFZ is enhanced with increasing water concentration. The 

dominant rate-limiting step for the electrochemical reaction in the BCCFZ nanocomposite 

electrode can therefore be deduced to be the charge transfer process at the interface of the electrode 

and the TPB as shown in Figure 6.5 (b-d). Figure 6.5c presents a comparative DRT description 

of the electrochemical reaction processes in symmetrical cells based on BCCFZ and BCFZY at 

650 oC in 2.5% H2O-air. BCFZY appears to be more significantly limited by the charge transfer 

process. Even with the variation in the oxygen partial pressures of BCCFZ at 550 oC in 2.5% H2O-

air, the electrochemical processes appear to be unchanged as shown in Figure 6.5d which confirms 

that protonic defect transport is dominant in the electrochemical reaction process.  

The performance of the BCCFZ nanocomposite was finally investigated using an anode-supported 

single-cell comprising a 30 µm thick BCZYYb7111 electrolyte, a 495 µm thick Ni-BCZYYb7111, 

and 15 µm thick BCCFZ cathode as shown in Figure S6.10. Ambient air and H2 (50 mL/min) 

were supplied to the air and fuel electrode, respectively. The layered structure of the anode-

supported cell based on BCCFZ cathode after the stability test is shown in Figure S6. 11. Peak 

power densities (PPDs) of 1054, 683, 380, 212, and 121 mW cm-2 were recorded at 650, 600, 550, 

500, and 450 oC, respectively as shown in Figure 6.5c. This performance is better than that of the 

single-cell fabricated and tested under the same condition using BCFZY cathode material as shown 

in Figure S6.12. The comparison of the performance of the anode-supported single cell based on 

BCCFZ electrode relative to some previously developed cathode materials is also shown in Table 

S6.4. The single-cell based on BCCFZ nanocomposite electrode conclusively exhibited 
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operational stability spanning over 500 h at 0.2 and 0.3 A cm-2 current densities as shown in Figure 

6.5f.  
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Figure 6.5: (a) Impedance spectra of symmetrical cells with the configuration 

BCCFZ│BCZYYb7111│ BCCFZ in 0%, 2.5% and 5% H2O-air at 550 oC. (b) DRT analysis of 

the cells in (a). (c) Comparative DRT analysis of BCCFZ and BCFZY-based symmetrical cells in 
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2.5 % H2O-air at 650 oC. (d) DRT analysis of partial oxygen pressures of BCCFZ electrode in 2.5 

% H2O-air at 550 oC (e) I-V-P curves of the anode supported Ni-BCZYYb7111 cell with BCCFZ 

as the air electrode with H2 fuel from 650 – 450 oC (f) Operational stability of the anode supported 

Ni-BCZYYb7111 single cell with BCCFZ as the cathode at 0.2 A cm-2 and 0.3 A cm-2 current 

densities at 550 oC for over 500h. 

 

The cell did not display any erratic degradation after the stability test as shown in Figure S6.11.  

The good stability of this material could be attributed to the thermal compatibility of the electrolyte 

with the cathode material as earlier discussed. This confirms the suitability of this material and its 

fabrication method as a highly recommended approach for the development and construction of 

cathode materials for PCFCs.  

6.4 Conclusion and summary  

We have systematically designed and demonstrated the application of materials self-assembly 

engineering in the development of a new biphasic nanocomposite air electrode material with triple 

ionic and electronic conductivity for PCFCs. The low-cobalt-content self-assembled cubic-

rhombohedral TIEC nanocomposite cathode material developed has the configuration 

Ba(CeCo)0.4(FeZr)0.1O3-δ (BCCFZ). The material has good TIEC properties with an interestingly 

low enthalpy of protonation of -30 ± 9 kJ/mol compared to present-day competitive proton-

conducting materials. The material's high cerium and low cobalt content favored its low TEC, 9.6 

×10-6 K-1. The peak power density (PPD) of the anode-supported single cell based on BCCFZ air 

electrode reached 1054 mW cm-2 at 650 oC with good stability spanning over 500 h at 550 oC. This 

promotes BCCFZ nanocomposite material as a highly befitting cathode material for PCFC 

applications. 
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6.5 Supplementary section  

6.5.1 Powder synthesis 

Ba(CeCo)0.4(FeZr)0.1O3-δ (BCCFZ) and BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) powders were 

synthesized through a one-pot sol-gel EDTA-citric acid complexing method. The required 

stoichiometric amounts of the chemical reagents supplied by Sinopharm, Ba(NO3)2, 

Ce(NO3)3.6H2O, Co(NO3)2.6H2O, Fe(NO3)3.9H2O, Zr(NO3)4, and Y(NO3)3.6H2O were used to 

synthesize BCCFZ and BCFZY according to the same procedure described elsewhere with the 

resulting precursor powders of both materials calcined at 1000 oC for 5h in the air[394].  The same 

approach was used to synthesize the electrolyte powders, Sm0.2Ce0.8O1.9 (SDC) and 

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb7111) where the resulting precursors were calcined for 5h in 

the air at 700 oC and 1000 oC, respectively.  

6.5.3 Cell fabrication 

The configuration cathode│SDC or BCZYYb7111│cathode was used in the fabrication of the 

symmetrical cells. At first, the SDC or BCZYYb7111 powders were weighed and pressed 

uniaxially into dense pellets which are then sintered at 1350 oC and 1450 oC for 10h, respectively. 

The cathode slurry was prepared by mechanically mixing (using Fritsch Pulverisette) the calcined 

cathode powders with ethylene glycol, isopropyl alcohol, and glycerol to form a colloidal 

suspension. An air compressor pump was then used to uniformly spray the colloidal cathode slurry 

on both sides of the electrolyte followed by a sintering process at 850 oC for 2h air. The current 

collectors were then applied on both sides of the symmetric cell using an Ag paste.  

The anode supported cells with the configuration cathode│BCZYYb7111│ NiO+BCZYYb7111 

were prepared through the dry co-pressing and sintering method. The NiO+BCZYYb7111 cermet 

powders were first produced by ball milling NiO, BCZYYb7111, and starch powders in the ratio 
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of 6.5:3.5:0.8 in pure ethanol for 1 h and then dried at 170 oC. About 0.35 g of the anode powder 

is weighed in each case followed by pressing at a pressure of 1 MPa. About 0.02 g of the electrolyte 

powder is then spread uniformly on the anode followed by pressing at a pressure of 2MPa. The 

co-pressed dense pellets are then sintered at 1450 oC for 10h in air. The cathode slurry is then 

sprayed uniformly on the electrolyte side followed by another sintering at 850 oC for 2h air.  

6.5.4 Materials characterization 

X-ray diffraction (XRD, Rigaku SmartLab 9kW) was used to examine the phase structure of the 

as-synthesized BCCFZ powders. A step-scan with 0.02o intervals over a range of 20 – 80o was 

used to collect the diffraction patterns. Opensource Fullprof Suite was used to refine the obtained 

diffraction patterns to get more detailed information about the crystal structures. TESCAN MAIA3 

scanning electron microscopy (SEM) was used to examine the material's morphology at an 

accelerating potential of 5 kV. The microstructure of the calcined BCCFZ powder was probed 

using high-resolution transmission microscopy (HR-TEM), Field Electron Microscope STEM, 

JEOL Model JEM-2100F. A dense rectangular-shaped block with the dimensions ~ 20 𝑚𝑚 ×

5 𝑚𝑚 × 2 𝑚𝑚, prepared by dry pressing 5.5g of BCCFZ and BCFZY at a pressure of 1MPa and 

sintered at 1100 oC for 10h in air, was used to ascertain the electrical conductivity. The temperature 

range of 300 – 900 oC was used to carry out this measurement using a standard four-probe DC 

configuration with Keithley 2440 source meter. The same block was used for the electrical 

conductivity relaxation (ECR) test to determine the surface exchange kinetics (Kchem) and the bulk 

diffusion coefficient (Dchem). The XAS data around the cobalt K-edge (i.e., BCCFZ and BCFZY) 

and cerium L-edge (i.e., BCCFZ and BCZYYb) were collected at the TLS 01C1 beamline of the 

National Synchrotron Radiation Research Center (NSRRC), Taiwan. 
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6.5.4 Electrochemical measurements 

The ohmic and polarization resistances of the symmetrical cells were measured using the 

combination of Solarton 1260 frequency response analyzer and Solarton 1287 potentiostat within 

the temperature range of 400 – 650 oC using 2.5% H2O-air. This was carried out under an open 

circuit condition with 30 mV AC amplitude but no applied DC potential in the 10E6 Hz to 0.1 Hz 

frequency range.  

The I-V-P curves of the anode-supported single cells were ascertained using a four-probe 

configuration with a Keithley 2440 source meter in the temperature range of 400 – 650 oC. The 

anode side of the cells was fed with pure H2 at a constant flow rate of 50 sccm, while the cathode 

side was exposed to ambient air. 
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Figure S6.1: SEM images of BCCFZ nanocomposites with different views and magnifications 

after undergoing calcination at 1000 oC in the air for 5h. 

 

 

 

Figure S6.2: (a) SEM image of BCCFZ as-synthesized powder (b) EDX mapping of the SEM 

image (c) point EDX scanning image of (a) 
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Figure S6.3: Schematic images elaborating the self-assembled nature of BCCFZ with the Co and 

Ce rich faces clearly highlighted. 

 

 

Figure S6.4: High-temperature XRD pattern of BCCFZ from room temperature to 750 oC. 
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Figure S6.5: The EXAFS of (a) Co K-edge in BCFZY and BCCFZ and (b) Ce L-edge in BCCFZ 

and BCZYYb. 

 

 

 

Figure S6.6: XPS spectra of the minor B-site elements in BCCFZ (a) Fe 2p (b) Zr3d3 and Zr3d5. 
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Figure S6.7: XRD profiles of (a) BCCFZ, BCZYYb711, and mechanically mixed BCCFZ + 

BCZYYb7111 (1:1 weight ratio) calcined at 850 oC for 2h in air and (b) BCCFZ, SDC, and 

mechanically mixed BCCFZ + SDC (1:1 weight ratio) calcined at 850 oC for 2h in air. 

 

 

 

 

Figure S6.8: Impedance spectra of symmetrical cells with (a) BCCFZ│BCZYYb7111│ BCCFZ 

configuration and (b) BCCFZ│SDC│ BCCFZ configuration. 
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Figure S6.9: Distribution of relaxation time for BCCFZ nanocomposite electrode at 600 oC in 2.5 

% H2O. 

 

 

 

Figure S6.10: Cross-sectional image of a typical Ni + BCZYYb anode-supported single cell with 

BCCFZ cathode. 
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Figure S6.11: SEM images of anode-supported BCCFZ│BCZYYb7111│Ni+BCZYYb7111 

single-cell cross-section after undergoing stability test for over 500 h with areas of mild 

detachment highlighted. 

 

 

 

 

Table S6.1: Refined results of the XRD pattern of as-synthesized BCCFZ nanocomposites at room 

temperature 

Element Wyck Symbol x y z Occupancy 

Phase 1 (Pm-3m; a=b=c=4.1060143, 40 wt.%) 

Ba 1a 0 0 0 1 

Co 1b 0.5 0.5 0.5 0.8 

Fe 1b 0.5 0.5 0.5 0.2 

O 3c 0 0 0 1 

Phase 2 (R-3c; a=b=6.167753 c=15.056063, 60 wt.%) 

Ba 6a 0 0 -0.25 1 

Ce 6b 0 0 0 0.8 

Zr 6b 0 0 0 0.2 

O 18e 0.4487 0 0.25 1 
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Table S6.2: ASR values of BCCFZ nanocomposite electrode and BCFZY based on SDC 

electrolyte in air. 

Temperature (oC) BCCFZ BCFZY 

ASR (Ω cm2) ASR (Ω cm2) 

700 0.030436 0.029192 

650 0.073657 0.057925 

600 0.137207 0.134069 

550 0.446657 0.452478 

500 1.726584 1.638229 

 

 

Table S6.3: ASR values of BCCFZ nanocomposite electrode and BCFZY based on BCZYYb7111 

electrolyte in 2.5% H2O-Air. 

Temperature (oC) BCCFZ (2.5% H2O-Air) BCFZY (2.5% H2O-Air) 

ASR (Ω cm2) ASR (Ω cm2) 

650 0.089082 0.186735 

600 0.231607 0.35913 

550 0.572737 0.857809 

500 1.499541 2.005399 

450 4.346633 6.513171 

400 14.29618 21.0689 
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Table S6.4: Performance comparison of BCCFZ cathode with previously developed cathode 

materials. 

Cathode Electrolyte Anode  PPD (mW cm-2) Ref. 

   650 oC 600 oC  

BCCFZ BCZYYb7111 Ni+ BCZYYb7111 1054 683 This work 

BCFZY BCZYYb7111 Ni+ BCZYYb7111 807 672 This work 

BCFN BCZY721 Ni+BCZY721 70 40 [347] 

LNO-LNF BCZY721 Ni+BCZY721 364 266 [422] 

Ba2YCu3O6+δ BCZY721 Ni+BCZY721 175 - [193] 

BSCF BCZY721 Ni+BCZY721 - 356 [196] 

PrBaCo2O5+δ BCZY721 Ni+BCZY721 - 305 [201] 

SFNb BCZY721 Ni+BCZY721 - 428 [162] 

LSM-SDC BCZYYb7111 Ni+ BCZYYb7111 - 580 [163] 

LSCF6428- 

BCYb10 

BCY91 Ni+ BCY91 - 150 [158] 

PBC- BZYP BZY20 Ni+BZY20 - 169 [159] 

BCCFZ: BaCe0.4Co0.4Fe0.1Zr0.1O3-δ, BCFZY: BaCo0.4Fe0.4Zr0.1Y0.1O3-δ, LNO-LNF: La2Ni O4+δ-

LaNi0.6Fe0.4O3-δ, BCZYYb7111: BaCe0.7Zr0.1Y0.1Yb0.1O3-δ, BCZY721: BaCe0.7Zr0.2Y0.1O3-δ, 

BSCF: Ba0.5Sr0.5Co0.8Fe0.2O3−δ , ; SFNb: SrFe0.95Nb0.05O3- δ, LSM-SDC: La0.75Sr0.25MnO3- δ - 

Ce0.8Sm0.2O2- δ, BCY91: BaCe0.9Y0.1O3-δ, LSCF6428- BCYb91: BCFN: BaCe0.5Fe0.4Ni0.1O3-δ, 

La0.8Sr0.2Co0.8Fe0.2O3- δ - BaCe0.9Yb0.1O3- δ, PBC- BZYP: PrBaCo2O5+δ- BaZr0.7Y0.2Pr0.1O3- δ 
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Figure S6.12: I-V and I-P curves of the anode-supported Ni+BCZYYb7111 single cell based on 

BCFZY cathode which was used to compare the novel BCCFZ composite material operating at 

500 – 650 oC. 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1 Background  

The preceding chapters of this study have focused on investigating cathode material development 

strategies for CFCs, specifically SOFCs and PCFCs, capable of operating at intermediate and low 

temperatures. The research objectives were meticulously addressed and explored, providing new 

insights and understanding of this field. In this final chapter, the key findings and contributions of 

the study will be consolidated and presented clearly and concisely. The purpose of this chapter is 

to provide a comprehensive summary of the work conducted, draw meaningful conclusions, and 

offer commendations for future research.  

7.2 Summary of Research Objectives and Key Findings 

This research aims to address the challenges associated with the reduced temperature operation of 

CECs by exploring strategies to enhance the electrocatalytic performance of their functional 

cathode materials. The project has three objectives that contribute to improving the performance 

and practicality of CFCs. 

i. The first objective is to investigate the effects of lattice engineering on the electrocatalytic 

performance and CO2 tolerance of an established functional cathode material, 

Ba0.5Sr0.5Co0.7Fe0.3O3-δ, for intermediate-temperature SOFC applications. This objective 

entails expanding and contracting the lattice structure of the material to observe its impact 

on the material's electrocatalytic activity. The results of this objective will contribute to 

developing new strategies for improving the performance of functional air electrode 

materials for SOFCs. 



 

  174 | P a g e  

ii. The second objective of this research project is to investigate how self-assembly 

engineering affects the TIEC and power output in CFCs relative to regular composites and 

single-phase cathodes. This objective focuses on understanding the effects of phasic 

interactions on TIEC and suitability of nanocomposite self-assembly engineering for CEC 

cathodic applications. Four distinct materials, including a self-assembled, regular 

composite, and single-phase cathode materials with different dominant conductivities, 

were evaluated for their performance in SOFC and PCFC applications. 

iii. The final objective is to understand the electrokinetic phenomena in self-assembled 

cathodes that enabled their superior performance in PCFCs. This objective entails 

optimizing TIEC of cathode materials for PCFCs at reduced temperatures using self-

assembly cathode engineering. The proton conduction mechanisms of the material were 

elucidated via hydrogenation and hydration pathways using the tailored ECR approach. 

The findings from this study will inform better understanding of the conductivity interplay 

between multi-phases that promote superior cathodic performance in PCFCs. 

The ultimate goal of this research project is to contribute to developing new, efficient, and cost-

effective cathode materials for CFCs that can be operated at reduced temperatures, thereby 

increasing their practicality, and making them more accessible to a broader range of applications. 

This research's findings and contributions will be summarized and presented along with 

recommendations for future research. 
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7.2.1 Key Findings from Objective 1  

BSCF is a well-known cathode material for SOFCs due to its high catalytic activity for the ORR 

at low and intermediate temperatures. However, its poor stability in a CO2-rich environment limits 

its practical use. In addressing this issue, the effects of lattice contraction and expansion on the 

performance and CO2 tolerance of Ba0.5Sr0.5Co0.7Fe0.3O3-δ air electrode material were 

systematically investigated in this study. 

In achieving lattice expansion and contraction, 5 mol.% of the Fe-B site cations in BSCF were 

substituted with TMs, i.e., Zn and Cu, respectively. The results showed that the 

Ba0.5Sr0.5Co0.7Fe0.25Cu0.05O3-δ (BSCFC5) cathode, which experienced lattice contraction, exhibited 

the best performance with an ASR of 0.0247 Ω cm2 and a PPD of 1715 mW cm−2 at 650°C for 

symmetrical and single cells, respectively. Furthermore, the material displayed improved CO2 

tolerance compared to BSCF, as it survived several rounds of 10% CO2 injection and ejection over 

100 hours (about 4 days). 

This study highlights the importance of lattice engineering in optimizing the properties of SOFC 

cathode materials. The correlation between the ORR and CO2 tolerance of BSCF and lattice 

expansion and contraction has not been reported previously. This study showed that lattice 

engineering is crucial in determining the variability in the catalytic ORR and CO2 tolerance of 

BSCF functional material. The shortened pathway for oxygen mobility and weakened adsorption 

energy of reactive intermediates in the lattice of BSCF were responsible for the improved ORR 

and CO2 tolerance of the BSCFC5 cathode. 

In conclusion, the study demonstrated that Cu-TM-doped BSCF (BSCFC5) is a better alternative 

to BSCF material for SOFC applications due to its improved performance and CO2 tolerance. 
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These findings provide valuable insights into optimizing SOFC cathode materials using lattice 

engineering. 

7.2.2 Key Findings from Objective 2 

The second objective focuses on evaluating the performance of a novel cathode material, 

BaCo0.5Ce0.3Fe0.1Yb0.1O3-δ (BCCFYb), for potential use in CFCs (i.e., SOFCs and PCFCs). The 

material was created through a nanoscale auto-biphasic ordering process and consisted of a host 

cubic phase (70%) and an ancillary rhombohedral phase (30%) that synergistically enhances its 

ORR activity.  

The results of the comparison between BCCFYb and other cathode materials, including cobalt-

rich oxide-ion and electron-conducting BaCo0.833Yb0.167O3-δ (BCYb), cerium-rich proton and 

electron-conducting BaCe0.75Fe0.25O3-δ (BCF), and cobalt-cerium-rich triple ionic-conducting 

BaCo0.833Yb0.167O3-δ - BaCe0.75Fe0.25O3-δ (BCYb-BCF), showed that BCCFYb outperforms all of 

these materials in terms of ORR activity and stability. At 650 °C, BCCFYb had an ASR of 0.084 

Ω cm2 in 2.5% air-H2O, surpassing the ASRs of BCYb, BCYb-BCF, and BCF by 24%, 87%, and 

100%, respectively. In addition, at 650 °C, the PPD of BCCFYb exceeded 800 and 1200 mW cm−2 

in PCFC and SOFC modes, respectively, and outperformed many previously developed cathode 

materials. This study highlights the potential of self-assembly engineering as a more practical 

approach to developing high-performance cathode materials for CFCs, especially the protonic 

CFCs. 
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7.2.3 Key Findings from Objective 3 

The third objective of this study focuses on optimizing and understanding the electrokinetic TIEC 

in the cathode material with the unique composition Ba(CeCo)0.4(FeZr)0.1O3-δ (BCCFZ). The 

material was designed through a self-assembly engineering process and consisted of a mixed ionic 

and electronic conducting phase (M-BCCFZ) and a dominant proton-conducting phase (H-

BCCFZ). The cerium-rich H-BCCFZ phase significantly enhanced the material's oxygen vacancy 

concentration and proton defects formation and transport, resulting in a low enthalpy of 

protonation of −30 ± 9 kJ mol−1. The ASR of the BCCFZ symmetrical cell was 0.089 Ω cm2 at 

650 °C in 2.5% H2O-air. The PPD of the anode-supported single cell based on the BCCFZ cathode 

reached 1054 mW cm-2 at 650 °C, demonstrating good operation stability over 500 hours at 550 °C. 

The low cobalt content and high cerium content in the BCCFZ material also favored its low TEC 

of 9.6 ×10-6 K-1. The findings from this study suggest that low enthalpy enabled enhanced proton 

uptake and synergistic phases enabled improved TIEC and low TEC, demonstrating the 

practicality and effectiveness of self-assembly engineering as a method for developing superior 

cathode materials. 

7.3 Research Significance and Contributions 

The research project aimed to address the challenges associated with the low-temperature 

operation of CFCs by exploring strategies to enhance the electrocatalytic performance of their 

functional cathode materials. Through the examination of ABO3 perovskite oxide materials as 

cathode materials, the investigation of lattice engineering on the electrocatalytic performance and 

CO2 tolerance of established functional cathode material, and the optimization of the TIEC of 

cathode materials through nanocomposite self-assembly engineering, this research project has 

made several significant contributions to the field of CFCs. 
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The findings of this research project have provided a comprehensive understanding of the strengths 

and weaknesses of using certain perovskite oxide materials in CFCs, which will inform future 

research efforts in this area. The investigation of lattice engineering has led to new insights into 

how the structure of functional air electrode materials can impact their electrocatalytic activity. 

The optimization of TIEC through nanocomposite self-assembly engineering has resulted in the 

development of new biphasic nanocomposite air electrode materials with improved ORR, which 

has the potential to significantly improve the performance and stability of CFCs at reduced 

operating temperatures. The results of this research can be used to develop new, efficient, and cost-

effective cathode materials for CFCs that can be operated at reduced temperatures, making them 

more accessible and practical for a broader range of applications. Recommendations for future 

research are presented, building upon the foundation laid by this research project, and further 

advancing the field of CFCs. 

7.4 Limitations of the study 

Despite the comprehensive nature of this research project, it is essential to acknowledge its 

limitations. These limitations provide valuable insights into potential avenues for future research 

and improvement. The following are the fundamental limitations of this study: 

1. Limited mechanistic analysis in lattice engineering study: The first study in this thesis 

focused on investigating the effects of lattice engineering on the performance and CO2 

tolerance of the BSCF cathode material. While lattice contraction was found to improve 

catalytic activity and CO2 resistance, the analysis did not thoroughly examine the 

concurrent effects of changes in valence states and oxygen vacancy concentration induced 

by Cu-doping. This represents a limitation of the lattice engineering study and an area for 
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future work to build a more nuanced understanding of how multiple concurrently changed 

factors affect the material's performance. 

2. Sample Size: The sample size of this study was limited, which could have impacted the 

generalizability of the results. To further validate the findings of this research, larger 

sample sizes and a more significant number of replications should be considered in future 

studies. 

3. Methodological Limitations: The study was designed with a specific research design and 

methodology. While every effort was made to ensure that the methodology was appropriate 

for the research objectives, there may have been limitations in the design or execution of 

the study that impacted the results. In particular, the limitations of the methods used to 

measure the microstructural properties and electrocatalytic performance of the cathode 

materials should be considered. 

4. Time Constraints: This research project was carried out within a specified time frame (less 

than three years). The time constraints may have limited the ability of the study to fully 

explore all of the relevant factors that could impact the electrocatalytic performance of 

cathode materials for ceramic fuel cells. 

5. Lack of Control Variables: There may have been variables that were not considered or 

controlled in this study that could have impacted the results, such as sintering, calcination, 

ball milling, and stability time variables. Future studies should consider the potential 

impact of these variables and attempt to control for them as much as possible. 

6. Limited Scope: The scope of this research project was limited to a specific set of cathode 

materials and their performance in CFCs. While the findings of this research are significant 

and contribute to the existing literature, they are not exhaustive and may not be applicable 
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to other materials or applications, such as ceramic electrolysis cells and reversible ceramic 

cells. 

7.5 Recommendations for Future Research 

The current research project has explored strategies for enhancing the electrocatalytic performance 

of functional cathode materials for CFCs to address the challenges associated with the low-

temperature operation of CECs. The project has achieved a comprehensive understanding of the 

challenges and limitations of using perovskite oxide materials as cathode materials, investigated 

the effects of lattice engineering on the electrocatalytic performance and CO2 tolerance of 

functional cathode material, and optimized the TIEC of cathode materials through the adoption of 

nanocomposite self-assembly engineering. Based on the results of this research, the following 

recommendations are made for future research in this area: 

i. Optimization of Lattice Engineering Techniques: The first objective of this research project 

aimed to investigate the effects of lattice engineering on the electrocatalytic performance 

and CO2 tolerance of an established functional cathode material for intermediate-

temperature SOFC applications. A more comprehensive mechanistic study considering 

how lattice contraction interacts with alterations in valence states and oxygen vacancies is 

needed to gain deeper insight into the underlying mechanisms responsible for the enhanced 

properties of Cu-doped BSCF. Likewise, further research is needed to understand the 

lattice engineering techniques used in this study and to explore their potential for improving 

the performance of other functional cathode materials. 

ii. Enhancement of TIEC: The second and third objectives of this research project aimed to 

optimize the TIEC of cathode materials for PCFCs at lower temperatures through the 

adoption of nanocomposite self-assembly engineering. Although this research has made 



 

  181 | P a g e  

significant strides in developing new biphasic nanocomposite air electrode materials with 

improved TIECs and better understanding of their electrokinetic phenomena, there is still 

room for future research to continue refining and optimizing these materials to achieve 

even higher performance levels and stability. 

iii. It would be beneficial to comprehensively evaluate the performance and stability of the 

nanocomposite cathode materials developed in this study in real-world operating 

conditions, including testing in full-scale CFC systems. 

iv. Finally, further research is needed to explore the potential of CFCs for a broader range of 

applications, including small-scale and large-scale systems, and to identify the critical 

challenges associated with their commercialization and deployment. 

 

7.6 Chapter Summary 

This chapter provides a comprehensive summary of the key findings, the research significance and 

contributions, and the limitations encountered during the research process. The chapter serves as 

an opportunity to reflect on the research outcomes and offers recommendations for future studies 

in cathode development for low-temperature operating CFC technology.
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