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Abstract 

Oxide-ion conducting materials have never failed to attract intensive attention due to their potential to be 

used for the applications of solid oxide fuel cell (SOFC) devices. With the aim of reducing the operating 

temperatures of SOFC devices to the intermediate high temperature range (500oC-800 oC), the design and 

synthesis of a new structure family to be used as the electrolyte material could be crucial. 

In this thesis, the potential of calcium-doped layered perovskite compounds, BaNd1-xCaxInO4-x/2 (where x is the 

Ca content), as protonic conductors was experimentally investigated. The single phase of monoclinic crystal 

structure with the P21/c symmetry was confirmed in the as-synthesized BaNd1-xCaxInO4-x/2 solid solutions by 

XRD characterisations. The acceptor-doped ceramics exhibited improved total conductivities that were 1-2 

orders of magnitude higher than those of the parent material, BaNdInO4. The highest total conductivity of 2.6 

x 10-3 Scm-1 was obtained for the BaNd0.8Ca0.2InO3.90 sample at a temperature of 750 oC in air. Electrochemical 

impedance spectroscopy measurements of the x = 0.1 and x = 0.2 substituted samples showed higher total 

conductivity under humid environments than those measured in a dry environment over a large temperature 

range (250 oC-750 oC). At 500 oC, the total conductivity of the 20% substituted sample in humid air (~3% H2O) 

was 1.3 x 10-4 Scm-1. The incorporation of water vapour decreased the activation energies of the bulk 

conductivity of the BaNd0.8Ca0.2InO3.90 sample from 0.755(2) eV to 0.678(2) eV in air. The saturated 

BaNd0.8Ca0.2InO3.90 sample contained 2.2 mol% protonic defects, which caused an expansion in the lattice 

according to the in-situ X-ray diffraction data. Combining studies of the impedance behaviour with 4-probe DC 

conductivity measurements obtained in humid air which showed a decrease in the resistance of the x=0.2 

sample, it could be concluded that experimental evidence indicates that BaNd1-xCaxInO4-x/2 exhibits triple 

(oxygen-ion, proton and hole) conduction in wet atmospheres. 

The oxygen and deuterium isotope exchange depth profiling measurements on the BaNd0.8Ca0.2InO3.90 sample 

were successfully performed where valid diffusion kinetics for oxygen diffusion in this unique layered 

perovskite were firstly obtained. The obtained surface exchange coefficients for oxygen of the 

BaNd0.8Ca0.2InO3.90 sample measured under wet atmospheres were significantly higher than those measured 

in dry 18O2, while the diffusion coefficients in bulk material were decreased in wet atmosphere and a higher 

the activation energy for oxygen diffusion was achieved according to the Arrhenius plot. The activation energy 

for oxygen diffusion was increased from 1.08(8) eV to 1.86(11) eV after water incorporation, which implied a 

hindering effect of protonic defects on the oxygen diffusion process in the bulk material. Besides, fast grain 

boundary diffusion ‘tail’ was confirmed in the 500 ℃ and 550 ℃ (H2
18O+O2) wet exchange depth profiles and 

the grain boundary diffusion products, 𝐷gb ∙ 𝛿, of 6.64 x 10-14 and 5.31 x 10-13 cm3/s at 500 ℃ and 550 ℃ 

respectively were calculated.  

The chemical stability of the obtained phase in the BaNd0.8Ca0.2InO3.90 sample was examined after long 

duration wet annealing by XRD and STEM-EDS materials characterization methods, where A-site cation 

exsolution of calcium and barium to the sample surface was confirmed forming corresponding CaCO3 and 

BaCO3 secondary phases on the surface. 

In this work, processing high density Calcium substituted BaNdInO4 as an electrolyte was investigated. By 

means of electrochemical performance characterization methods together with the isotope exchange depth 

profile measurement, the contribution of different charge carriers in this layered-perovskite structural 

material was probed. It was shown that BaNd1-xCaxInO4-x/2 exhibits triple (oxygen-ion, proton and hole) 

conduction in wet atmospheres and the migration of protons are much faster than that of oxide-ions. All these 

results implied a promising potential of this ceramic, with a unique layered perovskite structure, to be used as 

the electrolyte material for the intermediate high temperature SOFC devices. 
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Chapter 1  

Introduction 

1.1 What is a fuel cell and why fuel cells? 

A fuel cell is an energy conversion device, which transforms the chemical energy stored in a gaseous fuel 

directly into electrical energy through electrochemical combination of the fuel with an oxidant. Figure 1.1(a) 

below shows the schematic diagram of fuel cell operation. In a fuel cell device based one oxide-ion conducting 

electrolyte, the combustion of the fuel, most commonly H2, is split into two electrochemical semi reactions: 

H2(g) + O2− ↔ H2O(g) + 2e−(Anode) 
1

2
O2(g) + 2𝑒− ↔ O2−(Cathode) 

Overall reaction: H2 +
1

2
O2 → H2O 

By using an ionic conducting and electronically isolated electrolyte material between the anode and the 

cathode, two half reactions are spatially separated and the electrons extracted from the oxidation of the fuel 

are forced to flow through an external circuit, thus generating an electric current. At the anode, fuel (H2) reacts 

with oxygen ions forming water and electrons. The consumption of oxygen ions results in oxygen vacancies in 

the anode material, which then diffuse into the bulk and propagate through the electrolyte layer arriving at 

the cathode. At the same time, the electrons generated flow through a different path to the cathode and 

combine there with oxygen molecules forming oxygen ions, which then fill in the oxygen vacancies at the 

cathode and finishing the circuit. The whole process is driven by the difference in electrochemical potential 

between the electrodes. The charge carrier and half reactions may vary due to the different electrolytes 

employed. The chemical equations above describes the mechanism of a SOFC device based on an oxide-ion 

conducting electrolyte.  

               
Figure 1.1 (a) The schematic diagram of fuel cell operation (b) A 6-cell Jülich® SOFC stack with the detailed cell structure 

together with the cell frame and sealing illustrated. Reproduced from (1) with kind permission from Martin Bram 

(Forschungszentrum Jülich GmbH, IEK-1). 

Overall, the electrochemical device consumes fuel (H2) and oxidant (O2) by electrochemical reaction producing 

water and releasing energy at the same time. Since no intermediate form of energy is generated in the 

operation of a fuel cell, the energy conversion efficiency can reach up to 65%(2), which is much higher than 

that of a traditional combustion engine(~30%). The majority of released energy is converted into electrical 

power while the rest of it turns into heat dissipating within the cells as a by-product. Due to the high operating 

temperature of the SOFC devices, the heat by-product produced is of high temperature which can be utilized 

in a coupled system to further increase the overall efficiency(3). Figure 1.1(b) illustrates a state-of-art all-solid-

based fuel cell stack integrated with a steel frame proposed and fabricated by Jülich®(1). Except for the three 

(a) 

(b) 
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main components mentioned above, an interconnect component was deposited in between the stacks, which 

is meant to ensure sealing and improve electrochemical contacting in the fuel atmosphere. The 

electrochemical device and its structure in detail regarding the materials for each components will be 

discussed in the following chapters. 

Climate change, greenhouse gas emission, consumption of limited fossil fuels, these eye-catching words along 

with a great number of reports have raised people’s awareness of how our planet has been suffering from the 

misuse of resources over the last 200 years. The International Panel on Climate Change (IPCC) fourth 

assessment report in 2014(4) pointed out that ‘most of the observed increase in global average temperature 

since the mid-20th century is mostly likely due to the observed anthropogenic greenhouse gas (GHG) 

concentrations’. On the other hand, the emission of GHG is highly related to the burning of fossil fuels. 

According to the accessible online source of U. S. Energy Information Administration (2019)(5), in 2019, the 

majority (more than 80%) of greenhouse gas (GHG) emissions in the United States still comes from burning 

fossil fuels. Even though many governments have launched programs and invested a huge amount of money 

and efforts on developing renewable energy generation systems, the direct burning of fossil fuel for energy 

still dominates the energy supply in most of the societies. Globally, PBL Netherlands Environmental 

Assessment Agency(6) summarized the trends in global CO2 and total GHG emission of the G20 in the last two 

decades. The data showed a slowdown in growth of the GHG emissions of the most recent 5 years, however 

the increase in the green house emission and global climate change still seems unstoppable, which will for 

sure strongly affect human welfare and threatens hundreds of thousands of beings’ life on Earth. Therefore, 

a stable environmentally friendly energy generation technique is desperately required for the continuous 

development of human beings. 

Table 1.1 Summary of the similarities and differences between fuel cells, lithium-ion batteries, combustion 

engines and solar cells. (Adapted from (7)) 

 Fuel Cell Li-ion Battery Combustion engine Solar Cell 

Function Energy conversion Energy storage & 
conversion 

Energy conversion Energy conversion 

Fundamental Electrochemical 
reactions 

Electrochemical          
reactions 

Combustion Photovoltaic effect 

Typical fuel Usually pure H2 Stored chemicals Gasoline, diesel Light 

Main output DC electricity DC electricity Mechanical power DC electricity 

Main advantages High efficiency High efficiency High maturity Eco-friendly 

 Reduced emissions High maturity Low cost High durability 

Main disadvantages High cost Safety issue Significant emissions Low efficiency 

 Low durability Low durability Low efficiency Low power level 

 

In comparison with the main energy generation techniques today, table 1.1 summarized the similarities and 

differences between fuel cells, lithium ion batteries, traditional combustion engine and the solar cells. The 

applications of traditional combustion engines in stationary power plant and transportation propulsion are 

steadily being replaced by new energy generation technologies with high energy conversion efficiency and 

reduced emission of GHGs. As the alternatives, fuel cells, batteries and solar cells all function as energy 

conversion devices which convert either chemical energy (fuel cells, batteries) or solar energy (solar cells) into 

a direct current (DC) flow. However fuel cells and solar cells are systems that operated at a thermodynamic 

steady state with a constant voltage output as long as it is continually supplied with fuel or light from an 

external source. On the contrary, most batteries are closed thermodynamic systems contain an exhaustible 

internal supply of reactants. As these reactants (Li+ in lithium batteries) deplete, the voltage of the battery 

decreases over time. The main disadvantages of the lithium-ion batteries which is also the major challenge of 

the field is the safety issue which stems from the flammable liquid electrolytes typically employed in Li-ion 

cells. Some lithium battery devices also suffer from ageing issue, the performance of which is dependent upon 
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the number of charge-discharge cycles undergone. Solid oxide fuel cell device also suffers from low material 

durability because of its high operating temperature which triggered the research interest of finding an 

electrolyte material in replacement of the yttrium stabilized zirconia (YSZ) based cells. Being compared with 

solar cells as an energy generation device, fuel cell system has the merit of high power output and stability as 

the supply of fuel doesn’t rely on season and weather. From the perspective of applications in the automotive, 

fuel cell units showed disadvantages of high capital cost and low maturity in commercialization compared with 

lithium batteries. The application of fuel cell in transportation propulsion is also limited by the fuel (H2) supply. 

The production and storage of pure hydrogen will add extra cost to the employment of the fuel cell technique 

in the automotive applications. 

Winning the merits of high energy conversion efficiency directly from fuels with reduced GHG emissions, solid 

oxide fuel cell technology is still a promising candidate for the future power generation system, which can 

effectively mitigate the reliance upon the resource of fossil fuels by using it more wisely. However, the high 

operating temperature of the existing SOFC devices limited its applications due to the high demanding for the 

materials used and the low durability. It is crucial to find an alternative conductor used as the electrolyte 

material and lower the operating temperature of the SOFC into intermediate temperature range(500oC-800 

oC).  

 

1.2 A brief history of fuel cells 

The principle of the fuel cell was discovered in 1839 by Sir William Grove(8). In his letter published in the 

February issue of Volume XIV of The London and Edinburgh Philosophical Magazine and Journal of Science, he 

described his discovery of the combination of gases by platinum on voltaic series. According to his observation, 

‘little electric action was manifest’ at room temperature on his first attempt when employing the dilute sulfuric 

acid as the electrolyte between two troughs, one of plates of iron and the other of plates of copper, containing 

hydrogen and air respectively. This ‘electric manifesting’ device was reported as one type of battery at that 

moment, which was then known as fuel cells. After that, Grove carried out a series of related experiments and 

gave a presentation at Royal Society in 1842, in which he reported the invention of an apparatus named 

‘gaseous voltaic battery’(9). As can be seen in Figure 1.2(a), two platinized electrodes were used in the 

apparatus in order to increase the exposed surface area of the electrodes in the gas environment. A series of 

fifty such pairs semi-immersed in dilute sulfuric acid was found to ‘whirl round’ the needle of a galvanometer, 

to give a painful shock to 5 people joining hands(9). He also investigated the minimum number of such cells 

connected in series required to decompose water which was found to be 26. 

After Grove presented his experiments to the Royal Society of London, several attempts were made by Lord 

Rayleigh(10), Ludwig Mond, et al(11) in order to improve the performance of this ‘gas battery’. The prototype 

for the practical fuel cell was constructed in 1889 by Mond and Langer which exhibited an efficiency of nearly 

50%(11). They also realized that the wasted energy was converted into heat within the battery. 

Although, the concept of fuel cells emerged almost two centuries ago, the first practical application of a fuel 

cell system was in the 1960s, when the Gemini space flights chose the solid polymer electrolyte fuel cell system 

as an auxiliary power supply due to its high power and energy densities with respect to volume and weight(12). 

During the same period of time, all 18 Apollo missions used alkaline fuel cells (AFCs) as the continuous power 

supply(13). Due to their exemplary in-flight performance, International Fuel Cells (a division of United 

Technologies Corporation) produced an improved cell in 1970s. The improved system provided all of the 

electric power required for the shuttle, which was eight times more power than the Apollo ones(14). Moreover, 

it provided drinking water at the same time when the Space shuttle was in flight. 
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Figure 1.2 The schematic sketch of four ‘gaseous voltaic battery’. Adapted from Sir William Robert Grove’s origin 

letter.(9)  

The successful application of fuel cells in the space programs stimulated great research interest worldwide. 

Intensive research activities were launched probing the development of fuel cell technology which was 

expected to be the future power generation technology with high energy conversion efficiency and low 

emission. People realized the potential application of fuel cell devices in stationary power supply fields 

providing an more environmentally friendly way of utilizing fuels. In the 1980s, national programs were 

established in Japan and Europe. Since then, several fuel cell technologies have been well developed and 

hundreds of fuel cell units have been installed worldwide (15-17). On the other hand, polymer electrolyte 

membrane fuel cells operated at low temperatures have recently attracted much attention due to their 

potential applications in portable power devices and in transportation applications (16, 18, 19).  

As a power generation device, the key advantage of a fuel cell is its high conversion efficiency. Compared with 

other conventional energy generation methods, such as the combustion turbine system, the conversion 

efficiency of a fuel cell is not subjected to the Carnot limitation because it converts the chemical energy of a 

fuel directly without an intermediate of heat. As reported in the 5th FCDIC Fuel Cell Symposium in Tokyo in 

1996(3), the theoretical conversion efficiency of an integrated solid oxide fuel cell combustion turbine power 

system was expected to reach up to 70%.  

At this stage, according to the electrolyte used, the state-of-the-art fuel cells can be mainly classified into five 

types, namely, the polymer electrolyte fuel cell (PEFC), the alkaline fuel cell (AFC), the phosphoric acid fuel cell 

(PAFC), the molten carbonate fuel cell (MCFC) and the solid oxide fuel cell (SOFC)(3). Among all these fuel cells, 

the most industrialized and documented fuel cell system is the PAFC. By the end of 2005, more than 500 PAFC 

power plants had been installed and tested around the world(20). However, the high cost of constructing one 

unit of PAFC severely hindered its commercialization. In the 1990s, the discovery of polymer electrolyte 

membrane fuel cells triggers enormous investments and research activities in fuel cells for propulsion of 

passenger vehicles because of its high power density versus weight and low-to-zero emission (21, 22). 

Unfortunately these fuel cell vehicles were not commercialized at that time because they failed in competition 

with lithium-ion battery vehicles. The characteristics of all five types of fuel cells are listed in Table 1.2. Our 

research interest is mainly focused on SOFCs materials, to be more specific, the electrolyte materials used for 

SOFC applications. In the next section, the advantages of SOFC over other types of fuel cells will be discussed 

together with a brief introduction of materials used for different components of a SOFC stack. 
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Table 1.2 The Characteristics of the different types of fuel cells(adapted from (3)). 

 PEFC AFC PAFC MCFC SOFC 

Electrolyte Nafion NaOH/KOH H3PO4 Na2CO3-Li2CO3 ZrO2-Y2O3 

Operating temperature 
(℃) 

70-80 70 200 650-700 900-1000 

Main charge carrier H+ OH- H+ CO3
2− O2- 

Fuel H2 H2 H2 H2, CO, CH4 H2, CO, CH4 

Expected efficiency 
(HHV) (%) 

30-40 ~70 35-42 45-60 45-65 

Power, current status 
(kW) 

12.5a 10b 100c 1000d 100e, 15f 

Efficiency (%) 40 >60b 40 45 43d, 50e 

Main applications Vehicles Standalone 
power generators 

Portable power 
applications 

High power 
application 

Stationary power 
generator  

a Allied signal. 
b AFC energy. 
c  Fuji electric. 
d MCFC Research Association, Japan. 
e Siemens Westinghouse. 
f Mitsubishi Heavy Industry and Electric Power Development. 

1.3 Solid oxide fuel cells 

A solid oxide fuel cell (SOFC) device consists of a dense layer of oxide-ion or proton conducting electrolyte 

sandwiched by two porous electrodes. The adoption of either oxide-ion conductor or protonic conductor as 

the dense electrolyte material changes the operation mechanism of a SOFC as well as its operating 

temperature and applications. As illustrated in Figure 1.3 the bias compensation within the structure is 

completed by the transportation of oxide-ions in the oxide-ion conductor based SOFC, whereas in the proton 

conducting solid oxide fuel cell (PC-SOFC), proton is the main charge carrier that is moving in the system.  

 

H2(g) + O2− ↔ H2O(g) + 2e−(Anode)                                H2(g) ↔ 2H+ + 2e−(Anode)   

 
1

2
O2(g) + 2𝑒− ↔ O2−(Cathode)                                

1

2
O2(g) + 2H+ + 2𝑒− ↔ H2O(Cathode) 

Overall reaction: H2 +
1

2
O2 → H2O                               Overall reaction: H2 +

1

2
O2 → H2O 

Figure 1.3 Schematic diagram of reactions in solid oxide fuel cells based on (a) an oxide-ion conducting electrolyte or (b) 

a proton conducting electrolyte. Reproduced from (23) with permission from Elsevier. The corresponding semi 

reactions and the overall reaction are illustrated below. 

(a) (b) 
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Due to the dehydration reaction that happens in most of the proton conducting materials at high temperatures, 

the operation temperature of a PC-SOFC is within the intermediate to high temperature range (500-800℃) 

which is slightly lower than that of a SOFC based on an oxide-ion conductor (600-1000℃). If being used in a 

reverse operation mode, the PC-SOFC becomes an electrolyzer which is a promising candidate for hydrogen 

production because it produces pure hydrogen gas at the anode side. 

Among all types of fuel cell technologies discussed in the previous section, SOFCs have several distinct 

advantages due to their all-solid-state structure and high operating temperature. The use of nonprecious 

materials and no liquids involved in the system eliminates some maintenance problems regarding the 

materials corrosion and liquid-solid surface wetting issues. On the other hand, the high operating temperature 

of a SOFC system (normally over 800℃) promotes rapid reaction kinetics at the electrodes and allows the 

reforming of hydrocarbon fuels at the anode side within the cells which results in multi-fuel capacity of SOFC 

devices(24). Regarding the heat produced by the electrochemical reaction, which is inevitably generated in all 

types of fuel cells by ohmic losses, electrode overpotentials(25) etc, the high operation temperature of a SOFC 

allows possibilities for cogeneration application in coal based stationary power plants(26) which need heat for 

gasification. Actually, the heat is necessary to maintain the operation of cells. Other applications for the 

residual heat of a SOFC system such as utilization in a bottoming cycle or in production of hot water are also 

considered in the design of a SOFC based system. By using the heat by-product properly, the overall energy 

conversion efficiency of a SOFC system can be further increased(27). As reported by Buonomano et al.(28), a 

SOFC-gas turbine(SOFC-GT) system for combined heat and power can even achieve electrical efficiencies of as 

high as 70%. It is worth noting that in Buonomano’s research, the margority of SOFC-GT hybrid systems are 

fed by methane, which is easier to manage than hydrogen(28). 

Every coin has two sides. The high operating temperature of SOFCs also places stringent requirements on the 

choice of materials used in all cell components. The criteria of choosing materials for each component in a 

SOFC design varies due to the different chemical environments in different parts of a fuel cell. Since 1937 when 

zirconia ceramics were first used in fuel cell application(29), SOFC technologies have been through great 

developments in the aspect of structural design. However, the principal components in a SOFC stack are quite 

common in all cases, namely, an electrolyte, two porous electrodes and the interconnection. 

(A) Anode Materials: The function of an anode electrode in a SOFC system dictates the complication in 

choosing the suitable anode materials for a particular SOFC device. It involves facilitation of fuel gas diffusion 

and oxidation of the fuel as well as transport of electrons and transport of the by-products of the 

electrochemical reaction. Regarding the high temperature and strong reducing atmosphere at the anode side 

during the cell operation, the anode materials need to be both chemically stable and highly resistive to 

degradation in order to achieve prolonged cell operation time. The basic requirements for an anode material 

to be used in SOFC applications is listed below: 

• High electro-catalytic activity towards oxidation reaction of the fuel gases. 

• Similar thermal expansion coefficient (CTE) and chemical compatibility with the adjacent components 

(the electrolyte and the interconnection). 

• Should possess continuous porous structure to increase the effective surface area for the gas diffusion. 

• Excellent carburization and sulfidation resistence to allow fuel flexibility. 

• A mixed ionic and electronic conductor(MIEC). 

• High wettability with respect to the electrolyte substrate, ease in fabrication and low cost. 

The most well-known anodes for high temperature SOFC applications is nickel/yttria stabilised zirconia 

cermet(30, 31). In the cermet, Ni provides excellent catalytic activity for the electrochemical oxidation of H2 
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and sufficiently high electronic conductivity (~2 × 104S ∙ cm−1 at 1000℃), while YSZ constitutes a framework 

for the dispersion of Ni particles which stabilizes Ni from coarsening(32, 33). At the same time, YSZ provides a 

significantly high ionic conductivity, which allows the oxidation of H2 to happen effectively at the 

nickel/YSZ/gas three phase boundary (TPB). Ni/YSZ cermet exhibits high stability in reducing atmosphere and 

good material capacity with the YSZ electrolyte. All these characteristics of Ni/YSZ make it a promising anode 

material for the high temperature SOFC applications. 

Apart from Ni/YSZ, intensive research activities have been carried out in the development of alternative anode 

materials in the last few years. Materials such as the double perovskite Sr2Mg1-xMnxMo6-δ (34) and Sr2MMo6 

(M=Fe, Co, Ni)(35-37) all exhibited promising mixed ion and electronic conducting (MIEC) properties under 

high temperature. The stems of these MIEC materials offers an option for SOFC operation with natural gas 

because Ni suffers from carbon deposition during the operation of SOFC using CH4 as a fuel(34). However, in 

spite of the poor carburization and sulfidation capabilities, Ni/YSZ continues to be the selected anode material 

for the high temperature SOFC applications(30, 31). The main disadvantage of these MIEC materials to date 

compared with Ni/YSZ is their poor chemical stability under long operation time of the cell. It is rather difficult 

to find a MIEC material that has the required catalytic activity for H2 oxidation or methane reforming and at 

the same time the electronic conductivity comparable to Ni. The chemical composition and microstructure of 

these new anode materials need to be further optimized in order to achieve satisfactory electrochemical 

properties for the applications in high temperature SOFC devices. 

(B) Cathode Materials: The criteria of choosing cathode materials for the high temperature SOFC application 

are similar to those of anode materials except for the requirements related to the oxidizing atmosphere at the 

cathode. Cathode materials in SOFC devices are expected to have high catalytic activity for the oxygen 

reduction reaction as well as sufficiently high oxide-ion conductivity to facilitate the diffusion of oxide-ions. In 

order to find an ideal cathode material for the high temperature SOFC applications, a wide variety of 

perovskite-type materials have been investigated in the last three decades. The majority of these perovskite-

type oxides can be categorized into three main divisions, the strontium-doped lanthanum manganite based 

materials (LSM), the strontium doped lanthanum cobaltate based materials (LSC), and the strontium cobaltate 

based materials (SCO). 

The choice of electrolyte material is of great importance when considering the cathode materials(38). 

According to the previous literatures, whilst LSC and SCO exhibited excellent cathodic properties in the SOFC 

devices using ceria-based electrolyte(38-42), LSM was utilized in the YSZ-based SOFC applications(43, 44). 

Initially, the La1−xSrxCoO3−δ (LSC) family caught most research interests due to its considerable oxide ion 

conductivity(45). The intensive research activities on this material didn’t last for long because of its poor 

performance at elevated temperatures as fabricated into a symmetric cell(39). Both A-site and B-site 

substitution in the LSC perovskite have been discussed which indeed improved the electrochemical properties 

of these materials, but further optimization is required with respect to the chemical stability of these materials. 

In contrast to LSC, LSM based materials are good electronic conductors rather than ionic conductors. Much of 

the interest in the LSM family stems from the fact that the cation deficiencies existing in the structure can 

effectively prohibit interfacial reactions, and thus, improve the cathode performance(45). With regard to the 

electrochemical properties as well as the stability and degradation, quite a few works have been done on 

improving the cathode performance of LSM-type perovskites(46-48). The mismatch in coefficient of thermal 

expansion (CTE) though, between the LSM-type perovskites and the YSZ electrolyte is the major challenge 

preventing it from further development. The scandium doped strontium cobaltate (SrCo1−xSbxO3−δ)(41, 42) 

or antimony doped strontium cobaltate (SrCo1−xScxO3−δ)(49) represent the new perovskite-type materials 

that shows the as-required mixed ionic and electronic conducting properties for the cathode materials used 

in SOFC devices. It was noted that there was a phase transition of this material with respect to the doping 
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levels, which change the tetragonal perovskite structure of the original SrCoO3−δ  into a cubic Pm-3m 

perovskite(41). These materials were tested in a ceria-based SOFC system exhibiting high power densities at 

intermediate high temperatures (400-800℃)(41, 49). 

(C) Interconnect Materials: The main purpose of the interconnect in a SOFC stack is to connect the individual 

cells in series and convey electrical current in between. Therefore, sufficiently high electronic conductivity 

under the operating atmosphere is the key requirement for the interconnect materials. However, what makes 

it extremely stringent to employ an appropriate interconnect material is the complicated chemical 

environment of an interconnect within a SOFC stack. Since an interconnect extends between the anode of one 

cell and the cathode of the adjacent cell, it has to be dense enough to avoid gases mixing and chemically stable 

in both oxidizing and reducing atmospheres at elevated temperatures. These criteria eliminate most of the 

candidates for this particular application. In addition, the interconnect materials should also have high thermal 

conductivity for heat dispersion within the cells, high creep resistance and high toughness to allow prolonged 

operation, and last but not least, the small mismatches in CTE with all components in the SOFC stack.  Very 

few materials manage to fulfil all these requirements. Chromium containing alloys for the intermediate 

temperature application(50, 51) and LaCrO3-based perovskites for high temperature application(52) are two 

major options along with some recent research on the combination of these two types of materials(53, 54). 

 

1.4 Electrolyte materials for SOFC application 

In an oxide-ion conducting solid oxide fuel cell device as shown in Figure 1.4(a), an electrolyte material 

functions not only as a separator between the air and fuel gas, but also as a shuttle for the oxide-ion 

transportation. Therefore, it has to be of high ionic conductivity and impermeable to prevent gas permeation 

during cell operation. Figure 1.4(b) shows the cross-section SEM image of a planar SOFC stack design with two 

porous electrodes sandwiching a dense thin electrolyte layer of approximately 15 μm in thickness.  

Since 1839, Faraday firstly observed ion conduction in the fluorite structure at high temperature, many 

materials with fluorite, perovskite and apatite related structures have been examined as the electrolytes for 

applications in SOFC devices. The first of all criteria is the high oxygen ion conductivity at the operating 

temperature of the device. Kilner et al.(55) summaried the ionic conductivities of most of the state-of-art 

potential ionic conductors for use of electrolyte materials in SOFC devices as shown in Figure 1.4(c).  

 

(a) (b) 
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Figure 1.4 (a) Schematic of a solid-oxide fuel cell. (b) Cross section image of a first fabricated anode-support cell. 

Reproduced with permission from (56) (c) Arrhenius plots of the oxygen ion conductivities of the most state-of-art SOFC 

electrolyte materials. The horizontal dotted line represents the limit of conductivity, which is necessary to construct a 

device with an electrolyte thickness of 15 𝜇𝑚 or less. Reproduced with permission from (55). 

For a structure to achieve high values of ionic conductivity, a large number of interconnected equivalent sites 

must be present, which are partially occupied to allow high mobility of the ionic charge carriers. Partial 

occupation of the equivalent sites can be achieved either intrinsically or extrinsically. In a chemically 

stoichiometric compound, the partial occupation can be achieved through intrinsic thermal disorder. At low 

temperatures, the normal sites in the lattice are fully occupied by cations, while the interstitial sites are empty. 

As the temperature increased, once the cation at the normal site gained enough energy to overcome the 

energy difference between the sub-lattices, it can hop out of its regular site and fill in the interstitial site 

forming an interstitial-vacancy pair and resulting in partial occupation of the combined sub-lattice. A classic 

example of this type of material is the δ-Bi2O3(57). Partial occupation of equivalent sites can also be achieved 

extrinsically in non-stoichiometric materials. For example, the substitution of aliovalent cations into the origin 

system (e.g. 10mol% Gd2O3 stabilized CeO2(58)) will generate extrinsic point defects, such as oxygen vacancies, 

causing partial occupation at the anion sites(59). 

 

1.4.1 Oxygen transport 

In this section, the ionic mobilities of the charge carriers will be discussed to investigate the important 

atomistic factors which govern the fast ionic conduction. As we consider a crystal with N equivalent sites per 

unit volume, which are partially occupied, we can define the occupied factor as 𝑐, and therefore the fraction 

of unoccupied sites becomes (1 − 𝑐). There is always a hindrance, or in other words an energy barrier to 

overcome, as an ion tends to migrate through the crystal to another unoccupied equivalent site. We can define 

this intervening energy barrier as the Gibbs energy of migration, ∆𝐺m. The smaller the ∆𝐺m, more easily can 

an ion hop to an equivalent site. 

In the Einstein equation, the ionic mobility is related to the ionic self-diffusion coefficient as: 

𝜇 =
𝑞𝐷

𝑘𝑇
(1) 

According to the random walk theory in a 3-D lattice, the self-diffusion coefficient, D, can be expanded as: 

𝐷 =
𝑧

6
𝑓(1 − 𝑐)𝑎0

2𝜐0 exp {−
∆𝐺m

𝑘𝑇
} (2) 

(c) 
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where 𝑧  is the number of adjacent equivalent sites, 𝑎0  is the distance between equivalent sites,  𝜐0  is a 

characteristic lattice frequency and ∆𝐺m is the Gibbs free energy of migration. The factor 𝑓 is the correlation 

factor representing the deviation from randomness of the atomic jumps. It would have a value of ~0.65 in a 

simple cubic lattice. 

Since 

∆𝐺m = ∆𝐻m − ∆𝑆m ∙ 𝑇 (3) 

where  ∆𝐻m, ∆𝑆m are the migration enthalpy and entropy respectively.  

As we can define the term 𝛾 as, 

𝛾 =
𝑧

6
𝑓exp {

∆𝑆m

𝑘
} (4) 

thus, 

𝜇 =
𝑞

𝑘𝑇
𝛾(1 − 𝑐)𝑎0

2𝜐0exp {
−∆𝐻m

𝑘𝑇
} (5) 

Since the ionic conductivity can be derived from: 

𝜎 = 𝑛𝑞𝜇 (6) 

and the volume concentration of mobile ions, 𝑛 is given by the product of 𝑁 and 𝑐. 

Therefore, 

𝜎 = 𝑁
𝑞2

𝑘𝑇
𝛾𝑐(1 − 𝑐)𝑎0

2𝜐0exp {
−∆𝐻m

𝑘𝑇
} (7) 

For a material with oxygen vacancies, as is the most common situation in the oxide ion conductors, we can 

use an expression to replace the fraction of occupied and unoccupied sites in terms of the oxygen vacancy 

concentration [𝑉𝑂
∙∙]s. It needs to be noted that, here the [𝑉𝑂

∙∙]s is expressed only as a site expression. Equating 

the (1 − 𝑐) with [𝑉𝑂
∙∙] gives an alternative expression for the ionic conductivity of an oxide ion conductors, 

𝜎 = 𝑁
𝑞2

𝑘𝑇
𝛾[𝑉𝑂

∙∙]s(1 − [𝑉𝑂
∙∙]s)𝑎0

2𝜐0𝑒𝑥𝑝 {
−∆𝐻m

𝑘𝑇
} (8)

This expression can be compared with an empirical Arrhenius type equation for conductivity: 

𝜎 =
𝜎0

𝑇
exp {−

𝐸a

𝑘𝑇
} (9)

where 𝐸a is the activation energy for the conduction process and 𝜎0 is a pre-exponential constant. 

It can be noted from Eq. (7) and Eq. (8) that the predicted ionic conductivity depends on two variables, the 

fraction of occupied sites 𝑐 or oxygen vacancy concentration [𝑉𝑂
∙∙]s and the migration enthalpy ∆𝐻m, while the 

other terms are either constants (𝑞, 𝑘) or variables that are not expected to alter substantially from oxide to 

oxide ( 𝑁, 𝑎0, 𝛾, 𝜐0 ). Therefore, we can derive the concentration dependence of the isothermal ionic 

conductivity of an oxide ionic conductor, which follows a quadratic curve with a maximum value obtained 

when half of the oxygen sub-lattices are occupied, a condition that is not possible for any practical oxide. In 

addition, according to Eq. (8) and Eq. (9), to obtain high values of ionic conductivity at a low set temperature, 

the activation energy 𝐸a or enthalpy ∆𝐻m  for the migration of oxygen ions needs to be as small as possible. 

The oxygen self-diffusion coefficient 𝐷  is another useful parameter in probing the oxygen transportation 

process in an oxide-ion conductor, which can be obtained from Eq. (5) as: 

𝐷 = 𝛾[𝑉𝑂
∙∙]s𝑎0

2𝜐0𝑒𝑥𝑝 {
−∆𝐻m

𝑘𝑇
} (10) 

where [𝑉𝑂
∙∙]s is again expressed as the mobile vacancy fraction. Note that defect concentrations are normally 

expressed as molar fractions and are only equivalent to site fractions for simple binary oxides with 

stoichiometry MO. Experimentally, the oxygen self-diffusion coefficient can be derived either from isotope 
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exchange depth profile (IEDP)(60) measurement using the 18O tracer, or from measurements of the ionic 

conductivity, 𝜎, using DC conductivity measurement or the AC impedance technique. Both of them are useful 

techniques probing the oxygen transport mechanism of an oxide-ion conductor. 

1.4.2 The effect of the ambient atmosphere on the conductivity 

As discussed before, the partial occupancy can be achieved extrinsically by acceptor-doping, which will cause 

the formation of oxygen vacancies as the charge compensating defects. Let us consider an ionic conducting 

oxide of the cation Mm+  with the chemical composition of M2Om . By introducing a lower-valent cation 

Mf (m−n)+ into the oxide, oxygen vacancies were introduced into the system as a charge compensator, and 

the process of which can be expressed as the Krӧger and Vink notation below: 

Mf2O𝑚−𝑛 + 2MM
x + nOO

x → 2MfM
n′

+ nVO
∙∙ + M2Om 

In the absence of any other defect equations or electronic defects, the neutrality condition of the system will 

be: 

𝑛[MfM
n′

] = 2[𝑉𝑂
∙∙] (11) 

This electroneutral condition will be modified slightly when electronic defects are involved, caused by 

equilibration of the lattice in the oxygen ambient environment. This equilibration can be expressed by two 

electronic defect equations. For high oxygen partial pressures, where oxygen is being incorporated into the 

lattice combining with the oxygen vacancies, the process can be written as: 
1

2
O2(g) + VO

∙∙ ↔ OO
x + 2ℎ∙ (12) 

where h∙ represents an electron hole. By applying the law of mass action into equation 12, we can obtain the 

expression for the temperature dependent constant K1(T): 

𝐾1(𝑇) =
[𝑂𝑂

𝑥] ∙ [ℎ∙]2

𝑃O2

1/2
∙ [𝑉𝑂

∙∙]
(13) 

Rewriting the concentration of holes as p and noting that in most of the situations [𝑂𝑂
𝑥] approximately equals 

1, thus, 

𝑝2 = 𝐾1(𝑇) ∙ 𝑃O2

1/2
∙ [𝑉𝑂

∙∙] (14) 

Then the condition of electroneutrality becomes: 

𝑛[MfM
n′

] = 2[𝑉𝑂
∙∙] + 𝑝 (15) 

In an aliovalent cation doped oxide-ion conductor, the concentration of oxygen vacancies is far larger than 

that of electron holes in most of the situations. Therefore, we can apply 𝑝 ≪ [𝑉𝑂
∙∙] into Eq. (15), and the 

electroneutral condition can be simplified as 𝑛[MfM
n′

] = 2[𝑉𝑂
∙∙]. The substitution of this condition into Eq. (14) 

gives 

𝑝 = [
𝑛

2
∙ 𝐾1(𝑇)]

1/2

∙ [MfM
n′

]
1/2

∙ 𝑃𝑂2

1/4 (16) 

Thus at high oxygen pressures, the concentration of electron holes is proportional to 𝑃O2

1

4 , whereas at 

reducing atmospheres or under low oxygen partial pressures, the lattice tends to further lose oxygen ions, 

OO
x ↔ VO

∙∙ +
1

2
O2(g) + 2𝑒′ (17) 

Through a similar process as above, we can obtain the expression for the electron concentration as a function 

of oxygen partial pressure: 
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𝑛𝑒 = [
2

𝑛
∙ 𝐾2(𝑇)]

1/2

∙ [MfM
n′

]
−1/2

∙ 𝑃O2

−1/4 (18) 

The 𝑃O2
 exponent changes from 

1

4
 to −

1

4
 as the atmosphere changes from an oxygen-enriched environment 

to an oxygen-deficient environment. Besides, it is worth pointing out that combining Eq. (16) and Eq. (18) 

yields the equilibrium constant for intrinsic electron-hole pair formation, 𝐾i(𝑇), 

𝑛𝑖𝑙 ↔ ℎ∙ + 𝑒′ (19) 

𝐾i(𝑇) = 𝑝 ∙ 𝑛𝑒 = [𝐾1(𝑇) ∙ 𝐾2(𝑇)]1/2 (20) 

Then, we can plot the concentration of defects in the system against 𝑃O2
. These types of plot are described as 

Brouwer(61) or Kröger–Vink(62) diagrams, which are particular ways of explaining the conduction mechanism 

of a mixed ionic and electronic conductor at various oxygen partial pressures. By summing the products of 

defect concentrations with appropriate defect mobilities, we can obtain the electrical conductivity (𝜎T) as a 

function of  𝑃O2
 (noting that the mobility of aliovalent cations on site is comparably low).  

𝜎T = 𝜎𝑒 + 𝜎ℎ + 𝜎[VO
∙∙ ] = 𝑒 ∙ 𝑛𝑒 ∙ 𝜇𝑒 + 𝑒 ∙ 𝑝 ∙ 𝜇𝑝 + 2𝑒 ∙ [𝑉𝑂

∙∙] ∙ 𝜇[VO
∙∙ ] 

where 𝜇𝑒, 𝜇𝑝 and 𝜇VO
∙∙  represent the mobilities of electrons, holes and oxygen vacancies respectively. Figure 

1.5 shows the results of adding three contributions together. Due to the higher mobilities of electrons and 

holes over that of oxygen ions, the conductivity plot is divided into three distinct ranges. In region (I) where 

the hole conduction dominates, the total conductivity 𝜎T varies as 𝑃O2

1

4, while in region (III) the exponent of 

𝑃O2
 is −

1

4
. Region (II) represents the oxygen partial pressure range where oxide-ions are the main charge 

carriers in the system. This central range is often called the ionic domain in the literatures, and its extent is 

dependent upon temperature and doping amount.  

     
Figure 1.5 (a) Brouwer diagram for defects in an acceptor-doped oxide featuring extrinsic disorder. (b) The variation in 

the electrical conductivity of the oxide,σ, with oxygen partial pressure.  

 

 

(a) (b) 
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1.4.3 The effect of dopants on the conductivity 

In order to further expand the activation energy term 𝐸a in Eq. (9) and relate that with the migration enthalpy 

∆𝐻m  in Eq. (8), we shall go deeper exploring the dopants effect or the defect associates in the material. The 

term associate refers to the combination of the vacancies with the dopant cations in the lattice. This 

combination is mainly due to the coulombic attraction between the defects as the oxygen vacancies and 

dopant cations are effectively positively and negatively charge in the system. Apart from that, the relaxation 

of the lattice around these defects also plays an important role in the formation of these defect associates. 

Again, considering an ionic conductor M2Om doped with the lower-valent cation Mf (m−n)+, this time we shall 

be more specific about the dopant assuming that n=1 or 2. 

For the case n=2 (case 1), there is only one possibility for the defect associate which is called the neutral 

associate: 

{MfM
′′  VO

∙∙}𝑥 → MfM
′′ + VO

∙∙ (21) 

which means that if no disassociation occurs, every dopant cation in the system is bound with an oxygen 

vacancy. This assumption was evidenced by the dielectric relaxation analysis of the oxide Ce(Ca)O2−x  done 

by Nowick and Park(63).  

Whereas for the case n=1 (case 2), two defect associates are possible, a charged associate 

{MfM
′   VO

∙∙}∙ → MfM
′ + VO

∙∙ (22) 

or a neutral associate: 

{MfM
′   VO

∙∙   MfM
′ }x → 2MfM

′ + VO
∙∙ (23) 

Of these two forms of associates, the charged associate seemed to be the more favourable one because that 

during the fabrication process of these oxide ion conductors, the extremely high sintering temperature 

(normally over 1200K) leads to random distribution of the doped cations. As the sample was cooled down to 

room temperature, it also froze the mobility of these heavy cations leaving them randomly distributed in the 

system. Therefore, it was almost impossible to find two dopant cations being adjacent to each other forming 

the neutral associate. Evidence supporting this assumption can be found in the electron spin resonance (ESR) 

measurements of the trivalent dopants in fluorite oxides (Abraham et al.)(64). The literature showed that a 

large fraction of dopant cations had cubic environments with no oxygen vacancy in the first-nearest adjacent 

sites. 

For case 1, we can apply the law of mass action to Eq. (21) which gives 

[𝑉𝑂
∙∙] ∙ [MfM

′′]

[{Mf𝑀
′′  𝑉𝑂

∙∙}𝑥]
=  𝐾𝐴1(𝑇) (24) 

where 𝐾3(𝑇) is the equilibrium constant of the disassociation of the associates, which can also be expanded 

as 

𝐾A1(𝑇) =
exp (−

∆𝐻A1
𝑘𝑇

)

𝑊
(25) 
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W is the number of orientations of the associate and ∆𝐻A1  is the association enthalpy(65). Since the 

electroneutrality of the system dictates that [𝑉𝑂
∙∙] = [MfM

′′], and we can substitute Eq. (25) into Eq. (24) which 

gives 

[𝑉𝑂
∙∙] = (

[{Mf𝑀
′′   𝑉𝑂

∙∙}𝑥]

𝑊
)

1
2

exp (−
∆𝐻A1

2𝑘𝑇
) (26) 

Since the majority of defects remains as associates, [{Mf𝑀
′′   𝑉𝑂

∙∙}𝑥] can be approximately replaced by the total 

dopant concentration, 𝐶M. It should be noted that 𝐶M  is a site fraction of the cation lattice. So the equation 

becomes: 

[𝑉𝑂
∙∙] = (

𝐶M

𝑊
)

1
2

exp (−
∆𝐻A1

2𝑘𝑇
) (27) 

We can then substitute this into equation (8), assuming that [𝑉𝑂
∙∙]s ≈ 0, 

𝜎 = 𝑁
𝑞2

𝑘𝑇
𝛾 (

𝐶M

𝑊
)

1

2
𝑎0

2𝜐0exp {
−(∆𝐻m+

∆𝐻A1
2

)

𝑘𝑇
} (28)

Compare the result with equation (9), which gives a relation of 𝐸a, ∆𝐻m and ∆𝐻A1 as: 

𝐸a = ∆𝐻m +
∆𝐻A1

2
(29) 

In case 2, we can obtain a similar relationship by repeating the process above based on the reaction of the 

charge associates,  

{MfM
′   VO

∙∙}∙ → MfM
′ + VO

∙∙  

This time the electroneutrality condition gives 

[{Mf𝑀
′   𝑉𝑂

∙∙}∙] + 2[𝑉𝑂
∙∙] = [Mf𝑀

′ ] 

Assuming that the majority of defects remains as associates, thus [{Mf𝑀
′   𝑉𝑂

∙∙}∙] ≫ [𝑉𝑂
∙∙], and  

[{Mf𝑀
′   𝑉𝑂

∙∙}∙] = [Mf𝑀
′ ] (30) 

Substituting Eq. (29) into the equilibrium equation of the disassociation reaction of case 2: 

[𝑉𝑂
∙∙] ∙ [MfM

′ ]

[{Mf𝑀
′   𝑉𝑂

∙∙}∙]
=  𝐾A2(𝑇) =

exp (−
∆𝐻A2

𝑘𝑇
)

𝑊
(31) 

gives 

[𝑉𝑂
∙∙] = (

1

𝑊
) exp (−

∆𝐻A2

𝑘𝑇
) (32) 

Therefore, the relationship between activation energy and enthalpies this time can be expressed as: 

𝐸a = ∆𝐻m + ∆𝐻A2 (33) 

where ∆𝐻A2 represents the enthalpy of the disassociation of the charged associates. 
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Both Eq. (28) and Eq. (29) show the effects of dopants on the conduction mechanism of an oxide ion conductor. 

We should also include another case regarding that all the oxygen vacancies are free in the system, a situation 

that occurs most likely at very high temperature. In that case, the activation energy 𝐸a = ∆𝐻m  since there is 

no associate between oxygen vacancies and doping cations. Overall, the tendency of oxygen vacancies to be 

associated with the heavy doping cations increases the activation energy of conduction by adding an 

association enthalpy into 𝐸a . This type of drawback in the ionic conduction is mainly due to the 

aforementioned coulombic attraction between various defects in that material. The enthalpies of the 

associates, ∆𝐻A1  & ∆𝐻A2 , can be approximately estimated based on the coulombic forces between the 

associated defects, which is proportional to 𝑄1𝑄2/(휀 ∙ 𝑟), where Q1 and Q2 represent the quantity of electricity 

of the associated defects, 휀  is the electric constant and 𝑟  is the distance between the defects. Further 

empirical investigation on the association enthalpies can be found in the previous literature reported by 

Nowick and Park(63), which leads to a more comprehensive understanding of how dopants and defect type 

affect the lattice conductivity.  

 

1.4.4 The effect of microstructures on the conductivity 

In the last section, some major factors that governs the conductivity of an oxygen ion conductor in the lattice 

were discussed. However, in most of the literatures, polycrystalline samples were extensively synthesized and 

analysed where the grain boundaries, porosities and other microstructures also play an important role in 

determining the total conductivity of the electroceramics. Apart from these homointerfaces, extensive 

research interests have been attracted to the investigation on the heterointerfaces formed between two 

layers of different materials, for example, deposition of YSZ thin films on LSM substrates. The chemical and 

physical nature of these interfaces together with their location and shape will significantly influence the ionic 

conduction. The development of the AC impedance spectroscopy technique has widened the scope of our 

investigation into the microstructure influence on the total conductivity of various materials which can 

effectively probe different conducting processes happened across the sample.  

It is widely accepted in the field of ionic conducting materials that grain boundary (GB) diffusion is faster than 

that of the bulk. In some cases such as NiO(66), the improved oxygen diffusivity along the grain boundaries 

was reported to be of six orders of magnitude larger than that in lattice. Presumably, this improvement in the 

grain boundary diffusion is attributed to the higher percentage of displaced atoms with corresponding strained 

bonds and the excess free volume for fast oxygen diffusion between the adjacent misaligned grains. Grain 

boundaries thus, normally being referred to as homo-interfaces in the system(67), exhibit two key features 

for the enhanced oxygen diffusivity: one is high defect concentration, the other is high mobility for oxygen 

ions due to the interconnected free volumes. However, high ionic diffusivities are not enough by themselves 

to insure high ionic conductivities. The fraction of cross-sectional area of the GB which lie parallel to the 

direction of conduction pathways is rather small compared with that of the bulk. In fact, for oxygen ion 

conductors, GBs that are transverse to the ion flux display blocking behaviour to the oxide ion conduction. 

Consider the idealized ‘brick model’ as schematically illustrated in Figure 1.6, in which the cubic grains have a 

length of 𝐿 which are separated from each other by GBs of a constant width 2𝑏.  
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Figure 1.6 The brick layer model of an idealized polycrystalline structure between two plate electrodes. The horizontal 

arrow shows the direction of electric field. 

If we ignore the aforementioned blocking effects of GBs perpendicular to the ion flux, the relative ratio of 

cross-sectional areas is 

𝐴Bulk

𝐴GB
=

𝐿

4𝑏
(34) 

To achieve equal conductance with the bulk, the GB conductivity 𝜎GB must be larger than the bulk conductivity 

𝜎Bulk, 

𝜎GB =
𝐿

4𝑏
𝜎Bulk (35) 

For typical polycrystalline samples with an average grain size of ~  1 μm and the relatively narrow grain 

boundary with a width of ~ 2-8 nm(68), the GB conductivity 𝜎GB is required to be 200 times larger than that 

of bulk in order to achieve equal conductance. Therefore, although GB possesses fast ionic diffusion due to 

the high local defect concentration and excess free volume, the ionic conductivity in GB is somehow lower 

than that of bulk in oxide ion conductors. But this fast oxygen diffusion phenomenon in GBs also launched a 

new research topic in nano-crystalline materials, in which the dimension of GBs is comparable to the grains. 

In the last few years, a number of known ionic conductors, such as zirconia and ceria, have been prepared as 

the average grain size of which was decreased down to the nanometer domain(69-71), which showed an 

significant enhancement in the total conductivity (caused by more GBs). However, contradiction was found in 

the previous literatures about the GB effects on the total conductivity in these nanomaterials, as shown in 

Tuller’s(70) review in 2000. Recent isotope diffusion measurements in nano-scaled YSZ carried out by De Souza 

et al. (72) showed no evidence for enhancement in GB diffusion. These variations in the behaviour observed 

in the nano-scaled materials are probably due to the metastable state of these phases, which would undergo 

significant changes if treated in different procedures. 

Another widely accepted explanation for the enhanced ionic conductivities at GBs corresponds to the 

formation of space charged layers or regions in the grains near the GBs. Charge species, segregation of the 

secondary phases, additives and other impurities all tend to accumulate at the GBs in order to lower the strain 

and decrease the electrostatic energy of the system. These boundary charges are then compensated by the 

formation of space charged layers in the adjacent grains. If the bulk defects of high mobility are gathered 
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together in the space charged region, the overall conductivity of the system should increase as a result because 

it provides a fast pathway for the major charge carriers along the GBs.  

On the other hand, the enhancement of ionic conductivity at heterointerfaces triggered the research interest 

in the fabrication of multilayer thin film structures. Significant decreases in the ionic conductivities were 

observed as some ionic conducting materials were fabricated into nano-scaled or micron-scaled thin films, 

which may be due to formation of a defect concentrated layers in the space charged regions at interfaces or 

through the reduction of ∆𝐻m  by tensile interfacial lattice strain. Kosacki et al. (73) managed to grow a YSZ 

thin film of < 60nm  thickness on a MgO substrate through pulsed laser deposition (PLD) technique, the 

electrical conductivity of which was enhanced by approximately 3 to 4 orders of magnitude due to the 

significant contribution from the 1.6-nm-thick interface layers. The activation of conduction of the deposited 

YSZ film was reported to decrease from 1.04 eV to 0.45 eV. To date, the PLD technique has been systematically 

used to fabricate the stabilized zirconia-insulator heterostructures(74-76). Based on the these results, Korte 

et al. (77) calculated the lattice strain within the zirconia layer and related it to the changes in both 𝐸𝑎 and 

conductivity which confirmed that tensile strain lowers, whereas compressive strain increases, 𝐸𝑎. Another 

report from Garcia-Barriocanal et al. (78) presented an epitaxial trilayer of 10-nm strontium titanate (STO)/1-

nm YSZ/10-nm STO deposited on an STO substrate, which showed up to eight orders of magnitude 

enhancement of the lateral ionic conductivity near room temperature. They proposed an atomic 

reconstruction mechanism at the interface between highly dissimilar structures, which leads to a large number 

of charge carriers and a high-mobility plane. The attribution of colossal values of the ionic conductivity in this 

trilayer structure needs more experimental and simulation results to confirm. However, this research did open 

up an approach extending the applications of these ionic conducting materials in the low-temperature devices. 

The effect of porosity on the total conductivity was first studied by Inozemtsev et al.(1974)(79). In the research, 

the effect of porosity on the GB resistance for the fine-grained  Zr(Sc)O2−x samples was investigated through 

impedance dispersion analysis, and the porosity made a remarkable difference in the GB resistance of the 

samples. The GB resistance was increased by two orders of magnitude as the porosity amount increased, 

which became larger than that of bulk and dominated the total resistance of the sample. 

The conduction mechanism of ions through those microstructures remains unknown, which makes the 

interpretation of the conductivity measurements on the GB and other microstructures in the system rather 

uncertain. However, by controlling the fabrication process, we can somehow manipulate the grain sizes, the 

concentration of the porosity and the heterostructures to the required status, and therefore, optimize the 

electrochemical properties of these materials. But it needs to be pointed out that the aging phenomena tends 

to happen inevitably at these chemically metastable sites, which will then contribute greatly to the total 

resistance and even block the oxide-ion conduction in the end. Among those, GB is of most research interests 

due to its existence in almost every sample made. The GB resistance is a complex function of many 

microstructural parameters, and consequently it is extremely hard to assess its contribution to the total 

resistance. We should always take GB into consideration when discussing the conducting property of a 

material. 

In summary, the main parameters affecting the conductivity of an oxide-ion conducting electrolyte have been 

discussed in previous sections. In the following sections, we shall look through some examples of the state-of-

art electrolyte materials for the SOFC applications starting with the fluorite oxides. 
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1.5 Fluorite structured oxides 

Many ceramic materials with fluorite, perovskite, apatite, and related crystal structures have been 

investigated to be used as the electrolyte materials for SOFC applications. Figure 1.4(c) plots the ionic 

conductivities of the most important state-of-art electrolyte materials over temperature, with a horizontal 

dotted line showing the limit of conductivity required to construct a device with an electrolyte thickness of 15 

μm. Of these candidates, the aliovalent cation doped fluorites are perhaps the most well-understood and also 

the most instructive fast oxygen ion conductors. In a basic fluorite-structured material like ZrO2 and CeO2, the 

cations adopt a face-centred cubic (FCC) arrangement whereas oxygen ions occupy all eight tetrahedral 

interstitial sites of the system leaving the octahedral ones completely free. The original fluorite oxides don’t 

have fast ionic conductivity until some of the host cation sites are replaced by low-valence cations such as Y3+, 

Ca2+. The missing charge from the substitution is balanced by the formation of oxygen vacancies in the sub-

lattice which gives rise to the ionic conductivity. Let us take the formation of the solid solution Ce1−xMxO2−x/2 

(M=Y, Nd, Gd et. al) as an example. The substitution of the trivalent cation on the cerium cation site can either 

be illustrated schematically as Figure 1.7(a), or using an aforementioned defect equation, the Krӧger-Vink 

notation, as shown below: 

M2O3 + Oo
x + 2CeCe

x → 2MCe
′ + VO

∙∙ + 2CeO2 

The neutrality condition gives [𝑀𝐶𝑒
′ ]=2[𝑉𝑂

∙∙], which implies that the concentration of oxygen vacancies is 

directly proportional to the degree of substitution. If all the oxygen vacancies generated are mobile, then the 

ionic conductivity in the lattice will depend quadratically on the degree of substitution according to Eq. (8). 

However at low temperatures the defects interact with each other, and the two concentrations can differ. This 

could be referred to the case 2 in Section 1.4.3, where the resulting defects, MCe
′  and VO

∙∙  , have the opposite 

effective charges in the lattice and tend to attract each other resulting in the formation of the defect associate 

{MCe
′   VO

∙∙}∙, the process of which can be expressed in the disassociation equation below, with a dimer binding 

enthalpy, ∆𝐻a: 

{MCe
′   VO

∙∙}∙ → MCe
′ + VO

∙∙  

                                 

1.7 (a) A half unit cell of the acceptor-doped fluorite structure showing the position of a dopant cation-oxygen vacancy 

associate with a first-nearest-neighbour configuration. Adapted with permission from (80). (b) Activation energies of 

ceria solid solutions versus doping amount. Reproduced from (81) with kind permission form Annual Reviews. 

As discussed in section 1.4.3, the dimer binding enthalpy ∆𝐻a determines the concentration of the free oxygen 

vacancies at equilibrium at a set temperature (Eq. 32). At low temperatures when oxygen vacancies are fully 

(a) (b) 
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associated with the cation defects, the measured activation energy 𝐸a  is the sum of ∆𝐻m  and ∆𝐻a . 

Experimentally, a considerable curvature is expected as we plot the Arrhenius plots over a large range of 

temperature which is because of the change in the mobile vacancy population. Kilner and Waters(82) pointed 

out that in the previous literatures, when comparing the activation energies of the fluorite-type electrolyte 

materials, some data taken under different temperature ranges were incorrectly put together to make a 

comparison. 

Therefore, when comparing the experimentally obtained activation energies of the same structured samples, 

extra care should be taken with regard to the temperature range at which the data was collected. As known 

from the derivation of some of the expressions in the previous sections, the maximum of the lattice 

conductivity of a system could be achieved when the activation energy for conduction is decreased to its 

minimum. Experimentally, this phenomenon was observed in all fluorite systems, as the maximum in 

conductivity was obtained when the minimal activation energy for the conductivity of the system was reached 

by increasing the additive concentration. Figure 1.7(b) shows these minima for the CeO2-LnO2(Ln here refers 

to lanthanides, Ln=  Nd, Yb, Y, Gd, La ) solid solutions, the data of which were all taken under the same 

temperature range at low temperatures (300-600 K)(81). The amount of dopant, 𝑥, required for minimizing 

the activation energy and the lowest activation energy of the system both depend on the identity of the Ln3+ 

cation. We can make an assumption that ∆𝐻𝑚  is a constant in CeO2-based systems. The variation in 𝐸𝑎 then 

is results from the changes in the association enthalpy, ∆𝐻𝑎 . As mentioned before, the association enthalpy is 

composed of two major terms: a Coulomb term which is almost constant since we are considering only the 

trivalent substitutions, and an elastic strain term from the relaxations originated from the size mismatch 

between the solute and the host cation. In order to understand better the relationship between the minimum 

activation energies and the solutes, an extra axis regarding the ionic radius of the solute is included as shown 

in Figure 1.8. Assume that the Coulombic force between the defects stays the same, and therefore, the 

minimum in the 3-D plot reflects the minimal energy associated with the lattice relaxation around the solute 

cation. The as-presented approach is very useful for determining the global minimum of activation energy for 

the ceria systems, and thus, finding the conductivity maximum. However, it is worth pointing out that, at high 

additive concentrations, the preexponential factor is no longer concentration independent(83). Burbano et al. 

suggested that the vacancy-vacancy interactions become the dominant factor for the determination of 

conductivity at high values of x in the Ce1−xYxO2−x/2  solid solution, with preferential ordering of oxygen 

vacancy pairs along the 〈111〉 direction in the lattice driven by the strong repulsion between these vacancies 

at short distance(84). This effect explains the presence of the maximum in lattice ionic conductivity in each of 

the specific solid solution, which didn’t take ionic radius of the solute cations into consideration. 

Theoretically, some recent studies have proposed an explanation to the presence of this global maximum ionic 

conductivity in the CeO2 -LnO2  systems. Atomistic simulations calculations based on energy minimisation 

techniques has been used to study the relationships between the minimal activation energy and the defect 

configurations, which showed that an alternation in the configuration of the associate from a first nearest-

neighbour (nn) configuration for 𝑟ion ≤ 𝑟Gd3+  to a second nearest-neighbour (nn) configuration for 𝑟ion ≥

𝑟Gd3+  is crucial in determination of the global minimal activation energy(85). The crossover occurs at 

approximately the ionic radius of  Gd3+  that exhibits the smallest binding energy of the associate. The 

calculated association enthalpies are within the range of 0.4-0.6 eV for lanthanide solutes which could make 

a great difference when comparing activation energies 𝐸a of these systems. Density functional theory (DFT) 

calculations for the CeO2-LnO2 systems have also been carried out recently on probing the correspondence 

between vacancy-dopant interactions and the macroscopic ionic conductivity(86). The vacancy-dopant 

interaction can be divided into the repulsive elastic part and the attractive Coulombic part. The quantum 

mechanical first-principles study of the CeO2-LnO2 systems presented in this article revealed that, in the 

optimal electrolyte, these two forces should balance(86). The optimized effective atomic number to achieve 
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this balance was found to between 61(Pm) and 62(Sm), and therefore, the combinations of Nd/Sm and Pr/Gd 

were proposed which should show enhanced ionic conductivity.  

 
Figure 1.8 Activation energies of ceria solid solutions versus doping amount with regard to the solute ionic radius. 

Reproduced from (56) with kind permission from Annual Reviews. 

Experimentally, the dependence of the configurations of the defect associates in some CeO2 -LnO2  solid 

solutions on the ionic radius were examined using calorimetric methods as reported by Navrotsky et al(87), 

which indicated that the oxygen vacancy adopts a first nn site to the solute ion for CeO2-Y2O3, CeO2-Gd2O3 

and unexpectedly for CeO2-La2O3 system. The latter one is more of a surprise since the ionic radius of La3+ 

is larger than the theoretical radius at which a shift to the second nn configuration is expected to take place 

as predicted by the atomistic simulations. However, this study was carried out in concentrated solid solutions 

where 𝑥 ≈ 0.2. As mentioned before, at high solute concentrations, some complex defect interactions may 

result in an abnormal alignment of the oxygen vacancies from the association configurations and lay a 

profound influence on the conducting properties of the materials. 

The discussion above examines the influence of ionic size on the defect associate configuration mostly for the 

dilute solid solution of CeO2-LnO2 at low temperatures. As for solute concentrations 𝑥 much greater than 

0.05, rather than isolated dimers, larger clusters, e.g., trimers, are more likely to form. To investigate these 

defect structures, techniques such as extended X-ray absorption fine structure (EXAFS) and X-ray absorption 

near edge structure (XANES) were employed, which gives information on the local chemical environment of 

the solute cation(88, 89). Yamazaki et al. reported the finding of large defect clusters with two or four 

lanthanoid cations together with one or several oxygen vacancies combined in a nn configuration in the CeO2-

Y2O3  and CeO2-Gd2O3  systems, while this large cluster structure is more likely to form for Y3+(88). Even 

larger cluster structure was found in the CeO2-Y2O3 system by Deguchi et al.(89) that the original structure of 

the dopant oxide is even kept in the ceria lattice without separating as a secondary phase. More widely Ou et 

al. studied the CeO2-Sm2O3, CeO2-Gd2O3, CeO2-Dy2O3, CeO2-Yb2O3 systems using the electron energy loss 

spectroscopy (EELS) and the selected area electron diffraction (SAED) techniques, which drew a conclusion on 

the tendency of forming cluster structure in the lattice following the order (Gd, Sm) > Dy > Yb . Some 

discrepancies were found in these literatures with regard to the trends for the ionic radius to form large cluster 

structures. Kilner(56) suggested that these discrepancies might arise from the difficulties in achieving the 

equilibrium defect distribution in these systems due to the sluggish nature of the cation lattice in the fluorite 

type materials. 
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In conclusion, the optimization of the lattice oxygen-ion conductivity of the ceria-based systems can be 

achieved by choosing a trivalent substitution cation that minimizes the lattice strain generated from the 

association of defects. The discussion should then be extended to the interfacial transport of oxygen ions along 

homo- or hetero-interfaces in the system, searching for further optimizations in the ionic conductivity. One of 

the most attractive topics within this field lies in the investigation of the correlation between grain size and 

ionic conductivity. As mentioned before, though the grain boundaries are commonly believed to be the fast 

oxygen diffusion sites in the oxide-ion conductors, the contribution of GB conductivity to the total electrical 

conductivity is a complex function of several factors. By decreasing the grain size down to the nanometer 

regime, factors that govern the GB conductivity could be investigated with more details. A study by Aoki et al. 

(69) illustrated this correlation between grain size and GB conductivity in the CaO-stabilized zirconia, as plotted 

in Figure 1.9(a). A combination of high resolution STEM and complex impedance spectroscopy was used to 

probe the dependence of GB conductivity on the amount of Si segregation at the GBs. Aoki related the 

dramatic drop in the specific GB conductivity initiated with increasing grain size to the silicate (Si2Ca3O7) 

coverage of the grain boundaries(69). Note that in the regime of these studies, the solute coverage averages 

below a monolayer without saturating on the grain boundaries, otherwise the specific GB conductivity would 

not change with the grain size.  

 

                     

(a) 

(b) 
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Figure 1.9 (a) Specific grain boundary conductivity in calcia stabilized zirconia at 500℃ against grain size. Adapted from 

(69) with permission from John Wiley and Sons. (b) Complex impedance spectra obtained for (left) single crystal and 

microcrystalline YSZ bulk specimens and (right) for nanocrystalline YSZ films. Adapted with permission from (90) (c) 

Comparison of electrical conductivities of single crystal, bulk microcrystalline specimens and nanocrystalline thin films of YSZ. 

Adapted with permission from (90). 

In the relatively pure nanocrystalline conductors, there was a contradiction in the grain boundary conductivity 

among the previous literatures. Mondal and Hahn(91) reported the success in preparing nanocrystalline YSZ 

(2-3mol% yttria) specimens by the inert-gas condensation technique. The resultant specimens were of 82% to 

93% relative density with a grain size range between 35 and 50nm. An increased activation energy for GB 

conductivity (1.0±0.1 eV) over that of the bulk (0.85±0.05 eV) was observed, which is in agreement with 

values for materials with micron-scaled grains. Likewise, Jiang et al. (92) prepared ultra-fine grained YSZ 

samples through combustion method using metal nitrates as precursors, which showed activation energies of 

0.95 and 1.2 eV for bulk and GB respectively. However, Kosacki et al.(90) found a contradictory result in the 

activation energies for the bulk and GB conductivities during the investigation of YSZ (16mol% yttria) thin films 

prepared through a polymer-precursor process on alumina substrates. As shown in Figure 1.9 (c), the electrical 

conductivities of the nanocrystalline thin films of YSZ were approximately two orders of magnitude larger than 

those of the bulk microcrystalline specimens. Through the complex impedance spectra of the polycrystalline 

YSZ samples with grain sizes over 1μm, a clear GB contribution at intermediate frequencies was observed, 

while in the spectrum of the nanocrystalline film only one semi-circle representing the superposition of the 

bulk and GB responses was found. It is believed that this enhancement in conductivity as the grain sizes of YSZ 

were decreased from micron scale down to the sub-micron scale is associated with the reduction of the 

activation energies for conduction from 1.15 to 0.93eV(90). The reason why these studies showed a large 

discrepancy can only be speculated through some evidence from the reports, which could be due to the 

different preparation processes or the humidity effect on the thin film samples. However complicated the 

fabrication of a chemically stable fine structured thin film of YSZ would be, the success in increasing the 

electrical conductivity of this well-established electrolyte material by several orders of magnitude did propose 

a solution to extend its application into the intermediate temperature range. 

 

 

(c) 
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1.6 Perovskite electrolytes 

One of the alternatives to the fluorite-structured oxides for the electrolyte materials used in SOFC application 

is the ABO3 perovskite family. The intensive research interest of the perovskite family ceramics was triggered 

by the purpose of finding an ionic conductor possessing considerably high ionic conductivity at intermediate 

temperature (600 oC-800oC) so that the operating temperature of SOFC could be reduced, and therefore, 

increasing the flexibility in the choice of materials and the durability of these high temperature devices. The 

perovskite electrolyte La0.8Sr0.2Ga0.83Mg0.17O2.815(LSGM)(93, 94), in particular, has demonstrated superior 

oxide-ion conduction. According to the previous reports, an encouraging cell performance was achieved in the 

single ceramic fuel cell tests using a thick-film (>500 μm) LSGM as the electrolyte at an operating temperature 

T<800 oC(95, 96). The main advantages of the LSGM-based electrolyte over its competitor yttria-stabilised 

ZrO2 (YSZ), are the lower operating temperature of the LSGM-based fuel cells and the chemical compatibility 

with perovskite cathode materials that are identified as mixed ionic and electronic conductors (MIEC)(97).  

The investigation of the electrochemical properties of perovskite electrolytes can be traced back to 1980 when 

Takahashi and Iwahara(98) substituted some valence-stable cations on both the A and B sites forming 

perovskite structures showing both ionic and protonic conductions. Subsequent studies have been focused on 

the as-discovered protonic conduction in these perovskite-related structures, especially in the doped 

strontium and barium cerates(99-104). Using a protonic conductor as the electrolyte of a SOFC device, as 

shown in Figure 1.3(b), not only lowers the operating temperature of a SOFC device into the intermediate 

temperature range, but also avoids the mixing of H2 and steam at the anode site when using an ionic conductor, 

which will result in a loss of the total EMF. 

The crystal structure of perovskites is composed of corner sharing metal oxygen octahedra, BO6, and larger 

cations, A, occupying the interstices between the octahedral units, as shown in Figure 1.10(a). Some perovskite 

materials, such as SrTiO3, adopt a cubic perovskite structure where the octahedra are aligned along the a, b, c 

axes, however in the majority of cases, the alignment of the octahedra are tilted to an extent in one or more 

directions, resulting in lower symmetries and larger unit cells. For example, in the previous literature(105) the 

crystal structure of yttrium doped barium cerate, BaCe0.9Y0.1O2.95, was studied by high resolution neutron 

diffraction data, the crystal structure of which varies in the elevating temperature, changing from the low 

temperature orthorhombic phase with the space group of 𝑃𝑚𝑐𝑛, to a higher symmetry cubic phase with the 

space group of 𝑃𝑚3̅𝑚 , at ~750℃(105). The pristine barium cerate shows a similar phase transition but 

adopts a rhombohedral structure at room temperature(106). The orthorhombic structure of BaCe0.9Y0.1O2.95 

at room temperature is illustrated in figure 1.10(b), which consists of two non-equivalent oxygen sites labelled 

as O1 and O2. According to the time of flight neutron diffraction data, the oxygen vacancies created by 

acceptor doping are not distributed evenly among these sites, but are located exclusively on the O2 sites 

instead(105). On the contrary, all oxygen sites in the cubic perovskite at high temperatures, and also in the 

rhombohedral phase, are equivalent and consequently the oxygen vacancies are equally distributed in the 

structures(107). The BaCe1−xNdxO3−x/2  system for 𝑥 = 0 to 0.20  was also confirmed to have the same 

symmetry as the Y-doped compound with oxygen vacancies located on the O2 sites(108), while 

BaCe0.9Gd0.1O2.95  was found to have an almost identical structure but the oxygen vacancies of which could 

not be refined due to the high neutron absorption of gadolinium and the consequent low quality diffraction 

data(105).  
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Figure 1.10 (a) The structure of an ABX3 perovskite with A-site cation(blue) at the centre of a interstice surrounded by 

eight corner sharing BX6(blue/purple) octahedra. & Crystal structure of BaCe0.9Y0.1O2.95. (b) The unit cell of the low 

temperature orthorhombic phase, space group 𝑃𝑚𝑐𝑛, and the high temperature cubic phase, space group 𝑃𝑚3̅𝑚, 

shown using the same number of atoms. Adapted from (109) with permission from Elsevier. 

 

1.7 Other structures 

Other than the aforementioned fluorite and perovskite based structures, some other classes of solid 

electrolytes such as materials based on La2Mo2O9(110)and materials based on Ba2In2O5(111) were also 

investigated in the previous literatures. These two families share the similarity that they could be both 

regarded as a derivative from the fluorite and perovskite structure. While the former one adopts the 

pyrochlore structure which can be thought of as a heavily doped fluorite structure with one oxygen missing 

per unit cell, the latter one was shown to be isostructural with brownmillerite, which could be also regarded 

as an oxygen-deficient perovskite structure. A number of pyrochlore structures have been investigated. These 

materials are intrinsic oxygen ion conductors, the oxygen vacancies among which are generated intrinsically 

through Frenkel disorder. Kramer and Tuller(112) (113) have made an extensive investigation on materials 

with this structure, Gd2Ti2O7 in particular suggesting that pyrochlores can also be acceptor doped to introduce 

oxygen vacancies. Both A and B-sites doping were tried in their research. It is worth noting that there is a clear 

minimum in the activation energy for ionic conductivity of these doped materials as they varied the acceptor 

(a) 

(b) 
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substitution amount. The result of that was consistent with the research on fluorite type oxides as shown in 

Section 1.5. Kramer and Tuller also related the conducting behaviour of these materials with the effects of 

dopant ion size with a conclusion drawn, namely that defect association happens in the pyrochlore materials, 

and the degree of that association was affected by the mismatch between the host and the dopant cations.  

Oxide-ion conductivity in the oxygen-deficient perovskite material, Ba2In2O5, is temperature dependent due 

to a first-order transition of this material into a fast oxide-ion conductor at a temperature above 930℃. At 

room temperature and temperatures below 650℃, Ba2In2O5 exhibits a low extrinsic oxide-ion conductivity. As 

the temperature increases, the conducting mechanism of this material changes from extrinsic to intrinsic 

oxide-ion conductivity in the interval 650-930℃(111). Goodenough et al. also prepared some doped single-

phase compounds, Ba3In2MO8 (M=Ce, Hf or Zr), via solid state reactions, which were shown to be oxygen-

deficient perovskites with an ordering of two oxygen layers of corner-shared octahedra and one layer of 

corner-shared tetrahedra. The M4+
 cations were believed to distribute randomly over these two type of layers 

introducing oxygen-vacancy disorder into the layers, and thus significantly enhanced extrinsic conductivity in 

the temperature range 100-450℃. As reported by Zhang et al.(114) Ba2In2O5 also showed protonic conduction 

at the temperature region T<925℃ according to the electrical conductivity and electromagnetic fields (EMF) 

measurements as a function of temperature and P(O2). The brownmillerite oxides are extreme case of the 

acceptor-doped perovskites. The discovery of protonic conductivity in the brownmillerite oxides prompts the 

investigation on the protonic conductivity in other perovskite-related structures. 

 

1.8 Summary and the aim of this research 

In conclusion of the above sections, solid oxide fuel cells (SOFC) can effectively convert the chemical energy in 

a variety of fuels into electrical power with reduced CO2 emissions, which are the promising candidates for the 

future energy generation system. In order to meet the requirements regarding the fabrication and operation 

conditions of the devices, finding an appropriate material used for a specific part in a SOFC device is the major 

challenge in this field. For the solid electrolyte, the key requirement is high ionic conduction to minimize cell 

impedance, and low electronic conduction at the same time to avoid huge leakage current during operation. 

Among all the candidate materials, the fluorite type and perovskite type oxides are the most well characterised 

ones. Several simulation models have been used to explain the oxygen transport mechanism within these 

structures. In most cases, high ionic conductivity in these ceramics were achieved by acceptor doping which 

introduces oxygen defects. It is believed that the defect association effects have an important effect on the 

ionic transport in the acceptor doped oxide-ion conductors. Size effects and the tolerance factor with respect 

to the cation radii ratio are the key parameter in reducing the activation enthalpy for oxygen transport in the 

lattice. Theoretically, to probe the conducting mechanism of the solid electrolyte materials, the isotope 

exchange depth profile (IEDP) technique coupled with secondary ion mass spectrometry (SIMS)(60) could be 

introduced to obtain direct experimental evidence for the transportation of the charge carriers. The 

development of low-energy ion scattering (LEIS) technique provides an opportunity of correlating exchange 

kinetics with the chemical processes on the sample surface. With the help of these powerful surface 

characterisation techniques, we could get a deep understanding of the conducting mechanism knowing which 

charge carrier is the major one and how fast does it transport in the materials. The theory and experimentation 

of IEDP and SIMS techniques will be introduced in the experimental chapter 3. 

The aim of this work is to investigate the electrochemical properties of a new layered perovskite structural 

family, improving the oxide-ion conductivity by acceptor-doping and probing the potential of proton 

conduction within the system under wet gaseous atmospheres. By means of combining the electrochemical 
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characterization techniques (Chapter 5) with isotope exchange depth profile measurements (Chapter 6), the 

conduction mechanism regarding different charge carriers in the system is discussed. With a comprehensive 

understanding of the electrochemical properties and conduction mechanism of this unique layered perovskite 

structure in different environments, the potential of this structural family to be fabricated as the electrolyte 

membrane used in an intermediate temperature range SOFC device can be analysed in the future. The fact 

that this layered perovskite structural material exhibits triple (oxide-ion, electronic and protonic) conduction 

under wet atmospheres highlights a new research field suggesting that discovery of a new crystal structure 

family, which is similar to the known structures, could be a breakthrough in finding good oxide-ion conductors. 
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Chapter 2  

Literature Review 

2.1 Crystal structure of BaNdInO4 

The target ceramic oxide-ion conductor of this research, BaNdInO4 related oxides, was first designed and 

synthesized through solid-state reactions by Yashima et al. in 2014(115). The crystal structure of the oxides 

was determined using synchrotron X-ray diffraction (PXRD) and powder neutron diffraction (PND) techniques 

and the Rietveld refinement (the patterns of which are shown in Figure 2.2), which confirmed that the 

synthesized BaNdInO4 adopted a monoclinic crystal structure with the P21/c symmetry. As illustrated in Figure 

2.1 (a), the lattice of BaNdInO4 is composed of alternating slabs of Nd-O units and Ba6/8Nd2/8InO4 units. There 

are seven independent sites in the lattice of BaNdInO4, Ba, Nd, In, O1, O2, O3 and O4. Ba, Nd and In are fully 

ordered at the Ba, Nd, In sites as confirmed by refinement of the occupancy factors in the Rietveld refinement. 

In the perovskite Ba6/8Nd2/8InO4 units, each InO6 octahedron is surrounded by 8 cations (two Nd3+ and six Ba2+). 

As illustrated in Figure 2.3, the InO6 octahedra in the BaNdInO4 also exhibit out-of-phase tilting along the [-

0.33564 0.5 -0.0868], [0.33564 0.5 0.0868] and [0 0 1] axes with approximately 5.5 ° , 5.5° and 4.2 ° , 

respectively(116). Unlike other perovskite-related structures, such as Ruddlesden-Popper (117, 118), Dion-

Jacobson (119) and Aurivillius-type (120) structures, in the crystal structure of this unique layered perovskite, 

the InO6 octahedra tilts 45° from the apical oxygen facing mode showing an edge facing mode between the 

two slabs, as shown in Fig 2.1(b). 

 

Figure 2.1 (a) Crystal structure of BaNdInO4 viewed along the c-axis (left) and b-axis (right). The quadrilaterals represent 

the unit cell in each view. Reproduced with permission from (116) (b) Schematic figures of apical oxygen facing (left) 

and edge facing (right) between the two slabs in the lattice structure. Reproduced from (116) with kind permission 

from American Chemical Society. 
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Figure 2.2 Refined patterns of synchrotron X-ray powder diffraction (left) and powder neutron diffraction (right) data of 

BaNdInO4 taken at 27℃ and 24℃ respectively, showing the experimental (red + marks), fitted (blue solid line) and 

difference (purple line) data. Reproduced from (115) with kind permission from American Chemical Society. 

 

Figure 2.3 Projection of the crystal structure of BaNdInO4 along the (a) [-0.33564 0.5 -0.0868], (b) [0.33564 0.5 0.0868] 

and (c) [0 0 1] axes showing the tilting of the InO6 octahedra in the structure. The tilt system is 𝑎− 𝑏− 𝑐−. The tilt angles 

along the [-0.33564 0.5 -0.0868], [0.33564 0.5 0.0868] and [0 0 1] axes are 5.5°, 5.5° and 4.2°, respectively, which are 

the average of the two angles shown in the figures. Adapted from (116) with kind permission from Dr. Fujii. 

Structure analysis using the in situ PND data in the previous literature(115) revealed that the primitive 

monoclinic phase with the P21/c symmetry of BaNdInO4 is stable and retained up to 1000℃ under vacuum of 

around 10-4 Pa. Some other related oxides, such as BaSmInO4, BaYInO4, BaHoInO4, BaErInO4 and BaYbInO4 

were also synthesized by the solid-state reaction method at 1400℃. The crystal structures of all the resulting 

compounds were confirmed to be primitive monoclinic structure, and the variation of the refined lattice 

parameters of which was concluded in a review on the BaNdInO4-family.(116) Thus, a new BaNdInO4-type 

family with a perovskite-related layered crystal structure was successfully discovered. The electrical 

conductivities of BaRInO4 (R= Nd, Sm, Y, Er) were measured in air by the dc 4-probe method.(121) The total 

conductivity of BaNdInO4 was the highest among the BaRInO4 (R= Nd, Sm, Y, Er) oxides as illustrated in Fig 2.4 

(a). Recently, BaNdInO4-based materials became an interesting research topic which were investigated by 

several research groups(121-124). Figure 2.4 (b) shows the comparison of the total conductivities of BaNdInO4 

(115) and BaNdCaInO3.9 (122) obtained from the previous literatures with those of the state-of-art electrolyte 

materials used in SOFC as concluded by Kilner et al(55). The BaNdInO4-related oxides have shown reasonably 

high conductivities based on a unique layered perovskite crystal structure. Further investigation of this 

structural family is worth trying. In this research, BaNdInO4 was also referred as the prototypical material. 
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Figure 2.4 (a) Arrhenius plots of the total conductivities σTotal. Adapted with permission from (116). (b) The comparison 

of total conductivities of BaNdInO4 (Illustrated as red solid line) (115) and BaNd0.8Ca0.2InO3.9 (Illustrated as dark solid 

line)(122) with other SOFC electrolyte materials in the previous literatures. Reproduced with kind permission from (55). 

2.2 Improved oxide-ion conductivity of BaNdInO4 by aliovalent cation doping 

Based on the original layered-perovskite structure, many groups have reported improved electrochemical 

properties of the BaNdInO4-based materials by aliovalent cation doping(121-124). One of the effective 

approaches is acceptor substitution on the Nd sites using the alkaline-earth metal cations such as Ca, Sr and 

Ba. As mentioned in Chapter 1, acceptor doping in the oxide-ion conducting oxides can create oxygen 

vacancies and thus enhance the oxide-ion conductivity of the material.  

BaNd1-xSrxInO4-x/2 (x=0.1, 0.2, 0.3)(121) and Ba1+xNd1-xInO4-x/2 (x=0.1, 0.2, 0.4)(124) compounds were 

synthesized and investigated by Fujji et al, the crystal structures of which were characterised by the crystal 

structure analyses of single-crystal X-ray diffraction and neutron powder diffraction data. The doped Sr and 

excess Ba cations were confirmed to exist at the Nd site in the BaNd0.9Sr0.1InO3.95 and Ba1.1Nd0.9InO3.95 according 

to the Rietveld refinements of the neutron diffraction data(121, 124). The P21/c BaNdInO4-type crystal 

structure was retained up to 800℃ as confirmed by Rietveld analyses of the neutron-diffraction data. As 

shown in Figure 2.5, the total conductivities of BaNd1-xSrxInO4-x/2 (x=0.1, 0.2, 0.3) and Ba1+xNd1-xInO4-x/2 (x=0.1, 

0.2) compounds were higher than that of the parent materials BaNdInO4. The highest total conductivities were 

achieved in the BaNd0.9Sr0.1InO3.95 and Ba1.1Nd0.9InO3.95 composition, respectively in the two doping series. The 

activation energy for the total conductivity was 0.685(7) eV for BaNd0.9Sr0.1InO3.95 as reported in the previous 

literature(121), which was lower than that of BaNdInO4 (0.91(4) eV). Although the activation energy for the 

total conductivity of the Ba1.1Nd0.9InO3.95 was not given, according to the slope of the Arrhenius plots in Figure 

2.5(b) the Ba1.1Nd0.9InO3.95 also exhibited a lower activation energy for the total conductivity. 

   
Figure 2.5 Arrhenius plots of total conductivities σTotal of (a) Ba1+xNd1-xInO4-x/2 (x=0.1, 0.2, 0.4)(121) and (b) Ba1+xNd1-

xInO4-x/2 (x=0.1, 0.2, 0.4) compounds measured in air. Adapted with permission from (124).  

(a) (b) 

(a) (b) 

BaNdInO4 

BaNd0.8Ca0.2InO3.9 
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In order to probe the dominant charge carrier species under different atmospheres, the oxygen partial 

pressure P(O2) dependence of the electrical conductivity of BaNdInO4-type compounds was investigated using 

a dc 4-probe method under controlled gas atmospheres. As shown in Figure 2.6 (a), in the high P(O2) range 

(region A and B), the total conductivities σTotal of BaNdInO4 and BaNd0.9Sr0.1InO3.95 decreased with decreasing 

oxygen partial pressure. The total conductivities remained constant in the intermediate P(O2) range (region C) 

and increased with decreasing oxygen partial pressure in the low P(O2) range (region D). Similar experiments 

conducted on Ba1.1Nd0.9InO3.95 showed a similar trend as shown in Figure 2.6 (b). The slope of log(σTotal) versus 

log(P(O2)) in region A and region B indicated that BaNdInO4-related oxides show p-type conductivity in high 

oxygen partial pressure and mixed oxide-ion and hole conduction in intermediate high oxygen partial pressure, 

respectively. The total conductivity was independent of P(O2) in region C indicated a pure oxide-ion conduction, 

and in region D, a mixed oxide-ion and electron conduction mechanism might explain the increase in total 

conductivity. The defect chemistry happened in region B and region D can be expressed as the equations below: 

In region (D):    𝑂𝑂
𝑥 → 1

2⁄ 𝑂2(g) + 𝑉𝑂
∙∙ + 2𝑒′ (36) 

In region (B):   1 2⁄ 𝑂2(g) + 𝑉𝑂
∙∙ → 𝑂𝑂

𝑥 + 2ℎ∙ (37) 

Figure 2.6 (a) and (c) show Arrhenius plots of the oxide-ion conductivity σ ion of BaNd0.9Sr0.1InO3.95 and 

Ba1.1Nd0.9InO3.95 in comparison with that of the primitive BaNdInO4. Both Sr-doped and Ba-doped oxides 

showed higher oxide-ion conductivities than parent material, and the activation energies of two compounds 

were 0.795(10) eV (121) and 0.86(3) eV (124) which were lower than that of BaNdInO4 (0.91(4) eV)(115). 

Therefore, the substitution of Nd site with Ba and Sr can improve the oxide-ion conductivity of BaNdInO4 and 

lower its activation energy. 

 
 

Figure 2.6 (a)&(b) Oxygen partial pressure P(O2) dependence of the total conductivity σTotal of BaNdInO4 (black), 

BaNd0.9Sr0.1InO3.95 (red, left) and Ba1.1Nd0.9InO3.95 (red, right). Reproduced with permission from (121, 124). (c) Arrhenius 

plots of the total conductivity σTotal (circles) and ionic conductivity σion (triangles) of NdBaInO4 (black) and 

BaNd0.9Sr0.1InO3.95 (red). Adapted from (121) with permission from RSC. (d) Arrhenius plots of oxide-ion conductivities 

σion of NdBaInO4 (black squares) and Ba1.1Nd0.9InO3.95 (red circles). Adapted with permission from (124). 

(a) (b)  

BaNd0.9Sr0.1InO3.95 Ba1.1Nd0.9InO3.95 

(c) (d) 
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BaNd1-xCaxInO4-x/2 (x=0.05, 0.1, 0.15, 0.2) compounds were successfully synthesized by Yang et al. in 

2017(122), which also exhibited higher oxide-ion conductivities and lower activation energy for oxide-ion 

conduction. Comparing with the Sr and Ba substitution, Ca doped BaNdInO4 compounds showed a decreasing 

trend in the unit cell volume. The solubility limit for calcium at the Nd site can reach up to x=0.3, which is 

higher than that of the Sr and Ba doped series. The higher solubility of Ca might result in higher carrier 

concentration in the bulk material, and thus increase the electrical conductivity further more. The activation 

energy for oxide-ion conduction of the BaNd0.8Ca0.2InO3.9 was 0.70(2) eV according to the inserted Arrhenius 

plot shown in Figure 2.7 (b). The solid solution of BaNd0.8Ca0.2InO3.9 also exhibited higher oxide-ion 

conductivities than those of Sr and Ba doped samples reported in Fujii et al.’s publications according to 

electrochemical impedance spectroscopy (EIS) data measured in air. Based on the state-to-art results on the 

BaNdInO4-related structures, calcium seemed to be the optimal doping cation on the Nd site in terms of 

improving the oxide-ion conductivity of BaNdInO4 by acceptor doping. With regard to the characterization 

methods used for determination of the oxide-ion conduction of the system, the dc 4 probe conductivity 

method and EIS measurements conducted in the reducing atmosphere with P(O2)<10-10 atm were both direct 

methods which measure the total conductivity of the system at certain conditions. However, the accuracy of 

the values may be argued due to the uncertainty of the ‘pure oxide-ion conducting region’. Instead an indirect 

method regarding IEDP technique could be introduced to determine the oxide-ion conduction. 

BaNdIn1-xTixO4+δ solid solution were investigated by Ishihara et al(123). The electrical conductivities of 

BaNdIn0.9M0.1O4+δ (M=Mg, Ce, Ga, Cr, Nb, Zr, Ta, Ti, Si and Sn) was measured by the dc 4-probe method and 

the P(O2) dependence was also investigated by controlling the gas atmosphere during the conductivity 

measurement. Overall, BaNdIn0.8Ti0.2O4.1 showed the highest oxide-ion conductivity and reasonably high 

chemical stability. However, there could be an influence of impurity phases, such as Ba2In2O5, since the XRD 

patterns of the BaNdIn1-xTixO4+δ compounds in their publication showed some unidentified peaks. 

                   
Figure 2.7 (a) Arrhenius plots of the total conductivities of BaNd1-xCaxInO4-x/2 (x=0.05, 0.1, 0.15, 0.2) compounds 

measured in air. The breaks in the data were due to the change in processing the Impedance data as bulk response 

disappeared at high temperatures. Reproduced from (122) with permission from ACS Publications. (b) Oxygen partial 

pressure P(O2) dependence of the total conductivity σTotal of BaNd0.8Ca0.2InO3.9 at 700℃ and 800℃. The insert shows 

the comparison of the Arrhenius plot of oxide-ion conductivity of BaNd0.8Ca0.2InO3.9 (dark) with that of 

BaNd0.9Sr0.1InO3.95 (red) from Fujji et al. Adapted with permission from (121).(122) 

(a) (b) 
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Figure 2.8 Arrhenius plots of oxide-ion conductivities σion of BaNdInO4 (115), BaNd0.9Sr0.1InO3.95 (121), Ba1.1Nd0.9InO3.95 

(124), BaNd0.8Ca0.2InO3.9 (122) and BaNdIn0.8Ti0.2O4.1 (123). The σion of the BaNd0.8Ca0.2InO3.9 was calculated multiplying 

the oxde-ion transport number by total electrical conductivity measured in air from Ishihara et al(123). Reproduced 

with permission by Fujji(116). 

To conclude the previous reports on the BaNdInO4-based materials, the electrical conductivity of the parent 

BaNdInO4 oxide can be effectively improved by acceptor doping using the alkaline-earth metal cations such as 

Ca, Sr and Ba. The substitution of Sr and Ba on the Nd site was confirmed by neutron diffraction data. 

Simultaneously, the oxide-ion conductivity of BaNdInO4 was significantly decreased and the activation energy 

of the ionic conduction decrease by Ca, Sr and Ba doping. Among all the aliovalent doping cations, calcium 

seemed to be the optimal doping cation on the Nd site in terms of improving the oxide-ion conductivity of 

BaNdInO4 and decreasing the activation energy for the ionic conduction. This can be ascribed to the smallest 

mismatch in the cation size between Ca2+ and Nd3+ (|𝑟(𝐶𝑎) − 𝑟(𝑁𝑑)| = 0.014 < |𝑟(𝑆𝑟) − 𝑟(𝑁𝑑)| = 0.164 <
|𝑟(𝐵𝑎) − 𝑟(𝑁𝑑)| = 0.334)(116). Besides, the higher solubility of calcium at the Nd site allows the formation 

of higher charge carrier concentration which also improve the electrochemical property of the material. 

Therefore, we chose calcium doped BaNdInO4 as the main target in this research. 

 

2.3 Oxide-ion migration in BaNdInO4 

In order to probe the oxide-ion migration paths in BaNdInO4 and its solid solutions, bond-valence method and 

static lattice simulations along with molecular dynamics method was proposed by Yashima et al.(121) and 

Yang et al.(122), respectively. The investigation of oxygen migration using the statistical simulation methods 

gives a more profound understanding of the conduction mechanism of these oxide-ion conductors. Both bond-

valence method and the static lattice simulations and molecular dynamics simulation suggested two-

dimensional oxide-ion migrations in the rare earth Nd2O3 unit/slab on the bc plane in BaNdInO4 and its solid 

solutions. 

Bond Valence Method: As reported by Fujii et al.(121), diffusion pathways of oxide ions in the lattice of 

BaNd0.9Sr0.1InO3.95 and BaNdInO4 were investigated by the bond valence based energy (BVE)(125) method 

using the 3DBVSMAPPER(126) program which was built based on the crystal structure of the target materials 

at a certain temperature. In the research, the calculations were carried out based on the crystal structure of 

BaNd0.9Sr0.1InO3.95 and BaNdInO4 determined by refinement of the powder neutron diffraction data obtained 

at 800℃. The refined neutron diffraction data was shown in Figure 2.9 (a)&(b). As shown in Figure 2.9(c), the 

blue area represented the isosurfaces where the BVE for an oxide-ion is +1.6 eV. In this landscape, the O4 site 



52 

 

which is the most stable position in the lattice was set to 0 eV. According to the BVE isosurfaces, O1 and O2 

sites are localized in the crystal structure, while the isosurfaces around O3 and O4 sites spread in the rare 

earth structure unit (Nd,Sr)2O3 and are connected with each other along the bc plane indicating a two-

dimensional oxide-ion pathway since the energy barriers of the paths along the b- and c-axes have similar 

energy barriers of 1.42 and 1.47 eV which are much lower than that of the a-axis (2.72 eV). As for the parent 

material, BaNdInO4, the BVE barriers  along the a-, b- and c-axes calculated based on the crystal structure 

obtained at 24℃ were 1.72, 3.95 and 2.01 eV which are higher than those in BaNd0.9Sr0.1InO3.95 (1.47, 2.88, 

1.69 eV). These simulation results are consistent with the activation energy data mentioned in section 2.2 that 

BaNd0.9Sr0.1InO3.95 exhibited a lower activation energy for oxide-ion conduction. In the same article(121), the 

author attributed the decrease of energy barriers in BaNd0.9Sr0.1InO3.95 to the geometrical change in the crystal 

structure when substituting Sr at the Nd site. As observed in the BVE landscape, the highest BVE point along 

the possible oxide-ion diffusion pathway is surrounded by two (Nd or (Nd,Sr)) cations and one Ba cation which 

construct a triangle bottleneck. The substitution of Nd with Sr increases the bottleneck area according to the 

cation’s radius, thus lowers the activation energy of oxide-ion conduction. However the calculation of the 

bottleneck area in the literature was not carried out within the lattice structure. The effects of oxygen 

vacancies and other oxygen pathways should also be included. 

 

Figure 2.9 Refined NPD data of BaNd0.9Sr0.1InO3.95 measured at (a) 24℃and at (b) 800℃, where the red marks, green 

solid line and blue lower line represented the experimental, simulated and difference plots, respectively. (c) Crystal 

structure of BaNd0.9Sr0.1InO3.95 according to the refinements of the neutron diffraction data. The dark solid line 

represents the unit cell. (d) Bond valence-based energy (BVE) landscape for an oxide ion with an isovalue at 1.6 eV in 

BaNd0.9Sr0.1InO3.95 at 800℃. As A and A’ represent the relatively large cations and B is the smaller cation which is In in 

this case. Reproduced with permission from (121). 

 

Static Lattice and Molecular Dynamic Simulations: The atomistic static lattice simulations in Yang et al.’s 

publication were carried out using the General Utility Lattice Program (GULP) on the basis of the interatomic 

potential(122), the detailed information of which could be found in the previous literatures. The energy 

barriers for both the linear and curved paths for the seven octahedral edge O-O paths together with six intra-

slab and inter-slab oxygen migration pathways in BaNdInO4 were calculated as illustrated in Figure 2.10 below.  
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Figure 2.10 Oxygen migration paths in the BaNdInO4 lattice: a(O1-O2), b(O2-O2), c(O2-O4), d(O1-O4), e(O3-O4), f(O1-

O3) and g(O2-O3) denoting the migration paths within the Octahedral; h (intra-slab O3-O4), i (inter-slab O3-O4), j (inter-

slab O4-O4), l (intra-slab O3-O4) and m (intra-slab O3-O4) denoting the inter-octahedral oxygen migration paths. 

Adapted from (122) with permission from ACS. The dark grey dotted lines represent the oxygen migration pathways 

with energy barriers ~0.52-0.60 eV and those in cyan represent the pathways with energy barriers ~0.82-0.85 eV. 

The calculated lowest energy barriers for all 13 migration paths were listed below. And the energy-favourable 

oxygen migration paths are d (O1-O4) and e (O3-O4) within the InO6 octahedron and h (intra-slab O3-O4) 

between the octahedra. The former ones are oxygen migration paths via the alternative octahedral edge along 

the c-axis and the latter one is via curved inter-octahedral O3-O4 paths parallel to the b-axis within the NdsO3 

layer.  
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Table 2.1 Energy barrier (∆𝐸) for oxygen vacancy migration along O-O sites as labelled in Figure 2.10. 

Adapted from (122). 

Path O-O separation (Å) ∆E (eV) 

Octahedral Edge Path 

a (O1-O2) 2.993 1.20 

b (O2-O2) 3.054 1.06 

c (O2-O4) 3.209 1.19 

d (O1-O4) 2.998 0.52 

e (O3-O4) 2.85 0.47 

f (O1-O3) 2.994 1.27 

g (O2-O3) 3.310 1.66 

Interoctahedral Path 

h (intraslab O3-O4) 3.289 0.60 

i (interslab O3-O4) 3.233 0.85 

j (interslab O3-O3) 3.144 1.08 

k (interslab O4-O4) 3.038 0.54 

l (intraslab O3-O4) 3.741 0.82 

m (intraslab O3-O4) 4.557 2.47 

 

Interatomic-potential-based molecular dynamic (MD) simulations were also carried out on the 

BaNd0.9Ca0.1InO3.95 solid solution with the DL_POLY code to probe the oxygen vacancy migration(122). The 

detailed information of the simulation code can be found in the previous literature(127). Figure 2.11 below 

shows scatter plots of ion positions from the MD simulation result of BaNd0.9Ca0.1InO3.95 at 1400℃.  

   

 
Figure 2.11 Scatter plots of ion positions from the MD simulation of BaNd0.9Ca0.1InO3.95 at 1400℃ viewed along (a) c-

axis and (b) b-axis. (c) An enlarged scatter plot of ion position viewed along a-axis to show the inter-slab and intra-slab 

migration as marked by black and red dashed lines, respectively. Green, orange, blue, red and purple represent ions 

originally on O1, O2, O3, O4 and In sites, respectively. The dashed lines with red and dark color illustrates respectively 

the short- and long-range sinusoidal-like path. Reproduced with permission from (122) 

(a) (b) 

(c) 
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The overlapping of colors in Figure 2.11 indicates the vibration of ions and the possibility of the ion leaving its 

original site and migrating to occupy another adjacent site. Obviously, O1, O3 and O4 are most likely to be 

involved in the oxygen migration in the lattice as the area of green, red and blue are larger, while the isolated 

orange patterns implies that O2 are seldomly involved. The overlapping of red and blue are significant 

indicating a two dimensional oxygen migration in the Nd2O3 units which is consistent with the DBVS mapping 

results in Fujii et al.’s paper. The author also proposed that the long-range sinusoidal-like path along the c-axis, 

as shown in Figure 2.11 with black dashed lines, are more favoured for the inter-slab vacancy migration 

according to the MD simulation results than the short-range migration revealed by the static lattice simulation. 

The mean square displacement (MSD) values of O1, O3 and O4 were used to calculate the oxygen diffusion 

coefficients which were in the range of 10-6-10-7 cm2/s, though there are no direct experimental data then to 

make a comparison.  

Both BVE method and MD simulations suggested a 2D oxygen migration mechanism along the bc plane within 

the rare earth layer in the lattice. Combining the fact that the undoped BaNdInO4 stoichiometry also exhibited 

oxide-ion conduction(115) where no excess oxygen vacancies were generated by acceptor-doping, the 

migration of oxide-ions within the rare earth slabs may follow the oxygen interstitial diffusion mechanisms 

proposed in the previous literatures on the Ruddlesden-Popper oxides(128, 129). As described in the oxide-

oxide interstitialcy-mediated diffusion mechanism(129), according to the density functional (DFT) theory, 

oxygen interstitials intercalated into a Ruddlesden-Popper material may reside in the rocksalt layer being 

located at the center of the A-cation tetrahedron. The oxygen migration was completed by hopping between 

these interstitial sites. The oxygen interstitial diffusion proposed in the Ruddlesden-Popper material can be 

one of the hypothesises that account for the oxide-ion conduction discovered in the parent BaNdInO4 oxide. 

 

2.4 Water incorporation and protonic defects in perovskite materials 
Since the discovery of proton conduction in the strontium and barium cerate perovskites in the 1980s, the 

incorporation of water into the perovskite-type structure and the electrochemical properties of the resulting 

hydrated material has been widely studied. Apart from the aforementioned oxygen annihilation (Equation 12), 

water can also dissociate into the system and occupy the oxygen vacancies forming hydroxide ions. The 

incorporation of water can be expressed by Krӧger-Vink notation as 

H2O + VO
∙∙ + OO

x ↔ 2OHO
∙ (38) 

The equilibrium condition of the equation is written: 

𝐾w =
[𝑂𝐻𝑂

∙ ]2

([𝑉𝑂
∙∙] ∙ [𝑂𝑂

𝑥] ∙ 𝑝H2O)
(39) 

As shown by the reaction, oxygen vacancies play an important role in formation of protonic defects, which can 

be generated extrinsically by acceptor doping in the perovskites. The migration of the consequent protonic 

defects is faster than that of the original oxygen vacancies in most of the cases due to the lower effective 

charge and smaller ionic radius of the protons. Although there are still debates going on with the conduction 

mechanism of the protonic defects in the barium cerate perovskite system, the conductivity of those systems 

was found to be improved by the water incorporation(130-132). By using high resolution neutron powder 

diffraction and the isotope techniques, the location of protons in the lattice could be located. The 

concentration of protonic defects can be determined by thermogravimetric analysis (TGA), where the change 

in mass of the sample is precisely observed in an elevating temperature program for a given water partial 

pressure (𝑝H2O), or with a variation in 𝑝H2O for a given temperature. Recording the weight at a constant water 
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vapour pressure as a function of temperatures gives the hydration isobar, which yields the thermodynamic 

parameters including the hydration enthalpies and entropies. Kreuer(99) managed to conclude hydration 

isobars of various perovskite-type oxides and compare the experimental data with the theoretical expression. 

The expression of the concentration of protonic defects as a function of 𝑝H2O and 𝐾w  is derived from the 

combination of Eq. (39) with the site restriction (because of high defect concentration), 

[𝑂𝑂
𝑥] + [𝑉𝑂

∙∙] + [𝑂𝐻𝑂
∙ ] = 3 (40) 

together with the electroneutrality condition (taking yttrium doped barium cerate system as an example), 

2[𝑉𝑂
∙∙] + [𝑂𝐻𝑂

∙ ] + [𝑌𝐵𝑎
∙ ] = [𝑌𝐶𝑒

′ ] (41) 

The equilibrium constant can be then written as 

𝐾w =
4[𝑂𝐻𝑂

∙ ]2

𝑝H2O(𝑆 − [𝑂𝐻𝑂
∙ ])(6 − 𝑆 − [𝑂𝐻𝑂

∙ ])
(42) 

where S is the effective dopant concentration and also the water solubility limit. Then the concentration of 

protonic defects can be expressed as: 

[𝑂𝐻𝑂
∙ ] =

3𝐾w𝑝H2O − √𝐾w𝑝H2O(9𝐾w𝑝H2O − 6𝐾w𝑝H2O𝑆 + 𝐾w𝑝H2O𝑆2 + 24𝑆 − 4𝑆2)

𝐾w𝑝H2O − 4
(43) 

Equation (42) then is used to simulate the hydration isobars of the perovskites, which can be seen in Figure 

2.12 as the smooth curves. 

 
Figure 2.12 Hydration Isobars for different perovskite-type ceramics (at 𝑝H2O=23 hPa) where the experimental data 

shown as the rough curves are fit with the smooth curves derived from equation. Adapted from (99) with kind 

permission from Elsevier. The dashed line in the plot represents the decomposition of Sr(Ce0.9Y0.1)O3−δ below ~500℃. 

For cubic perovskites, such as BaCe0.9Y0.1O2.95 at high temperature range, which has only one type of oxygen 

site in the lattice, the expression fit quite well with the hydration isobar obtained from TGA measurement. 

Despite the lattice distortion of Y: BaCeO3  system at room temperatures into orthorhombic phase which 

results in two oxygen sites with different chemical environments, the fit with only one standard chemical 
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potential differences is still surprisingly good(99). Since 𝑘𝑇ln(𝐾w) = 𝑇∆𝑆0 − ∆𝐻0 , for a given water partial 

pressure, the hydration enthalpies and entropies can be achieved from simulation of these hydration isobars. 

Figure 2.12 also shows the fitted thermodynamic parameters of the hydration reaction for the cubic 

perovskites except for the titanates because they didn’t take up sufficient water under experimental 

conditions to give a fit of high significance(133). For  Y: SrZrO3 and Y: SrCeO3 systems, the lattice structure of 

which are significantly deviated from an ideal cubic perovskite(134), the hydration isobars cannot be fitted 

simply with Eq. (42). In addition, the existence of different oxygen sites within the structure seemed to prohibit 

the water uptake(134) due to their different affinities towards hydration. 

 

2.5 Protonic conductivity in perovskite-related materials 
The protonic conductivity of the acceptor-doped perovskite system can be determined by impedance 

measurement carried out in a water-saturated atmosphere. The Nyquist plots obtained from impedance 

spectroscopy allows one to extract the bulk resistance from all other responses from other components in the 

system. In a complex impedance data, the bulk response normally shows up in the high frequency range as a 

semi-arc corresponding to a specific capacitance of about 10-12-10-11 F, while the presence of a grain boundary 

response often appears at slightly lower frequency corresponding to a capacitance of 10-11-10-8 F(135). 

 

 
Figure 2.13 Impedance spectra of representative (a) polycrystalline samples and (b) single crystal samples. Adapted 

with permission from (99) 
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As shown in Figure 2.13(a), for polycrystalline samples, the bulk semi-arc may be resolved with the other 

responses at lower temperatures. The availability of single crystal samples, as shown in Figure 2.13(b), 

confirms the attribution of the high frequency arc to the bulk proton conductivity(99). Figure 2.14(a) shows 

the bulk proton conductivities of perovskite-type oxides in the temperature ranges where impedance 

spectroscopy allows a reliable separation of the bulk response. With the concentration values of the protonic 

defects taken from the previous hydration isobars (shown in Figure 2.12), the diffusivities of protonic defects 

in these perovskites, illustrated in Figure 2.14(b), can be calculated via the Nernst-Einstein relationship. The 

activation enthalpies of the proton mobility in these oxides are within 0.42-0.58 eV which are much lower than 

the activation enthalpies for the mobility of oxygen vacancies obtained in the previous literature (0.67-1.13 

eV)(136). 

     

 
Figure 2.14 Proton conductivities (a) and diffusivities of protonic defects (b) of different perovskite oxides. Adapted 

with permission from (99). The data of the cubic perovskites are illustrated as bold lines. 

(a) 

(b) 
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Kreuer(137) also summarized the proton conductivities calculated from the available data on protonic 

concentrations and mobilities (from Reference (138)) according to Equation (42), not only for the perovskite-

type oxides, but also for binary rare earth oxides with fluorite-related crystal structures and ternary metal 

oxides with the pyrochlore structure.  

𝜎OHO
∙ = 𝑒 ∙ [𝑂𝐻𝑂

∙ ] ∙ 𝜇OHO
∙ = (

𝑒2[𝑂𝐻𝑂
∙ ]

𝑘𝑇
) 𝐷OHO

∙ = (
𝑒2[𝑂𝐻𝑂

∙ ]

𝑘𝑇
) 𝐷OHO

∙
0 exp (−

∆𝐻m

𝑘𝑇
) (44) 

where 𝐷OHO
∙  and  𝐷OHO

∙
0  are respectively the diffusivity and standard diffusivity of the protonic defects, ∆𝐻m  

is the migration enthalpy of the protonic defects in the lattice. It is worth pointing out that the latter part of 

Equation (44) treats the concentration and proton transport separately, which can only be applied to an ideal 

system where the proton migration is independent of the concentration. According to the previous 

literatures(137, 138), the proton conductivities of these systems were examined over an extended 

temperature range, for which the protonic defects are not always accessible experimentally. Among all these 

protonic conductors, barium cerates and barium zirconates demonstrates the highest proton conductivities, 

and the conductivities of which are much higher than that of strontium cerates and strontium zirconates. 

These observations are consistent with the aforementioned empirical results and the data from other 

literature(139-141). 

 

2.6 Proton transport mechanism 
 

Since 1980, Takahashi and Iwahara(98) first reported the discovery of protonic conduction in perovskite-type 

ceramics, tremendous efforts have been dedicated into probing the transport mechanism of protonic defects 

not only empirically through material characterization techniques such as the infrared (IR) spectra and high-

resolution neutron powder diffraction (NPD), but also theoretically by numerical simulations. The most 

commonly accepted proton conduction mechanism so far is the Grotthuss-type mechanism where the proton 

is the only mobile species while the oxygen resides in the vicinity of its original position in the lattice. The 

principal features of this proton transport mechanism consist of two processes, namely the rotational diffusion 

of the proton defect and the transfer of the proton toward a neighbouring oxygen as schematically presented 

in Figure 2.15. Experimental results(142, 143) by quasielastic neutron scattering as well as the quantum 

molecular dynamics (MD) simulation results(144, 145) have suggested that the rotational diffusion is a 

comparably fast step with low-activation barriers, thus indicating that the proton transfer reaction is the rate-

limiting step in the considered perovskites. However the IR spectra(146) showed strong red-shifted OH-

stretching absorption suggesting the existence of strong hydrogen-bond interactions, which favour the proton 

transfer reactions rather than the bond-breaking proton rotational diffusion process. The contradiction of 

these results could be explained from the structural perspective. 



60 

 

 
Figure 2.15 The schematic diagram of the Grotthuss-type proton migration mechanism in the perovskite type oxides. 

Adapted with permission from (145). 

Basically, the structural oxygen separation in most perovskite-type oxides is larger than 290 pm which is 

significantly higher than the required distance for the formation of strong hydrogen bonds. Thus, in order to 

form hydrogen bonds, the lattice is distorted to an extent so that the free energy gained by the system from 

the formation of hydrogen bonds is competing with the free energy required for the lattice distortion. A 

quantum-Molecular Dynamics(MD) simulation result of a protonic defect in cubic BaCeO3(147) showed that 

these two contributions to the free-energy of the system are almost balanced for a wide range of oxygen 

separations which is approximately 250-300 pm. Therefore, short oxygen separations preferring the proton 

transfer reaction and large oxygen separations, which allow rapid bond breaking and proton rotational 

diffusion, have almost the same probabilities of happening. More interestingly, the simulation suggested that 

one protonic defect is attached with all eight nearest oxygen neighbours in the form of short but transient 

hydrogen bonds(148). In the time-averaged view according to the diffraction experiments, the overall 

structural OH/O separation is reduced by such dynamical hydrogen bonding configuration, but in the instant 

configurations obtained during a MD simulation, only one of the eight OH/O separations is reduced down to 

about 280 pm as a result of hydrogen bonding. Although the formation of hydrogen bonding in this 

configuration has a stabilizing effect of about 0.5 eV, the bond is soft, high-energy hydrogen bond with 

extended bond length variations(148). Due to the formation of such dynamical hydrogen bonds, theoretically 

one may expect an activation enthalpy of long-range proton diffusion to be no more than 0.15 eV assuming 

that the configuration of OH/O is linear. However, the mobility activation enthalpies of protonic defects in 

cubic perovskites is as large as 0.4-0.6 eV(133), which is mainly due to the fact that for most configurations 

with short OH/O separations, the proton is found being repulsed out of the edge of the octahedron leading to 

a strongly bent hydrogen bond as shown in Figure 2.16(a). This distortion from a linear hydrogen bond 

probably arises from the strong repulsive interaction between the proton and the highly charged B-site cation. 

Besides, a deformation of the CeO6-octahedron was captured in the instant configuration resulting from the 

hydrogen bonding, the energy required for which compensates the energy gained by the strong hydrogen 

bonding. As a result, the protons need to overcome an extra energy barrier when transportation, and thus the 

mobility activation enthalpy of protonic defects is increased.  
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Figure 2.16 (a) Schematic diagrams of the instant and average configurations for the dynamical hydrogen bonding in 

𝐵𝑎𝐶𝑒𝑂3(Top panel) and the Helmholtz energy difference of the system as a function of the O/O and OH/O 

separation(Second panel). (b)An instant configuration obtained during a MD simulation as one of the transition state 

configurations of proton transfer. Large orange circles-Ba2+, blue circles-O2-, yellow circles-Ce4+, small orange circles-H+. 

Adapted with permission from (150). 

A more detailed inspection of the MD simulation data on the transition state configurations of the proton 

transfer showed that the B-O bonds are elongated as observed in the instant configurations obtained during 

the MD simulations which displaced the transferring proton to the edge of the distorted octahedron. The 

elongation of the B-O bond will lead to a lower energy barrier for the proton transfer because the H/B 

repulsion is reduced in this specific configuration and the hydrogen bond formed is almost linear. However, 

the B-O bond elongation has its contribution to the activation enthalpy of the proton transfer, together with 

the new proton transfer barrier. Nevertheless, the H/B repulsive interaction can be used to estimate the upper 

limit for these two contributions to the activation enthalpy. Experimental evidence which supports these 

simulation inspections could be found in the previous literature(147), where the cubic perovskites with 

(a) 

(b) 
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pentavalent B-site cations (I-V perovskites) have significantly higher activation enthalpies of proton mobility 

than the cubic perovskites with tetravalent B-site cations (II-IV perovskites). 

Besides, the aforementioned structural deviations from the ideal cubic perovskite structure may lead to an 

increase in the activation enthalpy. This structural factor has been investigated by comparing the dynamical 

features of proton defects in Y:BaCeO3 and Y:SrCeO3 systems. As shown in Figure 2.17, due to the large 

orthorhombic distortion of Y:SrCeO3, the oxygen sites in the lattice degenerate into two sites with probabilities 

of 1/3(O1 site) and 2/3(O2 site) with different chemical environments, while in Y:BaCeO3 there is only one 

oxygen site (O2 site). Owing to the different chemical interactions between the A-site cations and the oxygen, 

the electron densities (basicities) of the oxygen ions in these two systems are quite different from each other 

resulting in different binding energies for the proton. In the Y:SrCeO3 system, the proton tends to bind with 

O1 which is the most basic oxygen, whereas in Y:BaCeO3 it is O2. Assuming that at the beginning of the proton 

transfer process, protons are associated with these sites within their own system, then the long-range proton 

transport in BaCeO3 involves the transfer from the O2 site to the adjacent O2 site while in Y:SrCeO3 a chemical 

difference from O1 site to O2 site must be overcome. The extra barrier of the latter finding is believed to be 

the reason why Y:SrCeO3 showed higher activation enthalpy and lower conductivity compared with the 

Y:BaCeO3 system. 

 

Figure 2.17 Effect of the orthorhombic distortion of BaCeO3 and SrCeO3 on the basicity of O1 and O2 (basicity indicated 

by the darkness of oxygen ions). The predominant routes for proton transfer are indicated by arrows. Reproduced with 

permission from (147). 

Other than the reduction of crystallographic symmetry, the local structural and chemical perturbation 

introduced by acceptor doping or mixed occupancy on the B-site also plays a part in determining the mobility 

of proton defects. The oxide ion and proton conductivities of the M:BaZrO3 (M=Sc3+, In3+, Y3+) oxides show 

different trends as a function of the ionic radius of the chosen aliovalent cation. For oxide ion conductors, 

aliovalent cations with matching ionic radii are chosen to generate higher ionic conductivities as Sc3+ doped 

zirconia exhibited higher conducting properties than that of Y3+ doped zirconia(150). However, when adapted 

into a humid atmosphere, this approach fails. The Y3+ doped zirconia showed highest proton conductivity, 

although Sc3+ and In3+ match Zr4+ better regarding their ionic radii. Another interesting observation is, only for 

Y doped zirconia, the proton mobility and activation enthalpy of which are independent of the dopant 

concentration(134, 151). The explanation for that is probably because of the chemical match of the dopant. 
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Although the Y3+ doping at the Zr4+ site leads to a tetragonal distortion from the cubic phase at concentrations 

about 5 mol%, the acid/base properties of the coordinating oxygen remain almost unchanged, which makes it 

‘invisible’ to the proton diffusion process(150). Another investigation of the proton conductivity in the SrTiO3-

 BaTiO3- SrZrO3- BaZrO3 system(150) showed that Zr/Ti mixing on the B-site led to a significant suppression 

of the proton conduction, which is consistent with the results investigating the Ba3Ca1+xNd2−xO3−δ 

system(152) showing that Ca/Nd ordering will reduce the proton conductivity significantly. 

In summary, the protonic conductivity and its transport mechanism within the perovskite lattice were 

discussed. A strong, dynamical hydrogen bonding of the protonic defect with its eight nearest neighbor oxygen 

sites in the perovskite lattice was found which are strongly affected by the crystallographic symmetry as well 

as the local structural and chemical perturbation introduced by the doping(133). Empirically, however, it was 

extremely difficult to synthesize ceramics with both high thermodynamic stability and high proton conductivity. 

The incorporation of water content not only changes the conducting mechanism within the grain, but also 

leads to severe decomposition on the grain boundaries and on the sample surfaces.  

 

2.7 Chemical stability of perovskite-based structural systems 
 

As mentioned above, a high basicity of a perovskite structure is advantageous for the formation of proton 

defects, and therefore achieving high protonic conductivities. However, the chemical stability of the basic 

oxide with respect to the operating atmospheres for many applications such as SOFCs needs to be considered. 

Because basic oxides exhibited high proton conductivity, such as cerates, can easily react with acidic conditions 

or even with air at intermediate temperatures to form sulfates, carbonates or hydroxides. The rather stable 

zirconates, on the other hand, are reported to dissolve less water and show much higher activation enthalpies 

for proton conduction(132, 134).  Empirically, it seems to be difficult to achieve both high thermodynamic 

stability and high proton conductivity at the same time in perovskite structured materials. Since this conflicting 

situation is highly relevant for many applications such as proton conducting SOFCs, the chemical stability of 

the perovskite related ceramics will be discussed a little more in detail in this section. 

The most commonly investigated decomposition reaction of the perovskite materials is the reaction with H2O 

or CO2 which could decompose the perovskite into the binary oxides and then forming related hydroxide or 

carbonates. The hydroxides generated from reaction (45) will then easily react with CO2 from the environment 

forming relevant carbonates. Considering a simple (II-IV) perovskite, ABO3 where cation A is bivalent and 

cation B is tetravalent, the reaction with CO2 could be written as: 

ABO3 + H2O → A(OH)2 + BO2 (45) 

A(OH)2 + CO2 → ACO3 (46) 

ABO3 + CO2 → ACO3 + BO2 (47) 

According to the equation above, the thermodynamic stability of the perovskite is decided by the addition of 

the formation enthalpy of the perovskite from the binary oxides, which mainly corresponds to the 

compatibility of the cations, and the decomposition enthalpy of the carbonate with respect to AO. Therefore, 

the tolerance factor regarding the ionic radii rA / rB is crucial to determining the thermodynamic data of the 

perovskites. The perovskites with low tolerance factors tend to have low thermodynamic stabilisation. The 

chemical stability of these ceramics with respect to the decomposition reactions can be illustrated through 

the phase equilibrium graphs below. 
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For Sr and Ba cerates, the thermodynamic data for the reactions with CO2 are almost the same, whereas 

because of the less basicity of SrO, the formation of BaCO3 from BaO is more advantageous. As a result, the 

chemical stability of BaCeO3 is higher than that of SrCeO3. Previous literatures(153-155), showed the 

association of the stability of the carbonate, ACO3, with the chemical stability of the perovskite type oxides in 

the phase equilibria plots whilst the lattice energy and the hydration enthalpy are also related. The phase 

equilibria plots showed that the equilibrium constant K(T) for SrZrO3 decomposition into the hydroxide is 

higher than that of the thermodynamically less stable SrCeO3. That is to say, although the oxide basicity favours 

the formation of protonic defects and the decomposition in acidic gases at the same time, the stability of the 

oxides will increase the formation of protonic charge carriers but suppress the decomposition reactions. 

Another interesting observation of the phase equilibria above is that the formation of protonic defects as well 

as the decomposition reaction of the perovskite into hydroxides in the cerates appear at lower water partial 

pressures than the zirconates. In accordance with increasing tolerance factors, for the perovskite type oxides 

with alkaline earth metal cations on the A-site, an increasing stability in these materials with respect to the 

decomposition reaction above can be observed in the following order: cerates→zirconates→titanates(146).  

For perovskites with large B cations and low tolerance factors, the thermodynamic stability of the oxides may 

significantly affect the mechanical stability of the microstructures of the corresponding ceramics. As observed 

in the BaCeO3-based ceramics(156), Ba2+ shows a tendency to occupy the B-site in some region of the BeCeO3 

crystal, particularly in the grain boundary region which will weaken the microstructure and therefore lower 

the mechanical stability of the ceramics. The phase equilibria from the same literature also suggested that the 

decomposition partial pressures for the SrCeO3 and BaCeO3 are slightly higher than those for the 

corresponding alkaline earth oxides due to the small Gibbs free energies of the formation reaction from the 

binary oxides. Therefore, as the metastable sites, the grain boundary regions as well as the surface layer of 

these perovskite materials are preferred by the decomposition reaction, and then form the secondary phases. 

However, even for relatively stable perovskites, (e.g. BaTiO3, SrTiO3 and KNbO3) the structural instabilities still 

have an impact on the mechanical stability of the grain boundary regions which will lead to the formation of 

an intergrowth of Magnéli and Ruddlesden-Popper phases at the surfaces(157). 

 

2.8 Summary 

In summary of the previous literatures, the unique layered-perovskite type oxide, BaNdInO4, and its solid 

solutions have exhibited considerably high oxide-ion conductivities. The oxide-ion conductivity of the parent 

BaNdInO4 can be significantly increased by acceptor doping of the Nd site with alkaline-earth metal cations 

such as Ca, Sr and Ba, while the activation energy for the ionic conduction in these materials can be decreased. 

Ca2+, the ionic radii of which is the closest to that of Nd3+, is the optimal doping cation at the Nd site as the 

composition of BaNd0.8Ca0.2InO3.9 exhibited highest oxide-ion conductivity and lowest activation energy for the 

oxide-ion conduction. The investigation of oxygen migration in the BaNdInO4 related structure using the bond 

valence (BVE) method and the molecular dynamics (MD) simulation gave a profound insight of how an oxygen 

vacancy migrates in the lattice. Both BVE and MD simulation results suggested a two-dimensional oxide-ion 

migration mechanism in the A rare earth oxide unit on the bc plane in the BaNdInO4 related structure. The 

oxygen diffusion coefficients were estimated by the mean square displacement (MSD) values of O1, O3 and 

O4 obtained in the MD simulation, which is in the range of 10-6-10-7 cm2/s. However, there is no direct empirical 

data of the oxygen diffusion coefficients of these materials, which remains a research gap in this field.  

The sections 2.4-2.7 included literature reviews on protonic conductivity observed in the perovskite-related 

structural systems and the underlying protonic conduction mechanism proposed. The most commonly 
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accepted theory regarding the proton conducting mechanism is the Grotthuss-type mechanism which 

suggests that the protons are the mobile species. However, all the discussions about the charge carriers and 

how they move around in a particular system are based on simulation results. Very little direct experimental 

evidence could be found in the previous literatures that could prove these theories. On the other hand, finding 

a proper solid solution for the intermediate temperature SOFC applications is still challenging. Protonic 

conductors are one of the candidates to be used as the electrolyte materials, which could lower the operating 

temperature of the existing high temperature SOFC products. But empirically high thermodynamic stability 

and high proton conductivity seem to exclude one another. Therefore, it is worth trying to design and 

synthesize a new structure family for further innovative development of the SOFC industry. 

There has been no literature published so far regarding the protonic conduction in the acceptor-doped 

BaNdInO4 system, which could be an interesting point as the acceptor doping could create oxygen vacancies 

and a variety of perovskites have been proved to be good protonic conductors(132, 158, 159). Those gaps 

elicit the main motivation of this project. The main purpose of this research is further developing the 

BaNdInO4-based solid solutions and investigating the potential of the calcium-doped BaNdInO4 being used as 

a proton conductor. The isotope exchange depth profiling (IEDP) method will be introduced to measure the 

oxygen diffusion coefficients and surface exchange coefficients of those materials and give direct experimental 

data to be compared with the results from the former statistical simulations.  
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Chapter 3  

Experimental methods 

 

3.1 Solid state reaction 

In a traditional solid state reaction process, stoichiometric amounts of the precursors (in most of the cases 

metal oxides or carbonates) are mixed using pestle and mortar with volatile organic solvent, such as ethanol 

and acetone, to improve the mixing of powders. Then the dried mixture is calcined at a certain temperature 

and atmospheric condition depending on the decomposition conditions for the carbonates or other substance 

in the precursors. In order to achieve a pure single-phased product, the resulting ashes from the calcination 

step are then pressed into pellets and sintered at a higher temperature to let the precursors react with each 

other. The pressing and sintering steps are usually repeated twice to let the oxides react with each other 

completely. There are advantages and disadvantages of applying the solid state reaction methods. The main 

advantage of this approach is because of its straight forward and relatively simple processes with a short 

synthesis period. The drawbacks of this approach include the difficulties in the weighing steps to mix 

precursors with exactly stoichiometric ratio, which might lead to secondary phases caused by the excess 

precursors or non-stoichiometric products. Secondly, this approach can be only applied  

to synthesis using metal oxides and carbonates, while some metals, such as Pr, don’t have stable carbonate 

precursors. Therefore, solid state reaction method is not applicable to the synthesis of materials containing 

those cations. Last but not least, the mixing with pestle and mortar in a solid state reaction can only achieve 

mixture at the particle level. To achieve atomic level mixing, a sol-gel synthesis approach should be applied. 

 

3.2 Pressing and the densification process 

In order to achieve dense pellet samples with relative density over 95%, before the sintering processes, the 

powders were firstly pressed in a 13 mm circular die under a load of 2-3 tons holding for 5 mins using a uniaxial 

press. The resulting pellets were then placed in one finger of the nitrile glove sealed by a portable vacuum 

pump followed by a 5-mins isostatic press process at ～300 MPa to achieve high density. Then the densified 

pellet samples were removed from the glove and placed in an alumina crucible for a sintering process. The 

sample was covered by the residual powders on both surfaces to avoid the over-reacting of the sample on the 

top surface and prevent the reaction with alumina crucible on the bottom. The pellet was finally sintered in a 

set temperature program with the heating and cooling rate of 5 ℃/min in lab air in a furnace. The temperature 

program involved a heating step to 1400℃ with a holding step of 1 hour and the first cooling step down to 

1300℃ followed by a 24 hours holding step, then another cooling step down to room temperature. The one 

hour holding step at 1400℃ allows a fast densification of the pellet and the following long period sintering 

procedure at 1300℃ enables the growth of grains and the full densification of the pellet as the pores between 

the grains were eliminated. Besides, the relatively lower sintering at 1300 ℃  could effectively avoid 

overheating the sample surface which might introduce secondary phases into the material. 
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3.3 Dilatometry test 

The determination of the sintering temperature for BaNdInO4 and its solid solution in this research was done 

by dilatometry, which is a straight forward material characterisation method for measuring the changes in the 

dimensions of a solid specimen as a function of temperature. As shown in the schematic (Figure 3.1), the 

specimen is placed in the sample carrier clamped by the alumina pushrod. As the temperature in the furnace 

rises, the changes in the length of the specimen are detected by a displacement transducer (LVDT). The gas 

atmosphere can be controlled by the vacuum flange and purge gas inlet and outlet. The displacement along 

with the temperature regime is recorded by the connecting computer. Compared with other thermal analysis 

techniques, dilatometry is the most straight forward method to achieve the thermal expansion coefficient of 

a solid sample. The coefficient of thermal expansion, α, can be derived from the equation below: 

𝛼(𝑇) = −
𝜕𝐿

𝜕𝑇
(48) 

where L is the length of the specimen and T is the temperature.  

 

Figure 3.1 A Schematic diagram of a NETZSCH® dilatometry equipment. Adapted with permission from (160). 

In order to achieve the best sintering temperature for BaNdInO4 and its solid solutions, a strip-shaped 

specimen was prepared which had not been sintered. The temperature regime of the dilatometry 

measurement was set as two segments. In the first segment, the furnace was heated up from room 

temperature to 1370℃ at a heating rate of 10 ℃/min. Then the temperature was held at 1370℃ for two 

hours to monitor the sintering behaviour of the specimen. 

 

3.4 Density measurement 

The density of the pellets was measured by the Archimedes method with water using a water balance. The 

theoretical density ρtheory of the material can be calculated according to Equation 47, where the parameter of 
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a unit cell could be substituted. Then n is the number of formula units per unit cell, Mw is the molecular mass 

of all the atoms in a unit cell, V is the unit cell volume obtained from XRD data refinements and NA is the 

Avogadro number. 

𝜌theory =
𝑛𝑀w

𝑁A𝑉
(49) 

The Archimedes method is basically a solution linking the buoyancy of a solid immersed in a liquid with the 

density of the liquid ρ(fl). By measuring the weight of sample in air W(a) and the weight in liquid W(fl) using 

the electrical water balance below, the buoyancy is given by W(a)-W(fl) and, to allow for buoyancy of sample 

in the air, corrections are made regarding the density of air ρ(a)=0.0012 g·cm-3 under standard conditions. The 

density of the sample then can be derived by the equation (50), where the density of the water ρ(fl) can be 

obtained from the standard tables(161) according to the temperature of the water during the measurement: 

𝜌 =
𝑊(a)[𝜌(fl) − ρ(a)]

𝜌(fl)[𝑊(a) − 𝑊(fl)]
+ 𝜌(a) (50) 

In this research, sintered samples were polished by SiC grinding paper first, then measured in air and in water 

step by step. To avoid air bubbles inside the pellet which might contribute to an increased buoyancy in the 

following measurement, the sample after polishing was immersed in boiling water for 10 mins to eliminate 

the air bubbles attached on the pellet sample when being immersed into the water balance. 

 

3.5 X-ray diffraction and the crystal structure analysis 

The crystal structure and phase purity of the synthesized pellet samples were analysed by X-ray diffraction 

(XRD) and in-situ XRD methods. Le Bail refinement of the diffraction data was carried out using the FullProf 

program(162) for determination of the space groups, lattice parameters and unit cell volumes of the materials. 

3.5.1 X-ray diffraction and Le Bail refinement 

X-ray diffraction is a commonly used non-destructive material characterisation method for the determination 

of the crystal structure of crystalline materials. By applying X-rays from an angle onto the sample surface, the 

X-rays with a wavelength which is close to the spacing between layers or rows of atoms within the crystalline 

materials can be scattered, which is then collected by a radiation detector providing information on the unit 

cell dimensions. Constructive interference is governed by wavelength and separation of the points, and in X-

ray diffraction, the arrangement of the atoms near the sample surface can be treated as diffraction grating. 

Bragg’s Rule(163) as expressed as Equation (51), is used to determine the conditions under which X-ray 

diffraction could occur, where d represents the interplanar spacing, θ is the angle of incidence with respect to 

the scattering planes and λ is the wavelength. 

2𝑑 sin 𝜃 = 𝑛𝜆 (51) 

The X-rays are generated by bombarding a metal target, Cu in most cases, with high energy electrons. The 

bombardment results in the ejection of the inner shell electron of the metal atoms leaving the atom in an 

energetically excited state. The characteristic X-rays are then released as an electron of higher energy drops 

into the vacancy emitting the excess energy in the form of an X-ray photon. Kα radiation is one of the X-ray 

sources which is created by an electron transition from a 2p orbital of the second outermost L shell to the 

innermost K shell (1s orbital), and occurs as a doublet owing to spin-orbital interactions. At the same time, the 

incident electrons decelerate as they plunge into the metal, generating radiation with a continuous range of 

wavelengths, which is called the Bremsstrahlung radiation. 
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Figure 3.2 (a) Schematic illustration of Bragg’s Law. The blue arrow labels the d-spacing between two planes. The red 

arrows shows the direction of X-rays. θ labels the incident angle. dsinθ in green mark labels the path difference of the 

diffracted X-rays (b) Schematic diagram of the generation of characteristic X-rays. Adapt with kind permission from 

(164). 

The characteristic X-rays are directed to the sample through the slits set and diffracted by the crystalline 

materials in the sample according to Bragg’s Law. As the diffracted X-rays go through the slits and are collected 

by the detector, the constructive interference when 𝑛𝜆 = 2𝑑 sin 𝜃 is recorded as peaks in the XRD pattern. 

The angle at which reflections can occur is determined by the lattice symmetry and unit cell parameters, where 

the interplanar spacing dhkl is related to the unit cell parameters, as illustrated in Equation (52), where h, k, l 

are Miller indices describing a set of parallel planes in the lattice.  

1

𝑑hkl
2 =

ℎ2 + 𝑘2 + 𝑙2

𝑎2
(for the case of a cubic structure) (52) 

𝑎2 =
𝜆2

4sin2𝜃
(ℎ2 + 𝑘2 + 𝑙2) (53) 

 
Figure 3.3 Schematic representation of a powder diffractometer. Adapted with permission from (164) 

(b)                                                                                     (a)                                                                                     
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The peak position as discussed above is determined by the lattice symmetry and unit cell parameters according 

to Bragg’s Law. The observed peak intensity of the reflection, however, is a function of several factors which 

depend on a set of parameters regarding the experimental set-up and the elemental properties concerning 

the chemical composition of the materials being analysed.  For an ideal powder diffraction sample, the 

intensity of a particular peak is determined by several factors: 

𝐼(ℎ𝑘𝑙) = 𝑐𝐿(2𝜃)𝑃(2𝜃)𝐴(2𝜃)𝑗hkl|𝐹(ℎ𝑘𝑙)|2 (54) 

where 𝐼(ℎ𝑘𝑙) is the intensity of the {ℎ𝑘𝑙} reflections. c is the scale factor. 𝐿(2𝜃) is the Lorentz factor which 

control X-ray intensity with respect to diffraction angle. 𝑃(2𝜃) is the polarisation factor which allows for the 

partial polarisation of the reflected beam and the geometry of the measuremnt, 𝐴(2𝜃) represents the X-ray 

mass absorption factor and 𝑗ℎ𝑘𝑙  is the multiplicity factor which describes the relative proportion of planes 

contributing to the same reflection. The structure factor, 𝐹(ℎ𝑘𝑙), represents the summation of the scattering 

from hkl planes in the direction θ  from all the atoms in unit cell. Assuming that the unit cell contains N atoms 

and the jth atom with the fractional unit cell coordinates (𝑥𝑗 , 𝑦𝑗, 𝑧𝑗) has a scattering factor fj(hkl), then the 

structure factor can be derived as: 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗(ℎ𝑘𝑙) exp2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)

𝑁

𝑗=1

exp (−𝑊𝑗) (55) 

where the scattering factor fj(hkl) of an atom is the total amount of scattering in direction θ from that atom, 

𝑊𝑗 is Debye-Waller factor depending of the temperature, which describes the atomic displacement of the jth 

atom. 

As illustrated in Fig 3.3, in practice, a normal powder diffraction experiment is carried out by varying the 

position of the X-ray source relative to the detector, and the diffraction patterns are produced by measuring 

the intensity detected as a function of 2θ. The characteristic X-rays generated from a Cu target in the X-ray 

tube contain three main wavelengths, Cu-Kα1 (λ=1.5405 Å), Cu-Kα2 (λ=1.5444 Å) and Cu-Kβ (λ=1.3922 Å), hence 

a monochromator was used to filter the Cu-Kβ component.  

X-ray diffraction characterisation method was carried out on pellet samples in this work. The crystal structure 

of the formed phase in the BaNd1-xCaxInO4-x/2 solid solution series was determined in static air by X-ray 

diffraction (XRD) using a PANalytical X’Pert PRO diffractometer (Cu Kα radiation). XRD patterns were typically 

obtained between 10 to 100 °2θ with a step size of 0.0167 °2θ.  

 

3.5.2 In-situ X-ray diffraction 

An Anton Paar HTK1200N oven with z axis adjustment was used to control the sample temperature to obtain 

in-situ XRD (HT-XRD) patterns. The addition of an oven allows diffractograms to be collected under various 

conditions regarding the temperature and gas atmospheres, which is useful in identifying the 

chemical/structural changes of a material upon heating. During the measurement, the X-ray window, being 

made of Kapton, Graphite, PEEK or Beryllium in most cases, of the heating attachment allows the X-ray beam 

to pass the instrument. The in-situ XRD used in this research is equipped with a Beryllium X-ray window. In the 

centre of the instrument the alumina (or silicon single crystal) sample holder is located and the temperature 

sensor is mounted inside the sample holder. The sample holder height during the measurement is 

automatically adjusted at different temperatures to compensate the thermal expansion of the holder itself. 
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The main disadvantage of utilizing this characterisation method on the pellet samples is the influence of 

sample thickness on the temperature deviation, where a thin pellet sample preparation is recommended. 

In an in-situ X-ray diffraction measurement, the effect of material expansion upon heating has to be accounted 

as otherwise the sample location is not always at the centre of the goniometer resulting in severe peak shifts. 

As shown in Figure 3.4(b), to keep the sample at the prealigned position at elevated temperatures, the height 

of the instrument is adjusted either manually on the adapter of the instrument or by using the Z-stage for 

automatic adjustment of the instrument. 

 

 

Figure 3.4 (a) Principal components of a non-ambient heating attachment used in in-situ X-ray diffraction method. (b) 

Schematic diagram of thermal height expansion correction with Z-stage. The red dotted line shows the chamber height 

and the green dashed line shows the sample holder heright. Adapted with permission from (165). 

 

 

(a)                                                                                     

(b)                                                                                     
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3.5.3 Le Bail refinement  

Le bail refinement is a quantitative analysing approach for the X-ray diffraction data. In this type of analysis, 

the structure factor as expressed in Equation (55) and associated structural parameters is not necessary since 

they are not considered and the unit cell and the approximate space group of the sample must be 

predetermined. Linear interpolation of the selected background points was applied to exclude the background 

intensity. A Pseudo-Voigt peak shape function was used to fit the diffraction peaks’ shape. A least squares 

analysis was carried out to minimise the difference between the observed intensities, Yobs, and the calculated 

intensities, Ycalc, by modifying the lattice parameters. The calculation and fitting was performed using the 

FullProf(166) software suite. The goodness of fit is defined as 𝜒2 or as the profile residual, Rp, and weighted 

profile residual, Rwp, which can be calculated from the equations below, 

χ2 =
∑ 𝜔𝑖(𝑌obs − 𝑌calc)2𝑛

𝑖=1

𝑛 − 𝑝
(56) 

𝑅p =
∑ |𝑌obs − 𝑌calc|𝑛

𝑖=1

∑ 𝑌obs
𝑛
𝑖=1

× 100% (57) 

𝑅wp = √
∑ 𝜔𝑖(𝑌obs − 𝑌calc)2𝑛

𝑖=1

∑ 𝜔𝑖𝑌obs
2𝑛

𝑖=1

× 100% (58) 

where 𝜔𝑖  is the weighted factor for the ith intensity, n is the total number of points from the experiment and 

p is the total number of variables refined. It is worth mentioning that the somewhat arbitrary choice of starting 

values will produce a bias in the calculated values of Le Bail refinements. Therefore, in this research, the input 

starting lattice parameters were selected based on the refined results from the neutron diffraction data 

reported by Fujii et al(115). 

 

3.6 Electron microscopy 

Electron microscopy (EM) is a technique using a focused electron beam to probe the surface topography of a 

specimen sample. The electrons in the beam interact with the sample producing various signals, as shown in 

Figure 3.5, that can be used to obtain information about the surface topography and chemical composition. 

According to the Rayleigh criterion, the minimum resolvable detail in the imaging process is limited by 

diffraction and proportional to the wavelength, λ, of the source(167). Therefore, high resolutions can be 

achieved in the electron microscopy as it directs a beam of high energy accelerated electrons to the surface, 

for example an electron with energy around 20 keV has a wavelength of around 0.012 nm which is significantly 

lower than that of visible light (400-700 nm). 



73 

 

 
Figure 3.5 Representation of the main electron interactions occurring when a primary electron beam interacts with a 

sample under analysis in an electron microscopy equipment. Adapted with permission from (168). 

 

3.6.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is the most commonly used electron microscopy technique in which the 

data are collected over a selected area of the sample surface to generate a 2-dimensional image of the sample. 

The signals detected in an SEM measurement result from interactions of the primary electrons contained in 

the electron beam with atoms at various depths within the sample surface. Different types of signals are 

produced during the electron beam bombardment, such as secondary electrons (SE), the reflected or back-

scattered electrons (BSE), characteristic X-rays, light produced by cathodoluminescence and Auger electrons.  

Secondary electrons (SE) have very low energies on the order of 50 eV, which are produced when electrons 

from the conduction band of the sample interact with the incident electrons, when the interaction provides 

enough energy for their ejection. SEs are emitted only from the very surface of the sample, typically 5 to 50 

nm. As the angle of incidence increases, the incident electrons travel deeper into the surface region of the 

sample, which results in a higher apparent ejection of SEs in these areas. Therefore, the edges and ridges of 

the sample usually seem brighter in SEM images due to the ejection of more SEs. By collecting the ejected 

second electrons, one can obtain topographical information of the sample surface. 

Backscattered electrons (BSE) are electrons that are reflected from the sample surface by elastic scattering. 

BSEs have much higher energy than SEs which can be emitted from depth of 10-100 nm. With a much larger 

interaction volume, the resolution of a BSE image is lower than that of an SE image. However, BSEs are often 

used in the determination of elemental distribution of the sample because the intensity of the BSE signal is 

strongly related to the atomic number (Z). Characteristic X-rays are emitted when a higher-energy electron 

fills the inner shell vacancy caused by primary electron bombardment, the process of which releases energies 

depending on the orbital energy of the atoms. The energy or wavelength of these characteristic X-rays can be 

measured by Energy-dispersive X-ray spectroscopy or Wavelength-dispersive X-ray spectroscopy giving 

information on the elemental abundance in the sample. The generation of Auger electrons is similar to that of 

characteristic X-rays, when an inner-shell vacancy of an atom is filled by a higher energy electron from the 

same atom. Most of the energy of this process was released in the form of photons, while the energy can also 

be transferred to another electron which is ejected from the atom and is called an Auger electron((169)). 

(a)                                                                                     
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During this work, a JSM-6010 LA SEM (JEOL Ltd.) and a Zeiss Crossbeam 340 (Zeiss Ltd.) were the main 

analytical SEM instruments applied in probing the material topographic information and compositional 

analysis. The beam conditions and other parameters of the measurement will be illustrated specifically in the 

SEM images. 

3.6.2 (Scanning) Transmission electron microscopy 

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of highly accelerated 

electrons (200 to 300 keV) is transmitted through a specimen to form an image(170). Therefore, the sample 

with a thickness less than 50 nm needs to be specifically prepared to allow the electrons to pass through it 

without a significant energy loss. The principal of the TEM technique in detail can be reached in the textbook 

written by Goodhew et al.(171) which will not be discussed in this thesis. 

The TEM can be operated in two modes: normal TEM and scanning-TEM modes. The main difference between 

TEM and STEM is that instead of a parallel incident electron beam incident on the sample in TEM mode, a 

converged beam focused at a spot is directed on the specimen surface. To create a map of the sample surface, 

the incident beam is rastering across the sample surface and the signal from each point is recorded on an 

annular detector. Therefore, in the equipment set-up of the STEM measurement, no objective lens is needed 

for imaging the sample, and the achievable magnification is theoretically unlimited(172). In this research, the 

scanning TEM mode was used to probe the chemical compositional information with a high resolution, where 

STEM-EDS, in particular, was used. 

The energy dispersive X-ray spectroscopy (EDS) is a chemical microanalysis technique which can be used 

in conjunction with scanning transmission electron microscopy (STEM). When the sample is bombarded by 

the STEM electron beam, electrons are ejected from the atoms comprising the sample surface. The resulting 

electron vacancies are filled by higher energy electrons form outer orbitals, and an X-ray is emitted to 

compensate the energy difference between two different electron orbitals. The released X-ray is characteristic 

of the element from which it was emitted. By detecting the X-rays emitted from the sample during the 

bombardment of the incident electron beam, the EDS technique is useful in the characterisation of the 

elemental composition of the analysed volume in the specimen. 

Sample preparation in TEM is the crucial step since the target sample must be electron-transparent for 

TEM measurement. That is to say, the thickness of the target sample needs to be 10-300 nm depending on 

the material. The preparation of thin samples were finished by focused ion beam (FIB) milling using H-bar with 

a direct lift-out method as shown in Figure 3.6. The sample preparation using ‘H bar’ method is comprising 

procedures including Platinum deposition at the site of interest for protection, milling of a thin strip using FIB, 

lifting out the strip by a fine glass micro-manipulator, the attachment of the strip onto a support grid by 

platinum paste and the final milling using FIB to achieve electron transparency. The sample preparation 

methods for TEM measurement is discussed in detail by Li et al.(173) where several other sample preparation 

methods were included. 
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Figure 3.6 The illustration of sample preparation process in a FIB milling method using ‘H bar’ method. Adapted with 

permission from (174). 

Experimental detail: In this work, STEM-EDS analyses were carried out on the exchanged specimens using a 

TEM 2100F operated in STEM mode under 200 keV accelerating voltage by Dr. Cati Ware. Aztec software was 

used in the STEM-EDS measurement to obtain the distribution of elements within the scanned area of the 

sample. 

 

3.7 Electrical property analysis 

4-point DC conductivity measurements and electrochemical impedance spectroscopy (EIS) are the major 

techniques in this work to investigate the electrical properties of the materials, while the 4-point dc 

conductivity measurement was specifically carried out in the lab of Centro Atomico of Bariloche using a unique 

system coupling with a symmetrical thermogravimetric analysis system. 

3.7.1 Four-probe DC conductivity measurement 

4-probe method is the most common technique used for measuring sheet resistance. The technique involves 

using four equally-placed, co-linear probes, normally made of platinum, to make electrical contacts with the 

material. In this research, the platinum wires were used as the probe, which were stuck onto the sample by 

applying platinum paste followed by a high temperature annealing treatment. The 4-probe dc measurement 

is implemented to mitigate the electrode effects. As a current is applied from the two outer electrodes, a 

voltage drop will be measured. The resistance of the inner strip sample is then calculated using Ohm’s law and 

the conductivity can be obtained by Equation (59). 

𝜎 =
𝐿

𝑅𝐴
(59) 

where L and A is the length between the two inner electrodes and the cross-section area of the bar sample, 

respectively. 
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The conductivity measurement of samples was performed under various gas atmospheres in a sealed system. 

The unique coupling system will be introduced in detail in the following section. 

 

Figure 3.7 Schematics of the (left) two-point and (right) four-probe DC measurement. 

 

3.7.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a powerful in-situ characterisation technique whereby the 

individual contributions from different responses within the material can be distinguished. Compared with the 

dc conductivity methods, a small sinusoidal perturbation of AC voltage with constant magnitude (V0) and 

various frequencies (𝜔) is introduced and the resulting current with magnitude (I0) and phase shift (𝜑) is 

recorded(175). The impedance of a specific process measured can be derived by Equation. 60(175).  It is worth 

noting that if the magnitude of impedance |𝑍| equals to the ratio of V0 and I0, the expression of impedance Z 

can be written as Equation (61), where Z’ and Z’’ represent the real and imaginary parts of the impedance. 

𝑍(𝜔) =
𝑉(𝜔)

𝐼(𝜔)
=

𝑉0𝑒𝑖𝜔𝑡

𝐼0𝑒𝑖(𝜔𝑡+𝜑)
=

𝑉0

𝐼0

(cos 𝜑 − 𝑖 sin 𝜑) (60) 

𝑍(𝜔) = 𝑍′ + 𝑖𝑍′′ (61) 

The different processes occurring in the material can be characterized according to their specific electrical 

relaxation times in response to the AC voltage supply. The time constant, 𝜏, which also can be referred to as 

relaxation time, is given by Equation (62), where 𝜔max is the angular frequency at which the tested system 

experiences the maximum loss and R, C represent the resistance and capacitance of the testing process, 

respectively. 

𝜏 =
1

𝜔max
= 𝑅𝐶 (62) 

In general, the result of an EIS measurement can be either presented in a complex plot called Nyquist plot, 

where the real impedance Z’ is plotted against the imaginary part Z’’, or in a Bode plot where the magnitude 

of impedance |𝑍| or phase shift (𝜑) is plotted against frequency. A typical Nyquist plot and two different Bode 

plots are illustrated below. The representing Nyquist plot is composed of two semi-circles corresponding to 

two different processes occurring in the sample. The impedance data in this work was analysed using ZView® 

software where an equivalent circuit is used to simulate the process and the data were fitted by the complex 

non-linear least squares approach. A normal semi-circle as the first semi-circle appears at higher frequency in 

the representitive Nyquist plot (Figure 3.8 (a)) can be simulated by a resistor and a capacitor connected in 

parallel, while during fitting of the depressed semi-circle, a constant phase element (CPE) is introduced. The 
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physical meaning of the constant phase elements (CPE) is still under debate(176-178). However, in 

determining the resistances of the bulk and grain boundary responses only without discussion of the 

complicated processes, such as gas diffusion and interlayer response, simulating with CPE is a convenient 

approach when analysing impedance data. The capacitance, C, of a process analysed using R-CPE circuits can 

be derived from Equation (63), where CPE(T) and CPE(P) are the two main parameters fitted. 

𝐶 =
[𝑅 × 𝐶𝑃𝐸(𝑇)]

1
𝐶𝑃𝐸(𝑃)

𝑅
(63) 

 

 

Figure 3.8 Illustration of (a) a typical Nyquist plot with one high frequency semi-circle and one depressed semi-circle, 

and (b) two corresponding Bode plots. Reproduced from (175) with permission from Electrochemical Society. 

The orders of magnitude of the capacitances and their possible corresponding interpretations are listed in 

Table 3.1 below. 

 

(a)                                                                                     

(b)                                                                                     

R1: 15 Ω 

R2: 10 Ω, C1: 10-6 F·cm-1 

R3: 10 Ω, CPE1-T: 10-2 F·cm-1, CPE1-P: 0.7 
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Table 3.1 Capacitance values and their possible interpretation for a material with unit cell constant (i.e. 𝑙/A=1 

cm-1) and a typical permittivity, e0, of ~10. (C=ε’ e0 𝑙/A, where ε’ is the permittivity of the medium). Adapted 

with permission from(179). 

Capacitance/F·cm-1 Phenomenon Responsible 

𝟏𝟎−𝟏𝟐 Bulk 

𝟏𝟎−𝟏𝟏 Minor, second phase 
𝟏𝟎−𝟏𝟏 − 𝟏𝟎−𝟖 Grain boundary 
𝟏𝟎−𝟏𝟎 − 𝟏𝟎−𝟗 Bulk ferroelectric 
𝟏𝟎−𝟗 − 𝟏𝟎−𝟕 Surface layer 

𝟏𝟎−𝟕 − 𝟏𝟎−𝟓 Sample-electrode interface 

𝟏𝟎−𝟒 Electrochemical reactions 

Instrumentation and experimental set-up: The impedance set up used in this research is a home-made 

apparatus which is composed of a movable outer alumina tube, a fixed inner pole, thermocouple and platinum 

wires for connection, as shown in Figure 3.9. During the impedance measurement, the pellet sample was 

coated on both surface with platinum paste constructing a symmetrical cell, which is sandwiched by two 

platinum meshes placed in the alumina tubes. The thermocouple is located close to the sample. A computer-

controlled furnace was used for in-situ measurements. Electrochemical impedance spectroscopy (EIS) 

measurements in this research were carried out with a Solartron Analytical 1260 frequency response analyser 

(Solartron, UK) over a frequency range from 107 to 10-1 Hz. The pellet samples were coated with platinum 

paste on the opposite faces, and then annealed at 800 oC for 2 hrs in order to dry the platinum paste and 

ensure good adhesion between the sample surface and the platinum electrodes. Each sample was tested in a 

thermal cycle comprising a heating program with a heating rate of 5 oC/min to each temperature, starting from 

250 oC, followed by 60 mins thermal equilibration, with step sizes of 25 oC until a maximum temperature of 

750 oC was reached. This was followed with a cooling programme with the same steps and ramp rates to probe 

if there was any hysteresis in the material. The whole apparatus was sealed during the measurements while 

the flow of compressed air or nitrogen was introduced through a drying tube containing CaSO4 before entering 

the impedance rig to create dry atmospheres. A water bubbler was connected into the system between the 

gas cylinder and the impedance rig to examine the influence of water vapour on the electrochemical 

properties of the materials. With this set-up it was possible to measure the same sample, first in the dry 

atmosphere and then in the wet atmosphere. Before the impedance spectroscopy measurement in the humid 

atmosphere, the sample was annealed in humid gas at 500 oC overnight to ensure that the equilibrium of the 

water incorporation was achieved. The impedance data were analysed using the ZView (180) software package. 

 
Figure 3.9 Schematic diagram of the AC impedance apparatus. Image adapted with permission from (181). 
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3.7.3 Symmetrical thermogravimetric analysis and DC conductivity measurement 

Thermogravimetric analysis (TGA) on the water uptake of the BNC20 sample under a humid atmosphere was 

conducted using the unique equipment developed by Caneiro et al.(182). This equipment couples a 

symmetrical thermogravimetric analysis system based on a Cahn 1000 electrobalance to an electrochemical 

system for P(O2) regulation. The internal environment of the apparatus was precisely controlled so that the 

TGA measurement had a sensitivity of 0.5 µg and noise of 5 µg peak to peak(182). 

Thermogravimetric system: The measurement of weight changes in the scale of micrograms is carried out 

with a symmetric design as shown in Figure 3.10, the design was conceived to considerably reduce the 

influences of buoyancy, radiometric effects, thermomolecular flow effect (TMF) and gas flow effects when 

recording the weight of  the test sample(182). A Cahn 1000 electrobalance with a sensitivity of 0.5 μg was 

used to record the weight changes of the sample. The sample was located in an alumina crucible which hangs 

from one of the arms of the balance with a Pt-30% Rh wire, while the other arm of the balance is connected 

to a reference alumina crucible containing some inert materials of roughly equal volume with the testing 

sample. Two separated identical quartz tubes, one for each arm, were placed in the middle of a furnace, which 

was designed to reduce the effect of aerodynamic forces on the crucible with a blocking tube fixed right after 

the alumina crucible. By using that blocking tube, the linear velocity of the oxygen controlled atmosphere in 

the zone of the furnace where higher gradients of temperature exists is increased. The outer surface of the 

quartz tubes are painted with platinum paste in a length of 10 cm and then electrically grounded in order to 

eliminate electrostatic forces(182). In order to stabilize the temperature during measurements, a bell jar made 

of stainless-steel was used which is connected to a flowing water bath. The weighing unit, thus, can be 

thermalized at 25±0.1℃ at room temperature. 

 
Figure 3.10 Schematic diagram of experimental set-up of the symmetrical thermogravimetric analysis and DC 

conductivity measurement.  G.S., gas source; M, manometer; V1, V2, needle valves; D, drying colume; P, electrochemical 

pump; G, oxygen sensor; MBP, metal bellow pump; TWV, three-way valve; SF, symmetrical furnace; RS, radiation 

shields; TB, thermostatic bath; E, electrobalance; ST, quartz tubes; T, Pt-Pt 10% Rh thermocouple; C, alumina crucible; 

H, hanging wires; PC, platinum coating. Adapted with permission from (182). 
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Coupling between the electrochemical system for measurement and regulation of P(O2) with TGA 

system: As illustrated in Figure 3.10, the gaseous circuit consists of the gaseous source (GS), the 

electrochemical pump (P), the zirconia gauge (G), the rotameters (R) and the TGA system. The needle valve 

(V2) functions as the controller for the gaseous flux pumped by the metal bellow pump (MBP), by means of 

which the flux relation between the two arms can be adjusted so that the gas flow effects could be minimized. 

The three-way valve allows isolation of the TGA system from the rest of the gaseous system(182). The system 

is sealed with Swagelock tube fittings and viton O rings. 

Electrochemical system for measurement and regulation of P(O2): The electrochemical pump 

comprising a tube of stabilized zirconia provided with a metal coating (electrode) in both the inner and outer 

surfaces. The oxygen partial pressure of the gas flow before entering the TGA system can be controlled by 

varying a continuous electrical current applied to the electrodes. The electrical current can vary from a few 

microamperes to several amperes, depending on the flow rate of the gas and the required oxygen partial 

pressure. The working temperature of the pump was 750℃(182). A closed-end tube of stabilized zirconia was 

used as the oxygen gauge in the system. The external reference electrode was prepared with platinum paste 

and it was in direct contact with air. The gauge allows the measurement of P(O2) based on Nernst’s law, 

𝐸 = 4.958 × 10−5𝑇 log10 [
𝑃(𝑂2)

0.209 ∙ 𝑃atm
] (64) 

where E is the voltage in volts, Patm is the ambient atmospheric pressure in atm and T is the temperature in K. 

The control of oxygen partial pressure in the gas atmosphere also depends on the gaseous source, which was 

discussed in detail in the literature(182). 

Coupling dc conductivity measurement: The TGA system was adapted from the original design adding two 

platinum wires along the blocking tube, which are connected to a conductivity measurement circuit. Another 

pellet sample from the same batch as the sample for TGA measurement was coated on both surfaces with 

platinum electrodes and mounted on the blocking tube right beneath the alumina crucible, so that the two 

samples are placed in the same atmosphere. The platinum wires were then attached with the platinum 

electrodes on the sample surface to measure the resistance of the sample. Therefore, the mass change and 

the conductivity change of the material can be recorded simultaneously. 

 

3.8 Diffusion and Isotope exchange depth profiling technique 

3.8.1 Diffusion theory 

In order to measure the oxygen tracer diffusion coefficient, D, and the surface exchange coefficient, k, directly 

and then probe the mass transport in the electroceramics, a technique known as Isotope Exchange Depth 

Profiling(IEDP) was proposed and developed in the previous literature(60, 183). The main process of the IEDP 

technique includes two parts; introducing tracer atoms, the so called exchange part, coupled with 

compositional analysis performed by secondary ion mass spectrometry(SIMS). The establishment of the 

Isotope Exchange Depth Profiling technique was based on Fick’s first and second laws of diffusion, which 

describe the diffusion of substances under steady and non-steady state diffusion conditions respectively. Fick’s 

first law postulates that the diffusive flux from regions of high concentration to regions of low concentration 

is proportional to the concentration gradient, which can be written as equation (65): 
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𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
(65) 

where J is the flux of a diffusing substance with the unit of mol·cm-2·s-1, 
𝜕𝐶

𝜕𝑥
 is the concentration gradient along 

the x direction and D is the diffusion coefficient or diffusivity with the dimension of area per unit time, usually 

in cm2·s-1. 

Fick’s first law can be used to derive the second law which predicts the change of concentration over time as 

a result of diffusion. If we suppose 𝜑 = 𝜑(𝑥, 𝑡) is the concentration that depends on location x and time t, 

then the differential of 𝜑 against t equals to the change of diffusive flux at position x according to the mass 

conservation law: 

𝜕𝜑

𝜕𝑡
= −

𝜕𝐽

𝜕𝑥
=

𝜕

𝜕𝑥
(𝐷

𝜕𝜑

𝜕𝑥
) = 𝐷

𝜕2𝜑

𝜕𝑥2
(66) 

In order to solve this partial differential equation, appropriate boundary conditions are required to be defined. 

In most of our cases, the specimen samples in this research can be treated as semi-infinite sample, so that the 

boundary condition of 𝜑(𝑥 = ∞, 𝑡 > 0) = 𝐶bg  is always valid, where Cbg is the original background 

concentration, in other words, the natural abundance of the chosen isotope. Apart from the diffusivity in the 

bulk material, the exchange coefficient which correlates the isotope fraction on the sample surface with the 

isotope fraction in the atmospheric gas is another crucial parameter that can be obtained through IEDP 

method. If we include the surface coefficient k, then another boundary condition could be derived as: 

−𝐷 (
𝜕𝜑

𝜕𝑥
)

𝑥=0
= 𝑘[𝐶gas − 𝜑(𝑥 = 0, 𝑡)] , where Cgas is the isotope enrichment of the gas, t represents the 

exchange time. The solution for a semi-infinite medium with this boundary condition has been given by 

Crank(184). 

𝐶′(𝑥, 𝑡) =
𝐶(𝑥, 𝑡) − 𝐶bg

𝐶gas − 𝐶bg
= erfc (

𝑥

2√𝐷𝑡
) − [exp (

𝑘𝑥

𝐷
+

𝑘2𝑡

𝐷
) × erfc (

𝑥

2√𝐷𝑡
+ 𝑘√

𝑡

𝐷
)] (67) 

In order to obtain the kinetic parameters D and k, the depth profile obtained from SIMS need to be fitted to 

the Crank solution above using a non-linear least square method. The Crank equation (67) can also be written 

into a simplified Equation (68) below as we define two dimensionless parameters x’ and h’ as, 

𝑥′ =
𝑥

2√𝐷𝑡
, ℎ′ =

𝑘

𝐷
√𝐷𝑡 

𝐶′(𝑥, 𝑡) = erfc(𝑥′) − [exp(2𝑥′ℎ′ + ℎ′2) ∙ erfc(𝑥′ + ℎ′)] (68) 
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Figure 3.11 Calculated and empirically observed 18O surface fraction as a function of h’. Reproduced with permission 

from (185). 

Figure 3.11 shows an example of fitted data from a number of exchange experiments on La0.6Sr0.4CoO3-δ where 

normalised surface concentration is plotted against h’(185). The non-linear least square fitting of the obtained 

depth profiles in this research were done using the home-written MATLAB app TraceX(186). 

 

3.8.2 Isotope exchange depth profiling(IEDP) technique 

After preparing a semi-infinite specimen with a polished mirror finish surface as the exchange starting point, 

the sample is annealed in an tracer enriched atmosphere in a set condition for a recorded exchange time to 

let the tracer diffuse into the bulk material. The tracer could be 18O2, H2
18O or D2O depending on the research 

purpose. The isotope 18O instead of 17O was chosen as the tracer of the IEDP technique due to the resolution 

of a traditional quadrupole detector is 2000 (m/∆m) which is not enough to separate the hydroxide species 

OH- signal with the target 17O signal. Besides, the natural abundance of 18O (0.205(14)) is higher than that of 
17O (0.038(1)), and therefore a higher concentration 18O2 gas can be obtained more easily. On the other hand, 

labelled water vapor can also be chosen as the diffusion source in the wet exchange set-up, in which the 

samples are annealed in a wet atmosphere with labelled water vapor of around 30 Torr with or without normal 

oxygen of around 150 Torr. The schematic diagrams of the dry oxygen tracer exchange apparatus together 

with the wet oxygen tracer set-up are shown below.  

      

(a) (b) 
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Figure 3.12 Schematic diagrams of the (a) dry 18O2 isotope exchange set-up and (c) wet H2

18O exchange set-up. 

Replotted with permission from (187). (b) Schematic of the oxygen isotope exchange process on the surface and the 

diffusion process in bulk. 

The dry 18O2 isotope exchange system consists of a pump system which is composed of a primary scroll pump 

and a secondary turbomolecular pump to enable a high vacuum of 10-7 mbar, exchange main parts including 

a silica tube, several gas reservoirs for different uses and a furnace to control the exchange temperature. All 

the data during the experiment is recorded by the Data Recording computer. Unlike the dry exchange 

apparatus, the wet exchange system uses a combination of a H2
18O reservoir and a water bath to produce 

required tracer gas atmosphere. In particular, the main parts of the exchange system excluding the furnace 

need to be thermally protected in order to prevent the condensation of H2
18O water vapor at some place other 

than the H2
18O reservoir.  

To determine the accurate exchange time, a thermocouple is placed next to the silica sample boat in the 

exchange tube to record the real-time exchange temperature of the experiment. After the isotope exchange 

anneal, a normal thermal cycle of an isotope exchange anneal is presented in Figure 3.13(a) below, where the 

dotted lines are fitted to the heating and cooling parts. From the intersections of those dotted lines, the anneal 

time is estimated. 

 

(c) 

(a) 
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Figure 3.13 (a) Thermal treatment of a representative isotope exchange experiment. The dashed lines were used to 

estimate the exchange time, ∆𝑡. (b) The schematic diagrams of the whole diffusion data analysing process including two 

analysis modes used in IEDP technique. Adapted with permission from (187). 

In order to get high quality diffusion profiles with appropriate diffusion length, the exchange time and 

exchanging temperature of the experiment need to be designed according to the material diffusivity. 

Depending on the obtained diffusion length of the exchanged sample, two processing modes, namely the 

depth profile and line scan methods, could be use to achieve a diffusion profile. For exchanged sample with a 

diffusion length less than 5 μm, the relatively straightforward depth profile method can be used in which the 

exchanged sample is directly loaded in the main chamber of SIMS equipment. As the surface ions are sputtered 

by ion bombardment, the sputtered ions are collected by a high extraction field into the mass spectrometer 

to produce a profile of the isotope fraction, 18O/(16O+18O). For an exchange sample with a diffusion length over 

100μm, when the depth profile method is no longer suitable because of the extremely long sputtering time, 

the line scan mode can be used instead. In line scan mode, the exchanged samples are sectioned, and then 

two line scan sample are sticked together with the original polished surface facing each other to avoid the 

edge effect when using SIMS analysis. After being polished again on the lateral surface which is vertical to the 

original exchanged(polished) surface, the sample is then being analysed under SIMS using the flood gun mode 

to generate a map regarding the isotope fraction across the sample surface(lateral). Figure 3.13(b) shows the 

whole diffusion data analysing process of the two modes. The detailed instrument set-up of the secondary ion 

mass spectrometry (SIMS) will be introduced in the next section. 

 

3.8.4 Experimentation of isotopic exchange depth profiling (IEDP) 

Sample preparation: In order to achieve reliable diffusion coefficients, D, and the surface exchange coefficient, 

k, of a material, the testing samples need to fulfil several requirements with respect to shape, thickness, 

relative density and surface roughness. To reduce dimensional influence of oxygen diffusion and simplify the 

data analysis process, a pellet shaped or a slab sample is preferred, and the thickness of the sample should 

meet the requirement of a semi-infinite boundary condition for a specific diffusion process. Depending on the 

diffusion coefficient of the material, the thickness of the sample should be larger than 4√𝐷𝑡, where D is the 

diffusion coefficient, t is the isotopic exchange time and 2√𝐷𝑡 is the permeation depth of the tracer derived 

from Equation (65), so that the tracers diffused from the opposite surfaces of the sample wouldn’t interfere 

with each other. Since open porosities in the sample provide short-cuts for the oxygen diffusion, which will 

(b) 
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lead to a high error in diffusion coefficient, especially for materials with small diffusivity, the relative density 

of the sample needs to be over 95% to avoid open porosities according to the previous literature(188). Last 

but not least, the roughness of the sample surface needs to be small enough to provide a flat beginning edge 

for the tracer diffusion. A high surface roughness has a significant influence not only on the reliability and 

validity of the obtained diffusion kinetics, but also in the SIMS analysis as it introduces uncertainty in 

determination of depth. In particular, the geometric features on the sample surface will heavily affect the 

surface exchange process as the tracer can enter the sample through different routes. To reduce the error 

caused by surface roughness in practice, the sintered pellet samples are ground initially using SiC grinding 

papers (Struer® Co.) with grits of 600, 1200 and 2000 successively. The resulting surface is then automatically 

polished using a Struer-automated polishing machine (Struer® Co.) in the water-based diamond suspensions 

of 6 μm, 3μm, 1μm and a quarter μm successively. The corresponding polishing time and force exerted on the 

sample for each step was 10 min/20 N, 10 mins/20 N, 20 mins/15 N and 20 mins/10 N respectively until a 

mirror-finish on the sample surface was achieved. 

 

Experimental procedures for a dry oxygen isotope exchange experiment: The oxygen isotopic exchange 

experiment consists of two major steps, namely the 16O2 pre-annealing and the 18O2 exchange annealing. The 

main purpose of the 16O2 pre-annealing process is to mitigate the mechanical damage introduced in the 

grinding and polishing procedures and to equilibrate the oxygen composition of the sample to make sure that 

the diffusion process is oxygen self-diffusion without the interference from any other oxygen gradient(60). 

The period for 16O2 pre-annealing is normally 10 times longer than the isotopic exchange time. The procedures 

with respect to time scale of a typical isotopic exchange experiment are demonstrated in Figure 3.14. The 

exchange time of each experiment was carefully chosen in order to obtain an appropriate permeation depth 

of the tracer. 

After placing the sample in the sample boat stored in the silica tube, as shown in Figure 3.12 (a), the exchange 

tube needs to be properly sealed. Before isolating the exchange chamber, the whole system is vacuumed 

initially by the primary scroll pump, then by the secondary turbomolecular pump till the chamber pressure is 

below 4 × 10−7 mbar. Then 200 mbar of high purity oxygen 16O2(99.9995%) is introduced into the exchange 

chamber and the furnace set at the required temperature is rolled on to start the pre-anneal process. It is 

worth noting that, the silica tube should be placed in the furnace hot zone so that the temperature around 

the sample boat is kept in a controllable range. 

When the pre-anneal finishes, the furnace is rolled off to let the tube and the sample cool down to room 

temperature. The exchange tube is then evacuated again to intermediate-high vacuum before introducing 
18O2. Similarly, 200 mbar of 18O2 with a concentration of around 93% is introduced, and the furnace is rolled 

on to start the exchange procedure. Before the exchange experiment, the isotope enrichment of 18O was 

confirmed using the residual gas analyser (RGA, Hidden Analytical Ltd, UK). After the exchange annealing, a 

small amount of residual gas in the system is leaked out to the RGA for mass spectrometry measurement, 

while the majority of 18O2 gas in the system is recovered using liquid nitrogen.  

 
Figure 3.14 Procedures in a typical isotopic exchange experiment with respect to time scale. 
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Experimental procedures for a wet exchange experiment using H2
18O or D2O: Compared with the dry 18O2 

exchange experiment, the wet isotopic exchange apparatus uses H2
18O or D2O as the tracer source. Thus, a 

wet gaseous atmosphere containing H2
18O/D2O and normal 16O2 is introduced in the exchange annealing. An 

addition of a water bath component in the wet exchange apparatus is functioning as the controller for the 

partial pressure of H2
18O/D2O water vapor in the system. After vacuuming the main chamber below 

4 × 10−7 mbar, the valve of the H2
18O/D2O reservoir is opened to let the water evaporates into the 

exchange chamber. The equilibrium of the evaporation and condensation takes about half an hour, during 

which the whole system was wrapped by thermal straps and aluminium foil for thermal protection in order 

to avoid cooling points other than the water reservoir. After the equilibrium of water vapor, 200 mbar extra 
16O2(99.9995%) is let in. The rest of the steps are similar to that of dry 18O2 exchange experiment. It needs to 

be mentioned that the scrambling of gas molecules in the wet exchange is much more severe than that in 

dry exchange experiment resulting in a more complicated gas environment during exchange. Since the 

residual of exchanging gas contains lots of information about the surface exchange process, a residual gas 

analyser(RGA) was used to identify the gas content. The isotope enrichment is measured prior to the 

exchange experiment by the RGA, which can be used to make a comparison with the residual gas after the 

exchange experiment. 

 

3.9 Secondary ion mass spectrometry (SIMS) 

Secondary Ion Mass Spectrometry (SIMS) is a technique used to analyse the composition of solid surfaces by 

sputtering the ions on the surface with a high energy primary ion beam in high vacuum. The SIMS technique 

is particularly useful in combination with the IEDP technique to achieve the elemental information of the 

sample as a function of depth. In the line scan mode of IEDP technique as discussed in Section 3.8, SIMS can 

also be used as the analytical method to obtain the mapping of 16O/18O across the sample surface. 

3.9.1 Introduction to the technique 

As shown in the following schematics, in a typical SIMS measurement, a primary ion beam with high energy 

(typically 10 to 40 keV) is used to bombard the sample surface in high vacuum causing sputtering of atoms and 

molecules from the surface. As the high energy primary ions reach the surface, some of their kinetic energy is 

transferred to the lattice by billiard-ball type collisions, producing a collision cascade within the solid. However, 

if the energy of the primary ions is insufficient to overcome the binding energy of the atoms in the lattice, 

instead of causing a collision cascade, the primary ion will come to rest and implant into the sample. After 

causing a collision cascade, some of the sputtered particles are ionised, which are known as the secondary 

ions. These ejected secondary ions are attracted by the acceleration potential, which then are collected and 

analysed by a mass spectrometer, where the intensities of the species are plotted against the corresponding 

mass/charge ratio. The intensity or the collected secondary ion current is dependent on several factors, which 

can be expressed as: 

𝐼𝑆
𝑋 = 𝐼𝑃𝐶𝑥𝑠𝛾𝐹 (69) 

where 𝐼𝑆
𝑋  is the secondary ion current of X, IP represents the current of the primary ion beam, 𝐶𝑥  is the 

fractional concentration of X in the target, s is sputter yield (number of X atoms sputtered per incident primary 

ion), λ is the ionisation efficiency for X (number of X ions per sputtered X atoms) which depends on beam 

conditions and the surrounding matrix and F is an instrumental transmission factor which describes the 

efficiency of ion extraction and transport to the mass spectrometer from the sample surface. 
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Figure 3.15 Principal of Secondary Ion Mass Spectroscopy. Adapted with permission from (189). The purple circles are 

the primary ions, blue, cyan and green icons represent the ions of the ceramic sample.  

Since the sputter yield and ionisation efficiency of different elements vary according to many factors regarding 

the surrounding environment of the element, such as the chemical state of the surface (also known as matrix 

effect), quantification of the elemental composition of a certain layer etc, additional calibration of secondary 

ion intensity is required when comparing the currents from different elements. However, tremendous and 

complicated data analytical processes related with the matrix effect could be avoid for the isotopic study, 

because for isotopes the matrix effect makes no contribution to the intensities. For the oxygen diffusion study 

in the present work, since the 18O are replacing 16O sites, the chemical environments for the two species are 

identical(187, 190). For the wet exchange, the 18OH and 16OH species were considered, which also have the 

same chemical environments in the matrix. The situation for D2O exchanged sample analysis may be a little 

bit complicated as the chemical environments for H+ and for D+ in the matrix are not identical. As a 

replacement, the OD and OH species were recorded to extract the depth profiles. 

 

3.9.2 Instrumentation 

A secondary ion mass spectrometer consists of five main parts including a primary ion gun generating the 

primary ion beam, a primary ion column which accelerates and focuses the beam onto the sample, an ultra-

high vacuum chamber equipped with the secondary ion extraction lens, a mass analyser separating the ions 

according to their mass/charge ratio and a detector. 

For Primary ion source, three types of ion gun, namely duoplasmatron, surface ionisation and liquid metal ion 

source (LMIS), are commonly employed. Depending on the gun design, different sensitivity and spatial 

resolution can be achieved. In this research, the liquid metal ion gun (LMIG) is chosen as the ion source, the 

focused spot size of which can reach sub-micron level. The LMIG is operated with metals or metallic alloys, 

which are liquid at room temperature or slightly above. It contains a tungsten needle covered with a thin layer 

of liquid metal, normally gallium or bismuth etc., which emits ions under influence of an intense electric field. 

The emitted ions are then accelerated along the primary ion column and focused on the sample surface. The 

Time-of-Flight SIMS used in this project is equipped with a bismuth source LMIG, which can produce ion pulses 

in two modes, namely the high current bunch mode (HCBM) with high mass resolution and low lateral 

resolution, and the burst alignment mode (BAM) with low mass resolution but high lateral resolution for 

mapping application. 
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To avoid collisions between the primary ions and the residual gas molecules in the chamber, the main chamber 

of SIMS equipment needs to be vacuumed to ultra-high vacuum. In other words, the mean free path of gas 

molecules within the detector must be large compared to the size of the vacuum chamber to avoid collision 

of the residual gas molecules with the sample surface or the primary ions.  

There are three basic mass analyzers available for SIMS equipment: quadrupole, magnetic sector and Time-

of-Flight (TOF), the characteristics of which are listed in Table 3.2. Each mass analyzer separates the secondary 

ions according to their mass/charge ratio based on different physical principals. 

Table 3.2 Characteristics of three types of mass analyzers used in SIMS technique(191). 

 Quadrupole Magnetic sector TOF 

Upper mass limit (m/z) 4000 20000 1000000 

Mass resolution 2000 100000 10000 

Ion sampling Continuous Continuous Pulsed 

Transmission F 0.01-0.1 0.1-0.5 0.5-1 

Relative sensitivity 1 10 10000` 

 

A radio frequency quadrupole mass analyser comprises four parallel rods. The m/z separation is completed by 

the electric field caused by two sinusoidal electric fields perpendicular to each other and with 90 degrees 

phase shift in between four quadrupole rods(191). For a certain applied voltage, only the species with a certain 

m/z ratio can pass through the quadrupoles with a stable trajectory, while all other secondary ions collide with 

the rods in their trajectories flying through the rods. Therefore, different secondary ions are connected by 

switching the applied voltage of the analyzer and the detection process is thus sequential. 

A magnetic sector mass spectrometer uses a combination of an electrostatic potential and a magnetic field to 

separate the secondary ions. Before entering a perpendicular magnetic field in a magnetic sector mass 

spectrometer, all ions are accelerated by an electrostatic potential with various ending velocities(190). As 

moving charges enter a magnetic field, the charge is deflected to a circular motion of a unique radius in a 

direction perpendicular to the applied magnetic fields. Therefore, as the ions travel through the magnetic 

sector, ions of different velocities end up with different radii of curvature. By fixing the electrostatic and 

magnetic field applied, only species with corresponding m/z ratio can pass through the curved sector reaching 

the counter. The detection process is thus sequential. 

A Time-of-Flight mass analyzer separates the ions in a field-free drift path according to their velocities. Pulses 

of secondary ions are firstly accelerated to possess nearly the same kinetic energy, then drift freely to the 

detector when the ions can be simultaneously separated based on the flight time to the counter which is 

inversely dependent on the square root of their mass. Time-of-Flight (TOF) is by far the most frequent analyser 

currently used in imaging mass spectrometers(191). In this work, the ToF-SIMS instrument (ION-TOF GmbH, 

Münster®) is equipped with a TOF mass analyzer. 

Detector: After being separated by the mass analyzer, the ions are collected by an electron multiplier, in which 

an impact of a single ion can start off an electron cascade resulting in a pulse of 108 electrons. The electron 

cascade is directly recorded. As a replacement for the electron multiplier, a microchannel plate detector with 

higher lateral resolution but lower amplification factor is used in the detector of a SIMS instrument, where the 

signals are recorded with a fluorescence detector or a CCD-camera. 

In general, there are two possible operation mode of producing primary ion pulses of sufficiently short 

duration for high mass resolution, namely the high current bunched mode (HCBM, or bunched mode) and the 

‘pulsing-enabled burst alignment mode’ (BAM, or burst mode). The first is to send a ~20 ns pulse of ions 
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through a condenser in order to bunch the ions together and form an ion pack of only ~0.6 ns, as shown in 

figure 3.16(a). The other is to modulate a long pulse of ~100 ns with a MHz signal in order to cut several pulses 

of ~1 ns out of a larger ion pack (figure 3.16(b)). In TOF-SIMS where all masses are measured simultaneously, 

high count rates for major peaks are sometimes saturated in the detector while the count rates for minor 

isotopes or elements are not sufficient yet. Therefore, severe error would be introduced due to the dead time 

of the detector. Using a pulsed burst mode instead of the bunched mode is an effective way to prevent 

saturation of the detector whilst enabling high count rates to be maintained during the collection of minor 

isotopes. The error caused by counting statistics in the measurement of isotopic ratios using the TOF-SIMS 

technique can be minimised in this way. However, since the detector is a single-ion counting system, the dead 

time error (regarding the possibility of several ions arriving at roughly the same time while the former on is 

not yet released by the detector) has to be corrected by mean of Poisson statistics(192). 

 

Figure 3.16 Schematic diagram showing the two operational modes of TOF-SIMS equipment, namely (a) the bunched 

mode and (b) the burst mode. Reproduced from (193) 

There are three analytical modes of SIMS for different research purposes, namely mass spectrometry, depth 

profile and the elemental mapping. 

In a mass spectrum, arbitrary intensity is recorded as a function of m/z ratio, which is useful in identifying the 

existing species in the sample. Due to the aforementioned matrix effect of different species, the peak intensity 

in a mass spectrum is not quantified, which needs further correction for direct quantification analysis. 

However, in the case of using isotopes of one element, such as 18O and 16O, a direct comparison of the 

intensities can be applied to obtain isotopic fractions. 

In a depth profiling analysis, the intensities of selected secondary ions are plotted as a function of sputtering 

time, which is a strong method for direct observation of the diffusion process. This analysis method is usually 

coupled with the crater depth measurement using a Zygo instrument to achieve depth profiles. 

For the elemental mapping mode, the distribution of elements in a selected area can be observed. This 

analytical method, thus, is capable of investigating the phase distribution, elemental segregation on grain 

boundaries or sample surface and the cation/labelled ions’ migration on a sample surface, which is extremely 

useful for the line scan sample analysis. 

(a) 

(b) 
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3.9.3 Instrumental set-up of the ToF-SIMS equipment 

In this project, the Time-of-Flight (ToF) SIMS (ION-TOF GmbH, Münster®, Germany) working at ultra-high 

vacuum with a dual ion-beam source are used for analysis of the exchange profiles. The ion-beam source is 

equipped with a liquid metal ion gun (LMIG) of bismuth (Bi) as the primary ion beam source, which can form 

high energy Bi ions beam with a good focus through a field emission process induced by a very high extraction 

field. This high lateral resolution mode is coupled with a high current, low energy sputter gun in dual beam 

mode to enable depth-profiling analysis. The sputtering gun of Tof-SIMS is fitted either with an electron impact 

source i.e. 𝑂2
+ ions, 𝐴𝑟𝑛

+ clusters, or with a surface ionisation source i.e. Cs+ ions depending on the analysis 

purpose for detection of different species. In practice, oxygen bombardment is beneficial for positive 

secondary ion yields, while Cs+ source are used in sputtering negative secondary ions. Therefore, the analysis 

of the 18O/16O exchange profiles obtained in the dry oxygen diffusion experiments in this research was done 

using a high current Cs+ thermal ionization source, while the D/H or OD/OH exchange profiles obtained in the 

wet exchange experiments was conducted using an 𝑂2
+ electron impact source to enhance the deuterium and 

hydrogen ion yields. 

 

Figure 3.17 (a) A Photograph showing the insight of the main chamber of a ToF-SIMS equipment. (b) A schematic of the 

main components of a ToF-SIMS with a ion source, a TOF analyzer, a detector and an electron flood gun. The three 

plots asides are three major SIMS operation modes, namely the mass spectrum, the depth profile and the elemental 

mapping mode(194). 

Specially, for insulating or poorly conducting materials, an electron flood gun is employed to compensate the 

charge build-up on the analyzed sample surface during the ion bombardment. The insight of the main chamber 

of a ToF-SIMS along with a schematic of the main components in a ToF-SIMS equipment are shown in Figure 

3.17 (a)&(b). 

 

3.10 Summary 

This chapter gives a broad instruction on the material synthesis method and the characterisation techniques 

used in the current research. Most data, as discussed in the following Chapters, are obtained using the 

equipment in Department of Materials, Imperial College London, while some experiments were carried out in 

the laboratories of collaborators in Tokyo Institute of technology and in Atomic Centre of Bariloche. The 

principal and instrumentational information of the characterisation methods are not extended in detail in this 

thesis. The reader is directed to the comprehensive literatures about these technique through the reference 

materials. 

(a)                                                                                     (b)                                                                                     
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Chapter 4  

Synthesis and crystal structure characterization of BaNd1-xCaxInO4-x/2 

In this chapter, the synthesis of BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) compounds and the 

parent compound will be discussed with more experimental details. The sintering behaviour of BaNdInO4 was 

investigated by dilatometry to find the best sintering condition for the BaNdInO4-related materials. Preliminary 

material characterisation was carried out on the sintered pellet samples, i.e. density measurements using an 

Archimedes balance, X-ray diffraction for identification of phases and determination of the crystal structure, 

scanning electron microscopy (SEM) for observation of grain sizes and energy dispersive spectrometer (EDS) 

for checking chemical compositions. Samples are referred to in the following as BNCxx where xx refers to the 

mol% Ca substitution. In this notation the BaNd0.80Ca0.20InO3.90 is defined as BNC20. 

 

4.1 Synthesis of BaNd1-xCaxInO4-x/2 coumpounds 

BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) compounds were prepared by the solid state 

reaction method. Stoichiometric amounts of Nd2O3 (99.9% purity, Alfa Aesar), BaCO3 (99.999& purity, Sigma-

Aldrich), In2O3 (99.9% purity, Alfa Aesar) and CaCO3 (99.99% purity, Sigma-Aldrich) were mixed for 30mins 

using pestle and mortar with ethanol in order to enhance the mixing of powders. In particular, the Nd2O3 

powder was dried at 800 oC for 6 hours before weighing to remove moisture. The resulting green-coloured 

slurry was dried in the fume hood covered with aluminium foil to avoid cross-contamination. The powder 

mixture was then calcined at 1000 oC in static laboratory air for 14 hrs to decompose the carbonates and 

eliminate the CO2. After the calcination process the ashes were ground again using pestle and mortar to 

decrease the particle size before pressing. The grey-coloured powder was then pressed into pellet shape with 

a 13 mm circular die under a load of 2-3 tons holding for 5 minutes. The pellets were then placed in a rubber 

glove sealed by a portable vacuum pump followed by a 5-mins isostatic press process at ～300 MPa to achieve 

high density. After being sintered at 1400 oC for 24 hours, the pellet samples were ground with SiC grinding 

paper to remove the top most layer which has different colours (partly brown, while the bulk are dark) and 

contains more secondary phases due to the over-heating. The colour of the pristine BaNdCaInO4 material 

synthesized in this process exhibited a blue appearance, while the calcium doped sample were all dark in 

colour.  

 

4.2 Density measurement and the modified two-sintering-step synthesis procedures 

The relative densities of the sintered pellets were measured by the Archimedes method with water using a 

water balance. To avoid air bubbles inside the pellet which might contributed to an increased buoyancy in the 

following measurement, the sample after polishing was immersed in boiling water for 10 mins to eliminate 

the air bubbles inside the pellet. The resulting relative densities of the pellet samples, as calculated according 

to equation (52), are around 87～91%, which are not dense enough for the requirement of the exchange 

experiment. The data of the density measurement in detail is listed in Table 4.1 below.  
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Table 4.1 Density measurements of 𝑁𝑑1−𝑥𝐶𝑎𝑥𝐵𝑎𝐼𝑛𝑂4−𝑥/2(x=0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) compounds. 

The calculations were based on the equation: 𝜌 =
𝑊(𝑎)∙[𝜌(𝑓𝑙)−0.0012 𝑔∙𝑐𝑚3]

0.99983∙𝐺
+ 0.0012𝑔/𝑐𝑚3 

Chemical formula W(a)/g G/g Temp/℃ 𝝆(𝒇𝒍)/𝒈
∙ 𝒄𝒎𝟑 

Meas. 𝝆 Calc. 
𝝆 

Relative density 

NdCaBaInO4(x=0) 0.8402 0.1447 20.0 0.99823 6.051 6.93 87.3% 
𝒙 = 𝟎. 𝟎𝟓 0.9206 0.1528 20.0 0.99823 6.009 6.87 87.5% 
𝒙 = 𝟎. 𝟏𝟎 0.9659 0.1579 20.0 0.99823 6.101 6.77 90.1% 
𝒙 = 𝟎. 𝟏𝟓 0.8744 0.1420 20.9 0.99804 6.141 6.69 91.8% 
𝒙 = 𝟎. 𝟐𝟎 0.9655 0.1586 20.0 0.99823 6.071 6.64 91.4% 
𝒙 = 𝟎. 𝟐𝟓 0.8484 0.1487 20.9 0.99804 5.690 6.51 87.4% 

BaNd0.80Ca0.20InO3.90* 0.8991 0.1374 19.7 0.99829 6.582 6.64 98.4% 
*: Samples synthesized in a different process which will be discussed in the following section. The calculated density 

(theoretical density) ρ were calculated using the refined lattice parameters from the XRD patterns shown in the following 

Section. 

Therefore, in order to improve the relative density of the sample, an optimization of the synthesis procedures 

regarding the sintering temperature and grinding method was carried out. 

Dilatometry test: The sintering behavior of the pristine material, BaNdInO4 was investigated using dilatometry. 

The tested sample was synthesized using the same procedures as described in the last section. However, 

instead of a full sintering step of 24 hours, the uniaxially-pressed sample was cut into an appropriate shape 

which then went through a pre-sintering process at 1300℃ for 2 hours to achieve considerably high rigidity of 

the sectioned sample, so that it wouldn’t break under the pressure applied by the pushrod in the dilatometry 

measurement.  

In the dilatometry experiment, the heating program was set as two segments including a heating step at the 

rate of 10 K/min from room temperature to 1370℃ and a thermal equilibrium step when the temperature 

was held at 1370 ℃ for another 2 hours to let the material sinter.  

 

(a)                                                                                     
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Figure 4.1 (a) Graph of Dilatometry test where the dimensional change, dL(μm), of the sample and temperature, T(℃), 

were plotted against time. (b) Polynomial curve fitting of the dimensional change graph. The blue circles represents the 

experimental data and the red solid line represents the fitted data. (c) The derivation of length [d(d(L))/dt] versus Time 

graph. 

As can be seen in Figure 4.1 (a), the sample under test experienced a thermal expansion first in elevated 

temperatures from room temperature to around 1300 ℃ . Then, as the temperature increased further, 

sintering of the material was triggered and the strip-shaped sample started to shrink. Due to the equipment 

limitation, higher sintering temperature as well as a long duration measurement at 1370℃ were not accessible. 

As can be seen in the plots, the sintering process was not finished after two hours annealing, which implies 

that the sintering process of BaNdInO4 oxide at 1370 ℃ is a relatively slow process. To investigate the sintering 

behavior of BaNdInO4 a little bit further, the dimensional change graph (Figure 4.1 (a)) was fitted using a 

polynomial curve of degree 19 in Matlab, which resulted in a considerably good fit, and the deviation of length 

over time was plotted against time in minutes based on this fit result, as shown in Figure 4.1 (c). An obvious 

trough can be seen starting from the 125th minutes, where the corresponding temperature was 1280℃, while 

the fastest sintering rate was achieved at 1370℃ as the derivation reached the minimum value at the 145th 

minute.  

Due to the equipment limitation, higher temperature and longer sintering time are not available in the 

dilatometry experiment. To investigate the sintering behaviour of BaNdInO4 at higher temperatures, a pellet 

sample was sintered in high temperature furnace at 1420 ℃ for 24 hours, which resulted in a melted brown-

colored product. The dilatometry result together with the high temperature sintering test implies that instead 

of further increasing the sintering temperature, a long sintering process is more feasible to complete the 

sintering and achieve high pellet density in BaNdInO4 oxides. Therefore, the sintering time of 24 hours in the 

original synthesis procedures are kept and the sintering temperature need to be optimized. 

Sintering temperatures and the grain size: In order to investigate the influence of sintering temperature on 

the microstructure of the pellet samples, two BaNd0.8Ca0.2InO3.90 (BNC20) pellet samples were synthesized 

through the process described in Section 4.1, while the sintering process of two samples were done at 1150 ℃ 

and 1400 ℃ for 24 hours. SEM images of the as sintered pellets were taken using the JEOL JSM-6010 LA 

equipment as shown in Figure 4.2. 

(b)                                                                                     (c)                                                                                     
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Figure 4.2 SEM images of the BNC20 samples sintered at (a) 1150℃ and (b) 1400℃ 

These two images showed that different sintering temperatures will significantly affect the microstructure of 

the resulting pellets, especially in the grain size. The grain size of pellets sintered at 1150 ℃ is approximately 

several microns, while the grains of pellets sintered at 1400 ℃ are much larger with an average size of about 

30 μm. The relative densities of two samples were measured using the Archimedes method, which were 87% 

(1150℃) and 92% (1400℃) respectively. Although, the grains of the BNC20 sample sintered at higher 

temperature are larger than that sintered at 1150 ℃, the relative densities of the samples were not improved 

significantly and the open pores between the grains are still inevitable. Therefore, instead of switching the 

sintering temperature, a ball milling process was employed before sintering to decrease the particle size, 

which has been proved to be an effective approach to achieve high relative densities in ceramics in the 

previous literature(195-197). 

Ball milling: A planetary ball milling step was adapted into the original synthesis procedures before the 

sintering step. The calcinated ashes were ball milled in the Planetary Micro Mill in ethanol at a spinning rate 

of 300 rpm for 6 hours. Then the slurry was again dried in a fume hood and the resulting powder was ground 

by pestle and mortar.  

In the optimized process, the ball milled powder was firstly pressed only by the uniaxial press and sintered at 

1300 ℃ for 24 hours to let the precursors react with each other completely to form the target BaNd1-xCaxInO4-

x/2 compounds. The pellets were then crushed and ball milled again in ethanol at a spinning rate of 300 rpm 

for 6 hours to decrease the particle size. After drying the slurry, the obtained powder was uniaxially-pressed 

at a load of 2-3 tons for 5 mins and isostatically-pressed at～300 MPa for 5 mins, successively. The final 

sintering step was modified from the original one, the thermal program of which was set as shown in Figure 

4.3 below.  

The pellets were first sintered at 1400 ℃ for 1 hour as a fast sintering process, in which the sintering of the 

material was triggered by the high temperature, followed by a much longer sintering period of 24 hours at 

1300 ℃ which enables the growth of grains so that the porosities in the bulk can be pushed out. In order to 

avoid the cross contamination from the alumina crucible and the over heating on the top surface of the pellet 

samples, the residual powder from the former step was spread around to cover the surface of the pellet. The 

diameter of the resulting dark pellets were around 10.40 mm, which is much smaller than the diameter after 

uniaxial press (13 mm). The change in the pellet dimension implied that the pellet densification was quite 

successful using the modified synthesis procedures. 

(a)                                                                                     (b)                                                                                     
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Figure 4.3 Optimized thermal program for sintering process. 

The relative densities of the pellet samples synthesized using the new approach reached up to 98% measured 

by the Archimedes method with water using a water balance (shown in the last row in Table 4.1). An a 

comparison between the polished samples synthesized through the original method and the optimized 

solution was shown in the SEM images below (Figure 4.4). The as-sintered sample was polished using SiC 

grinding papers with grits of 600, 1200 and 2000 successively before being coated with gold and imaged under 

SEM. A clear improvement regarding the size of the porosities was achieved. In the following chapters, unless 

being mentioned in particular, all the measurements were conducted on the BaNdInO4-related ceramics 

synthesized using the modified two-sintering-steps process. Although, the porosities were not completely 

eliminated by using the optimized synthesis process, the relative density of the pellet samples were 98% which 

implies that the porosities observed in the SEM images are closed porosities which won’t affected the IEDP 

measurement severely. 

  
Figure 4.4 Surface secondary electron images of the BaNdInO4 polished pellet samples synthesized through (a) the 

original method and (b) the optimized two-sintering-step process as described in this Section. 

 

(a)                                                                                     (b)                                                                                     
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4.3 X-ray diffraction and Le Bail refinement 

The crystal structure of the formed phase in the BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) 

solid solution series was determined in static air by X-ray diffraction (XRD) using a PANalytical X’Pert PRO 

diffractometer (Cu K radiation). The XRD patterns are demonstrated in Figure 4.5(a) and a representative Le 

Bail refinement result for the BNC20 composition is shown in Figure 4.5(b). A single phase of primitive 

monoclinic crystal structure with the P21/c symmetry was identified in most of the samples except for the 

BNC30. The lattice parameters and unit-cell volumes of the synthesized oxides were obtained by Le Bail 

refinement of the XRD patterns using FullProf(166) software. The starting lattice parameters’ values were all 

set as a = 9.0954 Å, b = 6.04935 Å, c = 8.25619 Å, β = 103.4041o selected from the powder neutron diffraction 

data from ref(115). Crystallographic data of each composition in detail are listed in Table 4.2 below. 

 

      
Figure 4.5 (a) Full XRD patterns of BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) compounds. (b) Le Bail 

refinement result for the BNC20 composition. The dark marks are the observed experimental data; red solid line 

represents the calculated intensities; green vertical bars label the positions of Bragg reflection; and the blue solid line is 

the difference between the observed intensities and the calculated ones. 

(a)                                                                                     

(b)                                                                                     
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Table 4.2 Crystallographic data of BaNd1-xCaxInO4-x/2 obtained by Le Bail refinement. 

Chemical 
Formula 

BaNdInO4 

From ref(198) 

BaNdInO4 BaNd0.95Ca0.05InO3.975 BaNd0.90Ca0.10InO3.95 

Formula 
weight 

460.38 460.38 454.78 449.17 

𝑎/Å 9.09538(3) 9.09311(14) 9.07978(14) 9.09297(9) 

𝑏/Å 6.04934(2) 6.04430(7) 6.03382(8) 6.02961(6) 

𝑐/Å 8.25620(2) 8.25849(12) 8.25821(14) 8.26429(9) 

𝛽/° 103.4041(3) 103.4011(14) 103.4136(13) 103.3702(9) 
Unit-cell 

volume/Å3 

441.89(2) 441.540(11) 440.091(11) 440.826(8) 

𝜒2 / 2.61 3.00 2.56 
Calculated 

𝜌/(𝑔/
𝑐𝑚3) 

 
6.92 

 
6.93 

 
6.87 

 
6.77 

     

Chemical 
Formula 

BaNd0.85Ca0.15InO3.925 BaNd0.80Ca0.20InO3.90 BaNd0.75Ca0.25InO3.875 BaNd0.70Ca0.30InO3.85 

Formula 
weight 

443.56 437.95 432.35 426.74 

𝑎/Å 9.08713(22) 9.06445(16) 9.10445(29) 9.09412(18) 

𝑏/Å 6.02438(12) 6.01195(7) 6.02169(13) 6.02482(9) 

𝑐/Å 8.26731(17) 8.26269(12) 8.27123(20) 8.25938(13) 
𝛽/° 103.2906(21) 103.2966(14) 103.2937(28) 103.3319(15) 

Unit-cell 

volume/Å3 

440.467(16) 438.205(11) 441.312(20) 440.339(13) 

𝜒2 2.87 2.35 2.75 6.42 
Calculated 

𝜌/𝑐𝑚3 
 

6.69 
 

6.64 
 

6.51 
 

6.44 
 

The theoretical/calculated densities of each composition were determined using Equation (49), which were 

then used to obtain the relative densities of the compounds as shown in Table 4.2. As can be noticed in Table 

4.3, according to the goodness of fitness, all the XRD patterns except for the BNC30 composition were refined 

relatively well by Le Bail refinement with a monoclinic crystal structure and the P21/c symmetry, which agreed 

well with the previous literature(115, 122). In the selected region (15-35o) XRD patterns, where all the 

reflections were indexed with solid circles according to a primitive monoclinic unit cell as shown in Figure 4.6, 

the unidentified peak at 30.20o (2θ) was labelled with a hollow circle. According to previous literature(122, 

199), this unidentified peak may suggest a secondary phase of barium indium oxide, Ba2In2O5, had formed in 

this nominal composition sample.  
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Table 4.3 Refined lattice parameters of the BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) 

compounds  

Composition a(Å) b(Å) c(Å) β(°) V(Å3) 

BaNdInO4 9.0931(1) 6.0443(1) 8.2585(1) 103.401(1) 441.54(1) 
aBaNdInO4 9.0954(3) 6.04935(2) 8.25619(2) 103.4041(3) 441.89(1) 

BaNd0.95Ca0.05InO3.975 9.0798(1) 6.0338(1) 8.2582(1) 103.414(1) 440.09(1) 

BaNd0.9Ca0.1InO3.95 9.0930(1) 6.0296(1) 8.2643(1) 103.370(1) 440.83(1) 

BaNd0.85Ca0.15InO3.925 9.0871(2) 6.0244(1) 8.2673(2) 103.291(2) 440.47(2) 

BaNd0.8Ca0.2InO3.9 9.0644(2) 6.0120(1) 8.2627(2) 103.297(1) 438.21(1) 

BaNd0.75Ca0.25InO3.875 9.1045(3) 6.0217(1) 8.2712(2) 103.294(3) 441.31(2) 

BaNd0.7Ca0.3InO3.85 9.0941(2) 6.0248(1) 8.2594(1) 103.332(2) 440.34(1) 
a The time-of-flight (TOF) neutron powder diffraction data at 24 oC from reference(200). 

 
Figure 4.6 Selected region (15-35°) of the measured XRD patterns of BaNd1-xCaxInO4-x/2 compounds. All the reflections 

were indexed with solid circles according to a primitive monoclinic unit cell and the unidentified peak at 30.2o (2θ) was 

labelled with a hollow circle. 

The substitution of calcium at the Nd sites in BaNd1-xCaxInO4-x/2 caused a contraction in the unit cell volume as 

the calcium content 𝑥 increased from 0 to 0.2 (Figure 4.7 (a)), which was consistent with previous study(122). 

The refined lattice parameters of the BNC05 composition are off trend, and the unit cell volume of which 

showed a great decrease. One possible explanation for this abnormal observation in the lattice parameters of 

the BNC05 composition is that the calcium content was too little to form uniform BaNd0.95Ca0.05InO3.975 

chemical composition in the whole pellet material. As a relatively volatile element, calcium cations in the pellet 

sample tend to saturate in the near surface area which caused non-uniformity of the sample. During the pellet 

sample XRD measurement, the X-ray only interact with the material near the sample surface. Thus, the refined 

lattice parameters of the BNC05 composition showed off-trend values. Further experimental evidence is 

required to confirm the exact reason that caused this observation. Besides, a great lattice contraction in the 

BNC20 composition was observed, which was consistent with the previous literature(122).  
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Figure 4.7  Le Bail refinement results of the (a) unit cell volume and (b) lattice parameters with error bars (3σ) of BaNd1-

xCaxInO4-x/2 compounds versus excess calcium content x. The data points labelled as orange circles was from Yang et 

al.(122) 

As illustrated in Figure 4.7 (b), the b lattice parameter showed a decreasing trend when the calcium content 

increased from 0 to 0.2 as well. However, the changes in the a, c and β lattice parameters are not conclusive. 

The non-linear fluctuation of the refined lattice parameters (unit cell volume and parameter b) as the Ca 

content 𝑥 exceeded 0.2 implied that the solubility limit of Ca in the system was approximately 25% (i.e x =0.25). 

Theoretically, for the chemical compositions with Ca content exceed the solubility limit, the lattice parameters 

from XRD data should remain the same. Instead, remarkable fluctuations were observed in the refined lattice 

parameters for BNC25 and BNC30 compositions, which might due to a complex structural rearrangement as 

(a)                                                                                     

(b)                                                                                     
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the Ca content further increase. The explanations for the aforementioned abnormal observations in the 

refined lattice parameters need more crystallographic information which could be obtained through other 

diffraction methods, i.e. neutron powder diffraction. 

In comparison with the previous literatures(121, 124), the substitution of Sr2+ and Ba2+ at the Nd3+ site both 

resulted in a lattice expansion due to the larger ionic radii of the doping cations(121, 122, 124). The cation 

radius of the relative elements are listed in Table 4.4 below. Although the ionic radius of Ca2+ with a 

coordination number 8 is 1.120 Å which is slightly higher than that of Nd3+, instead of an expanded unit cell, 

the substitution of Ca2+ at Nd3+ sites caused a lattice contraction. This contraction in the unit cell volume can 

be ascribed to the small size mismatch of the calcium and neodymium cations, which may also lead to the 

inequality of the solubility limits 𝑥𝐶𝑎 > 𝑥𝑆𝑟 > 𝑥𝐵𝑎  as described in this research and the previous literatures. 

The higher solubility limit of calcium doping in the BaNdInO4 system allows a higher concentration of oxygen 

vacancies to be introduced by acceptor doping, and thus, a higher electrical conductivity could be achieved in 

the BaNd1-xCaxInO4-x/2 compounds. 

Table 4.4 The ionic radii of the doping cations and the unit cell volume data from the previous literatures. 

M Cation radius*/ Å Chemical composition Unit cell volume** / Å3 

Nd3+ 1.109 (CN=8) BaNdInO4 441.89(2)(115) 

Sr2+ 1.260 (CN=8) BaNd0.9Sr0.1InO3.95 442.716(8)(121) 

Ba2+ 1.420 (CN=8) Ba1.1Nd0.9InO3.95 443.132(7)(124) 

Ca2+ 1.120 (CN=8) BaNd0.8Ca0.2InO3.90 439.89(9)(122) 
*The cation radius values are quoted from the online Database of Ionic Radii(201). 

**The unit cell volume of the NdBaInO4, Nd0.9Sr0.1BaInO3.95 and Nd0.9Ba1.1InO3.95 composition quoted from reference(115, 

121, 124) were measured by synchrotron powder X-ray diffraction, while the data of the Nd0.8Ca0.2BaInO3.90 composition 

was measured by X-ray powder diffraction according to reference(122). 

 

4.4 Chemical composition characterisation 

The chemical composition of the synthesized BaNd1-xCaxInO4-x/2 (x = 0.10, 0.15, 0.20, 0.25) compounds of the 

first batch, which were synthesized using the original synthesis method, were confirmed by Energy Dispersive 

X-ray Spectroscopy (EDS) using the JSM-6400 scanning electron microscope (JEOL Ltd.) equipped with a Noran 

energy dispersive X-ray analyzer. The as-sintered samples were polished manually using SiC grinding papers 

with grits of 600 and 1200, then coated with gold on the top surface before being imaged by SEM. Compared 

with a full grinding process introduced in Section 3.8.4, the manual polishing process here was rough, which 

could cause surface damage and introduce topographic features.  
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Figure 4.8 The SEM image of the 1st batch BNC20 sample. The purple squares with the spot signs labelled the chosen 

regions or spots tested under EDS, the spectra of which could be found in the next page. 

Figure 4.8 above was achieved using SEM in the secondary electron imaging mode illustrating the surface of 

the polished BNC20 sample, in which a lot of topographic features can be observed. The purple squares along 

with the spots labelled the chosen regions or spots being tested with EDS, the corresponding EDS spectra of 

which can be found in Figure 4.9 in the next page. In order to check the elemental composition near the pores, 

region 3 was chosen particularly to be tested under EDS. As can be seen in the EDS spectra of region 3, there 

are slight changes in the peak intensities of the major cations which could be confirmed in detail with the 

atomic ratio data. An extra peak with relatively high intensity which belongs to Au was recorded as well in 

spectrum 3. In practice, the detector window of the EDS equipment is made of Be or a radiation-resistant 

polymer to stop X-ray-absorbing impurities condensing onto the cold detector. However, the windows also 

absorb low-energy X-rays, which results in a very poor accuracy in detecting light elements(174). Therefore, 

the accuracy of the quantitative analysis on the calcium and oxygen atomic ratio obtained by the EDS spectrum 

needs to be pay more attention. Here, it is worth using the EDS technique to get an approximation of the 

chemical composition for the synthesized compounds. 

Table 4.5 Atomic fractions of the BNC20 1st batch sample obtained by EDS spectra and the calculated atomic 

ratio where Ba content is set as 1. 

BNC20 1st batch Ba Nd Ca In 

Spectrum 1     

Atomic fraction (%) 13.15 10.04 2.36 12.85 

Atomic ratio 1 0.76 0.18 0.98 

Spectrum 2     

Atomic fraction (%) 13.30 10.67 2.37 13.21 

Atomic ratio 1 0.80 0.18 0.99 

Spectrum 3     

Atomic fraction (%) 14.60 7.58 2.13 9.83 

Atomic ratio 1 0.52 0.15 0.67 

Spectrum 4     

Atomic fraction (%) 13.37 10.54 2.36 13.59 

Atomic ratio 1 0.79 0.18 1.01 
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Figure 4.9 EDS spectra of the 1st batch BNC20 sample corresponding to regions 1, 2, 3 and 4 as labelled in figure 4.4.1. 

In Table 4.5, the atomic ratios of each element were derived comparing the atomic fraction of the 

corresponding element with the barium content, as the barium contents were set as 1. The 3rd spectrum 

correlated to the porosity region on the sample surface showed an enrichment of barium and oxygen content 

according to the obtained atomic fractions which implied a possible secondary phase of barium oxide near the 

pores. The SEM image along with the EDS results raised a concern about the incomplete reaction of the 

precursors in the pellets synthesized in the original one sintering-step process. Therefore, in the modified 

synthesis method, the pellet samples were sintered twice, as the first sintering process was mainly aiming at 

completing the chemical reaction of the precursors. A ball milling step was also included in order to decrease 
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the particle size down to micron scale, and hence improve the reaction efficiency. Apart from the abnormal 

data set of the 3rd spectrum, the rest of the spectra of regions 1, 2 and 4 are almost the same, where the 

calcium contents were slightly lower than the nominal stoichiometric amount and the Nd contents showed 

some fluctuation around 0.8. The small fluctuation of Nd contents could be due to the poor resolution of the 

technique in separating the Nd and Ba signals, the peaks of which overlapped severely in the EDS spectra. The 

slightly lower atomic ratio of the calcium content may be due to the exsolution of calcium cations out of the 

system during the high temperature sintering process. Therefore, in order to avoid the possible loss of calcium, 

a modified sintering process was completed at 1300℃ instead as described in Section 4.2. Another possible 

explanation for the low atomic ratio of calcium is because of the absorption of characteristic X-rays generated 

from the light element by the gold coating on the sample surface. In order to mitigate the error resulted from 

the absorption by gold coating, carbon coating can be processed in preparing the EDS samples as an alternative.  

In order to investigate the chemical stability of the phase in the as-sintered pellets, the BNC20 synthesized 

using the aforementioned two-sintering-steps process was polished using SiC grinding papers with grits of 600, 

1200 and 2000 successively. The polished pellet was annealed at 800℃ for 6 hours, then coated with gold and 

imaged under SEM backscattered electron (BSE) imaging mode to identify any segregation or secondary 

phases. The secondary electron (SE) and backscattered electron (BSE) images of the sample before and after 

annealing are shown in Figure 4.10. Unlike the secondary electron imaging mode of SEM, where the difference 

in brightness of the image is due to the topographic features of the sample surface, in the backscattered 

electron imaging mode, the brightness change is ascribed to the elemental difference in a specific region. 

According to the two following BSE images, there was no segregation or secondary phase emerging on the 

sample surface during the high temperature sintering process or the subsequent annealing process. Some 

scratches resulted from the polishing step can be observed in the SE images of the sample before annealling, 

which were more obvious after being annealed at 800℃ for 6 hours. It is worth noting that with the same 

contrast and brightness, the SE image of the sample after annealing showed some patterns with a different 

colour which could be ascribed to different grains. According to Figure 4.10(c), the size of the grains were 10～

20 μm (sintered at 1400℃ for an hour first, then sintered at 1300℃ for 24 hours) which were slightly smaller 

than the grain size of the 1400℃-sintered sample (15～30 μm) showed in Figure 4.2(b). 

 

(a)                                                                                     (b)                                                                                     

(c)                                                                                     
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Figure 4.10 The (a) SE and (b) BSE images of the same area on the surface of the 2nd batch polished BNC20 pellet sample 

before annealing process. The (c) SE and (d) BSE images of the same area on the 2nd batch polished BNC20 pellet 

sample after 800 ℃ annealing for 6 hours. 

The chemical composition of the 2nd batch BNC20 sample was also confirmed by Energy Dispersive X-ray 

Spectroscopy (EDS) this time using the JSM-6100 SEM (JEOL Ltd.) equipped with an energy dispersive X-ray 

detector (Zeiss Leo Gemini 1525, with an extra high tension of 20 kV, and an aperture size of 60 μm). The EDS 

spectrum of the selected region was recorded in the BSE mode of the SEM equipment as shown in Fig 4.11 & 

Fig 4.12.  

 
Figure 4.11 BSE image of the 2nd batch BNC20 sample surface. The purple square presents the interesting area tested 

under EDS. 

 
Figure 4.12 EDS spectrum of the 2nd BNC20 sample corresponding to region 1 as labelled in Figure 4.4.4. 

(d)                                                                                     (c)                                                                                     
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Table 4.6 Atomic fractions of the BNC20 2nd batch sample obtained by EDS spectra and the calculated atomic 

ratio where Ba content is set as 1. 

BNC20 2nd batch Ba Nd Ca In 

Spectrum 1     

Atomic fraction (%) 13.01 10.24 2.24 13.08 

Atomic ratio 1 0.79 0.17 1.01 

 

The atomic ratio of calcium and neodymium were again slightly lower than the designed stoichiometric 

amount, which may be due to the detection limits of the equipment. However, the surface of the sample 

looked uniform under the BSE imaging mode, which implied a single-phase product was successfully 

synthesized using the modified process. Furthermore, the material chemical stability was tested through an 

annealing process at 800 ℃ in static lab air for 6 hours. No secondary phase or segregation was observed in 

the backscattered electron images.  

The chemical compositions of other synthesised compounds were also checked using the EDS characterisation 

method, the concluded results are listed in Table 4.7 below where the atomic fraction of each element was 

calculated by averaging the atomic fraction data of at least 3 different EDS spectra on the same sample. As 

can be seen in Table 4.7, the atomic ratio of the BNC10 and BNC15 sample agreed well with the designed 

stoichiometry, both of which showed a slightly lower calcium concentration, while the BNC25 sample showed 

a relatively large deficiency of the Nd and Ca content in the EDS measurement. The standard deviation values 

of the atomic fraction data for the BNC25 sample are quite large compared with those of the other samples. 

Although quantitative analysis using the EDS technique is affected by various factors, which may have an 

impact on the accuracy of the derived atomic fractions, the results of these EDS measurements, especially the 

significant elemental deficiency and higher deviation in the data of the BNC25 sample, implied that the 

solubility limitation of calcium substitution at the Nd site in BaNdInO4 is approximately around 25%. This 

observation was consistent with the XRD results. 

Table 4.7 Atomic fractions of the BaNd1-xCaxInO4-x/2 (x = 0.10, 0.15, 0.25) compounds obtained by EDS 

technique and the calculated atomic ratio where Ba content is set as 1. 

 Ba Nd Ca In 

BNC10 1 0.9 0.1 1 

Atomic fraction (%) 14.05(2) 12.51(1) 1.33(1) 15.18(1) 

Atomic ratio 1 0.89 0.095 1.08 

BNC15 1 0.85 0.15 1 

Atomic fraction (%) 14.67(1) 11.72(1) 1.93(1) 15.00(1) 

Atomic ratio 1 0.83 0.14 1.00 

BNC25 1 0.75 0.25 1 

Atomic fraction (%) 15.5(3) 10.12(5) 3.2(5) 14.91(5) 

Atomic ratio 1 0.65 0.20 0.96 

 

4.5 Summary 

In summary, based on some preliminary material characterisation methods including dilatometry, scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS), the original solid state reaction 

synthesis method as described in Section 4.1 was modified into a two-sintering-steps process. By using the 

new synthesis approach, single-phase dense pellet samples with relative densities around 98% were 

successfully prepared.  



106 

 

The crystal structure of the formed phase in the BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) 

solid solution series was determined in static air by XRD, by which a single phase of primitive monoclinic crystal 

structure with the P21/c symmetry was confirmed in most of the samples except for the BNC30 sample. 

According to the refined lattice parameters obtained by Le Bail refinement of the XRD patterns, the 

substitution of calcium at the Nd sites in BaNd1-xCaxInO4-x/2 caused a contraction in the unit cell volume as the 

calcium content 𝑥 increased from 0 to 0.2. This decrease in the lattice size can be ascribed to the small size 

mismatch of the calcium and neodymium cations. An additional peak corresponding to the emerged secondary 

phase of Ba2In2O5 was identified in the XRD pattern of the BNC30 sample, which can be used in combination 

with the out-of-trend changes in the lattice parameters as the calcium content 𝑥 exceeded 20% to estimate 

the solubility limit of calcium doping in the BaNdInO4 system (～25%).  

The chemical compositions of the solid solutions were confirmed by the EDS characterisation method, where 

a lower atomic fraction of calcium was observed in all compositions which could be due to the exsolution of 

calcium cations out of the system during the high temperature sintering process. Gold coating on the sample 

surface may also account for the relatively low atomic ratio of calcium which absorbs the characteristic X-rays 

generated from the light elements underneath. The EDS results also suggested that the solubility limit of 

calcium doping in the BaNdInO4 system is approximately around 25% as the atomic fraction data for the BNC25 

sample fluctuated significantly when changing the analysed regions. Besides, severe deficiency of Nd and Ca 

content was observed in the EDS data of the BNC25 sample. 

By using the modified synthesis method, dense samples with high relative density and high quality were 

successfully prepared. Therefore, in the following chapters, all the measurements and discussion are based on 

samples synthesized using this optimized method.  

 

4.6 Possible future work 

Other characterisation methods, such as inductively coupled plasma atomic emission spectroscopy (ICP-AES), 

for the determination of chemical compositions of the synthesised BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 

0.20, 0.25, 0.30) solid solutions could be carried out to make a comparison with the EDS data. So that a more 

comprehensive understanding on the chemical composition information of the synthesised ceramics could be 

achieved. The STEM-EDS technique can also be applied to probe the distribution of all elements in the system 

and to detect any local deficiency of a particular element near grain boundaries or some inhomogeneous 

features in the bulk material. 

Apart from that, to probe the more detailed crystallographic information of the synthesized BaNd1-xCaxInO4-x/2 

solid solutions, synchrotron or neutron powder diffraction techniques can be applied, which are powerful 

technologies in probing the precise lattice structures and coordinates of all atoms within the lattice. In 

particular, it is worth conducting some further crystallography study on these calcium doped BaNd1-xCaxInO4-

x/2 solutions to confirm the exact substituting sites of calcium cations. The Rietveld refinement of high quality 

diffraction data can give more detailed information about the phase quantities, atomic coordinates and bond 

lengths, micro strain and oxygen vacancies, which are crucial in understanding the oxygen diffusion 

mechanism in the system. 

 

 



107 

 

Chapter 5  

Electrochemical performance and triple (electron, oxide-ion and proton) 

conduction in BaNd1-xCaxInO4-x/2 

The electrochemical properties of the BaNd1-xCaxInO4-x/2 solid solutions synthesized using the two-sintering-

steps process described in Chapter 4, was measured by several electrochemical characterization methods, the 

results of which will be discussed in this Chapter. According to the electrochemical impedance spectroscopy 

(EIS) results on the pristine BaNdInO4, the BNC10 and BNC20 samples, a significant enhancement in the 

electrical conductivity caused by calcium doping was observed. The EIS measurements of the BNC10 and 

BNC20 samples under various gaseous atmospheres showed evidence of triple (electronic, ionic and protonic) 

conduction in the system. The protonic conduction of the BNC20 sample was then confirmed using a coupled 

thermogravimetric analysis and DC conductivity measurement system. On the other hand, clear evidence 

showed that the chemical stability of the material was affected by the wet gaseous environments. The surface 

topography of the BNC20 sample before and after being annealed in a wet atmosphere was analyzed by SEM. 

 

5.1 Electrochemical impedance spectroscopy (EIS) measurements 

5.1.1 Sample preparation and detailed experimental procedures 

Samples of BaNd1-xCaxInO4-x/2(x=0, 0.1. 0.2) solid solutions for AC impedance measurements were synthesized 

through the modified solid state route, which were polished manually using SiC grinding papers with grit sizes 

of 800 and 1200 successively after sintering.  Further finer polishing process was not carried out on these 

samples since a relatively rough surface could improve the adhesion between the electrodes and the pellet 

surfaces in the following step. Then, platinum conducting paste (for brush application, 71% Pt, Glentham Life 

Science Ltd.) was applied on both sides of the pellets using a brush. The pellet with Pt paste was preliminarily 

dried on a hot plate, then put into a furnace to be annealed at 800 ℃ for 2 hours in order to let the ink dry 

completely and improve the electrodes’ adhesion at the same time. Special attention needs to be paid to the 

condition of the platinum paste since a thin platinum suspension will result in cracks in the electrodes. The 

nonuniformity of the electrodes on the pellet surfaces will lead to significant error in the following AC 

impedance measurements. A multimeter was used to test the surface resistivity of the applied electrodes and 

platinum meshes were used during the EIS measurements to avoid the artifacts caused by the electrodes 

surface non-uniformity. 

As discussed in Chapter 3, the as-prepared symmetrical cells were put into the home-made apparatus where 

two platinum meshes and a movable outer tube were used to support the cell. The impedance signals were 

produced and introduced by a Solartron 1260a Impedance Analyser under the open circuit voltage (OCV) 

condition with a frequency range from 10 MHz to 0.01 Hz measuring 40 points per decade, and the amplitude 

was set as 100 mV. The impedance measurements of the pristine, BNC10 and BNC20 samples were conducted 

in a thermal cycle comprising a heating program with a heating rate of 5 oC/min to each temperature, starting 

from 250 oC, followed by 60 mins thermal equilibration, with step sizes of 25 oC until a maximum temperature 

of 750 oC was reached. This was followed with a cooling programme with the same steps and ramp rates to 

probe if there was any hysteresis in the material. The whole apparatus was sealed during the measurements 

while the flow of compressed air or nitrogen was introduced through a drying tube containing CaSO4 before 

entering the impedance rig to create dry atmospheres. A water bubbler was connected into the system 
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between the gas cylinder and the impedance rig to examine the influence of water vapour on the 

electrochemical properties of the materials. With this set-up it was possible to measure the same sample, first 

in the dry atmosphere and then in the wet atmosphere. It needs to be mentioned that before the impedance 

spectroscopy measurement in the humid atmosphere, the sample was annealed in humid gas at 500 oC for 8 

hours to ensure that the equilibrium of the water incorporation was achieved. The impedance data were 

analysed using ZView (180) software package.  

 

5.1.2 Various atmospheric EIS measurements and protonic conductivities 

The electrical conductivity of the pristine BaNdInO4 together with the 10% and 20% calcium substituted 

samples was measured by electrochemical impedance spectroscopy in dry air. As described in the last section, 

AC impedance measurements of each symmetrical cell sample were conducted first in a heating cycle, then in 

a cooling cycle with the same temperature steps. No significant difference was observed between the data 

points obtained at the same temperatures in dried air from the heating and cooling cycles for all three samples. 

The consistency of the data sets for each sample implied that there was not any hysteresis in the materials. 

Representative fitted impedance spectra along with the equivalent circuits created in ZView to simulate the 

Nyquist plots are shown in Figure 5.1(a)&(b). As can be noticed, at low temperatures (523-573 K) the Nyquist 

plots contain two semicircles representing the bulk and grain boundary contributions, respectively, that can 

be simulated with two R-CPE (constant phase element) components connected in series. The associated 

capacitances, C1 and C2, can be estimated using the relation 2πfmaxRC=1 and were ~1.1 x 10-11 Fcm-1 and ~ 1 x 

10-8 Fcm-1, indicative of the bulk and grain boundary responses respectively, where fmax is the frequency at the 

arc maximum. However, at high temperatures the bulk resistance can only be obtained as the left intercept of 

the plots with the real part of the impedance (Z’), and the complex impedance plots can be simulated with 

one inductor and two R-CPE components connected in series.  

 

Figure 5.1 Impedance spectra of BNC20 measured in dry air at (a) low (523-573 K) and (b) high (973-1023 K) 

temperatures. Solid lines show the fit to the equivalent circuit models. Low frequency electrode response is omitted 

from the fit.(202). 

The detailed AC impedance data fitting results of the BNC20 sample measured in the cooling cycle in dry air is 

included in the Appendices as Table A.1. The goodness of fit, 𝜒2, were all around 10-4~10-5 which means that 

the proposed equivalent circuits fit quite well with the analysed system. The constant phase element was 
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introduced in the fitting of the two semi-circles in Nyquist plots, where the as-derived corresponding 

parameters CPE-P and CPE-T can be used to calculate the capacitance of the process (according to Equation 

65). The capacitances, C1 and C2, derived through this method were also within the capacitance range of the 

bulk and grain boundary responses. The low frequency electrode-related responses are omitted from the fit 

since we mainly focused on the electrolyte materials. When the temperature reached 550 ℃ or higher 

temperatures, the values of CPE-P  were fixed as 1 during simulation and the CPE component can be replaced 

by a pure capacitor. It is worth noting that CPE-P is a value of between 0 and 1. A value larger than 1 in the 

CPE-P parameter is not acceptable, and therefore, the value of CPE-P parameter was fixed as 1 in the 

corresponding simulations in which case the Nyquist plot was fitted to a R-capacitor component. 

By doing the analysis above, the total conductivities of three samples were calculated using the addition of 

bulk and grain boundary resistance and the geometrical parameters of the pellets. All three Arrhenius plots of 

the total conductivities are presented in Figure 5.2, which indicates a significant improvement of the total 

electrical conductivity on calcium substitution at the Nd3+ site. Among those samples, the BNC20 sample 

showed the highest total conductivity of 2.6 x 10-3 Scm-1 at 750 oC, while the total conductivity of the BNC10 

sample was 1.8 x 10-3 Scm-1 at the same temperature. According to the EIS results, the electrical conductivity 

of the BaNdInO4 pristine material could be enhanced by 1-2 orders of magnitude over a large temperature 

range through calcium substitution. This enhancement can be ascribed to the formation of oxygen vacancies 

in the system by acceptor doping: 

2CaO + 2NdNd
x + OO

x → 2CaNd
′ + VO

∙∙ + Nd2O3 (70) 

 
Figure 5.2 Arrhenius plots of the total conductivity of the BaNdInO4 (black), BNC10 (red) and BNC20 (blue) samples 

measured in dry air with the calculated activation energies displayed in both low and high temperature regimes(202). 
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A change in the slope of the Arrhenius plots is observed in all three chemical compositions which is not due to 

any irreversible chemical change during the impedance measurements as the data obtained on a cooling cycle 

for all samples showed no significant difference compared to those obtained on the heating cycle. One 

hypothesis is that the change in the activation energies is due to the change of the dominant charge carriers 

in the system. In the low temperature range (250-500 oC for the parent material and 250-600 oC for the Ca 

substituted samples), the materials exhibit mixed conduction (electronic and ionic) which allows a mixture of 

charge carriers to flow through the system including oxide-ion and hole conduction(121, 122). However, when 

the temperature was increased (>500 oC for the parent material and >600 oC for the substituted samples), 

oxide ions became the dominant charge carriers as the number of hole defects was reduced due to the loss of 

oxygen in the system according to the defect equation below: 

OO
x + 2h∙ ↔ VO

∙∙ +
1

2
O2 ↑ (71) 

As a result of this reduction in p-type transport, the activation energy of the pristine material increased from 

0.78(2) eV (mixed p-type and oxide-ion conduction) to 1.10(1) eV (predominant oxide-ion conduction) as the 

temperature increased. As for the calcium doped samples, the slope changing temperature is higher because 

of the higher concentration of oxygen vacancies in the system due to the acceptor-doping, which inhibits the 

loss of oxygen to some extent, according to the equation above. Therefore, the activation energies of the 

BNC10 and BNC20 samples changed from 0.72(1) eV and 0.71(1) eV respectively to 0.98(1) eV and 0.85(1) eV 

when the temperature increased beyond 600 oC. The Arrhenius plots also indicate that the activation energy 

for the total conductivity of the pristine material can be reduced by calcium doping in both the lower and 

higher temperature ranges, which could be ascribed to the increase of oxygen vacancies in the system. 

To probe the potential for protonic conductivity, water vapour was introduced into the sealed tube in the EIS 

system by placing a water bubbler in line between the supply gas cylinder and measurement apparatus. The 

flowing gas carried ~3% H2O (25 oC) vapour into the system which was then incorporated into the BNC20 and 

BNC10 samples forming protonic defects as shown in the equation below: 

H2O + VO
∙∙ + OO

x ↔ 2OHO
∙ (72) 

In practice, each sample was annealed in the humid environment at 500 oC for at least 8 hours to ensure that 

the equilibrium of the water incorporation was achieved before the ‘wet’ impedance spectroscopy 

measurement was performed. Special care was taken upon analysing these wet atmospheric impedance data 

with respect to the influence of water vapor on the phase stability. The consistency of the data sets of the 

BNC20 sample measured in the heating and cooling cycles in wet air is illustrated in Figure 5.3. A small 

difference was noticed in the low temperature range of the two Arrhenius plots, which may be due to the 

incomplete hydration of the pellet samples in the pre-annealing step. The detailed AC impedance data fitting 

of the BNC20 sample measured in the cooling cycle in wet air is listed in the Appendices as Table A.2, where 

the two R-CPE model still gave good fitting results as the goodness of the fits, 𝜒2, were all below 1 x10 -3. 
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Figure 5.3 Arrhenius plots of the total conductivity of the BNC20 sample measured in heating (dark circles) and cooling 

(red circles) in wet air. 

As can be seen in Figure 5.4 (a) & (b), both BNC10 and BNC20 samples exhibited higher total conductivity 

under humid air than those obtained in dry air over a large temperature range (250-750 oC) which could be 

ascribed to the formation of protonic defects in the material. The total conductivity of BNC20 in wet air at 500  

oC was 1.3 x10-4 Scm-1 which was higher than the total conductivity of most of the state-of-the-art proton 

conducting materials measured under the same conditions (203). EIS measurements on the BNC20 sample 

were also carried out in dry and wet N2 resulting in a similar trend as observed in dry air. The total conductivity 

of the BNC20 sample measured in N2 atmosphere was lower than when measured in air, which implies that 

this material exhibits p-type conduction in O2 rich atmospheres. This result is consistent with previous reports 

(115, 122). 
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Fig 5.4 Arrhenius plots of the total conductivity of the (a) BNC20 and (b) BNC10 samples measured in dry and wet 

atmospheres 

 

(b)                                                                                     

(a)                                                                                     
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Fig 5.5 Arrhenius plots of bulk conductivity of a BNC20 sample under (a) dry and wet air and (b) dry and wet N2 

respectively 

In order to investigate the influence of humidity on the electrochemical properties of BNC20 samples more 

deeply, the bulk conductivity was deduced by extracting the bulk resistance and calculating according to the 

brick layer model (204) assuming the area of the bulk in the material equals the whole area of the sample. As 

shown in Figure 5.5 (a) & (b), four Arrhenius plots of the bulk conductivity of BNC20 samples under different 

atmospheres fit well to a straight line which gives the activation energies for bulk conductivity as 0.755(2) eV 

in dry air, 0.678(2) eV in wet air, 0.740(4) eV in dry N2 and 0.674(4) eV in wet N2. There was an increase in the 

bulk conductivities of the samples both in air and in N2 when water vapour was introduced to the system. The 

influence of the humidity on bulk conductivities were more significant in a N2 atmosphere than in air, which 

can be ascribed to the excessive amount of oxygen vacancies in an O2 deficient environment according to the 

equation below: 

1

2
O2 + VO

∙∙ ↔ OO
x + 2ℎ∙          for high p(O2) 

In addition, the activation energies for the bulk conduction decreased on introducing water vapour to the 

system, which implies a change in the conduction mechanism in the bulk material. Since the proton mobility 

is higher than that of oxygen ions (138, 205), the decrease in the activation energies could be evidence of 

proton conduction in the bulk material. Comparing the data in Figure 5.5(a)&(b), the activation energy of the 

bulk conductivity in both dry and wet atmospheres is independent of p(O2) within the O2-N2 p(O2) range, 

suggesting limited impact of electronic charge carriers on the activation energies. In conclusion, the BNC20 

sample exhibits p-type and oxide-ion mixed conduction under dry atmospheres within the O2-N2 p(O2) range, 

while the incorporation of humidity can significantly increase the conductivity in the bulk and decrease the 

activation energies of the bulk conductivity which implies that this material may exhibit triple (oxygen-ions, 

protons and holes) conduction under wet atmospheres. The transport number of protons is the fraction of the 

total electrical current carried by protons, tp , which can be estimated using the equation: 

𝑡p =
𝜎𝑝

𝜎𝑡𝑜𝑡
=

𝜎𝑤𝑒𝑡 𝑁2 − 𝜎𝑑𝑟𝑦 𝑁2

𝜎𝑤𝑒𝑡 𝑁2

(73) 

assuming that in dry N2 the total electrical conductivity is attributed to oxide-ions alone, and thus the proton 

conductivity could be estimated by the subtraction of total conductivity in wet N2 and the total conductivity 

in dry N2. In the temperature range from 250 oC to 475 oC the transport number of protons tp increased from 

0.41 to 0.57. Then it shows a decreasing trend as the temperature further increases which is likely due to the 

(a)                                                                                     (b)                                                                                     
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dehydration of the sample at high temperatures. The transport number tp as a function of temperature is 

illustrated in Figure 5.6. Further direct measurements would be required to verify the assumption and the 

transport number of protons in this material. 

It is interesting to note that there was no change within error in the activation energy for bulk conductivity of 

the BNC20 sample as the atmosphere changed from wet air (0.678(2) eV) to wet N2 (0.674(4) eV). However, 

the bulk conductivity was still higher in wet air than in wet N2 which, as discussed above, is due to the filling 

of oxygen vacancies by O2 introducing extra holes. This could be evidence suggesting that mobility of protons 

is much faster than that of oxide-ions in the system, and therefore, the change in the oxygen partial pressure 

barely influences the conducting mechanism of the system. 

 
Figure 5.6 The transport number tp as a function of temperature derived from the wet conductivity data of the BNC20 

sample measured in wet N2. 

By assuming that in dry N2 the total electrical conductivity is attributed to oxide-ions alone, we could also 

derive the activation energy for the oxide-ion conduction in the grains of the BNC20 sample to be 0.740(4) eV, 

which is a little higher than the value (0.70 (2)) obtained in Yang et al.’s work, but still lower than the activation 

energies for oxide-ion conduction obtained in the Ba1.1Nd0.9InO3.95 (0.86(3) eV)(124) and BaNd0.9Sr0.1InO3.95 

(0.795(10) eV)(121) compositions and  as reported by Shiraiwa, Fujii et al. The lower energy barriers in 

Ba1.1Nd0.9InO3.95 and BaNd0.9Sr0.1InO3.95 for oxide-ion migration compared to that of the pristine BaNdInO4 

(0.91(4) eV(115)) were confirmed in the BVE landscapes in the literature, which were attributable to the larger 

bottleneck sizes after substitution of the barium and strontium cations at the Nd sites, according to the 

author(116). Similar conclusion was drawn in Shiraiwa’s paper on the solid solution of Ba1.1Nd0.9InO3.95(124). 

However, there seems to be a contradiction in calculation of the bottleneck areas using the BVE method, as 

the areas of the diffusion triangles for BaNdInO4 in two papers were different, 6.768(2) Å2 in reference (124) 

and 6.911(3) Å2 in reference (121). Apart from that, assuming that the activation energy change does result 

from the larger bottleneck sizes for Sr and Ba doped sample, then the triangle area in the Ba doped lattice 

should be larger leading to a lower energy barrier for oxygen diffusion. But the experimental results for Ba and 

Sr doped samples exhibited a reverse trend. The ‘bottleneck theory’ can neither explain why 

BaNd0.8Ca0.2InO3.90 solid solution showed the lowest activation energies for oxide-ion conduction in the system 

among all the acceptor dopants, as the calcium substitution caused a lattice contraction as mentioned in 

Section 4.3.  
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Table 5.1 The activation energies for oxide-ion conduction in BaNdInO4-type solid solutions obtained in this 

research (labelled with *) and in previous literatures. 

M Cation radius (201) Chemical composition Activation energy Eoxide-ion / eV 

(Nd) 
Sr 
Ba 
Ca 

Ca* 

1.109(CN=8) 
1.26(CN=8) 
1.38(CN=8) 
1.12(CN=8) 

BaNdInO4 

BaNd0.9Sr0.1InO3.95 

Ba1.1Nd0.9InO3.95 

BaNd0.8Ca0.2InO3.90 

BaNd0.8Ca0.2InO3.90 

0.91(4) 
0.795(10) 

0.86(3) 
0.71(1) 

0.740(4) 

 

The activation energies for oxide-ion conduction of the acceptor doped BaNdInO4 solid solutions according to 

the doping cations are in the sequence of (Nd) > Ba > Sr > Ca, which could be ascribed to the defect 

association in the system as discussed in the Introduction part (Section 2.4.3). Based on the defect associations 

in the system, the tendency of oxygen vacancies to be associated with the heavy dopant cations would 

increase the activation energy of conduction by adding an association enthalpy ∆𝐻A(63). However, further 

investigations with empirical or simulation methods are required to verify for this hypothesis. 

Table 5.2 Comparison of total conductivities of the state-of-art proton conducting electrolytes at 500℃  in 

conditions when proton conducitivity dominates. 

Chemical Composition 𝝈Total/𝐒 ∙ 𝐜𝐦−𝟏 @𝟓𝟎𝟎℃ Reference 

BaCe0.7Zr0.1Y0.2O3−𝛿  8 × 10−3 (206) 
BaCe0.4Zr0.4Y0.2O3−𝛿  4 × 10−3 (206) 

La6WO12 1 × 10−3 (207) 
BaNd0.8Ca0.2InO3.90 1 × 10−4 From this work 
Ca0.01La0.99NbO4−𝛿  1 × 10−4 (208) 
La2(Nb0.3Y0.7)2O7 4 × 10−5 (209) 
Ca0.03La0.97NbO7 2 × 10−5 (210) 
Sr0.01La0.99PO4 4 × 10−6 (211) 

Y3NbO7 1 × 10−6 (212) 

 

The total conductivity of the BNC20 composition measured at 500 ℃ in wet air is compared with other 

protonic conductor as reported in the literatures in table 5.2. The protonic conductivity of BNC20 sample is 

comparable with that of lanthanum tungstate and higher than other recently discovered protonic conductors.  

 

5.2 Symmetrical thermogravimetric analysis and DC conductivity measurement 

5.2.1 Sample preparation and experimental set-up 

The simultaneous thermogravimetric analysis (TGA) and 4-probe DC conductivity measurement were 

conducted on the BNC20 sample synthesized using the optimized solid reaction method using a coupled 

apparatus. The working principal of the coupled system was introduced in the Chapter 3. In order to keep the 

consistency of the result with the impedance measurements, a pellet sample of BNC20 was used in the DC 

conductivity measurement as shown in Figure 5.7, while another BNC20 sample made in the same batch with 

the same shape and similar weight was placed in the alumina crucible suspended just above the DC 

conductivity measurement sample.  
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Figure 5.7 Schematic diagram of the TGA apparatus in the quartz tube(182) and the picture taken after the experiment 

of the sample for DC conductivity measurement. The pellet sample was 10.31 mm in diameter and 1.69 mm in 

thickness. 

The BNC20 pellet sample for conductivity measurement was coated with platinum paste one both sides and 

each surface was attached with two platinum wires for connection with the outer wires on the quartz tube in 

the following step. Then the sample with platinum paste was annealed at 900 ℃ for 2 hours to dry the solvent 

and improve the adhesion. The resulting symmetrical cell with 4 platinum wires was mounted on the platform 

of the inner quartz tube and the Pt wires were connected with the wires outside the blocking quartz tube to 

be in contact with the measuring circuit. The adhesion between inner and outer Pt wires was improved by 

applying Pt paste and a fast annealing process using a small butane torch. The goodness of contact was 

confirmed with a digital multimeter from the bottom side of the platinum wires. The gaseous atmosphere 

during the measurement was controlled by different gas supply coupled with an oxygen pump. A water 

bubbler was connected in the gas flow with a switch for alternation of dry or wet atmospheres. 

 

5.2.2 Water incorporation and protonic conduction 

Two BNC20 samples were placed in exactly the same chemical environment in an airtight quartz-tube which 

was heated to 500 oC. One sample was placed in an alumina crucible hanging from one of the arms of the 

symmetrical electrobalance, whilst the other sample was coated on both faces with platinum paste and 

located just below the crucible on a blocking tube for the conductivity measurement. Figure 5.8 below shows 

the mass and resistance change of the BNC20 sample as the atmosphere changed from dry to wet and from 

wet to dry after reaching a plateau in both resistance and mass, which can be considered as a sign of full 

hydration in these two samples. 

As depicted in Figure 5.8, a few minutes after the introduction of water vapour, a dramatic decrease in 

resistance was observed, while the process of water uptake in mass was much slower taking over 3 hours to 

reach a plateau. However, the increase in mass started immediately after the change of atmosphere, while 

the decrease in sample resistance seemed to have a ‘delay’ of 240 seconds. The difference in the behaviour 

of mass and resistance change of the sample (the ‘delay’) could either be ascribed to the enhancement of 

water uptake in the BNC20 sample by platinum coating on the surface or applying a voltage upon the sample, 

or result from the sudden change in conducting mechanism as the sample for conductivity measurement 

absorbed water to some extent. The exact relationship between the changes in mass and in resistance are still 

Thermal couple                                                                                    

Pt wires                                                                                    
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unknown, since the measurements were carried out on two different samples placed in the same environment. 

After the full hydration, the chemical composition of the sample was calculated to be 

BaNd0.8Ca0.2InO3.90·0.011H2O. The maximum concentration of protonic defects 𝐎𝐇𝐎
∙  in the BNC20 sample at 

500 oC was calculated to be 2.2 mol%. In comparison, the recovery process both in mass and resistance after 

switching to a dry atmosphere was much slower. The blue solid circles in Figure 5.8 labelled the deflections in 

the measured resistance of the sample after changing the atmosphere which could be ascribed to the surface 

exchange process of water molecules on the sample surface. In the dc conductivity measurement, all the 

conducting processes happened between two platinum electrodes were recorded. Therefore, the surface 

exchange process of water molecules on the sample surface triggered by the change of atmosphere may play 

an role in determining the overall resistance of the sample in this experiment which resulted in the labelled 

deflections in the resistance plot. The obvious spike occurred after the second switch was due to the power 

cut during the measurement. 

 
Figure 5.8 Mass (bottom) and resistance (top) versus time in the coupled TGA and conductivity measurements recorded 

at 500 oC. The dotted lines represent the time when the switch for water bubbler was turned on or turned off. The red 

solid line shows the ‘240 seconds delay’ after which the resistance of the BNC20 sample started to decrease. The blue 

solid circles labelled the deflections in the resistance after changing the atmosphere. 

The thermogravimetric analysis together with the DC conductivity measurement agreed well with the results 

obtained from the earlier EIS analysis, which again indicated that calcium substituted BaNdInO4 exhibited 

protonic conduction under humid atmosphere. Besides, clear evidence of water uptake in the BNC20 sample 

when being annealed in wet atmosphere was recorded. The change in the conductivity of the sample 

according to the geometrical parameters can be viewed more clearly in Figure 5.9(a)&(b), where the resistivity 

and conductivity were plotted against annealing time. 
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Figure 5.9 (a) Resistivity and (b) conductivity of BNC20 sample plotted against time measured at 500 ℃.  

 

 

(a)                                                                                     

(b)                                                                                     
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5.2.3 In-situ X-ray diffraction of hydrated BNC20 sample 

After the TGA measurement described above, the BNC20 samples were hydrated again at 500 oC in humid air 

for 48 hours in preparation for the in-situ X-ray diffraction measurements. After wet annealing, the hydrated 

sample in the alumina crucible was taken out and mounted on the Z-stage in the in-situ XRD equipment. The 

pellet was heated at a rate of 5 oC/min from 100 oC to 800 oC with 100 oC step interval after an initial XRD 

measurement at room temperature. After being heated to 800 oC for 1 hr, the dehydrated sample was 

examined again on cooling in order to make a comparison with the previous data. All HT-XRD patterns were 

refined using the FullProf software suite(166) through the Le Bail method. The selected region of XRD patterns 

from 20° to 60° 2θ, are illustrated in Figure 5.10, where the patterns shown in dark lines represent the XRD 

data obtained in the heating cycle, and those shown in red lines are the cooling cycle data as the pellet sample 

had been heated up to 800 ℃ for about 2 hours. 

 
Figure 5.10 High temperature X-ray diffraction patterns of the hydrated BNC20 sample on heating (black) and cooling 

(red) cycles. (1),(2) & (3) with the labels represent the additional peaks which were not from the primitive monoclinic 

phase in the XRD patterns. The blue circles label some small additional peaks which could be due to the minor 

secondary phases.  

There are several interesting findings with respect to the difference between XRD patterns derived in heating 

and cooling cycles. As labelled with blue solid lines and numbers, an additional peak (2) at 31.2°(2θ) appeared 

in the elevated temperature data and remained in the cooling cycle, which was also observed in the previous 

XRD measurements. This additional peak may arise from the secondary phase produced in the thermal 

treatment, which could be easily removed by polishing the sample surface with SiC grinding paper. A similar 

peak labelled as (3) could also be found at 38.2°(2θ) which emerged at elevated temperatures and remained 

in the cooling cycle. Peak (3) is not a regular peak observed in the previous room temperature XRD patterns, 

which cannot be indexed with the reflection belonging to the main primitive monoclinic phase. The 

comparison between the XRD patterns of the hydrated BNC20 sample and that of the as-sintered BNC20 

sample is illustrated in Figure 5.11 below, where the blue line represents the XRD pattern of the as-sintered 

pellet sample measured at room temperature. 
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Figure 5.11 XRD patterns of the hydrated BNC20 sample measured on heating (dark) and cooling (red) cycles at 25 ℃ 

and the as-sintered BNC20 sample measured at room temperature. 

According to the previous literature on the phase transition of CaCO3(213), this particular peak appeared at 

38.2°(2θ) can be indexed with the (104) reflection belonging to the calcite I phase, as shown in Figure 5.12(b). 

The change of peak (3) from an amorphous shape into a sharp peak shape as the temperature increased 

implied that the correlated secondary phase of calcite crystalized on elevating temperature. Apart from that, 

it is interesting to note that there are two peaks, labelled as (1), that emerged at 800 ℃ at low angles (21.8° 

and 26.5°) which then disappeared in the cooling cycle. These two peaks could be ascribed to the phase 

transition of the BaCO3 secondary phase which happened at 1073-1093 K from the orthorhombic BaCO3 (α-

BaCO3) structure into the trigonal β phase (β-BaCO3) as illustrated in Figure 5.12(a) from previous phase 

transition study on BaCO3(214). The blue circles labelled some other minor changes in the in-situ XRD patterns 

of the hydrated BNC20 sample which could be ascribed to other secondary phases that emerged after the long 

period of annealing. The Le Bail refinements on the main phase of the in-situ XRD patterns gave reasonably 

good fit results with a primitive monoclinic lattice structure and a lattice symmetry of P21/c as shown in Table 

5.3 below. The goodness of fit, 𝜒2, are not ideal, especially in the data of the heating cycle.  

(3)                                                                                     



121 

 

 
Figure 5.12 Comparison of XRD patterns at various temperatures for (a) BaCO3 (300-1413 K)(214) and at various 

pressure for (b) CaCO3(213). 

Table 5.3 Refined lattice parameters of the hydrated BNC20 sample measured in heating (top) and cooling 

(bottom) cycles after being annealed in wet atmosphere for over a week. 

Temperature(℃) a(Å) b(Å) c(Å) β(°) V(Å3) 𝜒2 

25 9.1122(2) 6.0373(1) 8.2631(2) 103.0883(25) 442.771(18) 5.93 

100 9.1201(2) 6.0420(1) 8.2654(2) 103.1583(19) 443.496(16) 4.19 

200 9.1284(2) 6.0470(1) 8.2720(2) 103.1195(20) 444.693(16) 4.39 

300 9.1375(2) 6.0539(1) 8.2771(2) 103.1639(16) 445.832(15) 3.85 

400 9.1455(2) 6.0602(1) 8.2825(2) 103.1829(15) 446.949(15) 3.83 

500 9.1493(2) 6.0609(1) 8.2830(2) 103.1466(13) 447.280(14) 3.11 

600 9.1589(2) 6.0604(2) 8.2826(2) 103.1627(16) 447.660(19) 3.73 

700 9.1700(3) 6.0658(2) 8.2891(2) 103.1862(17) 448.914(21) 4.62 

800 9.1788(3) 6.0747(2) 8.2999(3) 103.2128(21) 450.539(26) 5.38 

800 9.1740(3) 6.0758(2) 8.2973(3) 103.2252(23) 450.220(23) 5.60 

700 9.1692(3) 6.0678(2) 8.2896(2) 103.1900(17) 449.034(21) 4.36 

600 9.1580(2) 6.0631(1) 8.2826(2) 103.1678(14) 447.809(15) 2.68 

500 9.1484(2) 6.0613(1) 8.2822(2) 103.1663(14) 447.183(14) 2.51 

400 9.1379(2) 6.0584(1) 8.2797(2) 103.2245(20) 446.210(15) 2.88 

300 9.1326(2) 6.0509(1) 8.2746(1) 103.1990(14) 445.179(12) 2.36 

200 9.1202(2) 6.0402(1) 8.2669(2) 103.2144(19) 443.341(13) 2.93 

100 9.1141(3) 6.0384(2) 8.2652(3) 103.2443(32) 442.771(25) 4.69 

25 9.1080(2) 6.0337(1) 8.2608(2) 103.2281(20) 441.929(16) 2.97 

*CTE α (K-1) 9.67(3) x10 -6 9.04(7) x10 -6 5.11(4) x10 -6  2.42(1) x10 -5  
*Thermal expansion coefficient (CTE) here is the derivation derived from the linear fitting of the refined lattice 

parameters as a function of temperatures, assuming that there is no chemical expansion involved. 

 

(a)                                                                                     (b)                                                                                     
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Fig 5.13 Fitted unit cell volume with error bars (3σ)  of the hydrated BNC20 sample versus temperature.(202) 

 
Fig 5.14 Fitted lattice parameters with error bars (3σ)  of the hydrated BNC20 sample versus temperature.(202) 
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By plotting the fitted unit cell volume against temperature, a clear lattice expansion was observed in the fitted 

unit cell volume of the hydrated BNC20 sample on heating compared with the data obtained on cooling, as 

shown in Figure 5.13, which is a further evidence to suggest that BaNd1-xCaxInO4-x/2 is a proton conductor under 

humid atmosphere. The dimensional thermal expansion coefficients of the lattice, αa=9.67(3) x10 -6 K-1, α

b=9.04(7) x10 -6 K-1 and αc=5.11(4) x10 -6 K-1, as listed in Table 5.3, were derived by linear fitting of the refined 

lattice parameters as a function of temperatures in the cooling cycle (red lines in Figure 5.14). The changes in 

the refined lattice parameters in heating and cooling cycles are consistent with the observation in the 

symmetrical TGA analysis, which implied that BNC20 exhibited protonic conduction under wet atmospheres. 

In addition, the difference between the unit cell volume of the dehydrated sample obtained here at room 

temperature (441.93(2) Å3) and the one obtained in the previous sample (438.21(1) Å3) could be ascribed to 

the z-shift in different sample holders. The degree of hydration of the sample and the chemical change of the 

material after being annealed in wet atmosphere for a long period of time may also lead to a change in the 

lattice parameters obtained in the XRD measurements.  

5.3 Chemical stability 

The in-situ XRD measurements on the BNC20 sample which had been annealed in wet air at 500 ℃ for one 

week showed clear evidence for the formation of secondary phases of CaCO3 and BaCO3 on the sample surface. 

The crystallization of the CaCO3 phase on the sample surface was observed in the in-situ XRD patterns as shown 

in Figure 5.10. To probe the topographic information of the sample surface, the BNC20 sample before and 

after being annealed at 500 ℃ in the humid environment for one week was imaged using the Zeiss Crossbeam 

340 SEM equipment. 

 
Figure 5.15 Secondary electron microscopy (SEM) images of the BNC20 sample (a) before and (b) after being annealed 

at 500 ℃ in humid environment for a week. 

As can be seen in Fig 5.15, after wet annealing and the following heat treatment in the in-situ XRD 

measurement (where the hydrated BNC20 sample was heated up to 800 ℃ for 2 hours including the XRD data 

collecting time), a great number of faceted grains grew out from not only the grain boundaries but also from 

the surface of the original grains, as seen in Figure 5.15(b). The observation of these faceted grains with a grain 

size of 100~200 nm on the sample surface is consistent with the appearance of peak (3) in the cooling cycle, 

which could be ascribed to the crystallization of BaCO3/CaCO3 secondary phases. These SEM images along with 

the aforementioned in-situ XRD data suggested that BNC20 shows a poor chemical stability in the wet 

atmosphere, where an A-cation exsolution process will happen resulting in secondary phases of BaCO3, CaCO3 

and so on. The A-site deficiency on the surface of perovskite materials has been investigated by many 

(a)                                                                                     (b)                                                                                     
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groups(183, 215-217). The surface termination and subsurface restructuring of the perovskite-based solid 

oxides was investigated by Druce et al.(217) using low energy ion scattering spectroscopy (LEIS), which 

confirmed that after high temperature treatment, segregated A-site (or substituent) cations dominated the 

outer surfaces and the subsurface showed B-site enrichment(217). The secondary phases formation in the 

BaNd0.8Ca0.2InO3.9 sample after a long period of annealing in a wet atmosphere could be related to the 

segregation of A-site cations on the outer surfaces of the sample, which then react with the moisture forming 

Ca(OH)2 and Ba(OH)2 on the sample surface. The energy required for the exsolution of the calcium cations in 

the lattice can be compensated by the energy released from the subsequent reaction as depicted below: 

Ca(OH)2 + CO2 = CaCO3 + H2O     ∆H
298K

。
= −109 𝑘𝐽 ∙ 𝑚𝑜𝑙−1(218) 

The reaction above is thermodynamically favourable in the temperature range 20-750 ℃ according to the 

previous literature(219), and its kinetics are augmented with high relative humidity where the water vapor 

exhibited the catalytic effect(218, 220, 221). The exsolution of barium cations and the formation of BaCO3 can 

also be ascribed to this mechanism. According to the in-situ XRD patterns, after calcium and barium 

segregation, the main phase in the bulk material was still monoclinic. Therefore, segregation of calcium and 

barium seemed to happen at the upmost surface where decomposition of the BaNd0.8Ca0.2InO3.90 happened 

forming hydroxides and Indium/Neodymium oxide. If there is A-cation exsolution process happened in the 

material, an A-site deficient region could be found near the sample surface, which requires more experimental 

data (using surface analysis techniques, such as SIMS or LEIS) to verify. But majority of the grains in the bulk 

remained the same stoichiometry with a monoclinic crystal structure.  

 

5.4 D/H Isotopic effect 
The deuterium isotope effect on the electrical properties of the BNC20 solid solution was investigated by EIS 

measurement and the symmetrical DC conductivity measurement as described above. A water bubbler 

containing deuterium water (～99% D2O) was introduced when measuring the conductivity of the BNC20 

sample under wet atmosphere.  

5.4.1 AC impedance spectroscopy under D2O-related wet atmosphere 
A symmetrical cell comprising a BNC20 sample coated on both sides with platinum electrodes was annealed 

in the D2O vapor containing air at 500 ℃ for 8 hours. The D2O vapor of ～2.5%(222) in air was introduced by 

adding a water bubbler containing 99% pure D2O between the gas cylinder and the sealed impedance 

apparatus. To make a comparison with the impedance data obtained previously in a wet atmosphere (3% H2O 

vapor in air), the experimental set-up was kept the same as before.  

 

(a)                                                                                     
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Figure 5.16 (a) Impedance spectra of BNC20 measured in D2O humidified air at 250 ℃ in the heating and cooling cycles. 

(b) & (c) Nyquist plots of BNC20 measured in dry and D2O humidified air at (b) 250 ℃ and (c) 275 ℃, where the hollow 

circles represent the dry impedance data, the hollow triangles are the wet data and the red line represent the fit result. 

The Nyquist plots of the sample measured at 250 ℃ in the heating and cooling cycles were shown in Figure 

5.16(a). A clear decrease in diameter of the first semi-circle appeared at high frequency was observed in the 

cooling cycle. The difference of the data obtained in heating and cooling cycles at the same temperature could 

be ascribed to the incomplete hydration of D2O during the prior 8 hours annealing step.  In order to keep 

consistency in the obtained data and focus on the fully hydrated sample, the data obtained in the cooling cycle 

was chosen for further analysis. 

 
Figure 5.17 Arrhenius plots of the total conductivities of the BNC20 sample measured under dry and D2O wetted 

atmospheres. 

As can be seen in Figure 5.16 (b) and (c), at low temperatures the incorporation of D2O in the BNC20 sample 

resulted in a smaller semi-circle at the high frequency range, which belongs to the bulk response, and a much 

broader depressed semi-circle corresponding to the grain boundary response. The Nyquist plots indicated a 

higher bulk conductivity and a lower grain boundary conduction in BNC20 after D2O incorporation, as the latter 

could be ascribed to the secondary phase that emerged from the grain boundaries. The reduced semi-circle 

at the high frequency range implied a fast conduction mechanism after D2O humidification, though the 

reduction of which is less significant in the H2O impedance data. On the other hand, the overall resistance of 

(b)                                                                                     (c)                                                                                     
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the sample excluding the electrode response at lower frequencies, was increased by D2O incorporation. The 

Arrhenius plot of the total conductivities of BNC20 measured under dry and D2O humidified atmospheres are 

illustrated in Figure 5.17. 

Unlike the influence of the water incorporation in the BNC20 sample, which increased the total conductivity 

of the sample, the D2O water incorporation appeared to decrease the total conductivity of BNC20 at both low 

and high temperature ranges. In the temperature range from 325℃ to 450 ℃, the total conductivity of the 

BNC 20 sample in dry and D2O humidified atmospheres were almost the same. A more detailed analysis by 

separating the bulk and grain boundary responses in the impedance data could have provided more 

information about the D2O incorporation. But due to the poor quality of the EIS equipment during the COVID-

19 pandemic, it is difficult to extract reliable information when analysing these data sets. However, the Nyquist 

plot together with the Arrhenius plots for total conductivities showed some clear evidence of D2O 

incorporation into the BNC20 sample. The further analysis in probing the influence of D2O on the conductivity 

of the BNC20 sample could be carried out on the following symmetrical DC conductivity measurements, where 

a change of gaseous atmosphere from Air+D2O (～2.5%) to Air+H2O (～3%) was involved. The reduction in the 

conductivity was expected due to the H/D isotope effect, which will be further explored in Section 5.4.2. 

 

5.4.2 Deuterium isotope effect measured by symmetrical DC conductivity measurement 

Two BNC20 samples synthesized from the same batch as the samples used in Section 5.2 were prepared and 

mounted through the same process. One pellet coated with platinum electrodes was placed on the blocking 

quartz-tube and connected with the conductivity measuring circuit, while the other one was put in the alumina 

crucible for TGA measurement. Two samples were annealed in dry air first till both the mass and resistance 

reached a plateau. Then the gaseous atmosphere was changed from dry air to D2O humidified air by switching 

on the water bubbler which contained 99% pure D2O water. The D2O wet annealing continued until the mass 

and resistance of the sample reached a new plateau indicating the completion of D2O incorporation. The 

gaseous atmosphere was then switched into Air+H2O (～3%) by replacing the D2O water bubbler with a H2O 

water bubbler. 

 

 

 

 

(a)                                                                                     
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Figure 5.18 (a) Resistance and (b) conductivity of BNC20 sample plotted against time measured in varying atmospheres 

at 500 ℃. The dotted lines label the switch of atmospheres. 

Compared with previous H2O wet atmosphere test, four interesting findings could be concluded according to 

the measurement above. First of all, the resistance of BNC20 was increased after D2O incorporation, which 

was consistent with the EIS results. The corresponding mass changes indicated a much slower D2O absorption 

process which took more than 6 hours for the pellet sample to be completely hydrated by D2O as the H2O 

incorporation only took 3 hours to complete. Secondly, the atmospheric change from D2O humidified air to 

H2O humidified air resulted in a decrease in the sample resistance, and therefore, the total conductivity of the 

sample in H2O wet atmosphere was higher than that in D2O atmosphere. The deuterium isotope effect on the 

total conductivity of BNC20 can be calculated as the ratio of the resistance in D2O humidified air, RD, and the 

resistance in H2O humidified air, RH, to be 1.416(2). The value of isotope effect in this measurement was 

consistent with the value 1.414 as usually quoted in the previous literature(223, 224). Apart from that, it is 

interesting to note that the exchange of D for H in BNC20 after switching the atmosphere was a relatively slow 

process as the mass nearly change for quite a long period of time after switching the water bubbler. This can 

be attributed to the higher mass of D (2.01) than that of H (1.01). Last but not least, the solubility of H2O in 

the BNC20 solid solution is higher than that of D2O as the mass ratio of the pellet sample started to increase 

from t=52000s after changing the atmosphere from air+D2O to air+H2O. 

 

5.5 Summary 

In summary of this chapter, calcium substitution at the Nd site can significantly increase the total conductivity 

of BaNdInO4 pristine material by 1-2 orders of magnitude in dry air. Under dry atmosphere, the highest total 

conductivity of 2.6 x 10-3 Scm-1 was obtained in the BaNd0.8Ca0.2InO3.90 sample at 750 oC in air. The BNC20 

sample exhibits p-type and oxide-ion mixed conduction under dry atmospheres within the O2-N2 p(O2) range 

as the total conductivity, Total (Scm-1), and the bulk conductivity, Bulk (Scm-1),  of BNC20 were both lower in 

the N2 atmosphere. Both the total conductivity and the bulk conductivity of BNC20 were enhanced in wet 

atmospheres over a large temperature range (250 oC-750 oC) compared with those measured in dry 

atmospheres which implies that this material may exhibit triple (oxygen-ions, protons and holes) conduction 

under wet atmospheres. Compared with the Sr and Ba substituted BaNdInO4-based solid solutions in the 

previous literature, calcium substitution on the Nd site resulted in the highest oxide-ion conductivity and 

lowest activation energy for oxide-ion conduction, which could be ascribed to the defect associations in the 

(b)                                                                                     
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system. The tendency of oxygen vacancies to be associated with the heavy doping cations would increase the 

activation energy of conduction by adding an association enthalpy ∆𝐻𝐴 . Further experimental results are 

required to support this hypothesis. 

The thermogravimetric analysis (TGA) and the simultaneous DC conductivity measurement showed a 

consistent result with the previous EIS data as the mass increased and the resistance of BNC20 decreased 

when the water vapour was introduced. The protonic defects concentration of the saturated BNC20 sample 

was 2.2 mol% according to the TGA measurement. Apart from that, an expansion in the lattice parameters of 

the BNC20 sample after hydration was observed under in-situ XRD measurements according to the Le Bail 

refinements on the XRD patterns obtained in the heating cycle. Several experimental results have indicated 

that calcium substituted BaNdInO4 oxides can be used as a proton conductor.  

However, an A-cation exsolution process was observed in BNC20 being annealed at 500 oC in humid 

atmosphere over one week which suggested that this type of material shows a poor chemical stability when 

being exposed in humid environment for a long period of time. A large number of faceted grains of CaCO3 

were observed in the SEM images of the hydrated sample surface after heat treatment of the in-situ XRD 

measurement. In the in-situ XRD patterns, an additional peak appeared at 38.2° was observed, which changed 

from an amorphous shape into a sharp peak shape as the temperature increased. The appearance of this 

additional peak confirmed that the correlated secondary phase of calcite crystalized in elevating temperature 

on the sample surface(213). Apart from that, a secondary phase of BaCO3 was also detected in the hydrated 

BNC20 sample from analysis of the XRD patterns. Two additional peaks emerged at 800 ℃ at low angles (21.8° 

and 26.5°) which then disappeared in the cooling cycle, and could be ascribed to the phase transition of BaCO3 

that occurs at 1073-1093 K from the orthorhombic BaCO3 (α-BaCO3) structure into the trigonal β phase (β-

BaCO3)(214).  

The deuterium isotope effect on the electrical conductivity of BNC20 solid solution was investigated by EIS 

and symmetrical dc conductivity measurements. Both EIS and dc conductivity measurements showed a 

decrease in the total conductivity of the BNC20 sample after D2O incorporation, and the process of D2O uptake 

was confirmed to be relatively slower than the H2O uptake. The deuterium isotope effect on the total 

conductivity of BNC20 measured by the dc conductivity measurement was calculated to be 1.416(2), the value 

of which was close to 1.414 as usually quoted in the previous literature(223, 224). 

 

5.6 Suggested future work 

One of the potential future works is the P(O2) dependence measurements of the total conductivity on the 

BNC20 sample using the symmetrical TGA and dc conductivity system. It would be a great idea to conduct the 

conductivity measurement whilst varying the gaseous atmospheres (O2/N2 ratio, N2/H2 ratio) to obtain the 

Brouwer diagram of the BNC20 solid solution. The oxide-ion conductivity of the sample at a specific 

temperature could then be derived from the pure oxide-ion conduction region where the constant 

conductivities are independent of P(O2). A more profound investigation regarding the charge carrier 

distribution and conduction mechanism in the system can therefore be discussed in detailed. Instead of a 

pellet-shaped sample, a bar-shaped sample could be used in the 4-probe dc conductivity measurement to 

avoid the electrode effect. 
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The deuterium isotope effect on the electrical properties of the BNC20 sample could be investigated more 

deeply by impedance spectroscopy. It is worth mentioning that, before the impedance measurement, a long 

period D2O vapour annealing process is required to ensure D2O fully incorporation.  

A material recovering test on the hydrated BNC20 sample after a long period of wet annealing is worth 

attempting since all the secondary phases detected were precursors used for synthesis. A high temperature 

sintering process could be conducted on the hydrated sample to let the carbonate decompose and react with 

the bulk material to form a primitive monoclinic phase again. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 

 

Chapter 6 

Oxygen diffusion in BNC20 solid solution 

In the last chapter, the electrical properties of the BNC20 solid solution were investigated generally through 

the total conductivity measured by electrochemical impedance spectroscopy or dc conductivity measurement 

without separating different charge carriers and analysing their distributions. In this chapter, the oxygen 

diffusion kinetics in the BNC20 sample along with the surface exchange coefficient for oxygen will be measured 

by isotope exchange depth profiling method, which offers an opportunity for probing the oxygen diffusion 

mechanism alone in the bulk material. Both dry and wet 18O isotopic exchange experiments were performed 

on the sectioned dense BNC20 samples with a polished surface. To obtain reliable data, a mirror finish should 

be achieved on the polished sample surface, and the density of the bulk materials needs to be greater than 

95% of the theoretical value. The environmental influences on the oxygen diffusion kinetics will be discussed. 

The obtained oxygen diffusion coefficients will be compared with the previous EIS results according to the 

Einstein relation (Equation (1)). Deuterium diffusion measurements were also performed isothermally on the 

BNC20 sample using the D2O vapour as the diffusion source。 

The obtained depth profiles were analysed using the Matlab app TraceX(186), where the fitting process is 

based on the Crank solution expressed as Equation 67(184). The TraceX app is capable of estimating the errors 

occurred in the fitting of the experimental data with the Crank solution expression. A typical diffusion profile 

with a representative error analysis by TraceX is shown in Figure 6.1(a)&(b) as an example. For each specific 

value of the standard deviation for the overall fit residual, the deviation for diffusion coefficient, D, and for 

surface exchange coefficient, k, could be derived from the edge of the single-colored polygon. 

 
Figure 6.1 (a) A typical depth profile data fitting and (b) a representative error analysis of the Ba7Nb4MoO20-Based 

oxides(Collaboration with Tokyo Tech, published on Nat. Com. (225)) exchanged in 18O2 at 700 ℃ for 2 hours by the 

Matlab app TraceX(186). The deviation are given as D=5.4x10-9(−0.8 × 10−9

+1.0 × 10−9) cm2s-1 and k=9.6x10-8(−0.5 × 10−8

+0.4 × 10−8) cm s-

1. 

For the above depth profile, according to the error analysis by Matlab, a deviation of 15-20% for the diffusion 

coefficient and a deviation of 10% for the surface exchange coefficient are given during the mathematical data 

fitting process. However, the majority of errors introduced in the IEDP-SIMS analysis was from the 

experimental procedures, for instance, the exchange time regarding the heating and cooling rate of the 

(a)                                                                                     (b)                                                                                     
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experiment, the sample geometry after sectioning etc. A detailed discussion of the potential origins of the 

errors in the IEDP-SIMS technique can be found in the previous literature(226), in which a deviation of 10-30% 

was estimated for the diffusion coefficient. In this Chapter, the mathematical standard deviations introduced 

during the TraceX data processing will not be added in the plots due to the larger uncertainty arising from the 

former experimental procedures, but an estimation of the errors in the obtained kinetics can be assumed as 

around 15-30%. 

 

6.1 Experimentation for the IEDP measurement 

6.1.1 Sample preparation and experimental procedures for an isotope exchange experiment 

Sample preparation: The BNC20 samples for the isotopic exchange measurements were synthesized by the 

modified solid reaction solution method, the relative density of which was confirmed to be more than 98% by 

the Archimedes method. To reduce the error caused by surface roughness in practice, the sintered pellet 

samples were ground initially using SiC grinding papers (Struer® Co.) with grits of 600, 1200 and 2000 

successively. The pellet shaped sample was then sectioned into several bar-shaped samples using the diamond 

blade. After being ultra-sonically cleaned for 3 minutes in acetone to remove the cutting residue on the sample 

surface, the sectioned parts were then mounted on the polishing block fixed with wax and glass slides for the 

automatic polishing process. With the polished surface facing up on the polishing block, the sectioned samples 

were then automatically polished using a Struer-automated polishing machine (Struer® Co.) in the water-

based diamond suspensions of 6 μm, 3μm, 1μm and a quarter μm successively. The corresponding polishing 

time and force exerted on the sample for each step was 10 min/20 N, 10 mins/20 N, 20 mins/15 N and 20 

mins/10 N respectively until a mirror-finish on the sample surface was achieved. The resulting bar samples 

were ultra-sonically cleaned in acetone to remove the polishing residue and the wax. The surface finish of the 

sectioned samples was checked by optical microscopy before being placed in the sample boat for the following 

isotopic exchange experiment. 

Experimental procedures for a dry 18O2 exchange: A typical dry 18O2 exchange measurement consists of 

two main steps, namely the 16O2 pre-annealing and the 18O2 exchange annealing. One of the purposes of a  16O2 

pre-annealing process before the exchange is to mitigate the mechanical damage induced by the previous 

grinding and polishing steps. Besides, it is also an equilibration step to give a flat background of oxygen for 

isotopic diffusion. The time for 16O2 pre-annealing is usually 10 times longer than the isotopic exchange time, 

while the determination of the latter one is based on material properties and the required permeation depth 

of the tracer atoms into the bulk material.  

 
Figure 6.2 Schematic diagram of the timeline for a typical isotopic exchange experiment. 

After placing the polished sample in the sample boat next to the thermocouple, the exchange tube should be 

sealed and evacuated to a base pressure lower than 4x10-7 mbar. To freeze the oxygen exchange process at 
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the set temperatures, a roll-on and roll-off furnace is applied. Special cares should be taken when operating a 

short time exchange process where the actual exchange time needs to be calibrated to exclude the heating 

and cooling tail of the temperature profile. In this research, an exchange time of 1 hour or 2 hours were chosen 

in order to avoid introducing extra errors with respect to the actual exchange time. After evacuating the 

apparatus, 200 mbar of 16O2(99.9995%) was let in and the furnace was rolled on to start the pre-anneal. When 

the pre-annealing step was complete, the furnace was rolled off and the main chamber was evacuated again. 

After evacuating the main chamber, 200 mbar 18O2 with the 18O concentration of 91% was introduced and the 

furnace was rolled on again to start the exchange annealing. After 1 or 2 hours exchange time, the furnace 

was rolled off, the sample was allowed to cool to room temperature and the residual 18O in the chamber was 

recovered. The exchanged sample was then taken out and stored in a small sample box for the following SIMS 

analysis.  

Experimental procedures for a wet H2
18O exchange are similar to that for a dry exchange experiment, 

while the introduction of water vapor was done by opening the valve between the water tank and the main 

chamber. The temperature of the water source stored in the water tank was controlled by a water bath, so 

that the amount of water vapour in the apparatus after equilibrium was determined based on the water bath 

temperature. After equilibrium of the valve was switched off, and 200 mbar O2 was let in to mimic the 

atmospheric condition. A heating strip and aluminium foil was used to wrap the exchange tube and main 

chamber during the experiment in order to avoid the condensation point in the system. 

Line scan sample preparation: The permeation depths of the exchange experiments in this research 

were controlled in the line scan sample preparation range of 50-300 μm on purpose to have a better 

data consistency. Therefore, the exchange samples need to be polished again on the lateral surface 

perpendicular to the original flat exchanged surface for further SIMS analysis to achieve the depth 

profile. In practice, to avoid edge effects in the SIMS analysis, two exchanged samples were stuck 

together with the flat exchanged surfaces facing each other using the super glue. The exchanged 

samples was then mounted on the polishing block fixed with wax again for the polishing process. It 

is worth noting that the sample should be mounted on the polishing block properly so that the top 

surface for polishing is perpendicular to the original flat exchanged surface to avoid introducing 

errors caused by sample geometry. The aforementioned grinding and polishing steps were repeated 

here to achieve a flat surface for the later SIMS analysis. 

  
Figure 6.3 (a) Picture of two exchanged samples stuck together being mounted on the polishing block fixed with wax 

and glass slides. (b) Schematic diagrams of a SIMS-linescan analysis mode(60). 

 

(a)                                                                                     (b)                                                                                     
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6.1.2 SIMS-LINESCAN analysis mode to obtain diffusion profiles 
In this research, the ToF-SIMS (ION-TOF GmbH, Münster, Germany) working at ultra-high vacuum equipped 

with a dual ion-beam machine using a bismuth liquid metal ion gun and a low-energy sputtering ion gun was 

used to obtain the diffusion profiles. For the line scan samples, the elemental mapping mode of SIMS is capable 

of observing the isotope fraction across the sample surface, in which the sputtering gun was used for large 

area sputtering purpose. Depending on different samples and analysis purpose, different sputtering beams 

were used. In this chapter, the oxygen isotope exchanged sample surfaces were analyzed using the Cs+ beam 

which is beneficial for the negative secondary ions yields. An electron flood gun was used during the sputtering 

process to  avoid the charge build-up on the sample surface since the BNC20 samples were electrically 

insulating at room temperature. Before extracting the elemental mapping of the selected area, a cleaning 

process was done by sputtering of the top surface of the sample with a larger area including the area of interest 

until the intensities of the surface contamination species, i.e. chlorine, hydrocarbon species, decreased to a 

plateau. During the cleaning step, all the signals of interest were defined and calibrated based on the light ions 

using the installed software. The obtained profiles were then analyzed using the TraceX Matlab app to extract 

the diffusion coefficients, D, and the surface exchange coefficients, k. 

6.2 Oxygen diffusion in BNC20 

6.2.1 Oxygen diffusion in BNC20 under dry atmosphere 
As described above in the experimentation part, the dry 18O2 isotope exchange experiments were performed 

on the dense BNC20 samples, and the depth profiles starting from the original polished surfaces obtained by 

SIMS-linescan analysis mode were analysed using TraceX app in Matlab. The data fitting of the depth profiles 

and the obtained diffusion kinetics are shown in the following figures and listed in Table 6.1. 

 
Figure 6.4 (a) 18O map of the selected area of the BNC20 sample exchanged in 18O2 at 500 ℃ for 2 hours. The green 

lines present the starting line of the diffusion profile and the diffusion direction. (b) The corresponding fitted depth 

profile of the selected region, where the blue circles represent data points, the red line shows the simulation results 

and the green line is the fitted residual. 

Figure 6.4 (a) showed a representative 18O map of the selected area of the BNC20 sample which had been 

exchanged in 18O2 at 500 ℃ for 2 hours, where the green lines illustrate the starting line of the diffusion profile 

and the diffusion direction. As can be depicted from Figure 6.4(a), the starting edge of the diffusion profile 

was well defined, so that a whole region analysis using TraceX can be applied. Figure 6.4(b) showed the 

corresponding fitted depth profile of the selected region which included the experimental conditions in the 

top left corner and the obtained diffusion kinetics.  

(a)                                                                                     

(b)                                                                                     
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Figure 6.5 16O+18O map of the selected area of the BNC20 sample exchanged in 18O2 at 550 ℃ for 2 hours 

 

 
Figure 6.6 18O map of the selected area of the BNC20 sample exchanged in 18O2 at 550 ℃ for 2 hours and two analysing 

solutions, namely the (a) whole region and the (b) region of interest (ROI) analysis. The green dotted lines point out the 

starting line for diffusion and the blue dotted lines show the background fraction of 18O. Corresponding fitted depth 

profiles of the selected regions, respectively for the (c) whole region analysis and the (d) ROI analysis. 

Whole Region                                                                                Region of Interest                                                                                

(c)                                                                                     (d)                                                                                     

(a)                                                                                     (b)                                                                                     
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In some derived 16O/18O maps, the uniformity of the sample edge was not ideal as shown in Figure 6.5. In the 
16O map of the 550 ℃ exchanged sample, the edge of the diffusion profile was not a straight line where many 

geometric defects could be seen on the right hand side, as emphasized with the blue circle. To avoid inducing 

extra errors, the region of high uniformity was selected in the Region of Interest (ROI) analysis mode of TraceX 

to produce the depth profile. However, a drawback of the ROI analysis mode was that more noise was 

introduced in the derived depth profile due to the small amount of data included as seen in Figure 6.6(b). The 

poor uniformity of the starting edge could be ascribed to many factors, for instance, grinding and polishing 

damage, original porosities in the sample and the quenching thermal history during the exchange experiment. 

 

           
Figure 6.7 (a) 18O map of the selected area of the BNC20 sample exchanged in 18O2 at 700 ℃ for 1 hour. The green line 

presents the starting line of the diffusion profile. (b) The corresponding fitted depth profile of the whole region. (c) 

Manual fit of the depth profile excluding the inhomogeneous area and fitting from 18 μm to 120 μm in diffusion depth. 

Overall, the obtained depth profiles were fitted quite well with the Crank solution according to the residuals 

shown with the green lines except for the 700 ℃ depth profile as shown in Figure 6.7 above. The relatively 

large mismatch between the obtained data and the simulation results around the sample edge can be 

attributed to the edge effect of the SIMS technique. The ‘dead time’ and saturation effects of a ToF-SIMS 

detector may also contribute to the underestimation of the surface exchange coefficient obtained in the SIMS-

linescan method. In the 700 ℃ depth profile, the mismatch could be referred to the inhomogeneity as noticed 

in Figure 6.7(a). These surface features appeared near the diffusion frontier showed low 18O concentration as 

(a)                                                                                     

(b)                                                                                     (c)                                                                                     
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these region were darker in the 18O map. Therefore, a manual fit of the 700 ℃ depth profile excluding the 

inhomogeneous area and fitting from 18 μm to 120 μm in diffusion depth was performed in comparison with 

the automatic fit of the whole region. The new restriction zone of the fit didn’t affect the diffusion coefficient, 

D, significantly, however, the obtained surface exchange coefficient, k, was increased by approximately 10%. 

Therefore, additional attention should be paid upon the obtained surface exchange coefficients in the 

extensive analysis. 

To investigate the data validity and reliability of the derived diffusion kinetics, the h-plot was employed, in 

which the normalised 18O isotopic fraction at the sample surface, C’(0), is plotted against the dimensionless 

variable h’=h√𝐷𝑡. In the plot, the solid dark line represents the theoretical or calculated values, while the solid 

triangles are the empirical data obtained in the SIMS-linescan measurements above. The diffusion kinetics 

obtained in the dry isotope exchange  experiments are listed in Table 6.1 below. 

Table 6.1 Dry oxygen diffusion kinetics of BNC20 sample obtained by SIMS-linescan analysis. 

Exchange 
atmosphere 

T 
(℃) 

t 
(s) 

C’(0) D 
(cm2/s) 

k 
(cm/s) 

h=k/D 
(cm-1) 

h’=h√𝐷𝑡 

18O2 (150 Torr) 500 7200 0.018 4.78 x 10-11 1.55 x 10-9 32.43 0.019 
18O2 (150 Torr) 550 7200 0.036 1.36 x 10-10 5.62 x 10-9 41.32 0.041 

(ROI) (▲)   0.045 1.24 x 10-10 6.30 x 10-9 50.81 0.048 
18O2 (150 Torr) 600 3600 0.152 2.27 x 10-10 4.42 x 10-8 194.7 0.176 
18O2 (150 Torr) 700 3600 0.300 1.40 x 10-9 2.56 x 10-7 182.9 0.410 

(Manual) (▲)   0.300 1.41 x 10-9 2.80 x 10-7 198.6 0.447 

 

 
Figure 6.8 Normalised surface isotope fraction as a function of the reduced variable h’, where the curve represents the 

calculated surface isotope fractions based on Eq. (47) and the solid triangles are the experimental data obtained in the 

dry 18O isotopic exchange experiments. The blue sign is the 550 ℃ region of interest data and the purple one is the 

700 ℃ manually fitted data, respectively. 

Except for the data point belonging to the manual fit of the 700 ℃ depth profile, all the data points derived 

from the SIMS-linescan analysis agree reasonably well with the calculated profile. The relatively significant 

discrepancy between the experimental values and the theoretical values in the 700 ℃ depth profile can be 

referred to the lower quality of the SIMS mapping results where significant surface inhomogeneity can be 

observed. The data consistency of the set of experiment needs to be confirmed either by repeating the 
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exchange experiment or by reanalysing the previous sample and finding another flat region on the sample 

surface. Another solution proposed in the previous literature(60) to achieve reliable surface exchange 

coefficients was to determine the surface tracer fraction additionally by depth profiling on the original 

exchanged surface of the correlated sample. By doing so, the fitting of the derived depth profile can be refined 

by a certain surface isotopic fraction value at x=0, which will result in a significant discrepancy between the 

simulation results and the derived depth profile near the sample surface(183). However, as can be seen in 

Table 6.1, the diffusion coefficients obtained within the bulk material were quite consistent when changing 

the analysis methods.  

The temperature dependence of the diffusion kinetics will be discussed in detail in the following sections with 

the ones obtained in various wet atmospheres. Here instead, comparisons of the depth profiles measured 

under different temperatures were illustrated in the figures below. A clear increase in both D and k can be 

noted in the elevated temperatures according to the increasing normalised surface 18O fractions and the 

longer permeation depth. 

   
Figure 6.9 Line scan profiles of 18O penetration into BNC20 samples exchanged at (a) 500 and 550 ℃ for two hours and 

at (b) 600 and 700 ℃ for 1 hour. 

 

6.2.2 Oxygen diffusion in BNC20 under wet atmosphere 

Unlike the dry 18O2 isotope exchange experiments where the 18O tracer came from the simple-substance 

gaseous atmosphere of 18O2, in the wet 18O exchange, a mixed gaseous atmosphere of 150 Torr 16O2 with ～

30 Torr H2
18O was introduced and the tracer originated from the water vapor in the environment. As a result, 

the surface exchange process of the sample with the mixed gas in wet exchange is more complicated, and 

therefore, the residual gas composition after the exchange experiment was monitored using the coupled 

Residual Gas Analyzer (RGA) system with mass spectrometry. A typical mass spectrum after a wet exchange is 

shown in Figure 6.10, which was obtained by RGA measurement of the residual gas after 2 hours wet exchange 

at 700 ℃. The isotopic fraction of the original H2
18O source was confirmed to be 87% by RGA measurement 

before the exchange experiments. In the wet exchange experiments the residual gas is not recovered, and 

thus, the 18O concentration of 0.87 can be used in the simulations of the wet exchange depth profiles. The 

RGA results of the residual gas after the exchange experiment performed at 500 ℃ and 700 ℃ for 2 hours 

and 1 hour, respectively are shown in Table 6.2 below. Owing to the severe molecular scrambling at high 

temperatures (700 ℃), one of the assumed boundary conditions:  −𝐷 (
𝜕𝜑

𝜕𝑥
)

𝑥=0
= 𝑘[𝐶𝑔𝑎𝑠 − 𝜑(𝑥 = 0, 𝑡)] , is 

(a)                                                                                     (b)                                                                                     
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no longer valid because the Cgas variable can not be treated as a constant now. During the high temperature 

exchange experiment, the isotopic fraction in the environmental gas kept decreasing as a result of the 

molecular scrambling, which then lead to significant errors in the determination of the diffusion kinetics, 

especially in the obtained k values. 

Table 6.2 18O isotopic fraction before and after wet exchange experiment measured by RGA. 

Experiment Temperature (℃) Exchange Time (s) Cgas(18O) before Cgas(18O) after 

H2
18O+O2 500 7200 0.87 0.84 

H2
18O+O2 700 7200 0.87 0.49 

H2
18O 500 7200 0.87 0.86 

 

 
Figure 6.10 RGA measurement results of the residual gas after the 2 hours’ exchange experiment at 700 ℃. 

 

Therefore, the wet 18O exchange experiments were selectively performed on the dense BNC20 samples at 500, 

550 and 600 ℃ in the H2
18O+O2 environment and at 500 ℃ particularly in the pure H2

18O atmosphere. The 18O 

map obtained by SIMS along with the simulation results are shown in the figures below. It needs to be 

mentioned that the detected intensities of the 18O- and 18OH- ions under SIMS are similar. Figure 6.11-6.14 

below are the 18O maps because it gave slightly higher counts, while the total oxygen counts were included in 

the Appendices as A.6-A.9. Both of the depth profiles achieved from the 18O/16O maps and from the 18OH/OH 

maps respectively were analysed using TraceX, while the resulting diffusion coefficients were almost the same. 

The statistics of the fitted results are listed in the Table 6.3. 
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Figure 6.11 (a) 18O map of the selected area of the BNC20 sample exchanged in O2 (150 Torr)+ H2

18O (32.55 Torr) at 

500 ℃ for 2 hours. (b) The corresponding fitted depth profile of the whole region. The blue circle labels the major 

mismatch of the data. 

      
Figure 6.12 (a) 18O map of the selected area of the BNC20 sample exchanged in O2 (150 Torr)+ H2

18O (32.59 Torr) at 

550 ℃ for 2 hours. (b) The corresponding fitted depth profile of the whole region. The blue circle labels the major 

mismatch of the data. 

(a)                                                                                     (b)                                                                                     

(a)                                                                                     (b)                                                                                     
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Figure 6.13 (a) 18O map of the selected area of the BNC20 sample exchanged in O2 (150 Torr)+ H2

18O (32.54 Torr) at 

600 ℃ for 1 hour. (b) The corresponding fitted depth profile of the whole region.  

      
Figure 6.14 (a) 18O map of the selected area of the BNC20 sample exchanged in pure H2

18O (32.69 Torr) at 500 ℃ for 2 

hours. (b) The corresponding fitted depth profile of the whole region.  

As labelled by blue circles in the corresponding depth profiles obtained from the wet exchange experiments, 

the major mismatch between the simulated result and the empirical result appeared as a shoulder in the depth 

profile, which indicated, potentially, a fast grain boundary diffusion mechanism for oxygen migration under 

wet atmospheres. Other sources of error may also account for the discrepancy in the data fitting, such as 

surface roughness and features caused by polishing process. A larger depth profile achieved through an 

exchange experiment with a longer period of time can effectively minimized the error caused by small features 

on the sample surface. Considering fast grain boundary diffusion of oxide-ions in the system, since the 

diffusivity of oxygen ions through grain boundary is faster than in grains, grain boundaries can function as 

shortcuts for oxide-ion migration which resulted in large discrepancy in the depth profile fitting using Crank’s 

solution. Similar observations for the fast grain boundary diffusion in the oxygen diffusion depth profiles in 

solid oxides could be found in the previous literature(183, 227-229). All the wet exchange depth profiles except 

for the 600 ℃  one showed an unfitted shoulder indicating fast grain boundary diffusion. According to 

Kilner(229), the critical value for material diffusivity to observe the fast grain boundary diffusion behavior in 

an oxygen depth profile is 10-12 cm2/s. In the 600 ℃ wet exchange profile, the obtained diffusion coefficient 

(a)                                                                                     (b)                                                                                     

(a)                                                                                     (b)                                                                                     
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was 2.15 x 10-10 cm2/s which was much larger than this critical value, and therefore, the fast grain boundary 

tail is no longer visible. Table 6.3 concludes all the obtained diffusion kinetics of the wet exchange experiments. 

Table 6.3 Wet oxygen diffusion kinetics of BNC20 sample obtained by SIMS-linescan analysis. 

Exchange 
atmosphere 

T 
(℃) 

t 
(s) 

C’(0) D 
(cm2/s) 

k 
(cm/s) 

h=k/D 
(cm-1) 

h’=h√𝐷𝑡 

O2+H2
18O 500 7200 0.225 8.93 x 10-12 1.17 x 10-8 1310 0.332 

(18OH/OH)    8.80 x 10-12 1.11 x 10-8   

O2+H2
18O 550 7200 0.355 5.74 x 10-11 5.79 x 10-8 1009 0.648 

(18OH/OH)    5.10 x 10-11 4.28 x 10-8   

O2+H2
18O 600 3600 0.633 2.15 x 10-10 1.55 x 10-8 72.09 0.634 

(18OH/OH)    2.05 x 10-10 1.38 x 10-8   

H2
18O 500 7200 0.068 8.33 x 10-12 2.66 x 10-9 319.3 0.078 

(18OH/OH)    8.25 x 10-12 2.48 x 10-9   

*Second row of each data represents the D and k values obtained from the 18OH/OH maps. 

 
Figure 6.15 Normalised surface isotope fraction as a function of the reduced variable h’, where the curve represents the 

calculated surface isotope fractions based on Eq. (47) and the solid red triangles represent the experimental data 

obtained in the dry 18O isotopic exchange experiments, while the blue ones are data points obtained in the wet 

exchange experiments. 

According to the h’-plot, the normalised surface isotope fractions of the wet exchange depth profiles are quite 

different from the calculated values compared with data points from the dry exchange experiments. The 

dramatic difference in the h’-plot with the calculated value may result in poor reliability of the obtained wet 

surface exchange coefficients, especially for the 600 ℃ wet exchanged sample. This could be referred to the 

discrepancy of the fitting in the 600 ℃ depth profile. 
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6.2.3 Grain boundary diffusion product 

To investigate the potential fast grain boundary diffusion of the oxygen ions within the system, a grain 

boundary model was induced (Figure 6.16), where the grain boundary is treated as a uniform and isotropic 

slab of material of width δ  with a coefficient Dgb much greater than the coefficient Db for diffusion in the grains 

on either side. Subject to the normal continuity conditions at the grain boundary edges, c=c’ and 𝐷gb
𝜕𝑐′

𝜕𝑥⁄ =

𝐷b
𝜕𝑐

𝜕𝑥⁄  where c and c’ donate concentrations outside and inside the slab respectively, two additional 

boundary conditions were chosen to solve the equation of Fick’s 2nd law for the region inside and outside the 

slab as expressed below. 

2𝐷b

𝛿

𝜕𝑐

𝜕𝑥
+ 𝐷gb

𝜕2𝑐

𝜕𝑦2
=

𝜕𝑐

𝑡
(74) 

𝐶(𝑥, 𝑦, 𝑡) = 𝐶0; 𝑡 ≥ 0; 𝑦 = 0 (75) 

while Equation (75) assuming the surface concentrations maintained everywhere at some constant value from 

t=0 onwards was chosen by Whipple(230) to solve the two-dimensional Fick equation: 𝐷b (
𝜕2𝑐

𝜕𝑦2 +
𝜕2𝑐

𝜕𝑥2
) =

𝜕𝑐

𝜕𝑡
. 

Two reduced and dimensionless variables and one parameter were also introduced: 

𝜂 =
𝑦

√𝐷b𝑡
 , 𝜉 =

𝑥 − 𝛿
2⁄

√𝐷b𝑡
(76) 

𝛽 =
𝐷gb

𝐷b

𝛿
2⁄

√𝐷b𝑡
(77) 

 
Figure 6.16 Schematic of the two dimensional fast grain boundary diffusion model for mathematic calculations 

The solution of the two-dimensional Fick equation in detail will not be discussed here, but the reader is 

directed to the comprehensive discussion of the solution by reference (230, 231). According to De Souza(232), 

a modified expression of Whipple’s exact solution can be expressed as: 

𝐶′(𝑦, 𝑡) =
𝐶(𝑦, 𝑡) − 𝐶bg

𝐶gas − 𝐶bg
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              = erfc (
𝑦

2√𝐷𝑡
) − [exp (

𝑘𝑦

𝐷b
+

𝑘2𝑡

𝐷b
) × erfc (

𝑦

2√𝐷b𝑡
+ 𝑘√

𝑡

𝐷b
)] + 𝐴gb𝑒𝑥𝑝 (−𝑍𝑦

6
5⁄ )                    (78) 

where Agb and Z are the reduced parameters for grain boundary fast diffusion. The whole solution can be seen 

as an extension from the Crank solution by adding a grain boundary diffusion term in the end. In this research, 

the approximation expression proposed by Chung and Wuensch (231) for the determination of a grain 

boundary diffusion product, 𝐷gb ∙ 𝛿, was used for further calculations, which can be expressed as: 

𝐷gb𝛿 = 2𝐷b
3

2⁄ 𝑡
1

2⁄ [10𝐴 (−
𝜕 ln 𝐶

𝜕𝜂
6
5

)

𝐵

] (79) 

where A and B are constants which can be determined according to the value of β as listed in Table 6.4.  

Table 6.4 Ranges of values for β ; the resulting ranges of average slope, 𝜕 ln 𝐶/ 𝜕𝜂
6

5; and the parameters A, B, 

and R obtained by computations(231). 

Ranges of β 

selected for 
computation 

Resulting ranges of 
computed average 

values for 𝜕 ln 𝐶

𝜕𝜂
6

5
⁄  

Parameters resulting from regression analysis 

A B R 

1-10 -0.702627– -0.195588 -0.274313 -1.797654 0.99999 

10-100 -0.195588– -0.056815 -0.326028 -1.865051 0.99997 

100-1000 -0.056815– -0.0173545 -0.422809 -1.943238 0.99999 

1000-10000 -0.0173545– -0.0054179 -0.484307 -1.978574 0.99999 

10000-100000 -0.0054179– -0.0016949 -0.498762 -1.985363 0.99999 

 

The use of these results to obtain grain boundary diffusion products, 𝐷gb𝛿  , or grain boundary diffusion 

coefficient, 𝐷gb , essentially reverses the computational procedures as described in the previous 

reference(231). The average slope of  𝜕 ln 𝐶/ 𝜕𝜂5/6 can be determined by linear fitting of the ln 𝐶-𝜂5/6 in the 

selected area of 6 ≤ 𝜂 ≤ 10. The specific range of 𝜂 were selected to ensure no significant contrition from 

bulk diffusion while the fractional contribution to C at this limit range are 2.2 x 10-5 to 1.5 x 10-12, respectively. 

Larger values of 𝜂 were not included in the linear fitting due to the consideration of distinguishing SIMS data 

near the end of the profiles from the background natural abundance. Then the obtained average slope values 

were fit in the appropriate ranges in the Table above to achieve the corresponding A and B values, which could 

be substitute into Equation (79) with the 𝜕 ln 𝐶/ 𝜕𝜂5/6 value to yield the grain boundary diffusion products, 

𝐷gb𝛿. The grain boundary diffusion coefficient could therefore be estimated according to the dimension of 

the grain boundaries in the material.  

By plotting the ln 𝐶 against 𝜂5/6, the wet exchange profiles were linear fitted in the selected region of 6 ≤

𝜂 ≤ 10 as shown in Figure 6.17 & Figure 6.18. The 500 ℃ and 550 ℃ wet exchange profiles showed obvious 

linear region in the specific area indicated a fast grain boundary diffusion mechanism, while in the 500 ℃ pure 

H2
18O wet exchanged profile, and in the 600 ℃ wet exchange profile, the fast grain boundary diffusion was 

not that obvious, and the experimental data points of that region in the ln 𝐶-𝜂5/6  plot were not linearly 

distributed. The grain boundary diffusion products obtained by the aforementioned solution for the 500 ℃ 

and 550 ℃ wet exchange profiles are listed in the chart below. Assuming that the grain boundary dimension, 

𝛿, is around 2～8 nm(68), then the oxygen diffusion coefficient in grain boundary can be estimated to be ～
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10-7 cm2/s which is orders-of-magnitude higher than the bulk oxygen diffusion coefficient. Therefore, fast grain 

boundary oxygen diffusion in the BNC20 sample under H2
18O+O2 gaseous atmosphere was confirmed. 

However, in the  500 ℃ pure H2
18O wet exchanged profile, and in the 600 ℃ wet exchange profile, the grain 

boundary tail was not well defined, while the latter one could be ascribed to the relatively large bulk diffusion 

coefficient which exceeds the critical value for visible fast grain boundary diffusion(229). 

Table 6.5 The grain boundary diffusion products obtained according to Chung and Wuensch 

approximation(231). 

T 
(℃) 

Db 
(cm2/s) 

t 
(s) 

𝜕 ln 𝐶/ 𝜕𝜂5/6 𝐷gb ∙ 𝛿 

(cm3/s) 

β 

500 8.93 x 10-12 7200 -0.15848 6.64 x 10-14 14.7 

550 5.74 x 10-11 7200 -0.23466 5.31 x 10-13 7.20 

 

      

Figure 6.17 ln 𝐶-𝜂
6

5 plots with the fast grain boundary diffusion profile fitting of BNC20 samples wet exchanged at (a) 

500 ℃ and (b) 550 ℃for 2 hours, where the red solid lines represent the fitted profile discussed in the last section. 

      

Figure 6.18 (a) ln 𝐶-𝜂
6

5 plot of BNC20 sample wet exchanged in pure H2
18O at 500 ℃ for 2 hours, where the data from 

the selected region 6 ≤ 𝜂 ≤ 10 was labelled by blue vertical lines. (b) ln 𝐶-𝜂
6

5 plot of BNC20 sample wet exchanged at 

600  ℃ for 1 hour. 

(a)                                                                                     (b)                                                                                     

(a)                                                                                     (b)                                                                                     
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6.2.4 Oxygen diffusion kinetics of BNC20 

The comparison between oxygen diffusion depth profiles obtained in dry 18O2 exchange experiments and the 

ones obtained in wet H2
18O+O2 exchange experiments is illustrated in the Figure 6.19, where the red marks 

represent the wet profiles and the blue ones represent the dry profiles. At 500 and 550 ℃ the existence of 

water vapor in the gas significantly improved the surface exchange process as the surface isotope fraction in 

these two profiles were greatly increased. A reverse trend was seen in the 600 ℃ exchange profile, the 

corresponding sample was analysed in particular under STEM-EDS for further elemental analysis. On the other 

hand, the oxygen diffusion coefficients, D, were slightly decreased in the wet condition in all three plots of 

depth profiles, which could be referred to as further evidence for the formation of protonic defects. And the 

formed protonic defects seemed to add an extra barrier for the oxygen diffusion in the bulk materials. The 

resulting diffusion kinetics were plotted in the Arrhenius plots as shown in Figure 6.20 (a)&(b). 

 

 
Figure 6.19 18O depth profiles of BNC20 sample obtained in dry and wet exchange experiments at (a) 500 ℃ (b) 550 ℃ 

and (c) 600 ℃. 

Figure 6.20(a) shows the Arrhenius plot for oxygen diffusion coefficients, where the dark circles are the 

diffusion coefficients obtained in dry exchange experiments, the red triangles represent the values obtained 

in wet H2
18O+O2 exchange experiments and the blue rectangle is the on achieved in the 500 ℃ pure H2

18O wet 

exchange experiment. The water incorporation resulted in lower oxygen diffusion coefficients and a higher 

activation energy for oxygen diffusion coefficient. The activation energy was increased from 1.08(8) eV in dry 

condition to 1.86(11) eV after water incorporation, which implied a hindering effect of protonic defects on the 

(a)                                                                                     (b)                                                                                     

(c)                                                                                     
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oxygen diffusion process in the bulk material. As for the surface exchange process, a clear improvement can 

be seen in the surface exchange coefficients of the 500 and 550 ℃ wet exchange data, while at a higher 

temperature of 600 ℃ the surface exchange process seemed to be hindered, which could be ascribed to the 

dehydration of water on the sample surface or because of the secondary phases that emerged from the grain 

boundaries that block the oxygen permeation. Further experimental results are required to explain this 

unusual observation. 

 
Figure 6.20 Arrhenius plots of the obtained (a) oxygen diffusion coefficients, D, and (b) surface exchange coefficients, k. 

 
Figure 6.21 18O depth profiles of BNC20 sample obtained in different atmospheres. 

Particularly, a sectioned sample of BNC20 was exchanged in pure H2
18O water vapor to make a comparison 

with the dry and wet exchange profiles. In the more reducing pure H2
18O environment, the surface exchange 

process was severely prohibited compared with that in H2
18O+O2 atmosphere, while the oxygen diffusion 

(a)                                                                                     (b)                                                                                     
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coefficients were almost the same in the wet conditions. This interesting observation in the surface exchange 

coefficients allows a probe on the surface exchange mechanism happened during the wet exchange 

experiments that oxygen molecules are involved in the surface exchange process. To obtain a more 

comprehensive understanding of the oxygen surface exchange mechanism on the surface of this material, 

more experimental data are required. 

 
Figure 6.22 Arrhenius plots of the oxygen diffusion coefficients for BNC20 samples obtained through different methods. 

According to the Nernst-Einstein relation 𝜇 =
𝑞𝐷

𝑘𝑇
 (Equ. 1), the diffusion constants can also be calculated from 

the oxide-ion conductivity obtained in the EIS measurements. The electrical conductivity data of the BNC20 

sample measured under N2 atmosphere by EIS were substituted into the Einstein equation to achieve the 

calculated D values for oxygen diffusion. It needs to be mentioned that, the electrical conductivity data used 

for the calculation here were obtained in the dry N2 condition, the oxygen partial pressure of which was around 

10-4 atm. According to the previous literature(121), the oxygen partial pressure range of the oxide-ion 

dominant region (where the measured total conductivity equals the oxide-ion conductivity) for 

BaNd0.9Sr0.1InO3.95 is below 10-6 atm. Therefore, the contribution of electronic carriers cannot be neglected 

here. The exact expression of the Dcalc is shown below: 

𝐷𝑐𝑎𝑙𝑐 = 𝑓𝐷𝑠𝑒𝑙𝑓 = 𝑓 ∙
𝜇O𝑘B𝑇

𝑞
= 0.69 ∙

𝜎O𝑘B𝑇

𝑞2𝑛O

(80) 

where 𝐷self  is the self-diffusion coefficient and f is the correlation factor which is 0.69 for a perovskite-

structured material. 𝜇𝑂 represents the oxide-ion mobility in the bulk material, kB is the Boltzmann constant 

and q is the electrical charge of oxide-ions; 𝜎O, in S∙cm-1, donates the oxide-ion conductivities which were 

substituted with electrical conductivities measured in dry N2 in EIS measurements; 𝑛O , in cm-3, is the charge 

carrier density which can be calculated by dividing the number of charge carriers in a unit cell (3.9) by the unit 

cell volume (438.21 Å3). 
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The resulting oxide-ion diffusion coefficients, Dcalc, were plotted against 1000/T as shown in Figure 6.22. The 

calculated values of diffusion coefficients are larger than those obtained in the dry exchange profiles which 

could be due to the residual hole conduction of the material in N2 atmosphere. A small difference was 

observed between the activation energies obtained by different methods, 0.98(2) eV by EIS measurement and 

1.08(8) by dry isotope diffusion profiling method, which confirmed that in N2 the dominant charge carriers in 

the BNC20 sample are oxide-ions. Apart from that, it is interesting to note that the incorporation of water in 

the system reduced the oxygen diffusion coefficients according to the isotope exchange experiments in dry 

and wet conditions. That is to say, the enhancement in the electrical conductivities in wet atmospheres 

compared with those in dry atmospheres as observed in the previous EIS data was not due to the faster oxygen 

diffusion in the material. In fact, the oxygen diffusion was hindered under wet atmospheres. Therefore, the 

improved electrical conductivity in the BNC20 sample measured under wet conditions in EIS measurements 

must be due to an enhancement in the hole conduction or due to the protonic conductivities. The isotopic 

exchange experiments could be regarded as further evidence for the existence of protonic conduction in the 

acceptor-doped BaNdInO4 materials under wet gaseous atmospheres. However, there is an non-negligible 

difference between the calculated D values and the ones obtained in the isotope exchange experiments, which 

could be attributed to many reasons. Firstly, as mentioned above, the attribution from electronic conduction 

in the BNC20 material under N2 atmosphere can result in a higher Dcalc values. Secondly, the specific correlation 

factor f for this unique crystal structure remains unknown. Last but not least, in the calculation of the D values, 

the charge carrier density was calculated by dividing the number of charge carriers in a unit cell (3.9) by the 

unit cell volume (438.21 Å3). The exact number of charge carriers in a unit cell is difficult to define and the 

defect association may also play a role in determining the charge carrier density in the material.  

 
Figure 6.23 Temperature dependency of oxygen diffusion coefficient, D, for BaNd0.8Ca0.2InO3.90 compared to state-of-

the-art oxide-ion conductors. LWO56 represented the lanthanum tungstate with the general formula of 

La27.15W4.85O55.275.(233) The diffusivity data of Zr0.9Y0.1O2, Ce0.9Gd0.1O2 and SrCe0.95Yb0.05O2.975, BaCe0.9La0.1O2.95 were 

included with permission from (234, 235).  Reproduced with permission from (233). 
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Figure 6.23 illustrated the Arrhenius plot of oxygen diffusion coefficient for BaNd0.8Ca0.2InO3.90 compared with 

those of the state-of-the-art oxide-ion conductors which were discussed in Chapter 1 and Chapter 2. As shown 

in the figure, the diffusivity of oxygen in the BaNd0.8Ca0.2InO3.90 is about two orders of magnitude lower than 

that of CGO, and the activation energies for oxygen migration in these two materials are quite similar as the 

slopes of the Arrhenius plots are similar to each other. As a pure oxide-ion conductor, BaNd0.8Ca0.2InO3.90 

showed slightly lower oxygen diffusion coefficient than those state-of-art ionic conductors. However, as 

implied by previous characterizations, this layered perovskite material exhibits improved protonic conduction 

under wet atmospheres. In order to probe the protonic diffusivity, the deuterium D/H isotope exchange depth 

profiling were performed which will be discussed in the next section. 

 

6.3 D/H isotope diffusion 

The deuterium D/H isotope exchange depth profiling measurements were performed using the same set-up 

with the wet oxygen diffusion experiment, where the D2O vapor was created using a D2O water tank. Dense 

sectioned BNC20 samples were exchanged under D2O+O2 (150 Torr) at 500 and 550 ℃ for 2 hours. All the 

procedures for sample preparation and exchange experiments were similar to those of the wet oxygen 

diffusion experiments as described in the last section. However, to avoid the influence of water in the polishing 

process when preparing the line scan sample, the anhydrous ethanol based polishing medium (Struer®) was 

used in the polishing steps. In SIMS analysis, Cs+ sputtering beam was used to extract the OD- and D- species. 

In the corresponding mass spectra of the two exchanged samples as shown in Figure 6.24, the mass 2.015 (D-) 

peak and the mass 18.012 (OD-) were well defined, the intensities of which are greater than the deuterium 

natural abundance. The corresponding OD- maps were used for further analysis to obtain the diffusion kinetics 

for deuterium diffusion because the intensity of OD- species detected were much higher than that of D-. The 

resulting OH/OD depth profiles are illustrated as Figure 6.25 (a) & (b). 

     
Figure 6.24 Mass spectra of the (a) 500 ℃ and (b) 550℃ D2O exchanged sample by SIMS. 

(a)                                                                                     (b)                                                                                     @500 ℃/ 2hrs                                                             @550 ℃/ 2hrs                                                             
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Figure 6.25 (a) OD/OH depth profile of BNC20 sample exchanged in D2O(30.7 Torr)+O2 (150 Torr) atmosphere at 500 ℃ 

for 2 hours, where the horizontal blue line represents the theoretical natural abundance of deuterium. (b) The OD map 

aligned by TraceX where the green dotted line represent the sample edge. 

 

 
Figure 6.26 (a) OD/OH depth profile of BNC20 sample exchanged in D2O(30.9 Torr)+O2 (150 Torr) atmosphere at 550 ℃ 

for 2 hours, where the horizontal blue line represents the theoretical natural abundance of deuterium. (b) The total 

counts map of 550 D2O exchanged sample measured under SIMS. (c) The OD map of 550 D2O exchanged sample 

measured under SIMS, where the yellow circle labels the porosity area. 

(a)                                                                                     

(a)                                                                                     

(b)                                                                                     

(b)                                                                                     (c)                                                                                     
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As shown in the obtained OD/OH depth profiles above (Figure 6.25(a) & Figure 6.26(a)), a severe data 

fluctuation could be noticed in both depth profiles, which is due to the relatively slow surface exchange 

process compared with the considerably fast diffusion in the bulk materials for deuterium ions. The extremely 

low surface isotopic fractions in the depth profiles also implied a small surface exchange coefficient of 

deuterium. The relatively slow surface exchange process between the D2O molecules and the BNC20 sample 

surface observed in this measurement was in agreement with the previous EIS results and the symmetrical 

TGA/dc conductivity measurement results in Section 5.4. All these experimental results indicated that, 

compared with H2O incorporation, D2O incorporation happened on the BNC20 sample surface was a 

significantly slow process. 

On the other hand, according to the obtained OD/OH depth profiles, a deuterium enriched region was 

confirmed at the sample surface with permeation depth of around 20-40 μm in both samples which seems 

like the beginning section of the depth profiles, followed by an extremely long diffusion ‘tail’ of over 500 μm. 

The end of the profile or the background was not recorded as the isotopic fraction values of the whole depth 

profiles were much higher than the natural abundance of deuterium, which was due to the surprisingly large 

diffusion coefficient of deuterium in the bulk material. According to the obtained depth profiles, the thickness 

of the samples used in the D2O exchange experiments were not thick enough to meet the criterion of the semi-

infinite boundary conditions for deuterium diffusion (the dimension of the sample thickness, 𝐿 <

4√𝐷deuterium𝑡). Therefore, the Crank solution for simulation of the diffusion depth profile in a semi-infinite 

sample is no longer appropriate. However, based on the obtained mass spectra the incorporation of deuterium 

in the BNC20 sample was confirmed. Additionally, a fast deuterium diffusion in the bulk material with a 

relatively slow surface exchange process for D ions on the sample surface can be assumed according to the 

OD depth profiles. All these observations are consistent with the previous conductivity and TGA 

characterisation results on the BNC20 composition proving that the deuterium incorporation is a relatively 

slow process compared with the H2O incorporation in the BNC20 sample, and the protonic defects are the 

dominant charge carriers in the BNC20 sample at around 500 ℃ in wet atmospheres.  

However, to achieve valid diffusion kinetics of the deuterium diffusion in the BNC samples, the D2O exchange 

experiments above need to be modified regarding the exchange time and temperatures. The permeation 

depths of the deuterium species into the sample needs to be tuned in the semi-infinite boundary condition 

range with regard to the sample thickness. The major problem though is the slow surface exchange process, 

which would lead to severe fluctuation in the depth profile data points. A possible solution to the slow 

deuterium surface exchange process on the sample surface is deposition of a thin activating layer, such as 

platinum, on one surface of the sample. But, by platinum deposition, the surface coefficients k would be no 

longer achievable.  

 

6.4 Calcium exsolution and phase stability 

Figure 6.27 shows the colour difference between the BNC20 samples exchanged in pure H2
18O at 500 ℃ for 2 

hours (lighter colour, bottom) and in H2
18O+O2 at 600 ℃ for 1 hour (darker colour, top), which was noticed 

during the line scan sample preparation after the exchange annealing. These two samples were analysed using 

STEM-EDS characterisation after obtaining the depth profiles by SIMS measurements. A focused ion beam 

scanning electron microscope (FIB-SEM, Helios Nanolab 600, FEI) was used to prepare electron transmitting 

lamellae. 
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Figure 6.27 A photo of two exchanged sample stuck together fixed on the polishing block with wax during line scan 

sample preparation. 

 
Figure 6.28 SEM images of (a) the H2

18O+O2 exchanged darker sample and (b) the pure H2
18O exchanged lighter sample 

under Helios FIB-SEM. 

 

 
Figure 6.29 Preparation of the electron transparent lamellae from the H2

18O+O2 exchanged BNC20 sample with Ga+ ion 

beam milling using Helios. 

(a)                                                                                     (b)                                                                                     
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The STEM instrument used to analyse the exchanged samples was a high resolution TEM 2100F working at 

200 keV equipped with an EDX detector (Inca X-act EDS) and an Aztec data analyzer to give the elemental 

information. The resulting elemental mapping and spectra for two samples are shown below. 

 

 

 
Figure 6.30 Elemental mappings of the selected area of the lighter sample (pure H2

18O exchanged at 500 ℃ for 2 hours) 

under STEM-EDS. 

As shown in the elemental mappings, a clear calcium segregation in the porosity area within the selected 

region was observed, which lead to the formation of CaCO3 secondary phases as the Ca, O and C counts were 

all higher near the porosity. In the selected area, the chemical composition on average was measured as 
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Ca:Nd:Ba:In =0.11:0.85:1:1.15 (atomic ratio, Ba was set as 1), where a loss in the atomic ratio of calcium and 

barium cations was observed compared with the original stoichiometry of BNC20. This result was in agreement 

with the in-situ XRD results after the long period of time wet annealing, showing that the BNC20 sample 

experienced calcium exsolution forming CaCO3 on the sample surface during wet annealing processes. The full 

EDS elemental spectra were included in the Appendices as figure A.4 and A.5. 

 

 

 
Figure 6.31 Elemental mappings of the selected area of the darker sample (H2

18O+O2 exchanged at 600 ℃ for 1 hour) 

under STEM-EDS. 

The darker sample which has been exchanged in H2
18O+O2 at 600 ℃ for 1 hour, showed a more significant 

calcium exsolution in the defect region as shown in the elemental mappings under STEM-EDS. Besides, it is 

interesting to note that calcium signals were almost invisible in other area of the milled sample implying a 
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non-calcium chemical composition in the rest of the area except for the defect area. The severe segregation 

of calcium forming CaCO3 on the sample surface may explain the off-trend observation in the surface exchange 

coefficients(Figure 6.20(b)). The formation of CaCO3 secondary phase during the wet annealing on the sample 

surface may hinder the 18O surface exchange process resulting in a low surface exchange coefficient at 600 ℃. 

Therefore, further attention should be paid upon the choice of exchange temperature and exchange time for 

the wet isotope exchange experiment since the BNC20 solution is quite sensitive to humidity at high 

temperatures. 

6.5 Summary 

To conclude this chapter, the oxygen and deuterium diffusion mechanism in the BNC20 sample was analysed 

by the isotope exchange depth profiling (IEDP) method coupled with SIMS analysis. In the dry 18O2 exchange 

experiments, sectioned BNC20 samples were exchanged in 150 Torr 18O2 at different temperatures for 

appropriate exchange times to achieve 18O/(16O+18O) depth profiles, which could then be analysed by TraceX 

solving Crank’s solution to Fick’s second law of diffusion for a semi-infinite medium. The wet oxygen diffusion 

experiments were performed using H2
18O labelled water to create a gaseous atmosphere of H2

18O (～30 

torr)+O2 (150 Torr) to achieve 18O/(16O+18O)  depth profiles. On the other hand, deuterium diffusion in the 

BNC20 sample was measured using D2O to produce the depth profile of the tracer OD at 500 ℃ and 550 ℃ in 

particular. All the isotope exchange experiments were performed using the SIMS-linescan analysis mode, the 

data validity of which was confirmed with the normalised surface isotope fraction plotted as a function of the 

reduced variable h’. 

The oxygen diffusion coefficients measured in the dry isotope exchange experiments at 500, 550, 600 and 

700 ℃ were 4.78 x 10-11 , 1.24 x 10-10, 2.27 x 10-10 and 1.40 x 10-9 cm2/s respectively, which decreased with 

water incorporation as measured in the wet isotope exchange experiments (8.93 x 10-12 at 500 ℃, 5.74 x 10-

11 at 550 ℃ and 2.14 x 10-10 at 600 ℃). The activation energy for oxygen diffusion increased from 1.08(8) eV 

to 1.86(11) eV after water incorporation, which implied a hindering effect of protonic defects on the oxygen 

diffusion process in the bulk material. As for the surface exchange process, a clear improvement can be seen 

in the surface exchange coefficients of the 500 and 550 ℃ wet exchange data, while at a higher temperature 

of 600 ℃ the surface exchange process seemed to be hindered, which could be ascribed to the dehydration 

of water at higher temperatures or because of the secondary phases of CaCO3 that emerged on the sample 

surface that blocked the oxygen permeation. The exsolution of calcium and the formation of CaCO3 secondary 

phase was confirmed in the following STEM-EDS measurements. 

Besides, in the 500 ℃ and 550 ℃ (H2
18O+O2) wet exchange depth profiles, a clear unfitted tail was observed 

which implied a fast grain boundary diffusion mechanism. The grain boundary diffusion products, 𝐷gb ∙ 𝛿, 

were calculated through a modified expression of the Whipple’s exact solution(232) with the Chung and 

Wuensch approximation(231) as 6.64 x 10-14 and 5.31 x 10-13 cm3/s at 500 ℃ and 550 ℃ respectively, which 

were orders-of-magnitude higher than the corresponding bulk diffusion coefficients assuming the grain 

boundary dimension, 𝛿, was around 2～8 nm(68). In particular, a BNC20 sample was exchanged in pure H2
18O 

environment at 500 ℃ for 2 hours, and a significant decrease in the surface exchange coefficient from 1.17 x 

10-8 cm/s to 2.66 x 10-9 cm/s was obtained compared with the oxygen-enriched atmosphere wet exchange 

result. This observation provides a probe of the surface exchange mechanism that happened during the wet 

exchange experiments, showing that oxygen molecules are involved in the surface exchange process. 

Based on the obtained mass spectra by SIMS of the D2O exchanged samples, the incorporation of deuterium 

in the BNC20 sample was confirmed. A fast deuterium diffusion in the bulk material with a relatively slow 
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surface exchange process for D ions on the sample surface can be assumed according to the OD depth profiles, 

where the OD isotope fraction values of the whole depth profile are much higher than the natural abundance 

value of deuterium. All these observations are consistent with the previous conductivity and TGA 

characterisation results of the BNC20 composition proving that the deuterium incorporation is a relatively 

slow process compared with the H2O incorporation in the BNC20 sample, and the protonic defects are the 

dominant charge carriers with a much faster diffusion coefficient than oxide-ions in the BNC20 sample at 

around 500 ℃ in wet atmospheres. 

6.6 Suggested future work 

More dry and wet oxygen isotope diffusion experiments should be conducted on the BNC20 composition to 

obtain more reliable activation energy values for the oxygen diffusion in the bulk materials. Special cares 

should be taken on the determination of the exchange temperatures and exchange time for the wet isotope 

exchange measurements because BNC20 is quite sensitive to humidity. To avoid severe segregation and 

calcium exsolution on the sample surface, which may introduce extra errors in deciding the diffusion kinetics, 

a lower temperature with a short exchange time is recommended. And the pure H2
18O exchange experiment 

should be repeated at different temperatures, so that the oxygen surface exchange process that happened on 

the BNC sample surface could be explored in detailed. Long exchange time (4 hours or longer) for the IEDP 

measurements are suggested to obtain depth profiles with larger profile which can effectively mitigate the 

statistic errors caused by surface roughness or features of the sample. These empirical studies can also be 

coupled with computational simulation results for a more detailed surface exchange mechanism study on the 

BNC20 sample or the related solid solutions. 

The oxygen isotope exchange depth profiling measurements on the strontium and barium substituted 

BaNdInO4 solid solutions and the pristine BaNdInO4 samples are worth performing as well, the values of which 

could be used to derive the corresponding activation energies for oxygen diffusion providing more information 

on the oxygen diffusion mechanism within the lattice. These experimental results could be compared with the 

oxide-ion conductivity data obtained in the previous research(121, 124) to give a more comprehensive 

understanding of the relationship between the acceptor-doping cations and the oxygen diffusion process in 

the materials. As a by-product, high quality data of the oxygen diffusion coefficients obtained from the oxygen 

isotope exchange measurements on the acceptor-doped BaNdInO4-related solid solutions can be used to 

estimate the charge carrier density, nO, in the bulk material during the calculation process using the Nernst-

Einstein equation. The value of charge carrier density, nO, can then be substituted to obtain the number of 

oxygen vacancies in a unit cell volume, which could be extremely useful to investigate the defect association 

in the structures. However, the validity of the D values from the isotope exchange measurements may not 

good enough for such analysis. 

The fast grain boundary diffusion observed in the wet oxygen exchange data could be discussed in detailed by 

conducting more wet exchange experiments at around 500 ℃. The critical value of bulk diffusion around 10-

12 cm2/s for a visible fast grain boundary diffusion tail in the profiles should be paid more attention when 

deciding the experimental parameters. The grain boundary diffusion products could then be used to yield the 

activation energy for oxygen diffusion through grain boundaries, the discussion of which could be rather 

interesting. 

Last but not least, the deuterium diffusion experiment should be redesigned based on the two D2O exchanged 

experiments above. A lower exchange temperature with a short exchange time should be adapted to obtain 

valid deuterium diffusion kinetics, which could be useful in comparison with the wet EIS data in investigating 

the charge carrier distribution in the BNC20 composition under wet atmospheres. 
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Chapter 7 

Conclusion and Future work 

7.1 Conclusions 

Consistent research interest in the development of high efficiency fuel cell devices based on solid ionic 

conducting electrolytes has led to various studies on finding novel crystal structure families of oxide-ion 

conductors for further developments with regard to lowering the operating temperatures of the existing high 

temperature solid oxide fuel cells and improving their performance. Among all the known oxide-ion 

conductors, fluorite-type and the perovskite-type structure families are the mostly investigated ceramics, the 

electrical performance and the oxygen transport mechanism of which have been widely explored both 

empirically by experiments and theoretically through simulations and computations in the previous literatures. 

However, further development and commercialization of SOFC devices based on electrolytes of these two 

crystal structures seemed to hit a plateau when extending their application into the intermediate temperature 

range due to the complicated fabrication process or the chemical stability problem of the corresponding 

materials. The discovery of a new structure family based on the BaNdInO4 layered perovskite-related structure 

by Fujii et al.(115) proposed a new potential candidate for the further development in the choice of the 

electrolyte material in the application of SOFCs. However, the electrical conductivity of the pristine BaNdInO4 

solid solution needs to be improved to meet the requirements for fabrication of a thin film of the electrolyte 

material using in a SOFC device. On the other hand, though several acceptor-doping cations have been tried 

to improve the electrochemical performance of the pristine material, no approach has been taken on probing 

the possible proton conduction in these solid solutions and few empirical study has been performed 

investigating the oxygen transport in this unique structure. The development of this structure family was 

selected as the main topic of this research, with the aim of investigating the fundamentals of its properties 

through material characterization and improving the electrochemical performance of this material. 

The synthesis and preliminary material characterization of the BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 

0.25, 0.30) solid solution series was discussed in Chapter 4, where the modification of the traditional solid 

reaction solution to achieve dense pellet samples was explored in detail. The optimal synthesis process 

consists of two sintering process, each accompanied by a ball milling step to decrease the particle size before 

pressing, which resulted in single-phased dense pellet samples with relative densities around 98%. The crystal 

structure of the formed phase in the BaNd1-xCaxInO4-x/2 solid solutions was determined in static air by XRD, 

where a single phase of primitive monoclinic crystal structure with the P21/c symmetry was confirmed in most 

of the samples except for the BNC30 sample. According to the refined lattice parameters obtained by Le Bail 

refinement of the XRD patterns, the substitution of calcium at the Nd sites in BaNd1-xCaxInO4-x/2 caused a 

contraction in the unit cell volume as the calcium content 𝑥 increased from 0 to 0.2. This decrease in the lattice 

size can be ascribed to the small size mismatch of the calcium and neodymium cations. An additional peak 

corresponding to the emerged secondary phase of Ba2In2O5 was identified in the XRD pattern of the BNC30 

sample, which can be used in combination with the out-of-trend changes in the lattice parameters as the 

calcium content 𝑥 exceeded 20% to estimate the solubility limit of calcium doping in the BaNdInO4 system (～

25%). On the other hand, the chemical compositions of the solid solutions were confirmed by EDS 

characterization method, where the atomic ratios of the heavy cations agreed considerably well with the 

designed stoichiometry and a lower atomic fraction of calcium and oxygen was observed due to the poor 

quantitative accuracy of the EDS technique in detecting light elements. 
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In Chapter 5, the electrical properties of the obtained dense pellet BaNd1-xCaxInO4-x/2 (x = 0, 0.10, 020) samples 

were investigated by electrochemical impedance spectroscopy (EIS) under various gaseous atmospheres, the 

results of which showed that calcium substitution at the Nd site can significantly increase the total conductivity 

of BaNdInO4 pristine material by 1-2 orders of magnitude in dry air. Under dry atmosphere, the highest total 

conductivity of 2.6 x 10-3 Scm-1 was obtained in the BNC20 sample at 750 oC in air. The BNC20 sample exhibits 

p-type and oxide-ion mixed conduction under dry atmospheres within the O2-N2 p(O2) range as the total 

conductivity, σTotal (Scm-1), and the bulk conductivity, σBulk (Scm-1), of BNC20 were both lower in the N2 

atmosphere. Compared with the Sr and Ba substituted BaNdInO4-based solid solutions in the previous 

literature, calcium substitution on the Nd site resulted in the highest oxide-ion conductivity (2.60 x 10-3 S·cm-

1 in dry air at 750 ℃) and lowest activation energy (0.740(4) eV in N2) for oxide-ion conduction, which could 

be ascribed to the defect associations happened in the system. Moreover, it is interesting to note that the 

total conductivity of the BNC10 and BNC20 samples were enhanced in wet atmospheres over a large 

temperature range (250 oC-750 oC) compared with those measured in dry atmospheres which implies that this 

material may exhibit triple (oxygen-ion, proton and hole) conduction under wet atmospheres.  

To confirm the attribution of protonic conduction within the acceptor-doped BaNdInO4 materials under wet 

atmosphere, the symmetrical TGA analysis coupled with the simultaneous DC conductivity measurement was 

performed in the lab of Centro Atomico Bariloche (CAB), the results of which showed a clear mass increase 

and resistance decrease of the BNC20 sample after introducing water vapor into the sealed system. The 

protonic defects concentration of the saturated BNC20 sample was 2.2 mol% according to the TGA 

measurement. The sample after wet annealing was taken out and measured under in-situ XRD in heating and 

then cooling cycles. An expansion in the lattice parameters of the BNC20 sample after hydration was observed 

according to the Le Bail refinements on the XRD patterns obtained in the heating cycle. These results can be 

referred to as further evidence showing that BNC20 oxides exhibits protonic conduction under wet 

atmospheres. 

However, an A-cation exsolution process was observed in the BNC20 sample being annealed at 500 ℃ in 

humid atmosphere over a week as a large number of faceted grains of the CaCO3 secondary phase was 

observed in the SEM image of the hydrated sample surface after long time annealing. In the in-situ XRD 

patterns, the change of an additional peak appeared at 38.2° from an amorphous shape into a sharp peak 

shape as the temperature increased confirmed that the correlated secondary phase of calcite crystalized in 

elevating temperatures on the sample surface(213). Apart from that, secondary phase of BaCO3 was also 

detected in the hydrated BNC20 sample by XRD patterns, in which two additional peaks emerged at 800 ℃ at 

low angles (21.8° and 26.5°) and disappeared in the cooling cycle. These two extra peaks could be ascribed to 

the phase transition of BaCO3 happened at 1073-1093 K from the orthorhombic BaCO3 (α-BaCO3) structure 

into the trigonal β phase (β-BaCO3)(214). 

The deuterium isotope effect on the electrical conductivity of BNC20 solid solution was investigated by EIS 

and symmetrical dc conductivity measurements. Both EIS and dc conductivity measurement showed a 

decrease in the total conductivity of the BNC20 sample after D2O incorporation, and the process of D2O uptake 

was confirmed to be relatively slow than the H2O uptake. The deuterium isotope effect on the total 

conductivity of the BNC20 sample measured by dc conductivity measurement was calculated to be 1.416(2), 

the value of which was close to 1.414 as usually quoted in the previous literatures(223). This isotope effect 

confirms the protonic nature of the measurements. 
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To probe the oxygen and proton diffusion mechanism in the BNC20 solid solution, the dense BNC20 samples 

was analyzed using the isotope exchange depth profiling (IEDP) method with the SIMS-linescan analysis mode. 

In the dry 18O2 exchange experiments, sectioned BNC20 samples were exchanged in 150 Torr 18O2 at different 

temperatures for appropriate exchanging times to achieve 18O/O depth profiles, while the wet oxygen 

diffusion experiments were performed using H2
18O labelled water to create a gaseous atmosphere of H2

18O 

(～30 torr)+O2 (150 Torr) for achieving 18O/O depth profiles. The obtained depth profiles were analyzed using 

a Matlab app TraceX. On the other hand, deuterium diffusion in the BNC20 sample was measured using D2O 

to produce the depth profile of the tracer OD at 500 ℃ and 550 ℃ in particular. The data validity of the IEDP 

data was confirmed with the normalised surface isotope fraction plotted as a function of the reduced variable 

h’, and the errors introduced in the mathematical calculation of deriving the diffusion kinetics during the data 

analysis was given by the standard deviation map. 

The oxygen diffusion coefficients measured in the dry isotope exchange experiments at 500, 550, 600 and 

700 ℃ are 4.78 x 10-11 , 1.24 x 10-10, 2.27 x 10-10 and 1.40 x 10-9 cm2/s respectively, which were decreased by 

water incorporation as measured in the wet isotope exchange experiments (8.93 x 10-12 at 500 ℃, 5.74 x 10-

11 at 550 ℃ and 2.14 x 10-10 at 600 ℃). The activation energy for oxygen diffusion was increased from 1.08(8) 

eV to 1.86(11) eV after water incorporation, which implied a hindering effect of protonic defects on the oxygen 

diffusion process in the bulk material. As for the surface exchange process, a clear improvement can be seen 

in the surface exchange coefficients of the 500 and 550 ℃ wet exchange data, while at a higher temperature 

of 600 ℃ the surface exchange process seemed to be hindered, which could be ascribed to the dehydration 

of water at higher temperatures or because of the secondary phases of CaCO3 emerged on the sample surface 

that blocked the oxygen permeation. The exsolution of calcium and the formation of CaCO3 secondary phase 

was confirmed in the elemental maps measured by STEM-EDS, which was consistent with the previous in-situ 

XRD results from Chapter 5. 

Fast grain boundary diffusion mechanism for oxygen diffusion in the BNC20 solid solution was confirmed as a 

clear unfitted ‘shoulder’ in the 500 ℃ and 550 ℃ (H2
18O+O2) wet exchange depth profiles was observed. The 

grain boundary diffusion products, 𝐷gb ∙ 𝛿, were calculated through a modified expression of the Whipple’s 

exact solution(230) with the Chung and Wuensch approximation(231) as 6.64 x 10-14 and 5.31 x 10-13 cm3/s at 

500 ℃ and 550 ℃ respectively, which were 2-3 orders of magnitude higher than the corresponding bulk 

diffusion coefficients assuming the grain boundary dimension, 𝛿, was around 1 μm. In particular, a BNC20 

sample was exchanged in pure H2
18O water vaper at 500 ℃ for 2 hours, the achieved depth profile of which 

exhibited a significantly decreased surface exchange coefficient compared with that obtained in the oxygen-

enriched atmosphere wet exchange experiment. This observation provides a probe on the surface exchange 

mechanism that happens during the wet exchange experiments that the involvement of oxygen molecules 

could promote the surface exchange process. 

The proton diffusion in the BNC20 sample was investigated by deuterium isotope exchange measurement 

using D2O to produce the depth profile of tracer OD at 500 ℃ and 550 ℃ in particular. The incorporation of 

deuterium water vapor was confirmed by the obtained mass spectra by SIMS showing much higher intensities 

of D- and OD- than the natural abundance of D isotope. A fast deuterium diffusion in the bulk material with a 

relatively slow surface exchange process for D ions on the sample surface can be assumed according to the 

OD depth profiles, where the OD isotope fraction values of the whole depth profile are much higher than the 

natural abundance value of deuterium. These results are consistent with the previous conductivity and 

symmetrical TGA results of the BNC20 sample that the deuterium incorporation is a relatively slow process 

compared with the absorption of H2O, and protonic defects are the dominant charge carriers in the BNC20 

sample having a much faster diffusion coefficient than oxide-ions in wet atmospheres. 
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Overall, high density calcium substituted BaNdInO4 samples were successfully synthesized through a two-

sintering-step solid reaction method, which showing improving electrical properties than the pristine material 

and other acceptor-doped BaNdInO4-related solid solutions. Various material characterization methods were 

performed on the synthesized BNC20 pellet samples indicating that this material exhibits triple (oxygen-ions, 

protons and holes) conduction under wet atmospheres. 

 

 

7.2 Suggested further work 

Based on the findings of the research, a lot of questions remained unknown which requires further material 

characterizations through other methods. For instance, the detailed crystal structure of the calcium 

substituted BaNdInO4 could be examined by neutron powder diffraction or synchrotron beam. The utilization 

of these methods will provide more detailed information on the crystallography of the formed phases 

regarding the lattice parameters and atomic positions within the unit cell. By performing a more precise 

Rietveld refinement on the neutron or synchrotron diffraction data, the calcium substitution on the Nd sites 

in the lattice could be confirmed, and more information could be achieved with regard to the d-spacings 

between the ions in the lattice, which could be useful to probe the oxygen migration path in the lattice.  

Although, a series of BaNd1-xCaxInO4-x/2 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) solid solution series were 

prepared through the two-sintering-steps approach, the chemical composition of the sintered sample needs 

to be confirmed more precisely through characterization methods other than the EDS. Inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) might be an appropriate option, which uses the inductively 

coupled plasma to produce excited atoms and ions that emit electromagnetic radiation at wavelengths 

characteristic of a particular element. With regard to the probe resolution, STEM-EDS measurements could be 

a powerful method in probing the elemental distributions near different topographic features in the bulk 

material to explore whether there is any segregation or elemental deficiency in the sample. 

Due to the pandemic situation, further analysis investigating the deuterium isotope effect on the electrical 

conductivity of the BNC20 sample under EIS measurements was suspended. The D2O humidified atmosphere 

EIS measurements are worth repeating on the BNC20 sample, while special attentions should be paid on the 

sample preparation process before the impedance measurement. A long period of time (over 24 hours is 

suggested) wet annealing should be performed to let the D2O uptake complete, because several experimental 

results have shown that the incorporation of D2O into the BNC20 sample is a relatively slow process. In this 

research, various atmospheres regarding the oxygen partial pressure have been tried when conducting 

impedance measurements on BNC20 sample, however, the P(O2) dependence of the conductivity and the 

Brouwer diagram of the BNC20 solid solution have not been obtained. Based on the experience obtained in 

the two previous failed experiments, a bar-shaped sample instead of a pellet sample should be used in the 4-

probe dc conductivity measurements under different atmospheres with regard to various oxygen partial 

pressures. The P(O2) dependence of conductivity under wet atmospheres would also be of great interest, the 

results of which could be used to analyse the charge carrier distributions in the BNC20 material. The obtained 

oxide-ion conductivities within the pure oxide-ion conduction region under extremely low oxygen partial 

pressures could be used to compare with the oxygen diffusion coefficients achieved in the IEDP measurements.  

A more profound chemical stability study on the BaNd1-xCaxInO4-x/2 solid solutions is suggested, especially in 

humid atmospheres. According to the SEM image and the STEM-EDS maps on the BNC20 sample after being 

annealed in humidity for a long time, severe segregation regarding the exsolution of calcium and barium from 
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the bulk forming corresponding carbonates on the surface was confirmed. The poor chemical stability of the 

solid solutions under wet atmosphere may significantly influence its further development and applications. A 

material recovery test is worth conducting on the wet annealed samples through the crushing/ball-

milling/calcination/pressing/sintering process since the secondary phased detected so far were all precursors 

used in the synthesis process. One the other hand, co-doping of calcium cations with other impurities in the 

BaNdInO4 system might be a solution to tackle the problem of poor chemical stability. 

IEDP measurements coupled with SIMS analysis is a powerful technique on probing the oxygen diffusion 

kinetics in the BNC20 solid solutions. More dry and wet oxygen isotope exchange experiments should be 

performed on the dense BNC20 samples to ensure the data validity and obtained more accurate values for the 

activation energies for oxygen diffusion in the material. The fast grain boundary diffusion mechanism could 

be probed in detail through more depths profiles obtained under wet annealing. In order to obtain reliable 

grain boundary diffusion products through wet exchange measurements, exchange temperatures should not 

be higher than 550 ℃ as the correlated high bulk diffusion coefficient will exclude the fast grain boundary 

diffusion ‘tails’ in the depth profiles. In addition, a longer diffusion time is suggested to achieve more obvious 

fast grain boundary ‘tails’.  

It would be also interesting to obtain the oxygen diffusion kinetics of other chemical compositions with 

different acceptor dopants, i.e. Sr and Ba, which would be useful to discuss the oxygen diffusion mechanism 

in the lattice. The activation energies for the oxygen diffusion obtained in the IEDP measurements could be 

used to compare with those obtained in the conductivity measurements in the previous literatures(121, 124) 

giving a profound understanding on the effect of surrounding cations on the oxygen diffusion in the crystal 

structure. 

Finally, to obtain reliable diffusion kinetics for deuterium in the BNC20 bulk material, the D2O exchange 

experiments should be redesigned, where a lower exchange temperature with a short exchange time should 

be adapted to decrease the permeation depth of the tracer and obtain complete depth profiles. However, the 

significantly low surface exchange coefficient might still be a big problem which would cause severe fluctuation 

in the data points of the derived depth profiles. In order to avoid these errors caused by low surface exchange 

coefficients, a thin film of platinum can be deposited on one of the sample surfaces to function as an activation 

layer enhancing the surface exchange process. As a drawback of the platinum coating, information about the 

deuterium surface exchange coefficient will no longer available. More information could be given if one can 

combine the diffusion kinetics data obtained by IEDP method with corresponding simulation results by DFT 

methods, Molecular Dynamics etc. 

Finding an appropriate electrolyte material for SOFC applications is critical for realisation of a brand new 

power generation system with high efficiency and zero emission. According to the previous studies(115, 116, 

121, 122, 124) and this work, the BaNdInO4 structure type oxide is one of the potential candidates for this 

application in SOFC devices but needs further optimization regarding the chemical stability and 

electrochemical properties. It is always worth trying to design and synthesize a new structure family for this 

specific application, for instance the newly discovered Ba7Nb4MoO20-based hexagonal perovskite related 

oxides(225, 236). Only through continuous optimization and discussion  on these ‘new’ structure families, the 

most appropriate material could be found for a particular application in the future. 
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Appendices 
 

Table A.1 The representative AC impedance data fitting of the BNC20 sample measured in the cooling cycle in 

dry air. The Nyquist plots were fitted with two R-CPE components connected in series at low temperatures 

and with an additional inductor connected in series at high temperature. 

 R1/CPE1 R2/CPE2 Goodness 
of fit 

T 
(℃) 

R1 
(Ω) 

CPE1-T 
(F·cm-1) 

CPE1-P Capacitance 
C1(F) 

R2 
(Ω) 

CPE2-T CPE2-P Capacitance 
C2(F) 

𝜒2  

250 157430 4.85 x10 -11 0.88989 1.13 x10 -11 275580 4.39 x10 -8 0.74445 9.64 x10 -9 5.23 x10 -5 

275 75896 6.61 x10 -11 0.87325 1.12 x10 -11 151340 4.82 x10 -8 0.76159 1.03 x10 -8 1.16 x10 -4 

300 38569 8.98 x10 -11 0.85692 1.10 x10 -11 87214 5.39 x10 -8 0.76954 1.08 x10 -8 7.85 x10 -4 

325 20570 1.23 x10 -11 0.83983 1.05 x10 -11 52354 6.11 x10 -8 0.77186 1.12 x10 -8 5.22 x10 -4 

350 11135 4.99 x10 -11 0.90463 1.09 x10 -11 33431 8.31 x10 -8 0.74846 1.15 x10 -8 6.16 x10 -4 

375 6481 5.91 x10 -11 0.89737 1.09 x10 -11 21042 9.02 x10 -8 0.75375 1.16 x10 -8 4.38 x10 -4 

400 3831 4.14 x10 -11 0.92200 1.10 x10 -11 13383 1.00 x10 -7 0.75464 1.16 x10 -8 4.77 x10 -4 

425 2400 3.38 x10 -11 0.93849 1.16 x10 -11 8739 1.04 x10 -7 0.76048 1.15 x10 -8 5.38 x10 -5 

450 1556 2.45 x10 -11 0.96424 1.30 x10 -11 5823 1.08 x10 -7 0.76532 1.12 x10 -8 6.09 x10 -4 

475 1037 1.79 x10 -11 0.99248 1.56 x10 -11 3920 1.07 x10 -7 0.77292 1.09 x10 -8 6.92 x10 -4 

500 711.5 2.33 x10 -11 0.98694 1.84 x10 -11 2722 1.09 x10 -7 0.77768 1.07 x10 -8 9.98 x10 -5 

525 491.7 3.53 x10 -11 0.97078 2.06 x10 -11 1932 1.24 x10 -7 0.77206 1.06 x10 -8 9.49 x10 -5 

550 349.4 2.76 x10 -11 1 2.76 x10 -11 1376 1.32 x10 -7 0.77201 1.04 x10 -8 9.59 x10 -5 

575 255.3 3.40 x10 -11 1 3.40 x10 -11 971.5 1.39 x10 -7 0.77318 1.02 x10 -8 9.20 x10 -5 

600 191.9 4.20 x10 -11 1 4.20 x10 -11 677.5 1.46 x10 -7 0.77395 9.91 x10 -9 9.73 x10 -5 

625 146.6 5.22 x10 -11 1 5.22 x10 -11 482.2 1.55 x10 -7 0.77422 9.72 x10 -9 1.01 x10 -4 

650 113.6 6.49 x10 -11 1 6.49 x10 -11 341.8 1.73 x10 -7 0.77095 9.59 x10 -9 9.79 x10 -5 

675 89.69 8.09 x10 -11 1 8.09 x10 -11 243.9 1.97 x10 -7 0.76655 9.53 x10 -9 1.02 x10 -4 

700 72.15 1.01 x10 -10 1 1.01 x10 -10 173.4 2.32 x10 -7 0.76029 9.53 x10 -9 1.17 x10 -4 

725 59.24 1.28 x10 -10 1 1.28 x10 -10 122.1 2.63 x10 -7 0.75719 9.54 x10 -9 1.23 x10 -4 

750 48.71 1.62 x10 -10 1 1.62 x10 -10 84.94 3.00 x10 -7 0.75451 9.62 x10 -9 5.85 x10 -5 
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Table A.2 The AC impedance data fitting of the BNC20 sample measured in the cooling cycle in wet air. The 

Nyquist plots were fitted with two R-CPE components connected in series at low temperatures and with an 

additional inductor connected in series at high temperatures.  

 R1/CPE1 R2/CPE2 Goodness 
of fit 

T 
(℃) 

R1 
(Ω) 

CPE1-T CPE1-P Capacitance 
C1(F) 

R2 
(Ω) 

CPE2-T CPE2-P Capacitance 
C2(F) 

𝜒2  

250 72106 8.86 x10 -11 0.85827 1.23 x10 -11 216220 4.69 x10 -8 0.74839 1.00 x10 -8 8.52 x10 -8 

275 37533 1.09 x10 -10 0.84940 1.20 x10 -11 113770 5.59 x10 -8 0.75040 1.04 x10 -8 4.34 x10 -5 

300 19904 5.31 x10 -11 0.90173 1.19 x10 -11 65540 8.37 x10 -8 0.71926 1.10 x10 -8 9.57 x10 -5 

325 11514 5.09 x10 -11 0.89865 1.01 x10 -11 36303 9.34 x10 -8 0.72562 1.09 x10 -8 1.21 x10 -4 

350 6949 6.51 x10 -11 0.89608 1.20 x10 -11 20827 1.02 x10 -7 0.73141 1.07 x10 -8 1.06 x10 -4 

375 4325 4.41 x10 -11 0.92165 1.18 x10 -11 12415 1.13 x10 -7 0.73320 1.04 x10 -8 2.96 x10 -4 

400 2743 3.40 x10 -11 0.94086 1.23 x10 -11 7325 1.12 x10 -7 0.74489 9.81 x10 -9 1.67 x10 -4 

425 1815 2.35 x10 -11 0.96727 1.33 x10 -11 4703 1.23 x10 -7 0.74523 9.66 x10 -9 1.18 x10 -4 

450 1233 1.73 x10 -11 0.99166 1.49 x10 -11 3036 1.22 x10 -7 0.75407 9.29 x10 -9 1.28 x10 -4 

475 860.2 1.72 x10 -11 1 1.72 x10 -11 2013 1.16 x10 -7 0.76574 8.99 x10 -9 1.13 x10 -4 

500 605.7 2.11 x10 -11 1 1.94 x10 -11 1457 1.57 x10 -7 0.74627 9.08 x10 -9 1.53 x10 -4 

525 438.3 2.32 x10 -11 1 2.32 x10 -11 1010 1.47 x10 -7 0.75702 8.69 x10 -9 1.91 x10 -4 

550 324.6 2.80 x10 -11 1 2.80 x10 -11 716.8 1.41 x10 -7 0.76568 8.44 x10 -9 1.54 x10 -4 

575 243.5 3.45 x10 -11 1 3.45 x10 -11 514.2 1.33 x10 -7 0.77499 8.19 x10 -9 1.68 x10 -4 

600 186.7 4.27 x10 -11 1 4.27 x10 -11 376.3 1.28 x10 -7 0.78207 7.99 x10 -9 1.10 x10 -4 

625 144.0 5.32 x10 -11 1 5.32 x10 -11 276.2 1.27 x10 -7 0.78625 7.85 x10 -9 9.58 x10 -5 

650 112.6 6.63 x10 -11 1 6.63 x10 -11 203.5 1.30 x10 -7 0.78877 7.75 x10 -9 2.82 x10 -5 

675 89.31 8.20 x10 -11 1 8.20 x10 -11 150.7 1.42 x10 -7 0.78686 7.71 x10 -9 3.56 x10 -5 

700 71.87 1.01 x10 -10 1 1.01 x10 -10 111.3 1.59 x10 -7 0.78339 7.74 x10 -9 3.94 x10 -5 

725 58.60 1.27 x10 -10 1 1.27 x10 -10 81.50 1.80 x10 -7 0.78014 7.82 x10 -9 3.41 x10 -5 

750 47.06 1.58 x10 -10 1 1.58 x10 -10 59.06 2.15 x10 -7 0.77294 7.85 x10 -9 4.12 x10 -5 
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A.3 Rietveld refinement on the BaNdInO4 stoichiometry was done using Fullprof according to the structural 

model from the crystallographic information file (CIF) provided in the previous literature(115). In the Rietveld 

refinement only the positions of heavy atoms (Nd, Ba, In) in the unit cell volume were refined while the light 

elements (oxygen ions) are not detectable under X-ray diffraction. The refined lattice parameters were 

a=9.0983(7) Å, b=6.0451(3) Å, c=8.2630(4) Å, β=103.417(6)°, and the unit cell volume=442.061(43) Å3, with 

conventional Rietveld R-factors Rp=17.8, Rwp=17.4 and a goodness of fit, χ2=5.99. The main discrepancy as can 

be seen from figure A.3 was resulted from the relative intensities of the observed peaks. That is because the 

structural model used in the Rietveld refinement was obtained based on synchrotron X-ray powder 

diffraction(115), while the XRD patterns analysed in this work are collected using pellet samples. The grains 

being scanned under X-ray diffraction on the upmost surface of the pellet samples exhibited a certain degree 

of preferential orientations which can result in relative difference in peak intensities. As can be seen from 

table A.3(2), there is a difference in the lattice parameters obtained by two refinement methods. According 

to the goodness of fit, the results from Le Bail refinement are more reliable. 

 
Figure A.3 The Rietveld refinement result for the BaNdInO4 stoichiometry. The dark marks are the observed 

experimental data; red solid line represents the calculated intensities; green vertical bars label the positions of Bragg 

reflection; and the blue solid line is the difference between the observed intensities and the calculated ones 

Table A.3(1) Refined heavy atoms’ position in the unit cell by Rietveld refinement 

Site label X Atom Y 𝑔* 𝑥 𝑦 𝑧 

Nd1 Nd 1 0.45734(11) 0.75487(87) 0.11020(33) 

Ba1 Ba 1 0.14760(15) 0.25372(89) 0.03453(48) 

In1 In 1 0.83303(15) 0.25400(108) 0.20960(44) 

*𝑔: occupancy factor of atom Y at the X site. 

Table A.3(2) Comparison of refined lattice parameters obtained by Le Bail and Rietveld refinement. 

BaNdInO4 𝑎/Å 𝑏/Å 𝑐/Å 𝛽/° 𝑈𝐶𝑉/Å3 χ2 

Le Bail 9.0931(1) 6.0443(1) 8.2585(1) 103.401(1) 441.540(11) 2.61 

Rietveld 9.0983(7) 6.0451(3) 8.2630(4) 103.417(6) 442.061(43) 5.99 
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Figure A.4  

 

 

Figure A.4 (Top) Overall elemental mapping of the selected area of the lighter sample (pure H2
18O exchanged at 500 ℃ 

for 2 hours) under STEM-EDS. (Bottom) EDS spectrum of the whole selected area as shown in the elemental mappings 

According to the EDS spectrum, small amounts of Mo, Fe and Mn were detected which could be due to the 

cross contamination of the previous annealed samples. Besides, certain amounts of Pt, Ga and Cr were also 

detected which was introduced in the lamellae sample preparation. In other parts of the selected area, the 

chemical composition on average was measured as Ca:Nd:Ba:In =0.11:0.85:1:1.15 (atomic ratio, Ba was set as 

1), where a loss in the atomic ratio of calcium and barium cations was observed compared with the original 

stoichiometry of BNC20. This result was in agreement with the in-situ XRD results after the long period of time 

wet annealing, showing that the BNC20 sample experienced calcium exsolution forming CaCO3 on the sample 

surface during wet annealing processes. 
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Figure A.5  

 

 

Figure A.5 (Top) Overall elemental mappings of the selected area of the darker sample (H2
18O+O2 exchanged at 600 ℃ 

for 1 hour) under STEM-EDS. (Bottom) EDS spectrum of the whole selected area as shown in the elemental mappings 
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Figure A.6 

            
Figure A.6. (a) 18O map and (b) 16O+18O map of the selected area of the BNC20 sample exchanged in O2 (150 Torr)+ 

H2
18O (32.55 Torr) at 500 ℃ for 2 hours. 

Figure A.7 

            
Figure A.7. (a) 18O map and (b) 16O+18O map of the selected area of the BNC20 sample exchanged in O2 (150 Torr)+ 

H2
18O (32.59 Torr) at 550 ℃ for 2 hours. 

Figure A.8 

             
Figure A.8. (a) 18O map and (b) 16O+18O map of the selected area of the BNC20 sample exchanged in O2 (150 Torr)+ 

H2
18O (32.54 Torr) at 600 ℃ for 1 hour. 

(a)                                                                                     (b)                                                                                     

(a)                                                                                     (b)                                                                                     

(a)                                                                                     (b)                                                                                     
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Figure A.9 

          
Figure A.9. (a) 18O map and (b) 16O+18O map of the selected area of the BNC20 sample exchanged in H2

18O (32.69 Torr) 

at 500 ℃ for 2 hours. 

 

(a)                                                                                     (b)                                                                                     


