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Abstract  

Pr2NiO4+δ has been reported to possess a better solid oxide cell air electrode 

performance than the conventional La0.6Sr0.4Fe0.8Co0.2O3-δ air electrode. However, 

Pr2NiO4+δ is not stable and can decompose and even react with the Ce0.9Gd0.1O2-δ 

interface layer, located between Pr2NiO4+δ and the zirconia based electrolyte, but the 

detailed mechanism is unclear. This research has identified the phase evolution of 

Pr2NiO4+δ and Ce0.9Gd0.1O2-δ under solid oxide air electrode sintering and operating 

temperatures in air. For example, praseodymium was observed to diffuse from 

Pr2NiO4+δ to Ce0.9Gd0.1O2-δ to form Ce1-x-yGdxPryO2-δ at 1100°C, leaving NiO as a 

secondary phase. The praseodymium content of Ce1-x-yGdxPryO2-δ depended on the 

distance of the initial Ce0.9Gd0.1O2-δ from the interface between Pr2NiO4+δ and 

Ce0.9Gd0.1O2-δ. The closer it was, the more praseodymium was incorporated. On the 

other hand, the unreacted Pr2NiO4+δ decomposed to Pr4Ni3O10-δ and Pr6O11 at 800°C 

in air.  

As the aim of the research was to develop an air electrode material which has a 

reasonable and stable performance operating in the intermediate temperature range 

of 500-800°C, the resulting products from the previous reactions were chosen, 

especially Pr4Ni3O10-δ and Ce0.75Gd0.10Pr0.15O2-δ, to form a composite air electrode. The 

synthesis kinetics, the crystal structure, the oxygen content and the electrical 

conductivity were first investigated for the Pr4Ni3O10-δ phase. A 50:50 wt.%  

Pr4Ni3O10-δ and Ce0.75Gd0.10Pr0.15O2-δ composite was demonstrated to provide the best 

air electrode performance in comparison with all other compositions. Its area specific 

resistance was even lower than 0.15 Ωcm2 at temperatures greater than 711°C in air. 

Indeed, the 50:50 wt.% of Pr4Ni3O10-δ-Ce0.75Gd0.10Pr0.15O2-δ composite electrode 

showed a stable electrode performance in a long term (7 days) test without any 

apparent degradation. Therefore, Pr4Ni3O10-δ-Ce0.75Gd0.10Pr0.15O2-δ composites are 

promising air electrode materials which seem to inherit the electrocatalytic activity of 

Pr2NiO4+δ but are thermodynamically more stable.  
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Chapter 1 Introduction 

1.1 Advantages of solid oxide cells (SOCs)  

In the past few years, there are increasing concerns about global warming and CO2 

emission globally [1]. There is also a potential stress that the fossil fuel reserves might 

not meet the increasing energy demand in the near future [2]. One of the approaches 

to solve the problem is to change the current energy mix supply towards sustainable 

and renewable sources such as solar, wind, geothermal, etc. or nuclear energy [3]. The 

idea of increasing renewable energy usage is more popular than nuclear energy due 

to the potential radiation pollution from nuclear waste and from the power plants 

themselves [4]. On the other hand, the applications of renewable energy are limited 

due to their intermittent nature which causes the mismatch between energy supply 

and demand [1]. Therefore, an energy storage mechanism must be introduced to 

widen the applications of renewable energy [1, 5]. Solid oxide cells are one of the 

promising candidate technologies. The concept of the integration between solid oxide 

cells and renewable energy is illustrated in Figure 1.1. In the case when electricity 

supply is greater than electricity demand, solid oxide cells can work in the electrolysis 

mode, so called solid oxide electrolysis cells (SOEC), to convert excess electricity to 

chemicals/fuels for temporary storage purposes [1, 5]. When electricity is demanded, 

the solid oxide cells can operate in the fuel cell mode, solid oxide fuel cells (SOFC), to 

convert previously produced chemicals/fuels to electricity  [1, 5]. It is important to 

note that unlike batteries, solid oxide cells are an energy convertor which does not 

have any energy capacity [6, 7]. The reaction can be continuous so long as the 

chemicals or/and electricity are supplied to the system [6, 7]. This provides the 

potential for solid oxide cells to balance energy supply and demand in large scale (e.g. 

greater than GWh level) and in a cost competitive manner [6, 7].  

In addition, solid oxide cells possess the advantages of high efficiency, fuel flexibility 

and scalability. The fuel cell mode efficiency is much higher than conventional power 

generation via the route of heat driven engines because chemical energy in the fuel is 

directly converted to electricity and heat [8]. Hence, the Carnot cycle is avoided [8]. In 

the electrolysis mode, on the other hand, high temperature operation (e.g. >600⁰C) in 

solid oxide cells allows the use of much less electricity to generate a fuel with the rest 
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of the energy being compensated by heat [6]. This increases the thermodynamic 

efficiency when comparing to the other low temperature electrolyser technologies 

such as alkaline electrolysers and proton exchange membrane electrolysers which 

usually operate below 100⁰C [6, 8, 9].  

In terms of fuel flexibility, besides pure hydrogen and water, carbon based chemicals 

can be used as an input to solid oxide cells [9, 10]. This is unlike alkaline fuel 

cells/electrolysers and proton exchange membrane fuel cells/electrolysers which can 

only operate in the condition of hydrogen/steam and are vulnerable to CO2/CO 

poisoning [9, 10]. For the solid oxide fuel cells, the high operating temperature allows 

internal fuel reforming to occur in the system [11]. Hence, methane and methanol can 

be used as a fuel [11]. On the other hand, solid oxide electrolysis cells can operate 

under CO2 electrolysis and even H2O and CO2 co-electrolysis modes to generate 

carbon based fuels rather than just conducting H2O electrolysis to produce hydrogen 

[9, 12]. Moreover, the current design of solid oxide cells is easy to scale in power (from 

kW and beyond) as solid oxide cells are usually connected in series [4, 9, 12]. 

Depending on the final power requirement, certain numbers of cells can be included 

in a stack or connection between stacks can be achieved.  

Overall, the advantages of solid oxide cells increase their applications to solve the 

complex energy problem. Considering that most of the current fuel distribution 

systems are designed to deliver carbon based chemicals, it is believed that solid oxide 

cells will play an important role in assisting with the transition towards a hydrogen 

economy in the future [1].   

 

Figure 1.1: Schematic representation of how SOCs can be integrated with intermittent 

renewable energy sources to solve the issue of energy supply/demand mismatch.  
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1.2 SOFC/ SOEC operation  

1.2.1 Working principle 

Solid oxide cells are mainly comprised of three components and they are fuel 

(hydrogen) electrode, electrolyte and air (oxygen) electrode. Figure 1.2 illustrates the 

input and output of each gas species at each electrode and the direction of electrons 

and oxygen ion movement in the external circuit and the electrolyte, respectively for 

both SOFC and SOEC modes [5]. As indicated by the half and the overall reactions in 

Equations 1.1, 1.3 and 1.4 and Figure 1.2(a), gaseous fuel, such as hydrogen, is 

oxidised at the fuel electrode side by the oxygen ions produced from the air electrode 

via an oxygen reduction reaction (ORR) and transported through the dense, gas tight 

electrolyte. The hydrogen oxidation will liberate electrons which are then transported 

via the external circuit to the air electrode side for the ORR. Overall, the oxygen from 

the air electrode side is consumed and the hydrogen at the fuel electrode side is 

electrochemically converted to steam with the heat and electricity being generated at 

the same time. SOEC, on the other hand, is the reverse operation of SOFC (Figure 1.2(b) 

and Equations 1.6, 1.8 and 1.9) which consumes electricity and heat. Instead of 

consuming fuel and oxygen from the air, it converts steam into hydrogen by reduction 

at the fuel electrode side. The oxygen ions are transported through the electrolyte and 

are oxidised at the air electrode side to generate oxygen. The electrons released by 

oxygen evolution reaction (OER) at the air electrode side are transported via the 

external circuit to the fuel electrode side for steam reduction.  

 

Figure 1.2: The working principle of (a) SOFC and (b) SOEC when using hydrogen and steam, 

respectively as a reactant. Reproduced from [5] with kind permission from John Wiley and 

Sons. 
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Fuel (hydrogen) electrode half reaction in SOFC mode:  

𝐻2(𝑔) + 𝑂
2− → 𝐻2𝑂(𝑔) + 2𝑒

−      Equation 1.1 

𝐶𝑂(𝑔) + 𝑂
2− → 𝐶𝑂2(𝑔) + 2𝑒

−     Equation 1.2 

Air (oxygen) electrode half reaction in SOFC mode: 

1

2
𝑂2(𝑔) + 2𝑒

− → 𝑂2−       Equation 1.3 

Overall reaction in SOFC mode:  

𝐻2(𝑔) +
1

2
𝑂2(𝑔) → 𝐻2𝑂(𝑔) ∆𝐻 = −242

𝑘𝐽

𝑚𝑜𝑙
 𝑎𝑡 298𝐾  Equation 1.4 

𝐶𝑂(𝑔) +
1

2
𝑂2(𝑔) → 𝐶𝑂2(𝑔) ∆𝐻 = −283

𝑘𝐽

𝑚𝑜𝑙
 𝑎𝑡 298𝐾  Equation 1.5 

Fuel (hydrogen) electrode half reaction in SOEC mode:  

𝐻2𝑂(𝑔) + 2𝑒
− → 𝐻2(𝑔) + 𝑂

2−     Equation 1.6 

𝐶𝑂2(𝑔) + 2𝑒
− → 𝐶𝑂(𝑔) + 𝑂

2−     Equation 1.7 

Air (oxygen) electrode half reaction in SOEC mode: 

𝑂2− →
1

2
𝑂2(𝑔) + 2𝑒

−       Equation 1.8 

Overall reaction in SOEC mode:  

𝐻2𝑂(𝑔) → 𝐻2(𝑔) +
1

2
𝑂2(𝑔) ∆𝐻 = 242

𝑘𝐽

𝑚𝑜𝑙
 𝑎𝑡 298𝐾   Equation 1.9 

𝐶𝑂2(𝑔) → 𝐶𝑂(𝑔) +
1

2
𝑂2(𝑔) ∆𝐻 = 283

𝑘𝐽

𝑚𝑜𝑙
 𝑎𝑡 298𝐾   Equation 1.10 

Water gas shift reaction:  

𝐶𝑂(𝑔) + 𝐻2𝑂(𝑔) → 𝐶𝑂2(𝑔) + 𝐻2(𝑔) ∆𝐻 = −41
𝑘𝐽

𝑚𝑜𝑙
 𝑎𝑡 298𝐾 Equation 1.11 

Moreover, if CO or CO2 is used as a fuel or reacting gas, fed into the fuel electrode side, 

in SOFC or SOEC mode, respectively, then it will be converted to CO2 or CO as indicated 

by the half equations (Equations 1.2 and 1.7) and the overall equations (Equations 1.5 

and 1.10). In SOEC mode, the solely electrochemical conversion of CO2 to CO is called 

CO2 electrolysis whereas co-electrolysis occurs when steam is also present in the feed 
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gas. It is important to note that the mixture of H2/H2O and CO2/CO will lead to the 

water gas shift reaction (WGS), Equation 1.11 [1, 12, 13]. Unlike Equations 1.1-1.10, 

which are electrochemical reactions, WGS is a chemical reaction and its reaction 

equilibrium constant is operating temperature dependent [1, 12, 13]. Figure 1.3 

indicates that WGS is mildly exothermic (∆H curve) and forward WGS is favourable at 

temperatures below 816⁰C (∆G curve) [12, 13]. WGS or reverse WGS will have a 

significant impact on the inlet and outlet gas composition of the solid oxide cells and 

hence the voltage of the cells [1].  

 

Figure 1.3: The enthalpy and Gibbs free energy of water gas shift reaction over different 

temperatures. Reproduced from [13] with kind permission from Elsevier. 

1.2.2 Thermodynamics  

Thermodynamics helps with understanding the energy conversion in SOC systems. 

Under the reversible condition, the transformation of energy can be summarised by 

Equation 1.12, where ∆H, ∆G and ∆S represent the enthalpy, Gibbs free energy and 

entropy of the electrochemical reaction. It is important to note that the enthalpy here 

is the total energy supply/demand in SOFC/SOEC mode, respectively whereas the 

Gibbs free energy and T∆S indicate the electricity generated/consumed and the heat 

released/consumed [8, 14]. Equations 1.13, 1.14 and 1.15 suggest that ∆H, ∆S and ∆G 

are temperature dependent and their values are illustrated in Figure 1.4 [14]. In 

Equations 1.13 and 1.14, ∆H0 and ∆S0 are enthalpy and entropy under standard 



6 
 

conditions (298K and 1 bar) [14]. ∆Cp, on the other hand, is the change of the specific 

heat and it is also a temperature dependent variable [14].   

∆𝐻 = ∆𝐺 + 𝑇∆𝑆       Equation 1.12 

∆𝐻 = ∆𝐻° + ∫ ∆𝐶𝑝
𝑇

298
𝑑𝑇      Equation 1.13 

∆𝑆 = ∆𝑆° + ∫
∆𝐶𝑝

𝑇
𝑑𝑇

𝑇

298
      Equation 1.14 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆       Equation 1.15 

 

Figure 1.4: The total energy, electricity and heat requirement for H2O and CO2 electrolysis. 

Reproduced from [14] with kind permission from Elsevier. 

 

Each energy in the unit of kJmol-1 can be converted to voltage and this is achieved by 

Equation 1.16 where n and F are the number of electrons transferred in the 

electrochemical reaction and Faraday’s constant, respectively [14]. E is the so called 

open circuit voltage (OCV) or Nernst potential and it indicates the maximum voltage 

in SOFC mode or the minimum voltage to generate chemical fuel in SOEC mode [8, 14]. 

Figure 1.4 shows the change of ∆H, ∆G and T∆S over temperature under steam and 

CO2 electrolysis modes. Although increasing SOEC operating temperature increases 

the total energy demand slightly, there is a significant decrease in electricity 
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requirement and is compensated by the increase of heat demand [6, 14]. This explains 

the reason that high temperature SOEC tends to have higher thermodynamic 

efficiency than low temperature electrolysers as the efficiency (ηSOEC) is defined as 

Equation 1.17 [8]. From an economic point of view, the chemical fuel produced from 

a high temperature SOEC has relatively low operating cost since the unit price of waste 

heat is much lower than electricity [14]. With respect to the CO2 electrolysis, it 

requires higher total energy than steam electrolysis (Figure 1.4) [14].  

∆𝐺 = −𝑛𝐹𝐸        Equation 1.16 

𝜂𝑆𝑂𝐸𝐶 =
ΔH

ΔG
        Equation 1.17 

Moreover, as the reversible process is considered here, Figure 1.4 can be used to 

theoretically predict the amount of heat and electricity generated in SOFC mode when 

consuming each unit of chemical energy. Equation 1.18 and Figure 1.4 suggest that 

the thermodynamic efficiency of fuel cell decreases with increasing temperature [8, 

14]. However, when comparing to the thermodynamic efficiency of the Carnot cycle 

(Equation 1.19, where Thigh and Tlow are the temperature of hot and cold reservoirs, 

respectively), the thermodynamic efficiency of a hydrogen fuel cell in low heating 

value (LHV) is higher at temperature below 860⁰C than the efficiency from the Carnot 

cycle with Tlow varied from 0⁰C to 100⁰C (Figure 1.5) [8]. On the other hand, if the 

definition of fuel cell efficiency is based on the higher heating value (HHV) then the 

hydrogen fuel cell efficiency is greater than the Carnot efficiency at temperatures 

lower than 600⁰C (Figure 1.5) [8]. The variation between LHV and HHV efficiency is 

because a different definition of ∆H is used in the calculation (Equation 1.18). For HHV 

efficiency calculation, ∆H considers the heat of water condensation and vice versa [8]. 

The ∆H values in Figure 1.4 are based on the definition of LHV.  

𝜂𝑆𝑂𝐹𝐶 =
ΔG

ΔH
        Equation 1.18 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇ℎ𝑖𝑔ℎ−𝑇𝑙𝑜𝑤

𝑇ℎ𝑖𝑔ℎ
       Equation 1.19 
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Figure 1.5: The thermodynamic efficiency comparison between fuel cell (both LHV and HHV) 

and Carnot cycle. Replotted from [8]. 

 

It is worth mentioning that the above calculation only considers the condition when 

the equilibrium constant of the electrochemical reaction is equal to one [15]. However, 

in practice, partial pressure of the reactants and products can vary. In this case, the 

Nernst equation (Equations 1.20 and 1.21) can be used to calculate the OCV under the 

specific nonstandard conditions [1]. E0 is the OCV calculated from the ∆G value in 

Figure 1.4 using Equation 1.16. R, T and Px are the real gas constant, temperature in 

Kelvin and partial pressure of each gas species.   

𝐸 = 𝐸° + 𝑅𝑇𝑙𝑛(
𝑃𝐻2𝑃𝑂2

0.5

𝑃𝐻2𝑂
)      Equation 1.20 

𝐸 = 𝐸° + 𝑅𝑇𝑙𝑛(
𝑃𝐶𝑂𝑃𝑂2

0.5

𝑃𝐶𝑂2
)      Equation 1.21 

In practice, the real solid oxide cells process is irreversible [8]. Therefore, extra energy 

is required to drive the electrochemical reaction. This extra energy requirement is 

indirectly reflected on the real cell voltage (Vcell) as described by Equation 1.22, where 

Va, Vohm and Vc are activation, ohmic and concentration overvoltages. 𝛾 is -1 and +1 in 

SOFC and SOEC modes, respectively [8, 15]. In general, activation overvoltage 

considers the extra energy barrier for charge transfer reactions between molecules 
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and materials occurring at both the fuel electrode and air electrode sides whereas 

concentration overvoltage considers the limitation of gas transport in the electrodes 

[14, 15]. Ohmic overvoltage is mainly contributed by the ohmic losses from the 

electrolyte and the contact resistance between cells [16]. It is worth mentioning that 

both activation and concentration overvoltages depend heavily on the electrode 

microstructure [16].  Material selections of electrolyte and electrode have a significant 

impact on ohmic overvoltage and activation overvoltage, respectively [16].  

𝑉𝑐𝑒𝑙𝑙 = 𝐸 + 𝛾(𝑉𝑎 + 𝑉𝑜ℎ𝑚 + 𝑉𝑐)     Equation 1.22 

The domination of each overvoltage at different current densities in SOFC and SOEC 

modes is illustrated in Figure 1.6, the current-voltage (I-V) curve [8, 16]. Since the 

direction of current is reverse in SOEC mode in comparison to SOFC mode, the current 

density in SOEC mode is negative [8]. With the increase of current density magnitude, 

the real cell voltage decreases/increases from the open circuit voltage in SOFC/SOEC 

mode [8, 15]. At low magnitude of current density, activation loss dominates although 

this is usually not observed in high temperature solid oxide cells but the low 

temperature ones [8, 16]. This is because the relatively high operating temperature 

helps with easily overcoming the activation barrier of the charge transfer processes in 

the electrodes [16]. In the mild magnitude of current density, ohmic losses dominate 

and this is usually the region where cell operates [8, 16]. At even high magnitude of 

current density, mass transport loss starts to occur which finally results in current 

limitation in the case of fuel starvation [8, 16].  

In terms of the heat transport in the system, SOFC mode is always exothermic whereas 

it varies in SOEC mode [6, 8]. Thermal neutral voltage in Figure 1.6 is calculated using 

Equation 1.16, but replacing ∆G by ∆H, the total energy requirement for electrolysis 

[6, 8]. When a cell is operated below thermal neutral voltage in SOEC mode, the 

system is consuming heat overall and requires an external heat supply to maintain the 

operating temperature [6, 8]. At thermal neutral voltage, part of the electricity is lost 

as joule heat because of the ohmic losses and the heat and the rest of the electricity 

are supplied to the cell for electrolysis [6, 8]. No net heat release/consumption is 

happening at this point. At higher applied current density, which corresponds to the 
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region beyond thermal neutral voltage, the system is releasing heat and hence 

external cooling might be required to maintain the operating temperature [6, 8].  

 

Figure 1.6: The typical I-V curves in SOFC and SOEC modes.  

 

Area specific resistance (ASR), the slope of the I-V curve in Figure 1.6, is an indicator 

that reflects the performance of a cell [17]. Since ASR, with the unit of Ωcm2, is 

normalised by the cell area, this value can be compared from cell to cell regardless of 

its geometry [17]. In SOFCs, the common target of total ASR is 0.45 Ωcm2, given that 

the aim of power density is 0.5 Wcm-2 and the common cell operating voltage is 

around 0.7 V [17]. As there are three main components in the cell and they are fuel 

electrode, electrolyte and air electrode, the normalised resistance contributed by 

each component should not exceed 0.15 Ωcm2 at a specific temperature [17]. This 

value, also called the polarisation resistance of the electrode, is used as a benchmark 

to judge the air electrode performance in the following research. On the other hand, 

there is no apparent cell performance target in SOEC mode. In general, the higher the 

current density at a specific operating voltage, the better the cell performance is as 

more chemical fuel, such as hydrogen, is generated according to Faraday’s Law.  
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1.3 General requirements for SOC components  

1.3.1 SOC air electrode requirements 

To be a candidate for the air electrode material, the following criteria need to be met. 

 High thermal stability under sintering and operating conditions (e.g. no issue 

of cation segregation and decomposition) [18-20]. 

 High compatibility in terms of chemical and mechanical (e.g. thermal 

expansion coefficient (TEC)) aspects with the adjacent cell components (e.g. 

electrolyte and interconnectors), especially under sintering and operating 

conditions [18-20]. The normal TEC values for the conventional electrolyte (e.g. 

yttrium stabilised zirconia (YSZ), gadolinium substituted ceria (CGO), samarium 

substituted ceria (CSO), La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM)) ranges from 10.8 to 

13.5 x 10-6 K-1
 when being measured between 300-1000°C in air [21].  

 High electronic conductivity to facilitate electron transport [19]. The value 

should be greater than 100 Scm-1 under operating conditions (e.g. at 700°C) in 

air [18, 20]. 

 High ionic conductivity to promote oxygen ion transport from the electrolyte 

[19, 20]. The value should be similar to that of the electrolyte (e.g. 0.01 Scm-1 

at 700°C) [18, 22]. 

 High electrocatalytic activity to lower the activation barrier in the air electrode 

and enhance the rate of oxygen reduction reaction (ORR) or oxygen evolution 

reaction (OER) [18-20]. 

 Adequate porosity to facilitate oxygen gas diffusion through the air electrode 

and a stable microstructure under operating conditions in the long term [18-

20]. 

 High tolerance to impurities such as chromium from interconnectors [23]. 

In SOFC, the oxygen reduction reaction (ORR) mechanism in an air electrode (porous 

cathode) is summarized in Figure 1.7 [18]. Assuming the cathode material used here 

is a purely electronic conductor, the only ORR active sites are the location where 

electrons (cathode), oxygen ions (electrolyte) and oxygen molecules (pores/gases) 

meet. This location is also known as the triple phase boundary (TPB) [18]. As shown in 
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Figure 1.7 [18], oxygen molecules first diffuse to the air electrode (1). They are then 

adsorbed on the electrode surface and are dissociated into oxygen atoms before being 

surface-diffused to the TPB site (2). Charge transfer occurs at the TPB to convert 

oxygen atoms to oxygen ions and oxygen ions are then incorporated into the oxygen 

defects such as oxygen vacancies in the electrolyte crystal lattice, ready to be 

transferred to the fuel electrode side (anode) (3). From Figure 1.7, it is apparent that 

the air electrode performance is heavily relied on the TPB length and it can be 

enhanced by optimizing the electrode microstructure and/or introducing oxygen ion 

conducting material (e.g. electrolyte) in the air electrode to form a composite 

electrode with percolated pathways for electron and oxygen ion conducting phases 

and the accessible of gas to the active sites [18].  

 

Figure 1.7: The elemental steps of ORR on solely electronic conducting air electrode and the 

TPB reactive site located between air electrode, oxygen ionic conducting electrolyte and gas 

(pore). Reproduced from [18] with kind permission from Elsevier. 

 

One of the major disadvantages of traditional solid oxide cells which operate at 

temperatures greater than 800 ⁰C is that it will facilitate chemical reaction between 

each cell component and accelerate cell degradation [18]. It also limits the flexibility 

of materials selection in a cell/stack (e.g. cannot use cheap metallic interconnectors 

but have to use the more expensive ceramic material) and hence this increases the 

overall fabrication cost [18]. Therefore, from the economic and applications points of 

view, there is a significant advantage in lowering the solid oxide cells operating 
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temperature to around 500⁰C-800⁰C (intermediate temperature range), keeping the 

advantages mentioned in Section 1.1 [18, 24, 25]. However, the decrease of 

temperature causes the increase of electrolyte ohmic resistance and high polarization 

resistance from both electrodes [18]. This is especially the case for the air electrode 

as lower operating temperatures significantly decreases the reaction kinetics of both 

the ORR and OER [18, 24]. These issues might be solved by engineering approaches 

such as fabricating thin electrolytes to reduce ohmic losses and/or using 

microstructure optimized composite air electrodes to enhance the active region for 

the electrochemical reaction [18]. Otherwise, new materials have to be developed to 

achieve an acceptable performance at lower operating temperatures [18].  

Mixed ionic and electronic conductors (MIEC) are a promising air electrode candidate 

for intermediate temperature solid oxide cells. Due to their ability to conduct both 

electrons and oxygen ions simultaneously, they enlarge the active sites from just the 

TPB regions (Figure 1.7) to the whole air electrode surface, termed the double phase 

boundary (DPB) (Figure 1.8) [18]. This creates a new oxygen atom/ion transport 

pathway, from the previous surface pathway (Figure 1.7) to the bulk pathway (Figure 

1.8), where oxygen ions can also diffuse through the bulk material towards the air 

electrode/electrolyte interface [18, 24]. Therefore, it drastically decreases the air 

electrode polarization resistance in the intermediate temperature range [18, 24].  

 

Figure 1.8: The DPB on a porous MIEC air electrode in SOFC. Reproduced from [18] with kind 

permission from Elsevier. 
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For the MIEC with high oxygen ionic transport, the electrocatalytic activity of an 

electrode material can be summarized by surface exchange coefficient (k) and oxygen 

self-diffusion coefficient (D*) [18, 24, 26]. Surface exchange coefficient takes into 

account the ORR elemental steps of oxygen adsorption, dissociation, charge transfer 

and incorporation into the electrode bulk whereas oxygen self-diffusion coefficient is 

directly related to the oxygen ion transport/oxygen ionic conductivity in the material 

[24]. Considering microstructure parameters of an air electrode such as tortuosity (τ), 

porosity (ε) and surface area (α), air electrode polarization resistance (Rp) can be 

estimated using the Alder-Lane-Steele (ALS) model (Equation 1.23, where R, T, F and 

Co are the gas constant, temperature, Faraday constant and surface concentration of 

oxygen, respectively) [18, 21 ,26]. The current data suggests that low air electrode 

polarization resistance tends to occur when using a material with the product of D* 

and k that is greater than 10-14cm3s-2 [18]. In addition, the ALS model can calculate the 

extension of reaction zone beyond the TPB, the so-called penetration depth, δ, when 

using a MIEC as an air electrode and this is shown in Equation 1.24 [26]. Usually, the 

thickness of the active region away from the air electrode/electrolyte interface is only 

a few microns [26].  

𝑅𝑝 =
𝑅𝑇

2𝐹2
√

𝜏

(1−𝜀)𝛼𝐶𝑜
2𝐷∗𝑘

      Equation 1.23 

𝛿 ≈ √
(1−𝜀)

𝜏𝛼

𝐷∗

𝑘
        Equation 1.24 

With respect to the oxygen evolution reaction (OER) in a SOEC air electrode, it is 

believed that the sequence of the oxygen elemental steps is the reverse of the ORR in 

SOFC mode (Figure 1.9) [24].  
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Figure 1.9: The illustration of the ORR elemental steps (left) and the OER elemental steps (right) 

on a MIEC air electrode. Replotted from [24].  

1.3.2 SOC electrolyte requirements  

With respect to the electrolyte, apart from being thermally and mechanically 

compatible with the adjacent electrodes under cell sintering and operating conditions, 

other requirements are listed as below [22]: 

 It must possess high oxygen ion conductivity and be insulating to electronic 

conductivity. Otherwise, electricity leakage will occur.  

 It must be dense to avoid gas crossover from each side of the electrodes.  

 It is preferable to be thin to decrease the ohmic resistance.  

 The material must be stable under the reducing and oxidising atmospheres 

present at each of the electrodes.  

 It should also possess acceptable mechanical properties if it is used in the 

electrolyte supported cell geometry.  

1.3.3 SOC fuel electrode requirements  

Similar to the requirements for air electrode, the criteria of SOC fuel electrodes are as 

follows:  

 The fuel electrode must be stable under normal operation conditions. For 

example, high tolerance to airborne impurity poisoning, metal oxidation, 

particle agglomeration and coke formation [2].  

 During the transient operation of solid oxide cells, the fuel electrode should 

withstand both redox and thermal cycling [27].  
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 The fuel electrode must be thermally and mechanically compatible with the 

adjacent materials, especially the electrolyte and the interconnectors, under 

sintering and operating conditions [2, 27]. This is indicated by no undesired 

chemical reaction and similar thermal expansion coefficient between each cell 

component [2, 27].  

 The fuel electrode materials should possess minimum electronic conductivity 

of 1 Scm-1 and the electronic conductivity is ideally greater than 10 Scm-1 in 

order to facilitate electron transport [27].  

 Some oxygen ionic conductivity is also preferable to extend the active sites 

from the TPB to DPB [27].  

 High electrocatalytic activity towards fuel oxidation or electrochemical 

reduction of H2O and CO2 is also required [2, 27].  

 Finally, the fuel electrode must be porous for facile gas transport [2, 27]. 

1.3.4 SOC interconnect requirements  

Interconnectors are only used when individual single cells are connected in series to 

form a stack. Hence, they must possess high electrical conductivity [28]. Since the 

interconnectors also act as a gas separator to avoid gas crossover occurring between 

the fuel side and air side, they experience dual atmosphere operating conditions [28]. 

It is important for the interconnectors to be thermally stable under these conditions 

[28]. In addition, interconnectors should have similar thermal expansion coefficient to 

the adjacent electrodes, high thermal conductivity and mechanical strength [28].  

1.4 Conductivity in ceramics  

1.4.1 Electronic conductivity  

In general, materials can be classified as either metallic conductors, semiconductors 

or insulators, depending on their electronic band structure [29]. The metallic 

conductors have partially filled bands, the conduction bands, whereas both 

semiconductors and insulators have filled valence bands and several empty bands at 

higher energy levels [29]. When no electrical bias is applied to a system of a metallic 

conductor, the total number of electrons in each energy state is equal and there is no 

current flow (Figure 1.10(a)) [30, 31]. However, with the introduction of electrical bias, 

the energy of two states change and one is higher than the other. This allows electrons 
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to transfer leading to a flow of current (Figure 1.10(b)) [30, 31]. In the case of an 

insulator, despite the application of electrical bias, the fully filled valence bands do not 

allow the transfer of electrons from one state to the other (Figure 1.10(c)) [30, 31].   

  

 

 

Figure 1.10: The impact of electrical bias on electron transfer. (a) The case of a metallic 

conductor, without bias. (b) The case of metallic conductor, with bias. (c) The case of 

insulators, with bias. The grey filling in the figures indicate if a particular band is fully or 

partially filled. Replotted from [30].  

 

The energy difference between the highest filled and the lowest empty bands is 

known as the band gap and insulators have a much larger band gap than 

semiconductors [29, 31]. Due to the relatively small band gap in semiconductors, it is 

likely that the electrons (e-) from a valence band could be thermally excited to the 

adjacent conduction band, leaving holes (h·) in the valence band [30, 31]. These 

intrinsic defects (e- and h·) create the electronic conductivity of a semiconductor 

(Figure 1.11(a)) [30, 31].  

The other approach to conduct electrons in a semiconductor is to introduce foreign 

cations, which can be either donor or acceptor type [30, 31]. The donor type dopants 

add filled energy levels just below the conduction band, called the donor levels, 

(a) 

(b) 

(c) 
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resulting in the electrons (e-) entering the adjacent conduction band to conduct 

electricity (Figure 1.11(b)) [30, 31]. This is known as a n-type conductor [30, 31]. The 

acceptor type dopants, on the other hand, causes a p-type conductor by introducing 

empty energy levels, just above the valence band, to allow electrons from the valence 

band to fill. This creates holes (h·) in the valence band which are ready to move (Figure 

1.11(c)) [30, 31].   

 

 

           

Figure 1.11: Semiconductor electronic conductivity activated by (a) temperature, (b) donor 

dopants, (c) acceptor dopants. Replotted from [30]. 

 

In addition, the oxidation or reduction of a transition metal oxide will change the 

valence of the transition metal [31, 32]. Although this is charge compensated by the 

creation/elimination of oxygen vacancies/interstitials, the new cation valence will 

develop new donor levels or acceptor levels in the existing band structure causing n-

type or p-type conductivity [31, 32].  

𝜎 = 𝑛𝑒𝜇        Equation 1.25 

The electronic conductivity can be derived by Equation 1.25, where n, e and µ are 

number of charge carriers, charge and mobility of charge carriers, respectively [29]. 

(a) 

(b) (c) 
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Metallic conductors tend to have a greater abundance of charge carriers than 

semiconductors and hence have a higher electronic conductivity at room/low 

temperature [29, 31]. The electronic conductivity of metallic conductors usually 

decreases with increasing temperature and this is mainly due to the decrease of the 

charge carrier mobility caused by detrimental electron-phonon collisions [29, 31]. On 

the other hand, the electronic conductivity of semiconductors usually increases with 

temperature because of the increase of charge carrier concentration which 

overwhelms the effect of decreasing charge carrier mobility [29, 31].  

1.4.2 Oxygen ionic conductivity  

Similar to the as-mentioned electronic conductivity (Equation 1.25), oxygen ionic 

conductivity also depends on charge carrier concentration and mobility [24, 29]. Since 

both n and μ can be described by the Arrhenius equation, their product leads to 

Equation 1.26, where σ0 and Ea are the pre-exponential factor and activation energy 

[24, 29]. It is important to note that Ea consists of the activation energy of charge 

carrier formation, the activation energy of charge carrier migration and the activation 

energy of defects association [29, 33].  

𝜎 =
𝜎𝑜

𝑇
exp (

−𝐸𝑎

𝑅𝑇
)       Equation 1.26 

Depending on materials, there are two different types of oxygen charge carrier and 

they are oxygen vacancies and oxygen interstitials [18, 24, 29]. Oxygen vacancies are 

usually formed by introducing acceptor substitutes (e.g. Y2O3) in a system (e.g. ZrO2) 

(Equation 1.27) whereas oxygen interstitials can be formed by charge compensating 

a transition metal cation valence change in a system (Equation 1.28) [18, 22].  

𝑍𝑟𝑂2
𝑌2𝑂3
→  𝑌𝑍𝑟

′ + 2𝑂𝑂
𝑥 + 𝑉𝑂

∙∙      Equation 1.27 

1

2
𝑂2 → 𝑂𝑖

′′ + 2ℎ∙       Equation 1.28 

Moreover, charge carrier migration is different for various types of charge carrier 

species. For example, an oxygen vacancy is moved by having the adjacent oxygen 

atoms hop into the existing vacant site and creating a new vacant site (Figure 1.12(a)) 

[24, 29, 31]. This is known as the vacancy mechanism [24, 29, 31]. On the other hand, 

an oxygen interstitial can migrate by either the interstitial mechanism (Figure 1.12(b)) 
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or interstitialcy mechanism (Figure 1.12(c)) [24, 29, 31]. In the interstitial mechanism, 

an oxygen interstitial hops into the adjacent vacant interstitial site whereas in the 

interstitialcy mechanism, an oxygen interstitial knocks off the adjacent oxygen atom 

and causes it to occupy the nearby vacant interstitial site [24, 29, 31].  

 

Figure 1.12: The hopping mechanisms of oxygen charge carriers. (a) Vacancy mechanism. (b) 

Interstitial mechanism. (c) Interstitialcy mechanism. Reproduced from [31] under a Creative 

Commons Attribution Non-Commercial No Derivatives licence.  

 

In general, assuming the charge carrier concentration is almost constant for some 

acceptor substituted materials, the oxygen ionic conductivity will increase with 

temperature as the energy barrier of charge carrier migration, caused by the size of 

the cation around the migrating species, is overcome [29, 31]. However, when there 

is a change of oxygen charge carrier concentration over temperature, it will have a 

positive or negative impact on the overall oxygen ionic conductivity [18, 29].  

1.4.3 Mixed ionic and electronic conductivity  

For materials such as MIECs which have more than one charge carrier type and are 

able to conduct both oxygen ions and electrons, understanding the contribution of 

each type of conductivity towards the total electrical conductivity can be important. 

This is described by the transport number (tx) (Equation 1.29, where x, σtotal and σx are 

charge carrier of interest, total conductivity and conductivity of the specific charge 

carrier) [31]. For the conventional MIEC air electrode materials, the electronic 
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conductivity (σe) is at least 103 higher than their oxygen ionic conductivity (σi) [18]. 

Electrolyte materials, on the other hand, should have a transport number of oxygen 

ions close to unity to avoid electronic leakage in a cell [22].  

𝑡𝑥 =
𝜎𝑥

𝜎𝑡𝑜𝑡𝑎𝑙
        Equation 1.29 

1.5 Summary   

This chapter summarises the advantages of solid oxide cells and their potential to 

widen the applications of renewable energy. An introduction to solid oxide cells 

working principle, their thermodynamics, the criteria for each cell component and 

electronic/oxygen ionic conduction mechanism in electroceramics were also 

conducted. The slow air electrode reaction kinetics under intermediate temperature 

operating conditions (500-800⁰C) was identified as one of the main challenges for this 

technology. Developing a new material has the potential to solve this problem and 

this is discussed in the next chapter.  
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Chapter 2 Materials for solid oxide cells (SOCs) 

2.1 Introduction 

This chapter attempts to review materials used for the electrolyte, fuel electrode and 

air electrode in solid oxide cells. Chemical and physical properties of each material will 

be discussed but more emphasis will be given to the air electrode materials, especially 

Ruddlesden-Popper (RP) phases. The later part of this chapter will focus on how to 

stabilise a first order praseodymium nickelate RP phase under intermediate 

temperature (500-800°C) operating condition in air. Indeed, discussion will be made 

regarding whether the decomposed/reacted products of the praseodymium nickelate 

and a gadolinium substituted ceria, usually used as a barrier layer between an air 

electrode and an electrolyte, are good candidates to develop a novel composite air 

electrode for solid oxide cells.  

2.2 Oxide ion conducting electrolytes  

2.2.1 Substituted zirconia  

The unsubstituted zirconia (ZrO2) has negligible oxygen ion conductivity and has a 

monoclinic crystal structure at room temperature [1]. With increasing temperature, 

the monoclinic phase will transition to a tetragonal phase and then a cubic phase at 

1170°C and 2370°C, respectively [1, 2]. By introducing acceptor substitutes into the 

ZrO2 system such as an alkaline earth metal oxide or a rare earth metal oxide, the 

monoclinic ZrO2 structure can be stabilised to a cubic phase at room temperature [1]. 

Therefore, there will be no abrupt volume change when heating the material from 

room temperature to sintering temperature and a dense body can be achieved [1]. 

Being able to densify is important for an electrolyte material used for solid oxide cells 

as it prevents gas mixing from a fuel electrode and an air electrode (Section 1.3.2) [3]. 

In addition, the trivalent or the divalent substitutes will generate oxygen vacancies 

simultaneously in the system to maintain the charge neutrality [1, 3]. At elevated 

temperatures when the activation energy of charge carrier (oxygen vacancies) 

migration is overcome (Section 1.4.2), these mobile oxygen vacancies allow the 

substituted zirconia to conduct oxygen ions [1, 4].  
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Yttrium stabilised zirconia (YSZ) with formula of (ZrO2)1-x(Y2O3)x is one of the well-

studied oxygen ion conductors [1-3]. Y+3 is introduced to the ZrO2 lattice and forms 

oxygen vacancies [1, 3]. Research shows that 8 mol.% (x=0.08) of Y2O3 provides the 

highest electrical (oxygen ionic) conductivity [1, 3, 5, 6]. When the substitution level is 

above this threshold, the electrical conductivity will start decreasing (Figure 2.1) [1, 5, 

6]. This is due to the defect association between the increasing amount of oxygen 

vacancies and the acceptor substitutes [1, 5, 6]. The electrostatic interaction between 

the positively charged oxygen vacancies and the negatively charged acceptor 

substitute will be dominant after the threshold and limits the mobility of oxygen 

vacancies and hence the decrease of the oxygen ionic conductivity [1, 5, 6].  

 

Figure 2.1: The change of oxygen ionic conductivity of (ZrO2)1-x(Y2O3)x (YSZ) and (ZrO2)1-

x(Sc2O3)x (ScSZ) by varying the amount of x at 1000°C in air. The various labels indicate the 

experimental data from different references mentioned in the original paper whereas the 

curve shows the overall trend. Reproduced from [6] with kind permission from Elsevier. 

 

The main disadvantage of YSZ is its low oxygen ionic conductivity when operating in 

the intermediate temperature range of 500-800°C [1, 3]. Therefore, YSZ usually 

requires operation at a higher temperature such as between 800° and 1000°C [1, 3]. 

For example, the oxygen ionic conductivity of YSZ (with 8 mol.% of Y2O3 substitution) 

at 600°C is only 0.005 Scm-1 whereas it increases to 0.039 Scm-1 at 800°C (Figure 2.2) 
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[3]. As intermediate temperature operating condition is aiming here, YSZ can only be 

used when the thickness of the sintered electrolyte is decreased, or other electrolytes 

with higher oxygen ionic conductivity should be considered (Section 1.3.1) [1, 3].   

Replacing yttrium by scandium allows further enhancement of oxygen ionic 

conductivity in zirconia based electrolytes (Figure 2.1), and it was reported to be the 

highest in the substituted ZrO2 system [1, 3, 6, 7]. The main reason for the promising 

performance of scandium substituted zirconia is because of the similar ionic radius 

between Sc+3 and Zr+4 compared to Y+3 and Zr+4 [1, 7]. For the cubic fluorite structure, 

Sc+3, Y+3
 and Zr+4 have 8 coordination number and their corresponding ionic radii are 

0.870 Å, 1.019 Å and 0.840 Å [8]. By substituting trivalent scandium in zirconia, the 

created oxygen vacancies have a lower migration enthalpy and a higher association 

enthalpy with the substituted cations, leading to the higher oxygen ionic conductivity 

[1]. However, it is important to note that the price of Sc2O3 is much higher than Y2O3 

and scandium stabilised zirconia has an issue of performance aging which is usually 

not observed in YSZ [1, 3, 7, 9, 10]. This performance degradation is mainly due to the 

phase transition from the favorable cubic phase to the less conductive tetragonal 

phase or rhombohedral phase depending on the amount of scandium substitute in the 

system [5, 9, 10]. Co-substituting scandium with small amount of other substitutes 

having larger ionic radius such as cerium helps to solve the problem as cerium will 

form an eight-fold coordination with oxygen in the cubic fluorite structure [7, 10, 11]. 

This prevents the system from forming a less symmetric structure and leaves the 

oxygen vacancies to interact with zirconium ions [7, 10, 11]. The optimized chemical 

composition in terms of material performance and its stability was reported to be 10 

mol.% Sc2O3- 1 mol.% CeO2- 89 mol.% ZrO2 (10Sc1CeSZ) [10, 11] and its oxygen ionic 

conductivity is compared with other electrolyte materials in Figure 2.2.  

2.2.2 Substituted ceria  

Samarium and gadolinium trivalent cation are usually used as a substitute in the 

fluorite structure ceria as their ionic radiuses in 8 coordination number (e.g. 1.079 Å 

and 1.053 Å, respectively) are similar to the one of Ce+4 (0.970 Å) [1, 8]. The oxygen 

vacancies are also generated simultaneously to maintain the charge neutrality of the 

material. The resulting oxygen ionic conductivity of ceria based electrolytes is between 
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several times to several orders of magnitude greater than YSZ at temperatures below 

800°C and the difference is larger at the lower temperatures (Figure 2.2) [1, 3]. For 

example, the electrical conductivity of gadolinium substituted ceria (Ce0.9Gd0.1O1.95) is 

about 0.033 Scm-1 at 700°C and this is compared with (ZrO2)0.92(Y2O3)0.08 of 0.013 Scm-

1 at the same temperature (Figure 2.2) [3]. Despite the promising ionic conductivity in 

the intermediate temperature range, Ce+4 can be easily reduced to Ce+3 depending on 

the operating temperature, the local oxygen partial pressure and the applied bias [1, 

3, 12]. The reduction of cerium will not only decrease the oxygen ionic conductivity 

transport number and causes electricity leakage of the electrolyte, but the lattice will 

also expand leading to potential mechanical damage of solid oxide cells [1, 3]. Several 

solutions were proposed to mitigate the issue including co-substituting and 

introducing a dense barrier layer between the fuel electrode and the electrolyte [1, 3, 

9].  

2.2.3 Substituted lanthanum gallate  

A lanthanum gallate based electrolyte was first discovered by Ishihara et al. and Feng 

and Goodenough in 1994 [1, 13, 14]. The concept is to introduce acceptor substitutes 

such as Sr+2 and Mg+2 in the La and Ga site of LaGaO3 perovskite to enhance the oxygen 

vacancy concentration [1, 3, 13, 14]. The oxygen ionic conductivity of 

La0.9Sr0.1Ga0.8Mg0.2O2.8 (LSGM) is as high as 0.030 Scm-1 at 700°C, similar to the 

conductivity of Ce0.9Gd0.1O1.95 (Figure 2.2) [1, 3]. LSGM also possesses a wide oxygen 

ionic conduction range between 10-22 and 1 atm oxygen partial pressures [1, 15].  

Nevertheless, LSGM has several drawbacks. Firstly, it is relatively difficult to synthesise 

the chemical with proper chemical composition as there are four different cations in 

the system [1]. Any mixing inhomogeneity of the precursors will result in the 

formation of less conductive phases [1]. Moreover, similar to the substituted ceria, 

LSGM has been shown to possess a small electronic conductivity at reducing 

atmosphere as Ga+3 can be reduced to Ga+2 [9]. Lastly, LSGM has a chemical 

compatibility issue with nickel at the fuel electrode side and secondary phase such as 

LaNiO3 can form at the interface [3, 9].  
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Figure 2.2: The oxygen ionic conductivity comparison between each conventional electrolyte 

material under different temperatures. The reference numbers on the plot relate to the 

current reference list.  

2.3 Hydrogen electrode  

Ni cermets such as the Ni-YSZ composite electrode are a typical hydrogen electrode 

material used in solid oxide cells [9, 16, 17]. Nickel is used in the composite because 

of its excellent electrocatalytic activity towards fuel oxidation/reduction and high 

electronic conductivity [16, 17, 18]. YSZ, on the other hand, is responsible for 

conducting oxygen ions and mitigating the thermal expansion coefficient difference 

between nickel and conventional electrolyte materials such as YSZ [16, 18]. In general, 

Ni-YSZ composite electrode satisfies most of the requirements listed in Section 1.3.3 

but have suffered from several drawbacks such as impurity poisoning, carbon 

formation, nickel coarsening and oxidation [16-19]. Therefore, alternative materials 

have been developed and are mainly in the form of perovskites including lanthanum 

strontium chromium manganites, lanthanum substituted strontium titanates, 

lanthanum strontium vanadates, substituted lanthanum ferrites and Sr2Fe1.5Mo0.5O6-δ 

double perovskite oxides [9, 16-19]. Since fuel electrode is not the main focus of this 
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research, useful references can be found above for more information about fuel 

electrode materials.  

2.4 Air electrode  

2.4.1 Lanthanum strontium manganites  

Lanthanum strontium manganites (La1-xSrxMnO3, LSM) are a traditional air electrode 

material used for high temperature solid oxide fuel cells [20]. The substituting of 

strontium at the lanthanum site which is up to 20-30%, increases the valence of 

manganese to +4 [20, 21]. This leads to the enhancement of p-type electronic 

conductivity of the materials [20, 21]. LSM is almost a pure electronic conductor and 

has a very low oxygen diffusion coefficient [20-22]. For example, depending on the 

strontium substitution concentration in LSM, the electrical conductivity is reported to 

range from 40 to 485 Scm-1 at 1000°C whereas the oxygen ionic conductivity is around 

10-7-10-6 Scm-1 at the same temperature [23]. An acceptable air electrode performance 

is usually achieved at temperatures greater than 900°C but the active surface area can 

be extended by introducing oxygen ionic conductors such as YSZ and CGO (gadolinium 

substituted ceria) [20, 24-27]. This allows decreasing the operating temperatures to 

lower than 800°C [20, 28].  

2.4.2 Mixed ionic and electronic conducting (MIEC) perovskite oxides   

As mentioned in Section 1.3.1, MIECs have the advantage of enlarging the 

electrochemically active area from a TPB to DPB and this is achieved by replacing 

manganese in LSM with other transition metals such as Fe, Co, Ni and Cu [9, 20]. 

Alkaline earth metals such as strontium and barium are also used to substitute/replace 

lanthanum [9, 20]. The change of the transition metal at the B site to Co, for example, 

allows the strontium substitute to create both oxygen vacancies and the mixed 

valence of cobalt (+3/+4) [20, 29, 30]. Hence, materials such as La1-xSrxCoO3-δ (LSC) 

possess MIEC properties [20, 29, 30]. In terms of electrochemical activity, it strongly 

depends on the transition metal used at the B site and research shows that the order 

from high to low is cobaltites, manganites, ferrites and chromites [20, 31, 32].  

Despite the promising electrochemical performance of LSC at intermediate 

temperature operating conditions, these electrodes present several drawbacks such 
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as the high TEC values (~23x10-6 K-1) compared to the ones of conventional electrolytes 

(~12x10-6 K-1) and the chemical reactivity with YSZ [20, 28]. The relatively high TEC 

value is common for cobalt based perovskite oxides because Co+3 tends to transform 

from the low spin to high spin state at elevated temperature [33]. Chemical 

compatibility between LSC and YSZ can also result in the formation of insulating 

secondary phases such as La2Zr2O7 and SrZrO3 at the electrolyte/electrode interface 

but this can be effectively solved by introducing a substituted ceria barrier layer at the 

interface [20, 34].  

To solve the issue of TEC mismatch, partially replacing cobalt by iron is effective to 

reduce the TEC of the materials [20, 35]. Considering the compensation between TEC 

and electrochemical performance reduction, La0.6Sr0.4Fe0.8Co0.2O3-δ (LSCF) is the best 

chemical composition [20, 35]. Apart from LSCF, other perovskites such as Gd1-

xSrxCoO3-δ, Sm1-xSrxCoO3-δ, La0.6Sr0.4Fe0.8Ni0.2O3-δ (LSFN) and Ba1-xSrxCo1-yFeyO3-δ (BSCF) 

also show promising electrochemical properties [20, 36-39]. The oxygen diffusion 

coefficient and oxygen surface exchange coefficient of BSCF are even higher than LSCF 

[40, 41]. However, BSCF suffers from larger TEC and chemical reactivity with CO2, 

leading to rapid performance loss over time [20, 39, 42].  

2.4.3 Double perovskites  

Double perovskite oxides are one of the layered perovskites with a two-dimensional 

character of oxygen ion carrier distribution [20, 43, 44]. Depending on the cation size 

difference between lanthanide ions (Ln+3, Ln= Gd, Pr, Nd and Sm) and alkaline earth 

ions (e.g. Ba+2) at the A site of LnBaMO5+δ (M= Co, Fe, Mn and Cu), an ordered structure 

of LnO and BaO alternating layers will form with various amounts of oxygen vacancies 

located in the LnO layer as shown in Figure 2.3 [20, 43, 44]. Oxygen diffusion rate was 

found to be higher in the LnO layer of the ordered structure compared with the 

disordered one [20, 43, 45]. The oxygen bonding strength is expected to be lower at 

this layer and hence a fast oxygen diffusion channel is developed [20, 43, 45].  

In SOCs applications, the most well studied double perovskite is GdBaCo2O5+δ (GBCO) 

and it was demonstrated to have a high oxygen diffusion coefficient (4.8 x 10-10 cm2/s) 

and oxygen surface exchange coefficient (2.8 x 10-7cm/s) at 575°C, which is a suitable 

air electrode candidate for intermediate temperature operation [20, 44, 46]. Other 
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modifications of this material have also been conducted including co-substituting Ba 

and Sr and replacing Gd with Pr, Nd or Sm which all showed very promising 

electrochemical performance [20, 44, 47-50].  

 

Figure 2.3: Crystal structure of A site ordered double perovskite with chemical formula of 

LnBaM2O5+δ, where Ln and M can be Gd, Pr, Nd and Sm and Co, Fe, Mn and Cu, respectively. 

Adapted from [20] with kind permission from Elsevier. 

2.4.4 Ruddlesden-Popper phases  

Ruddlesden-Popper (RP) phases have the general chemical formula of An+1BnO3n+1 or 

(AO) (ABO3)n where n=1, 2 and 3 which shows that their crystal structure is formed by 

alternating rock salt and perovskite layers as illustrated in Figure 2.4 [51]. This intrinsic 

heterostructure results in the RP materials possessing promising physical/chemical 

properties and performance as an air electrode [9, 40]. For example, the intrinsic 

lattice mismatch between the two layers can be adjusted by including oxygen 

interstitials at the rock salt layers and this will increase the size of the rock salt layer 

[20, 52-55]. Simultaneously, to maintain the charge neutrality, the valence of the 

transition metal increases at the B site, which then decreases the size of the perovskite 

layers [20, 52-55]. Overall, this causes the material possessing a MIEC property as the 

introduction of oxygen interstitials will contribute to the oxygen ionic conductivity and 

the change of valence at the B site will result in p-type electronic conductivity [20, 56-

59]. In addition, the stresses between these two layers also help with maintaining the 

material MIEC properties at significant reducing and oxidizing conditions or under high 

cathodic or anodic bias [20, 60-64]. For example, the expansion of the perovskite 
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layers under reducing conditions due to the lower content of Ni+3 will avoid further 

oxygen interstitial loss in the rock salt layers whereas under oxidizing conditions, 

oxygen interstitials will be included in the rock salt layers until their size match to the 

perovskite layers [20]. These features are very important as oxygen ion carriers, 

oxygen interstitials in this case, will always exist in different operating conditions as 

well as the mixed valence transition cation (e.g. Ni+2/+3) [20]. This is unlike normal 

perovskite materials which can have oxygen saturation issues when oxygen vacancies 

are filled under extreme oxidizing conditions. Hence, the oxygen mobility is reduced 

[20]. Moreover, when comparing to n=2 and 3 RP materials, there is more research on 

n=1 materials in the literature. Therefore, the review below will mainly focus on n=1 

RP phases and their comparison to other well-known air electrode materials, 

especially LSCF. 

 

Figure 2.4: The two dimensional RP phase crystal structures which show the increasing 

number of perovskite layers on increasing n, where n=1, 2 and 3. Reproduced from [51] with 

kind permission from Elsevier. 

2.5 Ruddlesden-Popper phases as air electrode materials  

2.5.1 Thermal expansion coefficients (TEC) 

One of the major disadvantages of perovskite materials such as (La, Sr/Ba)(Co, Fe)O3-

δ are their mismatch of TEC values in comparison with the conventional electrolytes 

[40]. The TEC values can be at least 16.3 x 10-6 K-1
 for La1-xSrxFeO3-δ (LSF) and as high as 

20.5 x 10-6 K-1 for La1-xSrxCoO3-δ (LSC) at 300-1000°C in air with LSCF and Ba1-xSrxCo1-

yFeyO2-δ (BSCF) values located within these two extremes [40, 65-67]. This is also in 
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contrast to the TEC of LSM which is 12.3 x 10-6 K-1 and was measured at the same 

condition [40, 66]. Although substitution of cobalt with other transition metals such 

as iron can reduce the TEC values, their TEC are still much higher than the target range 

of 10.8 to 13.5 x 10-6 K-1 [33, 40, 68]. Ln2NiO4+δ (where Ln is La, Nd and Pr) RP phase 

materials, however, have much smaller and more compatible TEC values in the range 

of 12.7-13.6 x 10-6 K-1 at 300-1000°C in air [40, 69, 70]. 

In addition, the chemical expansion of a material caused by the change of oxygen 

stoichiometry should be considered when operating under different temperatures 

and oxygen partial pressures [40]. Kharton et al. [69] suggested that for the case of 

Ln2NiO4 based materials, the chemical expansion will not contribute to more than 5% 

of the overall TEC under oxidizing conditions and this is much lower than the 

cobalt/ferrite based perovskites [40, 71, 72]. Such favorable observation can be 

explained by the anisotropic expanding nature of Ln2NiO4 when there is a change in 

oxygen stoichiometry [40, 69]. Indeed, structural transition from Fmmm or Bmab 

towards more symmetric I4/mmm usually occurs for Ln2NiO4+δ or analogous materials 

(with various substitute such as Co at the Ni site) when heating from room 

temperature, but several researches have demonstrated that there was no abrupt 

change of volume at the point of transition [20, 64, 73, 74]. Overall, Ln2NiO4+δ RP phase 

materials are mechanically compatible to the conventional electrolytes.  

2.5.2 Electrical conductivity  

Figure 2.5 shows the electrical conductivity of different Ln2NiO4+δ phases and their 

comparison to LSM, MIEC perovskites and double perovskites at various temperatures 

[20]. Among the different lanthanide series elements at the A site, only Pr2NiO4+δ 

shows an appropriate electrical conductivity which is about 100 Scm-1 at intermediate 

temperature operating range [20, 70]. Although the value is much smaller than LSCF 

(which is 191 Scm-1 at 700°C [33]), it is still acceptable compared to the required value 

of at least 100 Scm-1 as defined in Section 1.3.1. With respect to La2NiO4+δ and 

Nd2NiO4+δ, their electrical conductivities are much lower than the criteria of the 

general SOC air electrodes [20, 70]. Substituting with an alkaline earth element at the 

A site helps with enhancing the electronic conductivity of a material but with the cost 

of reducing oxygen interstitial concentration and hence the oxygen ionic conductivity 
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[44, 70]. On the other hand, LSFN and both GBCO and PrBaCo2O5.5+δ (PBCO) double 

perovskites possess a much higher electrical conductivity, which is greater than 300 

Scm-1 at temperatures above 500⁰C [20, 75].  

It is important to note that all the Ln2NiO4+δ materials show a semi-conducting 

behavior as the maximum electronic conductivity can be observed at around 400°C to 

500°C and it drops at higher temperatures [20, 70]. This can be explained by the 

decrease of oxygen content when the temperature increases and it results in the 

corresponding decrease of the amount of Ni+3 electronic charge carriers [20, 70]. 

 

Figure 2.5: Electrical conductivity of different air electrode materials under various 

temperatures. Reproduced from [20] with kind permission from Elsevier.  

2.5.3 Oxygen diffusion and surface exchange coefficients  

As mentioned in Section 1.3.1, oxygen diffusion coefficient (D*) and surface exchange 

coefficient (k) are two important parameters when evaluating the performance of 

MIEC type of SOC air electrodes. In general, materials with high D* and k are favorable. 

With respect to Ln2NiO4+δ RP phases, Figure 2.6(a) and (b) show that most of them 

possess higher D* and k values than LSCF, LSFN, GBCO and LSM in the intermediate 

temperature operating range [20, 43, 70, 76]. However, the D* and k of BSCF were 

about one order of magnitude and two order of magnitude larger than Ln2NiO4+δ at 
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700°C, respectively (not shown in Figure 2.6) [40, 41]. On the other hand, LSC has 

slightly lower value of D* (1.5 x 10-8 cm2s-1) and slightly larger k value (4 x 10-6 cms-1) 

compared to Ln2NiO4+δ at 700°C but they are within the same order of magnitude [40]. 

Among Ln2NiO4+δ, Pr2NiO4+δ has the highest D* and k over Nd2NiO4+δ and La2NiO4+δ as 

shown in Figure 2.6(a) and (b) [20, 70]. Hence Pr2NiO4+δ is a promising RP phase for 

SOC air electrodes. In addition, it is important to note that the activation energies of 

D* and k are relatively small for Ln2NiO4+δ compared with LSCF and LSM [20, 70]. This 

preferable nature allows Ln2NiO4+δ to keep relatively high D* and k values at a lower 

temperature and this is beneficial when operating SOC at the intermediate 

temperature range [20].  

 

 

(a) 
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Figure 2.6: Oxygen diffusion (D*) (a) and surface exchange (k) (b) coefficients of various air 

electrode materials in different temperature. Reproduced from [20] with kind permission 

from Elsevier. 

2.5.4 Electrode performance 

The kinetics of the oxygen reduction/evolution reactions can be evaluated by the 

electrode polarization resistance (Rp) measured under open circuit condition [40]. As 

mentioned in Section 1.3.1, the Rp value of a MIEC air electrode mainly depends on 

two factors, which are the intrinsic physicochemical properties of the selected 

materials and the microstructure of the air electrode. The Rp values of Ln2NiO4+δ were 

compared with LSCF by Ogier et al. with the similar fabrication process of the 

symmetrical cell with different air electrode materials [77]. The preliminary results are 

shown in Figure 2.7(a) when using YSZ as the electrolyte and no barrier layer between 

the air electrode and the electrolyte [77]. Pr2NiO4+δ shows the lowest Rp value for the 

Ln2NiO4+δ series and its Rp value is comparable to LSCF but lower when temperature is 

below 675°C [77]. 

To prevent any possible chemical reaction with the YSZ electrolyte and to enhance the 

contact at the air electrode/electrolyte interface, it was proposed to introduce a ceria 

substituted interlayer between the electrolyte and the electrodes, and the 

corresponding Rp values are shown in Figure 2.7(b) [77-79]. When comparing with the 

result in Figure 2.7(a), introducing the ceria substituted interlayer further decreased 

the Rp values in different materials [77]. The Pr2NiO4+δ/CGO configuration showed the 

(b) 
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lowest Rp value especially when comparing with the LSCF/CGO and the 

Pr2NiO4+δ/Ce0.72Y0.18O2-δ (YDC) configurations [77, 78]. Generally, CGO is a better 

interface candidate than YDC because of its higher oxygen ionic conductivity [79, 80]. 

 

 

 

Figure 2.7: Electrode polarization resistance (Rp) for different air electrode materials (a) 

without and (b) with an interlayer at the air electrode/electrolyte interface measured under 

open circuit condition over different temperature ranges. Reproduced from [77] with kind 

permission from Elsevier. 

(a) 

(b) 
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Moreover, in terms of the electrode performance under anodic polarization, resemble 

to the air electrode operating condition in electrolysis mode, Ogier et al. [77] have 

demonstrated that Pr2NiO4+δ provided a much higher current density than LSCF at a 

given temperature and a given anodic overpotential (Figure 2.8). It is important to 

note that no CGO interlayer was initially introduced for both of the samples [77]. On 

the other hand, with the introduction of CGO interlayer to Pr2NiO4+δ cells, there was a 

further enhancement of the current density (Figure 2.8) [77]. The performance of 

Pr2NiO4+δ air electrode at high anodic overpotential changed from Tafel behavior to 

current limitation response for the samples without and with the CGO interlayer, 

respectively [77]. The presence of the current limitation response might be due to 

oxygen diffusion limitation within the less porous electrode active layer and hence 

further optimization of electrode microstructure is required [77]. Overall, Pr2NiO4+δ 

with CGO interlayer is a promising air electrode material especially for the applications 

in electrolysis mode.   

 

Figure 2.8: Anodic polarization curves of cells when using Pr2NiO4+δ and LSCF as an air 

electrode without CGO interlayer. They are compared with the results of Pr2NiO4+δ with CGO 

interlayer. All the measurements were conducted at 800°C in air. Replotted from [77].  

2.5.5 Thermal stability and chemical reactivity at high temperature  

Both thermal stability of the materials and their chemical reactivity with the 

conventional electrolyte (e.g. YSZ, CGO and LSGM) under sintering and operating 
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conditions should be evaluated as any formation of secondary phase at the bulk 

and/or at the air electrode/electrolyte interface usually decreases the electrode 

performance [40]. Montenegro-Hernandez et al. [81] examined the thermal stability 

of different Ln2NiO4+δ with separate heat treatments of 700°C and 900°C under air for 

72 hours. No decomposition was observed for La2NiO4+δ and Nd2NiO4+δ, regardless of 

the sample preparation methods which result in different sample particle sizes and 

shapes [81]. However, it is important to note that a higher order RP phase was 

detected for La2NiO4+δ when annealing at 900°C for two weeks in air [51]. For the case 

of Pr2NiO4+δ, the secondary phase of Pr6O11 started to form at 700°C and Pr2NiO4+δ 

decomposed to Pr6O11 and Pr4Ni3O10+/-δ at 900°C [81]. The latter result is in agreement 

with the observation from Kovalevsky et al.’s who tested at 800°C in air [82]. Further 

investigation of thermal stability of Pr2NiO4+δ has also been undertaken by Vibhu [83] 

who reported the pattern of the decomposed products at various temperature ranges 

from 600°C to 800°C for a month of heat treatment under air. It was found that at 

lower temperature such as 600°C, PrNiO3-δ and Pr6O11 were the major decomposition 

products and Pr4Ni3O10+δ started to appear at higher annealing temperatures [83].  

Despite promising features, as mentioned in the previous sections, one of the main 

drawbacks of Ln2NiO4+δ phases is that they tend to react with the conventional 

electrolytes at different temperatures. For La2NiO4+δ, the secondary phases of 

La2Zr2O7 and La3Ni2O7 were detected at 900°C when mixing with YSZ [81]. When 

La2NiO4+δ mixed with CGO powder, depending on the powder morphology of La2NiO4+δ, 

some La2NiO4+δ was decomposed to La3Ni2O7-δ at 700°C for 2 hours and to La4Ni3O10-δ 

and LaNiO3-δ or La3Ni2O7-δ at 900°C for 72 hours [81]. Pr2NiO4+δ showed similar reaction 

products to La2NiO4+δ in compatibility tests with YSZ and CGO but it also self-

decomposed simultaneously to form Pr4Ni3O10+/-δ and Pr6O11 even without the 

presence of YSZ and CGO powder [81]. When Pr2NiO4+δ was mixed with YSZ powder 

and heated at 900oC for up to 72 hours, Pr6O11 and Pr2Zr2O7 were observed as well as 

Pr4Ni3O10+/-δ and NiO [81]. Chemical reaction/decomposition of Pr2NiO4+δ also 

occurred at the same temperature when mixing with CGO and the secondary phases 

were Pr4Ni3O10+/-δ, Pr6O11 and possibly Ce1-x-yGdxPryO2-δ (CGPO) [81]. Philippeau et al. 

[84] have found secondary phases of Pr6O11 and NiO, and PrNiO3 and NiO after 
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sintering the powder mixture at 1150°C for 1 hour and then annealing at 800°C for 5 

days under air, respectively. In terms of Nd2NiO4+δ, it reacted with YSZ and CGO to 

from Nd2Zr2O7 and Nd2Ce2O7 at 1000°C, respectively [81]. In addition, Philippeau et al. 

[84] observed the chemical reaction/electrolyte decomposition between Ln2NiO4+δ 

and LSGM electrolyte at 1150°C for 1 hour in air with the products of Sr4Ga2O7, 

Nd4Ga2O9 and Pr4Ga2O9 for La2NiO4+δ, Nd2NiO4+δ and Pr2NiO4+δ, respectively. They 

suggested that the formation of the gallates was due to the high volatility of gallium 

at high temperature [84, 85]. 

2.6 Pr2NiO4+δ decomposition and possible approaches to stabilise it 

The previous section shows that Pr2NiO4+δ is a promising candidate as a SOC air 

electrode due to its acceptable electrical conductivity, high D* and k and low Rp value 

in comparison to LSCF. However, the lack of thermodynamic stability at temperatures 

below 900°C in air and its reactivity with conventional electrolytes limits its application. 

The decomposition reaction of Pr2NiO4+δ under oxidative atmosphere can be 

summarized in Equation 2.1: 

3Pr2NiO4+δ + b O2  Pr4Ni3O10±δ’ + 2PrO2+δ”     Equation 2.1 

where b = 1 - 1.5δ ± 0.5δ’ + δ” and indicates the amount of oxygen required to oxidize 

the Pr2NiO4+δ so that the phase decomposition occurs [86]. 

In this section, several approaches used to stabilise Pr2NiO4+δ under intermediate 

temperature operating conditions (500-800°C in air) were reviewed. They can be 

mainly classified into four categories and they are substituting foreign cations 

(Sections 2.6.1-2.6.3), creating praseodymium deficiency (Section 2.6.4), increasing 

the grain size and introducing the Pr2NiO4+δ to an electrolyte backbone by infiltration. 

The latter two were discussed in Section 2.6.5.  

2.6.1 Substituting Sr and Ca at the Pr site 

It is proposed that substituting strontium and calcium at the praseodymium site can 

help with increasing the thermal stability of Pr2NiO4+δ [52, 87, 88]. This is due to the 

charge compensation mechanism of the introduced divalent acceptor resulting in an 

increase of the average nickel valence [52, 88]. Istomin et al. [52] have demonstrated 

that Pr1.35Sr0.65Ni0.75Co0.25O4±δ is more stable than Pr1.75Sr0.25Ni0.75Co0.25O4±δ as no 
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decomposition was observed for Pr1.35Sr0.65Ni0.75Co0.25O4±δ after heating the samples 

at 900°C under oxygen flow for 24 hours. Indeed, Pikalova et al. [88] showed similar 

results when annealing Pr2-xCaxNiO4+δ (x=0-0.5) at 850⁰C for 250 hours. They found the 

formation of secondary phases such as Pr4Ni3O10+/-δ, Pr6O11 and NiO for the post-tested 

samples of x=0 and 0.1 but the rest of the Ca-enriched materials were stable [88].  

However, it is important to note that although substituting divalent alkaline earth 

cations at the praseodymium site can increase material stability and even the 

electrical conductivity, there is evidence that both D* and k drop with increasing of 

the substituting level [44, 89, 90].  

2.6.2 Substituting La and Nd at the Pr site 

Another approach to stabilise the Pr2NiO4+δ at the lower temperatures is to substitute 

either lanthanum or neodymium at the praseodymium site as it is known that 

La2NiO4+δ and Nd2NiO4+δ are more thermally stable than Pr2NiO4+δ [91]. Vibhu et al. 

tried to vary the amount of the lanthanum substitution level at the praseodymium site 

with the attempt to avoid decomposition of Pr2NiO4+δ [83, 92]. The proper amount of 

lanthanum substitution was found to be 1.5 with the chemical formula of 

La1.5Pr0.5NiO4+δ as no decomposed product such as perovskite, higher order RP phase 

and/or praseodymium oxide were detected after one month of thermal treatment 

between 600°C and 800°C under air  [83, 92]. However, the introduction of lanthanum 

to Pr2-xLaxNiO4+δ decreased the electrical conductivity and the D* value, reflecting a 

higher polarization resistance than Pr2NiO4+δ at a given operating temperature [83, 93]. 

With respect to neodymium substitution at the praseodymium site, Dogdibegovic et 

al. [94] found no phase decomposition after annealing Nd1.5Pr0.5NiO4+δ at 750°C in air 

for 2500 hours. A similar tendency of the decrease of electrochemical performance 

was also observed for neodymium substituted Pr2-xNdxNiO4+δ compared to Pr2NiO4+δ 

[95]. Dogdibegovic et al. [95] showed an increase of polarization resistance for Pr2-

xNdxNiO4+δ when more praseodymium was replaced by neodymium. 

The most recent research shows that the decomposition of Pr2NiO4+δ starts from the 

oxidation of praseodymium [96]. The introduction of other lanthanide ions such as 
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neodymium at the praseodymium site has a capacity to suppress praseodymium from 

oxidation under oxidizing conditions [96].  

2.6.3 Substituting Cu or Fe at the Ni site 

Substituting of copper and iron at the nickel site was found to change the phase 

transition/decomposition temperature of Pr2NiO4+δ to the higher order Pr4Ni3O10+δ 

and praseodymium oxide [97]. Copper (Cu+2) and iron (Fe+3) are acting as a substituting 

cation with lower and higher valence compared to the average valence of nickel [97]. 

When copper is introduced, it will decrease the average valence at the transition metal 

site in Pr2Ni1-xCuxO4+δ and will lead to the reduction of the overall oxygen content (i.e. 

δ in Equation 2.1) [86, 97]. More oxygen (i.e. b in Equation 2.1) is then needed for the 

decomposition process to occur [86]. Hence, it was found that Pr2Ni1-xCuxO4+δ has a 

lower phase transition temperature (800°C) compared to Pr2NiO4+δ (900°C) in air [97]. 

The oxygen non-stoichiometry (δ) of Pr2Ni0.8Cu0.2O4+δ was measured to be 0.116 at 

around 927°C in air and this was compared with 0.148 for Pr2NiO4+δ at the same 

measuring condition [97]. The decrease of oxygen content was also observed in 

Nd2NiO4+δ when substituting divalent copper at the nickel site [98]. On the other hand, 

iron substitution has an opposite impact due to the fact that it increases the oxygen 

content of Pr2Ni1-xFexO4+δ and the phase transition temperature was reported to be 

higher (950°C) in air [86, 97].   

2.6.4 Praseodymium deficiency  

Several researchers have shown that praseodymium and neodymium deficiency in 

n=1 RP phase would reduce the oxygen content when comparing to their primitive 

chemical compositions [70, 86, 99]. As suggested Equation 2.1, this might be beneficial 

in terms of improving n=1 praseodymium nickelate RP phase thermal stability at lower 

temperature range because more oxygen will then be required to oxidise the n=1 

praseodymium nickelate [86]. This was demonstrated by Xue et al. [86] experiment 

when thermally heating both (Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ ((PL)2.0NCG) and 

(PL)1.9NCG sintered pellets at 900°C for up to 10 hours in air. (PL)1.9NCG was observed 

to have less amount of n=3 praseodymium nickelate RP phase formed at any given 

amount of heating time [86].  
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However, Ning et al. [100] proved that the introduction of praseodymium deficiency 

in Pr2-xNiO4+δ (x=0-0.2) would not change the content of oxygen interstitial in the rock 

salt layer but it increased the oxygen vacancy concentration in the perovskite layer. 

Ning et al. [100] also observed the nearly complete decomposition of Pr2-xNiO4+δ (x=0-

0.2) when heating from 580°C to 800°C in air. The decomposition rate constant 

(assuming first order reaction) of various Pr2-xNiO4+δ had no apparent difference at a 

given temperature [100]. This suggests that incorporating praseodymium deficiency 

have little impact on improving the thermal stability of Pr2NiO4+δ. Therefore, the 

thermal stability improvement observed by Xue et al. [86] should be attributed to the 

other factor such as relatively larger grain size observed from (PL)1.9NCG sintered 

pellet compared to the one of (PL)2.0NCG as (PL)1.9NCG had a greater sinterability. The 

effect of grain size on Pr2NiO4+δ thermal stability is discussed next.  

2.6.5 Other approaches 

Apart from different types of substitution strategy to improve the thermodynamic 

stability of Pr2NiO4+δ, it is also proposed that the issue can be resolved kinetically [86]. 

For example, by calcining at a higher temperature for a given amount of time, the final 

sample with larger grain size or in sintered ceramics form tends to be more resistant 

to the decomposition process (e.g. lower amount of high order RP phase was observed) 

than the reference sample with smaller grain size or in powder form, respectively [86, 

100]. This might be due to the fact that the decomposition process starts at the grain 

boundary/powder surface where cation diffusion is kinetically favorable [86, 100]. 

Railsback et al. [101] found that Pr2NiO4+δ is more stable when being infiltrated on a 

LSGM scaffold. When aging the Pr2NiO4+δ powder and the infiltrated Pr2NiO4+δ 

separately at 650°C under air for 100 hours, Pr4Ni3O10+/-δ and Pr6O11 were detected for 

the first case [101]. On the other hand, the latter case showed minor changes in the 

phase before and after the aging process [101]. These results can be explained by the 

physical constraint imposed by the LSGM scaffold adjacent to the infiltrated Pr2NiO4+δ. 

It limited the Pr2NiO4+δ phase transformation [101]. Since phase transformation 

usually includes volume change and/or distortion, it is much more difficult for the 

infiltrated Pr2NiO4+δ decomposition to proceed [101]. The other explanation for the 

improved stability results for the infiltrated Pr2NiO4+δ might be the possible lanthanum, 
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strontium and/or gallium cation diffusion from LSGM, although it was not confirmed 

by Railsback et al. [101]. 

Although the methods proposed above tend to contribute to a higher thermal stability 

of Pr2NiO4+δ at temperatures below 900°C under air/oxygen, they all have some 

disadvantages that require further consideration. For example, substitution of 

strontium should be avoided for possible strontium segregation observed in LSM and 

LSCF [34]. As mentioned before, material properties such as D* and k are also 

compromised when substituting strontium and calcium at the praseodymium site of 

Pr2NiO4+δ. Partially replacing praseodymium by lanthanum and neodymium looks 

promising in terms of the demonstrated long term (relatively) phase stability of the 

materials but they suffer from higher polarization resistance. In addition, substituting 

copper at the nickel site can only extend the lower boundary of Pr2NiO4+δ 

thermodynamic stability to 800°C in air which is the upper boundary of the 

intermediate temperature SOC operation range. With respect to the kinetic 

approaches such as increasing the grain size and infiltration of Pr2NiO4+δ on LSGM, the 

long term stability of the material is in doubt.  

2.7 The derived products from the chemical reactions related to Pr2NiO4+δ  

Alternatively, considering that the intermediate temperature operating conditions are 

between 500°C and 800°C in air, it would be interesting to investigate the properties 

and the electrochemical performance of the products of the Pr2NiO4+δ decomposition 

reaction, which are Pr4Ni3O10+/-δ, PrNiO3-δ and Pr6O11 [83]. Vibhu et al. [83, 92] found 

the full decomposition of Pr2NiO4+δ after aging the symmetrical cell with the 

configuration of Pr2NiO4+δ/CGO/YSZ at 700°C and 600°C under air for one month. With 

respect to the electrode performance, the electrode resistance (the distance between 

the two furthest Re(Z) intercepts of each set of data in Nyquist plots, Figure 2.9(a)) 

measured in open circuit condition increased from 0.03 Ωcm2 to 0.045 Ωcm2 before 

and after aging at 700°C for one month in air [83, 92]. Figure 2.9(b) shows the 

corresponding Bode plots which illustrate the formation of an extra peak (P3) over 

time [83, 92]. The introduction of a Nyquist plot and a Bode plot can be found in 

Section 3.4.5.1. This additional peak (P3) not only shows the change of air electrode 

reaction but it also demonstrates the dissociation of Pr2NiO4+δ [83, 92]. The relatively 
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small electrode resistance value after the full decomposition of Pr2NiO4+δ might 

suggest that the decomposed products are still catalytically active to the air electrode 

reaction [83, 92]. Therefore, the evaluation of each decomposed product might help 

with identifying a more thermally stable material with a comparable electrochemical 

performance to Pr2NiO4+δ for the SOC air electrode. 

 

 

 

Figure 2.9: (a) Nyquist plot and (b) Bode plot for the symmetrical cell (Pr2NiO4+δ/CGO/YSZ) 

aged for one month at 700°C in air. Adapted from [92] with kind permission from IOP 

Publishing. 

2.7.1 Pr4Ni3O10+/-δ and PrNiO3-δ 

Vibhu further fabricated symmetrical cells with the same configuration as before but 

using different decomposed products such as Pr4Ni3O10+δ and PrNiO3-δ [83, 102, 103]. 

(a) 

(b) 
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He then compared the electrode resistance measured in open circuit condition [83, 

102, 103]. The results indicated that Pr4Ni3O10+δ is a promising candidate for the air 

electrode as its electrode resistance value of 0.16 Ωcm2 at 600°C in air was almost the 

same as the one for Pr2NiO4+δ (0.15 Ωcm2 at the same measuring condition) [83, 102]. 

On the other hand, the electrode resistance value of PrNiO3-δ was 0.91 Ωcm2 at 600°C 

in air which is much larger [83, 103]. Hence, further research on the material 

properties of Pr4Ni3O10+/-δ was undertaken. 

The thermal stability of Pr4Ni3O10+/-δ was first examined and no decomposition was 

observed when annealing the powder at different temperatures from 600°C to 800°C 

under air for one month [83, 102]. The upper temperature boundary for the phase 

stability was also verified using thermogravimetric analysis (TGA) and the formation 

of Pr2NiO4+δ and NiO was observed after heating at temperatures greater than 1050°C 

and 1120°C under air and oxygen, respectively [83, 102]. However, Vibhu et al. [83, 

102] suggested that when considering the kinetic impact on the phase transformation 

which might be due to instrumental or sample effects, the confirmed temperatures 

for long term Pr4Ni3O10+δ phase stability were 950°C under air and 1000°C under 

oxygen.  

With respect to the oxygen content, Vibhu et al. [83, 102] found that Pr4Ni3O10+δ 

always shows an oxygen hyper-stoichiometry at different temperatures (measured 

from room temperature to 800-1000°C) under air, oxygen and even argon. However, 

these results are inconsistent with those reported by Zhang et al. [104] and with the 

other higher order RP phases such as La4Ni3O10-δ that usually shows oxygen hypo-

stoichiometry [51]. Based on Vibhu et al.’s results [83, 102], the oxygen content of 

Pr4Ni3O10+δ, decreased with the increase of temperature and the oxygen content 

under oxygen condition will be slightly higher than the oxygen content in air and argon 

for a given temperature. The TGA results showed that the oxygen content at room 

temperature under argon, air and oxygen are 10.07(δ=0.07), 10.10 (δ=0.10) and 10.14 

(δ=0.14), respectively [83, 102]. This is compared with the Pr2NiO4+δ oxygen content 

of δ=0.22 at room temperature [79]. 

In addition, both electrical conductivity and TEC seem to be acceptable for Pr4Ni3O10+δ 

according to the general criteria for air electrode materials selection in Section 1.3.1. 
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Pr4Ni3O10+δ exhibits a metallic behavior of electrical conductivity and the conductivity 

value decreases with increasing temperature [83, 102, 105]. The reported electrical 

conductivity at 600°C and 800°C was 90 Scm-1 and 85 Scm-1, respectively but it is 

important to note that these values are likely to be underestimated as the samples 

were not fully densified [83, 102]. The density of the samples used in this case was 

only 70% [83, 102]. In terms of TEC, it was found to be 10 x 10-6 K-1 between room 

temperature and 1000°C in air and this was comparable to the TEC of the conventional 

electrolytes [83, 102]. Since there was no abrupt structure phase transition observed 

in the corresponding XRD data measuring at the same conditions, the TEC was 

constant at any given temperature in between [83, 102]. Less thermo-mechanical 

stress between Pr4Ni3O10+δ air electrode and an electrolyte would therefore be 

expected, especially under thermal cycling [106]. 

The attempt to measure the D* and k values of Pr4Ni3O10+δ was conducted in order to 

have a better understating of the oxygen ionic conductivity of the material [83]. 

However, they were about one order of magnitude lower than Pr2NiO4+δ at 600⁰C in 

pO2=0.21 bar [83, 93]. Considering the as mentioned oxygen non-stoichiometry of 

Pr2NiO4+δ and Pr4Ni3O10+δ, Pr4Ni3O10+δ had a much lower oxygen ionic conductivity than 

Pr2NiO4+δ. However, it is reasonable to conjecture that Pr4Ni3O10+/-δ is a better 

electronic conductor than Pr2NiO4+δ as Pr4Ni3O10+/-δ possess more perovskite layers. 

NiO6 octahedra in the perovskite layers were known to be responsible for the 

electronic conductivity [20, 51].  

Therefore, a material with dominant oxygen ionic conductivity is required to 

compensate the shortcoming of Pr4Ni3O10+/-δ. It is important to note that the CGO 

interlayer was used in Vibhu et al.’s experiments [83, 92, 102]. Therefore, the impact 

of CGO should be considered.  

2.7.2 Ce1-x-yGdxPryO2-δ (CGPO) 

Although no CGPO formation is confirmed in the previous discussion of the chemical 

reactivity between Pr2NiO4+δ and CGO (Section 2.5.5), Laguna-Bercero et al. [107] 

observed its presence after mixing Pr2NiO4+δ and CGO powder and annealing the two 

mixtures for 2 hours in air at 1100°C and 1120°C, respectively. It was suggested that 

the praseodymium diffused into the substituted ceria structure as the lattice 
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parameter of the substituted ceria decreased after the heat treatments [107]. The 

other evidence for the praseodymium diffusion was the formation of NiO as a 

secondary phase [107]. Laguna-Bercero et al. [107] did not identify the composition 

of the final CGPO phase but they suggested that the formation of CGPO might 

contribute to the performance improvement of a SOFC cell (with the configuration of 

Pr2NiO4+δ/Pr2NiO4+δ-CGO/YSZ/Ni-YSZ) over time due to its expected high oxygen 

diffusivity. Indeed, a promising cell performance was received when operating the 

same tubular cell in SOEC mode and this gave the highest reported current densities 

of 800 mAcm-2 at 1.3V, 800°C in microtubular electrolysis cells [107, 108]. 

In Vibhu’s work [83], the chemical reaction between Pr2NiO4+δ and CGO interlayer was 

also observed at the interface for the electrodes operated under SOEC and SOFC 

modes on each side of the symmetrical cell as the new secondary phase had a brown 

color. The author suspected that that this is the result of the praseodymium diffusion 

to CGO interlayer but no direct evidence was given [83]. Such secondary phase might 

be formed under the electrode sintering process at high temperature (e.g. 1150°C for 

1 hour) but further investigation is required to confirm this [83].  

Moreover, CGPO with the composition of Ce0.75Gd0.05Pr0.20O2-δ was investigated as the 

SOC air electrode by Chockalingam et al. [109]. However, they concluded that the 

electronic conductivity, which originates from the introduction of impurity bands in 

the ceria band gap by praseodymium, was low and it limited the performance of the 

air electrode, despite the promising oxygen ionic conductivity (greater than 0.02 Scm-

1 at 700°C in air) [109]. Based on the simulation results from Dholabhai et al. [110], it 

was found that for a given amount of total substituting level, double substituting of 

praseodymium and gadolinium will have a higher oxygen ionic conductivity than the 

single substituted ceria. This is due to the fact that the number of minimum energy 

pathways for oxygen diffusion is increased for the double substituting case [110]. They 

suggested that the highest oxygen ionic conductivity can be reached between 600°C 

and 800°C when the total substitution amount of praseodymium and gadolinium did 

not exceed 25 mol.% [110]. Within 25 mol.% of substituting composition, including 

25% of praseodymium (Gd-rich CGPO) will provide higher oxygen ionic conductivity 

than having 50% (equal Gd-Pr CGPO) and 75% (Pr-rich CGPO) of praseodymium at the 
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different temperatures [110]. The simulated Gd-rich CGPO results qualitatively agree 

with the experimental results when replacing gadolinium with a small amount of 

praseodymium and the enhancement of the oxygen ionic conductivity was also 

confirmed when co-substituting different amounts of praseodymium in Ce0.9-

xGd0.1PrxO3-δ with x ranging from 0-0.4 [110-113].  

2.7.3 PrOx and NiO 

Praseodymium oxide (PrOx) is a popular rare earth metal oxide catalyst used to 

enhance the electrochemical activity of an air electrode [44, 80, 114-117]. This is 

usually achieved by infiltrating PrOx at the surface of existing air electrode materials 

which are limited by the surface exchange reaction such as La2Ni0.8Cu0.2O4+δ, LaNixFe1-

xO3-δ and LSM-CGO [44, 80, 114-117]. For example, Navarrete et al. [115] tried 

infiltrating different metal oxides, including Pr, Sm, Ce, Zr, Ba and Co oxide, on the 

surface of the LSM-CGO composite electrode and found that infiltrated PrOx boosted 

the oxygen dissociation and adsorption processes of the composite electrode and 

provided the best electrochemical performance when compared to other infiltrated 

oxides.  

In addition, the electrode performance of the infiltrated PrOx was compared with the 

infiltrated Pr2NiO4+δ, NiO, La2NiO4+δ, Sm0.5Sr0.5CoO3-δ and La0.6Sr0.4CoO3-δ on the 

gadolinium/samarium substituted ceria backbones (CGO/ CSO) as illustrated in Figure 

2.10 [118]. It is surprising to see that CGO infiltrated with Pr6O11 provided the best 

result at temperatures between 400°C and 600°C although the electrical conductivity 

of PrOx is as low as 1.3 Scm-1 at 600°C [118]. The promising result for PrOx can be 

attributed to the reported high oxygen surface exchange coefficient (5.4x10-7 ± 0.1x10-

7 cms-1) and high oxygen diffusion coefficient (3.4x10-8 ±0.1x10-8 cm2s-1) at 600°C and 

pO2 of 210 mbar [118]. It is believed that the mix of praseodymium valence (+3/+4) is 

beneficial to oxygen reduction/evolution reaction in the air electrode [118].  

Figure 2.11 compares the overall oxygen surface exchange rates between PrNiO3, 

Pr2NiO4+δ, Pr4Ni3O10+δ, Pr6O11 and La2NiO4+δ at different temperatures under pO2 = 0.21 

bar [119]. It is important to note that most of the data in Figure 2.11 were collected 

at temperatures lower than 600°C, except for La2NiO4. As expected, PrNiO3 and 

La2NiO4+δ have relatively low oxygen surface exchange rates when compared with the 
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other three compositions. However, it is surprising to find that the oxygen surface 

exchange rates are higher for Pr4Ni3O10+δ than Pr2NiO4+δ and even Pr6O11. It is believed 

that the results here is more reliable compared to Vibhu’s results discussed previously 

as pulse isotopic exchange was used to measure the overall oxygen surface exchange 

rate of each powder sample rather than using a sintered pellet [83, 119]. Therefore, 

the issue of secondary phases remaining after the sintering process in Pr4Ni3O10+δ is 

less likely to occur [83].  

 

 

Figure 2.10: The electrochemical performance comparisons between NiO, Pr2NiO4+δ, Pr6O11, 

La2NiO4+δ, Sm0.5Sr0.5CoO3-δ and La0.6Sr0.4CoO3-δ when they are infiltrated on a CGO or CSO 

backbones. The CGO and CSO are presented as GDC and SDC, respectively in the original paper. 

The references are also corresponding to the ones in the original paper. Reproduced from 

[118] with kind permission from Elsevier. 
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Figure 2.11: The overall surface exchange rate comparison between PrNiO3, Pr2NiO4+δ, 

Pr4Ni3O10+δ, Pr6O11 and La2NiO4+δ at various temperatures under pO2 = 0.21 atm. Adapted from 

[119] with kind permission from Royal Society of Chemistry.  

 

On the other hand, NiO is usually expected as a highly resistive secondary phase and 

this is clearly demonstrated in Figure 2.10 [118]. Hence, NiO should not contribute to 

the promising electrode performance after Pr2NiO4+δ air electrode was fully 

decomposed.  

2.8 Effective medium percolation theory  

When a composite electrode is used, effective medium percolation theory (EMPT) 

helps with understanding the percolated network of each phase, given that one phase 

has a higher electronic or oxygen ionic conductivity than the other phases [120, 121]. 

This is achieved by solving σm, the effective conductivity of a porous solid, in Equation 

2.2 [120, 121]. Z is the coordination number and is equal to six in a three-dimensional 

composite [120, 121]. σk and pk are the porous-free conductivity of phase k and the 

volume fraction of phase k in the system [120, 121]. The sum of each phase volume 

fraction should equal to one and pores should be considered as one phase in the 
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system with its σk equal to zero [120, 121]. It is worth mentioning that the calculation 

can only be conducted when the porous-free conductivities of each phase, including 

electronic and oxygen ionic conductivities, are known or can be predicted [120, 121].  

∑
𝜎𝑚−𝜎𝑘

(
𝑍

2
−1)𝜎𝑚+𝜎𝑘

𝑘 𝑝𝑘 = 0       Equation 2.2 

Equation 2.2 can be used to calculate the effective electronic and oxygen ionic 

conductivity with various volume fractions of each phase as shown in Figure 2.12(a) 

and (b) [121]. The vertical lines in the figures represent the percolation limit which 

depends on pore volume fractions (p) [121]. The amount of the target phase (Ag) in 

Figure 2.12(a) and Figure 2.12(b), compared to the counter phase of yttria-stabilised 

bismuth oxide (YSB), needs to be beyond or below this point in order to form an 

electronically or ionically conducting percolated network in the system, respectively 

[121].   

 

 

 

 

 

 

(a) 
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Figure 2.12: The calculated results of effective electronic conductivity (a) and effective ionic 

conductivity (b) in a porous Ag-YSB composite using the EMPT approach. Reproduced from 

[121] with kind permission from Elsevier. 

 

Ambipolar conductivity is an important parameter which considers both the impact of 

the effective electronic conductivity and the effective oxygen ionic conductivity on the 

overall transport properties in the system [120, 121]. If there is no interaction 

between electronic and oxygen ionic charge carriers, then ambipolar conductivity can 

be estimated by Equation 2.3 where σe
eff. and σi

eff. are the effective electronic 

conductivity and the effective oxygen ionic conductivity calculated from Equation 2.2 

[120, 121].  

𝜎𝑎𝑚𝑝 = 𝜎𝑒
𝑒𝑓𝑓.
𝜎𝑖
𝑒𝑓𝑓.
/(𝜎𝑒

𝑒𝑓𝑓.
+ 𝜎𝑖

𝑒𝑓𝑓.
)     Equation 2.3  

It is important to note that although EMPT can be used to calculate the percolation 

limit of each transport property, it does not consider the electrode catalytic activity 

and the possible gas transport limitation which will also have an impact on the final 

composite electrode performance [120].  

(b) 
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2.9 Summary  

Several different air electrode and electrolyte key materials were reviewed in this 

chapter. The fuel electrode materials, on the other hand, was introduced briefly for 

completeness. Both 10Sc1CeSZ and Pr2NiO4+δ were found to be promising electrolyte 

and air electrode material candidates when operating solid oxide cells in the 

intermediate temperature range of 500-800°C. Despite the promising physical 

properties and electrochemical properties of Pr2NiO4+δ, the material was found to 

decompose at temperature below 900°C in air. To stabilise the material, several 

strategies were proposed but most compromise overall performance and introduce 

uncertainty in long term device performance. Interestingly, the decomposition 

products of Pr2NiO4+δ such as Pr4Ni3O10+/-δ, PrNiO3-δ and PrOx, and its chemical reaction 

with a proposed CGO barrier layer forming CGPO and NiO, have a high electrocatalytic 

activity towards oxygen reduction/evolution reaction in the air electrode. Therefore, 

making a composite electrode from these materials based on the EMPT is a promising 

way of developing a new air electrode which is stable and has high performance. 

Previous research has proven the potential of using Pr4Ni3O10+/-δ, PrOx and CGPO as air 

electrode materials. It is of interest to mix Pr4Ni3O10+/-δ, the dominant electronic 

conductor, with high oxygen ionic conductive CGPO in particular and investigate their 

air electrode performance. Making a composite electrode with Pr4Ni3O10+/-δ and PrOx 

is of less interest due to the higher oxygen surface exchange rate of Pr4Ni3O10+/-δ 

suggesting that the surface exchange reaction is less likely to be a rate limited process 

in the whole air electrode reaction.  
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Chapter 3 Experimental methods 

3.1 Introduction 

Different experimental methods and materials characterisation techniques have been 

used in this research. This chapter aims to discuss each approach in detail including 

the theoretical background and the instrumental/experimental set up.  

3.2 Materials synthesis  

Several approaches can be used to synthesise ceramic materials. The most popular 

ones are the traditional solid state reaction and the more recent sol-gel method. Their 

differences are discussed below.  

3.2.1 Solid state reaction 

In general, the solid state reaction is achieved by weighing metal oxides or carbonates 

in a stoichiometric ratio, mixing the precursors using pestle and mortar with volatile 

organic solvent such as ethanol and acetone and calcining the pressed pellet mixture 

at a certain temperature and atmospheric condition (usually in air) [1, 2]. The last two 

steps are usually repeated in order to achieve a pure single phase, confirmed by X-ray 

diffraction [1, 2]. By applying this approach to synthesise a material, several aspects 

need to be considered. For example, the initial precursors can adsorb/react with 

steam and CO2 easily [1-3]. This will prevent measuring the initial precursors in the 

correct stoichiometric ratio and hence secondary phases may be formed at the end of 

the synthesis process or non-stoichiometric materials result [2]. Pretreatment of the 

precursors at elevated temperatures to remove the adsorbed water and/or using 

other precursors which are less prone to react with CO2 might be the potential 

solutions [1-3]. In addition, it is crucial to mix the precursors homogeneously before 

being thermally treated at a target temperature as it is believed that the target phase 

will start forming at the interface of different precursors [1]. However, no matter how 

well the precursor particles are mixed, the homogeneity of the mixture still remains 

at the particle level, which is usually in 1-10 μm scale [1]. Hence, a higher calcination 

temperature and a longer calcination time are usually required for cations to diffuse 

in order to form a single phase [1]. The diffusion path length of each cation will 

increase as the thickness of the target phase at the interface of the different 
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precursors becomes thicker over time [1]. To accelerate the synthesis process, 

frequently grinding the partially reacted mixtures can break the reactant/product 

interface and increases the opportunity for the reactants to contact with each other 

[1]. With respect to the calcination temperature and atmosphere, it depends on the 

phase diagram which indicates the thermodynamically stable phase at a certain 

condition [2]. If the phase diagram is not available, suggestions from literature of such 

compounds or analogous ones can be used as a starting point. The calcination 

temperature is usually below the melting temperature of the precursors but it is still 

high enough for cation diffusion [2]. Quenching of the sample from the calcination 

temperature might be required to preserve the metastable phase if the product is not 

kinetically stable under a normal cooling process [2].  

The major drawback of the solid state reaction is that the precursors are not well 

mixed at an atomic level but only at a particle level [1]. This then leads to the 

prolonged calcination stage at a high temperature in order to overcome the cation 

diffusion barrier [1]. To overcome this, the sol-gel approach has been developed and 

is discussed next.  

3.2.2 Sol-gel synthesis 

There are many different sol-gel synthesis approaches but the key concept is to 

transform the precursors to ‘sol’ and then ‘gel’ before further thermal treatment to 

achieve a single phase [4]. The ‘sol’ is a colloidal suspension and is usually achieved by 

hydrolysing a dissolved precursor [4]. On the other hand, the ‘gel’ is a non-fluid 

network which can be in the form of colloidal, metal-oxane polymer, metal complex 

and polymer complex [4]. The main advantage of using a sol-gel approach to 

synthesise material is that the reactants are homogeneously mixed at an atomic level 

in a solution state so that the subsequent calcining time and temperature can be lower 

[4].  

In this work, a nitrate-citrate route was applied to synthesise the materials of interest 

(e.g. Pr-Ni-O Ruddlesden-Popper phases and Ce-Gd-Pr-O fluorites). Various metal 

nitrates were used as precursors and citric acid acted as a chelating agent [4]. Some 

literature sources suggest that adding ammonia to control the pH of a metal citrate 

solution will enhance its stability and homogeneity and avoid metal hydroxide 
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precipitation [4-6]. However, since no precipitation was observed in the Pr2NiO4+δ, 

Pr4Ni3O10+/-δ and Ce1-x-yGdxPryO2-δ (CGPO) chemical synthesis using the nitrate-citrate 

route, the pH of the corresponding metal citrate solutions was not controlled. Once 

the appropriate stoichiometric ratios of metal nitrate precursors were dissolved in the 

citric acid solution, the solution was dried to become viscous and in the form of metal 

complex (gel) as shown in Figure 3.1 [4]. The gel was then converted to the target 

metal oxides by a subsequent decomposition stage in air (600°C) and further calcining 

under specific temperatures and atmospheric conditions [4]. The detailed parameters 

to synthesise each material will be included in Sections 4.2, 5.2 and 6.2.  

 

Figure 3.1: The metal complex (gel) after removing water in metal citrate solution. 

Reproduced from [4] published by The Royal Society of Chemistry under a Creative Commons 

Attribution 3.0 Unported Licence. 

 

It is important to note that making a homogenous metal citrate solution at room 

temperature does not necessarily mean the homogeneity will be maintained for the 

rest of the synthesis stages [4, 7]. Hence, several studies have been conducted to avoid 

phase separation, one of which is autoignition and rapid thermal annealing [4, 7, 8]. 

Since the nitrates are a good oxidant and the citrate group plays the role as an organic 

fuel, the gel can be ignited and combusted at a relatively low temperature (~200°C) at 

which cation diffusion/phase separation is limited [4, 7, 8]. Although further 

calcination of the resulting loose powder might be required to form a target phase, 

the lower heat treatment to remove the organic compounds allows the preservation 

of the homogeneity of the mixtures before the final calcination stage [7, 8]. In 

combination with the rapid thermal annealing approach, the temperature range of 
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undesired phase separation is avoided and the final calcining temperature or time can 

be decreased [7, 8].  

3.3 Test cell fabrication  

Depending on the purpose of the investigation, a single cell or a symmetrical cell can 

be prepared to measure either single cell or electrode performance under a certain 

condition. Since the research interest is the performance of the new composite air 

electrodes, the symmetrical cell configuration was chosen. The major benefits for this 

sample configuration are that the fuel electrode will not contribute to the final 

electrode performance measurement and the same electrode sintering process can 

be applied on both electrode sides of a cell because they are made of the same 

electrode materials [2]. The fabricated samples will be mechanically supported by the 

electrolyte layer due to its greater thickness than the deposited electrodes.  

3.3.1 Ball milling of the synthesised powder 

Before being used for another sample preparation, most of the synthesised powders 

such as Pr4Ni3O10+/-δ and Ce0.75Gd0.10Pr0.15O2-δ and the thermally pre-treated 

Sc0.18Ce0.01Zr0.81O2-δ (10Sc1CeSZ) commercial powder (Lot No.: H2228) from DKKK, 

Japan were ball milled. The main reason for this process was to break any large 

agglomerates forming during the previous calcination stage and to achieve a more 

homogeneous particle size distribution. The ball milling was conducted by mixing the 

powders and with zirconia milling media in ethanol and the rotation of the machine 

(in a rotary mill) will allow the zirconia balls to grind the powder. After ball milling, the 

zirconia balls were removed and the ethanol was evaporated at 80°C on a hot plate, 

leaving the dry ball-milled powders.  

3.3.2 Electrolyte fabrication 

To fabricate a dense electrolyte pellet used for symmetrical cell testing, the dry ball-

milled 10Sc1CeSZ powder was firstly uniaxially pressed (739 MPa) and then 

isostatically pressed at 300 MPa before sintering the resulting green body at 1550°C 

for 5 hours in air. The density of all the sintered 10Sc1CeSZ pellets was measured by 

the Archimedes method (Section 3.4.7) with the relative density greater than 94%. In 

addition, the thickness of the sintered pellet was controlled to be around 1.2 mm by 
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grinding using SiC paper. The cross-sectional area of the electrolytes was also 

measured before the sample was ultrasonically cleaned and dried ready for electrode 

ink deposition.  

3.3.3 Electrode ink fabrication 

The next step is to prepare an electrode ink which consists of a mixture of the dry ball-

milled powder of interest (e.g. Pr4Ni3O10+/-δ, Ce0.75Gd0.10Pr0.15O2-δ, and the combination 

of both materials in a particular weight ratio) and a commercial ink vehicle (Fuel Cell 

Materials, USA, #311006). Based on previous experience [2, 9], the weight ratio of the 

dry ball-milled powder and the commercial ink vehicle was 2:1. The mixing was then 

followed by triple-roll milling of the mixtures (EXAKT 80E) to remove any powder 

agglomeration and to achieve a homogeneous electrode ink. The ink was collected 

and stored in a fridge to decrease the volatility of the organic solvent.  

3.3.4 Ink deposition 

The prepared electrode inks were deposited on the sintered 10Sc1CeSZ electrolyte 

pellets and this was usually achieved by either brush painting or screen printing. The 

advantages and disadvantages of each electrode deposition approach are discussed 

below.  

3.3.4.1 Brush painting  

For the brush painting method, an electrode ink was manually painted on one side of 

a sintered electrolyte pellet using a fine brush [2, 9]. The ink was then dried on a hot 

plate at around 100°C before the other side of the electrolyte pellet was brush-painted 

with the electrode ink [2, 9]. The advantages of this approach are that it is simple and 

no electrode misalignment issue will result as both sides of the electrolyte pellet were 

fully covered by the electrode ink. However, it is challenging to control the electrode 

thickness and it could lead to inhomogeneity [2, 9].  

3.3.4.2 Screen printing  

On the other hand, screen printing of electrodes can be achieved using a commercial 

screen printing machine. An electrode ink was pushed by the squeegee on one side of 

a mesh and the ink passed through the mesh to deposit on the aligned electrolyte 

pellet underneath [2, 9]. Similar to the brush painting approach, the electrode ink on 



66 
 

one side was dried first before depositing the electrode ink on the other side [2]. The 

main benefit of screen printing is that it allows the formation of a homogeneous 

electrode thickness but electrode alignment on each side might be a potential issue 

[2, 9]. This is because the electrode screen printing area is usually less than the overall 

cross-section area of an electrolyte pellet and the current set up of the machine 

requires the electrode alignment to be conducted manually. Electrode misalignment 

can produce significant measuring artefacts especially for half-cell measurements [10].  

Brush painting was applied to deposit all the electrode inks here. Once the deposited 

electrode ink was dried on both sides of the sintered electrolyte, the symmetrical cells 

were sintered under the conditions specified in Section 6.2.  

3.4 Materials characterisation 

Different materials characterization techniques were used to evaluate samples for 

various purposes. The principles of each characterization technique and their 

experimental set up are discussed in the following sections.  

3.4.1 X-ray/synchrotron source X-ray/neutron diffraction 

3.4.1.1 Theoretical background  

X-ray diffraction (XRD) is a technique that can identify the crystal structure of a sample. 

Since the wavelength of the X-ray is around one angstrom which is of the same order 

of magnitude as the atomic spacing found in a crystal, diffraction phenomenon will 

occur [11]. Bragg’s law (Equation 3.1) is used to determine the conditions under which 

X-ray diffraction will occur in the manner of receiving constructive interference 

between the scattered X-ray from a sample [1]. λ, dhkl and θ are the wavelength of the 

X-ray, the atomic spacing for a particular (h k l) atomic plane in a sample and the 

scattering angle as illustrated in Figure 3.2(b) [1].  

𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃        Equation 3.1  
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Figure 3.2: (a) The scenario when the incident X-ray angle (θ) is different from the scattered 

X-ray angle (α). (b) X-ray reflection from the consecutive atomic planes which are separated 

by distance, d.  

 

Figures 3.2(a) and (b) show two possible scenarios when the incident X-ray scatters 

from atoms in a sample. The X-ray scattering from an atom can be in any direction 

with an angle of α being labelled in Figure 3.2(a) compared to the incident angle of θ. 

The path difference between the X-ray scattered by atom O and from atom P is 

equivalent to line OQ minus line PR and hence OP cosα- OP cosθ. This path difference 

will only be zero if the angle α is equal to angle θ and at such condition, these two 

scattered beams will be in phase, forming constructive interference. This 

(a) 

(b) 
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phenomenon can be regarded as an incident X-ray being reflected from a sample 

surface [1].  

Now, considering the consecutive atomic planes that are beneath the surface, one 

with atomic plane spacing d in Figure 3.2(b), the path difference between the X-ray 

beam reflected from the first atomic layer and the second atomic layer is OP plus PQ, 

which is equivalent of 2d sinθ [1]. The constructive interference of the two reflected 

beams will only occur if the path difference is proportional to the X-ray wavelength 

with an integer as suggested by Bragg’s law in Equation 3.1 [1]. The integer is an order 

of diffraction from a specific set of atomic planes and this value can be combined with 

d to from dhkl.  

In other scenarios, destructive interference will result from the scattered X-ray from a 

sample. Therefore, no signal will be detected [1]. Given that the wavelength of the X-

ray source is constant, each peak position in the final diffractogram output (plotted as 

X-ray counts versus 2θ) indicates the atomic spacing for a specific atomic plane from 

a sample [1]. Depending on the crystal symmetry of the investigated material, which 

can be identified from the spacing between each peak, the crystal lattice parameters 

can be derived from the peak positions [11].  

The relative peak intensities in the diffractogram output, however, is not considered 

in Bragg’s law [1]. Therefore, the concept of the structure factor (F) which calculates 

the total amount of X-ray intensity scattered from a specific atomic plane with 

scattering angle of θ is introduced and the equation is summarised as Equation 3.2 [1]. 

h, k and l are the Miller indices of an atomic plane. In a specific unit cell, it includes N 

atoms and j represents each atom with a fractional unit cell coordinate of x, y and z. fj 

is the atomic scattering factor of atom j which is proportional to atomic number if X-

rays are the radiation source [1]. Indeed, the structure factor can be used to predict 

the condition of systematic absences which are the result of the diffracted X-ray 

having destructive interference due to the lattice symmetry effect [1]. The information 

of systematic absences for a certain set of hkl combinations can also be used to 

determine the crystal structure of an unknown sample [1].  

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗exp2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)
𝑁
𝑗=1      Equation 3.2 
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3.4.1.2 Instrumentation and experimental set up 

The typical laboratory based X-ray diffractometer has a Bragg-Brentano geometry in 

which the sample is fixed at the centre of the diffractometer and both the incident X-

ray beam and the detector are moved at the same angle (θ) from a sample 

simultaneously [11]. The X-rays are generated by the X-ray tube and this is achieved 

by accelerating the electrons generated from a tungsten filament and bombarding 

them to a copper target [11]. At a sufficient energy, an electron from the K shell in 

copper will be removed by the incident electron [11]. To stabilise the state, the 

electrons in the outer shells (L and M) will fill the hole in the inner shell and generate 

X-rays with the energy equivalent to the energy difference between the two electron 

shells [11]. In the case of a copper target, three characteristic X-ray wavelengths are 

generated in the X-ray tube and they are denoted as Kα1, Kα2, and Kβ [11]. Their 

corresponding energies are reflected in the variation of the wavelength such as 1.5406 

Å, 1.5444 Å and 1.3922 Å, respectively [11]. The instrumental set up of the PANalytical 

X’Pert Pro MPD only removes Kβ X-rays using a Ni filter [11]. Kα1 and Kα2 wavelengths, 

however, are difficult to separate because of the close wavelength. Therefore, two 

peaks with the intensity ratio of 2 to 1 will be observed in the final diffractogram for a 

given atomic plane [12]. The peak separation will be larger at a higher angle due to 

Bragg’s law.  

In general, a sample can be in the form of powder or solid (e.g. pellets or symmetrical 

cells) and different sample holders should be used. Powder samples are usually 

mounted on a zero background sample holder which is made of Si single crystal and is 

cut at a specific angle so that no diffraction from the sample holder will result in a 

measurable 2θ range of the diffractometer [13]. On the other hand, for solid samples, 

they are mounted on a sample holder with putty located at the centre. It is important 

to note that the surface of all different types of sample must be flattened and at the 

same height as the sample holders’ rim to prevent sample displacement error in the 

final results.  

In terms of the instrumental parameters, the X-ray tube was set to generate Cu Kα X-

rays at 40 kV and 40 mA.  The measurement angle in 2θ ranges from 5° to 90°/100° 

(2θ) with a step size of 0.017°/0.034° and time per step of 15 seconds. The small step 
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size and the long time per step will increase the peak resolution and the signal to 

background ratio in the final results [11].  

3.4.1.3 In-situ x-ray diffraction  

Unlike the previously introduced X-ray diffractometer which measured a sample 

under ambient temperature and atmosphere, an in-situ X-ray diffractometer 

(PANalytical Empyrean instrument fitted with an Anton Paar HTK1200N high 

temperature chamber) allows diffractograms to be collected under various non-

ambient conditions, which are specified in Section 5.2. This technique is especially 

useful when investigating the chemical/structure change of a material upon heating. 

The instrumental configuration is still Bragg-Brentano geometry but the sample holder 

height is automatically adjusted at various temperatures and atmospheres to 

compensate for its thermal expansion effect [14]. With respect to the temperature 

distribution, environmental heaters are adopted in the high temperature chamber to 

allow homogeneous heat transport from each direction to a sample [14, 15]. The same 

X-ray source and filter was applied to the in-situ X-ray diffractometer. Each 

diffractogram was measured from 15° to 100° (2θ) with the step size of 0.013° and the 

time per step of 150.5 seconds. Auto slit mode was used to ensure that the incident 

X-ray coverage did not exceed the sample boundary at low 2θ and at a given 

temperature/atmosphere. The final diffractogram outputs were converted to as 

acquired under fixed slit mode before data analysis. The conversion allows the 

radiation volume to be constant at different 2θ and hence the correct relative peak 

intensities. This is required for quantitative analysis such as Rietveld refinement but 

has less impact on Le Bail refinement. Indeed, diffractograms were collected before 

and after the test to confirm that the sample was not displaced because of the 

sintering effect at high temperatures.  

3.4.1.4 Rietveld refinement  

Rietveld refinement is an approach to quantitatively analyse diffraction data. This is 

mainly achieved by developing a model given that an initial estimation of the crystal 

structure and the chemical composition for the phase of interest can be made [2]. 

Since both background and diffraction peaks are modelled, corresponding equations 

are required to consider each contribution. Depending on the software package and 
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the analysed data, various background functions were used for the refinement to 

consider the effect from detector, sample holder, air scattering, inelastic scattering, 

sample florescence, etc. on the final results [13]. Linear interpolation of the selected 

background points and a polynomial function were applied to determine the 

background intensity counts for Fullprof [12] and GSAS II [16], respectively. With 

respect to the diffraction peaks, the calculated intensity (Ycalc) at a specific 2θ or 

atomic spacing (d) value depended on the scale factor, the geometrical factor, the 

polarisation factor, the absorption factor, the square of the structure factor calculated 

from Equation 3.2, the previous modelled background intensity and the peak shape 

function [17]. A Pseudo-Voigt peak shape function, the linear combination of Gaussian 

and Lorentzian functions was usually used to model each of the diffraction peak 

shapes unless other peak shape model was specified in the text [17]. The comparison 

was then made between the calculated intensity (Ycalc) and the experimentally 

observed intensity (Yobs) with the aim to minimise the difference by least squares 

method (Equation 3.3) [17]. This was achieved by iteratively varying parameters in the 

model used to calculate Ycalc until χ2 is the smallest and the iteration process converged 

[17]. χ2 is the goodness of fit indicator and ωi, n and p are the weighted factor for ith 

point, the total number of points from the experiment and the total number of 

variables refined, respectively [17].  

𝜒2 =
∑ 𝜔𝑖(𝑌𝑜𝑏𝑠−𝑌𝑐𝑎𝑙𝑐)

2𝑛
𝑖=1

𝑛−𝑝
       Equation 3.3 

Other agreement factors such as profile residual (Rp) and weighted profile residual 

(Rwp) were also used and they are defined as Equations 3.4 and 3.5, respectively [17]. 

These parameters indicate the quality of refinement from data to data [2].  

 𝑅𝑝 =
∑ |𝑌𝑜𝑏𝑠−𝑌𝑐𝑎𝑙𝑐|
𝑛
𝑖=1

∑ 𝑌𝑜𝑏𝑠
𝑛
𝑖=1

𝑥100%       Equation 3.4 

𝑅𝑤𝑝 = (
∑ 𝜔𝑖(𝑌𝑜𝑏𝑠−𝑌𝑐𝑎𝑙𝑐)

2𝑛
𝑖=1

∑ 𝜔𝑖(𝑌𝑜𝑏𝑠)
2𝑛

𝑖=1

)0.5𝑥100%     Equation 3.5 

At the end of the refinement, both the refined lattice parameters and the refined 

atomic parameters would result. They are the information of the crystal structure in 

the examined phase. Rietveld refinement can also quantify the weight fraction of each 
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phase if the sample is a mixture. Indeed, for most of the refined diffractograms, a 

difference curve of Yobs-Ycalc is usually plotted. This curve is very useful in terms of 

identifying regions of poor fit and the reason is illustrated by its specific pattern 

around the Bragg position of interest [18].  

3.4.1.5 Le Bail refinement  

Le Bail refinement does not require the input of atomic parameters, which are related 

to the structure factor in Equation 3.2 and hence to the relative peak intensities, as 

the integrated observed intensity of each point is received by an iterative fitting 

approach without any physical meaning [17]. Unlike the as-mentioned Rietveld 

refinement, lattice parameters are the only input needed in the model [17]. By fitting 

background, peak shape and the lattice parameters, the unit cell dimensions of the 

phase of interest can be retrieved after this type of refinement [17]. This data 

analyzing approach is very powerful and fast in terms of phase identification and 

lattice parameters determination but it cannot calculate the phase fraction of a 

mixture.  

3.4.1.6 Synchrotron X-ray and neutron high resolution powder diffraction  

There are several limitations of the laboratory X-ray diffractometer. For example, the 

X-ray source is frequently not monochromatic with both Kα1 and Kα2 wavelengths and 

the diffractometer has a relatively low resolution. These disadvantages will restrict the 

capability of resolving the crystal structure of a sample with subtle changes in terms 

of the lattice parameters and the crystal structure asymmetry. Therefore, synchrotron 

X-ray and neutron powder diffraction facilities were used to examine the samples.  

High resolution synchrotron X-ray powder diffraction (HR-SXRPD) (Beamline I11, 

Diamond Light Source Ltd, UK) was applied to investigate the resulting  

Ce1-x-yGdxPryO2-δ (CGPO) lattice parameters after chemical reaction between Pr2NiO4+δ 

and Ce0.9Gd0.1O2-δ (CGO10). The beamline X-ray source is monochromatic and is 

generated by an undulator with beam current of 300 mA [19]. The diffractometer has 

very high count rates and resolution (△d/d ~ 10-3-10-5) which allows a good quality of 

diffractogram to be received [20]. The detailed instrumental and experimental 

parameters can be found in Section 4.2. It is important to note that neutron diffraction 

was not applied here because gadolinium is an intense neutron absorber [21].  
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In X-ray diffraction, X-ray beams are scattered by electrons and this process is so-

called Thomson scattering [1]. As mentioned before, the X-ray atomic scattering factor 

is proportional to atomic number. Hence, the position and content of light atoms such 

as oxygen are hardly observable [1]. Neutrons, on the other hand, interact with atomic 

nuclei and the atomic scattering factor has no single dependence on atomic number 

[1]. High resolution powder neutron diffraction analysis was conducted at the HRPD 

beamline, ISIS Neutron and Muon Source, Harwell Science Campus, Didcot, UK. The 

aim of the experiment was to identify the crystal structure of the as-synthesised 

Pr4Ni3O10+/-δ including each of the atomic positions and their occupancy, especially 

oxygen. ISIS has a pulsed neutron source with variable neutron wavelength generated 

[1, 22]. The neutron diffraction data are recorded as a function of time of flight [1, 23]. 

This is achieved by fixing the scattering angle (θ) and the diffraction signals are 

recorded based on the relationship between the atomic spacing of a particular atomic 

plane (dhkl) and the wavelength (λ) in Bragg’s law (Equation 3.1) [1]. Indeed, since 

neutron wavelength is inversely proportional to its velocity, different diffraction 

signals are separated by their time of flight to the detector [1]. As HRPD has a long 

primary flight path (~96 m) from the target, the resolution of △d/d ~ 4-5x10-4 can be 

achieved [23]. With respect to the detailed instrumental and experimental parameters, 

they can be found in Section 5.2. 

3.4.1.7 Bond valence model  

The bond valence model is an improvement of Pauling’s second rule [24]. Pauling’s 

second rule states that the sum of the bond strength from the adjacent cations is equal 

to the anion charge [24]. Bond strength is calculated by the ratio of cation charge to 

its coordination number and it is assumed that all the bond strengths are the same [1, 

24]. However, in practice, the bond strength or the experimental bond valence 

defined by Brown, correlated to the cation-anion bond length, can be irregular [1, 24]. 

Therefore, Brown re-defined Pauling’s second rule as Equations 3.6 and 3.7 where Sij, 

Rij, and Vi are the experimental valence between atom i and j, the measured bond 

length between atom i and j and the calculated valence of atom i [24]. R0 and B are 

the fitting parameters of the empirical results between bond valence and bond length 

[1, 24]. These values can be varied when different pairs of atoms are considered and 
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the database compiled by Brown was used here [24, 25]. A bond valence model was 

applied to calculate the Pr and Ni valences in each atomic site in Pr4Ni3O10+/-δ given 

that the bond length between each Pr-O and Ni-O and the cation coordination 

numbers are known from the refined neutron diffraction data.  

𝑆𝑖𝑗 = exp (
𝑅0−𝑅𝑖𝑗

𝐵
)        Equation 3.6 

𝑉𝑖 = ∑ 𝑆𝑖𝑗𝑗          Equation 3.7 

3.4.2 Scanning electron microscopy (SEM) 

3.4.2.1 Theoretical background  

Scanning electron microscopy (SEM) is an imaging technique which can resolve 

features in the micrometer and nanometer ranges [26]. Since the wavelength of an 

incident beam is proportional to the resolution limit, defined as the smallest distance 

between two adjacent points that the two separate entities can still be recognized, 

the resolution of electrons with wavelength ranges from ~0.012 nm to ~0.0086 nm in 

a SEM is much greater than visible light (~400-700 nm) in an optical microscope [1, 

26].  

The interaction of beam and sample is illustrated in Figure 3.3 and can be classified as 

elastic scattering and inelastic scattering [26]. Backscattered electrons are the result 

of elastic scattering and they are generated by changing the trajectory of the primary 

electrons without energy loss [26]. As the amount of backscattering depends on the 

number of electrons in an atom and hence the atomic number, the image contrast in 

the backscattering electron mode is very useful in terms of distinguishing local phases 

constituted by different elements [26]. However, backscattered electron images do 

not reveal the type of element present and its concentration in a local region [26].  

On the other hand, all the rest of the radiation coming from a sample shown in Figure 

3.3 are the products of inelastic scattering [26]. Only the secondary electrons and the 

characteristic X-rays are focused here and in Section 3.4.3, respectively because the 

corresponding techniques were used to characterise the samples. Secondary 

electrons are generated when the electrons in an atom are knocked off by the primary 

electron beam and they usually have low energy of between 2-50 eV [26]. Due to their 
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low energy, only the surface secondary electrons (approx. top 15 nm of the tear-drop 

interaction volume in Figure 3.3) can escape from a sample and are collected by a 

secondary electron detector [26]. Hence, the signals from the secondary electrons 

contain the information of sample topography [26]. In contrast, the 40% of the 

interaction volume from the top is where backscatter electrons originate, whereas the 

characteristic X-rays are scattered from the whole interaction volume in cubic 

micrometers size [26, 27].  

 

Figure 3.3: The source of signals and their corresponding interaction volume when the sample 

is exposed by the primary electron beam.  

3.4.2.2 Instrumentation and experimental set up 

The primary electrons are generated by an electron gun where the electrons are 

accelerated by a voltage [26]. It is important to note that the SEM chamber is under 

high vacuum to minimise unfavourable incident electron beam scattering effects [26]. 

The primary electron beam is then manipulated by the condenser lens, the aperture 

and the objective lens before reaching the examined sample as a spot [26]. The spot 

is then rastered across the sample surface to construct an electron image [26]. The 

spot size can be varied by several parameters such as the current in the condenser 

lens, the aperture size and the working distance and it has an impact on the final image 

resolution and the number of signals received from a sample [26]. Indeed, the 
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accelerating voltage will also have an impact on the interaction volume [26]. Therefore, 

depending on the characterisation purpose, different instrumental parameters will be 

used for image capturing (from secondary electrons or backscattered electrons) or 

elemental/chemical microanalysis (from characteristic X-rays).  

In general, for high resolution sample topography investigation, low accelerating 

voltage and small aperture size are used to reduce the interaction volume and to 

decrease the spot size [26]. Moreover, a backscattered electron image was usually 

collected with characteristic X-ray spectra from energy dispersive spectroscopy (EDS) 

(Section 3.4.3) in order to distinguish different phases locally (from the image contrast) 

and to evaluate the presence of an element and its concentration in each identified 

phase [26]. A higher accelerating voltage and aperture size were used for this 

application. This is to ensure that the primary beam energy is greater than the 

ionisation energy of characteristic X-ray generation for most elements and sufficient 

X-ray signals can be received by an EDS detector [27]. The detailed instrumental 

parameters for the Zeiss Leo Gemini 1525 instrument used in this work for recording 

secondary electron images, backscatter electron images and/or SEM-EDS 

microanalysis can be found in Sections 4.2, 5.2 and 6.2. With respect to sample 

preparation, samples were mounted on a SEM stub with carbon tape adhering at the 

bottom of the sample. If a sample was not conductive, carbon coating on the sample 

surface was applied and carbon tape was used to form a conductive path from the 

sample surface to the stub. These measures avoid potential sample charging effects. 

3.4.2.3 Focused ion beam scanning electron microscope (FIB-SEM) 

A focused ion beam scanning electron microscope (Helios Nanolab 600, FEI) was used 

to prepare transmission electron microscope lamellae. The instrument possesses an 

electron beam and an ion beam (Ga+). A platinum strip was firstly deposited on the 

top of the excised region to avoid the erosion by the ion beam in the following milling 

process [26]. The sample was then milled by the gallium ion beam until the section of 

interest could be removed from the bulk and was transferred to a TEM grid. The cut 

piece was further milled by the gallium ion beam until it was electron transparent. The 

whole milling progress was monitored by the SEM.  
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3.4.3 Energy dispersive spectroscopy (EDS) 

As mentioned in Figure 3.3, characteristic X-rays are also produced when a primary 

electron beam interacts with a sample. The characterization technique to capture and 

analyse the resulting spectrum in the form of counts/count per seconds (cps) versus 

X-ray energy in keV is known as energy dispersive spectroscopy (EDS) [27]. The 

concept of the characteristic X-ray generation is the same as the X-ray tube in a 

diffractometer (Section 3.4.1.2) but the copper target is replaced by a sample of 

interest which can contain elements other than copper. For primary electrons with 

sufficient energy, which is greater than the ionization energy of an electron shell in an 

atom, atom ionization will occur when an inner shell electron is removed by the 

primary electron [27]. This is then followed by relaxation when an outer shell electron 

fills the inner shell vacancy and an X-ray is emitted [27]. The energy of the X-ray is 

characteristic as its energy is equal to the difference between the inner shell and outer 

shell electron ionization energies [27]. Since the ionization energy of each electron 

shell in an atom is different for each element, the produced X-rays can be used to 

identify elements in a sample [27].   

Apart from the characteristic X-rays, Bremsstrahlung X-rays will also be generated and 

this is due to the fact that the primary electrons are decelerated by the electric field 

around the nuclei of atoms in a sample [27]. Part of the energy loss is in the form of 

X-ray [27]. Indeed, it is more likely that the primary electron loses its energy (in a 

smaller amount) through several sample interactions than it loses all its energy once 

[27]. Therefore, in theory, the spectrum of Bremsstrahlung X-ray is a continuous curve 

with higher X-ray counts at low X-ray energy and vice versa [27]. However, in practice, 

low energy Bremsstrahlung X-rays tend to be absorbed by the sample and the detector 

[27]. It is important to note that the recorded EDS spectrum will be the combination 

of the detected characteristic X-rays and the Bremsstrahlung X-ray spectrum 

(background) [27].  

EDS is a diverse technique which can be applied in SEM and scanning transmission 

electron microscopy (STEM) as the major concept is the same [27]. The main 

difference, however, is the sample used. For example, SEM examines thick samples 

that are not electron transparent whereas STEM samples must be thin (less than ~100 
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nm) and electron transparent [27]. Indeed, the accelerating voltage applied is quite 

different between SEM and STEM. The thinner the samples and the higher the 

accelerating voltage used in STEM allows higher spatial resolution (in the same order 

of the sample thickness) to be achieved compared to SEM-EDS, which is in the micron 

range [27].  

Both qualitative and quantitative analysis can be conducted on the EDS results. 

Qualitative analysis is usually used to identify the presence of an element in a sample 

whereas quantitative analysis calculates the concentration of each element present 

[27]. Element line deconvolution is usually required for both types of analysis and this 

process is especially important when peak overlapping occurs [27]. Deconvoluting 

overlapping peaks can be achieved by examining the whole spectrum and identifying 

the X-ray lines for each family of an element as the relative intensity and energy 

between each family of an element are consistent and characteristic [27].  

With respect to the quantitative analysis, the first step is to separate the 

Bremsstrahlung background intensity from the characteristic X-ray intensity at a given 

energy [27]. Bremsstrahlung background can be modelled by an equation which is 

related to Kramer’s law [27]. On the other hand, the relative characteristic peak 

intensity between elements is not necessary to be directly proportional to their 

concentration [27]. Peak intensity correction must be made due to the atomic number 

effect (Z), the absorption effect (A) and the fluorescence effect (F) from a sample [27]. 

This is known as ZAF correction and is required for thick samples such as the ones used 

for SEM-EDS [27]. For electron transparent samples prepared for STEM-EDS, the 

quantitative analysis can be conducted accurately even without ZAF correction and 

this approach is known as the Cliff-Lorimer method [27, 28]. In other words, the 

relative characteristic peak intensity of each element is proportional to the real 

concentration [27, 28].  

Finally, depending on the purpose of the experiment, EDS can be in either point mode, 

line scan mode or mapping mode. These modes provide the local chemical 

composition information in zero, one and two dimensions, respectively.  
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3.4.4 Electrical conductivity measurement using the van der Pauw approach 

The van der Pauw approach was used to measure the electrical conductivity of dense 

sintered Pr4Ni3O10+/-δ pellets at different temperatures in air. Several criteria need to 

be met for accurate measurement. For example, the sample must be homogeneous, 

thin and flat without isolated holes [29-31]. Indeed, the contact of four probes must 

be small and located at the edge of the sample [29, 30]. Correction factors need to be 

applied to the final results if there is any deviation from these criteria [32, 33].  

For simplicity, a sample is illustrated as a square shape in Figure 3.4 with contacts 

located at the four corners. The resistivity (sheet resistance) was measured and 

calculated based on Equation 3.8 [29]. ρ, d, RA, RB and f are the measured resistivity 

(Ωm), the sample thickness (m), the resistance (Ω) derived from, for example, the 

voltage measured from contact 2 and 1 (V21) and the DC current flowing from contact 

3 to 4 (I34), the resistance (Ω) derived from, for example, the voltage measured from 

contact 3 and 2 (V32) and the current flowing from contact 4 to 1 (I41) and the 

symmetrical factor which is with respect to the ratio of RA and RB, respectively. The 

order of RA and RB is not important and RA is always greater than or equal to RB. f is 

equal to one when any two adjacent contacts are symmetrical from the line drawn by 

the other two contacts [29, 30]. If the configuration of the probes is not symmetrical, 

the value of f can be read off from a published table [34]. Two sets of RA and RB were 

measured with one from R21,34 (V21/I34) and R32,41 (V32/I41) and the other from R43,12 

and R14,23 [29]. The electrical conductivity measurement was regarded as being 

reliable if the resistivity calculated from R21,34 and R32,41 and the one calculated form 

R43,12 and R14,23 are within 10% of variation [29]. If the resistivity variation was 

acceptable, the final resistivity was recorded as the average of the two [29].  

𝜌 =
𝜋𝑑(𝑅𝐴+𝑅𝐵)𝑓(𝑅𝐴/𝑅𝐵)

𝑙𝑛4
       Equation 3.8 
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Figure 3.4: An illustration of a square sample in which its resistivity is measured by the van 

der Pauw approach. The probes are labelled with number and are located at the four corners.   

3.4.5 AC impedance spectroscopy 

3.4.5.1 Theoretical background 

AC impedance spectroscopy is a popular in-situ characterisation technique which is 

commonly used in the solid oxide cell research field. Unlike the common DC approach, 

a small sinusoidal perturbation of AC voltage with constant magnitude (V0) and various 

frequencies (ω) is introduced to a sample and the resulting current with magnitude (I0) 

and phase shift (ϕ) is recorded [2, 35]. This allows different processes in a sample, 

having different time constants, to be separated and identified [2, 35]. Similar to the 

resistance in ohms’ law, impedance can be defined as the ratio of voltage to current 

but its magnitude (V0/I0) and phase shift is frequency dependent (Equation 3.9) [2, 35]. 

It is important to note that i and ω in Equation 3.9 are the square root of -1 and the 

angular frequency, respectively. Indeed, if the magnitude of impedance (|Z|) is equal 

to the ratio of V0 and I0, Equation 3.9 can be re-written as Equation 3.10 where Z’ and 

Z’’ indicate the real part and the imaginary part of the impedance [2].  

𝑍(𝜔) =
𝑉(𝜔)

𝐼(𝜔)
=

𝑉0𝑒
𝑖𝜔𝑡

𝐼0𝑒𝑖(𝜔𝑡+𝜑)
=
𝑉0

𝐼0
[𝑐𝑜𝑠𝜑 − 𝑖𝑠𝑖𝑛𝜑]    Equation 3.9  

𝑍(𝜔) = |𝑍|𝑐𝑜𝑠𝜑 − 𝑖|𝑍|𝑠𝑖𝑛𝜑 = 𝑍′ − 𝑖𝑍′′     Equation 3.10 

In general, Nyquist plots are used to present the results from AC impedance 

spectroscopy as shown in Figure 3.5. For a specific impedance value in a complex form, 

the real value is reflected on the x-axis whereas the y-axis shows the imaginary value. 

It is worth mentioning that the scale of the x-axis and y-axis in a Nyquist plot must be 

the same [2]. In terms of frequency, it is implicitly included in a Nyquist plot with high 

and low frequencies located at the low and high Z’ value regions, respectively.  

1 2 

3 4 
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Figure 3.5: A Nyquist plot with one semi-circle and one depressed semi-circle to resemble 

possible results from AC impedance measurement. An equivalent circuit model used to 

simulate the Nyquist plot is presented and this is together with the parameters used for each 

circuit element. As the simulated ohmic resistance (R1) was 15 Ω, the whole Nyquist plot 

horizontally shifted to the right from the origin to the same magnitude.  

 

Bode plots are another approach to present the data (Figures 3.6(a) and (b)). There 

are two types of Bode plot. One is plotted as the magnitude of impedance (|Z|), 

equivalent to the distance from the origin to a complex coordinate in the Nyquist plot, 

versus the standard logarithm of frequency (log10f) and the other is in the form of the 

phase shift (ϕ), equivalent to the angle between the x-axis and a complex coordinate 

from the origin in the Nyquist plot, versus the log10f [2, 35]. The major advantage of 

Bode plots over Nyquist plots is that they are useful in terms of identifying the number 

of processes (semi-circles shown in a Nyquist plot) in a sample and the maximum 

frequency (time constant) of each process (e.g. fmax,1 and fmax,2).  
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Figure 3.6: The corresponding Bode plots (a) in the form of the impedance magnitude over 

various frequencies and (b) in the form of the phase shift over various frequencies with 

respect to the Nyquist plot in Figure 3.5.   

 

Figure 3.5 illustrates a simulated AC impedance result based on the equivalent circuit 

model and the parameters shown. In practice, the data analysis approach is in reverse 

order [35]. For example, the AC impedance results are recorded and the data look 

similar to Figure 3.5 with several (depressed) semi-circles. They represent different 

processes occurring in a sample with various time constants or maximum frequency. 

An equivalent circuit model is then used to fit the data using the complex non-linear 

least squares (CNLS) approach. The parameters derived for each electric element in 

the model provide the information of each process such as their corresponding 

resistance and capacitance. ZView software package (from Scribner Associates) was 

used to analyse the AC impedance data.  

The sample processes are usually modelled as a resistor and a capacitor connected in 

parallel and this equivalent circuit fits the best when a semi-circle response is 

observed from the data as shown in the first arc in Figure 3.5 [2, 35]. However, in 

practice, a depressed semi-circle is usually observed (the second arc in Figure 3.5) [2, 

35]. In this case, the capacitor is replaced by a constant phase element (CPE) with two 

parameters CPE-T and CPE-P. Given that the value of resistance (R) is available, they 

can be converted to capacitance (C) based on Equation 3.11. CPE-P is a value of 

between 0 and 1 and when it is equal to 1, the CPE is a pure capacitor [2, 35]. Indeed, 

(a) (b) 
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depending on the number of arcs present in a Nyquist plot, the equivalent circuit 

model is developed by connecting several R//C or R//CPE elements in series together 

with a resistance (corresponding to the ohmic resistance) and an inductor (if the 

inductance signal is observed at high frequencies and positive Z’’) [2].  

𝐶 =
(𝑅𝑥𝐶𝑃𝐸−𝑇)

1
𝐶𝑃𝐸−𝑃

𝑅
        Equation 3.11 

When the fitting is converged between the calculated impedances (based on the 

equivalent circuit model) and the measured impedances at each frequency, the ohmic 

resistance should be equal to the first x-intercept at high frequency in a Nyquist plot 

(Figure 3.5) and the resistance of each arc should be the same as the span of each arc 

on the x-axis in a Nyquist plot (Figure 3.5). The value of capacitance, on the other hand, 

is characteristic as different processes tend to have different capacitances as 

suggested by Irvine et al. [36]. Therefore, each observed arc can be classified to the 

corresponding source. With respect to the time constant (τ) of a specific process, it is 

equal to the product of resistance and capacitance (Equation 3.12) [36]. Indeed, it is 

crucial that the developed equivalent circuit model has physical meaning as more than 

one model can exist to accurately represent the data [2, 35].  

𝜏 = 𝑅𝐶         Equation 3.12 

Moreover, apart from the most common R//CPE circuit to model the depressed semi-

circle response from each process, Gerischer is a special circuit element which is 

sometimes observed as an electrode response [35, 37, 38]. As shown in Figure 3.7, a 

Gerischer element has a 45° slope in the high frequency region and a R//CPE like part 

in the low frequency region [38]. They indicate the oxygen ion diffusion feature and 

oxygen surface exchange feature, respectively in a thick electrode [37, 38]. In the 

equivalent circuit model (Figure 3.7), two parameters are used to fit the Gerischer 

element and they are GE-T and GE-P. The impedance equation with respect to ω of 

the Gerischer element is summarised in Equation 3.13, together with the Gerischer 

resistance (RGerischer) (Equation 3.14) and the time constant (tGerischer) (Equation 3.15). 

Hence, the corresponding capacitance of the Gerischer response can be calculated 

based on Equation 3.12 [37].  
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𝑍(𝜔) =
1

𝐺𝐸−𝑇√𝐺𝐸−𝑃+𝑖𝜔
       Equation 3.13 

𝑅𝐺𝑒𝑟𝑖𝑠𝑐ℎ𝑒𝑟 =
1

𝐺𝐸−𝑇√𝐺𝐸−𝑃
       Equation 3.14 

𝑡𝐺𝑒𝑟𝑖𝑠𝑐ℎ𝑒𝑟 =
1

𝐺𝐸−𝑃
        Equation 3.15 

 

Figure 3.7: An example of a Gerischer electrode response in a Nyquist plot with the 

corresponding equivalent circuit model and parameters provided.  

 

Electrode polarisation resistance (Rp) at a specific temperature in air is the most 

common indicator that reflects the air electrode performance. For the symmetrical 

cell configuration sample as mentioned in Section 3.3, Rp can be easily measured by 

summing up all the electrode resistances in an equivalent circuit model [2]. If no other 

process is apparent in the data except the electrode response, Rp can also be 

calculated as the distance between the first and the last x-intercepts in a Nyquist plot 

[2]. Finally, given that the cross-section area of electrodes (A) are known, the area 

specific resistance (ASR) can be calculated by Equation 3.16, where the symmetry of 

the sample is considered by the division of 2 [2, 39]. ASR is a normalised resistance 

and is used to compare the performance with other electrodes possibly measured 

under different dimensions.  

𝐴𝑆𝑅 =
𝑅𝑝𝑥𝐴

2
         Equation 3.16 
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3.4.5.2 Instrumentation and experimental set up 

The sample of interest was mounted in the custom-built alumina sample holder as 

shown in Figure 3.8. Either platinum or gold mesh was used as the current collector 

on either side of the electrode. The physical contact between the meshes and the 

sample was maintained by a spring (not shown in the figure) which pulls the movable 

outer tube to the left. The sample holder and an extra thermocouple (not shown here) 

were then placed in a tube furnace which allows heating the sample to normal solid 

oxide cells operating temperatures. The thermocouple was located close to the 

sample so that the real sample temperature could be measured. Both of the platinum 

wires were connected to a frequency response analyser (FRA) (Solartron 1260a 

Impedance/Gain-Phase Analyser) which introduces an AC voltage under various 

frequencies and records the corresponding current signals from the sample. Detailed 

instrumental and experimental parameters used are discussed in Section 6.2.  

 

Figure 3.8: The custom-built sample holder used for AC impedance test. Au meshes were also 

used to replace the Pt meshes. Reproduced from [2] under a Creative Commons Attribution 

Non-Commercial No Derivatives licence. 

3.4.5.3 Kramers-Kronig (K-K) data validity test 

Before analysing AC impedance results, it is important to check if the collected data 

has any feature of causality, linearity and stability [35, 40]. This is achieved by 

performing a Kramers-Kronig data validity test [35, 40]. If the test fails, data re-

acquisition is required [35]. Causality represents the direct correlation between the 

applied AC voltage and the recorded AC current whereas linearity means that the 

relationship between the applied AC voltage and the recorded AC current is linear [35]. 
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Stability indicates that the state of the system must be in equilibrium when data is 

acquired [35]. If all three criteria are fulfilled, then the Kramers-Kronig relations can 

be established between the real part and the imaginary part of a valid impedance 

spectrum [35, 40]. The test result is illustrated as the difference between the 

measured real impedance and the converted one using the Kramers-Kronig relation 

from the measured imaginary impedance and vice versa over the whole frequency 

range [35, 40]. The smaller the differences/residuals are, the better the quality of the 

measured spectrum [40]. The software package of Lin-KK Tool was applied to conduct 

the Kramers-Kronig data validity test for the measured AC impedance spectra [40].  

3.4.5.4 Distribution of relaxation time (DRT) 

Distribution of relaxation time (DRT) is the most recently developed approach to 

analysis of AC impedance data. It converts the impedance data (Z(ω)) from the 

frequency domain to the time domain by solving Equation 3.17 where Rohmic, τ, f and 

γ are the ohmic resistance, the time constants, the frequencies and the function that 

describes the time relaxation characteristics of the processes observed from the 

impedance data [41]. The main advantage of applying DRT is its higher frequency 

resolution (>5Hz), compared to the data in the frequency domain in which the 

characteristic frequency of any two adjacent processes need to be at least two to 

three orders of magnitude (e.g. >100Hz) in order to be recognised [42]. However, care 

must be taken when using the DRT approach as more than one solution exists when 

solving Equation 3.17 [41, 43]. Therefore, depending on the inversion methods chosen, 

careful selection of the processing parameter is required and the resulting peaks must 

be attributed to a corresponding physical processes [42, 43]. The free Matlab toolbox, 

called DRTtools [41], was used to interpret the AC impedance data and the detailed 

methodology can be found in the same reference.  

𝑍(𝑓) = 𝑅𝑜ℎ𝑚𝑖𝑐 + ∫
𝛾(ln (𝜏))

1+𝑖2𝜋𝑓𝜏
𝑑𝑙𝑛𝜏

∞

−∞
      Equation 3.17 

3.4.6 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is capable of 

evaluating the concentration of each element in a sample in the sensitivity of part per 

million (ppm) level [2]. This is achieved by using an argon based plasma source 
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produced by electromagnetic induction [2]. It atomises a sample introduced as an 

aqueous mist [2]. Atoms are then lost and received electrons when interacting with 

the plasma and they emit an optical radiation with the characteristic wavelength 

corresponding to a specific element [2]. The measured intensity of a specific 

wavelength in the target sample can be compared with the intensity from the 

reference samples which the elemental concentrations are known [2]. Hence, the 

concentration of the element in the target sample can be measured.  

Two types of samples are prepared and they are the sample to be tested and the 

reference samples. As the measurement from the ICP-AES (Thermo Scientific iCAP 

6000 Series) is the most accurate when an element concentration is between 1-20 

ppm, the samples were prepared to ensure that the concentration for the element of 

interest is within this range. To prepare the tested sample, weighed powder (e.g. 

synthesised Pr2NiO4+δ) was dissolved in a dilute nitric acid solution. Commercial 

praseodymium and nickel ICP standards (Sigma-Aldrich) with known concentration 

were used to prepare reference samples of various ppm concentrations. The quality 

of the prepared reference samples were examined as a plot of the intensity counts 

versus the concentration and a straight line should result for both praseodymium and 

nickel [2]. The concentration of praseodymium and nickel based on their measured 

intensities from the tested sample can be calculated by interpolation from these 

reference plots. It is important to note that the measured values of praseodymium 

and nickel are in ppm level. To convert them to the unit of moles for praseodymium 

and nickel atomic ratio calculation, they need to be divided by the corresponding 

atomic weight [2].  

3.4.7 Archimedes density testing  

The density of the sintered pellets such as 10Sc1CeSZ electrolyte, Ce0.75Gd0.1Pr0.15O2-δ 

(CGPO) and Pr4Ni3O10+/-δ, which were prepared for AC impedance or DC electrical 

conductivity measurement, were evaluated using an Archimedes balance (Sartorius 

CP124S). Based on the Archimedean principle where the volume of an object is equal 

to the volume of the displaced liquid (distilled water here) in which the object is 

immersed, the density of the object can be measured if its mass and the volume of 

the displaced liquid can be measured [44]. Since the volume of the displaced liquid 
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can be calculated from the buoyancy force (G), the difference between the weights of 

the sample in air (Wdry) and when it is immersed in liquid, and the density of liquid (ρfl), 

Equation 3.18 was derived to calculate the density of the sintered pellets (ρmeasured) 

[44]. In Equation 3.18, extra factors such as air buoyancy in terms of air density (ρair) 

and the additional buoyancy effect caused by the wires of the weighing assembly (D) 

are also considered to eliminate any instrumental errors [44]. Indeed, before weighing 

the sample in water, the sample was boiled in water for a few minutes to ensure that 

all the open pores were filled with water.  

𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =
𝑊𝑑𝑟𝑦∙[𝜌𝑓𝑙−𝜌𝑎𝑖𝑟]

𝐷𝐺
+ 𝜌𝑎𝑖𝑟      Equation 3.18 

The measured solid density was then compared with the theoretical density (ρtheoretical) 

calculated from Equation 3.19 where Z, MW, Vc and NA are the number of formula 

unit in a single unit cell, the molecular weight of a formula unit, the unit cell volume 

from Inorganic Crystal Structure Database (ICSD) and Avogadro’s number [1].  

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑍∙𝑀𝑊

𝑉𝑐𝑁𝐴
        Equation 3.19 

3.4.8 Electrode adherence testing 

Electrode adherence testing was used to determine electrode sintering temperature. 

This was achieved by pressing a piece of Scotch tape on the surface of a sintered 

electrode and then the tape was removed from it [2, 45]. If the electrode sintered well 

on an electrolyte pellet, then no electrode residue should be left on the sticky side of 

the tape [2]. Otherwise, the test failed and demonstrated the unsatisfactory electrode 

adherence on the electrolyte. Further modification of the sample preparation process, 

such as higher sintering temperature, would need to be applied. Nevertheless, 

material chemical compatibility and material stability should also be considered when 

optimising the electrode sintering temperatures. All the symmetrical cells with various 

electrodes were prepared based on the electrode sintering conditions that passed the 

Scotch tape test before being used for the following electrode performance test and 

the long term (7 days) performance test.  
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3.4.9 Iodometric titrations 

Unlike neutron diffraction and thermogravimetric analysis which allow in-situ 

measurement of material oxygen content under various atmospheres and 

temperatures, iodometric titration measures the oxygen content of an as-received 

powder. The synthesised Pr4Ni3O10+/-δ powder (~0.05 g) was dissolved in concentrated 

hydrochloric acid (37 vol.%) (~25 mL) in an airtight glassware of which the inner 

environment was flushed with argon to remove any potential oxidant [9, 46]. Since 

the content of Ni3+ in Pr4Ni3O10+/-δ is proportional to the oxygen content in the material, 

the real quantity of Ni3+
 was measured indirectly based on the following three 

equations (Equations 3.20, 3.21 and 3.22) [9, 46].  

2𝑁𝑖(𝑎𝑞)
3+ + 2𝐶𝑙(𝑎𝑞)

− → 2𝑁𝑖(𝑎𝑞)
2+ + 𝐶𝑙2(𝑔)     Equation 3.20 

𝐶𝑙2(𝑔) + 2𝐼(𝑎𝑞)
− → 2𝐶𝑙(𝑎𝑞)

− + 𝐼2(𝑎𝑞)      Equation 3.21 

𝐼2(𝑎𝑞) + 2𝑆2𝑂3(𝑎𝑞)
2− → 2𝐼(𝑎𝑞)

− + 𝑆4𝑂6(𝑎𝑞)
2−      Equation 3.22 

Ni+3 acted as an oxidant which oxidised the chloride ions originating from hydrochloric 

acid to form chlorine gas (Equation 3.20) [9, 46]. The produced chlorine gas was then 

flowed with argon and bubbled through the potassium iodide solution (~0.1 M). The 

iodide ion was then oxidised by the chlorine gas and iodine was formed (Equation 3.21) 

[9, 46]. It is worth mentioning that under conditions when both iodine and excess 

iodide ions are present, they will be in equilibrium with the triiodide ion (I3
-) [9]. 

However, aqueous iodine is used in the equations for simplicity. At the end of the 

chemical reaction, the reacted potassium iodine solution was titrated by sodium 

sulphate solution (~0.01 M) using starch solution as an indicator (Equation 3.22) [9, 

46]. The titration finished when the titrated solution colour changed from dark brown 

to transparent [9]. The amount of Ni3+ in the material (in mole) is the same as the 

amount of sodium sulphate consumed (in mole) [9]. Therefore, the oxygen content in 

the as-synthesised Pr4Ni3O10+/-δ can be calculated [9]. The experiment was conducted 

at least three times to check for the reproducibility [46].   
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3.5 Summary  

An introduction to the experimental methods used, including the corresponding 

theoretical background, was discussed in this chapter. It clearly explains the general 

approaches used for the following research. The detailed experimental set up and the 

parameters used in each study will be included in Sections 4.2, 5.2 and 6.2.  
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Chapter 4 Chemical compatibility between Pr2NiO4+δ and 

Ce0.9Gd0.1O2-δ under solid oxide cell sintering and operating 

temperatures  

4.1 Introduction 

As mentioned in Section 2.5.4, the electrode performance of Pr2NiO4+δ was reported 

to be the best among the other lanthanide nickelate candidates and was even 

comparable to the conventional La0.6Sr0.4Fe0.8Co0.2O3-δ (LSCF) air electrode material [1, 

2]. However, introduction of a Ce1-xGdxO2-δ (CGO) barrier layer at the air electrode and 

conventional zirconia electrolyte interface was usually required to avoid the formation 

of insulating Pr2Zr2O7 (Sections 2.5.4 and 2.5.5) [2, 3]. CGO barrier layer also enhanced 

the electrochemical performance of symmetrical cells by improving the adherence of 

an air electrode [2]. Pr2NiO4+δ/CGO/Zr1-xYxO2-δ(YSZ) was proved to have a better 

electrode performance than the state-of-the-art LSCF/CGO/YSZ symmetrical cell [2]. 

Despite the high performance of Pr2NiO4+δ/CGO/Zr1-xYxO2-δ(YSZ), it was not stable and 

the reasons for degradation can be categorised based on the following mechanisms: 

1) The chemical reaction between Pr2NiO4+δ and CGO to from Ce1-x-yGdxPryO2-δ (CGPO) 

phases [4, 5]. 2) The decomposition of Pr2NiO4+δ at temperature below 900⁰C under 

an oxidative atmosphere and the formation of Pr4Ni3O10+/-δ, the high order RP phase, 

and PrOx [6].  Nevertheless, it is interesting to find that the degradation processes had 

no apparent negative impact on the overall electrochemical performance which might 

suggest the activation of the resulting degradation products towards the electrode 

performance [4, 5].  

Several investigations have been conducted to investigate the decomposition 

products [3, 4, 5, 7], but the mechanism and formation kinetics of the various phases 

and the proper quantification of the actual CGPO composition are still unclear. In this 

chapter, a systematic approach and a combination of different materials 

characterisation techniques were applied to reveal each chemical product formed 

from the reaction between Pr2NiO4+δ and CGO under normal electrode sintering and 

operating temperatures.  
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4.2 Detailed experimental procedures 

A nitrate-citrate route was used to synthesise Pr2NiO4+δ [2]. This was achieved by 

mixing the correct stoichiometric ratio of Pr(NO3)3.6H2O (Aldrich) and Ni(NO3)2.6H2O 

(Alfa Aesar), which have purity greater than 99.9%, with excess citric acid solution (10 

wt.% of citric acid (Aldrich)). Due to the hygroscopic nature of the nitrate precursors, 

their actual water contents were evaluated by measuring the weight difference before 

and after the decomposition at 600°C for several hours in air, resulting in the 

formation of Pr6O11 and NiO, respectively. Citric acid acted as a chelating agent in this 

wet chemistry approach. Water was evaporated from the resulting solution by heating 

on a hot plate until the formation of a gel. The gel was then decomposed at 600⁰C for 

12 hours in air to obtain a precursor powder which was further calcined at 1075⁰C for 

8 hours in air to generate the final product.  

The samples used for chemical compatibility tests were prepared by mixing the 

synthesised Pr2NiO4+δ powder and Ce0.9Gd0.1O2-δ (CGO10) (Fuel Cell Materials, USA) 

powder in 4:1 weight ratio using a pestle and mortar with an addition of ethanol. Some 

of the samples were then uniaxially and isostatically pressed to form a pellet. The 

samples in loose powder and pressed pellet forms were thermally treated at 1100⁰C, 

the normal sintering temperature, between 2 and 12 hours in air. Finally, the pressed 

samples which were previously heated at 1100⁰C for 12 hours in air were further 

thermally treated at 800⁰C for 24 hours in air (in pressed pellet form) to evaluate any 

additional phase change at the conditions resembling normal solid oxide cell operating 

temperatures.  

The laboratory powder X-ray diffractometer (PANalytical X’Pert Pro MPD with a Cu Kα 

source) was used to analyse any phase change of the samples after each thermal 

treatment, applying the same instrumental parameters mentioned in Section 3.4.1.2. 

All the samples were manually ground into powder before the examination. Fullprof 

software suite [8] was then applied to conduct Rietveld/Le Bail refinement of the 

diffraction data. The Pr and Ni ratio of the synthesised Pr2NiO4+δ was confirmed by 

using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Thermo 

Scientific iCAP 6000 Series).  
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To distinguish any subtle phase changes, high resolution synchrotron X-ray powder 

diffraction (HR-SXRPD) (Beamline I11, Diamond Light Source Ltd, UK with X-ray 

wavelength of 0.824874(10) Å and 2θ zero shift of 0.004266(2)°) was used to examine 

selected ground samples after the thermal treatment at room temperature. The 

ground samples were loaded in a borosilicate glass capillary (0.5 mm inner diameter) 

to the height of around 40-50 mm. The open end of the capillary was then sealed by 

wax. The total scanning time of each sample was the same and was set to be 3600 

seconds.  

In addition, scanning transmission electron microscopy (STEM) energy dispersive X-

ray spectroscopy (EDS) mapping (Titan 80/300 TEM/STEM with Bruker Quantax EDS) 

was used to determine the CGPO chemical compositions after heating the pressed 

samples at 1100⁰C for 2 and 12 hours in air. The commercial CGO10 powder was also 

examined to validate the experimental parameters and the following data 

quantification approach. The experimental parameters of the STEM EDS mapping 

were 300 kV accelerating voltage, 4.5 kV field emission electron gun (FEG) extraction 

voltage, 99 μA FEG emission current, 15° tilting of the stage, with total STEM EDS 

scanning time of 20 minutes for each site of interest. ESPRIT software (Bruker) was 

used to analyse the data via the process of element identification, background 

determination, element line deconvolution and element quantification applying the 

Cliff-Lorimer approach. The samples used for STEM EDS mapping was prepared by 

drying the suspended powder in analytical grade isopropanol on the TEM copper grid 

and fabricating electron transparent lamella using the focused ion beam scanning 

electron microscope (FIB-SEM, FEI Helios NanoLab 600) (5 kV, 2.8 nA) for the powder 

and the sintered samples, respectively.  

The particle size of each phase in the thermally untreated sample was identified by 

the scanning electron microscope (SEM) equipped with the energy dispersive X-ray 

spectroscopy detector (EDS) (Zeiss Leo Gemini 1525 with Inca X-act EDS) (EHT of 20 

kV, aperture size of 60 μm). 
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4.3 Phase identification of the synthesised materials and the thermally untreated 

powder mixture  

The Rietveld refinement result of the as-synthesised Pr2NiO4+δ powder is shown in 

Figure 4.1 with the data obtained from laboratory based X-ray diffraction (XRD). The 

synthesised Pr2NiO4+δ phase presented here was best described by the orthorhombic 

Fmmm space group and had lattice parameters determined to be a = 5.3946(1) Å, b = 

5.4524(1) Å and c = 12.4445(1) Å. There was no evidence of any secondary phase being 

present within the instrument detection limits. ICP-AES, which has ppm level of 

element detection sensitivity, was further applied to examine the cation ratio (Pr:Ni) 

of the synthesised Pr2NiO4+δ. The result with the ratio of 1.99(2) indicated excellent 

agreement to the target stoichiometric ratio of 2 in the system.  

 
Figure 4.1: Rietveld refinement of the as-synthesised Pr2NiO4+δ powder based on the 

laboratory based XRD. The figure demonstrates that a single phase was received with 

acceptable goodness of fit (χ2=2.74, Rwp= 7.57%, Rp= 5.96%). Reproduced from Tsai et al. [9].  

 

Given that Pr2NiO4+δ was successfully synthesised, it was mixed with CGO10 powder, 

ready for the following chemical compatibility tests. As mentioned in Section 4.2, both 

XRD and HR-SXRPD were used to identify phase changes after samples were heated 
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under various conditions. Therefore, the diffractogram of the untreated sample must 

be evaluated first and was used as a reference to compare with other diffraction data 

after a certain thermal treatment. This is especially important when analyzing data 

from HR-SXRPD as its resolution is high enough to examine small phase changes.  In 

Figure 4.2, HR-SXRPD data of the thermally untreated Pr2NiO4+δ and CGO10 powder 

mixture in 4:1 weight ratio was analysed by Le Bail refinement because only the peak 

positions and the space group of each phase were of interest. It is worth mentioning 

that Pr2NiO4+δ can no longer be modelled with the Fmmm space group in the HR-

SXRPD data due to the observation of peak splitting. Broux et al. [10] suggested that 

there is a monoclinic distortion of the crystal structure and Pr2NiO4+δ was best indexed 

by the C2/m space group.  Since the Pr2NiO4+δ crystal structure distortion was subtle 

and this was reflected from the small deviation of β lattice parameter in Table 4.1 

from 90°, Pr2NiO4+δ appeared to be an orthorhombic phase under low-resolution 

laboratory X-ray diffraction (Figure 4.1). Indeed, in Figure 4.2, there were some 

differences between the observed intensity and the calculated intensity, especially in 

the regions where the Pr2NiO4+δ Bragg positions are located. Based on the shape of 

the difference curve, the reason was attributed to the full width at half maximum 

(FWHM) mismatch which might be caused by the anisotropic line broadening feature 

of the Pr2NiO4+δ phase [11]. On the other hand, there was no change of the CGO10 

crystal symmetry in the HR-SXRPD data and the same space group of Fm-3m was used 

in the refinement. Besides Pr2NiO4+δ and CGO10, no other secondary phase was 

observed in the HR-SXRPD diffractogram of the untreated sample (Figure 4.2). The 

corresponding lattice parameters of each phase are presented in Table 4.1.  
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Figure 4.2: HR-SXRPD data of the untreated Pr2NiO4+δ/CGO10 composite powder analysed by 

Le Bail refinement. The figure highlights the peak position of each phase with acceptable 

goodness of fit (χ2=4.90, Rwp=12.1, Rp=8.86). Reproduced from Tsai et al. [9].  

 

 
Table 4.1: The corresponding refined lattice parameters from Figure 4.2 for Pr2NiO4+δ and 

CGO10. Reproduced from Tsai et al. [9].  

Phase  Lattice parameters (Å) 

Pr2NiO4+δ (Monoclinic, C2/m) a = 5.3950(1), 
b = 12.4474(1),  
c = 5.4538(1),  
β = 89.943(1)° 

CGO10 (Cubic, Fm-3m) a = b = c = 5.4197(1) 

 

In addition, the investigation of the particle size of each phase before the compatibility 

test was conducted. This was achieved using SEM in the backscattered electron 

imaging mode as shown in Figure 4.3. Figure 4.3(a) displays the low magnification 

image of the untreated Pr2NiO4+δ and CGO10 mixed powders. Two size ranges of 

particle were observed, with one group of particles in the micron size range (5-15 μm) 

and the other in the sub-micron size range (0.3-0.7 μm), forming a bimodal particle 

size distribution. EDS data were collected from multiple spots, as labelled in Figure 

4.3(b), to identify the phase(s) corresponding to each particle size range. The micron 
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size particles were found to be composed of Pr2NiO4+δ as only Pr and Ni signals were 

detected Figure 4.4(a). On the other hand, Ce, Gd, Pr and Ni signals were observed 

from the sub-micron size particles Figure 4.4(b). Hence, these sub-micron particles 

were identified as the CGO10 particles. The observation of Pr and Ni signals in these 

regions is mainly because of the difference between the particle size (sub-micron 

range) and the spatial resolution of EDS (around 1 μm3). Therefore, part of the 

Pr2NiO4+δ particle below the CGO particle was detected. Overall, Figure 4.3 indicates 

that Pr2NiO4+δ and CGO10 particles are of micron and sub-micron size, respectively.  

It is important to note that no ball milling was applied to the synthesized Pr2NiO4+δ 

powder to further decrease the particle size to less than 1 μm. The variation of 

Pr2NiO4+δ particle size might influence the kinetics of the chemical reaction with 

CGO10 [3]. Indeed, it is unclear if phase or structural change of Pr2NiO4+δ material will 

occur under ball milling condition and hence, further investigation is required.   

 

 

Figure 4.3: (a) The low magnification of the backscattered image showing bimodal distribution 

of particle size. (b) The magnification image of the red square region in Figure 4.3(a). Point 

EDS was conducted at each location with red dots being identified as Pr2NiO4+δ and blue dots 

were CGO10. The corresponding EDS spectrum of red dots and blue dots can be found in 

Figure 4.4(a) and (b). Reproduced from Tsai et al. [9].  

 

 

 

 

 

(a) (b) 
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Figure 4.4: EDS spectrum corresponding to (a) red dots (Pr2NiO4+δ) and (b) blue dots (CGO10) 

in Figure 4.3(b). The observed Ge signal in Figure 4.4(b) might be due to the presence of an 

impurity at the local regions.  

4.4 Thermal treatment of the composites at cell sintering conditions  

The chemical reaction of the samples thermally treated at 1100⁰C for periods between 

2 and 12 hours in both the loose powder and pressed pellet forms were first 

investigated using laboratory X-ray diffraction (Figures 4.5(a) and 4.6(a)). The data 

obtained from the loose powder samples after thermal treatment were initially 

modelled with one substituted ceria phase (CGPO) in the Le Bail refinement as shown 

in Figure 4.7, but a poor fit was obtained in the two theta region corresponding to the 

substituted ceria phases (422) reflection in the X-ray diffractogram. This indicates that 

more than one substituted ceria phase was present in the system after the thermal 

(a) 

(b) 
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treatment. Therefore, one more substituted ceria phase was introduced in the Le Bail 

refinement and the improvement of the overall fitting was observed in the region of 

the (422) reflections, as shown in Figure 4.5(b). On the other hand, the laboratory XRD 

data obtained from the thermally treated pressed pellet samples fit well with one 

substituted ceria phase (Figure 4.6(b)) although the small feature on the left shoulder 

of the main peak  ((422) of CGPO) suggests the presence of more than one substituted 

ceria phase. Overall, the analysis results of each sample processed at different 

sintering times are summarised in Figures 4.8(a) and (b). For the loose powder 

samples, considering that the substituted ceria phases had lattice parameters of 

5.4185(4) Å (on average) and less than 5.4110(1) Å (depending on the total sintering 

time), they were classified as the unreacted CGO10 and the newly formed CGPO 

phases, respectively. It is known that the introduction of praseodymium into the 

fluorite structure of the substituted ceria will decrease the lattice parameters due to 

the smaller Pr+4 ionic radius (0.960 Å) compared with  Ce+4 (0.970 Å) and Gd+3 (1.053 

Å) [4, 12]. Indeed, the refined substituted ceria from the thermally treated dense 

pellet samples were regarded as the CGPO phase(s) due to the relatively small average 

lattice parameter of 5.4071(9) Å (for the samples heated between 2 and 12 hours). 

Overall, the relatively low quantity of the unreacted CGO10 phase and the relatively 

low CGPO lattice parameters in the pressed pellet samples compared to the loose 

powder samples indicate that the extent of the praseodymium diffusion into the 

unreacted CGO10 was more extensive in the pressed pellet samples. In addition, it is 

worth mentioning that NiO was observed in each of the thermally treated samples 

regardless of the sample type (Figures 4.5(a) and 4.6(a)). This demonstrates that the 

source of Pr incorporated into the CGO10 originated from the partial decomposition 

of Pr2NiO4+δ [4].  
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Figure 4.5: (a) Laboratory XRD data analysis results of the thermally treated (1100°C, 12 hours, 

air) Pr2NiO4+δ and CGO10 mixture in loose powder form using Le Bail refinement with both 

CGO10 and CGPO phases included in the model. The goodness of fit parameters are χ2=1.97, 

Rwp=5.97% and Rp=4.69%. (b) The magnification of Figure 4.5(a) highlights the presence of the 

unreacted CGO10 and the newly formed CGPO phases at (422) reflection.  
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Figure 4.6: (a) Laboratory XRD data analysis results of the thermally treated (1100°C, 6 hours, 

air) Pr2NiO4+δ and CGO10 mixture in pressed pellet form using Le Bail refinement with one 

CGPO phase included in the model. The goodness of fit parameters are χ2=2.14, Rwp=6.02% 

and Rp=4.72%. (b) The magnification of Figure 4.6(a) shows the extra unindexed peak at the 

left shoulder of the CGPO (422) reflection which highlights the presence of more than one 

substituted ceria phase. Reproduced from Tsai et al. [9].  
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Figure 4.7: Laboratory XRD data obtained in the 2θ region corresponding to the (422) 

substituted ceria reflection. The figure demonstrates that a single CGPO phase cannot model 

the data for the Pr2NiO4+δ:CGO10 sample thermally treated at 1100°C for 12 hours under air 

in loose powder form.  
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Figure 4.8: The summary of the CGO10/CGPO lattice parameters after thermal treatment at 

1100°C between 0 and 12 hours under air in (a) loose powder form and (b) pressed pellet 

form. The data were obtained from the laboratory based X-ray diffractometer. The error bar 

in each point represents three estimated standard deviations. 

 

To have a better understanding of the resulting substituted ceria phases and to 

identify the presence of the unreacted CGO10, HR-SXRPD was applied to examine the 

selected samples. The results of the samples that were thermally treated at 1100⁰C 

for 6 hours and 12 hours in either loose powder form or pressed pellet forms are 

presented in Figure 4.9. Based on the previous Le Bail refinement results of the 

untreated powder mixtures HR-SXRPD data (Figure 4.2), CGO10 and Pr2NiO4+δ have 

peaks at 2θ=30.57⁰ (222) and 30.74⁰ (080), respectively. Figure 4.9 shows the 

presence of the unreacted CGO10 and Pr2NiO4+δ in each of the thermally treated 

samples. The newly formed CGPO phases were indexed in the Fm-3m space group and 

identified from the broad feature at 2θ~30.64⁰, between the (222)CGO and 

(080)Pr2NiO4+δ reflections. In terms of the relative quantity of CGO10 and CGPO, a direct 

correlation was observed. For example, the relative increase of CGPO content has a 

corresponding decrease of CGO10 content in the system. On the other hand, no clear 

change in the diffraction patterns for the Pr2NiO4+δ was observed among each sample, 

0 2 4 6 8 10 12

5.404

5.406

5.408

5.410

5.412

5.414

5.416

5.418

5.420
 CGO10/CGPO

la
tt

ic
e
 p

a
ra

m
e
te

rs
 (
Å
)

sintering time (hours)

(b) 



106 
 

which may be due to the fact that only a small portion of Pr2NiO4+δ in the initial 

composition of Pr2NiO4+δ:CGO10 = 4:1 weight ratio was decomposed and reacted with 

the CGO10. Generally, a higher and smaller quantity of the unreacted CGO10 and the 

newly formed CGPO, respectively was observed in the loose powder samples when 

compared to the pressed pellet samples with the same thermal treatment conditions. 

This can be attributed to the magnitude of particles contact in each type of sample 

and obviously the particles in the pressed pellet samples are more compact than the 

loose powder ones, resulting in the chemical reaction facilitation [7]. In addition, these 

results proved that the praseodymium diffusion towards the CGO10 phase was time 

dependent as more newly formed CGPO was produced for the samples heated for 12 

hours compared to those heated for only 6 hours at 1100⁰C. Overall, to quantify the 

results, the integrated peak intensity of the CGO10 (222) and CGPO (222) reflections 

was calculated in each sample. They were 48, 32, 28 and 25 for CGO10 and 12, 29, 50 

and 70 for CGPO in the sample order of being thermally treated at 1100⁰C for 6 and 

12 hours under air in loose powder and pressed pellet forms, respectively. It is 

important to note that although the as-mentioned quantification were based on the 

raw data without normalising the intensities (Figure 4.9), they did reflect the relative 

amount of CGO10 and CGPO from sample to sample. This is because the examined 

radiation volume and the total scanning time were the same for each sample (Section 

4.2).  

Based on the results of the Le Bail refinement on each of the HR-SXRPD data, the 

lattice parameters of the newly formed CGPO were determined to be 5.4084(1) Å, 

5.4067(1) Å, 5.4087(1) Å and 5.4076(1) Å for the thermally treated loose powder 

samples for 6 hours and 12 hours at 1100⁰C and for the pressed pellet samples heated 

under the same conditions, respectively. Indeed, Figure 4.9 shows that the FWHM of 

the CGO10 peak is different from the newly formed CGPO in each sample. Detailed 

calculations verify that the FWHM of the CGO10 (222) peaks were about 0.04⁰ and 

they were compared with the FWHM of the CGPO (222) peaks at 2θ around 30.64⁰, 

which were about 0.10⁰. The much larger FWHM at the CGPO region could indicate 

that more than one phase of the newly formed CGPO was produced and this was 

confirmed by the STEM EDS mapping results presented later.  
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Figure 4.9: A selected region of the HR-SXRPD data which illustrates the relative change of the 

quantity of CGO10, Pr2NiO4+δ and the newly formed CGPO after different thermal treatment 

conditions in various sample forms. The CGPO phases with (222) reflection locate at 2θ 

between 30.57° and 30.70°. Reproduced from Tsai et al. [9].  

 

Moreover, similar to the observation from the laboratory XRD data, the detection of 

NiO and the higher 2θ value for the resulting substituted ceria phases demonstrates 

the praseodymium diffusion and the degradation of Pr2NiO4+δ. It is interesting to point 

out that two NiO phases with a slight difference in lattice parameters were detected 

in the HR-SXRPD data for each sample as shown in Figure 4.10. The lattice parameters 

for each of the indexed peaks corresponding to the (220) reflection were 4.1795(1) Å 

and 4.1751(1) Å. The slight variation of the lattice parameters might be induced by 

local microstrain from the adjacent Pr2NiO4+δ and CGPO phases as shown in the STEM 

EDS mapping (Figures 4.12(a) and (b)). Moreover, PrOx was not observed in any of the 

samples which is inconsistent with Laguna-Bercero et al.’s results [4]. It is suspected 

that the variation is due to the difference of particle size used in the experiments, 

although further investigation is required to verify this. Besides the previously 
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identified phases, no other secondary phase was observed in each of the thermally 

treated samples.  

 

Figure 4.10: The presence of two NiO phases in the HR-SXRPD data for the Pr2NiO4+δ:CGO10 

sample (ground dense pellet) which was thermally treated at 1100°C for 12 hours in air. 

 
Before applying the STEM EDS mapping technique to evaluate the lamella prepared 

from the sintered samples, commercial CGO10 powder was examined first as a 

reference to ensure that the experimental parameters used for STEM EDS mapping 

and the following data quantification approach were reliable. Figure 4.11 illustrates 

the selected regions from the sub-micron size CGO10 particles for data quantification 

with the results being summarized in Table 4.2. Despite the relative error of 10%, the 

quantified Ce and Gd molar ratio matched to the nominal stoichiometric ratio of 

CGO10. Therefore, the same evaluation approach was conducted on the electron 

transparent lamella of the sintered samples to identify the chemical composition of 

the resulting substituted ceria phase(s). The large relative errors shown here might be 

due to the relatively small x-ray counts compared to the statistical fluctuations of 

random errors [13].  
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Figure 4.11: The high-angle annular dark-field (HAADF) image of the CGO10 commercial 

powder mounted on a TEM copper grid. The STEM EDS mapping data at the selected regions 

were quantified and the results are presented in Table 4.2.  

 

Table 4.2: Composition of the commercial CGO10 powder, corresponding to the areas in 

Figure 4.11.  

Region  Normalised atomic % of Ce site of CeO2-δ 

Ce  Gd  

1 89±9 11±1 
2 88±9 12±2 
3 89±9 11±1 
4 89±9 11±2 
5 89±9 11±2 

 

Figure 4.12 shows the HAADF image and Ni, Ce and Pr elemental maps of the sample 

sintered at 1100⁰C for 12 hours in air. According to the distribution of each element 

(Figures 4.12(b), (c) and (d)), regions of Pr2NiO4+δ, NiO and substituted ceria phase 

were identified. Consistency in terms of Pr2NiO4+δ and substituted ceria grain sizes 

were observed when compared with the previous SEM results (Figure 4.3). NiO was 

located close to the interface between Pr2NiO4+δ and the substituted ceria phase 

regions (labelled as the blue curve in Figure 4.12(a)), confirming the chemical reaction 

mechanism of praseodymium diffusion from the Pr2NiO4+δ phase to the CGO10 

direction leaving NiO at the original site. This mechanism was further supported by 

the trend of praseodymium signal intensity which was strong in the Pr2NiO4+δ region 

and attenuated in the substituted ceria phase region. An inverse correlation between 
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the praseodymium intensity in the substituted ceria phase regions and the distance 

from the interface was observed. In agreement with the HR-SXRPD results, the 

hypothesis that more than one CGPO phase formed after sintering was verified by the 

STEM EDS mapping.   

 

 

Figure 4.12: The STEM EDS mapping results from a TEM lamella which originates from a 

Pr2NiO4+δ:CGO10 pressed pellet sample being heated at 1100°C for 12 hours in air. (a) HAADF 

image. The blue curve indicates the interface between the Pr2NiO4+δ and the substituted ceria 

phases. (b) Ni elemental map. (c) Ce elemental map. (d) Pr elemental map. Reproduced from 

Tsai et al. [9].  
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Table 4.3: The chemical composition of each CGPO site correspond with the regions identified 

in Figure 4.12(a), where 1 represents the closest region to the Pr2NiO4+δ/substituted ceria 

interface and 7 is the furthest.  Reproduced from Tsai et al. [9]. 

Region  Normalised atomic % of Ce site of CeO2-δ 

Ce  Pr  Gd  

1 37±4 61±7 2.2±0.6 

2 36±4 61±6 3.3±0.6 

3 43±5 54±6 4±1 

4 59±7 37±5 4±1 

5 47±6 49±6 4±1 

6 46±5 50±6 5±1 

7 59±9 35±6 7±2 

 

Table 4.3 summarizes the chemical composition of each of the CGPO phases in the 

substituted ceria phase regions. The selected areas for CGPO elemental quantification 

are labelled in Figure 4.12(a). In general, there was a higher praseodymium ratio in 

CGPO if the grain was located closer to the Pr2NiO4+δ and CGO10 interface and vice 

versa. This higher ratio of praseodymium was compensated by the lower cerium and 

gadolinium ratio in the system. In addition, it is important to note that unreacted 

CGO10 was also observed within the same sample, consistent with the HR-SXRPD 

results, as shown in the selected areas of Figure 4.13(a) where praseodymium was 

deficient (Figure 4.13(b)). On closer inspection of the resulting EDS spectra from the 

corresponding selected areas, no praseodymium signal was detected.  The normalized 

cation ratio between cerium and gadolinium in each area is presented in Table 4.4, 

which was observed to be close to the nominal stoichiometric ratio of CGO10. 

Interestingly, Figure 4.13 suggests that the external praseodymium diffused faster at 

the grain boundaries in the substituted ceria phase regions than within the bulk as a 

stronger signal of praseodymium was detected at the grain boundaries. This 

observation helps with understanding the main praseodymium diffusion pathway 

from the interface at the sintering conditions employed. The praseodymium diffusion 

from the grain boundaries to the substituted ceria bulk is believed to be the rate-

limiting step of the chemical reaction.  

 

(a) 
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Figure 4.13: STEM EDS mapping for a TEM lamella prepared from the Pr2NiO4+δ:CGO10 pressed 

pellet sample heat treated at 1100°C for 12 hours in air. The selected areas are the unreacted 

CGO10 regions without the Pr signals (a) HAADF image. (b) Pr elemental map. 

 

Table 4.4: Composition of the unreacted CGO10 regions, corresponding to the areas in Figure 

4.13. 

Region  Normalised atomic % of Ce site of CeO2-δ 

Ce  Gd  

1 88±9 12±1 
2 89±9 11±1 

 

Furthermore, STEM EDS mapping was conducted to examine the sample after being 

heated at 1100⁰C for 2 hours in air as shown in Figure 4.14. Figure 4.14(a) shows the 

regions of Pr2NiO4+δ and substituted ceria phases based on the Ni elemental map 

(Figure 4.14(b)). The selected area in Figure 4.14(a) was about 400 nm away from the 

interface and its normalised atomic percentages of Ce, Pr and Gd were 63(6), 29(3) 

and 8(1). This is compared with the results of region 6 of the sample heated at 1100⁰C 

for 12 hours in air in Table 4.3. The much larger praseodymium ratio found in the 

samples sintered at a longer time suggests that more praseodymium was incorporated 

in the substituted ceria phase located at a similar distance away from the interface. 

(b) (a) 
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Figure 4.14: STEM EDS mapping for a TEM lamella prepared from the Pr2NiO4+δ:CGO10 pressed 

pellet sample heat treated at 1100°C for 2 hours in air. (a) HAADF image. (b) Ni elemental map. 

 

Overall, compared to the diffusion of praseodymium, the diffusion of cerium, 

gadolinium and nickel to the counter phase was insignificant. Combining the results 

from laboratory XRD, HR-SXRPD and STEM EDS mapping, no other secondary phases 

such as PrOx, CeO2 or Ce1-xPrxO2-δ were observed. A series of CGPO solid solutions 

formed under the sintering conditions detailed through incorporation of 

praseodymium into the CGO10 phase. Therefore, the proposed chemical reaction is 

as follows (Equation 4.1):  

Pr2NiO4+δ + aCe0.9Gd0.1O2-δ  y/2Pr2NiO4+δ + bCe0.9Gd0.1O2-δ + cCe1-x-yGdxPryO2-δ + 

y/2NiO         Equation 4.1 

where a, b, c, x, y, z are to be determined and could take a wide range of values, 

depending on the sample forms, the distance from an interface and the sintering time. 

4.5 Thermal treatment of the composites at cell operating temperature  

To investigate if there were any chemical reactions happening at conditions 

resembling solid oxide cell operating temperatures, the ground sample previously 

heated at 1100⁰C for 12 hours under air in pressed pellet form was further pressed 

into a new pellet and was ready for further thermal treatment at 800⁰C for 24 hours 

in static air. The laboratory XRD data were analysed using the Le Bail refinement 

(a) (b) 
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technique as shown in Figure 4.15. The evidence of the presence of each phase in 

Figure 4.15 is illustrated in Figure A1.  

 

Figure 4.15: Laboratory XRD data analysis results of the Pr2NiO4+δ:CGO10 pressed pellet 

sample, which was previously sintered at 1100°C for 12 hours in air and was further heated at 

800°C for 24 hours in air, using Le Bail refinement. The figure highlights a significant 

decompositon of Pr2NiO4+δ to Pr4Ni3O10+/-δ and Pr6O11. The goodness of fit parameters were 

χ2=1.41, Rwp=4.78% and Rp=3.73%. Reproduced from Tsai et al. [9].  

 

When comparing Figure 4.15 with the laboratory XRD data of the same sample before 

further heat treatment (i.e. only heated at 1100°C for 12 hours in the pressed pellet 

form) (Figure 4.16), there was a significant decrease of the Pr2NiO4+δ phase and a 

corresponding increase of Pr6O11 and Pr4Ni3O10+/-δ phases. Indeed, no apparent change 

in the substituted ceria phase lattice parameters was observed (Figure 4.17(a)). The 

increased background evident in Figure 4.17(a) at 2θ= 87.5⁰ was attributed to the 

presence of Pr6O11 in the system after further thermal treatment at 800⁰C for 24 hours 

in air. Due to the limited resolution of the laboratory X-ray diffractometer, the 

unreacted CGO10 minor phase cannot be fully detected (Figure 4.17(a)), unlike in the 
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earlier HR-SXRPD data (Figure 4.9). Therefore, a CGO10 phase was not included in the 

Le Bail refinement models shown in Figures 4.15 and 4.16. In addition, Figure 4.17(b) 

illustrates that there was no obvious increase in the amount of NiO before and after 

the further thermal treatment at 800⁰C for 24 hours. Again, similar to the statement 

for Figure 4.9, the intensities were not normalised in Figure 4.17(b) when making the 

comparison of two diffractograms because the examined radiation volume and the 

total scanning time were the same for both measurements (Section 4.2). The final 

lattice parameters of each phase after further heating at 800⁰C for 24 hours is 

summarised in Table 4.5. Overall, the results indicate that unlike the observations 

under the sintering conditions, no diffusion of praseodymium into the substituted 

ceria phases was observed at 800⁰C. However, the decomposition of Pr2NiO4+δ to 

Pr6O11 and Pr4Ni3O10+/-δ occurred. This result is consistent with the previous report by 

Kovalevsky et al. [6] where the Pr2NiO4+δ stability was investigated which concluded 

that Pr2NiO4+δ started to decompose at temperatures below 900⁰C in air, and also with 

Saher et al.’s [14] results when investigating the phase change of Pr2NiO4+δ after 

heating their sample at 750⁰C for 128 hours for oxygen permeation test. It is worth 

mentioning that no PrNiO3-δ was detected in the current research although its 

presence was reported by both Philippeau et al. [7], who heated a Pr2NiO4+δ and 

CGO10 mixture in 1:1 weight ratio at 1150°C for 1 hour and at 800°C for 5 days in air, 

and Saher et al. [14], who investigated the single phase Pr2NiO4+δ material. The 

difference between these results might be due to the various lengths of thermal 

treatment time (e.g. 24 hours in this study versus 5 days in Philippeau et al. [7]) and 

/or the weight ratio difference in the composite between the studies.  
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Figure 4.16: Laboratory XRD data analysis results of the Pr2NiO4+δ:CGO10 pressed pellet 

sample, which was sintered at 1100°C for 12 hours in air, using Le Bail refinement. The 

goodness of fit parameters were χ2=2.21, Rwp=6.22% and Rp=4.83%. Reproduced from Tsai et 

al. [9].  

 

 

 

Figure 4.17: (a) Comparisons between the CGPO peak position before (red) and after (blue) 

further heating at 800°C for 24 hours in air. (b) The change of NiO content before (red) and 

after (blue) the as-mentioned heat treatment. All the data were measured using a laboratory 

based X-ray diffractometer. Reproduced from Tsai et al. [9].  
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Table 4.5: The refined lattice parameters corresponding to the data in Figure 4.15. 

Reproduced from Tsai et al. [9]. 

Phase Lattice parameters (Å) Phase Lattice parameters (Å) 

Pr2NiO4+δ (Fmmm) a=5.3910(1), 
b=5.4535(1), 
c=12.4430(1) 

Pr4Ni3O10+/-δ 

(Fmmm) 

a=5.3718(1), 
b=5.4607(1), 
c=27.5251(2) 

NiO (Fm-3m) a=b=c=4.1750(1) Pr6O11 (P1 21/c 1) a=6.6849(1), 
b=11.6019(1), 
c=12.8251(1), 
β=99.970(1)° 

CGPO (Fm-3m) a=b=c=5.4065(1)   

As shown in Figure 4.9, there was evidence of the co-existence of CGO10 and CGPO 

after thermal treatment at 1100⁰C in the high resolution synchrotron X-ray diffraction 

data. However, Figure 4.15 can only confirm the presence of one substituted ceria 

phase in the system as it is challenging to distinguish the CGO10 from the CGPO phases 

because of the resolution limitation of the laboratory X-ray diffractometer. 

Nevertheless, at such low thermal treatment temperature (e.g. 800⁰C) compared to 

the sintering temperatures which are usually greater than 1000⁰C, it is reasonable to 

assume that there is no significant praseodymium diffusion towards the unreacted 

CGO10 and the amount of the unreacted CGO10 should be almost constant after the 

further annealing stage. Therefore, it is expected that both CGO10 and CGPO phases 

co-exist at the operating temperatures of the cells.  

The chemical reaction at the solid oxide cell operating temperature can be deduced 

as follows (Equation 4.2), after the previous chemical reaction under the sintering 

condition: 

y/2Pr2NiO4+δ + bCe0.9Gd0.1O2-δ + cCe1-x-yGdxPryO2-δ + y/2NiO  αPr2NiO4+δ + 

bCe0.9Gd0.1O2-δ + cCe1-x-yGdxPryO2-δ + y/2NiO + βPr4Ni3O10+/-δ + γPr6O11 Equation 4.2 

where b, c, are the ratios of the ceria based phases and α, β, γ are the unknown ratios 

of the Pr2NiO4+δ degradation phases.  

Based on the results of this research and of the previous studies [3-6, 14] it is clear 

that Pr2NiO4+δ will decompose to the higher order Ruddlesden-Popper phase at solid 

oxide cell operating temperatures and that CGPO will form under sintering 

temperatures (assuming sintering is at 1100oC or above). However, the formation of 
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the new phases might have the potential to be an air electrode candidate possessing 

high and stable performance [4, 5]. This work clearly shows the chemical reactions 

that occurred at different stages of the thermal treatment and has identified the 

chemical composition of the series of ceria phases obtained under the cell sintering 

conditions. These results further demonstrate the importance of controlling sample 

processing and operating conditions and the requirement to carefully analyse the 

diffraction data of ceria based composite electrodes to identify the presence of cation 

diffusion.  

4.6 Summary  

The reactivity investigation between Pr2NiO4+δ and Ce0.9Gd0.1O2-δ (CGO10), used as a 

composite air electrode material in solid oxide cells, shows a significant phase 

interaction under sintering conditions (1100⁰C in air). Pr2NiO4+δ partially decomposed, 

with praseodymium diffusion towards the CGO10 site to form a new Ce1-x-yGdxPryO2-δ 

(CGPO) phase. Based on the observations from both XRD and STEM EDS mapping, the 

chemical composition after the sintering stage comprised Pr2NiO4+δ,  

Ce0.9Gd0.1O2-δ,NiO and a series of Ce1-x-yGdxPryO2-δ phases with various stoichiometries. 

No other potential secondary phases were detected. The STEM EDS mapping results 

indicated that the newly formed CGPO phases were mainly located close to the 

Pr2NiO4+δ grains with a high ratio of praseodymium being incorporated into the 

substituted ceria, and the praseodymium ratio decreased with the increase in distance 

from the interface between Pr2NiO4+δ and CGO10. Praseodymium diffusion was also 

found to be faster in the grain boundaries and when the particles were in close contact 

with each other. For a substituted ceria located at a certain distance from the 

Pr2NiO4+δ and CGO10 interface, more praseodymium incorporation will result at a 

longer sintering time. Besides praseodymium, cation diffusion of other species was 

not significant.   

Further degradation of Pr2NiO4+δ was observed when treating the sample under the 

typical cell operating temperature (800⁰C in air). Pr2NiO4+δ was converted to 

Pr4Ni3O10+/-δ, the higher order Ruddlesden-Popper phase, and Pr6O11 but no further 

evolution of CGPO phases was detected. There was also no apparent change of NiO 

content before and after the thermal treatment.  
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It is therefore proposed that a composite air electrode consisting of Pr4Ni3O10+/-δ and 

CGPO should have a more stable performance thermodynamically, as the Pr4Ni3O10+/-

δ phase is stable under operating conditions, in contrast to the Pr2NiO4+δ phase. The 

preparation of Pr4Ni3O10+/-δ and its physical properties investigation are discussed in 

Chapter 5, whereas the composite air electrode performance and the long term (7 

days) performance stability are discussed in Chapter 6.  
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Chapter 5 Synthesis kinetics and physical properties of Pr4Ni3O10-δ 

5.1 Introduction 

Material synthesis of Pr4Ni3O10+/-δ has been demonstrated to be challenging as high 

temperatures and long calcination times under an oxidising atmosphere are usually 

required to thermally treat the precursor [1-3]. One of the approaches to prepare 

Pr4Ni3O10+/-δ is to decompose Pr2NiO4+δ, which is much easier to synthesise [4], but the 

secondary phase of Pr6O11 will be produced simultaneously. For most papers 

investigating Pr4Ni3O10+/-δ, only the synthesis conditions and the material preparation 

methods are disclosed. However, the synthesis kinetics of Pr4Ni3O10+/-δ have not been 

previously discussed. In this chapter, the reasons for the high temperature and long 

duration calcination under an oxidising atmosphere are explained. 

In addition, most papers indexed Pr4Ni3O10+/-δ as having an orthorhombic Fmmm 

crystal structure [1-3] using laboratory based X-ray diffraction. However, when 

comparing to the recent neutron diffraction studies of La4Ni3O10+δ and Nd4Ni3O10-δ in 

which their space groups were demonstrated to be Bmab/Cmca [5, 6] and P21/a [7], 

respectively, it was considered worthwhile reinvestigating and confirming if 

Pr4Ni3O10+/-δ is orthorhombic or belongs to the crystal structure with lower symmetry. 

This is because the ionic radius of praseodymium is between lanthanum and 

neodymium. Indeed, the most recent study from Zhang et al. [8] suggests that, 

according to high resolution synchrotron X-ray and neutron powder diffraction data, 

Pr4Ni3O10+/-δ has a monoclinic crystal structure with space group of P21/a. However, 

only the lattice parameters were reported without including the detailed information 

of the structural model.  

The defect chemistry of Pr4Ni3O10+/-δ and its relationship with the electrical 

performance is also of interest. There are inconsistencies with respect to the reported 

oxygen content of Pr4Ni3O10+/-δ in the literature because both oxygen hyper- and hypo- 

stoichiometry were reported [1-3]. Vibhu et al. [1, 9] observed that Pr4Ni3O10+δ always 

possessed oxygen hyperstoichiometry with an oxygen content varying between 

~10.02 and ~10.14, depending on the temperatures and atmospheres used. On the 

other hand, Pr4Ni3O10-δ was observed to possess slight (Pr4Ni3O9.9) and more apparent 



121 
 

oxygen deficiency (Pr4Ni3O9.85) by Bassat et al. [2] when heating the sample in air and 

by Zhang et al. [3], respectively. It is worth mentioning that the oxygen non-

stoichiometry for all the reported values were measured using thermogravimetric 

analysis (TGA) but neutron diffraction has never been used to determine the oxygen 

occupancy at a certain atomic site and hence the oxygen stoichiometry.  

With respect to the electrical conductivity measurement of Pr4Ni3O10+/-δ, a dense 

sintered sample is usually required. This is also the case if the oxygen ionic conductivity 

of Pr4Ni3O10+/-δ is measured using the common approach of oxygen isotopic exchange 

and secondary ion mass spectroscopy (SIMS). However, it is difficult to densify higher 

order Ruddlesden-Popper (RP) phases as Ln2NiO4+δ (Ln=La, Pr and Nd) will result at 

high sintering temperatures. It is likely that the previously reported electrical 

conductivity of Pr4Ni3O10+/-δ has been underestimated because the samples had 

relatively low density of 70% [1] and >80% [2].  

Overall, a systematic study has been conducted to correlate Pr4Ni3O10+/-δ crystal 

structure and its oxygen content to its transport properties. The change of the crystal 

structure was also evaluated on increasing temperature in air using in-situ X-ray 

diffraction (XRD). Indeed, Pr4Ni3O10+/-δ was successfully densified using a new 

approach with the aim to obtain a more accurate electrical conductivity measurement. 

5.2 Detailed experimental procedures 

A nitrate-citrate route was used to synthesise Pr4Ni3O10+/-δ [2]. This was achieved by 

weighing the correct stoichiometric ratio of Pr(NO3)3.6H2O  (Aldrich, 99.9% purity) and 

Ni(NO3)2.6H2O (Alfa Aesar, 99.9985% purity) and dissolving them in a citric acid 

solution with ~10 wt.% of citric acid. As both Pr(NO3)3.6H2O  and Ni(NO3)2.6H2O are 

hygroscopic, their actual water content were measured indirectly by the weight 

difference before and after the decomposition process at 600°C in air for several hours, 

resulting in the decomposed products of Pr6O11 and NiO, respectively. The dissolved 

precursors in the citric acid solution were mixed by a magnetic stirrer and the excess 

water was removed by heating the solution on a hot plate until gel was formed. Gel 

decomposition was then conducted at 600°C in air for 12 hours. The final step was to 

calcine the resulting solid precursor under various conditions in terms of temperatures, 
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atmospheres and times in order to form a single phase Pr4Ni3O10+/-δ. Ball milling was 

applied to the synthesised Pr4Ni3O10+/-δ powder to reach a homogenous particle size 

of 1-3 μm before the powder was measured or was further processed.  

In the Pr4Ni3O10+/-δ synthesis kinetics study, the phase formation after each thermal 

treatment stage was monitored by a laboratory X-ray diffractometer (XRD) 

(PANalytical X’Pert Pro MPD with a Cu Kα source), applying the same instrumental 

parameters mentioned in Section 3.4.1.2. Full analysis of the XRD data was achieved 

with the Fullprof software suite [10] using Rietveld refinement of the as-synthesised 

Pr4Ni3O10+/-δ powder.  

The synthesised Pr4Ni3O10+/-δ powder was also examined by time-of-flight high 

resolution powder neutron diffraction (HRPD) using the facility at the ISIS Neutron and 

Muon Source, Harwell Science Campus, Didcot, UK. This technique allows 

measurement of oxygen stoichiometry and identifying any subtle 

orthorhombic/monoclinic peak splitting. The sample was placed in a vanadium can 

and the experiment was executed at room temperature under vacuum. With respect 

to the instrumental parameters, the data collection conditions are 30-130 ms window 

and 80 μA. Data analysis was conducted by Rietveld refinement using GSAS II [11]. 

Several simulated diffraction patterns including the Fmmm, Bmab and C2/m space 

groups were also constructed for comparisons.  

In terms of Pr4Ni3O10+/-δ oxygen content investigation, the value was not only derived 

from the Rietveld refinement results of the neutron diffraction data, but it was also 

measured by iodometic titration. The iodometric titration experimental procedure has 

been discussed in Section 3.4.9.  

A dense sintered Pr4Ni3O10+/-δ pellet was prepared for electrical conductivity 

measurement. The sample preparation approach was similar to that suggested by 

Vibhu [9] but with lower sintering temperature to reduce NiO and/or PrOx secondary 

phase residuals after a post-annealing stage. Post-annealing of the sintered pellet 

under an oxidising atmosphere is usually required to convert a Pr2NiO4+δ/NiO mixture 

produced in the sintering stage to Pr4Ni3O10+/-δ [9, 12]. The detailed fabrication 

procedure is as follows: the uniaxially pressed (500 MPa, 2 minutes) and isostatically 
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pressed (300 MPa, 2 minutes) Pr4Ni3O10+/-δ green body was firstly sintered at 1150°C 

for 12 hours under oxygen with 2°C min-1 heating rate from room temperature. The 

sample was then slowly cooled (0.1°C min-1) to 1050°C and post-annealling at this 

temperature for up to 108 hours under oxygen. The laboratory X-ray diffractometer 

(XRD) (PANalytical X’Pert Pro MPD with a Cu Kα source), scanning electron microscopy 

(SEM) (Zeiss Leo Gemini 1525) in backscattered electron mode (EHT of 20kV and 

aperture size of 60 μm) and energy dispersive spectroscopy (EDS) (Oxford Instruments 

Inca X-act) were applied to evaluate the phase of the sintered pellet after post-

annealing. Archimedes method (Section 3.4.7) was then conducted to measure the 

density of the sample and the value of greater than 90% with respect to the theoretical 

density was achieved. Indeed, the van der Pauw approach (Section 3.4.4) was used to 

measure the electrical conductivity of the sintered dense Pr4Ni3O10+/-δ pellet in the 

measurement range from room temperature to 815°C in air. Since there was a 

deviation between the probe position on the sample and the sample edge, a 

geometric correction factor was included in the calculation to consider this effect [13].  

In addition, in order to evaluate if there was a phase change or crystal structure 

change of Pr4Ni3O10+/-δ with increasing temperature from 35°C to 1000°C in air, 

laboratory in-situ XRD (PANalytical Empyrean instrument fitted with an Anton Paar 

HTK1200N high temperature chamber and using Ni filtered Cu Kα radiation) was used 

to collect the diffraction data of a powder sample at each temperature step. Le Bail 

refinement using the Fullprof software suite [10] was applied to analyse the data and 

the results were compared with the measured electrical conductivity change over 

temperatures.  

5.3 The synthesis kinetics of Pr4Ni3O10+/-δ 

Most literature studies reported that Pr4Ni3O10+/-δ was synthesised at high 

temperatures of between 1000-1097°C under oxygen atmosphere [1-3]. However, 

none of these studies have explained the reasons for the suggested synthesis 

conditions. Vibhu et al. [1] demonstrated that Pr4Ni3O10+δ was stable when heating at 

temperatures up to 1050°C in air before it was chemically transformed to Pr2NiO4+δ 

and NiO. Therefore, the solid precursor was firstly attempted to calcine at 

temperatures below this threshold in air.  As mentioned in Section 5.2, a two-stage 
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process was conducted here including the decomposition stage and the calcination 

stage. As shown in Figure 5.1, the resulting phase(s) after each thermal treatment was 

examined by XRD. After the decomposition stage at 600°C for 12 hours in air, the 

resulting solid precursors were a mixture of Pr6O11 and NiO. For the small features 

located at around 26°, 31° and 34° two theta, they were suspected to be PrOx 

compounds. The solid precursors were then further calcined at specific temperatures 

ranging from 900°C to 1050°C in air for a certain amount of time with the aim of 

producing the Pr4Ni3O10+/-δ phase. No new phase was formed when the calcination 

was conducted at 900°C for 24 hours in air. However, a small amount of Pr2NiO4+δ 

phase was observed at a higher calcination temperature of 950°C for 24 hours in air. 

There was an insignificant increase of Pr2NiO4+δ content when the calcination time was 

extended to 72 hours under the same conditions. Indeed, at a higher calcination 

temperature of 1000°C and 1050°C for 24 hours in air, more Pr2NiO4+δ was produced 

and this corresponded with the decrease in the amount of Pr6O11 and NiO phases in 

the system. At the end of the reaction (e.g. in the case of 1050°C), NiO always 

remained because the initial weighed stoichiometric ratio of Pr(NO3)3.6H2O and 

Ni(NO3)2.6H2O was to synthesise Pr4Ni3O10+/-δ but not Pr2NiO4+δ. It is important to note 

that apart from the sample further calcined at 950°C for the extended amount of time, 

a fresh sample was always used for the calcination condition investigation in air. 

Overall, although the imposed calcination time is longer here, there is a general 

consistency between the observed results and those reported by Railsback et al. [14]. 

Railsback et al. [14] attempted to synthesise Pr2NiO4+δ by heating the nitrate solutions 

for 4 hours at 900°C, 950°C, 1000°C and 1100°C. The only slight deviation is that 

Railsback et al. [14] did not observe the presence of Pr2NiO4+δ at 950°C and this might 

be because of the calcination time differences.  

Nevertheless, Bassat et al. [2] proved that Pr4Ni3O10 can be formed when specially 

prepared solid precursors were calcined at around 967°C for 4 days in air. For this 

approach, the solid precursors were prepared from slowly heating the dried gel from 

a nitrate-citrate route until it was auto-ignited at much lower temperatures compared 

to the decomposition temperature of 600°C [2, 15]. This allows the homogeneity of 

the amorphous oxide mixture to be maintained before calcination and hence 
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Pr4Ni3O10+/-δ can be produced at the lower calcination temperature [2, 16]. On the 

other hand, it is likely that there were some degrees of oxide phase separation after 

the proposed decomposition stage although the resulting solid precursor might have 

particle size in submicron ranges [2, 16]. It is believed that the formation of Pr4Ni3O10+/-

δ was restricted by the cation interdiffusion between praseodymium and nickel due to 

the limited formation of Pr-Ni-O phase at temperatures less than 950°C in this 

research. This explanation can be further verified by increasing the calcination 

temperature to facilitate cation diffusion so that the diffusion length is greater than 

the heterogeneity distance [16].  

Moreover, Kovalevsky et al. [17] reported that Pr2NiO4+δ started to decompose to 

Pr4Ni3O10-δ and Pr6O11 at temperature less than 900°C in air. Considering the as-

mentioned Vibhu et al. [1] observation that the thermal stability of Pr4Ni3O10+δ was at 

temperatures less than 1050°C in air, it seems that there is an overlapping 

temperature region of thermodynamical stability between Pr4Ni3O10+/-δ and Pr2NiO4+δ 

phases. This condition is similar to the homologous La-Ni-O system [12].  

 

Figure 5.1: The XRD data shows the change of phases after the decomposition stage (600°C, 

12 hours, air) and after further calcination stage at various conditions in air. Reproduced from 

Tsai et al. [18].  
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The next step is to increase the calcination temperature in order to overcome the 

limitation of cation diffusion. Nevertheless, it is crucial to maintain the temperature 

to be within the thermodynamically stable range of Pr4Ni3O10+/-δ. Vibhu et al. [1] found 

that the boundary of the temperature range was higher under oxidising conditions. 

For example, no phase transition of Pr4Ni3O10+δ to Pr2NiO4+δ and NiO would occur 

when the temperature was below 1120°C in oxygen. The reason for the higher 

Pr4Ni3O10+/-δ stabilisation under oxidising condition can be summarised by Equation 

5.1, where the Pr4Ni3O10+/-δ is the oxidised product of Pr2NiO4+δ. This can be further 

reflected by its higher average nickel valence than the one of Pr2NiO4+δ [17, 19]. In 

Equation 5.1, d, δ and x indicate the amount of oxygen content in Pr2NiO4, Pr4Ni3O10, 

and praseodymium oxide, respectively. The investigation of oxygen non-stoichiometry 

in the synthesised Pr4Ni3O10+/-δ is discussed later in Section 5.5.  

3𝑃𝑟2𝑁𝑖𝑂4+𝑑
𝑂2
→ 𝑃𝑟4𝑁𝑖3𝑂10+/−𝛿 + 2𝑃𝑟𝑂𝑥     Equation 5.1 

Several calcination conditions were attempted under oxygen flow. The decomposed 

solid precursors were firstly calcined at 1000°C for various amount of time with 

intermediate grinding in each thermal cycle of 12 hours. This allows the unreacted 

materials to be mixed homogeneously [1-3]. Figure 5.2(a) illustrates the phase 

formation and the phase content change in each thermal cycle. It is obvious that 

Pr4Ni3O10+/-δ was produced gradually with corresponding decrease of PrOx and NiO 

quantity but the change was insignificant after the calcination time was greater than 

48 hours. The residual PrOx and NiO were always observed and Figure 5.2(b) compares 

the PrO2 content in the sample after the total calcination time of 48 and 60 hours. PrOx 

was composed of Pr6O11 and PrO2 but more PrO2 was present in the remaining PrOx 

residue at a longer overall calcination time under oxygen. The results indicate that 

Pr4Ni3O10+/-δ synthesis was again restricted kinetically and hence the calcination 

temperature should be further increased.  
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Figure 5.2: (a) The XRD data shows the change of phases at various total calcination time at 

1000°C in oxygen. (b) The snapshot of the XRD data which illustrates an insignificant change 

of PrO2 content when increasing the total calcination time from 48 hours to 60 hours at 1000°C 

in oxygen. Reproduced from Tsai et al. [18].  
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Figure 5.3 shows the phase change in each thermal cycle of 12 hours when the 

calcination temperature was raised to 1050°C under oxygen. It is important to note 

that fresh decomposed solid precursors were used here. Unlike the previous results 

when calcining at 1000°C under oxygen, Pr2NiO4+δ was initially formed in the first two 

thermal cycles but the content was slowly decreased after further calcination. This 

indicates that Pr2NiO4+δ is a metastable phase under these calcination conditions. The 

overall calcination terminated when no Pr2NiO4+δ was observed from the laboratory 

XRD results and this was when the total calcination time was 84 hours (Figure 5.4). 

Indeed, no other secondary phases such as PrOx and NiO were observed. Further 

extending the calcination time to 96 hours had no detectable impact on the 

synthesised Pr4Ni3O10+/-δ phase.  

 

 

Figure 5.3: The XRD data shows the change of phases at various total calcination time at 

1050°C in oxygen. Pr4Ni3O10+/-δ miller indices were labelled and the figure highlights that no 

secondary phase was observed after calcining for more than 84 hours. Reproduced from Tsai 

et al. [18].  
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Figure 5.4: The gradual decrease of Pr2NiO4+δ secondary phase when increasing the total 

calcination time from 60 hours to 96 hours at 1050°C in oxygen. The background fit of each 

diffractogram was indicated by the straight lines. Reproduced from Tsai et al. [18].  

 

The investigation of Pr4Ni3O10+/-δ calcination condition demonstrated that the 

chemical synthesis is kinetically limited and hence a higher calcination temperature 

and a prolonged calcination time under oxygen are required. The calcination results 

under oxygen are in agreement with Laffez et al.’s [20] observation from in-situ XRD. 

The PrOx and NiO mixture started forming Pr4Ni3O10+/-δ at 1000°C in oxygen and at 

1050°C, Pr4Ni3O10+/-δ became the major phase [20]. However, further increasing the 

temperature to over 1100°C led to the phase decomposition towards Pr2NiO4+δ and 

NiO [20]. Indeed, although the calcination temperature of 1050°C used here under 

oxygen is slightly greater than the one reported by Vibhu et al. [1] of 1000°C, the 

overall calcination time is still shorter than the one suggested by Bassat et al. [2] (5 

days at 1097°C) and Zhang et al. [3] (5-6 days at 1050°C). The deviations might be due 

to the variation of the synthesis equipment and probably the homogeneity of the 

decomposed solid precursors.  
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5.4 Re-evaluation of the crystal structure of Pr4Ni3O10+/-δ 

As discussed in Section 5.1, Pr4Ni3O10+/-δ was usually indexed as orthorhombic Fmmm 

[1-3] but this identification might be an initial approximation as suggested by Bassat 

et al. [2]. To confirm, the crystal structure of the synthesised Pr4Ni3O10+/-δ powder was 

resolved next.  

Figure 5.5(a) presents the Rietveld refinement results of the laboratory XRD data. In 

general, the synthesised Pr4Ni3O10+/-δ fitted well with a calculated model based on the 

Fmmm space group. However, there were some deviations between the model and 

the experimental data and they were reflected on the resulting difference curve (Yobs-

Ycalc) and the parameters of goodness-of-fit (e.g. χ2, Rwp and Rp). For example, Figure 

5.5(b) illustrates the observations of asymmetric peak broadening at ~46° and peak 

intensity mismatch at ~47.5° two theta. For the feature at ~47.5° two theta, the 

difference curve shape indicates that the calculated peak possessed a larger full width 

at half maximum (FWHM) than the experimental data and this might suggest the 

presence of more than one Bragg position in these regions [21]. When both 

phenomena in Figure 5.5(b) were considered, Pr4Ni3O10+/-δ might possess a less 

symmetric crystal structure. 
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Figure 5.5: (a) Laboratory XRD data analysis results of the as-synthesised Pr4Ni3O10+/-δ powder 

using Rietveld refinement. The goodness of fit parameters are χ2=6.54, Rwp= 9.81% and Rp= 

7.23%. (b) The selected region in Figure 5.5(a) which highlights the asymmetric peak 

broadening issue at ~46° and the peak shape mismatch at ~47.5°. These issues can be easily 

observed from the Yobs-Ycalc curve. Reproduced from Tsai et al. [18].  

From the results shown in Figures 5.5(a) and (b), they appear a potential of crystal 

symmetry lowering but laboratory XRD cannot clearly distinguish peak splitting. Hence, 

a high resolution neutron diffraction was applied to resolve this. Before refining the 

structure model using the neutron diffraction data, the experimental results were 

compared with several simulated diffraction patterns corresponding to the potential 

space groups. These did not only include the as-mentioned Fmmm space group but 

also the Bmab, C2/m and P21/a space groups which were reported to be the crystal 

structures of the homologous La4Ni3O10+δ [5], La4Co3O10+δ [22] and Nd4Ni3O10-δ [7] 

phases, respectively. The comparisons are illustrated in Figure 5.6(a). However, for 

the reason of simplicity in terms of presentation, the simulated diffraction pattern of 

P21/a was not shown but the final Rietveld refinement results are. For the peaks 

corresponding to (214) and (0110) in P21/a and Bmab structure models, they were 

unindexed in the simulated diffraction patterns of Fmmm and C2/m models. Indeed, 

Figure 5.6(b) shows evidence of peak splitting for the reflections with the (hkl) and 

(h0l) conditions in the atomic spacing range from 1.96 Å to 2.15 Å. All the evidence 
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indicates that the crystal structure of Pr4Ni3O10-δ is monoclinic with the space group of 

P21/a.   

 

 

Figure 5.6: (a) The comparison between the simulated Fmmm, Bmab and C2/m patterns and 

Rietveld refinement results of Pr4Ni3O10-δ based on P21/a space group. (b) The confirmation of 

the monoclinic distortion due to the evidence of peak splitting and the presence of extra peaks 

not indexed by either Bmab and Fmmm. Reproduced from Tsai et al. [18].  
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The full Rietveld refinement result obtained for the Pr4Ni3O10-δ neutron diffraction 

data is displayed in Figure 5.7. In the calculated model, the lattice parameters and the 

atomic parameters were not only refined but other parameters such as the scale 

factor, the background parameters, the phase fraction, the isotropic domain size 

parameters and the generalised microstrain parameters were also considered. Indeed, 

all the praseodymium in various atomic coordinates were set to have the same 

thermal displacement (Uiso). This was also applied to the Uiso of the nickel positions to 

reduce the total number of the refined parameters and to ensure a physically plausible 

model was used. Both Figures 5.6 and 5.7 show that the cubic NiO with Fm-3m space 

group was present as the secondary phase whereas the monoclinic Pr4Ni3O10-δ was the 

major phase. The calculated weight percentages for each phase were 1.1(1) and 

98.9(3), respectively.  

In addition, there was an observation of a peak shape mismatch indicated by the 

difference curve (Yobs-Ycalc) at ~1.97 Å in Figures 5.6 and 5.7. Despite refining all the 

as-mentioned parameters, the issue was not resolved. Combining with the peak shape 

mismatch evidence in the other regions, they led to the relatively poor goodness-of-

fit (Rwp= 6.77%, Rp= 6.12%). After several attempts, it seems that the system includes 

more than one monoclinic Pr4Ni3O10-δ phase with slightly different lattice parameters 

and atomic parameters. Therefore, two monoclinic Pr4Ni3O10-δ phases were 

introduced into the model for Rietveld refinement as shown in Figures 5.8(a) and (b), 

which resulted in a better goodness of fit (Rwp= 5.68%, Rp= 5.21%). Nevertheless, the 

global convergence could never be achieved despite the introduction of constraints 

and restraints. It is believed that the similar refined parameters of the two monoclinic 

phases caused the refinement to be challenging. Therefore, the lattice parameters and 

the atomic parameters from the refinement results with one monoclinic Pr4Ni3O10-δ 

phase represents the average values in the system. 
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Figure 5.7: Neutron diffraction data analysis results of the as-synthesised Pr4Ni3O10-δ powder 

using Rietveld refinement. The goodness of fit parameters are Rwp= 6.77%, Rp= 6.12%. 

Reproduced from Tsai et al. [18]. 
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Figure 5.8: (a) Neutron diffraction data analysis results of the as-synthesised Pr4Ni3O10-δ using 

Rietveld refinement with two P21/a monoclinic phases introduced in the model. The goodness 

of fit parameters are Rwp= 5.68% and Rp= 5.21%. (b) Evidence of the improved fitting of the 

peak at d ~ 1.97 Å.  

 

The summary of the refined lattice and atomic parameters are tabulated in Table 5.1. 
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Pr4Ni3O10-δ. Table 5.1 shows that Pr4, Ni2, O2 and O9 (with atomic positions defined 

in Figure 5.9) had occupancy less than one. The overall praseodymium to nickel atomic 

ratio in the system can be recalculated given that the weight fractions of NiO and 

Pr4Ni3O10-δ, more correctly presented by Pr3.94(4)Ni2.94(2)O9.72(7), were known. The 

calculated ratio was 3.9:3.1 and this approached the target value of 4:3.  

 

Table 5.1: Refined lattice and atomic parameters for the Pr4Ni3O10-δ phase corresponding to 

the data presented in Figure 5.7. The parentheses labelled adjacent to each atom are the 

corresponding Wyckoff site. Reproduced from Tsai et al. [18].  

Lattice parameters  a= 5.3705(1)Å 
b= 5.4637(1)Å 
c= 27.5728(8)Å 
ß= 90.303(3)° 

Atomic coordinates  
x y z Frac. 

100 x 
Uiso(Å2) 

Pr1 (4e) 0.009(4) 0.014(3) 0.299(1) 1 0.8(1) 

Pr2 (4e) 0.512(4) 0.004(4) 0.799(1) 1 0.8(1) 

Pr3 (4e) 0.036(3) -0.015(3) 0.434(1) 1 0.8(1) 

Pr4 (4e) 0.484(3) 0.010(3) 0.926(1) 0.94(4) 0.8(1) 

Ni1 (2b) 0 0.5 0.5 1 0.6(1) 

Ni2 (2a) 0 0 0 0.88(3) 0.6(1) 

Ni3 (4e) -0.003(2) -0.002(2) 0.138(1) 1 0.6(1) 

Ni4 (4e) 0.482(2) 0.010(2) 0.640(1) 1 0.6(1) 

O1 (4e) 0.285(3) 0.299(3) 0.492(1) 1 1.5(4) 

O2 (4e) 0.272(3) 0.223(3) 0.992(1) 0.91(5) 0.1(3) 

O3 (4e) 0.013(3) 0.066(2) 0.075(1) 1 1.0(3) 

O4 (4e) 0.488(3) 0.067(2) 0.564(1) 1 1.4(3) 

O5 (4e) 0.245(3) 0.259(4) 0.150(1) 1 1.2(3) 

O6 (4e) 0.750(3) 0.251(4) 0.648(1) 1 0.8(3) 

O7 (4e) 0.013(3) -0.032(2) 0.217(1) 1 1.4(3) 

O8 (4e) 0.488(3) -0.069(2) 0.714(1) 1 0.7(2) 

O9 (4e) 0.756(3) 0.255(4) 0.867(1) 0.81(5) 0.1(4) 

O10 (4e) 0.281(3) 0.252(4) 0.373(1) 1 2.0(4) 

 

Figure 5.9 illustrates the Pr3.94(4)Ni2.94(2)O9.72(7) crystal structure and the atomic position 

of each ion. O2 and O9 sites were the only locations where oxygen vacancies were 

located. They were in the same perovskite tri-layers (Ni3-Ni2-Ni3) where 

praseodymium deficiency (Pr4) and nickel deficiency (Ni2) were observed. It is likely 

that there was formation of defect associates and its impact on the material physical 
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properties requires further investigation. Indeed, none of the apical oxygen pointing 

towards the rock salt layers, such as O7 and O8, had occupancy less than one. Oxygen 

transport pathways might occur within the perovskite layers, in particular close to the 

O2 and O9 sites.  

 

Figure 5.9: The illustration of the refined monoclinic crystal structure with space group of 

P21/a based on the parameters used in Table 5.1. The figure was plotted using CrystalMaker 

software package. Reproduced from Tsai et al. [18].  

 

The interatomic bond distances and the bond angles of Ni-O-Ni of the refined 

Pr3.94(4)Ni2.94(2)O9.72(7) were summarised in Table A1. The bond distances of Pr-O were 

between 2.27 Å and 3.21 Å. In general agreement with the reported Nd4Ni3O10-δ crystal 

structure [7], the coordination number of the praseodymium located within the 

perovskite tri-layers such as Pr3 and Pr4 was 12. On the other hand, for the 

praseodymium adjacent to the rock salt layers such as Pr1 and Pr2, the coordination 
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number was 9. In terms of the bond distances of Ni-O, they were between 1.77 Å and 

2.21 Å. Ni3-O7 and Ni4-O8 had the highest two bond distances and they indicate the 

elongation of apical oxygen in the NiO6 octahedra towards the direction of the rock 

salt layers. Olafsen et al. [7] suggested that this might result in a charge ordering effect. 

Indeed, the deviations of Ni-O-Ni bond angles from 180° in Table A1 (e.g. range 

between 157° and 173°), reflect that the crystal structure possesses NiO6 octahedra 

with strong distortion.  

The bond valence sum calculations were also conducted here to evaluate the cation 

valence in Pr3.94(4)Ni2.94(2)O9.72(7). The detailed concept of the method is discussed in 

Section 3.4.1.7. Overall, all four praseodymium positions in the crystal structure had 

valence around 3 (e.g. between 2.8 and 3.2). The results are in agreement with Vibhu 

et al. [1] who suggested that Pr+4 was unstable in the crystal structure due to its smaller 

cation size than Pr+3. On the other hand, the calculated nickel valences of Ni1, Ni2, Ni3 

and Ni4 were 3.3, 2.6, 3.0 and 2.6, respectively. Recalling the crystal structure in Figure 

5.9, each perovskite tri-layer such as Ni3-Ni2-Ni3 and Ni4-Ni1-Ni4 had high and low 

nickel valences positioned alternatively. This indicates that the crystal structure 

possessed an anisotropic electron conduction pathway.   

5.5 The oxygen content of the synthesised Pr4Ni3O10-δ 

With respect to the oxygen content of the synthesised Pr4Ni3O10-δ, it was calculated to 

be 9.72(7) from the Rietveld refinement results of the neutron diffraction data in Table 

5.1. To verify this value, a fresh sample was used in iodometric titration and the 

oxygen content was measured to be 9.65(1), which was within one standard deviation 

of the previous 9.72(7).  

Compared to the oxygen content measurement based on TGA in the literature, Zhang 

et al. [3] observed a significant oxygen deficiency in Pr4Ni3O10-δ but they suspected 

that the result was partially caused by the presence of impurity phases in the samples. 

On the other hand, Bassat et al. [2] showed that Pr4Ni3O10±δ could be either oxygen 

hyper- or hypo-stoichiometry with δ varied between -0.1 and 0.1. Both powder 

synthesis conditions and thermal treatment history had an impact on the final oxygen 

content in Pr4Ni3O10±δ [2]. These observations were in contrast to Vibhu et al.’s [1] 
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results which showed that Pr4Ni3O10+δ had oxygen content always greater than 10. 

However, it would not exceed 10.14 [1]. In general, it is believed that the stacking of 

the perovskite layers in higher order RP phases such as Pr4Ni3O10+/-δ allows the 

perovskite/rock salt interfacial strain to be relieved progressively by the mixed valence 

of Ni2+/3+ [2]. Hence, there is no need to accommodate significant amounts of oxygen 

interstitials in the rock salt layer as with Pr2NiO4+δ, where δ can be as high as 0.21-0.22, 

to mitigate the bond length differences between Pr-O and Ni-O [2, 4]. This leads to the 

result that Pr4Ni3O10+/-δ possesses a near stoichiometric oxygen content [2, 3]. The 

resulting high oxygen deficiency in the synthesised sample might be because of the 

presence of A-site and B-site deficiency in the crystal structure.  

5.6 The electrical conductivity of Pr4Ni3O10+/-δ and in-situ XRD results  

Before implementing the electrical conductivity measurement on Pr4Ni3O10+/-δ, a 

sintered pellet of 91.7% of theoretical density was prepared and its phase was 

examined by laboratory XRD after post-annealing at 1050°C under oxygen for different 

amounts of time as shown in Figure 5.10. For the initial 36 to 84 hours, there was a 

significant decrease of Pr2NiO4+δ and NiO content but the NiO residue was always 

present even when the post-annealing time was increased from 84 to 108 hours. The 

final amount of NiO was calculated to be 3.1(2) wt.% and NiO was also observed in the 

backscattered electron image (Figure 5.11) and the corresponding EDS results (Table 

5.2). In Figure 5.11, the darker grey spots (e.g. sites of interest 1, 3 and 6) were 

identified as NiO because they had lower praseodymium to nickel atomic ratio 

summarised in Table 5.2. The presence of a praseodymium signal in the EDS spectra 

was due to the fact that the spatial resolution of EDS, around 1 μm3, was greater than 

the NiO particle size. For the rest of the investigated spots (e.g. sites of interest 2, 4 

and 5), they had lower grey scale in the backscatter electron image (Figure 5.11), 

indicating that the average atomic number of these phases were greater than NiO. 

Indeed, their corresponding praseodymium to nickel atomic ratios were close to the 

target value of 4:3 (around 1.3). Hence, they were regarded as the Pr4Ni3O10+/-δ phase. 

Overall, considering that NiO had low quantity and it did not form a percolated 

network at the Pr4Ni3O10+/-δ grain boundaries (Figure 5.11), its impact on the following 

Pr4Ni3O10+/-δ electrical conductivity measurements should be less of concern.  
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Figure 5.10: The change of the phase after post-annealing the sintered Pr4Ni3O10+/-δ pellet for 

various amount of time at 1050°C under oxygen flow. Reproduced from Tsai et al. [18].  

 

 

Figure 5.11: The backscattered electron image highlights the presence of secondary phase, 

which was later identified as NiO using EDS (Table 5.2), on the post-annealing (1050°C, 108 

hours, oxygen) sintered Pr4N3O10+/-δ pellet. Reproduced from Tsai et al. [18].  
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Table 5.2: The EDS results of each site of interest in Figure 5.11. Reproduced from Tsai et al. 

[18]. 

 

 

 

 

 

 

The results of Pr4Ni3O10+/-δ electrical conductivity measurement from room 

temperature to ~815°C in air were plotted in Figure 5.12, together with the previously 

reported values in the literature [1, 2]. The decreasing trend of the electrical 

conductivity with increasing temperature showed that Pr4Ni3O10+/-δ possessed a 

metallic behaviour. Vibhu et al. [1] suggested that this was mainly because of the 

electron mobility reduction at higher temperatures as the concentration change of 

Ni+3 was almost insignificant. For example, it only decreased from 73% to 70% when 

heating the sample from room temperature to 800°C in air [1]. At 700°C in air, the 

measured Pr4Ni3O10+/-δ electrical conductivity was 235 Scm-1 and this was greater than 

the reported 86 Scm-1 and ~56 Scm-1 from Vibhu et al. [1] and Bassat et al. [2] using 

samples with desnity of ~70% and >80%, respectively. This is the highest measured 

electrical conductivity from Pr4Ni3O10+/-δ, thanks to the prepared dense pellet which 

was greater than 90% of theoretical density. Indeed, compared to the Pr2NiO4+δ 

electrical conductivity measured under the same conditions, which was ~105 Scm-1 [1], 

Pr4Ni3O10+/-δ had electrical conductivity of at least two times greater. It is believed that 

the electrical conductivity of Pr4Ni3O10+/-δ would be even greater if the sintered pellet 

approached 100% dense, with a value estimated to be between 275 to 322 Scm-1 at 

700°C in air depending on the exponent used in Equation 5.2 (e.g. n=1.5 or 3)  [23]. 

σexpected, σmeasured and n are the expected electrical conductivity, the measured 

electrical conductivity based on the porosity in a sample and the exponent range 

reported in literature, respectively [23, 24]. The estimated electrical conductivities for 

pore-free Pr4Ni3O10+/-δ as a function of temperature were also plotted in Figure 5.12 

for comparison. It is important to note that the calculation was an approximation as 

Site of 
interest  

Pr Ni Pr:Ni 
ratio 

Comments 

1 36.0 64.0 0.6 NiO 

2 58.1 41.9 1.4 Pr4Ni3O10+/-δ 

3 38.3 61.7 0.6 NiO 

4 55.9 44.1 1.3 Pr4Ni3O10+/-δ 

5 56.8 43.2 1.3 Pr4Ni3O10+/-δ 

6 48.1 51.9 0.9 NiO 
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the exponent in Equation 5.2 varied significantly for different materials and the 

exponent corresponding to Pr4Ni3O10+/-δ was unknown [23, 24].  

𝜎𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 =
𝜎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

(1−𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦)𝑛
 𝑤ℎ𝑒𝑟𝑒 1.5 < 𝑛 < 3    Equation 5.2  

 

Figure 5.12: Comparison of Pr4Ni3O10+/-δ electrical conductivity from this study with data 

reported from other literature sources, and with the estimated values when the solid is pore-

free using Equation 5.2. All the measurement were conducted in air at different temperatures. 

The size of the measurement errors are smaller than the labels. Adapted from Tsai et al. [18].  

 

Furthermore, Figure 5.12 shows the presence of an anomaly occuring at ~300°C in air. 

To understand the reason behind it, in-situ XRD was applied to monitor the  

Pr4Ni3O10-δ crystal structure change at increasing temperatures from 35°C to 1000°C in 

air. These results were then compared with the electrical conductivity measurements 

especially at ~300°C. As illustrated in Figures 5.13(a) and (b) and Figures 5.14(a) and 

(b), Pr4Ni3O10-δ was in the same space group of P21/a over the examined temperature 

ranges. Although there was a slight mismatch of FWHM causing the higher χ2 in the 

results of Le Bail refinement (Figures 5.14(a) and (b)), each calculated Bragg position 

aligned well with the experimental peaks. Both of these observations can be easily 
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supported by the shape of the difference cureves (Yobs-Ycalc) [21]. The observed peak 

shape mismatch is due to the use of a Pseudo-Voigt peak shape function in the 

refinement and this peak shape function is poor to cope with anisotropic line 

broadening and possible stacking faults which have been observed in higher order 

Ruddlesden-Popper phases [8, 21]. However, it was found that this issue had a minor 

impact on determining the Pr4Ni3O10-δ peak positions and hence the lattice parameters 

at each temperature. Indeed, the summary of lattice parameters (e.g. a, b and c) in 

Figure 5.13(a) does not reflect any anomaly at ~300°C but shows a linearly increasing 

trend when heating the sample. This is in contrast to the beta angle in which an abrupt 

change was observed at ~300°C in Figure 5.13(b). This change is also reflected in the 

variation of the linear slope at the same temperature in Figure 5.13(c). Overall, this 

indicates that there is a crystal structure rearrangement and this is in agreement with 

the observed anomaly in the electrical conductivity measurements. Nevertheless, the 

sudden change of beta angle at temperatures less than 100°C is uncertain and was not 

reflected in the electrical conductivity results shown in Figure 5.12. In addition, two 

anomalies were detected by Bassat et al. [2] at ~277.7°C and ~477°C when measuring 

Pr4Ni3O10+/-δ electrical conductivity in air. The first anomaly is similar to the 

observation in Figure 5.12 but no others were found at temperatures above 300°C.  
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Figure 5.13: (a) (b) The change of the Pr4Ni3O10-δ lattice parameters from 35°C to 1000°C in air. 

The in-situ XRD data were analysed using Le Bail refinement. The error bar in each point 

represents three estimated standard deviations. (c) The figure highlights the small distortion 

of the crystal structure at ~300°C in air. Each diffractogram was placed on top of each other 

along the heating direction from 50°C to 1000°C in air with temperature step size of 50°C. 

Reproduced from Tsai et al. [18].  
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Figure 5.14: The in-situ XRD data analysis of the as-synthesised Pr4Ni3O10-δ powder at (a) 35°C 

and (b) 1000°C in air using Le Bail refinement. The goodness of fit parameters are χ2=11.9, 

Rwp= 3.96%, Rp= 2.39% and χ2=16.3, Rwp= 4.44%, Rp= 2.73%, respectively. The evidence of peak 

shape mismatch is shown in the insets and they are the reasons for the relatively poor fit of 

the calculated model. Reproduced from Tsai et al. [18].  

5.7 Summary 

In this chapter, the synthesis kinetics of Pr4Ni3O10-δ were investigated, together with 

other physical properties of the synthesised Pr4Ni3O10-δ such as the crystal structure, 

the oxygen non-stoichiometry and the electrical conductivity.  

Pr4Ni3O10-δ was successfully synthesised when calcining the decomposed solid 

precursors under an oxygen atmosphere at 1050°C for at least 84 hours. Intermediate 

grindings were required to minimise the residuals of secondary phases. The synthesis 

reaction was found to be limited kinetically at lower temperatures by cation diffusion. 

The introduction of oxygen flow in the calcination stage allows the Pr4Ni3O10-δ 

thermodynamically stable temperature boundary to be extended to a higher 

temperature compared to the conditions under air. Therefore, the kinetic limitation 

was overcome by the high calcination temperature and time.  

From the high resolution neutron powder diffraction results, the synthesised 

Pr4Ni3O10-δ was demonstrated to be best indexed by the monoclinic P21/a space group, 

(b) 
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rather than the commonly reported orthorhombic Fmmm space group. This was due 

to the asymmetric peak broadening and peak splitting observed in the diffractogram. 

The Rietveld refinement also showed that the sample had slight A-site and B-site 

deficiency and oxygen hypostoichiometry with chemical formula of 

Pr3.94(4)Ni2.94(2)O9.72(7). The calculated oxygen content here was consistent with the 

measured results from iodometric titrations. In contrast to the other reported 

Pr4Ni3O10-δ lattice parameters, Pr3.94(4)Ni2.94(2)O9.72(7) had a greater c value of 27.5728(8) 

Å. Indeed, all the cation and oxygen vacancies were located at the same perovskite tri-

layers in the unit cell. It would be interesting to understand the presence of vacancy 

clusters and/or the oxygen transport mechanism locally. In addition, praseodymium 

was calculated to have ~+3 valence in the crystal structure whereas Ni contained 

mixed average valence of +2.6 and ~+3 in each perovskite tri-layer. The alternative 

location of mixed Ni valence might contribute to the conducting pathway of electrons 

in the crystal structure.  

Finally, due to the prepared dense pellet which was higher than 90% with respect to 

the theoretical density, the highest electrical conductivity of Pr4Ni3O10+/-δ was received 

from room temperature to 815°C in air. The measured electrical conductivity of 235 

Scm-1 at ~700°C in air was about 3-4 times greater than the previously reported values. 

The overall electrical conductivity of Pr4Ni3O10+/-δ as a function of temperature 

possessed metallic behaviour but an anomaly was observed at ~300°C. This was later 

confirmed by in-situ XRD to be due to a small crystal structure rearrangement. 

Pr4Ni3O10-δ was also demonstrated to have no macroscopic phase change at conditions 

between room temperature and 1000°C in air.  
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Chapter 6 Evaluation of the electrochemical performance of 

Pr4Ni3O10-δ and CGPO composite electrodes 

6.1 Introduction 

The motivation of making a composite electrode with Pr4Ni3O10-δ and  

Ce1-x-yGdxPryO2-δ has been discussed in Chapters 2 and 4. Indeed, the results from 

Chapter 4 show that various chemical compositions of Ce1-x-yGdxPryO2-δ were 

produced after sintering Pr2NiO4+δ and Ce0.9Gd0.1O2-δ (CGO10). The content of 

praseodymium in the newly formed Ce1-x-yGdxPryO2-δ is directly related to the distance 

from the interface of CGO10 and Pr2NiO4+δ. Given that Pr4Ni3O10-δ was synthesized 

using the approach suggested in Chapter 5, the only question left is what the chemical 

composition of Ce1-x-yGdxPryO2-δ that should be used for the proposed composite air 

electrodes is.  

Several studies have demonstrated that co-doping gadolinium and praseodymium in 

CeO2 can increase the oxygen ionic conductivity, compared with the single doping 

cases as co-doping enhances oxygen ion mobility [1-3]. Since the main purpose of 

introducing Ce1-x-yGdxPryO2-δ is to enhance the effective oxygen ionic conductivity in 

the composite air electrode, the total doping level and the ratio between gadolinium 

and praseodymium need to be optimized to maximize the oxygen ionic conductivity 

of Ce1-x-yGdxPryO2-δ. As mentioned in Section 2.7.2, from the simulated model of 

Dholabhai et al. [1], the maximum oxygen ionic conductivity can be reached when the 

total dopant level is around 25 mol.% at the cerium site. Exceeding this range, the 

oxygen ionic conductivity will decrease because of the formation of associated defects 

between the acceptor dopants and the oxygen vacancies and/or the repulsion of the 

increasing oxygen vacancies in the system [1]. From all of the literature reviewed to 

date that report the oxygen ionic conductivity of different Ce1-x-yGdxPryO2-δ chemical 

compositions, Ce0.75Gd0.1Pr0.15O2-δ showed the highest oxygen ionic conductivity of 

0.055 Scm-1 at 700°C in air [2-8].  

The other advantages of including praseodymium in the ceria phase is its ability to 

conduct electrons. This is mainly due to the +3/+4 mixed valence of praseodymium [3, 

9-11]. The electronic conductivity of Ce1-x-yGdxPryO2-δ is proportional to the amount of 
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praseodymium in the system and can be explained by the percolation theory 

mentioned in Section 2.8 [3, 12]. Cheng et al. [3] found that the electronic conductivity 

percolation threshold of Ce0.9-xGd0.1PrxO2-δ at temperature between 500°C and 1000°C 

was when x had a value of around 0.12. However, it is important to note that the high 

praseodymium content in ceria will result in a high overall thermal expansion 

coefficient as praseodymium is partially reduced at ~500°C [3, 12, 13].  Therefore, the 

ionic radius of Pr+4 changes from 0.960 Å to 1.260 Å of Pr+3 [13].  The total thermal 

expansion coefficient (TEC) of Ce0.75Gd0.1Pr0.15O2-δ is 21.5x10-6 K-1 between 200-900°C 

which is much greater than the target TEC of 10.8-13.5x10-6 K-1 from the conventional 

electrolytes (Section 1.3.1) [3].  

Overall, the issue of TEC mismatch of Ce0.75Gd0.1Pr0.15O2-δ can be significantly mitigated 

if the other material in the composite (e.g. Pr4Ni3O10-δ) has a much lower TEC value, 

which was reported to be 10x10-6 K-1 between room temperature and 1000°C in air 

[14, 15]. It can be concluded that Ce0.75Gd0.1Pr0.15O2-δ is the best chemical composition 

in terms of oxygen ionic conductivity, electronic conductivity and thermal expansion 

coefficients. Hence, Ce0.75Gd0.1Pr0.15O2-δ will be used and mixed with Pr4Ni3O10-δ to 

form a composite electrode. The aim of this chapter is to identify the electrochemical 

performance and the long term (7 days) stability of the Pr4Ni3O10-δ-Ce0.75Gd0.1Pr0.15O2-

δ composite electrodes.  

6.2 Detailed experimental procedures 

Pr4Ni3O10-δ was synthesized using the same approach and annealing conditions as 

described in Section 5.2.  Ce0.75Gd0.1Pr0.15O2-δ (CGPO) and other chemical compositions 

such as Ce0.9-xGd0.1PrxO2-δ (x=0, 0.30 and 0.45) were also synthesized using the citrate-

nitrate route. A stoichiometric ratio of Ce(NO3)3.6H2O (Alfa Aesar), Pr(NO3)3.6H2O 

(Aldrich) and Gd(NO3)3.6H2O (Aldrich) with purity greater than 99.5% were mixed and 

dissolved in a citric acid solution (~10 wt.%  citric acid, Sigma-Aldrich). Due to the 

hygroscopic nature of each precursor, the water content of each precursor was 

determined by measuring the weight before and after the decomposition at 600°C for 

several hours in air. After decomposition, each precursor formed CeO2, Pr6O11 and 

Gd2O3, respectively, confirmed by a laboratory X-ray diffractometer (PANalytical 

X’Pert Pro MPD with a Cu Kα source). The mixed nitrate solution was heated on a hot 
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plate until a gel was formed. The gel was then transferred to an oven for 

decomposition at 600°C for 12 hours in air before any further thermal treatment in air 

at higher temperatures.  

Electrode inks with Pr4Ni3O10-δ-Ce0.75Gd0.1Pr0.15O2-δ weight ratios ranging from 100:0 

wt.%, 75:25 wt.%, 50:50 wt.%, 25:75 wt.% and 0:100 wt.%, and the sintered 10Sc1CeSZ 

electrolyte pellets were prepared as described earlier in Section 3.3.2. The electrode 

inks were brush painted onto each side of the sintered electrolyte pellets before 

sintering for 2 hours in air at 950°C for 100:0 and 0:100 wt.% ratios and at 900°C for 

the rest of the symmetrical cells. The electrode sintering temperatures were 

determined by the Scotch tape test results (Section 3.4.8). The platinum paste (Gwent 

Group, Code No. C51002P6) or gold paste (Gwent Group, Code No. C2090908D1) were 

then brush-painted on the sintered electrodes and heated for 2 hours at 900°C and 

700°C, respectively to act as a current collector of a symmetrical cell. Indeed, platinum 

paste was also used as the current collector for the sintered 10Sc1CeSZ and CGPO 

samples. The approach used to prepare the CGPO pellet was similar to that used for 

the 10Sc1CeSZ electrolyte pellets, although the sintering temperature was lower 

(1300°C for 4 hours in air). 

AC impedance spectroscopy was used to examine the electrical conductivity of the 

sintered 10Sc1CeSZ and CGPO pellets and the electrochemical performance of each 

composite electrode. The impedance responses were measured using a Solartron 

1260a Impedance/Gain-Phase Analyser under OCV condition with frequency range 

from 10MHz to 0.01Hz, measuring 30 points per decade, 1s integration time and AC 

amplitude of 100mV. For 10Sc1CeSZ and CGPO sintered pellets, the measurements 

were conducted from 500°C to 800°C and between 200°C and 800°C with temperature 

step size of 25°C, respectively. For the composite electrode, the temperature range of 

interest was between 600°C and 800°C with the same temperature step size. For the 

long term durability test (7 days) the furnace temperature was fixed at 700°C and the 

impedance responses were recorded every 30 minutes. A DC bias test was set up by 

introducing a 100mV DC polarization to the sample for 7 days at 700°C but impedance 

data were not recorded. This experiment was conducted to check if the electrical bias 



151 
 

will have any impact on Pr4Ni3O10-δ degradation. All of the above measurements were 

undertaken in static laboratory air.   

The laboratory X-ray diffractometer (PANalytical X’Pert Pro MPD with a Cu Kα source) 

with the same instrumental parameters mentioned in Section 3.4.1.2 was used to 

identify phases within a sample after initial materials synthesis, after chemical 

compatibility tests, and before and after the AC impedance tests. The temperature 

and atmosphere conditions of each of the test are specified in the following sections. 

Le Bail refinement and Rietveld refinement of the XRD data were conducted using the 

FullProf software suite [16].  

Particle sizes of the ball-milled powders and the electrode microstructures before and 

after the AC impedance test were examined by scanning electron microscopy (Zeiss 

Leo Gemini 1525, EHT of 5 keV, aperture size of 30 μm). Any Energy Dispersive X-ray 

Spectroscopy (EDS) analysis (Inca X-act EDS, Oxford Instruments) in the form of point 

mode or line scan, had EHT and aperture setting of 20 keV and 120 μm, respectively.  

6.3 Chemical synthesis and phase identification  

Figure 6.1(a) compares the Ce0.75Gd0.1Pr0.15O2-δ powder XRD results obtained from a 

sample after the decomposition stage at 600°C for 12 hours in air and after further 

thermal treatment at 700°C and then 900°C for several hours in air. The results show 

that Ce0.75Gd0.1Pr0.15O2-δ was fully formed after the decomposition stage. The relatively 

broader peaks after the decomposition stage compared to the resulting sharper ones 

after further thermal treatment indicate the increase of the crystallite size. This can 

be reflected by the full width at half maximum (FWHM) change of peak (111) at 

2θ~28.5° before and after further thermal treatment. The initial FWHM was 0.84° 

whereas subsequent FWHM was 0.26°. The purpose of the further thermal treatment 

was to produce shaper peaks in the XRD data so that the following lattice parameter 

calculation had greater accuracy. The sharper the peaks were, the much easier for the 

Fullprof software to identify the exact peak positions. Based on the results of Le Bail 

refinement, Figure 6.1(b), the synthesized Ce0.75Gd0.1Pr0.15O2-δ has a cubic fluorite 

structure with space group Fm-3m with lattice parameters of a = b =c 5.4157(1) Å. This 

value is consistent with the results from Cheng et al. [3].  
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Figure 6.1: (a) Evolution of the Ce0.75Gd0.1Pr0.15O2-δ peak shape on heating. The figure highlights 

a sharpening of the peaks after further heating to 700°C and 900°C in air. (b) Le Bail refinement 

of the synthesised Ce0.75Gd0.1Pr0.15O2-δ experiencing further thermal treatment. χ2=2.56, Rwp= 

7.14%, Rp= 5.52%.  
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Several other Ce0.9-xGd0.1PrxO2-δ compositions (x=0, 0.30 and 0.45) were also 

synthesised and their lattice parameters were compared with Ce0.75Gd0.1Pr0.15O2-δ and 

Ce0.9Gd0.1O2-δ as summarized in Figure 6.2. It is important to note that each of the 

Ce0.9-xGd0.1PrxO2-δ phases has the same space group and a solid solution was formed 

when introducing praseodymium into Ce0.9Gd0.1O2-δ. The decrease of the lattice 

parameters with increasing praseodymium content in the system can be explained by 

the smaller Pr+4 ionic radius (0.960 Å) compared with the one of Ce+4 (0.970 Å) as 

suggested in Section 4.4 [13]. The same observations have been reported in several 

studies regarding the praseodymium substituted/doped ceria Ce1-xPrxO2-δ and Ce1-x-

yGdxPryO2-δ [3, 12, 13]. It can be concluded that the praseodymium sites are 

tetravalent in Ce0.9-xGd0.1PrxO2-δ at room temperature under air, as expected, and that 

the Ce0.9-xGd0.1PrxO2-δ solid solutions obey Vegard’s law [3, 13]. Indeed, considering 

the as-mentioned lattice parameters of Ce0.75Gd0.1Pr0.15O2-δ which were in agreement 

with the reported value of Cheng et al. [3], the lattice parameters of Ce0.9Gd0.1O2-δ 

were also consistent with the literature [17]. Therefore, it is suggested that the 

synthesized Ce0.75Gd0.1Pr0.15O2-δ had the correct chemical composition.  

 

Figure 6.2: The change of lattice parameters for Ce0.9-xGd0.1PrxO2-δ with various x which equals 

to 0, 0.15, 0.30 and 0.45. The error bar in each point represents three estimated standard 

deviations.  
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The phase of the as-received 10Sc1CeSZ powder from DKKK, Japan (Lot No.: H2228) 

was firstly examined by XRD and the results are shown in Figure 6.3(a). It is apparent 

that the as-received powder was not in the form of a pure cubic (Fm-3m) phase but 

other secondary phases such as rhombohedral (R-3) scandium zirconate and ceria 

were also present. To form a single cubic phase, the as-received powder was thermally 

treated at 1500°C for 5 hours in air and the corresponding XRD results are illustrated 

in Figure 6.3(b). Within the detection limit of XRD, the pure cubic Fm-3m 10Sc1CeSZ 

was received with the lattice parameters determined to be a = b = c = 5.0926(1) Å. This 

thermally treated powder was then used for the following chemical compatibility test 

(Section 6.4) and the electrolyte pellet fabrication (Section 3.3.2) 
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Figure 6.3: (a) The XRD data of the as-received 10Sc1CeSZ powder. (b) Le Bail refinement of 

the thermally treated 10Sc1CeSZ powder at 1500°C for 5 hours in air. χ2=3.20, Rwp= 6.71%, Rp= 

4.95%. 

6.4 Chemical compatibility test of electrode and electrolyte components 

The investigation of the chemical compatibility between the 10Sc1CeSZ electrolyte, 

Pr4Ni3O10-δ and Ce0.75Gd0.1Pr0.15O2-δ (CGPO) composite electrode components is 

important as the results will have an impact on the performance and the long term 

stability of these composite air electrodes. The pressed pellet samples in the form of 

1:1 weight ratio of combinations Pr4Ni3O10-δ, CGPO and 10Sc1CeSZ were prepared in 

the same manner as those discussed in Section 4.2. The powders used for the test 

were ball-milled and these were the same as the ones used to make the electrode inks 

and for the electrolyte fabrication. Based on the results in Chapter 4 for Pr2NiO4+δ and 

Ce0.9Gd0.1O2-δ  which indicated that pressed pellet samples will facilitate the extent of 

chemical reaction (if there is any), pressed pellet samples were used in this 

investigation.  

Figures 6.4, 6.5 and 6.6 summarise the chemical compatibility test results of 

10Sc1CeSZ-Pr4Ni3O10-δ, 10Sc1CeSZ-CGPO and Pr4Ni3O10-δ-CGPO, respectively before 

and after being thermally treated at the electrode sintering condition of 950°C for 2 
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hours in air and being further heated at the highest operating temperature of 800°C 

for 24 hours in air. Indeed, these results were compared with the fresh pressed pellet 

samples being directly heated at 700°C for 7 days in air, conditions that resemble the 

test conditions used in the long term test. It is interesting to observe that no chemical 

reaction occurred between Pr4Ni3O10-δ and 10Sc1CeSZ under both sintering and 

operating conditions (Figure 6.4). This is compared to the results from Montenegro-

Hernandez et al. [18] who observed the formation of Pr2Zr2O7, Pr6O11 and Pr4Ni3O10-δ 

when heating the mixture of the n=1 Ruddlesden-Popper phase Pr2NiO4+δ and 

Zr0.92Y0.08O1.96 (YSZ) at 900°C in air for several hours. As the decomposition of Pr2NiO4+δ 

was firstly detected before the formation of Pr2Zr2O7, Montenegro-Hernandez et al. 

[18] suspected that Pr2Zr2O7 was produced by the reaction of Pr2NiO4+δ decomposition 

products, either Pr6O11 or Pr4Ni3O10-δ with YSZ. The results in Figure 6.4 indicate that 

the higher thermodynamic stability of Pr4Ni3O10-δ at temperatures below 950°C in air 

increases its chemical compatibility with 10Sc1CeSZ, the zirconia-based electrolyte 

material. 

 

Figure 6.4: The XRD results of the chemical compatibility test between 10Sc1CeSZ and 

Pr4Ni3O10-δ at various conditions in air.  
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With respect to the chemical compatibility test between CGPO and 10Sc1CeSZ, Figure 

6.5 shows that there were no new peaks observed but that there was a change of the 

relative peak intensities between the original 10Sc1CeSZ and CGPO peaks before and 

after the thermal treatment. For example, the most apparent change can be found at 

2θ approximately equal to 28.5° and 30.5° which correspond to CGPO (111) and 

10Sc1CeSZ (111). The area ratios between these two peaks (10Sc1CeSZ:CGPO) are 

0.36(1), 0.60(2), 0.58(2) and 0.49(1) for the untreated sample, the sintered sample at 

950°C for 2 hours, the further heat treated sample at 800°C for 24 hours and a fresh 

sample after being heated at 700°C for 7 days, respectively. The increase of 10Sc1CeSZ 

content and the corresponding decrease of CGPO content suggests that there is a 

diffusion of cations such as cerium, gadolinium and/or praseodymium from CGPO to 

10Sc1CeSZ to form a solid solution. This cation diffusion happened under high 

temperature sintering conditions (e.g. 950°C for 2 hours in air) but its impact was less 

certain after further heat treatment at 800°C for 24 hours in air because there is no 

apparent difference between the 10Sc1CeSZ: CGPO peak area ratio for these two XRD 

results. The similar peak area ratio for the sample before and after further heat 

treatment (e.g. 0.60(3) versus 0.58(2)) might be due to the fact that the two samples 

originated from two different batches and the one that experienced further heat 

treatment was not handled between the two heating stages. It was, however, heated 

directly at a lower temperature of 800°C. Since the particle contact was not changed 

for this sample, it was suspected that the lower heating temperature limited the 

cation diffusion length exceeding the thickness of the newly formed secondary phases 

at the particle interface of 10Sc1CeSZ and CGPO. Indeed, to confirm if cation diffusion 

occurs within the operating temperature range, a fresh mixture of CGPO and 

10Sc1CeSZ prepared as a pressed pellet was heated at 700°C for 7 days in air. The 

obvious 10Sc1CeSZ:CGPO peak ratio change of 0.49(1) was observed and this was 

compared with the untreated sample of 0.36(1) and the sintered sample of 0.60(3). 

The results indicate that the cation diffusion was mainly driven by temperature and 

then time.  
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Figure 6.5: The XRD results of the chemical compatibility test between 10Sc1CeSZ and CGPO 

at various conditions in air.  

 

The chemical compatibility test results of Pr4Ni3O10-δ-CGPO can be found in Figure 6.6. 

Figure 6.6(a) and (b) show that NiO was formed under the electrode sintering 

conditions of 950°C for 2 hours in air, but the amount of NiO present did not change 

after further heat treatment at 800°C for 24 hours in air. The total amount of NiO 

determined from the XRD results was calculated to be ~5.5 wt.% from Rietveld 

refinement in both cases. The lattice parameters of the CGPO phase were calculated 

to be a = 5.4135(1) Å and 5.4132(1) Å, respectively, compared to the initial CGPO 

lattice parameter of a = 5.4157(1) Å. Considering the presence of NiO, these results 

indicate that there was diffusion of praseodymium from Pr4Ni3O10-δ to CGPO to form 

a new solid solution with lower lattice parameters because the ionic radius of Pr+4 

(0.960 Å) is smaller than Ce+4 (0.970 Å) and Gd+3 (1.053 Å) [13]. Despite no direct 

evidence, it is possible that the chemical reaction of Pr4Ni3O10-δ and CGPO was similar 
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to the one of Pr2NiO4+δ and Ce0.9Gd0.1O2-δ discussed in Section 4.4. This can be 

reflected by the broader CGPO peaks in the diffraction data after sintering compared 

to the result from the untreated sample. CGPO phase could represent a distribution 

of composition and the praseodymium content in the composition might depend on 

the initial location of each CGPO phase from the Pr4Ni3O10-δ/CGPO interface. The small 

deviation of each newly formed CGPO phase from the initial CGPO chemical 

composition could be resolved by a high resolution diffraction technique but it is not 

considered here. Apparently, laboratory based XRD cannot distinguish these subtle 

changes and hence the resulting CGPO lattice parameters after thermal treatment are 

the average values of all possible compositions. In addition, to mitigate the chemical 

reaction between Pr4Ni3O10-δ and CGPO under sintering conditions, it was proposed to 

decrease the sintering temperature to 900°C. In Figure 6.6(b), there is an apparent 

decrease of NiO content for the fresh sample thermally treated at 900°C for 2 hours 

in air. The NiO content and the average CGPO lattice parameters were calculated to 

be 3.5(3) wt.% and a = 5.4148(1) Å from the Rietveld refinement. Finally, a 7 days long 

term Pr4Ni3O10-δ-CGPO chemical compatibility test was conducted at 700°C in air using 

a fresh sample. No formation of NiO content was observed. Hence, it can be concluded 

that the chemical reaction between Pr4Ni3O10-δ and CGPO only occurs at temperatures 

greater than 900°C in air, and so processing and operation of any devices should be 

maintained below this temperature.  
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Figure 6.6: (a) The XRD results of the chemical compatibility test between Pr4Ni3O10-δ and 

CGPO at various conditions in air. (b) The variation of NiO content before and after each 

different type of thermal treatment.  
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6.5 As-sintered electrodes  

The air electrode sintering conditions for each composition have been discussed in 

Section 6.2. The XRD results of the as-sintered electrode are illustrated in Figure 6.7, 

which shows the relative change of the peak intensity between Pr4Ni3O10-δ (117) at 

32.7°/(200) at 33.3° and CGPO (111) at 28.5°/(200) at 33.1° for various Pr4Ni3O10-δ-

CGPO compositions. The peak located at 30.4° corresponds to 10Sc1CeSZ (111) 

electrolyte. The presence of the 10Sc1CeSZ signal was due to the incomplete coverage 

of the electrolyte but not because of the smaller electrode thickness than the X-ray 

penetration depth. The latter statement was confirmed by the calculation in Section 

6.9.  

 

Figure 6.7: The XRD results of the as-sintered electrodes with various Pr4Ni3O10-δ and CGPO 

compositions.  

 

Moreover, the microstructure of the as-sintered electrodes was also recorded and 
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heat treated at 900°C for 2 hours in air, to resemble the thermal conditions 

experienced during the platinum paste/current collector sintering process. Therefore, 

any further change of the electrode microstructure in the following post-mortem tests 

can be attributed to the phenomenon occurring under test/operating conditions. The 

phase/relative content of Pr4Ni3O10-δ and CGPO in Figure 6.8 can be easily identified 

based on their initial particle size, shown in Figures 6.9(a) and (b), after the 

synthesized powder was ball-milled and dried. The initial particle size of Pr4Ni3O10-δ 

and CGPO were ~1 μm and ~80 nm, respectively. Apparently, there was an increase of 

CGPO particle size towards ~110 nm after the sintering processes. The change of 

Pr4Ni3O10-δ particle size, on the other hand, was less significant.  

 

 

(a) (b) 

(c) (d) 
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Figure 6.8: The electrode microstructure of the as-sintered Pr4Ni3O10-δ:CGPO electrodes. (a) 

100:0 wt.%. (b) 75:25 wt.%. (c) 50:50 wt.%. (d) 25:75 wt.%. (e) 0:100 wt.%.  

 

 

Figure 6.9: Secondary electron images show the particle size of (a) Pr4Ni3O10-δ and (b) CGPO 

after ball-milling.   

6.6 Electrochemical performance of the composite electrode with various 

compositions  

To verify the quality of the AC impedance spectroscopy data the Kramer-Kronig (K-K) 

data validity test (Section 3.4.5.3) was used prior to further processing and analysis of 

the data. It is important that the physical states in a sample must be in equilibrium 

during AC impedance measurements, otherwise, the resulting data is not reliable. The 

K-K tests of all the AC impedance data measured at different temperatures for 

symmetrical cells with various composite electrodes have similar results to Figure 6.10. 

The relative residuals of the imaginary and the real components were both less than 

1% which indicates that the measured AC impedance data is of good quality. It should 

(e) 

(a) (b) 
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be noted that the data corresponding to the inductance part of the response (primarily 

due to the instrument and connections) was not considered in the K-K test.  

 

Figure 6.10: Kramer-Kronig test for the AC impedance data of a 50:50 wt.% composite 

electrode measured at 686°C in air.  

 

The equivalent circuit models used to fit the AC impedance raw data for different 

composite electrodes measured at ~686°C in air are displayed in Figure 6.11.  The 

goodness of fit indicator, the weighted sum of squares, the values of each component 

in the equivalent circuit models for different composite electrodes at various 

temperatures and their corresponding area specific resistances (ASR) are also included 

in Table 6.1. It is important to note that the minimum number of circuit elements were 

added to the models to receive an acceptable fit with reasonable physical meaning.  

Figure 6.11 illustrates the change of the arc shape in the Nyquist plots at low 

frequency regions from a compressed semicircle for Pr4Ni3O10-δ electrode to a 

Gerischer element for the 75:25 wt.% and 50:50 wt.% and to a compressed semicircle 

again for 25:75 wt.% and CGPO electrodes. These indicate the change of the rate 

limiting step(s) in the electrochemical reactions occurring at various composite 

electrode compositions. The shapes of the compressed semicircle (R//CPE) and the 
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Gerischer element (G) have already been discussed in Section 3.4.5.1. In general, 

there are two known electrode reactions that will lead to the Gerischer response [19-

21]. The first one is when the electrode reactions are co-limited by both bulk oxygen 

diffusion (D*) and oxygen exchange processes at the electrode surface (k) [20]. 

Otherwise, the electrode reactions are co-limited by slow surface adsorption and 

surface diffusion [21]. It is worth mentioning that the first scenario usually occurs with 

mixed ionic and electronic conducting (MIEC) air electrodes and the second scenario 

was observed from the purely electronic conducting fuel electrode [20, 21]. Due to 

the fact that the composite electrode materials are MIECs and the AC impedance 

results are measured under normal air electrode operating conditions, it can be 

concluded that the Gerischer response observed in the 75:25 wt.% and 50:50 wt.% 

composite electrodes indicates the oxygen bulk diffusion and surface exchange co-

limiting electrode reactions.  

With respect to 25:75 wt.% composite electrode, it was found that the R//CPE circuit 

fit better than the Gerischer element so R//CPE was used to simulate the response of 

the electrochemical reaction. This indicates that there was a change of electrode 

reaction rate limiting step when more CGPO was included in the composite electrode 

composition. It is likely that the electrode reaction rate limiting step of the 25:75 wt.% 

composite is similar to that of the CGPO.  
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Figure 6.11: Fitting the AC impedance data (measured at ~686°C in air) of each composite 

electrode (including pure Pr4Ni3O10-δ and pure CGPO electrodes) with the corresponding 

proposed equivalent circuit model. L, Rohmic, Rsurf. layer /CPEsurf. layer, Rint./CPEint., Relec./CPEelec.  and 

GEelec. are inductor,  ohmic resistance, resistance/constant phase element of surface layer, 

resistance/constant phase element of interface, resistance/constant phase element of 

electrode and Gerischer element corresponding to an electrode response, respectively. 



167 
 

 

Table 6.1: The AC impedance fitting summary of each composite electrode (including pure Pr4Ni3O10-δ and pure CGPO electrodes).  

Electr-
ode  

Tempe-
rature 

(°C) 

Rsurf. 

layer (Ω) 
CPEsurf. 

layer-T (F) 

CPE 

surf. 

layer-P 

Calculat-
ed Csurf. 

layer (F) 

Rint. 

(Ω) 
CPEint.- T 

(F) 
CPE 

int.-P 

Calcula-
ted Cint. 

(F) 

R elec. 
(Ω)  

CPEelec.-T 
(F)/ 

GEelec.-T 
(Ss0.5) 

CPEelec.-
P/ 

GEelec.-
P (s-1) 

Calculated 
Celec. (F) 

ASR 
(Ωcm2) 

ASR 
error   

(Ωcm2) 

Weighted 
sum of 
squares  

Pr4Ni3O

10-δ 

637         0.68 1.53x10-2 0.52 2.09x10-4 13.83 3.35x10-4 0.94 2.39x10-4 9.38 0.06 3.20x10-3 

686        0.35 1.18x10-2 0.57 1.82x10-4 6.40 3.15x10-4 0.94 2.15x10-4 4.36 0.02 1.48x10-3 

735         0.19 1.03x10-2 0.61 1.82x10-4 3.78 3.40x10-4 0.93 2.04x10-4 2.56 0.02 2.67x10-3 

784         0.16 8.39x10-3 0.65 2.29x10-4 1.97 3.50x10-4 0.93 2.02x10-4 1.38 0.03 5.78x10-3 

75:25 
wt.% 

637         0.16 5.92x10-1 0.43 2.56x10-2 1.08 0.18 27.88 3.33x10-2 0.81 0.01 1.10x10-3 

686         0.10 6.08x10-1 0.49 3.66x10-2 0.46 0.25 73.64 2.94x10-2 0.37 0.01 2.28x10-4 

735         0.08 3.52x10-1 0.58 2.65x10-2 0.19 0.37 189.70 2.71x10-2 0.18 0.01 3.65x10-4 

784         0.06 3.69x10-1 0.59 2.64x10-2 0.09 0.51 468.40 2.36x10-2 0.10 0.01 1.05x10-3 

50:50 
wt.% 

637         0.18 2.39x10-1 0.47 6.92x10-3 0.63 0.39 16.71 9.50x10-2 0.53 0.01 4.54x10-3 

686         0.14 4.85x10-1 0.41 8.92x10-3 0.25 0.58 46.61 8.48x10-2 0.25 0.01 6.17x10-4 

735         0.11 5.13x10-1 0.42 8.60x10-3 0.10 0.89 120.80 8.07x10-2 0.14 0.01 6.37x10-4 

784         0.09 4.29x10-1 0.45 8.21x10-3 0.04 1.48 317.00 8.30x10-2 0.08 0.01 1.29x10-3 

25:75 
wt.% 

638         0.75 4.50x10-2 0.40 1.20x10-4 0.39 1.38x10-1 0.68 3.41x10-2 0.74 0.13 2.37x10-3 

687         0.44 3.17x10-2 0.42 9.36x10-5 0.27 1.10x10-1 0.64 1.48x10-2 0.46 0.11 1.13x10-3 

736         0.28 2.35x10-2 0.49 1.28x10-4 0.19 6.98x10-2 0.66 7.95x10-3 0.31 0.07 4.18x10-4 

784         0.22 1.78x10-2 0.53 1.38x10-4 0.14 3.97x10-2 0.71 4.86x10-3 0.24 0.09 6.67x10-4 

CGPO 

636.9 13.55 1.52x10-5 0.52 6.60x10-9 2.78 2.63x10-2 0.43 8.79x10-4 0.81 2.46x10-1 0.90 2.07x10-1 11.06 0.49 2.78x10-3 

686 8.17 3.67x10-5 0.48 5.57x10-9 1.29 2.15x10-2 0.45 2.66x10-4 0.29 2.67x10-1 0.90 2.00x10-1 6.29 0.76 2.93x10-3 

735 4.53 4.75x10-5 0.48 5.78x10-9 0.85 1.21x10-2 0.45 4.87x10-5 0.10 3.76x10-1 0.89 2.46x10-1 3.53 0.04 2.21x10-3 

783.8 3.11 4.11x10-5 0.48 2.89x10-9 0.53 4.55x10-3 0.54 2.55x10-5 0.05 7.58x10-1 0.71 1.99x10-1 2.38 0.06 3.10x10-3 
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To understand the electrode reaction rate limiting step for Pr4Ni3O10-δ and CGPO, it is 

crucial to introduce the characteristic thickness (Lc), which is the ratio of D* and k [20, 

22]. The D* and k values of Pr4Ni3O10-δ were reported to be 4x10-9 cm2s-1 and  

1x10-7 cms-1, respectively at 700°C in pO2 = 0.21 bar by Vibhu [23] using the technique 

of isotopic exchange depth profile (IEDP) and secondary ion mass spectrometry 

analysis (SIMS). As discussed in Sections 2.7.1 and 2.7.3, Vibhu [23] suggested that 

part of the reason for the one order of magnitude lower D* and k values compared to 

the coefficients measured for Pr2NiO4+δ is because of the presence of small impurities 

such as NiO in the sintered pellet. On the other hand, Saher et al. [24] reported a 

promising Pr4Ni3O10-δ oxygen exchange value, even higher than Pr2NiO4+δ and Pr6O11 at 

temperatures below 500°C and at pO2 of 0.21 bar, using the pulse isotopic exchange 

(PIE) technique (Figure 2.11). The oxygen exchange measurement from PIE should be 

more accurate as powder is used and there is no secondary phase issue. Indeed, if in 

reality Pr4Ni3O10-δ has relatively low D* compared to its k, then the IEDP plus SIMS 

technique will never receive a precise k value of the material but a precise D* value 

[25]. This is because the oxygen exchange process is limited by the oxygen diffusion in 

the bulk material [25]. Therefore, the k value measured from PIE will be more reliable. 

Assuming that the slopes of the oxygen exchange rate versus temperature (Figure 2.11) 

are constant for both Pr4Ni3O10-δ and Pr2NiO4+δ, the exchange rate of Pr4Ni3O10-δ will 

be similar to (but still slightly higher than) the one of Pr2NiO4+δ at 700°C. Using the 

reported k value of Pr2NiO4+δ at 700°C and pO2 = 0.21 bar, 2x10-6 cms-1 [23], and the 

previous Pr4Ni3O10-δ D* value of 4x10-9 cm2s-1
, the calculated Lc is 20 μm. Since this Lc 

value is slightly lower than the real Pr4Ni3O10-δ electrode thickness of ~22 μm, it 

indicates that the electrode reaction of Pr4Ni3O10-δ is oxygen diffusion (D*) limited.  

For the CGPO electrode, it is believed that the real D* and k values are similar to Ce1-

xPrxO2-δ. At 670°C in air, the D* and k values of Ce0.9Pr0.1O2-δ (CPO10) and Ce0.8Pr0.2O2-

δ (CPO20) are 1.34x10-8 cm2s-1 and 3.73x10-8 cms-1 and 1.01x10-8 cm2s-1 and 4.59x10-8 

cms-1, respectively [22]. The corresponding Lc values for CPO10 and CPO20 are 

3.58x103 μm and 2.20x103 μm [22]. As both values are much greater than the CGPO 

electrode thickness of ~26 μm, the CGPO electrode reaction is surface exchange (k) 

limited. Overall, it is interesting to observe the gradual change of the electrode 
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reaction rate limiting step(s) from oxygen diffusion limited in the Pr4Ni3O10-δ electrode, 

to oxygen diffusion and surface exchange co-limited in 75:25 wt.% and 50:50 wt.% 

composite electrodes and then to surface exchange limited in the 25:75 wt.% and 

CGPO electrodes.  

Moreover, as shown in Table 6.1, there is a significant difference in electrode 

capacitance (Celec.) between Pr4Ni3O10-δ, composite electrodes and CGPO. Pr4Ni3O10-δ 

has the smallest electrode capacitance whereas CGPO has the largest. These 

phenomena can be explained by the relatively low oxygen stoichiometry change 

occurring in the Pr4Ni3O10-δ electrode when compared to CGPO. Chen et al. [22] also 

observed the large chemical capacitance of ~10-2 F for CPO10 air electrodes and these 

results are consistent with the current observation in the CGPO electrodes. Indeed, 

the increase of electrode capacitance from the Pr4Ni3O10-δ to the composite electrodes 

indicates the increase of the active region from the electrode/electrolyte interface 

[20]. The enlargement of the active area in the composite electrodes decreases 

electrode resistance (Relec.) and improves the overall electrode performance.  

Apart from the electrochemical reaction component in the proposed equivalent circuit 

models, the other component which is common to all the electrodes is the interface. 

The main reason for attributing this component to interface transport is because of 

the CPEint.-P values which are close to 0.5. This suggests that these arcs have a diffusive 

nature. Since the oxygen bulk diffusion in the electrode materials have been 

considered, the other possibilities are gas diffusion, oxygen ion or electron diffusion 

at the electrode/electrolyte interface or the electrode/platinum current collector 

interface. As the resistances of this arc decrease with increasing temperature, it is 

clear that this arc is not the response of gas diffusion but the diffusive process occurs 

at the interface. It is uncertain which interface contributes to this arc in the different 

composite electrodes (e.g. 75:25 wt.%, 50:50 wt.% and 25:75 wt.%). However, based 

on the electronic and oxygen ionic conductivities of Pr4Ni3O10-δ and CGPO, it is 

suspected that the Pr4Ni3O10-δ and CGPO interface resistances (Rint.) are caused by the 

charge transfer across the electrode/electrolyte and electrode/platinum current 

collector, respectively.  
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The main difference between the CGPO equivalent circuit model from the others is 

the presence of a new arc in the high frequency region with capacitance of 10-9 F.  The 

only possible responses at such low capacitance originate either from the grain 

boundaries of 10Sc1CeSZ/CGPO or the surface layer at the electrode/electrolyte 

interface. The electrical conductivity measurements of 10Sc1CeSZ and CGPO using AC 

impedance spectroscopy show that the grain boundary responses will disappear at 

temperatures greater than 600°C in air. This is consistent with the results in the 

literature for both materials [26, 27].  Since the arcs were still observed at 

temperatures above 600°C, these arcs were attributed to a new surface layer forming 

at the electrode/electrolyte interface. This is related to the previous chemical 

compatibility tests (Section 6.4) between 10Sc1CeSZ and CGPO which demonstrate a 

new scandium stabilized zirconia solid solution formed after the heat treatment under 

both the sintering and operating conditions. Indeed, the CPE surf. layer-P of CGPO, Table 

6.1, is close to 0.5 and this indicates the oxygen ion diffusion through the surface layer. 

Interestingly, the surface layer responses were not observed in the composite 

electrodes (75:25 wt.%, 50:50 wt.% and 25:75 wt.%) in spite of the presence of CGPO. 

It seems that Pr4Ni3O10-δ avoids the formation of the continuous surface layer at the 

electrode/electrolyte interface.  

Overall, the summary of the electrode performance for various composite electrodes 

can be found in Figure 6.12. 50:50 wt.% shows the best results and the ASRs are less 

than 0.15 Ωcm2, the target electrode performance defined in Section 1.2.2, at 

temperatures greater than 711°C in air. It is believed that the target value can be 

reached at an even lower temperature if the composite electrode microstructure is 

further optimised. For example, decreasing the Pr4Ni3O10-δ particle size to enhance the 

overall number of electrochemically active sites in the composite electrode. The test 

results were reproducible when a fresh sample (50:50 wt.%) prepared in the same 

manner was tested under the same conditions. Indeed, 75:25 wt.% provides a 

promising electrode performance but its ASR values are slightly higher than those of 

the 50:50 wt.% at each temperature. 25:75 wt.%, on the other hand, has a comparable 

electrode performance to the 50:50 wt.% and 75:25 wt.% composites at temperature 

below 660°C but the performance is significantly worse at higher temperature. This is 
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reflected by its activation energy of 0.68 eV compared to ~1.06 eV and 1.19 eV for the 

50:50 wt.% and 75:25 wt.% compositions, respectively. The lower overall activation 

energy of 25:75 wt.% is mainly due to the much lower activation energy in the 

electrode component (0.60 eV) than 1.53 eV for the 50:50 wt.% and 1.38 eV for the 

75:25 wt.%. This represents the change of the electrode reaction mechanism in 25:75 

wt.% materials but the detail is uncertain. The pure Pr4Ni3O10-δ and CGPO electrodes 

have a much worse electrode performance than the composite electrodes even if the 

surface layer component is not considered in the ASR of CGPO. The improved CGPO 

electrode performance (without surface layer) compared with Pr4Ni3O10-δ might be 

due to its smaller particle size which enlarges the active surface area of the electrode. 

Overall, Figure 6.12 demonstrates the benefit of mixing the two phases to form a 

composite electrode.   

 

Figure 6.12: The ASR versus temperature plot for each of the composite electrode. The figure 

highlights the decrease in ASR on increasing the CGPO composition, with the lowest values 

reported for the 50:50 wt.% compositions.  
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Effective medium percolation theory introduced in Section 2.8 can be used to explain 

why the 50:50 wt.% composition provides the best electrode results compared to the 

other compositions and the end-member Pr4Ni3O10-δ and CGPO electrodes. Given that 

the electronic and oxygen ionic conductivities of Pr4Ni4O10 and CGPO are known (Table 

6.2), the effective electronic and oxygen ionic conductivity can be calculated for 

various Pr4Ni3O10-δ, CGPO and pore volume fractions in an electrode. As shown in 

Figures 6.13(a) and (b), the percolation threshold for Pr4Ni3O10-δ to form a percolated 

electronic conducting network or for CGPO to form a percolated oxygen ionic 

conducting network is when the relative volume fraction of Pr4Ni3O10-δ is greater than 

0.47 and less than 0.50, respectively. The relative volume fraction does not consider 

the porosity but the volume ratio between Pr4Ni3O10-δ and CGPO. The electrode 

porosity will shift the percolation thresholds but the changes are relatively small. 

Indeed, the more apparent percolation threshold in the effective electronic 

conductivity is due to the significant electronic conductivity difference between 

Pr4Ni3O10-δ and CGPO (Table 6.2). In terms of the ambipolar conductivity as defined in 

Section 2.8, the highest value is reached when the Pr4Ni3O10-δ relative volume fraction 

is between 0.375 and 0.475, depending on the volume fraction of porosity (Figure 6.13 

(c)). All the calculated results in Figure 6.13 indicate that 50:50 wt.% (49:51 vol.%) 

composite electrode should present the best electrode results as it has the percolating 

conducting networks for both electrons and oxygen ions from the platinum current 

collector to the 10Sc1CeSZ electrolyte. This is consistent with the results presented 

above.  

In practice, it is believed that the percolation of the CGPO network can be formed 

more easily than Pr4Ni3O10-δ at the same relative volume fraction of each phase as the 

initial particle size of CGPO (~80 nm) is much smaller than that of Pr4Ni3O10-δ (~1 μm) 

(Figure 6.9) [28]. This explains why the 75:25 wt.% also shows a promising electrode 

performance despite the lower content of CGPO than in the 50:50 wt.% optimal 

composition. Although the previous percolation calculation assumes that the particle 

size of both phases are the same and it is known that the particle size ratio between 

Pr4Ni3O10-δ and CGPO, which deviates from one, will shift the percolation thresholds, 
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the calculation estimates that the best relative Pr4Ni3O10-δ relative volume fraction is 

between 0.4 and 0.6 [28, 29].  

The other approach to confirm the percolation of Pr4Ni3O10-δ is to examine the ohmic 

resistance of the symmetrical cells with various composite electrodes. Since the 

electrical conductivity of 10Sc1CeSZ was measured at different temperatures, any 

extra unexpected ohmic resistance values are evidence of the non-percolated 

Pr4Ni3O10-δ network in the composite electrodes. The differences between the real and 

the estimated ohmic resistance at 784 °C were 0.28 Ω, 0.51 Ω and 2.05 Ω for 75:25 

wt.%, 50:50 wt.% and 25:75 wt.% symmetrical cells, respectively. Considering that the 

small ohmic resistance deviations are likely due to the measured dimensional errors 

for each of the sintered 10Sc1CeSZ pellets, it is clear that the Pr4Ni3O10-δ percolation 

network was broken in the 25:75 wt.% composition electrode. This effect was 

reflected in its electrode performance results which were significantly worse than 

50:50 wt.% and 75:25 wt.% electrodes.  

 

Table 6.2: Electronic conductivity and oxygen ionic conductivity of Pr4Ni3O10-δ and 

Ce0.75Gd0.1Pr0.15O2-δ at 700°C under pO2 of 0.21 bar. The values are based on the data reported 

in Section 5.6, [3] and [23].  

 Electronic conductivity (Scm-1) Oxygen ionic conductivity 
(Scm-1) 

Pr4Ni3O10-δ 235 1.49 x 10-3 

Ce0.75Gd0.1Pr0.15O2-δ 0.004 0.055 
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Figure 6.13: The change in (a) effective electronic conductivity, (b) effective ionic conductivity 

and (c) ambipolar conductivity at various relative volume fractions of Pr4Ni3O10-δ in the 

Pr4Ni3O10-δ:CGPO composite electrode system. The calculation is based on the input data from 

Table 6.2 and the effective medium percolation theory mentioned in Section 2.8.  

6.7 Post-mortem test of the composite electrodes 

Post-mortem tests were conducted on the symmetrical cells after the electrode 

performance measurements were complete. The key foci were to investigate any 

change of electrode phase and microstructure induced through the cell operation. 

Figure 6.14 illustrates the XRD results of the electrode layer after manually removing 

the majority of the applied platinum current collector with abrasive SiC paper. 

Surprisingly, apart from the presence of Pr4Ni3O10-δ, CGPO, 10Sc1CeSZ, some NiO and 

Pt phases, Pr9O16 and Pr10O18 were also observed in the Pr4Ni3O10-δ, 75:25 wt.%, 50:50 

wt.% and 25:75 wt.% samples. The observation of NiO in the Pr4Ni3O10-δ sample (100:0 

wt.%), together with the presence of Pr9O16 and Pr10O18, provides evidence of 

Pr4Ni3O10-δ decomposition. The decomposition of Pr4Ni3O10-δ might be due to the 

presence of the platinum current collector as no such decomposition was observed in 

the previous chemical compatibility tests (Section 6.4). Indeed, possible chemical 

reaction between Pr4Ni3O10-δ and Pt to form Pr2NiPtO6 double perovskite was not 

found [30]. Detailed investigations on the major factor which causes the 

decomposition and its mechanism will be discussed in Section 6.9. It is important to 

note that the quantitative comparisons for the amount of secondary phases formed 

for Pr4Ni3O10-δ and the composite electrode samples cannot be made as it is likely that 

0.0 0.2 0.4 0.6 0.8 1.0

-3.5

-3.0

-2.5

-2.0

-1.5

 p=0.1

 p=0.2

 p=0.3

lo
g
(s

a
m

b
ip

o
la

r(
S

c
m

-1
))

relative volume fraction of Pr4Ni3O10-d

(c) 



175 
 

part of the Pr9O16, Pr10O18 and NiO were removed when the platinum current collector 

was removed.  

 

Figure 6.14: The post-mortem XRD results of each composite electrode (including pure 

Pr4Ni3O10-δ and pure CGPO electrodes) after the electrode performance test under OCV.  

With respect to the electrode microstructure after the AC impedance tests, Figure 

6.15 shows the electrode cross-section for each of the symmetrical cell obtained by 

secondary electron microscopy. The electrode thicknesses were determined to be 22 

μm (Figure 6.15(a)), 20 μm (Figure 6.15(c)), 29 μm (Figure 6.15(e)), 19 μm (Figure 

6.15(g)) and 26 μm (Figure 6.15(i)) for Pr4Ni3O10-δ, 75:25 wt.%, 50:50 wt.%, 25:75 wt.% 

and CGPO cells, respectively. An inhomogeneous electrode thickness can be observed 

in almost all samples because of the uneven 10Sc1CeSZ electrolyte surface and the 

brush painted electrodes. The large 10Sc1CeSZ grains/particles observed in the 

electrolyte region are mainly due to the as-mentioned powder pretreatment at 

1500°C for 5 hours in air in order to receive a pure cubic phase of 10Sc1CeSZ. Although 

ball-milling was applied to the thermally treated powder, the particle size of 

10Sc1CeSZ cannot be reduced to the initial submicron range. It then leads to the lower 

density of the sintered 10Sc1CeSZ pellets (~94%) despite sintering at a high 
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temperature of 1550°C for several hours in air. Overall, it is believed that the artifacts 

of the lower density electrolyte and the inhomogeneous electrode thickness should 

have little impact on investigating the electrode performance for the composite 

electrodes. This is because the electrical conductivity of the sintered 10Sc1CeSZ pellets 

were measured individually to distinguish the electrolyte and electrode responses in 

the AC impedance measurements and gas leakage is of less concern in the symmetrical 

cell tests as both electrodes in a symmetrical cell experience the same atmosphere. 

Indeed, the rough 10Sc1CeSZ surface provides a good contact with the electrodes at 

the interface (Figures 6.15(a), (c), (e), (g) and (i)) and Figure 6.12 demonstrates that 

the reproducible electrode performance measurement can be reached for the 

proposed sample preparation approach. Moreover, no apparent particle growth, 

especially CGPO, was observed in Figures 6.15(b), (d), (f), (h) and (j) when comparing 

to the as-sintered electrodes in Figures 6.8(a)-(e). However, it was found that the 

shape of the CGPO particles in Figure 6.8(a)-(e) was more spherical. This might be due 

to the fact that the images were taken on the sample surface rather than the 

electrodes’ cross-section. Therefore, the CGPO particle growth was less restricted by 

the adjacent particles, unlike the case in Figure 6.15(b), (d), (f), (h) and (j).  

  

  

(a) (b) 

(c) (d) 
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swweq 

Figure 6.15: Analysis of the electrode microstructure of (a) (b) Pr4Ni3O10-δ, (c) (d) 75:25 wt.%, 

(e) (f) 50:50 wt.%, (g) (h) 25:75 wt.% and (i) (j) CGPO after the electrode performance tests 

under OCV. The figures highlight the excellent adhesion and robust structure. The white 

dashed lines in Figure 6.15(a), (c), (e), (g) and (i) illustrate the composite air 

electrode/electrolyte interface.  

 

To investigate the chemical composition and the thickness of the newly formed 

surface layer at the interface between the CGPO electrode and 10Sc1CeSZ electrolyte 

an EDS line scan technique was used, characterizing the sample after the electrode 

(e) (f) 

(g) 

(i) (j) 

(h) 
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performance test. The results are shown in Figures 6.16(a)-(f). The elements of 

interest were praseodymium, cerium, gadolinium, scandium and zirconium. The 

average intensities on the left hand side in Figures 6.16(b)-(d) were attributed to the 

background signals and they were compared with the intensity on the right hand side 

which correlated to the real quantity of each element. This is opposite for scandium 

and zirconium plots in Figures 6.16(e) and (f), respectively. The yellow and black 

vertical lines in Figures 6.16(a)-(f) represent the location of the interface and the 

diffusion length of each element. Since the diffusion length of each element is ~1.2 

μm, which is within the detection limit of EDS, the chemical composition and the 

thickness of the newly formed surface layer cannot be resolved.  

 

        

 

 

 

 

(a) 

(b) 

(c) (d) 
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Figure 6.16: The EDS line scan results of CGPO (0:100) symmetrical cell cross-section after the 

electrode performance test under OCV. (a) The interface of CGPO electrode and electrolyte 

was examined by EDS line scan. The corresponding signals (counts) to location plots for (b) 

praseodymium, (c) cerium, (d) gadolinium, (e) scandium, and (f) zirconium are illustrated with 

annotation linking to Figure 6.16(a). 

6.8 7-day electrode performance  

7-day electrode performance tests were conducted for the 50:50 wt.% composite 

electrode with platinum as the current collector, as this composition presented the 

best electrode performance, at ~685°C for 7 days in air. The main purpose of this 

experiment was to investigate the composite electrode performance stability over 

time and investigate any electrode degradation. By using the same equivalent circuit 

model of 50:50 wt.% in Figure 6.11, Figure 6.17(a) shows an increase of the overall 

electrode ASR (ASRtotal) over time. The ASRtotal increased from 0.20 to 0.45 Ωcm2 

(~122%) in 7 days. Such obvious electrode performance degradation was unexpected 

as it was previously believed that the composite electrode of Pr4Ni3O10-δ and CGPO 

should be more thermodynamically stable than the Pr2NiO4+δ analogue. To understand 

which component(s) contributes to the increase of the overall electrode ASR (ASRtotal), 

the change in the interface ASR (ASRint.) and the ASR attributed to a gerischer element 

(ASRelec.) over time were also examined (Figure 6.17(a)). Compared with ASRint. which 

shows an initial rise and then reaches a plateau, there was a continuous increase of 

ASRelec. over time. Indeed, with respect to the ohmic resistance (ASRohmic) (Figure 

6.17(b)), the initial sudden decrease and then increase of the value over time might 

(e) (f) 
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represent the improvement of the contact resistance between the platinum current 

collector and the composite electrode and the formation of new scandium stabilized 

zirconia solid solutions as indicated in Section 6.4. However, the change of ASRohmic is 

relatively small over time (less than 2%).  

 

 

Figure 6.17: The 7-day performance of the 50:50 wt.% composite electrode with platinum as 

the current collector. (a) The change of the electrode ASR over time. (b) The change of the 

ohmic ASR over time.  

 

Both XRD and SEM were applied to examine the phase evolution and the electrode 

microstructure of the sample after the 7-day performance test. Again, the platinum 

current collector was manually removed by SiC paper before conducting XRD. Similar 

to the previous XRD results presented in Figure 6.14 for electrodes containing 

Pr4Ni3O10-δ, the presence of Pr9O16, Pr10O18 and NiO were also observed after the 7-day 

performance test as shown in Figure 6.18. However, there was no significant change 

of the electrode microstructure (Figure 6.19) when comparing to the microstructure 

of the as-sintered electrode in Figure 6.8(c). Again, as mentioned in Section 6.7, the 

deviation of CGPO particles shape in Figure 6.19 from Figure 6.8(c) might be because 

of the local steric restriction imposed by the adjacent particles within the composite 

electrode.  
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Figure 6.18: The XRD results of the sample (50:50 wt.%) using platinum as the current collector 

after the 7-day performance test. The chosen 2θ range best describes the presence of the 

secondary phases compared to the other 2θ regions where peak overlapping is significant. 

 

  

Figure 6.19: The cross-section electrode microstructure of the sample (50:50 wt.%) using 

platinum as the current collector after the 7-day performance test. 
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Other current collectors such as gold paste were also used for the 7-day performance 

test. Due to its relatively low melting point of 1064°C compared to platinum (1768°C), 

the gold paste sintering temperature was reduced to 700°C for 2 hours in air. To 

resemble the thermal history and hence the electrode microstructure for the previous 

samples where platinum paste was used as the current collector, the 50:50 wt.% 

electrode ink for the new samples were sintered at 900°C for 4 hours in air before 

depositing the gold paste on top of it.  

The same equivalent circuit model of 50:50 wt.% (Figure 6.11) was again used to fit 

the 7-day performance test results but the ASRint. and ASRelec. are about twice and 

three times greater than the initial 50:50 wt.% composite electrode obtained when 

using platinum as the current collector. In addition, the CPE int.-P is around 0.3 which 

is a significant deviation from the previously observed value of around 0.5. It seems 

that there was a new process introduced which contributes to the ASRtotal here. To 

deconvolute the extra response in the system, a new fresh sample was prepared with 

a gold current collector and its electrode performance was measured on increasing 

temperature in air. In addition, a distribution of relaxation time (DRT) with 

regularization parameter of 1 x 10-2 was used to separate electrochemical responses 

that have similar time constants (Section 3.4.5.4). Figure 6.20(a) compares the DRT 

results between the 7-day performance test sample and the newly prepared sample 

which both used gold as the current collector. The similarity in peak positions and peak 

areas for both samples indicate again that the electrode performance measurement 

is reproducible. The slight deviation might be due to the small temperature difference 

(e.g. ~685°C in the 7-day performance test sample versus ~680°C for the newly 

prepared sample) when measuring the electrode performance. Moreover, Figure 

6.20(a) illustrates the difference when platinum and gold were used as the current 

collector. The time constant of the interface component (the peaks in the far left) for 

the sample with a platinum current collector was larger than the sample where gold 

was the current collector, whereas it is opposite for the Gerischer response (the peaks 

in the far right). The resistance/area of the Gerischer response for the sample with a 

gold current collector was also much larger than the sample with a platinum current 
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collector. In addition, an extra peak was observed in the middle between the peaks in 

the far left and right when a gold current collector was used.  

In order to attribute the middle peak observed in the samples measured with a gold 

current collector, the freshly prepared sample was heated from 680°C to 803°C in air 

and the AC impedance was measured every ~25°C. The corresponding DRT results are 

displayed in Figure 6.20(b). It is interesting to observe that there is almost no change 

of the middle peak time constant on increasing temperature. Indeed, the middle peak 

areas/resistances are almost constant at temperatures greater than 778°C. Below this 

temperature, the middle peaks have a slightly greater resistance and this extra area 

might be contributed by the asymmetric feature of the adjacent Gerischer peak [31]. 

This contribution is much smaller at the higher temperatures and hence the resistance 

of the middle peak can be identified.  

 

 

Figure 6.20: (a) The DRT results of the newly prepared sample using gold as the current 

collector (measured at ~680°C in air) and the 7-day performance test samples using either 

gold or platinum as the current collector (measured at ~685°C in air). (b) The change of the 

DRT results at various temperatures for the newly prepared sample using gold as the current 

collector. 

By introducing the gas diffusion component (R//CPE) in the equivalent circuit model 

for the samples with gold current collector, the ASRint. value became similar to that 

determined for the samples with platinum current collectors, and CPE int.-P had a value 

close to 0.5. Figure 6.21(a) shows the summary of 50:50 wt.% composite electrode 7-
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day performance when using gold as the current collector. Overall, there is no 

significant change of the total electrode ASR (ASRtotal) and the ASR of each component 

(ASRint., ASRgas diffusion and ASRelec.). The initial decrease of ASRelec. can be related to the 

change observed in the ohmic ASR (Figure 6.21(b)). This might be again because of the 

enhancement of the interface between the composite electrode and the gold current 

collector. The slight increasing trend of ASRgas diffusion over time might suggest the 

densification of the gold current collector as discussed next. Indeed, despite small 

magnitude (less than 1.5%), the increase of ohmic resistance over time might be 

caused by cation interdiffusion between 10Sc1CeSZ and CGPO. The lower ohmic ASR 

in Figure 6.21(b) compared to that in Figure 6.17(b) is because of the electrolyte 

thickness variation between the two samples.  

 

 

Figure 6.21: The 7-day performance of the 50:50 wt.% composite electrode with gold as the 

current collector. (a) The change of the electrode ASR over time. (b) The change of the ohmic 

ASR over time.  

Figure 6.22(a) shows the secondary electron image of the gold current collector and 

this is compared with that obtained from the sample with a platinum current collector 

(Figure 6.22(b)) after the 7-day performance test. It is apparent that the gold current 

collector has much less porosity than the platinum and this leads to the observed gas 

diffusion resistance in the electrode as air flow to the composite electrode is restricted. 

Figure 6.22(c) is the backscattered electron image of the sample with a gold current 

collector. Both the contrast (Figure 6.22(c)) and the EDS results (Figure 6.23(a) and (b)) 
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demonstrate that the top dense layer is gold and the bottom porous layer is the 

composite electrode.  

 

  

 

Figure 6.22: The top-down microstructure of the gold current collector (a) and the platinum 

current collector (b) for the samples after 7-day performance test. (c) The backscattered 

image of the 7-day performance test sample using gold as the current collector. The brighter 

part at the bottom is gold whereas the darker one at the top is the composite electrode. This 

was confirmed by the point mode EDS at the location of blue dot and red dot, respectively 

(Figure 6.23).  
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Figure 6.23: EDS spectrum correspond to (a) the blue dot (Au current collector) and (b) the 

red dot (the Pr4Ni3O10-δ:CGPO composite air electrode) in Figure 6.22(c). The observed Tc 

signal in Figure 6.23(b) might be due to the presence of an impurity at the local regions.  

Furthermore, the change of the interface component time constant (Figure 6.20(a)) 

when comparing the samples using gold and platinum as the current collector suggests 

that the response can be attributed to the charge transfer process at the composite 

electrode/current collector interface as there is no change of materials and 

configuration at the electrode/electrolyte interface between these two samples. The 

variation of the Pr4Ni3O10-δ decomposed products might also play a role here. For 

example, unlike Figure 6.18 in which Pr9O16 and Pr10O18 were observed from the 

platinum current collecting sample, Pr7O12 was found in the sample with a gold current 

collector after the 7-day performance test (Figure 6.24). The peak at 2θ around 31.4° 

(a) 

(b) 
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in the XRD pattern (Figure 6.24) was unindexed and it might be attributed to an 

unknown phase. Indeed, the variation of the Gerischer electrode component for these 

two samples, especially the resistance, might be because of the change of the effective 

oxygen diffusion coefficient (D*) and the effective surface exchange coefficient (k) in 

the gold sample since no apparent electrode microstructure change was observed 

between the 7-day performance test sample using either platinum (Figure 6.19) or 

gold (Figure 6.25) as the current collector. As mentioned before, the dense gold layer 

will limit the air flow to the active sites of the composite electrode. Therefore, it is very 

likely that the local oxygen partial pressure at the active sites will be deviated from 

0.21 bar. This will then change the effective D* and k and hence the electrode 

performance [20].  

 

Figure 6.24: The XRD results of the sample (50:50 wt.%) using gold as the current collector 

after the 7-day performance test. The gold current collector was manually removed by SiC 

paper before examining the sample using XRD. The chosen 2θ range best describes the 

presence of the secondary phases compared to the other 2θ regions where peak overlapping 

is significant.  
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Figure 6.25: The cross-section electrode microstructure of the sample (50:50 wt.%) using gold 

as the current collector after the 7-day performance test.  

6.9 Discussions of artifacts in the experiments  

To better understand the interference between the current collector, especially 

platinum, and the composite electrode, the following experiments were conducted 

and the results are summarized in Table 6.3. In summary, the decomposition of 

Pr4Ni3O10-δ occurs after sintering/heating the deposited platinum paste. The extent of 

the Pr4Ni3O10-δ decomposition is also proportional to the subsequent temperature at 

which the platinum was treated. Other factors such as positive and negative bias, the 

presence of CGPO, humidity and high oxygen partial pressure have an insignificant 

impact on the Pr4Ni3O10-δ decomposition. It is important to note that without the 

presence of platinum, Pr4Ni3O10-δ demonstrates its thermodynamic stability under 

both sintering conditions (e.g. 900°C for 4 hours in air) and operating conditions (e.g. 

700°C for 7 days in air). Sample preparation before phase identification by XRD such 

as dry/wet grinding to remove the platinum current collector were also found to have 

no impact on the Pr4Ni3O10-δ decomposition.  
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Table 6.3: The summary results of the Pr4Ni3O10-δ decomposition investigation. Both as-

sintered Pr4Ni3O10-δ:CGPO (50:50 wt.%) composite electrode and as-sintered Pr4Ni3O10-δ 

electrode were prepared and treated at various conditions to identify the factor resulting to 

the Pr4Ni3O10-δ decomposition. Each column represents a new sample treated at different 

conditions/procedures before final phase identification by XRD. The columns in blue (sample 

1, 3, and 6) are treated as a reference.  

 
As-sintered 50:50 wt.% composite 

electrode at 900°C for 2 hours in air 

As-sintered Pr4Ni3O10-δ 
electrode at 900°C for 2 hours 

in air 

Sample number 1 2 3 4 5a 5b 6 7 8 9 10 
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Brush-
painted 
Pt paste  

No Yes No Yes No No No No Yes Yes Yes 

Sintered 
at 900°C 
for 2 
hours in 
air or 
other 
atmosph-
eres 

Yes 
air 

Yes 
air 

No No No No 
Yes 
Air 

Yes 
Air 

Yes 
Air 

Yes 
O2 

Yes 
dry 
O2 

Further 
heat 
treated at 
700°C for 
7 days in 
air 

No No Yes Yes Yes Yes No Yes No No No 

Applying 
DC bias 
(100 mV) 

No No No No 

Yes 
cath-
ode 
side 

Yes 
anode 

side 
No No No No No 

Fi
n

al
 p

h
as

e 

id
en

ti
fi

ca
ti

o
n

 Evidence 
of 
Pr4Ni3O10-

δ 

decompo-
sition 

No Yes No 
Yes 

small 
No No No No Yes Yes Yes 

 

In addition, the other two unanswered questions are how the Pr4Ni3O10-δ 

decomposition influences the measured electrode performance, especially for the 

50:50 wt.% composition, and its electrode performance stability in a 7-day 

performance test. To answer the first question, the finite length Gerischer element 

(Equation 6.1) was applied to replace the previous Gerischer element in the 50:50 

wt.% composite equivalent circuit model [32]. Compared with the Gerischer equation 

introduced in Section 3.4.5.1, the only difference is the presence of the hyperbolic 
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term in the finite length Gerischer element. L and 0 represent the electrode thickness 

and the thickness of the active area. If the ratio of L and 0 is high, then the hyperbolic 

term in Equation 6.1 will be equal to 1 and there will be no difference from the typical 

Gerischer element. Table 6.4 summarizes the L/0 values at different temperatures 

after refitting the previous 50:50 wt.% composite AC impedance data with the finite 

length Gerischer element in the equivalent circuit. The quality of the new fitting for 

the data at 686°C can be found in Figure 6.26. From Table 6.4, it is interesting to 

observe that all the L/0 values are greater than one. This indicates that the electrode 

thickness (29 μm) is always greater than the thickness of the active area. Indeed, it 

was observed that the active area thickness decreased with increasing temperature. 

As the value of 0 is proportional to the as-mentioned characteristic thickness (Lc), the 

increase of 0 at lower temperature is due to the fact that the activation energy of the 

effective k is greater than that of the effective D* [20, 22].  

𝑍 =
coth ((

𝐿

𝜆0
)√1+

𝑖𝜔

𝐺𝐸−𝑃
)

𝐺𝐸−𝑇√𝐺𝐸−𝑃+𝑖𝜔
        Equation 6.1 

where the definitions of GE-P and GE-T are the same as the typical Gerischer element 

discussed in Equation 3.13.  

 

Figure 6.26: (left): The new AC impedance fitting of previous 50:50 wt.% electrode 

performance data (the one using platinum as the current collector) at 686°C in air using finite 

length Gerischer element in the equivalent circuit model. Table 6.4 (right): The change of L/0 

at various temperatures. Refit the previous 50:50 wt.% electrode performance data (the one 

using platinum as the current collector) using finite length Gerischer element in the equivalent 

circuit model.  
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Moreover, to examine the penetration of the Pr4Ni3O10-δ decomposition from the 

platinum current collector/50:50 wt.% composite electrode interface, the electrode 

was removed using SiC paper until no secondary phases such as PrOx were detected 

in the composite electrode under XRD. The rest of the electrode thickness (the cross-

section of the sample) was then examined by the SEM. For the 50:50 wt.% sample 

from which the electrode performance was measured, the electrode was removed 

until the electrode thickness was less than or equal to ~18 μm. It is important to 

consider the penetration depth of the X-ray (Cu Kα source) in the sample and this can 

estimated by the Beer-Lambert law (Equation 6.2), where I0, I, μ, ρ and x are the X-ray 

intensity at the sample surface, the X-ray intensity in the sample, the mass absorption 

coefficient, the density of the sample and the length of light path. x is defined as an 

attenuation length when the intensity of X-ray (I) has dropped by 1/e (where e is a 

mathematical constant with value equal to around 2.718) of the initial intensity (I0), 

which is about 37%. Based on the absorption data from Henke et al. [33] and assuming 

that the porosity volume fraction in the composite electrode is about one third, the 

penetration depth of the X-ray/the attenuation length is about 10 μm. Overall, the 

results suggest that the previous 50:50 wt.% electrode performance measurement is 

reliable and the Pr4Ni3O10-δ decomposition close to the platinum current 

collector/composite electrode interface has a limited impact on it.  

ln (
𝐼0

𝐼
) = 𝜇𝜌𝑥         Equation 6.2 

The same approach of grinding the sample surface and then examining the sample 

under XRD and SEM was also conducted for both the 7-day performance test samples 

using either platinum or gold as the current collector. For the 7-day performance test 

samples with platinum, even though the electrode thickness was removed to less than 

or equal to ~11 μm, both Pr9O16 and Pr10O18 were still observed from the XRD data. In 

contrast, no secondary phases were detected in the 7-day performance test sample 

with a gold current collector when the remaining electrode thickness was less than or 

equal to ~25 μm. It is apparent that there was a propagation of Pr4Ni3O10-δ 

decomposition from the platinum current collector/composite electrode interface 

towards the electrode bulk and then the active region whereas the decomposition 

propagation was much less when gold was used as the current collector. This 
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phenomena explains the reason for the continuous long term electrode performance 

degradation for the samples with a platinum current collector. Indeed, it seems that 

both platinum and gold will facilitate praseodymium oxidation in Pr4Ni3O10-δ although 

the detailed mechanism is unclear. This is similar to the reported observation from 

La2NiO4+δ which was oxidised to the higher order Ruddlesden-Popper phases at a 

certain temperature in the presence of platinum catalyst [34]. The previous bond 

valence sum calculation has demonstrated that the praseodymium valence in 

Pr4Ni3O10-δ was found to be +3 (Section 5.4). Based on the decomposition products 

which were Pr9O16 and Pr10O18 for the samples with a platinum current collector 

(Figures 6.14 and 6.18) and Pr7O12 for those with gold current collectors (Figure 6.24), 

the higher average oxidation state of praseodymium in Pr10O18 (+3.60) and Pr9O16 

(+3.56) than Pr7O12 (+3.43) might facilitate the propagation of Pr4Ni3O10-δ 

decomposition along the electrode thickness [35]. It is believed that +4 valence of 

praseodymium ion in coordination of 12 and 9 are too small to be stable in Pr4Ni3O10-

δ crystal structure [14]. Although more investigation is required to confirm this 

hypothesis, the proposed theory also explains the reason that sintering platinum paste 

at high oxygen partial pressure environment (Table 6.3) has no effect on mitigating 

Pr4Ni3O10-δ decomposition.  

Finally, it can be concluded that both platinum and gold should not be used as the 

current collector as they will promote the decomposition of Pr4Ni3O10-δ. Although the 

propagation of Pr4Ni3O10-δ decomposition is more severe for platinum than gold, a gold 

current collector tends to from a dense thin layer at ~685°C in air which limits the gas 

access to the electrode active area. It is important to note that without introducing a 

current collector to the composite electrode (50:50 wt.%), a severe current collection 

issue was observed. Based on the previous measured high electrical conductivity of 

Pr4Ni3O10-δ in the cell operating temperature range under air (Section 5.6), Pr4Ni3O10-δ 

is an ideal candidate for the current collector of the composite electrode. Indeed, 

Pr4Ni3O10-δ should be more chemically stable/compatible to the composite electrode 

active layer under air electrode operating conditions compared to the reported 

platinum and gold. Hence, the promising electrode performance of the composite 

electrode, together with its long term performance stability, can be achieved.  
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6.10 Summary  

The composite electrode of Pr4Ni3O10-δ and CGPO (50:50 wt.%) shows the best 

electrode performance of all the Pr4Ni3O10-δ and CGPO composites investigated 

including pure Pr4Ni3O10-δ electrode (100:0 wt.%) and pure CGPO electrode (0:100 

wt.%). This is because of the synergistic effect of the percolated Pr4Ni3O10-δ and CGPO 

networks which act as the dominant electronic and oxygen ionic conductors, 

respectively in the composite electrode. The electrode reaction also changes from 

oxygen diffusion (D*) limitation in Pr4Ni3O10-δ and oxygen surface exchange limitation 

(k) in CGPO to both D* and k co-limitation in the 50:50 wt.% composite electrode. 

Indeed, as the overall electrode ASR of 50:50 wt.% was less than 0.15 Ωcm2, the target 

electrode performance, at temperature greater than 711°C in air, it is a promising air 

electrode candidate for intermediate temperature solid oxide cells. It is believed that 

the composite electrode performance can be further enhanced if the electrode 

microstructure is optimized.  

In terms of the composite electrode (50:50 wt.%) long term (7 days) stability at ~685°C 

in air, a significant electrode performance degradation was observed for the samples 

using platinum as the current collector. However, no electrode performance 

degradation was found when replacing the platinum current collector with gold. The 

post-mortem test for both samples shows that platinum and gold promoted 

decomposition of Pr4Ni3O10-δ to PrOx and NiO but the propagation of Pr4Ni3O10-δ 

decomposition along the thickness of the electrode was much more severe for the 

sample with the platinum current collector. This variation between platinum and gold 

samples might be because of the difference in the decomposed products which 

include both Pr10O18 and Pr9O16 and Pr7O12, respectively. Since Pr10O18 and Pr9O16 have 

a higher average oxidation state of praseodymium, it might destabilize Pr4Ni3O10-δ in 

the composite electrode. On the other hand, although the composite electrode is 

more stable with gold current collector, the gold current collector tends to densify and 

blocks air entry to the active sites of the composite electrode. Overall, the composite 

electrode (50:50 wt.%) performance was stable at the intermediate temperature 

operating range so long as a proper current collecting material can be chosen.  
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Chapter 7 Conclusions and future work  

The major advantage of using Ruddlesden-Popper phases over conventional 

perovskite materials as a solid oxide cell air electrode is its promising physical and 

electrochemical properties towards oxygen reduction reaction and oxygen evolution 

reaction (sections 2.5.1-2.5.4). As Ruddlesden-Popper phases possess a 

heterostructure type crystal structure, they are usually strontium free [1]. Therefore, 

they do not experience strontium segregation which is regarded as the major issue 

contributing towards long term performance degradation for perovskite type air 

electrode materials [2]. However, n=1 Ruddlesden-Popper phases are not 

thermodynamically stable at solid oxide cell operating temperatures (section 2.5.5). 

Therefore, the investigation on an air electrode including high order Ruddlesden-

Popper phase was conducted.  

Overall, the research has found a more stable candidate (Pr4Ni3O10-δ and 

Ce0.75Gd0.1Pr0.15O2-δ (CGPO)) to replace Pr2NiO4+δ as an air electrode for intermediate 

temperature (500-800°C) solid oxide cells. This was achieved by firstly understanding 

the Pr2NiO4+δ decomposition and its chemical reaction with Ce0.9Gd0.1O2-δ under 

different solid oxide cell sintering and operating temperatures in air (Chapter 4). 

Knowing that the derived products might be electrochemically active to oxygen 

reduction/evolution reaction in an air electrode, Pr4Ni3O10-δ and CGPO were selected 

based on their promising properties previously reported in literature compared to 

PrOx and NiO (Sections 2.7). The synthesis of Pr4Ni3O10-δ and CGPO was then 

conducted but more emphasis was placed on understanding the synthesis kinetics of 

Pr4Ni3O10-δ, its crystal structure, the oxygen content and the electrical conductivity at 

intermediate temperature range (Chapter 5). Finally, composite electrodes of 

Pr4Ni3O10-δ and CGPO with various ratios were made to test the performance, to 

identify the best composite ratio and to examine the long term (7 days) performance 

stability (Chapter 6).  

50:50 wt.% of Pr4Ni3O10-δ and CGPO composite showed the best electrode 

performance when comparing to the other ratios and it is believed that the 

performance can be further enhanced by optimizing the electrode microstructure. 

This can be simply achieved by decreasing the particle size of each phase to enhance 
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the active sites for oxygen reduction/evolution reaction or introducing several 

functionally graded electrode layers with various chemical compositions and porosity 

[3, 4].  

The long term (7 days) performance stability of Pr4Ni3O10-δ and CGPO composite 

electrode (50:50 wt.%) mainly depended on the current collector used. If the current 

collector causes a limited decomposition of Pr4Ni3O10-δ, then the composite electrode 

performance can be very stable with almost no degradation observed in the 7-day 

performance test. Otherwise, a significant degradation will result. It is proposed to use 

Pr4Ni3O10-δ as the current collector of the composite electrode due to its better 

chemical compatibility and high electrical conductivity at the intermediate 

temperature range. LaNi1-xFexO3-δ is the other current collecting material that can be 

used but its chemical compatibility with the composite electrode requires to be 

examined [5]. In addition, the issue of the chemical reaction between CGPO and 

10Sc1CeSZ should be considered, despite its minor impact on the composite electrode 

long term performance. Considering the intermediate temperature operating 

conditions and the chemical compatibility with the composite electrode, gadolinium 

substituted ceria is a promising candidate to replace the zirconia based electrolyte.  

Finally, in this research, all the electrode performances were measured under open 

circuit condition. Although this is the common procedure to examine the viability of a 

new air electrode material, the real operating condition in solid oxide cells such as 

under cathodic bias in solid oxide fuel cell mode or under anodic bias in solid oxide 

electrolysis cell mode can deviate from the open circuit measuring condition even at 

the same operating temperature (Figure 1.6) [6]. Therefore, it will be very interesting 

to understand the performance and the electrode reaction of Pr4Ni3O10-δ and CGPO 

composites when a polarization is introduced. Electrode degradation under 

polarization is also of interest. These tests must be conducted before considering if 

this composite air electrode material can be commercialized, given that the aim of the 

research is to find a novel air electrode material which has promising and stable 

performance at reducing temperatures in solid oxide cells (Section 1.3.1).  
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Appendices  

 

Figure A1: The magnification of Figure 4.15 to illustrate the presence of each phase after 

further heating the pre-sintered (1100°C, 12 hours, air) Pr2NiO4+δ:CGO10 pressed pellet 

sample at 800°C for 24 hours in air.  
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Table A1: The resulting interatomic distances in (Å) between Pr/Ni and O and Ni-O-Ni bond 

angles (°) from the Pr4Ni3O10-δ Rietveld refinement results shown in Figure 5.7 and Table 5.1. 

Reproduced from Tsai et al. [18]. 

Pr1-O6 x2 2.47(3), 2.41(3) 

Pr1-O7 2.27(2) 

Pr1-O8 x4 3.21(2), 2.31(2), 2.71(2), 2.75(2) 

Pr1-O10 x2 2.82(3), 2.70(3) 

Pr2-O5 x2 2.39(3), 2.40(3) 

Pr2-O7 x4 2.97(2), 2.58(2), 2.86(2), 2.59(3) 

Pr2-O8 2.36(2) 

Pr2-O9 x2 2.65(3), 2.67(3) 

Pr3-O1 x4 2.70(2), 2.48(2), 3.11(2), 2.41(3) 

Pr3-O4 x4 2.29(2), 3.18(2), 2.83(2), 2.57(2) 

Pr3-O6 x2 3.01(2), 2.85(2) 

Pr3-O10 x2 2.58(3), 2.59(3) 

Pr4-O2 x4 2.44(2), 3.07(2), 2.89(2), 2.79(2) 

Pr4-O3 x4 2.42(2), 3.04(2), 2.70(2), 2.74(2) 

Pr4-O5 x2 2.79(2), 2.96(2) 

Pr4-O9 x2 2.59(2), 2.42(3) 

Ni1-O1 x4 1.90(2) x2, 2.01(2) x2 

Ni1-O4 x2 1.82(1) x2 

Ni2-O2 x4 1.92(2) x2, 1.96(2) x2 

Ni2-O3 x2 2.10(1) x2 

Ni3-O3 1.77(2) 

Ni3-O5 x2 1.98(2), 1.93(2) 

Ni3-O7 2.21(2) 

Ni3-O9 x2 1.91(2), 1.92(2) 

Ni4-O4 2.10(2) 

Ni4-O6 x2 1.97(2), 1.82(2) 

Ni4-O8 2.11(2) 

Ni4-O10 x2 2.03(2), 1.95(2) 

Ni1-O1-Ni1 157(1) 

Ni1-O4-Ni4 160(1) 

Ni2-O2-Ni2 163(1) 

Ni2-O3-Ni3 157(1) 

Ni3-O5-Ni3 160(1) 

Ni3-O9-Ni3 173(1) 

Ni4-O6-Ni4 165(1) 

Ni4-O10-Ni4 159(1) 
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Below is the electronic copy of all permission documents for the figures reused from their 

original sources.  

Permission letter from the publisher to reuse Figure 1.2.  
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