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resumo  
 
 

As pilhas de combustível e eletrolisadores de óxido sólido (PCOSs e 
EOSs) têm sido promovidas a tecnologias promissoras para estabelecer o 
abastecimento de combustível e sua utilização futura em sistemas de 
energia limpa. As PCOSs são dispositivos que produzem energia elétrica 
pela oxidação de combustíveis como o hidrogénio ou de hidrocarbonetos 
de elevada eficiência. Alternativamente, as EOSs funcionam de maneira 
inversa, na qual podem ser gerados combustíveis sintéticos ao fornecer 
energia eléctrica renovável ao sistema. É, pois, devido a esta natureza 
semelhante e ainda que inversa, que estes dispositivos têm sido 
tradicionalmente construídos a partir de materiais compatíveis. 
No entanto, a entrada no mercado destas tecnologias encontra-se ainda 
condicionada por diversos factores. Um dos mais limitantes, está 
associado a problemas de estabilidade química entre os constituintes da 
célula, que podem reduzir a longevidade a elevadas temperaturas de 
operação e/ou a um desempenho eletroquímico insuficiente. 
Normalmente, tais problemas de compatibilidade são minimizados pela 
introdução de uma camada de proteção muito fina constituída por um 
material condutor puramente iónico, na interface elétrodo/eletrólito. 
Deste modo, o objetivo deste trabalho é avaliar se modificando as 
propriedades de transporte destas camadas de proteção se pode conduzir 
ao aumento das propriedades de cinética do elétrodo, através da 
introdução de catiões polivalentes. 
A introdução de condutividade eletrónica menor na superfície do 
electrólito foi anteriormente relatada apresentando uma melhoria muito 
considerável das zonas eletroquimicamente activas para a permuta de 
oxigénio, reduzindo, desta forma, as perdas de resistência de polarização. 
 
 

 
 
 



 

  
 
 
 
 
 
 
 
 
 
 

  

  

Resumo  (cont.)  
 
 

 
Assim, esta dissertação tem por objetivo desenvolver este conhecimento 
para adaptar uma camada de proteção bifuncional que consiga evitar os 
problemas de interação química e ao mesmo tempo aumentar a cinética 
dos elétrodos. 
Esta dissertação apresenta um cenário típico de um eletrólito à base de 
zircónia estabilizada com ítrio combinado com um elétrodo de oxigénio 
contendo lantanídeos. Foram investigados como materiais de proteção, 
os sistemas de céria dopada com gadolínio, térbio e praseodímio. As 
propriedades inerentes à condução eletrónica e iónica mista (MIEC) dos 
materiais dopados foram analisadas e agrupadas. Posteriormente, foi 
realizada uma análise detalhada sobre o impacto das camadas de 
proteção na cinética do elétrodo de oxigénio em dispositivos PCOS e 
EOS. Foi dada especial atenção às potenciais relações entre as 
propriedades de transporte da camada proteção e subsequente 
desempenho do elétrodo. O trabalho também avalia o desempenho 
eletroquímico de cátodos de K2NiF4 com diferentes estruturas, 
depositadas sobre a camada de proteção que apresentou melhor 
desempenho, isto é, a céria dopada com praseodímio, assim como a 
influência da espessura da camada e da fração de Pr presente na céria. 
Demonstrou-se que a introdução de camadas de proteção à base de 
MIECs levou a um aumento drástico no desempenho do elétrodo, 
nomeadamente pelos MIECs de maior condutividade ambipolar. Estas 
camadas de proteção utlizadas provaram ser também eficazes em manter 
o papel de inibidores de interactividade química na interface 
elétrodo/eletrólito. 
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abstract  
 

Solid oxide fuel (SOFCs) and electrolyzer (SOECs) cells have been 
promoted as promising technologies for the stabilization of fuel supply 
and usage in future green energy systems. SOFCs are devices that 
produce electricity by the oxidation of hydrogen or hydrocarbon fuels 
with high efficiency. Conversely, SOECs can offer the reverse reaction, 
where synthetic fuels can be generated by the input of renewable 
electricity. Due to this similar but inverse nature of SOFCs and SOECs, 
these devices have traditionally been constructed from comparable 
materials. 
Nonetheless, several limitations have hindered the entry of SOFCs and 
SOECs into the marketplace. One of the most debilitating is associated 
with chemical interreactions between cell components that can lead to 
poor longevities at high working temperatures and/or depleted 
electrochemcial performance. Normally such interreactions are 
countered by the introduction of thin, purely ionic conducting, buffer 
layers between the electrode and electrolyte interface. The objective of 
this thesis is to assess if possible improvements in electrode kinetics can 
also be obtained by modifying the transport properties of these buffer 
layers by the introduction of multivalent cations. 
The introduction of minor electronic conductivity in the surface of the 
electrolyte material has previously been shown to radically enhance the 
electrochemically active area for oxygen exchange, reducing polarization 
resistance losses. Hence, the current thesis aims to extend this 
knowledge to tailor a bi-functional buffer layer that can prevent chemical 
interreaction while also enhancing electrode kinetics. 

 
 
 



 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

  

  

Abstract (cont.)  
 

The thesis selects a typical scenario of an yttria stabilized zirconia 
electrolyte combined with a lanthanide containing oxygen electrode. 
Gadolinium, terbium and praseodymium doped cerium oxide materials 
have been investigated as potential buffer layers. The mixed ionic 
electronic conducting (MIEC) properties of the doped-cerium materials 
have been analyzed and collated. A detailed analysis is further presented 
of the impact of the buffer layers on the kinetics of the oxygen electrode 
in SOFC and SOEC devices. Special focus is made to assess for 
potential links between the transport properties of the buffer layer and 
subsequent electrode performance. The work also evaluates the 
electrochemical performance of different K2NiF4 structure cathodes 
deposited onto a peak performing Pr doped-cerium buffer layer, the 
influence of buffer layer thickness and the Pr content of the ceria buffer 
layer. It is shown that dramatic increases in electrode performance can 
be obtained by the introduction of MIEC buffer layers, where the best 
performances are shown to be offered by buffer layers of highest 
ambipolar conductivity. These buffer layers are also shown to continue 
to offer the bifunctional role to protect from unwanted chemical 
interactions at the electrode/electrolyte interface. 
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1. Introduction 

 Energy is at the center of the development of today’s world, with an increasing 

demand directly related to population growth and increased global life quality. Crucial 

focus has, therefore, turned to the development of alternative energy sources to provide 

this energy demand in an environmentally sustainable manner. Growing concerns 

regarding increasing greenhouse gas emissions and diminishing fossil fuel reserves have 

underscored the importance of a combined approach to energy management that involves 

both improved fuel efficiency and a shift to carbon neutral renewable energy [1]. With 

respect to the former, fuel cells have been proposed to fulfill a vital role in future 

electrochemical power generation due to their ability to offer higher efficiencies than 

conventional combustion processes and to offer potentially environmental friendly and 

clean routes to electrical energy production. A fuel cell is an electrochemical device that 

directly converts chemical energy into electrical energy through chemical reaction with an 

oxidant. Hence, fuel cells can continuously generate electricity as long as they are supplied 

with sufficient fuel and oxidant for the specific electrochemical reactions to progress. 

Different types of fuel cells are available and are defined by the nature of their electrolyte, 

such as polymer electrolyte fuel cells (PEFCs), alkaline fuel cells (AFCs), phosphoric acid 

fuel cell (PAFCs), molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) 

[2]. The nature of their electrolyte, furthermore, dictates their specific operating 

temperatures due to the requirement to provide fast ionic migration. The SOFC has 

received a large attention due to the beneficial character of a solid electrolyte that can 

eliminate difficulties arising from liquid electrolyte evaporation, material corrosion and 

delicate water management. In addition, SOFCs are especially applicable to large scale 

stationary power applications, given their unique combination of high efficiency, low 

dependence on precious metal catalysts, simplicity and fuel flexibility [3].  

Hydrogen has been promoted as an attractive fuel to be utilized in fuel cells due to 

the potential for zero emissions and its natural abundance. Nonetheless, several debilitating 

limitations are associated with this concept. The storage of hydrogen is problematic due to 

its poor volumetric energy density and its potential explosion risk, with the pursuit of safe 

and alternative hydrogen storage solutions being an active and critical area of ongoing 

research [4]. A further complication is that, on earth, hydrogen is only found bonded with 
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additional elements in compounds such as water or hydrocarbons. Thus, in order to use 

pure hydrogen as a fuel, it is necessary to firstly dissociate hydrogen from these structures 

[5].  Such dissociation can be performed in several ways, such as biological, electrolytic, 

chemical, photolytic and thermo-chemical [6].  One of most common methods of hydrogen 

production is that of steam reforming of natural gas. However, this process has the 

disadvantage that it contributes to the emission of greenhouse gases and perpetuates an 

undesirable dependence on fossil fuels. In contrast, a cleaner method to produce hydrogen 

may be that of water dissociation. Of potential methods of water dissociation, the 

production of hydrogen by high temperature steam electrolysis offers one of the cleanest, 

simple and most thermodynamically viable approaches. Electrolysis is an electrochemical 

process that can dissociate hydrogen from water or steam by the input of electrical energy.  

 

Figure 1.1. Hydrogen energy cycle. 

 If the rehired electrical energy demand is provided by renewable sources, this 

process can also offer a way to normalize the intermittency of these sources, by the 

formation of hydrogen during periods of peak renewable electricity production that can be 

stored and transported for later conversion to electrical energy in fuel cells far from the 

original renewable energy source (Figure 1.1) [7].  
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1.1. SOFCs and SOECs 

 A Solid Oxide Fuel Cell (SOFC) is a solid state device that can produce electricity 

by the electrochemical oxidation of hydrogen or hydrocarbon fuels, Figure 1.2. In contrast, 

a Solid Oxide Electrolyser Cell (SOEC) is a device that can electrochemically reverse this 

process to dissociate fully oxidized chemicals (such as CO2 or H2O) by the application of 

electrical current. In its simplest operation mode, the production of hydrogen from the 

dissociation of steam at elevated temperatures is shown schematically in Figure 1.2. In 

Figure 1.2, the electrochemical reactions performed by an SOFC and an SOEC can be 

noted to be simply the reverse of each other. Due to this similarity, SOFC and SOEC 

devices have been typically constructed from similar materials [8]. Both SOFCs and 

SOECs consist of three main components, a hydrogen electrode, an electrolyte and an 

oxygen electrode, where the electrolyte is sandwiched between the electrodes, Figure 1.2.   

 

Figure 1.2. Schematic diagram of SOFCs and SOECs.  

1.2 Electrochemical cell performance 

 In this section the basic thermodynamic and electrochemical principles behind the 

electrochemical cell performance is described. To understand more clearly the ideal and 

practical operation of fuel cells also illustrated. The influence of temperature, pressure and 

gas constituents on fuel cell also discussed.  
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 At constant operating temperature and pressure, the maximum electrical work (Wel) 

attainable from fuel cell can be explained by the change in Gibbs free energy (∆G) of the 

electrochemical reaction [2]; 

Wel = ∆G = −nFE                                                                                (1.1) 

where n is the number of electrons participating in the reaction, F is Faraday´s constant and 

E is the ideal potential of the cell. Moreover, ∆G can be expressed by the following 

equation: 

∆G = ∆G0 + RT ln	�����δ��α��β
          (1.2) 

where ∆G0 is the Gibbs free energy change of reaction at temperature T, standard state 

pressure (1 atm) and fi is the fugacity of species i. Therefore equation (1.2) can be written 

as: 

E = E0 + 
�	

� ln	�����δ��α��β

             (1.3) 

Also, the above equation can written as more general form of Nernst equation, 

E = E0 + 
�	

� ln	Π	[�����
�	��������]

Π	[������	��������]            (1.4) 

 Generally, fuel cells will operate at pressures low enough that the fugacity can be 

approximated by the partial pressure. The Nernst potential E provide the ideal open circuit 

cell potential and sets the upper limit or maximum performance achievable by a fuel cell. 

The fuel cell reactions corresponding to the anode (equation 1.5) and cathode (equation 

1.6) reactions for conventional hydrogen fuel can be expressed as follow [2]: 

H2 + O= → H2O + 2��        (1.5) 

�
�O2 + 2e− → O=          (1.6) 

 The Nernst equation represents the relationship between the ideal standard potential 

E0 for the fuel cell reaction and the ideal equilibrium potential E at other pressures and 

temperatures of reactants and products. Therefore, the overall fuel cell reaction and the 

corresponding Nernst equation can be written as: 
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H2 + 
�
�O2 → H2O                                                                             (1.7) 

E = E0 + 
�	
�� ln	 [�� ][�� !] + 

�	
�� ln	["# 

� �$ ]        (1.8) 

 Therefore, the cell potential increases with an increase in the partial pressure of 

reactants and a decrease in the partial pressure of products. For example, the Nernst 

equation for hydrogen oxidation, the ideal cell potential at a given temperature can be 

increased by operating the cell at higher reactant pressures. The variation of the fuel cell 

ideal potential as a function of temperature is shown in figure 1.3. 

 

Figure 1.3. The Ideal potential as a function of temperature of an H2/O2 fuel cell [2]. 

 In reality the actual performance of fuel cell is quite different from ideal one. The 

actual cell potential is lower than the ideal potential because of irreversible losses due to a 

variety of reasons. Many factors can contribute to the irreversible losses in a practical fuel 

cell, nonetheless, three main losses normally account for this potential difference [2]. 

(i) Activation losses: The activation polarization is due to slow electrochemical reactions 

at the electrode surface of fuel cell and it is directly related to the rate at which fuel or 

oxidant is oxidized or reduced. Moreover, the activation loss is directly proportional to the 

current flow. Therefore, the activation polarization can be expressed as, 

ηact = 
�	

α
� ln 
�
�%           (1.9) 
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Where ηact is the activation polarization, α the charge transfer coefficient, i the current 

density and io is the exchange current density. Activation losses are mainly dependent on 

material selection, microstructure, and reactant activities and weakly on current density. 

(ii) Ohmic losses: The ohmic losses are caused by the resistance to the flow of ions in the 

electrolyte and electrodes, as well as the resistance of current collectors, interconnect and 

contacts. The ohmic losses vary proportionally to the increase in current density.  

ηΩ =iR            (1.10)           

where i is the current and R is the total cell resistance. The ohmic losses depend on 

materials selection, stack geometry and temperature. Although, the dominant ohmic loss is 

mainly due to that coming from the electrolyte, which can be reduced by decreases in 

electrolyte thickness and the electrode separation or by enhancing the ionic conductivity of 

the electrolyte. 

(iii) Concentration losses: Concentration losses occur over the entire range of current 

density and are predominant when the gas flow to the fuel cell reaction sites is hindered. 

The concentration polarization can be expressed as, 

ηcon = 
�	

� ln 1 − �

�(                 (1.11) 

where ηcon is the concentration polarization and iL is the limiting current density.  

The variation between the ideal and actual performance of an electrochemical cell with 

respect to voltage and current is, therefore, shown in figure 1.4. 
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Figure 1.4. Ideal and actual performance of electrochemical cell with respect to 

voltage/current characteristic [2]. 

1.3. Component Requirements  

 The previous section outlined that achievement of high efficiencies in 

electrochemical devices is highly dependent on the ability to minimize polarization losses, 

being those both ohmic in nature and also those arising due to electrochemical reactions 

occurring at the electrodes. Realization of this goal is normally accomplished by a 

combination of materials tailoring and microstructural control. The main requirements 

include the stability of materials under oxidizing or reducing environments, chemical and 

mechanical compatibility with adjacent components, the formation of dense electrolytes 

and well bonded electrodes that are porous enough to facilitate gas transport to reaction 

sites whilst retaining percolation pathways.  

1.3.1. Electrolyte material 

 The electrolyte is the defining component in electrochemical devices from which 

compatible electrode materials are subsequently selected. For SOFCs and SOECs the 

electrolyte must be thin enough to reduce ohmic losses, while being sufficiently dense to 

avoid gas phase diffusion through pores and to provide high ionic conduction. Based on 

the mobile conducting species, ceramic electrolytes are typically categorized into two 

distinct types (i) Oxide-ion conducting (ii) Proton conducting [9]. 



 

(i) Oxide ion conducting electrolyte:

 Oxide-ion conducting 

oxide-ion though their crystallographic structure with minimal electronic leakage

oxide-ion conduction is found mainly in ionic ox

as the cubic perovskite structure or the cubic defect 

commonly known oxide-ion conducting solid electrolytes are 

ThO2, Bi2O3 and LaGaO3. 

 Of these, the most widely used ionic electrolyte is 

(YSZ), due to its high oxide

from oxidizing to very low

offers good mechanical properties

crystal structure that changes to tetragonal form above 1200

form is obtained. These polymorphic changes

changes. Such unwanted phase change

ZrO2 to lower temperatures by doping with

acceptor dopants also create oxygen vacancies 

beneficially lead to oxide-

arrangement of cations with the anions occupying all tetrahedral sites

elevated temperatures the 

exchanging position with surrounding oxide

Figure 1.

8 

on conducting electrolyte: 

conducting electrolytes are materials that offer fast ionic motion of 

ion though their crystallographic structure with minimal electronic leakage

conduction is found mainly in ionic oxides with highly ordered

as the cubic perovskite structure or the cubic defect fluorite crystal structure

ion conducting solid electrolytes are those based on ZrO

most widely used ionic electrolyte is that of yttria stabilized zirconia 

oxide-ion conductivity and wide electrolytic domain that persists 

from oxidizing to very low oxygen partial pressures. This material is also very inert and 

offers good mechanical properties [10]. At room temperature, pure ZrO

changes to tetragonal form above 1200oC.  Above

form is obtained. These polymorphic changes of zirconia are associated with

phase changes can be prevented by stabilizing 

lower temperatures by doping with impurities such as MgO, CaO and Y

also create oxygen vacancies as charge compensating defects that 

-ion conduction. The fluorite structure is a face

arrangement of cations with the anions occupying all tetrahedral sites

oxygen vacancies can migrate through the crystal structure by 

exchanging position with surrounding oxide-ions.  

1.5. Structure of yttria-stabilized zirconia [11]

materials that offer fast ionic motion of 

ion though their crystallographic structure with minimal electronic leakage. Such 

highly ordered symmetry such 

fluorite crystal structure. The most 

based on ZrO2, CeO2, 

yttria stabilized zirconia 

and wide electrolytic domain that persists 

material is also very inert and 

pure ZrO2 has a monoclinic 

Above 2300oC the cubic 

are associated with large volume 

by stabilizing the cubic phase of 

impurities such as MgO, CaO and Y2O3. These 

compensating defects that can 

is a face centered cubic 

arrangement of cations with the anions occupying all tetrahedral sites, Figure 1.5. At 

crystal structure by 

 

[11].   
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 When Y2O3 dissolved in to ZrO2, the defect equilibrium equation can be written by 

Kröger-Vink notation, 

Y2O3 ↔ 2*+′  +,#•• + 30#1          (1.12) 

 Ionic conductivity increases with increasing dopant level until a maximum is 

reached (at around 8 mol% Y2O3 at 1000ºC) from which conductivity begins to decrease 

due to an impaired mobility of oxygen vacancies that arises due to defect ordering. Sc-

Stabilized Zirconia (ScSZr) is possible alternative for YSZ solid electrolyte due to its 

slightly higher ionic conductivity with similar wide electrolytic domain [12,13]. 

Nonetheless, a drawback of the ScSZr systems is their elevated cost. 

 Ceria-based solid electrolytes are useful alternatives to zirconia-based solid 

electrolytes due to offering a higher ionic conductivity than YSZ in the lower temperature 

range. However, the main disadvantage of ceria-based electrolytes is that Ce4+
 can be 

partially reduced to Ce3+
 under strongly reducing environments, limiting the electrolytic 

domain by an increase in electronic conductivity and also producing undesirable chemical 

expansion that can lead to potential mechanical failure [14,15]. 

 The cubic phase Bi2O3 shows the highest ionic conductivity of all known fluorite 

oxide-ion conductors at high temperature. Nevertheless, pure Bi2O3 reverts to the 

monoclinic phase at lower temperature (< 777oC), leading to poor conductivities. The 

addition of yttrium oxide or heavy-rare-earth can stabilize the Bi2O3 cubic phase at lower 

temperatures retaining high levels ionic conductivity to these conditions. Nevertheless, in 

spite of their high ionic conductivity, Bi2O3-based electrolytes are easily reduced to Bi-

metal under reducing environments, limiting potential application, and leading to poor 

mechanical strength. A further problem of these materials is their undesirable high vapor 

pressures [16].  

 Apart from the fluorite material, the perovskite composition 

La0.85Sr0.15Ga0.80Mg0.20O2.825 (LSGM) is also known to offer good ionic conductivity at 

intermediate temperatures [17]. Nonetheless its high reactivity with typical Ni-based 

electrodes to form lanthanum nicklates is one of the main disadvantages to its widespread 

use. 
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(ii) Proton conducting electrolyte: 

 Besides traditional oxide-ion conducting electrolytes, proton conducting ceramics 

can also be used as an electrolyte for SOFC and SOEC applications and are attractive for 

use at lower temperatures due to their higher levels of ionic conduction under these 

conditions. The most well-known ceramic-oxide proton-conducting protonic materials are 

perovskite oxides (ABO3) with large basic A cations (e.g. Ba, Sr) and tetravalent B cations 

(e.g., Zr, Ce) due to their high proton conductivities.  Unfortunately, due to their high 

basicity, the cerate materials offer poor tolerance to CO2 and steam, rapidly decomposing 

to form the carbonates, BaCO3, SrCO3 or hydroxides at intermediate temperatures [18]. In 

contrast, yttrium-doped barium zirconate (BZY) offers higher stability in these conditions, 

while offering high bulk proton conductivity [19,20]. However, the drawbacks to the 

zirconate materials are their high grain boundary resistivity’s coupled with poor 

densification and grain growth. Mixed cerate and zirconate materials, such as Ba(Ce,Zr)1-

xYxO3-δ have, therefore, been suggested as a compromise solution to offer high total 

conductivities, and improved processing [21].  

1.3.2. Electrode materials 

 From figure 1.2 it is clear that the nomenclature chosen to describe the electrodes in 

SOFC and SOEC devices is non-trivial due to their opposite directions of ionic flow. For 

example, in an SOFC the anode is that of the H2/steam side, while in an SOEC the 

H2/steam side represents the cathode. Vice versa, the oxygen side of an SOFC is that of the 

cathode, while the oxygen side of a SOEC is that of the anode. Hence, to simplify 

discussion in the following text the nomenclature “oxygen electrode” and “hydrogen 

electrode” are chosen to describe these electrodes; terms that are independent of the chosen 

operating regime. 

(i) Hydrogen electrode: 

 The hydrogen electrode in SOFCs and SOECs (involving the oxidation or 

formation of fuels, respectively) needs to meet the following important requirements in 

order to ensure high cell efficiency, (i) Sufficient porosity to facilitate gas phase transport 

of the fuel to minimize diffusion polarization losses, (ii) Chemically stable with respect to 

the electrolyte and interconnect materials during cell operation, (iii) Matching  thermal 
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expansion coefficient with adjacent components, (iv) High electrocatalytic activity, (v) 

High wettability. 

 Most current hydrogen electrodes are based on Spacil’s patent that suggested a fine 

distribution of Ni particles in an ion-conducting ceramic oxide matrix (a cermet structure) 

[22]. This type of cermet structure can successfully limit polarization losses by maximizing 

the three phase boundary length (TPB) by maximizing the interface between the ion-

conducting, the electronic-conducting and the gaseous phases, Figure 1.6a.   

 

Figure 1.6. Schematic of typical cermet anode (a), showing extension of electrochemically 

active sites when cermet matrix phase offers mixed electronic and ionic conduction (b). 

 The Ni-YSZ cermet is most widely used hydrogen electrode because it fulfils most 

requirements of the electrode, such as high electrocatalytic activity, chemical stability and 

closely matching TEC with conventional YSZ electrolytes and low cost. A large body of 

theoretical research exists to indicate that the electrode performance of such structures 

should increase as the microstructure becomes finer, as long as enough porosity is 

maintained to prevent gas phase limitations [23]. Thus, nanoscale control of cermet 

electrode microstructure has recently become a hot topic [24]. Nonetheless, 

nanostructuration is often shown to be incompatible with the additional anode 

requirements of high mechanical strength, sufficient gas phase diffusion, high ionic 

conductivity and longevity [24]. These problems still plague cermet electrode design for 
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these devices and continue to hinder their implementation in the marketplace. Furthermore, 

the Ni-YSZ cermet shows additional disadvantages like, poor redox stability [25], nickel 

agglomeration during long time cell operation [26] and upon operation in hydrocarbon 

fuels, low tolerance to sulphur and carbon deposition [27]. Authors have attempted to 

address these limitations by alloying of the Ni-cermet and also by alteration of the ceramic 

composite phase. Some examples of these modifications are given by Lee et al. [28] who 

studied anode-based Cu-Ni and Cu-Co bimetallics with YSZ electrolyte, showing that the 

use of bimetallics increased cell performance in H2, and Martínez-Arias et al.[29] who 

exchanged doped-cerium based oxides for YSZ as the ceramic phase of cermet anodes for 

SOFC application, leading to an improvement in conductivity that was suggested to be due 

to an extension of electrochemically active sites when the cermet matrix phase offers 

mixed electronic and ionic conduction, Figure 1.6b [29].  

(ii) Oxygen electrode: 

 The oxygen electrode in these devices must offer (i) low activation polarization 

losses (ii) chemical and mechanical compatibility with adjacent parts like electrolyte and 

interconnect (iii) chemical and structural stability under oxidizing atmospheres and (iv) 

sufficient porosity to facilitate gas phase transport [30].  

 In the past platinum and other noble materials were suggested as potential oxygen 

electrodes due to their high catalytic activity. This practice is still common in the case of 

low temperature polymer fuel cells and electrolysers where the presence of these noble 

metals is necessary to achieve acceptable electrocatalytic properties.  In contrast, an 

important advantage of high temperature fuel cells and electrolysers is the enhanced 

electrode kinetics at higher temperatures that negate the need for expensive noble metal 

catalysts. Instead, perovskite-type (ABO3) oxides have been widely suggested for the 

oxygen electrode in these devices, typically containing A-site cations such as La, Sr, Ca, 

Ba, etc., and B cations such as Ni, Fe, Co, Mn, etc.  

Of these materials, lanthanum manganite (LaMnO3-δ) based oxides have been the 

most widely used oxygen electrodes, due to their high electronic conductivities under these 

conditions [31]. Nonetheless, lanthanum manganite has been shown to react with YSZ 

electrolytes to form the pyrochlore phase La2Zr2O7 at the electrode/electrolyte interface at 



13 

 

high operating temperatures, resulting in depleted cell performance [32]. Thus, many 

researchers have used Sr-doped LaMnO3-δ (LSM) as an oxygen electrode. Here, Sr is 

compatible with the LaMnO3-δ system due to a good size match between the ionic radii of 

Sr and La [33,34], while its substitution for La (La1-xSrxMnO3-d) also leads to an increased 

electronic conductivity up to the concentration of x = 0.5 [35]. Although the presence of Sr 

slightly lowers the chemical reactivity, LSM is still reported to react with the electrolyte 

(YSZ) at 1000oC to form poorly conducting composite layers at the electrode/electrolyte 

interface [36,37]. Other work on this system is given by Tatsumi et al. [38] who 

systematically studied Ln0.6Sr0.4MnO3 (Ln = La, Pr, Nd, Sm, Gd, Yb, and Y) cathodes, 

noting that Sr-doped PrMnO3 offered the superior cathode performance at intermediate 

temperatures. Building on this work, state of the art SOFC cathodes are suggested to be 

composite materials consisting of (ZrO2)0.92(Y2O3)0.08, YSZ, a classical ionic conductor, 

and LSM [39]. Although the pure LSM phase performs adequately at 1000°C, its poor 

oxide ionic transport hinders electrode kinetics at lower temperatures, thereby, 

necessitating combination with YSZ, forming a LSM-YSZ composite, to retain acceptable 

electrochemical performance [40]. 

 Mixed ionic-electronic conductive (MIEC) materials also have been studied as 

potential oxygen electrodes [41], as well as for many other applications such as three-way 

catalysts [42], oxygen sensors [43], oxygen permeation membranes [44], and ultraviolet 

ray absorbents [45]. In the case of practical oxygen separation membranes, the perovskite-

type mixed ionic-electronic conductive materials BaxSr1−xCo0.8Fe0.2O3−δ (BSCF) and 

La0.5Sr0.5Fe1−xCoxO3−δ (LSCF) have shown high oxygen permeability and attractive 

methane conversion characteristics [46,47]. However, the main disadvantages of these 

oxides are their high thermal and chemical expansion coefficients and low chemical 

stability [48,49]. Fluorite-type doped cerium oxides are another important class of MIEC 

materials due to their high rates of oxygen exchange, diffusion and good stability in 

repeated redox cycles [50–52]. In reducing conditions, ceria based oxides show extensive 

mixed conductivity via small polaronic hopping due to partial reduction of Ce4+ to Ce3+ 

[53]. Increased oxygen permeation fluxes in oxidising conditions can also be obtained by 

doping ceria with multivalent cations like Tb and Pr [54].   
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In the case of oxygen electrodes for SOFCs and SOECs, mixed conductivity is an 

attractive property due to enlargement of the electrochemical reaction zone, subsequently 

lowering polarization losses [55]. For this reason, the good mixed ionic and electronic 

conductors BSCF and LSCF have also shown promise as potential oxygen electrodes 

[56,57]. BSCF has been shown to exhibit attractive electrochemical performance as a 

SOFC cathode, even though, its high thermal expansion coefficient (TEC) places limits on 

its practical application [58,59]. Of these MIECs, LSCF has been the most widely used as 

an oxygen electrode due to its low cost and good performance [39,60], offering high 

electronic (230 S cm-1 at 900°C) and ionic conductivities (0.2 S cm-1 at 900°C) [40]. 

Mirroring the composite concept of YSZ-LSM, several pure ionic conductors have also 

been combined with LSCF to make a composite cathode, such as (ZrO2)x(Sc2O3)1-x (ScSZ), 

La1-xSrxGa1-yMgyO3-(x+y)/2 (LSGM) or (CeO2)1-x(GdO1.5)x (CGO). These materials offer the 

advantage of superior ionic conductivity at intermediate temperatures (by up to an order of 

magnitude) in comparison to that of YSZ. Nevertheless, the chemical instability of LSGM 

[61] and the reported interaction of LSCF with ScSZ, to form strontium zirconate (SrZrO3) 

and lanthanum zirconate (La2Zr2O7), as well as high cost, make these solutions problematic 

[62]. Against this background, there are clear advantages for the use of CGO as the 

secondary cathode component, regarding its good chemical compatibility, price and high 

ionic conductivity. Thus, several works can be found in literature concerning the 

electrochemical behavior of the composite cathode material, LSCF-CGO. Murray et al.[40] 

assessed the electrode performance of different fractions of CGO in the LSCF-CGO 

composite, showing the composition LSCF-CGO (50 wt% of CGO) to offer the lowest Rp 

value of 0.33 Ω cm2, at 600°C in air. In contrast, the work of Dusastre et al. [63] placed 

peak performance at a CGO content of 30 wt% with an improvement of 4 times in Rp over 

that of the pure LSCF phase. Dusastre et al. further outlined that the compositional 

dependence of peak performance is intricately linked to the electrode microstructure, with 

the CGO/LSCF ratio needed for peak electrochemical performance, increasing with 

decreasing porosity [63].  

A further promising MIEC material for this application is that of K2NiF4-type 

structure oxides [64]. This materials type is generally described as A2BO4+δ, in which 

perovskite ABO3 layers alternate with rock salt AO layers in the c-direction (figure 1.7). 
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Figure 1.7. A2BO4+δ type structure showing alternating AO and ABO3 Layers [65]. 

 Mauvy et al. [66] studied Ln2NiO4-δ based materials (Ln = La, Nd and Pr) as 

potential cathodes for SOFCs, showing to exhibit good electrochemical performance with 

lower overpotential losses than obtainable in conventional LSM electrodes. Nonetheless, 

Hermandez et al. [67] systematically studied the thermal stability of Ln2NiO4-δ (Ln = La, 

Pr and Nd) and its chemical compatibility with YSZ and CGO electrolytes and noted 

chemical reaction between La2NiO4-δ electrode with YSZ and CGO electrolyte at below 

900oC as well as decomposition of Pr2NiO4-δ (PNO) after annealing for 24 h at 700oC. The 

Nd analogue was shown to offer higher stabilities; nevertheless, chemical reaction with 

both solid electrolytes was still shown above 900ºC.  

1.4. Kinetics of SOFC cathodes 

 Development of SOFC cathodes has been extensive of the past two decades. 

Nonetheless, the mechanism of the oxygen electrode reaction mechanism still remains a 

key issue to be understood to focus materials selection. Several parameters may impact the 

mechanism of oxygen reduction, where the most discussed issues have been based on 

clarifying whether the limiting steps to electrode kinetics are controlled by chemical or 

electrochemical processes [68]. Amongst those different propositions, Adler [69] is one of 

the early researchers who treated the SOFCs cathode reaction as a pure chemical process. 
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From Fig.1.8, we can see the overall cathode reaction was suggested to occur via three 

physically separated interfacial reactions  

(1) Charge-transfer of oxygen ion vacancies across the mixed conductor/electrolyte 

interface.  

(2) Charge-transfer of electrons across the current-collector/mixed conductor interface. 

(3) Chemical exchange of oxygen at the gas/mixed-conductor interface.  

 

Figure 1.8. Cell geometry model by Adler [69]. 

 For the third reaction, the gas/mixed conductor (MC) interface includes the entire 

internal surface area of the porous MC and also the boundary between the porous region 

and the gas-phase boundary layer. All these interfacial reactions are linked indirectly by 

diffusion of oxygen molecule inside the pores of the catalyst and in the gas-phase boundary 

layer and also the transport of oxide-ions and electrons (or holes) in the MC. The 

contribution to cathode kinetics was suggested by Adler to be predominantly limited by the 

diffusion of oxygen and exchange of O2 from the gas/MC interface [69]. Thus, these non-

charge-transfer steps were considered as the rate limited processes of the entire cathode 

reaction. In such a case, when the surface exchange and solid state diffusion were 

dominating, the total cell impedance would reduce to: 
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Z =2�3�4	5 �
�	�6⍵��89:                                                                                 (1.13) 

Whereas, when the gas phase diffusion became limiting, the total cell impedance would be 

given by: 

Z = 
�;<=

�	�6⍵�;<=>;<=                  (1.14) 

where Rchem and Rgas are characteristic resistance, tchem is a time constant and Cgas is the 

effective capacitance with gas phase diffusion polarization. The results of Adler showed 

that the bulk transport properties of the cathode material could quantitatively affect the 

electrode kinetics. Additionally, Adler also introduced the concept of a characteristic 

distance that corresponds to the extension of the reaction zone beyond the three-phase 

boundary. The chemical resistances corresponding to different characteristic distances 

were calculated, and the optimal extension distance was shown to be just a few microns for 

common perovskite MIEC electrodes [69]. Moreover, the model from Adler showed the 

oxygen reduction reaction including the processes of “charge-transfer” and “non-charge-

transfer” could only happen on the electrode/gas interface since matter cannot pass through 

a truly three-phase boundary. It was noted that “charge-transfer” always occurs at a rate 

proportional to the current, whereas, “non-charge-transfer” processes occur at a rate 

independent of current because they are driven by gradients in chemical potential, only 

involving neutral species or neutral combinations of species [69].  

 In contrast to the work of Adler at open circuit conditions, Svensson et al.[70,71] 

introduced an overpotential bias into their simulation to express the departure of the 

surface exchange reaction occurring at electrolyte surface from that occurring at 

equilibrium. Svensson et al. built a physical model to show the possible oxygen transport 

pathways, where, as shown in Fig. 1.9, the first step of oxygen reduction is adsorption and 

desorption of neutral, monatomic oxygen at the gas/cathode and gas/electrolyte interfaces.  
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 Figure 1.9. Two step reactions at cathode by Svensson´s [71].  

 The absorbed oxygen atom will then combine with the vacancy to form an oxide-

ion. The two step reaction can be, therefore, be written as: 

O2(g) + 2ads 	?@9=ABBBC
?<@=DBBBE 20��F                                          (1.15) 

Ogas + ,#•• ads 	?%AC
?GDE HIJ + 2ℎ• +	0#1					            (1.16) 

 Svensson pointed out that the interface between cathode and electrolyte contained 

adsorbed intermediate oxygen species that would combine with the vacancies of the 

cathode material or the vacancies of the electrolyte material. The reaction occurring at the 

gas/cathode interface was considered to be chemical in nature since no interfacial charge-

transfer was involved, while the one occurring at the electrolyte surface was considered as 

an electrochemical process [70,71].  

 Another influential model was developed by Liu and Winnick [72], who 

investigated the reactions occurring at the MIEC/gas interface. The oxygen reduction and 

evolution at MIEC/gas interfaces were considered electrochemical reactions where one of 

its charge-transfer steps is the rate limiting process to the overall reaction. These authors 

suggested that oxygen reduction or evolution might involve [72]:  
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(i) Adsorption (ad) or desorption (des) of oxygen molecules on the surface of MIEC; 

(ii) Dissociation (diss) of oxygen molecules to atoms or combination (comb) of atoms to 

molecules; 

(iii) Surface diffusion of adsorbed atoms from the adsorption sites to the active sites for 

electrochemical reactions or vice versa; 

(iv) Charge transfer processes converting atomic or molecular species to ionic species or 

vice versa; 

(v) Combination of oxygen ions with oxygen vacancies or removal of oxygen ions from 

regular lattice sites to form oxygen vacancies.  

These possible reaction pathways are shown in Figure 1.10, 

 

Figure 1.10. Possible reaction pathways by Liu [72]. 

 The authors noted that, if one of the charge transfer steps influences the rate of the 

overall reaction, the reaction should be considered electrochemical in nature. For instance, 

one of the charge transfer steps in (iv) such as 0�� + e′ → 0���  or  0���  + e′ → 0����  is an 

example of electrochemical reaction [72]. 
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1.5. Degradation Issues 

 Degradation of SOFC and SOEC devices upon cell fabrication and/or during 

operation is a critical problem facing these high temperature applications. In general, 

degradation issues occur either due to interreaction of cell components, elemental 

migration, chemical or thermal expansion mismatch or due to cell failure under 

polarization. An example of typical degradation issues facing the hydrogen electrode is 

given by the work of Simwonis et al. [26] who studied nickel coarsening in porous 

Ni/8YSZ cermets upon exposure to hydrogen. These authors noted agglomeration of 

metallic particles after prolonged operation (4000 h) at 1000oC leading to a decrease of 

33% in the electrical conductivity. Supporting microstructural studies revealed that the Ni-

particle size distribution had increased significantly with increasing exposure time [33]. 

With respect to the oxygen electrode, section 1.3 outlined several examples where 

chemical reaction between the electrolyte and oxygen electrode had led to impaired 

performance. Such interreaction between cell components and elemental migration is, 

unfortunately, a very common problem that has been regularly noted between many 

electrolyte materials (e.g. CGO, YSZ) and potential lanthanide containing electrode 

compositions (e.g. LnSCF, Ln2NiO4 etc). For example, Mitterdorfer et al [73] analysed the 

characterization of interface between LSM and YSZ electrolyte by high resolution 

transmission electron microscopy (HRTEM), electrochemical impedance spectroscopy 

(EIS), and atomic force microscopy (AFM), showing reaction of LSM with YSZ to form a 

La2Zr2O7 (LZO) layer at the electrode/electrolyte interfaces after only a few minutes of 

sintering. Nonetheless, these authors noted that reduction in sintering temperature and 

doping with excess manganese could overcome the formation of LZO. 

 Ultimately, such degradation issues have slowed the entry of SOFC/SOEC devices 

into the market. Due to this importance, Koehler et al. [74] has summarized typical 

degradation issues for SOFC and SOEC components, as shown in Table 1.1.  

Table 1.1. Degradation; Mode, Mechanisms and Stressors relationships [74]. 

Component 
Part 

Failure Modes 
(visual symptoms) 

Degradation 
Mechanisms 
(causes of the 

damage) 

Degradation 
Stressors 

(mechanism 
activation agents) 

Mechanism and 
Stressor 

(What should be 
measured to 

detect degradation?) 
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Electrolyte Cracked, 
warpage/bowing 
surface fractures 
 
 
 
Cracked, 
warpage/bowing 
surface fractures 
 
 
 
Cracked, 
warpage/bowing 
surface fractures 

High thermal 
stress, reduced 
strength of 
material 
 
 
Mechanical stress 
(materials are not 
flat) 
 
 
 
High stress 

Thermal coefficient 
mismatch with 
another material, 
deleterious material 
interactions 
 
Pressure too high on 
cell stack or material 
too brittle 
 
 
 
Sealing material 
contacted electrolyte 

Elongation/strain of 
materials, temperature 
(T) profiling, acoustic 
emission (AE) of 
Components. 
 
Measure force on stack 
and response 
(strain/deflection) of 
cell component, 
material properties 
 
Viscosity of sealing 
material, T profile, 
microstructure of 
electrolyte, AE of 
components 

Cathode Low power 
output, degrading 
performance 

High activation 
polarization 

Low O2 
activity/pressure at 
reaction sites.  
 

p(O2) at interface, gas 
chromatography or 
p(O2) sensor, 
impedance 
spectroscopy 

Anode Low power 
output, degrading 
performance 
 
Low power 
output, degrading 
performance 

High activation 
polarization 
 
 
High 
concentration 
polarization 

Low fuel activity, 
low pressure at 
reaction site  
 
Fuel leaks/reactants 
not making it to the 
reaction site 
 

p(fuel) at interface, 
GC, T profile 
 
Fuel utilization, 
differential pressure 
(dp) of fuel and O2 T 
profile, IS 

Interface Cracking. 
 
 
 
Formation of 
resistive phases 

Heat gradient. 
Chemical 
expansion 
mismatch 
High interfacial  
polarization losses 

Fuel leaks/fuel took 
alternate path or the 
path is obstructed 
 
Chemical 
interreaction at 
electrolyte/electrode 
interface. 

Thermal profile across 
the cell, volumetric 
check of exhaust 
gasses, fuel flow 
balance 

Interconnect Cracking Heat gradient at 
the interface 

Fuel took alternate 
path or the path is 
obstructed 

Thermal profile across 
the cell; fuel flow 
balance 

 

 Although plentiful research has focused on these issues, the elimination of 

degradation issues remains one of the most important challenges facing these devices [75–

79]. 
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 In recent years, many researchers have aimed to limit the chemical reactivity 

between electrode/electrolyte interfaces by introducing thin buffer layers or barrier layers. 

Doped-ceria materials have been most widely used materials for this task to date. Hong et 

al.[80] suggested that a lanthanum–doped ceria (LDC) buffer layer could effectively 

prevent chemical reaction between Ni-based samarium-doped ceria (SDC) composite 

anode and Sr-Mg-doped LaGaO3 (LSGM) electrolyte, using a sintering temperature of 

1350oC. Later [81], these authors used Co as a sintering aid with LDC (LDC+Co) buffer 

layer in order to reduce the sintering temperature from 1350oC to 1250oC with a 

subsequently improved cell performance reported. 

 Besides a LDC buffer layer, Mesguich et al.[82] and Ogier et al.[83] used yttria-

doped ceria (YDC) buffer layers between Nd2NiO4+δ/YSZ and Pr2NiO4+δ/YSZ 

electrode/electrolyte layers respectively. These authors observed that the buffer layer 

structure lead to enhanced electrochemical properties compared to the electrode without 

any interlayer and this was reported to be due to the absence of interfacial reaction 

products. Mesguich et al.[84] and Bassat et al. [85] observed that a Gd-doped ceria and 

undoped ceria buffer layer used between Nd2NiO4+δ/YSZ and Pr2NiO4+δ/YSZ 

electrode/electrolyte layers,  respectively, showed better electrochemical performance than 

a YDC buffer layer.  

 Sm-doped ceria (SDC) has also been used as a buffer layer to prevent chemical 

reaction between electrode/electrolyte interface and enhance cell performance in a cell 

containing BSCF electrode and YSZ electrolyte [86]. More recently, Xie et al.[87] studied 

the electrochemical properties of a double perovskite oxide, Sr2Mg1−xNixMoO6−δ (SMNM), 

as a hydrogen electrode with a LSGM electrolyte for SOFC. Without a buffer layer the 

SMNM electrode slightly reacts with LSGM electrolyte. Nevertheless, using SDC buffer 

layer this reaction could be prevented resulting improved cell efficiency. 

 Of all suggested buffer layers, Gadolinium-doped ceria (CGO) has been the most 

widely used, with literature examples showing the successful prevention of chemical 

interreaction between YSZ electrolytes and a very large range of potential oxygen 

electrodes; Sr-doped lanthanum cobaltite (LSC), Sr-doped samarium cobaltite (SSC), 

LSCF, BSCF and Pr2NiO4 with subsequently improved electrochemical performance [88–

92]. Further to these examples, Choi et al. [93] fabricated a CGO+Gd2O3 composite buffer 
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layer between YSZ electrolyte and LSCF+GDC composite electrode, showing the CGO 

composite buffer layer to offer higher power density than a conventional CGO buffer layer. 

From these works, it is clear that, in general, an improved electrochemical performance can 

be obtained by the inclusion of a buffer layer to prevent chemical interreaction at the 

electrode/electrolyte interface. A notable exception to this trend, however, is the work of 

Hansen et al. who prepared a CGO buffer layer on a YSZ electrolyte by spin coating, 

followed by a LSM+YSZ composite electrode deposited by slurry spraying. These authors 

reported an increased polarization resistance for this buffer layer, leading to poor cell 

performance. Apart from ceria-based buffer layers, more recently Lei et al. [94] used a 

pure YSZ buffer layer between an Al2O3-doped-YSZ electrolyte and Ni-YSZ electrode, in 

order to avoid the formation of NiAl2O4. 

1.6. Scope of this thesis 

 As noted in the previous section, the use of ceria based buffer layers is commonly 

found in the literature as an attempt to prevent chemical interreaction at the 

electrolyte/electrode interface. In the current work we show how this approach can also 

serve an additional role to radically reduce polarization resistance upon tailoring the 

transport properties of the ceria-based buffer layer.  

 The possibility to modify electrode kinetics by alteration of the electrolyte surface 

is not a new concept. Indeed, works can be found dating from the 1990s which have 

provided circumstantial evidence to suggest that implantation of the YSZ electrolyte 

surface by multivalent ions, such as Fe, could lower polarization resistance [95,96]. As 

stated in section 1.4, the overall reaction occurring at the oxygen electrode of a SOFC is 

given by the equation, 

�
� 0�	(gas) + 2�� (electronic) → 0�� (ionic)          (1.17) 

whilst the reverse reaction occurs for a SOEC. From this equation, it can be seen that three 

phases would be necessary for the progression of the reaction, a gas phase, an 

electronically conducting component and an ionically conducting component. The classical 

three phase boundary (TPB) is, therefore, described to correspond to sites where this 

combination of phases is met. Equation 1.17 is usually broken down into further multistep 
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to describe the overall polarization mechanism, with the most common steps described 

schematically in Fig. 1.11 (modified from the work of Fleig [97]). 

 

Figure 1.11. Schematics of the reaction path of the oxygen reduction and incorporation 

reaction a) electrode surface path b) bulk path c) electrolyte surface path and d) extended 

electrolyte path. i) electrode, ii) electrolyte iii) mixed conducting layer. 

 For a purely electronic conducting electrode, the location of the TPB would, thus, 

be limited closely to the interface between the electrode, the electrolyte and the gas phase, 

as indicated in Fig. 1.11a. The electrolyte surface path Fig. 1.11c is normally limited to a 

similar geometry, with charge transfer occurring close to the TPB, due to limited electronic 

conductivity in the electrolyte surface. The concept of these early works is that the 

observed improvement in electrode kinetics could be related to an enhancement on 

electronic conductivity in the electrode surface which would result in an extension of the 

electrochemically active zone beyond that of the classical three phase boundary to the 

entire interface, Fig. 1.11d.  As an alternative theory, Adler suggested that the improved 

electrode kinetics of these early works could be described by an electrochemical kinetic 

effect that enhances the existent rate processes close to the TPB rather than extension of 

the mechanism to include an electrolyte surface route [98]. Adler’s reasoning was that 

minor impregnation of the electrolyte surface would be insufficient to transport electrons 

through the electrolyte to appreciable distances from the electrode, Fig. 1.11c. 

 Several works exist where these concepts have been extended to homogenous 

doping of the electrolyte with mixed valent cations, for example doping YSZ with 10 

mol% of Pr, Mn, Co [99], or more recently by doping Gadolinium doped ceria (CGO) with 

small amounts (2 mol%) of Co [100–102]. In these works, the addition of small fractions 
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of multivalent dopants aimed to raise the level of electronic conductivity in the electrolyte, 

while maintaining predominantly ionic behavior. Moreover, as the selected dopants 

enhance levels of p-type conductivity, the electronic enhancement would be primarily 

located at the side of the electrolyte exposed to the most oxidizing conditions. As such, 

parallels can be drawn with that generated by impregnation of the electrolyte surface in the 

more classical literature [95,96], with analogous improvements in the kinetics of the 

oxygen electrode observed in every case [99–102]. The level of enhancement in p-type 

conductivity by doping CGO with small fractions of cobalt has been shown to be in the 

region of 8-30 times that of the undoped composition in the temperature range 600-900ºC 

[103,104]. On the other hand, this material is still shown to be predominantly an ionic 

conductor with an oxide-ion transference number (to) measured in air at 650°C of  around 

0.98 [103,104]. An article by Fagg et al. analysed oxygen reduction kinetics using a Pt 

electrode of fixed geometry on Co-CGO to assess whether this small enhancement in 

electronic conductivity could be sufficient to extend the electrochemically active area 

beyond that of the classical TPB [100]. The work showed a large reduction in polarization 

resistance for the Co-containing electrolyte in comparison to that of a Co-free electrolyte, 

and this improvement in electrode performance was related to a decrease in current 

constriction resistance in the Co-containing case [100]. In other words, this work 

reinforced the theory of the classical literature, by demonstrating that an improvement in 

electrode kinetics could be induced by enhancements in the electronic conductivity at the 

electrolyte surface, which could produce an extension of the electrochemically active zone 

beyond that of the classical three phase boundary. In agreement, similar improvements in 

electrode kinetics have been reported for mixed conducting electrode materials, such as 

La2NiO4+δ, when deposited on CGO electrolytes containing comparable concentrations of 

Co-additions.  Identical to that noted for fixed electrode geometry, valuable improvements 

in electrode kinetics could be obtained in the Co-containing cases [101][102]. This 

suggests that useful gains in performance can be obtained by considering the transport 

properties of the electrode surface, even for state of the art mixed conducting electrodes 

that offer an additional bulk transport path for the electrochemical reaction, Fig. 1.11b. 

 The current work, therefore, studies if possible improvements in electrode kinetics 

could also be obtained by doping buffer layers with multivalent cations, in an analogous 

way to that achieved by the electrolyte doping methods outlined above. To fulfill this aim 
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the first two chapters of this assess the bulk transport properties of a selection of ceria 

based materials and the ability to tailor these properties by compositional selection. The 

remaining chapters of the thesis show how the implementation of these mixed conducting 

materials as buffer layers between the electrolyte/electrode interface can radically improve 

polarization behavior.   
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2. Experimental 

2.1. Synthesis and ceramic processing 

 (i) Hydrothermal synthesis: Doped-cerium oxide compositions of 20 mol% 

gadolinium (CGO), Terbium (CTO), or Praseodymium (CPO) were prepared by a 

hydrothermal method, using cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O, Aldrich, 

99% pure) with gadolinium (III) nitrate hexahydrate (Gd(NO3)3.6H2O, 99.9% pure), Alfa 

Aesar), terbium (III) nitrate pentahydrate (Tb(NO3)3.5H2O , 99.9% pure, Aldrich), or 

praseodymium (III) nitrate hexahydrate (Pr(NO3)3.6H2O, 99.9% pure, Aldrich), 

respectively, as a starting materials.  Stoichiometric amounts of the starting precursors 

were dissolved separately in distilled water under mild stirring and combined. After 

complete mixing, excess ammonium hydroxide was added dropwise until the solution 

reached ~ pH 10, upon which co-precipitation occurred. The precipitated gels were sealed 

in Teflon-lined steel autoclaves and heated at 250°C for 5 h with 5°C/min heating and 

cooling rates. The resulting slurry was filtered off and thoroughly washed with deionised 

water and dried in air at 70°C for 12 h. The resultant powder was ball-milled in nylon mill 

with zirconia balls with slow speed (150 rpm) for about 5 h to break weak agglomerates. 

Addition of cobalt oxide (2 mol%) sintering aid was added in the form of an aqueous 

solution of nitrate, Co(NO3)2.6H2O (>98% pure,  Aldrich), with ultrasonication for 1 h and 

subsequent drying. The powder was ground using an agate mortar and pestle until fine 

powders were obtained. These cobalt containing analogues of the doped ceria samples are 

labeled CGO+Co, CTO+Co and CPO+Co, for the gadolinium and praseodymium 

materials, respectively. 

 (ii) Combustion method: Perovskite-type Nd2NiO4+δ and Pr2NiO4+δ powders were 

prepared by the citrate route using neodymium oxide (99.9% pure, Aldrich), 

praseodymium hexahydrate (99.9% pure, Sigma-Aldrich) and nickel (II) nitrate 

hexahydrate (>98.5% pure, Aldrich). Stoichiometric amounts of the precursors were 

dissolved in distilled water and with a small amount of nitric acid. After addition of citric 

acid (>99.5% pure, Aldrich), the solution was stirred vigorously for 30 mins. to obtain a 

clear solution. Then, the solution was dehydrated at 120°C and slowly heated until self-

combustion occurred. The calcination of the produced power was performed at 1100°C for 
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12 h to obtain pure phases. The powder was ball-milled at 250 rpm for about 5 h to break 

weak agglomerates.   

2.2. Preparation of electrochemical cells via spin coating 

 To prepare electrochemical cells, pre-densified 8 mol% yttria stabilized-zirconia 

pellets were used as the electrolyte. The buffer layers (CGO+Co, CTO+Co, or CPO+Co) 

and electrode (Nd2NiO4+δ) or (Pr2NiO4+δ) were fabricated by the spin coating technique 

(Spin coater - Laurell Technology Corporation) on these substrates. To prepare stable 

suspensions, absolute ethanol was used as the solvent with a polyvinylpyrrolidone (PVP) 

binder. These suspensions were ball milled at 350 rpm for 2 h followed by ultrasonication 

(Ultrasons-H,JP SELECTA, Abrera, Spain) for 1h. Buffer layers were spin coated on the 

YSZ electrolyte substrates at a rotation speed of 3000 rpm for 30 s to coat a centrally 

located unmasked area of approximately 6 mm. The resultant electrolyte/buffer layer 

assemblies were sintered at 900°C for 5 h. Subsequently, Nd2NiO4+δ or Pr2NiO4+δ 

electrodes were spin coated to cover an identical unmasked area on top of the buffer layer 

assemblies, using the same conditions as before. Repeated coatings of the Nd2NiO4+δ or 

Pr2NiO4+δ electrodes were made with intermediate, in-situ, dryings in air at room 

temperature to build up the desired thickness. The number of coatings was kept constant 

for every sample tested. Finally, the cell was sintered at 900°C for 10 h. Porous platinum 

paint was coated on the other side of the electrolyte as a counter electrode, with identical 

area and symmetrically placed with respect to the working electrode [1]. Pt was also 

employed as a reference electrode in the form of a ring located around the working 

electrode, at a distance greater than three electrolyte thicknesses from the edge of the 

working electrode; an arrangement that has been previously documented to ensure 

negligible interference by current fluxes at the reference [2]. The platinum electrodes were 

sintered at 850°C for 10mins.  A schematic of the formed cell is shown in Figure 2.1. 



 

 

Figure 2.1. Experimental set

Working electrode was placed with the counter electrode in symmetrical configuration 

with an external Pt ring reference electrode to complete the 3

Cross Secti

2.3. Phase, thermal and microstructural analysis

 Powder XRD patterns were recorded to identify the phase purity, crystallite size 

and lattice parameters of green (after ball milling) and sintered samples using a Rigaku 

Geigerflex diffractometer (CuK

Rietveld method with the Fullprof program
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Experimental set-up employed for the electrochemical characterization. 

Working electrode was placed with the counter electrode in symmetrical configuration 

with an external Pt ring reference electrode to complete the 3-probe configuration. (a) 

Cross Sectional view and (b) Top view. 

2.3. Phase, thermal and microstructural analysis 

XRD patterns were recorded to identify the phase purity, crystallite size 

and lattice parameters of green (after ball milling) and sintered samples using a Rigaku 

ex diffractometer (CuKα radiation.). The lattice parameters were refined by the 

with the Fullprof program and a correction was made to the experimental

 

up employed for the electrochemical characterization. 

Working electrode was placed with the counter electrode in symmetrical configuration 

probe configuration. (a) 

XRD patterns were recorded to identify the phase purity, crystallite size 

and lattice parameters of green (after ball milling) and sintered samples using a Rigaku 

radiation.). The lattice parameters were refined by the 

correction was made to the experimental 
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full-width at half-maximum for instrumental broadening by using Ni metal as the internal 

standard. Data were collected over a 2θ range of 20-90o with 0.02o step size and using a 

counting time of 1 s per step. The densification rate of rectangular green compacts 

(approximately 3 mm × 5 mm × 15 mm) were studied in Linseis L70 dilatometer with a 

constant heating rate of 5oC/min. 

 Surface morphology, cross sectional characterization and elemental analysis were 

performed by scanning electron microscopy (SEM, Hitachi SU-70) and Energy Dispersive 

X-ray spectroscopy (EDS) (model Bruker. Quantax-Germany) for sintered ceramics and 

fractured cells. Transmission Electron Microscopy (TEM) studies of the microstructure 

and chemical composition of the Co-doped CTO samples were performed in a JEOL JEM 

3000F microscope operating at 300 kV. The microscope is fitted with an INCA Energy 

EDS X-ray microanalysis system and a JEOL Annular Dark Field (ADF) detector for 

Scanning Transmission Electron Microscopy (STEM) imaging. Electron Energy Loss 

Spectroscopy (EELS) was done with a Gatan Enfina spectrometer in STEM mode 

(Spectrum Imaging – SI). 

2.4. Measurements of the total electrical conductivity 

 Total conductivity measurements were performed on dense pellets, (approximately 

2 mm thick with diameter of 12 mm), using an Electrochemie-Autolab PGSTAT302N 

frequency response analyzer in the frequency range of 0.01 Hz - 1 MHz, with amplitude of 

50 mV. The pellets were painted on both sides with porous platinum electrodes. 

Measurements were performed in an isolated chamber under dry nitrogen and oxygen 

atmospheres, with flow rates of 50 ml/min. All measurements were carried out in the 

direction of decreasing temperature, from 850 to 100oC at 50oC intervals. At each 

temperature, stabilization time was 2 hours, with repeated impedance spectra recorded 

after a further 30 minutes, confirming the attainment of equilibrium. Total conductivity 

values were calculated from: 

σ = 
�

�	×	�          (2.1) 
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where L is the sample length, R is the sample resistance and A is the sample cross area. 

Activation energy (Ea) values for the conductivities were calculated by the standard 

Arrhenius equation: 

σ = 
��
� �[		


�
�	]              (2.2) 

where Ao is the pre-exponential factor. 

2.5. Measurements of transport number (to) 

 Measurements were performed using an electrochemical cell comprising of an 

yttria-stabilized zirconia (YSZ) tube. The samples were hermetically fixed onto the YSZ 

tube, separating the two gas atmospheres, with help of a glass-ceramic sealant. An oxygen 

chemical potential gradient was achieved by continuous feeding of oxygen or nitrogen to 

one side of sample and air to the opposing side. Pt wires were used as current collectors. 

All EMF measurements were performed in the temperature range from 850 to 600oC at 

50oC intervals on cooling. An external variable resistance was connected in parallel to the 

measuring cell in order to increase measurement sensitivity and correct for possible 

polarization influence in the determination of ion transference numbers. Transport numbers 

(to) were measured using the modified electromotive force (EMF) method first proposed by 

Gorelov [3]. The measurement procedure and comparison of the external resistance 

technique with the traditional approach are well documented in the literature [4]. Thus, 

only a brief description is given below. On the assumption of oxygen concentration cells 

with negligible polarization resistance of electrodes, the EMF can be calculated by using 

Wagner and Nernst equations:  

Eobs = 
��
�� � σ�

σ�	�	σ�
	� ln �(O�)��

��
 = 

��
�� � ��� ln �(O�)��

��
 = �� � !   (2.3) 

Where, R is the Ideal gas constant, T is the Temperature, F is the Faraday constant, σo and 

σe are the partial oxygen ionic and electronic conductivities and p1 & p2 are the values of 

oxygen partial pressure (pO2) at the electrodes. Further, non- negligible polarization 

resistance of electrodes leads to underestimated to values, described by the equivalent 

circuit shown in figure 2.2a, 

"�#$
" !  = to %1	 +	 �η

����()
−1        (2.4) 
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where Rη is the polarization resistance whilst Ro and Re are the partial oxygen ionic and 

electronic resistances of the sample. Eobs can be measured as a function of simulating the 

effect of electronic conductivity, when an external variable resistance included in to the 

circuit figure 2.2b, therefore; 

"*+
"�,-

 – 1 = (Ro + Rη)% .
�/

+	 .
�0

)       (2.5) 

 At low overpotential, when the overpotential-current dependence is linear, the 

dependence (Eth/Eobs – 1) versus 1/RM also linear with a slope of (Ro + Rη). Therefore, the 

intercept of this dependence over the (1/RM) axis is equal to (-1/Re). The values of Re can 

be calculated by fitting data to the linear model [4]. Therefore equation 2.5 can be written 

as; 

"*+
"�,-

 – 1 = A	% .
�0

) + B         (2.6) 

where A and B are regression parameters and Re = A/B. Hence the oxygen ion transference 

numbers are found as, 

to = 1- 
�,123
�/

          (2.7) 

 

Figure 2.2. Equivalent circuits for (a) classical and (b) modified EMF techniques. 

 

 

 



42 
 

2.6. Measurements of oxygen permeability 

 Oxygen permeation measurements were performed on dense gas-tight membranes 

following the procedure reported elsewhere [5]. A 1 mm thick pellet was sealed on the top 

of the YSZ tube and the bottom of the tube was sealed with YSZ pellet (figure 2.3).  

 

Figure 2.3. Schematic drawing of the electrochemical cell for oxygen permeability 

measurements: (1) Sample, (2) electrodes of the oxygen sensor, (3) YSZ tube, (4) YSZ 

pellet (pump),  (5) electrodes of the oxygen pump, (6) YSZ tube (sensor), (7) low-

temperature glass, (8) high-temperature glass. 

 Both sides of YSZ tube and YSZ pellet were painted with Pt electrodes, as a sensor 

and a pump, respectively. An oxygen potential gradient was created between the inner and 

outer surfaces of the sample by controlling the pump current and was monitored by the 

sensor. The oxygen flux density values through the sample were calculated from the 

respective pump current values: 

j = 
45

���           (2.8) 
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where Ip is the pump current and A is the area of the membrane (∼10 mm diameter). The 

permeation process is described using the quantities of oxygen flux density, j, and specific 

oxygen permeability, J(O2), which are interrelated as 

6(7�) = 	9�[:; ��
�.]-1         (2.9) 

where p1 is the oxygen partial pressure at the membrane permeate (inner) side and p2 is the 

oxygen partial pressure at the membrane feed (outer) side, which remained constant at 

∼0.21 atm., corresponding to an air atmosphere (p1 < p2). 

2.7. Electrochemical analysis of electrolyte/buffer layer/electrode assemblies 

 Electrochemical characterization was performed in air using an Electrochemie-

Autolab PGSTAT302N. The cell was subjected to DC bias in potentiostatic mode, with 

potential monitored between working and reference electrodes, from -0.3 V to +0.3V at 

0.05V intervals with a dwell time of 30 min at each condition. Polarization was performed 

in both anodic and cathodic directions to provide information useful for both SOFC and 

SOEC modes of operation. Open circuit conditions (OPC) were initially measured, 

followed by the anodic branch. The OPC condition was then re-tested, to ensure no 

permanent change in performance had occurred, and, subsequently, the cathodic branch 

was measured. At the end of each dwell, A.C. impedance spectroscopy was performed, 

superimposed over each potential bias. The measured frequency range was 1 MHz - 0.01 

Hz, with signal amplitude 100 mV. Experiments were performed in the temperature range 

from 850°C to 600°C, in the direction of decreasing temperature. Impedance spectra were 

fitted to equivalent circuits using ZView software (Scribner Associates). 
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3. Study of the Transport Properties of the Mixed Ionic Electronic 

Conductor Ce1-xTbxO2-δδδδ 

3.1. Introduction 

 Terbium-doped ceria is a promising MIEC fluorite material in both reducing and 

oxidizing atmospheres that has gained recent interest [1]. Physical and chemical 

properties of Ce1-xTbxO2-δ have been reported by various authors [2–5], while total, 

ionic and electronic conductivities of Ce1-xTbxO2-δ (x = 0-0.30) have been provided by 

Shuk et al. [6]. In general, the total conductivity was shown to increase with increasing 

Tb content, a trend that was later corroborated by Ye et al. across the whole 

composition range (x = 0.00-1.00) [7]. For doping levels x = 0.15-0.25, Shuk et al. 

showed that ∼50% electronic contribution to total conductivity was provided at 600-

700oC in oxidizing conditions, corresponding to the ideal weighting of ionic and 

electronic conductivities to attain maximum ambipolar conductivity.  

 To avoid high sintering temperatures in ceria-based materials many researchers 

have investigated the addition of small quantities of transition metal oxides as potential 

sintering additives [8–11]. With respect to terbium doped ceria, Balaguer et al. [1,12], 

reported that 2 mol% addition of cobalt oxide into Ce1-xTbxO2-δ could improve 

densification during sintering and could also significantly enhance the total and 

ambipolar conductivities over that of the Co-free oxide [12]. The observations of 

Balaguer et al. [1,12] concur well with those reported previously for other doped ceria 

materials, such as Gd or Pr-doped analogues, Ce0.8Gd0.2O2-δ and Ce0.8Pr0.2O2-δ, 

containing equal fractions of Co additive [13–17].  In the case of the Pr and Gd 

analogues, enhancements in ambipolar conductivity have been related to the presence of 

a Co network localized at the grain boundary, which can enhance available levels of 

electronic conductivity [13–17]. In contrast, Balaguer et al. [1,12] noted that a similar 

grain boundary location of Co was not observed in samples of Ce1-xTbxO2-δ+Co (x = 

0.1, 0.2) sintered at 1300ºC. Nonetheless, substantial enhancements in ambipolar 

conductivity could still be obtained. Concerning this observation, it is important to note 

that improvements in mixed conductivity and faster oxygen exchange have also been 

outlined for ceria-based materials when the grain size has been reduced to the 

submicron range [18,19]. 
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  In this chapter we assess the enhancement of ambipolar conductivity in Co 

containing Ce1-xTbxO2-δ materials and examine potential links between this behavior, 

the resultant oxygen permeation and microstructural factors, with careful attention to the 

physical location of the sintering additive. In this respect, the sintering temperature has 

been documented to be an important factor that can negatively impact levels of 

ambipolar conductivity in the Gd and Pr analogues, when Co containing samples were 

sintered in excess of 900ºC [13,20–22]. In this work, we analyze the influence of 

sintering temperature on Ce0.8Tb0.2O2-δ materials (CTO) containing 2 mol% additions of 

cobalt oxide sintering aid, through structural and microstructural characterization, 

conductivity measurements, electromotive force (EMF) and oxygen permeation studies, 

in order to further understand the behavior of these additives on the properties of CTO 

MIECs.  

3.2. Experimental 

 Cerium-terbium oxide (Ce0.8Tb0.2O2-δ) materials were prepared by the 

hydrothermal method that is explained previously in Chapter 2.1. Pellets of cerium 

terbium oxide (CTO), with and without Co addition, were uniaxially dry pressed at a 

pressure of 60 MPa followed by isostatic pressing at 200 MPa. Pure CTO pellets were 

sintered at 1500oC for 10 h. In contrast, Co-doped CTO pellets were sintered at 900oC 

for 5 h, or at 1200oC for 5 h. In all cases, heating and cooling rates were 2oC/min.  

 Phase analysis was performed by room temperature XRD and Microstructural 

characterization was performed by SEM for Co-doped and pure CTO ceramics. TEM 

studies of the microstructure and chemical composition of the Co-doped CTO samples 

also were performed as described in Chapter 2.1. 

 Total conductivity, transport number and oxygen permeability measurements 

were performed in order to understand the MIECs properties of Ce0.8Tb0.2O2-δ. 

3.3. Results and Discussion 

 Figure 3.1a shows the room temperature XRD pattern of Ce0.8Tb0.2O2-δ green 

powder prepared by the hydrothermal method, while Figures 3.1b-d show XRD patterns 

of final ceramics sintered at 900 and 1200oC with Co additions and at 1500oC without 

Co, respectively. All XRD patterns can be seen to exhibit the expected cubic defect 

fluorite structure, without a visible presence of impurity phases.  
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Figure 3.1. X-ray diffraction patterns of as-prepared (a) pure Ce0.8Tb0.2O2-δ and sintered 

Co-doped (b, c) and pure (d) Ce0.8Tb0.2O2-δ. 

 The lattice parameters and crystallite sizes, calculated using the Scherrer 

formula, are presented in Table 3.1. The diffraction patterns of the as-prepared powder 

(Figure 3.1a) and CTO+Co ceramics sintered at 900oC (Figure 3.1b) show broader 

peaks than the other patterns, in agreement with the positive temperature dependence of 

the crystallite size documented in Table 3.1. The highest lattice parameter is obtained 

for the green powder while, for sintered ceramics, the lattice parameter is significantly 

lower in the Co-containing samples. This observation is in agreement with that of 

Balaguer et al. [1,12], who related lattice contraction to slight solubility of Co in the 

CTO material. 

Table 3.1. Lattice parameters and crystallite sizes of Ce0.8Tb0.2O2-δ green powder and 

ceramics. 

Material Lattice parameter (Å) Average crystallite size 
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(±0.0003) (nm) 

CTO_Green 5.4011 30 

CTO+Co_900oC 5.3910 32 

CTO+Co_1200oC 5.3915 83 

CTO_1500oC 5.3940 83 

 

 Figure 3.2a shows the shrinkage behavior of green compacts with a constant 

heating rate of 5oC/min. Intense densification takes place below 1000oC for the sample 

doped with Co sintering aid, whereas the Co-free sample still continues to sinter at 

1500oC (the maximum temperature limit of the dilatometer). 

 

 

Figure 3.2. Influence of cobalt oxide sintering aid into Ce0.8Tb0.2O2-δ: (a) temperature 

dependence of the linear shrinkage and (b) linear shrinkage rate. 

 Figure 3.2b plots the linear shrinkage rate [d(∆L/Lo)/dT] as a function of 

temperature . The width of the shrinkage temperature range for the Co-doped material is 

shown to be much narrower than that of the Co-free green compact and exhibits a 

maximum in shrinkage rate at approximately 900oC.  This phenomenon has been 

observed in other doped ceria materials [13–17] and is suggested to be due to liquid-

phase assisted sintering [11] that allows pellets with densities higher than 90% of the 

theoretical to be obtained after sintering at 900oC for 5 h. A similar density was attained 
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in the Co-free CTO ceramics only after sintering at a higher temperature of 1500oC for 

10 h. 

 

 

 

Figure 3.3. SEM micrographs of CTO ceramics: a) sintered at 900oC with Co, b) 

sintered at 1200oC with Co and c) sintered at 1500oC without Co. 

 Figure 3.3 shows the morphology of CTO samples sintered at different 

temperatures with and without Co-sintering aid. The ceramics sintered at highest 

sintering temperature, 1500oC, Figure 3.3c, without sintering aid show relatively large 

grains (1.3 ± 0.2µm). Among the Co-doped Ce0.8Tb0.2O2-δ materials, the oxide sintered 

at lowest temperature, 900oC, Figure 3.3a, shows a significantly smaller grain size (34 ± 

10 nm) than that of the ceramic sintered at 1200oC (0.6 ± 0.1µm). This tendency in 

grain growth is similar to that previously noted for Ce0.8Gd0.2O2-δ and Ce0.8Pr0.2O2-δ 

ceramics in the literature, where dense materials with sub-micron grain size were 

obtained after sintering at relatively low temperatures (900-1000oC) by addition of 2 

mol% of cobalt oxide as a sintering aid [13,14,17].  



50 

 

 

Figure 3.4. ADF-STEM micrographs of Co-doped CTO ceramics sintered at 900 (a) and 

1200oC (b) showing grain sizes one order of magnitude larger in the higher temperature 

sample. 

 

Figure 3.5. a) HAADF STEM image of the Co-doped Ce0.8Tb0.2O2-δ ceramic sintered at 

900oC. b) Line scan profiles of Ce, Tb and Co across a grain boundary. c-e) Elemental 

maps determined from the EELS – SI data acquired in a triple point. 
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Figure 3.6. a) Triple point in the Co-doped Ce0.8Tb0.2O2-δ ceramics sintered at 1200oC. 

HAADF STEM image along with the elemental maps determined from the EELS – SI 

data. b) Segregated cobalt oxide particle observed in the same sample, a TEM 

micrograph of this particle and its corresponding digital diffraction pattern are shown on 

the left side of the figure, the elemental maps determined from the EELS – SI data are 

shown on the right side. 

 TEM studies were performed with careful focus at grains and grain boundaries 

in order to assess the distribution of Co sintering additives after treatment at different 

sintering temperatures. Figures 3.4a and b show micrographs of the CTO+Co ceramics 

sintered at 900oC and 1200oC, respectively. The images clearly reveal that increasing 
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sintering temperature leads to substantial grain growth, in agreement with SEM studies, 

Figure 3.3. Chemical analysis, line scan profiles and elemental maps were obtained 

from the EELS data with the microscope operated in STEM mode. The results are 

shown in Figures 3.5 and 3.6 for the CTO+Co ceramics sintered at 900 and 1200oC, 

respectively. The EELS line scans and elemental maps clearly reveal the Co additive to 

be segregated to the grain boundaries at the lowest sintering temperature, see Fig. 3.5, in 

agreement with that previously noted for the Pr and Gd doped analogues [13–17]. At the 

higher sintering temperature (1200oC), concentrations of cobalt at the grain boundary 

are shown to be significantly depleted, see Figure 3.6a. Instead of a grain boundary 

location, accumulation of cobalt is now observed within isolated Co-rich grains, of 

relatively large size ~0.5 µm, Figure 3.6b. The lattice fringes image taken on this 

particle and its corresponding digital diffraction pattern are consistent with a cobalt 

monoxide crystal oriented along the [01-1] zone axis. The analysis clearly reveals that 

the sintering temperature plays a crucial role in the distribution of the Co sintering aid, 

with results that mirror those previously reported for Pr and Gd doped analogues 

[13,20]. The presence of Co-enriched grain boundaries (at lower sintering temperature) 

or isolated grains (at higher sintering temperature), does not negate the suggestion of 

some solubility of cobalt in the bulk CTO material. Indeed, as suggested by Balaguer et 

al. [1,12] the lower lattice parameter noted for the CTO+Co materials in comparison to 

that of the Co-free composition, Table 3.1, suggests some solubility. However, the 

current results do highlight that this solubility does not significantly increase with 

sintering temperature and is shown to be distinctly less than the nominal additive 

concentration of 2 mol% in both cases. Moreover, the lattice parameters of both the 900 

and 1200ºC samples are observed to be similar suggesting similar solubility levels. 

These low levels of solubility lead to the presence of segregated cobalt in the sintered 

ceramics, which assumes a different microstructural location depending on sintering 

temperature. 
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Conductivity. 

 

Figure 3.7. Total conductivity of Ce0.8Tb0.2O2-δ with and without Co sintering aid, 

measured in dry N2 or O2 atmospheres. 

 Figure 3.7 represents the total conductivity of CTO ceramics sintered at different 

temperatures with and without cobalt oxide sintering aid, measured under dry 

atmospheres of O2 and N2 gases. In both atmospheres, the oxide sintered at higher 

temperature (1500oC) without Co shows lower conductivity than the Co-doped CTO 

sintered at lower temperatures. The total conductivity values for the Co-free sample are 

shown to correspond well with those reported for pure Ce0.8Tb0.2O2-δ sintered at 1400ºC 

in the literature [6]. The results of Figure 3.7 clearly demonstrate that minor additions of 

the Co sintering aid can substantially increase the total conductivity, in agreement with 

that noted by Balaguer et al. [1,12]. In the lower temperature range, this enhancement of 

total conductivity is shown to be significantly greater for CTO+Co ceramics sintered at 

the lower temperature (900oC). A grain boundary network rich in Co additive has been 

previously shown to enhance total conductivity by reduction of grain boundary 

resistance [23]. In the 900ºC CTO+Co sample similar Co-rich grain boundaries are 

shown to be present and, thus, can offer an explanation for the higher conductivities 

observed. At higher measurement temperatures, such effects appear to become 
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negligible, and similar conductivities are obtained for the CTO+Co ceramics sintered at 

900 and 1200ºC. 

 All compositions show higher total conductivities when exposed to more 

oxidizing environments, i.e. in O2 rather than N2, indicating the presence of p-type 

electronic conductivity. Again, this difference is more pronounced in the lower 

temperature range, whereas at higher temperatures the total conductivities in O2 and N2 

are shown to be similar. Table 3.2 summarizes the activation energy values of CTO 

materials with and without Co in these atmospheres. As temperature increases, all 

conductivity curves show an increase in gradient, around 400-500oC, most probably 

reflecting an increase in the significance of the electronic component at lower 

temperatures due the smaller activation energy of the electronic mobility than that of the 

ionic [24]. 

Table 3.2. Activation energy values for the total conductivity of Ce0.8Tb0.2O2-δ ceramics 

with and without Co. 

Composition Atmosphere 
Activation energy (eV) 

450-850oC 100-450oC 

CTO_1500oC Oxygen 0.75 0.54 

 Nitrogen 0.71 0.66 

CTO+Co_1200oC Oxygen 0.68 0.41 

 Nitrogen 0.68 0.60 

CTO+Co_900oC Oxygen 0.55 0.40 

 Nitrogen 0.56 0.50 

 

 In a similar way, the higher activation energy of the Co-free CTO oxide than Co-

doped ceramics can be related to a smaller electronic component. In other words, the 

addition of Co leads to an increased electronic conductivity and this accounts a decrease 

in activation energy due to the lower activation energy of the electronic mobility. This is 

further confirmed by the observation that among Co-doped CTO compositions, the 
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lowest activation energy is characteristic of the oxide sintered at 900oC in which an 

enhanced electronic conductivity may be offered due to the presence of a Co-rich grain 

boundary. These suggestions are reinforced in the following section in which the 

electronic and ionic contributions to total conductivity are separated by the modified 

EMF technique. 

Oxygen ionic and electronic transport. 

 

Figure 3.8. Oxide-ion transference numbers of Ce0.8Tb0.2O2-δ ceramics with and without 

Co measured in oxygen/air and nitrogen/air gradients, respectively. Labels correspond 

to active gas. 

 Figure 3.8 represents the temperature dependence of the oxide-ion transference 

numbers of Ce0.8Tb0.2O2-δ with and without Co addition, measured by the modified EMF 

method. This technique facilitates the separation of the minor contribution of electron-

hole conductivity from total conductivity via the elimination of possible electrode 

polarization effects. The transference numbers were measured across the ceramic 

membranes under two different pO2 gradients (oxygen/air and nitrogen/air) in the 

temperature range from 600 to 850oC. All compositions show positive temperature 

dependencies of the oxygen ionic transference number. For pure Ce0.8Tb0.2O2-δ, the 

obtained transference number values are lower as compared to Co-doped CTO, and this 
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difference increases on cooling. Among the CTO+Co ceramics, sintering at higher 

temperature (1200oC) results in a higher contribution of the ionic conductivity in  

comparison with that sintered at lower temperature (900oC). This might reflect a loss of 

the electronic conduction in the Co-doped CTO sintered at 1200oC due to the depletion 

of a Co-rich grain boundary and the segregation of cobalt as isolated grains, Figure 3.6. 

In contrast, the lower sintering temperature (900oC) has a potentially higher electronic 

conductivity due to an increased contribution of cobalt in the grain boundaries, Figure 

3.5. 
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Figure 3.9. (a) Oxygen ionic and (b) electronic conductivities of Ce0.8Tb0.2O2-δ ceramics 

with and without Co in N2 or O2 atmospheres. 

 Figure 3.9a shows the temperature dependencies of the partial oxygen ionic 

conductivity evaluated by the combination of oxygen ionic transference number values 

with the total conductivity values obtained at identical temperatures: 

σo = toσT          (3.1) 

 Note partial conductivities corresponding to oxygen and nitrogen atmospheres 

were calculated from total conductivity values measured in the respected gases and 

transference numbers measured obtained under oxygen/air and nitrogen/air gradients, 

respectively. Thus, to ascribe the calculated partial conductivities to that of pure oxygen 

or nitrogen atmospheres is an approximation used solely for the purpose of comparison. 

In this respect, total conductivity values measured at high temperatures were shown to 

be relatively insensitive to atmosphere, Figure 3.7, thus, potential errors associated with 

this approximation are minimized.  

 Pure Ce0.8Tb0.2O2-δ (sintered at the highest temperature, 1500oC) shows the 

lowest oxygen ionic conductivity, when compared to CTO+Co ceramics. The CTO 

samples with cobalt, sintered at both 900 and 1200oC, show similar oxygen ionic 
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conductivities, with very slightly higher ionic conductivity offered by the CTO+Co 

sample sintered at the higher temperature, 1200ºC. Figure 3.9b represents the partial 

electronic conductivity values obtained using the equation 

σe = (1 - to)σT           (3.2) 

 As for oxygen ionic transport, the lowest electronic conductivity is observed for 

the pure Ce0.8Tb0.2O2-δ composition. In contrast, the CTO+Co ceramics exhibit 

significantly higher electronic contributions, with the oxide sintered at the lower 

temperature (900oC) exhibiting slightly higher values of electronic conductivity 

throughout the temperature range. This agrees with the suggestion that the presence of 

cobalt oxide at grain boundaries, Figure 3.5, can lead to an enhancement in electronic 

conductivity [13–17] and that the beneficial effect of cobalt may be partially spoiled 

with increasing sintering temperature from 900 to 1200oC. Nonetheless, at these high 

temperatures these differences in cobalt location cause only minor impact on electrical 

properties in comparison to that noted at lower temperatures, Figure 3.7. The Co-doped 

Ce0.8Tb0.2O2-δ oxides, sintered at 900 and 1200ºC both offer relatively high oxygen ionic 

and electronic conductivities at elevated temperatures, making them promising materials 

for MIEC applications [1,12]. 
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Oxygen permeation. 

 

 

Figure 3.10. (a) The steady state oxygen permeation flux and (b) the specific oxygen 

permeability values of pure and Co-doped Ce0.8Tb0.2O2-δ 1 mm thick membranes vs. 

oxygen partial pressure gradient. 

 Figures 3.10a and 11b show, respectively, the oxygen flux density, j, and 

specific oxygen permeability, J(O2), values of CTO samples with and without Co at 
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different temperatures, as a function of the oxygen partial pressure gradient. The 

presence of cobalt oxide leads to an enhancement in electronic conductivity as well as in 

oxygen ionic transport (Figure 3.9) for the CTO+Co ceramics sintered at 900 and 

1200ºC. The combination of these effects leads to substantially higher steady state 

oxygen permeation flux (Figure 3.10a) and corresponding specific oxygen permeability 

(Figure 3.10b) for cobalt doped CTO samples over that of the Co-free sample sintered at 

1500ºC. 

 The specific oxygen permeability J(O2) is proportional to the ambipolar 

conductivity (σamb) averaged for a given oxygen partial pressure range (σ����������), where to 

is the oxygen ion transference number and σT, σo and σe represent the total, oxygen 

ionic and electronic conductivities, respectively [17]: 

J(O2) = 
��

��	

σ���������� = 

��

��	

	
σ�σ

σ��	σ
 = 

��

��	

σ� 	��(1 − ��)�����������������    (3.3) 

 Using the oxygen ionic transference numbers for oxygen/air gradient (Figure 

3.8) and the total conductivity (TC) values in oxygen (Figure 3.7), and the relation 

between J(O2) and j (Eq. 2.9), the oxygen permeation flux densities for oxygen/air 

gradient were calculated. These theoretical and measured oxygen permeation values 

were used to determine the respective activation energies by the standard Arrhenius 

equation (see Eq. 2.2 as a model). The activation energy values for experimentally 

obtained permeation through Co-doped CTO sintered at 1200oC and un-doped CTO are 

observed to be considerably higher than the respective values for theoretical oxygen 

fluxes (Table 3.3) and comparable to the activation energies of surface exchange rate of 

both pure and 2 mol% Co-doped Ce0.8Tb0.2O2-δ shown in the literature [1]. This means 

that, in addition to the ionic and electronic conductivities in these oxides, there is an 

additional process that is limiting oxygen transport through these membranes. This is 

likely to be slow oxygen surface exchange in Co-doped CTO sintered at 1200oC and un-

doped CTO, which limit the observed permeation flux to values below that of the 

theoretical oxygen permeation calculated from their partial conductivities. Note 

significant surface exchange limitations have also been reported for both pure and 

highly (5 mol%) Co-doped Ce0.8Pr0.2O2-δ in the literature [17]. On the contrary, the 

activation energy values for experimentally obtained and calculated oxygen permeation 

through the Co-doped CTO membrane sintered at 900oC are shown to be comparable, 

indicating that the overall oxygen transport is only governed by the electronic and 
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oxygen ionic conductivities, without significant influence of surface kinetics. The 

absence of surface exchange limitations in the 900ºC CTO+Co sample is reminiscent of 

that noted for the 2 mol% Co-doped, Pr analogue, Ce0.8Pr0.2O2-δ sintered at the same 

temperature [17]. 

Table 3.3. Oxygen permeation fluxes and their apparent activation energies. 

Activation energy for oxygen permeation 

Material 

Calculated from EMF 

(oxygen/air gradient) and TC 
Measured 

T (oC) Ea (ev) T (oC) Ea (ev) 

CTO+Co_900oC 600-850 0.46 ± 0.08 650-850 0.43 ± 0.04 

CTO+Co_1200oC 600-850 0.48 ± 0.13 700-850 1.17 ± 0.17 

CTO_1500oC 600-850 0.85 ± 0.15 750-850 1.23 ± 0.15 

Oxygen permeation flux values 

Material 
T 

(oC) 

Calculated from EMF 

(oxygen/air gradient) and TC 
Measured 

log(p2/p1) 
j theor 

(mol·s-1
·cm-2) 

log(p2/p1) 
jexp 

(mol·s-1
·cm-2) 

CTO+Co_900oC 

850 0.67 7.3×10-9 0.65 7.1×10-9 

800 0.67 6.7×10-9 0.68 5.9×10-9 

750 0.66 5.7×10-9 0.71 4.8×10-9 

CTO+Co_1200oC 

850 0.68 6.3×10-9 0.75 5.1×10-9 

800 0.68 6.7×10-9 0.79 3.6×10-9 

750 0.67 5.6×10-9 0.83 2.0×10-9 
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 Table 3.3 also compares the theoretical and experimental oxygen permeation 

fluxes of Co-doped CTO membranes sintered at 900 and 1200oC under similar p(O2) 

gradients. Since the oxygen ionic and electronic conductivities of these two materials 

have been measured to be similar at these temperatures, Figure 3.9, the theoretical 

oxygen fluxes evaluated on this basis are also shown to be close. Measured and 

calculated flux densities through the Co-doped CTO membrane sintered at 900oC are 

shown to coincide, confirming the absence of significant influence of surface exchange 

kinetics on the oxygen permeation process. 

 In contrast the measured and calculated oxygen flux values for the Co-doped 

CTO membrane sintered at 1200oC are shown to deviate from each other and this 

deviation becomes increasingly more significant with decreasing temperature. At the 

highest temperature the deviation is shown to be small, albeit larger than that in the 

900ºC sintered sample under similar conditions. The small deviation noted at high 

temperatures suggests that only slight surface exchange limitations are present, where 

the oxygen flux will still be predominantly governed by the electronic and ionic 

conductivities. The same conclusion was made on comparison of experimental and 

calculated oxygen fluxes of Ce0.9Tb0.1O2-δ with Co (2 mol%) and Ce0.8Tb0.2O2-δ with Co 

(2 mol%) measured at 860oC in the literature, for samples sintered at 1300ºC [12]. 

However, the increasing deviation between experimental and theoretical values of flux 

density as the measurement temperature decreases, is a strong argument in favor of the 

presence of oxygen surface exchange limitations in the 1200ºC sintered membrane that 

have a greater impact on the oxygen permeation at lower temperatures. 

 Upon reference to the conclusions of the TEM study in Figures 3.5 and 3.6, the 

presence of significant surface exchange limitations in the 1200ºC sintered CTO+Co 

sample can be suggested to be due to cobalt depletion of Co-enriched grain boundaries 

that may serve to promote oxygen surface exchange in the sample sintered at lower 

temperature. Such an effect would lead to the observed decrease in the measured 

oxygen permeation flux and an increase in the activation energy. This suggestion is 

supported by the absence of surface exchange limitations reported for the 2 mol% Co-

doped Pr analogue, Ce0.8Pr0.2O2-δ sintered under similar conditions, where a similar Co-

rich grain boundary network had been observed [17]. Note that the effectiveness of the 

Co-rich grain boundary network to promote oxygen surface exchange was shown to be 

highly sensitive to its microstructure and was impaired when the grain boundary 
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network became over concentrated in 5 mol% Co doped Ce0.8Pr0.2O2-δ, regardless of a 

similar ambipolar conductivity [17]. The current results suggest an analogous concept 

that the concentration of cobalt in the grain boundaries may have become less than its 

optimal concentration and, thus, fail to adequately prevent oxygen surface exchange 

limitations in the sample sintered at 1200ºC. In addition, the results concur with that 

expected from morphological considerations of these samples. Increased mixed 

conductivity and faster oxygen exchange have been documented for ceria-based 

materials upon grain size reduction within the submicron range [18,19]. In agreement, 

the CGO+Co sample sintered at 900ºC, with the smallest sub-micron grain size, is 

shown to offer the highest mixed conductivity and fastest oxygen exchange of all 

samples. 

3.4. Conclusions 

 The addition of cobalt decreased the sintering temperature of Ce0.8Tb0.2O2-δ 

materials allowing dense, gas-tight CTO ceramics to be formed at 900ºC. The lower 

sintering temperature resulted in a sub-micron grain size. The transport properties of 

Ce0.8Tb0.2O2-δ materials were shown to be significantly influenced by the additions of 

cobalt oxide sintering aid as well as by sintering temperature. In the lower temperature 

range, the highest total conductivity was offered by the cobalt containing material 

sintered at 900ºC. The cobalt containing materials possess substantially higher total, 

ionic and electronic conductivities than the Co-free sample sintered at 1500ºC. For the 

Co containing samples further increase of sintering temperature above 900ºC was 

shown to lead to slight degradation in electronic conductivity. Consequently, the Co-

doped Ce0.8Tb0.2O2-δ material sintered at the lower sintering temperature (900oC) offered 

the higher oxygen permeation flux when compared to CTO+Co ceramics sintered at 

higher temperature (1200oC). This was shown to be related to the beneficial effect of Co 

on surface exchange limitations when cobalt is present in the grain boundary. On 

sintering at higher temperature, this Co rich grain boundary is shown to be depleted and 

the cobalt additions are instead manifested as isolated grains. Moreover, the 

performance of these materials is shown to be inversely dependent on their grain size, 

with the highest mixed conductivity and surface exchange offered by the sample with 

the smallest grain size. The current work shows promising transport characteristics of 
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Ce0.8Tb0.2O2-δ with minor concentration of Co sintering additive, offering its maximum 

value for samples sintered at the lower temperature of 900oC. 
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4. Comparative study of fluorite-type ceria-based Ce1-xLnxO2-δδδδ (Ln = Tb, Gd and Pr) 

mixed ionic electronic conductors densified at low temperatures 

4.1. Introduction 

 Significant scientific effort has been devoted to the study of ceria-based oxides, as 

they can exhibit ionic conducting, electronically conducting, or mixed conducting 

properties depending on substitution mechanism, rendering them appropriate for a variety 

of applications, such as electrolytes and electrodes for solid oxide fuel cells (SOFCs),[1,2] 

oxygen sensors,[3] oxygen permeation membranes[4] and ultraviolet ray absorbents.[5] 

Although perovskite and perovskite-related structure materials have traditionally been the 

most widely studied as potential mixed conductors,[6,7] significant levels of ambipolar 

conductivity can also be obtained in materials of the defect cubic fluorite-type structure by 

substitution of mixed-valence elements into recognized fast ionic conductors, for example, 

Nb or Ti substitution into zirconia-based fluorites.,[8,9] or Pr and Tb into ceria-based 

fluorites [4,10,11]. In the case of the ceria-based materials, such substitution mechanisms 

can lead to p-type electronic conductivity in oxidizing conditions, via small polaron 

hopping arising from Pr3+/Pr4+ or Tb3+/Tb4+,[4,10,11] whereas, under reducing 

environments n-type electronic conductivity can also be induced due to partial reduction of 

Ce4+ to Ce3+[12–14]. Additional gains in ambipolar conductivity can also be obtained in 

oxidizing conditions by the presence of small quantities of sintering additives, where 

preferential segregation of the additive to grain boundaries has been demonstrated to lead 

to beneficial effects on the level of electronic conductivity [11,15–17]. Several transition 

elements have been recorded to show this effect e.g. Cu, Co, Fe, with the most studied 

being that of minor cobalt oxide additions (2 mol%), where significantly enhanced 

densification and improved ambipolar conductivities have been documented for a wide 

range of Ce1-xLnxO2-δ systems (Ln = Tb, Pr, Gd, La, Eu, Er, Yb and Nd) [10,11,15,16,18–

20]. 

 The concept behind the present study follows from the observation that the 

sintering temperature of ceria-based materials with Co-sintering additives is a critical 

factor to obtain the desired enhanced electrical performance. Excessive sintering 

temperatures are shown to lead to grain growth and significant segregation of cobalt into 

isolated grains, resulting in decreased ambipolar conductivities and oxygen permeation 
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fluxes [17,20,21]. Therefore, in the current chapter we analyze Ce0.8Tb0.2O2-δ with small 

additions (2 mol%) of cobalt oxide sintering aid, sintered at low temperature (<1000ºC) 

where optimal transport properties are maintained [15,17,21]. Electrical conductivity, EMF 

and oxygen permeability measurements were performed in order to understand the 

behavior of CTO mixed ionic electronic conductor and results were compared to the 

transference numbers, total and partial ionic and electronic conductivities, and oxygen 

permeability of cobalt doped Ce0.8Gd0.2O2-δ, Ce0.8Pr0.2O2-δ materials prepared under similar 

low temperature conditions. In this way, the current article provides a direct appraisal of 

the peak electrical properties and oxygen permeabilities obtainable from Ce1-xLnxO2-δ (Ln 

= Tb, Pr, Gd) materials. 

4.2. Experimental Section 

 Cerium-terbium oxide (Ce0.8Tb0.2O2-δ) materials were prepared by the hydrothermal 

method as previously described in Chapter 2.1. Pellets of the cerium terbium oxide (CTO) 

with 2 mol% Co addition, were prepared as described in the Chapter 2.1, and subsequently 

uniaxially dry pressed at a pressure of 60 MPa followed by isostatic pressing at 200 MPa. 

The pellets were sintered at 900oC for 5 h, heating and cooling rates were 2oC/min.  

 Phase analysis was performed by room temperature XRD and Microstructural 

characterization was performed by SEM for Co-doped CTO ceramics. TEM studies of the 

microstructure and chemical composition of the Co-doped CTO samples also were 

performed as described in Chapter 2.1. 

 The total conductivity, transport number and oxygen permeability measurements 

were performed in order to understand the MIECs properties of Ce0.8Tb0.2O2-δ with 2mol% 

Co additions and compared with data for Ce0.8Pr0.2O2-δ and Ce0.8Gd0.2O2-δ materials with 

2mol% Co additions, prepared under similar conditions [11,16]. 
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4.3. Results and Discussion  

 

Figure. 4.1. X-ray diffraction patterns of Co-doped Ce1-xLnxO2-δ (Ln = Gd, Tb and Pr) 

sintered ceramics. 

 Figure 4.1 shows the XRD patterns of Ce0.8Ln0.2O2-δ ceramic samples (Ln = Gd, Pr, 

Tb) sintered at low temperatures ≤1000oC with cobalt oxide (2 mol%) sintering aid. The 

patterns show broad peaks, reflecting that the formed ceramics are constituted by relatively 

small grains, Table 4.1. The corresponding lattice parameters (refined from the XRD 

patterns), average grain sizes (measured by scanning electron microscopy) and densities of 

the samples are summarized in Table 4.1. The data show that dense materials with sub-

micron grain size are obtained after sintering at relatively low temperatures (≤1000oC) by 

addition of 2 mol% of cobalt oxide as a sintering aid. Although the ionic radii of the 

lanthanide dopants increases in the sequence Tb < Gd < Pr, for the same 3+ oxidation state, 

a direct correlation cannot be made with the measured lattice parameters, due to the 

variable valence of the Tb and Pr dopants [22].  

Table 4.1. Lattice parameters and average grain sizes of Co-doped Ce1-xLnxO2-δ (Ln = Gd, 
Tb and Pr) sintered ceramics. 

Composition Sintering 

temperature 

Lattice 

parameter (Å) 

Average grain 

size 

Densities 

% 
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(oC) (±0.0003) (µm) 

CGO+Co 900 5.4275 ∼ 0.1-0.2 95−99 

CTO+Co 900 5.3910 ∼ 0.34 ± 0.10 93 

CPO+Co 1000 5.4106 ∼ 0.14 ± 0.02 ˃90 

 

Conductivity 

 

Figure 4.2. Total conductivity of Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) ceramics with Co 
sintering aid in air. 

 Figure 4.2 shows the total conductivities of Ce0.8Pr0.2O2-δ, Ce0.8Gd0.2O2-δ and 

Ce0.8Tb0.2O2-δ ceramics with Co addition, sintered at low temperatures and measured in air 

using impedance spectroscopy. At higher temperatures, the largest total conductivity can 

be observed for CPO+Co ceramics. With respect to the other compositions, CGO+Co 

shows a more elevated total conductivity than CTO+Co in the higher temperature range, 

while at lower temperatures this tendency is reversed. The activation energies of the total 

conductivity of these materials show distinct variations between low and high temperature 

ranges and this feature is most pronounced for materials containing variable valent 

dopants, Pr and Tb.  For these materials, this effect can be related, predominantly, to the 

changing oxidation states of Pr and Tb with temperature [23]. On the contrary, in the Gd-
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doped case this change in activation energy has previously been related to order and 

disorder transitions of the oxygen sublattice [24].  

Table 4.2. Activation energy values for the total conductivity of Ce0.8Ln0.2O2-δ (Ln = Pr, Tb 
and Gd) ceramics with Co. 

Composition Atmosphere 
Activation energy (eV) 

500-850oC 200-500oC 

CGO+Co air 0.77 ± 0.02 0.79 ± 0.02 

CTO+Co air 0.64 ± 0.01 0.50 ± 0.01 

CPO+Co air 0.70 ± 0.12 0.59 ± 0.06 

 

EMF: 

 

Figure 4.3. Oxygen ionic transference numbers of Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) 
ceramics with Co sintering aid, measured in oxygen/air gradient. 

 Figure 4.3 represents the behavior of oxygen ionic transference numbers of 

Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) ceramics with Co sintering aid measured by the 

modified EMF method. This method facilitates the separation of the minor contribution of 

electronic transport from the total conductivity via the elimination of possible electrode 

polarization effects. The ionic transference numbers were measured across the membrane 

under pO2 gradient (oxygen/air) in the temperature range from 850 to 600oC. Obtained 
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transference numbers show that CGO+Co and CTO+Co ceramics are predominantly 

oxygen ionic conductors at these temperatures, in contrast with mixed-conducting 

CPO+Co material. The CGO+Co composition sintered at 900oC displays oxygen ionic 

transference numbers that increase with decreasing temperature, approaching unity at the 

lowest temperatures measured. In contrast, the ionic transference numbers of the CPO+Co 

and CTO+Co compositions are shown to decrease with decreasing temperature. 

 

Figure 4.4. Oxygen ionic conductivities of Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) ceramics 
with Co sintering aid in air. 

 The combination of ionic transference numbers (to) with total conductivity (σT) 

measured in air by impedance spectroscopy at corresponding temperatures allows the 

estimation of ionic conductivity (σo) through the following relation, 

σo = to σT          (4.1) 

Figure 4.4 summarizes the temperature dependencies of the partial oxygen ionic 

conductivities of these materials resulting from Eq. (4.1). The compositions CGO+Co and 

CPO+Co show similar levels of ionic conductivity that are considerably higher than that 

offered by the terbium doped, CTO+Co, composition. All compositions show similar 

activation energies for ionic conductivity in the studied temperature range, Table 4.3. 
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Figure 4.5. Electronic conductivities of Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) ceramics with 
Co sintering aid in air. 

 In a similar way, the electronic conductivity can be estimated from oxygen ionic 

transference numbers and total conductivity values at corresponding temperatures as 

follows, 

σe = (1-to) σT          (4.2) 

It has been reported that the addition of 2 mol% CoO into Ce0.8Gd0.2O2-δ, Ce0.8Tb0.2O2-δ and 

Ce0.8Pr0.2O2-δ  systems can lead to enhancement of p-type electronic conductivities over the 

base compositions and this enhancement is greatest for materials sintered at low 

temperatures (<1000ºC) [17,20,21]. For these peak performing materials, Figure 4.5 shows 

that the highest electronic conductivities are offered by the compositions containing the 

variable valent lanthanide dopants, Pr and Tb. The highest electronic contribution of all 

materials studied is offered by the composition CPO+Co. The activation energies of the 

electronic conductivity of the CPO+Co and CTO+Co compositions is shown to be similar 

and to be lower than that of the CGO+Co material, Table 4.3. 

Table 4.3. Activation energy values for the ionic and electronic conductivities in air, and 
oxygen permeation (at log (p2/p1) ≈ 0.7) of Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) ceramics 

with Co. 

Composition Activation energy (eV) 
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ionic electronic oxygen permeation 

CGO+Co 0.71 ± 0.01 1.50 ± 0.20 1.56 ± 0.20 

CTO+Co 0.75 ± 0.02 0.32 ± 0.08 0.43 ± 0.04 

CPO+Co 0.72 ± 0.19 0.33 ± 0.14 0.49 ± 0.09 

 

Oxygen permeability 

 

Figure 4.6. The steady state oxygen permeation fluxes (a) and specific oxygen permeability 
values (b) for Co-doped Ce0.8Ln0.2O2-δ (Ln = Pr, Tb and Gd) 1 mm thick membranes vs. 

oxygen partial pressure gradient (for Pr and Tb – measured, for Gd – calculated). 
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 Figures 4.6a and 4.6b show, respectively, the oxygen flux density, j, and specific 

oxygen permeability, J(O2), for the CTO+Co, CPO+Co and CGO+Co compositions at 

different temperatures, as a function of the oxygen partial pressure gradient. Previous 

literature has shown that oxygen surface exchange limitations are insignificant for 2 mol% 

cobalt oxide doped CTO[17,19] and CPO[11] materials, in the studied temperature range. 

Moreover, considering that increased mixed conductivity and faster oxygen surface 

exchange has been reported for ceria-based oxides when the grain size decreases to the 

sub-micron range,[25,26] the surface kinetics of 2 mol% cobalt oxide doped CGO is 

assumed to not limit significantly the oxygen permeation for the following comparison; in 

other words, the results presented for this composition in Fig. 4.6 should be considered as a 

best case scenario. The oxygen permeation flux and, consequently, specific permeability 

values of Co-doped Ce0.8Pr0.2O2-δ are substantially higher than those of Co-doped 

Ce0.8Tb0.2O2-δ and Co-doped Ce0.8Gd0.2O2-δ for these peak performing materials sintered at 

low temperatures. The higher partial oxygen ionic and electronic conductivities result in 

higher oxygen permeability (assuming negligible surface exchange limitations), achieving 

a maximum when these conductivities are similar (to ≈ 0.5). Indeed, Co-doped Ce0.8Pr0.2O2-

δ offers a better combination of the oxygen ionic transference number (Fig. 4.3) and partial 

conductivities (Figs. 4.4 and 4.5), when compared with that offered by CTO+Co and 

CGO+Co. 

 At 800°C, the oxygen permeability values of Co-doped Ce0.8Tb0.2O2-δ and 

Ce0.8Gd0.2O2-δ are very close (Fig. 4.6), reflecting that their ambipolar conductivities (σ���������� 

= 
σ�σ�

σ��	σ�

) at this temperature are similar. Thus, even though the oxygen ionic conductivity 

of CGO+Co is noted to be significantly higher than that of CTO+Co (Fig. 4.4), its 

ambipolar conductivity is limited by a low level of electronic conduction that is inferior to 

that offered by the CTO+Co composition under these conditions (Fig. 4.5). On decreasing 

temperature, the difference in electronic conductivity between these two oxides increases 

(Fig. 4.5), as the activation energy of electronic conduction for CGO+Co is considerably 

higher than that of CTO+Co (Table 4.3). Thus, at lower temperatures the lower electronic 

component in the CGO+Co case can no longer be compensated (in terms of ambipolar 

conductivity) by ionic conductivity due to the similar activation energies for ionic 

conductivity of these materials, Table 4.3 (Fig. 4.4). As a consequence, the oxygen 
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permeation of Co-doped Ce0.8Gd0.2O2-δ becomes progressively lower than that of Co-doped 

Ce0.8Tb0.2O2-δ, upon decreasing temperature (Fig. 4.6). 

 On consideration of the definition of ambipolar conductivity (σ���������� = 
σ�σ�

σ��	σ�

), it 

becomes clear that if one of the partial conductivities is significantly lower than the other 

one (for CGO+Co, σe << σo), the ambipolar conductivity and, therefore, oxygen 

permeation, become limited by this contribution (for example in the case of CGO+Co, 

limitation in ambipolar conductivity is by the level of electronic transport: σ���������� ≈ σe). In 

agreement, the activation energy of oxygen permeation flux through Co-doped 

Ce0.8Gd0.2O2-δ membrane, Table 4.3, determined according to the standard Arrhenius 

equation is very similar to the activation energy of its electronic transport (Table 4.3), 

further highlighting that the oxygen permeability of CGO+Co is mostly limited by its bulk 

electronic conduction. 

 The activation energy values of oxygen permeation flux for Co-doped Ce0.8Pr0.2O2-δ 

and Ce0.8Tb0.2O2-δ lie between their respective activation energy values for oxygen ionic 

and electronic conductivities, being slightly closer to the activation energy of electronic 

transport (Table 4.3). This indicates that the oxygen permeability of CPO+Co and 

CTO+Co, contrary to CGO+Co, is governed by both partial conductivities. The oxygen 

ionic transference numbers (Fig. 4.3) confirm this assumption, as to values of Co-doped 

Ce0.8Pr0.2O2-δ and Ce0.8Tb0.2O2-δ are considerably closer to 0.5, than those of Co-doped 

Ce0.8Gd0.2O2-δ. 

4.4. Conclusions 

 The introduction of small amount (2 mol%) of cobalt oxide is highly effective as a 

sintering aid in fluorite Ce1-xLnxO2-δ (Ln = Tb, Gd and Pr) oxides allowing dense materials 

with sub-micron grain sizes to be formed at sintering temperatures of 1000ºC and below. 

For the peak performing samples prepared under these conditions, ambipolar 

conductivities are shown to increase in the order CGO+Co < CTO+Co < CPO+Co. The 

oxygen ion transference number of CTO+Co, obtained from modified EMF method, 

increases with temperature, in line with that observed for the praseodymium substituted 

composition CPO+Co. In contrast, the oxygen ion transference number of the gadolinium 
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substituted analogue, CGO+Co, exhibits negative temperature dependence. The ambipolar 

conductivities of CTO+Co and CGO+Co compositions are observed to be similar at the 

highest temperatures studied, 800ºC, while deviating strongly with decreasing temperature 

due to a much greater activation energy for the electronic conductivity component in the 

CGO+Co case. The oxygen permabilities obtainable from these materials follow these 

trends, increasing in the sequence CGO+Co < CTO + Co < CPO + Co. The current work 

shows that the Ce0.8Tb0.2O2-δ with low concentration of Co sintering additive can attain 

relatively high mixed ionic electronic conductivity after sintering at low temperature of 

900oC. Nonetheless, this performance is shown to be significantly inferior to that offered 

by the praseodymium substituted material, CPO + Co. 
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5. Enhancing electrochemical performance by the control of transport properties in 

buffer layers – SOFC/SOEC 

5.1. Introduction 

 Several limitations are suppressing the development of SOFCs and SOECs. One of 

the most debilitating is associated with chemical interactions between cell components, 

which can lead to poor longevities at high working temperatures and/or depleted 

performance [1]. This problem has often been noted for lanthanide containing electrode 

materials, due to a high propensity for chemical interactions with the most common 

electrolyte material, yttria stabilized zirconia (YSZ). Thus, many examples can be found in 

the literature where thin buffer layers have been implemented in such devices between the 

electrode/electrolyte layers, in an attempt to mitigate this problem.  Typically the buffer 

layers have been from Y, Sm or Gd doped ceria-based materials, due to their reported 

ability to successfully minimize such chemical interactions in both SOFC and SOEC 

devices while offering high oxide-ion conductivities [2–7].  

 In this thesis work we select a typical scenario of an yttria stabilized zirconia 

electrolyte combined with a lanthanide containing oxygen electrode. In the present case the 

Ruddlesdon Popper phase, Nd2NiO4+δ, was selected to be the “typical” electrode material 

of study. Interest in such K2NiF4+δ structure type oxides as potential oxygen electrodes has 

blossomed in recent years due to their high levels of mixed ionic and electronic 

conductivity (see chapter 1.3.2). Due to the prevalence of SOFC research, this materials 

type has predominately been applied as a potential SOFC cathode [8–10]. Nonetheless, 

these materials have also shown great promise as oxygen electrodes for SOECs due to the 

useful property that both the ionic and electronic conductivities increase with increasing 

oxygen partial pressure; a factor that is documented to offer significant advantages for the 

SOEC application over that of the more common oxygen deficient perovskite materials 

[11][12]. However, like many lanthanide containing electrode materials, interaction with 

the YSZ electrolyte can occur, forming the pyrochlore zirconate, e.g. Ln2Zr2O7, where Ln 

= lanthanide. In the specific case of Nd2NiO4+δ, this electrode has been documented to 

exhibit such chemical reaction with YSZ above 900°C [13]. Although this temperature 

may be above the operating temperatures of many electrochemical cells of interest, such 

interaction places distinct complications on the fabrication of the electrolyte/electrode 
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assembly due to potential chemical interaction during co-sintering.  Thus, the use of ceria 

based buffer layers is commonly found in the literature as an attempt to prevent this 

interaction [3,5,6,14].  

 Traditionally, buffer layers have been fabricated from pure ionic conductors such as 

Y, Sm or Gd doped ceria-based materials [2][3][5][6][7][15]. To the authors’ best 

knowledge, the possibility to improve electrode kinetics by the tailoring of mixed 

conductivity in buffer layers has not yet been explored. The doping of buffer layers can, 

theoretically, allow the higher levels of electronic conductivity to be designed at the 

electrolyte surface than would be possible by homogenous doping of the electrolyte, due to 

avoiding limitations associated with electronic leakage.  One can find examples where 

dense mixed conducting “electrode” layers have been formed on the electrolyte, such as a 

1µm film of strontium doped lanthanum cobaltite (LSC), sandwiched between a porous 

electrode of an identical composition [15]. Interestingly, for this mixed conducting layer of 

high electronic conductivity but low ionic transference number, no improvement in 

electrode kinetics could be obtained over solely that of the porous electrode.  Nonetheless, 

the opposite has also been documented for a dense 200nm layer of strontium doped 

lanthanum cobalt ferrate (LSCF); a material offering similar transport properties [16]. Thus 

it is imperative to evaluate, not only the potential of buffer layers to impact electrode 

kinetics, but also to investigate the level of mixed conductivity that would be best to induce 

this effect, while keeping morphology fixed. For this aim, ceria based buffer layers have 

been assessed, which are predominantly ionic conductors, but where the level of electronic 

conductivity is increased by doping with the multivalent cation praseodymium. The ability 

of these layers to offer the desired two-fold function, to resist chemical interaction while 

impacting electrode kinetics, is also analysed. 

5.2. Experimental 

 Doped-cerium oxide compositions of 20 mol% gadolinium (CGO), or 

Praseodymium (CPO) were prepared by hydrothermal method and Nd2NiO4+δ powder was 

prepared by the citrate route (see procedure in chapter 2.1). Electrochemical cells with and 

without buffer layers were prepared by spin coating technique (chapter 2.2). 
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 Powder XRD patterns were recorded to identify the phases present and assess their 

respective purity. The chemical stability of buffer layers with electrode and electrolyte 

materials was investigated independently by X-ray diffraction by mixing the powders in a 

50:50 wt% ratio and sintering at conditions equal to that used in cell preparation (900°C 

for 10 h).  The cross sectional microstructure and morphology of the cells were analysed 

by scanning electron microscopy and elemental analysis was performed by Energy 

Dispersive X-ray spectroscopy (EDS). 

 Electrochemical characterization was performed using electrochemical cells with 

and without buffer layers (see procedure in chapter 2.7). 

5.3. Results and Discussion 

5.3.1 Phase formation and analysis of potential chemical interactions 

 Figure 5.1a shows the XRD patterns of cobalt doped CGO, and CPO powders 

prepared by the hydrothermal method. It can be observed that this low temperature 

preparation method forms single phase crystalline powders with the expected cubic defect 

fluorite structure, with no observable impurity peaks. Figure 5.1a also presents the XRD 

pattern of Nd2NiO4+δ powder prepared by the citrate method after calcination. No impurity 

peaks can be observed, indicating the successful preparation of the Nd2NiO4+δ electrode 

materials by this route.  

 Buffer layers need to offer chemical stability both with the electrode and the 

electrolyte materials during cell fabrication and operation. Thus, to assess for chemical 

interaction of the chosen materials, intimate mixtures of the buffer layers with the 

Nd2NiO4+δ electrode and with the YSZ electrolyte were prepared and sintered at 900°C for 

10 h.  
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Figure 5.1. XRD patterns of a) prepared phases of CGO+Co, CPO+Co and Nd2NiO4+δ b) 

intimate mixtures of CGO+Co or CPO+Co with Nd2NiO4+δ after firing for 10h at 900°C 

and c) intimate mixtures of CGO+Co or CPO+Co with YSZ after firing for 10h at 900°C. 

 These conditions emulate the preparation conditions of the electrolyte/buffer 

layer/electrode assemblies and represent more severe temperatures than that used in 

subsequent electrochemical operation. The functionality of these materials as potential 

buffer layers was assessed by XRD and the corresponding patterns are shown in Figure 

5.1b and c. Only the desired phase compositions can be noted, with no extra impurity 

phases observable between buffer layer/electrode and buffer layer/electrolyte mixtures, 

respectively. For CGO this result corresponds well with that previously documented for 

this buffer layer material [13]. The current study now extends this knowledge to confirm 

that all of the proposed doped ceria materials will offer sufficient stability to the 

surrounding cell components to function as buffer layers under these conditions.  

5.3.2. Microstructures of electrolyte/buffer layer/electrode assemblies 

 Figure 5.2 presents cross sectional micrographs of Nd2NiO4+δ electrode and YSZ 

electrolyte assemblies formed with and without buffer layers. In all cases, the buffer layers 

are shown to be dense, thin, uniform layers of thickness around 0.5 µm that are well 

adhered to the YSZ substrate.  The thicknesses of the Nd2NiO4+δ electrodes are 

approximately 2 µm in each case and are once more are shown to be well adhered to the 
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supporting layers. The morphologies of the Nd2NiO4+δ electrodes are observed to be 

comparable in each instance. 

 

Figure 5.2. Cross-sectional microstructures of electrolyte/electrode assemblies with buffer 

layers a) CGO+Co, b) CPO+Co and c) without buffer layer. 

 Figure 5.3 presents compositional analysis of the YSZ/CPO+Co/Nd2NiO4+δ 

assembly by EDS mapping, confirming the clear separation of the Nd2NiO4+δ electrode, the 

buffer layer and the YSZ electrolyte in the architecture, with no notable cation 

interdiffusion. This result suggests successful fabrication of these electrolyte/buffer 

layer/electrode assemblies and the absence of chemical interactions between layers, in 

agreement with the XRD results of section 5.3.1.  Assemblies formed using the other 

buffer layers showed similar results. 
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Figure 5.3. SEM-EDS analysis performed across the electrode/electrolyte interface of an 

YSZ/CPO+Co/Nd2NiO4+δ assembly. Assembles formed for the other buffer layers showed 

similar results. 

5.3.3. Ambipolar conductivity of the individual buffer lay ers 

 Previous chapters (3 & 4) noted that the presence of Co can lead to important gains 

in electronic conductivity of approximately 8-30 times in the case of CGO and 2-3 times in 

the case of CPO in the temperature range 600-900°C, due to the presence of cobalt located 

at the grain boundaries [17–20]. In contrast, the total conductivities of Co-containing CGO 

and CPO materials were only slightly raised over that of their Co-free counterparts, due to 

predominant levels of ionic conductivity that remain virtually unchanged upon Co-addition 

[17–20]. It has been further noted that the sintering temperature of the Co-containing 

materials can cause large variations of the relative magnitude of these properties [18,21]. 

Thus, to ensure relevance between the discussion of transport properties, the proposed 

buffer layers and the fabrication temperatures of the electrolyte/buffer layer/electrode 

assemblies, the present study limits itself to compare only transport properties of bulk 

buffer layer samples that contain 2 mol% Co-additions that have been sintered in 

temperature ranges relevant to the current study (900-1000oC) [17–20]. 
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Figure 5.4. Ambipolar conductivities of CGO+Co and CPO+Co.  

 The ambipolar conductivities of bulk samples of the CPO+Co and CGO+Co 

samples are compared in Figure 5.4 from figure 4.2 and 4.3 data of these materials [17–

20], calculated by the equation 5.1.  Respective activation energies are documented in 

Table 5.1. Ambipolar conductivity values increase in the order CPO+Co > CGO+Co and 

the activation energy of the ambipolar conductivity of the CGO+Co material is noted to be 

significantly higher than that of CPO+Co, Table 5.1. 

���� = �� (1 ─ ��) ��              (5.1) 

Table 5.1. Activation energy of ambipolar conductivities with temperature. 

Sample 

Activation energy Ea (eV) 

Ambipolar 

CGO +Co 1.47 ± 0.11 

CPO  +Co 0.48 ± 0.06 

 

The global tendencies of the total, the ionic and the electronic conductivities of 

these materials correspond well with those described in the literature for the respective 
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base materials formed without cobalt [22–24]. The addition of cobalt serves mainly to 

enhance the respective levels of the electronic component, while the global tendencies 

between the transport properties of the materials remain intact.  To summarize, figures 

(4.4, 4.5 and 5.4) highlights that the buffer layer materials all possess levels of ionic 

conductivity that are competitive with the well-known electrolyte material CGO and of 

similar activation energies. The total conductivities of these materials are also within half 

an order of magnitude of each other, also with similar activation energies. In contrast, the 

electronic component is shown to significantly increase in the order CPO+Co > CGO+Co, 

with a higher activation energy shown in the gadolinium case.  The current section, 

thereby, demonstrates that the chosen buffer layer materials will facilitate the desired 

experimental plan, by permitting the electrochemical performance of buffer layers with 

tailorable levels of electronic conductivity and or ambipolar conductivity to be compared 

and contrasted, whilst maintaining similar, high levels, of ionic conductivity. 

5.3.4. Electrochemical behavior of electrolyte/buffer layer/electrode assemblies at 

OCV 

 Example impedance spectra measured at open circuit potential (OCV) are shown in 

Figure 5.5 for all assemblies, prepared and tested with the geometry of Figure 2.1, either 

with no buffer layer (BL) or containing the buffer layers CGO+Co or CPO+Co. All 

impedance spectra show an offset along the real Z´ axis at the highest frequencies, 

followed by the appearance of one or more semicircles at lower frequency. Note the offset 

resistances (R1) have been subtracted in Figure 5.5 to aid clarity. The impedance spectrum 

for the Nd2NiO4+δ electrode deposited directly on the YSZ electrolyte, without a buffer 

layer, shows the highest resistance semicircle of the samples analysed and this semicircle 

exhibits a deformed shape, suggesting that it consists of more than one response. 
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Figure 5.5. Typical impedance spectra measured at OCV, of cells with no buffer layer (BL) 

or containing the buffer layers CGO+Co or CPO+Co. Ohmic offset, R1, has been 

subtracted. 

 In contrast, the CGO+Co buffer layer sample shows the presence of well-defined 

responses with a significantly lower overall resistance. The samples with CPO+Co buffer 

layers show further decreases in the overall resistance, while the shape of the impedance 

spectra for the CPO+Co buffer layer consists of a small semicircle notable at intermediate 

frequencies followed by a larger semicircle at lower frequency. To show this more clearly 

the CPO+Co spectra is magnified in the inset of this figure. The capacitance values of 

these responses will be discussed in detail in the later text. Nonetheless, all responses show 

capacitance values considerably greater or equal to that of 10-5 Fcm-2, and, as such, can be 

attributed to electrode phenomenon [25].  

 The study of the electrokinetics of SOFC cathodes has attracted considerable 

attention in the last 20-30 years, with several reviews available to provide useful collations 

of this work [26–29].  The main processes suggested to dominate the kinetics of mixed 

conducting SOFC cathodes are that of diffusion of ionic species through the bulk of the 

electrode and surface exchange reactions, such as charge transfer and dissociative 

adsorption of oxygen on the electrode surface, Figure 1.11b [26,29]. These principal 
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limiting phenomena can also be accompanied by additional resistive terms that have been 

related to electrochemical kinetic limitations at the electrode/electrolyte interface and/or 

gas phase limitations [26,29]. To simulate these phenomena, a range of potential equivalent 

circuits have been proposed, such as the  series combination of multiple (RQ) elements that 

involve a resistor (R) and constant phase element (Q) in parallel, to describe each of these 

phenomenon individually, or the introduction of more specific elements that describe the 

underlying physics, such as a finite length Warburg element to express bulk ionic diffusion 

though the electrode, or that of a Gerisher element to describe the co-limitation of the 

electrode process by bulk diffusion and surface exchange [26,29]. Observation of the 

impedance spectra of Figure 5.5 shows that the shapes and magnitudes of the impedance 

response alter dramatically with both the introduction of buffer layers and by varying the 

electronic conductivity of the buffer layer. For this reason, the simplest equivalent circuit 

has been chosen with which to preliminarily discuss these results, consisting of a resistor in 

series with two RQ elements, inset Figure 5.5. At high temperatures the additional series 

combination of an inductor was also occasionally necessary.   This basic equivalent circuit 

permits a phenomenological discussion of the impact of the buffer layers on the main 

features of impedance spectra for each of the samples to be presented, without the 

necessity to make any pre-assumptions of the underlying physical meaning of each 

response. The fitting parameters extracted for each distributed semicircle are the resistance, 

R, the pseudo-capacitance, Q, and an additional parameter n which can be related to the 

true capacitance by the equation 

� = 
(��)/���/�                                   (5.2) 

 The higher frequency semicircle (R2) and the lower frequency semicircle (R3) can 

be attributed to the polarization resistance of the electrodes, where the total polarization 

resistance is given by Rp = R2 +R3.  

 Figure 5.6 shows the Arrhenius behavior of the extracted resistances R1, R2, R3, 

and Rp. The high frequency intercept (R1) exhibits activation energies of approximately 

0.8 eV for each sample, Table 5.2, a value that corresponds closely with the expected 

activation energy of the YSZ electrolyte material [30],  thus, reinforcing the association of 

the R1 term to the ohmic cell resistance.  



93 

 

 

Figure 5.6. The Arrhenius behavior of the polarization resistances a) R1, b) R2, c) R3 and 

d) Rp, for cells with no buffer layer (BL) or containing the buffer layers CGO+Co or 

CPO+Co. Figure 5.6d additionally compares results to that of literature data for a 

Nd2NiO4+δ electrode formed without a buffer layer [31]. 

Table 5.2. Activation energy of OCP with temperature. 

Sample 

Activation energy Ea (eV) 

R1 R2 R3 Rp 

CGO+Co 

0.81 

± 0.03 

1.76 

± 0.15 

1.93 

± 0.06 

1.90 

± 0.02 

CPO+Co 

0.85 

± 0.02 

1.37 

± 0.08 

1.95 

± 0.04 

1.90 

± 0.03 
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Empty 

0.86 

± 0.03 

1.68 

± 0.07 

1.68 

± 0.03 

1.68 

± 0.03 

 

 The values of R1 for samples that contain a buffer layer are shown to be effectively 

equal, whereas a slightly lower ohmic resistance is recorded for the sample without a 

buffer layer, Figure 5.6a. The total polarization resistance, Rp, measured for the 

Nid2NiO4+δ electrode without a buffer layer is shown to agree very well with that presented 

in the literature for an identical electrode composition, Figure 5.6d [31]. It has been noted 

by Mauvi et al. [8] that these values can be further improved by modification of the 

electrode microstructure by attrition milling. However, as the aim of the current article was 

to compare the impact of buffer layers on the performance of a typical electrode material, 

the performance of the Nd2NiO4+δ electrode was deemed to be sufficient in its as-prepared 

form, to conform to a representative study case. The values of the polarization resistance 

R2, R3 and the total polarization resistance, Rp, are shown to increase in the order 

CPO+Co << CGO+Co < no buffer layer, with the largest gains in performance being 

notable on moving to the buffer layer CPO+Co, Figures 5.6b, c & d. For example, 

improvements in performance of around an order of magnitude, for all polarization 

resistances, R2, R3 and Rp, are noted in samples containing CPO+Co buffer layers, 

beyond that of a sample without a buffer layer. On comparison to the performance of the 

sample containing a typical CGO+Co buffer layer, improvements of about 6-times in Rp 

can be obtained in samples with CPO+Co buffer layers, Figure 5.6b.  

 When discussing the origin of these improvements, note that i) the electrode 

material was identical in all cases, ii) that all buffer layers were shown to have comparable 

levels of ionic conductivity and iii) that samples were free of surface interractions. Thus, 

this remarkable improvement in electrode kinetics for the cases of buffer layers CPO+Co 

and CGO+Co can only relate to the manipulation of their transport properties by the 

predominant increase in their respective electronic conductivities (and, hence, ambipolar 

conductivities). 

 



 

5.3.5. Electrochemical behavior of electrolyte/buffer layer/electrod

polarization 

 The magnitudes of the impedance arcs, for each sample, were observed to be 

influenced by anodic and cathodic

as polarization increased. On the other hand, the principal responses of the impedance 

spectra were observed to be maintained and, thus, were fitted by the same sequence of RQ 

elements as the equivalent circuit described in Figure 

methodology was for the sample CGO+Co where the appearance of an additional 

semicircle at the lowest frequencies could also be noted under the highest cathodic 

polarization. Here an additional RQ element was introduced in the equivalent circuit to 

accommodate this response. Example impedance spectra are shown in Figure 

highlight these features, obtained under both anodic and cathodic polarization for the 

samples containing CGO+Co and CPO+Co buffer layers at 800°C under different 

polarization potentials in air. 
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Figure 5.7. Impeadance spectra of cells containing a) CGO+Co and b) CPO+Co

layers measured under anodic and cathodic bias in air.

 The total polarization resistance, Rp, obtained by the sum of all polarization 

resistances in the respective equivalent circuits, is plotted in Figure 

applied potential and temperature for all samples.  The global trends in Rp, are shown to 

mirror those measured at OCV, Figure 

CPO+Co << CGO+Co < no buffer layer, throughout the polarization range. As previously 

described, this trend can be principally attributed to the decreasing electronic contribution 

(and, hence, ambipolar conductivity) of the buffer layer in this sequence, Figure 

lowest temperatures, the largest gains in performance are obtained by use of buffer l

CPO+Co. 

96 

Impeadance spectra of cells containing a) CGO+Co and b) CPO+Co

layers measured under anodic and cathodic bias in air.

The total polarization resistance, Rp, obtained by the sum of all polarization 

resistances in the respective equivalent circuits, is plotted in Figure 5.8

d temperature for all samples.  The global trends in Rp, are shown to 

mirror those measured at OCV, Figure 5.5, with an increase in Rp shown in the order 

CPO+Co << CGO+Co < no buffer layer, throughout the polarization range. As previously 

rend can be principally attributed to the decreasing electronic contribution 

(and, hence, ambipolar conductivity) of the buffer layer in this sequence, Figure 

lowest temperatures, the largest gains in performance are obtained by use of buffer l

 

Impeadance spectra of cells containing a) CGO+Co and b) CPO+Co buffer 

layers measured under anodic and cathodic bias in air. 

The total polarization resistance, Rp, obtained by the sum of all polarization 

5.8 as a function of 

d temperature for all samples.  The global trends in Rp, are shown to 

, with an increase in Rp shown in the order 

CPO+Co << CGO+Co < no buffer layer, throughout the polarization range. As previously 

rend can be principally attributed to the decreasing electronic contribution 

(and, hence, ambipolar conductivity) of the buffer layer in this sequence, Figure 5.4. At the 

lowest temperatures, the largest gains in performance are obtained by use of buffer layer 
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Figure 5.8. Total polarization resistance as a function of applied bias measured in air at 

different temperatures, for cells with no buffer layer (BL) or containing the buffer layers 

CGO+Co or CPO+Co. 
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5.3.6. Discussion of the origin of the improved electrode kinetics 

 Figure 5.9a plots the capacitance values, C2 and C3, for the higher frequency (R2) 

and lower frequency (R3) terms, respectively, corresponding to the impedance spectra 

measured for all samples at OCV calculated from equation 5.2. The capacitance values for 

CPO+Co buffer layer sample can be observed to be at least two orders of magnitude higher 

than that obtained for the remaining samples.  An increase in capacitance would be in 

agreement with an increased area for electrochemical reaction provided by an additional 

surface path, Figure 1.11d. However, if this were a purely geometrical effect, as suggested 

in the traditional literature [32–37] an equivalent but inverse effect would also be induced 

on the polarisation resistance, due to the inverse dependencies of capacitance and 

resistance on area. In order to discuss this point, figure 5.9b plots the respective relaxation 

frequencies Rf of the R2 and R3 responses, given by the equation, 


� =
�

���
	            (5.3) 

where, τ is the respective time constant given by the product of the resistance and 

capacitance of each response, τ = RC. 
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Figure 5.9.  Temperature dependence of a) the Capacitance and b) Relaxation frequency. 

for cells with no buffer layer (BL) or containing the buffer layers CGO+Co or CPO+Co. 

Filled symbols relate to the higher frequency polarization response (R2), open symbols to 

the lower frequency response (R3). 

 If the improvement of electrode kinetic were solely geometric in nature [32–36,38] 

the time constant of each impedance response, and, thus, the characteristic relaxation 

frequencies, should remain constant due to the aforementioned, equal, but inverse 

dependences of the resistive and capacitive terms on area. Figure 5.9b clearly demonstrates 

that this is not the case, as the relaxation frequencies for the R2 or the R3 responses are 

significantly higher (by approximately 1.5 orders of magnitude) in samples with no buffer 

layer or with a CGO+Co buffer layer over that obtained for the CPO+Co buffer layer.   

 This result can either advocate that the R2 and R3 responses do not correspond to 

the same phenomenon in every sample, or that a purely geometric improvement by an 

additional surface path, as suggested in traditional literature, Figure 1.11d, is an over 

simplification of the current phenomenon.  

 To test the first hypothesis, figure 5.10, compares the polarization dependences of 

the R2 and R3 terms for representative samples from each of the two relaxation frequency 

groups; that of CGO+Co with high relaxation frequencies and CPO+Co buffer layers with 

low relaxation frequencies. For both buffer layers, the R2 term shows low dependence on 
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polarization for both samples and is notably polarization independent at the highest 

temperatures, Figure 5.10a. Polarization independence of R2 is  feature that is typical of 

previous results of mixed conducting electrodes and normally associated with solid state 

mass transfer [8,37].  

 

 

Figure 5.10. Dependence of the polarization resistances a) R2 and b) R3 on applied bias, 

measured in air at different temperatures for cells containing CGO+Co and CPO+Co 

buffer layers. 
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 On the contrary, R3 term, Figure 5.10b, demonstrates strong dependences on 

polarization that appear to be similar in nature for both buffer layers. Note such strong 

dependences of the lower frequency impedance response on polarization is again 

characteristic behavior, previously observed for many mixed conducting electrodes [8,37], 

and normally related to surface exchange reactions, such as charge transfer and 

dissociative adsorption of oxygen on the electrode surface [26,29,37]. Thus, the 

polarisation dependences of R2 and R3 for the CGO+Co and CPO+Co buffer layer 

samples, appear to be both characteristic of those noted in other mixed conducting 

electrodes in the literature and are also comparable in the two samples, despite their 

extremely large differences in relative relaxation frequencies, Figure 5.9b.  So the question 

is; if the impedance responses correspond to the same phenomena in both the CPO+Co and 

CGO+Co cases, how can their relaxation frequencies be so dissimilar?   

5.3.7. Extension of the equivalent circuit of Lui [29]. 

 To attempt to answer this question, Figure 5.11a shows the equivalent circuit 

proposed by Lui, to simulate a typical mixed conducting electrode of high electronic 

conductivity [29]. Two principal paths are shown in this equivalent circuit that of charge 

transfer at the TPB, as described by Figure 1.11a, and also that of the bulk path, as 

described by Figure 1.11b. Lui represents the TPB path with a capacitive term CTPB, a 

resistive term, Rct and a Warburg impedance that reflects mass transfer both in the solid 

and gas phases adjacent to the TPB. The bulk path is reflected by a similar combination of 

elements that in this case reflects both mass transfer and surface exchange for the bulk 

route through the mixed conductor, given the subscripts MIEC1. Upon provision of an 

additional surface path by the introduction of a mixed conducting buffer layer, MIEC2, 

Figure 1.11d, Lui’s equivalent circuit would be modified by the addition of another parallel 

path, involving similar terms of mass transfer and surface exchange, but located at the 

buffer layer surface, Figure 5.11b.  
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Figure 5.11. a) Equivalent circuit to describe a mixed conducting electrode of high 

electrical conductivity, as suggested by Lui [29], b) extension of Lui’s equivalent circuit 

with another parallel path to represent the additional existence of a mixed conducting 

buffer layer. 

 To fit such an equivalent circuit to the current results would involve prior 

knowledge of the relative importance of each path and, thus, cannot easily be applied. 

However, one can estimate the potential effects that an active additional path would have 

on the overall capacitance and resistance measured for consequent responses. The presence 

of further capacitive responses in a parallel path would be additive in nature, leading to a 

higher overall capacitance. Moreover, as noted by Lui, the capacitances values of a MIEC 

path would be dependent on their surface area [29]. The existence of an additional parallel 

surface path related to an active buffer layer, Figure 1.11d, therefore, would result in an 

increase in capacitance for both these reasons and, thus, would correlate with the increase 

in capacitance noted for the buffer layer CPO+Co in Figure 5.11a. With respect to the 

resistive terms, the presence of an additional, active parallel path would serve to decrease 

the total polarization resistance due to the reciprocal additive nature of resistors when in 

parallel, again in agreement with experimental observations, Figure 5.6d.  
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 At this juncture it should be noted that the resistance to solid state mass transport 

though a MIEC path was suggested by Liu to be related to the sum of the ionic and 

electronic resistivities (a factor equivalent to the inverse of the ambipolar conductivity) and 

also by surface exchange, a factor that has regularly been reported to be improved by 

increasing ambipolar conductivity [20,26,39]. Moreover, it should be highlighted that the 

ambipolar conductivity of Nd2NiO4+δ is likely to be greatly limited by a low ionic 

transference number; note in this respect, although the transport properties of Nd2NiO4+δ 

have not been measured to date, they are likely to reflect those of other isostructural 

compounds, Ln2NiO4, in which ionic transference numbers as low as 10-2 to 10-4 have been 

estimated [40,41]. Thus, from the total conductivity values of Nd2NiO4+δ given by 

Nakamura et al. [41], ~100Scm-1 at ~700°C, one can predict probable ambipolar 

conductivities for Nd2NiO4+δ in the order of 1 to 10-2 Scm-1. At the lower end, these are 

equal to or are exceeded by the level of the ambipolar conductivity measured for the 

CPO+Co sample in Figure 5.4.  Thus, the bulk electrode path, MIEC1, is unlikely to 

completely short circuit the presence of the additional buffer layer path, MIEC2, Figure 

5.11b, and, instead, both paths are likely to be active for the oxygen reduction/oxidation 

reaction for the current materials, leading to a lower overall polarization resistance, in 

agreement with the observed results.  

 Thus, the respective values of capacitance, polarisation resistances and subsequent 

relaxation frequencies, are shown to not correspond to simple considerations of geometry 

and an increase in surface area, but are likely to involve a more complex association of 

potential parallel paths that depend, not only on the relative ambipolar conductivities of the 

two mixed conducting pathways, but also to their respective levels of surface exchange. 

What can be learned from the available literature is that these properties are likely to be 

intricately linked to the level of ambipolar conductivity of the selected buffer layers 

[26,29,42].   

 Note, the literature shows CPO+Co materials to offer high levels of oxygen surface 

exchange and with ambipolar conductivities that can compete with many common mixed 

conducting perovskites [19–21]. Following the theory of Lui [29] and the equivalent circuit 

described in Figure 5.11b, the effectiveness of the buffer layer to improve the electrode 

kinetics would, thus, depend on the balance between the ambipolar conductivities and 
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surface exchange offered by the buffer layer and that of the bulk electrode, and also their 

relative surface areas. The impact of these features on the effectiveness of buffer layers to 

improve electrode kinetics must, therefore, be carefully examined in future work.  

 Nevertheless, as a preliminary demonstration, Figure 5.12 shows some examples of 

some experimental spectra and the corresponding fittings according to the equivalent 

circuits presented in Figure 5.11. Although these results should be analyzed with care and 

are only presented as illustrative, they confirm that the additional path corresponding to the 

buffer layer can account for the great decrease in total resistance and for the displacement 

of the apparent processes to a lower range of frequencies. 

 The tentative fitting was performed as follows. Firstly we have fitted the sample 

without buffer layer according to the circuit shown in Figure 5.11(a), in which two 

different paths are considered for the whole electrochemical process, that of the charge 

transference at the TPB and that corresponding to the bulk path through the mixed 

conducting electrode (Figure 5.12a). Our starting condition was focused on fixing an 

estimative value of capacitance ∼10-6 F/cm2 for the TPB process according to reported 

values of true interfacial polarization capacitance in the order of 10-5-10-6 F/cm2 for Pt/YSZ 

interface [26]. On the other hand, given that the active area of reaction corresponding to 

triple phase contacts is approximately similar, we have introduced a second approximation 

in which it was assumed that the TPB process is not considerably affected by the presence 

of the buffer layer. This assumption may fail, mainly due to some differences in the 

oxygen exchange and ionic properties of the electrode/electrolyte interface or the 

electrode/buffer layer interface. However one expects minor differences compared to that 

exerted by the other path contributions, because the availability of free electrons, coming 

from the electrode, required for charge transfer at TPB is considered the rate limiting step 

for the oxygen surface exchange (Figure 1.12a) in YSZ and CGO based electrolytes [43]. 

In this respect, Horita et al. [44] reported no increase in the surface reaction rate by the use 

of Y-doped ceria in comparison to YSZ. As a consequence, the fitting of the spectra 

corresponding to CGO+Co and CPO+Co as buffer layers to the equivalent circuit 

presented in Figure 5.11b, was performed after fixing the parameters corresponding to the 

bulk electrode path and the charge transfer at TPB, previously obtained in the fitting of the 

sample without buffer layer.  



 

 The results presented in Figure 

parallel path corresponding to the buffer layer in the equivalent circuit of Figure 

account for the great increase of the overall electrochemical performance.

 

Figure 5.12. Experimental spectra obtained at 750°C at OCP (points) for the studied 

samples and corresponding fittings (lines) obtained using the equivalent circuits presented 
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The results presented in Figure 5.12b confirm that the presence of the additional 

parallel path corresponding to the buffer layer in the equivalent circuit of Figure 

account for the great increase of the overall electrochemical performance.

Experimental spectra obtained at 750°C at OCP (points) for the studied 

samples and corresponding fittings (lines) obtained using the equivalent circuits presented 

in Figure 5.11. 

b confirm that the presence of the additional 

parallel path corresponding to the buffer layer in the equivalent circuit of Figure 5.11b can 

account for the great increase of the overall electrochemical performance. 

 

 

Experimental spectra obtained at 750°C at OCP (points) for the studied 

samples and corresponding fittings (lines) obtained using the equivalent circuits presented 



 

 Moreover, the frequency dependence of the impedance results is also well 

explained by the parallel electroactive path through the buffer layer as it is inferred from 

Figure 5.13, which shows continued acceptable agreement between the experimental 

results and the fitting curve obtained by means of the circuit presented in Figure 

Note the lower peak frequencies in the CPO+Co case in agreement with Figure 

results additionally highlight that the vastly superior electrochemical performance of 

CPO+Co in comparison to CGO+Co (Figure 

in both resistive terms affecting the buffer

exchange and that related to the mass transfer, in agreement with the expected depe

of both contributions on the level of ambipolar transport of ionic and electronic species. 
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Moreover, the frequency dependence of the impedance results is also well 

explained by the parallel electroactive path through the buffer layer as it is inferred from 

, which shows continued acceptable agreement between the experimental 

nd the fitting curve obtained by means of the circuit presented in Figure 

Note the lower peak frequencies in the CPO+Co case in agreement with Figure 

results additionally highlight that the vastly superior electrochemical performance of 

CPO+Co in comparison to CGO+Co (Figure 5.12b) can be accounted for by improvement 

in both resistive terms affecting the buffer-path performance, that related to the surface 

exchange and that related to the mass transfer, in agreement with the expected depe

of both contributions on the level of ambipolar transport of ionic and electronic species. 

Moreover, the frequency dependence of the impedance results is also well 

explained by the parallel electroactive path through the buffer layer as it is inferred from 

, which shows continued acceptable agreement between the experimental 

nd the fitting curve obtained by means of the circuit presented in Figure 5.11b. 

Note the lower peak frequencies in the CPO+Co case in agreement with Figure 5.9b. These 

results additionally highlight that the vastly superior electrochemical performance of 

b) can be accounted for by improvement 

path performance, that related to the surface 

exchange and that related to the mass transfer, in agreement with the expected dependence 

of both contributions on the level of ambipolar transport of ionic and electronic species.  

 



 

Figure 5.13. Frequency dependence of the impedance data for CPO+Co sample at 750°C 

(Filled symbols

 A potential advantage of the current buffer layers is that they are of the same 

crystallographic structure as the YSZ electrolyte, cubic defect fluorite, a factor that may 

facilitate ionic motion across the buffer layer/electrolyte boundary due to a continuo

oxygen sublattice. It is possible that dense buffer layers from other structural families, such 

as perovskite, may present additional interfacial resistances due to oxygen sublattice 

mismatch, a factor again requiring future study. Nevertheless, the cur

demonstrate the enormous potential of fluorite buffer layers to improve polarization 

behavior in SOFC and SOEC devices and the vital role of the ambipolar conductivity in 

obtaining this effect. The highest performance of the current wo

CPO+Co buffer layer, which offers the highest ambipolar conductivity of the materials 

studied, and yields values of polarization resistance that are of an order of magnitude 

smaller than that of an identical Nd

5.4. Conclusions 

 The current work has investigated if ceria based buffer layers can offer a twofold 

role in SOFCs and SOECs to prevent interaction of Nd

electrolyte and to simultaneously offer improvements in electrode kinetics. Half cells of 

Nd2NiO4+δ electrodes with or without Ce
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Frequency dependence of the impedance data for CPO+Co sample at 750°C 

(Filled symbols-fitting data and Open symbols-experimental data).

potential advantage of the current buffer layers is that they are of the same 

crystallographic structure as the YSZ electrolyte, cubic defect fluorite, a factor that may 

facilitate ionic motion across the buffer layer/electrolyte boundary due to a continuo

oxygen sublattice. It is possible that dense buffer layers from other structural families, such 

as perovskite, may present additional interfacial resistances due to oxygen sublattice 

mismatch, a factor again requiring future study. Nevertheless, the cur

demonstrate the enormous potential of fluorite buffer layers to improve polarization 

behavior in SOFC and SOEC devices and the vital role of the ambipolar conductivity in 

obtaining this effect. The highest performance of the current work is obtained for the 

CPO+Co buffer layer, which offers the highest ambipolar conductivity of the materials 

studied, and yields values of polarization resistance that are of an order of magnitude 

smaller than that of an identical Nd2NiO4+δ electrode without a buffer layer. 

The current work has investigated if ceria based buffer layers can offer a twofold 

role in SOFCs and SOECs to prevent interaction of Nd2NiO4+δ electrodes with the YSZ 

electrolyte and to simultaneously offer improvements in electrode kinetics. Half cells of 

with or without Ce0.8R0.2O2-δ + 2 mol% Co buffer layers (where R = 

 

Frequency dependence of the impedance data for CPO+Co sample at 750°C 

experimental data). 

potential advantage of the current buffer layers is that they are of the same 

crystallographic structure as the YSZ electrolyte, cubic defect fluorite, a factor that may 

facilitate ionic motion across the buffer layer/electrolyte boundary due to a continuous 

oxygen sublattice. It is possible that dense buffer layers from other structural families, such 

as perovskite, may present additional interfacial resistances due to oxygen sublattice 

mismatch, a factor again requiring future study. Nevertheless, the current results clearly 

demonstrate the enormous potential of fluorite buffer layers to improve polarization 

behavior in SOFC and SOEC devices and the vital role of the ambipolar conductivity in 

rk is obtained for the 

CPO+Co buffer layer, which offers the highest ambipolar conductivity of the materials 

studied, and yields values of polarization resistance that are of an order of magnitude 

electrode without a buffer layer.  

The current work has investigated if ceria based buffer layers can offer a twofold 

electrodes with the YSZ 

electrolyte and to simultaneously offer improvements in electrode kinetics. Half cells of 

+ 2 mol% Co buffer layers (where R = 
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Gd, Pr) have been fabricated by spin coating on dense YSZ electrolyte supports and co-

sintered at 900°C. Results show the formation of well separated and adhered layers that are 

absent of observable cation interdiffusion. XRD results of calcined intimate mixtures of the 

Nd2NiO4+δ electrodes and ceria based buffer layers further reinforce the absence of 

chemical interactions, demonstrating the functionality of all studied buffer layers.  

Substantial decreases in polarization resistance, Rp, of up to an order of magnitude, can be 

achieved in the order, no buffer layer > Gd >> Pr.  However, the respective values of 

capacitance, polarisation resistances and subsequent relaxation frequencies, are shown to 

not correspond to simple considerations of geometry and an increase in surface area. The 

article outlines how these features may, instead, be explained by a more complex 

association of potential parallel paths that depend, not only on the resistance to solid state 

mass transport though the two mixed conducting pathways, but also to their respective 

levels of surface exchange; factors that can be both related to increased levels of ambipolar 

conductivity in the mixed conducting buffer layers. This result is important as it shows that 

the electrochemical performance of the oxygen electrode in SOFC and SOEC devices can 

be radically improved by tailoring of the transport properties of a thin buffer layer. 
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6. A new terbium-doped cerium (Ce0.8Tb0.2O2-δδδδ) buffer layer for SOFCs and SOECs 

6.1. Introduction  

 Chapter 5 demonstrated how tailoring the transport properties of ceria based buffer 

layers can provide necessary phase stability against chemical interaction at the 

electrode/electrolyte interface, while also providing radical improvements to 

electrochemical performance. Half cells of CGO and CPO with Co buffer layers with 

Nd2NiO4+δ electrodes were fabricated by spin coating on dense YSZ electrolyte supports 

and co-sintered at 900°C. Electrochemical measurements showed that valuable decreases 

in polarization resistancecould be achieved in the order, Rp no buffer layer > Gd >> Pr. 

The results suggested that one can tune the extension of electrochemically active sites in 

oxygen electrodes by increasing the ambipolar conductivity of the buffer layer, while 

continuing to prevent degradation by the physical presence of the buffer layer material 

between electrode and electrolyte. 

 Moreover, Chapter 3 assessed the mixed ionic and electronic transport 

characteristics of the material Ce0.8Tb0.2O2-δ (CTO) with small additions (2 mol%) of Co 

sintering additives. It was shown that peak ambipolar conductivity was offered by samples 

sintered at the lower temperature of 900oC. Building on this information, Chapter 4 

compared the mixed conducting properties of a range of ceria-based materials containing 

Co-additives, CGO+Co CTO+CO and CPO+Co, sintered at similar low temperatures, 

where peak ambipolar conductivities are documented [1][2]. The comparison highlighted 

that the CPO+Co material offers the highest ambipolar conductivity of these materials, 

while the ambipolar conductivity of CTO+Co was slightly lower.  Based on this data, the 

current chapter aims to compare the performance of the new MIEC. Ce0.8Tb0.2O2-δ + Co 

(CTO+Co) material with the previously measured CPO+Co composition, as potential 

buffer layers for an otherwise identical electrochemical cell consisting of a Nd2NiO4+δ 

electrode and YSZ electrolyte. 

6.2. Experimental 

 The terbium-doped (20 mol%) cerium oxide composition was prepared by the 

hydrothermal method, while Nd2NiO4+δ powder was prepared by the citrate route (see 
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procedures in Chapter 2.1). The electrochemical cell with the CTO+Co buffer layer 

(Nd2NiO4+δ/CTO+Co/YSZ) was prepared by an identical spin coating technique to that 

performed for the CPO+Co buffer layer, as described in Chapter 2.2.  Both assemblies 

were fabricated with a maximum co-sintering temperature of 900ºC to retain peak 

ambipolar conductivities of the buffer layers. 

 Powder XRD patterns were recorded at room temperature to identify the phase 

purity of CTO powder prepared by hydrothermal synthesis. In addition, the chemical 

stability of buffer layer with the respective electrode and electrolyte materials was 

investigated independently by X-ray diffraction by intimately mixing the powders in 50:50 

wt% ratios and calcining at conditions equal to that used in cell preparation (900°C for 10 

h).  The cross sectional microstructure and morphology of the cell was analysed by 

scanning electron microscopy with complementary elemental analysis performed by 

Energy Dispersive X-ray spectroscopy (EDS). Electrochemical characterization was 

performed by a.c. impedance spectroscopy of the formed electrochemical cell in an 

identical way to that performed for the CPO+Co buffer layer as described in Chapter 2.7). 

To better understand the effect of the CTO buffer layer, the electrochemical results are 

compared to those of composition CPO+Co; the best performing MIEC buffer layer from 

Chapter 4. 

6.3. Results and Discussion 
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Figure 6.1. XRD phase analysis of Terbium-doped cerium (CTO+Co) buffer layer and with 

intimate mixtures of Nd2NiO4+δ electrode and YSZ electrolyte after firing for 10h at 900°C. 

 Figure 6.1 shows the XRD patterns of CTO powder with Co-additions prepared by 

the hydrothermal method. It is observed that the prepared powder is single phase with the 

expected cubic defect fluorite structure, with no observable impurity peaks. In order to 

check the chemical stability of the buffer layer, intimate mixtures of the CTO+Co buffer 

layer with the Nd2NiO4+δ electrode and with the YSZ electrolyte were prepared and 

sintered at 900°C for 10 h. The obtained results show the presence of only the desired 

phase compositions, with no extra impurity phases observable from potential reactions 

between buffer layer/electrode and buffer layer/electrolyte mixtures, respectively. This 

analysis indicates that, similar to the other ceria-based buffer layers assessed in Chapter 5, 

cobalt containing CTO can serve as a compatible buffer layer to prevent interaction 

between Nd2NiO4+δ electrodes and YSZ electrolytes under these conditions. 

 

Figure 6.2. Cross-sectional microstructure of CTO+Co buffer layer with 

electrolyte/electrode assemblies. 

 Figure 6.2 presents cross sectional micrographs of Nd2NiO4 electrode and YSZ 

electrolyte assemblies formed with the CTO+Co buffer layer. The SEM results show a 

dense, thin and uniform buffer layer, with thickness around 0.5µm, that is well adhered to 

the YSZ substrate. The thicknesses of the Nd2NiO4 electrodes are approximately 2 µm in 
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each case and are once more shown to be well adhered to the supporting layer. Comparison 

between the current SEM images and those obtained for the CPO+Co buffer layer in 

Chapter 5.3, Figures 5.2, suggest a similar morphology for both buffer layers, with 

analogous cell architectures that subsequently facilitate direct comparison of their 

electrochemical behaviors. 

 

Figure 6.3. SEM-EDS analysis performed across the electrode/electrolyte interface of an 

Nd2NiO4/CTO+Co/YSZ assembly. 

 Figure 6.3 presents compositional analysis of the Nd2NiO4/CTO+Co/YSZ assembly 

by EDS mapping, confirming a clear separation of the Nd2NiO4+δ electrode, the CTO+Co 

buffer layer and the YSZ electrolyte in the architecture, with no notable cation 

interdiffusion. This result suggests successful fabrication of the electrolyte/buffer 

layer/electrode assemblies and the absence of chemical interactions between layers, in 

agreement with that previously noted for the CPO+Co analogue in Chapter 5. 
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Figure 6.4. Conductivities of CTO+Co and CPO+Co a) total and electronic b) ionic and 

ambipolar. 

 For convenience, the transport properties of bulk samples of the CTO+Co (sintered 

at 900oC) buffer layer material are re-outlined in figure 6.4 and compared to equivalent 

literature data for CPO+Co cermets analysed by the same technique [3,4]. The respective 

activation energies for total, ionic, electronic and ambipolar conductivities are documented 

in Table 6.1. Figure 6.4 shows the total, ionic, electronic and ambipolar conductivities of 

CTO+Co to be slightly inferior to those measured for CPO+Co. A slightly higher 
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activation energy for ambipolar conductivity is also notable for the CPO+Co composition, 

Table 6.1.  

Table 6.1. Activation energy of CTO+Co and CPO+Co conductivities with temperature 

Sample 
Activation energy Ea (eV) 

Total Ionic Electronic Ambipolar 
CTO +Co 0.58 ± 0.01 0.68 ± 0.02 0.25 ± 0.07 0.36 ± 0.07 

CPO  +Co 0.49 ± 0.03 0.72 ± 0.04 0.23 ± 0.02 0.48 ± 0.06 

 

 The observed trends in the transport properties of these materials concur with 

available literature data on their Co-free analogues. The depletion in ionic conductivity in 

the terbium case can be related to the increasing reducibility of the rare earth dopant, Tb > 

Pr, with an associated decrease in ionic motion at higher oxygen vacancy concentrations 

due to vacancy ordering [5–8], while, the slightly inferior total and electronic 

conductivities of the terbium containing material, in comparison to that of the 

praseodymium analogue, can be related to a lower mobility of small polarons in the Tb 

case [6]. 

 

Figure 6.5. Typical impedance spectra of cell with CTO+Co buffer layer measured at 

OCV, compared to that of cells with no buffer layer (BL) or containing the buffer layer 

CPO+Co under the same conditions. Ohmic offset, R1, has been subtracted. 
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 Figure 6.5 shows an example impedance spectrum of the cell with the CTO+Co 

buffer layer measured at 850oC under OCP condition. The spectrum consists of a small 

semicircle notable at intermediate frequencies followed by a larger semicircle at lower 

frequency. To show this more clearly the CTO+Co spectra is magnified in the inset of this 

figure. For comparison, the impedance spectra of cells with no buffer layer or containing a 

CPO+Co buffer layer measured under the same conditions are also inserted. The samples 

with buffer layers show significant decreases in overall resistance in comparison to the 

sample with no buffer layer. Under these conditions, the overall performance of the 

CPO+Co buffer layer sample is shown to slightly exceed that of the CTO+Co analogue. 

All impedance spectra were fitted to the simple equivalent circuit shown in Figure 6.5.   

 

Figure 6.6. The Arrhenius behavior of the polarization resistances a) R1, b) R2, c) R3 and 

d) Rp, for cells with buffer layers CTO+Co or CPO+Co. 

Figure 6.6a and b show the Arrhenius behavior of the extracted resistances R1, and 

R2 for the buffer layer samples CTO+Co and CPO+Co, with respective active energies 

documented in Table 6.2. The high frequency intercept (R1) exhibits activation energies of 
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approximately 0.8 eV for CTO+Co and CPO+Co buffer layer samples, corresponding well 

to that expected for ionic conductivity of the YSZ electrolyte material [9]. For this reason, 

the R1 response is attributed to cell ohmic resistance and is noted to be comparable to that 

previously obtained for similar electrochemical cells, without a buffer layer or with 

CGO+Co buffer layer, in Chapter 5, Table 5.2.  

Table 6.2. Activation energies of 1/R1, 1/R2, 1/R3 and 1/R4 for cells containing CTO+Co 
and CPO+Co buffer layers measured at OCP. 

Sample 

Activation energy Ea (eV) 

R1 R2 R3 Rp 

CTO +Co 0.88 ± 0.03 1.33 ± 0.07 1.88 ± 0.03 1.85 ± 0.03 

CPO  +Co 0.85 ± 0.02 1.37 ± 0.08 1.95 ± 0.04 1.90 ± 0.03 

 

The values of the polarization resistance R2 for the CPO+Co and CTO+Co buffer 

layer cells are shown to be similar and to present comparable activation energies. In both 

cases, the R3 responses are observed to be approximately an order of magnitude more 

resistive than that of the R2 responses and, thus, dominate the values of total polarization 

resistance, Rp, Figure 6.6c and d. With increasing temperature, the values of R3 and total 

polarization resistance are shown to deviate between the CTO+Co and CPO+Co buffer 

layers, becoming increasingly more resistive in the CTO+Co case, Fig.6.6c and d.   Thus, 

as temperature increases, the performances of the CPO+Co and CTO+Co materials are 

noted to diverge, with an increasingly inferior performance provided by the CTO+Co 

buffer layer. This trend cannot be simply explained by levels of electronic conductivity, as 

both the CPO+Co and the CTO+Co materials are shown to have similar activation energies 

for the electronic component (Table 6.1). Nonetheless, it can be directly related to their 

ambipolar conductivities, which present lower activation energy in the CTO+Co case, 

Table 6.1.  This is an interesting feature that provides support to the discussion of Chapter 

5 that suggested, based on the work of Liu [7], that the kinetics of oxygen reduction 

through a parallel mixed ionic and electronic conducting buffer layer path can be in part 

related to solid state diffusion given by the sum of the ionic and electronic resistivities 

integrated throughout the thickness of the electrode, Figure 5.6 in Chapter 5 [10]. Note that 

a sum of the ionic and electronic resistivities is equivalent to the inverse of the ambipolar 
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conductivity.  Thus, in agreement with the suggestion of Liu, the lower activation energy 

for the ambipolar conductivity of CTO+Co than CPO+Co, Table 6.1, would result in 

divergence of polarization resistance with increasing temperature, with the lowest 

polarization resistance provided by the buffer layer composition of the highest ambipolar 

conductivity, CPO+Co.  At this juncture, it should also be mentioned that oxygen 

reduction kinetics through a mixed conducting buffer layer path also involves oxygen 

surface exchange [10–12] a factor which has also been shown to depend on ambipolar 

conductivity [4,13]. Thus, both these considerations based on ambipolar conductivity 

would correspond to the observed trend in polarization resistance.  

Chapter 5 outlined that the presence of a mixed conducting buffer layer and 

additional parallel path for electrochemical reaction would lead, not only to a reduction in 

polarization resistance, as described in the previous paragraph, but also to an increase in 

effective capacitance and reduction in relaxation frequency of the impedance response. 

Figure 6.7 shows that these phenomena are also obtained for the CTO+Co buffer layer 

sample, reinforcing the characteristic nature of this behavior for MIEC buffer layers. In the 

current work, both MIEC buffer layers, CPO+Co and CTO+Co, show similar results, of 

much greater capacitance values and lower relaxation frequencies than obtained in the cell 

without a buffer layer, in agreement with that reported in Chapter 5.    
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Figure 6.7.  Temperature dependence of a) the Capacitance and b) Relaxation frequency, 

for cells with buffer layers CTO+Co or CPO+Co. Filled symbols relate to the higher 

frequency polarization response (R2), open symbols to the lower frequency response (R3). 
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Figure 6.8. Impedance spectra of cells containing a) CTO+Co and b) CPO+Co buffer 

layers measured under anodic bias in air. 

 Figure 6.8 shows examples of typical impedance spectra obtained under anodic 

polarization for the Nd2NiO4 electrode with CTO+Co and CPO+Co buffer layers at 800oC 

in air atmosphere. The impedance spectra change in magnitude upon polarization, while 

retaining their general shape comprising of two semicircular responses. For this reason all 

impedance spectra were fitted to a similar equivalent circuit to that use under OPC 

conditions, as shown in Figure 6.5.   The corresponding total polarization resistance, Rp, is 

shown in Figure 6.9 as a function of applied D.C. potential in the range +0.3 V to -0.3 V 

with 0.05 V intervals, at different temperatures. 
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Figure 6.9. Total polarization resistance as a function of applied bias measured in air at 

different temperatures, for cells containing the buffer layers CTO+Co or CPO+Co. 

At the lowest temperatures the total polarization resistances Rp are observed to be 

similar for CTO+Co and CPO+Co buffer layers over a wide potential range, deviating only 

under strong cathodic polarization, where limiting behavior becomes notable in the case of 

CTO+Co.  Assuming that performance can be linked to the level of ambipolar conductivity 

of the buffer layer, in line with the discussion of the previous results, such limiting 

behavior can be suggested to have route in the lower reported average oxidation state of 
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the terbium containing analogue [14], coupled with related earlier depletions in electronic, 

ionic and, thus, ambipolar conductivities under cathodic polarization [6]. In this respect, 

note CPO and CTO materials show a maxima in their electronic conductivity when Pr or 

Tb achieve the average oxidation state of 3.5+. Moreover, ionic mobility is noted to 

become impaired upon substantial reduction of these cations due to oxygen vacancy 

ordering [5,6].  

At higher temperatures, the maxima in polarization resistance of the CTO+Co 

buffer layer sample cease to be observed at OPC, unlike the CPO+Co sample, but are 

offset towards the anodic polarization branch. Assuming that variations in ambipolar 

conductivity again may be the principal cause of such effects, one notes that under strongly 

oxidizing conditions the average oxidation state of Pr and Tb dopants exceeds that of 3.5+ 

with further oxidation leading to monotonous depletions in conduction. In the CTO+Co 

buffer layer case this depletion in electronic conductivity may be especially deleterious for 

cell performance due to a significantly lower initial value of electronic conductivity (and, 

hence, ambipolar conductivity) than that offered by the CPO+Co analogue, Figure 6.4.      

6.4. Conclusions 

 The electrochemical performance of the oxygen electrode Nd2NiO4 has been 

investigated using a new terbium-doped ceria buffer layer for SOFC and SOEC 

application. A thin film CTO buffer layer with cobalt additions was successfully prepared 

on the top of a pre-prepared YSZ electrolyte by a cost effective spin coating method 

utilizing a low co-sintering temperature (900oC). Results show the formation of well 

separated and adhered layers that are absent of observable cation interdiffusion.  

 The YSZ/CTO+Co/Nd2NiO4 half cell was characterized by EIS measurements 

under anodic and cathodic polarization and results were compared to previous data of cells 

containing no buffer layer or a CPO+Co buffer layer. Both the CPO+Co and CTO+Co 

buffer layer samples show vastly improved electrokinetic behavior than that obtainable in 

an equivalent cell without a buffer layer.   Such dramatic improvements in polarization 

resistance are suggested to be due to the existence of a parallel path for electrochemical 

reaction due to the presence of the MIEC buffer layers. Links between the level of 

ambipolar conductivity of the buffer layers and polarization behavior have been proposed, 
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both at OPC and also under polarization. At low temperatures,  CPO+Co and CTO+Co 

MIEC buffer layer s are shown to be good candidates to enhance performance of the 

oxygen electrode under SOEC application, while the performance of the CTO+Co material 

is shown to be limited for SOFC application at strongly cathodic potentials. At higher 

operation temperatures, the best performance is offered by the CPO+Co buffer layer under 

anodic polarization, while under cathodic polarization all buffer layers are shown to exhibit 

similar performance.  
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7. High performance praseodymium nickelate oxygen electrode with CPO+Co buffer 

layer for SOFC and SOEC 

7.1. Introduction 

 The previous chapters (5 & 6) highlighted that the Ruddlesden Popper (RP) phase 

Nd2NiO4+δ could be a promising oxygen electrode for SOFC and SOEC devices when 

deposited on ceria-based, MIEC conducting, buffer layers due to the presence of a 

beneficial, additional parallel, mixed conducing, path for the electrode reaction. Detail 

electrochemical measurements showed that the lowest polarization resistances could be 

achieved for a CPO+Co buffer layer due to its superior ambipolar conductivity. The 

present chapter builds on these results to focus on a related RP oxygen electrode, Pr2NiO4, 

deposited on the high performing CPO+Co buffer layer.  

 Pr2NiO4+δ with the K2NiF4-type structure electrode has been documented to be a 

promising mixed ionic and electronic conducting oxygen electrode for solid oxide fuel 

cells [1]. Mauvy et al. [2] measured the electrochemical performance of Ln2NiO4 (Ln = La, 

Nd and Pr) electrodes with an YSZ electrolyte and reported overpotential lossess that were 

lower than those offered by a traditional LSM electrode. Boehm et al. [3] measured the 

transport properties of a range of Ln2NiO4 materials, Ln = La, Pr, Nd, showing the Pr2NiO4 

material to exhibit the highest electronic conductivity among the different nickelate 

compositions with high levels of oxygen diffusion and surface exchange. [3]. Hyodo et al. 

[4] investigated the effect of Cu and Ga substitution into Ni sites of Pr2NiO4+δ on transport 

properties, showing enhanced ionic conductivity, but depleted hole concentration and 

mobility. Despite offering attractive MIEC properties, the Pr2NiO4+δ orthorhombic 

structure has been shown to decompose under pure oxygen flow at around 850oC to form 

the tetragonal Pr4Ni3O9 structure and PrOy [5]. Nonetheless, Kovalevsky et al. [6] 

demonstrated that this phase change can be reversed by heating above 900oC, reforming 

the Pr2NiO4 phase. 

 Recently, researchers have also proposed Ln2NiO4 electrodes as potential mixed 

conducting electrodes for proton ceramic fuel cells (PCFC), where in addition to oxide-ion 

and electron conduction some beneficial proton conduction has also been noted [7–10]. 

Additionally Dailly et al. [11] investigated a wide range of AMO3-δ (A = La, Ba, Sr; M= 
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Mn, Fe, Co, Ni) and A2MO4-δ (A = La, Nd, Pr or Sr; M= Ni) type compounds for PCFC 

application, observing that the lowest area specific resistance (ASR) values were obtained 

for Ba0.5Sr0.5Fe0.8Co0.2O3−δ and Pr2NiO4+δ cathodes. 

 Based upon these features Pr2NiO4+δ has gained significance as a potential oxygen 

electrode for SOFC and SOEC applications during the last few years. In this work, 

electrochemical characterizations of Pr2NiO4+δ oxygen electrode with and without 

CPO+Co buffer layer were analyzed and compared to that of the previously measured 

Nd2NiO4 electrode.  

7.2. Experimental 

 Pr2NiO4+δ powder was prepared by a citrate route (see procedure in chapter 2.1) 

using praseodymium hexahydrate (99.9% pure, Sigma-Aldrich) and nickel nitrate 

hexahydrate (≥ 96% pure, Sigma-Aldrich). Stoichiometric amounts of the precursors were 

dissolved in distilled water with a small amount of nitric acid. After addition of citric acid 

((≥ 99.5% pure, Sigma-Aldrich) the solution was stirred vigorously for 30 min to obtain a 

clear solution. The solution was then dehydrated at 120oC and slowly heated until self-

combustion of the precipitates. Final calcination was performed at 1100oC for 12 h with 

5oC/min heating and cooling rates to obtain the single phase. The powder was then ball-

milled at 250 rpm about 5 h to break weak agglomerates.  Electrochemical cells with and 

without CPO+Co buffer layer using Pr2NiO4+δ oxygen electrode and YSZ electrolyte were 

prepared by the spin coating technique (see chapter 2.2). 

 Powder XRD patterns were recorded at room temperature to identify the phase 

purity of the prepared Pr2NiO4+δ powder. The chemical stability of buffer layer with the 

electrode material was investigated independently by X-ray diffraction after mixing the 

powders in a 50:50 wt% ratio and sintering at conditions equal to that used in cell 

preparation (900°C for 10 h).  The cross sectional microstructure and morphology of the 

cell was analysed by scanning electron microscopy complemented by elemental analysis 

performed by Energy Dispersive X-ray spectroscopy (EDS). Electrochemical 

characterization was performed using an electrochemical half cell of the electrode material 

deposited on a CPO+Co buffer layer (see procedure in chapter 2.7). 
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7.3. Results and Discussion 

 

Figure 7.1. XRD phase analysis of Pr2NiO4+δ electrode and with intimate mixtures of 

CPO+Co buffer layer after firing for 10h at 900°C. 

 Figure 7.1 shows the XRD pattern of Pr2NiO4+δ powder prepared by the citrate 

method after calcinations at 1100oC for 12 h. The obtained patterns indicate the successful 

preparation of phase pure, Pr2NiO4+δ, electrode material without any notable impurity 

peaks. In order to check the chemical stability of the Pr2NiO4+δ electrode with the CPO+Co 

buffer layer, an intimate mixture of the buffer layer and electrode was prepared and 

sintered at 900°C for 10 h. The obtained result, Figure 7.1, shows the presence of only the 

desired phase compositions with no extra impurity phases observable between buffer 

layer/electrode mixtures. This analysis indicates that the Pr2NiO4+δ electrode is compatible 

with the CPO+Co buffer layer under the preparation conditions of the electrochemical cell. 
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Figure 7.2. Cross-sectional microstructures of electrolyte/electrode assemblies with and 

without CPO+Co buffer layer. 

 Figure 7.2 presents cross sectional micrograph of the Pr2NiO4 electrode and YSZ 

electrolyte assembly formed with a CPO+Co buffer layer. The SEM result shows a dense, 

thin and uniform buffer layer with thickness around 0.5µm that is well adhered to the YSZ 

substrate. The thickness of the Pr2NiO4 electrode is approximately 2 µm and is well 

adhered to the supporting layer. The observed morphology and cell architecture of the 

current Pr2NiO4/CPO+Co/YSZ half cell is comparable to that of the equivalent half cell 

formed with the Nd2NiO4 oxygen electrode, shown in Chapter 5.3 and Chapter 6.2. 

Consequently, direct comparison is facilitated between the electrochemical 

characterizations of the two electrode materials. 

 

Figure 7.3. SEM-EDS analysis performed across the electrode/electrolyte interface of an 

Pr2NiO4/CPO+Co/YSZ assembly. 
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 Figure 7.3 presents compositional analysis of the Pr2NiO4/CPO+Co/YSZ assembly, 

by EDS mapping, confirming clear separation of the Pr2NiO4+δ electrode, CPO+Co buffer 

layer and the YSZ electrolyte in the architecture, with no notable cation interdiffusion at 

the fabrication temperature (900ºC). This result suggests successful preparation of the 

electrolyte/buffer layer/electrode assembly and absence of chemical interactions between 

layers, in agreement with the XRD results, Fig.7.1. 

 

Figure 7.4. Typical impedance spectra of cell with Ln2NiO4 electrode (Ln = Nd and Pr) 

with no buffer layer (BL) or containing CPO+Co buffer layer measured at OCV. Ohmic 

offset, R1, has been subtracted. 

 Impedance spectra of cell Pr2NiO4+δ electrode with and without CPO+Co buffer 

layer measured at open circuit potential (OCV) are shown in Figure 6.4. Along with, 

impedance spectra of cell Nd2NiO4+δ electrode with and no CPO+Co buffer layer measured 

at 800oC inserted for distinguish the effect. All the electrode responses have combinations 

of two arcs (R2 and R3) along with middle and lower frequency respectively. To show this 

more clearly the electrodes with CPO+Co buffer layer spectra is magnified in the inset of 

this figure. The new oxygen electrode Pr2NiO4+δ considerably decreasing the total 

polarization resistance (R2+R3 = Rp) from 6.5 cm2 to 2.6 cm2 compared to Nd2NiO4+δ 

oxygen electrode. The samples with CPO+Co buffer layer show further decreases in the 
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overall resistance, especially the sample with Pr2NiO4+δ electrode attaining 0.22 cm2 

compared to 0.55 cm2 of Nd2NiO4+δ electrode. 

 

Figure 7.5. The Arrhenius behavior of the polarization resistances a) R1, b) R2, c) R3 and 

d) Rp, for cells with Ln2NiO4 electrode (Ln = Nd and Pr) with no buffer layer (BL) or 

containing the CPO+Co buffer layer. 

 Figure 7.5 shows the Arrhenius behavior of the extracted resistances R1, R2, R3, 

and Rp for Ln2NiO4 electrode (Ln = Nd and Pr) with no buffer layer or containing the 

CPO+Co buffer layer, also respective active energy mentioned the table 7.1 (also see 5.2). 

The ohmic resistance R1 shows relatively equal for all samples (fig. 7.5a). The resistance 

of the intermediate frequency contribution R2 significantly decreases for the Pr2NiO4+δ 

electrode than Nd2NiO4+δ electrode (fig. 7.5b). Further, it decreases for the samples with 

CPO+Co buffer layer and seems approximately equal for Pr2NiO4+δ and Nd2NiO4+δ 

electrode. Impedance located to this frequency corresponds to ionic transfer at 

electrode/electrolyte interface, for both samples containing CPO+Co buffer layer at 

interface [1,10,12]. Therefore, one can define this intermediate frequency response could 
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be the same for both electrodes containing same CPO+Co buffer layer, suggesting that the 

involved process is similar.  

Table 7.1. Activation energy of OCP with temperature. 

Sample 

Activation energy Ea (eV) 

R1 R2 R3 Rp 

Pr_No BL 0.69 ± 0.03 1.84 ± 0.12 1.78 ± 0.12 1.79 ± 0.10 

Pr_CPO  +Co 0.54 ± 0.05 1.07 ± 0.04 1.86 ± 0.09 1.66 ± 0.05 

 

 The values of the polarization resistance R3 and the total polarization resistance, 

Rp, are shown to increase in the order Pr_CPO+Co < Nd_CPO+Co < Pr_No BL < Nd_No 

BL, with the largest gains in performance being notable on moving to the buffer layer 

CPO+Co with Pr2NiO4+δ electrode, Figures 7.5c & d. The large depressed semi circle R3 

corresponds to the lower frequency response (fig. 7.4) could be assigned to the oxygen 

adsorption/dissociation steps overlapped with diffusion processes on porous electrode. 

Here in our case, the complex phenomenon R3 could be characterized by the combine 

response of porous electrode and thin buffer layer. The total polarization resistance Rp 

reduces for Pr2NiO4+δ than Nd2NiO4+δ electrode, this can be attributed to the increasing 

electronic conductivity of oxygen electrode Pr2NiO4+δ [3]. 
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Figure 7.6. Total polarization resistance as a function of applied bias measured in air at 

different temperatures, for cells with Ln2NiO4 electrode (Ln = Nd and Pr) with no buffer 

layer (BL) or containing the CPO+Co buffer layer. 

 The electrode polarization process was analyzed under DC current flux at both 

anodic and cathodic mode. Figure 7.6 shows the response of Pr2NiO4+δ and Nd2NiO4+δ 

electrode with and without CPO+Co buffer layer, under DC current flux from the range 

+0.3 V to -0.3 V with 0.05 V intervals at different temperatures. The Pr2NiO4+δ electrode 

with CPO+Co buffer layer sample exhibit the lower Rp values for entire temperature range 

along with different DC current flux. 
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Figure 7.7.  Temperature dependence of a) the Capacitance and b) Relaxation frequency, 

for cells Ln2NiO4 electrode (Ln = Nd and Pr) with no buffer layer or containing the 

CPO+Co buffer layer. Filled symbols relate to the intermediate frequency polarization 

response (R2), open symbols to the lower frequency response (R3). 

 The calculated values of capacitance and relaxation frequency accord to 

intermediate frequency and lower frequency have been plotted as a function of 

temperature, figure 7.7. According to the figure 6.7a, the capacitance values of Pr2NiO4+δ 

electrode shows close to the Nd2NiO4+δ electrode. On the other hand, the capacitance 

values of CPO+Co buffer layer with Pr2NiO4+δ electrode shows more close to the 

Nd2NiO4+δ electrode with same buffer layer. This improved electrode phenomenon 

indicating that the additional path for electrode kinetics is possible through introducing thin 

buffer layer between electrode/electrolyte interfaces (see section 5.3.6). 

7.4. Conclusions 

 New Oxygen electrode Pr2NiO4 has been investigated with CPO+Co buffer layer 

for SOFC and SOEC application. Thin film CPO+Co and Pr2NiO4 electrode were 

successfully prepared on the top YSZ electrolyte by cost effective spin coating method. 

Results show the formation of well separated and adhered layers that are absent of 

observable cation interdiffusion at this low sintering temperature (900oC) with the help of 

XRD and SEM-EDS analysis. The half cell with and without buffer layer were 
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characterized by EIS measurements under anodic and cathodic polarization. It is clearly 

observed that the sample with CPO+Co buffer layer shows decreasing polarization 

resistance than the sample without buffer layer. The capacitance and relaxation frequency 

values well agreed with new mechanism interpreted at chapter 4, for improved electrode 

kinetics through additional path. The electrode performance was increased enormously by 

the help of CPO+Co buffer layer, shows this kind of MIEC buffer layer material is good 

candidate for SOFC and SOEC applications. Overall, rare-earth nickelates with the 

K2NiF4-type structure Pr2NiO4 oxygen electrode works more appropriate with CPO+Co 

buffer layer than Nd2NiO4 oxygen electrode. 
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8. Influence of buffer layer parameters on electrochemical performance for SOFC 

and SOEC 

8.1. Introduction 

 The previous chapters investigated the impact of MIEC, cerium-based buffer 

layers on the electrocatalytic properties of K2NiF4-type structure oxygen electrodes for 

YSZ electrolyte based SOFC and SOEC devices. Dramatic improvements in electrode 

kinetics could be induced via the creation of an additional, parallel path for 

electrochemical reaction, with peak performance being achieved by the use of the 

CPO+Co buffer layer of highest ambipolar conductivity. Chapter 7 further demonstrated 

that improved electrocatalytic performance could be obtained by use of the oxygen 

electrode material Pr2NiO4+δ over that offered by the Nd2NiO4+δ electrode analogue. 

Extending these results, the present chapter discusses the influence of the thickness and 

composition of the CPO+Co buffer layer on the subsequent electrokinetic behavior. In 

order to investigate this goal, these factors were assessed in otherwise identical 

electrochemical cells, consisting of the high performing Pr2NiO4 electrode, of a fixed 

morphology, with an yttria stabilized zirconia (YSZ) electrolyte. 

 Fluorite, lanthanide doped cerium oxides exhibit high ionic conductivity that can 

exceed that of the well know electrolyte material YSZ in the intermediate temperature 

range [1]. Mixed oxide-ion and electron conduction can also be introduced into these 

materials by the presence of multivalent lanthanide dopants, such as praseodymium or 

terbium [2,3]. In addition, the presence of minor levels of sintering aids, such as cobalt 

oxide, has also been reported to have a two-fold role to reduce the sintering temperature 

and to increase the minor electronic contribution to total conductivity [4–6]. The doping 

of ceria with praseodymium is of particular interest, as this material has been shown to 

offer the highest ambipolar conductivity and oxygen permeability of any single phase, 

fluorite material to date, when containing minor amounts of cobalt oxide as a sintering 

aid [5].  

 Takasu et al. were first to assess the Ce1-xPrxO2-δ system (x = 0 to 1) and noted a 

high solubility of Pr in the ceria lattice, with the pure cubic fluorite phase retained up to 

composition x = 0.7 [5]. Further substitution in excess of this value was shown to create 

two phases with the cubic defect fluorite structure, of different lattice parameters [7]. In 

contrast, later works from Shuk et al. [8] and Nauer et al. [7] placed the limit of solid 
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solution at a significantly more modest value of x = 0.3, while a recent work by Luo et 

al. reported an even lower limit of x = 0.2 [8]. The thermal history of these phases is 

noted to have significant impact on their resultant lattice parameter due to formation of 

Pr in different oxidation states [6]. Nonetheless, this factor cannot directly explain the 

noted discrepancies in the solid solution limits as both Shuk et al. and Nauer et al. 

reported identical solubility values despite adopting markedly different low and high 

temperature synthesis routes, respectively. Hence, further work continues to be 

necessary to be able to fully understand the deviation in reported solid solubilities. Such 

work should also bear in mind possible improvements in the precision of analytical 

experimental techniques over time.  Takasu et al. showed the highest total conductivity 

for the composition x = 0.4, while noting low ionic transference numbers of 0.1-0.15 for 

this material in the temperature range 500-800ºC.  Due to the lower solid solubility limit 

obtained by Shuk et al., the transport properties of materials only up to composition x = 

0.3 were measured [6]. Nonetheless, within this compositional range, increasing levels 

of ionic and electronic conductivities were reported as a function of Pr-content at 700ºC, 

with corresponding ionic transference numbers being 0.6 and 0.4 for the compositions x 

= 0.2 and x = 0.3, respectively.  Qi et al. [2] studied the total conductivity of 

Ce0.7Pr0.3O2-δ  as a function of oxygen partial pressure and showed a change between n-

type and p-type electrical conductivity behavior with increasing pO2. Nauer et al. noted 

the interesting feature that the co-substitution of 3 mol% NbO2.5 could further stabilize 

the single fluorite phase up to 50 mol% of Pr, allowing higher levels of total 

conductivity to be obtained [9]. In the current work, the quantity of Pr in the CPO+Co 

buffer layer will be varied to assess for potential links between the ambipolar 

conductivity of the buffer layer and subsequent electrode kinetics, based on the 

respective transport properties of the Ce1-xPrxO2-δ materials.  

 To date, only few articles have addressed the effect of buffer layer thickness on 

the performance of oxygen electrodes [10,11]. Park et al. [10] investigated the impact of 

different thicknesses of Gd-doped ceria (GDC) buffer layers between a Sm0.5Sr0.5CoO3-d 

(SSC) cathode and YSZ electrolyte for potential SOFC use. They noticed that fuel cell 

performance increased with increasing buffer layer thickness. On the contrary, Kim et 

al. [11] investigated the same GDC buffer layer of different thicknesses between a 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) cathode and YSZ electrolyte and noted performance 

decreases with increasing GDC buffer layer thickness.  Thus, no categorical conclusion 
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can currently be made on the impact of the thickness of the buffer layer on 

electrochemical behavior. Moreover, no information is presently available on the impact 

of thickness for buffer layers that offer appreciable mixed conductivity, such as the 

CPO+Co materials.  

 Therefore, in this chapter we study the effect of CPO+Co buffer layer with 

different thickness and with varying Pr contents for the peak performing Pr2NiO4+δ 

oxygen electrode from Chapter 7 deposited on an YSZ electrolyte. 

8.2. Experimental 

 Compositions of praseodymium-doped cerium oxide, Ce1-xPrxO2-δ (x=0.1 to 

x=0.4), were prepared by hydrothermal synthesis. Electrochemical cells containing 

these buffer layer compositions with 2 mol% Co-additions, Pr2NiO4/Ce1-xPrxO2-δ 

(x=0.1− 0.4)+Co/YSZ, were prepared by the spin coating technique. Additional 

electrochemical cells of the fixed buffer layer composition, Pr2NiO4/Ce0.8Pr0.2O2-

δ+Co/YSZ, were prepared for different buffer layer thicknesss, controlled by the number 

of spin coating cycles, see preparation procedure in chapter 2.2.  

 Powder XRD patterns were recorded at room temperature to identify the phase 

purity of the prepared Ce1-xPrxO2-δ powder as a function of composition. The cross 

sectional microstructure and morphology of the cells were analyzed by scanning 

electron microscopy and complementary elemental analysis was performed by Energy 

Dispersive X-ray spectroscopy (EDS). Electrochemical characterization was performed 

by A.C. impedance under anodic and cathodic DC bias (see procedure in chapter 2.7). 

8.3. Results and Discussion 

8.3.1. The impact of Pr-content in the CPO+Co buffer layer 
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Figure 8.1. XRD patterns of Ce1-xPrxO2-δ (x=0.1− 0.4) powder prepared by hydrothermal 

method. 

 Figure 8.1 shows the XRD patterns of Ce1-xPrxO2-δ  powder as-prepared by the 

hydrothermal method. The obtained result shows that the CPO solid solution is formed 

with the fluorite structure in the range x = 0.1 – 0.3. Further increases in the Pr content 

(x = 0.4) shows the presence of two phases with the cubic defect fluorite structure, of 

different lattice parameters, corresponding to ceria and praseodymium rich phases, in 

agreement with previous literature data of Shuk et al. [8] and Nauer et al. [7].  
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Figure 8.2. Cross-sectional microstructures of electrolyte/electrode assemblies with 

CPO+Co (Pr= 10, 30 & 40 mol%) buffer layer. 

 Figure 8.2 presents cross sectional micrographs of Pr2NiO4 electrode and YSZ 

electrolyte assemblies formed with CPO+Co (Pr= 10, 30 & 40%) buffer layer. The 

morphology of the cell with the buffer layer composition with a Pr content of 20 mol% 

can be found in Chapter 7, Figure 7.2. The SEM results shows relatively dense buffer 

layers with thickness around 0.5µm that are well adhered to the YSZ substrate. The 

thicknesses of the Pr2NiO4 electrodes are approximately 2 µm in each case and are once 

more shown to be well adhered to the supporting layers. The morphologies suggest that 

the CPO+Co (Pr= 10, 20, 30 & 40%) buffer layer cells have similar architectures 

facilitating direct comparison of their electrochemical behavior.  
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Figure 8.3. Typical impedance spectra of cell with Pr2NiO4 electrode and CPO+Co (Pr= 

10, 30 & 40 mol%) buffer layer measured at OCV in air. Ohmic offset, R1, has been 

subtracted. 

 Impedance spectra of the cells containing Pr2NiO4+δ electrodes with CPO+Co 

(Pr= 10, 30 & 40%) buffer layers measured at open circuit potential (OCV) in air are 

shown in Figure 8.3. The sample with 20 mol% Pr is also included in figure 8.3, for 

comparison purposes, from chapter 7, figure 7.4. It can be clearly observed that all 

electrode responses consist of two arcs (R2 and R3) at intermediate and lower frequency 

ranges, respectively. The values of the polarization resistance at OCV are shown to 

increase in a nonlinear fashion in the order of 20 < 10 < 30 < 40 mol % of Pr in the 

CPO+Co buffer layer.  
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Figure 8.4. The Arrhenius behavior of the polarization resistances a) R1, b) R2, c) R3 

and d) Rp, for cells with Pr2NiO4 electrode CPO+Co (Pr= 10,30 & 40%) buffer layer. 

 Figure 8.4 shows the Arrhenius behavior of the extracted resistances 1/R1, 1/R2, 

1/R3, and 1/Rp for Pr2NiO4+δ  electrode with CPO+Co buffer layers containing various 

Pr levels (10, 20, 30 and 40 mol%), with the respective active energies documented in 

Table 8.1. The ohmic resistance R1 is shown to be relatively equal for all samples, Fig. 

8.4a, in line with their observed comparable cell morphology, Fig.8.2, and equivalent 

YSZ electrolyte support.  The intermediate frequency response R2 is shown to be at its 

least resistive for the sample with 20 mol% CPO+Co buffer layer across almost all of 

the measured temperature range, while the lowest performances are offered by the 10 

mol% and 40 mol% Pr samples  (Fig. 8.4b). In contrast, the performance of the lower 

frequency response, R3, is shown to separate into two distinct resistance groups, with 

the lower polarization resistances offered by the buffer layers of lower Pr contents (Pr = 

10 and 20 mol%). The total polarization resistance, Rp, shows the lowest value for the 

sample with 20 mol% Pr in CPO+Co buffer layer, with increases in Rp in the order of 

20 < 10 < 30 < 40 mol % Pr across the measured temperature range (600oC – 850oC). 

Table 8.1. Activation energy of OCP with temperature. 

Sample 

Activation energy Ea (eV) 

R1 R2 R3 Rp 

Pr = 10% 0.54 ± 0.04 1.13 ± 0.09 1.93 ± 0.11 1.58 ± 0.06 

Pr = 20% 0.54 ± 0.04 1.07 ± 0.04 1.86 ± 0.09 1.66 ± 0.05 

Pr = 30% 0.46 ± 0.03 0.70 ± 0.03 1.68 ± 0.07 1.46 ± 0.02 

Pr = 40% 0.66 ± 0.02 1.40 ± 0.08 1.61 ± 0.07 1.56 ± 0.07 
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 Unfortunately, the transport properties of the full Ce1-xPrxO2-δ + 2 mol% Co 

series have not been studied to date, with information only currently being available on 

the 20 mol% Pr material [5]. Moreover, the the non-linear variation of the polarization 

resistances with Pr-content cannot be explained using estimations based upon the 

transport properties of pure Ce1-xPrxO2-δ materials published by Takasu et al. [5] and 

Shuk [6].  

 

Figure 8.5. The ambipolar conductivity of Ce0.8Pr0.2O2-δ + 2 mol% Co systems from 

Fagg et al.[5] and compared to literature data for a pure Ce1-xPrxO2-δ system from 

Takasu et al.[7] and Shuk et al.[8]. 

 Figure 8.5 collates the results of these authors presented in the form of the 

Arrhenius dependence of ambipolar conductivity as a function of composition for the 

pure Ce1-xPrxO2-δ system. It can be seen that both authors report monotonous increases 

in ambipolar conductivity with increasing Pr-content for the studied compositional 

range. Moreover, the ambipolar conductivity of the Co containing Ce0.8Pr0.2O2-δ + 2 

mol% Co analogue is also included in Figure 8.5 from the published work of Fagg et al. 

[5]. The ambipolar conductivity of the Co-containing sample can be seen to be 

dramatically higher than the Co-free compositions measured by Takasu et al. and Shuk 

et al.. Figure 8.5, thus, emphasizes the futility of any attempt to use the transport 

properties of the pure system to predict the current trends in polarization resistance.  As 

reported by Fagg et al., the dramatic enhancement in ambipolar conductivity note in the 

Co containing analogues is predominantly due to an enhanced electronic contribution 
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that arises due to the segregated presence of cobalt at grain boundaries [5].  It must be 

further noted that the works of Takasu et al .and Shuk et al. were also performed 

without taking into account possible errors in the determination of ion transference 

numbers arising due to electrode polarization, errors that have since been shown to be 

non-negligible for electrolyte-type materials that possess relatively minor electronic 

conductivity [12], such as that expected for the current CPO+Co compositions.  Hence, 

for both these reasons, direct comparison of the experimental polarization results with 

currently available literature information on the transport properties of these materials is 

not possible. Further work is, therefore, necessary to assess the relevant transport 

properties of the bulk Ce1-xPrxO2-δ + Co system. This work is in progress. 

 

 

Figure 8.6. Total polarization resistance as a function of applied bias measured in air at 

different temperatures, for cells containing Pr2NiO4 electrode with CPO+Co (Pr= 10,30 

& 40%) buffer layer. 

The electrode polarization process was analyzed under DC bias in both anodic 

and cathodic modes of operation. Figure 8.6 shows the polarization response of 

Pr2NiO4+δ  electrode with CPO+Co buffer layers containing the various Pr levels (10, 
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20, 30 and 40 mol%), under DC bias in the range +0.3 V to -0.3 V with 0.05 V intervals 

at different temperatures. In general, the trends previously documented at OPC are 

continued throughout the entire polarization range, with increases in Rp in the order of 

20 < 10 < 30 < 40 mol %Pr. The total polarization resistance is shown to decrease with 

increasing DC bias under both anodic and cathodic overpotentials in agreement with 

that previously observed in chapter 5, 6 & 7, for similar electrochemical cells. Under 

strong cathodic polarization the values of Rp are shown to converge for all buffer 

layers, with the exception of composition 40 mol% Pr at 650ºC, where the presence of 

limiting behavior can be noted.  

8.3.2. Various thickness of CPO+Co buffer layer 
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Figure 8.7. Cross-sectional microstructures of electrolyte/electrode assemblies with 

CPO+Co buffer layer with different thickness. 

 Figure 8.7 presents cross sectional micrographs of Pr2NiO4 electrode and YSZ 

electrolyte assemblies formed with CPO+Co (Pr = 20 mol%) buffer layer with different 

thicknesses. The thicknesses of electrode and buffer layers were controlled by number 

of spin coating steps. The SEM results show relatively dense, thin and uniform buffer 

layers with a range of thicknesses, approximately 0.3, 0.4, 0.6, 1.25 and 2.5µm, that are 

well adhered to the YSZ substrate. In order to understand the effect of the different 

buffer layer thicknesses, the oxygen electrode and electrolyte preparation methods were 

kept constant for all samples to retain comparable morphology.  
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Figure 8.8. Typical impedance spectra of cell with Pr2NiO4 electrode and CPO+Co 

buffer layer with different thickness measured at OCV. Ohmic offset, R1, has been 

subtracted. 

 Example impedance spectra measured at 750oC in air under open circuit 

potential (OCV) are shown in Figure 8.8, as a function of buffer layer thickness. All 

impedance spectra show the presence of two responses (R2 and R3) at intermediate and 

low frequency ranges, respectively. The total polarization resistance is observed to 

decrease with increasing buffer layer thickness.  

 

Figure 8.9. The Arrhenius behavior of the polarization resistances a) R1, b) R2, c) R3 

and d) Rp, for cells with Pr2NiO4 electrode CPO+Co buffer layer with different 

thickness. 

 Figure 8.9 shows the Arrhenius behavior of the extracted resistances 1/R1, 1/R2, 

1/R3, and 1/Rp for samples containing Pr2NiO4+δ  electrode with different thickness of 

CPO+Co buffer layers as a function of temperature. Resistance R1 takes similar values 

for all samples, Fig. 8.9a, in agreement with the ohmic resistance expected due to the 

similar YSZ electrolyte composition and morphology used in each case. The 
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intermediate and lower frequency responses, R2 and R3, respectively show a decrease 

in resistance with increasing buffer layer thickness across the measured temperature 

range, Figs. 8.9b & c. Hence, the total polarization resistance Rp is also observed to 

follow the same trend, Fig. 8.9d. To compare these results with a sample with no buffer 

layer but with an identical Pr2NiO4, electrode composition, these results are also 

inserted in to Figure 8.9d from Chapter 7. One can observe that even a very thin buffer 

layer (0.3 µm) can substantially reduce total polarization resistance, when compared to 

an equivalent sample with no buffer layer, with the largest performance gains being 

obtained at lower temperatures. Very large performance gains can be obtained by an 

increase in buffer layer thickness between 0.3 µm and 1.25µm, while a further increase 

of buffer layer thickness to 2.5µm provides only slight improvement. The introducing of 

MIEC buffer layers has been shown in the previous chapters to induce an additional 

parallel path for the electrode reaction that can radically decrease polarization 

resistance. The work of this chapter shows that buffer layer thickness can further modify 

this improvement with significant gains in performance being offered up to a buffer 

layer thickness of. 1.25µm.  

 In this work discussing the kinetics of the oxygen electrode, Adler assumed that 

the overall reaction could be viewed as a homogeneous chemical reaction occurring 

over the internal surface area of the MIEC electrode material, where the exchange of 

neutral oxygen by the mixed conductor converts electronic to ionic current over a finite 

thickness [13][14]. This thickness represents a penetration depth, δ, that corresponds to 

the extension of the reaction zone beyond that of the three-phase boundary. This 

concept of Adler is shown schematically in Fig. 8.10. The penetration depth, δ, was 

ascribed to the following relationship [15], mirroring that previously proposed for the 

active region width in porous mixed conducting membranes [16],  

� = �(���)
	


�
�  (8.1) 

where Lc = D*/k describes a critical length at the transition between diffusion limited 

and surface reaction limited transport, in which D* is the chemical diffusion coefficient, 

k is the surface exchange coefficient, and ε, τ, a are the electrode porosity, tortuosity 

and surface area, respectively.  
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 It should be noted that a similar concept of an active penetration depth may also 

be tentatively applied for the buffer layer, due to its suggested role as an additional 

parallel MIEC path for the electrode reaction, see the equivalent circuit of Figure 5.11. 

in Chapter 5 (Lui’s equivalent circuit adapted for the presence of a buffer layer). In such 

a case, one can estimate the likely size of the penetration depth by assuming possible 

values for porosity ε = 0.1, tortuosity τ=1, and surface area a = 2 x 105 cm-1 

(corresponding to a buffer layer particle size of approximately 100nm, as observable in 

Fig. 8.7) [16]. For this calculation, one also requires estimations of the chemical 

diffusion coefficient, D*, and surface exchange coefficient, k, of the Ce0.8Pr0.2O2-δ+ Co 

buffer layer material. Although, these values are available in the literature for the Co 

free material [17], the previous discussion of Figure 8.5, highlighted that any attempted 

comparison between Co containing and Co free materials would be futile, due to 

radically differing ambipolar conductivities. Thus, due to the absence of suitable data 

for the CPO+Co composition in the current literature, values for the CTO+Co analogue 

are used in the present calculation, D* = 1.6 x 10-3 (cm/s), k = 1.6 x 10-4 (cm2/s) at 

700ºC [18]. Entering these values in to equation 8.1 gives an active penetration depth of 

approximately 6µm. Although this value is notably larger than the buffer layer thickness 

for peak electrode performance in the current results, 2.5 µm, it can be considered to be 

a value that is comparable when one takes into account the expected slightly higher 

ambipolar conductivity (and thus, potentially also surface exchange) of the CPO+Co 

composition over that of CTO+Co. Moreover, this value becomes even more acceptable 

as an estimate when one considers that Adler reported values of δ that varied in a range 

spanning over 4 orders of magnitude for common MIEC materials [15]. It should also 

be mentioned that equation 8.1 is quite insensitive to the absolute levels of porosity and 

tortuosity chosen in this simulation.  
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Figure 8.10. 1D model for oxygen reduction active area by Adler [14]. 

 Further support to this discussion is given by Figure 8.11 that presents the 

respective capacitance values and relaxation frequencies of the impedance responses as 

a function of buffer layer thickness. In Figure 8.11a the capacitances corresponding to 

the high and low frequency responses can, respectively, be seen to increase with 

increasing buffer layer thickness. Large chemical capacitances are known to be 

characteristic of oxygen electrode mechanisms that involve significant contributions of 

transport through bulk MIEC paths, arising due to the accumulation of reactive 

intermediates from both surface species and oxidation and reduction of the bulk MIECs 

[14]. Adler further noted that the chemical capacitance is proportional to the active 

penetration depth, δ, and corresponds to the extension of the electrochemical reaction 

beyond that of the traditional three-phase boundary [14]. The magnitude of the chemical 

capacitance can, therefore, be expected to increase with increasing MIEC path thickness 

until the optimal penetration depth is reached. From this point the chemical capacitance 

would remain constant. Comparison of this theory to the experimental results of Figure 

8.11a suggests that the optimal thickness of the buffer layer has not yet been reached 

due to the noted increasing capacitance with increasing buffer layer thickness. Note that 

this result coincides with the continued decrease in polarization resistance with 

increasing buffer layer thickness previously noted in Fig.8.9.   
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Figure 8.11.  Temperature dependence of a) the Capacitance and b) Relaxation 

frequency. for cells with Pr2NiO4 electrode CPO+Co buffer layer with different 

thickness. 

 With respect to the relaxation frequencies, Figure 8.11b, it can be observed that 

effectively constant relaxation frequencies are obtained for the respective R2 and R3 

responses with changing buffer layer thickness, suggesting identical oxygen reaction 

mechanisms in each case. With reference to the previous Chapters, the values of the 

relaxation frequencies can be described as low and to reflect the availability of a parallel 

MIEC buffer layer path for the electrode reaction. It can, therefore, be concluded that 

the parallel buffer layer path continues to demonstrate an important contribution to 
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improved electrode kinetics for all measured buffer layer thicknesses and that this 

mechanism is also constant.  

8.4. Conclusions   

 The influence of various Pr contents in the CPO+Co buffer layers has been 

investigated with Pr2NiO4 oxygen electrode and YSZ electrolyte. Solid solutions Ce1-

xPrxO2-δ (x=0.1 to x=0.3) were successfully synthesized by hydrothermal method. The 

composition x = 0.4 was shown to be multiphase, consisting of two fluorite phases of 

different lattice parameters. The buffer layers and Pr2NiO4 electrodes were successfully 

deposited on the top of pre-sintered YSZ electrolytes by the spin coating method. 

Results show the formation of well separated and adhered layers at the low sintering 

temperature of 900oC. Samples with different thicknesses of CPO+Co buffer layers 

were also prepared in order to analyze the effect of buffer layer thickness on 

polarization resistance. The sample containing the CPO+Co buffer layer with 20 mol% 

Pr shows the best performances as an oxygen electrode, with lower polarization 

resistances than the 10, 30 and 40 mol% Pr-doped buffer layers. It was highlighted that 

further explanation of this behavior requires the additional determination of the 

transport properties of the CPO+Co buffer layers, while attempts to estimate trends 

from literature data on the transport properties of Co free analogues are insecure. 

 Increasing the buffer layer thickness was shown to rapidly decrease polarization 

resistance until a buffer layer thickness of 1.25 µm. Further increases of buffer layer 

thickness to 2.5 µm are shown to only provide slight additional improvements in 

performance. Discussion suggests that this improvement in polarization resistance with 

increasing thickness in this range may be due to a characteristic penetration depth for 

the oxygen reaction in the MIEC buffer layer.   
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9. Conclusions and Future work 

 The current thesis described tailoring of the transport properties of ceria-based buffer 

layers to offer a twofold role in SOFCs and SOECs to prevent interreaction between oxygen 

electrode/electrolyte and to simultaneously offer improvements in electrode kinetics. In order 

to investigate these phenomena, the bulk transport properties of a range of ceria-based cubic 

defect fluorite materials Ce1-xLnxO2-δ (Ln = Gd, Tb and Pr, given the nomenclature CGO, CTO 

and CPO, respectively) with minor additions of cobalt sintering aid were electrochemically 

studied. 

 The introduction of small amount (2 mol%) of cobalt oxide is highly effective as a 

sintering aid in ceria-based fluorite oxides allowing relatively dense materials with sub-micron 

grain sizes to be formed at low sintering temperatures (≤ 1000oC). The conductivity studies 

showed that the transport properties of Ce1-xLnxO2-δ (Ln = Tb, Gd and Pr) are significantly 

influenced by the additions of minor level cobalt oxide sintering aid as well as by their final 

sintering temperature, with depleted performance being offered by samples sintered in excess 

of 1000ºC. The cobalt containing ceramic materials offered higher total and electronic 

conductivities than their Co-free analogues sintered at higher temperatures, while original high 

levels of ionic conductivity are maintained. The ambipolar conductivities of these buffer layer 

materials were shown to increase in the order of CGO+Co < CTO+Co < CPO+Co. The 

oxygen ion transference number obtained from modified EMF method showed increases with 

temperature for CTO+Co and CPO+Co samples in contrast to the negative temperature 

dependence shown by CGO+Co. A higher oxygen permeation flux was shown by the sample 

containing cobalt oxide sintering aid, while an increasing oxygen permeation flux was given in 

the order CGO+Co < CTO + Co < CPO + Co. 

 Electrochemical half cells of Nd2NiO4+δ oxygen electrodes with or without Ce0.8R0.2O2-

δ + 2 mol% Co buffer layers (where R = Gd, Pr) were successfully fabricated by spin coating 

on dense YSZ electrolyte supports and co-sintered at 900°C. The SEM and EDS results 

showed the formation of well separated and adhered layers that were absent of observable 

cation interdiffusion. Moreover, the XRD results of calcined intimate mixtures of the 
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Nd2NiO4+δ electrodes and ceria based buffer layers further reinforced the absence of chemical 

interactions, demonstrating the functionality of all studied buffer layers.  All samples were 

characterized by EIS measurements under anodic and cathodic polarization, and exhibited 

significant decreases in polarization resistance, Rp, of up to an order of magnitude, in the 

order, no buffer layer > Gd >> Pr.  The samples with buffer layers showed impressive 

decreases in polarization resistance that are suggested to be due to the existence of a parallel 

path for electrochemical reaction due to the presence of the MIEC buffer layers. Preliminary 

modeling was performed where the equivalent circuit of Liu was extended to accommodate 

this parallel buffer layer path and was shown to be able to describe the noted higher 

capacitance values of the polarization responses of the buffer layer samples and their lower 

relaxation frequencies. 

 Comparison of the utility of the new terbium-doped ceria (Ce0.8Tb0.2O2-δ) material with 

cobalt additions as a potential buffer layer was also electrochemically tested and successfully 

fabricated between Nd2NiO4+δ and dense YSZ electrolyte. The XRD, SEM and EDS analyses 

again exhibited the formation of well separated and adhered layers with no observable cation 

interdiffusion. The EIS measurements showed similar large improvements in polarization 

resistance as offered by the previous CPO+Co buffer layer, and were, hence, again attributed 

to the existence of a parallel buffer layer path for electrochemical reaction. Nonetheless, the 

performance of the CTO+Co buffer layer was shown to be slightly inferior to that of CPO+Co 

. Overall, CPO+Co and CTO+Co MIEC buffer layers are good candidates to substantially 

enhance performance of the oxygen electrode. 

 The electrochemical performance and compatibility of the oxygen electrode Pr2NiO4 

was investigated with CPO+Co buffer layer under SOFC and SOEC modes and compared to 

that of Nd2NiO4. The EIS measurement showed that the greatest performance enhancement 

could be obtained for the Pr2NiO4 rare-earth nickelate electrode than that of the Nd2NiO4 

analogue. 

 Finally, the influence of various Pr levels (Pr = 10, 20, 30 and 40 mol%) in the 

CPO+Co buffer layer was investigated using the peak performing Pr2NiO4 oxygen electrode 
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and YSZ electrolyte. The EIS measurements showed the sample containing the CPO+Co 

buffer layer with 20 mol% Pr to exhibit the lowest polarization resistance than the other 

compositions tested, 10, 30 and 40 mol% Pr-doped buffer layers. Moreover, a study of the 

impact of different thickness of CPO+Co buffer layer with Pr2NiO4 oxygen electrodes and 

YSZ electrolyte on electrode kinetics was investigated by their preparation by spin coating, 

followed by electrochemical examination by EIS. Results showed the performance to increase 

with increasing thickness of the CPO+Co buffer layer with the most marked gains being 

obtained up to a buffer layer thickness of 1.25 µm.  

 This thesis work, therefore, demonstrates how tailoring the transport properties of thin 

ceria-based buffer layers in solid oxide fuel or electrolyser cells can provide the necessary 

phase stability against chemical inter-reaction at the electrolyte/electrode interface, while also 

providing radical improvements in the electrochemical performance of the oxygen electrode. It 

is further shown how this improvement can be related to increased levels of ambipolar 

conductivity in the mixed conducting buffer layer, which provides an additional parallel path 

for electrochemical reaction. This thesis work is an important breakthrough as it shows how 

electrode polarization resistance can be substantially improved, in otherwise identical 

electrochemical cells, solely by tailoring the transport properties of thin intermediate buffer 

layers.   

 Future work will be focused on studying the transport properties of Ce1-xPrxO2-δ (x = 

0.1 ─ 0.4) materials containing minor cobalt addition and comparison of this data to the 

measured electrode properties of electrochemical cells containing these buffer layers. In 

addition, one proposes to analyze the effect of electrochemical performance by doping Nb in 

to Ce1-xPrxO2-δ system, where extension of the solid solution to higher Pr-contents has been 

reported, that may have a beneficial effect on the subsequent electrode properties of 

electrochemical cells containing this buffer layer. Such work will provided a wider 

compositional range of the CPO+CO system where the transport properties can be 

manipulated substantially and, hence, further clear links between ambipolar conductivity in 

buffer layers and resultant electrode kinetics can be made. Additional work on MIEC buffer 

layers of other structural families, such as perovskite, can also be suggested to investigate 
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possible additional resistance terms at the electrolyte/buffer layer interface due to 

crystallographic lattice mismatch. Similar studies can also be suggested to investigate if 

similar improvements in electrode kinetics can be induced in protonic ceramic fuel cell 

(PCFC) applications by the introduction of mixed conducting buffer layers.  

Simultaneously, future work will also aim to fabricate complete SOFC and SOEC 

anode/electrolyte/cathode assembiles with optimized buffer layers to consequently 

investigating overall electrochemical cell performance.  

 

 

   


