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Abstract 
 
 

The development of new alternative energy sources has become an imperative task due to the 

excessive consumption of fossil fuel reserves and the serious consequences that global warming has 

and keeps causing, which is now recognised as a fact. Uruguay has not fallen behind in the subject, 

responding to global efforts with the implementation of a Policy that revolutionised the country's 

energy matrix through the use of traditional renewable energy sources and the search for other not-

conventional technologies. 

Hydrogen emerged then as the energy source of the future, and with it, new energy generation 

and storage technologies. In this light, Solid Oxide Cells (SOC), both as fuel cells and their reverse 

mode, electrolyser cells, have generated a lot of interest in recent decades owing to their high 

efficiency and flexibility. One of the great challenges these devices exhibit is the development of 

brand-new materials that allow operation temperatures to be between 600-800 °C, for which it is 

essential to find electrodes that have high electrocatalytic activity and that do not suffer degradation 

in the operating conditions. 

The present thesis is dedicated to designing, synthesising and characterising new micro and 

nanostructured ceramic materials for their use as oxygen electrodes in reversible solid oxide devices. 

For this purpose, an auto-combustion synthetic route was proposed for the obtention of composites 

that could enhance the electrochemical performance of traditional electrodes, and these materials, 

combined with state-of-the-art electrolyte and fuel electrode, were used in the assembly of a complete 

solid oxide cell.  

 
Keywords: hydrogen, fuel cell, SOFC, SOEC, reversible solid oxide cells, electrochemistry  
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Resumen 
 

El consumo excesivo de las reservas de combustible fósil y las graves consecuencias que el 

calentamiento global ha causado y sigue causando han hecho que el desarrollo de nuevas fuentes de 

energía alternativas se haya vuelto una tarea imperativa. Uruguay no se ha quedado atrás, 

implementando nuevas Políticas estatales que revolucionaron la matriz energética nacional a través 

del uso de fuentes de energía renovables tradicionales y la búsqueda de otras modernas.  

El surgimiento del hidrógeno como fuente de energía del futuro, ha provocado la necesidad de 

nuevas tecnologías de generación y almacenamiento del mismo (y otros combustibles en general). 

Las Celdas de Óxido Sólido, funcionando tanto en modo celda de combustible como en modo 

electrolizador (operación reversa), han atraído mucho interés en las últimas décadas gracias a su alta 

eficiencia y flexibilidad. Uno de los grandes desafíos que presentan estos dispositivos, es el desarrollo 

de nuevos materiales que permitan bajar la temperatura de funcionamiento hasta el rango de 600-800 

ºC, lo que implica la búsqueda de electrodos que presenten alta actividad electrocatalítica pero no se 

degraden en las condiciones de operación.  

La presente tesis se encuentra dedicada al diseño, preparación y caracterización de nuevos 

materiales cerámicos micro y nanoestructurados para su uso como electrodo de oxígeno en celdas de 

óxido sólido reversibles. Para esto, se propuso el uso del método de auto-combustión de gel para la 

obtención de compositos que pudieran exhibir mejor performance electroquímica que los electrodos 

tradicionales, y luego, junto al uso de electrolitos y electrodos de combustible convencionales, el 

armado de una celda de óxido sólido completa.  

La metodología aplicada permitió la obtención, caracterización y testeo de tres materiales (un 

cerámico ya reportado y dos compositos del mismo con CeO2) con potencial aplicación como 

electrodos de oxígeno en celdas de óxido sólido reversibles. Los mismos exhibieron valores de 

potencia similares a los reportados en literatura al testearse en celdas completas usando YSZ como 



 xviii 

electrolito y Ni-YSZ como electrodo de combustible. Estas medidas representan los primeros 

resultados de caracterización de dispositivos de óxido sólido reversibles obtenidos por el grupo.  

 
 
Palabras claves: hidrógeno, celdas de combustible, SOFC, SOEC, celdas de óxido sólido reversibles, 

electroquímica 
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-INTRODUCTION- 



 2 

 

1. INTRODUCTION 

 

1.1.Alternative energies and hydrogen 

 

The growing concern around global warming and other environmental problems linked 

to the indiscriminate consumption of fossil fuels makes it extremely necessary to find new 

alternative means of generating and storing energy that does not produce waste products. [1–

7] 

In the last few years, and thanks to the creation of a short, medium, and long-term Energy 

Policy (2005-2030), the Uruguayan energy matrix has undergone major transformations in 

search of a path towards environmental sustainability. Uruguay has opted for a greater 

presence of renewable energy sources, and efficient and rational use of them. This has not 

only allowed the country to meet its increasing energy demand (even managing to export the 

surplus of energy to neighbouring countries) but also, to go hand in hand with the efforts that 

have been set in motion worldwide to reduce CO2 emissions and mitigate climate change.  

The main actions carried out in this first stage to pursue this end, involved the promotion 

of renewable energy sources such as hydroelectric, wind, biomass and photovoltaic (solar). 

At present, Uruguay has practically achieved the decarbonisation of electricity generation 

(97 % of renewables in the 2017-2020 period: 44 % hydroelectric, 32 % wind, 18 % biomass 

and 3 % solar).  [8,9] 

Figure 1.1 shows the energy production proceeding from renewable sources (by source) 

for the whole World in the last 50 years (a) and for Uruguay in the 2017-2020 period (b).   
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Figure 1.1.  Renewable energy production at the worldwide level (a) and for Uruguay (b). 

Extracted from [9–11] 

 

 

Although the advantages of implementing these renewable energies are many, it presents 

some drawbacks too, such as being naturally intermittent and not manageable (energy must 

be consumed when it is generated or otherwise is lost). This means that the supply and 

demand of the moment do not always match, reducing the reliability and security of the 

energy supply system. To manage this intermittency, the challenge relies on the development 
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of other non-traditional alternative energy sources and high-capacity energy storage devices. 

[8,12–14] 

Despite that, Uruguay is very well positioned in the use of these energies and ready to 

take the next step in the energy transition path using hydrogen technologies, as the Belgian 

biochemist and CEO of Hydrogenics, Filip Smeets, stated in late 2018 [15]. This second 

stage includes the decarbonisation of the industrial and transport sectors, the development of 

a hydrogen economy, and the ability to maintain the previously-achieved advances. [9] 

Hydrogen gas and especially green hydrogen (obtained from water electrolysis using 

renewable energy sources), emerges then as one of the most promising energy carriers for 

both small and large-scale energy applications (industry, transport, drones and other small 

appliances, heating, etc.). Its high abundance (although not available as pure H2), versatility, 

high energy storage capacity (requiring special conditions, though) and the cleanest energy 

source known (does not produce CO2 or other polluting gases) make it a good candidate for 

a wide variety of applications. Some of the hydrogen’s uses in different sectors both as a 

source of energy or raw material are shown in Figure 1.2.  [1,3,9,16–19] 
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Figure 1.2.  Diagram of the role of hydrogen in different sectors. Extracted from [9]. 
 

In this light, hydrogen itself, its transportation and the development of all its related 

regulations and norms have become a hot topic both for academia and the industrial sector. 

Being a key energy carrier connecting major renewable energies, hydrogen is crucial to move 

forward towards an environmentally sustainable society and this has not gone unnoticed. The 

greatest opportunity for a global reach of hydrogen-based technologies lies in fuel cell 

devices, especially Solid Oxide Fuel Cells (SOFCs) and the reversely operated Solid Oxide 
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Electrolyser Cells (SOECs), or altogether, Solid Oxide Cells (SOCs) [16,18]. Figure 1.3 

shows a diagram of the role of hydrogen in the current energy scenario and how it relates to 

these energy devices.  

 

Figure 1.3.  Diagram of the role and importance of hydrogen in the present and near-future energy 

applications. Extracted from [20]. 

 

 

1.2.Solid Oxide Cells (SOCs) 

 

SOCs are intrinsically reversible electrochemical devices (rSOC), that unlike most types 

of electrochemical cells, use a solid electrolyte. Depending on the polarity of the reversible 

cell, they can operate as Solid Oxide Fuel Cells (SOFCs), oxidising combustible species to 
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generate electricity; or as Solid Oxide Electrolyser Cells (SOEC), consuming electrical 

energy to reduce water molecules and thereby obtain hydrogen gas; as shown in Figure 1.4. 

Therefore, when the electrical demand is high the rSOC can be used in SOFC mode to 

produce electricity and when there is a surplus of electrical generation, it can work in SOEC 

mode producing hydrogen gas (storing energy in the form of chemical bonds for later use). 

[21–23] 

 

Figure 1.4. Diagram of the operation principles and reactions of the SOC devices in both SOEC 

mode (left) and SOFC mode (right). Extracted from [24]. 

 

The fact that the same unit can be used both to generate energy and to produce fuels, the 

flexibility to use different fuels (in SOFC mode), the possibility of being integrated with 

other renewable energy sources and its high theoretical energy efficiency (~60% in SOFC 

mode and ~80% in SOEC mode not including co-generation processes), in addition to 

operating quietly and being friendly to the environment, are some of the advantages of 

implementing this kind of systems. [12,16,21] 

One of the main goals of the development of future SOCs is to decrease the operating 

temperature of the cell, at least, to an intermediate temperature range (600-800°C). Higher 

temperatures imply a rapid deterioration of the materials and a worsening in their transport 

properties and catalytic activity, which translates into a loss of efficiency, higher material 
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costs and a shorter lifetime, among others. Moreover, lower temperatures would allow the 

use of steel-based elements for cell-stack construction, which is very beneficial since it 

avoids the use of special and costly alloys like Crofer22APU and Inconel [25–27]. The design 

of new materials that meet all the aforementioned requirements and dodge the problems that 

may arise when they are put into operation, has become a fundamental task in the 

investigation of these technologies. [6,16,21,28–31] 

 

1.2.1. SOC operation principles  

 

SOC devices consist of two porous electrodes (fuel or hydrogen electrode and air or 

oxygen electrode) separated by a solid electrolyte. When operating in SOFC mode, hydrogen 

and oxygen gas react electrochemically to produce water gas. The fact that these two semi-

reactions are spatially isolated, forces the electrons transferred from the fuel to flow through 

an external circuit before completing the reaction, doing useful work. The crucial task of 

(electronic) spatial isolation is accomplished by the use of a dense electrolyte.  

The reactions that take place in each electrode, when fuelled by hydrogen and using an 

oxide ion conducting electrolyte, are the following: 

Fuel electrode:   𝐻2(𝑔)
+  𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) → 𝐻2𝑂(𝑔) + 2𝑒− (1.1) 

Oxygen electrode:  
1

2
𝑂2

(𝑔)
+ 2𝑒− → 𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒)   (1.2) 

Total reaction:   𝐻2(𝑔)
+

1

2
𝑂2

(𝑔)
→ 𝐻2𝑂(𝑔)    (1.3) 
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Equations 1.1 and 1.2 are known as Hydrogen Oxidation Reaction (HOR) and Oxygen 

Reduction Reaction (ORR), respectively. [32,33] 

SOEC mode is essentially generated by an inversion of the components and the reactions 

hereby occurring, which are portrayed below: 

 

Fuel electrode:   𝐻2𝑂(𝑔) + 2𝑒− → 𝐻2(𝑔)
+  𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) (1.4) 

Oxygen electrode:  𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) →
1

2
𝑂2

(𝑔)
+ 2𝑒−   (1.5) 

Total reaction:   𝐻2𝑂(𝑔) → 𝐻2(𝑔)
+

1

2
𝑂2

(𝑔)
    (1.6) 

 

The equations 1.4 and 1.5 are known as Hydrogen Evolution Reaction (HER) and 

Oxygen Evolution Reaction (OER), respectively. The reversibility between these reactions 

and the ones presented for SOFC mode hint at the possibility of using the same unit as a 

rSOC. 

Every electrochemical reaction presented carries an energy variation that can be 

described using the Laws of Thermodynamics. The maximum electric work that can be 

obtained from an operating SOFC can be calculated using Gibbs free energy equation for the 

reaction in 1.3 (isothermal process). Some assumptions need to be made to apply it:  the 

reactants’ total enthalpy ∑ 𝑛𝑖𝐻𝑖
𝑛
1  is transformed entirely in the enthalpy of the products that 

abandon the system ∑ 𝑛𝑗𝐻𝑗
𝑛
1 , doing a reversible work 𝑤𝑟𝑒𝑣  and exchanging a certain quantity 

of reversible heat 𝑄𝑟𝑒𝑣 with the environment, and there is no entropy change (e.g. mixing or 

de-mixing of reactants gases, otherwise it would not be reversible). 
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The reaction shown in 1.3 is spontaneous and thermodynamically favourable because 

the energy of the products is lower than that of the reactants. This change can be defined in 

the following equation: 

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 = −𝑛𝐹𝐸𝑟𝑒𝑣   (1.7) 

 

where H is the enthalpy change, T is the temperature, S is the change of entropy, n is the 

total number of exchanged electrons, Erev is the reversible potential and F is Faraday’s 

constant.  

On the contrary, reaction 1.6 is endothermic and in consequence, the Gibbs free energy 

change of the process in a SOEC is positive, making it necessary to supply electrical energy 

and heat to ensure the operation of the cell. The thermodynamic parameters G, H and S 

are a function of the operation temperature and are presented in Figure 1.5 for the reaction 

occurring in a SOEC.  [32,34] 

The reversible potential of an electrochemical cell varies as a function of species 

concentration, gas pressure and temperature, and can be determined employing the Nernst 

equation (shown here for eq. 1.3, the ideal gas assumption was used): 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑝𝐻2𝑂

𝑝𝐻2 ∙𝑝𝑂2

1
2⁄
   (1.8)  
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Figure 1.5.  Reversible thermodynamics for H2O electrolysis at atmospheric pressure. If the 

reaction at the top of the figure is reversed, and ‘demand’ is changed for ‘supply’ (or ‘content’), 

then the same figure describes the thermodynamics for the pure H2 fuel cell. The right Y-axis 

expresses the energy as the voltage needed to operate. Extracted from [23,35]. 
 

As depicted in Figure 1.5, the total energy demand of a SOEC increases with the increase 

in temperature despite the decrease in the electrical energy demand, where the H energy 

demand can be compensated by means of heat. At certain operation conditions, the heat 

released from the reactions compensates for the thermal energy requirements on the so-called 

Thermoneutral voltage (VTN = H/nF). Therefore, the SOEC can operate under endothermic 

conditions when Voperation<VTN or exothermic conditions when Voperation>VTN. 

From this perspective, we could be tempted to think that lower operation temperatures 

are more advantageous for these devices. Nonetheless, SOC internal resistance decreases 

with increasing temperatures due to an enhancement of the kinetic processes that result in 
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higher ionic conductivity and lower polarisation losses, and higher conversion rates 

stemming from the fact that the reactions occurring in the electrodes are thermally activated. 

  

1.2.1. SOC electrochemical characterisation techniques 

 

1.2.1.1.Electrochemical Impedance Spectroscopy (EIS) 

 

Impedance spectroscopy is a powerful technique used in the characterisation of 

electrochemical systems. At an interface, the physical properties of a certain material change 

enormously and the charge distribution becomes heterogeneous (polarisation), diminishing 

the overall electrical conductivity of the cell. Each interface will polarise in its unique way 

when the system is subjected to an applied voltage.  

This causes a shift in the focus of electrochemical measurements toward frequency-

related phenomena, a feature that is taken advantage of in EIS. Here, a small electromagnetic 

perturbation reveals both relaxation times and relaxation amplitudes of the different 

processes occurring in a dynamic system over a wide range of frequencies, allowing the 

separation of them in the space of time/frequency.  

This small perturbation enables the study of processes happening at different rates and 

with several simultaneous steps, as such a thing would be impossible to detect in a steady-

state polarisation curve. For this purpose, a sinusoidal electrical current (or voltage) of small 

amplitude is applied and the consequent sinusoidal voltage (or current) response is measured 

(Figure 1.6). The ratio between these complex variables is known as impedance and can be 

calculated as follows:  
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𝑍̃(𝜔) =
Δ𝑉

Δ𝐼
=  

|𝑉|

|𝐼|

𝑒𝑖𝜔𝑡

𝑒𝑖(𝜔𝑡+𝜙) = |𝑍|𝑒−𝑖𝜙   (1.9) 

where V is the applied periodic potential perturbation,  is the angular velocity, and  

is the phase shift generated in the current response. [33,36–38] 

The use of this expression demands a linear dependence between the current and the 

voltage, this is why small perturbations are used. EIS measurements are usually performed 

in a defined frequency range and the values are registered in terms of Z’ and Z’’, which are 

the real and imaginary parts of the impedance, respectively:  

𝑍(𝑗𝜔) = 𝑍′ + 𝑖𝑍′′    (1.10) 

Figure 1.6. I-V curve exhibiting the perturbation used for EIS measurements in the form of a 

sinusoidal current of small amplitude i(t) which is superposed to a defined bias current Iload, and the 

measured voltage response u(t). Modified from [38]. 
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These magnitudes are plotted in the complex plane in what is commonly known as a 

Nyquist plot. Another frequent representation is the Bode plot, where the phase shift () 

versus frequency is depicted. Both types of diagrams are shown in Figure 1.7a. 

Figure 1.7b shows an example of the Nyquist plot of a real SOFC single cell. In this 

graph, different processes are represented by different arcs (often superimposed). The high-

frequency intercept () with the x-axis is called serial resistance (R0 or Rs) and 

corresponds to the pure ohmic resistance of the cell, while the low-frequency intercept is the 

differential resistance (0). The difference between these two magnitudes is called 

polarisation resistance (Rpol) and can be obtained as the sum of the polarisation resistance of 

each process that is taking place in the electrodes. Note that an individual arc does not always 

correspond to an individual process. [33,36–39]  

The Equivalent Circuit model (EC model) is extensively used to evaluate the impedance 

data. This method consists in fitting the spectra obtained with electric circuit elements 

(typical and more complex ones) combined in series or parallel configurations, where each 

element represents an electrochemical process occurring at a characteristic frequency (and 

time). Nevertheless, one must keep in mind that identical impedance spectra can be fitted 

with different equivalent circuits and that do not necessarily possess a physical explanation. 

Therefore, the best fit will always be the one made with the simplest EC model where the 

elements and connections correlate with the physical and chemical processes taking place in 

the electrode during operation.   
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Figure 1.7. Nyquist and Bode representations of the electrochemical impedance spectra (a) and 

typical Nyquist plot obtained for a SOFC full cell (b). Extracted from [39] and [33]. 

 

 

Furthermore, real and dynamic systems like fuel cells and electrolysers are not ideal 

steady-state systems, hence the need for more complex circuit elements -like Constant Phase 

Elements (CPE or Q)- that take into account the distribution of relaxation times. This element 

is used to describe a non-ideal capacitance and includes an n value (obtained from the fitting) 

related to the depression of the semicircle, which varies between 0 (pure ohmic resistance) 

and 1 (pure capacitance). 
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1.2.1.2.Polarisation curves (I-V curves) 

 

In operation conditions, the cell voltage drops with respect to the theoretical 

thermodynamic voltage (Nernst voltage) due to several irreversible internal loss mechanisms. 

The overall performance and the effect of different loss mechanisms of the cell are monitored 

through polarisation or I-V curves. These plots represent the variation of the potential (V) 

versus the supplied current density (j, A/cm2) or current intensity (I, A). Figure 1.8 shows the 

typical I-V curve obtained when operating in SOFC mode.  

These measurements can be carried out in both galvanostatic and potentiostatic modes. 

The former employs a potentiostat to control the current difference between the two 

electrodes and measure the resultant voltage, while the latter uses the potentiostat to control 

the voltage flowing between them and register the resulting current. 

The Open Circuit Voltage (OCV or Eeq) of a cell is measured by applying a negligible 

current intensity between the electrodes and measuring the voltage generated between them, 

its theoretical value is determined by the Nernst equation for the corresponding reaction 

(equations 1.3 and 1.8 shown above) and is affected by the pO2 difference at both sides of 

the cell. Therefore, the comparison of the theoretical and experimental OCV values indicates 

the quality of the sealing used to isolate the two electrodes of the cell.  
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Figure 1.8. Diagram of a typical I-V curve of a SOFC showing the different polarisation types. 

Modified from [33]. 

 

 

When the cell operates in SOFC mode, the voltage decreases with the applied current 

density (with respect to the OCV value) due to the presence of different overpotentials that 

dominate the resistance of the cell (activation, ohmic and diffusion overpotentials). Lower 

overpotentials will derive in better cell performances. Conversely, in SOEC mode the applied 

current causes an increase in the voltage that needs to be supplied to the cell. [33,34,37,40] 

The actual voltage output of a fuel cell can be expressed as: 

𝑉𝑜𝑢𝑡 = 𝐸𝑒𝑞 − 𝐼𝑅 − 𝜂𝑐 − 𝜂𝑎  (1.11) 
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where IR represents the ohmic losses, 𝜂𝑐 the cathodic losses (associated with factors that 

affect the ORR) and 𝜂𝑎 the anodic ones (related to both the material’s microstructure and 

diffusion processes). In the case of a SOEC, the overpotentials are added -instead of 

subtracted- to the Nernst potential to obtain the output voltage due to a change in the current 

direction.  

Another typical representation used for SOFCs is the Power density versus current 

density curve (Figure 1.9), where the power delivered by the cell is given by the product of 

current and voltage at each point of the I-V curve.  The current supplied by a fuel cell is 

directly proportional to the amount of fuel used (each mole of fuel provides n moles of 

electrons). As the fuel cell voltage decreases, the electric power produced also diminishes. 

In consequence, the cell voltage and therefore the electric power produced can be seen as a 

measure of the cell’s efficiency. The determination of the operation conditions of the cell is 

commonly defined by this curve, and it is usual to select a current density equal to or below 

the power maximum (voltage efficiency improves but power density drops). At current 

densities larger than the power maximum, both the voltage efficiency and the power density 

fall. The important thing is to find a good efficiency, always before the power peak, with the 

highest fuel utilisation.  
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Figure 1.9. Representation of the typical I-V curve of a SOFC and the Power density curve 

obtained from it. Extracted from [32]. 

 

 

1.2.2. Materials for SOC 

 

In the last 30 years, progressive and significant advances in the field of solid oxide cells 

have been reported. They entailed a lot of work by dedicated researchers from diverse areas 

of expertise. A comprehensive list of the materials classified according to their application 

(electrolytes, fuel electrodes and oxygen electrodes) is shown in Figure 1.10. Even though 

this list was extracted from a review published in 2005, it is still relevant and summarises the 

different groups of materials that have been tested for the different components of SOCs. 

New materials can be added to the same families, as will be discussed below. 
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Figure 1.10.  Diagram presenting the most common materials used in SOC 

applications. Modified from [41]. 

 

The acronyms for the majority of the materials shown in Figure 1.10 are explained in 

Figure 1.11 (the fuel electrodes are usually composed of NiO and an electrolyte, therefore, 

the acronyms are not repeated). 
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Figure 1.11.  Acronyms for the materials shown in Figure 1.10. Extracted from [41]. 

 

 

1.2.2.1.Electrolyte 

 

The ideal electrolyte for these devices should be a good ionic conductor and an electronic 

insulator, to allow oxygen mobility and avoid short circuits between the electrodes. 

Moreover, it needs to be dense, gas-tight and chemically stable in both oxidising and reducing 

conditions (as well as in the half-reactions). It should also be chemically and thermally 

compatible with the adjacent cell components (non-reactive and matching thermal expansion 
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coefficients, TEC). All this plus its thickness will have a major impact on the overall 

performance of the cell. [5,25,28] 

These characteristics are usually met when using ceramics with a fluorite-like structure, 

where the oxygen vacancies enhance the transport of oxygen ions (O2-) within it. The state-

of-the-art materials include YSZ (yttria-stabilised zirconia, 8% Y2O3 in a ZrO2 matrix) and 

GDC (gadolinia-doped ceria, Gd0.1Ce0.9O1.95 ) for high and intermediate temperatures (HT 

and IT), respectively. Furthermore, variations of the doping element have been studied to 

enhance the properties of the materials, for example, Yb or Sc instead of Y in YSZ and Sm 

and Tb in GDC. Despite achieving the highly-desired increase in performance, these 

components are much more expensive (and less abundant) and not so stable in long-term 

operation, and therefore, generally not used.  

Figure 1.12 shows the electronic conductivity variation with temperature for several 

studied electrolytes. YSZ continues to be the more effective and most used electrolyte for 

SOFC applications notwithstanding its low conductivity at low and intermediate 

temperatures (it falls from 0.1 S cm−1 at 1000°C to 0.02 S cm−1 at 800°C), and chemical 

reactivity with Sr-containing state-of-the-art electrodes. [5,25,28,42] 

Nowadays, GDC and ceria-based electrolytes are preferred for IT applications due to 

lower activation energy and good ionic conductivity (one order of magnitude larger than YSZ 

at this temperature range, shown in Figure 1.12). In addition, these electrolytes have higher 

TECs (12.510-6 K-1, 20% larger than YSZ) that match better with the other components of 

the cell. Nonetheless, ceria-based electrolytes still present different drawbacks that restrict 

their commercialisation, in particular, the reduction of Ce4+ to Ce3+ in reducing conditions 
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which leads to a detriment in the cell voltage due to direct electronic conduction and short-

circuit problems, and lattice expansion, causing microcracking and gas leakage. [28,42] 

 

Figure 1.12.  Ionic conductivities of the main electrolyte materials used in SOFC applications. The 

presented electrolytes are: YSB [(Bi2O3)0.75(Y2O3)0.25]; LSGMC (LaxSr1-xGayMg1-y-zCozO3; x≈0.8,  

y≈0.8, z ≈0.085); GDC (Ce0.9Gd0.1O1.95); SSZ [(ZrO2)0.8(Sc2O3)0.2]; YDC (Ce0.8Y0.2O1.96);CDC 

(Ce0.9Ca0.1O1.8);YSZ [(ZrO2)0.92(Y2O3)0.08] and CaSZ (Zr0.85Ca0.15O1.85). Extracted from [35]. 

 

 

1.2.2.2.Electrodes 

 

As mentioned above, solid oxide cells in general are a relatively new technology. For 

this reason, the majority of the materials that are being investigated for their application on 

reversible SOC (electrodes, electrolytes, interconnectors, seals, etc.) are based on the ones 

that have exhibited better performance in SOFC mode, which was studied first. [5,43,44] 
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Although at first glance the requirements and characteristics of an rSOC may seem to be 

a combination of the requirements of both modes separately, it is not that simple. The change 

in operation between one mode and the other requires the inversion of the ion flow in the cell 

and the inversion of the electrodic reactions. These changes must simultaneously level or 

exceed the efficiency of the inverses to make a good electrolyser cell from the energy 

generation device. To cite an example, one of the main requirements for the oxygen electrode 

for SOECs is that it should not delaminate at high oxygen pressures resulting from the oxygen 

evolution reaction taking place. [16,45] 

Both SOFCs and SOECs generally use ceramic oxides, ideally mixed ionic and 

electronic conductors (MIEC), for their main components: porous electrodes. Although there 

are differences in their compositions for SOFC/SOEC, they share some general requirements: 

high ionic conductivity, acceptable values of electronic conductivity to allow a homogeneous 

charge exchange, high electrochemical activity and high porosity to promote the diffusion of 

gaseous species. It is also desirable for them to be mechanically and chemically compatible 

with other components of the cell, stable at operating temperature, cheap and easy to prepare. 

[16,43,46–49] 

 

Oxygen electrode 

 

The oxygen (or air) electrode is where the oxygen evolution reaction (oxygen formation, 

SOEC mode) and the oxygen reduction reaction (oxygen reduction, SOFC mode) take place. 

Therefore, it must be stable in oxidising environments and have high porosity to enable the 

diffusion of gas species in and out of the interface. Moreover, it should present high 

electrocatalytic activity towards both ORR and OER, something not so simple to achieve.  
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Microstructure also plays a key role here, since the electrochemical reactions mentioned 

only take place in the active area of the electrode, where electrons, oxide ions and molecular 

oxygen coexist. For pure electronic conductors, this area is confined to the Triple Phase 

Boundary (TPB). When it comes to air electrodes, the approach used to increase this area is 

the use of mixed ionic-electronic conductors (MIECs); in these materials, all the surface area 

can potentially be active towards chemical reactions (two-phase boundary, 2-PB, solid/gas) 

because they provide both electrons and ions needing thus, only the gas phase.  Figure 1.13 

shows a schematic illustration of the pathways electrons and ions take in different types of 

materials. Most of the MIECs used in SOC applications are ceramic oxides with perovskite-

type and related structures.  

 

Figure 1.13.  Schematic diagram of the oxygen reduction pathways in a pure electronic conductor 

(a), a composite ionic-electronic conductor (b) and a single-phase mixed ionic-electronic conductor 

(c). Extracted from [6]. 

 

The versatility of perovskites -which also exhibit other properties of technological 

interest (electrical, elastic, magnetic, multiferroic, catalyst)- lies in the virtually infinite 

number of compounds that can be obtained using different combinations of elements that 

they admit and the diversity of resulting physicochemical properties. Different perovskite-



 26 

type structures are organised in families, which include simple, double, triple, Ruddlesden-

Popper types, etc. [50] 

The ideal cubic perovskite structure (Figure 1.14) belongs to the 𝑃𝑚3̅𝑚 space group and 

has the general formula ABO3 (oxide), where A is typically a lanthanide or alkaline-earth 

and B is a transition metal, and the oxygens are arranged in corner-sharing BO6 octahedra. 

Both the A or B cations can be substituted by introducing other cations with the same or 

different valence. The size of the cations occupying the different sites will determine the 

symmetry of the arrangement (and the degree of distortion) and therefore the space group 

symmetry of the structure, which can diverge from cubic to trigonal 𝑅3̅𝑐, tetragonal 

𝑃 4 𝑚⁄ 𝑚𝑚 or orthorhombic 𝑃𝑛𝑚𝑎 in the most frequently studied materials.  

Their high electrochemical activity is owed to their good transport and catalytic 

properties, which are directly related to the properties of the metallic cations present. The 

formation of oxygen vacancies that occurs when doping the compound (mixed-valence 

cation substitution provokes oxygen loss to ensure electroneutrality) enables the movement 

of the oxide-ion within the lattice. The new structure is noted as ABO3- with =oxygen loss. 

This oxygen non-stoichiometry varies with temperature, pO2 pressure and concentration of 

the dopant, among others. Moreover, the electronic conduction is assured by the mixed 

valence capacity of 3d metals, while the presence of active sites on the surface of the 

materials derived from the 5-fold coordination of the transition metal cation (Co, for 

example), enhances their catalytic activity. [6,13,25,45,50,51] 
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Figure 1.14. Crystal structures of the relevant MIEC cathode materials: simple perovskite (a) 

double perovskite (b) and Ruddlesden-Popper (c). Extracted from [52]. 

 

Among perovskites, LaMnO3 (LM), La0.8Sr0.2CoO3 (LSC) and La0.8Sr0.2FeO3 (LSC) 

doped with alkaline earth metals in the A site and Ni, Mn and other transition metals in the 

B site, as well as other derived structures, have been widely studied through the years not 

only as SOFC cathodes but as general catalysts for other reactions [53]. State-of-the-art 

materials for air electrodes currently include lanthanum ferrites or cobaltites that exhibit 

MIEC behaviour, like LSCF (La0.6Sr0.4Co0.2Fe0.8O3-), BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3-), 

Sr2Fe1.5Mo0.5O6−𝛿 and LSC itself. [28,32,51,54,55] 

Despite the great electrochemical performance of Co-based electrodes, new alternatives 

have been sought, due to cobalt’s high toxicity and cost and a large TEC of the materials due 

to a very fast oxygen release of these oxides at high temperatures, also referred to as chemical 
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expansion. In the last years, its substitution for environmentally friendly and accessible 

copper appeared as an interesting alternative and has turned out to be quite beneficial [56–

62]. La0.6Sr0.4Fe0.8Cu0.2O3- perovskite was first reported by Zhou et al. [63] in 2009 and later 

resumed by Vázquez et al. [62], but never fully studied as an oxygen electrode in both SOFC 

and SOEC modes.  

 

Composites 

 

Composite electrodes, formed by a homogeneous mixture of a typical MIEC material 

and an electrolyte-like companion, arose as an interesting approach to reduce the TEC and 

improve the electrochemical performance of the electrode. One of the most used strategies is 

introducing an ionic conducting electrolyte material, such as GDC, or a simple transition 

metal or lanthanide oxide (like CeO2). The introduction of a proper quantity of electrolyte 

material not only lowers the TEC but also increases the TPB area in the electrode, and the 

diffusion rates and charge transfer of oxygen ions at the interface. On the contrary, an excess 

of this material in the composite can taper the electrochemical performance of the cell. [28] 

A schematic diagram of the effects the addition of small amounts of the electrolyte can 

produce in the mechanism of the ORR is shown in Figure 1.15.  

The conventional method used to prepare these composites is mechanical mixing of the 

two already-synthesised components (oxygen electrode and electrolyte materials), which 

presents several disadvantages in terms of the resulting microstructure of the electrode since 

it cannot be optimised nor controlled in any way. Another interesting route on the rise is the 

wet impregnation technique, where the majority component electrode material is 
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impregnated with a solution of the corresponding metallic nitrates of the minor component, 

which are later decomposed by firing them in air to obtain the desired phase. [64,65] 

 

Figure 1.15.  Schematics of the oxygen reduction reaction at (a) electronic conductor (TPB 

concept), (b) MIEC (TPB+ 2PB), and (c) MIEC-ionic conductor, GDC (enlarged TPB+2PB) (path 

1: TPB point between the electrolyte and cathode, path 2: 2PB point on the surface of the cathode, 

and path3: enhanced TPB point by the addition of GDC). Extracted from [28]. 

 

 

Fuel electrode 

 

The fuel (or hydrogen) electrode is where the hydrogen evolution reaction (steam 

reduction, SOEC mode) and the hydrogen oxidation reaction (steam formation, SOFC mode) 

take place. Therefore, it must be stable in reducing environments, exhibit high catalytic 

activity towards the hydrogen evolution and oxidation reactions (HER and HOR 

respectively) and have high porosity to enable the diffusion of gas species in and out of the 
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electrolyte/electrode interface. As mentioned above, other highly-desired characteristics 

include a matching TEC to that of the electrolyte, chemical and thermal stability when in 

contact with other components of the cell and tolerance to impurities/chemical poisons like 

sulphur.  

As SOFC devices were the first ones studied, all of the materials tested in fuel electrodes 

of SOC are the ones previously used as SOFC anodes. The most commonly used are cermets: 

ceramic-metal composites where the ceramic material is the same as the electrolyte and the 

metal is a catalyst [28,32,51,55,66]. Due to the presence of a metallic phase and a ceramic 

one, the material presents mixed conductivity (the metal contributes to the electrical 

conductivity) and provides mechanical stability to the cell. They are usually obtained by 

mixing the oxide of the metal and the electrolyte (or directly the composite) and are reduced 

in situ to obtain the metallic phase dispersed homogeneously in the electrode.  

The most popular cermets include Ni-GDC and Ni-YSZ, and their variants with elements 

such as samarium and scandium, respectively. Despite presenting several disadvantages like 

Ni segregation and poor mechanical stability when re-oxidised (in presence of air or oxygen), 

Ni-YSZ continues to be the reference material for SOCs. In the last decade, different 

perovskites have also emerged as potential fuel electrodes to substitute traditional cermets. 

[28,32,67,68] 
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1.2.3. Materials characterisation techniques 

 

1.2.3.1.X-Ray Powder Diffraction (XRD) 

 

Conventional powder X-ray diffraction (XRD) is a rapid non-destructive technique used 

to identify and/or quantify the crystallographic composition of a material formed by one or 

more crystalline phases. Specialised XRD (with data collected at specialised 

instruments/laboratories and properly processed) could be used for crystal structure 

determination, quantification of microstructure, instrument calibration, and the quantitative 

study of other complex systems. It is commonly employed in materials science for 

composition analysis and phase identification of crystalline phases, which can be in the form 

of powders, pellets or thin films, owing to the ‘fingerprint’ quality of the diffraction patterns 

obtained.  

The electron density of long-range ordered structures, or crystals, scatter X-rays in every 

direction. In some specific ones, the scattered X-rays add up constructively to produce 

diffraction peaks and, consequently, diffraction patterns. The position of the peaks in this 

pattern was explained in 1913 by W.L. Bragg and W.H. Bragg in the famous Bragg´s Law: 

nλ = 2d sin θ   (1.12) 

where λ is the wavelength of the X-ray radiation, d is the interplanar spacing of the planes 

within the crystal, θ is the angle of incidence above the plane surface, and n is an integer. 

This implies that constructive interference only occurs when the conditions of Bragg´s law 

are satisfied, in other words, diffraction is possible when the difference in the optical path 
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length between reflections of adjacent planes is a whole number of waves (or the phase shift 

of the waves is a multiple of 2π, Figure 1.13a).  

The wavelength of the X-rays is of the same order of magnitude as the distance between 

the scattering centres used to produce the pattern: the atoms within the crystal, and 

consequently, allows us to obtain significant information about the inner structure of a 

material. [69,70] 

The XRD data collected will be fitted using the Rietveld method to obtain structural 

parameters and information about the composition of the samples. [71] 

Figure 1.13. Schematic representation of Bragg’s Law. Extracted from [69]. 

 

 

1.2.3.2.Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy is one the most used analytical techniques in the study of 

the surface nano- and micro-structured materials. The generation of a beam of high-energy 

electrons by an electron gun focused by magnetic lenses, allows the scanning of the sample 

maintained under high-vacuum conditions, and therefore, the acquisition of high-resolution 

micrographs (Figure 1.14a).  
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The interaction of these electrons with the surface of the sample generates a variety of 

signals that are detected by the corresponding detector, the typical pear scheme of them is 

shown in Figure 1.14b. The most common detectors are the following:  

- Secondary Electron detector (SE). Captures the electrons emitted by the atoms of the 

material under study after the excitation caused by the scanning beam (secondary 

electrons); they provide textural and topography information, as they come from the 

outermost layer (the ‘pear’ closest to the surface). 

- Backscattered Electron detector (BSE). This detector captures the electrons of the 

scanning beam that are not absorbed by the sample but deviated back from the 

surface of the sample, coming from the second layer of the pear, which gives us 

information about the composition of the sample due to its high atomic number 

sensibility. Different shades of grey will be observed depending on the atomic weight 

of the element (clearer if it is heavier since it backscatters more electrons). 

- Energy Dispersive X-ray detector (EDX). It captures the X-rays generated in the third 

layer of the pear, characteristic for each element, which yields not only qualitative 

information about atomic composition but also a semi-quantitative analysis of the 

surface. EDX can be used to study a specific point of the sample, map a line or even 

scan through an area creating a compositional map of the surface of the sample. 

[34,70,72] 
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Figure 1.14. Diagrams of a scanning electron microscope working principles (a) and the 

various signals generated when the electron beam interacts with the sample (b). Extracted from [73] 

and [74]. 
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1.3. Objectives of the thesis 

 

Taking into consideration the path the group has followed with regard to the 

development of new materials for Solid Oxide Fuel Cells, it only feels natural to keep moving 

towards their complementary devices: Solid Oxide Electrolyser Cells and also, to study the 

possibility of reversible operation.  

Thus, the aim of this thesis is to improve the performance of already-existing materials 

for SOCs oxygen electrodes and test them in reversible conditions (SOFC/SOEC) using state-

of-the-art electrolyte and fuel electrodes.  

In this regard, the synthesis of La0.6Sr0.4Fe0.8Cu0.2O3--CeO2 (LSFCu-CeO2) composites 

in a two-step facile method was proposed and the resulting materials were characterised 

microstructurally and electrochemically to determine their suitability as oxygen electrodes. 

Moreover, the composites were tested as SOC’s oxygen electrodes using commercial 

electrolytes and fuel electrodes, in both SOFC and SOEC modes.  

According to this, the thesis focused on the following aspects:  

-  Two-step synthesis of LSFCu-CeO2 composites using an auto-combustion 

method. 

- Optimisation of the preparation of symmetrical and full-cell devices for 

electrochemical characterisation. 

- Study of the performance of full devices employing the best-performing oxygen-

electrode materials.  
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2. EXPERIMENTAL METHODS 

This chapter aims to provide a general overview of the experimental methods and 

techniques used in this thesis, from the synthesis of the materials to the preparation of inks 

that were later employed in the assembly of the devices tested electrochemically, as well as 

the characterisation techniques involved in each step.  

 

2.1. Materials synthesis 

 

The electrode materials studied in this work were synthesised via an auto-combustion 

route, using ethylenediaminetetraacetic acid (EDTA) as organic fuel and chelating agent, and 

ammonium nitrate (NH4NO3) as combustion promoter. This method allows obtaining the 

LSFCu perovskite and LSFCu-CeO2 composites in two steps: synthesis and posterior thermal 

treatment. In comparison to other methods, it is faster, cheaper (since it requires less time 

performing thermal treatments and consequently, less energy) and also scalable, considering 

that each synthesis can produce 5-10 g of the material. [57,62,75–77]  

For this purpose, aqueous solutions containing stoichiometric amounts of 

La(NO3)36H2O, Sr(NO3)2, Fe(NO3)39H2O, Cu(NO3)23H2O, Ce(NO3)36H2O (>99.9 %, 

Sigma Aldrich, USA) were prepared according to the desired composition. An alkaline 

solution (pH=10) containing 1.1 moles of EDTA (>99.4%, Sigma-Aldrich, USA) per mole 

of cation and NH4NO3 (>99.0 %, Sigma-Aldrich, USA) was also prepared and the solutions 

above were mixed. The resulting solution was heated over a hot plate at 130 °C, constantly 

stirring and keeping pH=10 constant by adding small aliquots of NH4OH as required, until 
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the formation of a gel. Then, the magnetic stirrer was removed and the hot plate temperature 

was raised to 350 °C, where the gel self-ignited. A brief schematic diagram of the process is 

shown in Figure 2.1.  

The combustion process resulted in a sponge-like dark brown powder, that after a 

grinding process in an agate mortar becomes a fine and homogeneous powder. After that, the 

samples were subjected to a heating treatment in a muffle furnace at 850 °C in air for 6 h to 

obtain the desired pure materials.  

Some key aspects of the synthesis were previously optimised (by the author and other 

members of the group) to obtain the desired phases. First, the EDTA molar excess, which 

ensures the total complexation of the metallic cations, avoiding the formation of hydroxides 

and oxy-hydroxides that commonly occurs at high pH. Second, the NH4NO3:EDTA molar 

ratio -which is a fully experimental parameter since it has to be tailor-made for each 

perovskite (or family of perovskites)- has a direct influence on the composition of the final 

ashes. Higher ratios (8:1, 10:1, 12:1) might allow the preparation of the desired phase directly 

from the synthesis, while lower ratios (3:1, 4:1, 5:1) lead to amorphous or low-crystallinity 

phases.  In this case, higher ratios produce a mixture of the metallic oxides (CuO, La2O3, 

SrO, Fe2O3, etc.) instead of the perovskite; therefore, the preparation was carried out using a 

3:1 NH4NO3:EDTA ratio and a posterior thermal treatment at 850 ºC in air that resulted in 

the desired phases.  

The samples containing pure La0.6Sr0.4Fe0.8Cu0.2O3-, and La0.6Sr0.4Fe0.8Cu0.2O3--CeO2 

mixtures with 5%, 10%, 20% and 50% CeO2, will be called LSFCu, LSFCu-CeO2 5, LSFCu-

CeO2 10, LSFCu-CeO2 20 and LSFCu-CeO2 50, respectively. 
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Figure 2.1. Diagram of the synthesis process used to obtain the LSFCu perovskite and 

LSFCu-CeO2 composites. 

 



 41 

2.2. Inks for SOC fabrication 

 

This section describes the formulation of the inks used in this thesis. Table 2.1 shows an 

overview of the materials and solvents employed as well as the deposition method and the 

part of the device it was used for.  

 

Table 2.1. Summary of the prepared inks of the materials used for different 

components of the cell. 

     
 

Materials Deposition technique Part of the device 

Ethanol-based inks GDC Airbrush Roughness layer 

Terpineol-based inks 
LSFCu, LSFCu-

CeO2 composites 
Hand-painted Oxygen electrode 

 

  

2.2.1. Ethanol-based inks 

 

GDC ethanol-based inks were employed to deposit a thin GDC roughness layer (RL) 

over electrolyte substrates, which enhances the adhesion of the electrode’s particles to the 

electrolyte support. These inks were prepared by mixing 0.1 g of commercial GDC powder 

(Fuelcellmaterials, USA) with 0.001 g of PVP dispersant (1% in weight with respect to the 

solid load, Mw 55k, Sigma Aldrich, USA) in 1 g of EtOH. The dispersions were magnetically 

stirred for ~12 h and sonicated right before their use.  

The composition used for these inks was previously optimised for their deposition by 

the airbrushing technique by the NIFC group (IREC, Barcelona, Spain).  
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2.2.2. Terpineol-based inks 

 

The inks of LSFCu perovskite and LSFCu-CeO2 composites were obtained by dispersing 

500 mg of the powders in PVA (Mw 89k, Sigma Aldrich, USA), -terpineol (96%, Alfa 

Aesar, USA) and isopropanol (28.3, 1.1, 45.2 and 25.4 % w/w respectively). The dispersions 

were magnetically stirred for ~12 h and sonicated before their use.  

 

 

2.3. Fabrication of SOC test devices 

 

The fabrication of testing devices implies putting together all the aforementioned 

components and verifying their stability at operating (or as similar as possible) conditions.  

Thus, chemical and mechanical compatibility between the oxygen electrode and the 

electrolyte should be tested before performing the electrochemical characterisation.  

The chemical compatibility was studied through the phase reaction of the electrolyte and 

the electrodes. In this case, two different electrolytes were used: GDC for symmetrical cells 

and YSZ for full cells.  

The reactivity between the electrodes and the GDC was examined directly over the 

LSFCu-CeO2 composites owing to the similarity between the CeO2 component and the GDC. 

For this, the LSFCu-CeO2 10, 20 and 50% samples were fired in air at 1100 ºC for 12 h and 

XRD patterns of the resulting materials were collected. 

On the other hand, it is well known that Sr-containing phases (like LSFCu) react with 

YSZ at high temperatures to form the SrZrO3 and La2Zr2O7 insulating phases, which have a 
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direct effect on cell performance and its deterioration [78–83]. Since there was no point in 

verifying this fact again, we decided to apply a GDC barrier layer (BL) between the 

electrolyte and the electrode when testing on YSZ-containing cells. The function of this BL 

is to avoid or, at least, delay, the contact between the Sr and Zr and in consequence, their 

reaction.  

The mechanical compatibility of materials is studied through their Thermal Expansion 

Coefficient (TEC), a property usually measured using the dilatometry technique (the change 

in the linear dimension of a sample with temperature is recorded). The test was not performed 

due to the lack of equipment, but abundant literature concerning the TEC of the individual 

components can be found elsewhere. The value reported for GDC (30-730 ºC) is 12.5x10-6 

K-1, while the one for LSFCu (25- 850 ºC) is 14.6x10-6 K-1 (average). [42,58,62,63,84]  

Later on, Vazquez et al.[62] reported that the LSFCu perovskite exhibits a reversible 

phase transition ~425 ºC from the rhombohedral 𝑅3̅𝑐 to the cubic 𝑃𝑚3̅𝑚 structure (in 

accordance with weight losses observed in thermogravimetric analysis, TGA). The TEC for 

both phases (obtained through the study of the lattice parameters of high-temperature XRD 

data), in the ranges RT-425 ºC and 425-900 ºC, were 14.66x10-6 K-1 and 18.62x10-6 K-1, 

respectively (16.64 x10-6 K-1 in average).  

The phase transition might translate into a significant change in the TEC with 

temperature and consequently a huge disadvantage if we take into account the multiple 

heating/cooling cycles the device affronts while operating. This is detrimental to the cell and 

could eventually lead to mechanical failure. Here, the mixture of the electrode with a material 

similar to the electrolyte (CeO2, TEC~ 12x10-6 K-1) could represent an important 

improvement for the mechanical stability of the device since the TEC of the mixture can be 

approximated to the average of the individual TECs.  
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To sum up, the components appear to be compatible enough to develop a high-

performing device. The techniques used in the assembly of the cells are presented below.  

 

2.3.1. Fabrication techniques 

 

2.3.1.1.Airbrushing technique 

 

The airbrushing technique consists of an airbrush with a nozzle on the tip, which uses 

pressurised air to nebulise the paint or ink (with different solid loading of diverse materials) 

on surfaces. It is commonly used in SOC manufacturing to deposit layers of porous electrodes 

on top of pre-existing substrates. [85,86]  

In this thesis, a 3-axis automated airbrushing (Figure 2.2) controlled with a 3D printing 

frame (Print3D Solutions, Spain) was routinely employed to apply thin layers of GDC on top 

of electrolyte tapes and fuel electrode-supported half-cells. Different parameters like the air 

pressure, the temperature of the substrate holder and the distance airbrush – sample, among 

others, can be controlled during the process to get reproducible depositions.   

During the deposition, the air pressure was fixed at 2 bar, the temperature of the holder 

was 70 ºC to ensure proper ethanol evaporation and the distance to the substrate was ~8 cm. 

The reproducibility of the result was controlled by the number of layers deposited.  
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Figure 2.2. Automated airbrushing setup used for thin layer deposition (a) and airbrush (b). 

 

2.3.1.2.Pulsed Layer Deposition (PLD) 

 

PLD is a physical vapour deposition technique that allows to obtain high-quality thin 

films (from tens of nanometres to a few microns) of solid crystalline materials at lower 

temperatures than the ones employed in typical crystallisation processes in equilibrium 

conditions. As indicated by its name, this technique uses high-energy laser pulses to 

evaporate and ionise material from a target (Figure 2.3), which generates a plasma plume of 

ions that condense on top of the substrate. A system of lenses and mirrors directs the laser 

beam to the substrate, which is inside a chamber maintained under high vacuum conditions 

to minimise possible contamination. The substrate chamber can be heated to the desired 

temperature to improve the crystallisation process. [87] 
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Figure 2.3. PLD working mechanism and setup diagram. Extracted from [34]. 

 

In the present work, PLD was used to deposit dense and thin GDC barrier layer films on 

commercial NiO-YSZ/YSZ fuel electrode-supported half cells. As mentioned before, the aim 

of this barrier layer (BL) is to introduce a physical barrier between the electrolyte (in this 

case YSZ) and the oxygen electrode avoiding the reaction among them, which would lead to 

the formation of insulating phases. Note that this step is not needed when using the GDC 

electrolyte but becomes critical when the electrolyte is YSZ.  

The equipment used at the IREC facilities is a large-area PLD from PVD Products, Inc.® 

(Figure 2.4). During the deposition, performed by researchers of the NIFC group, the oxygen 

flow was kept in the range of 10-3 – 10-1 mbar, the temperature of the substrate was 600 ºC 

and the target was rotating constantly to deposit a homogeneous layer of GDC of ~1 m in 

thickness. 
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Figure 2.4. PLD instrument located at IREC facilities. 

 

 

2.3.2. Cells fabrication 

 

This section describes the different cells prepared during this thesis, both symmetrical 

and full devices. Table 2.2 shows an overview of them and the materials used for each 

component.  

 

Table 2.2. Summary of the prepared cells and the materials used for their construction. 

 

Type Support Electrolyte Oxygen electrode 

Symmetrical cells GDC pellet/ tape GDC 
LSFCu and LSFCu-

CeO2 composites 

Full cells 
NiO-YSZ/YSZ fuel 

electrode tape 
YSZ 

LSFCu and LSFCu-

CeO2 composites 
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2.3.2.1.Symmetrical cells 

 

Electrolyte-supported symmetrical cells were prepared and electrochemically tested to 

measure the performance of the oxygen-electrode material and to optimise the electrodes’ 

deposition and cell assembly procedure using GDC electrolytes of different origins and 

preparation.  

First, the electrolyte consisted of GDC pellets prepared with commercial powder 

(Kceracell Co., Ltd., Republic of Korea) by pressing ~2 g in disks of 25 mm in diameter at 8 

MPa and then annealed at 1450 ºC for 6h (2º/min up and 1 ºC/min down). A GDC ethanol-

based ink (section 2.2.1.) was deposited on both sides through an airbrush to create the RL, 

which was later sintered at 1250 ºC for 2 h (5 º/min).  

Secondly, the electrolyte consisted of GDC tapes (Fuelcellmaterials, USA), 20 mm in 

diameter and ~200 m in thickness. These tapes with a very polished surface also required 

the deposition of a roughness layer (RL) before the application of the electrode material. A 

GDC ethanol-based ink was also deposited on both sides of the tapes.  

In both cases, the electrodes’ layer (terpineol-based ink, section 2.2.2.) was painted by 

hand on top of the electrolyte, and sintered in air at 950 ºC for 4h (5 º/min, with a pre-step of 

1 h dwell at 500 ºC to remove all the organic components of the ink). Figure 2.5 shows a 

diagram of the final configuration of a symmetrical cell. Note: the determination of the 

sintering temperature of the electrodes will be discussed in Chapter 3.  
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Figure 2.5. Schematic design of the symmetrical cell (electrode/GDC/electrode) used to study the 

oxygen electrode electrochemical performance. Modified from [35]. 

 

 

2.3.2.2.Fuel electrode-supported full cells 

 

Full cells were prepared by the deposition of a GDC barrier layer (BL, ~1m) on 

commercial anode-supported half cells (NiO-YSZ//YSZ) using the PLD technique. The half 

cells were provided by SOLIDpower SpA (Italy) and have 20 mm in diameter and ~300 m 

in thickness. The BL was sintered in air at 1150 ºC for 2 h (5 º/min).  

A GDC RL was deposited on top of the BL employing the airbrushing technique and 

subsequently fired in air at 1250 ºC for 2 h (5 º/min). The electrode layer was painted by hand 

using a 16 mm mask to guarantee a minimum area coverage and sintered in air at 950 ºC 

(with the same pre-step as symmetrical cells) to ensure their correct attachment to the RL. 
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An example of the resulting configuration of the full solid oxide cells is shown below in 

Figure 2.6:  

Figure 2.6. Schematic design of a full cell with the configuration  

NiO-YSZ/YSZ/GDCBL/oxygen electrode. Modified from [35]. 

 

 

2.4. Characterisation techniques 

 

2.4.1. Electrochemical characterisation 

 

As mentioned above, all the prepared button cells (both symmetrical and full cells) are 

circular and have 2 cm of diameter and a theoretical active area of ~2 cm2. The 

characterisation techniques used include I-V polarisation curves and Electrochemical 

Impedance Spectroscopy (EIS). The experimental setups employed and the techniques used 

for this, are described in the following sections. 
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2.4.1.1.Experimental set-up 

 

The electrochemical characterisation of symmetrical cells was carried out by using a 

commercial ProboStatTM station (NorECS AS, Norway), a high-temperature vertical tubular 

furnace with thermal control system and a Novocontrol spectrometer (impedance analyser, 

Novocontrol Technologies GmbH & Co., Germany). The gas flow consisting of synthetic air 

for the symmetrical cells or hydrogen/air, argon/water steam, depending on the cell and 

operation mode, is controlled by a mass flow system.  

To perform the characterisation in full cells, some important additions need to be done. 

First, a power source, load and a potentiostat/galvanostat to measure the I-V curves. In the 

second place, a steam generator and heated gas flow lines are incorporated, which are crucial 

in SOEC mode to introduce vaporised water and avoid its condensation. Another key aspect 

here is the inclusion of a seal, to ensure gas tightness and avoid the mixture of pure hydrogen 

and oxygen, circulating in the inner and outer chambers of the ProboStat, respectively. In this 

case, CeramabondTM ceramic seal from Aremco (Spain) was used to separate the 

atmospheres. Finally, the electrochemical measurements (both I-V curves and EIS) were 

acquired using a PARSTAT® 2273 from PAR Instruments (Ametek Inc., USA).  

Figure 2.7a shows the experimental setup mentioned above when already mounted inside 

the furnace, while Figure 2.7b displays a scheme of the system. To ensure a proper current 

collection a thin gold (oxygen electrode) or nickel paste (fuel electrode) layer is painted on 

top of the electrodes and the sample is positioned inside the ProboStat in between two 

metallic meshes.  The meshes were made of gold for symmetrical cells, and of gold (oxygen 

electrode) and nickel (fuel electrode) in the full-cell configuration. The CeramabondTM 

sealing and gas supply tubes are also represented. After the sample is correctly assembled, 
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the ProboStat® is set inside the furnace and the gas supply is connected. In addition, the steam 

is produced by the steam generator at 150-160 ºC and conducted through the heated lines. A 

heating wire and isolating fabric are used to cover the exposed parts amidst the gas entry and 

the furnace to avoid water condensation.  

The electrochemical measurements were controlled using IonX in-house software 

developed at IREC (Novocontrol and I-V curves) and PAR Instruments Power Suite 

(PARSTAT).  

 

Figure 2.7. Experimental setup for electrochemical measurements fully assembled (a) and 

ProboStat internal scheme (b). Extracted from [35,88]. 
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2.4.1.2.Electrochemical Impedance Spectroscopy (EIS) 

 

As mentioned in the introduction, EIS is a very important technique used for the 

electrochemical characterisation of new materials and full operating devices. It was widely 

used in this thesis to characterise the electrodes prepared and the full-cell performance. The 

measurements were conducted in potentiostatic mode from 10 mHz to 1MHz and 50 mV 

amplitude (AC) over OCV; the operation temperature was between 850 and 500 ºC (50 ºC 

step) and an air or synthetic air atmosphere (50 mL/min) was used. ZView software (version 

3.2, Southern Pines, USA) was used to evaluate the obtained impedance spectra. 

 

2.4.1.3.Galvanostatic and Potentiostatic modes for I-V curves 

 

The OCV of the cell and the I-V curves of the electrochemical cells in both SOFC and 

SOEC modes under different operating conditions were registered using a 

potentiostat/galvanostat PARSTAT 2273 from PAR. The measurements were performed in 

galvanostatic mode using a 50 mA amplitude and stopping when a voltage ~0.6 V (SOFC) 

or ~1.2 V (SOEC) was reached. The selected temperature range was between 600 and 800 

ºC. The fuel side was supplied with a hydrogen flow that varied from 50 to 77 mL/min 

(SOFC) and a steam flow of 1900 mg/h (SOEC). An air flow between 50 and 192 mL/min 

was delivered to the oxygen electrode side. The specific conditions for each set of 

measurements are detailed in the results section presented in Chapter 3.   
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2.4.2. Structural and microstructural characterisation 

 

2.4.2.1.X-ray Powder Diffraction (XRD) 

 

XRD measurements were performed over the prepared samples both at Facultad de 

Química (CADifRaX) and IREC. The equipment used in the former is a Rigaku ULTIMA 

IV diffractometer of 285 mm radius in the Bragg-Brentano geometry, with CuKα sealed-tube 

radiation (λ=1.5418 Å) operating at 40 kV and 30 mA. A diffracted-beam curved Ge 

monochromator and NaI scintillation detector were used for intensity recording. In the latter, 

the instrument is a Bruker D8 Advance diffractometer of 280 mm radius also in the Bragg-

Brentano geometry and with CuKα sealed-tube radiation (λ=1.5418 Å) operating at 40 kV 

and 40 mA. A Lynxeye 1D detector was used for data collection. 

The data used for confirmation of phase purity were collected at room temperature in the 

2θ=10-70° range in 0.04° steps with 3 s/step while the patterns measured to perform the 

structural characterisation using the Rietveld method were collected in the 2θ=10-120° range 

in 0.02° steps with 10 s/step. The fit of the data by the Rietveld method was performed using 

the GSAS-II software suite [89]. 

 

2.4.2.2.Scanning Electron Microscopy (SEM)  

 

In this thesis, SEM was routinely used to study topography and microstructure of the 

powders obtained and the cross-sections of both symmetrical and full cells after testing. 

Digital micrographs were acquired in the energy range of 1.5-20 kV in a Zeiss Auriga 

microscope (Germany) using SE2, InLens (SE detector), and BSE detector. 
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3. RESULTS AND DISCUSSION 

The aim of this chapter is to discuss the results obtained in all the steps of the 

experimental work, from the synthesis of the materials to the characterisation of full 

electrochemical devices. 

 

3.1. Synthesis of LSFCu-CeO2 composites 

 

In this section, the synthesis process used to obtain the LSFCu perovskite and LSFCu-

CeO2 x% (x= 5, 10, 20, 50), and the resulting materials’ characterisation through XRD and 

electron microscopy are presented.  

As mentioned in the previous chapters, the selected auto-combustion method is a 

modification of Pechini’s original route to prepare alkaline-earth titanates. In this case, the 

chosen chelating agent (and organic fuel) is EDTA, instead of citric acid, which is mixed 

with ammonium nitrate (combustion promoter). The ratio used between them is 1:3 

EDTA:NH4NO3 in moles.  

The materials obtained directly from the synthesis are sponge-like dark brown powders 

(Figure 3.1) and consist of a low-crystallinity phase of the desired compounds and additional 

amorphous metal oxides. They were ground and calcined in air at 850 ºC for 6 h to obtain the 

final samples.  
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Figure 3.1. Example of the resulting powders obtained through the auto-combustion synthesis 

before and after grinding. 

 

Figure 3.2 shows the diffraction patterns for all the calcined materials and the difference 

between the as-prepared sample and the calcined one for the LSFCu-CeO2 20 composite 

where the poor crystallinity and presence of amorphous phases are depicted. The XRD data 

were modelled using the Rietveld method to obtain relevant structural parameters and 

confirm the composition of the samples as shown in Figure 3.3 for LSFCu, LSFCu-CeO2 10 

and 20. 

Figure 3.2. XRD patterns of (a) the final samples (the asterisks indicate the peaks corresponding to 

CuO impurity) and (b) the as-prepared and calcined sample corresponding to the 20% composite. 
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Figure 3.3. Rietveld fits of the (a) LSFCu, (b) LSFCu-CeO2 10 and (c) LSFCu-CeO2 20 samples 

after the thermal processing. 
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Table 3.1. Rietveld fit results of the structural parameters obtained for the LSFCu and CeO2 phases 

(when corresponding) in the LSFCu sample and the LSFCu-CeO2 10 and 20 composites. 

 

One of the questions that came up after the synthesis, is if the obtained material is a 

mixture of both phases, LSFCu and CeO2, or if it existed cation interchange with the 

formation of secondary phases among the perovskite and the fluorite (due to La3+ and Ce3+ 

similar ionic radii). In this light, we were able to determine through the Rietveld method (fit 

results are shown in Table 3.1) that the only phases present in the final samples are LSFCu, 

lightly La-doped CeO2 and a small amount of CuO phase (< 2 wt.%). The doping of La in 

CeO2 could be assessed through the change in cell parameters of CeO2. The a-axis length of 

pure CeO2 is expected to be 5.41 Å, while the refined values are close to 5.47 Å, a difference 

much larger than the standard uncertainty of the literature and refined values respectively 

[90]. From this, we infer that the doping has probably occurred during synthesis and the 

observation of a small amount of CuO in the doped samples could be a consequence of a 

slight depletion of La in LSFCu. However, we can still confirm that the synthesis process 

was successful and allowed us to obtain composites with the expected structures and 

compositions. Due to the impossibility to quantify La-doping in CeO2 with the available data 

we will continue describing the fluorite phase as CeO2. 

Parameter 
LSFCu LSFCu-CeO2 10 LSFCu-CeO2 20 

LSFCu CeO2 LSFCu CeO2 LSFCu CeO2 

Space group R3𝑐 F𝑚3𝑚 R3𝑐 F𝑚3𝑚 R3𝑐 F𝑚3𝑚 

a (Å) 5.5070 (2) - 5.5100 (5) 5.4709 (6) 5.5063 (7) 5.4550 (2) 

c (Å) 13.4255 (5) - 13.4366 (10) - 13.4385 (13) - 

Wt. fraction 

(%) 
100 - 91.2 8.8 80.7 19.3 

wRp (%) 2.272 2.811 3.208 
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The particle’s size and the homogeneous distribution of the desired phases throughout 

the material were corroborated using electron microscopy. The SEM micrographs acquired 

with different detectors for the LSFCu-CeO2 10 and 50% composites are shown in Figure 

3.4.  

The left-hand images were acquired using an SE2 detector, which gives more details 

about the samples’ topography. The micrographs in the centre of the figure were obtained 

employing an InLens detector (better resolution). Finally, the right-hand pictures were taken 

with a BSE detector (backscattered electrons) where the contrast between the dark LSFCu 

and bright CeO2 grains is visible.  

 

 

Figure 3.4. SEM micrographs of LSFCu-CeO2 10 (top) and LSFCu-CeO2 50 (bottom). 
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As seen in the pictures, the particle size of the sample is in the 10-150 nanometres range 

but there seem to be two particle size distributions (especially noticeable in the right-hand 

pictures), whitish and small particles and darker and larger ones. The brightness level in this 

technique is directly related to the average scattering density of the materials, which depends 

on sample density and elemental composition. The CeO2 particles are most definitely the 

smaller ones, consistent with the preparation method and the calcination temperature.  

To sum up, new LSFCu-CeO2 composites were synthesised via a facile and rapid method 

in two steps. The particles of the composite in the powders obtained are homogeneously 

distributed and their sizes belong to the nanometric scale.  

 

 

3.2. Chemical reactivity study with other cell components 

 

Once the electrodes’ materials are synthesised, the following critical test is the chemical 

reactivity study with the other cell components the electrode will be in contact with.  In this 

case, with Ce0.9Gd0.1O1.95 (GDC) which was used as an electrolyte in symmetrical cells and 

as a barrier layer in commercial Ni-YSZ anode-supported full cells. As already mentioned in 

Chapters 1 and 2, Sr-containing phases react with the Zr in YSZ and therefore, this reactivity 

test was not performed again.  

For this purpose, and owing to the similarity between GDC and the slightly La-doped 

CeO2 from the composites (which would prevent separating GDC and CeO2 peaks in the 

XRD data), the reactivity measurements were conducted directly on the composite samples 

by firing them in air at a much higher temperature (1100 ºC) than the operation temperature. 

Given that the majority of chemical reactions (decomposition, formation of oxides, etc.) are 
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thermally activated, if there is no reaction at 1100 ºC we can assume they will not react at 

lower temperatures. The products of the thermal treatment were studied through powder 

XRD, and the collected data was modelled through the Rietveld method as shown in Table 

3.2 and Figure 3.5 for pure LSFCu, and LSFCu-CeO2 10 and 20 composites. 

 

Table 3.2. Rietveld fit results of the structural parameters obtained for the LSFCu and CeO2 phases 

(when present) in the LSFCu and LSFCu-CeO2 10% and 20% composites. 

 

None of the samples showed decomposition or reaction that would imply the observation 

of additional phases after the process. There is also no evidence of further La-Ce cation 

exchange between LSFCu and CeO2 (besides the one that might be present already from the 

synthesis). The refined cell parameters of LSFCu in the three samples remain constant and 

comparable with that of calcined samples within 3 s.u. and the two refined cell parameters 

for CeO2 are close to that from calcined samples and do not show a variation that may suggest 

a trend for La-doping [65]. Besides the desired phases, almost all of the samples presented 

the same small amounts of CuO (< 2 wt.%), which was already present after the thermal 

treatment at 850 ºC and thus cannot be related to this new processing conditions or reaction.  

In summary, the LSFCu compound is chemically and thermally stable in presence of La-

doped CeO2 (and GDC) and therefore can be effectively used as an oxygen electrode in SOC 

devices. 

Parameter 
LSFCu LSFCu-CeO2 10 LSFCu-CeO2 20 

LSFCu CeO2 LSFCu CeO2 LSFCu CeO2 

Space group R3𝑐 F𝑚3𝑚 R3𝑐 F𝑚3𝑚 R3𝑐 F𝑚3𝑚 

a (Å) 5.51268 (10) - 5.51511 (12) 5.47686 (14) 5.51625 (12) 5.46238 (7) 

c (Å) 13.41105 (15) - 13.41464 (17) - 13.41617 (18) - 

Wt. fraction 

(%) 
100 - 88.2 10.3 77.8 20.4 

wRp (%) 6.028 6.455 6.110 
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Figure 3.5. Rietveld refinement results for the LSFCu, LSFCu-CeO2 10 and LSFCu-CeO2 20 

composites after a 12 h thermal treatment at 1100 ºC. 
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3.3. Optimisation of the electrode’s manufacturing temperature 

 

After the verification of the chemical and thermal compatibility of the electrode with the 

other cell components, the following key aspect is to ensure a correct attachment of the 

oxygen electrode to the electrolyte. If the adhesion between them is poor, there will be fewer 

points where the reaction can occur (lower TPB area), the conduction of oxygen dianions 

from the electrode to the electrolyte will be reduced and the difference in TEC combined 

with thermal cycling will quickly detach the components. As a consequence, the performance 

of the cell may be significantly reduced.  

If the surface of the electrolyte is too smooth, as happens with commercial tapes and 

pellets after the sintering process, the attachment of the electrode requires higher sintering 

temperatures and may be less effective. To prevent this, an additional layer is deposited on 

top of the electrolyte to enhance the adhesion. This layer is commonly known as the 

roughness layer (RL) and is usually composed of the same material as the electrolyte, but 

deposited as loose powder sintered over the dense electrolyte. In this case, the RL was made 

of GDC commercial powder.  

The optimisation of the electrode’s attachment temperature was made by sintering three 

different GDC-supported symmetrical cells with the following configuration: LSFCu-CeO2 

20/GDC/LSFCu-CeO2 20, at 900, 950 and 1000 ºC. The oxygen electrode impedance 

contribution was then tested by means of EIS to evaluate the different temperatures used and 

the obtained results were examined to select the best one. Note that the attachment of ceramic 

materials requires co-sintering of them in the contact surface. For this process to occur, at 

least one of the materials should show particle growth during the thermal treatment. This 

particle growth will harm the electrode’s performance since an increase in particle size results 
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in a reduction of the active electrode surface, therefore, selecting the correct attachment 

temperature is a compromise between keeping the temperature low enough to prevent 

significant particle growth and ensuring a stable adhesion of the electrode and electrolyte 

material [62]. This was studied by our group for Ba0.5Sr0.5Fe0.8Cu0.2O3-GDC electrode-

electrolyte samples and applied to LSFCu and related materials [61], where it was found that 

the attachment temperature should be at least 50 ºC higher than the last calcination 

temperature of the electrode material. However, these findings might not be simply translated 

to LSFCu-CeO2 composites because of the different particle sizes and thermal behaviour of 

LSFCu and CeO2. 

This test was first performed using GDC pellets, made in the laboratory as described in 

the experimental section in Chapter 2. Figure 3.6a shows the pellets after the sintering process 

(left) and after the application of the roughness layer (right), and Figure 3.6b shows the 

symmetrical cell after the sintering of the electrode, applied on both sides.  

The performance of materials using EIS is done by inspection of the Rs and Rpol values 

extracted from the spectra. As mentioned in Chapter 1, Rs is a purely ohmic (electrolyte 

component) factor and Rpol is related to the processes occurring in the electrode. In general, 

as for every electrochemical process, lower resistance values will lead to higher performances 

due to fewer impediments in the way to achieving the desired reactions. As the active area of 

every material is different, the Z’ and Z’’ values of the impedance curve are normalised by 

the area of the electrode used and expressed in terms of cm2. 

The EIS spectra obtained for the oxygen electrode composite sintered at 950 ºC are 

shown in Figure 3.6c for the temperature range between 700 and 800 ºC. The top-left image 

shows big impedance arcs for all of the temperatures measured, which could not be attributed 
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to the electrode due to the frequency of the process(es) (~105-106 Hz). After studying the 

spectra in more detail, a small arc at the end of the big arcs was detected. The frequency of 

these arcs, observed for all the temperatures, corresponds to electrode-related processes  

(~10-1-104 Hz). Thus, exists another process which is not related to the electrode which is 

interfering with the measurement of the desired spectra. The close-ups for each temperature 

showing the smaller arcs are exemplified for the composite sintered at 950 ºC in the 

remaining images of Figure 3.6c. This problem was also observed in the sample with the 

electrode sintered at 900 ºC, therefore, we decided not to measure the sample with Tatt=1000 

ºC and to change the electrolyte support to GDC commercial tapes.  

 

Figure 3.6. Pictures of the sintered GDC pellets before and after the application of the RL (a) 

and after the deposition of the electrode (b); and EIS spectra measured at different temperatures for 

the LSFCu-CeO2 20 composite sintered at 950 ºC (c). 
 

As a consequence, the determination of the attachment temperature of the electrode had 

to be performed again, this time was done using the same LSFCu-CeO2 20 electrode but with 

GDC tapes as support. The EIS spectra obtained for the three different sintering temperatures 
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are shown in Figure 3.7 for the temperature range between 750 and 850 ºC (closest to 

operation temperature).  

Figure 3.7. EIS spectra measured at different temperatures for the LSFCu-CeO2 20 composite 

with three attachment temperatures. 
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The measurements in this range of temperature did not exhibit the big arc at higher 

frequencies, but the data at a lower temperature (700-500 ºC) seems to have the same 

problem. These findings will be discussed in the following section.  

In Figure 3.7, we can notice that despite showing lower polarisation resistances, the 

electrode attached at 900 ºC exhibits higher serial resistance contribution (larger Rs) which 

is probably due to a poor attachment of the electrode. Among the other two temperatures, the 

lowest polarisation resistances were obtained for the electrode sintered at 950 ºC (although 

the Rs is slightly bigger than the one for the 1000 ºC sample). In this perspective, the 

attachment temperature that shows better electrode performance (lower Rpol) with the lowest 

ohmic resistance (Rs) is 950 ºC and was the one later used to sinter all the other composites.  

 

Figure 3.8. SEM micrographs of the cross-section of a symmetrical cell with a poorly-attached 

electrode (left) and a well-attached one (right). They were obtained after EIS measurements.  

 

Figure 3.8 shows the micrographs of a poorly attached electrode (left, Tatt= 900 ºC, taken 

before the optimisation) and a properly attached electrode (right, Tatt= 950 ºC). Despite the 

normal holes that may appear while breaking the cell to observe its cross-section, the ones 

shown in the left-hand picture do not seem to be originated in this way since all of them are 

located next to the electrolyte layer (dense, light grey coloured). On the other hand, the right-
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handed picture shows some imperfections on top and horizontal displacements but looks 

well-attached and even the thin RL (2-5 m) can be appreciated (the whitish layer between 

the dense electrolyte and the porous electrode). 

 

3.4. Oxygen electrodes' electrochemical performance characterisation 

 

After the attachment temperature was set, symmetrical cells with the other oxygen 

electrodes synthesised were produced on commercial GDC tapes as described in the 

experimental chapter.  

Figure 3.9a shows one of the symmetrical cells prepared on GDC tapes, where the GDC 

roughness layer can be also perceived (clearer ring around the electrode), while Figure 3.9b 

shows the painted area of one of the electrodes. SEM micrographs of a symmetrical cell are  

shown in Figures 3.9c and 3.9d, where the different components of the cells can be 

differentiated: a zone with a dense material which corresponds to the electrolyte, next to a 

thin semi-dense layer that can be identified as the GDC roughness layer, and then, the porous 

electrode.  

The electrode’s performance towards the ORR was evaluated by performing EIS 

measurements under OCV conditions on the symmetrical cells prepared. The data collected 

in the 850-600 ºC range are shown in Nyquist and Bode’s plots for the LSFCu, LSFCu-CeO2 

10 and LSFCu-CeO2 20 samples in Figures 3.10, 3.11 and 3.12. Each figure shows the 

Nyquist plots for all the temperatures in (a), a zoomed image of the high-temperature (HT) 

range (700-850 ºC) plots in (b), and the Bode plots with an inset of the HT data in (c). 
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Figure 3.9. Top view of symmetrical cells (a, b) and SEM micrographs of the cross-section of a 

symmetrical cell where the cell components can be observed (c, d). 

 

 

 

Figure 3.10. Nyquist (a, b) and Bode (c) plots for the LSFCu sample. 
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Figure 3.11. Nyquist (a, b) and Bode (c) plots for the LSFCu-CeO2 10 sample. 

 

Figure 3.12. Nyquist (a, b) and Bode (c) plots for the LSFCu-CeO2 20 sample. 
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The performance of a material is usually expressed through its Area Specific Resistance 

(𝐴𝑆𝑅 =
𝑅𝑝𝑜𝑙

2
× 𝐴𝑟𝑒𝑎), which is obtained by normalising the Rpol values obtained from the 

fitting of data shown in the Nyquist plot with the area of the electrode. Each spectrum was 

fitted employing the ZView software, using the following equivalent circuit: -(L)-(Rs)-

(R1||CPE1)-(R2||CPE2). This circuit consists of an inductance (L), a serial resistance (Rs) and 

two ZARC elements (R in parallel to a CPE), and was the simplest circuit that allowed to fit 

the experimental data and showed correlation with the processes that occur in the electrode.  

The observed inductance L of the circuit is due to the setup, while the Rs provide 

information about the ohmic contributions, which are mainly attributed to the oxide anion 

mobility through the electrolyte, but also include the resistance associated with the electrode-

electrolyte interfaces, current collectors and electric contacts. The ZARC elements are 

standard electrical circuit elements associated with the polarisation contribution of different 

electrochemical and physical processes taking place in the electrode and electrode/electrolyte 

interfaces (gas diffusion, grain boundary resistance, and electrochemical reactions). [33,35] 

Firstly, the ohmic conductivity of the electrolyte was examined through serial resistance, 

Rs. As depicted in the Nyquist and Bode plots, a big arc before the one corresponding to the 

electrode appears at 700 ºC (f105 Hz, clearly seen in Bode plots of Figures 3.10, 3.11 and 

3.12). The origin of this arc is not clear to us. It could be related to a process occurring in the 

electrolyte, probably due to a predominantly capacitive process arising in the electrolyte-RL 

or RL-electrode interface. The EIS measurement of a blank sample composed of the GDC 

electrolyte tape with RL and gold paste allowed us to verify that the effect is not related to 

the electrode. The Bode plot of the blank sample is shown in Figure 3.13, and the process 
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with the high frequency that appeared in the other samples can be observed from 750 ºC. 

Therefore, we decided to omit the first arc for the fit of the EIS spectra. 

  

Figure 3.13. Nyquist and Bode plots for the blank sample (GDC tape + RL +Au paste). 
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Figure 3.14 shows the spectra and fits performed on the three studied materials at three 

different temperatures (850 ºC (top), 800 ºC (middle) and 750 ºC (bottom), respectively) and 

the circuit used as a model (as an inset in all of them). The values of Rs, Rpol (with 

Rpol=R1+R2), ASRpol and ohmic conductivity are summarised in Table 3.3.  

 

Figure 3.14. Nyquist plots with the EIS spectra and EC 

model fit for the three samples. 

Table 3.3. EIS spectra fit results for the three 
samples shown in the figure at the left. 
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Figure 3.15 exhibits the Arrhenius plots of the ohmic conductivity (obtained from Rs) vs 

temperature (expressed in log scale vs 1000/T), in the 600-850 ºC range for the three samples 

measured, as well as a reference curve extracted from [91], and their corresponding apparent 

activation energies. The linearity of the obtained curves, suggests that the omission of the 

first impedance arc in the fit was appropriate and that the electrode’s serial resistance was 

closer to the one of the second arc. However, both the lower conductivity and larger 

activation energy values (when compared to the reference), suggest that the electrolyte used  

Figure 3.15. Arrhenius plots of the ionic conductivity of the tested materials. 
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is not a proper ionic conductor (might be owed to the low density of the tape, for example) 

and, consequently, not the best material to be used as an electrolyte.  

After this, the polarisation resistance of the EIS data was examined through the 

Arrhenius plots of the ASRpol (in log scale vs. 1000/T), which are depicted in Figure 3.16. In 

general, it can be said that the Rpol values obtained for all the materials are low and 

comparable to those reported in the literature for Co and Cu-based materials [6,57,59,76,92].  

Figure 3.16. Arrhenius plots for LSFCu and the LSFCu-CeO2 10 and 20% composites. 
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The linear fit of the lnASRpol vs. 1000/T data enabled the calculation of the apparent 

activation energies (Ea) associated with the processes happening in the electrode during 

operation from the slope of the curve. The high quality of the fittings (R2= 0.998, 0.996 and 

0.995 for the LSFCu, LSFCu-CeO2 10 and LSFCu-CeO2 20 samples, respectively), suggests 

that the ORR limiting process is the same in the whole studied temperature range, and, 

accordingly to these processes, is thermally activated. The activation energies are in the range 

of 1.3-1.4 eV, which are typical values for MIECs used as oxygen electrodes, and the 

difference between them is not significant. Therefore, all of them could be considered good 

catalysts for the ORR. That being said, the LSFCu sample is the one that exhibits the lowest 

activation energy value and is consequently, the best-performing material among the tested 

samples.  

 

3.5. Evaluation of the electrochemical performance of the LSFCu and LSFCu-CeO2 

composites as oxygen electrodes of a SOC device 

 

After the electrochemical characterisation of the materials was done, they were evaluated 

as oxygen electrodes of a full SOC device. Taking into account the results presented in the 

previous section regarding the poor performance of the electrolyte, we decided to use the 

state-of-the-art YSZ electrolyte instead of GDC for the full cell characterisation.  

As mentioned before, the oxygen electrode material was painted on top of commercial 

fuel electrode-supported half-cells fabricated with state-of-the-art techniques and materials. 

The cells consist of a relatively thick NiO-YSZ fuel electrode support (~250 m) with a very 

thin YSZ electrolyte layer on top (8-10 m) (all of the data was provided by the 

manufacturer). The prepared half-cells before and after the electrode-sintering process are 
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depicted in Figure 3.17. Here, the green zone corresponds to the NiO-YSZ support and can 

be seen clearly from the top because of the narrow thickness of the electrolyte layer. If we 

move towards the centre of the cell (Figure 3.17a), a slim white ring appears between the 

green zone and the black oxygen electrode; this ring corresponds to a portion of the GDC 

barrier and roughness layers. 

 

Figure 3.17. Full anode-supported cells with the painted LSFCu electrode before (a) and after the 

sintering process (b,c). 

 

Three of the prepared cells containing the LSFCu, LSFCu-CeO2 10 and LSFCu-CeO2 

20 oxygen electrodes (one each) were mounted in the ProboStat system and the inner and 

outer chambers were sealed with CeramabondTM ceramic seal, as described in the 

Experimental section. Once the curing of the seal was finished, the NiO-YSZ layer was 

reduced to form Ni-YSZ active fuel electrode and the cell was characterised by means of 

polarisation curves. The results shown below correspond to the LSFCu and the 10% in CeO2 

composite samples because the test with the LSFCu-CeO2 20 one did not reach the minimum 

OCV value to be measured. The post-mortem examination showed that the CeramabondTM 
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seal was broken (Figure 3.18), and therefore, a mix of H2 and O2 was taking place everywhere 

around the cell. Moreover, there were also some cracks in the cell, probably due to incorrect 

curing of the seal that caused a sudden shrinkage in the ceramic material, breaking it.  

 

Figure 3.18. Examination of the mounted cell with LSFCu-CeO2 20 electrode after the 

measurement.  
 

Figure 3.19 shows the I-V curves obtained for the LSFCu sample in SOFC mode at 

different operation temperatures using a 1:2.5 ratio of H2:air on the oxygen and fuel electrode 

side, respectively (H2 flow ~ 22.2 mL/min/cm2). The OCV value (~1.1 V) for the tested cell 

is consistent with the expected theoretical value and stable in time, which ensures the good 

quality of the seal despite not being perfectly gas-tight. 

A power of 0.5 W.cm-2 was achieved at ~0.7 A.cm-2 current density. This value is 

comparable to the results obtained for LSFCu by Zhou et al. in 2009 but falls somehow short 

compared to modern cells containing state-of-the-art oxygen electrodes. However, these 

results could be improved since the curves presented in the figure above do not seem to have 

reached the maximum at the applied current densities.  
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Figure 3.19. Polarisation (line) and power (scatter) curves for a full cell with LSFCu oxygen 

electrode in the 600-800 ºC temperature range. 

 

 

A new set of measurements on SOFC mode was hence performed on a duplicate of the 

previous cell. This time, the temperature was set at 800 ºC and different H2:air ratios and 

flows were tested. Moreover, impedance spectra data was collected on OCV conditions to 

observe the effect of the pO2 variation on the performance of the cell. The results are shown 

in Figures 3.20 (a) and (b). 
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Figure 3.20. (a) I-V (line) and power (scatter) curves for the new full cell with LSFCu (two 

different flow ratios) and the LSFCu-CeO2 10% oxygen electrodes at 800 ºC and (b) EIS spectra for 

the LSFCu sample showing the response of the device when subjected to different H2 and air 

pressures. 
 

In this case, the OCV value did not change with respect to the one obtained for the 

previous cell and is acceptable for testing. Neither activation nor polarisation significant 
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losses can be perceived in the 1:2.5 ratio I-V curve, nonetheless, the 1:1 ratio curve shows 

increased diffusion losses (at higher current densities). The power density curves in Figure 

3.20a depicts a clear improvement in the performance of the cell, reaching ~0.6 W.cm-2 at 

0.7 A.cm-2 and ~0.7 W.cm-2 when a current density of 1 A.cm-2 is applied. These values are 

larger than the ones reported by Zhou et al. (~0.51 W.cm-2 at 1 A.cm-2, ~0.53 W.cm-2 at 1.3 

A.cm-2) and comparable to other new materials [57,63,92,93]. It must be noted that higher 

currents could not be applied due to equipment limitations (PARSTAT analyser can only 

apply a current intensity of 2A), which makes it impossible to confirm that the maximum 

power values were reached, especially when the voltage had not dropped below 0.6 V. This 

will be taken into account on future measurements.  

Figure 3.20a also shows the results in SOFC mode obtained for the LSFCu-CeO2 10 

composite using a 1:1 fuel:air ratio (higher quantities of air decreased significantly the OCV 

value). The maximum power reached was ~0.55 W.cm-2 at 0.77 A.cm-2. Furthermore, the I-

V curve is similar to the one obtained for the LSFCu sample (with the same fuel:air ratio) but 

it presents higher diffusion losses, observed at higher current densities. These could be owed 

to a lower performance of the material, but also a shortage in the fuel supply. New 

measurements with higher flows of fuel and air should be performed to verify this hypothesis. 

After the SOFC mode testing, a constant flow of water steam was injected into the fuel 

electrode side to evaluate the performance of the LSFCu and LSFCu-CeO2 10 oxygen 

electrodes in SOEC mode (Figure 3.21 a and b, respectively). The gases used on both sides 

were a 60:40 H2O:H2 mixture (22.2 mL/min/cm2 in total) at the fuel electrode side and air at 

the oxygen electrode side (ratio fuel:air 1:2.5 for LSFCu and 1:1 for LSFCu-CeO2 10).  In 

this case, the hydrogen is added to avoid the re-oxidation of the fuel electrode due to local 

water presence, ensuring a completely-reduced state during the measurements.   
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The OCV value of the LSFCu sample was recorded (~0.88 V) and SOEC polarisation 

curves were measured at 750 and 800 ºC to study the performance of the cell. As evidenced  

Figure 3.21. Polarisation curves in SOEC mode for the LSFCu oxygen-electrode full cell at 

two different temperatures (a) and LSFCu and the composite sample (b). 
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in the results, shown in Figure 3.21a, there is a voltage fluctuation in some areas of the curves 

(evident for the 800 ºC measurement, a dashed line was added for clarity); this can be 

attributed to a variation in the water steam flow and/or loss of some thermal isolation in the 

water supply entrance. Notwithstanding, the overall performance of the cell in SOEC mode 

is good, exhibiting values of 0.62 A.cm-2 at 1.27 V (750 ºC) and 0.82 A.cm-2 at 1.29 V (800 

ºC), which indicates that the performance at 800 ºC is slightly better.  

Regarding the LSFCu-CeO2 10 composite sample, the OCV value recorded was ~0.91 

V, and a single measurement at 800 ºC was performed due to problems with the sealing. 

Figure 3.21b shows the polarisation curves in SOEC mode for the two samples at 800 ºC.  

The composite outperforms the LSFCu sample in SOEC mode, exhibiting a current density 

value of 0.96 A.cm-2 at 1.17 V. 

Figure 3.22. Polarisation curves in both SOFC and SOEC modes (reversible conditions) for 

the LSFCu oxygen-electrode full cell at 750 ºC. 
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SOFC/SOEC polarisation measurements on reversible conditions were also carried out 

at 750 ºC, using the same flows and ratios of the previous SOEC test; the results are shown 

in Figure 3.22 (the pink line in the curve is not a linear fit but a guide to the eye). It is worth 

noting that the smooth transition around OCV in the I-V curve indicates that SOCs with 

LSFCu oxygen electrode have favourable reversibility.  

Overall, it can be said that the LSFCu oxygen electrode demonstrated an excellent 

performance in both SOFC and SOEC modes which is comparable to state-of-the-art 

materials. Further studies will be required to examine the other prepared electrodes.  

Moreover, when thinking about full devices operating in long-term applications, not only 

the electrochemical performance of the oxygen electrode but other several aspects should be 

considered. The mechanical compatibility among the different cell components (including 

interconnects, seals, end plates, and other stack components that were out of the scope of this 

thesis), the chemical reactivity in the long-term and the performance during cycling, among 

others, should be studied in detail and optimised to ensure the most efficiently operating 

device.  

 

 

 

 

 

 

 

 

 



 88 

 

 



   

 

 

 

 

 

 

 

 

 

Chapter 4 
-CONCLUSIONS AND FUTURE WORK- 



 90 

4. CONCLUSIONS AND FUTURE WORK 

 

4.1. Conclusions 

 

The present thesis was devoted to the development of new ion-conducting ceramics for 

their use as oxygen electrodes in reversible solid oxide cells (rSOC) for SOFC/SOEC 

applications.  

In the first place, the results of the implementation of a novel two-step synthesis method 

for the preparation of LSFCu-CeO2 composites were presented. This route proved to be an 

effective and rapid way to obtain cobalt-free, micro and nanostructured composites in the 

grams scale for SOC applications.  

Secondly,  the good performance of the LSFCu, LSFCu-CeO2 10 and LSFCu-CeO2 20 

samples towards the oxygen reduction reaction (the ASRpol at 800 ºC are 0.084 .cm2, 

0.11 .cm2 and 0.18 .cm2, respectively) was demonstrated, being the LSFCu the best-

performing material of the series and comparable to state-of-the-art oxygen electrodes. 

Notwithstanding, the performances of the composites are also comparable to the ones 

reported in the literature, and the similar mechanical properties they exhibit regarding the 

electrolyte might significantly enhance the performance of the full devices. 

In the third place, the construction of a complete SOC device using commercial fuel 

electrode-supported half-cells (NiO-YSZ fuel electrode + YSZ electrolyte) and the 

synthesised LSFCu and LSFCu-CeO2 10% oxygen electrodes was accomplished, and the 

cells were tested as reversible SOFC/SOEC devices.  
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The LSFCu sample exhibited good performance in SOFC mode at 800 ºC, showing a 

power density of ~0.7 W.cm-2 at 1 A.cm-2, outperforming the same electrode material 

obtained and studied by other authors and presenting a comparable value to those reported in 

the literature for Co-free and Cu-containing electrodes. Moreover, the material was tested for 

the first time -to the best of our knowledge- in SOEC mode exhibiting a current density of 

~0.82 A.cm-2 at 1.29 V at 800 ºC and also in reversible conditions, demonstrating the 

potential for its application in reversible SOC devices.  

The LSFCu-CeO2 10% sample showed a regular performance in SOFC mode (~0.55 

W.cm-2 at 0.77 A.cm-2) but really interesting results in SOEC mode, presenting a current 

density of ~0.96 A.cm-2 at 1.17 V at 800 ºC. This might indicate that small percentages of 

La-doped CeO2 can improve the behaviour of the materials in the electrolysis mode.  

Lastly, it is worth mentioning that the contents shown in this thesis are the first full-

device characterisation results of a SOEC obtained for a material prepared in our group.  

 

 

4.2. Future work 

 

Time and materials constraints prevented the testing of the LSFCu-CeO2 5 and 50 % 

composite samples in symmetrical cells (activity towards the ORR) and the full-cell 

electrochemical characterisation (material performance as oxygen electrode of a reversible 

solid oxide cell) of the 5, 20 and 50 % in ceria LSFCu-CeO2 composites.  

Deeper crystallographic studies and other studies like mechanical compatibility (thermal 

expansion coefficients) and microstructural ones should be carried out to fully characterise 

the La-doping of CeO2. This will help us delve deeper into the possible beneficial effects of 
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the ceria (or La-doped ceria) on the activity of the LSFCu-CeO2 composites as oxygen 

electrodes in both SOFC and SOEC modes.  

Moreover, other electrochemical measurements are needed to verify the potential long-

term application of the prepared materials as oxygen electrodes and the long-term stability 

of the prepared cell working in an alternating reversible SOC device.  

This work is already ongoing and the results of the characterisation of the full series will 

be submitted for publication in the near future.  
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