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Abstract 

 
 

Nanomaterials have received increasing attention during the last decades in the solid 

state field since they play a major role as catalyst and catalyst supports for many 

applications including fuel cells or gas sensors. The interest is mainly due to their high 

specific surface area, which leads to an increase of performance and a cost-effective 

solution for expensive or rare materials. However, many studies have reported the 

collapse of nanostructures at high temperature as one of the main drawbacks for their 

implementation in real devices and therefore, routes to thermally stabilize these materials 

must be explored. 

In this thesis, the unique features of ordered mesoporous materials fabricated by 

nanocasting are exploited to create quasi-universal thermal stabilization methodologies, 

allowing implementing and evaluating them in high temperature energy applications 

e.g. solid oxide fuel cells. 

The work developed is divided into seven parts. The first chapter introduces the 

basics of mesoporous materials, solid oxide fuel cells, catalysis and gas sensors. The 

second chapter focuses on the experimental procedures and the characterization tools 

employed. In the third chapter, a novel route to thermally stabilize 3-D open mesoporous 

structures is presented. The next three chapters, show the fabrication and evaluation of 

thermal stable mesoporous materials as electrodes for solid oxide fuel cells. Finally, 

chapter seven presents the suitability of mesoporous ceramic oxides as functional 

materials in humidity sensors.   
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Resumen 

 
 

Los nano-materiales han recibido especial atención durante estas últimas décadas en 

el campo del estado sólido dado el importante papel que desempeñan como catalizadores 

y/o soportes catalíticos en diversas aplicaciones, tales como las pilas de combustible o los 

sensores de gas. Este interés se debe principalmente a su elevada área específica, que da 

lugar a una mejora del rendimiento y es una solución efectiva para aquellas aplicaciones 

que requieran materiales de elevado coste. Sin embargo tal y como señalan muchos 

estudios, el colapso de estas nano-estructuras a elevadas temperaturas es uno de los 

mayores inconvenientes para su implementación en dispositivos reales, siendo por tanto 

necesario explorar nuevas rutas que consigan estabilizar estos materiales térmicamente. 

El objetivo de la presente tesis es desarrollar metodologías cuasi-universales de 

estabilización térmica, mediante la explotación de las características exclusivas que 

poseen los materiales mesoporosos ordenados fabricados a partir de un template. Lo cual 

nos permite implementarlos y evaluarlos en aplicaciones energéticas que operan a elevada 

temperatura p.ej. pilas de combustible de óxido sólido. 

El trabajo desarrollado se divide en siete partes. El primer capítulo introduce los 

fundamentos de los materiales mesoporosos, las pilas de combustible de óxido sólido, la 

catálisis y los sensores de gas. En el segundo capítulo se detallan los procedimientos 

experimentales y las técnicas de caracterización empleados. El tercer capítulo presenta 

una nueva metodología para estabilizar térmicamente los materiales mesoporosos de 

estructura 3-D abierta. Los siguientes tres capítulos, muestran la fabricación y el 

comportamiento electroquímico de materiales mesoporosos térmicamente estables 

trabajando como electrodos de pilas de combustible de óxido sólido. Por último, en el 

capítulo siete se demuestra la viabilidad de los óxidos cerámicos mesoporosos como 

materiales funcionales en sensores de humedad. 
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1. Introduction 

 

1.1. Frame of the Thesis 

 

The increase of the energy demand together with the higher cost of fossil fuels and 

the environmental concerns have received considerable attention during the last decades. 

There are global policies focused into the reduction of the CO2 emissions (carbon tax) and 

the replacement of our existing energy system, based on fossil fuels, by renewable 

energies, which do not produce harmful emissions. The research plays a key role in the 

search of alternatives offering possible solutions to supply energy preserving our 

environment. 

Among the available technologies towards a clean energy future, fuel cells offer an 

interesting alternative as they are unique in terms of efficiency and low emissions. 

Although important advances have been reached during the last years in this field, fuel 

cells seemed to be couple with the idea of the hydrogen economy and thus, their 

implementation has been postpone as a future solution. However, Solid Oxide fuel cells 

(SOFCs) can run with a wide range of fuels from hydrogen to hydrocarbons, allowing 

their use in our existing hydrocarbon based energy system providing the required 

reduction in CO2 emissions [1]. 

On the other hand, the emerging field of nanotechnology allows nowadays the 

fabrication of a broad range of materials in the nano-scale. Nanomaterials have shown 

unique features and advantages compared to bulk materials, particularly those associated 

to their high surface area. In the field of energy, the interest of using them have increased 

during the last decades, since they play a major role as catalyst and catalyst support for 

many applications including fuel cells [2,3]. This interest is mainly due to their high 

specific surface area that results in an increase of performance and a cost-effective 

solution for expensive or rare materials. 
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However, the use of the nanomaterials in many applications where high 

temperatures are involved (such as SOFCs) brings many associated issues since 

nanomaterials tend to exponentially grow with temperature, forming coarse particles, 

decreasing the number of reaction active sites and therefore, decreasing the performance 

with the time. Therefore, routes to thermally stabilize these materials in the nanoscale 

must be explored to take benefit of their implementation in temperature applications like 

the above mentioned electrochemical devices. 

All these reasons justify and constitute the frame of this thesis (Figure 1.1), which 

is devoted to exploit the unique features of ordered mesoporous metal oxides, focusing on 

exploring universal thermal stabilization methodologies, which allow implementing them 

in high temperature energy applications.    

 

 
 

Figure 1.1. Frame of this thesis. 
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1.2. Nanostructured Materials 

 

1.2.1. A brief introduction to nanotechnology 

 

Nanotechnology is an interdisciplinary field, defined as “the creation of functional 

materials, devices and systems through the control of matter on the nanometer scale 

(1-100 nm) and the exploitation of the novel phenomena and properties (physical, 

chemical, biological) at this length” (NASA) [4]. 

Although the application of nanomaterials has been raised recently, the concept has 

its roots in 1959 in the famous talk given by Richard P. Feynman, entitled There is Plenty 

of Room at the Bottom. The physicist speculated that materials could be arranged and 

manufactured from individual atoms in the way one wants [5]. However, it was not until 

the 1980s when the born of the Scanning Tunneling Microscopy (STM) and the discovery 

of fullerene emerged the field (Figure 1.2) [6,7].    

Today, nanomaterials have been expanded to a wide number of structural and 

functional applications. Nanomaterials are based on metal, ceramic, polymeric materials 

or composites. The possibility of tuning the size and study their properties in the 

nanometer scale (by the developed characterization tools) allowed discovering unique 

features that generate billions of dollars everyday e.g. tailoring high surface to volume 

ratio of the materials improved the control of the reactivity and thus the performance of 

many catalysts [8]. 

The advantages of these nanomaterials already reached the market, more than 1600 

commercial products such as cosmetics, food packaging or automobiles, are already 

identified as nanotechnology-based [9].  
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Figure 1.2. (a) Richard Feynman during one of his lectures; (b) Quantum corral. Ring of atoms are shown 

in light shade of green, in which the ripples (colored in blue) are wave patterns of some of the electrons 

trapped in the corral. (extracted from IBM Almaden Research Center, San Jose, CA [10]). 

 

1.2.2. Nanoporous materials 

 

The study and applicability of materials with controllable pore dimensions has been 

important in many fields ranging from chemistry to physics, biology, medicine or 

engineering. According to the IUPAC, solid materials can be classified into three 

categories according to their pore size: pores with a diameter below 2 nm are called 

microporous, between 2-50 nm are mesoporous and above 50 nm are macroporous.  

Zeolites are microporous (pore size of ~15 Å) aluminosilicates, that were 

synthesized in an early work of Barrer [11] and became the most widely used catalyst in 

the industry due to their high surface area and the possibility of controlling their 

adsorption capacity and tailoring the active sites. However, the use of zeolites as 

molecular sieves is limited to relatively small molecules and became inadequate when the 

reactants to catalyze exceeded the size of the pores. In this case, the strategy is to keep the 

ordered porous structure, making materials with larger pores therefore moving to the 

mesoporous region [12]. 
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1.3. Mesoporous Materials 

 

In 1992 Mobil Oil researchers developed the first family of ordered mesoporous 

materials, the so-called M41S materials [13,14]. The most representative silica solids of 

this family are represented in Figure 1.3; the MCM-41 (hexagonal, space group p6mm), 

MCM-48 (cubic, space group Ia3d) and the MCM-50 (laminar, space group p2) [15]. 

 

 
Figure 1.3. Scheme of the structures of mesoporous M41S materials (a) MCM-41 (2D hexagonal, space 

group p6mm), b) MCM-48 (cubic, space group Ia3d), and c) MCM-50 (lamellar, space group p2) (extracted 

from ref [15]). 

 

First mesoporous materials were silica-based synthesized by hydrolysis and 

condensation of the silica precursors (sol-gel process) in the presence of surfactant crystal 

micelles. To fabricate the mesoporous silica, the silica source is usually 

tetraethylorthosilicate (TEOS, Si(OC2H5)4) together with  long chain ammonium salts, 

amines or triblock-copolymers used as templating agents. The mesoporous silica is 

obtained after the removal of the surfactants, commonly by calcination.  

From nineties hundreds of papers appeared in the literature, reporting new 

methodologies of synthesis, different geometries, materials and strategies to fabricate 

them also tuning their pore sizes [16–18]. Among the most representative family series of 

mesoporous materials are SBA (Santa Barbara University) [19], MSU (Michigan State 

University) [20], KIT (Korean Institute of Technology) [21] and FDU (Fudan 

University) [22]. 
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The potential advantages of the synthesis of non-siliceous mesoporous structures 

was first suggested by Stucky et al. [23] and successfully applied by Ying et al. [24] in 

1995. In that case the aqueous synthesis route limited the range of compositions. Further 

new synthesis methodologies such induced self assembly (EISA) [25] and nanocasting  

[26] quickly expanded the range of materials fabricated.    

Among the non-siliceous mesoporous materials, metal oxides have a great interest 

because the number of applications and the functionality properties are very broad. A 

high number of families of mesoporous metal oxides with ordered geometries have been 

prepared using various inorganic precursors and a wide variety of soft templates (cationic, 

anionic, block copolymer), hard templates (mesoporous-SiO2, mesoporous Carbon) or a 

combination of both in a recently reported referred as CASH (“combined assembly by 

soft and hard”) [26–37]. An excellent review of Schüth et al. about the synthesis of the 

non-siliceous mesoporous oxides including discussion of the structures and the 

constituting elements has been recently published [35]. 

In the following section the traditional and most used synthesis routes to fabricate 

mesoporous metal oxides are discussed, the soft-templating (surfactant/block copolymer) 

method and the hard-templating (nanocasting) method. 

 

1.3.1. Soft-templating method 

 

Soft-templates methods are adapted directly from the silica mesoporous synthesis 

route and therefore, are based on the self-organization of amphiphilic materials 

(surfactant or block copolymers) as templates Figure 1.4.  

Two main routes have been adapted aqueous solution and evaporation-induced 

self-assembly (EISA) processes. In the aqueous based synthesis, the cooperative assembly 

between the inorganic precursors with the surfactant and the simultaneous hydrolysis-

condensation process is the key issue, leading to the desired mesoporous oxides after the 

removal of the surfactants [23]. Four different synthesis routes depending on the charge 

interaction between the surfactant “S” and the inorganic species “I” have been reported: 

S+I-, S-I+, S+X-I+, S-X+I- (“X” representing a mediator). 
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In the EISA synthesis the use of volatile solvents slows the hydrolysis and 

condensation rate of the metal species. After evaporation of the solvent, the surfactants 

became highly concentrated, leading to ordered mesoporous composites. The surfactants 

are usually removed by calcination [38]. 

 

 
Figure 1.4. Representation of the different steps of the soft-templating route, carried out to obtain 

mesoporous metal oxides. 

 

The main drawback of the soft-templating methods are the amorphous walls and the 

low thermal stability. The non-siliceous mesoporous oxides synthesized only have 

amorphous or semi-amorphous crystalline frameworks, because the ordered mesoporous 

structures collapse during the thermal crystallization process [39]. 

 

1.3.2. Hard-templating method  

 

Hard-templating methods or nanocasting processes are based on the use of molds to 

replicate the mesoporous structure. They opened a wider range of non-siliceous 

mesoporous materials, which were not possible to synthesize by soft-templating 

processes [40].   
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Typically the process involves fours steps (see a sketch of the method in 

Figure 1.5): 

 

1) Template fabrication: mesoporous silica is an ideal candidate due to its highly 

ordered and uniform structure. If the pores are connected in the template, 

organized 3-D structures as the original can be obtained. Moreover, the obtained 

replica can be further infiltrated and used again as template [41,42].   

2) Impregnation of precursors inside the template pores: the most commonly used 

is wet impregnation, where the precursors are dissolved in a solvent and 

introduced in the template by capillarity.   

3) Calcination to obtain the desired crystalline phase. 

4) Template removal: templates should be removed without affecting the replica, 

silica templates are usually removed by a solution of NaOH or HF depending on 

the stability of the fabricated mesoporous replica.   

 

 
Figure 1.5. Basic scheme of the hard-templating method for obtaining mesoporous metal oxides. 

 

The main advantages of the hard-templating methods are the possibility to obtain a 

wide variety of materials with high surface area and uniform pore sizes, different 

meso-structures (only by changing the template) and higher thermal stability [43].  
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1.3.3. Thermal stability 

 

After more than two decades of intense research in the mesoporous field, their 

thermal stability is still a major challenge. Most of the mesoporous materials require a 

further high-temperature molding step for making them thermally stable and feasible for 

real applications.  

A clear example are mesoporous metal oxides which are potential materials for 

many high temperature energy applications such as fuel cells, electrolysis cells, gas 

separation membranes, photovoltaic cells, high temperature catalysis or gas sensing. 

The thermal stability of different mesoporous silica templates was studied in detail 

by Cassiers et al. [44] and found to be related with the wall thickness. Thicker pore walls 

lead to a higher thermal stability and with the concentration of silica species on the pore 

walls (silica precursor used in the synthesis). For instance temperature stability above 

850 ºC was found for the SBA-15. 

For mesoporous metal oxides the thermal stability is usually lower and the 

mesoporous structures tend to collapse at temperatures of ~600 ºC in air [45]. The thermal 

stability is related with two characteristic temperatures of each material, the glass-

transition temperature (Tg) or the crystallization temperature. 

In a glass-transition state the material flows to form a melt which will tend to merge 

to lower the specific surface energy and therefore, the meso-structure would collapse 

(e.g. the Tg of silica materials is 1200 ºC).  

For soft-templating methods, if a material starts to crystallize the meso-structure 

will collapse when the particle size grows above a larger size than the wall thickness of 

the mesopores (~ 2-10 nm). Hydrothermal treatment was demonstrated to be an effective 

approach to improve the thermal stability, due to a uniformization of the particle size 

during the treatment [46,47]. 

On the other hand, if a material is synthesized inside a hard template support and 

has crystallized to a certain extent, its thermal stability will largely be decided by the 

dependence of the crystal size with the temperature. Metal oxides with larger crystal sizes 
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than the pore-wall thickness of the silica template were obtained while keeping the meso-

structure, e.g. Mesoporous Co3O4 is obtained from a nanocasting approach with an 

average particle size of 20 nm [48]. Therefore, obviously the thermal stability of the 

mesoporous metal oxides obtained from hard-templates is higher than for the replicas 

obtained from soft-templating techniques.  
Apart from that, several smart approaches have been developed in order to improve 

the thermal stability of the synthesized mesoporous metal oxides at intermediate 

temperatures (T ~ 600-750 ºC). Crepaldi et al. obtained mesoporous nanocrystalline 

yttria-zirconia and ceria-zirconia by an EISA derived method at temperatures as high as 

700 ºC [49]. Li et al. developed a strategy to synthesize self-ordered mesoporous 

nanocomposites, combining the surfactant template self-assembly, with in-situ 

crystallization of glass-based nanocomposites, in which nanocrystals precipitate within 

the amorphous matrix [50]. Lee et al. developed the combined assembly by soft and hard 

methods (CASH), in which an in-situ formed carbon acts as rigid support for the 

synthesis of highly crystalline mesoporous oxides [51]. Adding a crystallization inhibitor 

(e.g. phosphate radicals) which decreases the crystallization rate [45] or adding a dopant 

or additive [52] are another common approaches.  

Although several approaches have been presented, they usually involved very 

tedious methodologies. Due to the potential of the mesoporous materials in high 

temperature energy applications, the development of novel stabilization methods would 

lead to a deep impact in the field. 

Moreover, there is a lack of real tests demonstrating the thermal stability of the 

synthesized mesoporous materials in the proposed electrochemical devices (e.g. 

fuel/electrolysis cells) working under real continuous operational conditions.  
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1.4. High Temperature Applications 

 

1.4.1. Solid Oxide Fuel Cells 

 

1.4.1.1. Brief history of the fuel cells 

 

In 1838, C. F. Schönbein identified for the first time the electrolysis-effect [53]. One 

year later, W. R. Grove introduced the concept of the fuel-cell, i.e. producing electricity 

by combining the constituents of water, hydrogen and oxygen [54]. The first fuel cell 

arrangement was presented by him a couple of years later, based on a diluted solution of 

sulfuric acid as electrolyte to oxidize the hydrogen. The generated current was used to 

split  the water in the upper part vessel into its constituents (Figure 1.6) [55,56]. 

 

  
Figure 1.6. Scheme of the first fuel cell arrangement by W. R. Grove. 

 

The basics of the ceramic fuel cells have their roots on the discovery of 

W. H. Nernst in 1899, who used yttrium-doped-zirconia to replace the carbon filaments in 

incandesce lamps [57]. In 1937, E. Bauer and H. Preiss presented the first ceramic fuel 

cell operating at a temperature of 1000 ºC based on a doped zirconia electrolyte, Fe3O4 as 

cathode and Fe or carbon as anode [58]. 
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By the 1960s, ceramic fuel cells (SOFCs) started to develop for practical 

applications [59–64]. The original choice of yttrium-doped-zirconia as electrolyte has 

been extended until today. For the further years, the research was focused in making full-

dense, thinner electrolytes and optimizing the different configurations and 

interconnectors.  

The first SOFCs had platinum electrodes and interconnectors [63], which were 

replaced in the 1970s by Ni/ZrO2 ceramic-metal (cermet) materials as anode [65,66], 

doped In2O3 as cathode [67], and doped CoCr2O4 as interconnect [68]. At the present, the 

conductors La1-xSrxMnO3 and La1-xSrxCoO3 are the most common cathodes, Ni-YSZ as 

an anode and LaCrO3 is the usual choice as interconnect at high temperatures [69,70]. 

   

1.4.1.2. Basic operation principle 

 

A fuel cell is an electrochemical device that converts the chemical energy of the 

reactants directly into electrical energy. As electrochemical converters their efficiency 

overcomes the limitations of heat engines (Carnot cycle).  

Among the different types, Solid Oxide Fuel Cells (SOFCs) is the usual choice 

working at high temperatures (600-1000 ºC). The main advantages compared to other 

types of cells are a higher global efficiency (ηGLOBAL ~ 45-85 %), the flexibility of fuels 

that can be used, the mechanical stability of the solid electrolyte and the higher tolerance 

to impurities such as CO or sulfur in the fuel.   

A SOFC consists of a solid ceramic electrolyte and two electrodes, i.e. a cathode 

and an anode. The electrolytes are ionically conducting oxides. At the cathode side 

oxygen (O2) (usually from air) is reduced and the oxide ions (O2-) are transported through 

the electrolyte to the anode where they react with the gaseous fuel, yielding heat, water 

and releasing electrons (e-) to the external circuit. Figure 1.7 shows a basic scheme and 

the simplified partial reactions that take place in the electrodes (if hydrogen gas is used as 

fuel). 
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Figure 1.7. Scheme and basic principle of a SOFC working with hydrogen as fuel. 

 

The overall reaction is therefore, 

�� + 12 �� → ��� 

 

(1.1) 

 
The Nernst equation (1.2), defines the thermodynamic potential (Er) of the cell for 

the reaction (1.1) at a temperature (T). This expression defines the potential without 

current flowing through the device (ideal open circuit voltage, OCV). The measured 

voltage (V) will be lower due to the different polarizations; ohmic or resistance 

polarization (IR), activation or charge polarization (ηact) and concentration or diffusion 

polarization (ηconc) (1.3) (Figure 1.8), 

�� = �� + 	
2� � ���
� �� �������  

 

(1.2) 

 

 

� = �� − �	 − η��� − η���� 

 

(1.3) 
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Figure 1.8. Ideal and measured Current –Voltage curve (IV) for a SOFC with the corresponding 

polarization losses dominant in each region (activation polarization (ηact), ohmic polarization (IR) and 

concentration polarization (ηconc)). 

 

High fuel flexibility is one of the main advantages of the SOFCs. Apart from 

hydrogen, hydrocarbons (e.g. CH4), carbons (e.g. C, CO) or coal syngas mixtures (i.e. 

CO2-H2 mixtures) can be used as fuels due to the high temperature and thus, the high 

electrode kinetics. Therefore, hydrocarbons could be used even without the need of an 

external reformer reducing the costs and complexity of the systems [71]. Moreover, the 

exhausted gases of the SOFCs running with hydrocarbons are mainly H2O and CO2, thus 

contributing to reduce the emissions responsible of the climate change. 

The active site where the electrons, the gas and the oxide ions meet and the reaction 

take place is the so-called Triple-Phase-Boundary (TPB). The use of pure electronic 

conductors as electrodes limits the TPB to the interface of the electrodes with the 

electrolyte. The increase of TPB or number of active reaction sites increases the 

performance of the SOFCs. Common strategies to increase the TPB are the use of (i) a 

mixture of pure electronic and pure ionic powders (cermets) and/or (ii) mixed ionic 

electronic conductors (MIECs) (Figure 1.9).  
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Figure 1.9. Common strategies to increase the Triple-Phase-Boundary (TPB) shown in orange in SOFCs. 

Cermet mixture as anode (right), MIEC as cathode (left).  

 

1.4.1.3. Lowering the operation temperature (Intermediate Temperature - 

SOFC) 

 

The major technical issue that has limited the development and commercialization 

of this technology is its high operating temperature (T ~ 1000 ºC). The high operating 

temperatures put numerous requirements related to materials compatibility that result in 

higher costs, degradation problems, slow start-up and thermal mismatch between the cell 

components. On the other hand, in contrast to the efficiency of the heat engines dependent 

on the Carnot cycle, the decrease of temperature of the fuel cells theoretically increases 

the efficiency. Therefore, over the past decade, a lot of efforts have been devoted to lower 

the operating temperature to the intermediate range (IT = 600-800 ºC) [72].   

Unfortunately, the lower is the operational temperature; the higher are the resistive 

losses across the electrolyte and the overpotentials at the air and fuel electrodes. The 

strategies followed during the last decades lowering the SOFCs operating temperature 

involve the use of (i) thinner solid electrolytes, (ii) alternative solid electrolytes with 

higher conductivities (iii) improved electrode materials. 

The fabrication of thinner electrolytes is one of the most used approaches to 

decrease the operation temperature of the SOFCs [71,72]. Figure 1.10 shows the ionic 
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conductivity of different materials used as SOFC electrolytes versus the temperature and 

the relationship between these parameters and the maximum electrolyte thickness, in 

order to obtain the target area specific resistance (a suitable power density) of the cell  

[73,74]. The vast majority of cells use yttria-doped-zirconia (YSZ) as electrolyte and as it 

is observed in the figure, a thickness below 15 μm is required to give a considered 

suitable power density of 0.5 W/cm2, in the intermediate temperature range (T < 800 ºC). 

This fact explains why the SOFC community has moved from electrolyte-supported to 

anode-supported configurations.  

 

 
Figure 1.10. Specific ionic conductivity of different SOFC electrolytes and interconnect materials as 

function of the reciprocal temperature. Conductivity data from K. Wincewicz et al. and ref. therein 

[75]. YSB [(Bi2O3)0.75(Y2O3)0.25]; LSGMC (LaxSr1−xGayMg1−y−zCozO3; x ≈0.8, y ≈0.8, z ≈0.085); CGO 

(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]; CaSZ (Zr0.85Ca0.15O1.85). The conductivity range of electrolytes used in MCFC, PAFC 

and PEFC are included for comparison (taken from ref. [76]). 

 

 On the other hand, as it can be extracted from Figure 1.10, it is possible to use 

alternative electrolyte materials with higher conductivities in the IT range. Doped-ceria 

materials are the common choice since apart from the superior ionic conductivity, present 

a better catalytic activity for reforming hydrocarbons. Unfortunately, ceria-doped 

materials become electronically conductive under reducing atmospheres, leading to a 

lower open-circuit-voltage (OCV) thus decreasing the efficiency. 
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 Significant increases in power density and reduction in the operating temperature 

have been attained by optimizing the thicknesses of bi-layered electrolytes. For instance, 

Wachsman and Lee recently proposed a ceria/bismuth oxide bi-layered electrolyte giving 

an exceptionally power output of 2 W/cm2 at 650 ºC [77].  

According to the figure, scandia-stabilized zirconia (SSZ) is a good candidate and 

has become a common choice due its higher ionic conductivity in the intermediate 

temperature range compared to YSZ, allowing using them even in electrolyte-supported 

fuel cell configurations.  

Enginnering the microstructure of the electrodes by using nanostructures 

would lead to an increase of the active reaction sites (TPB) and lower activation 

polarization. Infiltration techniques of nanostructure catalysts demonstrated to have lower 

polarization resistance compared to conventionally fabricated electrodes [78].  

 

1.4.2. Catalysis 

 

Catalysis has a tremendous impact on many processes of the chemical industry, 

such as processing and production of fuels, chemicals or consumer products and 

environmental protection and remediation [79]. Indeed, a market intelligence company 

which provides business research reports and consulting services, the Transparency 

Market Research, estimates that the catalysts demand in 2012 was worth USD 19.2 

billion and is forecast to reach USD 24.1 billion by the end of 2018 [80]. A catalyst 

lowers the activation energy of a reaction, leading to a higher reaction rate, reducing the 

costs and improving the selectivity. It is not consumed and remains unchanged at the end 

of the reaction. 

Heterogeneous catalysts act in a different phase than the reactants; the active phase 

is generally a solid supported and dispersed on a second (also solid) material. The support 

prevent the agglomeration or sintering of the usually small active catalyst particles, 

enhancing the effectiveness, the specific activity per gram and thus, reducing the costs. 

Supports are porous materials with a high surface area and may or not interact with the 

catalyst particles.       
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Zeolites (microporous) and mesoporous materials have been chosen as catalysts in 

industry for decades due to their specific and unique features (see section 1.2.2 and 1.3) 

[12]. They have interest from the point of view of acid, base, and redox catalysis. They 

are also excellent supports of active phases e.g. high dispersion of Pt, Pd, Pt-Re and 

Ni-Mo generates hydrogenation and reforming catalysts. Moreover, their pore size can be 

modified and their surface can be functionalized to anchor specific metal particles or 

complex molecules. Some excellent reviews can be found in the literature [81,82]. 

The thermal stability of nanostructure catalysts is always reported as one of the 

major issues. Several important industrial processes such as CO oxidation, partial 

oxidation, cracking of hydrocarbons and combustion reactions are carried out at 

temperatures above 300 ºC and therefore, stable catalysts at the high reaction 

temperatures are in high demand [83]. For instance, high temperature catalysis involves 

the steam reforming of natural gas taking place at temperatures as high as 800 ºC. In the 

dry reforming both green house gases CO2 and CH4 react producing synthetic gas 

(syngas), a mixture of H2/CO. Syngas is further used in the industry to produce 

hydrocarbons (Fischer-Tropsch) and other valuable oxygenated chemicals.  

 

1.4.3. Sensors 

 

Automated systems controlling health and environmental issues are also among the 

top priorities of the technological developments today. Both industrial and domestic fields 

require sensors monitoring the concentration of certain substances. Typical applications 

are the control and supervision of certain parameters e.g. humidity; the detection of a 

compound for safety issues e.g. explosive or toxic substance in an industrial process; or 

the control of gas emissions in automobiles. The demand of more reliable and robust 

devices is still increasing and therefore, the research and development plays an important 

key role. 

Regardless the different sensing mechanism, most of the sensors involve the 

interaction of a molecule on a solid surface. This fact explains why materials with large 

pore to volume ratio are desirable. In particular, mesoporous materials possess high pore 
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volume with open ordered and regular pores. Moreover, the size of their pores offer 

advantages compared with micro-pore (e.g. zeolites) or macro-pore materials, combining 

high gas accessibility with high surface area, and can be tuned for selectively detecting 

the target molecules.  

Gas sensors are among the most studied devices due to the large number of 

processes and substances to be monitor in the industry, the public safety and the 

environmental concerns. Up to now, a large number of mesoporous materials specially 

silica (with or without functionalized pores) and metal oxides have been already tested as 

gas sensors showing an enhanced performance and are extensively reviewed in the 

literature [84,85].  

Due to the broad sensing field, in this thesis we centered the fabrication of robust 

and reliable humidity sensors. Humidity control is crucial for many manufacturing 

industries such as textiles, food storing/processing, paper, semiconductor and 

petrochemical [86,87]. The first commercial humidity sensors were developed in Japan at 

the end of the 1970s [88–90].  

The materials commercially developed for humidity sensors can be classified into 

two groups, organic and ceramic oxides. Organic polymers have shown a lot of 

challenges due to their poor mechanical and chemical stability, presenting hysteresis, 

slow response time, long-term drift and degradation over the time [91]. 

In contrast, ceramic oxides possess higher mechanical strength, better thermal 

stability and faster response to humidity changes. The main problem of the ceramic 

humidity sensors is related to the need of a periodical heat treatment to recover the initial 

properties; a drift in the resistance of the ceramic sensor is reported after long exposures 

under humid environments, due to the formation of hydroxyl ions on the surface. 

However, the hydroxyl groups can be removed and the humidity sensor recovers the 

initial state by heating to temperatures above 400 ºC [92]. 

Porous ceramics form a common group of materials to sense humidity. The 

adsorption mechanism of the water molecules on the surface of the ceramic oxides is well 

known (Figure 1.11). First, a chemisorbed layer is formed on the available sites of the 

oxide surface, causing dissociation of water molecules to surface hydroxyls. After the 
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first layer of water is formed, subsequent layers are physisorbed. The molecules in the 

first physisorbed layer are bounded through double hydrogen bonds and cannot move. At 

higher humidity levels, water molecules are singly bounded and form a liquid-like 

network. Thus, the water molecules from the second layer can move or rotate freely (like 

in bulk liquid water) and the Grotthuss mechanism or the protons transport become 

dominant  [93].         

From the surface adsorption mechanism, it is clear that large pore volumes are 

desirable in order to get high sensitive humidity sensors. Moreover, the response and 

recovery times of the ceramic sensors can be controlled by the pore size. The detection 

limit can be set very low by decreasing the pore size [91,93].  

 

 
Figure 1.11. Multi-layer adsorption of condensed water on the surface of the ceramic oxide CeO2. 
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1.5. Scope of the Research 

 

This thesis is devoted to the synthesis and characterization of thermally stable 

mesoporous metal oxides as high performance materials in diverse electrochemical 

devices i.e. IT-SOFCs, gas sensors and catalysts supports. The work developed intends 

first, to take advantage of the known unique features of the ordered mesoporous metal 

oxides replicas synthesized by a nanocasting methodology (high surface area and pore 

volume). Second, investigate different novel routes to thermally stabilize those 

mesoporous metal oxides. Finally, implement the mesoporous materials in real 

electrochemical devices and study its performance and the expected long-term stability. 

In addition, it is expected that the synthesis procedures, the fabrication techniques 

and the experimental set-ups used and optimized in this work, will serve as background 

and inspiration for the future generations of the “Nanoionics and Fuel Cells group”, in the 

Advanced Materials Department at IREC which started running, along with this thesis, 

four years ago.  

 

The thesis is organized as described in the following, 

  

� Chapter 2 shows the experimental methods used in this work. A detailed 

explanation of the procedure followed to synthesize mesoporous powder and 

to fabricate the electrochemical cells and humidity sensors is presented. 

Moreover, the main structural and electrical characterization techniques 

employed during this thesis are introduced.    

� Chapter 3 describes a route to thermally stabilize 3D-open mesoporous 

structures. The functionality of the stabilized mesoporous replica as a 

catalyst support is further presented.   

 

The next three chapters are devoted to explain the synthesis and characterization of 

mesoporous materials as electrodes for IT-SOFCs, 
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� Chapter 4 firstly describes an approach to thermally stabilize mesoporous 

composites by forming a close compact unit. Ceramic-metal mesoporous 

materials are fabricated by this approach and characterized and tested as 

anodes for IT-SOFCs.   

� Chapter 5 presents infiltrated mesoporous composites. Mesoporous ceramic 

scaffolds are fabricated according to the stabilization route presented in the 

Chapter 3 and further infiltrated with a catalyst. Electrochemical cells 

fabricated with this architecture are characterized and tested as cathodes for 

IT-SOFCs. 

� Chapter 6 shows the fuel cell performance and long-term stability of an IT-

SOFC fabricated using fully mesoporous electrodes.  

 

After that, a dedicated chapter is devoted to the implementation of mesoporous 

materials in gas sensing applications: 

 

� Chapter 7 presents a humidity sensor based on mesoporous ceramic oxides. 

The properties and mechanism of sensing are shown together with an 

analysis of the response and detection limits of the device. 

 

The conclusions of this thesis are finally summarized in the Chapter 8. 

 

Three appendixes are added at the end of the manuscript. Appendix A describes the 

compositional optimization of the mesoporous nickel based cermets. Appendix B 

explains a study performed to lower the sintering temperature of bi-layer electrolytes in 

anode supported IT-SOFCs. Appendix C presents the transmission lines equivalent 

circuit used to fit the impedance spectra of Chapter 5, and its analogy to the Adler-Lane 

Steele model for MIECs. 
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A scientist in his laboratory is not a mere technician:  

he is also a child confronting natural phenomena  

that impress him as though they were fairy tails 

- Marie Curie 



 



 

 

 

2. Experimental Methods 

2.1. Overview of the Chapter ...................................................................................... 35 

2.2. Synthesis of Powder of the Mesoporous Materials ............................................ 36 

2.2.1. Synthesis of powder of the KIT-6 hard template ............................................. 36 

2.2.2. Synthesis of powder of the mesoporous metal oxide replicas ......................... 39 

2.2.2.1. Procedures and materials ................................................................................ 39 

2.2.2.2. Silicon content after template removal ............................................................ 41 

2.2.3. Impregnation of mesoporous metal oxides powder ......................................... 41 

2.3.     Fabrication of Electrochemical Devices ............................................................... 43 

2.3.1. Shaping methods .............................................................................................. 43 

2.3.1.1. Pulsed Laser Deposition (PLD) ...................................................................... 43 

2.3.1.2. Air brushing technique .................................................................................... 44 

2.3.1.3. Tape casting ..................................................................................................... 45 

2.3.1.3.1. Synthesis procedure.................................................................................. 46 

2.3.1.3.2. Volume shrinkage ..................................................................................... 47 

2.3.1.4. Drop coating technique ................................................................................... 49 

2.3.2. Fabrication of Solid Oxide Fuel Cells (IT-SOFCs)......................................... 49 

2.3.2.1. Fabrication of symmetrical cells ..................................................................... 49 

2.3.2.1.1. Symmetrical cells of  mesoporous cermets ............................................... 49 

2.3.2.1.2. Symmetrical cells of MIEC infiltrated in mesoporous scaffolds .............. 50 

2.3.2.2. Fabrication of electrolyte-supported cells ...................................................... 51 

2.3.2.3. Fabrication of anode-supported IT-SOFCs .................................................... 53 

2.3.3. Fabrication of humidity sensors ...................................................................... 54 

2.4. Structural Characterization Techniques ................................................................ 55 

2.4.1. X-Ray Diffraction (XRD) ................................................................................. 55 

2.4.2. In-situ high temperature XRD ......................................................................... 56 

2.4.3. Small Angle X-ray Scattering (SAXS) .............................................................. 57 

2.4.4. Nitrogen physisorption measurements (BET) .................................................. 57 

2.4.5. Scanning Electron Microscopy (SEM) ............................................................ 58 



 

 

2.4.6. Transmission Electron Microscopy (TEM) and Electron Energy Loss 

Spectroscopy (EELS) ...................................................................................................... 59 

2.4.7. Temperature Programmed Reduction (TPR) .................................................. 60 

2.4.8. Thermogravimetric Analysis (TGA) and Oxygen Storage Capacity 

Experiments (OSC) ......................................................................................................... 61 

2.4.9. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) ...... 61 

2.4.10. Raman spectroscopy ........................................................................................ 62 

2.5. Electrical Characterization Techniques ............................................................. 62 

2.5.1. Experimental setup SOFCs .............................................................................. 63 

2.5.2. Experimental setup sensors ............................................................................. 64 

2.5.3. Impedance spectroscopy measurements .......................................................... 65 

2.5.4. Potentiostatic and galvanostatic measurements.............................................. 68 

References ........................................................................................................................... 69 

 

  



 

 

Experimental Methods 

 

 

 
 

35 
 

 

2. Experimental Methods 

 

2.1. Overview of the Chapter 

 

The aim of this chapter is to give a general overview of the experimental methods 

and tools employed in this thesis emphasizing their main interest for the following 

chapters. The work developed can be divided into two main experimental parts: 

(i) synthesis and fabrication (ii) characterization techniques. 

The section 2.2.1 presents the details of the synthesis route used to make the 

mesoporous powder from a hard silica template. A KIT-6 mesoporous silica is chosen as 

the template, due to its symmetry and versatility to fabricate replicas with different pore 

sizes. A brief explanation of the synthesis of the template powder from the precursors and 

the conditions used to make different replicas are detailed. Moreover, a brief structural 

characterization of the synthesized KIT-6 powder under different conditions is presented. 

The synthesis of the mesoporous KIT-6 is considered a tool for the further fabrication of 

the mesoporous oxides replicas, therefore is included in the experimental methods.  

The different conditions used to make the mesoporous metal oxides replica are 

described in section 2.2.2. The KIT-6 with the desired geometry (single or double gyroid) 

and pore size is chosen accordingly for the further desired functionalization.  

After that, the different deposition techniques used to fabricate the 

electrochemical cells are described in section 2.3.  

Symmetrical cells with the synthesized mesoporous materials were fabricated, to 

study their conductivity and for optimization of critical parameters like the thickness of 

the layer, the attachment temperature to the electrolyte or the influence of the current 

collector. Once the cell with the mesoporous material was optimized, it was tested as an 

electrode for IT-SOFC.  

In this thesis, both common cell configurations (electrolyte and anode supported 

cells) have been fabricated and electrochemically tested. Electrolyte-supported cells were 

fabricated because this configuration allows a more straightforward implementation and 
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characterization of electrode materials. In addition, since anode-supported cells are the 

ideal fuel cell configuration lowering the operating temperature, this type of cells based 

on mesoporous materials were fabricated and tested for cell optimization purposes. 

Sensors based on the mesoporous replica powders were also fabricated in order to 

discuss the humidity sensing mechanism of the synthesized materials. 

Characterization techniques are fundamental tools in material science to study the 

structure and the properties of the materials and understand their behavior. The different 

structural techniques routinely used to characterize the powder and the fabricated devices 

are described in the section 2.4. Moreover, the electrical and electrochemical properties 

were studied by common AC and DC methods. A general background of them and the 

specific setups employed are given in the section 2.5. 

 

2.2. Synthesis of Powder of the Mesoporous Materials 

 

2.2.1. Synthesis of powder of the KIT-6 hard template 

 

A mesoporous silica KIT-6 with three-dimensional Ia3d symmetry, prepared by 

aqueous-based sol-gel route under acidic conditions is used as hard template in the whole 

thesis [1]. 

For the preparation of powder of KIT-6, a 1:1 (wt %) aqueous mixture of Pluronic® 

P123 triblock copolymer (EO20PO70EO20, EO: ethylene oxide and PO: propylene oxide) 

and 1-butanol (BuOH), with a 0.5 M HCl concentration were mixed at 36 ºC in a thermal 

bath. Tetraethyl orthosilicate (TEOS) was added as silicon precursor in a mole ratio of 

TEOS:P123:HCl:H2O:BuOH = 1:0.017:1.83:195:1.31.  

Once all the components were dissolved, a hydrothermal treatment was performed 

at either 36 ºC or 90 ºC for 24 h and the resulting template will be denoted as KIT-6-36 

and KIT-6-90, respectively. Samples were then filtered, cleaned with water and dried in 

an oven at 60 ºC. Finally the powder was calcined at 550 ºC for 4 h to burn all the 

surfactants.  
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The structure of the synthesized KIT-6 mesoporous silica templates was studied by 

low angle XRD diffraction and nitrogen physisorption measurements. Figure2.1a shows 

the low angle X-ray pattern of the synthesized KIT-6. The characteristic XRD peaks 

confirm the formation of an ordered mesoporous structure with cubic Ia3d symmetry. The 

characteristic peak corresponding to the plane (211), which indicates the formation of the 

cubic Ia3d phase was observed after 24 hours of reaction, from a hydrothermal treatment 

temperature of 36 °C, in agreement with Kleitz et al. [1]. The position of the (211) 

reflection of the mesoporous structure, allows determining the periodicity of the ordered 

structure. A lattice constant (b) of 21.6 and 22.7 nm is obtained for the KIT-6-36 and 

KIT-6-90, respectively (see Table 2.1).  

Figure 2.1b shows a typical TEM image of the cubic Ia3d KIT-6 silica recorded 

along the [111] direction where the ordered domains of the 3-D bicontinuous meso-

structure are clearly observed. 

 

 
Figure 2.1. a) Low angle XRD pattern and b) TEM image along the [111] direction characteristics of the 

KIT-6 mesoporous silica template with Ia3d cubic structure.  

 

The nitrogen adsorption–desorption isotherms obtained for the KIT-6-36 and KIT-

6-90 mesoporous silica templates are shown in Figure 2.2a. The isotherms for both silica 

templates can be classified as type IV, typical of mesoporous materials which present 
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pore condensation with a H1 hysteresis loop, which is characteristic of channel pores with 

narrow size. The rest of the structural parameters obtained from the nitrogen 

physisorption measurements for the KIT-6 hydrothermal synthesized at 36 and 90 ºC are 

shown in Table 2.1. BET areas of 700 and 786 m2/g and pore volumes of 0.620 and 

0.829 cm3/g were obtained for the KIT-6-36 and KIT-6-90 silica templates, respectively. 

The mean pore size was calculated using the BJH model (dBJH) and the adsorption 

isotherm data is 5.6 nm for the KIT-6-36 and 8.6 nm for the KIT-6-90.  

 

 
Figure 2.2. a) N2 adsorption–desorption isotherms and b) Pore size distributions of the KIT-6 with 

hydrothermal treatments performed at different temperatures: 36 and 100 °C (KIT-6-36 and KIT-6-90, 

respectively). 

 

It should be pointed out that in agreement with the literature [1], different 

hydrothermal temperatures permit to tune the pore size of the silica hard template. In this 

thesis, the mesoporous of the KIT-6 is always used as silica template. The synthesis 

parameters to obtain either KIT-6-36 or KIT-6-90 are chosen depending on the final 

application of the mesoporous replica, as explains below, in order to optimize the 

performance.   

 

 



 

 

Experimental Methods 

 

 

 
 

39 
 

Table 2.1. Structural Parameters obtained by Analysis of XRD Patterns and Nitrogen Adsorption-

Desorption Measurement. 

 
b 

(nm) 
BET 

(m2/g) 
Pore volume 

(cm3/g) 
dBJH* 
(nm) 

KIT-6-36 21.6(1) 700 (7) 0.620 5.6 ± 0.7 

KIT-6-90 22.7(1) 786 (2) 0.829 8.6 ± 0.9 

* The uncertainty corresponds to the standard deviations of the Gaussian pore size distributions 

 

2.2.2. Synthesis of powder of the mesoporous metal oxide replicas 

 

2.2.2.1. Procedures and materials 

 

Mesoporous metal oxides are synthesized as replica of silica KIT-6 hard template 

by wet impregnation method and subsequent calcination. In general, a stoichiometric 

amount of metal nitrates is dissolved in ethanol. Once dissolved, the silica template KIT-6 

is added, keeping the ratio 1.5 mmol of metal ions per 0.15 g KIT-6. 

The resulting mixture is stirred for 1 h, dried at 60 ºC and the resulting powders 

were subjected to a final calcination step (in general at a temperature of 600 ºC for 5 h) 

for achieving the desired single phase. 

Remaining silica template is removed with hot 2 M NaOH at 70 ºC and the solid 

phase is separated by centrifugation, washed several times with deionized water and 

dried. A scheme of the synthesis procedure followed to obtain mesoporous replicas from 

KIT-6-36 and KIT-6-90 is shown in Figure 2.3. 
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Figure 2.3. Scheme of the synthesis of powder of mesoporous metal oxide replicas by wet impregnation of 

the silica template KIT-6. 
 

Different materials were fabricated by employing slight different procedures. 

Table 2.2 summarizes the materials synthesized as mesoporous replicas and their 

acronyms. The impregnation approach, type of KIT-6 (hydrothermal synthesized either at 

36 or 90 ºC), the precursors and the calcination conditions used are shown. Moreover, the 

chapters showing the results of the structural characterization and the further 

functionalization of the mesoporous powder are indicated. 
 

Table 2.2. Synthesis details of the Powder of the Mesoporous Metal Oxide Replicas. 

 Acronym Impregnation 
Approach KIT-6 Precursors Calcination Chapter 

 
Ceria doped 
gadolinium 

(Ce0.8Gd0.2O1.9) 
 

CGO 
CGO-600 multistep KIT-6-90 

 
Ce(NO3)3·6H2O 
Gd(NO3)3·6H2O 

 [��� ][��� ] + [!"� ] = 2 

 

350 ºC, 4 h 
600 ºC, 5 h 3 

 
Nickel oxide 

(NiO) 
 

NiO single KIT-6-90 Ni(NO3)2·6H2O 600 ºC, 5 h 4 

 
Ceria doped 
samarium 

(Ce0.8Sm0.2O1.9) 
 

SDC single KIT-6-36 

 
Ce(NO3)3·6H2O 
Sm(NO3)3·6H2O 

 [#$� ][#$� ] + [!"� ] = 2 

 

600 ºC, 5 h 5 
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2.2.2.2. Silicon content after template removal 

 

Due to the well-known negative effect of SiO2 segregation impurities along the 

grain boundaries and surface on ionic conductivity and catalysis performance [2–5], an 

analysis of the silica content after template removal have been carried out by Inductively 

Coupled Plasma and Energy Dispersive X-Ray (EDX).  

An iterative washing methodology was implemented in the methodology. Increasing 

the number of times where the mesoporous material is washed with the NaOH hot 

solution, the silica content remaining in the replica decreases (1 wash ~3.51 % Si, 

2 washes ~1.6 % Si, 4 washes ~1.3 % Si). It was also found better to wash the replica 

several times with deionized water (1.16 % Si) than with a solution of H2O:EtOH (50 % 

wt) (1.5 % Si).  

Although these values are over the typical levels of silicon impurities that affect the 

metal oxide properties (low-grade metal oxide powders typically contain silica impurities 

< 100 ppm), it is believed that keeping the high surface area contribute to minimize the 

portion of surface blocked by the impurity in the mesoporous case of study. Despite this, 

an iterative process of template removal is recommended. 

 

2.2.3. Impregnation of mesoporous metal oxides powder 

 

Ceramic-Metal (cermet) mesoporous powders were synthesized by a subsequent 

impregnation step. The metallic phase mesoporous replica (obtained as explained in the 

previous section), was further impregnated with an ethanol solution of the stoichiometric 

amount of the corresponding ceramic nitrate salts, stirred for 1 h and dried. Finally, the 

ceramic crystallized inside the metallic phase template by a thermal treatment at 

900 - 1100 ºC for 3 h (Figure 2.4). In general, powder with two different weight ratios of 

metallic phase – ceramic phase (50:50 % wt and 65:35 % wt) were prepared.  
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Figure 2.4. Scheme of the synthesis of the impregnation of mesoporous metal oxide powder. 

 

By the described approach, several common cermets used as anodes in IT-SOFCs 

were synthesized. The composition of the cermet, metallic matrix, ceramic precursors and 

calcination conditions are described in the Table 2.3. A complete structural 

characterization of the resulting cermets is shown in Chapter 4. Moreover, the 

performance of cells with mesoporous cermets was measured in the indicated chapters. 

The Appendix A is devoted to optimize the composition of the nickel based cermets. 

 
Table 2.3. Synthesis details of the Impregnation of Mesoporous Metal Oxides. 

Cermet Acronym 
Mesoporous 

Metallic 
Matrix 

Ceramic 
Precursors Calcination Chapter 

NiO - Ce0.8Gd0.2O1.9 NiO - CGO NiO 

 
Ce(NO3)3·6H2O 
Gd(NO3)3·6H2O 

 

900 – 1100 ºC, 
3 h 

4 

NiO – 92 ZrO2·8 Y2O3 NiO - YSZ NiO 
 

Zr(NO3)2·xH2O 
Y(NO3)3·6H2O 

 

900 ºC, 
3 h 

4 

NiO - Ce0.8Sm0.2O1.9 NiO - SDC NiO 

 
Ce(NO3)3·6H2O 
Sm(NO3)3·6H2O 

 

 
1100 ºC, 

3 h 
6 
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2.3. Fabrication of Electrochemical Devices 

 

In this section the deposition techniques used to fabricate the electrochemical 

devices are introduced. Firstly, a general description of the different shaping methods and 

the usefulness in the thesis is presented.  

In the second part of the section the fabrication of the electrochemical devices are 

described: (i) Symmetrical cells, (ii) Electrolyte-supported IT-SOFCs, (iii) Anode-

supported IT-SOFCs and (iv) Sensors.    

 

2.3.1. Shaping methods 

 

2.3.1.1. Pulsed Laser Deposition (PLD) 

 

Pulsed laser deposition (PLD) is a thin film deposition technique which uses high 

power laser pulses to melt, evaporate and ionize a target material. The ablation of the 

target produces a plasma plume that deposits perpendicularly onto a substrate where it 

condenses and the thin film grows (Figure 2.5).  

The non-equilibrium nature of the PLD ablation process, due to absorption of high 

laser energy densities by a small volume of material on the target, allows growing films 

with similar stoichiometry than the one of the target material. It is then possible growing 

crystalline films at temperatures much lower than the typical crystallization temperatures 

required for most complex oxides (usually higher than 1000 ºC).  
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Figure 2.5. PLD equipment used in this work to deposit thin films of dense CGO (located at IREC). The 

inset shows a schematic diagram of a typical laser deposition setup. 

 

In this thesis, PLD was used to fabricate dense diffusion barrier layers of CGO onto 

one side of the tape castings for the electrolyte-supported IT-SOFCs.  Dense thin film 

layers fabricated with PLD, were demonstrated to be an efficient method to prevent the 

migration of ions from the cathode towards the electrolyte and minimize the CGO-YSZ 

inter-diffusion, additionally presenting low resistance. In the PLD chamber, the CGO 

target was irradiated with a 20 ns pulse from a KrF excimer laser with a characteristic 

248 nm wavelength and laser energy density of 0.8 J/cm2. The substrate was located at a 

distance of 9 cm from the target. The deposition rate was 0.38 nm/s. This procedure 

results in a CGO dense layer of thickness ~ 1-2 µm. 

 

2.3.1.2. Air brushing technique 

 

Ethanol-inks based of commercial or mesoporous powders were prepared to be 

airbrushed. A 1 % wt of dispersant PVP (polyvinylpyrrolidone) is added to the mixture 

and stirred for more than 24 h. For air-brushing the variable parameters: pressure of 
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nitrogen, distance to the target substrate and number of times to pull the trigger button 

were optimized and fixed, to achieve reproducible layers of ~ 20 μm thickness.   

In this thesis, air brushing was routinely used to fabricate porous layers as 

electrodes for IT-SOFCs, due to its simplicity and the possibility to easily obtain 

reproducible thicknesses. 

 

2.3.1.3. Tape casting  

 

Tape casting is a ceramic forming technology, developed by the industry as the 

demand of larger and thinner (reproducible) substrates increased [6]. In this technique, a 

slurry is spread over a planar surface, controlling the thickness by carefully chosen the 

height of the doctor blade (Figure 2.6). The uniformity and viscosity of the slurry is 

crucial to fabricate a proper and consolidated green body. The slurry is made by grinding 

the ceramic powder in an organic vehicle. The use of organic additives is essential since 

each of them plays a different role [7,8].  

In the first step of the milling process, the powder is mixed with the dispersant and 

the solvent; the mixture is grinded to break agglomerates and obtain a homogeneous 

slurry with low viscosity. In a second step, a binder and a plasticizier are added to prepare 

the slurry with the proper viscosity for casting. After degasification of the slurry, it is 

extended uniformly over a planar surface covered by a sheet of paper or plastic, with a 

thickness controlled by selecting the height of the doctor blade. The so-extended tape 

needs to be dried to evaporate the solvents. After that, the obtained green body is ready to 

be cut to the desired geometry and sintered to produce a dense ceramic layer.  
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Figure 2.6. Scheme of a laboratory tape-casting setup. The inset image shows the fabricated green 

mesoporous NiO-YSZ tape casting (University of Georgia Tech). 

 

In this thesis, tape castings of NiO-YSZ from both commercial and mesoporous 

powders were prepared to constitute the substrate of anode-supported IT-SOFCs. Details 

of the synthesis procedure and a study of the volume shrinkage of the fabricated tapes are 

presented below. 

 

2.3.1.3.1. Synthesis procedure  

 

All tape cast slurries are prepared using a two-stage milling process. The initial 

slurry contained the NiO-YSZ powder (55 - 45 % wt), graphite and starch (added as pore 

formers), the solvents (ethanol and xylene) and the dispersant (Menhaden Fish Oil, 

Richard E. Mistler). This non-viscous slurry is ball-milled for 24 h prior to addition of the 

other constituents.  

After that, a common binder (Polyvinyl Butyral, PVB) and plasticizers 

(Polyalkylene Glycol, PAG and Butyl Benzyl Phthalate, BBP) are added and the mixture 

is ball-milled for another 24 h to obtain uniform and stable slurry, which is then degassed 

at room temperature under vacuum before cast. The height of the doctor blade is chosen 

to obtain a green tape with the desired thickness. The tape dried overnight before 

punched into ~ 10.7 – 12.7 cm diameter pieces.  
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2.3.1.3.2. Volume shrinkage  

 

The porous anode substrate can greatly enhance the electrolyte-layer densification 

during the co-firing, by loss of pore volume from the anode self-shrinkage. Shrinkage 

measurements of the different anode tape castings prepared were done, pre-sintering the 

tapes from 25 to 1150 ºC.  

The volumetric shrinkage of each type of anode is measured with a caliber, after 

sintering in the same furnace at each temperature for 2 hours, and calculated in 

comparison to green state as, 

∆# = �&'��(�()�*�((� − 1 

 

(2.1) 

 
Figure 2.7 shows the volumetric shrinkage curves measured for the different types 

of the anode supports fabricated with commercial and mesoporous powder. Tapes of 

commercial powder were fabricated by two approaches: in the first the fabricated tape 

as-cast and dried gave a thickness of ~ 700 μm, a second approach was done by pressing 

two laminated thinner anode tapes (of ~ 300 μm thickness each) under a pressure of 100 

MPa. On the other hand, mesoporous tapes were fabricated; the tapes as-cast and dried 

had a thickness of ~ 600 μm. 

For the anode tapes made with regular NiO-YSZ powders the sintering shrinkage 

can be separated into three stages. The early volumetric shrinkage of 3 - 4 % observed for 

sintering below 750 ºC, can be attributed to the carbon burn-out and initial particle growth 

within the anode body. At the second stage between 750 - 950 ºC, the anodes further 

shrink by 3 - 6 %, which is possibly due to the begin of sintering for NiO particle in the 

anode at around 900 ºC [9]. For the first two stages, un-pressed and pressed anode tapes 

rather exhibited similar sintering shrinkage as they had the same powder, composition 

and amount of pore former.  

Significantly larger shrinkage occurred for pressed-tape in comparison to un-pressed 

tape at temperature above 1000 ºC, when sintering of the YSZ particles in anode can be 
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also expected to begin. Even though, anode substrates in this experiment are rather free-

sintered without the constraint effects from co-sintering with electrolyte, the results verify 

that introduction of compaction pressure of 100 MPa clearly enhanced the anode 

substrates shrinkage, which greatly improves the SSZ-SDC electrolyte densification at 

relatively low co-sintering temperature.  

On the other hand, the anode tape castings made with mesoporous NiO-YSZ 

powders showed no apparent shrinkage until temperature above 900 ºC and the sintered 

anode substrate was very weak, even for performing the size measurement. This is 

because the multi-step synthesis of mesoporous NiO-YSZ powder involves pre-

calcination of the particles at 900 ºC, which increases the structure stability while 

reducing the sintering of the anode during subsequent processing at low temperature. 

 

 
Figure 2.7. Volumetric shrinkage curves versus the sintered temperature carried out on the different tape-

casting prepared.  

 

Based on the previous discussion green tape-castings made from commercial 

NiO-YSZ powder were subjected to pre-sintering step at 850 °C for 2 h, while 

temperatures up of 1100 ºC for 2 h were required for the fabricated mesoporous green 

tapes to get enough mechanical stability and volume shrinkage, to further fabricate on the 

top a dense electrolyte layer.  

 



 

 

Experimental Methods 

 

 

 
 

49 
 

2.3.1.4. Drop coating technique 

 

Wet process techniques are considered cost effective, although they are not fully 

optimized to fabricate dense layers [10]. The cost-efficient and industrially robust 

fabrication of high-performance SOFCs is very important to promote their 

energy-competiveness for large-scale applications.  

Several physical and chemical techniques have been employed to fabricate high 

quality and dense thin electrolyte films. However, these vapor deposition techniques (e.g. 

chemical vapor deposition (CVD), physical vapor deposition (PVD), electrochemical 

vapor deposition (EVD), pulsed laser deposition (PLD), plasma spray,…) are in general 

more expensive. 

In this thesis, fabrication of dense electrolyte layers was deposited on the 

pre-sintered tape casting by a drop coating process and further tested as anode supported 

cells. More details about the deposition procedure and the materials used can be found in 

the section 2.3.1.3. Moreover, a study performed to reduce the firing temperature of the 

deposited electrolyte is shown in Appendix B.  

 

2.3.2. Fabrication of Solid Oxide Fuel Cells (IT-SOFCs) 

 

2.3.2.1. Fabrication of symmetrical cells 

 

Two different approaches for fabricating electrodes of symmetrical cells are done, 

using different materials: (i) mesoporous cermets as anodes, (ii) infiltration of MIEC 

catalyst in mesoporous ceramic scaffolds as cathodes. Ceria based pellets are used as 

electrolytes. 

 

2.3.2.1.1. Symmetrical cells of  mesoporous cermets  

 

Symmetrical cells based on CGO pellets working as electrolytes and mesoporous 

nickel-ceria cermets (Ni-CGO) as electrodes are fabricated. Full-dense pellets of CGO 
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(δ ~ 99 %) are prepared by uniaxial-pressing of commercial powder of CGO 

(CeO2 - 10 mol% Gd2O3, Fuel Cell Materials) and sintered at 1425 ºC. In order to 

improve the attachment of the electrodes, a very thin layer of CGO is airbrushed on both 

sides and heat treated at 1350 ºC for 3 h. 

To deposit the electrodes, mesoporous nickel/gadolinium-doped ceria ink based on 

ethanol is airbrushed onto both sides of the ceria pellets. Single and double layer 

electrodes are deposited. A study performed to optimize the composition of the cermets is 

shown in Appendix A. The single layer electrode is composed by NiO:CGO with 

65:35 % wt, while the double layer is based on a functional layer of NiO-CGO with 

50:50 % wt placed close to the electrolyte and a layer of NiO-CGO 65:35 % wt closer to 

the current collector. The layers are attached at a time at Tatt = 1200 ºC for 3 h. A scheme 

is shown in Figure 2.8. The morphology and electrochemical performance of the so-

fabricated mesoporous cermets as anodes of IT-SOFCs are presented in Chapter 4. 

 

 
Figure 2.8. Basic scheme of the symmetrical cells fabricated with a double layer of mesoporous cermets. 

 

2.3.2.1.2. Symmetrical cells of MIEC infiltrated in mesoporous 

scaffolds  

 

Symmetrical cells based on samaria-doped ceria (SDC) pellets are fabricated. Full 

dense SDC pellets produced by uniaxial pressure from SDC commercial powder (Samaria 

doped ceria 20 % - Fuel Cell Materials) and sintered at 1425 ºC. 

To fabricate the ceramic scaffold, an ink based on ethanol is fabricate with the SDC 

mesoporous powder and airbrushed onto both sides of the ceria pellets. The layer is 

sintered at different temperatures, in order to optimize the attachment temperature 
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(Tatt = 1000, 1050, 1100 ºC). The thickness of the deposited porous layer is ~ 10 μm and 

the electrode active area 0.7 cm2.  

The catalyst MIEC Sm0.5Sr0.5CoO3-δ (SSC) is introduced into the as-sintered 

mesoporous scaffold by a solution infiltration [11]. Stoichiometric amounts of Sm(NO3)3, 

Sr(NO3)2, Co(NO3)2·6H2O are mixed in a mixture of water and ethanol to form a 

0.1 mol·l-1 solution, a stoichiometric amount of glycine was added as a complexing agent 

and 5 % wt polyvinyl pyrrolidone (PVP) is added as surfactant, 15 μl of the so-prepared 

solution is deposited on the surface of the porous cells. Three cycles are done, followed 

by a calcination step at 800 ºC for 2 h. The final amount of SSC infiltrated is determined 

to be ~ 25 % wt (calculated by weight difference). A basic scheme with the steps 

followed is shown in Figure 2.9. The morphology of the layers and the electrochemical 

characterization of the infiltrated mesoporous scaffolds as cathodes of IT-SOFCs are 

presented in Chapter 5. 

 

 
Figure 2.9. Basic scheme of the fabrication of MIEC infiltrated in mesoporous scaffolds symmetrical cells. 

 

2.3.2.2. Fabrication of electrolyte-supported cells 

 

The fabricated electrolyte-supported cells were based on a commercial electrolyte of 

10Sc1CeSZ (10% mol Sc2O3, - 1% mol CeO2 – ZrO2) made by tape casting of 150 μm 

thickness (Kerafol). As explained the section 2.3.1.1, a dense diffusion barrier layer of 



 

 

Chapter 2. 

 

 

 
 

52 
 

CGO of 1-2 µm was deposited by Pulse Laser Deposition (PLD), onto the cathode side of 

the tape casting. In order to improve the attachment of the electrodes firstly, a very thin 

layer of a diluted ink of CGO is airbrushed on both sides of the 10Sc1CeSZ tape casting. 

 

Ethanol-based inks of the mesoporous/commercial powder used as electrodes were 

air-brushed onto the tape casting and sintered. Details of the composition, materials, 

sintering conditions and the chapter with the structural and the electrochemical 

characterization results are depicted in Table 2.4. A scheme of the electrolyte supported 

cells and typical images of the cells measured in this work are shown in Figure 2.10. 

 

 

Figure 2.10. (a) Scheme of the different layers and thicknesses and (b) Typical images of electrolyte-

supported cells fabricated in this thesis. 

 
Table 2.4. Summary of the electrolyte-supported cells fabricated and characterized (in the denoted chapter). 

Anode % wt T attachment Cathode T attachment Chapter 

 
Mesoporous 

Ni - CGO 
 

50:50 
 

65:35 
1200 ºC, 3 h 

 
La0.6Sr0.4Co0.2Fe0.8O3 

(LSCF) 
1100 ºC, 3 h 4 

Mesoporous 
Ni - SDC 

50:50 
 

65:35 
1200 ºC, 3 h 

 
 

Mesoporous SDC 
scaffold 

 
Infiltrated 

Sm0.5Sc0.5CoO3-δ (SSC) 

 
 

1000 ºC, 2 h 
 
 

800 ºC, 2 h 

6 
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2.3.2.3. Fabrication of anode-supported IT-SOFCs 

 

Anode-supported cells based on tape casting of both mesoporous and commercial 

NiO-YSZ powders were fabricated as explained the section 2.3.1.3. Subsequently, a 

double electrolyte layer of SSZ-SDC ((Sc2O3)0.10(ZrO2)0.90 - Sm0.20Ce0.80O2-x) are 

deposited by drop coating (section 2.3.1.4), resulting a total thickness of ~ 10-15 μm. The 

anode and the electrolyte assembly are co-fired together at 1250 ºC. Finally, an ink of 

SSC-SDC powder is brushed onto the sintered electrolyte as cathode.  

The fabrication of the cells was performed by following the standards of Meilin Liu 

Group (MSE, Georgia Institute of Technology). The conditions followed in each 

fabrication step are described in Table 2.5, as well as it is indicated the chapter were the 

cells are characterized. The Figure 2.11 shows a scheme of the different layers and 

typical pictures of the anode-supported cells fabricated. 

 

 
Figure 2.11. (a) Scheme of the different layers and thicknesses and (b) Typical images of anode-supported 

cells fabricated in this thesis. 

 

In addition, efforts to reduce the co-sintering temperature of the anode/electrolyte 

assembly were done, in order to reduce the fabrication cost and minimize the 

inter-diffusion or reaction between the cell components, while maintaining the optimum 

electrode microstructure. The results were performed over standard cells from Meilin 

Liu’s Group and are shown in Appendix B. Dense double SSZ-SDC electrolyte layers 
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were successfully fabricated at temperatures of 1200º C by engineering the particle size of 

the electrolyte precursors and by adding sintering aid. 

 
Table 2.5. Summary of the anode-supported cells fabricated and characterized (in the denoted chapter). 

Tape 
Casting % wt Pre-sintering 

step Electrolyte Co-firing T Cathode Sintering T Chapter 
 

Mesoporous 
Ni - YSZ 

 

55:45 1100 °C, 
2 h 

 
SSZ- SDC 

 
 

1250 ºC SSC-SDC 950 ºC,  
2 h 4 

Commercial 
Ni – YSZ 55:45 850 ºC, 

2 h SSZ- SDC 1250 ºC SSC-SDC 950 ºC,  
2 h 4 

 

2.3.3. Fabrication of humidity sensors 

 

Sensors were fabricated from ethanol inks based on mesoporous powder (30 % wt). 

Inks of CGO were airbrushed on a commercial alumina substrate with interdigitated 

electrodes (Planar IDE Au, Synkera) and sintered at 900 ºC for 1 h, to ensure mechanical 

strength and thermal stability (Figure 2.12). The so-prepared mesoporous layer has 

dimensions of 6.35 mm length and two different thicknesses were tried 12-13 µm and 

4 µm.  

 

 
Figure 2.12. Scheme of the alumina substrate with interdigital electrodes (left) and the sensor after 

deposition of the ceramic oxide mesoporous layer (right).   
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2.4. Structural Characterization Techniques 

 

2.4.1. X-Ray Diffraction (XRD) 

 

X-ray diffraction is a non-destructive characterization technique in which the 

pattern collected is produced by exposition of a crystal to X-rays. If the wavelength of the 

X-rays launched is on the order of magnitude of the interatomic distances of the crystal, 

the X-rays will diffract with a specific direction and intensity and therefore, the so-

generated diffraction pattern is specific of the atomic and molecular structure of the 

crystal under study. A qualitative and quantitative analysis of the patterns allows 

identifying the crystalline phase and determining the lattice parameter. 

An analysis of the peak shape gives information about the crystallite size 

distribution, the micro-strain or the extended defect concentration. Williamson and Hall 

proposed a method for deconvoluting size and strain broadening by analysis of the peak 

width as function of 2θ [12].  According to the Scherrer and Wilson equation [13,14],  

, cos - = 4./30 + 45 sin - 

 

(2.2) 

 
where, 

 β = integral breadth of a reflection (in radians) 

K = Scherrer constant (equals 0.89 for spherical grains) 

λ = X-ray wavelength 

θ = diffraction angle 

D = crystallite size 

ε = microstrain 

 

The plot βcos θ on the y-axis and 4sin θ on the x-axis allows to linear fit the data 

and extract the crystallite size and the strain.  
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X-ray diffraction (XRD) was routinely used in this thesis to identify and further, 

corroborate the phase of all materials. The so-called Williamson-Hall methodology was 

employed to determine the crystallite size and micro-strain the samples in the Chapter 3. 

Different equipments were used, but generally the scans were performed at room 

temperature, using copper Kα radiation, in the 2θ range from 20 to 80°. Most of the XRD 

patterns were obtained from a Philips X’Pert Pro automated diffractometer equipped with 

an X'celerator detector (located in the Scientific-Technical Services, University of 

Barcelona) and a Bruker D8 automated diffractometer, with a nickel filter and Lynx Eye 

detector. 

 

2.4.2. In-situ high temperature XRD 

 

In-situ XRD is a powerful technique determining structural changes of the 

materials. In particular, in-situ high temperature XRD is a high throughput technique, 

being time saving compared to the measurement of several samples annealed 

individually.  

 

 
Figure 2.13. X-ray diffraction with the heating stage accessory to perform in-situ measurements located at 

IREC. 
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In this thesis in-situ temperature XRD was used to study the crystallography 

changes of the synthesized mesoporous Ce0.8Gd0.2O1.9 (Chapter 3) with both, 

temperature and time. The measurements were performed in the heating stage of an 

Anton Paar XRK 900 heating chamber coupled in the Bruker D8 equipment 

(Figure 2.13). The powder was loaded onto the alumina sample holder and heated at a 

rate of 12 ºC· min-1 up to the target temperature (800 and 900 ºC) and held for 24 h.  

 

2.4.3. Small Angle X-ray Scattering (SAXS) 

 

Small angle X-ray scattering (SAXS) or low angle X-ray diffraction is a non 

destructive technique, usually performed at angles between 0º and 10º. It follows the 

same principles of X-ray diffraction, in this case for investigating nanostructures from 

< 1 nm up to 200 nm in size. Therefore, the structure and space group symmetry of the 

ordered mesoporous materials are detected. 

Generally in this thesis, the low angle X-ray spectra were collected in the same 

Bruker D8 automated equipment in a 2θ range from 0.5º to 3.5º to study the structural 

ordered mesoporous structure of the synthesized materials. 

 

2.4.4. Nitrogen physisorption measurements (BET) 

 

Fundamental parameters of the surface of the solids, such the specific surface area 

and porosity can be obtained from the nitrogen physisorption measurements.  

The Brunauer-Emmet-Teller (BET) theory is widely used in surface science to 

determine the specific surface area of solid materials. It is an extension of the Langmuir 

theory, to the physical adsorption of gas molecules on multilayers. The total volume of 

pores was obtained from a single point adsorption method at P/P0 = 0.999.  

The pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) 

model, which uses a modified Kelvin equation and the statistical thickness equation 

(t-curve) to determine the pore size. The BJH can be generated from both the adsorption 

and the desorption branches of the isotherms. 
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In the present thesis, N2-physisorption measurements were performed in a 

Micromeritics Tristar 3000 surface analyzer at the temperature of liquid nitrogen (77 K) 

to study the specific surface area, volume and distribution of pores of the mesoporous 

materials. 

 

2.4.5. Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy (SEM) utilizes a focus beam of high-energy electrons 

to generate a variety of signals at the surface of the solid sample, coming from the 

electron-sample interaction. The beam of electrons which typically have energy from 

~ eV to keV is focused by a series of electromagnetic lenses to an spot size up to 1 nm.  

The accelerated electrons impact with the sample and cause electrons to be scattered 

from the sample due to elastic or inelastic events. Low energy electrons resulting from 

inelastic scattering are secondary electrons and it is the most common imaging mode. Due 

to their low energy (< 50 eV) these electrons are generated few nanometers from the 

surface and contain information about the morphology and the topography of the sample. 

Backscattered electrons (BSE) are higher energy electrons produced by elastic scattering 

interactions. Since elements with different atomic number backscatter different, BSE is 

commonly used to illustrate contrast of samples with different chemical composition. 

Finally, X-rays are produced when the electron beam removes an inner shell electron of 

the sample, causing a higher energy electron to fill the shell and releasing energy. These 

characteristic X-rays are used to identify the composition and abundance of the elements 

of the sample. 

In this work, SEM routinely used to investigate the morphology of the samples 

before and after the electrochemical tests, generally using a ZEISS AURIGA and a LEO 

1550 scanning electron microscopes.  

An estimation of the remaining silica content in the mesoporous oxide replicas was 

done by Energy Dispersive X-Ray Analysis (EDX) in a SEM Leica Stereoscan S-360 

instrument (located in the Scientific-Technical Services, University of Barcelona) 

(Chapter 3). SEM-EDX line profile was performed to study possible ion diffusion 
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through the barrier layer of the IT-SOFC after a long-term degradation test (Chapter 6) 

(Zeiss Auriga – Inca). 

 

2.4.6. Transmission Electron Microscopy (TEM) and Electron Energy Loss 

Spectroscopy (EELS) 

 

Transmission electron microscopy (TEM) utilizes a beam of high-energy electrons 

accelerated with a higher voltage usually 200-300 kV. In this electronic microscope the 

image is generated from the beam of electrons that are transmitted through a sample, 

magnified and usually focused onto a fluorescent screen or detected by CCD camera 

detector.  

Scanning Transmission Electron Microscopy (STEM) formed the image by 

collecting the transmitted electrons. If the apertures are placed to collect only the non 

scattered electrons the image technique is generally called bright field (circular detector). 

Transmitted electrons include not only bright field signals but also scattered electrons.  

If the aperture is moved and only scattered electrons are collected (annular detector) 

the image technique is called dark field or high-angle annular dark field (HAADF). The 

dark field image is sensitive to variations in the atomic number. The annular dark field 

detector gives the advantage to allow the main beam to pass to an Electron Energy Loss 

Spectroscopy (EELS) detector, thus both measurements can be done simultaneously 

(Figure 2.14). 

EELS in TEM is a very powerful and precise technique to analyze the elemental and 

chemical composition in the nano-scale. The signal collect the electrons that inelastic 

scattered after interact with the specimen, losing part of their energy. The amount of 

energy lost is measured with an electron spectrometer giving different information 

including inner shell ionizations, which are characteristic of any chemical element. 
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Figure 2.14. Diagram of the configuration of STEM using EELS and HAADF detectors. 

 

In this work, TEM was fundamental to corroborate a proper impregnation of the 

precursors inside the template and study the structure of the synthesized mesoporous 

oxides. Routinely the formation of the mesoporous structure was examined using a TEM 

JEM 2100 (200 kV) (placed in the Scientific-Technical Services, University of 

Barcelona) and Zeiss Libra 120, placed in IREC. 

Possible compositional deviations inside the nanostructures were determined using a 

Transmission Electron Microscope (TEM) operating at 300 kV and a FEI Titan Low Base 

coupled to a Tridiem Gatan Imaging Filter (GIF) instrument located in LMA (Laboratorio 

de Microscopias Avanzadas) and INA (Instituto de Nanociencia de Aragón) (Chapter 3). 

To study in detail a proper infiltration of the ceria doped gadolinia nanoparticles 

into the NiO mesoporous matrix, STEM and EELS analysis was performed in the TEM 

microscope JEOL JEM 2010F (200 kV) placed in the Scientific-Technical Services, 

University of Barcelona (Chapter 4).  

 

2.4.7. Temperature Programmed Reduction (TPR) 

  

Temperature Programmed Reduction (TPR) is a very common tool in the field of 

catalysis to characterize solid materials. The technique uses a gas flow of a reducing 

element (usually hydrogen diluted in an inert gas such argon or nitrogen) through the 
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sample while the temperature increases linearly with the time. The consumption of 

hydrogen is detected through changes in the thermal conductivity detector. Thus, this 

technique determines the number of reducible species present on the surface of a material 

surface and reveals the temperature at which the reduction takes place.  

In the present thesis, temperature-programmed reduction by hydrogen (H2 - TPR) 

was performed to characterize the functionality of the thermally treated mesoporous ceria 

doped powder (Chapter 3), using a Micromeritics Autochem 2950 system equipped with 

a thermal conductivity detector (TCD).  

 

2.4.8. Thermogravimetric Analysis (TGA) and Oxygen Storage Capacity 

Experiments (OSC) 

 

Thermogravimetric analysis (TGA) is a method which measures changes in weight 

of a selected material, with an increase of the temperature and the time. If the 

measurements are carried out under cycles of oxidizing and reducing atmospheres, the 

oxygen storage capacity (OSC) of the materials can be determined. The oxygen storage 

measures the change in oxidation state associated with the reversible removal and 

addition of oxygen. 

In this work, OSC experiments were carried out using a Setaram Sensys Evo 

Thermogravimetric Analyzer (TG-DSC) equipped with atmospheric control in order to 

study the redox properties of the thermal treated mesoporous ceria compounds 

(Chapter 3).  

 

2.4.9.  Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is one of 

the most common precise analytical techniques to detect inorganic elements into aqueous 

solutions at very low levels (up to parts per billion). ICP-OES is a type of ICP-Mass 

Spectrometry which uses the electromagnetic emission from the atoms ionized by the 

plasma; the characteristic wavelength of the element of interest is collected. 
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In this thesis, ICP-OCP allows determining the amount of remaining silica in the 

samples after the removal of the template (Chapter 3). The solutions were prepared 

dissolving the mesoporous powder into a diluted hydrofluoric (HF) solution. 

 

2.4.10.  Raman spectroscopy 

 

Raman spectroscopy is a spectroscopic technique based on the inelastic scattering of 

monochromatic radiation, usually from a laser source. The photons of the laser source 

interact with the sample resulting in a scattered laser light shifted up or down, giving 

information about the vibrational modes of the sample. 

In this thesis, Raman spectroscopy was done to determine phase instabilities of the 

electrolyte in SOFCs after a long-term degradation test (Chapter 6). An excitation 

wavelength of 532.5 nm was used in the experiment. 

 

2.5. Electrical Characterization Techniques 

 

Apart from the structural characterization, it is important to measure the 

performance of the fabricated devices under operational conditions and understand the 

different electrochemical processes that take place. In order to have an accurate 

characterization of the electrochemical devices it is critical to control diverse parameters 

e.g. temperature, partial pressure of oxygen, humidity, etc. 

In this section, the experimental setups used in this thesis to fully control and 

electrochemical characterized the devices (i) SOFCs and (ii) sensors are described. After 

that, a brief introduction to impedance spectroscopy and potentiostatic - galvanostatic 

measurements is shown. 
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2.5.1. Experimental setup SOFCs 

 

The experimental setup to electrochemically characterize the SOFCs was composed 

by the following elements, shown in Figure 2.15:  

 

- Cell sample holder 

- Furnace and temperature control system 

- Gas flow and humidifier  

- Impedance analyzer  

- Potentiostat/galvanostat 

 

Different programs developed by Matlab at IREC were used to fully automate and 

control the measurements of the cells. 

 

 
Figure 2.15. Image of one experimental setup used in this work to electrochemical characterize the Solid 

Oxide Fuel Cells (located in IREC). 

 

One of the most critical parts of the experimental setup in SOFCs is to mount the 

cell. The cells were put on the top of an alumina tube, which formed part of the 

commercial ProboStatTM NorECs AS system [15]. The high temperatures (T up to 
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850 ºC) used to characterized the cells, made the choice of alumina as the ideal ceramic 

component for tubes/holders, and platinum as wires/meshes for current collection. 

Controlled atmospheres and gas tightness are mandatory as explosive gases as pure 

hydrogen, is routinely used. For SOFCs characterization the sealing of the chamber of the 

anode compartment was generally done by a silver ring and Ceramabond™. A schematic 

diagram and a picture of the sample holder used in this work to characterize the SOFCs 

are depicted in Figure 2.16. 

 

 
Figure 2.16. Scheme of the ProboStatTM NorECs AS sample holder. Inset image shows a detail of the top 

part view of a real mounted cell. 

 

2.5.2. Experimental setup sensors 

 

The experimental setup used to measure the sensor properties is shown in 

Figure 2.17. Sensors were placed in the Linkam chamber which allows controlling the 

temperature and the humidity level was fixed with the commercial humidification system 

(Bronkhorst) composed of a liquid flow controller (LFC) and a controlled evaporator 

mixer (CEM) from 0 to 3 ml/min H2O. The sensors were electrically characterized using 

the gold contact pads (Figure 2.12) by impedance spectroscopy using a frequency 

response analyzer. 
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Figure 2.17. Image of the setup used to electrochemical characterize the humidity sensors (located in 

IREC). 

 

2.5.3. Impedance spectroscopy measurements 

 

The electrochemical impedance spectroscopy (EIS) is a powerful tool to study solid-

state ionic devices (e.g. solid oxide cells (SOC), batteries and gas sensors) and 

electrochemical devices (e.g. gas separation, electro-synthesis), since the phenomena that 

take place in such complex systems can be separated into individual processes. Each 

process has associated a characteristic time and thus, EIS has the capability to separate 

the different impedance contributions ranging a frequency domain [16–18]. 

The technique is based on applying an AC small excitation signal and measure the 

response obtained through the device (Figure 2.18a). The impedance defined by the 

equation (2.3) can be expressed as a complex number in terms of real (Z´) and imaginary 

part (Z´´) as a function of the frequency (ω), 

6(8) = �"':�
�"'(:� ;) ">'; = �� ">'; = |6|">'; = |6| cos - − ? sin - = 6@ − ?6′′ 

 

(2.3) 
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Since the definition of impedance implies a linear dependence, a small AC voltage 

has to be applied to keep a linear regime in the electrochemical systems. One of the most 

common representations of the impedance spectra is the so-called Nyquist plot (- Z´´(ω) 

versus Z´(ω)), shown in Figure 2.18b.  

The linear time-response of the electrochemical systems, is often modeled in terms 

of equivalent circuit (EC) elements, with resistance (R) representing charge transfer and 

capacitance (C1, C2) representing charge polarization (Figure 2.18c) [19]. This 

description is often extended to non-interfacial processes by introduction of additional 

empirically or theoretically derived circuit elements [20].  

The simplest electrode-material system represented in the Nyquist plot by a 

semicircle, in terms of EC has a geometrical capacitance in parallel with a bulk resistance 

with an associated time constant defined by τ = 1/RC. Bauerle [21] proposed a model 

based on a linear combination of RC circuits to fit a more complex system 

(i.e. electrode/electrolyte/electrode) extracting separated values of R, C and the time 

constant (τ) characteristic of each individual process. However, experimentally RC 

circuits do not fit well the impedance spectra as usually a depressed semicircle appears in 

the complex plane, related with a discrete distribution of relaxation times and the use of 

constant-phase elements (CPEs (Q,n)) is often required. 
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Figure 2.18. (a) Steady-periodic linear response of a cell to a sinusoidal current or voltage perturbation is 

measured and analyzed in terms of gain and phase shift as a function of frequency (ω). Results are usually 

expressed in terms of the impedance (Z), the complex ratio of voltage displacement to current displacement. 

(b) Nyquist plot of an impedance spectrum of a system with an electrolyte and two process electrodes (c) 

Equivalent electrical circuit associated to the measured impedance spectra (taken from ref. [20]). 

 

 A number of equivalent circuits could fit the same impedance spectra. As general 

criteria and in particular during this thesis, the simplest EC which permitted fitting the 

measured impedance spectra with high quality was chosen. Moreover, all the elements 

chosen in the fitting must have a physical meaning in terms of resistive processes in the 

material, charge transfer or mass transfer processes. 

 In this thesis EIS measurements of the electrochemical cells were carried out in 

different equipments: two frequency response analyzers Solartron SI 1260 and 

Novocontrol Alpha-A and a potentiostat/galvanostat Parstat 2273, PAR. In general, a 

range of frequencies from 1 MHz to 0.05 Hz and an AC signal of 50 mV were used for 

the SOFCs and 300 mV for the sensors. All the generated impedance spectra were 

analyzed with ZView software [22]. 
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2.5.4. Potentiostatic and galvanostatic measurements 

 

Potentiostatic or galvanostatic measurements can be described by the injection of a 

constant voltage or current (DC signal) through the cell. The measured variable is the cell 

current or voltage, respectively.  

More in detail, a potentiostat is an electronic instrument which controls the voltage 

difference between a working and a reference electrode. It implements this control by 

injecting a current into the cell through an auxiliary electrode. The potentiostat measures 

the current flow between the working and the auxiliary electrodes. It becomes galvanostat 

when the injection of the controlled variable is switched from cell voltage to cell current. 

In this work two systems to monitor the potential-intensity of the electrochemical 

cells were used a potentiostat/galvanostat Parstat 2273, PAR and a multimeter Keithley 

Model 2400. This type of measurements allows obtaining the typical current density - 

voltage (iV) curves and the corresponding power cell density, characterizing the SOFC 

behavior. 
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3. Synthesis and Thermal Stabilization of Mesoporous Metal Oxides. A Case Study 

on CGO 

 

3.1. Interest of CGO for High Temperature Applications and Self-limited Grain 

Growth Regime  

 

Ceria-based materials have the ability to store and release oxygen by changing the 

valence of the cerium cations between Ce3+/Ce4+. This oxygen storage capacity (OSC) 

feature gives ceria outstanding catalytic properties that make it very attractive for a wide 

range of applications such in automotive exhaust catalysis. Solid solutions of ceria and 

gadolinia (CGO) have been proposed for the steam reforming of natural gas since the 

addition of gadolinium [1,2]:  

 

(i) Improves the dynamic OSC resulting in an enhanced resistance against 

carbon deposition. 

(ii) Reduces the total OSC at the intended operating temperatures, ensuring a 

better stability against deactivation by metal decoration and a lower 

reactivity with sulfur.  

 

The maximum benefit from the addition of Gd is obtained for high surface area 

materials. Nevertheless, ceria suffers from a lack of thermomechanical stability  that 

reduces its active surface area at elevated temperatures by coarsening and sintering 

processes, e.g. Perrichon et al. reported a surface area drop from 115 to 5 m2g−1 after 6 h 

at 850 ºC under air [3], which represents a severe limitation for its implementation in 

high-temperature devices.  

This is a major drawback for energy applications since most of the uses in this field 

involve high temperature long-term operation (T ~ 800 ºC) and even higher temperature 

fabrication or activation steps (T ~ 1000 ºC), e.g. electrocatalysis in Solid Oxide 
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Fuel/Electrolysis Cells (SOFC/SOEC) [4,5], oxygen separation membrane [6] or high 

temperature catalysis for fuel conversion [7,8]. 

 Some attempts to stabilize ceria-based mesoporous materials at intermediate 

temperatures (500-750 ºC) can be found in the literature. Different methods like soft 

template using Pluronic P123 [9], self-assembly of individual CeO2 nanoparticles in a 

liquid crystal phase [10], evaporation-induced self-assembly (EISA) derived methods 

[11], neutral soft templating routes [12] or replica synthesis from originally prepared 

mesoporous hard templates [13–15] have been reported. However, it is still necessary to 

develop new strategies for keeping the ordered mesoporous structure leading to high 

specific surface area at temperatures high enough to cover the previously mentioned 

applications.  

 The thermal stability of mesostructures at high operation temperatures strongly 

depends on the atom diffusion processes across and along the grain boundaries, i.e. the 

grain growth kinetics.  

The classical Burke’s and Turnbull’s formulation determines a parabolic grain 

growth behavior [16] and therefore, a continuous grain growth with time defined by the 

following equation,  

�� − ��� = B�C  (3.1) 
 

where k2 = 2Mγ is a characteristic material constant (γ: grain boundary energy , M: grain 

boundary mobility). 

However, this model has been proved to be insufficient to describe grain growth 

when the grain sizes are in the nanometric scale. Limited grain growth has been reported 

for nanocrystalline metals by solute drag [17] or by the presence of high concentrations of 

defects [18].  

More interestingly, Rupp et al. [19–22] recently reported self-limited grain growth 

kinetics for biphasic amorphous-crystalline metal oxides in thin films. According to them, 

the driving force for grain growth in these biphasic materials is the reduction of free 

volume and the crystallization enthalpy during isothermal annealing. Once the 
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crystallization enthalpy equals zero, the self-limited growth regime becomes dominant 

and the grain growth stops in isothermal conditions, making the structure stable over 

time.  

In agreement to this model, temperatures below 1100 ºC lead to this self-limited 

growth regime, in which the grain growth mostly stops after the first 5 - 10 h of 

isothermal treatment at T > 600 ºC for ceria. This regime can be described by the 

relaxation function: 

G − G� = (GD − G�)E1 − exp>F HI⁄ J 

  

(3.2) 

 

where G is the average grain size, G0 the initial grain size, GL the limited grain size, τ1 the 

relaxation time and t the time.  

Rupp et al. indicate this self-limited growth regime is related to a decrease of the 

micro-strain after a certain relaxation time. This reduction of the micro-strain is explained 

by the process of crystallization of the amorphous-based oxide running in parallel to the 

grain growth. The decrease is defined by the exponential equation (3.3), 

ε = εD + ε� exp>F H�⁄   (3.3) 
 

where ε is the average micro-strain, εL is the constant value of residual microstrain, ε0 is 

the initial micro-strain, τ2 is the relaxation time and t the time. 

The first (time-temperature-transformation) TTT diagram for a metal oxide thin film 

(CGO) was proposed based on these results, making possible to predict the kinetics and 

degree of crystallization of nano-grained films. 

In this Chapter, a novel methodology is developed to stabilize open ordered 

mesoporous structures. Firstly, the synthesis and characterization of mesoporous 

gadolinium doped ceria (Ce0.8Gd0.2O1.9) one of the most common materials for high 

energy temperatures is presented. The mesoporous CGO is synthesized from a silica 

template with KIT-6 structure.  
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In order to study the validity of the self-limited growth regime for the ceria-based 

mesoporous materials synthesized by a nanocasting method, a XRD study was performed 

studying the evolution of the crystallite size and the micro-strain at high temperatures 

over the time. The replicas maintained the mesoporosity after thermal stability tests at 

800, 900 and 1000 ºC in air.  

This stability is based on achieving the self-limited grain growth regime within the 

KIT-6 silica hard template. The extension of the self-limited grain growth regime to open 

3D structures by the partial crystallization of the metal oxide inside the hard template is 

shown and the functionality, i.e. good catalytic activity, of the resulting stabilized 

materials is presented in the long term for the range of temperatures from 800 ºC to 

1100 ºC. 

 

3.2. Synthesis and Characterization of the CGO Mesoporous Oxide  

 

Contrary to widely employed high temperature stabilization treatments inside the 

template, in this work gadolinium-doped-ceria (Ce0.8Gd0.2O1.9) mesoporous powder was 

synthesized by using the nanocasting method based on KIT-6 template at 600 ºC for 5 h, 

in order to demonstrate the long term stability of the material achieved when reaching the 

self-limited grain growth regime, recently proved for thin films, to open three-

dimensional structures. Thus, a counterintuitive and cost-effective thermal treatment at 

intermediate temperatures (600 ºC) is performed lower than the further operational 

temperatures (800 – 1000 ºC). 

Details of the synthesis procedure can be found in the experimental part (see 

Chapter 2.2.2, Table 2.2). The synthesized mesoporous replica is denoted in this chapter 

as CGO-600. 

Figure 3.1 presents the X-ray diffraction (XRD) patterns of the CGO mesoporous 

powders synthesized and calcined at T = 600 ºC after template removal. The indexed 

peaks correspond to a cubic fluorite structure of Ce0.8Gd0.2O1.9 (s.g. Fm3m) with lattice 

parameter a = 5.423(2) Å (as determined by Le Bail fits). Pure CGO single phase was 

obtained as shown by XRD (JCPDS 75-0162). 
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Figure 3.1. XRD pattern of CGO as synthesized at T = 600 ºC. Diffraction peaks corresponding to the 

cubic fluorite with space group Fm3m are labeled. 

 

To corroborate the mesoporous structure of the as-synthesized CGO sample 

(CGO-600) low-angle XRD was carried out (Figure 3.2). Reflections corresponding to a 

three dimensional Ia3d symmetry are labeled in agreement with the ones for the KIT-6 

mesoporous structure, confirming the mesoporous structure is transferred from the 

original matrix to the mesoporous replica. The pattern shows the typical reflections of a 

double gyroid structure consisting of a sharp peak at 0.94-0.98º indexed as (211) and a 

weak reflection at 1.08-1.1º corresponding to (220). The position of the (211) reflection 

of the mesoporous structure allows determining the periodicity of the ordered structure 

(Table 3.1). The calculated lattice constant (b) for the CGO-600 is 22.1 nm indicating a 

slight decrease of the long-range order of the replica in comparison to the original 

template KIT-6-90 (b = 22.7 nm). 
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Figure 3.2. Low angle XRD of mesoporous 

CGO-600 and of the KIT-6-90 silica template. 

 

 

 

 

 

 

Figure 3.3 shows the nitrogen adsorption-desorption isotherms for the CGO-600 

mesoporous replica calcined at 600 ºC, after the template removal. Type IV isotherms 

with H1 hysteresis loops, are obtained as is typically reported for mesoporous metal 

oxides synthesized by the same hard template route [23–25]. A BET area of 115 m2/g and 

pore volume of 0.275 cm3/g was obtained (Table 3.1). The pore size distribution obtained 

using the BJH model from the desorption branch of the isotherm was 3.9 ± 0.7 nm. 

 

 
Figure 3.3. a) N2 adsorption–desorption isotherms and b) Pore size distribution, of CGO-600 calcined at 

600 ºC replica of the KIT-6-90. 
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To corroborate the meso-structure of the CGO-600 replica typical TEM images of 

are presented in Figure 3.4. As expected from XRD, highly ordered porous matrixes 

keeping ordered cubic symmetry, are observed for the mesoporous CGO-600 powder. 

Well-connected spherical mono-crystalline domains of ca. 8 nm in diameter can be 

observed consistent with the reported 3D process of nucleation and growth of the replica 

materials within the isotropic pore structure of the KIT-6-90 template. The inset figure, 

corresponds to a TEM image of a mesoporous CGO-600 particle recorded along the [111] 

direction. The image clearly shows the double gyroid with Ia3d symmetry, thus both 

interpenetrated channels were filled and the original structure of the template KIT-6-90 is 

completely transferred. 

 

 
Figure 3.4. TEM images of particles of CGO-600 synthesized at 600 ºC where the mesoporous structure is 

clearly observed. The inset figure was acquired along the [111] direction, demonstrating the infiltration of 

both channels of the original structure of the template KIT-6-90. 
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3.3. Thermal Treatment and Stability of the Ordered Mesoporous Structure 

 

To study the crystallite grain growth of the mesoporous powder and study the 

proposed self-limited growth regime at different temperatures, long-term thermal 

treatments of the sample CGO-600 were carried out at 800, 900, 1000 and 1100 ºC during 

24 h inside furnaces with open atmosphere. These samples will be labeled CGO-600-800, 

CGO-600-900, CGO-600-1000 and CGO-600-1100 in the following. 

 

3.3.1. Structural evolution with temperature 

 

A set of diffraction patterns is presented in Figure 3.5 corresponding to 

measurements of CGO-600 samples after a thermal treatment of 24 h at 800, 900, 1000 

and 1100 ºC in air. All diffraction patterns, except that of the sample tested at 1100 ºC for 

24 h, show reflections corresponding to the mesoporous structure suggesting that the 

ordered pattern is surprisingly maintained for the CGO replica after removal of the hard 

template and after the durability tests up to 1000 ºC.  

Despite this, the patterns present lower scattering intensities for higher temperatures 

as shown by the peak broadening of the (211) reflection. This indicates a decrease of the 

long-range order of the replica in comparison to the original template. The periodicity of 

the ordered structure is shown in the first column of the Table 3.1. The reduction of the 

mesoporous lattice constant (b), when increasing the temperature of the durability test, is 

presumably related to the shrinkage of the whole system by sintering. 
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Figure 3.5. Low angle XRD of CGO as-synthesized (CGO-600) and after the isothermal stability tests at 

800, 900, 1000, 1100 ºC for 24 h. 

 
Table 3.1. Structural parameters obtained by analysis of XRD diffraction and nitrogen adsorption-

desorption data 

Sample b 
(nm) 

BET 
(m2/g) 

Pore volume 
(cm3/g) 

Micropore Area  
(m2/g) 

 
KIT-6 

 
22.7(1) 

 
786 (2) 

 
0.829 256.78 

CGO-600 22.1(1) 115 (1) 0.275 38.37 

CGO-600-800 21.5(1) 78(1) 0.266 25.35 

CGO-600-900 21.3(2) 44(1) 0.254 15.14 

CGO-600-1000 21.0(5) 20(1) 0.171 5.63 

CGO-600-1100 -- 4(1) 0.018 0.19 

 

 

To corroborate the mesoporous nature of CGO, TEM and SEM images of the as 

synthesized sample at 600 ºC and after the stability tests at 800 and 1000 ºC for 24 h are 

presented in Figure 3.6 As already shown in the previous section, a highly ordered 

porous matrix keeping the parent KIT-6 structure are observed for the CGO as 

synthesized at 600 ºC (Figure 3.6a). Moreover, the samples isothermally treated for 24 h 
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at higher temperatures of 800 ºC and 1000 ºC (Figure 3.6b and c) also maintain the 

parent KIT-6 structure. After treatment at 1000 ºC the ordered mesoporosity is still 

observed, with similar microstructure.  

 

 
Figure 3.6. SEM images of the mesoporous CGO as (a) synthesized at 600 ºC. After the stability tests at (b) 

800 ºC and (c) 1000 ºC under 24 hours in air. The insets show TEM images of the corresponding 

mesoporous particles. 
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A more detailed TEM study was carried out after the treatment at the expected 

operation temperature, i.e. 800 ºC, in order to determine possible compositional 

deviations inside the nanostructure. TEM and Electron Energy Loss Spectroscopy (EELS) 

mapping of CGO-600 after a thermal treatment of 24 h at 800 ºC in air (CGO-600-800) 

was performed. According to Figure 3.7, there is no significant dopant segregation to the 

surface or grain boundaries that could induce a reduction of the oxygen mobility by 

dopant-oxygen vacancy association [26,27].  

Moreover, Figure 3.6 clearly shows that no significant changes in the mesostructure 

take place during the self-limiting grain growth regime and therefore, no reduction of the 

bulk oxygen diffusion is expected. Well-connected spherical mono-crystalline domains of 

ca. 8-10 nm in diameter are observed consistent with the reported 3D process of 

nucleation and growth of the replica materials within the isotropic pore structure of the 

KIT-6 template [28].  

This good connectivity of the replica is of the utmost importance since, for 

applications requiring good percolation paths through the material, represents a great 

advantage. This is the particular case of electrodes for SOFC or gas separation 

membranes where oxide ionic conduction is crucial for a good device performance. 
 

 

Figure 3.7. Structural and compositional characterization of CGO-600 after the stability test at 800 ºC for 

24 h. (a) TEM image of CGO-600-800 particles. (b) EELS compositional map and HAADF of a CGO-600-

800 particle. 
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A detailed structural characterization of the CGO mesoporous oxides after the 

stability tests are presented in Figure 3.8. Figure 3.8a presents XRD patterns of the 

thermal treated powder (CGO-600-800, -900, -1000 for 24 h). Single phase of pure CGO 

was obtained for all the samples under study.  

The surface stability of the samples was studied by nitrogen adsorption-desorption 

measurements. Figure 3.8b shows the nitrogen adsorption-desorption isotherms of the 

mesoporous samples used to determine the BET, pore volume and micropore area 

parameters shown in Table 3.1. 

 

 
Figure 3.8. Structural characterization of 24 h thermal treated mesoporous CGO-600 at different 

temperatures (CGO-600, -800, -900, -1000 24 h): (a) XRD patterns, (b) Nitrogen adsorption- desorption 

isotherms. 

 

A BET area of 786 m2/g was obtained for pure KIT-6 while for the CGO replica 

calcined at 600 ºC and after the stability tests at 800, 900, 1000 and 1100 ºC was 115, 78, 

44, 20 and 4 m2/g, respectively. A progressive decrease of the specific surface area was 

clearly observed up to 1000 ºC probably due to a reduction of the pore size with 

temperature and the shrinkage of the whole structure.  
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On the other hand, the total pore volume of the samples that decreases slightly up 

to 900 ºC shows a drastic drop over 1000 ºC. This phenomenon can be explained by a 

major reduction of the surface roughness of the samples (microporosity) likely related to 

the promotion of the ion diffusion in the structure. Figure 3.9, shows the TEM images of 

the mesoporous CGO as synthesized at 600 ºC and after the stability test at 800 ºC after 

24 hours in air. The inset figures show the surface flattening and the microporosity 

reduction taken place after increasing the temperature of the long stability measurements. 

From the previous results, the microstructural stability of the mesporous samples after 

long-term treatments at high temepratures is proved. 
 

 
Figure 3.9. TEM images of the mesoporous CGO as (a) synthesized at 600 ºC. (b) After the stability test at 

800 ºC after 24 hours in air. The insets show a detail of the mesoporous particles. 

 

3.3.2. Validity of the self-limited grain growth for nanocasting of mesoporous 

 

To understand the origin of this stability and, therefore, predict how long the 

mesostructure will remain stable over time, a XRD study with in situ temperature 

experiments of the evolution of grain size and micro-strain with time was performed (see 

details in Chapter 2, section 2.4.1). 
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The Williamson-Hall methodology [29], was employed to determine the average 

grain size and microstrain during stability tests above the annealing temperature 

(T = 600 ºC) carried out at 800, 900, 1000 and 1100 ºC for 24 h. According to the 

Scherrer and Wilson equation [30,31],  

, cos - = 4./ 30⁄ + 45 sin -  (3.4) 
 

where β is the integral breadth of a reflection (in radians), K is the Scherrer constant 

(equals 0.89 for spherical grains), λ denotes the X-ray wavelength, θ the diffraction angle, 

D the average grain size and ε the microstrain. 

Figure 3.10 shows a typical Williamson-Hall plot obtained in this study, for the 

CGO replica stabilized at 600 ºC. By using equation (3.4), this plot was used to 

determine the average grain size and micro-strain of all the XRD spectra.  

 

 
Figure 3.10. Williamson-Hall plots of CGO as synthesized at T = 600 ºC. The reflections used to determine 

each data point are labeled. 
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Figure 3.11 shows the variation of the average grain size during stability tests 

above the annealing temperature (T = 600 ºC), carried out at 800, 900, 1000 and 1100 ºC 

for 24 h. Two different regimes of grain growth are observed.  

The CGO annealed at 600 ºC and stabilized at temperatures exceeding 1000 ºC 

involves larger grains and the classical parabolic grain growth according to the Burke’s 

and Turnbull’s formulation (equation (3.1)) (dashed line in the Figure 3.11). 

On the other hand, when stabilized at 800, 900 and 1000 ºC the CGO shows an 

increase of its grain size only during the first 5 - 10 h. After this time, the average size 

stabilizes suggesting a new regime of growth.  

This can be explained according to the self-limited grain growth proposed for two-

dimensional structures by Rupp et al. (equation (3.2)) [19–22]. The good agreement 

between the experimental data of this work and the self-limited grain growth model (solid 

line in the Figure 3.11) suggests its validity for the nanocasting synthesis employed here 

where biphasic amorphous-crystalline CGO remains inside the template before full 

crystallization.  

 

 

Figure 3.11. Average crystal size evolution with time of the CGO sample calcined at 600 ºC during 

isothermal stability tests at 800, 900, 1000, 1100 ºC. 
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Figure 3.12 shows the evolution of the microstrain with time during the stability 

tests for the whole set of samples. For the temperature of 1100 ºC the microstrain of the 

films tends to relax. However, for the samples stabilized at 800 and 900 ºC the 

microstrain decreases during the first 5 - 10 h, following the equation (3.3).  

The correlation between the microstrain and grain growth behavior reinforces the 

applicability of the self-limited grain growth model for explaining the resistance of the 

mesoporous structures towards thermally activated microstructural coarsening.  

 

 
Figure 3.12. Microstrain evolution with time of the CGO sample calcined at 600 ºC during isothermal 

stability tests at 800, 900, 1000, 1100 ºC. 

 

This agreement allows predicting extremely long-term stability of mesoporous CGO 

and therefore, the suitability of employing it in applications involving continuous 

operation at high temperature. Moreover, this novel methodology is a non-trivial and 

counterintuitive approach radically different to the widely employed idea of using hard 

templates just to support the stabilization of the grain size at temperatures above the 

application temperature. Finally, this low temperature method allows reducing the 

reactivity with the template and the diffusion of silicon before removing it. 
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3.4. Functionality of the Long-term Stable Mesoporous CGO 

 

In this section the functionality of the long-term treated mesoporous CGO will be 

evaluated by temperature programmed reduction (TPR) and by means of 

oxidation/reduction cycles inside a TGA.  

Considering that the redox ability of a material is closely related with its catalytic 

activity [32], TPR was performed on the thermally treated samples. Figure 3.13 shows 

H2 - TPR patterns for the as-synthesized (CGO-600) and isothermally treated powder 

(CGO-800, -900, -1000 and 1100 for 24 h). While a single high-temperature reduction 

peak is present at around 800 ºC for the sample treated at 1100 ºC, other peaks appear at 

lower temperatures for the rest of the samples.  

The single high-temperature peak indicates a bulk-like behavior [33], whilst the 

presence of the low temperature peaks corroborates a dominating surface reduction 

typical of the nanostructures. Peaks around 450 and 650 ºC, measured for CGO-600, 

CGO-600-800 and CGO-600-900, are totally consistent with previous studies about the 

catalytic activity of mesoporous ceria [32,34].  

 

 
Figure 3.13. H2 - TPR patterns of CGO as 

synthesized at 600 ºC and after the isothermal 

stability tests at 800, 900, 1000, 1100 ºC for 24 

hours. 
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Increasing the temperature of the thermal treatment shifts the surface and bulk peaks 

for making them merge in a single broader one at intermediate temperature (T = 

600 - 700 ºC). This accounts for a partial sintering of ceria reduced at temperatures above 

900 ºC in agreement with the lower thermal stability of the mesoporous materials 

presented in Figure 3.6 and Table 3.1. Despite this, it is clear that the total hydrogen 

uptake at a surface and bulk level, below the operation temperature, is still reasonable 

while keeping a high enough surface area. 

The redox properties of the thermal treated materials were further studied at 800 ºC 

by means of oxidation/reduction cycles inside a TGA (Figure 3.14), which also allowed 

quantification of the degree of reduction of the CGO. The 800 ºC temperature was chosen 

because it is the preferred operating temperature for the targeted high-temperature 

applications, e.g. steam reforming of natural gas [1,2]. 

Figure 3.15 shows the total oxygen storage capacity, i.e. the maximum amount of 

oxygen extractable from the sample at the temperature of study. As expected, the total 

OSC do not show significant variation with time for the CGO-600-800 (after 24 h) neither 

the one post-treated at 1000 ºC for 5 h.  

The value of OSC is ranged between 450 - 500 µmol O2/g CGO while the ceria 

reduction percentage between 40 - 50 %. These excellent values are comparable to the 

ones previously reported by Hennings et al. ~300 µmol O2/g and ~ 28 % Ce+3/Ce+4 for 

CGO [1,2], confirming the qualitative observation in the TPR patterns for the temperature 

peak evolution.  
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Figure 3.14. Oxidation/Reduction cycles of the CGO-600 after the isothermal stability tests at 800 ºC 

(CGO-600-800 24 h) during 24 h and of the sample CGO-600 after the isothermal stability tests at 1000 ºC 

during 5 h (CGO-600-1000 5 h). 

 

 

Figure 3.15. OSC of CGO-600 after the isothermal stability tests at 800 ºC for 24 h and 1000 ºC for 5 h. 
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From the TPR and OSC experiments, it is possible to conclude that the stabilized 

mesoporous materials are strongly resistant against one of the most critical factors that 

contribute to decrease the catalytic activity during aging for ceria supports, i.e. the 

sintering process [35] and therefore, are suitable for being used in continuous operation 

mode inside high temperature catalytic reactors. 

 

3.5. Conclusions 

 

Stabilization of mesostructures at temperatures significantly over the state-of-the-art 

for mesoporous materials were achieved by intermediate temperature calcinations before 

template removal, i.e. extending to 3D materials the self-limiting growth regime 

previously proved for thin films.  

One of the most promising materials for high temperature applications involving 

natural gas, i.e. gadolinia doped ceria (CGO), was synthesized in mesoporous form with 

KIT-6 structure by filling both channels of the double gyroid with cubic symmetry 

corroborate after a calcination step at 600 ºC and the template removal.  

Long-term stability in terms of microstructure and catalytic activity of the 

mesostructure was proved at temperatures as high as 1000 ºC. Since achieving the self-

limited grain growth regime is only dependent on the simultaneous presence of 

amorphous and crystalline phases before the template removal, the present conclusions 

can be extrapolated to most of the oxides of interest making it a quasi universal method. 

These high-surface area three-dimensional nanostructures could be employed in 

up-to-now forbidden applications such as solid oxide fuel/electrolysis cells, gas 

membrane separation or high temperature catalysis, as present the next sections of the 

thesis. 
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4. Ceramic-Metal Mesoporous Composites as Anode for SOFCs 

 

4.1. Anode Requirements for SOFC Applications 

 

The anode role in a Solid Oxide Fuel Cell (SOFC) is the electrochemical oxidation 

of the fuel. If hydrogen is used, the cell generates only water as sub-product and the 

reaction is, 

�� + ��> → ��� + 2"> 

 

(4.1) 

 

Anode materials for SOFCs must meet a series of requirements, namely, sufficient 

electrical conductivity and catalytic activity, porous structure, high stability under 

reducing conditions and a thermal expansion coefficient (TEC) matching with the other 

components of the cells from ambient temperature to high temperatures (operating 

temperature or even higher temperatures during the cell fabrication) [1,2].  

One common option to fabricate anodes is the use of ceramic-metal composites 

(cermets). The mentioned requirements limit the choice of the catalytic metal materials to 

basically noble metals (Pt, Ru) and nickel (Ni). In practice most of the SOFCs uses Ni 

due to its lower cost.  

Porous Ni-YSZ cermets (YSZ: nickel stabilized zirconia) is currently the state of art 

anode material for high temperature SOFC applications. In order to maintain the required 

porous structure and avoid the agglomeration of Ni during long-term measurements, YSZ 

is added as structural matrix [3,4]. Moreover, its ionic conductivity extends the triple 

phase boundary (TPB) and the TEC perfectly matches with the most common electrolyte 

(YSZ) [5,6].  

However, for intermediate temperatures (IT = 600 – 800 ºC) and particularly when 

using hydrocarbons fuels, Ni-YSZ is usually substituted by ceria-based materials [7]. 

Ceria and doped-ceria materials present higher ionic conductivity [8,9] and a better 

catalytic activity than YSZ for reforming and oxidization of hydrocarbons at lower 
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temperature [10,11], since they prevent the typical coke deposition that takes place in Ni–

YSZ anodes [12,13]. This excellent catalytic performance together with good 

thermomechanical compatibility with a ceria-based electrolytes, makes ceria cermets the 

typical anode choice for IT-SOFCs [14]. 

Apart from material composition issues, the microstructure of the anodes, 

particularly if they are cermets, plays a key role in their performance [15,16]. Barnett et 

al. [17–19] have recently reported excellent visual representations of the importance of 

the anode microstructure for the global performance of the SOFCs. In particular, a well-

defined ceramic scaffold is necessary to avoid the coarsening of the metallic part of the 

cermet anodes at the typical SOFC operation temperatures.  

According to Barnett et al., [19] it is also of major relevance to ensure a good 

connectivity along the metallic pathways of the cermet, since the metal is more prone to 

the generation of isolated, and therefore, electrochemically inactive areas than the 

ceramics (Figure 4.1). In addition to a good connectivity, low tortuosity and enough 

porosity, reducing the effective particle diameter to the nanoscale greatly increases the 

triple-phase-boundary (TPB) proportionally reducing the activation polarization [20]. 

 

 
Figure 4.1. 3-D reconstruction of a Ni-Yttria Stabilized Zirconia (YSZ) anode functional layer 

microstructure in an SOFC.  The figure on the left was experimentally found with FIB/SEM, while the 

figure on the right was obtained by simulating the coarsening of Ni particles by phase field methods (taken 

from ref. [18]). 
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The use of nanostructures in SOFC anodes is still limited due to a dramatic grain 

growth taking place at the high temperature required in some SOFC fabrication 

steps, e.g. the attachment of the anode to the electrolyte which takes place at temperatures 

over 1000 °C.  

Despite this, some smart approaches have been already tried to implement 

nanostructured cermets in solid oxide cells [21]. Visco et al. [22], Gorte et al. [23] and 

Shao et al. [24] have recently reported uniform and continuous networks of metallic 

nanoparticulates incorporated by infiltration into temperature stable micrometer-sized 

electrolyte supporting backbones that clearly improve the SOFC performance.  

A different approach has been presented by M. Mamak et al. [25,26] based on the 

decoration of mesoporous YSZ with uniformly dispersed nanoparticles of metals (Ni 

and Pt) (Figure 4.2a). Although Mamak et al. showed peak power densities lower than 

150 mW cm−2 at 800 °C (Figure 4.2b), the mesoporous material can potentially increase 

the efficiency and reduce the operating temperatures below 700 °C. 

 

 
Figure 4.2. (a) Schematic of the formation mechanism of the mesoporous (metal)-YSZ following a soft 

template route. (b) I-V characteristics at 800 °C for cells made from mesoporous anodes attached at 1100 

and 1400 °C, and mechanically mixed NiO/YSZ powders attached at 1400 °C (taken from ref. [25,26]). 

 

The rich structural variation of mesoporous materials has not been fully exploited 

for practical applications [27]. Apart from their high surface area and pore uniformity, 

mesoporous materials have unique features that can be of major interest for electrodes in 

SOFCs.  
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In particular, the explained mesoporous structure of the KIT-6 (Chapter 2.2.1) 

consisting on a double gyroid geometry formed by two sets of interpenetrating 

mesoporous channels, perfectly matches with the cermet anode requirements of good 

ceramic and metal connectivity, homogeneity and large TPBs. 

In the previous Chapter 3, a novel strategy to stabilize 3D open ordered 

mesoporous oxides was presented by reaching the self-limited grain growth regime inside 

the template and virtual non-degradation was presented up to temperatures of 1000 ºC. 

In this chapter, mesoporous materials are thermally stabilized by another approach. 

In this case, a classical ceramic - metal (cermet) scaffolding method is used [28]. A 

compact close unit is fabricated by NiO and CGO mesoporous matrices, one of each 

formed by selectively filling the channels of the original KIT-6 template replica (see 

Figure 4.3 for a sketch of the structure) as presented in section 2.2.3 (Figure 2.4). By 

this technique the materials are intimate mixed in the nanoscale and keep the 

mesostructure stable in temperature up to 1200 ºC (T used in this work to attach the 

electrodes to the electrolyte). A detail structural characterization of the synthesized 

mesoporous nickel-gadolinium doped ceria (Ni-CGO) is presented (section 4.2).  

Section 4.3 shows the operation of the mesoporous electrodes after implementation 

in electrochemical cells, in a symmetrical cell configuration under reducing atmosphere 

and high temperature (Chapter 2.3.2, Figure 2.8). Long-term stability tests under real 

operation conditions have been carried out and the evolution of the electrode 

microstructure with time has been evaluated. 

Finally, the section 4.4 is focused on the most common nickel based mesoporous 

cermets synthesized by this approach tested as whole SOFCs in different configurations. 

The mesoporous cermets are tested as anodes of electrolyte supported cells 

(Chapter 2.3.2, Figure 2.10).  and as anode supports (tape casting) and anode functional 

layer in anode supported cells (Chapter 2.3.2, Figure 2.11).  
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Figure 4.3. Sketch of the replica resulting from a double gyroid KIT-6 mesoporous template. (a) Two sets 

of interpenetrating mesoporous channels in the template; (b) [111] projection of the mesostructure and (c) 

bimodal pore size distribution obtained after filling one or two of the channels. 

 

4.2. Structural Characterization of Powder of Mesoporous Composites of 

NiO-CGO 

 

4.2.1. NiO matrix 

 

Starting from silica powder with KIT-6-90 structure (see 2.2.1 for synthesis details), 

high-surface area NiO mesoporous replicas were synthesized by infiltration of nickel 

nitrate salts and calcination at 600 ºC (see details in the experimental Chapter 2.2.2, 

Table 2.2).  

A typical TEM image of the as-synthesized mesoporous nickel oxide powder is 

presented in Figure 4.4. The picture clearly shows a highly ordered porous matrix with 

spherical NiO domains, consistent with the previously reported KIT-6 symmetry and the 

3D process of nucleation and growth. The pore pattern observed in the figure corresponds 

to a typical bimodal pore size distribution generated by the infiltration of one or two of 

the interpenetrated channels originally present in the KIT-6 template structure. 

Figure 4.5b corroborates this local observation, by the pore size distribution calculated 

from the desorption branch of the isotherms using the BJH method.  
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Figure 4.4. TEM image of the [111] projection of the mesoporous NiO replica after calcination at 600 ºC. 

 

Nitrogen adsorption-desorption isotherms are shown in Figure 4.5a presenting a H1 

hysteresis loop, yielded a BET surface area of 55 m2/g after silica template removal 

similar to other oxides synthesized by the same hard template route [29]. Pore size 

distributions centered in 3 and 13 nm, corresponding to single- or double-filled channels, 

respectively, have been calculated for the NiO replica (Figure 4.5b). The ratio of the 

bimodal distribution is a key aspect for filling with a second material since narrower 

pores show problems with the employed infiltration method. In the present work, 3 nm 

pores represent less than 10 % of the total pore volume therefore expecting a good 

infiltration and interconnectivity for CGO on NiO. 

The Figure 4.6a shows the powder X-ray diffraction pattern of the NiO. A single 

phase with cubic structure (Fm-3m) and lattice parameter a = 4.177 Å, is obtained after 

calcination (JCPDS 00-047-1049). Figure 4.6b shows the low-angle XRD pattern of the 

NiO mesoporous calcined at 600 ºC compared to the hard silica template KIT-6. Both 

diffraction patterns correspond to a three dimensional Ia3d symmetry, typically reported 

in the literature for KIT-6 mesoporous structures. The patterns show one sharp peak at 

0.94-0.96º indexed as (211), at 1.08-1.1º the reflection (220) and another broad peak 

indexed as the (332) at 1.8-1.82º. The indexes indicate the reflections of the cubic cells 

with a lattice parameter of 22.7 nm for the KIT-6 and of 22.1 nm for the NiO replica. The 
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comparison of the NiO pattern with the original silica KIT-6 confirms that the 

mesostructure was transferred. 

 

 
Figure 4.5. a) N2 adsorption-desorption isotherms and b) pore size distribution calculated from the 

desorption branch using the BJH method, of the NiO mesoporous annealed at 600ºC. 

 

 
Figure 4.6. NiO mesoporous replica calcined at 600 ºC a) Powder XRD pattern; b) Low angle XRD (KIT-6 

pattern is shown as comparison). 

 

 

 



 

 

Chapter 4. 

 

 

 
 

108 
 

4.2.2. CGO infiltrated matrix 

 

The CGO was impregnated in the NiO mesoporous matrix, from an stoichiometric  

solution of the nitrates salts and calcined at T = 1100 ºC for 3 h (details indicated in the 

experimental procedure of Chapter 2.2.3, Table 2.3). In order to corroborate the correct 

infiltration of the CGO within the pores of the mesoporous NiO replica, STEM-EELS 

was performed for the NiO-CGO samples stabilized at high temperature. 

Figure 4.7a shows a bright field STEM image of a partially filled mesoporous 

particle of NiO (presented here opposite to a fully filled grain for clarity reasons). 

Figure 4.7b and Figure 4.7c show the EELS spectra for inside and outside of the filled 

pores, respectively (corresponding to the points indicated by the same color arrows). 

EELS analysis confirms that the mesoporous particles mainly contain Ni and O while 

inside the filled pores Ce, O and Gd are present. Figure 4.8 shows additional typical 

images of NiO mesoporous particles fully filled with CGO. 

 
Figure 4.7. a) Bright field STEM image of the mesoporous NiO partially impregnated with CGO (50 % wt) 

and stabilized at high temperature; EELS spectra corresponding to the points indicated by the arrows: 

b) inside a NiO porous and c) in the wall of the mesoporous material. 
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Figure 4.8. Bright field STEM images, HAADF STEM images and EELS spectra (corresponding to the 

points marked with the arrows) of two typical mesoporous particles of NiO-CGO. 

 

It is worthy to mention that the energy window of the EEL detector is technically 

limited to 500 eV. Since the energy gap between the oxygen and Gd peaks is higher than 

500 eV, they cannot be evaluated in a single spectrum at a time. Thus the Figure 4.9 is 

presented, to confirm the presence of O and Ce and Gd inside the mesoporous structure.  
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Figure 4.9.  EELS spectra covering the electron energy loss of O, Ce and Gd inside a filled pore of the NiO 

nanoparticle shown in Figure 4.7a.  

 

X-ray diffraction carried out on the NiO-CGO mesoporous composites confirmed 

the presence of two single phases: the cubic structure (s.g. Fm-3m) of NiO with lattice 

parameter a = 4.177 Å (JCPDS 47-1049) and a cubic fluorite structure (s.g. Fm-3m) of 

Ce0.8Gd0.2O1.9 with lattice parameter  a = 5.423 Å (JCPDS database 75-0162). No 

parasitic phases were observed in any of the spectra (Figure 4.10).  

 

 
Figure 4.10. a) XRD pattern of NiO mesoporous calcined at 600 ºC; b) XRD pattern of the composite NiO-

CGO sintered at high temperature. Diffraction peaks are labeled according to the reflections corresponding 

to each phase. 
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Figure 4.11 shows low-angle XRD patterns corresponding to samples extracted at 

the different fabrication and evaluation stages (original silica template powder is included 

for comparison). The diffraction peaks observed for all the patterns correspond to the 

reflections of a three dimensional Ia3d symmetry. Although a decrease of the long-range 

order of the mesoporosity is observed at each step, Figure 4.11 confirms that the ordered 

mesoporous structure is transferred from the templates to the replica and most 

importantly, that the layer of Ni-CGO attached to the electrolyte at 1200 ºC also 

maintains the mesostructure after the NiO reduction and cell performance studies.  

 

 
Figure 4.11. Low angle XRD of silica template with KIT-6 structure are compared to diffractograms from 

i) powder of the NiO mesoporous replica (calcined at 600 ºC); ii) powder of the NiO-CGO (65:35 % wt) 

obtained from the infiltration of CGO into the NiO replica and stabilization at 1100 ºC; iii) the layer of Ni-

CGO attached to the electrolyte of CGO at 1200 ºC after the NiO reduction and cell performance studies. 

 

The good connectivity of the CGO network created inside the mesoporous NiO was 

checked itself. In order to proved it the NiO backbone was reduced to metallic Ni and 

then removed by nitric acid leaching (HNO3) 2 M at 60 ºC. Although the acid leaching 

etches both Ni and CGO, the CGO etch rate is lower. XRD confirmed there is no Ni 

present after the etching (only CGO). A TEM image of the Ni-CGO powder after being 
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subjected to the explained acid leaching process is presented in Figure 4.12, the 

following characteristics are observed, 

 

- Good connectivity between the CGO particles 

- Particle size of the order of magnitude of the porosity of the mesoporous NiO 

(the CGO penetrated inside the NiO) 

- High porosity maintained (not perfectly ordered, attributed to the effects of the 

nitric acid etch on the CGO) 

 

The results demonstrate that crystalline and well-connected NiO-CGO 

interpenetrated nanoparticles were successfully synthesized and stabilized at 1100 ºC. 

 

 
Figure 4.12. TEM image of a CGO particle after nitric acid leaching of a Ni-CGO mesoporous particle 

stabilized at high temperature.  
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4.3. Electrochemical Performance and Stability of Ni-CGO Mesoporous Anodes 

 

4.3.1. Morphological characterization 

 

Ceria based symmetrical cells with NiO-CGO mesoporous powder as electrodes 

were fabricated airbrushing ethanol inks based on the synthesized powder. A thin CGO 

layer is first applied onto the electrolyte, to improve the attachment of the electrodes. 

NiO-CGO is further deposited and the thermal treatment for the attachment to the 

electrolyte was fixed at Tatt = 1200 ºC and 3 h (details indicated in section 2.3.2.1).  

Cells with single and double layers were fabricated. The single layer electrode is 

composed by NiO:CGO with 65:35 % wt (from now on abbreviated as NiO-CGO(65)); 

while the double layer is composed of a functional layer of NiO-CGO with 50:50 % wt, 

(NiO-CGO(50)) located close to the electrolyte and a layer of NiO-CGO(65) close to the 

current collector (find an scheme of the cell in Chapter 2, Figure 2.8). A study 

performed to fabricate the cells with the optimum nickel concentration and composition 

of the layers (above described) is shown in Appendix A. 

Figure 4.13 shows a set of SEM images of the electrolyte-anode interface of the 

fabricated Ni-CGO//CGO//Ni-CGO symmetrical cells after nickel oxide reduction in 

hydrogen. Since the images have been acquired with a backscattering detector, it is 

possible to observe the intimate interpenetration between phases (the Ni phase appears in 

a darker grey than the CGO). The anode bi-layer, from now on abbreviated as Ni-

CGO(50-65) is homogeneous, continuous and well-formed (Figure 4.13a) with an 

extremely fine microstructure consisting of highly-interconnected networks of Ni, CGO 

and open porosity (Figure 4.13b). This ideal situation in which the two phases of nickel 

and CGO are intimately mixed will increase the length of the triple phase boundary, while 

the open porosity network will help for the required rapid gas diffusion [30].  

 



 

 

Chapter 4. 

 

 

 
 

114 
 

 
Figure 4.13. Backscatter SEM images of the Ni-CGO mesoporous composite attached to the CGO 

electrolyte after electrochemical measurements showing a) double layer with different Ni compositions, Ni-

CGO(50-65); b) excellent homogeneity and highly interconnected metallic and ceramic networks. 

Compositional contrast obtained by backscattering SEM allows the identification of Ni (darker) and CGO 

(lighter) intermixed particles. 

 

Figure 4.14 shows the rough layer of CGO attached at higher temperature to the 

CGO electrolyte (T = 1350 ºC). This rough layer enhances the continuity of the anode-

electrolyte interface by increasing the surface area of the electrolyte [31].  
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Figure 4.14. Backscatter SEM images of the rough layer of CGO attached to the electrolyte at a higher 

temperature, improving the interface electrode-electrolyte. 

 

Figure 4.15 shows a direct comparison of the microstructure of the here-fabricated 

anode and a commercial cermet. As a result of using a mesoporous composite, a 

microstructure clearly in the nanoscale can be achieved and maintained at high 

temperatures (T = 1100 ºC) without significantly compromising the metallic and the 

ceramic continuity or the porosity of the electrode. 

 

 
Figure 4.15. Backscatter SEM image of a cross-section of commercial Ni-CGO fabricated by tape casting 

(FAE S.A.) compared to mesoporous Ni-CGO fabricated for this work. Please notice that both images are 

presented in the same scale. 
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4.3.2. Electrochemical performance  

 

The symmetrical cells were electrically characterized by impedance spectroscopy 

using the experimental setup described in the Chapter 2.5.1 (Figure 2.15). The electrical 

measurements were carried out under a water vapor saturated 5 % Hydrogen in argon 

atmosphere in the temperature range between 600 ºC and 900 ºC.  

Figure 4.16a depicts a typical Nyquist plot for the electrochemical response of the 

Ni-CGO//CGO//Ni-CGO symmetrical cells in wet 5 % H2 at 650 ºC. All the spectra were 

fitted with an equivalent circuit (EC) formed by an inductance in series with a resistance 

(mainly attributed to the electrolyte contribution) and a Finite Gerischer Element, which 

is mathematically equivalent to the Adler-Lane-Steele (ALS) analytical model developed 

for porous Mixed Ionic-Electronic Conductors (MIECs) [32–34].  

The continuous line represents the fitting of the proposed EC. The inductance 

contribution was subtracted in this figure for clarity reasons. The excellent agreement 

between model and experimental data suggests that the here-presented Ni-CGO cermet is 

formally analogous to the intrinsic MIEC materials due to the intimate connection 

between both the ionic conductor (CGO) and the electronic conductor (Ni) and the 

percolation pathways ensured for both components.  

The main benefit of this MIEC behavior is the reduction of the charge transfer 

resistance by increasing the Triple Phase Boundary. Since the limiting phenomena are 

expected to be the non-charge transfer processes (solid-state diffusion, surface exchange 

and gas-phase diffusion) the properties of the electrolyte, in terms of oxygen diffusion 

and oxygen surface exchange, play a crucial role contrary to the structural function for 

traditional cermets [35]. Therefore, the approach used for this work, involving a totally 

reproducible continuous matrix, represents a powerful tool in the systematic study of 

engineered mixed conduction in electrodes for SOFCs.  
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Figure 4.16b shows the evolution with temperature of the anode/electrolyte 

interfacial area-specific resistance (ASR) in wet 5 % H2 as calculated from the impedance 

spectra measurements. In terms of SOFC applications, this interface should not contribute 

more than 0.25 Ω·cm2 to the total fuel cell area-specific resistance [36]. This target value 

is attained at 675 ºC for the Ni-CGO//CGO system ensuring a good performance of the 

anode within the intermediate range typical of IT-SOFC applications.  

In comparison to recently reported nanostructured anodes prepared by infiltration 

[37], an excellent performance is confirmed. ASR values of 0.41 Ω·cm2 and 0.24 Ω·cm2 

have been previously reported for pure Ni anodes and Ni-YSZ anodes both impregnated 

with doped ceria nanoparticles at 800 ºC in humidified pure hydrogen [38,39]. The anode 

presented here also compares well to highly optimized standard cells from Risø/Topsoe 

Fuel Cell (TOFC) based on Ni-YSZ anodes with ASRs = 0.24 Ω·cm2 at 700 ºC in 

humidified pure H2 [40,41] and commercial cells of Ni-CGO/YSZ/Ni-CGO characterized 

by Magnière et al. [42] that present ASR = 0.50 Ω·cm2 at 820 ºC in Ar / 2 % H2 / 2 % 

H2O atmospheres.  

According to Figure 4.16b, the conductivity dependence on temperature follows an 

Arrhenius-type law. A slight deviation can be observed at temperatures above 750 ºC 

likely due to the increase of electronic conductivity of the CGO electrolyte under 

reducing conditions, considering this fact the calculated activation energy is 

Ea = 1.4(1) eV (red line). 
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Figure 4.16. a) Nyquist plot obtained from an EIS measurement of Ni-CGO(50-65)//CGO//Ni-CGO(50-65) 

symmetrical cells at 650 ºC under wet 5 % H2 atmosphere. The solid line shows the fit of the ALS model to 

the experimental data; b) Arrhenius plot of the electrode/electrolyte resistance of the same symmetrical cells 

measured in the temperature range from 600 to 900 ºC. Pointed line shows the targeted value of 

ASR = 0.25 Ω·cm2. 

 

4.3.3. Stability 

 

In order to demonstrate the stability of the microstructure with time, a symmetrical 

cell of Ni-CGO(65)//CGO//Ni-CGO(65) was subjected to a long time impedance 

measurement at 800 ºC under wet 5 % H2 (notice here that the layer with higher content 

on nickel was chosen for the stability evaluation since it is expected to be more prone to 

degrade through nickel agglomeration).  

Figure 4.17 shows the ASR values obtained from impedance spectra recorded every 

5 hours during more than 200 h. According to these results, the ASR of the 

electrode/electrolyte interface remains almost constant suggesting virtually no 

degradation of the electrode all across the experiment. In fact, an enhancement of the 

electrochemical performance is observed (67.8 μΩ·cm2/h corresponding to an 

improvement of 32.4 %) probably due to an accommodation of the percolation pathways 

with time. Backscatter SEM images of the electrode microstructures at the beginning and 
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end of the measurements are inserted for comparison in Figure 4.17. No significant 

agglomeration can be appreciated with naked eye, demonstrating a long term stability of 

the nanostructure under a typical operational temperature and reducing atmosphere. 

 

 
Figure 4.17. Evolution with time of the electrode/electrolyte resistance of a symmetrical cell of Ni-

CGO(65)//CGO//Ni-CGO(65) at 800 ºC under water vapor saturated 5 % H2 in Ar atmosphere. The two 

insets correspond to backscatter SEM images of the microstructure at the beginning and the end of the 

stabilization test. 

 

4.4. Fuel Cell Performance of Ni-CGO Mesoporous Anodes 

 

4.4.1. Electrolyte supported cells 

 

The performance of the mesoporous Ni-CGO composites were also studied as anode 

in electrolyte supported IT-SOFCs, fabricated with commercial tape castings of 

10Sc1CeSZ (150 μm thickness, Kerafol) and commercial La0.6Sr0.4Co0.2Fe0.8O3 (LSCF, 

Kceracell) powder as cathode (fabrication cell details in section 2.3.2.2, Table 2.4). A 

dense PLD barrier layer of 2 μm of CGO was applied onto the cathode side of the tape 

casting to prevent the formation of secondary phases (see Chapter 2, Figure 2.10). Cells 
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were measured in the setup described in Chapter 2.5.1 using pure humidified hydrogen 

as fuel and synthetic air as oxidant. 

Figure 4.18 shows the current-voltage and power density curves for different 

temperatures (600 ºC - 850 ºC) using pure humidified H2 as fuel and synthetic air as 

oxidant. Open circuit voltages (Voc) of Voc = 1.12 V at 600 ºC and Voc = 1.05 V at 850 ºC 

have been measured. The maximum power density obtained for a single cell was 

514 mW·cm-2 at 850 ºC. The values of power higher than 325 mW·cm-2 at 750 ºC 

demonstrate that the proposed mesoporous anode may render high performance within 

the intermediate range of temperatures. 

 

 
Figure 4.18. Cell voltage and power density as a function of the current density for a 

Ni-CGO//10Sc1CeSZ//LSCF fuel cell operating at different temperatures under pure humidified H2 as fuel 

and synthetic air as oxidant. 

 

A more detailed analysis of the different contributions to the total resistance was 

carried out by using impedance spectroscopy (EIS) at using a bias voltage of 0.7 V to 

simulate the operation conditions. Figure 4.19 shows the Arrhenius plot of the ASR 

coming from both the series resistance, i.e. mainly the electrolyte contribution, and the 
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polarization resistance, i.e. mainly the electrode contribution. The electrodes showed an 

excellent performance in pure H2, with values below the targeted 0.5 Ω·cm2 at ca. 700 ºC.  

Apart from these facts, it should be indicated that there is change of slope in the IV 

curves of Figure 4.18 at high current densities attributed to slow mass diffusion or 

concentration polarization (Chapter 1, section 1.4.1.2), which may be due to the close 

micro-structure of the mesoporous cermets as anodes. Although this polarization 

diffusion cannot be observed in the EIS measurement performed under a bias voltage of 

0.7 V (operational point), they would have observed if EIS measurements were performed 

under low bias. 

 

 
Figure 4.19. Arrhenius plot of the series (Relectrolyte) and polarization (Relectrode) resistances of the Ni-

CGO//10Sc1CeSZ//LSCF cells characterized in fuel cell mode (bias 0.7 V). The inset shows a Nyquist plot 

of the device at 700 ºC. 
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4.4.2. Anode supported cells 

 

In the previous sections, the feasibility of the so-fabricated mesoporous cermets as 

anodes for SOFCs has been proved. However, when lowering the operating temperature 

the most common electrolyte yttria-stabilized zirconia (YSZ), show low ionic 

conductivity. For conventional YSZ electrolyte supported cells (150 μm thickness) an 

operating temperature around 1000 ºC is required, to achieve the power density 

(500 mW·cm-2) called for SOFC applications. If the YSZ electrolyte thickness is reduced 

to 15 μm the same power output can be achieved at temperatures as low as 700 ºC [30]. 

Therefore, anode-supported cells with thin electrolytes are currently the preferred choice 

for intermediate temperature (IT) SOFCs. Anode supported cells based on the 

characterized mesoporous cermets were fabricated and electrochemically tested. 

Tape casting of mesoporous NiO-YSZ was fabricated (as explained the 

experimental procedure of Chapter 2.3.1.3). A double layer of SSZ-SDC 

((Sc2O3)0.10(ZrO2)0.90 - Sm0.20Ce0.80O1.9) was deposited by drop coating (section 2.3.1.4) 

on the top and sintered at 1250 ºC, conforming a dense electrolyte. Commercial SSC-

SDC (Sm0.5Sr0.5CoO3-δ - Sm0.2Ce0.8O1.9) powder was used for preparing inks, that after 

deposition act as cathode (see Table 2.5 for more details and Figure 2.11 for a scheme of 

the anode supported cells). 

Figure 4.20 shows a cross-sectional SEM image of the so-fabricated cells, the 

mesoporous anode showed a homogeneous and continuous structure. In this case, the 

microstructure of the mesoporous anode shows bigger pores, due to the addition of pore 

formers (starch and graphite) which were included during the fabrication of the green 

tapes to allow fast gas diffusion. The SSZ electrolyte layer is dense and had a thickness of  

~ 8 μm, while the SDC layer show close porosity of ~ 3 μm in thickness, after being co-

fired at 1250 ºC. The cells were tested under pure hydrogen as fuel and ambient air as 

oxidant at 650 ºC in the standard setup for measuring of the Meilin Liu Group (MSE, 

Georgia Institute of Technology).  
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Figure 4.20. Cross-sectional SEM image of the anode supported cell made with Ni-YSZ mesoporous tape-

casting. 

 

Figure 4.21 shows the current-voltage and power density curves of the single cell at 

650 ºC using pure humidified H2 as fuel and ambient air. A maximum powder density of 

690 mW/cm2 was obtained. For comparison purposes an anode supported cell was 

fabricated in parallel, following the same procedure and materials with exception of the 

Ni-YSZ tape casting, which was made from a mechanical mixture of commercial nickel 

carbonate and YSZ powder. The obtained peak power density of this cell was 

380 mW/cm2. 

Due to the explained differences between the cells, the dissimilar performance of 

the cells could be attributed to the microstructure of the anode supports. The better 

performance of the Ni-YSZ mesoporous cell in comparison with the Ni-YSZ commercial 

cell, can be explained by the unique nature of the mesoporous powder. In opposition to 

the classical mechanical mixture of commercial powder, the strategy followed to fabricate 

the cermet mesoporous materials consists in the interpenetration of the metallic and the 

ceramic part before the sintering of the anode.  

Although a great improvement on the electrochemical performance was observed, 

these types of cells were not feasible to be measured for long-term stability tests due to a 

poor consistency (brittleness) after the nickel reduction. This was attributed to the joined 
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effects of the pore formers and the intrinsic high thermal stability of the mesoporous 

powder which leads to a low volume shrinkage of the anode support (studied in 

Chapter 2, section 2.3.1.3.2). 

 

 
Figure 4.21. Cell voltage and power density as a function of the current density at 650 ºC under pure H2 as 

fuel and ambient air as oxidant, for anode-supported IT-SOFCs fabricated with mesoporous versus 

commercial Ni-YSZ tape castings. 

 

4.5. Conclusions 

 

High temperature stable mesoporous cermets were successfully synthesized by a 

replication method starting from a hard silica template with KIT-6 structure. Mesoporous 

nickel oxide was first obtained from replication of the silica template and calcination at 

600 ºC. After template removal a second infiltration step allowed the ceramic 

crystallization inside the NiO channels.  

TEM-EELS analysis demonstrated an excellent impregnation of the CGO into NiO. 

Powder of NiO-CGO composite was stabilized at high temperatures (Tsint=1100 ºC) 

before implementation as anode material for SOFC hence maintaining the mesoporous 

microstructure after the attachment step. Electrochemical evaluation of the composites 
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working as anodes yielded an excellent performance with targeted values of area specific 

resistance obtained at temperatures below 700 ºC (ASR= 0.25 Ω·cm2 for T=675 ºC). 

According to the EIS measurements, the mesoporous cermet is formally analogous 

to a mixed ionic electronic conductor probably due to the high interpenetration of nickel 

and CGO structures that gives as a result a good electronic conductivity of the metallic 

part and a strong penetration of the active area in the electrode by increasing the TPB. 

Long-term stability was also confirmed by operation during 200 h at 800 ºC in wet 

5% H2 atmosphere with an improvement of 32.4 % (67.8 μΩ·cm2/h) of the 

electrochemical behavior and no significant microstructural variation. The well-connected 

ceramic and metallic networks should be the reason of the stability of the nanostructure. 

A maximum power density of 514 mW/cm2 at 850 ºC was measured in fuel cell 

mode for an electrolyte-supported SOFC based on the mesoporous Ni-CGO composite. 

Moreover, anode supported cells were fabricated using Ni-YSZ mesoporous tape castings 

giving a peak power density of 690 mW/cm2 at 650 ºC. 

In order to improve the mechanical consistency of the tape castings, taking 

advantage of the excellent electrochemical performance and stability of the mesoporous 

cermets, the addition of an optimize mesoporous functional layer (AFL) between the 

electrode and the electrolyte, seem to be a promising approach to be implemented in 

anode-supported schemes.   
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5. Infiltrated Mesoporous Composites as a Cathode for IT-SOFCs 

 

5.1. Cathode Requirements and Advantages of Infiltrated Microstructures 

 

The oxygen reduction reaction (ORR) in the cathode of a SOFC can be globally 

expressed as,  

�� + 4"> → 2��> 

 

(5.1) 

 

Cathode materials for SOFCs must meet a series of requirements, namely, high 

electronic conductivity, thermomechanical and chemical compatibility matching the 

electrolyte and the interconnect materials, open and interconnected porosity to allow 

oxygen gas to diffuse to the cathode-electrolyte interface, stability under oxidizing 

conditions and high catalytic activity towards the ORR [1]. 

In the case of cathodes with pure electronic conductivity, the oxygen reduction 

process takes place at the interface between the electrode and the electrolyte and can be 

simply described by the following steps depicted in Figure 5.1 and Figure 5.2a [2,3]:  

 

1. Gas diffusion of oxygen through the electrode pores. 

2. Oxygen adsorption, dissociation and ionization in the triple phase 

boundary (TPB). 

3. Oxide ions diffusion through the electrolyte. 

 

 
Figure 5.1. Different steps of the reduction reaction of oxygen for a pure electronic cathode. 
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 La1-xSrxMnO3 perovskite (LSM) is the state-of-art choice for pure electronic 

cathode material in SOFCs working between 800 – 1000 ºC, due to its high thermal and 

chemical stability in this temperature range. However, when lowering the operating 

temperature the catalytic performance of LSM rapidly decreases [4].  

One strategy to improve the electrochemical performance of a cathode is to 

fabricate a composite formed by a mechanical mixture of an electronic conductor and an 

ionic conductor material. By using this approach, the triple phase boundary (TPB) or the 

electrochemically active region greatly increases (see Figure 5.2b) due to the increase of 

active sites (encounter of electrons, oxide ions and gas). Another strategy, involves the 

use of mixed ionic-electronic conductors (MIEC) like cobaltite, ferrite or ferro-cobaltite 

perovskites [5–8]. The higher ionic conductivity and catalytic activity of these materials 

extends the TPB to the entire cathode surface and part of the bulk (Figure 5.2c).  

In particular, mixed ionic-electronic conductors formed by Sr-doped LaCoO3 (LSC) 

compositions have been widely studied, due to its high ionic conductivity and enough 

electronic conductivity. However, LSC reacts at fabrication temperatures with the typical 

YSZ electrolyte forming the insulating secondary phase La2Zr2O7, therefore increasing 

the polarization resistance [9].  Moreover, the presence of strontium (Sr) can produce 

other secondary phases, like SrZrO3 [10]. Trying to improve the stability of the cobaltites 

under reducing conditions, lanthanum (La) was substitute for other elements like 

gadolinium (Gd) or samarium (Sm) [11]. Systems like Sm1-xSrxCoO3-δ have shown lower 

reactivity with YSZ to the formation of SrZrO3 [12]. 

The rate determining step for the Sm0.5Sr0.5CoO3-δ (SSC) and LSC cathodes is the 

adsorption-desorption at the surface of the electrodes, although the rate constants of the 

SSC were shown to be one order of magnitude higher [13]. Adding ceria to SSC was 

observed to enhance the electrochemical performance, as the ceria helped to avoid the 

agglomeration of the SSC and the TEC of the electrode became closer to the one of the 

electrolyte [13,14]. 
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Figure 5.2. Scheme of the triple phase boundary (TPB) in: (a) a pure electronic conductor (b) a composite 

mixing an ionic and an electronic conductor (c) a mixed conductor; as cathode materials for SOFC. 

 

Higher activation energies are associated for cathodes compared to the other SOFC 

components, leading to the highest resistance contribution in the total fuel cell 

performance [1,15,16], especially when lowering the operating temperature to the 

intermediate range (IT = 600-800 ºC). Infiltration methods have been recently proposed 

to develop SOFC cathodes, their advantages over more conventional methods are listed as 

below [17–21]:  
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i) The thermal expansion (TEC) mismatch between the electrode and the 

electrolyte decreases if the scaffold is formed by a ceramic oxide ion 

conductor, minimizing delamination of the cathodes upon thermal cycles. 

ii) A little amount of catalyst is needed to infiltrate as the ionic scaffold formed 

in a previous sintering step is already percolating.  

iii) The ionic scaffold and the electro-catalyst layers are formed sequentially, 

allowing multilayer catalyst systems.  

iv) The sintering of the scaffold at higher temperatures will give more 

mechanical strength and thermal stability, while the particle size of the 

infiltrated catalyst can be controlled and optimized apart. 

 

However, retaining the high surface area of the ionic scaffold at the higher 

temperatures requires the difficult task to fabricate stable ionic conductor backbones 

(T > 1100 ºC). A highly porous and connected network is desirable, in order to form a 

percolating electronic/catalytic structure that increases the number of catalytic active sites 

and improves the overall performance of the cells.  

A gradual loss of the high surface area and thus, of the catalytic activity over time 

(due to unstable morphology and agglomeration of the nanoparticles) is the primary issue 

of nanostructured electrodes [18,22–25].  

In the Chapter 3 of this thesis, a counterintuitive and cost effective strategy for 

stabilizing open ordered mesoporous metal oxides themselves was presented (below 

T ~ 1100 ºC), by forcing a self-limited grain growth regime by the partial crystallization 

of the metal oxide inside the template [26]. This structure presents excellent properties for 

being used as a backbone for infiltration. 

Many efforts have been dedicated to investigate the wetting properties of the 

catalyst materials by different infiltration techniques. Figure 5.3 shows the typical 

solution infiltration process into a fired backbone. Either discrete nanoparticles or thin 

film coating are the typical morphologies observed after the calcination of the infiltrated 

material [17].   
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Figure 5.3. Typical procedure for infiltration (a) as-sintered electrode scaffold, (b) solution infiltration into 

the pores of the scaffold. Typical morphologies of the infiltrated electrode after calcination (c) discrete 

nanoparticles, (d) thin film coating (taken from ref [17]). 

 

However, few works have been published studying the long-term stability and the 

degradation mechanisms of these infiltrated cathodes, being equally important for 

determining their feasibility for use as electrodes in real devices [27–32]. It is clear that a 

well-defined ceramic scaffold is the first goal to avoid the agglomeration of the infiltrated 

particles [33].  

In this chapter, thermally stable mesoporous samarium-doped ceria (SDC) ceramic 

oxide is fabricated and characterized as ionic conductor scaffold for cathodes in IT-

SOFCs [34,35]. The attachment temperature is optimized, keeping the self-limited grain 

growth regime and therefore, maintaining the high surface area and the functionality 

during continuous operation conditions (section 5.2.1). The perovskite-type 

Sm0.5Sr0.5CoO3-δ (SSC) is chosen as a catalyst for infiltration (section 5.2.2) [30,36,37]. 

An electrochemical characterization based on EIS on symmetrical cells has been carried 
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out (section 5.3.1). The impedance spectra are further analyzed, in order to understand 

the mechanisms and changes taking place and an equivalent circuit based on transmission 

lines is proposed to fit the impedance spectra [38]. Moreover, the analogy between the 

proposed circuit and the Adler-Lane-Steele (ALS) model [39] developed for mixed ionic 

electronic conductors (MIEC) is complete and therefore, the obtained parameters fitted by 

the equivalent circuit permit understanding the physical phenomena involved and their 

evolution with time (section 5.3.2). The model proposed and applied forms part of the 

work presented in A. Tarancón’s PhD thesis, here presented in Appendix C [40]. The 

optimized symmetrical cell was further subjected to a long-term stability test for 230 

hours (section 5.3.3). 

 

5.2. Structural Characterization of Sm0.5Sr0.5CoO3-δ Infiltrated Mesoporous 

Scaffolds of Ce0.8Sm0.2O1.9 

 

5.2.1. Mesoporous samarium-doped ceria (SDC) powder  

 

Samarium-doped ceria (Ce0.8Sm0.2O1.9) mesoporous powder was synthesized as a 

replica of the as-prepared hard template of silica KIT-6-36, by a single impregnation 

approach and calcined at 600 ºC for 5 h (see details of the experimental procedure in 

Chapter 2.2.2, Table 2.2). The as-calcined SDC will be denoted as SDC-600-36 in the 

next. 

Figure 5.4a shows the nitrogen adsorption-desorption isotherms of the 

SDC-600-36. They can be classified as type IV, the typical type of mesoporous materials 

which show pore condensation and a H1 hysteresis loop characteristic of channel pores 

with narrow size. Typical values of a BET area of 121 m2/g and pore volume of 0.290 

cm3/g were obtained from the measurement [41].  

The mean pore size obtained using the BJH model at the desorption branch of the 

isotherm was 11.3 ± 4 nm (Figure 5.4b). In agreement with Doi et al. [42], the use of 

different hydrothermal temperature during the synthesis of the KIT-6 silica template 

allows to selectively depositing into both pores or one single pore of the Ia3d bi-
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continuous structure, leading to small pores of ~ 4 nm (shown in Chapter 3.2, CGO-600 

synthesized from KIT-6 hydrothermal treated at 90 ºC) or larger pores over 10 nm (the 

here-characterized, named SDC-600-36 synthesized from KIT-6 hydrothermal treated at 

36 ºC).  

 
Figure 5.4. a) N2 adsorption–desorption isotherms and b) Pore size distribution from the desorption branch 

using the BJH method of SDC-600-36 calcined at 600 ºC (replica of the KIT-6-36). 

 

Figure 5.5 shows a SEM image of mesoporous SDC-600-36 particles as 

synthesized at 600 ºC. The inset shows the TEM image of a typical single particle. The 

image presents a particle oriented in the [111] direction in order to easily measure the 

pore size. The pore sizes observed in both images corroborates the results obtained in the 

N2 physisorption measurements. The pore pattern observed in the figures correspond to 

filling one of the two interpenetrated channels in the original KIT-6 template structure, as 

expected from the low hydrothermal temperature (36 ºC) used during the template 

synthesis. It is demonstrated that the control of the synthesis parameters allows obtaining 

mesoporous oxides replicas with larger pore sizes, which further facilitates a uniform 

infiltration of the catalyst. 
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Figure 5.5. SEM image of the mesoporous SDC-600-36 powder as synthesized at 600 ºC. The inset shows 

a TEM image of a single SDC-600- 36 particle oriented in the [111] direction. 

 

5.2.2. Mesoporous SDC ceramic scaffold infiltrated with SSC 

 

In the Chapter 3, a route for keeping the meso-structure and functionality under 

operational conditions up to temperatures below 1100 ºC was studied for mesoporous 

ceria-based compounds [26]. This novel property is further demonstrated in this work, 

where the mesoporous SDC-600-36 is used to fabricate ceramic scaffolds as IT-SOFC 

cathodes. According to the results of Chapter 3 an attachment temperature of the 

SDC-600-36 ceramic scaffold to the electrolyte below 1100 ºC is expected to keep the 

meso-structure. 

SSC-infiltrated mesoporous SDC symmetrical cells were fabricated as 

schematically depicted in Figure 5.6 (details of the experimental procedure in 

Chapter 2.3.2.1). Briefly, ethanol inks of the mesoporous SDC-600-36 were deposited 

onto ceria based pellets and attached at different temperatures (Tatt = 1000, 1050 and 

1100 ºC). The catalyst (Sm0.5Sr0.5CoO3-δ) was infiltrated into the fabricated mesoporous 
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ceramic backbone with a solution formed by the stoichiometric precursors and calcined 

after three impregnation cycles at 800 ºC. 

 

 
Figure 5.6. Schematic diagram of the procedure followed to fabricate a mesoporous SDC ceramic scaffold 

infiltrated with SSC. 

 

Figure 5.7 shows the XRD pattern of the infiltrated-SSC on mesoporous SDC 

electrodes of one symmetrical cell. The mesoporous SDC ceramic scaffold shows the 

corresponding cubic structure with s.g. Fm3m and cell parameter 5.4330 Å (JCPDS 

database 75-0158). The formation of the perovskite phase of the Sm0.5Sr0.5CoO3-δ (SSC) 

with space group Pnma and orthorhombic lattice a = 5.4048 Å, b = 7.5791 Å, c = 5.3604 

a/b = 0.7131 and c/b = 0.7073 (JCPDS database 53-0112) after calcination at 800 ºC is in 

agreement with a previous study, where addition of glycine as complexing agent 

(section 2.3.2.1.2) leads to the perovskite phase [30]. The non-indexed peak at 36.92º 

could be related to the presence of a certain amount of the hexagonal perovskite phase of 

the SSC which was not detect to affect the electronic or the oxygen ion-

conductivity [30,31].   
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Figure 5.7. XRD pattern of SSC-infiltrated mesoporous SDC (Tatt = 1000 ºC) after calcination at 800 ºC. 

 

Figure 5.8 (a,c) shows SEM images of the fabricated mesoporous SDC scaffolds 

after attachment to the electrolyte at Tatt = 1000 ºC. As expected from results of 

Chapter 3, the SDC scaffolds kept the mesoporosity after a heat treatment at 

temperatures of 1000 ºC [26]. In Figure 5.8 (b,d) typical SEM images of the SDC 

mesoporous scaffolds (Tatt = 1000 ºC) infiltrated with SSC after calcination at 800 ºC are 

shown. Melted nanoparticles of SSC uniformly covering the SDC scaffold can be 

observed and the porosity of the thin coating layer seems to be high, which is attributed to 

the wetting agent capability of the PVP, added to the precursor solution 

(section 2.3.2.1.2). The highly interconnected network together with the high surface 

area, yield to the desired properties for high performance and stable electrodes for 

SOFCs. 
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Figure 5.8. SEM micrographs of (a,c) mesoporous SDC scaffold after attachment to the electrolyte at 

1000 ºC, (b,d) SSC-infiltrated SDC mesoporous electrodes (Tatt = 1000 ºC) after calcination at 800 ºC. 
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5.3. Electrochemical Performance and Stability of Sm0.5Sr0.5CoO3-δ Infiltrated 

Mesoporous Ce0.8Sm0.2O1.9 Cathodes  

 

5.3.1. Optimization of attachment temperature and electrochemical 

characterization of symmetrical cells   

 

The symmetrical cells formed with SSC-infiltrated mesoporous SDC cathodes were 

electrically characterized by impedance spectroscopy using the setup described in 

Chapter 2.5.3, under ambient air in a temperature range between 500 - 750 ºC. A layer of 

Sm0.5Sr0.5CoO3-δ (SSC) commercial powder (Kceracell) was airbrushed onto the 

infiltrated electrodes and sintered at 800 ºC for 2 h, as current collector. 

The morphology of the SSC-infiltrated mesoporous SDC electrodes was studied by 

SEM. Figure 5.9 shows a set of images of the electrolyte/electrode interface of the 

symmetrical cells SSC-SDC/SDC/SDC-SSC, with the SDC scaffold attached at different 

temperatures (Tatt = 1000, 1050 and 1100 ºC). A similar morphology of the cathodes with 

uniform and well-formed interface is observed for all the cells. In order to determine the 

best attachment, electrochemical measurements are required. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Cross-sectional SEM 

images of SSC-infiltrated SDC 

mesoporous cathodes at different Tatt 

(a) 1000 ºC, (b) 1050 ºC and (c) 

1100 ºC. 
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Figure 5.10a shows the Nyquist plot of the symmetrical cells at 700 ºC, fabricated 

by infiltrated-SSC on SDC mesoporous scaffolds attached at 1000, 1050 and 1100 ºC. An 

equivalent circuit formed by a series of an inductance (L), a resistance (Rs), a 

transmission line analogous to the Adler-Lane-Steele model (explained in detail in next 

section and in Appendix C) and a ZARC element representing the gas diffusion (RC)dif, 

was used to fit all the impedance spectra. The solid lines observed in the figure are the 

result of the fitting.  

Figure 5.10b shows the area specific resistance (ASR) of the cathode-electrolyte 

interface of the same symmetrical cells between 500 - 750 ºC. The ASR is calculated as 

the sum of the chemical resistance (Rchem) defined in the equation C.9 of Appendix C 

and the Rdif. All the cells follow an Arrhenius-type law, with activation energies (Ea) of 

1.3(1), 1.4(1) and 1.2(1) eV for the cells attached at 1000, 1050 and 1100 ºC, 

respectively. The best performance was observed for the cells fabricated with SDC 

mesoporous scaffolds attached at 1000 and 1050 ºC. This electrode-electrolyte interface 

should not contribute more than 0.25 Ω·cm2 to the total cell resistance in order to obtain a 

typical target value of power density for SOFC applications [43].  This ASR value was 

attained in this work for a temperature of ca. 660 ºC for the cells attached at 1000 and 

1050 ºC, demonstrating the suitability of the fabricated electrodes for IT-SOFC 

applications.  

The observed electrochemical behavior is in agreement with the novel property of 

the mesoporous materials to keep their mesoporous structure to temperatures below 

1100 ºC (Chapter 3) when the materials loss their mesoporosity and their microstructure 

collapses. In contrast to the usual strategy of sintering ceramic scaffolds at very high 

temperatures (Tatt > 1100 ºC), this property of the mesoporous materials allows 

fabricating thermal stable and high-surface-area electrodes at a lower attachment 

temperature, while obtaining the required electrochemical performance in the IT range.  
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Figure 5.10. a) Nyquist plot obtained from EIS measurements of SSC-SDC//SDC//SDC-SSC symmetrical 

cells, with mesoporous SDC attached at different temperatures to the electrolyte (Tatt = 1000, 1050 and 

1100 ºC) at 700 ºC under ambient air. The solid line shows the fit of the model depicted in the inset to the 

experimental data. b) Arrhenius plot of the electrode/electrolyte resistance of the same cells measured in the 

temperature range from 500 to 750 ºC. The dashed line shows the targeted value of ASR of 0.25 Ω·cm2. 

 

 

 



 

 

Infiltrated Mesoporous Composites as a Cathode for IT-SOFCs 

 

 

 
 

147 
 

 

5.3.2. Equivalent circuit for MIEC electrodes  

 

A sketch of the half cell Electrolyte - Mixed Ionic Electronic Conductor (MIEC) - 

Current Collector (≡ SDC - SSC infiltrated SDC - SSC) measured is shown in 

Figure 5.11a. The global reaction of the reduction of oxygen in the cathode, as well as 

the main physical phenomena involved, are represented in the figure by different numbers 

and described below: 

 

1) Oxygen gas phase at the surface of the MIEC 

2) Oxygen exchange at the gas - MIEC interface 

3) Oxide ions pathway to the electrolyte 

4) Electrons pathway from the current collector  

 

The analogy described in the Appendix C between the equivalent circuit based on 

transmission lines and the analytical Adler-Lane-Steele (ALS) model, permit to 

understand the measured system (Electrolyte – MIEC – Air) as two coupled transmission 

lines as shows the Figure 5.11b [38,40]. On one hand, we can consider one transmission 

line for the ionic pathway of the oxide ions produced after reduction of the oxygen gas in 

the MIEC, presenting a resistance (R1). On the other hand, the other transmission line can 

be considered the electronic pathway for the electrons from the current collector to the 

MIEC, presenting a resistance (Re). The resistance of the electronic pathway (Re) is 

considered negligible compared to the resistance of the ionic pathway (R1), as good 

electronic conductivity is considered for MIEC materials. 

The coupling elements connecting the ionic and electronic channels elements 

represent the oxygen exchange reaction at different points of the surface of the MIEC. In 

this case, these processes are defined by a parallel RQ circuit (RQ)3. The use of a constant 

phase element (CPE (Q,n)) with capacitance (Q) and frequency dispersion (n) allows 

introducing in-homogeneities in the behavior, which would be very difficult to introduce 

in a continuum analytical model. The oxygen exchange reaction can take place along the 
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entire surface of the MIEC and therefore, the use of a transmission line to define the ionic 

pathway is required.  

The complete analogy between the equivalent circuit and the analytical ALS model 

gives thus, a physical meaning to all the fitted parameters. The resistance of the ionic 

pathway (R1) refers the vacancy diffusion of the oxygen vacancies in the MIEC (Adler et 

al. named it Z0), while the resistance R3 is associated to the exchange reaction of oxygen 

across the MIEC-gas interface (Adler et al. named it ZS) [39].  

 

 

 

Figure 5.11. (a) Sketch of the system electrolyte – MIEC – current collector, equivalent to the half cell 

(SDC – SSC infiltrated SDC – SSC) measured. (b) Equivalent circuit based on transmission lines added to 

the sketch of the half-cell. 
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5.3.3. Long-term stability 

 

To demonstrate the long-term stability of the mesoporous structures under 

continuous operation conditions the optimized symmetrical cell with SSC-infiltrated 

mesoporous SDC (Tatt = 1000 ºC) was subjected to impedance measurements, recorded 

every 5 hours, at 700 ºC under ambient air for 230 hours.  

Figure 5.12a shows the Nyquist plots at the beginning of the test and after 230 

hours of test and corresponding fitted spectra, obtained by applying the equivalent circuit 

depicted in the inset figure. The proposed equivalent circuit shown in the inset is formed 

by and inductance (L) in series with a series resistance (Rs) (associated to electrolyte and 

current collection losses) and the transmission line accounting for the MIEC. Finally, a 

ZARC element is used for representing the gas diffusion (RC)dif. 

The equivalent circuit proposed perfectly fits all the data, i.e. perfectly matches the 

evolution of the impedance spectra with time for the whole experiment, as shown the 

solid lines of Figure 5.12a. 

For clarity reasons, Figure 5.12b shows the fitted impedance spectra at the 

beginning of the test and after 230 hours when the calculated series Rs and L 

contributions are subtracted from the spectra (the resulting equivalent circuit is shown as 

inset figure for clarification). The half-tear-drop shape characteristic of mixed conducting 

(MIEC) behavior is clearly observed after subtraction.  

The transmission line used is analogous to the ALS model as explained in the 

previous section, allowing obtaining expressions to associate the electrical elements of 

our circuit with physical parameters. Table 5.1 shows the evolution of the different 

parameters obtained in the fitting (notice that C3 corresponds to the true capacitance 

associated to Q3 and calculated by C = (Q·R)1/n/R).   

 

 

 

 

 



 

 

Chapter 5. 

 

 

 
 

150 
 

 

 

 

 

Figure 5.12. Nyquist plots for the symmetrical cell SSC-SDC/SDC/SDC-SSC (Tatt = 1000 ºC) subjected to 

a long- term stability test at 700 ºC. The spectra shown were recorded at the beginning of the test and after 

230 hours. (a) Experimental (crosses) and fitted values (solid line); (b) Fitted values obtained after 

subtracting Rs and L contributions are shown. The inset figures show the equivalent circuit model used to fit 

the corresponding EIS spectra. 
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Table 5.1. Parameters obtained from fitting the equivalent circuit to the experimental impedance data, for 

the SSC-infiltrated SDC symmetrical cell during the long-term stability test at 700 ºC. 

Test time (h) Rs (Ωcm2) R1 (Ωcm2) R3 (Ωcm2) C3 
(Fcm-2) n3 

Rdif 
(Ωcm2) 

Cdif 
(Fcm-2) 

0 1.49 1.83 0.015 0.0406 0.90 0.0097 4.58 
70 1.49 0.53 0.016 0.0099 0.81 0.0082 4.39 

140 1.47 0.27 0.022 0.0046 0.75 0.0083 4.14 
230 1.47 0.24 0.025 0.0039 0.70 0.0079 4.49 

 

Figure 5.13 shows the evolution of the so-called resistance 1 (R1) and resistance 3 

(R3) versus the test time. The resistance R1 shows a higher value than R3 for all the 

spectra analyzed. According to the model, the resistance associated to the ionic pathway 

(R1) decreases during the long-term stability test, while the resistance associated to the 

reaction of oxygen along the gas-MIEC interface (R3) increases. R1 is dominant and 

decreases during the stability test probably due to the accommodation of the 

microstructure of the electrode improving the oxide-ion percolation with the temperature 

and time, while the increase tendency of R3 may be related to an increase difficulty for 

the oxygen molecules to reach the place where the oxygen exchange reaction takes place 

(due to formation of inhomogenities).  

Two different regimes can be considered for each of the resistances: during the first 

~ 125 hours, the resistance R1 decreases with a rate of 6500 µΩ·cm2·h-1 (85.2 %) and R3 

increases with a rate of 1500 µΩ·cm2·h-1 (46.7 %). In the second regime (t > 125 h) the 

decrease rate of R1 became 700 µΩ·cm2·h-1 (~ 13 %), the same increase rate of R3.  
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Figure 5.13. Evolution of the resistances R1 and R3 parameters of the model during the long-term stability 

test at 700 ºC. 

 

Figure 5.15 summarizes the evolution of the ohmic resistance (Rs), the chemical 

resistance (Rchem = (R1·R3)1/2) and the diffusion resistance (Rdif), associated to the 

different processes that take place in the system. The ohmic resistance (Rs) is mainly 

associated to the resistance of the electrolyte and it shows a constant value during the 

entire thermal stability test. The high value 1.5 Ω·cm2 is due to the thickness of the SDC 

pellet (~ 0.6 mm) fabricated by dry pressing as electrolyte.  

The so-called diffusion resistance (Rdif) is associated to a limitation in the diffusion 

of the oxygen gas phase, as this type of contributions appears in this low frequency range 

and the ALS model does not include them in the continuum model [39]. The Rdif shows a 

constant value and very low compared to the other resistance contributions during the 

stability test (indicating an enough open porosity under operational conditions).  

Finally, the chemical resistance (Rchem) calculated from the analogy of the ALS 

model and the equivalent circuit under the particular limiting situation (R1 > R3, 

expression C.8 of Appendix C), is associated to non-charge transfer processes (i.e. solid-

state diffusion and surface exchange). It decreases during the first ~ 100 hours, due to the 

dominant contribution of R1 over R3 (attributed to the accommodation of the 

microstructure). After 100 hours, the chemical resistance shows a constant value, 
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explained by the same reduction rate of R1 and increased rate of R3. The convolution of 

these two parameters leads to a constant value of the resistance associated to non-charge 

transfer processes over the time. 

Taking into account the Chapter 3, where a self-limited-grain growth regime is 

attained for mesoporous ceria up to temperatures below 1100 ºC, and the SEM images of 

the microstructure of the cells before and after the long term stability test (Figures 5.14 a 

and b) which confirmed that the microstructure of the SDC scaffold does not show big 

changes or agglomeration of the particles; the decrease of Rchem during the first 100 hours 

is thus mainly attributed to the infiltrated catalyst SSC, which tends to move penetrating 

inside the meso-pores of the scaffold. After 100 hours the microstructure kept stable with 

the temperature and time. 

 

 

Figure 5.14. Cross-sectional SEM images of SSC-infiltrated SDC mesoporous cathodes (a) before and (b) 

after the stability tests at 700 ºC for ~ 230 h. 

 

Moreover, it agrees with the observed better initial performance for the SDC 

scaffold attached at 1000 ºC than for the scaffolds attached at 1050 and 1100 ºC and the 

improvement of performance during the long-term experiment.  

On the other hand, the RCdif arc attributed to a limitation in the diffusion of the gas 

phase along the surface of the MIEC may be related with the difficulty of the oxygen 

molecules to reach the SSC which is covering and filling the meso-pores of the SDC 
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scaffold. Further modification of the microstructure of the electrodes incorporating pore 

formers (i.e. starch, graphite, PMMA) could be done in order to study these phenomena.  

 

 

Figure 5.15. Evolution of the ohmic resistance (Rs), the chemical resistance (Rchem) and the so-called 

diffusion resistance (Rdif) during the long-term thermal stability test performed at 700 ºC. 

 

Figure 5.16 shows the evolution of the true capacitance (C3) associated to the 

constant phase element 3 (CPE 3: (Q, n)3) associated to gas-phase diffusion polarization 

(Adler et al. named it Cgas) and the capacitance Cdif associated to the gas-phase diffusion 

limitation. The decrease observed for the n-parameter (n3) (Figure 5.16b) which started 

with a value close to one i.e. perfect capacitance, may be associated with inhomogeneities 

of the active surface appearing during the accommodation time. 
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Figure 5.16. Evolution of the (a) True capacitance C3 (associated to the constant phase element CPE 3) and 

Cdif; (b) Frequency dispersion n3 (associated to CPE 3); values obtained from fitting the impedance spectra 

to the equivalent shown in Figure 5.12 during the long-term stability test of the optimized SSC-infiltrated 

SDC cell at 700 ºC. 

 

The evolution of the chemical capacitance (Cchem) calculated from the analogy, by 

the expression C.10, Appendix C. is observed in the Figure 5.17. This chemical 

capacitance is associated to changes of the active area of the MIEC (electrode). The Cchem 

increases with the test time, physically meaning that more area of the MIEC electrode 

became active with the time. Values of Cchem are higher than the values of the typical 
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capacitances associated to charge transfer phenomena (10-6 F·cm-2) because of the bigger 

active area of the MIEC. On the other hand, the high value of Cdif is explained by the high 

characteristic time (low frequencies) associated.  

 

 

Figure 5.17. Evolution with the test time of the chemical capacitance (Cchem) associated to the ALS model 

for the optimized SSC-infiltrated SDC cell during the long-term stability test at 700 ºC. 

 

Figure 5.18 shows the total electrode-electrolyte interface resistance 

(ASR = Rchem + Rdif) values with the time of the SSC-SDC/SDC/SSC-SDC optimized 

symmetrical cell subjected to long-term stability test.  

As mentioned for the Rchem in Figure 5.15, an enhanced performance in the first 

stage of the degradation test was observed for all the measured cells. The here-fabricated 

cathodes showed a different mechanism compared to previously reported infiltrated 

cathodes, which usually showed degradation of the ASR with the time [27–29,44].  

In particular, a stable electrolyte-electrode interface resistance of 0.08 Ω·cm2 is 

obtained for the optimized SDC/SDC/SSC-SDC symmetrical cell (Tatt = 1000 ºC) after 

230 hours. The ASR value achieved compares excellently to recently reported values for 

infiltrated-SSC composite electrodes: C. Lu et al. ASR = 8.5 Ω·cm2 @ 600 ºC [45], H. 

Zhang et al. ASR = 0.13 Ω·cm2@ 700ºC [37] and F. Wang et al. ASR = 0.14 Ω·cm2 @ 

700ºC [30] and to other SSC + SDC composite electrodes prepared by co-firing of pre-
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mixed powders or other conventional solution-infiltrated composite electrodes [18–

20,28,46].  

After the initial degradation period, the cell showed a decrease of ASR 

of 799 μΩ·cm2/h during the first 100 hours (representing 48.5 % of improvement) and a 

decrease of ASR of 29.5 μΩ·cm2/h between 100 and 230 hours (representing 4.7 % of 

improvement). The expected high thermal stability of this kind of mesoporous based-

electrodes formed by thermally stable open 3D nano-structures, was here-demonstrated 

under real operational conditions.  

 

 

Figure 5.18. Long term stability tests of the symmetrical SSC-infiltrated mesoporous SDC cells 

(Tatt = 1000 ºC) at 700 ºC under ambient air. The electrode/electrolyte resistance was calculated from the 

impedance spectra recorded every 5 hours. The ASR corresponds to the Rchem of the ALS model and 

the Rdif. 
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5.4. Conclusions 

 

Mesoporous SDC was successfully synthesized and used as ionic ceramic scaffold 

for cathodes in IT-SOFCs. By filling one of the two interpenetrated channels of the 

structure of the KIT-6 silica template a pore size over ~ 10 nm and a more open structure 

was obtained. The bigger pore size allows infiltrating the SSC used as a catalyst, within 

the mesopores of the SDC backbone. 

 Electrochemical evaluation of the infiltrated cells working as cathodes, allowed 

optimizing the attachment temperature of the SDC scaffold to 1000 ºC where the 

mesoporous structure was demonstrated to be thermally stable (by reaching the self-

limited grain growth regime). The target ASR value (0.25 Ω·cm2) was obtained at 660 ºC 

for this symmetrical cell. 

Long-term stability was confirmed for 230 hours for the optimized cell. The initial 

100 hours resulted in a performance improvement of 48.5 %, yielding to a stable and 

excellent performance with area specific resistance of 0.08 Ω·cm2 at 700 ºC under 

ambient air.  

Moreover, the impedance spectra recorded during the stability test were analyzed by 

an equivalent circuit based on transmission lines formally analogous to the ALS model 

developed for MIEC. This allows calculating and correlating the different parameters 

with a complete physical meaning. From that study, it can be extracted that the 

accommodation of the infiltrated SSC inside the pores of the SDC and the improvement 

of the ionic conduction pathway probably by increasing the SDC and SSC 

interconnectivity, are the main contribution to the observed decrease of chemical 

resistance during the activation period (first 100 hours) to the stable regime.  

This chapter demonstrates the possibility to implement thermal stable 3D-open 

nanostructures into electrochemical cells being long-term thermally stable while 

presenting a novel guidance to engineer high efficient and stable electrodes for IT-

SOFCs.  
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6. Performance and Stability of Fully Mesoporous Electrodes Fuel Cells 

 

6.1. Nano-structured Electrodes for IT-SOFCs. Performance and Stability 

Concerns. 

 

The capital cost of the power supplies will determine whether a system will succeed 

or not in the market. Increasing the lifetime of the devices clearly implies a step further 

towards the commercialization; hence, in 2007 the US Department of Energy's Solid State 

Energy Conversion Alliance (SECA) began a focused effort to improve the stability of 

Solid Oxide Fuel Cells.  

The objective values include efficiencies greater than 60 %, with a stack cost of 

175 $/kW and a lifetime performance degradation of less than 0.2 % per 1000 hours over 

40000 hours lifetime [1]. One of the primary challenges is to achieve long-term stability 

of the electrodes by unraveling the degradation mechanism that take place under realistic 

operating conditions. Diminishing the stability issues by engineering new materials and 

electrode structures will help to meet the cost and performance goals [2].  

The use of nanostructured materials in Solid Oxide Fuel Cells has received special 

interest during the last years. In particular, infiltration techniques become popular due to 

the reported increase of performance. Different groups successfully implemented this 

approach decreasing the polarization resistance of the cells compared to their baseline 

(standard) cells. Excellent reviews have been recently published gathering the different 

approaches, materials and electrochemical results reported [3–5]. 

However, only few works have been devoted to study the long-term stability of 

nanostructured electrodes under realistic SOFC operating conditions. Moreover due to the 

lack of degradation standards procedures, the methods to measure the degradation vary 

from group to group. Fixing a constant voltage (potentiostatic) or a constant current 

(galvanostatic) are the most common degradation tests. Galvanostatic experiments seem 

to be more appropriate to measure the degradation as it keeps constant the 

thermodynamic conditions, fixing the reactants utilization and avoid introducing 

secondary sources of degradation (as occurs in voltage constant experiments) [6].   
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Up to our knowledge, few groups have performed long-term galvanostatic 

experiments of whole fuel cells with nanostructured anode and cathode. Lee et al. 

reported the performance of commercial cells with a composite cathode modified by 

infiltration, for 1500 hours at 750 ºC under a current density of 0.5 A/cm2. The infiltration 

approach used by Lee increased the performance from their baseline cells by 20-35 %. 

The polarization resistance of both cells follows a parabolic power law (Figure 6.1), 

showing 65 % of the total increase in the initial 150 hours [7]. 

 

 
Figure 6.1. Variation of the polarization resistance under DC bias current of 0.5 A/cm2of a baseline cell and 

an infiltrated cell for ~1500 hours. Fitting data are shown as solid lines and fitting equations are presented 

(taken from ref. [7]). 

 

Samson et al. reported no measureable degradation for 1500 hours for anode 

supported cells with an infiltrated cathode at 700 ºC under a current density of 0.5 A/cm2. 

Post analysis revealed no significant micro-structural changes to the nominally identical 

untested counterpart [8,9]. 

These works encourage the use of infiltrated electrodes although the evolution of 

the nanostructure electrodes under a constant high current density (the realistic 

operational conditions) requires better understanding. The microstructural evolution and 

the different degradation mechanisms involved have to be clearly determined in order to 



 

 

Performance and Stability of Fully Mesoporous Electrodes Fuel Cells 

 

 

 
 

167 
 

tune the performance and durability. The development of new strategies to fabricate 

materials with stable microstructures with the time contributes to achieve this goal. 

In this chapter of the thesis, a SOFC with scandia-doped ceria (10Sc1CeSZ) 

electrolyte and fully mesoporous electrodes has been structurally (section 6.2) and 

electrochemically characterized (section 6.3). A mesoporous cermet based on a nickel 

closed structure (Ni-Ce0.8Sm0.2O1.9) methodology described in Chapter 4, was used as an 

anode, while a mesoporous (Ce0.8Sm0.2O1.9) ceramic scaffold infiltrated with a MIEC 

catalyst (Sm0.5Sr0.5CoO3-δ), described in Chapter 5, was used as a cathode. Moreover, the 

cell was subjected to a long-term stability test under real operation conditions, namely at 

750 ºC under a constant current density of 635 A/cm2 for 1000 hours (section 6.4). The 

evolution of the different resistance (ohmic and polarization) contributions was analyzed. 

Finally, structural characterization of the cell after the long-term stability test illustrates 

the more likely degradation mechanisms (section 6.5). 

 

6.2. Fabrication and Structural Characterization of a SOFC with Fully 

Mesoporous Electrodes 

 

Table 6.1 summarizes the main characteristics of the different components of the 

fabricated SOFC with scandia-doped ceria (10Sc1CeSZ) electrolyte and fully mesoporous 

electrodes such as the materials, the fabrication or deposition techniques, the attachment 

temperature and the thickness measured by SEM. The material 10Sc1CeSZ was 

employed instead of the more stable YSZ to cover the IT-range. Details about the 

experimental procedure followed are found in Chapter 2, Table 2.4. 
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Table 6.1. Materials and relevant fabrication details used for the fabrication of IT-SOFCs with fully 

mesoporous electrodes.  

 Material Acronym Fabrication 
Technique T Thickness Chapter Sketch 

Current 
Collector 
(Anode) 

 

Pt mesh + Ni Ni Painting 
Tcuring  
750 ºC 

(in-situ) 
~ 5 µm commercial 

 

 
Anode 

 

Ni- 
Ce0.8Sm0.2O1.9 

Ni-SDC 

Multistep 
nanocasting  

 
Air-spraying 

Tattachment 
1200 ºC ~ 35 µm 2, 4 

 

Electrolyte 
 

(ZrO2)0.89(Sc2O3)0.1 
(CeO2)0.01 

10Sc1CeSZ Tape Casting -- 150 µm commercial 

 
Barrier 
Layer 

 
Ce0.8Gd0.2O1.9 CGO PLD Tdeposition 

100 ºC 1.2-1.9 µm 2  

Cathode 
 

Ce0.8Sm0.2O1.9 - 
Sm0.5Sr0.5CoO3-δ 

SSC-SDC 

Nanocasting 
SDC + SSC 
Infiltration  

 
Air-spraying 

1000 ºC 
(Tattachment 

SDC) 
 

800 ºC 
(Tsintering 

SSC) 

~ 10 µm 2, 3, 5 

 

Current 
Collector 
(Cathode) 

 

 
Sm0.5Sr0.5CoO3-δ 

+ Pt mesh 
 

SSC Air-spraying Tcuring  
800 ºC ~ 20 µm commercial 

 

 

Figure 6.2 shows SEM cross-sectional images of the electrolyte-anode interface, 

formed with mesoporous Ni-SDC powder as an anode and 10Sc1CeSZ as an electrolyte 

as deposited after the attachment at 1200 ºC, before the electrochemical experiment. The 

continuous layer shows a thickness of ~ 35 µm and a fine and homogenous morphology 

(in agreement with the morphology observed in Chapter 4 (section 4.3.1), fabricated 

with the same kind of mesoporous powder). The CGO rough layer deposited by 

airspraying and attached in a single step together with the anode, to enhance the 

continuity of the interface is observed in Figure 6.2b. 
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Figure 6.2. SEM cross-sectional images of the anode-electrolyte interface formed by mesoporous Ni-SDC 

cermet as anode and 10Sc1CeSZ tape casting as electrolyte. 

 

In the intermediate range of temperatures usually Sr-doped lanthanide cobalt oxides 

(LSC) are commonly used as cathode material, although this material placed together 

with the conventional YSZ electrolyte lowers the performance and stability of the SOFCs, 

due to the Sr migration from the cathode to the electrolyte and the formation of secondary 

insulating phases (La2Zr2O7). Therefore, a common approach to avoid the formation of 

the zirconates is the deposition of dense CGO barrier layers [10–12]. The reported solid 

solutions between the CGO and the YSZ which starts to be formed from 1200 ºC [13], 

can be diminished by using PLD. A low temperature of 100 ºC is used during the 

deposition and the formed layer by impacted ionized particles, subsequently permits the 

attachment of the CGO grown layer onto the tape casting, in the same step with the anode 

sintering at a temperature of 1200 ºC for 3 h (more details about fabrication conditions 

and the PLD technique are explained in Chapter 2, section 2.3.1.1). 

Figure 6.3 shows the cross-sectional image of the electrolyte-cathode part. The 

CGO diffusion barrier layer deposited by PLD is fully dense after the sintering step at 

1200 ºC, with an average thickness of 1.5 µm along the electrolyte-cathode interface. The 

SSC-infiltrated into mesoporous SDC showed the expected uniform and nanostructured 

microstructure as described the previous Chapter 5, section 5.2.   
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Figure 6.3. SEM cross-sectional images of the cathode-electrolyte interface, formed by a 10Sc1CeSZ tape 

casting as electrolyte, a CGO diffusion barrier layer (deposited by PLD) and a SSC-infiltrated into a 

mesoporous SDC ceramic scaffold as cathode. 

 

6.3. Fuel Cell Performance  

 

The cells fabricated with fully mesoporous electrodes were electrically 

characterized in the experimental setup described in the section 2.5.1 of Chapter 2, under 

pure humidified hydrogen as fuel and synthetic air as oxidant at 750 ºC. 

Figure 6.4 shows the current-voltage and power density curves. The single cell 

showed an open circuit voltage of 1.10 V indicative of a dense electrolyte and good 

sealing and a maximum power density of 565 mW/cm2. Our baseline electrolyte 

supported SOFC fabricated with commercial La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) powder 

(measured in the previous Chapter 4, section 4.4.1) [2], showed a peak power density of 

325 mW/cm2 at the same temperature. Therefore, demonstrating the here-employed 

infiltration method over a mesoporous ceramic scaffold increases 74 % the performance.   
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Figure 6.4. Cell voltage and power density as a function of the power density for a cell with fully-

mesoporous electrodes operating at 750 ºC under pure humidified H2 and synthetic air. 

 

Figure 6.5 shows the Nyquist plot of the impedance measurement performed to 

analyze the different resistance contributions under open circuit voltage (OCV). The inset 

of the figure shows the equivalent circuit used to fit the obtained spectra 

LRs(RQ)HF(RQ)LF where L is an inductance, R a resistance and Q a constant phase 

element, the subscripts HF and LF indicate the high and low frequency contributions. A 

series resistance (Rs) of 0.277 Ω·cm2 and a polarization resistance (Rp = RHF + RLF) of 

0.945 Ω·cm2 were obtained under OCV conditions. The contribution of the different 

resistances allow obtaining a maximum peak power density above the required for SOFC 

applications (P = 500 mW/cm2). 
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Figure 6.5. Nyquist plot of the IT-SOFC with fully-mesoporous electrodes at 750 ºC under OCV. 

 

6.4. Long-term Stability Test 

 

Apart from the performance characterization, the fabricated fully mesoporous fuel 

cell was subjected to a long-term degradation test under a constant current density of 

635 mA/cm2 at 750 ºC for 1000 hours. Impedance spectra were recorded every ~ 50 hours 

under OCV conditions. 

Figure 6.6a shows the Nyquist plots obtained at the beginning (t = 0 h), after 500 

and 1000 hours of the experiment. It is observed that the series resistance (Rs), mainly 

attributed to the electrolyte and current collection, increases from 0.277 Ω·cm2 to 

0.331 Ω·cm2 after 1000 hours, while the polarization resistance (Rp), mainly attributed to 

the electrodes contribution surprisingly decreases, from 0.945 Ω·cm2 to 0.740 Ω·cm2 after 

1000 h of the degradation test.  

Figure 6.6b shows the evolution of Rs and Rp calculated from the EIS 

measurements under OCV with the time (some representative values of Rs and Rp, are 

shown in Table 6.2, columns Rs and Rp (OCV)). The degradation rate of the cell was 

calculated dividing the test time in two regions. In the initial region between 0 to 200 h 

(Region 1), after an initial stabilization period of ~ 24 h, the value of Rs increases with an 
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average rate of 85 μΩ·cm2/h (6 %) and the Rp decreases, with an overall rate of 

-303 μΩ·cm2/h (6 %). In the second region, from 200 to 1000 h (Region 2), the Rs 

increases with a rate of 65 μΩ·cm2/h (21 %), while the Rp decreases with a rate of 

-227 μΩ·cm2/h (20 %). Therefore, the route presented in this chapter to fabricate cells 

with fully mesoporous electrodes seem to be promising for developing high-performance 

and long-term stable IT-SOFCs. 

 
 

 

 
Figure 6.6. EIS measurements of the IT-SOFC with fully-mesoporous electrodes performed under OCV 

obtained during the long-term stability test. (a) Nyquist plots recorded at the beginning, after 500 h and 

1000 h, (b) Evolution of series resistance (Rs) and polarization resistance (Rp) under OCV with the test 

time.  
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Figure 6.7a shows the cell voltage (Vcell) with the test time recorded during the 

long-term stability test under a current density of 635 mA/cm2 at 750 ºC for 1000 hours. 

The voltage of the cell decreases due to different voltage losses. The main voltage losses 

are the ohmic or series resistance and the polarization resistance (i.e. electrochemical 

reactions and gas diffusion through the electrodes) and can be expressed by the following 

equation: 

��(LL = �!� − ? · M#	 = �!� − ?(	& − 	N) 

 

(6.1) 

 

where Vcell is the recorded cell voltage, OCV is the open circuit voltage, ASR is the total 

cell area specific resistance, Rs is the series or ohmic resistance and Rp is the polarization 

resistance. 

After 1000 hours, the cell voltage decreases from a value of 0.7 V to 0.6 V and the 

total ASR increases from 0.62 Ω·cm2 to 0.79 Ω·cm2 (Table 6.2). A more detail study of 

the overpotentials or voltage losses is detailed in Figure 6.7b. On the other hand, 

impedance spectra under a bias DC voltage of 0.7 V were measured at 976 and 1001.5 

hours (two last filled points i·Rs and i·Rp of Figure 6.7). These measurements confirmed 

that the series resistance is the same under OCV or under bias and allow calculating the 

polarization resistance during the test time (Rp = ASR – Rs). The calculated overpotentials 

help to understand better the degradation mechanisms.    
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Figure 6.7. Evolution of the cell voltage (Vcell) with the test time under a current density of 635 mA/cm2 at 

750 ºC for 1000 hours, (a) Vcell, the total overpotential (i·ASR) and its different contributions, series (i·Rs) 

and polarization (i·Rp) overpotentials, are shown. Last two filled square points of i·Rs and i·Rp were 

obtained from EIS measurements under a DC bias voltage of 0.7 V, i.e. operation voltage. (b) Fitting data 

and equations of the Vcell (solid lines) and the corresponding overpotentials i·Rs and i·Rp (dash lines). 
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Table 6.2. Representative resistance values obtained during the long-term stability test performed under 

635 mA/cm2 at 750 ºC for 1000 hours. 

Test time (h) ASR 
(Ω·cm2) Rs (Ω·cm2) Rp (Ω·cm2) 

(OCV) 
Rp (Ω·cm2) 

(0.7 V) 

0 0.624 0.277 0.945 0.347 

24 0.657 0.256 0.977 0.401 

97 0.688 0.257 0.952 0.431 

188 0.714 0.271 0.924 0.443 

357 0.736 0.287 0.873 0.449 

596 0.760 0.300 0.788 0.459 

767 0.760 0.303 0.779 0.457 

976 0.787 0.331 0.735 0.456 

1002 0.791 0.331 0.740 0.460 

 

Figure 6.7b shows the fitting data for the variation of the cell voltage (Vcell), the 

series overpotential (i·Rs) and the polarization overpotential (i·Rp) during the long-term 

stability test. The cell voltage versus time decays with two different rates, which were 

fitted by the linear equations shown. In the Region 1, from 0 to 200 h, the decay obtained 

was 274 µV/h (9 %) and in the Region 2, from 200 to 1002 h, was 57 µV/h (7 %). It is 

noteworthy, that 57.5 % of the cell drop occurred within the first 200 hours.  

The polarization overpotential can be fitted by the following equation which defines 

an asymptotic behavior of the polarization resistance versus the time,  

? · ∆	N = ? · E	NO − 	NPJ · (1 − exp >�/R) 

 

(6.2) 

 

where Rp_0 is the initial polarization resistance, Rp_L is the limited polarization resistance, 

τ is the time constant and t is the test time.  
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Values of Rp_L of 0.46 Ω·cm2 (i·Rp_L = 0.29 V) and τ of 68.3 hours were obtained 

from the fitting, indicating that degradation of the electrodes mainly occurred during the 

first ~ 70 hours of the test. The fitted degradation rate decreases from 31 % during the 

first 200 hours, to 1 % from 200-500 hours, to 0.016 % from 500-1000 hours. This fact is 

attributed to the accommodation of the microstructure and is probably more pronounce 

than shown in Chapter 4 and 5 due to the high constant current. 

 In any case, after the initial degradation, a stable polarization resistance was 

achieved, implying that high stable electrode structures were obtained under the realistic 

and severe conditions imposed during more than 1000 hours. 

The asymptotic behavior of Rp clearly differs from the previously reported by Lee 

parabolic plot (Figure 6.1) [7]. This promising trend to a fully stable system could be 

attributed to the demonstrated high thermal stability of the mesoporous materials as 

independent electrodes, anode (see Chapter 4) and cathode (see Chapter 3 and 5). In 

fact extrapolating the last stabilize degradation rate, a value of 0.032 % per 1000 hours 

would be achieved, which is below the objective imposed for the US Department of 

Energy's Solid State Energy Conversion Alliance (SECA) of 0.2 % per 1000 hours [1]. 

After an initial decrease of the series overpotential during ~ 97 hours, the data can 

fit a linear equation with a slope of 57 µV/h (30 %) which corresponds to the decay rate 

of the cell voltage in the region 2.  

Further microstructural analysis is necessary to explain the sources of degradation 

(grain coarsening, cation interdiffusion, electrode delamination, phase transformation or 

formation of secondary phases) and will be presented in the next section. 

 

6.5. Post-Test Cell Characterization  

 

Figures 6.8a and b show the cross-sectional SEM image of the anode-electrolyte 

interface after 1000 hours of degradation test under a constant current density of 

635 mA/cm2 at 750 ºC. Open porosity and intimate adhesion of the anode to the 

electrolyte is observed. In Figure 6.8d the BSE mode allows identifying Ni and SDC 

phases. The nickel (darker grey) keeps the grain size in the nano-scale, although evolution 
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from the initial micro-structure (see Figure 6.8c) is observed. Evolution and 

accommodation of the microstructure is mainly occurring during the first ~ 70 hours of 

the degradation test.  

It should be pointed out that the rough CGO layer deposited to improve the attachment 

densified during the long-term stability test. A denser layer of ~ 0.5-0.7 µm was observed 

along the anode-electrolyte interface and it could be one explanation of the increase in the 

ohmic resistance (indicated in Figure 6.8b).  

 

 
Figure 6.8. (a, b) SEM images of the interface of the mesoporous Ni-SDC anode and the electrolyte of the 

fully mesoporous cell, after the degradation test performed for 1000 hours under a current density of 635 

mA/cm2 at 750 ºC. (c,d) Backscatter images of the interface before and after the degradation test, 

respectively. 

 

However, the most suitable hypothesis of the Rs evolution is related to some phase 

instabilities (from cubic to rhombohedral phase) previously reported for scandia-doped 

zirconia (10Sc1CeSZ) based electrolytes, working in electrolysis mode under high 

operating voltages for long times. This change of the crystal structure would cause ionic 
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conductivity degradation [14]. To confirm this micro-Raman spectroscopy was performed 

before and after the degradation test.  

In this work since the electrolyte is under reducing conditions at the anode side and 

under oxidizing conditions at the cathode side a gradient and degradation across the tape 

is also expected. Moreover, the anode side (fuel electrode) present an orange coloured 

characteristic of the presence of the Ce+3 ion [15]. 

Figure 6.9 shows the Raman spectra of an original tape casting of 10Sc1CeSZ and 

the same tape on the anode side after the long-term degradation measurement. The 

original tape shows the cubic phase of the zirconia with peaks in 620, 480, 370 and 

150 cm-1. The other non-indexed peaks suggest that a certain amount of tetragonal phase 

also exists [16]. Nevertheless for the tape after the degradation test, the most intense peak 

of the cubic mode around 620 cm-1 shifted to lower wavenumbers around 590 cm-1 

indicating the presence of the β-rhombohedral phase [14,17].  

  

 
Figure 6.9. Raman spectra of the 10Sc1CeSZ electrolyte original (black) and the same tape after the long-

term degradation test in the anode side (orange coloured). Cubic (C) and most intense rhombohedral (R) 

peaks of zirconia are labeled.   
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Another source of degradation could be the evolution of the CGO PLD diffusion 

barrier layer with the time. As explained in the section 6.2 of this Chapter, Sr ion 

diffusion is one typical degradation mechanism that occurs between the cathode and the 

electrolyte. In order to study the ion diffusion of the cell with fully mesoporous electrodes 

after the long-term stability test, SEM Energy Dispersive X-Ray (EDX) compositional 

profile was performed in the interface between the cathode the CGO barrier layer and the 

electrolyte, along the line shown in Figure 6.10a. Although the resolution of the 

technique together with the length of the line profile selected are not adequate to quantify 

the stoichiometry of each part of the sample (due to a 1 µm integration of the X-ray), the 

presence of Sr in the electrolyte was not detected, demonstrating the CGO diffusion 

barrier layer made by PLD was dense and thick enough to prevent the Sr migration from 

the cathode to the electrolyte. 

 

 
Figure 6.10. SEM-EDX line concentration profiles of the mesoporous SSC-SDC cathode/CGO diffusion 

barrier layer/10ScCeSZ electrolyte after the galvanostatic long-term degradation test at 750 ºC for 1000 

hours.  

 

Finally, Figure 6.11 shows the SEM image of the interface between the cathode and 

the CGO diffusion barrier layer after the long-term stability test (1000 hours). The 

fabricated cathode, SSC infiltrated into the mesoporous SDC ceramic scaffold, keep the 
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meso-porosity even after 1000 hours under the severe realistic operating conditions, 

confirming again the route stability shown in Chapter 3.       

 

 
Figure 6.11. SEM cross-sectional images of the interface of the cathode of SSC-infiltrated in the 

mesoporous SDC ceramic scaffold and the CGO diffusion barrier layer, after the degradation test performed 

for 1000 hours under a current density of 635 mA/cm2 at 750 ºC. 

 

6.6. Conclusions 

 

An IT-SOFC with fully mesoporous electrodes were fabricated and characterized 

for the first time. Mesoporous Ni-SDC was used as anode and SSC-SDC as cathode. 

Structural and electrochemical characterization of these electrodes independently were 

described in detail in the previous chapters of this thesis. For the whole cell, a maximum 

power density of 565 mW/cm2 at 750 ºC was obtained, implying an improvement of 74 % 

compared to our baseline cells based on commercial cathode powders. 

This cell was subjected to a long-term stability test under real operational conditions 

(750 ºC under a constant current density of 635 A/cm2) for 1000 hours showing two 

different regions of degradation with linear decay. The first region from 0 to 200 h 

showed a degradation rate of 274 µV/h (9 %) and the second region of 57 µV/h (7 %). 

The 57.5 % of the cell drop occurred within the first 200 hours. The impedance analysis 

performed under OCV conditions showed an increase of the ohmic series resistance (Rs) 

in the region 1 of 85 μΩ·cm2/h (6 %) and in the region 2 of 65 μΩ·cm2/h (21 %) and a 

surprising decrease of the polarization resistance (Rp) in the region 1 of -303 μΩ·cm2/h 

(6 %) and in the region 2 of -227 μΩ·cm2/h (20 %). 
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The continuous improvement of the performance of the electrodes shows under a 

bias voltage of ~ 0.7 V and after the stabilization period an asymptotic behavior. The 

limited polarization resistance growth is attributed to the astonishing stability of these 

electrodes presented in previous chapters (with an accommodation period of 70 hours). In 

fact, the polarization overpotential showed a degradation of 0.032 % per 1000 hours after 

stabilization, which is below the objective of 0.2 % degradation per 1000 hours imposed 

by the SECA.  

The evolution of the series overpotential can be explained by several facts: an 

observed densification of the CGO rough layer (deposited to improved the attachment) in 

the anode side, the possibility of part of loss of contact of the current collectors non-

optimized for stability purposes and the change of phase from cubic to β-rhombohedral of 

the scandia-doped zirconia electrolyte support in the anode (fuel) side. 

Structural analysis of the cell after the degradation test, further confirmed the 

electrodes kept their nano-structure after more than 1000 hours. Moreover, SEM EDX-

spectroscopy confirmed Sr did not diffused from the cathode due to the well-formed CGO 

barrier layer deposited by PLD. 

Overall, the aim of the present chapter is accomplished as the long-term stability of 

the fully mesoporous electrodes was demonstrated, for more than 1000 hours under 

realistic and severe operational conditions. 
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7. Mesoporous Ceramic Oxides for Humidity Sensors 

 

7.1. Requirements of Humidity Sensors and Advantages of using Ceramic 

Mesoporous Materials 

 

The humidity control is of utmost importance as it affects both living organisms and 

materials. Therefore, humidity sensors are currently used in many fields such as 

manufacturing processes, environmental and health monitoring or in domestic 

applications [1].  

In general homogeneity and controllability of porous structures are important 

properties in sensor applications (Chapter 1.4.3). Mesoporous materials provide high 

area structures with a very precise shape, which make them perfect candidates for sensing 

applications [2–4]. In this respect, many studies have reported high sensitivity in silica 

based mesoporous humidity sensors [5–8]. However, during the fabrication of the sensor 

the mesoporous powder is usually attached to the electrodes at very low temperatures in 

order to preserve the nanostructure. This limitation makes these devices mechanically 

unstable and affects reproducibility, limiting their viability for commercial applications. 

Moreover a heat treatment at temperatures over 400 ºC is normally used in 

commercial ceramic humidity sensors to recover the initial state. However, if this heat 

treatment process is performed, the sensing properties of the silica based mesoporous 

sensors became poor [9,10], due to either loss of the mesoporosity originated by the 

thermal stability lack of this type of mesoporous materials at high temperatures or the 

poor attachment of the sensing layer to the substrate. Mesoporous metal oxides with 

higher thermal stabilities would be ideal candidates, if they can keep their microstructure 

and thus their sensing properties. 

In Chapter 3, the authors developed a novel strategy to stabilize mesoporous 

ceramic oxides up to high temperatures [11]. Contrary to widely employed high 

temperature stabilization treatments inside the mesoporous template, resistance to thermal 

processes is achieved by getting the simultaneous presence of amorphous and crystalline 

phases before the template removal, forcing the so called self-limited grain growth 
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regime. Using this strategy stabilization of mesoporous structures is achieved up to 

temperatures as high as 1000 ºC.  

Among the ionic type of ceramic sensors, nanostructured CeO2 has shown high 

sensitivity and fast response [12]. Moreover, it has been reported that metal doping 

changes the charge density surface of the ceramic oxide, the strong electric field 

generated around the surface of the material is expected to increase the ionization of the 

water molecules [13–15]. 

In the present chapter, gadolinium-doped ceria (CGO) mesoporous humidity 

sensors were fabricated and tested under different (i.e. humidity and temperature) 

conditions. The sensitivity, response and recovery times and the sensing mechanisms 

based on the analysis of the impedance spectra are presented and discussed. 

 

7.2. Characterization of CGO Mesoporous Humidity Sensors 

 

7.2.1. Structural characterization 

 

A complete micro-structural characterization of mesoporous gadolinium doped ceria 

(CGO) powder obtained as replica of the KIT-6 silica template and calcined at 600 ºC 

was presented in Chapter 3 (CGO-600) [11]. The same powder was airbrushed (ethanol 

based ink) on an alumina substrate with gold interdigitated planar contacts. After a 

sintering process at 900 ºC the layers are homogeneous and firmly stuck, details of the 

fabrication procedure can be found in Chapter 2.3.3.  

The SEM images of Figure 7.1a and c show a continuous crack-free layer of the 

sensing material forming a network with thickness of ~ 12-13 µm, highly desirable to 

facilitate the conduction of the water molecules along the surface, increasing the 

sensitivity. A very fine microstructure with porous in the nanometric range and ordered 

structure can be observed in the high magnification SEM image (Figure 7.1b). As 

expected from the previous studies, the thermally stabilized mesoporous CGO oxides 

keep the microstructure after the attachment to the alumina substrate at high 

temperatures [11]. 
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Figure 7.1. Cross-sectional SEM images of the CGO mesoporous humidity sensor (after electrochemical 

measurements). 

 

7.2.2. Humidity sensing capabilities of a mesoporous CGO film 

 

The response to humidity of the fabricated films is evaluated. Sinusoidal excitation 

signals of different frequencies are imposed and the resistance is measured. Figure 7.2 

shows the tendency of the resistance at different frequencies for several humidity levels at 

a controllable fixed room temperature (T = 30 ºC).  

In the low frequency region (f = 1-10 Hz) the device presents the highest sensitivity, 

10 Hz is a good trade-off between measurement velocity and selectivity, and will be the 

frequency used in the following. A detailed analysis of the impedance response of the 

sensors is presented in the section 7.2.3. There, the choice of the low frequency range for 

on line monitoring of the sensor response is justified.  

The impedance does not change at higher frequencies (f = 104–105 Hz) where the 

response of the sensor becomes independent of the humidity. This indicates that in this 

higher range of frequencies, the change of direction of the electrical field is too fast 

compared to the characteristic time of the Grotthuss transport phenomenon. 

 



 

 

Chapter 7. 

 

 

 
 

192 
 

 
Figure 7.2. Resistance versus % H2O curves of the CGO humidity sensor at different frequencies 

(T = 30 ºC). 

 

The relative resistance (R0/RRH) versus the relative humidity (RH) is presented in 

Figure 7.3, for the here-fabricated mesoporous CGO humidity sensor and compared to 

different cerium oxides based humidity sensors extracted from the literature [12–14]. In 

this figure, R0 indicates the resistance of the sensors at 25 % RH and R(RH) the resistance 

values at the corresponding humidity level. 

Dense bulk cerium oxides show almost no change in resistance on the whole range 

of relative humidities, while for nanostructured materials sensitivity starts to become 

significant. The here-proposed CGO mesoporous material sensor shows an exponential 

decrease of the resistance with the increase of humidity. This behavior has been reported 

as arising from an ionic type humidity sensing mechanism [16–18]. Only complex 

nanostructured configurations like CeO2 nanowires present a sensitivity comparable to the 

here presented material. 
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Figure 7.3. Relative resistance (R0/RRH) vs relative humidity for different ceria based humidity sensors. 

 

In order to be reliable, a sensor must present low hysteresis. It is a measure of the 

capability of the system for measuring the same signal when exposed to the same 

conditions, independently of past inputs. Figure 7.4 presents the resistance of the layer 

when changing the humidity levels from dry to humid (3 % H2O) and then measuring 

back to the initial dry level. The adsorption and desorption curves practically overlap 

showing a maximum small hysteresis of ~ 0.1 % H2O, thus making remarkable the 

reliability and the highly reversible characteristics of this type of mesoporous ceramic 

sensors. 

 

 
Figure 7.4. Hysteresis of mesoporous CGO humidity sensor at 10 Hz (T = 30 ºC). 
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The response and recovery of the CGO mesoporous humidity sensors at a frequency 

of 10 Hz (T = 30 ºC) is shown in Figure 7.5a. The changes of resistance with the 

humidity level were measured in cycles of 90 seconds from dry to 2.5 % H2O. The 

sensitivity of a sensor is defined as the time taken by the sensor to reach the 90 % of the 

total impedance change (S = R0/R90%) and is calculated to be 280 for the tested material. 

The response and recovery time constants calculated as the time that a sensor consumes to 

reach 63.2 % value of the steady state value are 19.1 and 1.3 seconds respectively, 

indicating quick response-recovery characteristics to humidity changes, compared to the 

generally reported times of several tens of seconds.  

For instance, Pokhrel et al. showed a Cr2O3-WO3 composite sensor with a response 

and recovery of 25 min and 7 min, respectively [19]. Rezlescu et al. made a Sn4+ and/or 

Mo6+ substituted Mg ferrites sensors with a response time between 3 to 5 min [20]. Z. 

Zhang et al. presented a Ba-doped CeO2 NWs sensor with a response and recovery time 

of 3 min [13]. C. H. Hu et al. showed a sensor of Mn-doped CeO2 nanorods with a 

response of 2 min and a recovery of 3 min [14]. Y. W. Hao et al. presented a CGO 

nano-sized based sensor with a response of 40 s and a recovery of 210 s [15].  The most 

comparable result was reported by Fu et al. who fabricated a fast CeO2 sensor based on 

nanowires (NWs) with a response and recovery both about 3 s [12] (Figure 7.5b). Apart 

from the quick response and recovery, no drift in the dynamic response was detected 

during a test performed for 50 minutes (13 cycles). 
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Figure 7.5. (a) Dynamic response of the mesoporous CGO humidity sensor during at 10 Hz (T = 30 ºC). 

The inset figure shows one cycle of response and recovery where the red line corresponds to the 

exponential fitting. (b) Response and recovery times of several humidity sensors. 

 

7.2.3. Mechanism of humidity sensing  

 

Different conduction mechanisms have been indentified analyzing the impedance 

spectra of porous ceramic humidity sensors. The mechanism of conduction is widely 

reported to change from low water concentrations to high water concentrations, where the 
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corresponding impedance spectra changes from a line usually fitted as an equivalent 

circuit formed by a constant phase element, to a semicircle (fitted by a resistance and 

capacitance in parallel) and a Warburg line at lower frequencies. The impedance spectra 

in those works are usually collected in a frequency range from ~ 50 Hz to 100 kHz and 

applying an AC voltage of 1 V. The humidity sensing mechanism has been extensively 

studied and even though the equivalent circuits used may differ from one author to 

another, the explained conduction mechanism is the same [4,5,8,21].  

In the present work, impedance spectroscopy measurements were performed in a 

wide frequency range (1 MHz to 0.1 Hz) and an AC signal of 300 mV.  Figure 7.6 shows 

the experimental data (cross points) obtained from the impedance measurements for 0.08, 

1.2 and 2.4 % of H2O (T = 30 ºC). In all the samples, the impedance spectra was fitted 

with an equivalent electrical circuit formed by a resistance (Rfilm) in parallel with a 

capacitance (C) and a constant phase element (CPE (Q, n)) in series (Figure 7.6a). The 

curves arising from the fitted equivalent circuit are represented as a solid red line in the 

figure. Rfilm represents the protonic conduction on the CGO surface while C is the 

capacitance of the dielectric CGO material (electrical insulator). Therefore, the decrease 

of the semicircle’s values with the increase of humidity reflects the decrease of the 

module of the impedance due to proton conduction. At lower frequencies, diffusion 

processes appeared to be dominant. When humidity is introduced in the atmosphere, a 

Warburg line (fitted in the circuit as a CPE with a fixed exponent n = 0.5) appears 

representing the migration of electro-active species in the adsorbed layer towards the 

electrode (mass-transfer process).  

The inset of the Figure 7.6b shows the impedance spectra in the commonly 

collected frequency range from 10 Hz to 100 kHz, usually fitted by one element a 

constant phase element (infinite resistance) for dry atmospheres. Nevertheless, when 

extending the frequency range it results in a typical RC arc. 

Now the use of 10 Hz frequency in the dynamic tests is further justified at the light 

of the impedance arcs. As it is observed in the figures the module of the impedance at this 

frequency is changing significantly, while this is not the case at higher frequencies.  
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Figure 7.6. (a) Electrical equivalent circuit used to fit the impedance spectra. Impedance spectra of the 

CGO mesoporous sensor at 30 ºC for (b) 0.08 (d) 1.2 and (d) 2.4 % H2O. The cross points indicate the 

experimental collected data and the line the corresponding fitted curve. 

 

Figure 7.7 shows the evolution with humidity of the parameters obtained from the 

fitting of the equivalent circuit to the impedance spectra. The resistance of the film 

decreases around four orders of magnitude as the humidity increases, following an 

exponential behavior. The CGO capacitance is constant being intrinsic to the material.  

The results are consistent with the Grotthuss conduction mechanism [1], the 

resistance of the film changes exponentially as water molecules are adsorbed gradually, 

from the very first monolayer to the physical adsorption of water molecules. Even at low 

humidity levels, it is possible to observe the hopping of protons in the chemisorbed 

monolayer of water. As the humidity increases, the continuous adsorption of water 

molecules (physisorbed) likely formed multilayers showing a liquid-like behavior 

(Grotthuss mechanism).  
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The cerium ions lead to a strong electric field around the surface increasing the 

ionization of the water molecules and affecting the deeper physisorbed water. Moreover, 

the large surface to volume ratio characteristic of the mesoporous materials plays a key 

role in the conduction [12]. The interconnected network with double gyroid structure 

make the water molecules pass easily through the regular pores. This also contributes to 

the previously reported quick response and extremely fast recovery. 

 

 

 
Figure 7.7. Fitted parameters: resistance and capacitance of the CGO film, obtained from the impedance 

spectra analysis of the humidity sensor at 10 Hz and different humidity levels (T = 30 ºC). 

 

7.2.4. Effect of temperature 

 

The response and recovery curves were measured at different temperatures (T = 60, 

70, 80 and 90 ºC) once again fixing the frequency at 10 Hz. The results are shown in 

Figure 7.8a and b. The amplitude of the response (ΔR) decreases when operation 

temperature increases. This effect is consistent with the above explained Grotthuss 

mechanism, as the adsorbed layer becomes thinner when water molecules hold higher 

kinetic energy (at higher temperature). This would also explain the faster response and 
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lower recovery time, as the mobility of the ions is higher. The increase mobility promotes 

a higher adsorption-desorption exchange what also explains the observed slower recovery 

rate. 

 

 
Figure 7.8. Response and recovery of the mesoporous CGO humidity sensor at 10 Hz and at different 

temperatures (T = 60, 70, 80 and 90ºC). 
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7.2.5. Effect of the thickness of the sensing layer 

 

The influence of the thickness of the sensing layer was also investigated, with this 

purpose a thinner CGO mesoporous layer (thickness of ~ 4 μm) was deposited and 

measured, denoted as CGO-F (CGO-Fine layer). Figure 7.9 shows a comparison of the 

response and the recovery time of the above presented CGO (layer thickness ~ 12-13 μm) 

and the CGO-F (layer thickness ~ 4 μm) mesoporous humidity sensors.  

The thickness of the mesoporous layer has influence in both the sensitivity and the 

response/recovery. The explanation of the different sensitivity is also consistent according 

to the conduction mechanism and the number of adsorption sites in each sample. The 

higher resistance of CGO-F under dry conditions is explained by the different thicknesses 

of the films, the sensing layer of CGO-F is around three times thinner than the layer of the 

CGO sensor and therefore, the obtained resistance value (the measured resistance follows 

the equation R = ρ· l/A, (A = t·H) being ρ the resistivity of the material, l the length 

between contact electrodes, A the cross-sectional area, t the thickness and H the length of 

the of the sensing film).  

On the other hand, higher thickness indicates more available adsorption sites and 

therefore, the amplitude of the response (ΔR) for the thicker layer sensor CGO is higher. 

Moreover, the measured resistance values are in agreement with the work presented by 

Shirpour et al. about the proton conductivity of pure and gadolinium doped 

nanocrystalline CeO2 [22]. 

The time constants of CGO-F mesoporous sensor are calculated to be 5.6 and 

3.2 seconds, compared to the values of 19.1 and 1.3 seconds of the thicker layer sensor. 

The quicker response for the thinner film and the quicker recovery for the thicker film is 

in agreement with previously reported results [9]. The thinner film presents a higher 

response rate, related with the shorter path that the H3O+ ions have to travel across the 

film and therefore, is more adequate for detecting humidity at low levels. On the other 

hand, the thicker film shows a lower recovery time related with the larger amount of 
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pores (higher number of adsorption places). Therefore, thicker films are more suitable for 

detecting high humidity concentrations. 

 

 
Figure 7.9. Response and recovery of the CGO and CGO-F humidity sensors at 10 Hz and T = 30 ºC. 

 

7.2.6. Effect of the pore size 

 

A big advantage of mesoporous materials is the possibility of tuning their pore size 

by modifying synthesis parameters. As explained in the experimental procedure of 

Chapter 2 the pore size of the replicas of the KIT-6 silica template can be modified, by 

changing the hydrothermal temperature of the silica template and filling one (KIT-6-36) 

or two (KIT-6-90) of the interpenetrated channels.  

To study the influence of the pore size in the humidity sensing properties, 

mesoporous CGO was also synthesized from KIT-6-36 (filling only one of the two sets of 

interpenetrated channels) and the fabricated sensor is denoted as CGO-D. A complete 

micro-structural characterization of a ceramic oxide synthesized by the same route (as 

replica of KIT-6-36) was presented in the Chapter 5.  

The Figure 7.10 shows a comparison of the response and recovery time between the 

CGO and CGO-D mesoporous humidity sensors. The time constants of the CGO-D 
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mesoporous sensor were calculated to be 15.5 and 0.98 seconds. Both response and 

recovery times are faster compared with the CGO sensor. The bigger pore size (over 

~ 10 nm) of the CGO-D seems to have a positive influence in the dynamic response of the 

humidity sensors. The smaller pores of the sensor CGO (~ 3 nm) can limit the diffusion 

of the water molecules, reducing the rates of the adsorption-desorption processes. 

Differences shown in the resistance under dry conditions could be explained by the 

non-normalized thicknesses of both sensing layer. However the amplitude of the response 

(ΔR) is very similar for both sensors attributed to the similar surface area (BET) and 

therefore, similar number of adsorption sites of both sensors.  

 

 
Figure 7.10. Response and recovery of the CGO and CGO-D mesoporous humidity sensors at f = 10 Hz 

and T = 30 ºC. 

 

7.3. Conclusions 

 

Mechanically robust mesoporous gadolinium-doped ceria (CGO) humidity sensors 

were fabricated by the attachment of the sensing layer at high temperatures (900 ºC) 

keeping the microstructure intact. The layers are stable to temperature cycles, the self-

cleaning required in commercial ceramic sensors at high temperature could be performed 
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if required without detriment of the sensing properties. The resistance of the sensing film 

changes around four orders of magnitude within the measured humidity levels 

(0 - 2.4 % H2O) at the selected optimum frequency (10 Hz) and the response and recovery 

times were 19.1 and 1.3 seconds, respectively. No drift was measurable during the 

14 cycles of the dynamic response experiment performed. Maximum hysteresis was only 

~ 0.1 % indicating very high reliability. Impedance spectra were analyzed and the 

parameters obtained from the fitting of the equivalent circuits verified an ionic type of 

conduction mechanism.  

Moreover, the influence of temperature, thickness of the sensing layer and pore size 

were studied in order to check the consistency of the sensing mechanism and explore the 

possibility of adjusting sensing parameters to different applications. Higher temperatures 

imply higher mobility of ions and therefore, higher response and lower sensitivity and 

recovery. The thinner film sensor studied presents a higher response rate, although lower 

sensitivity, being suitable for measuring at low humidity levels, while the thicker film 

holds a higher recovery rate but also a higher sensitivity, being suitable for use at high 

humidity levels. Pore sizes over ~ 10 nm showed a faster response and recovery, while 

pore sizes over ~ 3 nm seem to limit the diffusion of the water molecules.  

The CGO mesoporous sensors fulfilled all the required characteristics of high 

performance humidity sensors. Moreover, the synthesis route can be extrapolated to 

fabricate any other metal oxide. 
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Imagination is more important than knowledge. 

For knowledge is limited to all we know and understand,  

while imagination embraces the entire world,  

and all there ever will be to know and understand 

- Albert Einstein 
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8. Conclusions 

 

The work developed in this thesis was devoted to explore different strategies for 

stabilizing ordered mesoporous metal oxides and their implementation and evaluation in 

solid state devices, mainly Solid Oxide Fuel Cells (SOFCs) and gas sensors. 

Experimental, technological and theoretical aspects were covered to attain this purpose. 

The most relevant achievements are listed below, 

 

Novel quasi-universal methods for the thermal stabilization of ordered 

mesoporous metal oxides, 

- Open 3-D nano-structures were thermally stabilized up to temperatures of 

1100 ºC which is significantly over the state-of-art of mesoporous materials 

(T ~ 500 - 750 ºC). Long term-stability was proved by reaching the self-limited 

grain growth regime, i.e. by the partial crystallization of the mesoporous oxide 

after a calcination step before the removal of the template. The catalytic activity 

and functionality of the ceria-based synthesized material was successfully 

demonstrated at these high temperatures over the time.  

- Compact 3D nano-structures were thermally stabilized by a classical cermet 

approach up to temperatures of 1100 ºC, due to the excellent connectivity 

achieved by selectively filling both interpenetrated channels of the original silica 

template structure. 

 

Suitability of mesoporous materials as electrodes for Intermediate Temperature 

Solid Oxide Fuel Cells (IT-SOFCs), 

- Nickel based mesoporous cermets were implemented and tested as anode for 

IT-SOFCs. The optimized cells showed a target area specific resistance 

(ASR = 0.25 Ω·cm2) required for electrodes in SOFC applications in the IT 

range at 675 ºC. Long-term stability was proved during 200 hours under 

humidified 5 % H2 at 800 ºC, showing an improvement of 67.8 μΩ·cm2/h, 

32.4 % in the electrochemical performance and no micro-structural degradation.  
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- Mesoporous samaria-doped ceria (SDC) was synthesized and attached to the 

electrolyte below 1100 ºC, i.e. within the self-limited grain growth regime. The 

so-fabricated stable mesoporous ceramic scaffold was further infiltrated with a 

good catalyst with composition Sm0.5Sr0.5CoO3-δ (SSC). The infiltrated 

composite was tested as cathode and the target ASR of 0.25 Ω·cm2 was obtained 

at a temperature of 660 ºC for the optimized cell (Tatt  = 1000 ºC). A long-time 

impedance measurement performed at 700 ºC under ambient air for 230 hours, 

showed a performance improvement of 48.5 % to a stable and low value of 0.08 

Ω·cm2. Moreover, an equivalent circuit based on transmission lines was used to 

fit all the impedance spectra and their analogy with the Adler-Lane-Steele model 

developed for MIECs allowed understanding the different contributions and 

phenomena involved.  

 

Fabrication and evaluation of SOFCs with mesoporous electrodes (under pure 

H2 as fuel and synthetic air as oxidant), 

- SOFCs with mesoporous anodes, 

o Electrolyte supported fuel cells with mesoporous Ni-CGO as anodes 

were measured as a proof-of-concept. A maximum power density of 514 

mW/cm2 at 850 ºC and 325 mW/cm2 at 750 ºC was obtained. 

o Anode supported fuel cells (ideal configuration in the IT range) were 

fabricated using a developed mesoporous Ni-YSZ tape casting. A 

maximum power density of 690 mW/cm2 at 650 ºC was attained, 

demonstrating the feasibility of using this type of mesoporous structures 

as high performance electrodes in the intermediate temperature range.  

- SOFCs with fully mesoporous electrodes were fabricated as a combination of 

the above contributions. Mesoporous Ni-SDC as anode and SSC-infiltrated 

mesoporous SDC as cathode were fabricated and characterized for the first time. 

An electrolyte supported fuel cell configuration was chosen as it was supposed 

to be more stable and the aim was to study the evolution of the electrodes under 

real operational conditions. A maximum power density of 565 mW/cm2 at 
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750 ºC was obtained, demonstrating an improvement of 74 % of our baseline 

cells. A long-term degradation experiment for more than 1000 hours under a 

constant current density of 635 A·cm-2 was successfully performed. The region 

1 from 0 to 200 h, showed a degradation rate of 274 µV/h (9 %) and the second 

region of 57 µV/h (7 %). Impedance analysis performed under OCV conditions 

showed an increase of the ohmic series resistance (Rs) in the region 1 of 

85 μΩ·cm2/h (6 %) and in the region 2 of 65 μΩ·cm2/h (21 %) and a surprising 

decrease of the polarization resistance (Rp) in the region 1 of -303 μΩ·cm2/h 

(6 %) and in the region 2 of -227 μΩ·cm2/h (20 %). The polarization 

overpotential followed an asymptotic growth and main changes occurred only 

during the first 70 hours, in contrast to the typically reported parabolic growth. 

The degradation rate due to the Rp after the stabilization period was calculated to 

be 0.032 % per 1000 hours, which is below the target proposed by the US 

Department of Energy's Solid State Energy Conversion Alliance (0.2 % per 

1000 hours). 

 

Finally, the implementation and evaluation of the synthesized ceramic oxides 

mesoporous materials as humidity sensors was presented.  

- Mechanically robust mesoporous CGO sensors were fabricated due to the 

possibility of attachment at high temperatures, while keeping the micro-

structure. The resistance of the sensing film changed four orders of magnitude 

with the humidity range. A quick response of 19.1 and recovery of 1.3 seconds 

no drift and no hysteresis were measured, fulfilling the required characteristics 

of high performance humidity sensors. Moreover, a strategy to optimize the 

thickness or the pore size was defined and quantified depending on the desired 

sensing properties, based on the different experiments performed. 
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The most exciting phrase to hear in science,  

the one that heralds the most discoveries  

is not Eureka! (I found it!) but That’s funny… 

- Isaac Asimov  
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A. Compositional Optimization of Mesoporous Nickel based Cermets for SOFCs 

 

A.1.  Structural characterization of symmetrical cells of Ni-CGO mesoporous 

cermets with different nickel content 

 

Porous nickel based cermets are the state-of-art anode material for SOFCs. The 

percolation threshold for the electronic conductivity of the cermets is around 30 % 

volume of nickel, above this value the conductivity of the cermets increases around three 

orders of magnitude, while below it shows a predominant ionic conductivity [1].  

However, the percolation threshold is influenced by multiple factors e.g. porosity, 

sintering temperature, particle size and size distribution of the raw powders. Optimizing 

the composition of the mixture (metal and ceramic) has been proved as an effective way 

to minimize both activation and concentration polarizations [2,3].  

In this appendix, a study devoted to lower the polarization resistance by 

compositional optimization of the fabricated mesoporous cermets characterized in 

Chapter 4 is presented. Figure A.1 shows a basic scheme of the three symmetrical cells 

(Ni-CGO/CGO/Ni-CGO) fabricated by air brushing following the procedure described in 

section 2.3.2.  Cells with mesoporous NiO-CGO ratios of: 50 wt % (Ni-CGO(50)), 

65-35 wt % (Ni-CGO(65)) and a dual electrode layer composed with 50 wt % close to the 

electrolyte (catalytic active layer) and 65-35 wt % close to the current collector 

(Ni-CGO(50-65)) were fabricated and electrochemically tested.   

 

 
Figure A.1. Scheme of the symmetrical cells fabricated and electrochemical tested, namely: Ni-CGO(50), 

Ni-CGO(65) and Ni-CGO(50-65). 
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Figure A.2 shows the anode/electrolyte cross section of the three different 

symmetrical cells after the nickel reduction. The backscatter images (BSE) 

Figure A.2 a, b and c) allows identifying the regions where either the concentration of 

nickel (darker) or CGO (lighter) is higher. All symmetrical cells show a fine structure and 

homogeneous structure with Ni and CGO phases intimately mixed and no coarse grains. 

More in detail, Figure A.2c and d show the cell with double layer electrode 

Ni-CGO(50-65), in the BSE image the two layers can thus be distinguished. The catalytic 

active layer NiO-CGO (50 % wt) has a thickness of ~10 μm and the current collector 

layer NiO-CGO (65 % wt) of ~ 20μm. 

 

 
Figure A.2. Cross-sectional view of mesoporous Ni-CGO anodes. (a) BSE image of Ni-CGO(50), (b)  BSE 

image of Ni-CGO(65), (c) BSE image of Ni-CGO(50-65) and (d) SE image of Ni-CGO(50-65). 
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A.2.  Electrochemical performance of Ni-CGO mesoporous anodes 

 

Figure A.3a shows the equivalent circuit used to fit the spectra obtained from the 

impedance measurements. The symmetrical cells with different nickel content were tested 

under wet 5 % H2 in the temperature range (600 - 900 ºC).  

In this section, the EIS spectra were analyzed by the same equivalent circuit 

LRs(RQ)HF(RQ)LF for all the temperature range, where L is an inductance, R is a 

resistance and Q a constant phase element. The subscripts HF and LF stand for the high 

and low frequency contributions. The resistance in series (Rs) is related to the electrolyte 

and current collection while RHF and RLF are due to the electrode polarization.  

An analysis of the exponents of the constant phase elements (Q) is required to 

identify the different phenomena occurring in the electrodes. The arc at high frequencies 

is likely associated to charge transfer phenomena since the order of magnitude of the 

exponent of these constant phases is 10-5-10-6 F/cm2.  

On the other hand, the low frequency arc shows orders of magnitude of the 

exponent of its constant phases around 10-2-10-3 F/cm2. This value suggests that 

non-charge transfer processes are dominating the electrochemical behavior in this range 

of frequencies. Non-charge transfer involves processes like gas diffusion across the 

electrodes or oxygen surface exchange processes. The Nyquist plot at 650 ºC of two 

symmetrical cells tested as anodes Ni-CGO(65) and Ni-CGO(50-65) are shown in 

Figure A.3b and Figure A.3c, respectively.  
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Figure A.3. (a) Equivalent circuit used to analyze all the impedance spectra generated. (b,c) Nyquist plots 

of the electrode contribution to the impedance spectra of the symmetrical cells Ni-CGO(65) and Ni-

CGO(50-65), respectively measured at 650 ºC under water vapor saturated 5 % H2. 

 

Figure A.4 shows the evolution of the total anode/electrolyte interfacial area-

specific resistance (ASR = RHF + RLF) for the three symmetrical cells tested the 

Ni-CGO(50), Ni-CGO(65) and Ni-CGO(50-65) in the 600-900 ºC temperature range. The 

activation energy obtained from the Arrhenius equation is presented in the legend of the 

figure. The calculated activation energies are similar Ea = 2.0(1) eV for the Ni-CGO(50), 

Ea = 1.5(1) eV for Ni-CGO(65) and Ea = 1.6(1) eV for Ni-CGO(50-65) cells.  

As mentioned other sections of the thesis, in terms of SOFC applications the 

electrode/electrolyte interface should not contribute more than 0.25 Ω·cm2 to the total 

fuel cell area-specific resistance [4]. This target value is obtained at ca. 822 ºC for 

Ni-CGO(50),  752 ºC for Ni-CGO(65) and 672 ºC for Ni-CGO(50-65). According to the 

figure, the cell showing the lowest polarization resistance and therefore the optimum 

compositional mixture is the cell with mesoporous dual layer Ni(50-65). 
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Figure A.4. Arrhenius plot of the anode/electrolyte total interfacial resistance of the symmetrical cells 

(Ni-CGO(50) (black circles), Ni-CGO(65) (black squares) and Ni-CGO(50-65) (red circles)) measured 

under wet 5 % H2 between 900-600 ºC. 
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B. Lowering the Sintering Temperature of Bi-layer Electrolytes for 

Anode-supported IT-SOFCs 

 

B.1.  Requirements and fabrication concerns of anode-supported cells 

 

The Solid Oxide Fuel Cells field is not limited to the research of a new class of high 

performance materials at the laboratory scale. In fact for the industry, the assembly of the 

different components of a SOFC is a critical step and its standardization and optimization 

gives enormous advantages in terms of performance.  

The fabrication of thinner electrolytes is one of the most employed approaches to 

decrease the operation temperature of the SOFCs [1,2]. However the thinner is the 

electrolyte, the lower is the mechanical resistance of the fabricated cells. The first SOFC 

designs were based in electrolyte supported cells, although as the efforts to lower the 

operational temperature increased, anode supported cell configuration became more and 

more popular.  A summary of the most relevant advantages / disadvantages of the 

electrolyte vs anode supported cell configuration are presented in Table B.1, 

 
Table B.1. Pros and cons of the most common SOFC configurations. 

Configuration Pros & Cons 

 
Electrolyte-

supported cell 

 
� Mechanical strength of the structure 
� Less susceptible to anode re-oxidation  

 High resistance associated to lower conductivity of the electrolyte 
 High temperatures required (due to high ohmic resistance) 

 

Anode- 
supported cell 

 
� Highly conductive anode 
� Lower operation temperature (thinner electrolyte) 

 Possible anode re-oxidation and thus cracks in the microstructure 
 Limited mass transport (thicker anode) 
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The next-generation of SOFCs (T < 600 ºC) are expected to broad the 

commercialization applications, still have to deal with a lot of challenges i.e. avoid 

materials reaction and interdiffusion, keeping the microstructure with the time while 

minimizing costs and complex fabrication processes, etc. 

Ceria is the usual choice as electrolyte when lowering the operating temperature 

although it usually gives lower open circuit voltage (OCV) due to its partial reduction 

upon exposure to a reducing atmosphere (anode side). If a thin layer of zirconia is 

applied, the usually required high sintering temperature to densify the ceria (T ~ 1400 ºC) 

leads to a high ohmic resistance, because of the formation of an interdifussed layer 

between the zirconia and the ceria with lower conductivity [3]. 

Another approach consists in fabricating a double layer electrolyte or a ceria based 

diffusion barrier layer. Albeit the success reached with ceria diffusion barriers, this 

implies an additional sintering step and often involves a quite expensive deposition 

technique to obtain good results e.g. physical vapor deposition or pulsed laser deposition. 

In this appendix, a bi-layer zirconia/ceria electrolyte is fabricated by employing a 

single co-sintering step at 1200 ºC. The main challenge is to densify the ceria based layer 

(SDC) at this lower temperature, thus different methods were attempted and discussed 

(i) engineering the precursor particle size with combination of different raw powders and 

(ii) addition of transition metal oxides as sintering aids. 

 

B.2.  Fabrication and structural characterization of bi-layer electrolytes for 

anode-supported IT-SOFCs 

 

B.2.1. Particle size distribution 

 

Standard and optimized anode-supported cells from Meilin Liu’s Group 

(MSE, Georgia Institute of Technology) were used in the present chapter. Cells were 

based on Ni-YSZ (55-45 % wt) tape casting supports, a Ni-YSZ (1:1 % wt) anode 

functional layer (AFL) applied by drop coating to match adjust the shrinkage between the 



 

 

Lowering the Sintering Temperature of Bi-layer Electrolytes for Anode-supported IT-SOFCs 

 

 

 
 

229 
 

anode-electrolyte, the bi-layer SSZ-SDC ((Sc2O3)0.10(ZrO2)0.90 - Sm0.20Ce0.80O2-x) 

electrolyte and a brushed SDC-SSC cathode. 

The SSZ-SDC bi-layer electrolyte was drop coated on the top of the anode 

functional layer and sintered in a single step at 1200 ºC for 5 h. The volume of the 

colloidal suspensions was adjusted in order to have a target SSZ/SDC electrolyte 

thickness of ~ 2 / 4-5 µm (estimated by cross-sectional SEM analysis). As explained 

above in order to densify the electrolyte layer at this low temperature, different kinds of 

SDC powders were evaluated. Table B.2 shows the different fabricated cell batches, 

relevant characteristics about pre-/co- sintering conditions, thickness ratio of SSZ/SDC, 

description of SDC powder sources and acronyms further used.  

As shown in Table B.2 apart from SDC commercial powders (i.e. Standard, Middle 

(Mid) Grad and Nanopowder (Nextech)) Sm0.2Ce0.8O1.9 (SDC) was synthesized via 

glycine–nitrate process (GNP). GNP SDC demonstrated high sinterability in a previous 

group’s work which best suits for the preparation of dense, thin film electrolytes [4]. 

Briefly, stoichiometric amounts of the precursors were dissolved in distilled water until 

forming a clear solution, in which glycine was added as complexing agent, with 

glycine : nitrate ratio ~ 1.9. The stirred solution was heated on a hotplate till the self-

sustaining combustion. The resulted ashes were calcined at 600 ºC for 2 h to form the 

crystalline SDC phase. 

 

B.2.2. Sintering aid 

 

Another approach was followed by the addition of metal oxides as sintering aids. 

Cobalt oxide was our first choice, since previous studies have shown that they can 

effectively reduce the densification temperature without affecting the ionic 

conductivity [5,6]. For Co - Std SDC the Co nitrate was directly ball-milled with the 

commercial standard powder, to obtain 2 mol % of Co after drop coating and sintering at 

1200 ºC. An alternative approach was to introduce the cobalt into pre-calcined GNP SDC 

at 300 ºC via a wet impregnation process and further calcined together at 600 ºC [7]. 
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Table B.2. Cells fabrication parameters and description of SDC powder sources. 

Cell 
Batch # 

Pre-/co- 
sintering 

conditions 

Thickness 
ratio 

SSZ/SDC 
Acronym 

SDC powder mixture composition  
Low Aspec / 

Source 
High Aspec / 

Source 
wt % 
ratio 

Sintering 
Aid 

1 

850 ºC for 
2 h 

/1200 ºC 
for 5 h 

8 µm / 
8-9 µm Std SDC 

10 m2/g / 
Standard 

Grad 
(Nextech) 

--- --- --- 

2 4-5 µm / 
8-9 µm Mid SDC 40 m2/g / Mid 

Grad (Nextech) 

75 / 25 

--- 

3 3 µm / 
4-5 µm Nano SDC 

220 m2/g / 
Nanopowder 

(Nextech) 
--- 

4 ~ 2 µm / 
4-5 µm GNP SDC GNP SDC --- 

5 ~ 1.5 µm / 
4-5 µm 

Co - Std 
SDC --- --- 2 % mol 

Co 

6 2 µm / 
4-5 µm 

Co - GNP 
SDC GNP SDC --- --- 2 % mol 

Co 
 

Figure B.1 shows the cross-section image of the double layer electrolyte SSZ-SDC 

of different cells namely (1) Std SDC, (2) Mid SDC, (3) Nano SDC, (4) GNP SDC 

(5) Co - Std SDC and (6) Co - GNP SDC. The SSZ (bottom) layer is denser than the SDC 

layer for all the fabricated cells. In order to densify the SDC layer, the addition of powder 

with more specific surface area (Aspec) was used as first attempt, although it was not 

enough to promote substantial densification and porosity reduction (Figure B.1b). 

On the other hand, addition of powder with nanometer size improves the 

sinterability, due to a larger driving force of densification at lower co-firing temperatures 

and by filling the pores between the bigger grains of the standard powder (Figure B.1c). 

This effect can explain the morphology observed with compact microstructure but not 

well-connected particles, it should be mentioned that EDX showed no evidence of 

impurities or phase segregation, as only stoichiometric SDC was found.  
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The use of GNP SDC powder as sintering agent (Figure B.1c), showed no 

advantage as a porous SDC microstructure was obtained, the low apparent density 

characteristic of this type powder joined to the absence of high compaction pressure may 

be the reason of the differences in morphology and porosity, as compared to the previous 

group’s work [8].     

Adding a sintering aid in a limited amount (1-2 % mol) promotes the grain growth 

of doped ceria at initial stages of sintering [9]. Figure B.1e shows the first attempt, 

adding the sintering aid (Co) in form of nitrates to commercial standard SDC powder and 

directly ball-milling. Even though the sintered SDC layer is less porous compared to the 

one without sintering aid, it still showed some porosity. It should be noticed here that the 

slurry of this cell was inhomogeneous and therefore, the density of the SDC layer.  

Figure B.1f shows cross-section of the bi-layer fabricated by adding the precursor 

of the sintering aid added in a previous calcination step in order to improve the 

homogeneity and dispersivity. With this optimized approach, a rather uniform and dense 

SDC layer with ~ 4 µm thickness was obtained due to the faster shrinkage rate introduced 

by homogeneously dispersed fine Co2O3 particle in the GNP SDC powder (XRD analysis 

confirmed the pure single cubic phase of the SDC, not presented here). 
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Figure B.1. Cross-sectional image of the SSZ-SDC double layer electrolyte made with different SDC 

powders (upper layer) after a single step sintering at 1200 ºC (a) Std SDC, (b) Mid SDC, (c) Nano SDC, 

(d) GNP SDC (e) Co - Std SDC and (e) Co - GNP SDC.   
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B.3.  Fuel cells performance 

 

The electrochemical performance of the cells 1-4 and cell 6 was tested at 650 ºC 

under hydrogen as fuel and ambient air as oxidant (Figure B.2). The cell 5 (Co - Std 

SDC) could not be tested due to the presence of several cracks (leaks) attributed to the 

above explained bad dispersivity of the cobalt nitrate in the colloidal slurry.  

Regarding the other cells a maximum power density of: 210 mW/cm2 for the Std 

SDC, 495 mW/cm2 for Mid SDC, 600 mW/cm2 GNP SDC, 685 mW/cm2 Co-GNP SDC 

and 730 mW/cm2 for Nano-SDC was obtained. The cell performance is in agreement with 

the densification and porosity of the SDC analyzed in the cross-sectional SEM study.  

On the other hand, the lowest performance of the cells Std SDC and Mid SDC is 

more likely explained by the thicker SSZ layer (8 µm and 4-5 µm, respectively), before 

the optimization of the layer thickness, explaining also the highest OCV obtained for the 

Std SDC cell (1.04 V) which drops to 1.00 V with the decrease of the SSZ thickness, due 

to the electron blocking effect of the zirconia layer. Further decrease to 2-3 µm does not 

lead to apparent change of the OCV value.  

Nano-SDC and Co-doped SDC cells lead to a considerable higher performance, 

attributed to the beneficial effects of adding nanopowder or well-dispersed sintering aid 

on improving the sinterability of the SDC electrolyte. 

Albeit the best performance obtained for the cell made by adding nano-powder, a 

drop of the maximum power density was observed for further cells obtained with the 

same SDC slurry with the time i.e. from the initial 730 mW/cm2, to 640 mW/cm2 after 

one month and 350 mW/cm2 after two months (IV-curves not presented here). This result 

is attributed to a worse dispersivity or deposition of the nanopowder in the slurry with the 

time. 

Very recently Barnett et al. have been published a work on the reduced-temperature 

firing of SOFCs with zirconia-ceria layers [10]. They proved the densification of the 

electrolyte bi-layer, co-fired in a single step at 1250 ºC by the addition of Fe2O3 as 

sintering aid. The fabrication of the cells were performed by the same techniques by 
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depositing the layers from a colloidal solution and a maximum power density of 

~ 480 mW/cm2 at 650 ºC was measured. The comparisons with our results further 

confirm the high performance of the here-fabricated cells at even lower co-firing 

temperatures.  
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Figure B.2. Cell voltage and power density as a function of the current density for anode supported cells 

fabricated using different strategies to densify the SDC layer electrolyte at 650 ºC under pure hydrogen as 

fuel and ambient air as oxidant.  

 

B.4.  Conclusions 

 

This appendix shows the successful fabrication of high performance IT-SOFCs by a 

single sintering step of the electrolyte at 1200 ºC, which is 200 ºC lower than the typical 

sintering temperature.  Addition of nanometer size powder and doping with Co2O3 are 

efficient approaches for improving the sinterability of the SDC layer at this lower co-

firing temperature. However, the colloidal suspension of Co-doped SDC is noticed to be 

much more stable and can be stored for extended fabrication. 
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The fabricated cells present other advantages since the reduced sintering 

temperature avoids the interdiffusion between ceria-zirconia yielding high fuel cell 

performance and the dense SDC layer acts as a barrier layer preventing Sr-diffusion from 

the cathode. Moreover, the fabrication of these high performance cells only involves 

inexpensive and reproducible deposition techniques. 

 

 

References 
[1] A. Tarancón, Energies 2 (2009) 1130. 

[2] E.D. Wachsman, K.T. Lee, Science 334 (2011) 935. 

[3] J. Peña-Martínez, D. Marrero-López, C. Sánchez-Bautista, A.J. Dos Santos-García, J.C. Ruiz-

Morales, J. Canales-Vázquez, P. Núñez, Bol. Soc. Esp. Ceram. 49 (2010) 15. 

[4] Z. Liu, D. Ding, M. Liu, X. Ding, D. Chen, X. Li, C. Xia, M. Liu, J. Power Sources 241 (2013) 454. 

[5] G.S. Lewis, A. Atkinson, B.C.H. Steele, J. Mater. Sci. Lett. 20 (2001) 1155. 

[6] D.P. Fagg, J.C. Abrantes, D. Pérez-Coll, P. Núñez, V.V. Kharton, J.R. Frade, Electrochim. Acta 48 

(2003) 1023. 

[7] D. Perez-Coll, P. Nuñez, J. Abrantes, D. Fagg, V. Kharton, J. Frade, Solid State Ionics 176 (2005) 

2799. 

[8] Z. Liu, D. Ding, M. Liu, X. Li, W. Sun, C. Xia, M. Liu, J. Power Sources 229 (2013) 277. 

[9] X. Zhang, C. Decès-Petit, S. Yick, M. Robertson, O. Kesler, R. Maric, D. Ghosh, J. Power Sources 

162 (2006) 480. 

[10] Z. Gao, D. Kennouche, S. a. Barnett, J. Power Sources 260 (2014) 259.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix B. 

 

 

 
 

236 
 

 

 

 

 



 

 

 



 

 

  



 

 

Transmission Lines based Equivalent Circuit Analogous to Adler-Lane-Steele Model for MIECs 

 

 

 
 

239 
 

C. Transmission Lines based Equivalent Circuit Analogous to Adler-Lane-Steele 

Model for MIECs 

 

The present study describes an equivalent circuit model based on transmission lines 

applied by Bisquert et al. in liquid electrochemistry [1] and the complete analogy between 

it and the analytical Adler-Lane-Steele (ALS) model [2]. The present Appendix C forms 

part of the derived equivalent circuit developed for non-charge transfer processes 

presented in the thesis of Dr. Albert Tarancón [3]. 

For cathodes and in particular for mixed ionic electronic conductors (MIEC) the 

Adler-Lane-Steele (ALS) model is commonly used [2]. Adler et al. defined a simple 

expression to quantify the impedance associated to the non-charge transfer processes (i.e. 

solid-state diffusion, surface exchange and gas-phase diffusion). Traditionally, these 

effects have been incorporated to the classical circuits in the form of modified charge-

transfer processes or series or parallel combination of them, however, this model shows 

that the contribution to the total impedance of the non-charge-transfer processes take 

place in a convoluted manner. The expression for the non-charge transfer contribution 

(Zchem) in the limit of a semi-infinite electrode, with no gas-phase diffusion limitations, is 

defined as follows: 

6��� = 	�S(TU1 + V8C�S(T 

 

(C.1) 

 

where Rchem and tchem are the characteristic chemical resistance and the time constant of 

the chemical process, respectively. Both parameters are related to fundamental parameters 

as follows, 
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(C.3) 

 

All the nomenclature and the associated physical magnitudes for the symbols used 

in the previous expressions are listed below (taken from Adler et al. [2]), 

 

τ        tortuosity of the solid phase     

ε        porosity      

Cv     vacancy concentration     

Dv       vacancy diffusion coefficient    

a        surface area      

A       thermodynamic factor    A = - ½ ∂ln(pO2)∂ln(Cv) 

T       temperature       

r0      exchange neutral flux density   

αf,αb constants-exchange reaction mechanism  

R gas law constant    

F Faraday constant     

 

Therefore, being possible to define the chemical capacitance (Cchem) associated to 

changes of oxygen stoichiometry in the MIEC. Moreover, it should be pointed out that 

since MIEC electrodes are not confined to an interface, the values of Cchem can be much 

larger than the typical interfacial capacitances [2], 
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(C.4) 

 

The equivalent circuit based in transmission lines [1], is formed by a single 

resistance in one of the channels and a parallel RQ (Q: constant phase element (CPE)) 

circuit at the crosswise element. The transmission line circuit is depicted in Figure C.1, 

showing impedance given by: 

6WX = U	�	�
Y1 + V 88�

coth Z\8�8X^� � � \1 + V 88�^� � � _ 

 

(C.5) 

 

where, 

8� = 1	�!� 

 

(C.6) 

 

8X = 1	�!� 

 

(C.7) 

 

 
Figure C.1. Equivalent circuit based on transmission lines used to fit the impedance spectra in Chapter 5. 
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For the particular limiting situation when R1 > R3, the expression (C.5) is 

simplified to the following equation: 

 

6(	� > 	�) = U	�	�
Y1 + V 88�

 

 

(C.8) 

 

Comparing the ALS analytical expression (C.1) defined for non-charge transfer 

process contributions and the expression (C.8) which defined the impedance of the 

transmission line for our particular situation,  it is straightforward to obtain the formal 

equivalence between the ALS model and the here employed equivalent circuit based on 

transmission lines as follows: 

	�S(T = U	�	� 

 

 

(C.9) 

 

!�S(T = !�a	�	� 

 

 

(C.10) 

 

Thus, for the particular situation when R1 is higher than R3, the here-proposed 

equivalent circuit is completely analogous to the ALS-model developed for MIEC 

electrodes. 
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