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Summary  

 

 The main objectives of this thesis have been: the control of the structure and 

microstructure of the SOFC components (electrodes and electrolyte); and the 

electrochemical characterization of the manufactured materials. For this purpose, 

several techniques have been used: tape casting, replication with molds or 3D 

printing.  Among the large number of material’s characterization techniques applied 

in this work; special interest has been devoted to those related with the rheology for 

the slurries characterization and to those related with Electrochemistry, specifically 

on Electrochemical Impedance Spectroscopy (EIS), for the electrical characterization. 

The rheology of fluids permits to understand the colloidal process and to control the 

tape casting technique for obtaining well dispersed suspensions, uniform and 

homogeneous tapes. The electrochemical characterization permits to explain the 

behavior of the prepared SOFC devices at different atmospheres and temperatures. 

 Mixed oxides of lanthanum, strontium, iron and cobalt (LSCF) with 

perovskite structure are very interesting because they exhibit high oxygen 

permeability at elevated temperatures. As far it is known it has never been proposed 

the preparation and manufacture of LSCF tapes by tape casting technique. Hence, the 

manufacture of commercial La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) by aqueous colloidal 

processing has been carried out. The surface behavior of LSCF as a function of pH 

and the effect of a polyelectrolyte (Duramax D3005) on the stability are studied using 

zeta potential technique. Concentrated suspensions were prepared with a solid content 

as high as 35 vol.%. The optimum dispersing conditions were determined by means 

of rheological measurements for obtaining stable and fluid slurry for tape casting 

technique. Different relative densities of the tapes were obtained at different 

temperatures. The LSCF tapes, which were flexible, are good candidates for using as 
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gas separation membrane or cathode for SOFC depending of the thermal treatment 

carried out.  

 Yttria (8 mol%) stabilized zirconia (YSZ) has widely been used as electrolyte 

in solid oxide fuel cells (SOFC). Tape-casting is a readily available and easy-to-use 

option for obtaining thin ceramic films with high relative density. In order to obtain 

fluid slips, rheological studies of aqueous suspensions of three different commercial 

YSZ powders dispersed with a polyacrylic acid-based dispersant agent have been 

performed. Their viscosity was optimized by controlling the dispersant concentration, 

pH and homogenization time using an ultrasound probe. An electrical study of the 

sintered tapes prepared under strict control of the rheology was done by 

electrochemical impedance spectroscopy. Their conductivity is compared to that 

obtained for non-optimized tapes, showing slight differences after the rheological 

study. 

 An innovative design, alternative to the conventional metal supported fuel 

cells (MSC) is proposed. This new design permits the reduction of ~65% of the 

metallic supporting material, hence a decrease of the cost of any MSC assembled in 

this configuration and it offers the opportunity of produce at mass-scale in a cost-

effective way. Furthermore, the way of preparing the microstructured MSC with a 

metal layer of 150-200 µm, allows us to prepare any type of patterning and thickness. 

This new design of SOFC comprises a 200 µm layer of a honeycomb-metallic 

framework with hexagonal cells which supports a layer of electrolyte and can be used 

as current collector. Each hexagonal cavity is further functionalized with a thin 5-10 

µm of Ni-YSZ anode, in direct contact with YSZ electrolyte. In this way, the 

undesired reactivity between the anode and the metal interconnector is restricted to 

the inner walls of the hexagonal cells not affecting the final performance of the MSC. 

And finally, a cold sealing through an electrical resistance welding process is possible 

because it is used interconnect material on one side of each SOFCs. Two studies were 
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performed during this thesis using this innovative design of microstructured 

honeycomb: 

- Study 1: The support was a fully metal alloy, rendering performances over 

300 mW·cm-2 under pure hydrogen at 850ºC, with an OCV of ~1.1 V.  

- Study 2: The support was a mixture of 70 wt% of metal alloy and 30 wt% of 

YSZ which allows matching the TEC of both materials. The anode was 

optimized (NiO-YSZ ratio and infiltrating 20CGO) allowing to improve the 

power density rendering performances over 160 mW·cm-2 under pure 

hydrogen at 700ºC, with an OCV of ~1.1 V. The introduction of the 

electrocatalyst 20CGO by infiltration has proven to extend the TPB length 

improving the performance of the multilayered MSC prepared in this work. 

 3D printing technique as a new tool for controlling the microstructure of the 

materials was studied. Microstructured organic-based molds have been designed for 

the deposition of YSZ and crofer slurries. Thermal experiments of these 

microstructured samples have been performed obtaining promising results for future 

work. The design of SOFC 3D prototypes for being fully 3D printed with ceramic 

powders and photopolymers is proposed and some successfully proofs have been 

performed opening new perspectives in the control of SOFC material’s 

microstructure.  

  



iv | S u m m a r y  

Resumen 

  

Los principales ojetivos de esta tesis han sido: el control de la estructura y 

microestructura de los componentes (electrodos y electrolito) de una pila de 

combustible de óxidos sólidos (SOFC en inglés); y la caracterización electroquímica 

de los productos preparados. Por este motivo se han usado algunas técnicas: colado 

en cinta, replicación con moldes e impresión 3D. Entre las numerosas técnicas de 

caracterización de materiales usadas durante este trabajo, se ha hecho especial interés 

en aquellas relacionadas con la reología para la caracterización de barbotinas y de 

aquellas relacionadas con la electroquímica, especialmente Espectroscopía de 

Impedancia Electroquímica (EIS en inglés), para la caracterización eléctrica. La 

reología de fluidos permite entender el proceso coloidal y controlar la técnica del 

colado en cinta para obtener suspensiones bien dispersas, uniformes y cintas 

homogéneas. La caracterización electroquímica permite explicar el comportamiento 

de los dispositivos SOFC preparados a diferentes temperaturas y atmósferas. 

Óxidos mixtos de lantano, estroncio, hierro y cobalto (LSCF) con estructura 

perovskita son muy interesantes porque exhiben elevada permeabilidad de oxígenos a 

elevadas temperaturas. No hemos encontrado ninguna cita bibliográfica que proponga 

la preparación y manufacturación de cintas de LSCF por colado en cinta. Es por ello 

que se ha estudiado el La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) en suspensión acuosa coloidal. 

El comportamiento superficial del LSCF en función del pH y el efecto del 

polielectrolito (Duramax D3005) en la estabilidad se han estudiado usando la técnica 

del potencial zeta. Se prepararon suspensiones concentradas con un contenido en 

sólidos del 35 vol.%. Las condiciones óptimas de dispersado se determinaron con 

medidas reológicas para obtener barbotinas estables y fluidas para colado en cinta. 

Varias densidades relativas se obtuvieron a diferentes temperaturas. Las cintas de 



S u m m a r y | v 

LSCF, que son flexibles, son buenas candidatas para ser usadas como membrana de 

separación de gases o como cátodo para SOFC, dependiendo del tratamiento termal 

que se les dé.  

El óxido de itrio estabilizado con circona, con un contenido 8 mol% (YSZ en 

inglés), se ha usado ampliamente como electrolito en SOFC. Colado en cinta, es una 

opción rápida y sencilla para obtener delgadas capas de material cerámico con 

elevada densidad relativa. Para obtener barbotinas fluidas, estudios reológicos de 

suspensiones acuosas dispersadas con un ácido poliacrílico de tres muestras 

comerciales de YSZ en polvo se llevaron a cabo. Su viscosidad se optimizó 

controlando la cantidad de dispersante, pH y tiempo de homogenización usando una 

sonda de ultrasonidos. Un estudio eléctrico de las cintas sinterizadas preparadas 

rigurosamente controlando la reología se realizó usando EIS. Sus conductividades se 

compararon con respecto a las cintas no optimizadas, mostrando pocos cambios 

después del estudio reológico. 

Se propone un nuevo diseño, alternativo al convencional de las pilas soportadas 

en metal (MSC en inglés).  Este nuevo diseño permite la reducción de alrededor del 

65% del material de soporte metálico, de este modo existe una reducción de costes de 

cualquier MSC ensamblada con esta configuración y ofrece la posibilidad de producir 

a gran escala de una manera más económica. Además, el modo de preparar la 

microestructura de la MSC con una capa metálica de 150-200 µm, nos permite 

preparar cualquier tipo de diseño y grosor. Este nuevo diseño consta de una capa de 

200 µm de estructura metálica con forma de panal de abeja, con celdas hexagonales, 

que soporta una capa de electrolito y que se puede usar como colector de corriente. 

Además, cada cavidad hexagonal está funcionalizada con una capa de  5-10 µm de 

ánodo Ni-YSZ, que está en contacto directo con el electrolito de YSZ. En este 

sentido, la indeseada reactividad entre el ánodo y el interconector metálico se 

restringe solamente al interior de las paredes de las celdas hexagonales sin afectar el 
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rendimiento final de la MSC. Y finalmente, un sellado en frío con soldadura eléctrica 

es posible porque solamente se usa el material interconector en un lado de la SOFC. 

Dos estudios se llevaron a cabo durante la tesis usando este diseño innovador de 

microestructura de panal de abeja: 

- Estudio 1: El soporte se basa exclusivamente en una aleación metálica, con un 

rendimiento superior a 300 mW·cm-2 con hidrógeno puro a 850ºC, y una OCV 

de ~1.1 V.  

- Estudio 2: El soporte fue una mezcla de aleación metálica  (70 wt%) y el resto 

YSZ, permitiendo igualar los coeficientes de expansión térmica de ambos 

materiales. Se optimizó el ánodo (ratio de NiO-YSZ e infiltrando 20CGO) 

permitiendo mejorar la producción de densidad energética superando los 160 

mW·cm-2 con hidrógeno puro a 700ºC, con una OCV de ~1.1 V. Se ha 

comprobado que la introducción del electrocatalizador 20CGO por infiltración 

ha extendido el tamaño de las TPB mejorando el rendimiento de la MSC 

multicapas preparad en este trabajo. 

 Se ha utilizado la técnica de impresión 3D como nueva herramienta para 

controlar la microestructura de materiales. Se han diseñado moldes orgánicos 

microestructurados para la deposición de barbotinas de YSZ y de crofer. Se han 

realizado experimentos térmicos de los mismos obteniendo resultados prometedores 

para trabajo futuro. Se ha propuesto el diseño de prototipos 3D de SOFC para ser 

completamente impresos con polvo cerámico y fotopolímeros y se han realizado 

satisfactoriamente algunas pruebas, abriendo nuevas perspectivas en el control de la 

microestructura de materiales para SOFC.   
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Chapter 1.  

Introduction  

 

This chapter summarizes the actual energetic situation and how alternative 

devices, such as solid oxide fuel cells (SOFC), can improve the efficiency of the 

electricity production.  The basis and some characteristics related to this technology 

are presented. Furthermore, the theoretical background of solid state ionic conduction 

is described. Finally, the aim of this thesis is outlined. 

1.1. Current situation and challenges  

 Since the industrial revolution, around 1850, the world’s primary energy 

consumption has been increased exponentially and also the emissions of CO2 [1,2]. 

Furthermore, world energy consumption has been estimated that will grow by 56% 

between 2010 and 2040 [3]. For that reason, the international community, concerned 

to climatic change, is trying to reduce these gas emissions which produce the 

greenhouse effect writing up Kyoto Protocol and Cancun agreements and taking 

concrete actions for speeding up a global response [4]. 

  It is necessary an energetic sustainability and it could be solved thanks three 

“e” parameters related between them and cannot be solved one by one. It can be said 

that energetic sustainability is divided in three simultaneous battles, which draw a 

triangle with the vertexes defined as e from economy, e from energy and e from 

ecology. It is important to find the barycenter in this hypothetical triangle, if the 

solution is far away from any of these vertexes; it is possible that the solution is not 

correct. It means that the best option is providing an energetic mix: clean, cheap and 

safety.  
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Nowadays, in many areas of the World the electricity is produced by 

contaminant fossil resources and is being a very important aspect of our life style. 

These aspects make that researchers are looking for new ways to improve the 

efficiency of production and storage of this most-valuable energy. It is necessary a 

displacement of non-renewal source of energy and getting closer to that hypothetical 

barycenter explained before. One option can be solid oxide fuel cells (SOFC), which 

are an efficient and environmental-friendly technology available for generating power 

from hydrogen, natural gas, and other renewable fuels. Ceramic SOFC, working at 

high temperature, are the most efficient devices for the electrochemical conversion of 

chemical energy of hydrocarbon fuels into electricity and have been gaining attention 

in recent years because they are clean and efficient in generating power [2,5].  

 

Fig. 1.1. Scheme of a hydrogen supply chain, which begins with primary energy sources and 
terminates with fuelling stations [6].  

 The idea of a new green energetic system is to use the renewable energies 

from endless sources as wind, sun, water, etc. and storage the extra-produced 

electricity in the form of hydrogen gas or others. This green and clean fuel would be 
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used to feed the SOFC in case those renewable energies could not provide enough 

energy to the electrical system [7]. In Fig. 1.1 it is schematized different technologies 

for producing, distributing, storing and dispensing hydrogen to end-users. 

 

1.2. History of fuel cells 

 In 1838, the Swiss scientist Christian Friedich Schönbein discovered the 

effects of the electrolysis which uses electricity to produce hydrogen from water [8]. 

One year after, the Welsh scientist Sir William Robert Grove took this process of 

electrolysis, and reversed it, generating electricity and water from hydrogen [9,10]. 

He discovered that an electric current flew putting two platinum electrodes in a 

sulfuric acid solution by one of the sides, with hydrogen and oxygen respectively in 

the other sides, Fig. 1.2. 

Fig. 1.2. William Grove's drawing of an experimental gas battery from an 1842 letter [10].  

 Grove called his invention a gas voltaic battery, but today it is known as a 

hydrogen fuel cell. Until 1899, did not appear the ceramic fuel cells, and it was when 

Walther Hermann Nernst discovered the solid oxide electrolytes. Nernst used 

zirconium oxide (ZrO2) substituted with different elements, obtaining the best results 

with a 15% of Y2O3 [11]. Much later, in 1939, the technology was further developed 



4 | C h a p t e r  1  

by the inventor Francis Bacon using alkaline fuel cells at moderate temperature and 

improved catalysts [12]. The technology that these two researchers devised is 

essential to the operation of an actual fuel cell. The first practical fuel cell system was 

developed in the early 1960s by General Electric for using in orbital space capsules. 

And then, in the 1990s fuel cells began appearing in vehicles and several applications 

as powering mobile devices or military systems. From 1990 until now, much effort 

has been done in the field of SOFC and hydrogen generation from green sources 

[2,13]. 

 

 

 

 

 

 

 

 

 

Fig. 1.3.Electrochemical principle of a fuel cell. 

1.3. Types of fuel cells 

 A fuel cell is an energy converser device, which produces electricity directly 

using the electrochemical mix of a fuel and an oxidant (normally both are in 

gaseousform). There is an oxidation of the fuel and, simultaneously, the reduction of 

the oxidant. Each cell has two electrodes separated with an electrolyte by the negative 
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pole (anode), and electrically linked by the positive pole (cathode) using the external 

circuit Fig 1.3.  

 Fuel cells are generally classified by the operating temperature and the nature 

of the electrolyte used as ionic conductor in the cell. There are mainly five types of 

cells, proton-exchange membrane (PEMFC), phosphoric acid (PAFC), and alkaline 

(AFC) which are characterized by their low temperature of operation (323-483 K), 

with electrical generation efficiencies reaching 50%. Whereas, the temperature of 

operation (873-1273 K) is higher for molten carbonate (MCFC), and solid oxide 

(SOFC) and they have higher efficiency [2]. The main characteristics of these fuel 

cells are summarized in Table 1.1. 

Table 1.1. Typical characteristics of fuel cells. 

 AFC PEMFC PAFC MCFC SOFC 

Electrolyte KOH polymer H3PO4 carbonate ceramic oxide 

Fuel H2 H2/CH3OH H2/CO H2/CO H2/CO 

Temp. (K) 323-483 323-353 433-473 903-923 1073-1273 

Efficiency 50%  40-50% 40-80% 60-80% 65-85% 

Applications - Space 
- Military 

- Transport 
- PEG, CHP 

- Transport 
- SEG, CHP 

- SEG, CHP - SEG, CHP 

Advantages - Fast 
cathode 
reaction 

- High yield 

- Low Temp. 
- Fast start-up 

- Low corrosion 

- Can use not 
pure H2  
- High 

efficiency 
(CHP) 

- High 
efficiency  

- Fuel 
flexibility 

- High 
efficiency  

- Fuel 
flexibility 

Disadvantages - Expensive 
reagents 
- Gases 

without CO2 

- High purity 
fuel 

- Hydration 
- Too much Pt 
- CO free fuel 

- Corrosive 
electrolyte 

- Bulky system 

- Two gas 
fluxes 

- High Temp. 

- Slow start-
up 

- High Temp. 

PEG: Portable Electric Generator; SEG: Stationary Electric Generator; CHP: Cogeneration or Combined 
Heat and Power.  
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 It can be said that hydrogen is the optimum fuel because only produce H2O as 

sub-product. The hydrogen is currently obtained from common fuels such as 

hydrocarbons, alcohols, or coal (Fig. 1.1). Recently, other kind of hydrogen source is 

being investigated as agricultural waste; Zhang et al. have discovered a way to extract 

large quantities of hydrogen from any plant, a breakthrough that has the potential to 

bring a low-cost, eco-friendly fuel source to the world [14]. But hydrogen has some 

disadvantages which can be roughly grouped into three categories: the costs of 

technology development; the difficulties and dangers related with the hydrogen 

storage; and the possibility that this "non-polluting technology" is not so non-

polluting because, for the moment, natural gas covers the 95% of the worldwide 

production of H2 (Fig. 1.1).  

 Oxygen is the common oxidant used because it is readily and economically 

available from air.  

1.4. Solid Oxide Fuel Cells (SOFC) 

 In this work, we focus in SOFC because they are clean and reliable; they can 

generate power with no smog causing pollution and no cooling water requirement. 

Also, they have fuel flexibility as they can be powered by the broadest range of 

domestic fuels. Another interesting characteristic is that they are very efficient up to 

70% electrical efficiency [15].   

 Due to the conductivity requirement for the oxide ceramic electrolyte, typical 

SOFCs operate in the temperature range of 873 K to 1273 K. Each part of SOFC has 

some specific characteristics that should be taken into account. 

Electrolyte 

 It is essential that the electrolyte permits the diffusion of oxide ions from the 

cathode to anode, where participate in the electrochemical oxidation of the fuel. 

Additional requirements are needed [2,16]:  
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- Conductivity, it should have high ionic conductivity (in order to minimize 

the ohmic losses) and a neglegible electronic conductivity for avoiding 

short-circuits. As reference value, a value higher than 0.01 S/cm at 800ºC 

is optimum for an efficient operation. 

- Compatibility, it should be chemically and thermally compatible with the 

electrode materials at working and fabrication temperatures of the cells for 

avoiding undesirable phases in the interphase electrode-electrolyte.  

- Stability, it separates the anode (fuel) and the cathode (oxidant), so the 

material should be stable in both oxidant and reduction atmospheres.   

- Sinterability, it should act as a gas separator and hence it should be gas 

tight. Relative density of the electrolyte should be close to 100%.  

 Doped zirconium oxide is the state-of-the-art electrolyte for solid oxide fuel 

cells. Without doping it, the material is thermally unstable and has a low ionic 

conductivity, but when doped with divalent or trivalent elements (Ca2+, Y3+ or Sc3+) it 

increases the mechanical and ionic conduction properties, despite its conductivity 

limitations below 750ºC. The most used doping oxide is Y2O3 with an 8% molar 

content, which is known like YSZ. It has a stabilized cubic phase with a high ionic 

conductivity at high temperatures, and good stability in the presence of oxidant and 

reduction atmospheres [17]. 

 It has been widely studied [13] the thickness of the electrolyte, and it has been 

deduced and confirmed that it is necessary a thin electrolyte for obtaining high 

conductivity. In Fig. 1.4 it could be observed this dependence between the thickness 

of some electrolytes and their conductivities. As example for understanding Fig. 1.4, 

it could be taken that the 15µm line on the plot of YSZ, it needs to be over 700ºC to 

get 0.15 Ω·cm2, while Ce1-xGdxO2-δ (CGO) needs only be over 450ºC. Also using 

fixed both temperature and conductivity the approximate electrolyte thickness can be 
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deduced. As it was expected, higher temperatures permit to obtain better 

performances and lower resistances [13].  

 

 

Fig. 1.4. Conductivity plots of various electrolytes with corresponding thicknesses for a resistance of 
less than 0.15 ohm·cm2 [13]. 

Cathode 

In the cathode it is where takes place the electrochemical reduction of oxygen 

in order to generate oxide ions. The global reaction is:  

Equation (1)   	O2+4e
-	
↔2O

2- 

 The requirements for an efficient cathode material are [2,16]: 

- Compatibility, undesirable reactions between the cathode and the 

electrolyte should not take place during both working and manufacturing 

processes. 

- Conductivity, it should show high electronic conductivity, in oxidant 

atmosphere, for reducing ohmic losses. Ionic conductivity is desirable 

allowing extending the TPB. Normally, the desired area specific 

polarization resistance (ASR) should be below 0.1 Ω·cm2, at the lowest 

possible temperature. 
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- Porosity, it is a critical parameter because it allows the oxidant flow to the 

active sites. The low limit of the porosity is related to the mass transport; 

meanwhile the top limit depends on the mechanical stability of the 

materials and the presence of enough conduction paths.  

- Thermal and mechanical stability, it should be thermal and mechanically 

stable with the rest of cell components at operating and manufacturing 

temperature.  

- Catalytic activity, it should have catalytic activity for enhancing the 

reduction of molecular oxygen. 

 The most used cathode materials are lanthanide manganites with deficiency 

on the La site and with La partially substituted by aliovalent cations (La1-xMxMnO3-

δ; M= Sr, Ba, Ni, Mg) because they provide a high electric conductivity. But also 

other materials with perovskite structural-type have been studied, such as 

La0.6Sr0.4Co0.2Fe0.8O3-d (LSCF), due to it can operate at intermediate temperatures 

(600-800ºC) allowing a cost reduction and avoiding a fast degradation of the stack 

materials. LSCF presents high oxygen conductivity and similar Thermal Expansion 

Coefficient (TEC) to that of CGO, which make a better matching during the thermal 

cycling [2].  

  The active zones, where the reduction reaction takes place, are known as 

triple phase boundary (TPB) (Fig. 1.5ab), where the three phases are connected: the 

gas, the electrolyte and the cathode. Certain porosity is necessary for the gas reaching 

the TPB from external cathode surface.  

The cathode materials should provide the electrons coming by the external 

circuit from the anode reaction. And the electrolyte allows the O2- diffusion to the 

anode side. For pure-electronic materials the desired TPB’s is restricted to the borders 

(Fig. 1.5c). When a composite (ionic + electronic conductors) is used as cathode 
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material the TPB can be extended (Fig. 1.5d). In the case of a mixed conductors is 

used, the TPB is extended over the entire interface between the materials (Fig. 1.5e). 

 

Fig. 1.5. (a) SEM image of TPB obtained after brushing LSCF over an YSZ tape and fired them at 
1000ºC during 3 hours. (b) Schematic representation of a TPB in a pure electronic  material. Scheme 

of the TPB extension [2]: (c) In a pure electronic conductor. (d) Composite (electronic+ionic). (e) 
Mixed conductor. 

Anode 

 It is where the electrochemical oxidation of the fuel takes place producing 

electrons which flow through the external circuit to get the cathode. If the fuel is 

hydrogen, the waste product is only water, as it can be seen in equation (2).  

Equation (2)   H2�O

-	↔	�
O	�	2e

- 

If CO and hydrocarbon fuels are used, additionally to water, CO2
 is produced, 

as it is seen in the equations (3) and (4).  

Equation (3)   CO	�O
-	↔	�
	�	2e
- 
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Equation (4)  ��
��
	�	�3n�1�O

-	↔	n�
	�	�n�1�	�
O	�	�6n	�	2�e

- 

It is important to remark that the anode also transfers charge to a conducting 

contact (Fig. 1.2), which is driven by the difference in oxygen chemical potential 

between fuel and air compartments of the cell. It means that the oxygen anions 

migrate through the electrolyte to the anode, where they are consumed by oxidation 

of the fuel according to the above reactions [2,18,19]. The requirements of an 

efficient anode material are [2,16]:  

- Conductivity, it should have electronic conductivity in reduction 

conditions. It is also important the conductivity is not affected by the 

changes in the partial pressure of oxygen during the process. In the same 

way as the cathode the desired ASR is below 0.1 Ω·cm2, at the lowest 

possible temperature. 

- Chemical stability, the anode material should be chemically and 

morphologically stable in reduction conditions. It should be able to work 

with carbon deposits, because some intermediate products could be 

carbon. Furthermore, some fuels can have rests of sulphur compounds, 

and they should be stable under these conditions. 

- Porosity, it is an important aspect because it can define the performance 

and efficiency of the SOFC. The porosity could be as important as the 

material by itself or the preparation method. It provides the important 

TPB’s, explained before, for increasing the surface reaction area. As it 

was commented for cathode material, it exists lower and upper limits for 

the porosity rate.  

- Thermal and mechanical stability, it should be thermal and mechanical 

stable with the rest of cell components at work and manufacture 

temperature.  
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- Catalytic activity, it should have catalytic activity for enhancing the fuel 

oxidation. 

 After taking into account all these characteristics and knowing that anode 

material will work in a reduction atmosphere, metals can be used as anode material. 

But just a few of them can work efficiently at high temperatures, some examples are: 

nickel [20], cobalt [21], platinum [22] or ruthenium [23] can be used. For practical 

purposes, only nickel is used because it has very good electrical properties, and it is 

much cheaper than the other metals [24].  

1.4.1. SOFC configurations 

 The two most frequent geometries are planar and tubular, including several 

variations in the electrodes and electrolytes. Furthermore, it exists the interconnector 

which is the separator between anode and cathode of two adjacent fuel cells in a 

stack, connecting electrically the anode and the cathode (bipolar) in consecutive cells 

and ensuring air and fuel separation within the cell stack. The most used 

interconnector is doped lanthanum chromite [13].  

Planar configuration  

 In this configuration all of the elements are thin, flat plates (Fig. 1.6). The 

interconnection is built with gas flow channels and serves as a bipolar gas separator 

contacting the anode and the cathode of continuous cells. In planar configurations the 

fuel cells can be electrolyte-supported, electrode-supported, or metal-supported. In 

the planar electrolyte-supported cells, the thickness of the electrolyte, typically YSZ, 

higher than 150 µm, makes their ohmic resistance high, and hence such cells require 

higher operation temperature.  

Investigations in ceramic process allowed reducing the thickness of the 

electrolyte, typically less than 150 µm, decreasing their ohmic resistance and making 

them suitable for operating at lower temperatures (700-800 ºC). In electrode-
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supported designs, the anode, tipically Ni/YSZ cermet, is selected as the supporting 

electrode because it allows co-firing both elements, with high mechanical strength, 

and minimal chemical interaction with the electrolyte. 

 

Fig. 1.6.  Typical SOFC planar configuration [13].  

 

Fig. 1.7.  Typical SOFC tubular configuration [13]. 

 Typical cathode materials are Sr-doped lanthanum manganite (LSM), 

composites (LSM + YSZ), Sr-doped lanthanum ferrite (LSF) [13], or strontium-
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doped lanthanum cobaltite-ferrite (LSCF) [2]. They can be applied to the electrolyte 

by screen printing and then sintered. 

Tubular configuration  

 It is performed with tubes of a large diameter (>15 mm), or small diameter 

(<5 mm). The last one is known as microtubular. Because of its geometry, it is able to 

solve the problems related to cracking, thermo-cycling, start-up time and sealing. The 

tubes should join together to give higher power density and easily printable surfaces 

for depositing the electrode layers. In a typical tubular SOFC, the cell tube is porous 

doped lanthanum manganite fabricated by extrusion/sintering and is closed at one end 

(Fig. 1.7).  

The cell components, dense YSZ electrolyte, porous Ni-YSZ anode, and 

doped lanthanum chromite interconnect, are deposited in the form of thin layers by 

atmospheric plasma spraying. Satisfactory long term experiments have been 

performed for this configuration, but low power densities were obtained. This 

configuration makes tubular SOFC suitable only for stationary power generation and 

not good enough for mobile applications. In contrast, planar SOFC are able to 

produce high power densities [25]. Table 1.2 describes the characteristics of the 

planar and tubular configurations.   

 

 

 

 

 

 

 

Table 1.2. Characteristics of tubular and planar SOFC 
configuration [13]. 

Characteristics Planar Tubular  

Power density Higher Lower 

Volumetric power density Higher Lower 

Areal power density Higher Lower 

High temperature sealing Required Not required 

Manufacturing cost Lower Higher 
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Metal supported cells, next generation of SOFC  

 Nowadays, new efforts are being done for reducing costs and increase the 

robustness of the SOFC. Alternative metal-supported SOFC designs have attracted 

much interest, due to their low materials-cost, stability, robustness, fuel tolerance and 

manufacturability benefits. This configuration replaces the brittle ceramics with 

ductile metallic components and thereby achieving a desirable, graceful non-

catastrophic failure mode of the cells and/or stacks. The simultaneous achievement of 

robustness, reliability and cost-effectiveness offered by the metallic materials as well 

as the high electrochemical performance offered by next generation electrode 

development based on nano-structured materials is the biggest problem to the 

development of this configuration [26]. 

 One of the most important points in the industrial production of SOFC is the 

economic factor: the material costs, as well as, the fabrication cost of these devices. It 

has been studied that planar supported cells cost to about 50-80 € per kg of raw 

material. The objective of the next generation of SOFC is to reduce this price to 10-

20 € per kg [13].  

 

Fig. 1.8. Schematic diagrams of the different generations of SOFC. 
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As it can be seen in Fig. 1.8, the new cell support of this third generation of 

SOFC is porous ferritic steel, which acts as ductile, robust and light framework for 

being used in mobile or stationary applications.  

1.5. Ionic transport mechanism for ceramic materials 

 For an optimum SOFC operation it is necessary that the electrolyte be an ionic 

conductor, which is usually achieved by the defects, mainly anionic vacancies, in the 

crystal structure. For any materials above 0º K we will find any kind of defects 

occurring in the structure. The defects can be classified in three different ways, 

depending on the stoichiometry, dimensionality, etc. [2,16,27].  

 

 Fig. 1.9 Scheme of the Schottky (a) and Frenkel (b) defects [2]. 

 Depending on the kind of defects, they can be divided in: 

- Point defects, they include vacancies and interstitial defects. They are also 

divided in three types:  
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� Schottky defects: They consist on a couple of ions (cation and 

anion), which move away from the crystal, making two kinds of 

vacancies (Fig. 1.9a). They are stoichiometric defects. 

� Frenkel defects: They are produced when ions in a crystal move 

from normal positions to interstitial positions (Fig 1.9b). They are 

also stoichiometric. 

- Linear defects (dislocations).  They correspond to point defects around a 

group of misaligned atoms. 

- Flat or extended defects. They appear when the structural plane is a defect. 

Examples are stacking faults, grain border, twin, etc. 

 

 

Fig. 1.10 Mechanisms of ionic conductivity in solid oxides: (a) by vacancies, (b) by interstitial sites 
and (c) vacancies-interstitial sites [2]. 
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The crystal defects are often responsible for the properties of solids, 

particularly, in the electronic and ionic conduction on solid. The main mechanisms on 

ionic conduction in solid oxides are:   

� Conductivity by vacancies (Fig. 1.10a). 

� Conductivity by interstitial sites (Fig. 1.10b). 

� Conductivity by vacancies-interstitial sites (Fig. 1.10c). 

1.6. Solid ion conductors with fluorite structural types 

 The metal oxides with fluorite structural-type are the most used ionic 

conductors in SOFC devices. Their structure occurs for several oxides with the 

general formula MO2, where M is a tetravalent cation, as Zr4+ or Ce4+. The fluorite 

shows a face centered cubic structure of cations (fcc), with the anions occupying all 

of the tetrahedral holes. Alternatively, the fluorite structure can be described as a 

simple cubic structure of oxide ions, with the half of the cubic sites occupied by 

cations M. The fluorite is a good structure for the diffusion of ions [2,28].  

1.6.1. Ionic conductors based on ZrO2 

 Yttrium stabilized zirconia (YSZ) is the most widely studied material for 

SOFC electrolytes [29-31]. Pure zirconium oxide shows three different polymorphs 

depending on the temperature. At room temperature, ZrO2 has a monoclinic structure, 

which changes to a tetragonal one at 1443 K and then to cubic, at 2643 K. Regarding 

zirconium oxides, the Zr4+ cation is too small to sustain the cubic fluorite structure 

and it is only formed at high temperatures or when the zirconium ion is partially 

substituted with aliovalent (usually larger) cation. The cubic phase can be stabilized 

when divalent or trivalent cations, similar on sizes, are substituted for zirconium, 

creating a large number of oxygen vacancies at room temperature as it can be seen in 

Fig. 1.11: 
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Fig. 1.11 The cubic fluorite structure of YSZ. 

 The highest ionic conductivity in materials based on ZrO2 occurs when the 

dopant concentration is closer to the minimum necessary for stabilizing the cubic 

fluorite structure [32]. The oxygen vacancies provide sites allowing the oxygen ions 

to migrate, as mentioned in the section 1.5, and they are essential for a high ionic 

conductivity.  

1.6.2. Ionic conductors based on CeO2  

 The electrolytes based on cerium oxide are an alternative to the YSZ due to a 

higher conductivity at lower temperature, even it was thought that the anodic 

reduction from Ce4+ � Ce3+ could affect negatively to the mechanical stability and to 

the operation of a SOFC [32]. It was confirmed by thermodynamic studies that the 
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introduction of a thick layer of ceria could improve the yield of the stack at low 

temperatures (600-700ºC), where there is not reduction of Ce(IV) [34,35]. 

 Pure ceria has a fluorite cubic structure without doping, but it is necessary to 

dope it with aliovalent cations to create oxygen vacancies, which increase the ionic 

activity. Ionic radium of Ce4+ is big enough for permitting a big dopant substitution, 

but the most used are Sm3+ [36] and Gd3+ [37], being Ce0.9Gd0.1O1.95 (10CGO) one 

good because it has an ionic conductivity at 500ºC almost equals the value of YSZ at 

1000ºC (0.01S/cm) [2], which indicates that 10CGO can be a good candidate for 

intermediate-temperature SOFC [38]. Furthermore, several studies have demonstrated 

that the use of a CGO buffer layer between YSZ electrolyte and a cobalt-based 

cathode decreases significatively the degradation of cathode/electrolyte interface [39-

42]. Because, at high temperatures, LSCF+YSZ forms undesired resistive phases as 

SrZrO3, which can be avoided by introducing a buffer interlayer of CGO [43,44]. 

1.7. Electrode materials 

 Electrodes based on noble metals (platinum, gold, palladium or silver) were 

used and tested for optimizing the performance of them. But due to they are pure-

electronic conductors, they give rise to small, isolated TPB’s (Fig. 1.5). Furthermore, 

platinum has catalytic activity and could be used as cathode, although the price of this 

metal is too high. For these reasons, other materials with mixed conductivity 

(electronic and ionic) are searched, perovskites or cermet (metal + ceramic) are good 

candidates for being used as electrodes in SOFC [2].  

1.7.1. Structure and conductivity properties of LSCF as cathode 

 Mixed oxides of lanthanum, strontium, iron and cobalt, La1–xSrxCo1–yFeyO3–d 

(LSCF) with perovskite structure (ABO3) are good candidates for devices such as 

solid oxide fuel cell (SOFC). This is due to their high mixed electronic-ionic 
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conductivity and their electrocatalytic activity [45,46] so they can be used as gas 

separation membranes [47,48] or catalysts for oxidation of hydrocarbons  [49,50]. 

 Fig. 1.12 shows the crystal structure of a perovskite. The larger ions (e.g. La 

or Sr) occupy the 12 coordinated A-sites and the smaller ions (e.g. Co or Fe) occupy 

the octahedral B-sites. For the solid solution LSCF, La1–xSrxCo1–yFeyO3–d, the 

electronic and ionic conductivities and catalytic activity are enhanced with increasing 

x and decreasing y, whereas there is an opposite tendency for chemical stability [51]. 

It can be said that both the electrical conductivity and catalytic activity of the 

perovskite are enhanced considerably when lanthanum (A site) is substituted partially 

with strontium in certain extension. The stability of the perovskite oxide, in general, 

increases with the size of A-site cations [52]. 

 

Fig. 1.12 ABO3 perovskite structure [2].  

 It has been studied and tested the increasing of the acceptor dopant 

concentration. Resulting that the electronic conductivity and oxygen deficiency of 
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LSCF increase, and the ionic conductivity and oxygen permeability enhance [53-55]. 

Several authors [55-57] have studied different stoichiometries changing the dopant 

rates and confirming that LSCF exhibits a higher electronic and ionic conductivity 

than that of Sr doped LaMnO3 (LSM). LSCF can work at lower temperatures than 

LSM does as a cathode [58-60]. Such properties have made La0.6Sr0.4Co0.2Fe0.8O3–d 

one of the most used cathode material for SOFC in recent years.  

1.7.2. Structure and conductivity properties of Ni/YSZ cermet as anode 

 The most common anode material for SOFC, it is the porous Ni/YSZ cermet 

material. Nickel provides predominant electronic conductivity for anode; it acts as an 

excellent electrocatalyst for electrochemical oxidation of hydrogen. The YSZ powder 

permits a good dispersion of Ni particles, provides high ionic conductivity and allows 

the uniform distribution of the metallic Ni particles from the NiO during fabrication; 

expanding the TPB’S. The price of these cermets is low compared with the use of 

expensive metals [2,13].  Furthermore, the thermal expansion coefficient (TEC) of 

the anode can be match with the electrolyte YSZ by using different NiO:YSZ ratio 

[61]. In order to achieve high efficiency, the composition, thickness, microstructure, 

and other characteristics of each component of the anode material must be optimized 

[62-66]. 

1.8. Microstructure of the electrodes, a critical parameter 

 When W. R. Grove wrote one of his articles about the process of electrolysis 

in 1842 [10], he observed that the power output was limited by the small effective 

electrode area obtained from a single meniscus on the platinum used as electrode. 

Nowadays, this is known as triple phase boundary (TPB), which is the region where 

the electrolyte, gaseous reactants and electrode are in close contact (Fig. 1.5). Then, it 

is interesting increase this TPB area. In a simple electrode, the TPB zone is restricted 

just to the electrolyte-electrode-gas interface and the performances obtained are poor, 

it is important that all TPB zones are connected to the 3 phases: the electrolyte (ionic 
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conduction paths), to the current collector (electronic conduction paths) and the gas. 

If it does not happen, some TPB regions will not show enough electrochemical 

reactivity and the efficiency of SOFC device will be reduced. A good option for 

controlling the TPB is the microstructural optimization of the electrode material.  

 Many authors have been working on this topic concluding that the porosity 

can be tailored depending on the specific application forecasted for a new device or 

need [67-70]. Also Ruiz-Morales et al. [71] reviewed the control of the 

microstructure of electrodes, e.g. type and distribution of the porosity, specific 

patterning, control of the layer thickness, etc. Proposing different methods of 

microstructural engineering: 

- Electrode/electrolyte impregnations. It consists on the production of 

porous structures that can be impregnated with a suitable material.  

- Organic materials as pore formers. This technique will render a material 

with controlled porosity that can be directly related to the shape of the 

organic material. Can be used microspheres, meshes, foams, microfibers, 

etc. as template for producing porous structure.  

- “Colloidal crystals” as templating materials. In this procedure, colloidal 

crystals are assembled in order to serve as templates, the voids of which 

are infiltrated by material that solidifies therein. The original colloidal 

particles are subsequently removed, leaving behind a new material with 

pores that preserve the most valuable property of the colloidal crystals the 

long-ranged periodic structure. Latex and silica microspheres are the two 

major types of particles used in this route. 

- Rubber-based molds. In this route, the molding agent is a rubber based 

material that can be used, at room temperature, to mold any type of 

ceramic-based material.  This mold can be easily peeled-off from the 

molded ceramic, at room temperature, without using any releasing agent. 
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- Glassy carbon microspheres. It is a novel, cost-effective and simple 

procedure that allows the material engineering to create a 2D/3D matrix of 

cross-linked channels through the whole SOFC electrode material.  

1.9. Aim and motivation of this work 

1.9.1. Rationale 

 The thesis is part of a project promoted by “Fonds National de la Recherche 

(FNR)” of Luxembourg and executed by CRP Henri Tudor of Luxembourg and 

University of La Laguna (ULL) from Spain. The project is called: “Optimal 

Microstructure Design of Solid Oxide Fuel Cell - OMIDEF” and two parallel Theses 

will be carried out during the research project. One thesis will be for modeling the 

microstructure of materials in SOFC and yield of SOFC devices, and the other one 

(this Thesis) will be for controlling the microstructure and manufacturing real SOFC 

devices. 

1.9.2. Thesis structure and guidelines 

 The contents of the thesis are organized in 5 chapters: 

- Chapter 1 is devoted to the introduction and on the background on the 

topics of this Thesis.  

- Chapter 2 presents the experimental techniques for characterizing the 

materials and the procedure for obtaining and understanding the obtained 

values.  

- Chapter 3 is dedicated to the preparation and characterization of well 

dispersed suspensions of ceramic powders for tape casting and further 

manufacturing of tapes to be used as ion transport membranes, cathodes or 

electrolytes for SOFCs. 

- Chapter 4 describes an innovative design, alternative to the conventional 

metal supported fuel cells (MSC).  
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- Chapter 5 is dedicated to a new tool for controlling the microstructure of 

the material: 3D printing.  

 Additionally, a wide summary in English and in Spanish is writing up before 

chapter 1. Also the conclusions of this work are globally summarized. Finally, two 

appendices are included, one with the publications of this Thesis and the other with 

those related with it.  
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Chapter 2.  

Experimental  

 

 This chapter deals with general information concerning to the experimental 

procedures followed for manufacturing and characterizing the samples. The 

preparation and deposition techniques; structural, surface and electrochemical 

characterizations are described. Special attention is paid to two experimental 

methods: the Electrochemical Impedance Spectroscopy (EIS), because the 

electrochemical characterization is very important for understanding the thermal 

behavior of the prepared devices; and the study of the rheology of fluids because 

understanding it permits us to control tape casting technique/procedure and to obtain 

well dispersed slurries and homogeneous tapes.   

2.1. Structural characterization 

 2.1.1. X-ray diffraction (XRD)  

  X-ray diffraction is one of the most important techniques in solid state 

chemistry for checking the crystal structure. Particularly, in our case, for studying 

the reactivity between SOFC component materials, before and after thermal 

treatments.  

 A diffractometer from PANalytical, Philips X’Pert, with automatic loader, 

spinner and scintillator detector, using CuKα1,2, was used on this work. Phase 

identification was performed with X’Pert HighScore Plus v.2.0a software using 

the JCPDS and ICSD databases [1]. The equipment belongs to the general 

facilities of University of La Laguna (SIDIX-SEGAI). 

Sample preparation for powder XRD testing  
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 XRD measurements were performed spreading the powder over a silicium 

sample holder. The spinner was used to minimize the possible preferential 

orientations and the amorphous background. 

2.1.2. Electronic microscopy   

 An electron microscope (EM) uses an electron beam to illuminate a 

specimen and produce a magnified image. It provides higher resolution than 

optical microscopes, which uses visible light beam, with a maximum 

magnification of 1000x and a resolution of 0.3 µm. An electron microscope uses 

electrostatic and electromagnetic lenses to control the electron beam and focus it 

to form an image. These electron optical lenses are analogous to the glass lenses 

of a light optical microscope [2]. 

 In order to observe the surface characteristics of the small samples it is 

used scanning electronic microscopy (SEM). The SEM technique produces 

images by bombarding electrons to a rectangular area of the studied sample. 

When the fine electron beam (2-50 nm of diameter) interacts with the surface 

sample, it loses energy by a variety of mechanisms. The lost energy is converted 

into alternative forms such as heat, emission of low-energy secondary electrons 

and high-energy backscattered electrons, which gives information about the 

properties of the specimen surface and topography. The intensities are collected 

by a detector providing a magnified image.   

 On this work it has been used a SEM from Jeol company, JSM-6300, and 

it belongs to “Servicio General de Apoyo a la investigación” (SEGAI) of 

University of La Laguna. It permits to work at potential acceleration from 3 to 30 

kV with a LaB6 filament and 3nm resolution. The SEM microscope is equipped 

with an energy-dispersive X-ray spectrometer (EDX), which allows studies on  

the chemical analysis and composition (semi-quantitative) of different parts or 
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regions of the samples. It relies on the analysis of an interaction of some source of 

X-ray excitation and the sample. 

Pellet and powder sample preparation for SEM-EDX testing 

 Sintered pellets and powders have been studied with SEM-EDX technique. 

Some samples were broken and the cross-section observed in order to appreciate the 

inner microstructure of the electrode and electrolyte materials.   

 In the case of studying surface samples (grain sizes), it was necessary (in 

some cases) the thermal etching for revealing the surface. The samples were polished 

with different grain size of sandpapers (from thicker to finer) and heated again at 

80% of the sintered temperature. 

 All samples (powder, pellet or tape) were deposited over graphite tapes, and 

fixed to the sample holder. The samples are insulating and they do not interact 

properly with the electron beam, so the image resolution is lower. To obtain better 

image definition, the samples were covered with a thin film of silver to avoid electric 

charging problems for obtaining good images, or covered with carbon for EDX tests.  

2.2. Surface and particle studies 

2.2.1. Specific Surface Area. BET area 

 A GEMINI V (Micromeritics Inc.) surface analyzer was used to analyze 

the surface of the materials, obtaining the absorption isotherm in a short time 

using the static volume technique [3]. The experimental values were studied using 

the Brunauer–Emmett–Teller (BET) model [4], which is a well-known theory that 

explains the physical adsorption of gas molecules on a solid surface. Before the 

measurements, all the materials were degasified under a dry N2 flux at 80ºC for 12 

hours.  
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2.2.2. Density measurements 

 For obtaining the absolute material density an helium pycnometer 

AccuPyc 1330 (Micromeritics Inc.) was applied. This absolute density is obtained 

when the volume measured excludes the pores as well as the void spaces between 

particles within the bulk sample [3]. The bulk density of the materials was 

calculated using the Archimedes method in water; it is the quotient of mass and 

total volume of a sample. The bulk density is an average of the density of the 

solid and the gas found in the pores [5]. The calculated density (using the volume 

and mass values) was measured using the geometrical method. 

 These obtained values were compared to theoretical density (e.g. 6.36 

g/cm3 for LSCF or 5.97 g/cm3 for YSZ) and the relative density was calculated.  

2.2.3. Zeta potential measurements 

 A review about this topic is presented because the zeta potential values are 

very important for the characterization of the colloidal behavior of the ceramic 

powders and the manufacture of the aqueous tapes. Zeta potential is a physical 

property which is exhibited by any particle in suspension; it is used in colloidal 

chemistry for observing the behavior of dispersive systems in liquids. Besides, the 

zeta-potential characterizes the electrical double layer on the solid/liquid interface, a 

fact very important in flotation and flocculation processes (Fig. 2.1). Knowledge of 

the zeta potential can reduce the time needed to produce optimum  formulations. It is 

also an aid in predicting long-term stability. In Fig. 2.1 one particle in suspension has 

positive charge and the dispersant could have positive or negative, then it is formed 

the process of the double charged layer. This layer is called as Stern layer. And the 

outer one (mix of positive and negative charges from the liquid medium and the 

dispersant) is named the diffuse layer. The measured potential (in volts) is related to 

the distance between these two layers.  
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Fig. 2.1. Diagram showing the ionic concentration and potential difference as a function of distance 
from the charged surface of a particle suspended in a dispersion medium. 

The scientists Derjaguin, Verwey, Landau and Overbeek developed a theory 

(DVLO theory) which explains the aggregation of aqueous dispersions quantitatively 

and describes the force between charged surfaces interacting through a liquid 

medium. It is the base of zeta potential values. DVLO theory suggests that the 

stability of a particle in solution is dependent upon its total potential energy function 

VT. This theory recognizes that VT is the balance of several competing contributions: 

Equation (1)    VT = VA + VR + VS 

 VS is the potential energy due to the solvent, it usually only makes a marginal 

contribution to the total potential energy over the last few nanometers of separation. 

Much more important is the balance between VA and VR, these are the attractive and 

repulsive contributions.  

 DVLO theory suggests that the stability of a colloidal system is determined by 

the sum of these van der Waals attractive (VA) and electrical double layer repulsive 
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(VR) forces that exist between particles as they approach each other due to the 

Brownian motion they are undergoing. 

This theory proposes that an energy barrier resulting from the repulsive force 

prevents two particles approaching one another and adhering together. But if the 

particles collide with sufficient energy to overcome that barrier, the attractive force 

will pull them into contact where they adhere strongly and irreversibly together. 

Therefore if the particles have a sufficiently high repulsion energy, the dispersion will 

resist flocculation and the colloidal system will be stable. However if a repulsion 

mechanism does not exist then flocculation or coagulation will eventually take place. 

According to Zhang et al. [6], high zeta potential values are indicative of a high 

charge density, which produces a strong repulsion on the double layer surface, 

resulting in large aqueous suspension stability. It is known that a region of low 

suspension stability exists between -20 and +20 mV [7,8]. The zeta potential values 

obtained in this work are studied versus different pH’s and different quantities of 

deflocculant in order to observe when the values are in or out of the unstable region 

explained before.   

 The equipment used in this thesis for measuring zeta potential values of the 

diluted aqueous suspensions was a Zetasizer Nano-ZS (Malvern Instruments, UK) 

based on laser Doppler velocimetry technique. The Zetasizer Nano series calculates 

the zeta potential by determining the Electrophoretic Mobility and then applying the 

Henry equation: 

Equation (2)    �� =	 ����	
���  

where UE is the electrophoretic mobility, ε is the dielectric constant, Z is the zeta 

potential, f(Kλ) is Henry’s function and η is the viscosity. Henry’s function generally 

has value of either 1.5 or 1.0. For measuring zeta potential in aqueous solutions of 

moderate electrolyte concentration, a value of 1.5 is used and this is referred to as the 
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Smoluchowski approximation. When zeta potential is measured in a non-polar 

solvent, the Huckel approximation is used, where f(Kλ)is set to 1.0.  

 The electrophoretic mobility is obtained by performing an electrophoresis 

experiment on the sample and measuring the velocity of the particles using Laser 

Doppler Velocimetry (LDV) [9]. The principle of a typical micro-electrophoresis 

system is a cell with electrodes at either end to which a potential is applied. Particles 

move towards the electrode of different charge, their velocities are measured and 

expressed in unit field strength while they move (Fig. 2.2). 

 

Fig. 2.2. Scheme of a real cell with electrodes for measuring the laser Doppler velocimetry of our 
diluted suspensions with Zetasizer Nano-ZS [8]. 

2.2.4. Particle size 

 Particle size is a critical parameter for controlling the colloidal behavior of a 

solution, in our case aqueous solution. Particle size has a direct influence on ceramic 

suspensions, such as: 

- Stability in suspension 

- Flowability and handling 

- Viscosity 

- Packing density and porosity 



36 | C h a p t e r  2 
 

 

 Measuring particle size and understanding how it affects the aqueous 

suspension could be crucial to the success of the processing.  

 Even the suspension is perfectly mono disperse (all particles have the same 

dimensions); it will be a statistical distribution of particles with different sizes. 

Usually, a distribution is represented in the form of a frequency distribution curve. 

The technique used for measuring the particle size in this work was laser diffraction 

(Mastersizer S, Malvern, UK). Wet dispersion was chosen for characterizing the 

desired materials; the milled powders were dispersed in water after disaggregating 

them with ultrasounds, obtaining the expecting results.  

 Laser diffraction is used for characterizing materials ranging from hundreds of 

nanometers up to several millimeters in size. The most important characteristics of 

this technique are [10]: 

- Wide dynamic range (From submicron to millimeter size range) 

- Rapid measurements (Results generated in less than one minute) 

- Repeatability (Large numbers of particles are sampled in each 

measurement) 

- Instant feedback (Monitor and control the particle dispersion process) 

- High sample throughput (Hundreds of measurements per day) 

- Calibration is not necessary (Easily verified using standard reference 

materials) 

- Well established technique (Covered by ISO13320-2009) 

 This analysis is based on Fraunhofer diffraction theory, which relates the 

intensity of light scattered by a particle and the particle size. It measures the variation 

of intensity of light scattered as a laser beam passes through a colloidal dispersion.  
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Particle size distribution, real measurements description 

 In Fig. 2.3 are presented two examples of YSZ ceramic powders from Pi-

KEM Ltd. (Staffordshire, UK) measured using Mastersizer. Fig. 2.3a shows the 

measurement of the sample without disaggregation treatment of ultrasounds, where it 

is observable two peaks (different particle sizes); and Fig. 2.3b shows the 

measurement with the disaggregation treatment, and only, one peak. The reported 

numerical values are usually expressed in percentiles: Dv0.1, Dv0.5 and Dv0.9. 

Dv0.5, the most interested values for us, correspond to the maximum particle 

diameter below of which 50% of the sample volume exists – also known as the 

average particle size by volume. So, in the case of Fig. 2.3a Dv0.5 is ~3.0 µm and for 

figure 2.3b Dv0.5 is ~2.4µm. But we are interested in the values obtained in the 

figure 2.3b because it is a single, well defined peak and it provides the real particle 

size of our material after the disaggregating treatment.  

 

Fig. 2.3. Particle size distributions of YSZ commercial powders without (a) and with (b) 
disaggregation treatment.  
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2.3. Rheology of ceramic water based slurries 

 Rheology is the study of the flow and deformation of matter under the 

influence of a mechanical force. It is concerned particularly with material behavior 

which cannot be described by the simple linear models of hydrodynamics and 

elasticity. These characteristics are due either to the presence of colloidal particles or 

to the influence of surfaces [11].  

 In this work we will focus on the preparation of based aqueous ceramic oxides 

tapes, through to an aqueous colloidal procedure and the subsequent study of the 

sintering properties, electrochemical behavior, etc. Colloidal processing route has 

been successfully used to produce green bodies with defect-free and homogeneous 

microstructures. In this procedure, it is essential to control the particle size and the 

stability of the powders against settling related to the zeta potential values, which 

determines the rheological properties of the suspensions and, therefore, the properties 

of the green bodies and the sintered compacts; furthermore, the surface behavior of 

oxide materials in water depends on the pH and the powder concentration, including 

counterions that can be introduced as contamination [12].  

 Working with dry forming routes often leads to agglomeration due to the poor 

powder flow capability, while colloidal processing allows production of tapes, 

coatings and complex-shaped parts with a decreased number of defects and pores and 

hence, higher quality [13]. Techniques for processing ceramic -such as tape casting, 

screen printing, slip casting, direct coagulation or gel casting- require stable slurries 

with high solids loading (≥ 65 wt%), low-intermediate viscosity and fluidity [14]. For 

example, the tape casting technique is a suitable chose to fabricate large-area, flat, 

thin, ceramic tapes. The tape casting process consists on depositing slurries over a 

substrate. The wet-tape thickness is controlled by the gap of blade-substrate, when the 

“doctor blades” move relative to the substrate [15]. Uniform tapes can be fabricated 

from well-dispersed and homogeneous slurries, which require adequate additives. 
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The nature and the amount of these additives (plasticizer, dispersant, binder, 

antifoam, flocculant, etc.) are determined from the rheological study, which control 

and evaluate the thixotropy and flow behavior. The thixotropy and viscosity are 

important parameters of the rheology Science. When a sample is subjected to a 

constant shear stress, the area inside the curves in the rheogram (shear stress [Pa] 

versus shear rate [1/s]) is calculated for obtaining the thixotropy, a measured value 

expressed in Pa/s. Thixotropy is linked with a formation/destruction of a network 

structure among the particles dispersed in the liquid and this parameter should be 

reduced toward zero or a minimum value, in order to obtain the desired fluid slurries 

[12]. Viscosity is critical for the preparation of homogeneous slurry. Well-dispersed 

suspensions can be obtained using the suitable type and amount of dispersants, and 

ensuring an efficient homogenization, which can be improved by applying ultrasound 

with a sonication probe in a discontinuous mode to avoid excessive heating.  

 The rheological behaviors of all of the slurries prepared during this work were 

studied with two different rheometers: (1) Bohlin CVO Range, Malvern Instruments, 

UK [located at SEGAI-ULL] operated at controlled shear deformation. 

Measurements were performed by increasing the shear stress from 0 to 250 Pa in 10 

min and returning to 0 Pa in 10 min. It was used for high solids content ≥ 65 wt% 

slurries. (2) Haake RS50, Thermo, Germany [located at ICV-CSIC of Madrid] 

operated at controlled shear rate (CR) conditions. Measurements were performed by 

increasing the shear rate from 0 to 1000 s−1 in 10 min, maintaining at 1000 s−1 for 2 

min and returning to 0 in 10 min. It was used for low solids content ≤ 65 wt% 

slurries. Temperature was maintained constant at 25ºC in all measurements. 

 Suspensions were prepared by mechanical mixing with propeller; a motor 

moves homogeneously the water and dispersant meanwhile it is added the previous 

weight oxide powders. Successive cycles of 1 minute of ultrasonication (400 W) with 

an ultrasounds probe (Hielscher UP400S, Germany) were applied, in a cold bath of 
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water for avoiding undesired heating of the samples. The flow curves were measured 

before and after every minute of sonication.  

 The optimum quantity of dispersant for avoiding settling of the ceramic 

particles and the correct pH for avoiding undesired reactions of the slurry; were 

obtained after the previous zeta potential studies performed to the diluted aliquots of 

the ceramic powders. Furthermore, the quantity of water and solids was also achieved 

after several trials mixing water and ceramic powder, obtaining the optimum 

viscosity after several minutes of ultrasounds.  

2.4. Dispersants 

 A dispersant could be a non-surface active polymer or a surface-active 

substance added to a colloidal suspension to increase the repulsive forces among the 

particles to counterbalance the Van der Waals attractive forces and to avoid clustering 

or settling. These elements could be of different nature such as electrostatic (the 

charging of the particles surfaces in order to keep them apart by electrostatic 

repulsion), steric (the barrier formed by adsorbed molecules over the particles 

surfaces avoids the particles to come in contact), or their combination (electrosteric).   

 Good dispersion of the slurry for wet routes of manufacturing ceramics is very 

important. This is for several reasons [16]: 

- The soft agglomerates can trap air which could create undesired defects, 

ending in unwanted porosities in the tape. 

- If the agglomerates are present, the binder will envelop the agglomerated 

particles ending in a defective packing in the green body and producing 

undesired defects.  

- A well deflocculated slip will pack to a higher density than flocculated 

slurry. 
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- Lumps in the slip cause lack of homogeneity in the green tape, introducing 

highly localized porosity, which represents a major threat for the 

reproducibility of the final product. 

- The addition of dispersants helps to reduce the quantity of solvent 
required for the slurry and hence increase the solid content. 

 

 The most commonly method used for dispersing the ceramic powders in a 

liquid medium is the adsorption of electrosteric substances, which can act both on the 

sterical and electrostatically principles. The dispersants used in this work have been 

ionic surfactants (compounds which decrease the interfacial tension liquid-solid or 

liquid-liquid), both soluble in water. They are: polyelectrolyte Duramax D3005 

(Rohm and Haas Co., PA, USA) which is an ammonium salt of a polyacrylic acid 

(PAA) with a molecular weight of ~2500 Da, the commercial product is supplied  as 

a 35 wt% of PAA in water; and Triton QS15 (Dow Chemical, Midland, MI, USA) 

which is a polyether sulfate. In the case of PAA the side chains of the molecule will 

lose their protons and acquire a negative charge. Normally, the PAA is added as a salt 

whose counterion, in our case ammonium NH4
+, and it is totally eliminable by burn 

out in order to not contaminate the ceramic. The mechanism of stabilization of 

ceramic powders explained above is illustrated in Fig. 2.4. 

 

Fig. 2.4. Left side, the polyacrylic acid before losing the proton. Right side, the mechanism of 
stabilization of ceramic powders in water.  
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2.5. Plasticizers, binders and antifoamings 

 Three more elements are added to the tape casting compositions: plasticizers 

and binders to enable the green tape to be easily pelleted out from the flat surface of 

substrate (we use Mylar film; DuPont Teijin Films, Teeside, UK) and it permits, 

without breakage and before firing, improve the mechanical strength of the green 

ceramic bodies; and antifoaming for avoiding the formation of undesired porous or 

bubbles in the green tape.  

 The plasticizer or binder increases the plasticity, as its name suggests. The 

increased plasticity of the green slurry results in the improved flexibility of the tape. 

That is the reason that the rheology is studied before adding the plasticizer, because it 

increases the viscosity as we want, so the addition of this compound helps to maintain 

the high viscosity obtained disaggregating with ultrasounds the slurry, as it was 

previous explained.  In this work three different plasticizers or binders have been 

used: an acrylic aqueous emulsion Duramax B1000 (Rohm and Haas Co., PA, USA); 

dibutyl phthalate (Scharlau, Barcelona, Spain) and Butvar B98 polyvinyl butyral 

(Sigma-Aldrich, St. Louis, MO, USA).  

 The antifoaming agent utilized in this work is the Contraspum K 1012 (KS115 

in the past) from Zschimmer & Schwarz, Lahnstein, Germany. It is alkyl 

polyalkylene glycol ether, one of the most used nonionic surfactant on the industry.  

2.6. Materials deposition techniques [17] 

- Tape casting 

 Tape casting is a technique which permits obtain a flat and extensive surface 

of prepared slurry obtain after properly mixing the ceramic materials with the 

corresponding quantities of water or organic solvents. Furthermore, it is necessary to 

add the proper dispersant, binder and plasticizer. This mix could be performed using 
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mechanical helix or ball-mill. Both procedures have been used for preparing slurries 

in this work. 

 Once the slip or slurry is optimized, it is deposit over the substrate and the 

blade-substrate gap defines the wet thickness of the tapes being cast [18], Fig 2.5. It is 

important to start with well-dispersed and homogeneous slurry.  

 

 

Fig. 2.5. Scheme of a typical tape-casting procedure showing a deposition of a slurry with a double 
doctor-blade over a flat surface of subtrate. A double doctor blade is used for controlling the coarse 

and fine wet thicknes of the tape. 

- Screen printing  

 In this case the slurry is pressed throw a serigraph polymer (net) with the 

desired electrode pattern onto the electrolyte. An optimization of the electrode 

particle size, viscosity and fluidity slurry or sintering temperature is necessary for 

obtaining the best performance of the SOFC device 

- Spin-coating and dip-coating 

 In the spin-coating process the substrate (normally the electrolyte) is fixed 

over a rotatory platform. Once the speed is turned on (200-4000 rpm), one or more 

drops of a desired solution or slurry is deposited over the substrate, while it is 
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rotating. This process leads to a homogeneous, thin layer of the green ceramic, which 

require after of heating for the desired materials. 

 The dip-coating it could be said that is a modification of the spin-coating, 

where the substrate is introduced into a solution with the desired material and the 

substrate is up and down as the thickness of the layer is good enough.  

 In both cases, proper viscosity of the solution is important for obtaining  a 

homogeneous and stable layer.  

2.7. Electrical characterization [17,19-23] 

 The electrochemical characterization of pure and mixed ionic conductors is an 

important aspect for understanding the different processes and contributions to the 

conductivity and their performance as a component of a fuel cell. In this sense, 

electrochemical impedance spectroscopy (EIS) technique and fuel cell tests have been 

employed for the electrochemical characterization. Both experiments permit to study 

the electrodes and the electrolyte. EIS determines the area specific resistance (ASR) 

and overall conductivity; meanwhile fuel cell tests allow studying the open circuit 

voltage, power density and voltage-current curves.  

2.7.1. Determining the total conductivity  

 The total conductivity is a characteristic magnitude of every material which 

can be determined knowing the electrical resistance when a current pass through it. In 

the case of a material with known geometry (cylindrical, squared, etc.), the electrical 

resistance can be calculated with Ohm law, applying a potential difference (V) to the 

sample, and measuring the current which pass through it (I).  

Equation (3)    � = 	��  

being the conductivity: 
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Equation (4)    � =	 ��·� 

where L is the thickness of the sample and S is the cross area.  

 However, for ionic conductors this d.c. method cannot be used for measuring 

the total conductivity. Applying a constant d.c. potential, O2- ions and vacants, ��∙∙, 
move to the positive and negative electrodes, respectively. This movement produces 

the polarization of the material, due to the accumulation of opposite charges in the 

electrodes of same charge, which adds a polarization resistance to the electrolyte 

resistance, so the resistance obtained with d.c. two contacts method is much larger 

than the real one. So for measuring the conductivity of ionic materials a.c. methods 

are required.  

2.7.2. Electrochemical impedance spectroscopy 

 It is the most used method for measuring the electrical conductivity of ionic 

conductors [24,25]. This technique is based on the application of an alternating 

electrical field with varying frequency and small amplitude on the sample (≤50mV). 

The current through the electrolyte should be kept small, for avoiding problems such 

as electrode polarization and irreversible damage of the material by the excessive 

current flow. The potential applied on the sample is time dependent: 

Equation (5)    ��	�� = 	���� ! 

being E0 the applied amplitude voltage and ω the frequency of variable angle.  

 The measured current through the sample is also function of the frequency:  

Equation (6)    "#	�� = 	 "���·	 !$%� 

being the phase angle θ, that is the difference between the applied potential and the 

current. This value is equal to zero in the case that only resistive and no capacitive 

component is measured, like in the case of metals.  
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 The impedance is defined as the quotient between equations (5) and (6):    

Equation (7)   &�	ω� = 	 ��	!��#	!� =	 |&|�
	(�θ� 

 The impedance expressed in vectorized form, can be separated in real and 

imaginary component in the complex plane of the impedances, as:  

Equation (8)   &�	ω� = |&|)*+θ	 , -|&|+�.θ	 = &/ , -&′′		 

 When it is represented the imaginary part of impedance Z’’ ( ω) versus the real 

part Z’ (ω) in the complex plane of impedances, it is known as Nyquist diagram. The 

simplest Nyquist diagram is from monocrystalline, glasses and homogeneous 

polycrystalline materials with only one mechanism of conduction. In this case, the 

representation is a semicircle where the radius (Rb) is equal to the resistance of the 

material and the center in the real axis, after the fitting (Rb/2, 0). The values located 

on the right of the diagram correspond to the lower frequency, so that Rb is the ohmic 

resistance in current continuous flow (Fig. 2.6a).  

Fig. 2.6. (a) Nyquist diagram with only one contribution. (b) Nyquist diagram with different 
contributions to the impedance in polycrystalline materials with fb >> fgb>>fe [17].  

 In the case of many polycrystalline materials, there is more than one 

contribution because the conductive specimens should move inside the grains and 

between the interphase. It is expected that the bulk resistance was different than the 
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one observed for the grain boundary, as well as take place for the capacity. The result 

is two arcs in the impedance spectrum, one arc associated to the bulk and other to the 

grain boundary. They usually appear, at very low frequencies, the processes of charge 

transfer between the interphase electrode/electrolyte (Fig. 2.6b). The case shown in 

Fig. 2.6b is ideal, because the corresponding frequencies are very different. The 

resistance of each contribution can be easily obtained just using the intersection of the 

semicircles with the real axis. But in real processes the arcs are overlapped (Fig. 2.7). 

Fig. 2.7. Equivalent circuit with three RC elements in series (left). Impedance spectrum simulated with 
the values (R and C) of the equivalent circuit shown (right). The frequency values are shown in the 

plot for each process [17]. 

The capacity of these processes can be also obtained using the frequencies of 

the maximum impedance spectrum in this equation:  

Equation (9)    1234 =	 5
�6�7 

 
2.7.3. Fitting with equivalent circuits  
 
 For only one process it is possible to study the system using an equivalent 

circuit with a resistance and a capacitance in parallel. The impedance of a RC circuit 

is obtained from this formula: 

Equation (10)   & = 	 5
8
9$:ω�7
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where R is the resistance, C the capacitance and ω the angular frequency. The real 

and imaginary component can be written as follows:  

Equation (11)  &/ =	
8
9

;89<
=
$		ω�7�=

		 

Equation (12)  &′/ =	 ω�7

(
8
9
)=$	(ω�7)=

				 

 From these two equations, squaring them and adding them, it reaches to this 

formula:  

Equation (13)   (&/ −
�

�
)�	 + (&//)� =

�=

?
 

where it is demonstrated that a circuit (RC) is a semicircle in the complex plain of 

impedance with radius R/2 and  the center in (R/2,0).  

 In the case of polycrystalline materials where exist different processes, it can 

be used a combination of elements (RC) for studying each one separated. Bauerle 

[26] proposed a model based on circuits (RC) in series. This is the way to obtain the 

capacity and resistance values of each process by fitting the experimental data with 

the equivalent circuit (RC). 

 In Fig. 2.7, it is shown a simulated impedance spectrum produced with the 

software Zview [27], it has been used three RC circuits in parallel with similar 

relaxation frequencies, and the de-convolution of the different processes. Each RC 

circuit is related to a process, which takes place at different characteristic capacities 

(Table 2.1). That means, bulk processes take place around picoFarads (pF), while 

grain boundary processes are around nanoFarads (nF). In Table 2.1, there is a 

summary of the capacity values and the processes related to them [28]. Hence low 

capacity implies bulk properties, intermediate capacity is associated to the interfacial 
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contributions and finally, high capacities are ascribed to the electrochemical 

interactions between the electrodes and electrolyte. 

Table 2.1. Common capacity values of the 
different processes of a ceramic material  

Process  Capacity (F·cm-1) 

Bulk 10-12 

Secondary phases 10-11 

Grain boundary 10-8 - 10-11 

Interphase 

material/electrode 

10-5 – 10-7 

Electrochemical reactions 10-4 

 

 Sometimes, adjusting the experimental values to equivalent models with ideal 

RC elements is difficult. This happens because there are different processes which do 

not have their center in the real axis of the complex plain, but they frequently appear 

moved down of the real axis, like a consequence of the relaxation frequency without 

unique value. The displacement from the center of the arc respect to the real axis (φ), 

is related with the width of the relaxation times distribution.  

 K.S. Cole et al. [29] studied this issue and they modified the classic Debye 

model [30] and introduced by the first time the concept of the distribution of 

relaxation time. Using this Cole-Cole model, it is defined the Constant Phase Element 

(CPE=Q), where the impedance is described using the next formula:  

Equation (14)    &@ =
5

@(:ω)A
 

where n is between the interval 0≤n≤1, and it is related with the angle φ. In the case 

of n=1, we obtain the same impedance value as in an ideal capacitance.  
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 It can be find a relation between the real capacitance, C, and the pseudo-

capacitance, Q, compared with the relaxation frequencies [31]. 

Equation (15)   B� = (��C�)
(5 = (��D�)

(5
EFG  

and finally, 

Equation (16)   C� = D�
5
EFG (��)

(5(EF) EF⁄  

Where the capacitance values can be obtained with the relative permittivity of the 

material (εr) as: 

Equation (17)    εI = 	
7�

εJ�
 

2.7.4. Experimental setups for electrical characterization using EIS 

Two types of electrochemical experiments were used for performing the 

experiments during this work: a) symmetrical cell where both cell side are in the 

same atmosphere (air or 5%H2/95%Ar) and b) the fuel cell setup, where the cell is 

asymmetric and each side is in a different atmosphere.  

Symmetrical cells 

 The measurements in air, were realized using dense pellets of the desired 

material and, brushing platinum paste (Metalor, Birmingham, UK) on both sides of 

the material, firing it at 900ºC during one hour; to ensure good electrical contact with 

the electrochemical cell. The cell used (Fig. 2.8) consists of an alumina tube as the 

main body of the cell. The sample pellet is localized in one end of the tube over a 

wider alumina pellet and pressed with the platinum electrodes. The whole cell is 

pressed with two springs linked to a metallic wire of nicron (Ni-Cr alloy) which 

resists high temperatures. For avoiding the undesired contact between the Nicron wire 

and the electrodes, a small piece of alumina is introduced between them, acting as 

isolating material. On the other end of the alumina tube, that is, opposite to the 
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sample, the electrical connections are localized: electrodes and the thermocouple 

connections. These wires were passed through three thin 2-bored tubes for the 

electrical connections of the sample with the impedance analyzer and for the 

temperature measurement. The thermocouple is located few millimeters far away of 

the sample and is K-type which is fabricated with chromel (alloy of 90% Ni and 10% 

Cr) – alumel (alloy of 95% Ni, 2% Mn, 2% Al and 1% Si), with an operating range 

from -200ºC to 1350ºC. The working and reference electrode were short circuited 

over the sample for removing the ohmic contribution associated to the platinum 

wires, which connect the impedance analyzer with the sample, allowing us to 

measure resistance values as small as 0.05Ω. 

 

 

Fig. 2.8. Scheme of the different parts of the measuring impedance cell (left) and picture of a real cell 
(right) [17].  

 The above cell was used for impedance measurements in static air. For 

impedance measurements on different atmosphere a similar cell was used. The cell 

was incorporated inside of quartz tube, where it is possible to control the desired 
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atmosphere: O2, Ar, 5%H2-Ar or H2. A one-end closed tube of quartz and a gas 

connection (input and output) for adding the desired atmosphere were used as shown 

in Fig. 2.9.  

 

Fig. 2.9. Scheme of the different parts of the measuring impedance cell for controlling reaction 
atmosphere (left) and picture of a real cell (right) [17].  

Fuel Cell Setup  

The scheme of the cell for obtaining the current-voltage characteristics, power 

and current density; and polarization and series resistance of the studied fuel cells is 

shown in Fig. 2.10. Two different atmospheres were utilized for the fuel cell tests: 

wet pure hydrogen for the anode and oxygen for the cathode. 
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Fig. 2.10. Scheme of the different parts of the fuel cell setup (left) and sectional view of the “two-

points” method (right) [17].  

 The cell schematized in Fig. 2.10 was rebuilt during this work. Fig. 2.11 

shows 3 steps of this cell fabrication. Fig. 2.11a shows the components used for 

fabricating the SOFC cell test: alumina tubes, a brass supporting structure, the 

electrodes of noble metals and a thermocouple K-type. In Fig. 2.11b it can be 

observed further details of the platform which supports the alumina tube. This 

cylinder tube has four holes: two for the fuel inlet and outlet, one for the 

thermocouple, close to the sample, and another one for the gold working electrode. 

The working electrode enters in contact with the anode thanks to a thin alumina tube 

which throws inside the biggest alumina hole. Finally, in Fig. 2.11c, the whole setup 

is shown after using it. In the inset of Fig. 2.10c further details of the setup for fuel 

cell tests are illustrated.  
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Fig. 2.11. (a) Starter components for fabricating the fuel cell setup; (b) details of the cell support with 
its fuel connections; (c) the setup for testing SOFC. 
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Chapter 3.  

Surface control of materials 
for SOFC applications, tape 

casting manufacturing and 
electrical characterization 

 

 The characterization and preparation of homogeneous suspensions of ceramic 

commercial powders (LSCF and YSZ) for tape casting and further manufacturing is 

described in this chapter. 

3.1. Introduction 

There is a wide range of wet forming routes such as tape casting, screen 

printing, slip casting, direct coagulation or gel casting, and all of them require stable 

slurries with high solids loading, low-intermediate viscosity [1] and fluidity. Tape 

casting process has an important advantage, which is that it is the best pathway to 

produce large-area, flat, thin, ceramic tapes. Commonly, during the tape casting 

process the slip or slurry is deposit over a substrate and the gap between the blades of 

the “doctor-blade” defines the wet thickness of the tapes being cast [2]. The key of 

the tape casting technique is the preparation of well dispersed and homogeneous 

slurry. Rheology science permits to control and evaluate the viscosity, thixotropy and 

flow behavior. Viscosity is critical for the preparation of a homogeneous, fluid 

suspension. Well-dispersed suspensions can be obtained using the suitable type and 

amount of dispersants, and ensuring an efficient homogenization, which can be 

achieved by applying ultrasound with a sonication probe in a discontinuous mode to 

avoid excessive heating. On the other hand, the thixotropy allows us to know the time 
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dependent behavior (related with the fluidity). When a sample is subjected to a 

constant shear stress, the area inside the curves in the rheogram (shear stress versus 

shear rate) is calculated for obtaining a measured value, expressed in Pa/s. This value 

is linked with a formation/destruction of a network structure among the particles 

dispersed in the liquid and this parameter should be reduced toward zero, in order to 

obtain the desired fluid slurries [3].  

YSZ and LSCF materials are very interesting for being used as electrolyte or 

cathode materials respectively in SOFC devices. Colloidal processing route has been 

successfully used to produce green bodies with defect-free and homogeneous 

microstructures. Among them the aqueous colloidal processing are more nature 

friendly compared with the non-aqueous colloidal procedures for the fabrication of 

tapes. In this kind of colloidal procedure, it is essential to control the particle size and 

the stability of the powders against settling, which determines the rheological 

properties of the suspensions and, therefore, the properties of the green bodies and the 

sintered compacts. Furthermore, the surface behavior of oxide materials in water 

depends on the pH and the concentration, including counterions that can be 

introduced as contamination [3]. Working with dry forming routes often leads to 

agglomeration due to the poor powder flow capability, while colloidal processing 

allows production of tapes, coatings and complex-shaped parts with a decreased 

number of flaws and pores and hence, higher reliability [4]. 

This chapter deals with the preparation and characterization of dispersed 

suspensions of ceramic commercial powders (LSCF [5] and YSZ [6]) for tape casting 

and further manufacturing of the prepared tapes; to be used as ion transport 

membranes, cathodes or electrolytes for SOFCs. The influence of some parameters, 

such as pH or deflocculant content, on the rheological behavior was studied for both 

materials. In the case of supplied LSCF material, the sinterability of the tapes was 

investigated in the temperature range 800ºC-1400ºC. The reactivity and the 

microstructural evolution of the LSCF tapes were also studied. Three different YSZ 
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commercial powders were used to prepare the tapes, which were electrochemically 

characterized. 

3.2. Experimental procedure  

As starting materials, commercial powders of La0.6Sr0.4Co0.2Fe0.8O3, LSCF 

(Fuelcellmaterials, Ohio, OH, USA) and YSZ powders with different characteristics 

have been studied. These YSZ materials were supplied by Pi-KEM Ltd. 

(Staffordshire, UK) and Tosoh (Tokyo, Japan), and will be referred by the following 

acronyms: Pi-KEM, TZ8YS, and TZ8Y.  

As a preliminary step, particle size and surface area of mortar-milled 

commercial powders were measured. The particle size of the powders was measured 

in water by laser diffraction using Mastersizer 2000 (Malvern Instruments, UK) 

equipment. N2 adsorption–desorption isotherms were collected with a Micromeritics 

Gemini V (USA) gas adsorption analyzer at 77 K, after degassing the samples at 150 

ºC (12 hours) in a Micromeritics Flow prep 060 system with nitrogen flux gas. The 

BET surface areas were calculated from the adsorption branch of the isotherm by the 

BJH method.  

The colloidal stability of the suspensions was derived from the zeta potential 

as a function of pH using a Zetasizer NanoZS instrument (Malvern Instruments, UK), 

based on the laser Doppler velocimetry technique. A concentration of 0.1 g·l-1, using 

KCl 10-2 M as inert electrolyte was used and an average of three measurements is 

presented. Each aliquot was homogenized in a cold bath of water with an ultrasound 

probe for 1 minute and mechanical stirring for 30 minutes. pH values were 

determined with a pH-meter (716 DMS Titrino, Metrohm, Switzerland) and were 

adjusted with HCl and KOH solutions (10-2 M). In the case of LSCF powder, the 

stability of the suspensions in an ionic medium (10-2 M KCl solution) was evaluated 

by keeping them at different pH’s for a week.  
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To improve the dispersion state, a polyacrylic acid-based (PAA) 

polyelectrolyte (Duramax D3005, Rohm and Haas Co., PA, USA) with molecular 

weight of 2400 D was used as dispersing agent. The stability of suspensions dispersed 

with PAA was studied through zeta potential. The aliquots were prepared by 

dispersing 0.5 g of the solid phase in 500 mL of 10−2 M KCl solution and re-

dissolving 10 mL of this solution into 90 mL of 10−2 M KCl solution. 

Each concentrated suspension was prepared in water, and ultrasonically 

treated in order to achieve the maximum homogeneity, decrease viscosity and amount 

of agglomerates. Suspensions were prepared by mechanical mixing by helices, before 

the application of successive cycles of 1 minute of ultrasonication (400 W), in a cold 

bath of water with an ultrasounds probe (Hielscher UP400S, Germany). The flow 

curves were measured before and after every minute of sonication. The rheological 

behavior of all prepared slurries was studied with a rheometer (Bohlin CVO Range, 

Malvern Instruments, UK) operated at controlled shear deformation. Measurements 

of LSCF were performed by increasing the shear stress from 0 to 250 Pa in 10 

minutes and returning to 0 Pa in 10 minutes. TZ8YS and PiKEM were measured by 

increasing the shear stress from 0 to 50 Pa in 10 minutes and returning to 0 Pa in 10 

minutes. The rheological behavior of TZ8Y slurry was studied with a different 

rheometer (Haake RS50, Thermo, Germany) operated at controlled shear rate (CR) 

conditions. Measurements were performed by increasing the shear rate from 0 to 

1000 s−1 in 10 min, maintaining at 1000 s−1 for 2 min and returning to 0 in 10 min. 

Temperature was maintained constant at 25ºC.  

The final solids contents were 22 vol.% (60 wt.%) for the TZ8Y sample; 45 

vol.% (83 wt.%) for TZ8YS and PiKEM; and for LSCF, solids loadings of 35 vol.% 

(77 wt.%) with the optimized Duramax D3005 content according to the zeta potential 

study. An acrylic aqueous emulsion Duramax B1000 (Rohm and Haas Co., PA, USA) 

was employed as a binder and the product KS115 (Zschimmer & Schwarz, Lahnstein, 

Germany) as an antifoaming agent. The concentration of deflocculant was obtained 
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from the zeta potential study, and the concentration of binder and defoamer was 20 

wt% and 0.15 wt%, respectively, for all suspensions. Suspensions with the binder and 

defoamer were cast on a Mylar film to obtain a tape; a homemade automatic film 

applicator and a doctor blade were used. The gap between the blade and the support 

was adjusted to height = 400 µm and the casting rate was 20 mm/s. The obtained 

tapes cast as described above were left for 2 days at room temperature in order to 

assure that they were fully dry.  

The microstructure of the sintered specimens was observed by scanning 

electron microscopy (SEM) (Jeol LTD, mod. JSM-6300, Tokio, Japan) combined 

with energy dispersive spectroscopy (EDS). All samples were covered with a thin 

layer of sputtered silver to avoid electrostatic charging problems. All YSZ sintered 

samples were polished to a mirror-like finish using ultra-fine abrasives and thermally 

etched at 1150ºC for 2 hours. Average grain size of polished and etched pellets (YSZ) 

and LSCF was estimated from the SEM micrographs, using the linear intercept 

method from at least 50 lines drawn at random and three different micrographs with 

the help of image-analysis software [7]. 

The calculated density, after sintering during 4 hours at different temperatures 

(800-1400ºC), was measured using the geometrical method, and the relative density 

(RD) was obtained considering a theoretical density of 6.36 g·cm-3 for LSCF [8].  

X-ray diffraction patterns (XRD) of LSCF were recorded using a PANalytical 

X’Pert diffractometer, equipped with a primary monochromator and the X’Celerator 

detector. The scans were collected in the 2θ range of 20–70º with 0.016º step for 2 h. 

Phase identification was performed with X’Pert HighScore Plus v.2.0a software using 

the JCPDS and ICSD [9]. 

Thin electrolyte pellets were prepared by cutting circular pieces from the 

green YSZ tapes (diameter 13mm) and sintering them at 1500ºC for 2 hours. 

Platinum paste was hand brushed on each side of the pellet (Pt|YSZ|Pt) and then fired 
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at 900ºC for 1 h to ensure good electrical contact with the electrochemical cell. 

Impedance spectra were recorded using a 1260 Solartron FRA (AMETEK, 

Hampshire, UK) in airflow in the 0.1 Hz to 1 MHz frequency range with an ac signal 

of 50 mV. The spectra were acquired on heating and cooling from 250 ºC to 950 ºC 

with a heating/cooling rate of 5ºC min-1. Data were analyzed by non-linear least 

squares fitting using equivalent circuits with ZView v2.8 software [10]. 

The bulk density, after sintering for 2 hours at 1500ºC, was calculated using 

the Archimedes method in water, and the relative density (RD) was obtained 

considering a theoretical density of 5.97 g·cm-3 for yttria (8 mol%) stabilized zirconia 

[11,12].  

3.3. Results and discussion  

 The average particle size of the commercial powders (3 YSZ materials and 

LSCF): PiKEM, TZ8YS, TZ8Y and LSCF determined by the dynamical light 

scattering method was: 2.4, 1.3, 0.5 and 1.0 µm, respectively (Table 3.1). The SEM 

images observed in Fig. 3.1 show the morphology of the as-received powders. All the 

studied powders consist of non-spherical particles with different length. LSCF sizes 

ranging from 1 to 2 µm, in good agreement with the particle size measured. The 

LSCF image shows also the presence of some larger agglomerates with diameter up 

to 3–4 µm. PiKEM shows a size of ~1 µm. The TZ8YS material presents a size 

ranging from 0.5 to 1 µm. Finally, TZ8Y has less than 0.5 µm. All YSZ SEM images 

are in good agreement with the particle size because PiKEM displays the biggest size, 

meanwhile TZ8Y the smallest. 
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Fig. 3.1. SEM images of as-received powders of LSCF, PiKEM, TZ8Y and TZ8YS. 

 

 

Table 3.1. Summary of particle sizes and surface areas of raw materials 

Starting powders Average particle size (µm) Surface area (m2/g) 

8YSZ (Pi-KEM) 2.4 6.7 

TZ8YS (Tosoh) 1.3 4.7 

TZ8Y (Tosoh) 0.5 12.7 

LSCF (Fuelcellmaterials) 1.0 5.5 
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The surface areas for PiKEM, TZ8YS, TZ8Y and LSCF powders were 6.7, 

4.7, 12.7 and 5.5 m2/g respectively (Table 3.1). Due to the difference between the 

particle sizes and surface areas for the preparation of their corresponding slurries it 

should be controlled: the amount of deflocculant and the pH for obtaining stable 

slurry and the diverse ultrasound periods for achieving a good dispersion and low 

viscosity. That is the reason why a surface characterization before casting the 

aqueous slurries is always needed for understanding the colloidal behavior of the 

ceramic particles.  

 An average of three measurements of zeta potential for each kind of powder 

versus pH for a fresh suspension prepared in 10−2 M KCl solution were plotted in Fig. 

3.2. 

 

Fig. 3.2. Zeta potential against pH of the different commercial powders. 

 The isoelectric point (IEP) of LSCF occurs at pH around 6, with a maximum 

absolute zeta potential value of 43 mV at pH= 12. For pH values between 6.3 and 12 

there is a rapid decrease of the zeta potential. Stable suspensions can be prepared at 

pH < 3 or at pH > 8, where values are out of the unstable region (between -20 and 

+20 mV) as it was explained in chapter 2.   

 The isoelectric points of the commercial YSZ oxides occur in the range of 

pH= 2 - 4, significantly lower than expected for YSZ powders with 8 mol% yttria, 
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which usually give isoelectric points at pH ≥ 6 [13-15]. However, the values obtained 

herein are in close agreement with the data obtained by Hirata et al. [16] and 

Benavente et al. [17] for Tosoh powders with 3 mol% yttria. This behavior is due to 

probably some additives or to the fabrication processing that modify in some way the 

surface behavior. The supplier certified analysis of these commercial samples 

indicating: ≤0.10 wt% of Al2O3, traces of Fe2O3 and SiO2.  

 

Fig. 3.3. Evolution of pH vs time for LSCF suspensions dissolved species prepared at different starting 
pHs. The final pH is indicated in the right column. 

The free evolution of pH vs time for suspensions of LSCF prepared at 

different starting pH values is shown in Fig. 3.3. The pH of three fresh suspensions of 

LSCF (10-1 g·l-1) in 10-2M KCl solution was adjusted to values of 2, 5 and 10 by 

addition of small amounts of HCl or KOH. The pH of the fourth suspension was not 

adjusted by any chemical and was left at its natural pH (i.e. 8.5). By measuring 

periodically the pH of each suspension during one week it was observed that the as-

prepared suspensions were not stable against time as the pH tended to move toward 

the IEP and only at very low pH the suspension remained stable. It occurs because 

near the IEP, the suspensions turn to be unstable and likely to flocculate. The largest 



66 | C h a p t e r  3  

variations occurred for the suspension prepared at pH= 10.0 that reached a final pH of 

7.4 after one week exposure. Even this value was achieved at the very beginning of 

the experiment. This behavior is expected because of the acid-base reactions 

occurring at the surface, where a small change of concentration of acid or base leads 

to a sharp pH variation. This suggests that basic-neutral suspensions are more stable 

than the acid ones, in good agreement with the zeta potential curve shown in Fig. 3.2. 

 

Fig. 3.4. Concentration of LSCF suspension 1 wt% in KCl 10-2M without pH readjustment. 

 To confirm the stability against pH, five suspensions of LSCF with a 

concentration of 1 wt% in 10-2M KCl solutions were prepared. The pH was only 

adjusted with HCl and KOH at the beginning of the study. After one hour without 

variation of the pH, the suspensions were centrifuged and the supernatant liquid was 

analyzed by ICP, Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-

OES, IrisAdvantage, Thermo Jarrel-Ash, USA). The error of the ICP-OES 

measurements was below 1% of measured value. The results of the chemical analysis 

are shown in Fig. 3.4 as a function of the final pH. According to these curves the 

maximum stability is achieved between pH values 7 and 10, whereas solubilization 

occurs at acidic pH, as observed in the previous experiments. 
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 The stability of the ceramic powders with polyelectrolyte was studied as a 

function of zeta potential versus the amount of the dispersant added (Duramax D3005 

which is a polyacrilyc acid, PAA). The pH and zeta potential were measured for just-

prepared and 24 hours later aliquots. Three measurements of zeta potential data were 

performed and an average value is presented in Fig. 3.5.  
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Fig. 3.5. Evolution of zeta potential against percentage of deflocculant Duramax D3005, measured as-
prepared and 1 day later. 

In the case of LSCF it has been observed that the addition of only 0.3 wt% of 

polyacrylic based deflocculant (PAA) in the aqueous suspension is enough to 

stabilize it (Fig. 3.5). The fact that zeta potential is lower than -20 mV for all 

suspensions to which PAA was added, means that PAA improves substantially their 

stability, even 24 hours after the preparation. Table 3.2 shows the values of zeta 
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potential and pH of the prepared aliquots and even adding PAA, the pH barely 

change (the variation is less than one unit of pH) and it occurs at neutral-basic range 

in good agreement with all the exposed before regarding the stability with the pH.  

Table 3.2. Values of zeta potential and percentage of PAA, measured just-prepared 
and 24 hours later for LSCF aliquots. 

Aliquots just-prepared Aliquots after 24 hours 

Z potential 
average 

%PAA pH Average Z potential 
average 

%PAA pH Average 

-6.6 0 8.3 -4.5 0 7.6 

-32.5 0.3 7.85 -27.9 0.3 7.1 

-29.8 0.5 7.6 -27.1 0.5 7.0 

-33.5 0.8 7.4 -29.4 0.8 6.9 

-39.6 1.1 7.3 -32.1 1.1 6.9 

-41.2 1.4 7.3 -34.5 1.4 6.8 

 

 Regarding the behavior of the three YSZ suspensions with 10-2M KCl 

solution versus the added amount of PAA, stabilization was observed away of the 

unstable region (between -20 and +20 mV). PiKEM powders, with the biggest 

particle size, require longer time for stabilization. The 24 hours sample shows a 

lowering of about 10 mV in the Zeta potential, compared with the values of the just-

prepared sample. It should be mentioned that both just-prepared and 24 h later 

samples are stable even without additives. As far as the TZ8YS samples are 

concerned, the deflocculant-free aliquots were found to be rather unstable because 

their Z-potential decreased from -0.5 mV to -26.6 mV in 24 hours, maybe due to 

sedimentation after 24h. Nevertheless, stability of the suspensions improved 

substantially after PAA was added. And finally for TZ8Y, it can be observed 

instability without deflocculant and huge increase of zeta potential value adding 

Duramax D3005. The effect of stabilization of the YSZ powders results from the 
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adsorption of dispersant on the surface of the material; and the reason of instability 

without additives. The addition of 0.5 wt% of Duramax D3005 is enough to stabilize 

the YSZ aqueous suspension, so this quantity was used for preparing the slips and 

their rheological characterization. The pH of the YSZ slurries was measured before 

and after applying the ultrasound, and was around 9 in all cases. Considering the 

effect of pH control on stability of the slurries (Fig. 3.2), basic conditions seem to 

help stabilize the aqueous slurry. 

 A study of the homogenization conditions was carried out by measuring the 

flow curves of 35 vol.% solids suspensions of LSCF with different times of 

ultrasounds (Fig. 3.6). Considering the effect of pH control and PAA addition for 

obtaining stable slurries the suspensions were prepared with 0.8 wt% PAA and a pH 

of 8.6 without any extra additive. It has been observed that with 2 minutes of 

ultrasounds the thixotropy shows the lowest value, 365 Pa/s (Fig. 3.6) and low-

medium viscosity; it means that the fluid behavior and homogeneity are the optimum, 

as we want to reduce the thixotropy value.  
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Fig. 3.6. Rheological behavior of the four slurries prepared at different sonication minutes. 

 Considering the effect of pH and PAA addition on the stability of the YSZ 

suspensions, three slurries containing YSZ powders, water and 0.5 wt% of dispersant 

agent were prepared. The flow curves were determined for every suspension after 

each minute of ultrasonic treatment. The pH of the slurries was measured before and 

after applying the sonication and was around 9 in all cases. Taking into account the 

effect of pH control on stability of the slurries observed in Fig. 3.2, basic conditions 

seem to stabilize the aqueous slurry. The optimum sonication time was derived from 

the rheograms obtained for each slip after applying the ultrasounds treatment (Fig. 

3.6). Usually low viscosity values are desired for tape-casting slips in order to assure 

their good flowability and homogeneity. In the case of TZ8YS slurry, the lowest 

viscosity value was observed after three minutes of ultrasonic treatment, while one 
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extra minute resulted in a strong increase of the viscosity (Fig. 3.6). As far as the 

viscosity curves of PiKEM slurries are concerned, the lowest viscosity is obtained for 

the sonication time of 6 minutes; one extra minute of the ultrasonic treatment gives 

rise to a substantial, undesired increase of the viscosity (Fig. 3.6). The last aqueous 

slurry studied is the one containing the TZ8Y powder; a decrease of the viscosity was 

observed after applying the ultrasonic treatment for one minute, two minutes increase 

the viscosity. So, it can be said that the homogenization with ultrasounds permits to 

disaggregate the YSZ particles and promote the full adsorption of PAA onto 

individual YSZ particle surfaces, thus allowing the reduction of viscosity, increasing 

the stabilization and homogenizing the dispersion. The extent of the ultrasonic 

treatment also depends on the particle size of the initial powders, bigger the particle 

size is the longer it takes to obtaining a good dispersion with low viscosity.  

Tape casting slurries of all the studied powders, were prepared using 

suspensions sonicated during the corresponding times and adding 20 wt% of binder, 

and 0.15 wt% of antifoaming agent. The fresh tapes obtained are flexible as can be 

observed in Fig. 3.7. 

The tapes of LSCF were sintered at different temperatures ranging from 

800ºC to 1400ºC for 4h. The density of all calcined tapes was measured by 

geometrical method and the relative density (RD) was calculated considering the 

theoretical density [8]. The evolution of the relative density of LSCF tapes with 

temperature is plotted in Fig. 3.8. Between 800ºC and 1200ºC the tapes present a low 

densification (less than 85% RD), meanwhile at higher temperatures the densification 

is higher (more than 95% RD). It means that, at temperatures lower than 1200ºC, the 

tape is rather porous, but maintains a high integrity, whereas at higher temperatures 

the high sintered density is achieved. 
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Fig. 3.7. General view of the green tapes obtained from the prepared slurries: (a) YSZ and (b) LSCF.  

 

Fig. 3.8. Relative density values of LSCF tapes at different temperatures. 
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 Fig. 3.9 shows the XRD patterns of LSCF tapes sintered at different 

temperatures for 4h. All the samples match with the rhombohedral perovskite 

La0.6Sr0.4Co0.2Fe0.8O3. In addition, at high temperatures, see inset from 55º to 70º 2θ it 

is observable a splitting of the peaks that can be assigned to LaFeO3 or Sr2LaFe3O8.94. 

It is important to state that LSCF phase is present, but the other two phases are also 

observed.  

 

Fig. 3.9. XRD patterns of LSCF tapes for 4h ranging from 800ºC to 1400ºC. 

SEM images of LSCF tapes sintered at 800ºC, 1100ºC and 1300ºC are shown 

in Fig. 3.10. One can observe that as it is expected the grain size of LSCF particles 

grows. At 1300ºC the microstructure does not present intergranular or intragranular 

porosity, the small grains observed at this temperature are associated to the secondary 

phases observed before in the XRD patterns. The grain size measured for the sample 
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at 1300ºC was 6.2 µm, a grain growth in the sintered sample whereas the particle size 

was ~1 µm, this observation was also described by other authors [18,19].  

 

Fig. 3.10. SEM images of LSCF tapes sintered at: 800ºC, 1100ºC and 1300ºC. 

 The tapes of YSZ prepared without and with ultrasonic treatment were 

sintered at a temperature of 1500ºC for 2 h, which resulted in quite different relative 

densities calculated using the bulk density (previously obtained using the Archimedes 

method) and the theoretical density [11,12]. The tapes fabricated without ultrasonic 

treatment, using PiKEM powders can be sintered to relative density of 96.4% ± 0.1 

%. Meanwhile for the TZ8YS tapes achieve 94.4 ± 0.1 % relative density and for the 

TZ8Y tapes was around 86.3 ± 0.1 %. The last one was not high enough dense for an 

electrolyte material. Using ultrasounds, the relative density of the PiKEM and TZ8YS 

samples decreased to 93.5 ± 0.1 and 91.3 ± 0.1 % respectively; on the other hand the 

ultrasounds slightly improve the one of TZ8Y, resulting in 88.3 ± 0.1 %.  
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 It should be noted that the YSZ tapes prepared with PiKEM powder are good 

candidates for being used as electrolytes because its relative density is > 95% which 

is high enough for electrolyte materials, avoiding the diffusion of gases between 

electrodes. Meanwhile the ultrasounds reduce the relative density of the TZ8YS 

which might has a detrimental effect on the SOFC performance. TZ8Y tapes are not 

good candidates for electrolyte tapes since they are not dense enough.  

  

Fig. 3.11. SEM images of sintered tapes at 1500ºC for 2 hours. 

Fig. 3.11 shows the microstructure of the YSZ sintered tapes. The 

microstructure observed is typical for ceramics sintered at high temperature [18]. All 

the materials give rise to dense ceramic pellets, where large pores were not observed, 

but after measuring the relative density it is confirmed that TZ8Y tapes are not good 

enough (lower than 90%), as it can be noticed from Arrhenius plots of the total 

conductivity against inverse temperature (Fig. 3.12). The grain sizes measured were 

6.2 µm for PiKEM, 3.1 µm for TZ8Y and 3.8 µm for TZ8YS. It is observed a grain  
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Fig. 3.12. (a) Arrhenius plots of the total conductivity in air of the three different Pt|YSZ|Pt with and 
without rheological optimization. (b) The bulk conductivity. 
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growth in the sintered tapes, whereas the particle size of the starting powders was 

between 0.5-2.4 µm, this observation was also described in the bibliography [18,19]. 

Table 3.3. Conductivity values (S/cm) of the three commercial YSZ without and with 
US control at different temperatures and their activation energies (Ea). 

 950ºC 800ºC 650ºC Ea (eV) Ultrasounds 
treatment 

PiKEM 8.2·10-2 4.9·10-2 1.6·10-2 0.92 No 

TZ8YS 2.2·10-2 1.6·10-2 5.4·10-3 0.92 No 

TZ8Y 3.2·10-2 1.6·10-2 5.0·10-3 0.98 No 

PiKEM 1.1 ·10-1 5.1·10-2 1.2·10-2 0.98 Yes 

TZ8YS 7.4·10-2 5.4·10-2 0.9·10-2 0.89 Yes 

TZ8Y 4.1·10-2 3.3·10-2 1.2·10-2 0.94 Yes 

Fig. 3.12a shows the temperature dependence of the conductivity of the 

different Pt|YSZ|Pt pellets with and without ultrasounds control. The activation 

energies of the YSZ pellets are quite similar as expected and range between 0.89 and 

0.98 eV (Table 3.3), which is in good agreement with the previously reported values 

[18-20]. In the case of the PiKEM sample, the conductivity is hardly affected by the 

ultrasonic treatment (Table 3.3).  

Probably the ultrasound waves do not have enough energy (400W) for 

breaking the strong agglomerates, which predominantly occur in the YSZ powder 

provided by PiKEM (average grain size 2.4 µm). On the other hand, it can be seen 

from Table 3.3 and Fig. 3.12a that sonication of the TZ8Y and TZ8YS slurries results 

in slight improvement of conductivity of the corresponding ceramic tapes. Fig. 3.12b 
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shows the Arrhenius representation of bulk conductivity. The behavior was similar to 

that of the total conductivity; the activation energy ranging from 1.04 to 1.06 eV for 

samples without ultrasound treatment and ranging from 1.04 to 1.09 eV for samples 

with ultrasound treatment. These values are close to 1 eV, which are in agreement 

with the literature [18-20]. The application of the ultrasounds to the slurries that 

contain finest-grained powders (TZ8Y) facilitates adsorption of the deflocculant on 

the surface of the YSZ particles and allows more efficient homogenization and better 

microstructural control. Both of these factors may result in better sinterability of the 

ultrasound-treated samples and as a consequence in higher total conductivity. The 

problem is that improvement of sinterability is not good enough for using the material 

as ceramic electrolyte in SOFC. 

 It should be mentioned that the tape casting technique has been used before 

for preparing thin YSZ electrolytes. Han et al. [21] produced YSZ tapes using 

different preparation methods for measuring EIS of the samples between 1000ºC-

550ºC and the conductivities are similar to the ones obtained in this work, i.e. ~ 0.1 

S/cm at 950ºC and ~ 0.04 S/cm at 800ºC. Timakul et al. [22] used aqueous slurries in 

order to prepare pellets of different commercial YSZ electrolytes and measured their 

ac-conductivity between 600ºC-275ºC. They performed a sintering study by heating 

the samples at 1450ºC for 2 or 4 h obtaining 0.004 S/cm at 600ºC for 8YSZ from 

Tosoh. 

3.4. Conclusions  

 Several YSZ and LSCF tapes were fabricated by optimizing the rheological 

properties, using aqueous slurries. The surface behavior studies of the commercial 

powders have allowed the determination of the isoelectric point of these materials, at 

a pH around 6 in the case of LSCF and at pHs in the range of 2-4 for the YSZ oxides. 

LSCF suspension should not be prepared at acidic pH due to the partial dissolution of 

the compound. In all cases, the basic suspensions are more stable than acid ones. 
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Addition of a polyacrylic based deflocculant leads to stable aqueous suspension. The 

ultrasounds study permits to control the thixotropy and viscosity; obtaining fluid 

suspensions for manufacturing the desired tapes. At temperatures ranging from 

1200ºC to 1400ºC the relative density is high, more than 98%. At lower temperatures 

increase the porosity. As it was expected, at high temperature the LSCF reacts and 

gives rise to secondary phases that reduce the ionic conductivity. 

  According to all the results previously exposed, this methodology for 

characterizing and preparing aqueous slurries of ceramic powders is interesting for 

future works. The study of LSCF and YSZ aqueous based tapes permits to propose 

these LSCF tapes as ion transport membrane or cathode material for future devices 

depending on the sintering temperatures; and PiKEM tapes as electrolyte material for 

future SOFC instead of TZ8YS or TZ8Y using this methodology due to the low 

relative density obtained after sintering the tapes.  
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Chapter 4.  

A novel microstructured 

metal-supported SOFC 
 

 This chapter describes an innovative design, alternative to the conventional 

metal supported fuel cells (MSC). This new design of SOFC comprises a layer of a 

honeycomb-metallic framework with hexagonal cells which supports a layer of 

electrolyte. Each hexagonal cell is further functionalized with a thin 5-10 µm of Ni-

YSZ anode. This new design allows a reduction of ~65% of the metallic supporting 

material. Two different compositions for the honeycomb-metallic frameworks were 

studied: 

- Study 1: The support was a metal alloy of Crofer® 22APU, rendering 

performances over 300 mW·cm-2 under pure hydrogen at 850ºC, with an OCV 

of ~1.1 V [1].  

- Study 2: The support  was a mixture of 70 wt% of crofer and 30 wt% of YSZ 

which allows matching the thermal expansion coefficients (TEC) of both 

materials, avoiding the formation of cracks during the sintering process of the 

whole structure. Furthermore, the anode ratio (NiO-YSZ) was optimized and 

the catalytic properties of the anode material was further improved by 

infiltrating 20CGO rendering performances over 160 mW·cm-2 under pure 

hydrogen at 700ºC, with an OCV of ~1.1 V [2]. 

 

 



84 | C h a p t e r  4  

 

4.1. Introduction  

 It exists an increase of interest in mobile applications but the supported 

configurations with brittle ceramics or cermets can hinder the improving of these 

portable applications [3-5]. Metal supported fuel cells (MSC) have benefits over 

traditional all-ceramic SOFCs due to: cheaper materials (it is expensive to use anode 

supported cells in commercial applications), short start-up times, and the possibility 

of improved sealing and stacking schemes [6,7]. These MSCs can be considered as 

potential electrical power supply for mobile applications due to the higher mechanical 

stability, electrical conductivity and better thermal and redox behavior of the used 

alloys, which are required for this task [8-11].  

 The main disadvantages of the MSC are related to electrode materials [6]. 

Cathodes are typically sintered under air, and this atmosphere can oxidize the metal 

support. As for the anode material, the common Ni-YSZ cermet is prone to Ni and 

Fe/Cr interdiffusion between the anode and metal layers when heated at high 

temperatures (1300-1400ºC), which leads to low power densities and severe 

degradation of the cell [12-15]. 

 A multi-layered sample comprising a metal-supporting layer of ferritic FeCr 

stainless steels (crofer) with honeycomb patterning, which acts as support of an 

electrolyte layer of YSZ, was fabricated and tested in this chapter. It is used ferritic 

FeCr stainless steels because they have well-matched TEC with YSZ electrolytes 

(YSZ~10-11 10-6 K-1 vs. FeCr-alloy~12-14 10-6 K-1) [6,16]; low costs and adequate 

oxidation resistance at high temperature [12,17]. 

 The idea suggested by Irvine and Connor [18] that the MSC are the third 

SOFC generation gave us the opportunity to propose a novel microstructured MSC as 

the 3.5 generation of SOFC (Fig.4.1). 
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Fig. 4.1. Schematic diagrams of the different generations of SOFC adding the 3.5 generation suggested 
by us. 

  This novel design may have several important advantages over the traditional 

state-of-the-art configuration:  

 (1) It allows the production of robust MSC with a 150-200 µm layer of 

microstructured metal; in fact, in this way any type of patterning can be produced. 

 (2) It offers the possibility to fabricate at mass-scale in a cost-effective way. 

 (3) It saves up to ~ 65% of the supporting material, which will eventually lead 

to a decrease of the cost of any MSC assembled in this configuration. This opens up 

the possibility of the fabrication of SOFC devices with an elevated ratio of kW per 

cm3 and/or kW per kg [19]. 

 (4) The anode is situated just inside each hexagonal cavity, in direct contact 

with YSZ. Hence any type of reactivity between anode and interconnect will be 

restricted to the inner walls of these hexagonal cells and hence the performance 

should not be affected by undesired formation of secondary phases [12,14,15,20].  

 (5) The use of interconnect material on one side of each SOFCs offers the 

possibility of cold sealing through an electrical resistance welding process. 

 (6) The use of a metal honeycomb microstructure allows the use of such 

structure as a current collector and hence no platinum is used in the anode 

compartment as current collector. 
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Fig. 4.2. (a) Schematic representation of the assembled metal supported fuel cell. (b) 2-point setup for 
fuel cell tests (WE: working electrode, CE: counter electrode and REx: reference electrodes). 

 In this configuration, the hexagonal holes in the crofer microstructure will be 

filled with a thin (5-10µm) active layer of Ni-YSZ anode, Fig.4.2a. And the setup 

used for measuring the SOFC test is schematized in Fig. 4.2b and presented in 

chapter 2: Fig. 2.10 and Fig. 2.11. 

4.2. Experimental procedure 

4.2.1 Materials 

 Yttria (8 mol%) stabilized zirconia (YSZ) was supplied by Pi-KEM Ltd. 

(Staffordshire, UK), NiO (99,99%, Sigma-Aldrich, St. Louis, MO, USA) and the 

metal alloy Crofer ® 22APU were provided by IKERLAN. Ce(NO3)3·6H2O and 

Gd(NO3)3·6H2O both 99,99% metal basis from  Sigma-Aldrich, St. Louis, MO, USA.  

Other chemical used were methyl-ethyl-ketone (Sigma-Aldrich, St. Louis, MO, 
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USA); ethanol (Scharlau, Barcelona, Spain); Triton-Q (Dow Chemical, Midland, MI, 

USA); dibutyl phthalate (Scharlau, Barcelona, Spain) and Butvar B98 polyvinyl 

butyral (Sigma-Aldrich, St. Louis, MO, USA). 

 

 

 

 

 

 

 

 

 

Fig. 4.3. (a) Master with honeycomb patterning fabricated with a photoactive resin. (b) Shows a 
magnification of the patterning. (c) Shows the honeycomb-patterned master, and a mold 
fabricated from this master by soft lithography using PDMS and a multi-layered SOFC 

sample in the green state –being top part YSZ (d) and the bottom part (e) crofer 
microstructured. 

A master and the corresponding poly(dimethylsiloxane) (PDMS) 

microstructured mold was prepared using standard micro- and nanofabrication 

processes [21,22] and the honeycomb microstructures from this master were 

transferred to PDMS stamps by soft lithography, Fig. 4.3ab.  
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4.2.2 Electrolyte, anode and interconnect slurries 

 A modified procedure [23] for tape-casting was used for the preparation of 

three organic-based slurries for each component of the honeycomb-MSC. The slurries 

were obtained by mixing the following materials:  

- 10 g of starting powders (i.e. 10 g. of YSZ  in one case, 10 g. of crofer in 

another case and finally, 6 g. of NiO + 4 g. of YSZ in the case of not 

optimized anode experiment – Study 1-  and different mix ratios of NiO-YSZ 

for the case of the optimized anode experiment-Study 2-). 

-  10 g of a mixture of methyl-ethyl-ketone and ethanol (3:2, w/w) solvents. 

-  0.5 g of Triton-Q (dispersant). 

- 2 g of dibutyl phthalate (plasticizer). 

-  1 g of Butvar B98 polyvinyl butyral (binder).  

In all cases, the components were ball-milled for 2 h at 200 rpm in a zirconia 

vessel with zirconia balls.  

 In the case of the optimized anode experiment, a mixture 70 wt% of crofer 

and 30 wt% of YSZ was used for obtaining the microstructured, metallic support. The 

YSZ content helps to reduce the formation of small cracks in the border of the 

sample, by matching TEC of both elements, i.e. electrolyte and the metal frame. 

4.2.3 Fabrication of green and sintered multilayered samples  

 The prepared slurries were hand casted over a PDMS rubber with the 

honeycomb patterning and dried for 24 hours after each deposition. First, three layers 

of metal alloy were deposited and then another four layers of electrolyte. After 48 

hours the multilayered sample of 78.5 cm2 of area, Fig. 4.3c, is easily peeled off from 
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the PDMS mold and then several smaller samples were prepared by cutting circular 

pieces from the green tape. 

 These samples were sintered, under reducing conditions (Ar-5%H2) using a 

two-step heating schedule: from room temperature to 900ºC at 5ºC/min, 10 minute 

dwell, and then from 900ºC to 1250ºC 1ºC/min and finally a 240 minute dwell. After 

sintering, the anode slurry was deposited by filling the hexagonal holes in the metallic 

framework. After drying at room temperature, the sample was exposed to the same 

heat treatment as previously described. The overall thickness of both layers can be 

decreased just reducing the numbers of deposition steps previously commented. The 

final diameter of the sintered sample was ranging between 14.2-14.5 mm in the case 

of not optimized anode experiment and ranging between 19.7-20.0 mm in the case of 

optimized anode experiment.  

4.2.4 Electrochemical studies and measurements for optimizing the anode  

 Two experiments were performed before testing the metal-supported cell in 

the Study 2: 

 1) Different compositions of the system NiO-YSZ, ranging from 60-40 to 90-

10 were tested with the aim to find the lowest area specific resistance (ASR).  

 2) The optimized anode composition found in the previous step was further 

optimized by infiltrating solutions of 20CGO and finding the lowest ASR values. A 

micropipette (Eppendorf Research 10-100 µL, Sigma-Aldrich, St.Louis, MO, USA) 

was used for accurate control of the volume additions, following the infiltration 

procedure described by Blennow et al. [24,25]. 

 For these two types of experiments, symmetrical samples were fabricated and 

the impedance spectra were recorded using a 1260 Solartron FRA (AMETEK, 
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Hampshire, UK) in 5%H2 in the 0.1 Hz to 1MHz frequency range with an ac signal of 

50 mV. Data were analyzed by non-linear least squares fitting using equivalent 

circuits with ZView v2.8 software [26]. Samples were electroded with gold paste 

(Metalor, Birmingham, UK) and fired at 900ºC during one hour to ensure good 

electrical contact. 

 For preparing the symmetrical cells, the electrolyte was obtained using a YSZ 

slurry, a homemade automatic film applicator and a doctor blade. The gap between 

the blade and the support was adjusted to h = 400 µm and the casting rate was 20 

mm/s. The slurry was cast on a Mylar film to obtain a homogeneous tape. The 

obtained tape cast was left for 1 day at room temperature in order to assure that it was 

fully dry. 

 The different compositions of NiO-YSZ were prepared out following the 

same aforementioned experimental procedure but just changing the YSZ content in 

the slurries for different NiO-YSZ compositions.  

 In order to replicate the manufacturing procedure of the MSC, YSZ and the 

fixation of anode material, the calcination was carried out in two steps in air, 

following the two-step heating schedule: RT to 900ºC at 5ºC/min, 10 minute dwell, 

and then 900ºC to 1250ºC 1ºC/min and finally a 240 minute dwell. The anode 

material was added after cosintering the layer of the metal supported electrolyte.

 After obtaining the lowest ASR value for the anode material, the infiltration 

of different quantities of 20CGO prepared after dissolving the precursors in ethanol 

was performed. The infiltration steps, with subsequent calcination, were done in 

several cycles, taking into account the maximum volume of 20CGO per cycle: 40 µL. 

The solution infiltration was performed under vacuum for 90 minutes. Then the 
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sample was heated at 70ºC for 1 hour and finally it was fired at 350ºC in air for 4 

hours.  

4.2.5 Reactivity measurements 

 Several mixtures of the YSZ powder and metal as well as metal and NiO were 

prepared and exposed to the same experimental conditions as the multilayer samples, 

in order to verify reactivity issues by X-ray diffraction (XRD). 

 XRD patterns were recorded using a PANalytical X’Pert diffractometer, 

equipped with a primary monochromator and the X’Celerator detector. The scans 

were collected in the 2θ range of 20–70º with 0.016º step for 2 h and 12h in the case 

of single metallic alloys and samples with mixture of metallic alloys and ceramic 

powders. Phase identification was performed with X’Pert HighScore Plus v.2.0a 

software using the JCPDS and ICSD [27]. 

4.2.6 Microstructural characterization 

 The microstructure of the samples was observed with a Leica M205 C optical 

microscope integrated with Leica Microsystems Leica DFC420 C digital camera and 

Leica Application Suite software (Leica, Wetzlar, Germany); and using a scanning 

electron microscopy (SEM) (Jeol LTD, mod. JSM-6300, Tokio, Japan) combined 

with energy dispersive spectroscopy (EDS). In the case of SEM samples, they were 

covered with a thin film of silver to avoid charging problems and to obtain better 

image definition.  

4.2.7 SOFC test measurements 

 The cathode was deposited using a platinum paste (Metalor, Birmingham, 

UK). In the case of Study 1, the geometrical contact area was 0.580 cm2 and this 

value was corrected with the electrochemical active anode area without the metallic 
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framework (i.e. taking into account the total area of the hexagon cells). The final 

value of the active area used was 0.239 cm2. In the case of Study 2 the geometrical 

contact area was 0.66 cm2 and the corrected active area used was 0.22 cm2. It should 

be mentioned that the geometrical active area used as reference was the very small 

cathode circle showed in Fig. 4.2, for testing purposes, and hence a more realistic 

value of this ratio is about 1:3. The sample was fixed to the electrochemical jig using 

a high temperature ceramic adhesive Ceramabond™ 552 (Aremco Products, Inc. 

Valley Cottage, NY, USA). 

 Impedance spectra and current-voltage curves (I-V) were recorded on Zahner 

elektrick IM6 ex FRA (ZAHNER-Elektrik GmbH & Co.KG, Kronach, Germany) in 

pure, humidified hydrogen for the anode and pure oxygen for the cathode in the 100 

mHz to 300 kHz frequency range with an ac signal of 50 mV. The spectra and curves 

were obtained on heating from 700 ºC to 850 ºC. Data were analyzed with Thales 

3.07 software. 

4.3. Results and discussion  

 It is well known that honeycomb framework provides mechanical strength to 

any supported structure due to an adequate distribution of the load [21,28,29]. 

Furthermore some extra toughness is introduced to the whole sample if a metal can be 

used for the honeycomb backbone instead of a brittle material such as ceramics. 

However, the selected materials can be prone to certain degree of reactivity and this 

must be verified by XRD studies. 

 Fig. 4.4a shows the XRD patterns of the YSZ and nickel and Fig. 4.4b Crofer 

metal alloy as received. Crofer metal alloy is a stainless steel (Cr0.26Fe1.74) with 

secondary phases of chromium; if this steel is heated to 850ºC in air for 4 hours, Fig. 

4.4c, it leads to the formation of phases of chromium oxide and iron oxide, as 
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reported in literature, for that reason all the co-sintering processes were performed 

under reduction atmosphere (i.e. 5%H2). Fig. 4.4d shows the XRD pattern obtained 

after mixing the interconnect material with the YSZ and testing it under the sintering 

condition fixed for the co-firing process (i.e. heating up to 1250ºC for 5h under 

5%H2). Since no reaction had been observed we concluded that the above conditions 

were suitable for co-sintering of YSZ and crofer.  

 

Fig. 4.4. XRD patterns of: (a) YSZ and nickel. (b) Crofer as received and crofer (c) after 850ºC/4h in 
air. (d) Crofer + YSZ, at 1250ºC for 5h under 5%H2. (e) Crofer + YSZ + Ni, at 1250ºC, for 5h under 

5%H2 atmosphere. 
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 Finally the mixture of metal alloy, YSZ and Ni were fired at 1250ºC for 5h 

under reducing 5%H2. The XRD pattern obtained, Fig. 4.4e, shows the formation of 

secondary phases of FeNi as reported and the reduction of NiO to metallic Ni, the 

presence of secondary phases of Fe-Ni was observed too in previous work of MSC 

[14,15,30].  

 As mentioned above, our design avoids the formation of these secondary 

phases between the interconnector and the electrolyte given that in our case the anode 

is directly in contact with the electrolyte. 

 Hence, the sintering conditions to avoid undesired reactions between 

components of the MSC are: under reducing conditions (Ar-5%H2) using a two-step 

heating schedule: from room temperature to 900ºC at 5ºC/min, 10 minute dwell, and 

then from 900ºC to 1250ºC 1ºC/min and finally a 240 minute dwell. It was performed 

twice: firstly for cosintering the layer of crofer and YSZ and secondly for fixing the 

anode to the electrolyte after filling the hexagonal holes in the metallic framework. 

Two different honeycomb-metallic frameworks were studied: 

• Study 1: The hexagonal framework was made with just a metal alloy 

crofer as support. 

• Study 2: The hexagonal framework was made with a mix of 70 wt% of 

crofer and 30 wt% of YSZ as support for approaching its thermal 

expansion coefficients. 

Study 1: Metal alloy crofer as support  

Several honeycomb-MSC were prepared from the green state, cutting 

multilayered samples of 17.7 mm of diameter, containing YSZ supported over a 

honeycomb arrangement of interconnect material distributed in perfect hexagonal 
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cells, Fig. 4.5abc. After sintering under reducing conditions the microspheres of the 

interconnect material are fused together rendering a uniform and continuous surface 

that is being fixed to the YSZ at the same time, Fig. 4.5de. The co-firing process led 

to a perfect contact between electrolyte and crofer as can be seen from Fig. 4.6ab. 

The SEM images also show a good distribution of microparticles of the anode Ni-

YSZ inside of each hexagonal cell, Fig. 4.6cd. This active layer exhibits a regular 

distribution in its 5-10µm of thickness, Fig. 4.6e, showing the good quality of the co-

sintered YSZ (thickness ~250 µm) under reduced conditions at 1250ºC.  
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Fig. 4.5. Optical images of the multi-layered sample in the green state after peeling off the PDMS 
mold. (a,b) shows both layers of YSZ and the interconnect material. (c) it shows a magnification of the 

details of the part containing the crofer made of metallic microspheres structured in hexagonal cells. 
(d,e) a typical sample obtained after sintering in reducing conditions up to 1250ºC, the microspheres of 
crofer have been fused together producing a very rigid metallic structure, strengthen the whole SOFC 

sample. 



A  n o v e l  m i c r o s t r u c t u r e d  m e t a l - s u p p o r t e d  S O F C | 97 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6. (a,b) SEM image of the cross-section of the honeycomb metallic structure –top part- 
supporting a 250 µm of YSZ-bottom part. In each hexagonal cell a ~5-10µm of anode material layer 
was deposited. (c) SEM image of the top-view of the crofer sintered as a honeycomb patterning and 

showing the anode morphology of the (d) Ni-YSZ cermet in the inner part of each hexagonal cell. (e) 
Cross-section of inner part of each hexagonal cell, showing the dense YSZ electrolyte in contact with 
the 5-10 µm active layer of the Ni-YSZ anode. (f) Cross-section of cathode side, showing the dense 

YSZ electrolyte in contact with a 10 µm active layer of the Pt. 
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 Several fuel cell tests were performed in order to verify the functionality of 

the proposed configuration. The overall thickness of the sample tested was 450 µm, 

and of that value, 200 µm correspond to the supporting microstructured crofer layer. 

The geometrical area was initially estimated to be 0.58 cm2 (cathode material), and 

later corrected with the real free active area in the anode, which belongs to the sum of 

the hexagonal prism internal area, Fig. 4.6c. Once the fuel cell was sealed to the test 

jig (setup), the quality of sealing was verified through the Open Circuit Voltage 

(OCV) values. At 850ºC under humidified pure H2 as fuel, the value of OCV 

obtained was 1.078 V, which is very similar to the theoretical value of 1.106 V [31] 

pointing out to a very good sealing quality. Testing the performance of the 

honeycomb-MSC led to performances ranging between ~50mW·cm-2 at 700ºC and 

300 mW·cm-2 at 850ºC, Fig. 4.7, which are very promising values for this type of 

configuration. 

 

 



A  n o v e l  m i c r o s t r u c t u r e d  m e t a l - s u p p o r t e d  S O F C | 99 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7. (a) Voltage and power density versus current density and, (b) the corresponding impedance 
spectra of the single honeycomb-MSC operating under wet pure hydrogen as fuel and dry oxygen as 

the oxidant, over the temperature range of 700-850ºC. 

 As far as possible commercial applications are concerned 100 cm2 for each 

single cell should render about 30W and taking into account the ratio (active 

cell):(total Area) of 1:3, it should lead to 10W in the best situation. Here probably one 

should consider also the difference of weight with other MSCs to produce the same 

performance, in our case it should lead to a 65% of less weight. 

Study 2: With a mix 70 wt% of crofer and 30 wt% of YSZ as support, for approaching 

its thermal expansion coefficients 

 For this part of the work the slurry of the interconnector is a mix of metal and 

ceramic oxide (70-30 wt% crofer-YSZ). The final diameter of the studied samples 

was 26 mm. It can be seen in Fig. 4.8 the same configuration perfectly distributed in 

hexagonal cells. Fig.4.8ab shows the sample as prepared, before sintering. In Fig. 
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4.8c the sample was sintered following the two-step heating under reducing 

atmosphere, this sample is less shiny than the one from Fig. 4.5 due to the presence of 

YSZ in the mix. Fig. 4.8d permits to see the microstructure after infiltrating the anode 

material and calcinating it. Finally, Fig. 4.8e is the YSZ electrolyte after the thermal 

treatment, ready for measuring it.  

 As it was explained in the introduction, this article is the continuation of our 

previous Study 1 [1] were it was demonstrated that the metallic honeycomb 

microstructure provides good results for preparing a MSC and it does not interact 

with the anode part forming undesired secondary phases.   
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Fig. 4.8. Optical images of the multi-layered sample: (a) in the green state after peeling off the PDMS 
mold. (b) Cross-section which shows both layers of YSZ and the interconnect material. (c) Details of 

the crofer-YSZ mix structured in hexagonal cells after sintering, before adding the anode. (d) A sample 
obtained after sintering in reducing conditions up to 1250ºC after adding the anode. (e) YSZ 

electrolyte for measuring the MSC after the thermal treatments. 

 Fig. 4.9 plots the average values of at least two areas specific resistance 

(ASR) versus different amounts of NiO-YSZ. It can be deduced that the optimum 

quantity of NiO-YSZ (wt%) is the 80-20 ratio because it has the lowest ASR value, in 

the case of 90-10 ratio it increases. The behavior of the ASR values with different 
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amounts of NiO-YSZ has been reported by some authors [32-35] and is the 

consequence of the variation of porosity produced by the reduction of NiO into 

metallic Nickel. With low quantity of NiO the cermet shows a predominant ionic 

conducting behavior. Increasing the amount of NiO the conductivity is higher 

because the conduction mechanism changes to a predominat electronic conduction 

through the metallic phase. An excess of NiO in the cermet led to the disruption of 

the triple phase boundary (TPB) due to the creation of more electronic paths and 

hence isolating several ionic paths (Fig. 1.5). This behavior can be observed in Fig. 

4.9 and a minimum on the ASR value is found for the 80-20 NiO-YSZ ratio. For this 

reason, the infiltration of 20CGO will be applied for this content 80-20.  

 

Fig. 4.9. Log ASR values vs 4 different NiO-YSZ content in weight. 

 The infiltration of 20CGO solution was very successful reducing the 

polarization resistance, as it can be seen in Fig. 4.10, where it is shown that different 
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quantities of the electrocatalyst decrease the initial ASR value until a minimum value 

at 180 µL. The average values of at least two ASR against different amounts of 

20CGO are shown in Fig.4.10. This effect after the introduction of electrocatalysts 

into the electrodes for SOFC tests has been also described by other authors 

[24,25,36], who obtained interesting results in the final performance of the system. 

The maximum amount of 20CGO solution per impregnation that it can wet the 

surface of our electrode (0.28 cm2) was only 40 µL. Due to that several steps in order 

to study the evolution of ASR with the volume of electrocatalyst until 220 µL in 6 

steps. Once the anode cermet is optimized and the quantity of 20CGO infiltrated in 

the electrode is fixed, it is time to fabricate and test the optimized microstructured 

MSC as it was explained above. 

 

Fig. 4.10. Log ASR values vs different volumes of infiltrated 20CGO as electrocatalyst. 
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Fig. 4.11. (a) SEM image of the cross-section of the honeycomb metallic-ceramic structure, supporting 
the YSZ layer (b) In each hexagonal cell a ~5-10µm of anode material layer was deposited and 

20CGO was infiltrated. (c) Ni-YSZ cermet +20CGO  in the inner part of each hexagonal cell. (d) 
Cross-section showing the dense YSZ electrolyte in contact with the ~10 µm platinum layer. (e) Cross-
section of inner part of each hexagonal cell, showing the dense YSZ electrolyte in contact with the 5-

10 µm active layer of the Ni-YSZ anode. 

The co-firing process permit to obtain a perfect contact and a good adherence 

between the sintered electrolyte and crofer-YSZ composite as can be observed at Fig. 

4.11a. The SEM images also show the distribution of 20CGO microparticles in the 

cermet anode inside of each hexagonal cell, Fig. 4.11bc. The platinum has a thickness 

of ~10µm (Fig. 4.11d) and the anode exhibits a regular distribution of 5-10µm of 

thickness (Fig. 4.11e) showing the good adhesion between the layers (YSZ and 

anode) under reduced conditions at 1250ºC. 
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 Fuel cell tests were performed in order to confirm the optimization of the 

proposed study. The overall thickness of the sample tested was ~600 µm, where 150 

µm correspond to the supporting microstructured crofer-ceramic layer. The 

geometrical area was initially estimated to be 0.66 cm2 (platinum-cathode material). 

As it was previously commented in Study 1 [1], the real free active area in the anode 

is the sum of the hexagonal internal surfaces of the cathode area, for this reason the 

area was corrected taking into account this point (Fig. 4.11b). Once the fuel cell was 

stuck to the test setup, the quality of sealing was verified using the Open Circuit 

Voltage (OCV) values. At 700ºC under humidified pure H2 as fuel, the value of OCV 

obtained was 1.08 V, which is close to the theoretical value of 1.129 V [31] indicative 

of a good sealing. Fuel cell studies of the optimized honeycomb-MSC led to a 

performance higher than 160 mW·cm-2 at 700ºC, which is a very promising value for 

this type of configuration compared with the value obtained in our previous work at 

the same temperature (~50 mW·cm-2), for a non-infiltrated sample, Fig. 4.12a. 

Furthermore, the performance values can be much higher that the electrolyte used in 

this study was thicker than the one tested in Study 1 (Fig. 4.12bc). This confirmed 

that the infiltration of 20CGO has permitted the increase of TPB’s and as 

consequence improving the polarization resistance and increasing the yield of the 

electrochemical reaction.  
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Fig. 4.12. (a) Voltage and power density versus current density at 700ºC of the optimized anode and 
not optimized anode [1] (b) the corresponding impedance spectra, after substracting the ohmic 

contribution, of the single honeycomb-MSC operating under wet pure hydrogen and dry oxygen as the 
oxidant at 700ºC of the optimized anode and not optimized anode [1], (c) detail of the impedance 

spectra of the optimized anode at 700ºC.  
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4.4. Conclusions  

 An alternative design for the traditional metal supported cell has been 

proposed. In this design, a 200 µm layer of crofer was structured with honeycomb 

arrangement allowing two advantages: first, it will act as a typical current collector 

and hence no extra platinum need to be used, and in second place, each hexagonal 

cell allows the integration of the anode material inside of the thickness of the 

interconnect, hence anode and interconnect material are in the same layer. 

 This design has been possible due to the use of the photolithography, which 

allows the cost-effective fabrication of molds with any type of microstructured 

pattering, any range of thickness, with high degree of reproducibility. 

 This configuration helps to increase the mechanical strength of the whole 

MSC, while reducing the fabrication costs due to lower anode/metallic material 

consumption (~65%) and it yields performance of ~300mW·cm-2, at 850ºC under 

humidified hydrogen.  

 The polarization values have been improved in more than 1 order of 

magnitude, after optimizing the NiO-YSZ anode composition and the subsequent 

infiltration of the electrocatalyst 20CGO.  

 Optimizing the anode material, yields performance of ~160mW·cm-2, at 

700ºC under humidified pure hydrogen; which is a very promising value after 

optimizing the anode, compared with the value obtained in our previous work at the 

same temperature (~50 mW·cm-2 with 60-40 NiO-YSZ ratio). 

 Hence, it has been demonstrated that the proposed honeycomb metal 

framework allows a wide range of improvements and it opens new fields for mobile 

applications or others. 
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Chapter 5.  

3D printing 
  

 This chapter is dedicated to a new tool for controlling the microstructure of 

the materials: the 3D printing technique. It has been used for: 

- Designing microstructured organic-based molds for the deposition of YSZ 

and crofer slurries. Thermal treatment of these microstructured samples 

has been performed obtaining promising results.  

- Designing SOFC 3D prototypes for being fully 3D printed with ceramic 

powders and photopolymers.  

5.1. Introduction  

  Three-dimensional (3D) printing is based in the direct fabrication of 3D 

structures, layer-by-layer, from a computer-aided design file without using any part-

specific tooling [1] and in significantly less time than by conventional fabrication 

methods [2]. The 3D printing industry started in the late 1980s (with some initial 

experiments in the 1970s), but the use of these expensive machines were limited to 

professionals. In 1990, at The University of Texas in Austin (USA), it took place the 

first symposium related to the disciplines and sub-disciplines of Solid Freeform 

Fabrication (SFF) [3]. Nowadays it exists an expansion of new 3D technologies 

because the printing patents of Fused Deposition Modeling (FDM), where objects are 

built up layer by layer with extruded melted plastic, have expired. Furthermore, novel 

3D printing technologies also have benefit from the open-source movement and from 

the free sharing of digital files via Internet [4].  
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 There are different 3D printing technologies regarding the procedure and 

materials used for the object engineering. Some of these printing technologies are 

summarized in Table 5.1[1,3,5]: 

 

  

 

Table 5.1. Summary of 3D printing technologies and their advantages.  

Technique Process details Advantages 

Fused deposition 
modeling (FDM) 

Strand of thermoplastic 
polymers or polymer/ceramic 
composites extruded through a 
tip and deposited layer-by-layer 

Easy to use and can be used 
with a large variety of 

materials 

Powder and inkjet head 
3D printing 

Extrusion-based layer-by-layer 
deposition. It employs ink-jet 

printing technology for 
processing powder materials. 

Solid and porous constructs 
can be fabricated 

Stereolithography (SLA) 

Layer-by-layer fabrication by 
exposure to photopolymer 

liquid. Polymer solidifying at 
the focal point, and un-exposed 

polymer remains liquid 

Simple and complex designs 
can be manufactured. More 

resolution 

Selective laser sintering 
(SLS) 

A laser is used for sintering 
powdered material (typically 

metal), focusing the laser 
automatically at points in space 
defined by a 3D model, binding 
the material together to create 

the desired solid structure 

It does not require support 
structures due to the fact that 
the part being constructed is 

surrounded by unsintered 
powder at all times, it 

permits the construction of 
previously impossible 

geometries 

 

Laminated object 
manufacturing (LOM) 

 

Layers of adhesive-coated 
paper, plastic, or metal 

laminates are successively 
glued together and cut to shape 

with a knife or laser cutter. 

Low cost due to readily 
available raw material 
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 Three different techniques have been used in this thesis for controlling the 

microstructure of the SOFC components:  

- Fused deposition modelling (FDM) for fabricating molds with the desired 

structure. The use of replication with molds has been successfully used in chapter 4 

[6,7] and other authors tested it in their works [8-10] ;  

- 3D plotting/direct ink writing and stereolithography (SLA) to confirm that 

the design is correct and for fabricating prototypes of future SOFC devices.  SLA has 

been used before with ceramic powders by several authors obtaining good results: H. 

Liao et al. [11-13], M.L. Griffith et al. [14-16] or T. Chartier et al. [17,18] have 

studied the rheology of the well dispersed photopolymer resins with Al2O3, SiO2 or 

ZrO2; other authors [19-21] have studied the curing time of the photopolymers with 

ceramic powders; even the study of the resins for tape casting and curing them [22]; 

and finally the use of a homemade setup for manufacturing a microstructured YSZ 

electrolyte following a EIS testing [23]. Ink-jet printing has been also studied with 

ceramic powders: piezoelectrics have been produced by M. Lejeune, T. Chartier et al. 

[24-27]; the dispersion of silver nanoparticles with ceramic based inks and further 

fabrication of multilayered components was developed too [28,29]; the 

functionalization of ceramics coatings [30,31]; SOFC micropatterns were 

demonstrated [32] and the rheology of ceramic aqueous inks was also studied [33]. 

The principles and materials used with these techniques are explained below. 

5.1.1. Fused deposition modeling (FDM) 

 FDM is the most common 3D printing technique: it creates complex objects 

from molten plastic extruded through a nozzle. A plastic filament is wound on a coil 

and unrolled for adding the material to the extrusion nozzle, while the nozzle or the 

object (or both) are moved along three axes (the nozzle at XY and the fabrication 

platform at Z) by a computer-controlled mechanism, and the material solidify 
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immediately after extrusion. The nozzle contains resistive heaters that keep the plastic 

at a temperature just above its melting point so that it flows easily through the nozzle 

and forms the layer.  

 

Fig. 5.1. Scheme of a FDM printer [34]. 

 The layer thickness and vertical dimensional accuracy is determined by the 

extruder die diameter, which ranges from 1.75 to 3 mm. In the XY plane, a maximum 

resolution of ~100µm is available [3]. The scheme of a FDM printer is shown in Fig. 

5.1. The most common thermoplastics used in FDM are polylactic Acid (PLA) and 

acrylonitrile butadiene styrene (ABS). 

 PLA: Polylactic Acid is thermoplastic aliphatic polyester, biodegradable and 

environment-friendly plastic derived from corn starch, tapioca roots or sugarcane. Its 

melting temperature is within the range 180–230 °C. It sticks well on the printing bed 

at room temperature (not requiring a heated bed). Typically the platform is covered 
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with blue painter’s tape for avoiding a permanent fixation of the object over the 

platform. This thermoplastic does not require special safety precautions or forced 

ventilation because the fumes are not dangerous. 

 Objects printed in PLA are robust but relatively brittle, and cannot be used 

when resistance to high temperature is needed. The PLA filament is rather 

inexpensive, ranging from 30 to 40 € for 1 kg. A special variant of PLA is the soft or 

flexible PLA, which should be extruded at lower temperature and very low speed, 

and can be used to print flexible joints, belts, tires, etc. 

 ABS: Acrylonitrile butadiene styrene (chemical formula: (C8H8)x· 

(C4H6)y·(C3H3N)z) is a common thermoplastic polymer. Its melting temperature is 

around 230°C. ABS is a therpolymer (copolymer consisting of three distinct 

monomers) made by polymerizing styrene and acrylonitrile in the presence of 

polybutadiene. The result is a long chain of polybutadiene criss-crossed with shorter 

chains of poly(styrene-co-acrylonitrile). The nitrile groups from neighboring chains, 

being polar, attract each other and bind the chains together, making ABS stronger 

than pure polystyrene. This material permits increase the temperature but the 

mechanical properties vary. 

ABS is considered a low-hazard material but some precautions must be taken 

when working with it. Heating up ABS during manufacturing can produce tiny 

particles into the environment [35] and these particles can be acrylonitrile or styrene, 

which are “reasonably anticipated to be human carcinogen” or butadiene which is a 

“known carcinogen” [36]. It is necessary high ventilation in the working area for 

mitigating the risks associated with the use of ABS. 

The ABS filament is not expensive, ranging from 20 to 40 € for 1 kg. 
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5.1.2. Powder bed and inkjet head 3D printing  

 Using drop-on-demand jetting technology, which is very similar to inkjet 

printing process, the printer deposits a binder onto a powder bed, one layer at time; 

this process is repeated until every layer has been printed. As the binder solidifies, a 

solid geometry is created [37].  

 The method is schematized in Fig. 5.2 and it works as follows: the multi-

channel inkjet head deposits a binder onto the top layer of a bed of powder (build 

chamber), it can moves in the XY direction. The particles of the powder become 

bonded in the areas where the binder is deposited. Once the layer is completed the 

fabrication piston moves down (Z direction) by the thickness of a layer (~100µm). 

The powder delivery system permits to refill the powder bed by placing the powder 

and spreading and compressing it with a roller over the surface of the build chamber. 

The process is repeated until the entire object is completed within the build chamber. 

After completing the object, the platform from the build chamber is elevated and the 

extra powder is eliminated with a vacuum system, recycled and stored in the powder 

delivery system for future printings. 

 

 

 

 

 

 

 

 

Fig. 5.2. Powder bed and inkjet head 3D printer. 
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5.1.3. Stereolithography (SLA) 

 Stereolithography is an additive manufacturing process, which uses a vat of 

photosensible liquid called photopolymer or resin; and a light source to polymerize 

the photosensible material. 

 The resin is a mix of monomers, photo-initiators and light absorbents. And the 

light source is an UV laser or a common projector using DLP (Digital Light 

Processor) technology. The UV laser beam traces a cross-section of the part pattern 

on the surface of the liquid resin for printing each layer. The exposition to the UV 

laser light cures and solidifies the pattern traced on the resin and joins it to the layer 

below, from down to up. After the layer is traced and cured, the stage, Fig. 5.3, is 

elevated by a distance equal to the thickness of a single layer, this technique permits 

to fabricate layers from 25 µm to 200 µm. Hence, the resolution of the printed object 

is higher than using the other two aforementioned 3D printing methods. Then, a 

resin-filled blade sweeps across the cross section of the part, re-coating it with fresh 

material. On this new liquid surface, the subsequent layer pattern is traced, joining the 

previous layer. A complete 3D part is formed by this process. After being built, the 

3D structures are immersed in an isopropyl alcohol (IPA) solution in order to clean 

the excess of resin and typically are subsequently cured in an UV oven [38,39]. Fig. 

5.3 shows the scheme of an SLA 3D printer using a DLP projector.  
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Fig. 5.3. 3D printer scheme of SLA technique [34]. 

5.1.4. Computer Assisted Design (CAD) software 

 The design of the 3D models for printing was carried out using the free cloud 

based software called TINKERCAD developed by Autodesk, inc. California, USA. 

This software allows creating from simple to complex models without using 

programming code, just using basic forms: spheres, cylinders, pyramids, etc. 

Furthermore, the software automatically convert the model to a 3D-printable file 

known as STL file (STereo Lithography) ready to be sent to any type of 3D printers. 

Fig. 5.4 shows a screen capture of the TINKERCAD program used during the 

modelling process.  
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Fig. 5.4. Tinkercad is a simple, online 3D design and 3D printing tool. 

5.2. Experimental procedure 

5.2.1. Design process 

The first step was to create the 3D digital model of the desired structure, in 

our case a 3D mold to be used to control the structure of a slurry-based inorganic 

material, i.e YSZ. The design was conceived as a two pieces mold. One of them was 

the microstructured supporting mold with a honeycomb arrangement of hexagonal 

cells, and the second piece is just a ring for avoiding the spill of the slurry during the 

drying process of the material to be molded. An example of the design concept is 

shown in Fig. 5.5. Also it was designed some prototypes for being fully printed with 

SLA technique and ceramic powder.  
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Fig. 5.5. The desired microstructured mold can be obtained using basic forms. 

5.2.2. Printing process 

Fused deposition modeling 

 This technique permits to control the speed of deposition (speed while 

extruding and while travelling); the layer height; the temperature of the extrusion 

nozzle and building platform (room temperature for PLA and any temperature around 

100ºC for ABS). Hence, four parameters can be managed after the design of the 

model: final size, speed of nozzle, layer height and temperature of deposition.  



3 D  p r i n t i n g | 121 

Powder bed and inkjet head 3D printing and SLA 

The procedure for using these printing methods allows changing the final size 

of the 3D model contained in the STL file (Fig. 5.6); and, in the case of SLA, the 

resolution of each layer can be controlled to some specific values: from 25 to 200 µm.  

 

Fig. 5.6. Printing view using powder bed and inkjet head 3D printing, showing 3 views of the 
objects: YX, ZX and general. 

5.2.3. Preparation of inorganic-based slurries 

The slurries were prepared as described in chapter 4. Mixing the following 

materials: 10 g of starting powders (YSZ or crofer), 10 g of a mixture of methyl-

ethyl-ketone and ethanol (3:2, w/w) solvents; 0.5 g of Triton-Q (dispersant); 2 g of 

dibutyl phthalate (plasticizer) and 1 g of Butvar B98 polyvinyl butyral (binder). In all 

cases, the components were ball-milled for 2 h at 200 rpm in a zirconia vessel with 

zirconia balls. 

Yttria (8 mol%) stabilized zirconia (YSZ) was supplied by Pi-KEM Ltd. 

(Staffordshire, UK), NiO (99,99%, Sigma-Aldrich, St. Louis, MO, USA) and the 

metal alloy Crofer ® 22APU were supplied by IKERLAN. Methyl-ethyl-ketone 

(Sigma-Aldrich, St. Louis, MO, USA). Ethanol (Scharlau, Barcelona, Spain). Triton-
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Q (Dow Chemical, Midland, MI, USA). dibutyl phthalate (Scharlau, Barcelona, 

Spain). Butvar B98 polyvinyl butyral (Sigma-Aldrich, St. Louis, MO, USA). 

5.3. Results and discussion 

5.3.1. Printing molds with FDM technique 

  As it was explained before, four parameters can be managed from the printer: 

final size, layer height, speed and temperature of deposition. These parameters were 

optimized for obtaining the desired molds. 

  It is important to remark that the maximum resolution available with this 

technique is ~100µm. The layer height used in this work was 0.1mm (100µm) which 

is the minimum, default layer height provided by the software used for printing 

(MakerWare from MakerBot, Industries, NY, USA).  

 This technique needs a heated building platform when working with ABS, 

with a typical temperature fixed at 110ºC. The extrusion nozzle temperature was 

optimized to 235ºC after several tests. 

 The speed of the extrusion nozzle cannot be too slow or too fast because the 

3D structure will be printed incorrectly. Two speeds (mm/s) can be managed: speed 

while travelling, it means the extrusion nozzle speed in XY axes during the building; 

and speed while extruding, it means the speed of the plastic filament through the 

nozzle. The default speeds provided by the software were 150 mm/s for speed while 

travelling and 90 mm/s while extruding. Several tests were performed and the 

optimum speed was 75 mm/s and 45 mm/s, respectively.  

 In chapter 4, we described the procedure for manufacturing a multilayer 

SOFC with honeycomb patterning. This type of arrangement is known to provide 

high mechanical strength to the whole structure [40] and hence some tests were 

performed to reproduce such microstructure. The resolution of FDM technique 

allowed reproducing hexagonal cells with enough precision. The good results 



3 D  p r i n t i n g | 123 

controlling the patterning microstructure with hexagonal cells can be observed in Fig. 

5.7. 

 

Fig. 5.7. (a) The molds printed with FDM technique, (b) depositing the slurry during 4 days in the 
molds. Examples of the microstructure obtained after burning mold + dry slurries of: (c) (e) crofer and 

(d) (f) YSZ. 

 The procedure used for the replication of afore mentioned multilayered SOFC 
was: 

- Design of the molds with the desired microstructure using the 

TINKERCAD software (Fig. 5.4 and Fig. 5.5). 

- Printing the molds (Fig. 5.7a) 
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- Fill the molds with the prepared slurry (crofer or YSZ) with one layer of 

green material per day, repeating the deposition process for 4 days and 

drying the whole structure for another 2 days (Fig. 5.7b). 

- Thermal treatment (Fig. 5.7cdef), firing all the organic materials (plastic 

mold + dry slurry) at 1350ºC during 2 hours under 5% hydrogen, in the 

case of crofer (Fig. 5.7ce) and at 1400ºC during 2 hours, in the case of 

YSZ (Fig. 5.7df). 

 

5.3.2. Printing prototypes with powder bed and inkjet head technique 

 This technology opens new challenges in the microstructure control of 

materials because if the powder material has adequate particle size and a suitable 

binder, it is possible to print a 3D design in any type of ceramic material. The idea 

was to design a squared honeycomb microstructured SOFC backbone, providing 

robustness and reducing costs, that can be later activated with suitable cathode and 

anode materials. The proposed design is similar to the scheme shown in Fig. 5.8, 

where it would be printed the electrolyte with YSZ and after that, the anode and the 

cathode would be deposited in the corresponding sides. 

 

Fig. 5.8. Scheme of the microstructure proposed for future prototypes.  

 Fig. 5.9 shows the two prototypes (A and B) designed and printed using this 

technique and CaSO4 as supporting material.  
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 Fig. 5.9. Pictures of the prototypes printed with powder bed and inkjet head technique.  

5.3.3. Printing prototypes with stereolithography (SLA) 

This technique was used for printing prototypes of the SOFC cells and for 

studying the physical distribution of the microstructure, because this technique has 
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more resolution (25-200µm) and it uses transparent materials, permitting to observe 

the inner microstructure of the object as it can be seen in Fig.5.10. 
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Fig. 5.10. Pictures of the prototypes printed with SLA technique.  

5.4. Conclusions  

 3D digital models of microstructured molds were designed with a free 

software tool. These models were successful used for the 3D fabrication of plastic 

molds that allow the deposition of slurries of YSZ and crofer. The microstructured 

patterning was perfectly reproduced after the corresponding thermal treatments. 

Furthermore, SOFC prototypes have been designed and fully 3D printed with ceramic 

powders and photopolymers. The obtained 3D structures confirm that the design is 

correct and hence these prototypes can be printed with YSZ powder to produce real 

SOFC devices. 
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Conclusions  

 

 It has been successfully studied the rheology of different ceramic powders, the 

electrochemistry of the different manufactured systems and controlled the 

microstructure of some SOFC materials.  

• The surface behavior study of LSCF commercial powder has permitted to 

determine that the isoelectric point of the material occurs at pH around 6. 

When suspensions were prepared to extreme pH values, they tend to stabilize 

by moving toward more neutral values. In general, suspensions could not be 

prepared at acidic pH values because there is a significant dissolution of the 

cations that could change not only the surface behavior but also the 

composition and final properties of the material. The acidic suspensions are 

less stable than basic ones, well the largest solubility is obtained at pH 2; this 

is in opposition to the maximum zeta potential value measured at this pH and 

the relatively good stability of pH with time. Hence, to control the solubility 

and the stability it is necessary to avoid pH variations.  

• Addition of a polyacrylic based deflocculant allows stable aqueous 

suspensions, 0.3 wt% is enough for stabilize the LSCF suspension. The 

ultrasounds study permitted to control the thixotropy and obtain fluid 

suspensions for manufacturing LSCF tapes. The temperature study allows 

knowing that the relative density is high, more than 99% at temperatures 

ranging from 1300ºC to 1400ºC, at lower temperatures the tapes are porous 

(less than 85% RD). As it was expected, at high temperature the LSCF reacts 

and form secondary phases that can reduce the ionic conductivity. 

• Several YSZ tapes were fabricated by optimizing the rheological properties, 

using aqueous slurries, which are environmentally friendly, avoiding the use 
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of organic solvents. A range of different YSZ powders with different surface 

areas and particle sizes have been used in order to confirm that the proposed, 

experimental method can be adjusted for obtaining similar results. To carry 

out this, suitable selection of the slurry additives, as well as, optimization of 

sonication time permits to reduce the agglomeration state. Thus leading to a 

good dispersion of the YSZ particles in water for the tape-casting process and 

improving the homogeneity of the microstructure.  

• The relative density was also an important point took into account, with high 

relative density, higher sinterization, which helps to improve the conductivity 

and avoid the interdifussion of gases between electrodes. It is observed that 

the ultrasounds affect the relative density, improving it in the case of TZ8Y 

but reducing it in the other two materials. The point is that only PiKEM 

material achieves a relative density close to theoretical density with and 

without ultrasound treatment and could be used as electrolyte in SOFC.  

• The electrical characterization of the pellets with and without US dispersion 

control shows a small improvement in the conductivity values and activation 

energies of the different YSZ pellets. For PiKEM tapes, one starts from a 

bigger particle size, there is negligible differences in the conductivity in 

samples treated with and without ultrasound.  

• An alternative design for the traditional metal supported cell has been 

proposed. In this design, a 200 µm layer of crofer was structured with 

honeycomb arrangement. This design has been possible due to the use of the 

photolithography, which allows the cost-effective fabrication of molds with 

any type of microstructured pattering, any range of thickness, with high 

degree of reproducibility. This configuration helps to increase the mechanical 

strength of the whole MSC, while reducing the fabrication costs due to lower 

anode/metallic material consumption (~65%) and it yields performance of 

~300mW·cm-2, at 850ºC under humidified hydrogen.  
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• An improvement, higher than 1 order of magnitude, has been achieved in the 

polarization values, boosting the power density, after optimizing the Nickel-

YSZ anode composition with the subsequent infiltration of the electrocatalyst 

20CGO. Furthermore it has been demonstrated that the proposed, in our 

previous work, honeycomb framework permits a wide range of improvements 

and it opens new fields for mobile applications among others. In this work, 

performance of ~160mW·cm-2, at 700ºC under humidified pure hydrogen was 

obtained; which is a very promising value after optimizing the anode, 

compared with the value obtained in our previous work at the same 

temperature (~50 mW·cm-2 with 60-40 NiO-YSZ ratio and non-infiltrated 

with 20CGO). 

• It has been successfully designed microstructured molds with an easy free tool 

for fabricating them with thermoplastics for depositing slurries of YSZ and 

crofer. It has been performed thermal treatments to these samples obtaining 

promising results. Furthermore, SOFC prototypes have been designed for 

being fully printed with ceramic powders and photopolymers. The obtained 

objects confirm that the design is correct and it allows printing the prototypes 

with YSZ powder. 

 According to all the results previously exposed, we propose the methodology 

of chapter 3 for characterizing and preparing stable and homogenous aqueous slurries 

of any ceramic powder. The experimental procedure of chapter 4 has permitted to 

develop a new MSC, cheaper than the actual and electrochemically tested rendering 

optimum performances. Finally, chapter 5 introduces future work with 3D printers for 

controlling the microstructure of materials; opening new opportunities in the SOFC 

and energetic fields.  
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Conclusiones  

 

 Se ha estudiado satisfactoriamente la reología de diferentes polvos cerámicos, 

la electroquímica de diferentes sistemas preparados y se ha controlado la 

microestructura de diversos materiales para SOFC. 

• El estudio superficial del polvo comercial de LSCF ha permitido determinar el 

punto isoeléctrico del material y éste ocurre a pH alrededor de 6. Cuando las 

suspensiones son preparadas a valores extremos de pH, éstas tienden a 

estabilizar moviéndose a valores de pH más neutros. En general, las 

suspensiones no se preparan a pH ácidos porque hay un disolución importante 

de los cationes que puede cambiar el comportamiento de la superficie pero 

también la composición y propiedades finales del material. Las suspensiones 

ácidas son menos estables que las básicas, pues la mayor solubilidad se 

obtiene a pH 2; esto está en contra con el valor de potencial zeta máximo 

medido a este pH y la relativa buena estabilidad del pH con el tiempo. Es por 

ello que para controlar la solubilidad y estabilidad es necesario evitar 

variaciones de pH. 

• La adición del defloculante poliacrílico permite estabilizar las suspensiones 

acuosas, con solo un 0.3 wt% es suficiente para estabilizar la suspensión de 

LSCF. El estudio con ultrasonidos permite controlar la tixotropía y obtener 

suspensiones fluidas para la fabricación de cintas de LSCF. El estudio térmico 

permite conocer que la densidad relativa es alta, más del 99% a temperaturas 

entre 1300ºC y 1400ºC, y a temperaturas más bajas las cintas son porosas 

(menos del 85% de densidad relativa). Como era de esperar, a elevadas 

temperaturas el LSCF reacciona y forma fases secundarias que pueden reducir 

la conductividad iónica.  
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• Algunas cintas de YSZ se fabricaron optimizando las propiedades reológicas, 

usando barbotinas acuosas, que son medioambientalmente mejores por evitar 

el uso de disolventes orgánicos. Un rango de diferentes polvos de YSZ con 

diferentes superficies específicas y tamaños de partícula se han usado para 

confirmar que el procedimiento experimental propuesto puede ser ajustado 

para obtener resultados similares. Para llevar a cabo esto, una selección 

apropiada de aditivos se llevó a cabo, y también, se optimizó el tiempo de 

sonicado para reducir el estado de aglomeración. Para llegar a tener una buena 

dispersión de las partículas de YSZ en agua para el procesado de colado en 

cinta y mejorar la homogeneidad de la microestructura.  

• La densidad relativa también fue un punto que se tuvo en cuenta, con elevada 

densidad relativa, mayor sinterización, la cual ayuda a mejorar la 

conductividad y a evitar la interdifusión de los gases entre los electrodos. Se 

observó que los ultrasonidos afectan la densidad relativa, mejorándola en el 

caso del TZ8Y pero reduciéndola en los otros dos materiales. Hay que tener 

en cuenta que solo el material PiKEM tiene la densidad relativa cerca de la 

densidad teórica con y sin ultrasonidos y puede ser usada como electrolito. 

• La caracterización eléctrica de las muestras con y sin control de  ultrasonidos 

muestra una pequeña mejora en los valores de conductividad y energías de 

activación de las diferentes muestras de YSZ. Para las cintas de PiKEM, la 

cual es la de mayor tamaño de partícula, no hay diferencias significantes en la 

conductividad en muestras tratadas con y sin ultrasonidos. 

• Un diseño alternativo al tradicional de las MSC ha sido propuesto. En él una 

capa de 200 µm de crofer que ha sido estructurado como panal de abeja. Este 

diseño ha sido posible gracias a la fotolitografía, que permite fabricar moldes 

de una manera económica cualquier tipo de microestructura, cualquier rango 

de grosor, con capacidad de reproducción. Esta configuración ayuda a 

incrementar la solidez mecánica de toda la MSC, mientras que reduce los 
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costes de fabricación debido menor consumo de material ánodo/metal 

(alrededor de un 65% menos) y se obtienen rendimientos de  ~300mW·cm-2, a 

850ºC hidrógeno puro húmedo.  

• Una mejora de más de un orden de magnitud ha sido obtenida en los valores 

de polarización, incrementando la densidad energética, después de optimizar 

la composición de Ni-YSZ en el ánodo y con la infiltración del 

electrocatalizador 20CGO. Además se ha demostrado, que la estructura de 

panal de abeja propuesta en nuestro anterior trabajo permite un amplio rango 

de mejoras y abre nuevos campos en aplicaciones móviles entre otras. En este 

trabajo, se han obtenido rendimientos de ~160mW·cm-2, a 700ºC con 

hidrógeno puro húmedo, los cuales son valores muy prometedores  después de 

optimizar el ánodo, comparado con el valor obtenido en nuestro trabajo previo 

a la misma temperatura  (~50 mW·cm-2 con proporción60-40 NiO-YSZ ratio y 

sin infiltrar 20CGO). 

• Se han diseñado satisfactoriamente moldes microestructurados con una una 

herramienta sencilla y gratuita para fabricarlos con termoplásticos para 

depositar barbotinas de YSZ y crofer. Se han llevado a cabo tratamientos 

térmicos obteniendo resultados satisfactorios. Además, se han diseñado 

prototipos SOFC para ser completamente imprimidos con polvos cerámicos y 

fotopolímeros. Los objetos obtenidos confirman que el diseño es correcto y 

permite pensar en imprimir dichos prototipos con YSZ y testearlos 

electroquímicamente.  

 

 De acuerdo a todo lo expuesto previamente, proponemos la metodología del 

capítulo 3 para caracterizar y prepara barbotinas acuosas estables y homogéneas para 

cualquier polvo cerámico. El procedimiento experimental del capítulo 4 ha permitido 

desarrollar una nueva MSC, más barata que la actual y se ha probado 

electroquímicamente dando rendimientos óptimos. Finalmente, el capítulo 5 
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introduce trabajo futuro con impresoras 3D para controlar la microestructura de 

materiales, abriendo nuevas oportunidades en los campos de energético y de SOFC.  
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Title: Optimization of a metal-supported solid oxide fuel cell with 
honeycomb microstructure 
Reference: J. Power Sources, 2015 (submitted manuscript with 
reference POWER-D-15-01580). 
 
 

 
 

 

  

  



  



A
v
a
il
a
b
le

 

o
n
li
n
e

 

a
t 

w
w
w
.s
c
ie
n
c
e
d
ir
e
c
t.
c
o
m

S
c
ie

n
c
e

D
ir

e
c
t

Jo
u
rn

al

 

o
f 

th
e 

E
u
ro

p
ea

n

 

C
er

am
ic

 

S
o
ci

et
y

 

3
4

 

(2
0
1
4
) 

9
5
3
–
9
5
9

C
h

ar
ac

te
ri

za
ti

o
n

 

an
d

 

fa
b

ri
ca

ti
o

n

 

o
f 

L
S

C
F

 

ta
p

es

R
. 

F
er

n
án

d
ez

-G
o
n
zá

le
z

a,
b
, 

T
. 

M
o
li

n
a

c
, 

S
. 

S
av

v
in

a
, 

R
. 

M
o
re

n
o

c
, 

A
. 

M
ak

ra
d
ib

,∗
∗
, 

P.

 

N
ú

ñ
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.
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.
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d
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b
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u
e
Jo
h
n
F
.
K
en
n
ed
y,

L
-1
8
5
5
L
u
xe
m
b
o
u
rg
-K
ir
ch
b
er
g
,
L
u
xe
m
b
o
u
rg

c
In
st
it
u
to

d
e
C
er
á
m
ic
a
y
V
id
ri
o
,
IC
V
-C
S
IC
,
C
a
ll
e
K
el
se
n
5
,
2
8
0
4
9
M
a
d
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p
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re
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re
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b
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b
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ra
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o
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o
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e
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s
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O
F
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ca
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y
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b
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b
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b
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g
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u
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s
o
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u
eo
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su
sp
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o
n
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o
f
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re
e
d
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n
t
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m
m
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al
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S
Z
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o
w
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s
d
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p
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se
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c
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id
-b
as
ed
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t
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b
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n
p
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T
h
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r

v
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co
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ty

w
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o
p
ti
m
iz
ed

b
y
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n
tr
o
ll
in
g
th
e
d
is
p
er
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n
t
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n
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n
tr
at
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n
,
p
H

an
d
h
o
m
o
g
en
iz
at
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n
ti
m
e
u
si
n
g
an

u
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u
n
d
p
ro
b
e.
A
n
el
ec
tr
ic
al

st
u
d
y

o
f
th
e
si
n
te
re
d
ta
p
es

p
re
p
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ed

u
n
d
er
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ri
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co
n
tr
o
l
o
f
th
e
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lo
g
y
w
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d
o
n
e
b
y
el
ec
tr
o
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em
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al
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tr
o
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o
p
y
.
T
h
ei
r
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n
d
u
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it
y
is
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m
p
ar
ed
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b
ta
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ed
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r
n
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iz
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b
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ro
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R
h
eo
lo
g
ic
al

p
ro
p
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e
b
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r
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w
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Y
S
Z
;
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o
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d
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o
ly
te

1
.
In
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S
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y
b
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n
u
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d
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o
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d
o
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e
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ll
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C
).
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p
ar
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b
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p
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F
C
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o
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u
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at
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b
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p
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b
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)
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b
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b
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p
er
fo
rm

an
ce

as
th
at
ac
h
ie
v
ed

b
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b
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f
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b
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ra
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ro
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b
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b
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b
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b
la
d
e
an
d
th
e
su
b
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ro
ce
ss

w
el
l-
d
is
p
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at
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p
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at
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b
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p
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at
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b
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at
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b
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p
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p
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m
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p
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d
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p
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p
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b
y

su
p
p
li
er
s)

w
it
h

d
if
fe
re
n
t

p
h
y
si
ca
l
p
ro
p
er
ti
es

( T
ab
le

1
)
h
av
e
b
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p
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b
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ti
o
n

is
o
th
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w
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d
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p
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p
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p
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d
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b
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f
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b
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v
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at
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t
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e
m
ea
su
re
m
en
ts

is
p
re
se
n
te
d
.
p
H

v
al
u
es

w
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w
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it
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w
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w
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d
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p
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c
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b
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ra
m
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D
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o
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o
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S
A
)
w
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h
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le
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g
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o
f
2
4
0
0
D
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d
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a

d
is
p
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n
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en
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h
e
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il
it
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o
f
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en
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o
n
s

d
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d
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A
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u
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d
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u
g
h
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o
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o
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p
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b
y
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p
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n
g
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at
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b
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m
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e
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p
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at
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e
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d
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n
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b
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at
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p
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(U
S
)

in
o
rd
er

to
ac
h
ie
v
e

th
e

m
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u
n
t
o
f

ag
g
lo
m
er
at
es
.
T
h
e
fi
n
al

so
li
d
s
co
n
te
n
ts

w
er
e
2
2
v
o
l%

(6
0
w
t

%
)
fo
r
th
e
T
Z
8
Y

sa
m
p
le

an
d
4
5
v
o
l%

(8
3
w
t%

)
fo
r
th
e
o
th
er

tw
o
p
o
w
d
er
s.

A
n
ac
ry
li
c
aq
u
eo
u
s
em

u
ls
io
n
D
u
ra
m
ax

B
1
0
0
0

(R
o
h
m

an
d
H
aa
s
C
o
.,
P
A
,
U
S
A
)
w
as

em
p
lo
y
ed

as
a
b
in
d
er

an
d

th
e
li
q
u
id

K
S
1
1
5

(Z
sc
h
im

m
er

&
S
ch
w
ar
z,

L
ah
n
st
ei
n
,
G
er
-

m
an
y
)
as

an
an
ti
fo
am

in
g
ag
en
t.
T
h
e
co
n
ce
n
tr
at
io
n
o
f
d
efl
o
c-

cu
la
n
t
w
as

0
.5

w
t%

fo
r
al
l
Y
S
Z
,
an
d

th
e
co
n
ce
n
tr
at
io
n

o
f

b
in
d
er

an
d
d
ef
o
am

er
w
as

2
0
w
t%

an
d
0
.1
5
w
t%

,
re
sp
ec
ti
v
el
y
,

fo
r
al
l
su
sp
en
si
o
n
s.

T
h
e
ab
o
v
e
co
n
ce
n
tr
at
io
n
s
ar
e
re
fe
rr
ed

to

d
ry

so
li
d
s
co
n
te
n
t.
S
u
sp
en
si
o
n
s
w
er
e
p
re
p
ar
ed

b
y
m
ec
h
an
ic
al

m
ix
in
g
b
y
h
el
ic
es
,
b
ef
o
re

th
e
ap
p
li
ca
ti
o
n
o
f
su
cc
es
si
v
e
cy
cl
es

o
f
1
m
in
u
te

o
f
u
lt
ra
so
n
ic
at
io
n
(4
0
0
W
),
in

a
co
ld

b
at
h
o
f
w
at
er

w
it
h
an

u
lt
ra
so
u
n
d
s
p
ro
b
e
(H

ie
ls
ch
er

U
P
4
0
0
S
,
G
er
m
an
y
).
T
h
e

fl
o
w

cu
rv
es

w
er
e
m
ea
su
re
d
b
ef
o
re

an
d
af
te
r
ev
er
y
m
in
u
te

o
f

so
n
ic
at
io
n
.

T
h
e
rh
eo
lo
g
ic
al

b
eh
av
io
r
o
f
P
iK
E
M

an
d

T
Z
8
Y
S

sl
u
rr
ie
s

w
as

st
u
d
ie
d
u
si
n
g
a
ro
ta
ti
o
n
al

rh
eo
m
et
er

(B
o
h
li
n
C
V
O

1
0
0
,

M
al
v
er
n
In
st
ru
m
en
ts
,
U
K
)
o
p
er
at
ed

at
co
n
tr
o
ll
ed

sh
ea
r
d
ef
o
r-

m
at
io
n
.
M
ea
su
re
m
en
ts
w
er
e
p
er
fo
rm

ed
b
y
in
cr
ea
si
n
g
th
e
sh
ea
r

st
re
ss

fr
o
m

0
to

5
0
P
a
in

1
0
m
in

an
d

re
tu
rn
in
g

to
0
P
a
in

1
0
m
in
.
T
h
e
rh
eo
lo
g
ic
al

b
eh
av
io
r
o
f
T
Z
8
Y

sl
u
rr
y
w
as

st
u
d
ie
d

w
it
h
a
d
if
fe
re
n
t
rh
eo
m
et
er

(H
aa
k
e
R
S
5
0
,
T
h
er
m
o
,
G
er
m
an
y
)

o
p
er
at
ed

at
co
n
tr
o
ll
ed

sh
ea
r
ra
te

(C
R
)
co
n
d
it
io
n
s.

M
ea
su
re
-

m
en
ts

w
er
e
p
er
fo
rm

ed
b
y
in
cr
ea
si
n
g
th
e
sh
ea
r
ra
te

fr
o
m

0
to

1
0
0
0
s
"
1
in

1
0
m
in
,
m
ai
n
ta
in
in
g
at

1
0
0
0
s
"
1
fo
r
2
m
in

an
d

re
tu
rn
in
g
to

0
in

1
0
m
in
.
T
em

p
er
at
u
re

w
as

m
ai
n
ta
in
ed

co
n
st
an
t

at
2
5
1
C
in

al
l
m
ea
su
re
m
en
ts
.
S
u
sp
en
si
o
n
s
w
er
e
p
re
p
ar
ed

w
it
h

Y
S
Z
p
o
w
d
er
s,
w
at
er

an
d
d
is
p
er
si
n
g
ag
en
t
(D

u
ra
m
ax

D
3
0
0
5
).

S
u
sp
en
si
o
n
s
w
it
h

th
e
b
in
d
er

an
d

d
ef
o
am

er
w
er
e
ca
st

o
n

a

M
y
la
r
fi
lm

to
o
b
ta
in

a
ta
p
e;

a
h
o
m
em

ad
e

au
to
m
at
ic

fi
lm

ap
p
li
ca
to
r
an
d
a
d
o
ct
o
r
b
la
d
e
w
er
e
u
se
d
.
T
h
e
g
ap

b
et
w
ee
n
th
e

b
la
d
e
an
d

th
e
su
p
p
o
rt

w
as

ad
ju
st
ed

to
h
¼
4
0
0
m
m

an
d

th
e

ca
st
in
g
ra
te

w
as

2
0
m
m
/s
.
T
h
e
Y
S
Z

ta
p
es
,
ca
st

as
d
es
cr
ib
ed

ab
o
v
e,
w
er
e
le
ft
fo
r
2
d
ay
s
in

ai
r
at

ro
o
m

te
m
p
er
at
u
re

in
o
rd
er

to
as
su
re

th
at
th
ey

w
er
e
fu
ll
y
d
ry
.
T
h
e
fi
n
al
th
ic
k
n
es
s
o
f
th
e
d
ry

g
re
en

Y
S
Z
ta
p
es

w
as

in
th
e
ra
n
g
e
o
f
2
5
0
–
3
0
0
μ
m
.

S
in
g
le

la
y
er
ed
,
th
in

el
ec
tr
o
ly
te
s
w
er
e
p
re
p
ar
ed

b
y
cu
tt
in
g

ci
rc
u
la
r
p
ie
ce
s
fr
o
m

th
e
g
re
en

Y
S
Z

ta
p
es

(d
ia
m
et
er

1
3
m
m
)

an
d
si
n
te
ri
n
g
th
em

in
a
b
o
x
fu
rn
ac
e
u
si
n
g
a
h
ea
ti
n
g
ra
m
p
o
f

5
1
C
/m

in
fr
o
m

ro
o
m

te
m
p
er
at
u
re

to
1
5
0
0
1
C
,
w
it
h
a
d
w
el
l
ti
m
e

o
f
2
h
,
an
d

a
co
o
li
n
g

d
o
w
n

ra
m
p

o
f
5
1
C
/m

in
.
T
h
e

fi
n
al

th
ic
k
n
es
s
o
f
th
e

si
n
te
re
d

ta
p
es

w
as

in
th
e

ra
n
g
e

o
f
2
0
0
–

2
2
0
μ
m
.
P
la
ti
n
u
m

p
as
te

w
as

h
an
d
b
ru
sh
ed

o
n
ea
ch

si
d
e
o
f
th
e

sa
m
p
le

(P
t|
Y
S
Z
|P
t)
an
d
th
en

fi
re
d
at

9
0
0
1
C

fo
r
1
h
to

en
su
re

g
o
o
d
el
ec
tr
ic
al

co
n
ta
ct

w
it
h

th
e
el
ec
tr
o
ch
em

ic
al

ce
ll
.
Im

p
e-

d
an
ce

sp
ec
tr
a
w
er
e
re
co
rd
ed

u
si
n
g

a
1
2
6
0

S
o
la
rt
ro
n

F
R
A

(A
M
E
T
E
K
,
H
am

p
sh
ir
e,
U
K
)
in

ai
rfl
o
w
in

th
e
0
.1

H
z
to

1
M
H
z

fr
eq
u
en
cy

ra
n
g
e
w
it
h
an

ac
si
g
n
al

o
f
5
0
m
V
.
T
h
e
sp
ec
tr
a
w
er
e

ac
q
u
ir
ed

o
n
h
ea
ti
n
g
an
d
co
o
li
n
g
fr
o
m

2
5
0
1
C
to

9
5
0
1
C
w
it
h
a

h
ea
ti
n
g
/c
o
o
li
n
g
ra
te

o
f
5
1
C
m
in

"
1
.
D
at
a
w
er
e
an
al
y
ze
d
b
y

n
o
n
-l
in
ea
r
le
as
t
sq
u
ar
es

fi
tt
in
g
u
si
n
g
eq
u
iv
al
en
t
ci
rc
u
it
s
w
it
h

Z
V
ie
w

v
2
.8

so
ft
w
ar
e
[1
4
].

T
h
e
b
u
lk

d
en
si
ty
,
af
te
r
si
n
te
ri
n
g
fo
r
2
h
at

1
5
0
0
1C

,
w
as

ca
lc
u
la
te
d

u
si
n
g

th
e
A
rc
h
im

ed
es

m
et
h
o
d

in
w
at
er
,
an
d

th
e

re
la
ti
v
e
d
en
si
ty

(R
D
)
w
as

o
b
ta
in
ed

co
n
si
d
er
in
g
a
th
eo
re
ti
ca
l

d
en
si
ty

o
f
5
.9
7
g
cm

"
3
fo
r
y
tt
ri
a
(8

m
o
l%

)
st
ab
il
iz
ed

zi
rc
o
n
ia

[1
5
,1
6
].

T
h
e
m
ic
ro
st
ru
ct
u
re

o
f
th
e
si
n
te
re
d
ta
p
es

w
as

o
b
se
rv
ed

b
y
sc
an
-

n
in
g

el
ec
tr
o
n

m
ic
ro
sc
o
p
y

(S
E
M
)
(J
eo
l
L
T
D
,
m
o
d
.
JS
M
-6
3
0
0
,

T
ab
le

1

S
u
m
m
ar
y
o
f
p
ar
ti
cl
e
si
ze
s,
su
rf
ac
e
ar
ea
s
o
f
ra
w

m
at
er
ia
ls

an
d
g
ra
in

si
ze

af
te
r

si
n
te
ri
n
g
at

1
5
0
0
ºC

fo
r
2
h
o
f
th
e
co
m
m
er
ci
al

p
o
w
d
er
s.
R
el
at
iv
e
d
en
si
ti
es

(%
)

o
f
th
e
ta
p
es
,
b
ef
o
re

an
d
af
te
r
u
lt
ra
so
u
n
d
tr
ea
tm

en
t
ar
e
al
so

in
cl
u
d
ed
.

S
ta
rt
in
g

p
o
w
d
er
s

A
v
er
a
g
e

p
a
rt
ic
le

si
ze

(l
m
)

S
u
rf
a
ce

a
re
a
(m

2
/g
)

G
ra
in

si
ze

(l
m
)

R
D

w
it
h
o
u
t

U
S

R
D

w
it
h

U
S

8
Y
S
Z

(P
i-
K
E
M
)

2
.4

6
.7

6
.2

9
6
.4
7

0
.1

9
3
.5
7

0
.1

T
Z
8
Y
S

(T
o
so
h
)

1
.3

4
.7

3
.8

9
4
.4
7

0
.1

9
1
.3
7

0
.1

T
Z
8
Y

(T
o
so
h
)

0
.5

1
2
.7

3
.1

8
6
.3
7

0
.1

8
8
.3
7

0
.1

R
D
—
re
la
ti
v
e
d
en
si
ty
;
U
S
—
u
lt
ra
so
u
n
d
.

R
.
F
er
n
á
n
d
ez
-G

o
n
zá
le
z
et

a
l.
/
C
er
a
m
ic
s
In
te
rn
a
ti
o
n
a
l
4
0
(2
0
1
4
)
1
4
2
5
3
–
1
4
2
5
9

1
4
2
5
4



T
o
k
io
,
Ja
p
an
)
co
m
b
in
ed

w
it
h

en
er
g
y

d
is
p
er
si
v
e

sp
ec
tr
o
sc
o
p
y

(E
D
S
).
A
ll
si
n
te
re
d
sa
m
p
le
s
w
er
e
p
o
li
sh
ed

to
a
m
ir
ro
r-
li
k
e
fi
n
is
h

u
si
n
g
u
lt
ra
-fi
n
e
ab
ra
si
v
es

an
d
th
er
m
al
ly

et
ch
ed

at
1
1
5
0
1C

fo
r
2
h
.

A
th
in
la
y
er
o
f
si
lv
er
w
as

sp
u
tt
er
ed

o
n
to
th
e
su
rf
ac
e
o
f
ea
ch

sa
m
p
le

to
av
o
id

ch
ar
g
in
g
an
d
to

o
b
ta
in

b
et
te
r
im
ag
e
d
efi
n
it
io
n
.
A
v
er
ag
e

g
ra
in

si
ze

o
f
th
e
p
o
li
sh
ed

an
d
et
ch
ed

sa
m
p
le
s
w
as

es
ti
m
at
ed

fr
o
m

th
e
S
E
M

m
ic
ro
g
ra
p
h
s,
u
si
n
g
th
e
li
n
ea
r
in
te
rc
ep
t
m
et
h
o
d
fr
o
m

at

le
as
t
5
0
li
n
es

d
ra
w
n
at

ra
n
d
o
m

an
d
th
re
e
d
if
fe
re
n
t
m
ic
ro
g
ra
p
h
s

w
it
h
th
e
h
el
p
o
f
an

im
ag
e-
an
al
y
si
s
so
ft
w
ar
e
[1
7
].

3
.
R
es
u
lt
s
a
n
d
d
is
cu
ss
io
n
s

3
.1
.
S
u
rf
a
ce

a
n
d
rh
eo
lo
g
ic
a
l
st
u
d
y

T
h
e
av
er
ag
e
p
ar
ti
cl
e
si
ze

o
f
th
e
P
iK
E
M
,
T
Z
8
Y
S
,
an
d
T
Z
8
Y

p
o
w
d
er
s

as
d
et
er
m
in
ed

b
y

th
e

d
y
n
am

ic
al

li
g
h
t
sc
at
te
ri
n
g

m
et
h
o
d

w
as

2
.4
,
1
.3
,
an
d

0
.5

μ
m
,
re
sp
ec
ti
v
el
y

(T
ab
le

1
)

su
g
g
es
ti
n
g
th
is
st
u
d
y
w
o
u
ld

p
ro
v
id
e
a
ra
n
g
e
o
f
p
o
w
d
er

p
ar
ti
cl
e

si
ze
s,

an
d

th
u
s,

d
if
fe
re
n
t
aq
u
eo
u
s

co
ll
o
id

re
su
lt
s

in
th
e

p
re
p
ar
at
io
n
o
f
th
e
ta
p
e
ca
st
in
g
sl
u
rr
ie
s.

T
h
e
su
rf
ac
e
ar
ea
s
fo
r

P
iK
E
M
,
T
Z
8
Y
S
,
an
d

T
Z
8
Y

p
o
w
d
er
s

w
er
e

6
.7
,
4
.7
,
an
d

1
2
.7

m
2
/g
,
re
sp
ec
ti
v
el
y

(T
ab
le

1
).

D
u
e

to
th
e

d
if
fe
re
n
ce

b
et
w
ee
n
th
e
p
ar
ti
cl
e
si
ze
s
an
d
su
rf
ac
e
ar
ea
s
ea
ch

Y
S
Z
p
o
w
d
er

n
ee
d
ed

d
if
fe
re
n
t
am

o
u
n
ts

o
f
d
efl
o
cc
u
la
n
t,

p
H

fo
r
o
b
ta
in
in
g

st
ab
le

sl
u
rr
y
o
r
so
n
ic
at
io
n
ti
m
e
fo
r
a
g
o
o
d
d
is
p
er
si
o
n
an
d
lo
w

v
is
co
si
ty
.
T
h
at

is
th
e
re
as
o
n
w
h
y
a
su
rf
ac
e
ch
ar
ac
te
ri
za
ti
o
n

b
ef
o
re

ca
st
in
g
th
e
aq
u
eo
u
s
sl
u
rr
ie
s
is

g
o
o
d
fo
r
u
n
d
er
st
an
d
in
g

th
e
co
ll
o
id
al

b
eh
av
io
r
o
f
th
e
Y
S
Z
p
ar
ti
cl
es
.

F
ig
.
1
sh
o
w
s
th
e
v
ar
ia
ti
o
n
o
f
ze
ta

p
o
te
n
ti
al

w
it
h
p
H

fo
r
th
e

th
re
e
aq
u
eo
u
s
Y
S
Z
su
sp
en
si
o
n
s.

A
lt
h
o
u
g
h
th
e
eq
u
ip
m
en
t
h
as

an
er
ro
r
le
ss

th
an

1
%
,
th
e
sa
m
p
le

p
re
p
ar
at
io
n

p
ro
d
u
ce
s
a

h
ig
h
er

er
ro
r,

w
h
ic
h
m
ea
n
s
h
ig
h
ze
ta

p
o
te
n
ti
al

v
al
u
es

h
av
e
a

ty
p
ic
al

er
ro
r
le
ss

th
an

5
%

fo
r
th
e
p
re
p
ar
at
io
n
m
et
h
o
d
,
w
h
er
ea
s

if
th
ey

ar
e

cl
o
se

to
th
e

is
o
el
ec
tr
ic

p
o
in
t
th
e

er
ro
r
m
ig
h
t

in
cr
ea
se
s
to

5
–
1
0
%
.
T
h
e
is
o
el
ec
tr
ic

p
o
in
t
o
f
th
e
Y
S
Z

o
x
id
es

o
cc
u
rs

b
et
w
ee
n
p
H

2
an
d
4
,
si
g
n
ifi
ca
n
tl
y
lo
w
er

th
an

ex
p
ec
te
d

fo
r
Y
S
Z

p
o
w
d
er
s,

w
h
ic
h
u
su
al
ly

g
iv
es

is
o
el
ec
tr
ic

p
o
in
ts

at

p
H
Z

6
[1
8
–
2
0
].
H
o
w
ev
er
,
th
e
v
al
u
es

o
b
ta
in
ed

h
er
ei
n
ar
e
in

cl
o
se

ag
re
em

en
t
w
it
h
th
e
d
at
a
o
b
ta
in
ed

b
y
H
ir
at
a
et
al
.
[2
1
]
an
d

B
en
av
en
te

et
al
.
[2
2
]
fo
r
T
o
so
h
p
o
w
d
er
s
w
it
h
3
m
o
l%

y
tt
ri
a.

A
cc
o
rd
in
g
to

Z
h
an
g
et

al
.
[2
3
],
h
ig
h
ze
ta

p
o
te
n
ti
al

v
al
u
es

ar
e

in
d
ic
at
iv
e
o
f
a
h
ig
h
ch
ar
g
e
d
en
si
ty
,
w
h
ic
h
p
ro
d
u
ce
s
a
st
ro
n
g

re
p
u
ls
io
n

o
n

th
e

d
o
u
b
le

la
y
er

su
rf
ac
e,

re
su
lt
in
g

in
la
rg
e

aq
u
eo
u
s
su
sp
en
si
o
n

st
ab
il
it
y
.
It

is
k
n
o
w
n

th
at

a
re
g
io
n

o
f

lo
w

su
sp
en
si
o
n
st
ab
il
it
y
ex
is
ts

b
et
w
ee
n

!
2
0
an
d

þ
2
0
m
V

[2
4
,2
5
].
T
h
e
ze
ta
p
o
te
n
ti
al

v
al
u
es

o
b
ta
in
ed

in
th
is
w
o
rk

at
ac
id

p
H

ar
e
cl
o
se
r
to

th
is
u
n
st
ab
le

re
g
io
n
th
an

th
o
se

fo
u
n
d
in

b
as
ic

m
ed
iu
m

(p
H
4

8
),

w
h
ic
h

im
p
li
es

h
ig
h
er

st
ab
il
it
y

o
f

th
e

aq
u
eo
u
s
su
sp
en
si
o
n
s
u
n
d
er

b
as
ic

p
H

co
n
d
it
io
n
s.

T
h
e
sa
m
e

ef
fe
ct

o
f
p
H

o
n
st
ab
il
it
y
o
f
Y
S
Z

su
sp
en
si
o
n
s
w
as

p
re
v
io
u
sl
y

o
b
se
rv
ed

b
y
H
an
ifi

et
al
.
[1
8
]
an
d
L
i
et

al
.
[2
6
].

T
h
e
st
ab
il
it
y
o
f
th
e
Y
S
Z
p
o
w
d
er
s
w
it
h
p
o
ly
el
ec
tr
o
ly
te

w
as

st
u
d
ie
d
as

a
fu
n
ct
io
n
o
f
ze
ta

p
o
te
n
ti
al

v
er
su
s
th
e
am

o
u
n
t
o
f

D
u
ra
m
ax

D
3
0
0
5

ad
d
ed
.
T
h
e

p
H

an
d

ze
ta

p
o
te
n
ti
al

w
er
e

m
ea
su
re
d
fo
r
as
-p
re
p
ar
ed

al
iq
u
o
ts

an
d
2
4
h
la
te
r.
A
n
av
er
ag
e

o
f
th
re
e

m
ea
su
re
m
en
ts

o
f
ea
ch

ze
ta

p
o
te
n
ti
al

v
al
u
e

w
as

p
er
fo
rm

ed
an
d
is

re
p
re
se
n
te
d
in

F
ig
.
2
.
T
h
e
re
su
lt
s
sh
o
w

th
at

th
e
ad
d
it
io
n

o
f
p
o
ly
ac
ry
li
c
b
as
ed

d
efl
o
cc
u
la
n
t
in

th
e
th
re
e

su
sp
en
si
o
n
s
o
f
Y
S
Z
an
d
1
0
!
2
M

K
C
l
st
ab
il
iz
es

th
em

,
d
is
ta
n
-

ci
n
g
fr
o
m

th
e
u
n
st
ab
le
re
g
io
n
(b
et
w
ee
n
!
2
0
an
d
þ
2
0
m
V
)
as

it
w
as

ex
p
la
in
ed

b
ef
o
re
.
In

th
e
ca
se

o
f
P
iK
E
M

p
o
w
d
er
s,
w
h
ic
h

h
av
e

th
e

b
ig
g
es
t
p
ar
ti
cl
e

si
ze
,
it

n
ee
d
s

lo
n
g
er

ti
m
e

fo
r

st
ab
il
iz
at
io
n
,

2
4
h

m
ea
su
re
m
en
ts

lo
w
er
in
g

#
1
0
m
V

ea
ch

m
ea
su
re
m
en
t
co
n
fi
rm

s
it
;
b
u
t
it
sh
o
u
ld

b
e
m
en
ti
o
n
ed

th
at

th
e

as
-p
re
p
ar
ed

aq
u
eo
u
s
al
iq
u
o
ts
,
ar
e
st
ab
le
.
A
s
fa
r
as

th
e
T
Z
8
Y
S

sa
m
p
le
s
ar
e

co
n
ce
rn
ed
,
th
e

d
efl
o
cc
u
la
n
t-
fr
ee

al
iq
u
o
ts

w
er
e

fo
u
n
d
to

b
e
ra
th
er

u
n
st
ab
le
b
ec
au
se

th
ei
r
Z
-p
o
te
n
ti
al

d
ec
re
as
ed

fr
o
m

!
0
.5

m
V

to
!
2
6
.6

m
V

in
2
4
h
.
N
ev
er
th
el
es
s,

st
ab
il
it
y

o
f
th
e
su
sp
en
si
o
n
s
im

p
ro
v
ed

su
b
st
an
ti
al
ly

af
te
r
th
e
D
u
ra
m
ax

D
3
0
0
5
w
as

ad
d
ed
.
A
n
d
fi
n
al
ly

fo
r
T
Z
8
Y
,
it
ca
n
b
e
o
b
se
rv
ed

in
st
ab
il
it
y

w
it
h
o
u
t
d
efl
o
cc
u
la
n
t
an
d

h
u
g
e

in
cr
ea
se

o
f
ze
ta

p
o
te
n
ti
al

v
al
u
e
ad
d
in
g
D
u
ra
m
ax

D
3
0
0
5
.
T
h
e
ef
fe
ct

o
f
st
ab
il
i-

za
ti
o
n

o
f
th
e
Y
S
Z

p
o
w
d
er
s
re
su
lt
s
fr
o
m

th
e
ad
so
rp
ti
o
n

o
f

d
is
p
er
sa
n
t
o
n
th
e
su
rf
ac
e
o
f
th
e
m
at
er
ia
l
an
d
th
e
re
as
o
n
o
f

in
st
ab
il
it
y
w
it
h
o
u
t
ad
d
it
iv
es
.
0
.5

w
t%

o
f
D
u
ra
m
ax

D
3
0
0
5
is

en
o
u
g
h

to
st
ab
il
iz
e

th
e

Y
S
Z

aq
u
eo
u
s
su
sp
en
si
o
n
,
so

th
is

q
u
an
ti
ty

w
as

u
se
d
fo
r
p
re
p
ar
in
g
th
e
sl
ip
s
an
d
th
e
rh
eo
lo
g
ic
al

ch
ar
ac
te
ri
za
ti
o
n
.
It

w
as

o
b
se
rv
ed

to
o

th
at

th
e

p
H

sl
ig
h
tl
y

d
ec
re
as
e

(0
.3

u
n
it
s

at
th
e

m
o
st
)

fo
r
al
l
sa
m
p
le
s

as
th
e

d
efl
o
cc
u
la
n
t
co
n
te
n
t
in
cr
ea
se
d
.
T
h
is

fa
ct

w
as

al
so

o
b
se
rv
ed

in
o
u
r
p
re
v
io
u
s
w
o
rk

[2
7
]
an
d

w
as

in
te
rp
re
te
d

as
sp
ec
ifi
c

ad
so
rp
ti
o
n
.

C
o
n
si
d
er
in
g
th
e
ef
fe
ct

o
f
p
H

an
d
P
A
A

ad
d
it
io
n
o
n
st
ab
il
it
y

o
f
th
e
su
sp
en
si
o
n
s,

th
re
e
sl
u
rr
ie
s
co
n
ta
in
in
g

Y
S
Z

p
o
w
d
er
s,

w
at
er

an
d
0
.5

w
t%

o
f
d
is
p
er
sa
n
t
ag
en
t
(D

u
ra
m
ax

D
3
0
0
5
)
w
er
e

p
re
p
ar
ed

as
d
es
cr
ib
ed

ab
o
v
e.
T
h
e
fl
o
w
cu
rv
es

w
er
e
d
et
er
m
in
ed

fo
r
ev
er
y
su
sp
en
si
o
n
af
te
r
ea
ch

m
in
u
te

o
f
u
lt
ra
so
n
ic

tr
ea
tm

en
t.

T
h
e
o
p
ti
m
u
m

so
n
ic
at
io
n
ti
m
e
w
as

d
er
iv
ed

fr
o
m

th
e
rh
eo
g
ra
m
s

o
b
ta
in
ed

fo
r
ea
ch

sl
ip

af
te
r
ap
p
ly
in
g
th
e
u
lt
ra
so
u
n
d
tr
ea
tm

en
t

( F
ig
.
3
).

A
s
ex
p
ec
te
d

th
e

aq
u
eo
u
s
sl
u
rr
ie
s
sh
o
w

d
if
fe
re
n
t

v
al
u
es

o
f
v
is
co
si
ty

af
te
r
se
v
er
al

m
in
u
te
s
o
f
u
lt
ra
so
n
ic

tr
ea
t-

m
en
t.
A

h
o
m
em

ad
e
ex
p
er
im

en
ta
l
se
tu
p
w
as

u
se
d
in

th
is
w
o
rk
.

T
h
is

se
tu
p

is
su
it
ab
le

fo
r
ca
st
in
g

lo
w

v
o
lu
m
es

o
f
aq
u
eo
u
s

sl
u
rr
ie
s
an
d
th
e
v
is
co
si
ti
es

v
al
u
es

n
ec
es
sa
ry

to
as
su
re

g
o
o
d

fl
o
w
ab
il
it
y
an
d
h
o
m
o
g
en
ei
ty

ar
e
g
en
er
al
ly

lo
w
er

th
an

th
o
se

u
se
d

in
co
m
m
er
ci
al

d
ev
ic
es
,
ty
p
ic
al
ly

d
es
ig
n
ed

fo
r

n
o
n
-

aq
u
eo
u
s
sy
st
em

s.
T
h
e
sh
ea
r
ra
te

ex
p
er
im

en
te
d
b
y
th
e
su
sp
en
-

si
o
n
w
h
en

p
as
si
n
g
th
ro
u
g
h
th
e
b
la
d
e
ca
n
b
e
ev
al
u
at
ed

d
iv
id
in
g

F
ig
.
1
.
V
ar
ia
ti
o
n

o
f
ze
ta

p
o
te
n
ti
al

w
it
h

p
H

fo
r
th
e

th
re
e

Y
S
Z
s
aq
u
eo
u
s

su
sp
en
si
o
n
s.

R
.
F
e
rn
á
n
d
e
z-
G
o
n
zá
le
z
e
t
a
l.
/
C
e
ra
m
ic
s
In
te
rn
a
ti
o
n
a
l
4
0
(2
0
1
4
)
1
4
2
5
3
–
1
4
2
5
9

1
4
2
5
5

th
e

ca
st
in
g

ra
te

(2
0
m
m
/s
)

b
y

th
e

h
ei
g
h
t
o
f

th
e

b
la
d
es

(0
.4

m
m
),
th
e
re
su
lt
b
ei
n
g
a
sh
ea
r
ra
te
o
f
5
0
s
!
1
.
T
h
e
v
is
co
si
ty

at
th
is

sh
ea
r
ra
te

w
as

re
g
is
te
re
d
an
d
in

al
l
ca
se
s
it
w
as

lo
w
er

th
an

1
P
a
s,

w
h
ic
h

is
in

g
o
o
d

ag
re
em

en
t
w
it
h

o
th
er

v
al
u
es

re
p
o
rt
ed

in
th
e
b
ib
li
o
g
ra
p
h
y
fo
r
aq
u
eo
u
s
su
sp
en
si
o
n
s
[1
0
,2
8
].

In
th
e
ca
se

o
f
T
Z
8
Y
S
sl
u
rr
y
,
th
e
lo
w
es
t
v
is
co
si
ty

v
al
u
e
w
as

o
b
se
rv
ed

af
te
r
th
re
e
m
in
u
te
s
o
f
u
lt
ra
so
n
ic

tr
ea
tm

en
t,
w
h
il
e
o
n
e

ex
tr
a
m
in
u
te

re
su
lt
ed

in
a
st
ro
n
g

in
cr
ea
se

o
f
th
e
v
is
co
si
ty

(F
ig
.
3
).
A
s
fa
r
as

th
e
rh
eo
lo
g
ic
al
cu
rv
es

o
f
P
iK
E
M

sl
u
rr
ie
s
ar
e

co
n
ce
rn
ed
,
th
e
lo
w
es
t
v
is
co
si
ty

is
o
b
ta
in
ed

fo
r
th
e
so
n
ic
at
io
n

ti
m
e
o
f
6
m
in
;
o
n
e
ex
tr
a
m
in
u
te

o
f
th
e
u
lt
ra
so
n
ic

tr
ea
tm

en
t

g
iv
es

ri
se

to
a
su
b
st
an
ti
al
,
u
n
d
es
ir
ed

in
cr
ea
se

o
f
th
e
v
is
co
si
ty

(F
ig
.
3
).
T
h
e
la
st
aq
u
eo
u
s
sl
u
rr
y
st
u
d
ie
d
is
th
e
o
n
e
co
n
ta
in
in
g

th
e
T
Z
8
Y

p
o
w
d
er
;
a
d
ec
re
as
e
o
f
th
e
v
is
co
si
ty

w
as

o
b
se
rv
ed

af
te
r
ap
p
ly
in
g
th
e
u
lt
ra
so
n
ic

tr
ea
tm

en
t
fo
r
o
n
e
m
in
u
te
;
tw
o

m
in
u
te
s
in
cr
ea
se
s
th
e
v
is
co
si
ty
.
S
o
,
it

ca
n

b
e
sa
id

th
at

th
e

h
o
m
o
g
en
iz
at
io
n
w
it
h
u
lt
ra
so
u
n
d
s
p
er
m
it
s
to

d
is
ag
g
re
g
at
e
th
e

Y
S
Z

p
ar
ti
cl
es

an
d
p
ro
m
o
te

th
e
fu
ll
ad
so
rp
ti
o
n
o
f
P
A
A

o
n
to

in
d
iv
id
u
al

Y
S
Z

p
ar
ti
cl
e
su
rf
ac
es
,
th
u
s
al
lo
w
in
g
th
e
re
d
u
ct
io
n

o
f
v
is
co
si
ty
,
in
cr
ea
si
n
g
th
e
st
ab
il
iz
at
io
n
an
d
h
o
m
o
g
en
iz
in
g
th
e

d
is
p
er
si
o
n
.
T
h
e

d
u
ra
ti
o
n

o
f

th
e

u
lt
ra
so
n
ic

tr
ea
tm

en
t
al
so

d
ep
en
d
s
o
n
th
e
p
ar
ti
cl
e
si
ze

o
f
th
e
st
ar
ti
n
g
p
o
w
d
er
s,

b
ig
g
er

th
e
p
ar
ti
cl
e
si
ze

is
th
e
lo
n
g
er

it
ta
k
es

to
o
b
ta
in
in
g

a
g
o
o
d

d
is
p
er
si
o
n
w
it
h
lo
w

v
is
co
si
ty
.
H
o
w
ev
er
,
re
-a
g
g
lo
m
er
at
io
n
o
f

th
e

p
ar
ti
cl
es

m
ay

ta
k
es

p
la
ce

d
u
ri
n
g

p
ro
lo
n
g
ed

u
lt
ra
so
n
ic

F
ig
.
2
.
E
v
o
lu
ti
o
n
o
f
ze
ta

p
o
te
n
ti
al

v
er
su
s
p
er
ce
n
ta
g
e
o
f
d
efl
o
cc
u
la
n
t
D
u
ra
m
ax

D
3
0
0
5
m
ea
su
re
d
as
-p
re
p
ar
ed

an
d
1
d
ay

la
te
r.

F
ig
.
3
.
E
ff
ec
t
o
f
th
e
u
lt
ra
so
u
n
d
m
in
u
te
s
in

th
e
v
is
co
si
ty

o
f
th
e
th
re
e
d
if
fe
re
n
t

Y
S
Z
sl
u
rr
ie
s.
L
o
w
es
t
v
is
co
si
ty

o
b
ta
in
ed

af
te
r
3
m
in

fo
r
T
Z
8
Y
S
,
af
te
r
6
m
in

fo
r

P
iK
E
M

an
d
1
m
in

fo
r
T
Z
8
Y
.

R
.
F
e
rn
á
n
d
e
z-
G
o
n
zá
le
z
e
t
a
l.
/
C
e
ra
m
ic
s
In
te
rn
a
ti
o
n
a
l
4
0
(2
0
1
4
)
1
4
2
5
3
–
1
4
2
5
9

1
4
2
5
6



tr
ea
tm

en
ts

if
th
er
e
is

fu
ll
co
v
er
ag
e
o
f
p
o
ly
el
ec
tr
o
ly
te

o
n
to

th
e

su
rf
ac
e,

th
e
fr
ee

m
o
le
cu
le
s
o
f
P
A
A

w
il
l
co
n
tr
ib
u
te

to
in
cr
ea
se

th
e
v
is
co
si
ty

[2
6
],
o
r
b
ec
au
se

th
e
so
n
ic
at
io
n
ca
n
p
ro
m
o
te

lo
ca
l

h
ea
ti
n
g
an
d
th
u
s
p
ro
d
u
ce
s
a
re
ac
ti
v
at
io
n
o
f
th
e
Y
S
Z

su
rf
ac
e

[1
1
].
B
ef
o
re

th
e
u
lt
ra
so
u
n
d
s
tr
ea
tm

en
t,
th
e
io
n
ic

p
o
ly
el
ec
tr
o
-

ly
te

m
o
le
cu
le
s
ar
e
n
o
t
y
et

ad
so
rb
ed

o
n
to

th
e
su
rf
ac
e
o
f
Y
S
Z

p
ar
ti
cl
es

an
d
so
m
e
o
f
th
e
Y
S
Z
p
ar
ti
cl
es

ca
n
b
e
ag
g
lo
m
er
at
ed

fo
rm

in
g

fl
o
cc
u
la
te
s

th
at

ca
u
se

h
ig
h

v
is
co
si
ty

v
al
u
es

[2
9
].

S
u
m
m
ar
iz
in
g
,
P
iK
E
M

sl
u
rr
y
n
ee
d
s
6
m
in
,
T
Z
8
Y
S
sl
u
rr
y
n
ee
d
s

3
m
in

an
d

T
Z
8
Y

sl
u
rr
y

n
ee
d
s

1
m
in

fo
r

o
b
ta
in
in
g

lo
w

v
is
co
si
ty

d
is
p
er
si
o
n
s.

T
ak
in
g

in
to

ac
co
u
n
t
th
e
p
ar
ti
cl
e
si
ze

m
ea
su
re
d
,
th
e
u
lt
ra
so
n
ic
at
io
n
ti
m
e
is
in

co
n
co
rd
an
ce

w
it
h
th
is

v
al
u
e,

th
e
la
rg
er

th
e
p
ar
ti
cl
e
si
ze

is
,
th
e
lo
n
g
er

it
ta
k
es

to

o
p
ti
m
iz
e
th
e
sl
ip
.

T
h
e

p
H

o
f
th
e

sl
u
rr
ie
s
w
as

m
ea
su
re
d

b
ef
o
re

an
d

af
te
r

ap
p
ly
in
g
th
e
u
lt
ra
so
u
n
d
an
d
w
as

ar
o
u
n
d
9
in

al
l
ca
se
s,
as

it
w
as

ex
p
ec
te
d
.
C
o
n
si
d
er
in
g
th
e
ef
fe
ct

o
f
p
H

co
n
tr
o
l
o
n
st
ab
il
it
y
o
f

th
e
sl
u
rr
ie
s
(F
ig
.
1
),
b
as
ic

co
n
d
it
io
n
s
se
em

to
h
el
p
st
ab
il
iz
e
th
e

aq
u
eo
u
s
sl
u
rr
y
.

O
n
ce

th
e

rh
eo
lo
g
ic
al

b
eh
av
io
r
o
f
Y
S
Z

su
sp
en
si
o
n
s
w
as

o
p
ti
m
iz
ed

th
e
b
in
d
er

an
d

d
ef
o
am

er
w
er
e
ad
d
ed
.
T
h
e
g
re
en

ta
p
es

o
b
ta
in
ed

w
er
e
v
er
y
fl
ex
ib
le

an
d
co
u
ld

b
e
ea
si
ly

p
ee
le
d

o
ff
th
e
M
y
la
r
su
b
st
ra
te

af
te
r
d
ry
in
g
.
F
ig
.
4
sh
o
w
s
an

ex
am

p
le

o
f
a
h
o
m
o
g
en
eo
u
s,

cr
ac
k
-f
re
e
ta
p
e
o
b
ta
in
ed

b
y

th
e
ca
st
in
g

p
ro
ce
ss
.
T
h
e

ta
p
es

p
re
p
ar
ed

w
it
h
o
u
t
an
d

w
it
h

u
lt
ra
so
n
ic

tr
ea
tm

en
t
w
er
e
si
n
te
re
d
at

a
te
m
p
er
at
u
re

o
f
1
5
0
0
1
C

fo
r
2
h
,

w
h
ic
h

re
su
lt
ed

in
q
u
it
e
d
if
fe
re
n
t
re
la
ti
v
e
d
en
si
ti
es
.
W
it
h
o
u
t

tr
ea
tm

en
t,
th
e
ta
p
es

fa
b
ri
ca
te
d
u
si
n
g
P
iK
E
M

p
o
w
d
er
s
ca
n
b
e

si
n
te
re
d

to
a
re
la
ti
v
e
d
en
si
ty

o
f
9
6
.4
%
7

0
.1
%
,
m
ea
n
w
h
il
e

T
Z
8
Y
S

ta
p
es

ac
h
ie
v
e
9
4
.4
%
7

0
.1
%

an
d
T
Z
8
Y

is
o
b
ta
in
ed

ar
o
u
n
d
8
6
.3
%
7

0
.1
%
.
T
h
e
la
st

v
al
u
e
is

ra
th
er

to
o
lo
w

fo
r
an

el
ec
tr
o
ly
te

m
at
er
ia
l.
U
si
n
g
u
lt
ra
so
u
n
d
s,
th
e
re
la
ti
v
e
d
en
si
ty

o
f

th
e
P
iK
E
M

an
d
T
Z
8
Y
S
sa
m
p
le
s
d
ec
re
as
ed

to
9
3
.5
%
7

0
.1
%

an
d

9
1
.3
%
7

0
.1
%
,

re
sp
ec
ti
v
el
y
;

o
n

th
e

o
th
er

h
an
d

th
e

u
lt
ra
so
u
n
d
s
im

p
ro
v
e
sl
ig
h
tl
y

th
e
re
la
ti
v
e
d
en
si
ty

o
f
T
Z
8
Y
,

re
su
lt
in
g
in

8
8
.3
%
7

0
.1
%
.
A
ll
th
e
re
la
ti
v
e
d
en
si
ty

v
al
u
es

ar
e

su
m
m
ar
iz
ed

in
T
ab
le

1
.

It
sh
o
u
ld

b
e
n
o
te
d
th
at

th
e
Y
S
Z
ta
p
es

p
re
p
ar
ed

w
it
h
P
iK
E
M

p
o
w
d
er

ar
e

g
o
o
d

ca
n
d
id
at
es

fo
r
b
ei
n
g

u
se
d

as
el
ec
tr
o
ly
te
s

b
ec
au
se

th
ey

ar
e
fo
u
n
d
to

re
ac
h
th
e
re
la
ti
v
e
d
en
si
ty

cl
o
se

to
9
5
–

1
0
0
%

w
h
ic
h
is
h
ig
h
en
o
u
g
h
fo
r
av
o
id
in
g
th
e
d
if
fu
si
o
n
o
f
g
as
es

b
et
w
ee
n

el
ec
tr
o
d
es
.
M
ea
n
w
h
il
e

th
e

u
lt
ra
so
u
n
d
s

re
d
u
ce

th
e

re
la
ti
v
e
d
en
si
ty

o
f
th
e
T
Z
8
Y
S
,
w
h
ic
h
m
ig
h
t
h
av
e
d
et
ri
m
en
ta
l

ef
fe
ct

o
n
th
e
S
O
F
C

p
er
fo
rm

an
ce
.
T
Z
8
Y

ta
p
es

ar
e
n
o
t
g
o
o
d

ca
n
d
id
at
es

fo
r
el
ec
tr
o
ly
te
ta
p
es

as
th
ey

ar
e
n
o
t
d
en
se

en
o
u
g
h
an
d

ca
n
al
lo
w

th
e
co
n
ta
ct

b
et
w
ee
n
re
d
u
ci
n
g
an
d
o
x
id
iz
in
g
at
m
o
-

sp
h
er
es

o
f
th
e
fu
el

ce
ll
s.

M
ic
ro
st
ru
ct
u
ra
l
ch
ar
ac
te
ri
za
ti
o
n
is

u
se
d
in

o
rd
er

to
o
b
se
rv
e

th
e
p
o
ro
si
ty

o
f
th
e
si
n
te
re
d
ta
p
es

af
te
r
u
lt
ra
so
u
n
d
tr
ea
tm

en
t.
T
o

st
u
d
y

th
e
re
le
v
an
ce

o
f
th
e
rh
eo
lo
g
ic
al

st
u
d
y

fo
r
p
re
p
ar
in
g

ce
ra
m
ic

el
ec
tr
o
ly
te
s
o
f
S
O
F
C
,
d
if
fe
re
n
t
P
t|
Y
S
Z
|P
t
sa
m
p
le
s

w
er
e
p
re
p
ar
ed

u
si
n
g
Y
S
Z
ta
p
es

o
b
ta
in
ed

af
te
r
o
p
ti
m
iz
at
io
n
o
f

th
e

rh
eo
lo
g
ic
al

b
eh
av
io
r
an
d

co
m
p
ar
ed

to
th
o
se

o
b
ta
in
ed

w
it
h
o
u
t
rh
eo
lo
g
ic
al

co
n
tr
o
l.

3
.2
.
M
ic
ro
st
ru
c
tu
ra
l
c
h
a
ra
c
te
ri
za
ti
o
n

F
ig
.
5
sh
o
w
s
th
e
m
ic
ro
st
ru
ct
u
re

o
f
th
e
si
n
te
re
d
ta
p
es
.
T
h
e

m
ic
ro
st
ru
ct
u
re

o
b
se
rv
ed

is
ty
p
ic
al
fo
r
ce
ra
m
ic
s
si
n
te
re
d
at
h
ig
h

te
m
p
er
at
u
re

[3
,3
0
].

A
ll

th
e
m
at
er
ia
ls

ap
p
ea
re
d
to

p
ro
d
u
ce

a

d
en
se

ce
ra
m
ic

p
ro
d
u
ct

w
h
er
e
la
rg
e
p
o
re
s
w
er
e
n
o
t
o
b
se
rv
ed
,

b
u
t
af
te
r
m
ea
su
ri
n
g
th
e
re
la
ti
v
e
d
en
si
ty

it
is

co
n
fi
rm

ed
th
at

T
Z
8
Y

ta
p
es

ar
e
n
o
t
g
o
o
d
en
o
u
g
h
,
as

it
ca
n
b
e
p
er
ce
iv
ed

fr
o
m

th
e
A
rr
h
en
iu
s
p
lo
ts
.
T
h
e
g
ra
in

si
ze
s
m
ea
su
re
d
w
as

6
.2

μ
m

fo
r

P
iK
E
M
,
3
.1

μ
m

fo
r
T
Z
8
Y

an
d
3
.8

μ
m

fo
r
T
Z
8
Y
S
( T
ab
le

1
).

F
ig
.
4
.
G
en
er
al

v
ie
w

o
f
a
g
re
en

ta
p
e
o
f
T
Z
8
Y
S

o
b
ta
in
ed

fr
o
m

4
5
v
o
l%

su
sp
en
si
o
n
s.
T
h
e
ta
p
e
h
as

a
5
cm

w
id
th
.

F
ig
.
5
.
S
E
M

im
ag
es

o
f
si
n
te
re
d
ta
p
es

at
1
5
0
0
1C

fo
r
2
h
.

R
.
F
e
rn
á
n
d
e
z-
G
o
n
zá
le
z
e
t
a
l.
/
C
e
ra
m
ic
s
In
te
rn
a
ti
o
n
a
l
4
0
(2
0
1
4
)
1
4
2
5
3
–
1
4
2
5
9

1
4
2
5
7

A
g
ra
in

g
ro
w
th

is
o
b
se
rv
ed

in
th
e
si
n
te
re
d
ta
p
es
,
w
h
er
ea
s
th
e

p
ar
ti
cl
e
si
ze

o
f
th
e
st
ar
ti
n
g

p
o
w
d
er
s
w
as

b
et
w
ee
n

0
.5

an
d

2
.4

μ
m
,
th
is

o
b
se
rv
at
io
n
is

d
es
cr
ib
ed

in
b
ib
li
o
g
ra
p
h
y
[3
1
,3
2
].

3
.3
.
E
le
c
tr
ic
a
l
c
h
a
ra
c
te
ri
za
ti
o
n

F
ig
.
6
sh
o
w
s
th
e
te
m
p
er
at
u
re

d
ep
en
d
en
ce

o
f
th
e
co
n
d
u
ct
iv
it
y

o
f
th
e
d
if
fe
re
n
t
P
t|
Y
S
Z
|P
t
sa
m
p
le
s
w
it
h
o
u
t
an
d
w
it
h
u
lt
ra
so
u
n
d

co
n
tr
o
l.
T
h
e
ac
ti
v
at
io
n
en
er
g
ie
s
o
f
th
e
Y
S
Z

ta
p
es

ar
e
si
m
il
ar

an
d
ra
n
g
e
b
et
w
ee
n
0
.8
9
an
d
0
.9
8
eV

(T
ab
le

2
),

w
h
ic
h
is

in

g
o
o
d
ag
re
em

en
t
w
it
h
th
e
p
re
v
io
u
sl
y
re
p
o
rt
ed

v
al
u
es

[3
3
–
3
5
].

In
th
e
ca
se

o
f
th
e
P
iK
E
M

sa
m
p
le
,
th
e
co
n
d
u
ct
iv
it
y
is
h
ar
d
ly

af
fe
ct
ed

b
y

th
e

u
lt
ra
so
n
ic

tr
ea
tm

en
t
( T
ab
le

2
).

A
p
o
ss
ib
le

ex
p
la
n
at
io
n

fo
r
th
is

fa
ct

is
th
at

th
e
u
lt
ra
so
u
n
d

w
av
es

la
ck

su
ffi
ci
en
t
en
er
g
y

to
b
re
ak

st
ro
n
g

ag
g
lo
m
er
at
es

an
d

la
rg
e

p
ar
ti
cl
es

(a
v
er
ag
e
g
ra
in

si
ze

2
.4

μ
m
),

w
h
ic
h

p
re
d
o
m
in
an
tl
y

o
cc
u
r
in

th
e
Y
S
Z
p
o
w
d
er

p
ro
v
id
ed

b
y
P
iK
E
M
.
O
n
th
e
o
th
er

h
an
d
,
th
e
u
lt
ra
so
u
n
d
tr
ea
tm

en
t
cl
ea
rl
y
ex
er
ts

in
fl
u
en
ce

o
n
th
e

el
ec
tr
ic
al

p
ro
p
er
ti
es

o
f
th
e
T
Z
8
Y

an
d
T
Z
8
Y
S
ta
p
es

p
re
p
ar
ed

fr
o
m

th
e
p
o
w
d
er
s
w
it
h
m
u
ch

sm
al
le
r
p
ar
ti
cl
e
si
ze
.
It

ca
n
b
e

se
en

fr
o
m

T
ab
le

2
an
d
F
ig
.
6
th
at

so
n
ic
at
io
n
o
f
th
e
T
Z
8
Y

an
d

T
Z
8
Y
S
sl
u
rr
ie
s
re
su
lt
s
in

sl
ig
h
t
im

p
ro
v
em

en
t
o
f
co
n
d
u
ct
iv
it
y

o
f
th
e
co
rr
es
p
o
n
d
in
g
ce
ra
m
ic

ta
p
es
.
In
se
t
in

F
ig
.
6
p
er
m
it
s
to

o
b
se
rv
e

th
e

A
rr
h
en
iu
s
re
p
re
se
n
ta
ti
o
n

o
f
b
u
lk

co
n
d
u
ct
iv
it
y
,

w
h
ic
h

sh
o
w
s

th
e

b
eh
av
io
r

si
m
il
ar

to
th
at

o
f

th
e

to
ta
l

co
n
d
u
ct
iv
it
y
;
th
e

ac
ti
v
at
io
n

en
er
g
y

ra
n
g
in
g

fr
o
m

1
.0
4

to

1
.0
6
eV

fo
r
sa
m
p
le
s
w
it
h
o
u
t
u
lt
ra
so
u
n
d
tr
ea
tm

en
t
an
d
ra
n
g
in
g

fr
o
m

1
.0
4
to

1
.0
9
eV

fo
r
sa
m
p
le
s
w
it
h
u
lt
ra
so
u
n
d
tr
ea
tm

en
t.

T
h
es
e
v
al
u
es

ar
e
cl
o
se

to
1
eV

,
w
h
ic
h
is
in

ag
re
em

en
t
w
it
h
th
e

st
u
d
ie
d
an
d
ex
p
la
in
ed

b
ef
o
re
.

W
e
b
el
ie
v
e
th
at

ap
p
li
ca
ti
o
n
o
f
th
e
u
lt
ra
so
u
n
d
to

th
e
sl
u
rr
ie
s

th
at

co
n
ta
in

fi
n
es
t-
g
ra
in
ed

p
o
w
d
er
s
(T
Z
8
Y
)
fa
ci
li
ta
te
s
ad
so
rp
-

ti
o
n
o
f
th
e
d
efl
o
cc
u
la
n
t
o
n
th
e
su
rf
ac
e
o
f
th
e
Y
S
Z
p
ar
ti
cl
es

an
d

al
lo
w
s
m
o
re

ef
fi
ci
en
t
h
o
m
o
g
en
iz
at
io
n
an
d
b
et
te
r
m
ic
ro
st
ru
c-

tu
ra
l
co
n
tr
o
l.

B
o
th

o
f
th
es
e

fa
ct
o
rs

m
ay

re
su
lt

in
b
et
te
r

si
n
te
ra
b
il
it
y
o
f
th
e
u
lt
ra
so
u
n
d
-t
re
at
ed

sa
m
p
le
s
an
d
as

a
co
n
-

se
q
u
en
ce

in
h
ig
h
er

to
ta
l
co
n
d
u
ct
iv
it
y
.
T
h
e
p
ro
b
le
m

is
th
at

im
p
ro
v
em

en
t
o
f
si
n
te
ra
b
il
it
y
is
n
o
t
g
o
o
d
en
o
u
g
h
fo
r
u
si
n
g
th
e

m
at
er
ia
l
as

ce
ra
m
ic

el
ec
tr
o
ly
te

in
S
O
F
C
.

It
sh
o
u
ld

b
e
m
en
ti
o
n
ed

th
at

th
e
ta
p
e
ca
st
in
g
te
ch
n
iq
u
e
h
as

b
ee
n

u
se
d

b
ef
o
re

fo
r
p
re
p
ar
in
g

th
in

Y
S
Z

el
ec
tr
o
ly
te
s.

H
an

et
al
.
[2
]
p
ro
d
u
ce
d

Y
S
Z

ta
p
es

u
si
n
g

d
if
fe
re
n
t
p
re
p
ar
at
io
n

m
et
h
o
d
s
fo
r
m
ea
su
ri
n
g
E
IS

o
f
th
e
sa
m
p
le
s
b
et
w
ee
n
1
0
0
0
1
C

an
d

5
5
0
1
C

an
d

th
e
co
n
d
u
ct
iv
it
ie
s
ar
e
si
m
il
ar

to
th
e
o
n
es

o
b
ta
in
ed

in
th
is
w
o
rk
,
i.
e.

!
0
.1

S
/c
m

at
9
5
0
1
C
an
d
!
0
.0
4
S
/

cm
at

8
0
0
1
C
.
T
im

ak
u
l
et

al
.
[3
1
]
u
se
d
aq
u
eo
u
s
sl
u
rr
ie
s
in

o
rd
er

to
p
re
p
ar
e
ta
p
es

o
f
d
if
fe
re
n
t
co
m
m
er
ci
al
Y
S
Z
el
ec
tr
o
ly
te
s

an
d

m
ea
su
re
d

th
ei
r

ac
-c
o
n
d
u
ct
iv
it
y

b
et
w
ee
n

6
0
0
1
C

an
d

2
7
5
1
C
.
T
h
ey

p
er
fo
rm

ed
a
si
n
te
ri
n
g
st
u
d
y
at

d
if
fe
re
n
t
ti
m
es

(1
4
5
0
1C

fo
r
2
o
r
4
h
)
an
d
o
b
ta
in
ed

0
.0
0
4
S
/c
m

at
6
0
0
1
C

fo
r

8
Y
S
Z
fr
o
m

T
o
so
h
,
an
d
n
o
t
g
o
o
d
re
su
lt
s
w
it
h
th
e
si
n
te
ri
n
g
o
f

th
is

m
at
er
ia
l.

4
.
C
o
n
cl
u
si
o
n
s

S
ev
er
al
Y
S
Z
ta
p
es

w
er
e
fa
b
ri
ca
te
d
b
y
o
p
ti
m
iz
in
g
th
e
rh
eo
lo
g
ic
al

p
ro
p
er
ti
es
,
u
si
n
g

aq
u
eo
u
s

sl
u
rr
ie
s,

w
h
ic
h

ar
e

en
v
ir
o
n
m
en
ta
ll
y

fr
ie
n
d
ly
,
av
o
id
in
g
th
e
u
se

o
f
o
rg
an
ic
so
lv
en
ts
.
A

ra
n
g
e
o
f
d
if
fe
re
n
t

Y
S
Z

p
o
w
d
er
s
w
it
h
d
if
fe
re
n
t
su
rf
ac
e
ar
ea
s
an
d
p
ar
ti
cl
e
si
ze
s
h
as

b
ee
n
u
se
d
in

o
rd
er

to
co
n
fi
rm

th
at

th
e
p
ro
p
o
se
d
,
ex
p
er
im
en
ta
l

m
et
h
o
d
ca
n
b
e
ad
ju
st
ed

fo
r
o
b
ta
in
in
g
si
m
il
ar

re
su
lt
s.

T
o
ca
rr
y
o
u
t
th
is
,
su
it
ab
le
se
le
ct
io
n
o
f
th
e
sl
u
rr
y
ad
d
it
iv
es
,
as

w
el
l
as
,
o
p
ti
m
iz
at
io
n
o
f
so
n
ic
at
io
n
ti
m
e
p
er
m
it
s
to

re
d
u
ce

th
e

ag
g
lo
m
er
at
io
n
st
at
e.

T
h
u
s
le
ad
in
g
to

a
g
o
o
d
d
is
p
er
si
o
n
o
f
th
e

Y
S
Z

p
ar
ti
cl
es

in
w
at
er

fo
r

th
e

ta
p
e-
ca
st
in
g

p
ro
ce
ss

an
d

im
p
ro
v
in
g
th
e
h
o
m
o
g
en
ei
ty

o
f
th
e
m
ic
ro
st
ru
ct
u
re
.

T
h
e
re
la
ti
v
e
d
en
si
ty

is
al
so

an
im

p
o
rt
an
t
p
o
in
t
to

ta
k
e
in
to

ac
co
u
n
t,
w
it
h
h
ig
h
re
la
ti
v
e
d
en
si
ty
,
h
ig
h
er

si
n
te
ri
za
ti
o
n
,
w
h
ic
h

h
el
p
s
to

im
p
ro
v
e
th
e
co
n
d
u
ct
iv
it
y
an
d
av
o
id

th
e
in
te
rd
if
u
ss
io
n

o
f
g
as
es

b
et
w
ee
n
el
ec
tr
o
d
es
.
It
is
o
b
se
rv
ed

th
at
th
e
u
lt
ra
so
u
n
d
s

af
fe
ct
th
e
re
la
ti
v
e
d
en
si
ty
,
im

p
ro
v
in
g
it
in

th
e
ca
se

o
f
T
Z
8
Y
b
u
t

re
d
u
ci
n
g
it
in

th
e
o
th
er

tw
o
m
at
er
ia
ls
.
T
h
e
p
o
in
t
is

th
at

o
n
ly

P
iK
E
M

m
at
er
ia
l
ac
h
ie
v
es

a
re
la
ti
v
e
d
en
si
ty

cl
o
se

to
th
eo
re
ti
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e
le
ct
ro
ly
te
s
(Y
S
Z
~
1
0
e
11

%
1
0
"
6
K
"
1
v
s.
F
e
C
r-

a
ll
o
y
~
1
2
e
1
4
%
1
0
"
6
K
"
1
)
[4
,1
4
],
lo
w

co
st
s
a
n
d
a
d
e
q
u
a
te

o
x
id
a
ti
o
n

re
si
st
a
n
ce

a
t
h
ig
h
te
m
p
e
ra
tu
re

[1
5
,1
6
].

T
h
e
m
a
in

d
is
a
d
v
a
n
ta
g
e
s
o
f
th
e
M
S
C

a
re

re
la
te
d

to
e
le
ct
ro
d
e

m
a
te
ri
a
ls
.
C
a
th
o
d
e
s
a
re

ty
p
ic
a
ll
y
si
n
te
re
d

u
n
d
e
r
a
ir
,
a
n
d

th
is

a
t-

m
o
sp

h
e
re

ca
n

o
x
id
iz
e

th
e

m
e
ta
l
su

p
p
o
rt
.
H
e
n
ce

th
e

m
a
x
im

u
m

si
n
te
ri
n
g
te
m
p
e
ra
tu
re

sh
o
u
ld

b
e
b
e
lo
w

9
0
0

#
C

in
a
ir

o
r
a
lt
e
rn
a
-

ti
v
e
ly
,
th
e

si
n
te
ri
n
g

o
f
th
e

ca
th
o
d
e

m
u
st

b
e

p
e
rf
o
rm

e
d

u
n
d
e
r

re
d
u
ci
n
g
o
r
v
a
cu

u
m

a
tm

o
sp

h
e
re
.
H
o
w
e
v
e
r,

th
e
se

co
n
d
it
io
n
s
a
re

h
a
rs
h
fo
r
th
e
ty
p
ic
a
l
ca
th
o
d
e
m
a
te
ri
a
ls

li
k
e
la
n
th
a
n
u
m

st
ro
n
ti
u
m

m
a
n
g
a
n
it
e
(L
S
M
)
o
r
(L
S
C
F
),
w
h
ic
h
te
n
d
to

d
e
co

m
p
o
se

d
u
ri
n
g
th
e

si
n
te
ri
n
g
p
ro
ce
ss

[4
,1
7
].
D
u
e
to

th
is
,
th
e
co

m
m
o
n
ca
th
o
d
e
m
a
te
ri
a
l

h
a
s
b
e
e
n
p
la
ti
n
u
m

[4
],
a
lt
h
o
u
g
h
v
e
ry

re
ce
n
tl
y
Z
h
o
u
e
t
a
l.
h
av

e
re
-

p
o
rt
e
d

a
lt
e
rn
a
ti
v
e

e
le
ct
ro
d
e
s

su
ch

a
s

La
0
.6
S
r 0

.4
Fe

0
.9
S
c 0

.1
O
3
"
d
o
r

S
rF
e
0
.7
5
M
o
0
.2
5
O
3
[1
5
,1
8
e
2
1
].
A
s
fo
r
th
e
a
n
o
d
e
m
a
te
ri
a
l,
th
e
co

m
-

m
o
n
N
ie

Y
S
Z
ce
rm

e
t
is
p
ro
n
e
to

N
i
a
n
d
Fe

/C
r
in
te
rd
if
fu
si
o
n
b
e
tw

e
e
n

th
e

a
n
o
d
e
a
n
d

m
e
ta
l
la
y
e
rs

w
h
e
n

h
e
a
te
d

a
t
h
ig
h

te
m
p
e
ra
tu
re
s

(1
3
0
0
e
1
4
0
0

#
C
),

w
h
ic
h

le
a
d
s
to

lo
w

p
o
w
e
r
d
e
n
si
ti
e
s
a
n
d

se
v
e
re

d
e
g
ra
d
a
ti
o
n
o
f
th
e
ce
ll
[1
6
,2
2
e
2
4
].

In
a
p
re
v
io
u
s
w
o
rk

[2
5
]
w
e
h
av

e
sh

o
w
n
th
a
t
th
e
m
ic
ro
st
ru
ct
u
re

o
f
a
n
y
co

m
p
o
n
e
n
t
o
f
a
so
li
d

o
x
id
e
fu
e
l
ce
ll

is
a
k
e
y
e
le
m
e
n
t
to

im
p
ro
v
e
th
e
p
e
rf
o
rm

a
n
ce

o
f
su

ch
d
e
v
ic
e
s.
A
n
in
te
re
st
in
g
a
p
p
ro
a
ch

to
co

n
tr
o
l
th
e
m
a
te
ri
a
ls

m
ic
ro
st
ru
ct
u
re

ca
n
b
e
th
e
so
ft
li
th
o
g
ra
p
h
y

a
ll
o
w
in
g
su

cc
e
ss
fu
l
re
p
li
ca
ti
o
n
s
o
f
m
ic
ro
-
a
n
d

n
a
n
o
st
ru
ct
u
re
s
in

th
e
ra
n
g
e
o
f
th
e
5
0
n
m

[2
6
].

W
e
h
av

e
sh

o
w
n
[2
7
]
th
a
t
a
su

p
p
o
rt
in
g
e
le
ct
ro
ly
te

w
it
h
h
o
n
e
y
-

co
m
b
p
a
tt
e
ri
n
g
p
ro
v
id
e
s
h
ig
h

m
e
ch

a
n
ic
a
l
st
re
n
g
th

to
th
e
w
h
o
le

st
ru
ct
u
re
,
su

p
p
o
rt
in
g
a
1
0
0
m
m

la
y
e
r
o
f
Y
S
Z
a
n
d

re
n
d
e
ri
n
g
h
ig
h

v
o
lu
m
e
tr
ic

p
o
w
e
r
d
e
n
si
ti
e
s.
T
h
e
re
p
o
rt
e
d
p
ro
ce
d
u
re

to
co

n
tr
o
l
th
e

h
o
n
e
y
co

m
b

m
ic
ro
st
ru
ct
u
re

in
v
o
lv
e
d

th
e

u
se

o
f
N
O
M
E
X

m
e
sh

(D
U
P
O
N
T
™
)
a
s
a
m
o
ld
in
g
to
o
l
o
f
a
ce
ra
m
ic
-b
a
se
d

m
a
te
ri
a
l
(e
.g
.

Y
S
Z
),

cr
e
a
ti
n
g
a
b
a
ck

b
o
n
e
w
it
h

h
e
x
a
g
o
n
a
l
ce
ll
s
in

a
h
o
n
e
y
co

m
b

st
ru
ct
u
re
.
T
h
e
o
ri
g
in
a
l
N
O
M
E
X
m
e
sh

a
n
d
th
e
si
n
te
ri
n
g
co

n
d
it
io
n
s

co
n
tr
o
ll
e
d
th
e
fi
n
a
l
d
e
ta
il
s
o
f
th
e
m
ic
ro
st
ru
ct
u
re
.

In
th
is

w
o
rk
,
o
n
e
o
f
m
a
in

a
im

w
il
l
th
e
fa
b
ri
ca
ti
o
n
a
n
d
te
st
in
g
o
f

m
ic
ro
st
ru
ct
u
re
d
a
n
d
m
u
lt
i-
la
y
e
re
d
sa
m
p
le
s
co

m
p
ri
si
n
g
a
2
0
0
m
m

m
e
ta
l-
su

p
p
o
rt
in
g
la
y
e
r
o
f
fe
rr
it
ic

F
e
C
r
st
a
in
le
ss

st
e
e
ls

w
it
h

h
o
n
-

e
y
co

m
b
p
a
tt
e
rn

in
g
w
h
ic
h
a
ct
s
a
s
su

p
p
o
rt

o
f
a
~
2
5
0
m
m

e
le
ct
ro
ly
te

la
y
e
r
o
f
Y
S
Z
.
T
h
e
h
e
x
a
g
o
n
a
l
h
o
le
s
in

th
e
cr
o
fe
r
m
ic
ro
st
ru
ct
u
re

w
il
l

b
e
fi
ll
e
d
w
it
h
a
th
in

(5
m
m
)
a
ct
iv
e
la
y
e
r
o
f
N
ie

Y
S
Z
a
n
o
d
e
,
F
ig
.1
.

T
h
is

n
o
v
e
l
d
e
si
g
n
m
a
y
h
av

e
se
v
e
ra
l
im

p
o
rt
a
n
t
a
d
v
a
n
ta
g
e
s
o
v
e
r

th
e
tr
a
d
it
io
n
a
l
st
a
te
-o
f-
th
e-
a
rt

co
n
fi
g
u
ra
ti
o
n
:

(1
)
It
a
ll
o
w
s
th
e
p
ro
d
u
ct
io
n
o
f
ro
b
u
st

M
S
C
w
it
h
a
2
0
0
m
m

la
y
e
r
o
f

m
ic
ro
st
ru
ct
u
re
d

m
e
ta
l,

in
fa
ct
,
in

th
is

w
a
y

a
n
y

ty
p
e

o
f

p
a
tt
e
rn

in
g
ca
n
b
e
p
ro
d
u
ce
d
.

(2
)
It

o
ff
e
rs

th
e
p
o
ss
ib
il
it
y
to

fa
b
ri
ca
te

a
t
m
a
ss
-s
ca
le

in
a
co

st
-

e
ff
e
ct
iv
e
w
a
y.

(3
)
It

sa
v
e
s
u
p
to

~
6
5
%

o
f
th
e
su

p
p
o
rt
in
g
m
a
te
ri
a
l,
w
h
ic
h
w
il
l

e
v
e
n
tu
a
ll
y
le
a
d
to

a
d
e
cr
e
a
se

o
f
th
e
co

st
o
f
a
n
y
M
S
C
a
ss
e
m
-

b
le
d
in

th
is
co

n
fi
g
u
ra
ti
o
n
.T

h
is
o
p
e
n
s
u
p
th
e
p
o
ss
ib
il
it
y
o
f
th
e

fa
b
ri
ca
ti
o
n
o
f
S
O
F
C
d
e
v
ic
e
s
w
it
h
a
n
e
le
v
a
te
d
ra
ti
o
o
f
k
W

p
e
r

cm
3
a
n
d
/o
r
k
W

p
e
r
k
g
[2
7
].

(4
)
T
h
e
a
n
o
d
e
is

si
tu
a
te
d
ju
st

in
si
d
e
e
a
ch

h
e
x
a
g
o
n
a
l
ca
v
it
y
,
in

d
ir
e
ct

co
n
ta
ct

w
it
h
Y
S
Z
.H

e
n
ce

a
n
y
ty
p
e
o
f
re
a
ct
iv
it
y
b
e
tw

e
e
n

a
n
o
d
e
a
n
d
in
te
rc
o
n
n
e
ct

w
il
l
b
e
re
st
ri
ct
e
d
to

th
e
in
n
e
r
w
a
ll
s

o
f
th
e
se

h
e
x
a
g
o
n
a
l
ce
ll
s
a
n
d
h
e
n
ce

th
e
p
e
rf
o
rm

a
n
ce

sh
o
u
ld

n
o
t
b
e
a
ff
e
ct
e
d
b
y
u
n
d
e
si
re
d
fo
rm

a
ti
o
n
o
f
se
co

n
d
a
ry

p
h
a
se
s

[1
6
,2
2
e
2
4
].

(5
)
T
h
e
u
se

o
f
in
te
rc
o
n
n
e
ct

m
a
te
ri
a
l
o
n
o
n
e
si
d
e
o
f
e
a
ch

S
O
F
C
s

o
ff
e
rs

th
e
p
o
ss
ib
il
it
y

o
f
co

ld
se
a
li
n
g

th
ro
u
g
h

a
n

e
le
ct
ri
ca
l

re
si
st
a
n
ce

w
e
ld
in
g
p
ro
ce
ss
.

(6
)
T
h
e
u
se

o
f
a
m
e
ta
l
h
o
n
e
y
co

m
b
m
ic
ro
st
ru
ct
u
re

a
ll
o
w
s
th
e
u
se

o
f
su

ch
st
ru
ct
u
re

a
s
a
cu

rr
e
n
t
co

ll
e
ct
o
r
a
n
d
h
e
n
ce

n
o
p
la
t-

in
u
m

is
u
se
d
in

th
e
a
n
o
d
e
co

m
p
a
rt
m
e
n
t
a
s
cu

rr
e
n
t
co

ll
e
ct
o
r.

2
.
E
x
p
e
ri
m
e
n
ta
l
p
ro

c
e
d
u
re

2
.1
.
M
a
te
ri
a
ls

Y
tt
ri
a
(8

m
o
l%
)
st
a
b
il
iz
e
d
zi
rc
o
n
ia

(Y
S
Z
)
w
a
s
su

p
p
li
e
d
b
y
P
i-
K
E
M

Lt
d
.
(S
ta
ff
o
rd
sh

ir
e
,U

K
),
N
iO

(9
9
,9
9
%
,
S
ig
m
a
e
A
ld
ri
ch

,
S
t.
Lo

u
is
,
M
O
,

U
S
A
)
a
n
d
th
e
m
e
ta
l
a
ll
o
y
C
ro
fe
r®

2
2
A
P
U

w
e
re

p
ro
v
id
e
d
b
y
IK
E
R
-

LA
N
.
M
e
th
y
l-
e
th
y
l-
k
e
to
n
e

(S
ig
m
a
e
A
ld
ri
ch

,
S
t.

Lo
u
is
,
M
O
,
U
S
A
).

E
th
a
n
o
l
(S
ch

a
rl
a
u
,
B
a
rc
e
lo
n
a
,
S
p
a
in
).

T
ri
to
n
-Q

(D
o
w

C
h
e
m
ic
a
l,

M
id
la
n
d
,
M
I,
U
S
A
).
d
ib
u
ty
l
p
h
th
a
la
te

(S
ch

a
rl
a
u
,
B
a
rc
e
lo
n
a
,
S
p
a
in
).

B
u
tv
a
r
B
9
8
p
o
ly
v
in
y
l
b
u
ty
ra
l
(S
ig
m
a
e
A
ld
ri
ch

,
S
t.
Lo

u
is
,
M
O
,
U
S
A
).

A
m
a
st
e
r
a
n
d
th
e
co

rr
e
sp

o
n
d
in
g
n
e
g
a
ti
v
e
m
ic
ro
st
ru
ct
u
re
d
m
o
ld

w
a
s
p
re
p
a
re
d
u
si
n
g
st
a
n
d
a
rd

m
ic
ro
-
a
n
d
n
a
n
o
fa
b
ri
ca
ti
o
n
p
ro
ce
ss
e
s

[2
6
,2
8
]
a
n
d
th
e
h
o
n
e
y
co

m
b
m
ic
ro
st
ru
ct
u
re
s
fr
o
m

th
is
m
a
st
e
r
w
e
re

tr
a
n
sf
e
rr
e
d

to
p
o
ly
(d
im

e
th
y
ls
il
o
x
a
n
e
)

(P
D
M
S
)

st
a
m
p
s

b
y

so
ft

li
th
o
g
ra
p
h
y
,
F
ig
.
2
(a
)
a
n
d
(b
).

2
.2
.
E
le
ct
ro
ly
te
,
a
n
o
d
e
a
n
d
in
te
rc
o
n
n
ec
t
sl
u
rr
ie
s

A
m
o
d
ifi
e
d

p
ro
ce
d
u
re

[2
7
]
fo
r
ta
p
e
-c
a
st
in
g
w
a
s
u
se
d

fo
r
th
e

p
re
p
a
ra
ti
o
n
o
f
th
re
e
o
rg
a
n
ic
-b
a
se
d
sl
u
rr
ie
s
fo
r
e
a
ch

co
m
p
o
n
e
n
t
o
f

th
e
h
o
n
e
y
co

m
b
-M

S
C
.

T
h
e
sl
u
rr
ie
s
w
e
re

o
b
ta
in
e
d
b
y
m
ix
in
g
th
e
fo
ll
o
w
in
g
m
a
te
ri
a
ls
:

1
0
g
o
f
st
a
rt
in
g
p
o
w
d
e
rs

(i
.e
.1
0
g
o
f
Y
S
Z
in

o
n
e
ca
se
,1
0
g
o
f
cr
o
fe
r
in

a
n
o
th
e
r
ca
se

a
n
d
fi
n
a
ll
y
,6

g
o
f
N
iO

þ
4
g
o
f
Y
S
Z
),
1
0
g
o
f
a
m
ix
tu
re

o
f

m
e
th
y
l-
e
th
y
l-
k
e
to
n
e

a
n
d

e
th
a
n
o
l
(3
:2
,
w
/w

)
so
lv
e
n
ts
;
0
.5

g
o
f

T
ri
to
n
-Q

(d
is
p
e
rs
a
n
t)
;
2
g
o
f
d
ib
u
ty
l
p
h
th
a
la
te

(p
la
st
ic
iz
e
r)

a
n
d
1
g

o
f
B
u
tv
a
r
B
9
8
p
o
ly
v
in
y
l
b
u
ty
ra
l
(b
in
d
e
r)
.
In

a
ll
ca
se
s,

th
e
co

m
p
o
-

n
e
n
ts

w
e
re

b
a
ll
-m

il
le
d
fo
r
2
h
a
t
2
0
0
rp
m

in
a
zi
rc
o
n
ia

v
e
ss
e
l
w
it
h

zi
rc
o
n
ia

b
a
ll
s.

2
.3
.
Fa
b
ri
ca
ti
o
n
o
f
g
re
en

a
n
d
si
n
te
re
d
m
u
lt
il
a
y
er
ed

sa
m
p
le
s

T
h
e
sl
u
rr
ie
s
w
e
re

h
a
n
d

ca
st
e
d

o
v
e
r
a
P
D
M
S
ru
b
b
e
r
w
it
h

th
e

h
o
n
e
y
co

m
b
p
a
tt
e
rn

in
g
a
n
d

d
ri
e
d

fo
r
2
4
h

a
ft
e
r
e
a
ch

d
e
p
o
si
ti
o
n
.

F
ir
st
,
th
re
e
la
y
e
rs

o
f
m
e
ta
l
a
ll
o
y
w
e
re

d
e
p
o
si
te
d
a
n
d
th
e
n
a
n
o
th
e
r

fo
u
r
la
y
e
rs

o
f
e
le
ct
ro
ly
te
.
A
ft
e
r
4
8

h
th
e
m
u
lt
il
a
y
e
re
d

sa
m
p
le

o
f

7
8
.5

cm
2
o
f
a
re
a
,
F
ig
.
2
(c
)e

(e
)
is

e
a
si
ly

p
e
e
le
d
o
ff
fr
o
m

th
e
P
D
M
S

F
ig
.1

.
(a
)
S
ch

e
m
at
ic

re
p
re
se
n
ta
ti
o
n
o
f
th
e
as
se
m
b
le
d
m
e
ta
l
su

p
p
o
rt
e
d
fu
e
l
ce
ll
.
(b
)
2
-

P
o
in
t
se
tu
p
fo
r
fu
e
l
ce
ll
te
st
s
(W

E
:
w
o
rk
in
g
e
le
ct
ro
d
e
,
C
E
:
co

u
n
te
r
e
le
ct
ro
d
e
an

d
R
E
x
:

re
fe
re
n
ce

e
le
ct
ro
d
e
s)
.

R
.
Fe
rn
! a
n
d
ez
-G

o
n
z! a
le
z
et

a
l.
/
Jo
u
rn
a
l
o
f
P
ow

er
So

u
rc
es

2
7
2
(2
0
14

)
2
3
3
e
2
3
8

2
3
4



m
o
ld

a
n
d
th
e
n
se
v
e
ra
l
sm

a
ll
e
r
sa
m
p
le
s
(d
ia
m
e
te
r
17
.7

m
m
)
w
e
re

p
re
p
a
re
d
b
y
cu

tt
in
g
ci
rc
u
la
r
p
ie
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o
la
ri
za

ti
o
n

re
si
st
a
n
ce

a
b
s
t
r
a
c
t

C
e
0
.9
G
d
0
.1
O

2
!
d
(1
0C

G
O
)
is

a
p
ro

m
is
in
g
ca

n
d
id
a
te

a
s
b
u
ff
e
r
la
y
er

fo
r
in
te
rm

ed
ia
te

te
m

p
er
a
-

tu
re

so
li
d
o
x
id
e
fu

el
ce

ll
s
(I
T
-S
O
FC

s)
.
C
o
m

b
u
st
io
n
sy

n
th

es
is

is
a
su

it
a
b
le

sy
n
th

es
is

m
et
h
o
d

fo
r
th

e
p
ro

d
u
ct
io
n
,
a
t
lo
w

te
m

p
er
a
tu

re
s,

o
f
fi
n
e
a
n
d
re
a
ct
iv
e
p
o
w
d
er
s
fo
r
b
o
th

el
ec

tr
o
d
es

,

a
n
d
C
G
O

el
ec

tr
o
ly
te
.
In

th
is

st
u
d
y
,
d
if
fe
re
n
t
fu

el
s
h
a
v
e
b
ee

n
co

n
si
d
er
ed

fo
r
th

e
sy

n
th

es
is

(u
re
a
,
su

cr
o
se

,
ci
tr
ic

a
ci
d
)
o
f
th

e
b
u
ff
er

la
y
er

b
a
se

d
o
n
C
G
O

p
o
w
d
er
s.

T
h
es

e
p
o
w
d
er
s
h
a
v
e

b
ee

n
p
ro

ce
ss

e
d
to

o
b
ta
in

sy
m

m
et
ri
ca

l
ce

ll
s
th

a
t
a
ll
o
w

th
e
el
ec

tr
o
ch

e
m

ic
a
l
ch

a
ra

ct
er
iz
a
ti
o
n

o
f
it
s
in
te
rf
a
ce

.
B
y
m

ea
n
s
o
f
X
R
D

a
n
d
S
E
M
-E
D
X

te
ch

n
iq
u
es

,
th

e
st
ru

ct
u
ra
l,
m

ic
ro

st
ru

ct
u
ra
l

a
n
d

co
m

p
o
si
ti
o
n
a
l
b
eh

a
v
io
u
r
o
f
th

e
a
s-
p
re
p
a
re
d

p
o
w
d
er
s,

co
m

p
a
ct
s
a
n
d

h
a
lf
-c
el
ls

h
a
v
e

b
ee

n
st
u
d
ie
d
.

C
o
p
y
ri
gh

t
ª

20
14

,
H
y
d
ro

ge
n
E
n
er
gy

P
u
b
li
ca

ti
o
n
s,

LL
C
.
P
u
b
li
sh

ed
b
y
E
ls
ev

ie
r
Lt
d
.
A
ll
ri
gh

ts

re
se

rv
ed

.

1
.

In
tr
o
d
u
ct
io
n

In
re
ce

n
t
y
ea

rs
,m

o
st

o
f
th

e
ef
fo
rt
s
in

S
O
FC

d
ev

el
o
p
m

en
t
h
a
v
e

b
ee

n
fo
cu

ss
ed

o
n

in
te
rm

ed
ia
te

te
m

p
er
a
tu

re
so

li
d

o
x
id
e
fu

el

ce
ll
s
(I
T
-S
O
FC

s)
.T

h
e
m

a
jo
ri
ty

o
f
th

em
,u

si
n
g
C
G
O

a
n
d
/o
r
Y
S
Z

in
th

e
el
ec

tr
o
ly
te
,
a
s
w
el
l
a
s,

in
th

e
a
n
o
d
e
m

a
te
ri
a
ls

m
ix
ed

w
it
h
N
i
[1
].
Fo

r
S
O
FC

d
ev

el
o
p
m

en
t,
re
la
ti
v
el
y
h
ig
h
io
n
ic

co
n
-

d
u
ct
iv
it
y
o
f
so

li
d
el
ec

tr
o
ly
te
s
is

n
o
t
th

e
o
n
ly

re
q
u
ir
em

en
t,
a
n
d

th
e
en

h
a
n
ce

m
en

t
o
f
d
u
ra
b
il
it
y
.A

t
in
te
rm

ed
ia
te

te
m

p
er
a
tu

re
s,

60
0

"
C
,
ce

ri
a
-b
a
se

d
m

a
te
ri
a
ls

sh
o
u
ld

h
a
v
e

su
ffi

ci
en

tl
y

h
ig
h

io
n
ic

co
n
d
u
ct
iv
it
y

a
n
d

th
ei
r
lo
n
g-
te
rm

st
a
b
il
it
y

sh
o
u
ld

b
e

im
p
ro

v
ed

.

In
th

e
IT
-S
O
FC

,N
i-
C
er
ia

is
u
se

d
a
s
a
n
o
d
e
el
ec

tr
o
d
e,

ev
en

in

d
ev

ic
es

w
h
er
e
Y
S
Z
is

u
se

d
a
s
el
ec

tr
o
ly
te

[2
].
N
i-
C
G
O

m
a
te
ri
a
l

h
a
s
b
ee

n
co

n
si
d
er
ed

v
er
y
ef
fe
ct
iv
e
in

p
re
v
en

ti
n
g
co

k
e
b
u
il
d
-

u
p

w
h
en

u
si
n
g
w
ea

k
ly

h
u
m

id
ifi
ed

C
H

4
fu

el
s.

T
h
is

is
d
u
e
to

it
s
a
b
il
it
y
to

tr
a
n
sf
o
rm

ca
rb

o
n
d
ep

o
si
ts

to
C
O

o
r
C
O

2
d
u
ri
n
g
o
r

a
ft
er

C
H

4
d
ec

o
m

p
o
si
ti
o
n

v
ia

th
e
m

o
b
il
it
y
o
f
o
x
y
ge

n
th

ro
u
gh

th
e
b
u
lk

(l
a
tt
ic
e)

[3
].

T
h
es

e
b
en

efi
ci
a
l
ef
fe
ct
s
a
re

d
u
e
to

th
e

en
h
a
n
ce

m
en

t
o
f
th

e
th

re
e-
p
h
a
se

b
o
u
n
d
a
ry

le
n
gt
h
,
w
h
er
e

m
ic
ro

st
ru

ct
u
re
,

p
h
a
se

st
a
b
il
it
y
,

re
d
u
ct
io
n

b
eh

a
v
io
u
r

a
n
d

el
ec

tr
ic
a
l
p
ro

p
er
ti
es

h
a
v
e
b
ee

n
d
ee

p
ly

st
u
d
ie
d
o
n

th
es

e
N
iO

-

C
G
O

co
m

p
o
si
te
s.

In
a
d
d
it
io
n
,
d
if
fe
re
n
t
st
u
d
ie
s
h
a
v
e
d
em

o
n
-

st
ra
te
d

th
a
t
th

e
u
se

o
f
a

C
G
O

b
u
ff
er

la
y
er

b
et
w
ee

n
Y
S
Z

el
ec

tr
o
ly
te

a
n
d

a
co

b
a
lt
-b
a
se

d
ca

th
o
d
e

d
ec

re
a
se

s

*
C
or
re
sp

on
d
in
g
a
u
th
or
.

E
-m

a
il
a
d
d
re
ss

:
m

a
rt
in
@
ic
v
.c
si
c.
es

(E
.
C
h
in
a
rr
o
).

A
v
a
il
a
b
le

o
n
li
n
e
a
t
w
w
w
.s
c
ie
n
c
e
d
ir
e
c
t.
c
o
m

S
c
ie
n
c
e
D
ir
e
c
t

jo
u
r
n
a
l
h
o
m

e
p
a
g
e
:
w
w
w
.e

ls
e
v
ie

r
.c
o
m

/l
o
c
a
te

/h
e

in
t
e
r
n
a
t
io

n
a
l
jo

u
r
n
a
l
o
f
h
y
d
r
o
g
e
n

e
n
e
r
g
y

3
9

(2
0
1
4
)
5
4
3
3
e
5
4
3
9
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60
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$
e

se
e
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o
n
t
m

a
tt
er

C
o
p
y
ri
g
h
t
ª

20
14

,
H
y
d
ro

ge
n
E
n
er
gy

P
u
b
li
ca

ti
o
n
s,

LL
C
.
P
u
b
li
sh

e
d
b
y
E
ls
ev

ie
r
Lt
d
.
A
ll
ri
gh

ts
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se

rv
ed

.
h
tt
p
:/
/d

x
.d
o
i.
o
rg
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0.
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.i
jh
y
d
en

e.
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.0
1.
06

1

si
gn

ifi
ca

ti
v
el
y
th

e
p
er
fo
rm

a
n
ce

d
eg

ra
d
a
ti
o
n

o
f
ca

th
o
d
e/
el
ec

-

tr
o
ly
te

in
te
rf
a
ce

[4
e
9]
.

U
p
to

d
a
te
,
th

er
e
h
a
s
b
ee

n
li
tt
le

re
se

a
rc
h
o
n

th
e
ro

u
te
s
o
f

sy
n
th

es
is

o
f
ce

ri
a
-b
a
se

d
co

m
p
o
si
ti
o
n
s
fo
r
IT
-S
O
FC

a
p
p
li
ca

-

ti
o
n
s.

A
p
a
rt

fr
o
m

th
e

co
n
v
en

ti
o
n
a
l
ce

ra
m

ic
ro

u
te
,
o
th

er

em
p
lo
y
ed

m
et
h
o
d
s
a
re

h
y
d
ro

th
er
m

a
l
sy

n
th

es
is

[1
0]
,
o
x
a
la
te

co
-p

re
ci
p
it
a
ti
o
n

[1
1]

a
n
d

ca
rb

o
n
a
te

co
-p

re
ci
p
it
a
ti
o
n

[1
2,
13

].

T
h
es

e
a
n
d

o
th

er
w
et
-c
h
em

ic
a
l
sy

n
th

es
is

m
et
h
o
d
s
p
ro

d
u
ce

si
n
gl
e

o
r
m

u
lt
ic
o
m

p
o
n
en

t
o
x
id
e

p
o
w
d
er
s
w
it
h

h
ig
h

si
n
te
r-

a
b
il
it
y
,
la
rg
e
su

rf
a
ce

a
re
a
s,

w
el
l-
d
efi

n
ed

ch
em

ic
a
l
co

m
p
o
si
-

ti
o
n
s

a
n
d

h
o
m

o
ge

n
eo

u
s

d
is
tr
ib
u
ti
o
n
s

o
f

th
e

el
em

en
ts
.

H
o
w
ev

er
,i
n
sp

it
e
o
f
th

e
q
u
a
li
ty

o
f
th

e
p
o
w
d
er
s
p
ro

d
u
ce

d
w
it
h

th
e
m

et
h
o
d
s
ex

p
la
in
ed

b
ef
o
re
,
a
n
d
a
lt
h
o
u
gh

p
o
w
d
er

sy
n
th

e-

si
s
ca

n
b
e
a
ch

ie
v
ed

a
t
lo
w

te
m

p
er
a
tu

re
,
m

a
n
y
o
f
th

es
e
p
ro

-

ce
ss

es
a
re

co
m

p
li
ca

te
d

a
n
d

le
n
gt
h
y
,

w
h
ic
h

li
m

it
th

ei
r

a
p
p
li
ca

b
il
it
y
.

In
th

e
la
st

d
ec

a
d
e,

w
et
-c
h
em

ic
a
l
co

m
b
u
st
io
n

sy
n
th

es
is

(W
C
C
S
),
u
si
n
g
fu

el
s
su

ch
a
s
u
re
a
,
gl
y
ci
n
e,

su
cr
o
se

,
et
c.
,
h
a
s

b
ee

n
w
id
el
y

em
p
lo
y
ed

to
o
b
ta
in

m
u
lt
ic
o
m

p
o
n
en

t
ce

ra
m
ic

o
x
id
es

[1
4]
,
p
h
o
sp

h
a
te
s

[1
5]
,
et
c.

T
h
is

m
et
h
o
d

h
a
s

ga
in
ed

re
p
u
ta
ti
o
n

a
s

st
ra
ig
h
tf
o
rw

a
rd

p
re
p
a
ra
ti
o
n

p
ro

ce
ss

w
h
ic
h

p
ro

d
u
ce

s
h
o
m

o
ge

n
eo

u
s,

v
er
y

fi
n
e,

cr
y
st
a
ll
in
e

p
o
w
d
er
s,

in

so
m

e
ca

se
s
in

a
si
n
gl
e
st
a
ge

,w
it
h
o
u
t
th

e
n
ee

d
o
f
in
te
rm

ed
ia
te

d
ec

o
m

p
o
si
ti
o
n
a
n
d
/o
r
ca

lc
in
in
g
st
ep

s.
D
u
e
to

th
e
h
o
m

o
ge

n
e-

it
y
o
f
th

e
st
a
rt
er

so
lu
ti
o
n
o
f
th

e
ra
w

m
a
te
ri
a
ls

a
n
d
th

e
v
er
y
fa
st

re
a
ct
io
n
,
th

e
re
su

lt
in
g
p
ro

d
u
ct

is
h
o
m

o
ge

n
eo

u
s.

In
ge

n
er
a
l,

th
e
p
a
rt
ic
le
s
a
re

v
er
y
fi
n
e
a
n
d
th

e
h
ig
h
te
m

p
er
a
tu

re
re
a
ch

ed

fo
r
a
v
er
y
sh

o
rt

p
er
io
d
o
f
ti
m

e
(i
.e
.l
es

s
th

a
n
15

m
in
)
is

u
su

a
ll
y

en
o
u
gh

to
p
ro

m
o
te

th
ei
r
cr
y
st
a
ll
iz
a
ti
o
n
,a

n
d
a
t
th

e
sa

m
e
ti
m

e

k
ee

p
in
g
th

e
n
a
n
o
m

et
ri
c
gr
a
in

si
ze

.

T
h
e
a
im

o
f
th

is
re
se

a
rc
h
is

to
p
re
p
a
re

G
C
O

fi
n
e
cr
y
st
a
ll
in
e

p
o
w
d
er
s
u
si
n
g
W

C
C
S
,t
o
b
e
u
se

d
a
s
b
u
ff
er

la
y
er

in
a
n
IT
-S
O
FC

.

T
h
is

m
et
h
o
d
is

a
b
le

to
p
ro

d
u
ce

p
o
w
d
er
s
in

o
n
e-
st
ep

,w
it
h
h
ig
h

re
a
ct
iv
it
y
d
u
e
to

th
e
si
ze

o
f
th

ei
r
p
a
rt
ic
le
s.

T
h
es

e
a
s-
p
re
p
a
re
d

p
o
w
d
er
s
a
re

ch
a
ra
ct
er
iz
ed

a
n
d
d
ep

o
si
te
d
in

a
sy

m
m

et
ri
ca

lc
el
l

co
n
fi
gu

ra
ti
o
n
th

a
t
is

el
ec

tr
o
ch

em
ic
a
ll
y
st
u
d
ie
d
.

2
.

E
x
p
e
ri
m

e
n
ta
l

2
.1
.

M
a
te
ri
a
ls

sy
n
th
es
is

T
h
e
ce

ri
a
-b
a
se

d
ce

ra
m
ic
s
(a
n
o
d
e
a
n
d

el
ec

tr
o
ly
te
)
w
er
e
sy

n
-

th
es

iz
ed

b
y
co

m
b
u
st
io
n

re
a
ct
io
n

em
p
lo
y
in
g
A
ld
ri
ch

h
y
d
ra
te

sa
lt
s,

C
e(
N
O

3
) 3
$
6H

2
O

(9
9.
0%

,
A
ld
ri
ch

)
a
n
d

G
d
(N

O
3
) 3
$
6H

2
O

(9
9.
9%

,
A
ld
ri
ch

),
a
s
ca

ti
o
n

p
re
cu

rs
o
rs
.
Fu

el
s
u
se

d
w
er
e:

u
re
a

(C
O
(N

H
2
) 2
,
98

%
,
A
ld
ri
ch

),
su

cr
o
se

(C
2
H

2
2
O

1
1
,
99

.9
%
,
A
zu

ca
re
ra

E
sp

a
ñ
o
la
)
a
n
d
ci
tr
ic

a
ci
d
(C

6
H

8
O

7
,
99

.5
%
,
A
ld
ri
ch

).

S
to
ic
h
io
m

et
ri
c

a
m

o
u
n
ts

o
f

C
e(
N
O

3
) 3
$
6H

2
O

a
n
d

G
d
(N

O
3
) 3
$
6H

2
O

w
er
e
m

ix
ed

w
it
h
th

e
d
if
fe
re
n
t
fu

el
s
to

a
ch

ie
v
e

th
e
90

m
o
l%

C
eO

2
e
10

m
o
l%

G
d
2
O

3
(1
0C

G
O
)
fo
rm

u
la
ti
o
n
.

E
a
ch

re
a
ct
io
n

m
ix
tu

re
w
a
s
ca

lc
u
la
te
d

b
a
se

d
o
n

th
e
to
ta
l

o
x
id
is
in
g
a
n
d
re
d
u
ci
n
g
v
a
le
n
ce

s
o
f
o
x
id
is
er
s
a
n
d
fu

el
,i
n
o
rd

er

to
re
le
a
se

th
e
n
ec

es
sa

ry
en

er
gy

fo
r
th

e
re
a
ct
io
n
.T

h
e
re
a
ct
a
n
ts

w
er
e
fi
rs
t
m

el
te
d
,
in

a
w
id
e-
m

o
u
th

v
it
re
o
u
s
si
li
ca

b
a
si
n
,
b
y

h
ea

ti
n
g
u
p
to
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0

"
C

o
n

a
h
o
t-
p
la
te

in
si
d
e
a
fu

m
e
cu

p
b
o
a
rd

,

u
n
d
er

v
en

ti
la
ti
o
n
.T

h
e
re
a
ct
io
n
la
st
ed

fo
r
le
ss

th
a
n
15

m
in

a
n
d

p
ro

d
u
ce

d
d
ry

a
n
d
v
er
y
fr
a
gi
le

fo
a
m

th
a
t
re
a
d
il
y
cr
u
m

b
le
d
in
to

p
o
w
d
er
s.

A
ft
er

th
e
sy

n
th

es
is

it
w
a
s
re
q
u
ir
ed

a
n
a
tt
ri
ti
o
n
m

il
l

p
ro

ce
d
u
re

fo
r
5
h
,
th

en
fo
ll
o
w
ed

b
y
ca

lc
in
a
ti
o
n

a
t
45

0
"
C

fo
r

4
h
,
a
n
d

a
se

co
n
d

a
tt
ri
ti
o
n

m
il
li
n
g.

T
h
is

p
ro

ce
d
u
re

w
a
s
fo
l-

lo
w
ed

to
en

h
a
n
ce

th
e
su

rf
a
ce

a
re
a
o
f
th

e
sa

m
p
le
s.

2
.2
.

S
y
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i-
p
h
y
si
cs

m
o
d
e
l
is

im
p
le
m
e
n
te
d
th
e
n
v
a
li
d
a
te
d
fo
r
th
e
tr
a
n
si
e
n
t
re
g
im

e
,
th
is

n
e
ce
ss
i-

ta
te
d

a
p
o
st

p
ro
ce
ss
in
g

tr
e
a
tm

e
n
t
in

w
h
ic
h
,
th
e
st
re
ss

in
te
n
si
ty

fa
ct
o
rs

(S
IF
)
a
re

co
m
p
u
te
d

fo
r
e
a
ch

ti
m
e
st
e
p
.
T
h
e
S
IF
s
a
re

th
e
n

u
se
d

in
th
e
cr
a
ck

p
ro
p
a
g
a
ti
o
n

cr
it
e
ri
o
n

a
n
d

th
e
cr
a
ck

o
ri
e
n
ta
ti
o
n

a
n
g
le
.

T
h
e
m
e
th
o
d
o
lo
g
y
se
e
m
s
to

b
e
ro
b
u
st

a
cc
u
ra
te

a
n
d
th
e
co

m
p
u
ta
ti
o
n
a
l
co

st
is
re
d
u
ce
d
th
a
n
k
s
to

th
e
X
FE

M
.

Ó
2
0
1
4
E
ls
e
v
ie
r
Lt
d
.
A
ll
ri
g
h
ts

re
se
rv
e
d
.

1
.
In
tr
o
d
u
c
ti
o
n

A
p
la
n
a
r
S
o
li
d

O
x
id
e
Fu

e
l
C
e
ll

(S
O
FC

)
u
n
it

co
n
si
st
s
o
f
a
so

li
d

d
e
n
se

g
a
s-
ti
g
h
t
e
le
ct
ro
ly
te

sa
n
d
w
ic
h
e
d
b
y
tw

o
p
o
ro
u
s
e
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ct
ro
d
e
s
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n
o
d
e
a
n
d
ca
th
o
d
e
)
th
a
t
p
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se
n
t
su

ffi
ci
e
n
t
p
o
ro
si
ty

to
a
ll
o
w
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r

th
e
fl
o
w

o
f
a
ir

a
n
d

fu
e
l
in
to

th
e
p
o
ro
u
s
e
le
ct
ro
d
e
s
th
ro
u
g
h

fl
o
w
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a
n
n
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ls
.
T
h
e
m
a
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r
d
ra
w
b
a
ck

o
f
th
is

te
ch

n
o
lo
g
y
is

th
e
h
ig
h
o
p
e
r-

a
ti
n
g

te
m
p
e
ra
tu
re

th
a
t
ca
n

le
a
d
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m
p
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x

m
a
te
ri
a
l
p
ro
b
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m
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in
cl
u
d
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g
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si
d
u
a
l
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ss
e
s

d
u
e
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d
if
fe
re
n
t
th
e
rm

a
l
e
x
p
a
n
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o
n
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e
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e
n
ts

o
f
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e
u
n
it
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ll
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m
p
o
n
e
n
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(Y
a
k
a
b
e
e
t
a
l.
,
2
0
0
4
).
T
h
e
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o
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n
g
a
n
d
h
e
a
ti
n
g
p
ro
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,
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v
o
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e
d
d
u
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n
g
S
O
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e
,
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su

lt
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si
d
u
a
l
st
re
ss
e
s
a
n
d
p
o
ss
ib
le

cr
a
ck

n
u
cl
e
a
ti
o
n
a
n
d
p
ro
p
a
g
a
ti
o
n

in
th
e
p
o
ro
u
s
e
le
ct
ro
d
es

(Q
u
e
t
a
l.
,
2
0
0
6
).
In

th
e
la
st

d
e
ca
d
e
cr
a
ck

p
ro
p
a
g
a
ti
o
n

h
a
s
b
e
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m
e
th
e
ce
n
tr
e
o
f
in
te
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st

o
f
lo
t
o
f
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u
d
ie
s

w
h
e
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a
d
v
a
n
ce
d

n
u
m
e
ri
ca
l
m
e
th
o
d
s
su

ch
a
s
m
e
sh

-l
e
ss

m
e
th
o
d
s

a
n
d
th
e
e
X
te
n
d
e
d
Fi
n
it
e
E
le
m
e
n
t
M
e
th
o
d
(X

FE
M
)
a
re

w
id
e
ly

u
se
d
,

se
e

M
o
ë
s

a
n
d

B
e
ly
ts
ch

k
o

(2
0
0
2
),

Z
i

a
n
d

B
e
ly
ts
ch

k
o

(2
0
0
3
),

S
u
k
u
m
a
r

a
n
d

P
ré
v
o
st

(2
0
0
3
),

D
u
fl
o
t

(2
0
0
8
),

N
a
ta
ra
ja
n

e
t

a
l.

(2
0
1
4
),

B
o
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a
s

e
t
a
l.

(2
0
1
1
),

Fr
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s

a
n
d

B
e
ly
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ch

k
o

(2
0
1
0
)
a
n
d

B
o
u
h
a
la

e
t
a
l.
(2
0
1
2
).
T
h
e
m
a
in

fe
a
tu
re

o
f
X
FE

M
is

th
e
e
n
ri
ch

m
e
n
t

o
f
th
e
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e
ld
s
a
n
d
/o
r
th
e
ir

g
ra
d
ie
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ts

in
th
e
v
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o
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n
g
u
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ri
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e
s
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n
d
d
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n
u
it
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s.
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e
u
se

o
f
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n
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n
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in
g
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d
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in
g
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h
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n
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a
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.
S
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d
ie
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a
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n
d
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r
p
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re
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a
n
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a
l
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e
d
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r
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a
n
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M
o
ë
s

e
t
a
l.
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9
9
9
)
a
n
d

B
o
u
h
a
la

e
t
a
l.
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0
1
0
),

to
si
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o
n
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w
.
C
ra
ck

g
ro
w
th

u
n
d
e
r
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e
rm

a
l
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n
d

th
e
rm

o
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e
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n
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a
l
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a
d
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g
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o
-

d
u
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d
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r
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st
a
n
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in
D
u
fl
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t
(2
0
0
8
)
a
n
d
B
o
u
h
a
la

e
t
a
l.
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0
1
2
)
u
si
n
g

th
e
X
FE

M
a
n
d
th
e
e
x
te
n
d
e
d
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e
e
E
le
m
e
n
t
G
a
le
rk
in

m
e
th
o
d
(X

E
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)
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sp

e
ct
iv
e
ly
.
In
te
ra
ct
io
n

o
f
cr
a
ck

g
ro
w
th

w
it
h

a
n

in
te
rf
a
ce

a
n
d

cr
a
ck

g
ro
w
th

a
lo
n
g
a
n
in
te
rf
a
ce

in
b
i-
m
a
te
ri
a
l
st
ru

ct
u
re
s
a
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st
u
d
-

ie
d
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B
a
e

a
n
d

K
ri
sh

n
a
sw

am
y

(2
0
0
1
),

B
h
a
tn
a
g
a
r
e
t
a
l.

(2
0
1
0
),

S
u
k
u
m
a
r
e
t
a
l.
(2
0
0
4
)
a
n
d
B
o
u
h
a
la

e
t
a
l.
(2
0
1
3
) .
Fu

rt
h
e
r,
th
e
X
FE

M

h
tt
p
:/
/d
x
.d
o
i.
o
rg
/1
0
.1
0
1
6
/j
.i
js
o
ls
tr
.2
0
1
4
.0
6
.0
1
1

0
0
2
0
-7
6
8
3
/Ó

2
0
1
4
E
ls
e
v
ie
r
Lt
d
.
A
ll
ri
g
h
ts

re
se
rv
e
d
.

⇑
C
o
rr
e
sp

o
n
d
in
g
a
u
th
o
r.
T
e
l.
:
+
3
5
2
4
2
5
9
9
1
4
6
6
1
;
fa
x
:
+
3
5
2
4
2
5
9
9
1
7
7
7
.

E
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a
il
a
d
d
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:
a
h
m
e
d
.m

a
k
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d
i@

tu
d
o
r.
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.
M
a
k
ra
d
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.

In
te
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a
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o
n
a
l
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u
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a
l
o
f
S
o
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d
s
a
n
d
S
tr
u
ct
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1
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0
1
4
)
3
5
5
7
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3
5
6
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C
o
n
te
n
ts

li
s
ts

a
v
a
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a
b
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a
t
S
c
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n
c
e
D
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t

In
te
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a
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o
n
a
l
Jo
u
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a
l
o
f
S
o
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d
s
a
n
d
S
tr
u
ct
u
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s

jo
u
r
n
a
l
h
o
m

e
p
a
g
e
:
w
w
w
.e
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e
v
ie

r
.c

o
m

/l
o
c
a
te

/i
js

o
ls

tr

w
a
s

u
se
d

to
in
v
e
st
ig
at
e

th
e
rm

a
l
p
ro
b
le
m
s

w
it
h

m
o
v
in
g

h
e
a
t

so
u
rc
e
s
a
n
d

p
h
a
se

b
o
u
n
d
a
ri
e
s
in

M
e
rl
e
a
n
d

D
o
lb
o
w

(2
0
0
2
)
a
n
d

A
re
ia
s
e
t
a
l.
(2
0
0
6
).
T
h
e
se

a
d
v
a
n
ce
d
n
u
m
e
ri
ca
l
m
e
th
o
d
s
a
re

u
se
d

to
m
o
d
e
l
in
te
rf
a
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s
b
e
tw

e
e
n
d
if
fe
re
n
t
m
a
te
ri
a
ls

b
y
u
si
n
g
a
p
p
ro
p
ri
-

a
te

e
n
ri
ch

m
e
n
t
fu
n
ct
io
n
s
th
a
t
g
u
a
ra
n
ty

th
e

co
n
ti
n
u
it
y

o
f
fi
e
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s

(s
u
ch

a
s
te
m
p
e
ra
tu
re

a
n
d
d
is
p
la
ce
m
e
n
t)

a
n
d
d
is
co

n
ti
n
u
it
y
o
f
th
e
ir

g
ra
d
ie
n
ts

(h
e
a
t
fl
u
x
a
n
d

st
re
ss
e
s)

( B
e
ly
ts
ch

k
o
e
t
a
l.
,
2
0
0
1
;
M
o
ë
s

e
t
a
l.
,
2
0
0
3
).
T
h
e
co

h
e
si
v
e
cr
a
ck

p
ro
p
a
g
a
ti
o
n
in

m
u
lt
ip
h
a
se

p
o
ro
u
s

m
e
d
ia

w
a
s
m
o
d
e
ll
e
d
in

M
o
h
a
m
m
a
d
n
ej
a
d
a
n
d
K
h
o
e
i
(2
0
1
2
)
a
n
d
th
e

st
u
d
y
o
f
fl
u
id

fl
o
w

in
p
a
rt
ia
ll
y
sa
tu
ra
te
d
p
o
ro
u
s
m
e
d
ia

w
it
h
w
e
a
k

d
is
co

n
ti
n
u
it
ie
s
in

M
o
h
a
m
m
a
d
n
ej
a
d

a
n
d

K
h
o
e
i
(2
0
1
3
).

R
e
ce
n
tl
y
,

S
h
a
o
e
t
a
l.
(2
0
1
4
)
m
o
d
e
ll
e
d
th
e
re
sp

o
n
se

o
f
a
cr
a
ck

e
d
p
o
ro
u
s
m
e
d
ia

u
n
d
e
r
m
u
lt
i-
p
h
y
si
cs

lo
a
d
in
g
.
T
h
e
y
so

lv
e
d
th
e
p
ro
b
le
m

u
si
n
g
se
v
-

e
ra
l
a
d
v
a
n
ce
d

n
u
m
e
ri
ca
l
m
e
th
o
d
s
in
cl
u
d
in
g
X
FE

M
.
H
o
w
e
v
e
r
th
e

st
u
d
y
w
a
s
li
m
it
e
d
to

o
n
e
la
y
e
r
p
o
ro
u
s
m
e
d
iu
m

w
it
h
st
a
ti
c
cr
a
ck

s
a
n
d
th
e
fl
u
id

fl
o
w

o
b
e
y
s
o
n
ly

to
D
a
rc
y
’s
e
q
u
a
ti
o
n
.

T
h
e
p
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se
n
t
w
o
rk

is
d
e
v
o
te
d

to
cr
a
ck

p
ro
p
a
g
a
ti
o
n

in
p
o
ro
u
s

m
a
te
ri
a
ls

lo
ca
te
d

b
e
tw

e
e
n

a
fl
o
w

ch
a
n
n
e
l
a
n
d

d
e
n
se

m
a
te
ri
a
ls

la
y
e
r
(s
e
e

Fi
g
.
1
).

T
h
is

st
ru

ct
u
ra
l
st
a
k
in
g

(fl
o
w

ch
a
n
n
e
l/
p
o
ro
u
s
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y
e
r/
d
e
n
se
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y
e
r)
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p
ic
a
l
to

th
e
S
O
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te
ch

n
o
lo
g
y
,
w
h
e
re

th
e

fl
u
id

(a
ir
a
n
d
fu
e
l)
e
n
te
rs

th
e
m
u
lt
il
a
y
e
re
d
st
ru

ct
u
re
,w

it
h
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n
st
a
n
t

fl
o
w

ra
te

a
n
d
te
m
p
e
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ro
u
g
h
th
e
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o
w

ch
a
n
n
e
l
th
e
n
d
if
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s
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e
p
o
ro
u
s
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y
e
r.

T
h
is

w
o
rk

is
a
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n
ti
n
u
a
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o
n

o
f
th
e
st
u
d
y
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o
d
u
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d
in

S
h
a
o
e
t
a
l.
(2
0
1
4
),
th
e
n
o
v
e
lt
y
h
e
re
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e
s
in

th
e
m
o
d
-

e
ll
in
g

o
f
a

m
u
lt
il
a
y
e
re
d

st
ru

ct
u
re

w
it
h

th
e
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o
n

o
f
th
e

N
a
v
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r–
S
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k
e
s
e
q
u
a
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o
n
s
w
h
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h
g
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e
s
a
re
a
l
d
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tr
ib
u
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o
n
o
f
p
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u
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a
n
d
v
e
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.
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a
d
d
it
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n
,
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e
p
o
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y
o
f
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e
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a
ck
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p
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p
a
g
a
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u
n
d
e
r
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m
p
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x

m
u
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i-
p
h
y
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d
.
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d
e
e
d
,
th
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n
e
w

st
u
d
y

d
e
a
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w
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h

th
e
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u
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o
w

a
n
d

h
e
a
t
tr
a
n
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e
r
e
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e
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o
n

th
e
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a
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p
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p
a
g
a
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o
n
d
u
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n
g
a
n
d
a
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e
r
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e
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a
n
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e
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t
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g
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e
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h
e
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a
ck

p
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p
-

a
g
a
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o
n

p
a
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a
ck

e
d

a
n
d

st
u
d
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d

u
n
d
e
r

d
if
fe
re
n
t
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e
n
a
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i.

N
u
m
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u
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d
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n
t
a
d
v
a
n
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d
n
u
m
e
ri
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l
m
e
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o
d
s
a
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u
se
d
to

so
lv
e

th
e
g
o
v
e
rn

in
g
e
q
u
a
ti
o
n
s
a
ri
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n
g
in

th
e
fl
o
w

ch
a
n
n
e
ls
,
th
e
p
o
ro
u
s

m
e
d
iu
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,
a
n
d
th
e
so
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d
d
e
n
se

m
a
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ri
a
l.
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h
e
X
FE

M
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o
d
u
ce
d
to

m
o
d
e
l
th
e
so
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d
p
a
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in
o
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e
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g
e
t
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e
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o
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u
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n
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n
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e
sh
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g
w
h
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e
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a
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p
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a
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a
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a
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n
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b
y
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d
o
p
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n
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e
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o
f
u
n
it
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p
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n
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p
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T
h
e
m
e
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o
d
o
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g
y
p
u
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u
e
d
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m
m
a
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a
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ll
o
w
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�
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a
v
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k
e
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D
a
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y
e
q
u
a
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o
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so
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e
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e
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e
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o
w

ch
a
n
n
e
l
a
n
d
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e
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o
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u
s
m
e
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T
h
e
h
e
a
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a
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b
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e
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p
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a
ff
e
ct
s
o
n
ly

th
e
h
e
a
t
d
if
fu
si
o
n
w
it
h
in

th
e
so

li
d
p
h
a
se

o
f
th
e

p
o
ro
u
s
la
y
e
r.

T
h
is

a
ss
u
m
p
ti
o
n

is
m
a
d
e

d
u
e

to
th
e

sm
a
ll

o
p
e
n
in
g
o
f
th
e
cr
a
ck

in
th
e
b
ri
tt
le

m
e
d
ia
.
M
a
n
y
e
q
u
a
ti
o
n
s
in

th
e

te
st

a
re

a
lr
e
a
d
y
d
e
ri
v
e
d
in

S
h
a
o
e
t
a
l.
(2
0
1
4
),
fo
r
m
o
re

d
e
ta
il
s
th
e

re
a
d
e
r

is
in
v
it
e
d

to
co

n
su

lt
th
is

re
fe
re
n
ce
,
so

m
e

o
th
e
r

h
e
a
v
y

fo
rm

u
la
ti
o
n
s
a
re

re
tu
rn

e
d
to

th
e
A
p
p
e
n
d
ix

A
.

T
h
e
p
a
p
e
r
is

o
rg
a
n
is
e
d
a
s
fo
ll
o
w
s:

S
e
ct
io
n
2
is

d
e
v
o
te
d
to

th
e

fl
u
id

fl
o
w

p
a
rt
,
w
h
e
re

th
e

g
o
v
e
rn

in
g

e
q
u
a
ti
o
n
s
a
re

in
tr
o
d
u
ce
d

a
n
d
d
is
cr
e
ti
se
d
.
S
e
ct
io
n
s
3
a
n
d
4
tr
e
a
t
re
sp

e
ct
iv
e
ly

th
e
h
e
a
t
tr
a
n
s-

fe
r
a
n
d
th
e
th
e
rm

o
m
e
ch

a
n
ic
a
l
p
a
rt
s
o
f
th
e
m
u
lt
i-
p
h
y
si
cs

p
ro
b
le
m
.

A
d
e
ta
il
e
d

n
u
m
e
ri
ca
l
a
p
p
li
ca
ti
o
n

is
in
tr
o
d
u
ce
d

a
n
d

d
is
cu

ss
e
d

in
S
e
ct
io
n
5
,w

h
e
re

th
e
re
su

lt
s
a
re

p
re
se
n
te
d
a
n
d
in
te
rp
re
te
d
.
Fi
n
a
ll
y
,

so
m
e
co

n
cl
u
d
in
g
re
m
a
rk
s
a
re

d
ra
w
n
in

S
e
ct
io
n
6
.

2
.
F
lu
id

fl
o
w

p
ro

b
le
m

E
q
u
a
ti
o
n
s
d
e
sc
ri
b
in
g
th
e
fl
u
id

fl
o
w

in
th
e
ch

a
n
n
e
l
a
n
d

in
th
e

p
o
ro
u
s

m
e
d
iu
m

w
it
h

a
co

n
st
a
n
t
p
o
ro
si
ty

e
a
re

g
iv
e
n

b
y

th
e

N
a
v
ie
r–
St
o
k
e
s–

D
a
rc
y
a
n
d
th
e
co

n
ti
n
u
it
y
e
q
u
a
ti
o
n
s:

q
f e
@
v @
t
þ

l K
v
þ

q
f

e2
ð
v
�
r
Þ
v
ÿ

l e
r

�
ð
r
v
Þ
þ
r
P
¼

0

r
�
v
¼

0

(

ð
1
Þ

w
h
er
e
q
f
is

th
e
fl
u
id

d
en

si
ty
,
l

is
th
e
d
y
n
am

ic
v
is
co

si
ty
,
v
is

th
e

v
el
o
ci
ty

v
ec
to
r,

P
is

th
e
p
re
ss
u
re
,
K

is
th
e
h
y
d
ra
u
li
c
p
er
m
ea

b
il
it
y

o
f
p
o
ro
u
s
m
ed

iu
m
.

T
h
e

fl
o
w

e
q
u
a
ti
o
n

in
(1
)
is

so
lv
e
d

w
it
h

th
e

N
o
n
co

n
fo
rm

in
g

C
ro
u
ze

ix
–
R
a
v
ia
rt

(C
R
)
Fi
n
it
e
E
le
m
e
n
t
M
e
th
o
d
.
T
h
is

m
e
th
o
d
w
o
rk
s

fo
r
b
o
th

st
e
a
d
y

st
a
te

a
n
d

tr
a
n
si
e
n
t
fl
o
w
s,

p
ro
v
id
e
s
co

n
ti
n
u
o
u
s

fl
u
x
e
s
a
t
e
le
m
e
n
t
b
o
u
n
d
a
ri
e
s
a
n
d
sa
ti
sfi

e
s
th
e
m
a
ss

b
a
la
n
ce

lo
ca
ll
y

a
t
th
e
e
le
m
e
n
t
le
v
e
l.
T
h
is

p
ro
p
e
rt
y
is

e
ss
e
n
ti
a
l
w
h
e
n

so
lv
in
g
th
e

tr
a
n
sp

o
rt

e
q
u
a
ti
o
n
in

o
rd
e
r
to

a
v
o
id

a
rt
ifi
ci
a
l
so

u
rc
e
s
a
n
d
si
n
k
s.

T
h
e
m
a
in

st
e
p
s
o
f
th
e
fl
o
w

e
q
u
a
ti
o
n
d
is
cr
e
ti
za

ti
o
n
o
n
li
n
e
a
r
tr
i-

a
n
g
u
la
r
e
le
m
e
n
ts

a
re

re
ca
ll
e
d
in

th
is

se
ct
io
n
.
T
h
e
tw

o
co

m
p
o
n
e
n
ts

( v
x
,v

y
)
o
f
th
e
v
e
lo
ci
ty

v
e
ct
o
r
v
a
re

a
ss
u
m
e
d
to

v
a
ry

li
n
e
a
rl
y
in
si
d
e

e
a
ch

tr
ia
n
g
u
la
r
e
le
m
e
n
t
E
(s
e
e
Fi
g
.
2
):

v
x E
¼
v
x i
u

E i
þ
v
x j
u

E j
þ
v
x k
u

E k
;

v
y E
¼
v

y i
u

E i
þ
v
y j
u

E j
þ
v
y k
u

E k
ð
2
Þ

w
h
er
e
v
el
o
ci
ty

d
eg

re
es

o
f
fr
ee

d
o
m

ar
e
lo
ca
te
d
at

th
e
tr
ia
n
g
u
la
r
el
e-

m
en

ts
m
id
-e
d
g
es
.
T
h
e
v
el
o
ci
ty

u
n
k
n
o
w
n
s
ð
v

x i
;v

y i
Þ
at

th
e
m
id
-e
d
g
e
i

ar
e
lo
ca
te
d
fa
ci
n
g
th
e
n
o
d
e
i
an

d
u

E i
is

th
e
in
te
rp
o
la
ti
o
n
fu
n
ct
io
n
,

w
h
ic
h

is
n
o
n
ze

ro
o
n
ly

in
si
d
e
th
e
tw

o
ad

ja
ce
n
t
el
em

en
ts

E
an

d
E
0

sh
ar
in
g
th
e
ed

g
e
i.

T
h
e
v
a
ri
a
ti
o
n
a
l
fo
rm

u
la
ti
o
n
o
f
th
e
fl
o
w

e
q
u
a
ti
o
n
(1
)
u
si
n
g
th
e

te
st

fu
n
ct
io
n
u

i
w
ri
te
s:

w
 

h
1
 

h
2
 

h
3
 

F
ig
.
1
.
A
th
re
e
-l
a
y
e
re
d
h
a
lf
st
ru

ct
u
re

w
it
h
a
n
in
te
rn

a
l
cr
a
ck

.
F
ig
.
2
.
T
h
e
li
n
e
a
r
in
te
rp
o
la
ti
o
n
fu
n
ct
io
n
fo
r
v
e
lo
ci
ty

fi
e
ld
.

3
5
5
8

Q
.
Sh

a
o
et

a
l.
/I
n
te
rn
a
ti
o
n
a
l
Jo
u
rn
a
l
o
f
So

li
d
s
a
n
d
St
ru
ct
u
re
s
5
1
(2
0
1
4
)
3
5
5
7
–
3
5
6
9
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q e
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ð
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ÿ
l e
r

�
ð
r
v
Þ
þ
r
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�
�

u
i
¼

0
ð
3
Þ

U
si
n
g
a
n
im

p
li
ci
t
ti
m
e
d
is
cr
e
ti
za

ti
o
n
g
iv
e
s
th
e
m
a
ss

a
n
d
D
a
rc
y

te
rm

s:

Z

X

q e
@
v @
t
þ
l K
v

�
�

u
i
¼

q
3
eD

t
ð
jE
j
þ
jE

0

jÞ

ð
v

x i
Þ
n
þ
1
ÿ
ð
v

x i
Þ
n

ð
v

y i
Þ
n
þ
1
ÿ
ð
v

y i
Þ
n
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þ
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jE
j

K
E

þ
jE

0

j

K
E
0

�
�

ð
v

x i
Þ
n
þ
1

ð
v

y i
Þ
n
þ
1

 
!

ð
4
Þ

T
h
e
u
p
w
in
d
te
ch

n
iq
u
e
is

u
se
d
to

d
e
a
l
w
it
h
th
e
d
is
cr
e
ti
za

ti
o
n
o
f

th
e
co

n
v
e
ct
iv
e
te
rm

(s
e
e
S
ch

ie
w
e
ck

a
n
d
T
o
b
is
k
a
(1
9
8
9
))
:

Z

X

q e2
ð
v
�
r
Þ
v
u

i
¼
q e2

X

j

Q
ij
ð
1
ÿ
k
ij
Þ
ð
v
x j
ÿ
v
x i
Þ

X

j

Q
ij
ð
1
ÿ
k
ij
Þ
ð
v
y j
ÿ
v
y i
Þ

0 B B @

1 C C A

8 > > < > > :

9 > > = > > ;

E

þ

X

j

Q
ij
ð
1
ÿ
k
ij
Þ
ð
v

x j
ÿ
v

x i
Þ

X

j

Q
ij
ð
1
ÿ
k
ij
Þ
ð
v

y j
ÿ
v

y i
Þ

0 B B @

1 C C A

8 > > < > > :

9 > > = > > ;

E
0

ð
5
Þ

w
h
er
e
th
e
ex

p
re
ss
io
n
s
o
f
Q
ij
an

d
k
ij
ar
e
d
et
ai
le
d
in

A
p
p
en

d
ix

A
.

T
h
e
p
re
ss
u
re

is
a
ss
u
m
e
d
to

b
e
p
ie
ce
w
is
e
co

n
st
a
n
t
w
it
h
d
e
g
re
e
s

o
f
fr
e
e
d
o
m

lo
ca
te
d
in

th
e
ce
n
tr
e
o
f
tr
ia
n
g
u
la
r
e
le
m
e
n
ts
.
T
h
e
re
fo
re
,

th
e
v
is
co

u
s
a
n
d
p
re
ss
u
re

te
rm

s
in

E
q
.
(3
)
w
ri
te

Z

X

ð
ÿ
l e
r

�
ð
r
v
Þ
þ
r
P
Þ
u

i

¼
l
jE
je

X
3

j¼
1

D
xi
D
xj
þ
D
y
i D
yj

ÿ
�
v
x j

X
3

j¼
1

D
xi
D
xj
þ
D
y
i D
y
j

ÿ
�
v

y j

0 B B B B B @

1 C C C C C A

ÿ
D
y
i

D
xi

 
!

P
E

8 > > > > > < > > > > > :

9 > > > > > = > > > > > ;

E

þ
l

jE
0

je

X
3

j¼
1

D
xi
D
xj
þ
D
y
i D
y
j

ÿ
�
v

x j

X
3

j¼
1

D
xi
D
xj
þ
D
y
i D
yj

ÿ
�
v
y j

0 B B B B B @

1 C C C C C A

ÿ
D
yi

D
xi

 
!

P
E
0

8 > > > > > < > > > > > :

9 > > > > > = > > > > > ;

E
0

ð
6
Þ

w
it
h
D
xi
=
x j
ÿ

x k
an

d
D
y
i
=
y
j
ÿ

y
k
.

Fi
n
a
ll
y
,
th
e
m
a
ss

co
n
se
rv
a
ti
o
n
e
q
u
a
ti
o
n
is

d
is
cr
e
ti
ze

d
fo
r
e
a
ch

e
le
m
e
n
t
E
a
s

X

j

D
y
j v

x j
þ
D
xj
v

y j

�
�

¼
0

ð
7
Þ

O
n
ce

th
is
sy
st
em

is
so

lv
ed

,w
e
ca
n
o
b
ta
in

th
e
v
el
o
ci
ty

ð
v
x i
;v

y i
Þ
o
n
th
e

ed
g
es

an
d
th
e
v
al
u
e
o
f
p
re
ss
u
re

P
E
at

th
e
el
em

en
t
E
.T

h
u
s
th
e
v
el
o
c-

it
y
ð
v

x E
;v

y E
Þ
at

th
e
el
em

en
t
E
an

d
th
e
fl
u
id

fl
u
x
Q

E i
cr
o
ss
in
g
th
e
ed

g
e

ca
n
b
e
ca
lc
u
la
te
d
.

3
.
H
e
a
t
tr
a
n
sf
e
r
p
ro

b
le
m

H
e
a
t
tr
a
n
sf
e
r
in

th
e
fl
o
w

ch
a
n
n
e
l,
th
e
p
o
ro
u
s
m
e
d
ia

a
n
d

th
e

so
li
d
d
e
n
se

m
a
te
ri
a
l
is

g
o
v
e
rn

e
d
b
y
h
e
a
t
co

n
d
u
ct
io
n
in

th
e
so

li
d

p
h
a
se

a
n
d
h
e
a
t
tr
a
n
sp

o
rt

in
th
e
fl
u
id

p
h
a
se
.
A
ss
u
m
in
g
a
lo
ca
l
th
e
r-

m
a
l
e
q
u
il
ib
ri
u
m

b
e
tw

e
e
n
th
e
fl
u
id

a
n
d
so

li
d
p
h
a
se
s
a
n
d
n
e
g
le
ct
in
g

a
ll
th
e
d
e
n
si
ty

v
a
ri
a
ti
o
n
s,

th
e
to
ta
l
e
n
e
rg
y
co

n
se
rv
a
ti
o
n
e
q
u
a
ti
o
n

w
ri
te
s:

ð
q
cÞ

P
M

@
T @
t
þ
r

�
ð
q

f
c f
q
T
Þ
ÿ
r

�
ð
k
P
M
r
T
Þ
¼

Q
T

ð
8
Þ

w
h
er
e
T
is

th
e
sy
st
em

te
m
p
er
at
u
re
,q

is
th
e
fl
u
id

fl
u
x
,Q

T
is

th
e
h
ea

t
so

u
rc
e/
si
n
k

fu
n
ct
io
n
,
(q

c)
P
M
=
eq

fc
f
+
(1

ÿ
e)
q
sc

s
is

th
e

v
o
lu
m
et
ri
c

h
ea

t
ca
p
ac
it
y
o
f
th
e
sy
st
em

fo
rm

ed
b
y
b
o
th

fl
u
id

an
d
so

li
d
p
h
as
es
,

q
s
is

th
e
m
as
s
d
en

si
ty

o
f
th
e
so

li
d
p
h
as
e,

c f
an

d
c s

ar
e
th
e
sp

ec
ifi
c

h
ea

t
ca
p
ac
it
y
o
f
th
e
fl
u
id

an
d
so

li
d
p
h
as
es

re
sp

ec
ti
v
el
y
,
k
P
M

is
th
e

te
n
so

r
o
f
eq

u
iv
al
en

t
th
er
m
al

co
n
d
u
ct
iv
it
y
o
f
th
e
sy
st
em

.
B
y
co

n
si
d
-

er
in
g
th
er
m
al

d
is
p
er
si
o
n
in

th
e
fl
u
id

p
h
as
e
an

d
h
ea

t
co

n
d
u
ct
io
n
in

b
o
th

so
li
d
an

d
fl
u
id

p
h
as
es
,
th
e
ex

p
re
ss
io
n
o
f
k
P
M
co

m
p
o
n
en

ts
is
:

k
P
M
;i
j
¼

k
d
is
p
f

ij
þ
k
co
n
d
f

ij
þ
k
co
n
d
s

ij

¼
q

f
c f

a
T
jq
jd

ij
þ
ð
a
L
ÿ
a
T
Þ

q
iq

j

jq
j

�
�

|
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
ffl{
z
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
ffl}

d
is
p
er
si
v
e

þ
ð
1
ÿ
eÞ
k
s
þ
ek

f

�
�
d
ij

|
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl{
z
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl
fflffl}

co
n
d
u
ct
iv
e

ð
9
Þ

w
h
er
e
a
L
an

d
a
T
ar
e
th
e
lo
n
g
it
u
d
in
al

an
d
tr
an

sv
er
se

th
er
m
al

d
is
p
er
-

si
v
it
ie
s,
d
ij
is
th
e
K
ro
n
ec
k
er

d
el
ta

fu
n
ct
io
n
.k

f
an

d
k
s
ar
e
th
er
m
al

co
n
-

d
u
ct
iv
it
ie
s
o
f
th
e
fl
u
id

an
d
so

li
d
p
h
as
es
.

3
.1
.
T
im

e
sp
li
tt
in
g

T
im

e
sp

li
tt
in
g
te
ch

n
iq
u
e
is
u
se
d
to

a
ll
o
w

d
if
fe
re
n
t
tr
e
a
tm

e
n
ts

o
f

th
e
h
e
a
t
tr
a
n
sf
e
r
in

th
e
so

li
d
a
n
d
fl
u
id

p
h
a
se
s.
A
t
e
a
ch

ti
m
e
st
e
p
D
t,

th
e
h
e
a
t
e
q
u
a
ti
o
n
is

fi
rs
t
so

lv
e
d
in

th
e
fl
u
id

p
h
a
se

to
ca
lc
u
la
te

T
n
þ
1

f

b
y
so

lv
in
g

ð
q
cÞ

P
M

T
n
þ
1

f
ÿ
T
n

D
t

þ
r

�
ð
q

f
c f
q
T
Þ
ÿ
r

�
ð
k
f
r
T
Þ
¼

Q
f T

ð
1
0
Þ

w
h
er
e
k
f
¼

k
co
n
d
f
þ
k
d
is
p
f
is

th
e
co

n
d
u
ct
io
n
–
d
is
p
er
si
o
n
te
n
so

r
in

th
e

fl
u
id

p
h
as
e
(s
ee

A
p
p
en

d
ix

A
).

T
h
e
n
,
th
e
h
e
a
t
co

n
d
u
ct
io
n
e
q
u
a
ti
o
n
is

so
lv
e
d
in

th
e
so

li
d
p
h
a
se

u
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p
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p
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R
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a
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p
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p
y
(S
E
M
)
im

a
g
e
s
o
f
th
e
ca
lc
in
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p
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p
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f
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e
se
co

n
d
a
ry

p
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f
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f
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w
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a
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m
in
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p
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ra
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ro
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b
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b
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Ó
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c
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b
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p
e
d

g
a
rn

e
ts

b
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ca
ti
o
n
s

su
ch

a
s
la
se
r
a
ct
iv
e
m
a
te
ri
a
ls

(w
h
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n
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p
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p
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b
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0
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e
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ca
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p
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In
th
is

se
n
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ra
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a
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h

(R
E
)
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s
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p
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a
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S
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b
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b
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p
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n
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p
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d
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h
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+
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s
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O
1
2
g
a
rn

e
ts

co
u
ld

a
ls
o
b
e
u
se
d
a
s
e
ff
e
ct
iv
e
co

n
v
e
rt
e
r
la
y
e
r

fo
r
e
n
h
a
n
ci
n
g
th
e
so

la
r
ce
ll
s
e
ffi
ci
e
n
cy

d
u
e
to

th
e
sp

e
ci
a
l
fe
a
tu
re
s

o
f
C
e
3
+
io
n
s.
T
h
e
a
b
so

rp
ti
o
n
o
f
C
e
3
+
is

o
ri
g
in
a
te
d
fr
o
m

th
e
a
ll
o
w
e
d

e
le
ct
ri
c-
d
ip
o
le

tr
a
n
si
ti
o
n
fr
o
m

th
e
4
f
g
ro
u
n
d
st
a
te

to
th
e
5
d
e
x
ci
te
d

o
n
e
,
re
su

lt
in
g
in

a
h
ig
h

a
b
so

rp
ti
o
n

cr
o
ss

se
ct
io
n

in
th
e
U
V
-b
lu
e

re
g
io
n
[4
].
T
h
is

a
b
so

rp
ti
o
n
ca
n
b
e
tu
n
e
d
b
y
se
le
ct
io
n
o
f
th
e
h
o
st

m
a
te
ri
a
l
d
u
e
to

th
e
st
ro
n
g
d
e
p
e
n
d
e
n
ce

o
f
it
s
le
v
e
l
d
ia
g
ra
m

o
n
cr
y
s-

ta
ll
in
e
fi
e
ld
,
w
h
ic
h
a
ls
o
ri
se

to
a
p
p
re
ci
a
b
le

sh
if
ts

o
n
lu
m
in
e
sc
e
n
ce

b
a
n
d
[5
,6
].
In

th
is

w
a
y
,
C
e
3
+
d
o
p
e
d
C
S
S
O

g
a
rn

e
ts

re
a
ch

th
e
h
ig
h
e
st

a
b
so

rp
ti
o
n
a
t
4
5
0
n
m
,c
lo
se

to
th
e
m
a
x
im

u
m

o
f
th
e
so

la
r
ra
d
ia
ti
o
n
.

O
n
th
e
o
th
e
r
h
a
n
d
,
g
re
e
n
e
m
is
si
o
n
o
f
T
b
3
+
io
n
s,

co
rr
e
sp

o
n
d
in
g
to

th
e

5
D
4
?

7
F 5

tr
a
n
si
ti
o
n
,
ca
n

b
e
u
se
fu
l
fo
r
m
u
lt
ip
le

a
p
p
li
ca
ti
o
n
s,

a
s
si
li
co

n
b
a
se
d
d
e
te
ct
o
rs
,
g
re
e
n
la
se
rs

o
r
p
la
sm

a
d
is
p
la
y
p
a
n
e
ls
.

In
p
a
rt
ic
u
la
r,
th
is
e
ffi
ci
e
n
t
g
re
e
n
e
m
is
si
o
n
co

u
ld

b
e
u
se
d
to

im
p
ro
v
e

th
e
e
ffi
ci
e
n
cy

o
f
so

la
r
ce
ll
s,
su

ch
a
s
d
y
e
-s
e
n
si
ti
ze

d
so

la
r
ce
ll
s
[7
],
o
r

si
li
co

n
so

la
r
ce
ll
s
w
h
e
n
is
co

m
b
in
e
d
w
it
h
a
n
IR

e
m
it
te
r
su

ch
a
s
Y
b
3
+

io
n
s
[8
].
T
h
e

5
D
4
e
m
it
ti
n
g
le
v
e
l
p
re
se
n
ts

la
rg
e
q
u
a
n
tu
m

e
ffi
ci
e
n
cy

,
cl
o
se

to
o
n
e
,
a
s
a
co

n
se
q
u
e
n
ce

o
f
th
e
la
rg
e
g
a
p

to
th
e
lo
w
e
r

7
F 0

le
v
e
l,
w
h
ic
h

p
re
v
e
n
ts

th
e
n
o
n
-r
a
d
ia
ti
v
e
d
e
ca
y
s.

M
o
re
o
v
e
r,

th
e
re

is
n
o
t
cr
o
ss
-r
e
la
x
a
ti
o
n

b
e
tw

e
e
n

T
b
3
+
io
n
s
a
ft
e
r
e
x
ci
ta
ti
o
n

to
5
D
4

le
v
e
l.
Fo

r
th
is

re
a
so

n
,
e
ff
o
rt
s
h
a
v
e
b
e
e
n
d
o
n
e
in

o
rd
e
r
to

e
n
h
a
n
ce

th
is

g
re
e
n
e
m
is
si
o
n
[9
–
1
1
].
A
n
o
p
ti
o
n
co

u
ld

b
e
b
y
m
e
a
n
s
o
f
e
n
e
rg
y

tr
a
n
sf
e
r
fr
o
m

C
e
3
+
to

T
b
3
+
in

m
a
te
ri
a
ls

co
d
o
p
e
d
w
it
h
th
e
se

io
n
s.

T
h
e
se

C
S
S
O

g
a
rn

e
ts

ca
n

b
e

o
b
ta
in
e
d

b
y

d
if
fe
re
n
t
sy
n
th
e
si
s

ro
u
te
s,

su
ch

a
s
so

li
d

st
a
te

re
a
ct
io
n

o
r
p
re
cu

rs
o
r
m
e
th
o
d
s
[2
,3
].

A
m
o
n
g

a
ll

o
f
th
e
m
,
th
e

fr
e
e
ze

-d
ry
in
g

p
re
cu

rs
o
r
m
e
th
o
d

y
ie
ld
s

cr
y
st
a
ll
in
e

si
n
g
le

p
h
a
se

a
t
re
la
ti
v
e
ly

lo
w

te
m
p
e
ra
tu
re
s.

T
h
is
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h
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x
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i.
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0
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6
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2
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5
E
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e
v
ie
r
B
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A
ll
ri
g
h
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se
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e
d
.

⇑
C
o
rr
e
sp

o
n
d
in
g
a
u
th
o
r
a
t:

D
e
p
a
rt
a
m
e
n
to

d
e
Fí
si
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,
D
e
p
a
rt
a
m
e
n
to

d
e
Q
u
ím

ic
a
,

U
.D
.Q

u
ím

ic
a
In
o
rg
á
n
ic
a
,I
n
st
it
u
te

o
f
M
a
te
ri
a
ls
a
n
d
N
a
n
o
te
ch

n
o
lo
g
y
,U

n
iv
e
rs
id
a
d
d
e

La
La

g
u
n
a
,
3
8
2
0
6
La

La
g
u
n
a
,
T
e
n
e
ri
fe
,
S
p
a
in
.

E
-m

a
il
a
d
d
re
ss
:
jo
sv
e
l@

u
ll
.e
d
u
.e
s
(J
.J
.
V
e
lá
zq

u
e
z)
.

O
p
ti
ca
l
M
a
te
ri
a
ls

x
x
x
(2
0
1
5
)
x
x
x
–
x
x
x

C
o
n
te
n
ts

li
s
ts

a
v
a
il
a
b
le

a
t
S
c
ie
n
c
e
D
ir
e
c
t

O
p
ti
ca

l
M
a
te
ri
a
ls

jo
u
r
n
a
l
h
o
m

e
p
a
g
e
:
w
w
w
.e

ls
e
v
ie

r
.c

o
m

/l
o
c
a
te

/o
p
tm

a
t

P
le
as
e
ci
te

th
is

ar
ti
cl
e
in

p
re
ss

as
:
J.
J.
V
el
áz

q
u
ez

et
al
.,
O
p
t.
M
at
er
.
(2
0
1
5
),
h
tt
p
:/
/d
x
.d
o
i.
o
rg
/1
0
.1
0
1
6
/j
.o
p
tm

at
.2
0
1
5
.0
3
.0
5
7

b
e
ca
u
se

th
e
a
m
o
rp
h
o
u
s
p
re
cu

rs
o
r
o
n
ly

co
n
ta
in
s
n
it
ra
te
s
w
h
ic
h
ca
n

d
e
co

m
p
o
se

e
a
si
ly

a
t
lo
w

te
m
p
e
ra
tu
re
s
m
e
a
n
w
h
il
e
o
th
e
r
m
e
th
o
d
s

n
e
e
d

h
ig
h
e
r

te
m
p
e
ra
tu
re
s

to
o
b
ta
in

th
e

d
e
si
re
d

m
a
te
ri
a
ls
.

A
d
d
it
io
n
a
ll
y
,
th
e
v
e
ry

fi
n
e
cr
y
st
a
ll
in
e
p
o
w
d
e
r
a
ch

ie
v
e
d
w
it
h

th
is

m
e
th
o
d
ca
n
b
e
u
se
d
to

o
b
ta
in

n
e
a
rl
y
fu
ll
d
e
n
se

sa
m
p
le
s
b
y
ce
ra
m
-

m
in
g
p
ro
ce
ss
e
s
[1
2
–
1
4
].

In
th
is

w
o
rk
,
C
e
3
+
a
n
d

T
b
3
+
si
n
g
le
-d
o
p
e
d

a
n
d

C
e
3
+
–
T
b
3
+
co

-
d
o
p
e
d

C
a
3
S
c 2
S
i 3
O
1
2

g
a
rn

e
ts

h
a
v
e

b
e
e
n

sy
n
th
e
si
ze

d
b
y

u
si
n
g

a
fr
e
e
ze

-d
ry
in
g
p
re
cu

rs
o
r
ro
u
te

fo
r
th
e
fi
rs
t
ti
m
e
,
a
s
fa
r
a
s
w
e
k
n
o
w
.

Lu
m
in
e
sc
e
n
t
p
ro
p
e
rt
ie
s
o
f
si
n
g
le

d
o
p
e
d
g
a
rn

e
ts

a
n
d
e
n
e
rg
y
tr
a
n
s-

fe
r
m
e
ch

a
n
is
m
s
in

co
d
o
p
e
d
o
n
e
s
h
a
v
e
b
e
e
n
a
n
a
ly
ze

d
.

2
.
E
x
p
e
ri
m
e
n
ta
l

W
e
h
a
v
e
p
re
p
a
re
d

u
n
d
o
p
e
d

(C
S
S
O
)
a
n
d

C
e
3
+
(C
S
S
O
–
C
e)
,
T
b
3
+

(C
S
S
O
–
T
b
)
o
r

C
e
3
+
–
T
b
3
+

(C
S
S
O
–
C
e
T
b

a
n
d

C
S
S
O
–
C
e
4
T
b
)
d
o
p
e
d

C
a
3
S
c 2
S
i 3
O
1
2
p
o
ly
cr
y
st
a
ll
in
e
p
o
w
d
e
rs

b
y
a
fr
e
e
ze

-d
ry
in
g
p
re
cu

rs
o
r

m
e
th
o
d

[1
2
–
1
4
].

T
h
e

d
o
p
a
n
t
co

n
te
n
t
is

sh
o
w
n

in
T
a
b
le

1
.
T
h
e

re
a
g
e
n
ts

u
se
d
in

th
e
p
re
p
a
ra
ti
o
n
w
e
re

C
a
C
O
3
(9
9
%
,
M
e
rc
k
),
S
c 2
O
3

(9
9
.9
%
,
A
ld
ri
ch

),
T
e
tr
a
e
th
y
l
o
rt
h
o
si
li
ca
te

(T
E
O
S
,
C
8
H

2
0
O
4
S
i)

(9
8
%
,

A
ld
ri
ch

),
C
e
(N

O
3
) 3
�6
H

2
O

(9
9
.9
9
%
,
A
ld
ri
ch

)
a
n
d

T
b
(N

O
3
) 3
�5
H

2
O

(9
9
.9
%
,
A
ld
ri
ch

)
a
s
re
a
g
e
n
ts
.
H
y
d
ra
te
d
m
e
ta
l
n
it
ra
te
s
w
e
re

p
re
v
i-

o
u
sl
y
ch

e
ck

e
d
b
y
th
e
rm

o
g
ra
v
im

e
tr
ic

a
n
a
ly
si
s
to

d
e
te
rm

in
e
th
e
co

r-
re
ct

ca
ti
o
n
co

n
te
n
t.
S
to
ic
h
io
m
e
tr
ic

q
u
a
n
ti
ti
e
s
o
f
th
e
re
a
g
e
n
ts

w
e
re

in
d
iv
id
u
a
ll
y
d
is
so

lv
e
d
in

d
is
ti
ll
e
d
w
a
te
r
a
n
d
th
e
n
m
ix
e
d
to
g
e
th
e
r.

A
ft
e
rw

a
rd
s,

e
th
y
le
n
e
d
ia
m
in
e
te
tr
a
a
ce
ti
c

a
ci
d

(E
D
T
A
)

(9
9
.7
%

A
ld
ri
ch

)
w
a
s
a
d
d
e
d
a
s
co

m
p
le
x
in
g
a
g
e
n
t,
in

a
1
:1

li
g
a
n
d
to

m
e
ta
l

m
o
la
r
ra
ti
o
,
to

p
re
v
e
n
t
th
e
p
re
ci
p
it
at
io
n

o
f
m
e
ta
l
h
id
ro
x
o
-c
o
m
-

p
le
x
e
s.

T
h
e

p
H

o
f
th
e

so
lu
ti
o
n
,
w
h
ic
h

w
a
s

in
it
ia
ll
y

a
ci
d
,
w
a
s

a
d
ju
st
e
d

a
ro
u
n
d

7
–
8

b
y

a
d
d
in
g

a
q
u
e
o
u
s
a
m
m
o
n
ia
.
D
ro
p
le
ts

o
f

th
e
a
s-
o
b
ta
in
e
d
so

lu
ti
o
n
w
e
re

su
b
se
q
u
e
n
tl
y
fl
a
sh

-f
ro
ze

n
b
y
p
o
u
r-

in
g
th
e
m

in
to

li
q
u
id

n
it
ro
g
e
n
fr
o
m

se
p
a
ra
to
rs

fu
n
n
e
l.
In

th
is

w
a
y
,

e
a
ch

fr
o
ze

n
d
ro
p
le
t
re
ta
in
s
th
e
ca
ti
o
n

h
o
m
o
g
e
n
e
o
u
s
d
is
tr
ib
u
ti
o
n

o
f
th
e
o
ri
g
in
a
l
so

lu
ti
o
n
.
T
h
e
n
,
th
e
fr
o
ze

n
so

li
d

w
a
s
tr
e
a
te
d

in
a

H
e
to
Ly

o
la
b

3
0
0
0

(H
e
to
-H

o
lt
en

A
/S
)
fr
e
e
ze

-d
ry
e
r
e
q
u
ip
m
e
n
t
fo
r

3
d
a
y
s.

T
h
e

o
b
ta
in
e
d

h
ig
h
ly

h
y
g
ro
sc
o
p
ic

a
m
o
rp
h
o
u
s

p
re
cu

rs
o
r

w
a
s
im

m
e
d
ia
te
ly

p
re
-c
a
lc
in
e
d
a
t
4
0
0
°
C
fo
r
2
h
to

p
re
v
e
n
t
re
h
y
d
ra
-

ti
o
n
a
n
d
to

e
li
m
in
a
te

th
e
o
rg
a
n
ic

m
a
tt
e
r.
Fi
n
a
ll
y
,t
h
e
p
o
w
d
e
rs

w
e
re

p
re
ss
e
d
a
n
d
ca
lc
in
e
d
in

a
lu
m
in
a
cr
u
ci
b
le

a
t
d
if
fe
re
n
t
te
m
p
e
ra
tu
re
s

d
u
ri
n
g
fo
u
r
h
o
u
rs

in
o
rd
e
r
to

st
u
d
y
th
e
p
h
a
se

fo
rm

a
ti
o
n

a
n
d

it
s

e
v
o
lu
ti
o
n
w
it
h
te
m
p
e
ra
tu
re
.

X
-r
a
y

d
if
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a
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n
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n
a
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s
(X
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D
)
w
a
s
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d

o
u
t
b
y

u
si
n
g

a
P
h
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s
d
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a
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o
m
et
e
r
e
q
u
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p
e
d
w
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h
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X
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e
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r
d
e
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ct
o
r
a
n
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a
C
u
a
n
o
d
e
(K
a
1
)
in
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e
2
0
–
8
0
2
h
ra
n
g
e
.L

a
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r
R
a
m
a
n
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e
ct
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w
e
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e
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o
n

a
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b
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Y
v
o
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a
b
ra
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H
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T
h
e
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m
p
le

e
x
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o
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R
a
m
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a
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e
r
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e
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p
e
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o
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e
d
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a

6
3
2
.8

n
m

e
x
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n

o
f
a
H
e
–
N
e
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se
r.

T
h
e
m
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ro
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u
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o
f
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m
p
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s
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a
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o
b
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e
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b
y
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a
n
n
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e
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n
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o
p
y
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E
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)
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e
o
l
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D
,
m
o
d
.
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M
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3
0
0
).
A
ll
sa
m
p
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s
w
e
re
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v
e
re
d
w
it
h
a
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o
f
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e
r
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a
v
o
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a
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g

p
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b
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m
s
a
n
d
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o
b
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b
e
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r
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a
g
e
d
e
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n
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E
m
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o
n
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n
d

e
x
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o
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e
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w
e
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e
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n
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0
W

X
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n
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p
w
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h
a
d
o
u
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o
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1
6
8
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h
e
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e
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w
e
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ll
e
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a
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e
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m
e
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r
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D
O
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S
h
a
m
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)
e
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u
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e
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w
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a
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–
v
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m
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e
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n

C
C
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)
o
r
a
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n
g
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n
g

m
o
n
o
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m
a
to
r
(S
P
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1
6
8
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e
q
u
ip
p
e
d

w
it
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a
p
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m
u
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a
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R
9
2
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u
p
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s
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k
e
n
in
to

a
cc
o
u
n
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.
R
e
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c
u
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3
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St
ru
ct
u
ra
l
ch

a
ra
ct
er
iz
a
ti
o
n

X
R
D

p
a
tt
e
rn

s
o
f

u
n
d
o
p
e
d

g
a
rn

e
ts

ca
lc
in
e
d

a
t

d
if
fe
re
n
t

te
m
p
e
ra
tu
re
s,
fr
o
m

4
0
0
to

1
2
0
0
°
C
fo
r
4
h
,
sh

o
w
e
d
a
m
a
jo
r
p
h
a
se
,

C
a
3
S
c 2
S
i 3
O
1
2
(C
S
S
O
)
co

rr
e
sp

o
n
d
in
g
to

st
ru

ct
u
ra
l
ty
p
e
A
l 2
C
a
3
S
i 3
O
1
2
,

to
g
e
th
e
r
w
it
h

o
th
e
r
m
in
o
r
cr
y
st
a
ll
in
e
p
h
a
se
s,

li
k
e
C
a
3
S
iO

5
,
S
c 2
O
3

a
n
d
S
iO

2
,s
e
e
Fi
g
.1

.T
h
e
se

se
co

n
d
a
ry

p
h
a
se
s
b
e
co

m
e
le
ss

im
p
o
rt
a
n
t

b
y
in
cr
e
a
si
n
g
th
e
h
e
a
t
tr
e
a
tm

e
n
t
te
m
p
e
ra
tu
re
.
O
n
th
e
o
th
e
r
h
a
n
d
,

th
e
in
cr
e
a
si
n
g
in
te
n
si
ty

a
n
d
th
e
sh

a
rp
e
n
in
g
o
f
th
e
X
R
D
p
e
a
k
s
in
d
i-

ca
te

th
a
t
th
e
cr
y
st
a
ll
in
it
y
o
f
th
e
g
a
rn

e
ts

is
e
n
h
a
n
ce
d
,
a
s
e
x
p
e
ct
e
d
,

b
y
in
cr
e
a
si
n
g
th
e
h
e
a
t
tr
e
a
tm

e
n
t
te
m
p
e
ra
tu
re
.

M
e
a
n
si
ze

s
o
f
C
S
S
O

n
a
n
o
cr
y
st
a
ls

w
e
re

e
st
im

a
te
d
fr
o
m

th
e
fu
ll

w
id
th

a
t
h
a
lf

m
a
x
im

u
m

(F
W

H
M
)
a
n
d
p
o
si
ti
o
n
o
f
th
e
X
R
D

p
e
a
k
s,

m
a
in
ly

fr
o
m

th
e
p
e
a
k
a
t
3
2
.6
°
(2
h
),
b
y
u
si
n
g
th
e
S
ch

e
rr
e
r
e
q
u
a
ti
o
n

[1
5
]:

d
¼

k
�
k

b
�
co

s
h

ð
1
Þ

In
cr
e
a
si
n
g
v
a
lu
e
s
fr
o
m

6
7
to

7
5
n
m

w
e
re

o
b
ta
in
e
d
fo
r
th
e
rm

a
l

tr
e
a
tm

e
n
t
a
t
4
0
0
a
n
d
1
2
0
0
°
C
d
u
ri
n
g
4
h
,
re
sp

e
ct
iv
e
ly
,s
e
e
T
a
b
le

2
.

T
h
e

m
a
in

p
h
a
se

C
a
3
S
c 2
S
i 3
O
1
2
a
ls
o

in
cr
e
a
se
s
w
it
h

th
e
d
o
p
in
g

co
n
ce
n
tr
a
ti
o
n
,
m
e
a
n
w
h
il
e
th
e
o
th
e
r
p
h
a
se
s
g
ra
d
u
a
ll
y

d
is
a
p
p
e
ar
,

a
s
sh

o
w
n
b
y
a
co

m
p
a
ra
ti
v
e
a
n
a
ly
si
s
o
f
X
R
D

p
a
tt
e
rn

s
o
f
u
n
d
o
p
e
d

a
n
d
d
o
p
e
d
sa
m
p
le
s,
se
e
Fi
g
.
2
.
M
o
re
o
v
e
r,
in
co

rp
o
ra
ti
o
n
o
f
d
o
p
a
n
ts

re
su

lt
s
in

a
si
g
n
ifi
ca
n
t
in
cr
e
a
se

o
f
th
e
C
S
S
O

n
a
n
o
cr
y
st
a
l
si
ze

,
b
y
a

fa
ct
o
r
o
f
a
b
o
u
t
tw

o
,
a
s
o
b
ta
in
e
d
fr
o
m

th
e
X
R
D

p
a
tt
e
rn

s
in

Fi
g
.
2

fo
r
g
a
rn

e
ts

h
e
a
t
tr
e
a
te
d
a
t
1
2
0
0
°
C
d
u
ri
n
g
4
h
,
se
e
T
a
b
le

2
.

T
h
e
cr
y
st
a
l
st
ru

ct
u
re

o
f
C
S
S
O

g
a
rn

e
ts

b
e
lo
n
g
s
to

a
cu

b
ic

sy
st
e
m

w
it
h

th
e
Ia
� 3
d

sp
a
ce

g
ro
u
p
(#

2
3
0
)
[1
6
].

It
co

n
si
st
s
o
f
C
a
2
+
in

th
e

ce
n
te
r
o
f
a
n
e
ig
h
t-
co

o
rd
in
a
te
d
d
o
d
e
ca
h
e
d
ro
n
(2
4
c)
,S
c3

+
in

th
e
ce
n
-

te
r
o
f
si
x
co

o
rd
in
a
te
d
o
ct
a
h
e
d
ro
n

(1
6
a
)
a
n
d

S
i4
+
in

th
e
ce
n
te
r
o
f

fo
u
r-
co

o
rd
in
a
te
d

te
tr
a
h
e
d
ro
n

(2
4
d
).

In
th
e

g
a
rn

e
t
st
ru

ct
u
re

o
n
e

T
a
b
le

1

C
o
n
te
n
t
o
f
d
o
p
an

ts
in

m
o
l%

in
th
e
sa
m
p
le
s
st
u
d
ie
d
in

th
is

w
o
rk
.

S
a
m
p
le

C
e
3
+

T
b
3
+

C
S
S
O

0
0

C
S
S
O
–
C
e

1
0

C
S
S
O
–
T
b

0
1

C
S
S
O
–
C
e
T
b

1
1

C
S
S
O
–
C
e
4
T
b

1
4

2
0

3
0

4
0

5
0

6
0

7
0

•

C
a
3
S
c
2
S
i 3
O
1
2
(C
S
S
O
)

Intensity (arb. units)

2
θ
 (

d
e
g
re

e
s
)

F
ig
.
1
.
X
R
D

p
a
tt
e
rn

s
o
f
u
n
d
o
p
e
d

C
S
S
O

g
a
rn

e
ts

ca
lc
in
e
d
a
t
4
0
0
,
6
5
0
a
n
d
1
2
0
0
°
C
.

S
ta
n
d
a
rd

p
e
a
k
s

o
f
C
a
3
S
c 2
S
i 3
O
1
2

(J
C
P
D
S

fi
le

7
2
-1
9
6
9
)

h
a
v
e

b
e
e
n

in
cl
u
d
e
d

fo
r

co
m
p
a
ri
so

n
p
u
rp
o
se
s
a
s
v
e
rt
ic
a
l
ti
ck

s
a
t
th
e
b
o
tt
o
m

o
f
th
e
p
lo
t.

T
a
b
le

2

M
ea

n
si
ze

s,
in

n
m
,o

f
u
n
d
o
p
ed

an
d
d
o
p
ed

C
SS

O
n
an

o
cr
y
st
al
s
af
te
r

th
er
m
al

tr
ea

tm
en

ts
at

4
0
0
o
r
1
2
0
0
°
C
fo
r
4
h
ar
e
li
st
ed

.

4
0
0
°
C

1
2
0
0
°
C

C
S
S
O

6
7
n
m

7
5
n
m

C
S
S
O
–
C
e

–
1
3
4
n
m

C
S
S
O
–
C
e
4
T
b

–
1
4
9
n
m

2
J.
J.
V
el
á
zq
u
ez

et
a
l.
/O

p
ti
ca
l
M
a
te
ri
a
ls

xx
x
(2
0
1
5
)
xx
x–

xx
x

P
le
as
e
ci
te

th
is

ar
ti
cl
e
in

p
re
ss

as
:
J.
J.
V
el
á
zq

u
ez

et
al
.,
O
p
t.
M
at
er
.
(2
0
1
5
),
h
tt
p
:/
/d
x
.d
o
i.
o
rg
/1
0
.1
0
1
6
/j
.o
p
tm

at
.2
0
1
5
.0
3
.0
5
7



d
o
d
e
ca
h
e
d
ro
n
is
a
ss
o
ci
a
te
d
to

fo
u
r
o
th
e
r
d
o
d
e
ca
h
e
d
ra
,f
o
u
r
o
ct
a
h
e
-

d
ra

a
n
d
tw

o
te
tr
a
h
e
d
ra

b
y
sh

a
re
d
e
d
g
e
s
a
n
d
o
th
e
r
fo
u
r
o
ct
a
h
e
d
ra

b
y

co
rn

e
r
sh

a
ri
n
g

[1
7
].

A
cc
o
rd
in
g

to
p
re
v
io
u
s
re
su

lt
s,

C
e
3
+
a
n
d

T
b
3
+
io
n
s
co

u
ld

b
e
su

b
st
it
u
te
d

fo
r
C
a
2
+
io
n
s
in

th
e
d
o
d
e
ca
h
e
d
ra
l

p
o
si
ti
o
n

re
su

lt
in
g

in
a
n

in
cr
e
a
se

o
f
th
e
n
a
n
o
cr
y
st
a
l
si
ze

[1
8
,1
9
]

a
s
w
e
h
a
v
e
o
b
se
rv
e
d
(T
a
b
le

2
).

T
h
e

m
o
rp
h
o
lo
g
y

o
f
th
e

p
re
p
a
re
d

d
o
p
e
d

p
o
w
d
e
rs

ca
lc
in
e
d

a
t

1
2
0
0
°
C
fo
r
4
h
h
a
s
b
e
e
n
st
u
d
ie
d
b
y
S
E
M
. F
ig
.3

il
lu
st
ra
te
s
th
e
ir
re
g
-

u
la
ri
ty

in
sh

a
p
e
a
n
d
si
ze

o
f
th
e
si
n
te
re
d
m
a
te
ri
a
l.
T
h
is

m
o
rp
h
o
lo
g
y

is
n
o
t
w
e
ll
d
e
fi
n
e
d
a
n
d
,
a
s
it

w
a
s
e
x
p
e
ct
e
d
,
th
e
si
ze

o
f
th
e
a
g
g
re
-

g
a
te
d

g
ra
in
s
(i
n

th
is

ca
se
,
a
ro
u
n
d

4
0
l
m
)
is

b
ig
g
e
r
th
a
n

th
o
se

o
b
ta
in
e
d

b
y
o
th
e
r
sy
n
th
e
si
s
p
ro
ce
ss

(1
–
1
0
l
m
),

su
ch

a
s
S
o
l–
G
e
l

co
m
b
u
st
io
n

o
r

E
m
u
ls
io
n
–
E
v
a
p
o
ra
ti
o
n

m
e
th
o
d
s,

re
sp

e
ct
iv
e
ly

[2
0
,2
1
].

In
o
rd
e
r
to

co
m
p
le
te

th
e

st
ru

ct
u
ra
l
ch

a
ra
ct
e
ri
za

ti
o
n
,
R
a
m
a
n

sp
e
ct
ro
sc
o
p
y

e
x
p
e
ri
m
e
n
ts

w
e
re

ca
rr
ie
d

o
u
t.

Fi
g
.
4

sh
o
w
s

th
e

R
a
m
a
n
sp

e
ct
ra

o
f
C
S
S
O
,
C
S
S
O
–
C
e
a
n
d
C
S
S
O
–
C
e
T
b
d
o
p
e
d
sa
m
p
le
s

e
x
ci
te
d

a
t
6
3
2
.8

n
m
.
T
h
e
se

sp
e
ct
ra

w
e
re

m
e
a
su

re
d

a
t
d
if
fe
re
n
t

a
re
a
s
o
f
th
e
g
a
rn

e
t
in

o
rd
e
r
to

co
n
fi
rm

th
e
h
o
m
o
g
e
n
e
it
y
o
f
th
e
sa
m
-

p
le
s.
T
h
e
sp

e
ct
ra

m
a
in
ly

p
re
se
n
t
th
e
u
su

a
l
fe
a
tu
re
s
o
f
C
a
3
S
c 2
S
i 3
O
1
2

g
a
rn

e
ts
,
to
g
e
th
e
r
w
it
h
a
p
e
a
k
o
f
th
e
S
c 2
O
3
p
h
a
se

[2
2
]
a
t
4
2
0
cm

ÿ
1
.

A
cc
o
rd
in
g

to
p
re
v
io
u
s
st
u
d
ie
s,

C
a
3
S
c 2
S
i 3
O
1
2
g
a
rn

e
ts

h
a
v
e

2
5

R
a
m
a
n
a
ct
iv
e
v
ib
ra
ti
o
n
m
o
d
e
s
e
x
p
e
ct
e
d
o
n
th
e
b
a
si
s
o
f
th
e
a
n
a
ly
si
s

o
f
th
e
cu

b
ic

sp
a
ce

g
ro
u
p
Ia
� 3
d
o
f
th
e
si
li
ca
te

g
a
rn

e
ts

[1
7
,2
2
–
2
6
].
In

p
a
rt
ic
u
la
r,
1
3
o
f
th
e
m

a
re

o
b
se
rv
e
d
in

th
e
re
g
io
n
o
f
2
0
0
–
9
5
0
cm

ÿ
1

a
s
ca
n
b
e
o
b
se
rv
e
d
in

Fi
g
.
4
,
to
g
e
th
e
r
w
it
h
th
e
p
e
a
k
a
t
4
2
0
cm

ÿ
1

co
rr
e
sp

o
n
d
in
g
to

th
e
m
o
d
e
F g

o
f
S
c 2
O
3
p
h
a
se

[2
2
].

A
cc
o
rd
in
g
to

th
e
se

st
u
d
ie
s,
th
e
b
a
n
d
a
ss
ig
n
m
e
n
ts

ca
n
b
e
su

m
m
a
ri
ze

d
a
s
fo
ll
o
w
s.

T
h
e

h
ig
h

fr
e
q
u
e
n
cy

m
o
d
e
s

(8
0
0
–
9
5
0
cm

ÿ
1
)

a
re

re
la
te
d

to

sy
m
m
e
tr
ic

a
n
d
a
sy
m
m
e
tr
ic

in
te
rn

a
l
st
re
tc
h
in
g
v
ib
ra
ti
o
n
s
o
f
ri
g
id

S
iO

4
te
tr
a
h
e
d
ra
.
T
h
e

m
o
d
e
s

ly
in
g

fr
o
m

4
5
0

to
7
0
0
cm

ÿ
1

a
re

a
ss
ig
n
e
d

to
b
e
n
d
in
g

m
o
ti
o
n
s

o
f
th
e
se

te
tr
a
h
e
d
ra
.
Fi
n
a
ll
y
,
th
e

re
m
a
in
in
g

la
tt
ic
e

m
o
d
e
s

(2
0
0
–
4
1
5
cm

ÿ
1
)
in
v
o
lv
e

ro
ta
ti
o
n
s

a
n
d

tr
a
n
sl
a
ti
o
n
s
o
f
th
e
S
iO

4
g
ro
u
p
s,
o
ct
a
h
e
d
ra
ll
y
co

o
rd
in
a
te
d
tr
iv
a
le
n
t

ca
ti
o
n
s
a
n
d

d
o
d
e
ca
h
e
d
ra
ll
y
co

o
rd
in
a
te
d

d
iv
a
le
n
t
ca
ti
o
n
s.

O
n

th
e

o
th
e
r
h
a
n
d
,
th
e
in
te
n
si
ty

re
d
u
ct
io
n
o
f
th
e
p
e
a
k
co

rr
e
sp

o
n
d
in
g
to

th
e
S
c 2
O
3
p
h
a
se

w
h
e
n
d
o
p
in
g
w
it
h
R
E
3
+
io
n
s
is

in
a
g
re
e
m
e
n
t
w
it
h

th
e
X
R
D

re
su

lt
s.
T
h
is

S
c 2
O
3
p
h
a
se

a
lm

o
st

v
a
n
is
h
e
s
b
y
R
E
3
+
d
o
p
in
g
.

3
.2
.
Lu

m
in
es
ce
n
ce

E
m
is
si
o
n
sp

e
ct
ra

o
f
C
S
S
O
–
C
e
g
a
rn

e
ts

p
re
se
n
t
a
b
ro
a
d
e
m
is
si
o
n

w
it
h
tw

o
co

m
p
o
n
e
n
ts
,a
t
5
0
5
a
n
d
5
5
0
n
m

(F
ig
.5

a
).
T
h
e
co

m
p
o
n
e
n
t

a
t
5
0
5
n
m

co
rr
e
sp

o
n
d
s
to

th
e
in
te
rc
o
n
fi
g
u
ra
ti
o
n
a
l
tr
a
n
si
ti
o
n
o
f
th
e

C
e
3
+
io
n
s
fr
o
m

th
e
lo
w
e
st

e
n
e
rg
y
5
d
le
v
e
l
to

th
e
g
ro
u
n
d
le
v
e
l,
i.
e
.

5
D
3
/2
?

2
F 5

/2
,

sh
o
w
n

in
Fi
g
.

5
.b
.

T
h
e

co
m
p
o
n
e
n
t

lo
ca
te
d

a
t

5
5
0
n
m

co
rr
e
sp

o
n
d
s
to

th
e
tr
a
n
si
ti
o
n
fr
o
m

th
e
sa
m
e
e
m
it
ti
n
g
le
v
e
l

to
th
e
fi
rs
t
e
x
ci
te
d
4
f
le
v
e
l,
i.
e
.
5
D
3
/2
?

2
F 7

/2
.

T
h
e
e
x
ci
ta
ti
o
n
sp

e
ct
ru

m
o
f
th
e
se

e
m
is
si
o
n
s
p
re
se
n
ts

tw
o
p
e
a
k
s,

a
t
3
1
1
a
n
d
4
5
3
n
m
,
Fi
g
.
5
a
.
T
h
e
p
e
a
k
a
t
4
5
3
n
m

is
tw

o
o
rd
e
rs

o
f

m
a
g
n
it
u
d
e
m
o
re

in
te
n
se
.

It
is

w
e
ll
k
n
o
w
n
th
a
t
5
d
o
rb
it
a
ls

o
f
C
e
3
+
a
re

n
o
t
sh

ie
ld
e
d
a
s
th
e

4
f
o
n
e
s,

so
th
e
y
p
re
se
n
t
a
st
ro
n
g
d
e
p
e
n
d
e
n
ce

o
n
cr
y
st
a
ll
in
e
fi
e
ld
,

g
iv
in
g
ri
se

to
n
o
ti
ce
a
b
le

sh
if
ts

in
lu
m
in
e
sc
e
n
ce

b
a
n
d
s
[5
].
In

th
is

se
n
se
,
it

w
o
u
ld

b
e
n
o
te
d

th
a
t
th
e
sp

e
ct
ra

o
b
ta
in
e
d

fo
r
C
S
S
O
–
C
e

m
a
tc
h
w
e
ll
w
it
h
th
o
se

o
b
ta
in
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a
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d
e
n
a
n
d
sp

in
a
ll
o
w
e
d
tr
a
n
si
-

ti
o
n
s,

re
sp

e
ct
iv
e
ly
,
a
cc
o
rd
in
g

to
th
e

p
re
v
io
u
s

w
o
rk
s

[2
8
,2
9
].

M
o
re
o
v
e
r,

th
e
se

sp
e
ct
ra

a
ls
o

sh
o
w

p
e
a
k
s
a
t
3
5
0
,
3
6
7
,
3
7
3

a
n
d

4
8
8
n
m

co
rr
e
sp

o
n
d
in
g

to
4
f–
4
f
in
tr
a
co

n
fi
g
u
ra
ti
o
n
a
l
tr
a
n
si
ti
o
n
s

fr
o
m

th
e
g
ro
u
n
d

7
F 6

to
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p
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v
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b
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v
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d
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p
e
r-
ly
in
g

5
D
3
le
v
e
l
to

th
e

5
D
4
le
v
e
l.

E
m
is
si
o
n

sp
e
ct
ra

o
f
si
n
g
le

C
e
3
+
d
o
p
e
d
a
n
d
C
e
3
+
–
T
b
3
+
co

d
o
p
e
d

sa
m
p
le
s
a
re

co
m
p
a
re
d
in

Fi
g
.7

.T
h
e
se

sp
e
ct
ra

w
e
re

o
b
ta
in
e
d
u
n
d
e
r

e
x
ci
ta
ti
o
n
a
t
4
1
0
n
m
,i
n
th
e
b
o
rd
e
r
o
f
C
e
3
+
e
x
ci
ta
ti
o
n
b
a
n
d
,i
n
o
rd
e
r

to
a
v
o
id

a
n
y
o
v
e
rl
a
p
w
it
h
T
b
3
+
e
x
ci
ta
ti
o
n
p
e
a
k
s.

It
w
a
s
fo
u
n
d
th
a
t

C
e
3
+

e
m
is
si
o
n

in
te
n
si
ty

d
e
cr
e
a
se
s

w
h
e
n

T
b
3
+

co
n
ce
n
tr
a
ti
o
n

in
cr
e
a
se
s
fr
o
m

0
to

4
m
o
l%
.M

o
re
o
v
e
r,
w
h
e
n
th
e
T
b
3
+
co

n
ce
n
tr
a
ti
o
n

re
a
ch

e
s
4
m
o
l%
,
a
w
e
a
k
T
b
3
+
e
m
is
si
o
n
fr
o
m

5
D
4
le
v
e
l
is

o
b
se
rv
e
d
,

w
h
ic
h
is

in
d
ic
a
ti
v
e
o
f
e
n
e
rg
y
tr
a
n
sf
e
r
fr
o
m

th
e

5
D
3
/2

le
v
e
l
o
f
C
e
3
+

to
th
e

5
D
4
le
v
e
l
o
f
T
b
3
+
io
n
s.

H
o
w
e
v
e
r,
th
e
si
g
n
ifi
ca
n
t
d
e
cr
e
a
se

o
f

th
e
lu
m
in
e
sc
e
n
ce

o
f
th
e
C
e
3
+
io
n
s
is

n
o
t
fo
ll
o
w
e
d
b
y
a
n
e
q
u
iv
a
le
n
t

e
n
h
a
n
ce

o
f
5
D
4
g
re
e
n
e
m
is
si
o
n
o
f
T
b
3
+
.T

h
e
re
fo
re
,t
h
e
e
n
e
rg
y
tr
a
n
s-

fe
r
fr
o
m

C
e
3
+
to

T
b
3
+
p
re
se
n
ts

lo
w

e
ffi
ci
e
n
cy

,i
n
sp

it
e
o
f
th
e
o
v
e
rl
a
p

o
f
th
e
g
re
e
n
e
m
is
si
o
n
o
f
C
e
3
+
w
it
h
th
e
e
x
ci
ta
ti
o
n
o
f
T
b
3
+
to

th
e

5
D
4

le
v
e
l
in

th
is

g
a
rn

e
t.

A
si
m
il
a
r
e
ff
e
ct

w
a
s
o
b
se
rv
e
d

in
C
e
3
+
–
Y
b
3
+

co
d
o
p
e
d
Y
A
G

b
y
U
e
d
a
a
n
d

T
a
n
a
b
e
[1
6
].

T
h
e
se

a
u
th
o
rs

p
ro
p
o
se
d

th
a
t
th
e
e
n
e
rg
y
tr
a
n
sf
e
r
fr
o
m

C
e
3
+
to

Y
b
3
+
io
n
s
is
n
o
t
th
ro
u
g
h
d
ir
e
ct

p
ro
ce
ss
e
s,

b
u
t
m
a
y
b
e
ca
u
se
d

b
y
ch

a
rg
e
tr
a
n
sf
e
r
m
e
ch

a
n
is
m
s.

A

3
0
0

4
0
0

5
0
0

6
0
0

7
0
0

8
0
0

(a
)

5
d
 

f

e
x
c
. 
a
t 

4
5
3
 n

m

4
f 

 5
d

d
e
t.
 a

t 

5
0
5
 n

m
 

C
S

S
O

-C
e
 

Normalized Intensity (arb. units)

W
a
v
e
le

n
g
th

 (
n
m

)

1
0

05

1
0

1
5

2
0

2
5

3
0

3
5

4
0

4
5

(b
)

326 nm 

550 nm 

484 nm 
374 nm 

270 nm 

310 nm

505 nm 

436 nm 
415 nm 
377nm 

620 nm 
585 nm 
542 nm 
488 nm 

5
D

3
/2

5
D

5
/2

5
d
 l
e
v
e
ls

 

2
F

7
/2

2
F

5
/2

C
e

3
+

5
L

1
0

6
5

47
F

2
, 

1
, 

0

5
D

3

T
b

3
+

5
D

4

7
F

3

5
G

5

5
F

4
5
D

2

453 nm 

4
f7

5
d

1

→

×

→
4

Energy (10
3
 cm

-1
) ×

F
ig
.
5
.
(a
)
E
x
ci
ta
ti
o
n
a
n
d
e
m
is
si
o
n
sp

e
ct
ra

o
f
C
S
S
O
–
C
e
g
a
rn

e
t.
(b
)
E
n
e
rg
y
le
v
e
l
d
ia
g
ra
m
s
o
f
C
e
3
+
a
n
d
T
b
3
+
a
re

sh
o
w
n
w
it
h
m
a
in

e
x
ci
ta
ti
o
n
a
n
d
e
m
is
si
o
n
tr
a
n
si
ti
o
n
s,
in
d
ic
a
te
d

b
y
so

li
d
a
rr
o
w
s,

a
n
d
e
n
e
rg
y
tr
a
n
sf
e
r
m
e
ch

a
n
is
m
s,

in
d
ic
a
te
d
b
y
d
a
sh

a
rr
o
w
s.

2
5
0

3
0
0

3
5
0

4
0
0

4
5
0

5
0
0

(a
)

5
D

4

5
D

3

Intensity (arb. units)

W
a
v
e
le

n
g
th

 (
n
m

) 
 

C
S

S
O

-T
b

d
e
t.
 a

t 
5
4
2
 n

m

x
 2

0

4
f8
→

4
f7

5
d

1

4
0
0

4
5
0

5
0
0

5
5
0

6
0
0

6
5
0

7
0
0

4
8
8
 n

m
3
7
7
 n

m
3
2
6
 n

m

2
7
0
 n

m

5
D4
→
7
F3

5
D4
→
7
F4

5
D

4
→
7
F

5

5
D4
→
7
F6

(b
)

W
a
v
e
le

n
g
th

 (
n
m

) 
 

C
S

S
O

-T
b

5
D3
→
7
F5,4,3 

F
ig
.
6
.
E
x
ci
ta
ti
o
n
sp

e
ct
ru

m
o
f
C
S
S
O
–
T
b
g
a
rn

e
t
b
y
d
e
te
ct
in
g
a
t
5
4
2
n
m
,w

a
v
e
le
n
g
th

o
f
m
a
x
im

u
m

e
m
is
si
o
n
in
te
n
si
ty

(a
)
a
n
d
e
m
is
si
o
n
sp

e
ct
ra

u
n
d
e
r
e
x
ci
ta
ti
o
n
a
t
d
if
fe
re
n
t
T
b
3
+

p
e
a
k
s
(b
).

4
5
0

5
0
0

5
5
0

6
0
0

6
5
0

7
0
0

C
S

S
O

-C
e

C
S

S
O

-C
e
1
T

b

C
S

S
O

-C
e
4
T

b

e
x
c
. 
a
t 

4
1
0
 n

m

Intensity (arb. units)

W
a
v
e
le

n
g
th

 (
n
m

)

F
ig
.
7
.
E
m
is
si
o
n
sp

e
ct
ra

o
f
C
S
S
O
–
C
e
,
C
S
S
O
–
C
e
T
b
a
n
d
C
S
S
O
–
C
e
4
T
b
g
a
rn

e
ts

u
n
d
e
r

e
x
ci
ta
ti
o
n
a
t
4
1
0
n
m
.

4
J.
J.
V
el
á
zq
u
ez

et
a
l.
/O

p
ti
ca
l
M
a
te
ri
a
ls

xx
x
(2
0
1
5
)
xx
x–

xx
x

P
le
as
e
ci
te

th
is

ar
ti
cl
e
in

p
re
ss

as
:
J.
J.
V
el
á
zq

u
ez

et
al
.,
O
p
t.
M
at
er
.
(2
0
1
5
),
h
tt
p
:/
/d
x
.d
o
i.
o
rg
/1
0
.1
0
1
6
/j
.o
p
tm

at
.2
0
1
5
.0
3
.0
5
7



d
if
fe
re
n
t
m
e
ch

a
n
is
m

sh
o
u
ld

b
e

co
n
si
d
e
re
d

in
o
u
r
ca
se

b
e
ca
u
se

ch
a
rg
e
tr
a
n
sf
e
r
is

n
o
t
e
x
p
e
ct
e
d
fo
r
C
e
3
+
–
T
b
3
+
p
a
ir
s.

O
n
th
e
o
th
e
r

h
a
n
d
,
e
n
e
rg
y
b
a
ck

tr
a
n
sf
e
r
fr
o
m

T
b
3
+
to

C
e
3
+
w
o
u
ld

b
e
p
o
ss
ib
le

in
o
u
r
sa
m
p
le
s
d
u
e

to
th
e

o
v
e
rl
a
p

b
e
tw

e
e
n

th
e

e
m
is
si
o
n

fr
o
m

th
e

5
D
4
T
b
3
+
le
v
e
l
(a
t
4
8
8
n
m
,
se
e
Fi
g
.
6
b
)
a
n
d

th
e
e
x
ci
ta
ti
o
n

to
th
e

5
D
3
/2

C
e
3
+
le
v
e
l
(s
e
e
Fi
g
.
5
).
H
o
w
e
v
e
r
th
is

b
a
ck

tr
a
n
sf
e
r
w
o
u
ld

n
o
t
e
x
p
la
in

th
e
o
b
se
rv
e
d
C
e
3
+
e
m
is
si
o
n
d
e
cr
e
a
se
.

M
e
a
n
w
h
il
e
,
m
u
ch

m
o
re

e
ffi
ci
e
n
t
e
n
e
rg
y
tr
a
n
sf
e
r
fr
o
m

C
e
3
+
to

T
b
3
+
is

fo
u
n
d
in

h
o
st
s
w
h
e
re

th
e
C
e
3
+
e
m
is
si
o
n
o
v
e
rl
a
p
s
w
it
h
th
e

5
D
3
a
n
d
h
ig
h
e
r
le
v
e
ls

o
f
T
b
3
+
io
n
s
[6
].
T
h
e
se

re
su

lt
s
a
re

in
a
g
re
e
-

m
e
n
t
w
it
h
e
st
im

a
te
s
fo
r
th
e
e
n
e
rg
y
tr
a
n
sf
e
r
p
ro
b
a
b
il
it
y
b
y
u
si
n
g

th
e
D
e
x
te
r
fo
rm

u
la

[3
1
].

T
h
e

e
x
ci
ta
ti
o
n

sp
e
ct
ru

m
o
f

th
e

C
e
3
+

a
n
d

T
b
3
+

e
m
is
si
o
n
s,

d
e
te
ct
e
d

a
t
5
4
2
n
m
,
o
f
C
S
S
O
–
C
e
4
T
b

g
a
rn

e
t
is

sh
o
w
n

in
Fi
g
.
8
a
.

T
h
is

sp
e
ct
ru

m
p
re
se
n
ts

p
e
a
k
s
a
t
2
7
0
a
n
d
3
2
6
n
m
,
co

rr
e
sp

o
n
d
in
g

to
T
b
3
+
io
n
s,

a
n
d

a
ls
o
a
t
4
5
0
n
m
,
d
u
e
to

C
e
3
+
io
n
s.

T
h
e
in
te
n
si
ty

ra
ti
o
o
f
th
e
p
e
a
k
a
t
3
2
6
n
m

to
th
e
p
e
a
k
a
t
2
7
0
n
m

is
la
rg
e
r
th
a
n

in
si
n
g
le

T
b
3
+
d
o
p
e
d
sa
m
p
le
s,
se
e
Fi
g
.6

a
.W

it
h
th
e
a
im

o
f
a
n
a
ly
zi
n
g

th
is

e
ff
e
ct
,
e
m
is
si
o
n
sp

e
ct
ra

o
b
ta
in
e
d
u
n
d
e
r
e
x
ci
ta
ti
o
n
a
t
d
if
fe
re
n
t

w
a
v
e
le
n
g
th

a
re

co
m
p
a
re
d
in

Fi
g
.
8
b
.
T
h
e
sp

e
ct
ru

m
o
b
ta
in
e
d
u
n
d
e
r

e
x
ci
ta
ti
o
n
a
t
2
7
0
n
m

is
si
m
il
a
r
to

th
e
o
n
e
s
o
b
ta
in
e
d
in

si
n
g
le

T
b
3
+

d
o
p
e
d
sa
m
p
le
s;

se
e
Fi
g
.
6
b
,w

h
ic
h
co

rr
e
sp

o
n
d
to

T
b
3
+
io
n
s
in
to

th
e

C
S
S
O
p
h
a
se
.O

n
th
e
o
th
e
r
h
a
n
d
,t
h
e
sp

e
ct
ru

m
o
b
ta
in
e
d
u
n
d
e
r
e
x
ci
-

ta
ti
o
n

a
t
3
2
6
n
m

p
re
se
n
ts

n
o
n
-r
e
so

lv
ed

S
ta
rk

co
m
p
o
n
e
n
ts

a
n
d

w
o
u
ld

co
rr
e
sp

o
n
d

to
T
b
3
+
io
n
s
in

n
o
n
-c
ry
st
a
ll
in
e
e
n
v
ir
o
n
m
e
n
ts
.

U
n
d
e
r
e
x
ci
ta
ti
o
n
a
t
3
7
7
n
m
,
4
f
?

4
f
tr
a
n
si
ti
o
n
,
th
e
o
b
ta
in
e
d
sp

e
c-

tr
u
m
,s
h
o
w
n
in

Fi
g
.
8
b
,c
a
n
b
e
re
p
ro
d
u
ce
d
b
y
a
d
d
it
io
n
o
f
b
o
th

fo
re

co
n
tr
ib
u
ti
o
n
s.

Fi
n
a
ll
y
,
in

o
rd
e
r
to

e
x
p
lo
re

th
e
e
n
e
rg
y
tr
a
n
sf
e
r
p
ro
ce
ss
e
s
fr
o
m

T
b
3
+
to

C
e
3
+
io
n
s,

e
m
is
si
o
n
sp

e
ct
ra

o
f
C
e
3
+
–
T
b
3
+
co

-d
o
p
e
d
g
a
rn

e
ts

u
n
d
e
r
e
x
ci
ta
ti
o
n

o
f
T
b
3
+
io
n
s
a
t
2
7
0
n
m

w
e
re

st
u
d
ie
d
.
E
m
is
si
o
n

sp
e
ct
ra

w
it
h

T
b
3
+
io
n
s
co

n
ce
n
tr
a
ti
o
n

o
f
1
a
n
d
4
m
o
l%

a
re

sh
o
w
n

in
Fi
g
.
9
.
T
h
e
se

sp
e
ct
ra

p
re
se
n
t
p
e
a
k
s
a
t
3
8
0
,
4
2
0
,
4
9
0
,
5
4
2
,
5
8
5

a
n
d
6
2
0
n
m

co
m
in
g
fr
o
m

th
e

5
D
J
(J
=
3
,
4
)
e
m
it
ti
n
g
le
v
e
ls

o
f
T
b
3
+

io
n
s
[2
4
].
In

a
d
d
it
io
n
,
a
b
ro
a
d
V
IS

e
m
is
si
o
n
b
a
n
d
w
it
h
m
a
x
im

u
m

a
t
a
b
o
u
t
5
0
0
n
m

is
a
ls
o
o
b
se
rv
e
d
,w

h
ic
h
is

a
ss
o
ci
a
te
d
to

C
e
3
+
e
m
is
-

si
o
n

a
ft
e
r
e
n
e
rg
y

tr
a
n
sf
e
r
fr
o
m

T
b
3
+
io
n
s.

M
o
re
o
v
e
r,

w
it
h

th
e

in
cr
e
a
se

o
f
th
e
T
b
3
+
io
n
s
co

n
ce
n
tr
a
ti
o
n
fr
o
m

1
to

4
m
o
l%
,
e
n
h
a
n
ce

o
f
th
e
C
e
3
+
e
m
is
si
o
n
a
n
d
a
ls
o
o
f
th
e
T
b
3
+
e
m
is
si
o
n
s
fr
o
m

th
e

5
D
4

e
n
e
rg
y
le
v
e
l
a
re

o
b
se
rv
e
d
.
T
h
e
se

in
cr
e
m
e
n
ts

a
re

a
cc
o
m
p
a
n
ie
d
b
y

a
d
e
cr
e
a
se

o
f
5
D
3
le
v
e
l
e
m
is
si
o
n
d
u
e
to

cr
o
ss
-r
e
la
x
a
ti
o
n
p
ro
ce
ss
e
s

b
e
tw

e
e
n

T
b
3
+
io
n
s

w
h
e
n

th
e

T
b
3
+
co

n
ce
n
tr
a
ti
o
n

in
cr
e
a
se
s

[6
].

M
e
a
n
w
h
il
e
,
lu
m
in
e
sc
e
n
ce

q
u
e
n
ch

in
g

b
y

co
n
ce
n
tr
a
ti
o
n

is
n
o
t

o
b
se
rv
e
d
.

4
.
C
o
n
c
lu
si
o
n
s

C
a
3
S
c 2
S
i 3
O
1
2

g
a
rn

e
ts

si
n
g
le

d
o
p
e
d

w
it
h

C
e
3
+

o
r

T
b
3
+

a
n
d

co
d
o
p
e
d

w
it
h

th
e
se

io
n
s

w
e
re

sy
n
th
e
si
ze

d
b
y

fr
e
e
ze

-d
ry
in
g

m
e
th
o
d
b
y
th
e
fi
rs
t
ti
m
e
to

o
u
r
k
n
o
w
le
d
g
e
.
B
o
th

th
e
in
cr
e
a
se

o
f

th
e
h
e
a
t
tr
e
a
tm

e
n
t
te
m
p
e
ra
tu
re

a
n
d

th
e
d
o
p
in
g
le
v
e
l
w
it
h

R
E
3
+

io
n
s
ta
k
e
to

re
d
u
ct
io
n
o
f
se
co

n
d
a
ry

p
h
a
se
s
to
g
e
th
e
r
w
it
h
n
a
n
o
cr
y
s-

ta
l
si
ze

e
n
la
rg
e
m
e
n
t.

T
h
e
se

e
ff
e
ct
s
w
e
re

co
n
fi
rm

e
d

b
y
m
e
a
n
s
o
f

R
a
m
a
n

sp
e
ct
ra
.
M
o
re
o
v
er
,
lu
m
in
e
sc
e
n
ce

fe
a
tu
re
s
in
d
ic
a
te
d

th
a
t

C
e
3
+
a
n
d
T
b
3
+
d
o
p
a
n
t
io
n
s
a
re

e
ff
e
ct
iv
e
ly

in
co

rp
o
ra
te
d
in
to

th
e
g
a
r-

n
e
ts
.
T
h
e
e
n
e
rg
y

tr
a
n
sf
e
r
p
ro
ce
ss
e
s
b
e
tw

e
e
n

C
e
3
+
a
n
d

T
b
3
+
io
n
s

h
a
v
e
b
e
e
n
in
v
e
st
ig
a
te
d
.
Lo

w
e
ffi
ci
e
n
cy

is
fo
u
n
d
fo
r
e
n
e
rg
y
tr
a
n
sf
e
r

fr
o
m

C
e
3
+
to

T
b
3
+
io
n
s.

M
e
a
n
w
h
il
e
e
ffi
ci
e
n
t
e
n
e
rg
y
tr
a
n
sf
e
r
fr
o
m

T
b
3
+
to

C
e
3
+
is

o
b
se
rv
e
d
,
w
h
ic
h

e
x
te
n
d
s
th
e
e
x
ci
ta
ti
o
n

ra
n
g
e
o
f

th
e
C
e
3
+
io
n
s
to

th
e
U
V
.

A
c
k
n
o
w
le
d
g
m
e
n
ts

T
h
e

a
u
th
o
rs

w
o
u
ld

li
k
e

to
th
a
n
k

to
th
e

S
p
a
n
is
h

R
e
se
a
rc
h

P
ro
g
ra
m

th
ro
u
g
h

g
ra
n
t
(M

A
T
2
0
1
3
-4
2
4
0
7
-R

,
co

fu
n
d
e
d

b
y

FE
D
E
R

fu
n
d
s)

a
n
d

‘‘F
u
n
d
a
ci
ó
n

C
a
ja
C
a
n
a
ri
a
s’
’
(P
ro
y
e
ct
o

H
ID

R
O
S
O
LA

R
,

E
N
E
R
0
2
)
fo
r
fi
n
a
n
ci
a
l
su

p
p
o
rt
.
T
h
is

re
se
a
rc
h

w
a
s
p
a
rt
ia
ll
y

p
e
r-

fo
rm

e
d
in

th
e
fr
a
m
e
w
o
rk

o
f
th
e
C
N
R
-P
A
S
(2
0
1
4
–
2
0
1
6
)
jo
in
t
p
ro
je
ct

‘‘N
a
n
o
st
ru
ct
u
re
d

sy
st
e
m
s
in

o
p
a
l
co

n
fi
g
u
ra
ti
o
n

fo
r
th
e

d
e
v
e
lo
p
-

m
e
n
t
o
f
p
h
o
to
n
ic

d
e
v
ic
e
s’
’.

R
e
fe
re
n
c
e
s

[1
]
C
.
S
tr
ü
m
p
e
l,
M
.
M
cC

a
n
n
,
G
.
B
e
a
u
ca
rn

e
,
V
.
A
rk
h
ip
o
v
,
A
.
S
la
o
u
i,
V
.
S
v
rc
e
k
,
C
.
d
e
l

C
a
ñ
iz
o
,
I.
T
o
b
ia
s,

S
o
l.
E
n
e
rg
y
M
a
te
r.
S
o
l.
C
e
ll
s
9
1
(2
0
0
7
)
2
3
8
.

[2
]
Y
.
S
h
im

o
m
u
ra
,
T
.
H
o
n
m
a
,
M
.
S
h
ig
e
iw

a
,
T
.
A
k
a
i,

K
.
O
k
a
m
o
to
,
N
.
K
ij
im

a
,
J.

E
le
ct
ro
ch

e
m
.
S
o
c.

1
5
4
(2
0
0
7
)
J3
5
.

[3
]
F.

P
ic
ci
n
e
ll
i,
A
.
S
p
e
g
h
in
i,
G
.
M
a
ri
o
tt
o
,
L.

B
o
v
o
,
M
.
B
e
tt
in
e
ll
i,
J.
R
a
re

E
a
rt
h
s
2
7

(2
0
0
9
)
5
5
5
.

[4
]
D
.Q
.
C
h
e
n
,
Y
.S
.
W

a
n
g
,
Y
.L
.
Y
u
,
P
.
H
u
a
m
g
,
F.
Y
.
W

e
n
g
,
J.
A
p
p
l.
P
h
y
s.

1
0
4
(2
0
0
8
)

1
1
6
1
0
5
.

[5
]
P
.
D
o
re
n
b
o
s,
J.
Lu

m
in
.
9
1
(2
0
0
0
)
1
0
6
.

[6
]
J.
J.
V
e
lá
zq

u
e
z,
V
.D
.
R
o
d
rí
g
u
e
z,

A
.C
.Y

a
n
e
s,
J.
d
e
l-
C
a
st
il
lo
,J
.M

é
n
d
e
z-
R
a
m
o
s,
O
p
t.

M
a
te
r.
3
4
(2
0
1
2
)
1
9
9
4
.

2
5
0

3
0
0

3
5
0

4
0
0

4
5
0

5
0
0

(a
)

Intensity (arb. units)

C
S

S
O

-C
e
4
T

b
d
e
t.
 a

t 
5
4
2
 n

m

W
a
v
e
le

n
g
th

 (
n
m

)

T
b3

+  4
f8
→

4
f7 5

d
1

C
e

3
+

4
0
0

5
0
0

6
0
0

7
0
0

3
7
7
 n
m

3
2
6
 n
m

2
7
0
 n
m

W
a
v
e
le

n
g
th

 (
n
m

)

C
S
S
O
-C
e
4
T
b

5
D

4
→
7 F

5

5
D

4
→
7 F

6

5
D

3
→
7 F

5
,4

,3
 

5
D

4
→
7 F

4
5
D

4
→
7 F

3

(b
)

F
ig
.
8
.
(a
)
E
x
ci
ta
ti
o
n
sp

e
ct
ra

o
f
C
S
S
O
–
C
e
4
T
b
g
a
rn

e
t
b
y
d
e
te
ct
in
g
a
t
5
4
2
n
m
.
(b
)
N
o
rm

a
li
ze

d
e
m
is
si
o
n
sp

e
ct
ra

w
it
h
d
if
fe
re
n
t
e
x
ci
ta
ti
o
n
w
a
v
e
le
n
g
th
s.

4
0
0

5
0
0

6
0
0

7
0
0

C
S
S
O
-C
e
T
b

C
S
S
O
-C
e
4
T
b

5
D4→

7
F5

5
D3→

7
F6

e
x
c
 a
t 
2
7
0
 n
m
 (T
b
3
+
)

Intensity (arb. units)

W
a
v
e
le

n
g
th

 (
n
m

)

5
D4→

7
F3

5
D4→

7
F4

5
D4→

7
F6

5
D3→

7
F5,4,3 

F
ig
.
9
.
E
m
is
si
o
n

sp
e
ct
ra

o
f
1
C
e
3
+
–
xT

b
3
+

(x
=
1
,
4
m
o
l%
)

co
d
o
p
e
d

C
a
3
S
c 2
S
i 3
O
1
2

g
a
rn

e
ts

e
x
ci
te
d
a
t
2
7
0
n
m
.

J.
J.
V
el
á
zq
u
ez

et
a
l.
/O

p
ti
ca
l
M
a
te
ri
a
ls

xx
x
(2
0
1
5
)
xx
x–

xx
x

5

P
le
as
e
ci
te

th
is

ar
ti
cl
e
in

p
re
ss

as
:
J.
J.
V
el
áz

q
u
ez

et
al
.,
O
p
t.
M
at
er
.
(2
0
1
5
),
h
tt
p
:/
/d
x
.d
o
i.
o
rg
/1
0
.1
0
1
6
/j
.o
p
tm

at
.2
0
1
5
.0
3
.0
5
7

[7
]
C
.K
.H

o
n
g
,H

.-
S
K
o
,E

.-
M
.H

a
n
,J
.-
J.
Y
u
n
,K

.-
H
.P

a
rk
,N

a
n
o
sc
a
le

R
e
s.
Le

tt
.8

(2
0
1
3
)

2
1
9
.

[8
]
Q
.
Z
h
a
n
g
,
J.
W

a
n
g
,
G
.
Z
h
a
n
g
,
Q
.
S
u
,
J.
M
a
te
r.
C
h
e
m
.
1
9
(2
0
0
9
)
7
0
8
8
.

[9
]
R
.
R
e
is
fe
ld
,
E
.
G
re
e
n
b
e
rg
,
R
.
V
e
la
p
o
ld
i,
J.
C
h
e
m
.
P
h
y
s.

5
6
(1
9
7
2
)
1
6
9
8
.

[1
0
]
A
.D
.
P
e
a
rs
o
n
,
G
.E
.
P
e
te
rs
o
n
,
W

.R
.
N
o
rt
h
o
v
e
r,
J.
A
p
p
l.
P
h
y
s.

3
7
(1
9
9
6
)
7
2
9
.

[1
1
]
J.
C
.B

o
y
e
r,
J.
G
a
g
n
o
n
,L
.A
.C

u
cc
ia
,J
.A
.C

a
p
o
b
ia
n
co

,C
h
e
m
.M

a
te
r.
1
9
(2
0
0
7
)
3
3
5
8
.

[1
2
]
A
.
E
l-
H
im

ri
,
D
.
M
a
rr
e
ro
-L
ó
p
e
z,

P
.
N
ú
ñ
e
z,

J.
S
o
li
d
S
ta
te

C
h
e
m
.
1
7
7
(2
0
0
4
)
3
2
1
9
.

[1
3
]
M
.A

m
si
f,
D
.M

a
rr
e
ro
-L
ó
p
e
z,
A
.M

a
g
ra
só

,J
.P

e
ñ
a
-M

a
rt
ín
e
z,
J.
C
.R

u
iz
-M

o
ra
le
s,
P
.

N
ú
ñ
e
z,

J.
E
u
r.
C
e
ra
m
.
S
o
c.

2
9
(2
0
0
9
)
1
3
1
.

[1
4
]
J.
M
a
rr
e
ro
-J
e
re
z,

S
.
La

rr
o
n
d
o
,
E
.
R
o
d
rí
g
u
e
z-
C
a
st
e
ll
ó
n
,
P
.
N
ú
ñ
e
z,

C
e
ra
m
.
In
t.
4
0

(2
0
1
4
)
6
8
0
7
.

[1
5
]
B
.D
.
C
u
ll
it
y
,
E
le
m
e
n
ts

o
f
X
-r
a
y

D
if
fr
a
ct
io
n
,
A
d
d
is
o
n
-W

e
sl
e
y
,
M
a
ss
a
ch

u
se
tt
s,

1
9
7
8
.

[1
6
]
J.
U
e
d
a
,
S
.
T
a
n
a
b
e
,
J.
A
p
p
l.
P
h
y
s.

1
0
6
(2
0
0
9
)
0
4
3
1
0
1
.

[1
7
]
A
.A
.
K
a
m
in
sk
i,
S
.N
.
B
a
g
a
e
v
,
K
.
U
e
d
a
,
K
.
T
a
k
a
ic
h
i,
J.
Lu

,
A
.
S
h
ir
a
k
a
w
a
,
H
.
Y
a
g
i,
T
.

Y
a
n
a
g
it
a
n
i,
H
.J
.
E
ic
h
le
r,
H
.
R
h
e
e
,
La

se
r
P
h
y
s.

Le
tt
.
2
(2
0
0
5
)
3
0
.

[1
8
]
J.
B
.
G
ru

b
e
r,
M
.E
.
H
il
ls
,
C
.A
.
M
o
rr
is
o
n
,
G
.A
.
T
u
rn

e
r,
M
.R
.
K
o
tk
a
,
P
h
y
s.

R
e
v
.
B
3
7

(1
9
8
8
)
8
5
6
4
.

[1
9
]
U
.
H
ö
m
m
e
ri
ch

,
K
.L
.
B
ra
y
,
P
h
y
s.

R
e
v
.
B
5
1
(1
9
9
5
)
1
2
1
3
3
.

[2
0
]
Y
.
Li
u
,
J.
H
a
o
,
W

.
Z
h
u
a
n
g
,
Y
.
H
u
,
J.
P
h
y
s.

D
A
p
p
l.
P
h
y
s.

4
2
(2
0
0
9
)
2
4
5
1
0
2
.

[2
1
]
N
.E

n
o
m
o
to
,T

.S
a
k
a
i,
M
.I
n
a
d
a
,Y

.T
a
n
a
k
a
,J
.H

o
jo
,J
.C

e
ra
m
.S

o
c.
Jp
n
.1

1
8
(2
0
1
0
)

1
0
6
7
.

[2
2
]
N
.D
.T

o
d
o
ro
v
,M

.V
.A

b
ra
sh

e
v
,V

.M
a
ri
n
o
v
a
,M

.K
a
d
iy
sk
i,
L.
D
im

o
w
a
,E

.F
a
u
lq
u
e
s,

P
h
y
s.

R
e
v
.
B
8
7
(2
0
1
3
)
1
0
4
3
0
1
.

[2
3
]
A
.
U
b
a
ld
in
i,
M
.M

.
C
a
rn

a
sc
ia
li
,
J.
A
ll
o
y
s
C
o
m
p
d
.
4
5
4
(2
0
0
8
)
3
7
4
.

[2
4
]
Y
.
C
h
e
n
g
,
K
.
C
h
e
a
h
,
M
.
G
o
n
g
,
J.
Lu

m
in
.
1
3
1
(2
0
1
1
)
1
5
8
9
.

[2
5
]
A
.M

.
H
o
fm

e
is
te
r,
A
.
C
h
o
p
e
la
s,

P
h
y
s.

C
h
e
m
.
M
in
e
r.
1
7
(1
9
9
1
)
5
0
3
.

[2
6
]
S
.P
.
Fe

o
fi
lo
v
,
D
.V
.
A
rs
e
n
ty
e
v
,
A
.B
.
K
u
li
n
k
in
,
R
.I
.
Z
a
k
h
a
rc
h
e
n
y
a
,
J.
Lu

m
in
.
1
3
1

(2
0
1
1
)
4
3
8
.

[2
7
]
L.
F.

K
o
a
o
,
H
.C
.
S
w
a
rt
,
R
.I
.
O
b
e
d
,
F.
B
.
D
e
je
n
e
,
J.
Lu

m
in
.
1
3
1
(2
0
1
1
)
1
2
4
9
.

[2
8
]
Z
.
Z
h
a
n
g
,
O
tm

a
r
M
.
te
n

K
a
te
,
A
.
D
e
ls
in
g
,
E
.
v
a
n

d
e
r
K
o
lk
,
P
.H
.L
.
N
o
tt
e
n
,
P
.

D
o
re
n
b
o
s,
J.
Z
h
a
o
,
H
.T
.
H
in
tz
e
n
,
J.
M
a
te
r.
C
h
e
m
.
2
2
(2
0
1
2
)
9
8
1
3
–
9
8
2
0
.

[2
9
]
J.
Z
h
a
n
g
,
Y
.
W

a
n
g
,
P
.
X
ie
,
J.
P
h
y
s:

C
o
n
f.
S
e
r.
1
5
2
(2
0
0
9
)
0
1
2
0
5
1
.

[3
0
]
J.
J.
V
e
lá
zq

u
e
z,

V
.D
.
R
o
d
rí
g
u
e
z,

A
.C
.
Y
a
n
e
s,

J.
d
e
l-
C
a
st
il
lo
,
J.
M
é
n
d
e
z-
R
a
m
o
s,

J.
A
p
p
l.
P
h
y
s.

1
0
8
(2
0
1
0
)
1
1
3
5
3
0
.

[3
1
]
D
.L
.
D
e
x
te
r,
J.
C
h
e
m
.
P
h
y
s.

2
1
(1
9
5
3
)
8
3
6
.

6
J.
J.
V
el
á
zq
u
ez

et
a
l.
/O

p
ti
ca
l
M
a
te
ri
a
ls

xx
x
(2
0
1
5
)
xx
x–

xx
x

P
le
as
e
ci
te

th
is

ar
ti
cl
e
in

p
re
ss

as
:
J.
J.
V
el
á
zq

u
ez

et
al
.,
O
p
t.
M
at
er
.
(2
0
1
5
),
h
tt
p
:/
/d
x
.d
o
i.
o
rg
/1
0
.1
0
1
6
/j
.o
p
tm

at
.2
0
1
5
.0
3
.0
5
7



 

 
  

A
n 

ad
va

nc
ed

 n
um

er
ic

al
 m

od
el

 fo
r 

en
er

gy
 c

on
ve

rs
io

n 
an

d 
 

cr
ac

k 
gr

ow
th

 p
re

di
ct

io
ns

 in
 S

ol
id

 O
xi

de
 F

ue
l C

el
l u

ni
ts

 
 

Q
. S

ha
o1,

 2
,*
, 

R
. 

F
er

ná
n

d
ez

-G
on

zá
le

z
1,

 3
, J

.C
. 

R
ui

z-
M

or
al

e
s3  

 L
. 

B
ou

h
al

a1 , 
A

. 
Y

ou
n

es
2 
, 

P
. N

ú
ñe

z3 , 
S

. B
el

ou
e

tta
r1 , A

. 
M

ak
ra

d
i1   

 

1 L
u

xe
m

b
o

u
rg

 In
st

itu
te

 o
f 
S

ci
e

n
ce

 a
n

d 
T

e
ch

no
lo

g
y 

(L
IS

T
),

 6
, A

ve
n

ue
 d

e
s 

H
a

u
ts

-F
o

u
rn

ea
u

x,
 4

3
6

2 
E

sc
h

-S
u

r-
A

l
ze

tte
, 

L
u

xe
m

bo
u

rg
 

2 La
bo

ra
to

ire
 d

’H
yd

ro
lo

g
ie

 e
t 
d

e 
G

é
o

ch
im

ie
, 

U
n

iv
e

rs
it

é
 d

e
 S

tr
a

sb
o

u
rg

/E
O

S
T

, C
N

R
S

, 1
 r

u
e 

B
le

ss
ig

, 
6

7
08

4,
 F

ra
n

ce
 

3 D
e

pa
rt

a
m

e
n

to
 d

e
 Q

u
ím

ic
a

 I
n

o
rg

á
n

ic
a

, U
n

iv
e

rs
id

a
d

 d
e

 
La

 L
a

gu
n

a,
 T

e
n

e
rif

e
 3

8
2

0
0,

 S
p

a
in

 

 A
bs

tr
ac

t 
 

A
 

d
yn

a
m

ic
 

m
a

th
e

m
a

tic
a

l 
m

od
e

l 
ca

p
ab

le
 

of
 

p
re

d
ic

tin
g 

th
e 

e
ne

rg
y 

co
n

ve
rs

io
n 

a
nd

 
cr

ac
k 

p
ro

p
a

ga
tio

n 
in

 S
ol

id
 O

xi
d

e
 F

ue
l 

C
e

ll 
(S

O
F

C
) 

u
ni

t 
is

 d
ev

e
lo

p
ed

. 
F

in
ite

 E
le

m
en

t 
M

et
ho

d
 (

F
E

M
) 

a
nd

 e
X

te
nd

ed
 F

in
ite

 E
le

m
e

nt
 M

et
ho

d
 (

X
F

E
M

) 
a

re
 u

se
d

 
to

 s
o

lv
e 

th
e 

m
u

lti
p

hy
si

cs
 p

he
n

om
e

n
on

 

ta
ki

ng
 p

la
ce

 in
 t

he
 S

O
F

C
 d

ur
in

g 
se

rv
ic

e.
 D

ue
 t

o 
th

e
ir 

sm
a

ll 
op

e
ni

n
g,

 c
ra

ck
s 

a
re

 a
ss

um
ed

 t
o 

af
fe

ct
 

o
nl

y 
th

e 
he

a
t 

co
nd

uc
tio

n 
in

 t
h

e 
so

lid
 p

ha
se

 w
ith

in
 

th
e 

p
or

ou
s 

e
le

ct
ro

d
e

s.
 T

he
 c

ou
p

le
d

 f
lu

id
 f

lo
w

, 

flu
id

’s
 e

ne
rg

y 
tr

a
ns

fe
r 

in
 t

he
 p

o
ro

us
 e

le
ct

ro
d

es
, 

a
nd

 m
a

ss
 t

ra
ns

p
or

t 
a

re
 s

o
lv

ed
 u

si
ng

 a
d

va
nc

ed
 

F
E

M
 b

a
se

d
 s

ch
e

m
e

s,
 w

he
re

 t
ra

ns
iti

on
 b

e
tw

ee
n 

S
O

F
C

 i
n

te
rf

a
ce

s 
d

oe
s 

no
t 

re
q

ui
re

 a
n

y 
sp

ec
ia

l 

tr
e

a
tm

e
nt

. 
B

e
si

d
es

, 
th

e 
he

a
t 

tr
a

ns
fe

r 
in

 t
he

 s
ol

id
 

p
ha

se
 a

nd
 t

he
 t

h
er

m
o

-m
ec

ha
ni

ca
l 

p
ro

b
le

m
 a

re
 

so
lv

ed
 u

si
ng

 t
he

 X
F

E
M

. 
T

he
 p

re
d

ic
te

d
 e

ne
rg

y 
co

nv
e

rs
io

n
 i

s 
va

lid
a

te
d

 u
si

ng
 e

xp
er

im
e

nt
s 

fr
o

m
 

th
e

 li
te

ra
tu

re
 a

s 
w

el
l a

s 
o

ur
 p

re
vi

o
us

ly
 p

ub
lis

he
d

 
ex

p
er

im
e

nt
s 

[J
. 

P
ow

er
 S

o
ur

ce
s 

2
7

2
 (

2
01

4
) 

2
33

-

2
38

]. 
T

he
 d

ev
e

lo
p

ed
 F

E
M

/E
X

F
E

M
 n

u
m

er
ic

a
l t

o
ol

 is
 u

se
d

 to
 in

ve
st

ig
a

te
 th

e 
e

ff
ec

t o
f 

te
m

p
e

ra
tu

re
 

gr
a

d
ie

nt
s 

on
 t

he
 p

ro
p

a
ga

tio
n 

p
a

th
 o

f 
a

 p
re

-e
xi

st
in

g
 c

ra
ck

 w
ith

in
 a

n 
a

n
od

e-
su

p
p

or
te

d
 S

O
F

C
. 

A
ss

u
m

ed
 ly

in
g 

in
 t

he
 a

n
od

e
, 

th
e

 c
ra

ck
 p

ro
pa

ga
te

s 
ac

ro
ss

 t
he

 a
no

d
e 

d
riv

e
n 

b
y 

st
re

ss
es

 in
d

uc
ed

 b
y 

te
m

p
er

a
tu

re
 g

ra
d

ie
nt

s 
a

lo
ng

 t
he

 S
O

F
C

 u
ni

t 
th

ic
kn

e
ss

. 
F

ur
th

er
 t

he
 c

ra
ck

 p
ro

p
a

ga
tio

n 
p

a
th

 is
 f

ou
nd

 

to
 d

ep
e

nd
 o

n 
th

e
 p

os
iti

o
n 

of
 t

he
 p

re
-e

xi
st

in
g 

cr
a

ck
 r

e
la

tiv
e

 t
he

 S
O

F
C

 i
nt

e
rf

a
ce

s 
a

s 
w

e
ll 

a
s 

its
 

in
iti

a
l o

rie
nt

a
tio

n.
  

   
  

  
 

K
e

yw
or

d
s:

 S
O

F
C

, 
M

u
lti

p
h

ys
ic

s,
 C

ra
ck

, 
F

E
M

/X
F

E
M

.  
  

 

C
o

rr
es

po
n

d
in

g
 a

ut
ho

r:
 T

el
.: 

+
3

5
2

 4
2

5
99

1
46

6
1

; f
ax

: +
3

52
4

25
9

9
17

7
7

 

E
-m

a
il:

 q
ia

n
.s

h
ao

@
lis

t.
lu (

D
r.

 Q
ia

n
 S

h
ao

) 

 

 
  

  C
on

cl
us

io
ns

  

T
he

 m
u

lti
-p

hy
si

cs
 p

he
no

m
e

na
 t

ak
in

g 
p

la
ce

 i
n 

S
O

F
C

 d
u

rin
g 

se
rv

ic
e 

a
re

 s
o

lv
ed

 s
uc

ce
ss

fu
lly

 

ta
ki

ng
 in

to
 a

cc
ou

nt
 p

re
-e

xi
st

in
g

 c
ra

ck
 a

nd
 it

s 
p

os
s

ib
le

 g
ro

w
th

, 
us

in
g 

a
d

va
n

ce
d

 F
E

M
/X

F
E

M
. 

D
u

e
 

to
 t

he
 s

m
a

ll 
op

e
ni

ng
 o

f 
cr

a
ck

s 
in

 t
h

e 
b

rit
tle

 S
O

F
C

 
co

m
p

on
e

nt
s,

 c
ra

ck
s 

a
ss

um
ed

 t
o

 a
ff

ec
t 

on
ly

 t
h

e 

he
a

t 
tr

a
ns

fe
r 

co
nd

uc
tio

n 
w

ith
in

 t
he

 s
o

lid
 p

ha
se

 o
f 

th
e

 S
O

F
C

 p
or

ou
s 

e
le

ct
ro

d
es

. 
T

he
re

fo
re

, 

op
er

a
to

r 
sp

lit
tin

g 
is

 u
se

d
 t

o 
so

lv
e 

se
p

a
ra

te
ly

 h
ea

t
 t

ra
ns

fe
r 

in
 t

he
 f

lu
id

 p
ha

se
 u

si
n

g 
F

E
M

 a
nd

 in
 t

he
 

so
lid

 p
ha

se
 u

si
ng

 X
F

E
M

. 
T

he
 c

o
up

le
d

 f
lu

id
 f

lo
w

, 
e

ne
rg

y 
tr

a
ns

fe
r 

in
 t

he
 f

lu
id

 p
ha

se
 a

nd
 m

a
ss

 

tr
a

ns
p

or
t 

a
re

 s
o

lv
ed

 u
si

ng
 f

in
ite

 e
le

m
e

nt
 b

a
se

d
 n

um
e

ric
a

l 
sc

he
m

e
s 

th
a

t 
de

a
l 

w
ith

 t
he

 t
ra

ns
iti

on
 

b
e

tw
ee

n 
th

e 
S

O
F

C
 i

nt
er

fa
ce

s 
w

ith
o

ut
 a

ny
 s

p
ec

ia
l t

re
a

tm
e

nt
. 

T
he

 t
he

rm
o

-m
ec

ha
ni

ca
l p

ro
b

le
m

 i
s 

so
lv

ed
 u

si
n

g 
th

e
 X

F
E

M
 a

nd
 t

he
 S

IF
s 

a
re

 c
a

lc
u

la
te

d
 w

ith
 t

he
 in

te
ra

ct
io

n 
in

te
gr

a
l t

ec
hn

iq
ue

. 
A

ft
er

 

va
lid

a
tio

n 
us

in
g 

e
xp

e
rim

e
nt

 f
ro

m
 t

he
 l

ite
ra

tu
re

 a
s 

w
e

ll 
a

s 
ou

r 
e

xp
er

im
e

nt
s 

[4
], 

th
e 

d
ev

e
lo

p
ed

 

n
um

er
ic

a
l 

to
ol

 i
s 

us
ed

 t
o 

in
ve

st
ig

a
te

 t
he

 e
ff

ec
t 

of
 t

e
m

p
er

a
tu

re
 g

ra
d

ie
nt

s 
o

n 
a

 p
re

-e
xi

st
in

g 
cr

a
ck

 

p
ro

p
a

ga
tio

n 
p

a
th

, 
d

ur
in

g
 t

h
e 

S
O

F
C

 h
e

a
tin

g 
p

ro
ce

ss
 a

nd
 d

ur
in

g 
its

 s
te

a
dy

 s
ta

te
 r

e
gi

m
e 

w
he

n
 

p
ro

d
uc

in
g 

e
le

ct
ric

ity
. 

 A
ss

um
e

d
 ly

in
g 

in
 t

he
 a

n
od

e
,

 t
he

 p
re

-e
xi

st
in

g 
cr

a
ck

 p
ro

p
a

ga
te

s 
to

 c
ro

ss
 t

h
e

 

a
no

d
e 

d
riv

e
n 

b
y 

st
re

ss
e

s 
in

d
uc

ed
 b

y 
th

e
 t

e
m

p
er

a
tu

re
 g

ra
d

ie
nt

s 
a

lo
n

g 
th

e 
th

ic
kn

es
s 

of
 t

he
 P

E
N

 

a
nd

 a
lo

ng
 t

he
 P

E
N

 le
ng

th
. 

F
ur

th
er

 t
h

e 
cr

a
ck

 p
ro

p
a

ga
tio

n 
p

a
th

 d
ep

e
nd

s 
on

 t
he

 p
os

iti
on

 o
f 

th
e 

p
re

-

e
xi

st
in

g 
cr

a
ck

 r
e

la
tiv

e 
th

e 
S

O
F

C
 in

te
rf

ac
es

 a
s 

w
el

l
 it

s 
in

iti
a

l o
rie

nt
a

tio
n.

  
   

   
  

A
ck

no
w

le
dg

m
en

ts
 

T
he

 a
ut

ho
rs

 a
ck

no
w

le
d

ge
 t

he
 f

in
a

nc
ia

l 
su

p
p

or
t 

of
 t

h
e

 F
on

d
 N

a
tio

na
l 

d
e 

la
 R

ec
he

rc
he

 (
F

N
R

) 

of
 L

u
xe

m
b

o
ur

g 
vi

a
 F

N
R

-C
O

R
E

 2
01

0
 p

ro
je

ct
 O

M
ID

E
F

 (
G

ra
nt

 F
N

R
/7

8
6 

6
43

).
 W

e 
a

ls
o 

th
a

nk
 t

o 

th
e

 S
p

a
ni

sh
 M

in
is

tr
y 

of
 E

co
no

m
y 

a
nd

 C
om

p
e

tit
iv

e
ne

ss
 t

hr
ou

gh
 g

ra
nt

s 
M

A
T

20
13

-4
2

40
7

 a
nd

 

E
N

E
20

13
-4

7
82

6
-C

4
-1

-R
 (

co
-f

in
a

nc
e

d
 b

y 
F

E
D

E
R

 f
un

d
s)

. 
 



  



 

Communications to Conferences 

Synthesis and characterization of Ca3Sc2Si3O12 garnet doped 
with Ce3+ and Ce3+-Tb3+ ions obtained by freeze drying method. 
International conference on f-elements, ICFE-8. Udine, Italy. 
26-31 August 2012. J.J. Velázquez, J. Marrero-Jerez, R. Fernández-
González, V.D. Rodríguez, P. Núñez, J. Méndez, J. del Castillo, A.C. 
Yanes. 

 
 Surface behavior and electrical characterization of 
La0.6Sr0.4Co0.2Fe0.8O3 based cathodes. V Congreso Nacional de 
Pilas de Combustible-Conappice 2012. Madrid, Spain. 21-23 
November 2012. R. Fernández-González,  T. Molina, S. Savvin, R. 
Moreno, A. Makradi, P. Núñez.  
 
 Fabrication and characterization of Ceria-based symmetrical 
cell. IV Iberian Symposium of Hydrogen, Fuel Cells and 
Advanced Batteries HYCELTEC 2013. Estoril, Portugal. 26-28 
June 2013. E. Chinarro, J. Marrero-Jerez, R. Fernández-González, 
J.R. Jurado, P. Nuñez, B. Moreno. 
 

Tape casting fabrication, electrical characterization and 
microstructural control of materials for SOFC applications. 
European Conference of Solid State Chemistry-14th ECSSC. 
Bordeaux, France. 7-10 July 2013. R. Fernández-González,  T. 
Molina, S. Savvin, R. Moreno, A. Makradi, P. Núñez.  

 
 Characterization and fabrication of LSCF tapes. VIII 
Encuentro Franco-Español de Química y Física del Estado 
Sólido. Villarreal (Castellón), Spain. 2-4 April 2014. R. Fernández-
González,  T. Molina, S. Savvin, R. Moreno, A. Makradi, P. Núñez.  
 
 Surface control of materials for SOFC applications, tape 
casting manufacturing and electrical characterization. 11th 
EUROPEAN SOFC and SOE FORUM. Lucerne, Switzerland. 1-4 
July 2014. R. Fernández-González, T. Molina, S. Savvin, R. Moreno, 
A. Makradi, P. Núñez.  



 
 Decreasing the Polarisation Resistance of a Ni-YSZ Solid 
Oxide Fuel Cell anode by infiltration of ceria-based solution. V 
Iberian Symposium on Hydrogen, Fuel Cells and Advanced 
Batteries HYCELTEC 2015. 5-8 July 2015. R. Fernández-
González, J.C. Ruiz-Morales, J.R. Jurado, A. Makradi, P. Núñez.  
 
 
 
 Synthesis and analysis of materials for H2 production by 
photocatalysis. V Iberian Symposium on Hydrogen, Fuel Cells 
and Advanced Batteries HYCELTEC 2015. 5-8 July 2015. J.J. 
Velázquez, R. Fernández-González, E. Pulido-Melián, V.D. 
Rodríguez, P. Núñez. 
 
 Ion oxygen conductivity of calcium aluminates prepared by 
Pechini, Microwave and Combustion Methods. V Iberian 
Symposium on Hydrogen, Fuel Cells and Advanced Batteries 
HYCELTEC 2015. 5-8 July 2015. R. Fernández González, F.C. 
Tomsen Veiga, J.R. Jurado Egea, S. Savvin, J.C. Ruiz Morales, S. 
Cava, V.C. Sousa, A. Makradi, P. Núñez.  
 
 
 



 Se agradece la financiación concedida a la ULL por la Agencia Canaria de 

Investigación, Innovación y Sociedad de la Información, cofinanciada en un 85% por 

el Fondo Social Europeo para la impresión de esta tesis doctoral. 

 It is appreciated the funding awarded to ULL by “Agencia Canaria de 

Investigación, Innovación y Sociedad de la Información”, 85% cofunded by the 

European Social Fund for printing this PhD thesis. 



 


