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“Creo que algtun dia se empleara el agua como
combustible, que el Hz y el Oz de los que esta
formada, usados por separado o de forma
conjunta, proporcionaran una fuente
inagotable de luz y calor”

Julio Verne, La isla misteriosa (1874)
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Resumen

El procesado de componentes para pilas de combustible de 6xido sélido
(SOFC), es una de las claves mas importantes para la comercializacion de estos
sistemas de generacion de energia sostenible. De esta manera, el presente estudio
aporta avances en una tecnologia de interés para desarrollar la transicion hacia un
sistema energético seguro, sostenible y competitivo, objetivo que se contempla en
el Horizonte 2030, el mayor programa de investigacion e innovacion de la Union
Europea.

El uso de la sintesis por combustion, permite controlar las propiedades de los
materiales de partida, ademas de conseguirlo de manera econémica. Sin embargo,
el empleo de este tipo de sintesis presenta como reto su escalabilidad para la
produccion de materiales para pilas SOFC.

En este trabajo se ha recogido el desarrollo del procesado de pilas SOFC,
partiendo desde la sintesis de grandes cantidades de material de partida y
finalizando con la fabricacién y caracterizacion de celdas en funcionamiento, lo
que ha permitido la identificacion y adaptaciéon de las propiedades clave para
obtener este tipo de celdas.

Los primeros ensayos se han realizado sintetizando, a gran escala, los
componentes NiO-(Zr02)0.92(Y203)0.0s (&nodo), (Zr02)o.92(Y203)0.08 (electrolito),
Smo.2Ceos01.9 (barrera), LaosSro4FeOs (catodo), LaNiosFeo.4O3 (capa de contacto)
y MnCoz.9Feo.104 (capa protectora), que han conformado las celdas de combustible
desarrolladas. La caracterizacion de los materiales de partida, ha tenido en cuenta
la reproducibilidad de la sintesis, asi como la composicion, microestructura,
conductividad y coeficientes de expansion térmica.

El estudio de parametros como la molienda o el espesor de la capa al realizar el
procesado de los materiales primarios, ha permitido analizar el efecto del método
de deposicion en el comportamiento estructural y electroquimico de la celda. La
investigacion realizada, ha dado lugar a la preparacion de celdas simétricas con
configuracion de soporte electrolito, que han permitido optimizar el desarrollo del
sistema final.

Con el fin de mejorar la adherencia entre los componentes, se ha optado por el
uso de intercapas entre los materiales que conforman el sistema final mostrado en
esta memoria. Los ensayos de larga duracion, asi como la respuesta electroquimica
a 800 °C, han demostrado una adecuada integridad estructural para los sistemas
completos.

Estos prototipos acercaran a la sociedad la comercializacion de los sistemas de
generacion de energia sostenible.
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Summary

The processing of the components for solid oxide fuel cells (SOFC) is one of
the most important keys for the commercialization of these sustainable energy
generation systems. In this way, the present study provides advances in an
interesting technology to develop the transition towards a safe, sustainable and
competitive energy system, an objective that is contemplated in Horizon 2030, the
largest research and innovation program of the European Union.

The use of combustion synthesis allows to control the properties of the starting
materials, to achieving it economically. However, the use of this type of synthesis
presents as challenge its scalability for the production of SOFCs materials.

In this work, we have collected the development of SOFC processing, starting
from the synthesis of large quantities of starting material and has finishing with
the manufacture and characterization of the cells in operation, which has allowed
the identification and adaptation of the key properties to obtain this type of cells.

The first tests were carried out by synthesizing in large scale the components
NiO-(Zr02)0.92(Y203)0.08 (@anode), (Zr0O2)o.92(Y203)0.08 (electrolyte), Smo2Ceo.s01.9
(barrier), LaoeSrosFeOs (cathode), LaNigsFeosO3 (contact layer) and
MnCo19Feo104 (protective layer), which form the developed fuel cells. The
starting materials characterization have taken into account the synthesis
reproducibility, as well as the composition, microstructure, conductivity and
thermal expansion coefficients.

The study of parameters such as milling or layer thickness when manufacturing
the starting materials, has allowed to analyze the effect of the deposition method
on the structural and electrochemical behavior of the cells. The performed research
has led to the preparation of electrolyte supported symmetric cells, which have
allowed optimizing the development of the final system.

With the aim to improve the adherence between the components, it has been
decided to use interlayers between the materials that make up the final system of
this memory. The long-term tests, as well as the electrochemical response at
800 °C, have shown an adequate structural integrity of the systems.

These prototypes will bring the society closer to the commercialization of
sustainable energy generation systems.
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1.1. Contexto energético global

El aumento de nivel de vida, junto con el incremento de poblacion a nivel mundial,
hace que se prevea un gran incremento de demanda energética en el futuro. En la
Figura 1.1. se muestra codmo el consumo de energia se ha incrementado en un 2.2 % en
10 afios. Segun la Union Europea, por ejemplo, en Europa se estima que el uso de energia
aumente en un 50% en 2050%, si no se toman medidas en sostenibilidad energética,
esperando un incremento poblacional de tan solo el 3.7%?2. Por ello, existe una creciente
preocupacion sobre este tema, teniendo en cuenta que se estima que la poblacion a nivel
mundial se incrementara en un 53%, en especial en los continentes de Africa y Asia®.

14000
13500

13000

12500
12000
11500
11000 I I
10500

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Anos

Millones de toneladas de petrdleo

Figura 1.1.- Incremento del consumo de energia a nivel mundial entre los afios 2007-2017.

Hoy dia, el 80% del suministro mundial de energia proviene de combustibles fosiles,
como pueden ser el petroleo, el gas natural y el carbon. Al ritmo de consumo actual, se
prevé un agotamiento de las reservas de petr6leo en menos de 100 afios. Estudios
realizados sobre las reservas planetarias de dicho combustible, sefialan que es posible que
nos encontremos en el “pico de petroleo”, tal y como se muestra en la Figura 1.2. El “pico
de petroleo” se refiere a un periodo en el que, agotadas el 50% de la dotacién de petroleo
del planeta, la produccion de petréleo disminuye al aumentar sus costos. De esta manera,
“el pico de petroleo” representa una edad de oro de energia barata que alimenta nuestro
consumo*. A medida que se vaya agotando el petrleo, éste aumentara su coste sin
sustitutos viables®. Las graves consecuencias que puede acarrear una crisis energética
como la de 1970, hace que haya un gran interés por parte de las naciones en solucionar
esta demanda.

1 Kosir M., Igli¢ N., Kuni¢ R., Optimisation of heating, cooling and lighting energy performance of
modular buildings in respect to location’s climatic specifics, Renew. Energy. 129 (2018) 527-539.

2 Eurostat (2017), People in the EU - population projections, Bruselas-Eurostat, 2017.

3 European Environment Agency (2016), Population trends 1950 — 2100: globally and within Europe,
2016.

4 Campbell, C. Aspo Newsletter n. 100. (2009).

5 Barreto R.A., Fossil fuels, alternative energy and economic growth, Econ. Model. 75 (2018) 196-220.
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1.1. Global energy context

The increase of the standard of living, along with the increase of the population to
worldwide level, means that a large increase in energy demand is expected in the future.
Figure 1.1. shows how the energetic consumption has increased by 2.2% in 10 years.
According to the European Union, for example, it is estimated that the use of energy will
increase by 50% in 2050 in Europe, if no actions are taken regarding sustainable energy,
expecting a population increase of only 3.7%?2. Therefore, there is a growing concern
according this issue, taking into account that it is estimated that the worldwide population
will increase by a 53%, especially in Africa and Asia®.

14000
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Million tonnes oil equivalent

Figure 1.1.- Increase of worldwide energy consumption between 2007-2017.

Today, the 80% of the world energy supply comes from fossil fuels, such as oil, natural
gas and coal. At the current consumption rate, a depletion of oil reserves is expected in
than 100 years. Studies conducted on planetary oil reserves indicate that it is possible that
we are in the “peak of 0il”. As shown in the Figure 1.2. the “peak of oil” refers to a period
in which 50% of the planet’s oil production decreases as its cost increase. In this way, the
“peak of 0il” represents a golden age of cheap energy that feeds our consumption?. As the
oil runs out, it will increase its cost without viable substitutes®. The serious consequences
that can lead to an energy crisis like the one happened in 1970, means that there is a great
interest by the nations in solving this demand.

Kosir M., Igli¢ N., Kuni¢ R., Optimisation of heating, cooling and lighting energy performance of

modular buildings in respect to location’s climatic specifics, Renew. Energy. 129 (2018) 527-539.

Eurostat (2017), People in the EU - population projections, Bruselas-Eurostat, 2017.

3 European Environment Agency (2016), Population trends 1950 — 2100: globally and within Europe,
2016.

4 Campbell, C. Aspo Newsletter n. 100. (2009).

> Barreto R.A., Fossil fuels, alternative energy and economic growth, Econ. Model. 75 (2018) 196-220.
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Perfiles de produccién de petréleo y gas
Caso basico de 2008
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Figura 1.2.- Proyeccion de la produccion de petroleo mostrando el denominado “pico del
petréleo.

Para hacer frente a este problema, la energia primaria utilizada para satisfacer las
demandas energéticas se seguird basando, principalmente, en las energias fdsiles, aunque
se espera un aumento en las energias renovables. Entre las energias alternativas al
petrdleo, carbon y gas se incluyen: las plantas de energia hidroeléctrica®, energia solar’,
eolica®, biomasa®, las pilas de combustible de hidrogeno®, la energia de las mareas, la
geotérmica y la hidrotermal.

Como ejemplo, tanto Japdn como Alemania estan reduciendo su demanda de energia
nuclear apostando por energias renovables. Aun asi, entre las energias fosiles que se
espera seguir utilizando, estan el gas natural y el carbon, asi como la energia nuclear. Por
lo tanto, la produccidn de energia se debe encauzar también a un mayor aprovechamiento
de estos combustibles, con una mayor eficiencia y empleando alternativamente
dispositivos que no emitan gases nocivos y que mejoren la eficiencia total. En la
Figurlall 1.3. puede apreciarse la prevision, en consumo, de tipos de energia hasta el afio
20407,

6 Apergis N., Chang T., Gupta R., Ziramba E., Hydroelectricity consumption and economic growth nexus:
Evidence from a panel of ten largest hydroelectricity consumers, Renew. Sust. Energ. Rev. 62 (2016)
318-325.

7 Vanaga R., Blumberga A., Freimanis R., Mols T., Blumberga D., Solar facade module for nearly zero

energy building, Energy. 157 (2018) 1025-1034.

Bandoc G., Pravilie R., Patriche C., Degeratu M., Spatial assessment of wind power potential at global

scale. A geographical approach, J. Clean. Prod. 200 (2018) 1065-1086.

® Bajwa D.S., Peterson T., Sharma N., Shojaeiarani J., Bajwa S.G., A review of densified solid biomass
for energy production, Renew. Sust. Energ. Rev. 96 (2018) 296-305.

10 Stambouli A.B., Fuel cells: The expectations for an environmental-friendly and sustainable source of
energy, Renew. Sust. Energ. Rev. 15 (2011) 4507-4520.

1 BP Energy outlook 2018 edition, Energy economics, bp.com/energyoutlook, 2018.
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Figure 1.2.- Oil production projection showing the “peak of o0il”.

To deal with this problem, the primary energy used to meet energy demands will
continue to be based, mainly, on fossil fuels, although an increase in renewable energies
is expected. Among the alternative energies to oil, coal and gas, are included:
hydroelectric power plants®, solar energy’, wind®, biomass®, hydrogen fuel cells'?, the
energy of the tides, the geothermal and hydrothermal.

For example, Japan and Germany are reducing their demand for nuclear energy by
investing in renewable energy. Even so, among the fossil energies that are expected to
continue using, are natural gas and coal, as well as nuclear energy. Therefore, the
production of energy should also be channelled to a greater use of these fuels, with greater
efficiency and alternatively using devices that do not emit harmful gases and that improve
the total efficiency. In Figure 1.3. the forecast for consumption of energy types can be
appreciated up to the year 2040,

6 Apergis N., Chang T., Gupta R., Ziramba E., Hydroelectricity consumption and economic growth nexus:

Evidence from a panel of ten largest hydroelectricity consumers, Renew. Sust. Energ. Rev. 62 (2016)

318-325.

Vanaga R., Blumberga A., Freimanis R., Mols T., Blumberga D., Solar facade module for nearly zero

energy building, Energy. 157 (2018) 1025-1034.

Bandoc G., Pravilie R., Patriche C., Degeratu M., Spatial assessment of wind power potential at global

scale. A geographical approach, J. Clean. Prod. 200 (2018) 1065-1086.

® Bajwa D.S., Peterson T., Sharma N., Shojaeiarani J., Bajwa S.G., A review of densified solid biomass
for energy production, Renew. Sust. Energ. Rev. 96 (2018) 296-305.

10 Stambouli A.B., Fuel cells: The expectations for an environmental-friendly and sustainable source of

energy, Renew. Sust. Energ. Rev. 15 (2011) 4507-4520.

BP Energy outlook 2018 edition, Energy economics, bp.com/energyoutlook, 2018.
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Figura 1.3.- Consumo de energia entre 1970 y prevision para 2040.

A este problema de demanda energética, se suma que, ligado a este incremento del uso
de energia, también se prevé un incremento en la emision de gases de efecto invernadero,
siendo el sector energético el responsable del 80% de los gases invernadero?. Un gas de
invernadero es un gas atmosférico que absorbe y emite radiacién dentro del rango
infrarrojo. Entre los gases que afectan al efecto invernadero, se encuentran: el vapor de
agua, el dioxido de carbono, el metano, los 6xidos de nitrogeno, el ozono y los
clorofluorocarbonos. El aumento de la concentracion de los gases invernadero, ha sido el
causante del aumento de la temperatura mundial en el siglo XXy se espera que sean los
causantes de un incremento de entre 1-2 °C al finalizar el siglo XXI.

Por otro lado, se espera que las muertes prematuras producidas por los gases de
combustibles fosiles se incrementen un 40% para 2040. El aumento de las emisiones de
dioxido de carbono (CO3) es uno de los principales causantes del calentamiento global y
el efecto invernadero. Su concentracion va ligada al consumo de combustibles fosiles y
ha ido creciendo historicamente hasta alcanzar su maximo en la actualidad. En la
Figura 1.4. se muestran los datos reales del incremento de las emisiones de CO; a la
atmosfera a nivel mundial”®. Tal y como se puede apreciar, solo Europa ha conseguido
reducir sus emisiones de CO2, mientras que Africa y Asia han intensificado sus emisiones
en un 119 y 199 % en los Gltimos 20 afios, respectivamente?4,

2 Borozan D., Decomposing the changes in European final energy consumption, Energy Strateg. Rev. 22
(2018) 26-36.

13 http:// www.iea.org/ publications/freepublications/publication/co2-emmisions-from-fuel-combustion-
highlights-2014.html. CO, emissions from fuel combustion, IEA, 2017.

4 lhobe 2019, Perfil ambiental de Euskadi 2018, Cambio climatico, Ed. Ihobe, Sociedad publica de
gestion ambiental, Bilbao, 2018.
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Figure 1.3.- Energy consumption between 1970 and forecast for 2040.

To this problem of energy demand, it is added that, linked to this increase in the use
of energy, an increase in the emission of greenhouse gases is also foreseen, since energy
consumption is nowadays responsible for the 80 % of greenhouse gases!?. The
greenhouse gas is an atmospheric gas that absorbs and emits radiation within the infrared
range. Among the gases that affect the greenhouse effect are water vapour, carbon
dioxide, methane, nitrogen oxides, ozone and chlorofluorocarbons. The increase in the
concentration of greenhouse gases has been the cause of the increase in global
temperature in the twentieth century and is expected to be the cause of an increase of
between 1-2 °C at the end of the XXI century.

On the other hand, it is expected that premature deaths caused by fossil fuel gases will
increase 40% by 2040. The increase in carbon dioxide (CO2) emissions is one of the main
causes of global warming and the greenhouse effect. Its concentration is linked to the
consumption of fossil fuels and has been growing historically until reaching its maximum
at present. Figure 1.4. Shows the real data of the increase of CO, emissions to the
atmosphere worldwide®. As can be seen, only Europe has managed to reduce its CO;
emissions, while Africa and Asia have augmented their emissions by 119 and 199% in
the last 20 years, respectively®*.

12 Borozan D., Decomposing the changes in European final energy consumption, Energy Strateg. Rev. 22
(2018) 26-36.

13 http:// www.iea.org/ publications/freepublications/publication/co2-emmisions-from-fuel-combustion-
highlights-2014.html. CO, emissions from fuel combustion, IEA, 2017.

4 lhobe 2019, Perfil ambiental de Euskadi 2018, Cambio climatico, Ed. Ihobe, Sociedad publica de
gestion ambiental, Bilbao, 2018.
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Figura 1.4.- Emisiones de CO; acumuladas entre 1971 y 2016.

En este contexto, se ve necesario un cambio de rumbo hacia modelos energéticos mas
sostenibles, en los cuales el papel de las energias renovables es fundamental. La
comunidad europea, tiene como objetivo reducir emisiones de efecto invernadero
respecto a 1990, para 2020 y 2030 en un 20% y un 40%, respectivamente, incrementando
la proporcion del consumo de energia de renovables como minimo en un 27% y subiendo
la eficiencia energética en un 27% para el 2030. Energias renovables como pueden ser la
energia eodlica y la fotovoltaica, tienen como inconveniente que son energias
estacionarias, que han de estar posicionadas en zonas determinadas y dependen de
factores climaticos para su efectividad.

Para tener un modelo energético mas sostenible, las energias utilizadas tienen que tener
como caracteristicas, el ser energéticamente eficientes, tener la capacidad de minimizar
las emisiones de gases contaminantes y tener el menor coste posible. Entre las energias
limpias, la tecnologia del hidrégeno tiene muchas probabilidades de convertirse en una
de las principales alternativas a las energias fosiles utilizadas hoy en dia. Dentro de esta
tecnologia adquieren relevancia las pilas de combustible, las cuales alcanzan notabilidad
puesto que son capaces de transformar la energia quimica del hidrégeno en potencia
eléctrica y calor.
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Figure 1.4.- CO; emissions accumulated between 1971 and 2016.

In this context, it is necessary a change of direction towards a more sustainable energy
models, in which the role of renewable energies is fundamental. The European
community, aims to reduce greenhouse gas emissions regarding 1990 by a 20% and a
40% for the 2020 and 2030, respectively, increasing the share of renewable energy
consumption by at least 27% and increasing energy efficiency by 27% for the 2030.
Renewable energies, such as wind and photovoltaic energy, have the disadvantage that
they are stationary energies, which must be positioned in certain areas and depend on
climatic factors for their effectiveness.

In order to have a more sustainable energy model, the energies used must have the
characteristics of being efficient, have the capacity to minimize emissions of polluting
gases and have the lowest possible cost. Among clean energies, hydrogen technology is
very likely to become one of the main alternatives to fossil fuels used today. Within this
technology, fuel cells become relevant, which acquire relevance since they are capable of
transforming the chemical energy of hydrogen into electrical power and heat.
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1.2. Tecnologia del hidrogeno

El hidrogeno se utilizé comercialmente por primera vez a gran escala a finales del siglo
XIX, con el desarrollo de los Zeppelin y los globos de barrera que protegian el Reino
Unido durante la Primera y Segunda Guerra Mundial'®. También se encontraron los
primeros problemas causados por el hidrogeno en diferentes materiales, como pueden ser
la fragilizacion del acero, la necesidad de sellos y arandelas especiales o la alta tasa de
fuga de los recipientes de almacenamiento.

A principios del siglo XX el empleo del hidrogeno fue impulsado por la industria de
los fertilizantes, cuando muchos generadores de energia hidroeléctrica estaban equipados
con electrolizadores que producian hidrogeno'®. También desde principios del siglo XX
hasta la década de 1960, el gas de carbdn alimentd las redes de suministro de gas urbano
en Alemania Oriental y Suecia, utilizandose todavia en ciudades como Estocolmo?’. Este
gas de carbon consiste en hasta un 50% en volumen de hidrégeno, razon por la cual
muchas redes de gas natural actuales admiten la adicién o la conversion completa al
hidrégeno por sus tuberias de acero, las cuales son adecuadas para el transporte de
hidrogeno y metano®®.

Actualmente la tecnologia del hidrégeno se presenta como una fuente de energia
versatil, pudiéndose producir de una gran variedad de fuentes primarias de energia
renovables y no renovables'®?°, consiguiendo de esta manera solventar los problemas
geopoliticos que existen con las fuentes de energia fosil?*. El hidrogeno es también uno
de los candidatos méas importantes para utilizarse como alimentacién de energia en
combinacion con las pilas de combustible, para sus aplicaciones moviles y estacionarias.
Igualmente, entre los varios tipos de almacenamiento de energia existentes, como pueden
ser las baterias, la energia hidraulica bombeada, el aire comprimido, los volantes o los
capacitadores, el hidrogeno se puede emplear como sistema de almacenamiento de
energias renovables, produciendo hidrégeno de fuentes como la solar o la edlica y
utilizandose, posteriormente, como combustible??.

15 Petrangeli G., Barrage balloons against aircraft threat: A well proven concept revisited, Nucl. Eng. Des.
240 (2010) 886-890.

16 Fickett A.P., Kaihammer F.R., Water electrolysis, in: Cox K.E., Williamson K.D. (Eds.), Hydrogen -
its technology and implications, Hydrogen production technology, 1 (1977) 3-41.

17" peebles M.W.H., Evolution of the Gas Industry, Macmillan, London/Basingstoke, (1980).

18 Steinberger-Wilckens R., Sampson B., Market, Commercialization and deployment-toward appreciating
total owner cost of hydrogen energy technologies, 8 (2019) 383-403.

19 Khetkorn W., Rastogi R.P., Incharoensakdi A., Lindblad P., Madamwar D., Pandey A., Larroche C.,
Microalgal hydrogen production — A review, Bioresour. Technol. 243 (2017) 1194-1206.

20 Serban M., Lewis M., Marshall C., Doctor R., Hydrogen production by direct contact pyrolysis of
natural gas, Energy Fuels. 17 (2003) 705-713.

2L Alstone P., Gershenson D., Kammen D.M., Decentralized energy systems for clean electricity access,
Nat. Clim. Chang. 5 (2015) 305-314.

22 Cabezas M.D., Franco J.l., Fasoli H.J., Optimization of self-regulated hydrogen production from
photovoltaic energy, Int. J. Hydrog. Energy. (2018). https://doi.org/10.1016/j.ijhydene.2018.10.203.


https://doi.org/10.1016/j.ijhydene.2018.10.203

12|Introduction

1.2. Hydrogen technology

Hydrogen was commercially used for the first time on a large scale at the end of the
19" century, with the development of the Zeppelin and the barrier balloons that protected
the United Kingdom during the First and Second World War®®. The first problems caused
by hydrogen in different materials were also found, such as the embrittlement of steel, the
need for special seals and washers or the high leak rate of storage containers.

At the beginning of the 20" century, the use of hydrogen was driven by the fertilizer
industry, when many hydroelectric power developments were equipped with hydrogen-
producing electrolysers®. Also from the beginning of the 20" century until the 1960s,
coal gas fed the urban gas supply networks in East Germany and Sweden, still being used
today in cities such as Stockholm?®’. This coal gas consists of up to 50% by volume of
hydrogen, which is why many today’s natural gas networks admit the addition or a
complete conversion to hydrogen because their steel pipes, which are suitable for the
transport of hydrogen and methane?®,

Currently, hydrogen technology is a versatile source of energy, since it can be
produced from a large variety of primary sources of renewable and non-renewable
energy'®?°, managing to solve the geopolitical problems that exist with fossil energy
sources?t. Hydrogen is also one of the most important candidates for it use as power
supply in combination with fuel cells, for its mobile and stationary applications. Also,
among the various types of existing energy storage, such as batteries, pumped hydraulic
power, compressed air, flywheels or capacitors, hydrogen can be used as a renewable
energy storage system, producing hydrogen from sources such as solar and wind power,
to later be used as fuel®?.

=

5 Petrangeli G., Barrage balloons against aircraft threat: A well proven concept revisited, Nucl. Eng. Des.
240 (2010) 886-890.

16 Fickett A.P., Kaihammer F.R., Water electrolysis, in: Cox K.E., Williamson K.D. (Eds.), Hydrogen -
its technology and implications, Hydrogen production technology, 1 (1977) 3-41.

17 Peebles M.W.H., Evolution of the Gas Industry, Macmillan, London/Basingstoke, (1980).

18 Steinberger-Wilckens R., Sampson B., Market, Commercialization and deployment-toward appreciating
total owner cost of hydrogen energy technologies, 8 (2019) 383-403.

19 Khetkorn W., Rastogi R.P., Incharoensakdi A., Lindblad P., Madamwar D., Pandey A., Larroche C.,
Microalgal hydrogen production — A review, Bioresour. Technol. 243 (2017) 1194-1206.

20 Serban M., Lewis M., Marshall C., Doctor R., Hydrogen production by direct contact pyrolysis of
natural gas, Energy Fuels. 17 (2003) 705-713.

2L Alstone P., Gershenson D., Kammen D.M., Decentralized energy systems for clean electricity access,
Nat. Clim. Chang. 5 (2015) 305-314.

22 Cabezas M.D., Franco J.l., Fasoli H.J., Optimization of self-regulated hydrogen production from

photovoltaic energy, Int. J. Hydrog. Energy. (2018). https://doi.org/10.1016/j.ijhydene.2018.10.203
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Aunque se han realizado grandes avances tecnoldgicos, la implantacion de la economia
del hidrogeno no es inmediata, puesto que tiene que dar aun respuesta a importantes retos
tecnoldgicos econdomicos y sociales. Entre estos retos esta la produccion de hidrégeno.
Los métodos actuales, basados en los combustibles fosiles resultan costosos y los
procesos basados en las energias renovables o la nuclear no se encuentran lo
suficientemente desarrollados todavia®, tal y como se puede apreciar en la Figura 1.5.
Por otro lado, dar respuesta a una demanda global de hidrégeno conllevaria la necesidad
de un sistema de distribucion equivalente hoy en dia al transporte de la gasolina®®. El
almacenamiento es otro de los retos a franquear, ya que, debido a su baja densidad
energeética, se requiere de grandes volumenes de hidrogeno para alimentar procesos de
alta demanda energética. Hoy en dia, el uso de adsorbentes porosos®®, hidruros
metalicos?® o tanques de alta presion?’ son algunos de los métodos que se investigan para
almacenar este compuesto en espacios reducidos. El hidrégeno es un compuesto
altamente inflamable y potencialmente explosivo en contacto con el oxigeno de la
atmosfera, siendo la seguridad otro reto a superar. Para ello, se deben adoptar normativas
de seguridad especificas que no son tan diferentes a las que hoy en dia se aplican a la
gasolina, el butano o el gas natural. Por Gltimo, el precio actual de las pilas de combustible
y su fiabilidad a lo largo del tiempo es otra barrera para su aplicacion masiva. El elevado
precio de fabricacion o los problemas de envenenamiento son algunos de los problemas
mas frecuentes que se suelen encontrar para su implementacion.
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Figura 1.5.- Esquema de las diferentes alternativas para la produccién de hidrégeno.

2 Zeng K., Zhang D., Recent progress in alkaline water electrolysis for hydrogen production and
applications, Prog. Energy Combust. Sci. 36 (2010) 307-326.

2 Wulf C., Zapp P., Assessment of system variations for hydrogen transport by liquid organic hydrogen
carriers, Int. J. Hydrog. Energy. 43 (2018) 11884-11895.

%5 Zhong M.M., Yuan H.K., Huang C., Wang G., Electronic properties of porous graphene and its hydrogen
storage potentials, J. Alloy. Compd. 766 (2018) 104-111.

% Bhouri M., Linder M., Blrger 1., Metal hydride reactor for dual use: Hydrogen storage and cold
production, Int. J. Hydrog. Energy. 43 (2018) 23357-23371.

27 Wang C., Huang S., Xu S., Optimization of girth welded joint in a high-pressure hydrogen storage tank
based on residual stress considerations, Int. J. Hydrog. Energy. 43 (2018) 16154-16168.
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Although great technological advances have been made, the implementation of the
hydrogen economy is not immediate, since it has yet to respond to important economic
and social technological challenges. Among these defies, are those of hydrogen
production, taking into account that current methods are costly and based on fossil fuels
and the processes based on renewable or nuclear energies are not sufficiently developed??,
as can be seen in the Figure 1.5. On the other hand, responding to a global demand for
hydrogen would entail the need for a distribution system equivalent to today’s gasoline
transportation®*. Storage is another challenge to overcome because, due to its low energy
density, large volumes of hydrogen are required to feed high energy demand processes.
Nowadays, the use of porous adsorbents?, metal hydrides?® or high pressure tanks?’ are
some of the methods that are researched to store this compound in small spaces. Hydrogen
is a highly flammable and a potentially explosive compound in contact with oxygen in
the atmosphere, so another challenge to overcome is safety. To this end, specific safety
regulations must be adopted that are not so different from those currently applied to
gasoline, butane or natural gas. Finally, the current price of fuel cells and their reliability
over time is another barrier to their massive application. The high manufacturing price or
the poisoning problems are some of the most frequent problems that are usually found for
their implementation.
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temperature with gas conversion
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- Photoelectrolysis

Photobiological _ Thermochemical
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Figure 1.5.- Scheme of different alternatives for hydrogen production.

2 Zeng K., Zhang D., Recent progress in alkaline water electrolysis for hydrogen production and
applications, Prog. Energy Combust. Sci. 36 (2010) 307-326.

24 Wulf C., Zapp P., Assessment of system variations for hydrogen transport by liquid organic hydrogen
carriers, Int. J. Hydrog. Energy. 43 (2018) 11884-11895.

%5 Zhong M.M., Yuan H.K., Huang C., Wang G., Electronic properties of porous graphene and its hydrogen
storage potentials, J. Alloy. Compd. 766 (2018) 104-111.

% Bhouri M., Linder M., Blrger 1., Metal hydride reactor for dual use: Hydrogen storage and cold
production, Int. J. Hydrog. Energy. 43 (2018) 23357-23371.

27 Wang C., Huang S., Xu S., Optimization of girth welded joint in a high-pressure hydrogen storage tank
based on residual stress considerations, Int. J. Hydrog. Energy. 43 (2018) 16154-16168.
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1.3. Las Pilas de Combustible
1.3.1. Evolucion histérica

El descubrimiento de las pilas de combustible se remonta a 1939, aunque hay bastante
controversia sobre quién fue el descubridor del fundamento. Segun el departamento de
energia de los Estados Unidos, el aleman Cristian Schonbein (1799-1868) realiz6 los
primeros estudios en relacion con pilas de combustible, estableciendo los primeros
fundamentos de la reaccion de electrolisis inversa. En ese mismo afio, Sir William Grove
(1811-1896) construyd un prototipo de pila de combustible llamado bateria de gas?®. De
cualquier modo, son una de las tecnologias de conversion de energia eléctrica mas
antiguas que existen. Ludwig Mond (1839-1909), con la asistencia de Charles Langer,
fue el primero en mejorar la celda de Grove, con el fin de producir energia a partir de
combustibles convertidos®. Aumentaron, significativamente, la densidad energética
ademas de demostrar que no solo se podia utilizar hidrégeno puro para poner en
funcionamiento la pila. Desafortunadamente, estas impurezas envenenaban el catalizador
de platino haciendo que el coste de esta tecnologia fuese demasiado alto. En 1896,
William W. Jacques (1855-1932) desarroll6 la primera pila de combustible con uso
practico y, cuatro afios después, Walter Nerst (1864-1941) fue el primero en utilizar YSZ
como electrolito, ademas de deducir la ley de termodinadmica que rige el principio de
funcionamiento de las celdas de combustible.

A principios del siglo XX, la conversién de energia quimica en energia eléctrica gané
importancia debido al crecimiento del uso de la electricidad. En 1921, Emil Baur (1873-
1944) construyd la primera pila de combustible de carbonato fundido (MCFC). Afios méas
tarde, en 1937 tambien desarrollé la primera pila de combustible de ¢éxido sélido
(SOFC)*. En 1959 el ingeniero ingles Francis Thomas Bacon (1904-1992), demostré una
pila de combustible totalmente operativa. Su trabajo fue suficiente para que fuese
adoptado por la NASA, que utilizo pilas de combustible poliméricas (PEMFC) y alcalinas
(AFC) en los afios 60 como parte de los programas espaciales Apolo y Gemini®!. Estas,
se emplearon para producir electricidad y calor en las naves espaciales, a la vez que para
crear el agua para beber y para la refrigeracion de los equipos. En 1973, como
consecuencia de la crisis petrolifera, volvid a crecer el interés del uso de estos dispositivos
como fuente alternativa al petréleo. Aun asi, hubo que esperar hasta la década de 1990
para que las empresas automovilisticas empezaran a desarrollar los primeros prototipos
de vehiculos comerciales alimentados por pilas de combustible. Hoy en dia, las pilas de
combustible tienen una amplia gama de aplicaciones, que se dividen en tres grupos
principales: (i) transporte, (ii) estacionarias y (iii) portatiles. En la Tabla 1.1. se muestra
un cronograma de la historia de las pilas de combustible.

28 Mohammed H., Al-Othman A., Nancarrow P., Tawabeh M., El Haj Assad M., Direct hydrocarbon fuel
cells: A promising technology for improving energy efficiency, Energy. 172 (2019) 207-219.

2 Guaitolini S.V.M., Fardin F.F., Fuel cells: Hystory (short remind), principles of operation, main features
and applications, Advances in Renewable energies and power technologies, Biomass, fuel cells,
geothermal energies, and smart grids. 2 (2018) 123-150.

80 Anddjar J.M., Segura F., Fuel cells: History and updating. A walk along two centuries, Renew. Sust.
Energ. Rev. 13 (2009) 2309-2322.

81 Sharaf O.Z., Orhan M.F., An overview of fuel cell technology: Fundamentals and applications, Renew.
Sust. Energ. Rev. 32 (2014) 810-853.
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1.3. Fuel Cells
1.3.1. Historical evolution

The discovery of fuel cells dates back to 1939, although there is considerable
controversy about who was the discoverer of the principle. According to the Department
of Energy of the United States, the German Cristian Schdnbein (1799-1868) made the
first studies in relation to fuel cells, establishing the first foundations of the reverse
electrolysis reaction. In the same year, Sir William Grove (1811-1896) built a prototype
fuel cell called gas battery?. Either way, this devices are one of the oldest energy
conversion technologies that exist. Ludwig Mond (1839-1909), with the assistance of
Charles Langer, was the first to improve the Grove cell, in order to produce energy from
converted fuels®®. They significantly increased energy density, demonstrating that not
only pure hydrogen could be used to power a battery. Unfortunately, these impurities
poisoned the platinum catalyst making the cost of this technology too high. In 1896,
William W. Jacques (1855-1932) develop the first fuel cell with practical use and four
years later Walter Nerst (1864-1941) was the first to use YSZ as an electrolyte, in addition
to deducting the law of thermodynamics that governs the operating principle of the fuel
cells.

At the beginning of the 20™ century, the conversion of chemical energy into electrical
energy gained importance due to the growth of the use of electricity. In 1921, Emil Baur
(1873-1944) built the first molten carbonate fuel cell (MCFC). Years later, in 1937 he
also developed the first solid oxide fuel cell (SOFC)3L. In 1959 the English engineer
Francis Thomas Bacon (1904-1992), demonstrated a fully operational fuel cell. His work
was enough to be adopted by NASA, which have use proton exchange membrane fuel
cells (PEMFC) and alkaline fuel cells (AFC) in the 1960s as part of the Apollo and
Gemini space programs®, using them to produce electricity in spatial ships, to produce
drinking water, cooling equipment’s and to generate heat. In 1973, because of the oil
crisis, interest in the use of these devices as an alternative source to oil grew again. Even
so, it was not until the 1990s that the car companies began to develop the first prototypes
of commercial vehicles powered by fuel cells. Today, fuel cells have a wide range of
applications, which are divided into three main groups: (i) transport, (ii) stationary and
(iii) portable. Table 1.1. shows a chronogram of the history of fuel cells.

28 Mohammed H., Al-Othman A., Nancarrow P., Tawabeh M., El Haj Assad M., Direct hydrocarbon fuel
cells: A promising technology for improving energy efficiency, Energy. 172 (2019) 207-219.

29 Guaitolini S.V.M., Fardin F.F., Fuel cells: Hystory (short remind), principles of operation, main features
and applications, Advances in Renewable energies and power technologies, Biomass, fuel cells,
geothermal energies, and smart grids. 2 (2018) 123-150.

30 Andijar J.M., Segura F., Fuel cells: History and updating. A walk along two centuries, Renew. Sust.
Energ. Rev. 13 (2009) 2309-2322.

81 Sharaf O.Z., Orhan M.F., An overview of fuel cell technology: Fundamentals and applications, Renew.
Sust. Energ. Rev. 32 (2014) 810-853.
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Tabla 1.1.- Principales sucesos histdricos de las pilas de combustible32,

ARo(s) Suceso Historico
1800 Sir A. Carliste y W. Nicholson describen la electrolisis del agua.
1839 Sir W. Grove inventa la primera pila de combustible (bateria de
gas) y C. F. Schonbein descubre los primeros fundamentos.
L. Mond y C. Langer desarrollan una matriz para contener el
1889 e . ! .
electrolito liquido e introducen catalizadores de platino negro en polvo.
F. W. Ostwald describe el rendimiento tedrico de una pila de
1893 combustible y determina, experimentalmente, la interconexion de varios
componentes de la pila.
1896 W. W. Jacques construye la primera pila de combustible con
aplicaciones practicas.
1900 W. Nerst desarrolla electrolitos sélidos basados en zirconia.
E. Baur construye la primera pila de combustible de carbonato
1921 !
fundido.
1930 E. Baur experimenta con electrolitos de 6xido solido a alta
temperatura.
1933-1959 F. T. Bacon desarrolla la tecnologia AFC.
1937-1939 E. Baur y H. Preis desarrollan la tecnologia SOFC.
1955-1958 T. Grubb y L. Niedrach desarrolla_n la tecnologia PEMFC en
General Electric.
1958-1961 G.H.J. Broers y J.A.A. Ketelaar desarrollan la tecnologia MCFC.
La NASA utiliza la tecnologia AFC de Bacon, en el programa
1960
Apolo.
1961 G.V. Elmore y H.A. Tanner desarrollan la tecnologia PAFC.
1962-1966 Las PEMFC desarrolladas en G_eneral E_Igctrlc se utilizan en el
programa espacial Gemini.
1992 Jet Propulsion Laboratory desarrolla la tecnologia DMFC.
1990s Investigacion a nivel mundial de las pilas de combustible enfocado
en las PEMFCs.
2000s Comercializacion de las pilas de combustible.

32 perry M., Fuller T., A historical perspective of fuel cell technology in the 20th century, J. Electrochem.
Soc. 149 (2002) S59-S67.
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Table 1.1.- Main historical events of fuel cells®.

Year(s) Historical events
1800 Sir A. Carliste and W. Nicholson describe the electrolysis of water.
1839 Sir W. Groye inyent_s the first fue_l cell (gas b_attery) and C. F.
Schonbein discovers the first foundations.
1889 L. Mond and C. Langer develop a matrix to _contain the liquid
electrolyte and introduce powdered black platinum catalysts.
F. W. Ostwald describes the theoretical performance of a fuel cell
1893 and experimentally determines the interconnection of several
components of the battery.
1896 W. W. Jacques builds the first fuel cell with practical applications.
1900 W. Nerst develops solid zirconia based electrolytes.
1921 E. Baur builds the first melting carbonate fuel cell.
1930 E. Baur experiment with solid oxide fuel cell at high temperatures.
1933-1959 F. T. Bacon develops the AFC technology.
1937-1939 E. Baur y H. Preis expand the SOFC technology.
1955-1958 T. Grubb y L. Niedrach dE\IIS(I:?rFi)cl_DEMFC technology in General
1958-1961 G.H.J. Broers y J.A.A. Ketelaar expand MCFC technology.
1960 NASA use the Bacon’s AFC technology in Apolo program.
1961 G.V. Elmore y H.A. Tanner develop PAFC technology.
1962-1966 The PEMFC deveIopedsgggegforglrfnl](?ctnc are used in the Gemini
1992 Jet Propulsion Laboratory develops DMFC technology.
1990s Global research on fuel cells focused on PEMFCs.
2000s Marketing on Fuel cells.

32 perry M., Fuller T., A historical perspective of fuel cell technology in the 20th century, J. Electrochem.
Soc. 149 (2002) S59-S67.
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1.3.2. Principios de operacion de las pilas de combustible

En este contexto, la memoria presentada se centra en las pilas de combustible (FCs),
las cuales son sistemas que, mediante un sistema electroquimico, convierten la energia
quimica en electricidad y calor, mientras haya un suministro de combustible y agentes
oxidantes, sin que medie ningun proceso de combustion. Los principios de operacion y
sus principales caracteristicas se resumen en la Tabla 1.2.

Tablal.2.- Principios de operacién de las pilas de combustible y sus caracteristicas.

Principios de operacion Caracteristicas
Conversion de energia Alta eficiencia y alta densidad de
electroquimica en electricidad. energia.
Operan de manera continua
siempre que haya un suministro de Largos tiempos de operacion.

combustible y un agente oxidante.

Disposicion de celdas formando

. Caracter modular.
“stacks”.

Se reduce la emision de gases de

Funcionan mejor con hidrégeno. .
J g efecto invernadero.

Reformado interno de

} Flexibilidad de combustible.
hidrocarburo.

La estructura basica de una pila de combustible consiste en un electrodo positivo (un
catodo) y un electrodo negativo (un anodo) conectados electrénicamente por un circuito
externo, y separados mediante un material aislante electronicamente que permite el flujo
de iones a través de si. Tal y como se muestra en la Figura 1.6. en el &nodo el combustible
(el hidrégeno) se oxida generando protones (H*) y electrones (e). Los protones migran a
través del electrolito hacia el catodo, mientras que los electrones hacen o mismo a través
del circuito externo, el cual es conductor electronico. En el catodo, electrones y protones
reaccionan con el gas oxidante produciendo agua y una cantidad importante de energia
térmica.

\
\ -

-
Hidrégeno Oxigeno

Electrolito

Figura 1.6.- Principio de funcionamiento de una celda de combustible.
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1.3.2.- Operation principles of fuel cells

In this context, the presented report focuses on fuel cells (FCs), which are systems that,
through an electrochemical system, convert chemical energy into electricity and heat as
long as there is a supply of fuel and oxidizing agents, without a combustion process. The
operating principles and their main characteristics are summarized in Table 1.2.

Table 1.2.- Operation principles of fuel cells and their characteristics.

Operation principles Features

Conversion of electrochemical

energy into electricity. High efficiency and energy density.

Fuel cells operate continuously as
long as there is a supply of fuel and an Long operational cycles.
oxidizing agent.

Arrangement of cells forming

“stacks”. Modularity.
They work better with hydrogen. Reduced greenhouse-gases.
Internal reforming of hydrocarbons. Fuel flexibility.

The basic structure of a fuel cell consists of a positive electrode (a cathode) and a
negative electrode (an anode) connected electronically by an external circuit, and
separated by an electronically insulating material that allows the flow of ions through
itself. As shown in Figure 1.6. at the anode the fuel (hydrogen) is oxidized generating
protons (H*) and electrons (e”). The protons migrate through the electrolyte to the cathode,
while the electrons do the same through the external circuit, which is an electronic
conductor. At the cathode, electrons and protons react with the oxidizing gas to produce
water and a significant amount of thermal energy.

External circuit

= 4;;:11:";!:”“*"":"*:_'[

—3—
Electrons

©0 00 00 //7”' 00 00 00

SO

-

Oxygen

Electrolyte

Figure 1.6.- Operating principle of a fuel cell.
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La reaccion electroquimica global de una celda de combustible, utilizando hidrégeno
como combustible y oxigeno como oxidante, produce agua, calor (Qneat) Y trabajo
eléctrico (Wele), tal y como se describe en la ecuacion 1.1:

2H2 + O2 — 2H20 + Wele + Qheat (1-1)

El trabajo eléctrico de la celda, también esta definido como la energia de Gibbs. En
una reaccion redox, la energia liberada resulta en una diferencia de potencial. El trabajo
es el producto de la carga y la diferencia de potencial, como se representa en la ecuacion
1.2:

W= -AG = gAE = nFAE (1.2)

g es la carga en coulombs, F es la constante de Faraday (96485 J/mol), n es el nimero de
electrones transferidos cuando el combustible se oxida, y AE es la diferencia de potencial
entre los terminales (el voltaje de la celda).

El potencial eléctrico ideal generado por una celda de combustible, viene dado por la
ecuacion de Nerst (ecuacion 1.3):

= — Ry FH20
E=E, s ln(PHZ-Péf) (1.3)

donde Eo es el potencial redox estandar, R es la constante de gases (8.31 J/kmol), F es la
constante de Faraday, n es el nimero de electrones involucrados, T la temperatura en K,
y P es la presion parcial de cada uno de los gases que participan en la reaccion (atm).

Esta expresion permite determinar, en el caso ideal, el maximo voltaje (E-Eo, también
conocido como voltaje de circuito abierto, OCV) que puede esperarse cuando una pila de
combustible esta en funcionamiento. Este potencial, establece el limite o rendimiento
maximo que se puede alcanzar con una celda de combustible, aunque en general, nunca
se llega a obtener el méximo ideal debido a las diferentes variables que intervienen en el
sistema. Se puede determinar la importancia de cada una de estas variables en una celda
a partir de las curvas V-I, en las que se evalla la caida de voltaje para diferentes
densidades de corriente. Las caidas de tension se clasifican en tres grupos:

- En primer lugar, las pérdidas provocadas por la polarizacion de activacion se
producen a causa de reacciones electroquimicas que son muy lentas, requiriendo de una
energia de activacién para que se produzcan. Incluyen la actividad catalitica y la
resistencia a las reacciones electroquimicas.

- Por otro lado, estan las pérdidas de polarizacion ohmicas, causadas por las
resistencias eléctricas asociadas a los electrodos, el electrolito, los interconectores y las
resistencias de contacto en las intercapas.

- Finalmente, se encuentran las pérdidas relacionadas con los procesos de transporte,
producidas por las limitaciones en los procesos de adsorcién y desorcién de los reactivos
y productos. Estan relacionadas con la densidad de corriente, la actividad de los reactivos
y la microestructura de los electrodos e incluyen los procesos de difusion o transporte de
gas.
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The overall electrochemical reaction of a fuel cell, using hydrogen as a fuel and
oxygen as an oxidant, produces water, heat (Qneat) and electrical work (Weie), as described
in equation 1.1:

2H2 + O2 — 2H20 + Wele + Qheat (1.1)

The electrical work of the cell is also defined as the Gibbs energy. In a redox reaction,
the released energy results in a potential difference. The work is the product of the charge
and the potential difference, as represented in equation 1.2:

W= -AG = gAE = nFAE (1.2)

g is the charge in coulomb, F is the Faraday constant (96485 J/mol), n is the number of
electrons transferred when the fuel is oxidized, and AE is the potential difference between
the terminals (the cell voltage).

The ideal electric potential generated by a fuel cell is given by the Nerst equation
(equation 1.3):

_ g BT gy FHz0
E=Ey—— ln(PHz-Péf) (1.3)

where Eo is the standard redox potential, R is the gas constant (8.31 J/kmol), F is the
Faraday constant, n is the number of electrons involved, T the temperature in K, and P is
the partial pressure of each one of the gases that participate in the reaction (atm).

This expression allows determining, in an ideal case, the maximum voltage (E-Eo, also
known as open circuit voltage, OCV) that can be expected when a fuel cell is in operation.
This potential establishes the limit or maximum yield that can be achieved with a fuel
cell, although in general, the maximum ideal is never obtained due to different variables
that mediate in the system. The importance of each of these variables in a cell can be
determined from the V-1 curves, in which the voltage drop for different current densities
is evaluated. The voltage drops are classified into three groups:

- First of all, the losses caused by the activation polarization occur due to
electrochemical reactions that are very slow, requiring an activation energy to happen.
They include catalytic activity and resistance to electrochemical reactions.

- On the other hand, there are ohmic polarization losses, caused by electrical
resistances associated with the electrodes, the electrolyte, the interconnectors and the
contact resistances in the interlayers.

- Finally, there are the losses related to the transport processes, produced by the
limitations in the adsorption and desorption processes of the reagents and products. They
are related to the current density, the activity of the reagents and the microstructure of the
electrodes and include gas diffusion or transport processes.
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En la Figura 1.7. se muestra la relacion voltaje-intensidad para una celda de
combustible en funcionamiento a una temperatura determinada, detallandose las zonas en
las que predominan los distintos tipos de pérdidas.

T 1 5 Potencial de celda termodindmicamente reversible (E)
\>/ Maxima eficiencia intrinseca
© Relacion ideal celda-potencial-corriente
o Caida lineal en el potencial de
8 1.0 celda principalmente debido a
: ‘/ pérdidas 6hmicas de los
g electrodos
— Pérdidas de potencial de celda debido
@© al sobrepotencial de activacion
(&) (falta de electrocatalisis)
S 0.5F
- Las pérdidas de transporte de masa
D? causan una disminucion del potencial —»
de celda a cero
0 1

0.5 .0
Corriente de celda (A)

Figura 1.7.- Representacion del voltaje de una celda de combustible con la variacién de la
densidad de corriente (Curva V-I).

1.3.3. Tipos de pilas de combustible

Existe una gran variedad de pilas de combustible, las cuales se suelen clasificar en base
al tipo de electrolito que utilizan, se resumen en la Tabla 1.3. Los principales tipos son (i)
pilas de combustible alcalinas (AFC), (ii) Pilas de combustible de membrana polimérica
(PEMFC), (iii) pilas de combustible de metanol directo (DMFC), (iv) pilas de
combustible de carbonato fundido (MCFC), (v) pilas de combustible de &cido fosférico
(PAFC) y (vi) pilas de combustible de 6xido solido (SOFC).

Las pilas de combustible alcalinas (AFC), son pilas que operan entre 100 y 260 °C,
aunque los ultimos modelos ya trabajan por debajo de los 70 °C. Las AFC, funcionan por
difusion continua de iones hidroxilos negativos que migran del catodo al &nodo generando
agua. El potasio y el sodio hidroxido son los electrolitos més utilizados, los cuales segun
el disefio permanecen estaticos o circulan a través del sistema. EI &nodo, cominmente
niquel poroso, se alimenta con hidrégeno, mientras que el catodo, generalmente platino o
una matriz de carbono, se alimenta con una atmosfera oxidante. Las AFC han demostrado
tener eficiencias superiores al 60%, después de ciclos de 8000 horas, pero aln asi su alto
coste dificulta su comercializacion®,

33 Mulder G., Fuel cells — Alkaline fuel cells | Overview, Reference module in chemistry, molecular
sciences and chemical engineering, Encyclopedia of electrochemical power sources, Ed. Garche J.,
Dyer C.K., Moseley P.T., Ogumi Z. Rand, D.A.J., Scrosati B. (2009) 321-328.
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In Figure 1.7. the voltage-intensity relationship for an operational fuel cell at a certain
temperature is shown, detailing the areas in which the different types of losses
predominate.

1.5

Thermodynamic reversible cell potential (E)
Intrinsic maximum efficiency
The ideal cell-potential-current relation

Linear drop in cell potential
mainly due to electrodesohmic

/ losses

Cell-potential losses due to
activation overpotential (lack of
| clectrocatalysis)

[a—y
O

e
W

Cell potential (V)

Mass-transport losses cause decrease of cell —g»
potential to zero

0 0.5 7.0
Cell current (A)

Figure 1.7.- Representation of a fuel cell voltage with the variation of the current density
(V-1 Curve).

1.3.3. Fuel cell types

There is a wide variety of fuel cells, which are usually classified based on the type of
electrolyte they use, summarized in Table 1.3. The main types are (i) alkaline fuel cells
(AFM), (ii) polymer membrane fuel cells (PEMFC), (iii) direct methanol fuel cells
(DMFC), (iv) molten carbonate fuel cells (MCFC), (v) phosphoric acid fuel cells (PAFC)
and (vi) solid oxide fuel cells (SOFC).

The alkaline fuel cells (AFC), are fuel cells that operate between 100 and 260 °C,
although the last models are already working below 70 °C. The AFC, works by continuous
diffusion of negative hydroxyl ions that migrate from the cathode to the anode generating
water. Potassium and sodium hydroxide are the most used electrolytes, which according
to the design remain static or circulate through the system. The anode, commonly porous
nickel, is fed with hydrogen, while the cathode, usually platinum or a carbon matrix, is
fed with an oxidizing atmosphere. The AFC have shown efficiencies higher than 60%,
after cycles of 8000 hours, but its high cost makes it difficult to comercialize®.

3 Mulder G., Fuel cells — Alkaline fuel cells | Overview, Reference module in chemistry, molecular
sciences and chemical engineering, Encyclopedia of electrochemical power sources, Ed. Garche J.,
Dyer C.K., Moseley P.T., Ogumi Z. Rand, D.A.J., Scrosati B. (2009) 321-328.
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Las pilas de combustible de membrana polimérica (PEMFC), utilizan un
electrolito de membrana polimérica basada en sulfonatos perfluorados, como el Nafion™,
capaz de absorber el agua y favorecer la conduccion de protones. Al ser un polimero, las
temperaturas de funcionamiento estan limitadas por debajo de los 100 °C, siendo criticas
para obtener una alta eficiencia®. Los dos electrodos, suelen estar formados por Pt
soportado sobre carbén poroso/PTFE, para aumentar el area superficial y limitar el
nimero de catalizadores requeridos, cominmente Ru*®. En estas pilas, el hidrdgeno se
oxida en el anodo de Pt/Ru y el proton es conducido a través del polimero inmerso en
agua que actua como electrolito. Posteriormente, en el catodo, los protones de hidrégeno
se combinan con el oxigeno formando agua. Las PEMFC son capaces de trabajar a altas
densidades de corriente, con una rapida respuesta a demandas de potencia variable. En
cuanto a sus aplicaciones, las PEMFC son de las mas comercializadas hoy en dia, sobre
todo en aplicaciones portatiles y de transporte, como puede ser la industria
automovilistica.

Las pilas de conversion directa de metanol (DMFC), son similares a las PEMFC,
con la diferencia de que la membrana polimérica del electrolito tiene que aguantar los
120 °C para poder utilizar el metanol como combustible. Los retos a superar en este tipo
de pilas son el problema denominado “crossover” (paso del reactante anodico al
compartimento catodico a traves de la membrana) y encontrar un catalizador anddico méas
activo para la oxidacion directa del metanol®®*’. Siendo viable el transporte de metanol y
al trabajar entre 30 y 120°C, las DMFC representan una opcion viable para aplicaciones
moviles y portatiles mas pequefias, como podrian ser ordenadores 0 maviles.

Las pilas de combustible de acido fosforico (PAFC) fueron las primeras en
comercializarse y se puede decir que son las pilas tecnoldégicamente mas maduras. En este
caso el electrolito es el &cido fosforico contenido en los capilares de una matriz de SiC y
las temperaturas de funcionamiento oscilan entre los 150 y los 200 °C. A bajas
temperaturas, el acido fosforico es un mal conductor iénico, por lo que el platino que
actua como electrodo, se contamina de carbono monoxido, bajando el rendimiento.
Funcionar a temperaturas de 200 °C, ayuda a reducir al minimo los problemas a causa del
CO en los catalizadores. Entre sus desventajas estan su baja eficiencia en torno al 40% y
su alto coste economico por el uso de los electrodos de platino®®.

% Ren H., Chae J., Fuel cells technologies for wireless MEMS, Wireless MEMS networks
and applications, Woodhead Publishing series in electronic and optical materials, 2 (2017) 35-51.

% Baroutaji A., Carton J.G., Sajjia M., Olabi A.G., Materials in PEM Fuel Cells, Reference module in
chemistry, molecular sciences and chemical engineering, Ed. Elsevier, p 1-11, 2016.

% LeeH., Yul, KimJ., Kim K., Rhee Y., Effects of catalyst loading and oxidant on the performance of
direct formic acid fuel cells, Stud. Surf. Sci. catal. 159 (2006) 589-592.

87 Chou H., Hwang B., Sun C., Catalysis in fuel cells and hydrogen production, New and future
development in catalysis, Batteries, Hydrogen storage and fuel cells, 9 (2013) 217-270.

% Salameh Z., Energy storage, Renewable energy system design, 4 (2014) 201-298.
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The proton exchange membrane fuel cells (PEMFC), use a polymer membrane
electrolyte based on perfluorinated sulfonates, such as Nafion™, capable of absorbing
water and promoting the conduction of protons. Being a polymer, operating temperatures
are limited below 100° C, being critical to obtain high efficiency**. A Pt supported on
porous carbon/PTFE usually forms both electrodes, to increase the surface area and limit
the number of catalysts required, commonly Ru®. In these cells, hydrogen is oxidized at
the Pt/Ru anode and the proton is driven through the polymer immersed in water, which
acts as an electrolyte. Then, at the cathode, hydrogen protons combine with oxygen to
form water. The PEMFCs are capable of working at high current densities, with a rapid
response to variable power demands. In terms of their applications, PEMFCs are among
the most marketed today, especially in portable and transport applications, such as the
automotive industry.

Direct methanol conversion fuel cells (DMFC) are similar to PEMFC, with the
difference that the polymer membrane of the electrolyte has to withstand 120 °C to be
able to use methanol as fuel. The challenges to overcome of this type of fuel cells are the
problem called "crossover" (passage of the anodic reactant to the cathodic compartment
through the membrane) and finding an active anodic catalyst for the direct oxidation of
methanol®®3", Being the methanol transportation viable and their working temperature
between 30 and 120 °C, DMFCs represent a viable option for smaller mobile and portable
applications, such as computers or mobile phones.

The phosphoric acid fuel cells (PAFC) were the first to be commercialized and it can
be said that they are the technologically more mature fuel cells. In this case, the electrolyte
is phosphoric acid contained in the capillaries of a SiC matrix and the operating
temperatures range between 150 and 200 °C. At low temperatures, phosphoric acid is a
bad ion conductor, so the platinum which acts as an electrode, is contaminated with
carbon monoxide, lowering the yield. Operate at temperatures of 200 °C, helps to
minimize the problems caused by the CO in the catalysts. Among its disadvantages are
its low efficiency around 40% and its high economic cost due to the use of platinum
electrodes®.

3% Ren H., Chae J., Fuel cells technologies for wireless MEMS, Wireless MEMS networks
and applications, Woodhead Publishing series in electronic and optical materials, 2 (2017) 35-51.

% Baroutaji A., Carton J.G., Sajjia M., Olabi A.G., Materials in PEM Fuel Cells, Reference module
in chemistry, molecular sciences and chemical engineering, Ed. Elsevier, p 1-11, 2016.

% Lee H., Yul., KimJ., Kim K., Rhee Y., Effects of catalyst loading and oxidant on the performance of
direct formic acid fuel cells, Stud. Surf. Sci. catal. 159 (2006) 589-592.

37 Chou H., Hwang B., Sun C., Catalysis in fuel cells and hydrogen production, New and future
development in catalysis, Batteries, Hydrogen storage and fuel cells, 9 (2013) 217-270.

3 Salameh Z., Energy storage, Renewable energy system design, 4 (2014) 201-298.
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Entre las pilas que operan a alta temperatura se encuentran las pilas de combustible
de carbonato fundido (MCFC), que utilizan como electrolito una sal de carbonatos
alcalinos (Li, Na, K) fundida, retenida en una matriz ceramica porosa (normalmente
aluminato de litio, LIAIO2) y operan a temperaturas superiores a 650 °C. En el &nodo de
NiO, se reducen el carbono dioxido y el oxigeno, produciendo iones de carbonato, que
migran a través del electrolito fundido, para combinarse con el hidrogeno que se oxida
con los metales de Ni. Estos electrodos admiten altas concentraciones de CO y COg,
permitiendo el uso de combustibles como el gas natural o el biogas. Estas pilas se emplean
para aplicaciones estacionarias, por ejemplo, en plantas de energia, teniendo una
eficiencia de mas del 50%, pudiendo aumentarla aprovechando su calor residual®®.

Las principales caracteristicas de cada tipo de pila de combustible se resumen en la
Tabla 1.3%. Las pilas de combustible de 6xido s6lido (SOFC) también operan a altas
temperaturas y seran descritas en detalle en el siguiente apartado 1.4.

Tabla 1.3.- Caracteristicas generales de los distintos tipos de pilas de combustible, clasificadas
en funcion del electrolito.

TIPO DE CELDA PEMFC AFC PAFC
) e Disolucion acuosa de
Acido sulfénico KOH. H.PO. liquido en
Electrolito incorporado en una e Membrana de : ASiqC
membrana polimérica. intercambio i6nico '
) (AEM).
Anodo/ Pt-carbon. Niquel. Pt-carbon.
catodo/ Pt-carbon. Ag-carbon. Pt-carbon.
interconector Grafito. Hilos metalicos. Grafito.
Portador de carga H* OH" H*
Temperatura de 60-80 >0 - 230 160-220
operacion (°C)
Cinética de reduccion Buena tolerancia
rapida. a contaminantes.
e Estructura - -
Flexibilidad de Cogeneracion de
. compacta. . AN
Ventajas - catalizador. alta eficiencia.
e Arranque rapido. S .
. L Amplio intervalo de Gestion del agua
e Baja corrosion. -
temperaturas de simple.
operacion.
Alta sensibilidad a prrandue lento
. contaminantes. Ja co y
e Catalizadores caros. Baia densidad de potencia.
Retos e Alta sensibilidad a enJer i Electrolito
contaminantes. gia. COrrosivo.
Electrolito altamente Sistema
COrrosivo. .
voluminoso.
Rendimiento eléctrico 40-60 60-70 36-45
(%)

% Dicks A.L., Fuel cells — Molten carbonate fuel cells | Overview, Reference module in chemistry,
molecular sciences and chemical engineering, Encyclopedia of electrochemical power sources, (2009)

446-453.

40 Mekhilef S., Saidur R., Safari A., Comparative study of different fuel cell technologies, Renew. Sust.
Energy Rev. 16 (2012) 981-989.
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Among the fuel cells that operate at high temperatures are the molten carbonate fuel
cells (MCFC), which use a salt of molten alkali carbonates (Li, Na, K) as electrolyte,
which is retained in a porous ceramic matrix (usually lithium aluminate, LiAIO2) and
operate at temperatures above 650 °C. At the NiO anode, the carbon dioxide and oxygen
are reduced by producing carbonate ions, which migrate through the molten electrolyte,
to combine with the hydrogen that is oxidized with the Ni metal. These electrodes admit
high concentrations of CO and CO, allowing the use of fuels such as natural gas or
biogas. These fuel cells are used for stationary applications, for example, in power plants,
having an efficiency of more than 50%, being able to increase it taking advantage of its
residual heat.

The main features of each type of fuel cell are summarized in the Table 1.3%. Solid
oxide fuel cells (SOFC) that operate at high temperatures, will be further described in
detail in the following section 1.4.

Table 1.3.- Main characteristic of different fuel cell types according to the electrolyte.

Fuel cell type | PEMFC | AFC | PAFC
o KOH water
Sulphonic acid solytlon.
Electrolyte incorporated into a ¢ Anion exchange Liquid HsPO, in SiC.
solid membrane. membrane
(AEM).
Anode/ Pt-carbon. Nickel. Pt-carbon.
cathode/ Pt-carbon. Ag-carbon. Pt-carbon.
interconnect Graphite. Metallic wires. Graphite.
Charge carrier H* OH- H*
Opera“o?otg)mperat“re 60-80 Below zer0-230 160-220
e  Fastreduction e Good tolerance to
o  Compact structure. 2:;'0; lf<|I:>f|ttlgc||S|t contaminants.
]
Advantages e Rapid start-up. . deyran i Y- | '« High-grade heat.
e Low corrosion. ang ¢ Simple water
operation management.
temperature.
e High sensitivity to e Slow start-up
contaminants. o
. e Low power density
e  Expensive catalyst. |e Low power and electrical
Challenges e High sensitivity to density. efficiencies
contaminants. e Highly corrosive e Electrolvte ;’:ICid
electrolyte leads to loss y
sealing issues. '
Electrlca(I) efficiency 55-65 36-60 65-85
(%)

% Dicks A.L., Fuel cells — Molten carbonate fuel cells | Overview, Reference module in chemistry,
molecular sciences and chemical engineering, Encyclopedia of electrochemical power sources, (2009)
446-453.

40 Mekhilef S., Saidur R., Safari A., Comparative study of different fuel cell technologies, Renew. Sust.
Energy Rev. 16 (2012) 981-989.
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Tabla 1.3. cont.- Caracteristicas generales de los distintos tipos de pilas de combustible,
clasificadas en funcion del electrolito.

Tipo de celda MCFC DMFC SOFC
Li,COs, Na;COs, Acido sulfénico . .
Electrolito K>COs liquido en incorporado en una ercon!a .establllzada
. I con itria (YSZ).
LiAIO;. membrana polimérica.
Anodo/ NiCr. Pt/Ru-carbon. Ni-YSZ.
catodo/ Oxido de niquel litiado. Pt-carbon. LSM.
interconector Acero inoxidable. Grafito. Ceramico/metalico.
Portador de carga COs* H* o*
Temperatura de 600-700 25-110 500-1000

operacion (°C)

Ventajas

Retos

Rendimiento eléctrico
(%)

e Flexibilidad de
combustibles.

e Posibilidad de
reformado interno.

e Altatoleranciaa
contaminantes.

e Cogeneracion de
alta eficiencia.

e Arranque lento.

e Corrosion del
electrolito y partes
metalicas.

e Requiere entrada de
CO..

e Cruce del aire.

55-65

Tamario compacto.
Sistema simple.
Fécil
almacenamiento y
transporte de
combustible.

Cinética del anodo
lenta.

Falta de
catalizadores para
la oxidacion directa
de CH3OH.

Cruce del agua 'y
combustible.

36-60

Alto rendimiento
eléctrico.
Cogeneracion de
alta eficiencia.
Eliminacion de
problemas con el
electrolito.
Flexibilidad de
combustibles.

Arrangue lento.
Requisitos estrictos
para los materiales.
Alto estrés térmico.
Problemas de
durabilidad.

65-85
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Table 1.3.cont.- Main characteristic of different fuel cell types according to electrolyte.

Fuel cell type
Electrolyte

Anode/
cathode/
interconnect
Charge carrier
Operation
temperature (°C)

Advantages

Challenges

Electrical efficiency
(%)

MCFC
Liquid
Li,CO3,Na,COs,
K2COs in LiAlO..
NiCr.
Lithiated NiO.
Stainless steel.
C032'

600-700

o Fuel flexibility.

e Possibility of
internal
reforming.

¢ High tolerance to
contaminants.

e High-grade heat.

e Slow start-up.

e Electrolyte and
metallic parts
corrosion.

e CO;injection
requirement.

e Air crossover.

55-65

DMFC
Sulphonic acid
incorporated into a
solid membrane.
Pt/Ru-carbon.
Pt-carbon.
Graphite.

H+

Ambient-110

Compact size.
Simple system.
Easy fuel storage
and delivery.

Poor anode
Kinetics.

Lack of efficient
catalysts for
direct oxidation
of methanol.
Fuel and water
Crossover.

36-60

SOFC

Solid yttria-stabilized
zirconia (YSZ2).

Ni-YSZ.
LSM.
Ceramic/metallic.
o*

500-1000

e High electrical
efficiencies.

e High-grade heat.

e Eliminated
electrolyte issues.

e Fuel flexibility.

¢ Slow start-up.

e Strict material
requirements.

e High thermal
stresses.

e Sealing and
durability issues.

65-85
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1.4. Pilas de combustible de 6xido sélido (SOFC)

El trabajo mostrado en la presente memoria, se centra en las pilas de combustible de
oxido solido (SOFCs). Estas pilas se caracterizan por las altas temperaturas a las que
funcionan (600-1000 °C) y el electrolito sélido que utilizan. Las altas temperaturas a la
que trabajan permiten el uso de materiales ceramicos como conductores de iones 0xido,
ademas de disminuir las limitaciones cinéticas del catodo. Cuanto mayor es la
temperatura, mayor es la conductividad idnica del electrolito. Las SOFC funcionan con
una amplia gama de combustibles y producen una gran cantidad de calor que se puede
aprovechar en procesos de cogeneracion, alcanzando rendimientos de hasta el 80%.

El esquema basico de su funcionamiento se muestra en la Figura 1.8a. La celda se
compone de un electrolito solido denso situado entre dos electrodos ceramicos porosos.
En el catodo, el oxigeno se reduce a iones 6xido que son transportados a través del
electrolito hasta el &nodo, donde reaccionan con hidrogeno del combustible,
proporcionando electrones al circuito externo. Estos electrones, a su vez, reaccionan con
el oxigeno del catodo volviendo a crear iones o0xido. El proceso total se muestra en la
Figura 1.8b. Ademaés del hidrogeno, el mondxido de carbono y el metano también pueden
ser utilizados como combustible, siendo el producto correspondiente el carbono dioxido.

Combustible Restos del combustible

Colector de
corriente ¢ |
Anodo poroso
a
Electrolito denso —# T 1\ 02- T T T eci’?é?naa )
Catodo poroso Vo

Oxidante Restos de oxidante

catodo:  1/20, + 2e° ——> 07
anode: H, + 02 —> H,0 + 2e b)

celda: H, + 120, —> H,0
(CO + 120, ——> COy)
(CHy + 0 ——> CO, +H,0)
Figura 1.8.- (a) Esquema de una celda de combustible de 6xido s6lido individual. (b) Proceso
quimico producido en una celda.

Las altas temperaturas de operacion, producen inconvenientes como pueden ser:
diferencias en los coeficientes de expansion téermica (TEC) entre los componentes,
dificultad en el sellado entre las celdas en el caso de las configuraciones planares y las
restricciones en la eleccion de materiales, lo cual puede dar lugar a complicaciones en los
procesos de fabricacion, arranques lentos y una aceleracion de la degradacion.

A causa de sus altas temperaturas de operacion, la mayoria de las aplicaciones de las
SOFC son estacionarias, aunque también se pueden encontrar aplicaciones portatiles y en
el transporte. Aun asi, para solventar los problemas de coste y degradacion de las pilas
SOFC, se realizan importantes esfuerzos en reducir la temperatura de operacién a 500-
750 °C, desarrollando materiales mas activos a esas temperaturas y mediante el uso de
configuraciones que permitan utilizar materiales y procesos de produccion de bajo coste.
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1.4. Solid oxide fuel cells (SOFC)

This work is focused on solid oxide fuel cells (SOFCs). The high temperatures at
which they work (600-1000 °C) and the solid electrolyte they use characterize these fuel
cells. The high temperatures at which they work allow the use of ceramic materials as
conductors of oxide ions, in addition to reducing the Kkinetic limitations of the cathode.
The higher the temperature, the greater the ionic conductivity of the electrolyte. SOFCs
works with a wide range of fuels and produce a large amount of heat that can be used in
cogeneration processes, reaching yields of up to 80%.

The basic scheme of its operation is shown in Figure 1.8a. The cell is composed of a
dense solid electrolyte located between two porous ceramic electrodes. At the cathode,
the oxygen is reduced to oxide ions that are transported through the electrolyte to the
anode, where they react with hydrogen from the fuel, providing electrons to the external
circuit. These electrons, in turn, react with the oxygen from the cathode by re-creating
oxide ions. The total process is shown in Figure 1.8b. In addition to hydrogen, carbon
monoxide and methane can also be used as fuel, being the corresponding product carbon
dioxide.

Fuel Fuel remains

Current
Collector 4‘ |
Porous anode

Dense electrolyte — T 'T\ 02- T T« ,T External

load

Oxidant Oxidant remains

cathode: 1/20, + 28 ——> 0%
anode: H, + O ——> H,0 + 2¢ b)

cel: H, + 1/20, ——> H,0
(CO + 120, ——> COy)
(CHy + O ——> CO, +H,0)

Figure 1.8.- (a) Scheme of an individual solid oxide fuel cell. (b) Chemical process produced
inacell.

The operational high temperatures produce disadvantages such as differences in the
thermal expansion coefficients (TEC) between the components, difficulty in the sealing
between the cells in the case of planar configurations and restrictions in the choice of
materials, which can lead to complications in the manufacturing processes, slow starts
and an acceleration of the degradation.

Because of its high operating temperatures, most SOFC applications are stationary,
although portable and transport applications can also be found. Even so, to solve the cost
and degradation problems of SOFCs, important efforts are made to reduce the operating
temperature to 500-750 °C, developing more active materials at these temperatures and
by using configurations that allow the use of materials and low cost production processes.
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1.5. Componentes SOFC

Aunque el concepto de operacion de las pilas SOFC es bastante simple, la seleccién
de materiales para los componentes individuales representa enormes desafios. Cada
material debe tener las propiedades eléctricas para hacer funcionar la celda y mostrar
suficiente estabilidad quimica y estructural para soportar tanto la fabricacion, como el
funcionamiento a altas temperaturas. La celda de combustible debe funcionar a altas
temperaturas para alcanzar densidades de corriente y potencia de salida suficientemente
altas. La reactividad e interdifusion entre los componentes debe de ser lo més baja posible
y los TEC tienen que tener valores proximos entre si, minimizando las tensiones térmicas
que pueden provocar grietas y fallos mecénicos. También hay que tener en cuenta los
requisitos de la atmosfera correspondiente en la seleccion de materiales para los
componentes.

Electrolito: La funcion principal del electrolito en cualquier tipo de pila combustible
es la de conducir un tipo de ion especifico entre los dos electrodos para completar la
reaccion electroguimica correspondiente. En el caso de las SOFC, el electrolito transporta
los iones de oxigeno (O?%) generados en el catodo, al anodo. Los requisitos a cumplir por
los electrolitos a utilizar en una pila SOFC son los siguientes: (i) tener una elevada
conductividad ionica y ser aislante electronico, para prevenir pérdidas de voltaje por
cortocircuito; (ii) tener una compatibilidad quimica y mecénica con los materiales
adyacentes; (iii) ser guimicamente estable, tanto en ambientes oxidantes como reductores;
(iv) ser denso e impermeable al paso de gases; (V) que sea posible su procesado en forma
de peliculas delgadas con el fin de reducir pérdidas 6hmicas y flexibilizar la temperatura
de operacion; y (vi) que el coste del procesado y los materiales sea favorable*#2,

Existe una amplia variedad de electrolitos utilizados en las pilas SOFC, entre los cuales
destaca la zirconia estabilizada con itria (YSZ, (ZrO2)1x(Y203)x, (x= 0.08-0.1)), por ser
la méas utilizada hasta la fecha. El YSZ presenta una estructura tipo fluorita, la cual
favorece la migracion de iones 6xido y facilita la creacion de vacantes de oxigeno a
temperaturas superiores a 750 °C. El YSZ se caracteriza por su estabilidad quimica y
mecanica, siendo el mas comun el estabilizado con un 8% mol de Y203, por su elevada
conductividad*®. Con esta misma estructura fluorita, se han utilizado otros conductores
ionicos, como son los basados en ceria (Ce203) dopada, que posee una conductividad
elevada a temperaturas de operacion mas bajas (500-700 °C). Los principales 6xidos
utilizados como elementos dopantes son el Gd203, Sm203 e Y203 (GDC, SDC e YDC,
respectivamente). El GDC y SDC tienen mayor conductividad debido a que los radios
ionicos de los iones Sm** y Gd®*, son mas parecidos al del Ce**.

41 |vers-Tiffée E., Electrolytes | Solid: oxygen ions, Reference module in chemistry, molecular sciences
and chemical engineering, Encyclopedia of electrochemical power sources, (2009) 181-187.

42 Horoz S., Sahin O., Solid oxides, Comprehensive energy systems, 2 (2018) 593-628.

4 Preux, A. Rolle, R.N. Vannier, Electrolytes and ion conductors for solid oxide fuel cells (SOFCs),
Functional materials for sustainable energy applications, Woodhead publishing series in energy, (2012)
370-401.
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1.5. SOFC components

Although the operational concept of SOFC is quite simple, the selection of materials
for the individual components represents enormous challenges. Each material must have
the electrical properties to operate the cell and have sufficient chemical and structural
stability to support the manufacturing and the operation at high temperatures. The fuel
cell must operate at high temperatures to achieve sufficiently high current densities and
power output. The reactivity and interdifusion between the components must be as low
as possible and the TECs have to be as close as possible to each other, minimizing the
thermal tensions that can cause cracks and mechanical failures. It is also necessary to keep
in mind the requirements of the corresponding atmosphere in the selection of materials
for each components.

Electrolyte: The main function of the electrolyte in any type of fuel cell is to drive a
specific type of ion between the two electrodes to complete the corresponding
electrochemical reaction. In the case of SOFCs, the electrolyte transports the oxygen ions
(0%) generated in the cathode to the anode. The requirements to be fullfilled by the
electrolytes to be used in a SOFCs are the following: (i) have a high ionic conductivity
and be an electronic insulator, to prevent voltage losses due to short circuits; (ii) have a
chemical and mechanical compatibility with the adjacent materials; (iii) be chemically
stable, in oxidant and reducing environments; (iv) be dense and impermeable to the gas
leakage; (v) be able to be formed in thin films in order to reduce ohmic losses and to make
the operating temperature more flexible; and (vi) a favorable cost of materials and
processing*42,

There is a wide variety of electrolytes used in SOFCs, among which zirconia stabilized
with yttria (YSZ, (ZrO2)1x(Y203)x, (x= 0.08-0.1)), is the most used up to the date. The
YSZ has a fluorite structure, which promotes the migration of oxide ions and improves
the creation of oxygen vacancies at temperatures above 750 °C. Its chemical and
mechanical stability characterizes the YSZ, being stabilized with 8 mol% of Y203 the
most common composition, due to its high conductivity*®. With this same fluorite
structure, other ionic conductors have been used, such as those based on ceria (Ce203)
doped, which has a high conductivity at lower operating temperatures (500-700 °C). The
main oxides used as doping elements are Gd203, Sm203 and Y203 (GDC, SDC and YDC,
respectively). The GDC and SDC have greater conductivity because the ionic radii of
Sm** and Gd®* ions, are more similar to that of Ce**.

41 |vers-Tiffée E., Electrolytes | Solid: oxygen ions, Reference module in chemistry, molecular sciences
and chemical engineering, Encyclopedia of electrochemical power sources, (2009) 181-187.

42 Horoz S., Sahin O., Solid oxides, Comprehensive energy systems, 2 (2018) 593-628.

4 Preux, A. Rolle, R.N. Vannier, Electrolytes and ion conductors for solid oxide fuel cells (SOFCs),
Functional materials for sustainable energy applications, Woodhead publishing series in energy, (2012)
370-401.
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Ademas de los dxidos tipo fluorita, hay 6xidos con otro tipo de estructuras que exhiben
caracteristicas atractivas como electrolitos SOFC. Dentro de las perovskitas, los
compuestos més utilizados como electrolito son los 6xidos de galato de lantano, LaGaOs
dopado con Sr y Mg (LaixSrxGai-.yMgyOs-5, LSGM). Su mayor ventaja radica en que
presenta mayor conductividad iénica que el YSZ. También muestra una buena
compatibilidad con los catodos de conductividad mixta. Sin embargo, en atmosferas
reductoras y, a bajas presiones parciales de oxigeno, el Ga se evapora y los productos
formados son incompatibles con el Ni. Su baja estabilidad mecéanica y el alto coste del
galio son otros aspectos negativos a tener en cuenta en este compuesto*3#4,

Catodos: Los catodos desempefian varias funciones dentro de una SOFC: reducen el
oxigeno molecular en iones oxigeno que migran a través del electrolito, transportan
especies cargadas al electrolito y distribuyen la corriente eléctrica asociada con la
reduccion de oxigeno®. Los principales requerimientos de los materiales para los catodos
de las SOFC son: (i) alta actividad electrocatalitica para la reduccion del oxigeno, (ii)
elevada conductividad iénica y electrdnica, (iii) estabilidad en atmdésferas oxidantes, (iv)
estabilidad mecanica, especialmente en las celdas de soporte catddico, y (V)
compatibilidad quimica y térmica con el resto de componentes de la celda. En los
electrodos de las pilas SOFC, las reacciones estan localmente distribuidas en las interfaces
electrodo/electrolito de las partes en contacto con los gases (aire u oxigeno). La reaccién
del electrodo ocurre Unicamente en la zona en la que las especies, gas, electrodo y
electrolito, estan en contacto. A esta region se la denomina zona frontera de tres fases
(three phase boundary, TPB). En la Figura 1.9. se muestran las vias para los procesos de
reduccion de oxigeno®®:

- Reaccién del oxigeno molecular con la superficie del electrodo.

- Adsorcién disociativa de las moléculas de oxigeno y difusion superficial hacia el
TPB.

- Reaccion en la superficie seguida de la disolucion y difusion de los iones de
oxigeno hacia el interfaz de catodo/electrolito; luego, los iones de oxigeno se
transportan a traves del electrolito hacia el anodo.

4 Wang L., Li C., Li G., Yang G., Zhang S., Li C., Enhanced sintering behavior of LSGM electrolyte and
its performance for solid oxide fuel cells deposited by vacuum cold spray, J. Eur. Ceram. Soc. 37 (2017)
4751-4761.

4 Zhuiykov S., Nanostructured semiconductor composites for solid oxide fuel cells (SOFCs),
Nanostructured semiconductors, Woodhead publishing series in electronic and optical materials, 8
(2018) 413-474.

4 Grenier J.C., Bassat J.M., Mauvy F., Novel cathodes for solid oxide fuel cells, Functional Materials for
sustainable energy applications, Woodhead publishing series in energy, 13 (2012) 402-444.
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In addition to fluorite type oxides, there are oxides with other types of structures that
exhibit attractive characteristics such as SOFC electrolytes. Among the perovskites, the
most commonly used compound as electrolyte are the lanthanum gallate oxides, LaGaOs
doped with Sr and Mg (La1xSrxGai-yMgyOs.5, LSGM). Its biggest advantage is its greater
ionic conductivity than the YSZ. It also shows good compatibility with mixed
conductivity cathodes. However, in reducing atmospheres and at low partial pressures of
oxygen, Ga evaporates and the formed products are incompatible with Ni. Its low
mechanical stability and the high cost of gallium are other negative aspects to keep in
mind this compound*44,

Cathodes: Cathodes perform several functions within a SOFC: they reduce the
molecular oxygen in oxygen ions that migrate through the electrolyte, transport charged
species to the electrolyte and distribute the electric current associated with the reduction
of oxygen®. The main requirements for SOFC cathode materials are: (i) high
electrocatalytic activity for oxygen reduction, (ii) high ionic and electronic conductivity,
(i) stability in oxidizing atmospheres, (iv) mechanical stability, especially in the cathode
supported cells, and (v) chemical and thermal compatibility with other cell components.
In the SOFC electrodes, the reactions are distributed locally at the electrode / electrolyte
interfaces of the components in contact with the gases (air or oxygen). The reaction of the
electrode occurs in the area in which the species, gas, electrode and electrolyte are in
contact. This region is called the three-phase boundary, TPB. In Figure 1.9., the pathways
for oxygen reduction processes are shown®.

- Reaction between the molecular oxygen and the electrode surface.
- Dissociative adsorption of oxygen molecules and surface diffusion towards TPB.

- Surface reaction followed by dissolution and diffusion of oxygen ions towards the
cathode/electrolyte interface; then, the oxygen ions are transported through the
electrolyte to the anode.

4 Wang L., Li C., Li G., Yang G., Zhang S., Li C., Enhanced sintering behavior of LSGM electrolyte and
its performance for solid oxide fuel cells deposited by vacuum cold spray, J. Eur. Ceram. Soc. 37 (2017)
4751-4761.

4 Zhuiykov S., Nanostructured semiconductor composites for solid oxide fuel cells (SOFCs),
Nanostructured semiconductors, Woodhead publishing series in electronic and optical materials, 8
(2018) 413-474.

4 Grenier J.C., Bassat J.M., Mauvy F., Novel cathodes for solid oxide fuel cells, Functional Materials for
sustainable energy applications, Woodhead publishing series in energy, 13 (2012) 402-444.
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Figura 1.9.- Representacién esquematica de las diversas vias de reaccion de la reduccion
electroquimica del oxigeno en el interfaz catodo/electrolito.

Para obtener altas potencias eléctricas, es necesario que se produzcan altas velocidades
de conversion y bajos valores de sobrepotencial. Esto requiere alta actividad
electrocatalitica o un alto nimero de zonas TPB, por lo que el catodo debe tener una alta
concentracion de TPB activos, para que las reacciones electroquimicas no estén
unicamente limitadas a la region frontera de tres fases electrolito-gas-electrodo, y asi,
éstas se extiendan a la estructura interna del catodo. Para ello, una de las opciones es
elegir electrodos que tengan conductividad ionica y electrdnica intrinseca (mixed ionic
and electronic conducting, MIEC). De esta forma, en lugar de multiplicar las lineas de
reaccion de TPB, el area cataliticamente activa se extiende a toda la superficie del catodo,
tal y como se esquematiza en la Figura 1.10. Asimismo, se espera que las pérdidas de
polarizacién del electrodo se reduzcan considerablemente.

Figura 1.10.- Representacién de la reduccion de oxigeno en un MIEC.
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Figure 1.9.- Schematic representation of the reaction pathways of the electrochemical
reduction of oxygen at the cathode/electrolyte interface.

In order to obtain high electrical power, a high conversion speeds and low over
potential values production are needed. This requires high electrocatalytic activity or a
high number of TPB zones, so the cathode must have a high concentration of active TPB,
so that the electrochemical reactions are not only limited to the boundary region of three
electrolyte-gas-electrode phases, and thus, it extend to the internal structure of the
cathode. For this, one of the options is to choose electrodes that have ionic and electronic
conductivity (mixed ionic and electronic conducting, MIEC). In this way, instead of
multiplying the TPB reaction lines, the catalytically active area is extended to the entire
cathode surface, as outlined in Figure 1.10. In addition, it is expected that the polarization
losses of the electrode will be considerably reduced.

Electrolyte

Figure 1.10.- Representation of oxygen reduction in a MIEC.
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Uno de los materiales tradicionalmente mas empleado en celdas con electrolito YSZ 'y
que opera a temperaturas superiores a 800 °C es la manganita de lantano (LaMnQOz3)
dopada con estroncio (LSM). EI LSM tiene una estructura perovskita (ABO3) y es un
conductor tipo p. El dopaje de LaMnQOs con un cation de valencia méas baja aumenta la
conductividad electrénica incrementando el contenido del cation Mn** en el material.
Aunque el LSM funciona correctamente a 1000°C, el que sea poco conductor ionico hace
que su resistencia aumente a temperaturas mas bajas, limitando las reacciones
electroquimicas a la region frontera TPB. La composicion de la perovskita también
influye en las propiedades quimicas del catodo, afectando a la compatibilidad quimica
del YSZ. Los principales productos de reaccion son el LaxZr.O7 y el SrZrOs para
composiciones con bajo y alto contenido en estroncio, respectivamente. La formacion de
ambos compuestos bloquea la reaccion de reduccion del catodo. Para prevenir la
formacion de este tipo de compuesto, el uso de barreras quimicas como la ceria dopada
con samario (Ceo.s8Smo.201.9, SDC) entre el catodo y el electrolito esta bastante extendido.

A pesar de que el LSM se ha utilizado extensamente, esta generalmente aceptado que
el rendimiento electroquimico a temperaturas inferiores a 800 °C es insuficiente. Una de
las alternativas mas populares es el uso de los materiales con conduccion mixta. Estos
materiales se consiguen mezclando compuestos conductores iénicos y electrénicos
formando un composite o reemplazando el &tomo de la posicion B(Mn) de la perovskita
por elementos que le confieren una conductividad mixta, como pueden ser el cobalto, el
hierro o el niquel. Unos de los candidatos mas prometedores para utilizar en temperaturas
de operacion intermedias son las cobaltitas. Destacan los compuestos de la serie
La1-xSrxCo0s-5 (LSC) que presentan alta conductividad electronica y idnica en un amplio
intervalo térmico. En comparacion con otros metales de transicién (Cr, Mn, Fe, Ni), el
cobalto muestra menores sobrepotenciales catddicos. Sin embargo, entre los principales
problemas de las cobaltitas se encuentran su alto TEC y su tendencia a reaccionar con el
YSZ por encima de los 900 °C. Otras alternativas para ser utilizadas como catodo son las
La1-xSr«Co1-yFeyOs.5 (LSFC), que muestran una menor problematica con los TEC*'.

Los compuestos de 6xido de hierro con estructura perovskita (B=Fe) con formula
general LaixSrxFeOs (LSF) también son compuestos atractivos en el area de los
catodos®®. Se ha observado que, para ciertos valores de x, estas fases poseen buenas
propiedades cataliticas y conductoras entre 600 y 800 °C. En comparacion con las
cobaltitas, esta serie muestra una compatibilidad térmica superior con el YSZ y los
electrolitos basados en Ce. En la Figura 1.11. se muestra la resistencia superficial
especifica, ASR, de varias perovskitas de lantano en el intervalo de temperatura
650-850 °C, con YSZ como electrolito. Tal y como se puede observar, el comportamiento
de las manganitas es inferior al resto, mientras que las perovkitas de hierro muestran una
menor resistencia interfacial. El estudio de los compuestos AFeO3*°, determiné que estos
compuestos eran ideales para ser utilizados en esta investigacion.

47 Zhou F., Liu Y., Zhao X., Tang W., Yang S., Zhong S., Wei M., Effects of cerium doping on the
performance of LSCF cathodes for intermediate temperature solid oxide fuel cells, Int. J. Hydrog.
Energy. 43 (2018) 18946-18954.

4 Vidal K., Rodriguez-Martinez L.M., Ortega-San-Martin L., Martinez-Amesti A., N6 M.L., Rojo T.,
Laresgoiti A., Arriortua M.l., The effect of doping in the electrochemical performance of
(Ln;xMy)FeOs-5 SOFC cathodes, J. Power Sources. 192 (2009) 175-179.

49 Ecija-Verdejo A., Oxidos mixtos tipo perovskita LngsMosFeOss (Ln=La, Sm, Nd, Gd; M=Ba, Sr) para
su aplicacion como catodos en pilas SOFC. Ph.D. tesis doctoral, UPV/EHU, 2012.
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One of the materials most traditionally used YSZ electrolyte cells and operating at
temperatures above 800 °C is the lanthanum manganite (LaMnO3) doped with strontium
(LSM). The LSM has a perovskite structure (ABO3) and is a p-type conductor. The
doping of LaMnO3z with a lower valence cation increases the electronic conductivity by
increasing the Mn** content in the material. Although the LSM works correctly at 1000°C,
the fact that it is a low ionic conductor causes its resistance to increase at lower
temperatures, limiting the electrochemical reactions to the TPB border region. The
composition of the perovskite also influences the chemical properties of the cathode,
affecting the chemical compatibility of the YSZ. The main reaction products are LaxZr,07
and SrZrOs for compositions with low and high strontium content, respectively. The
formation of both compounds blocks the cathode reduction reaction. To prevent the
formation of this type of compound, the use of chemical barriers such as samarium doped
ceria (CeosSmo.201.9, SDC) between the cathode and the electrolyte is quite widespread.

Although LSM has been widely used, it is generally accepted that electrochemical
performance at temperatures below 800 °C is insufficient. One of the most popular
alternatives is the use of materials with mixed driving. These materials are obtained by
mixing ionic and electronic conductive compounds forming a composite or replacing the
atom of B (Mn) position of the perovskite by elements that give it a mixed conductivity,
such as cobalt, iron or nickel. One of the most promising candidates to use at intermediate
operating temperatures are cobaltites. The compounds of the series La1-xSrxC003.5 (LSC)
that exhibit high electronic and ionic conductivity over a wide thermal range stand out.
In comparison with other transition metals (Cr, Mn, Fe, Ni), cobalt shows lower cathodic
overpotentials. However, among the main problems of cobaltite are its high TEC and its
tendency to react with the YSZ above 900 °C. Another alternative to be used as a cathode
are the La1-xSrxCo1-yFeyOs-5 (LSFC), which show less problems with the TEC*’.

Iron oxide compounds with perovskite structure (B=Fe) with general formula
La;xSrxFeOs (LSF) are also attractive compounds in the area of cathodes*. It has been
observed that, for certain values of x, these phases have good catalytic and conductive
properties between 600 and 800 °C. Compared with cobaltites, this series shows superior
thermal compatibility with YSZ and Ce-based electrolytes. The area specific resistance,
ASR, of several lanthanum perovskites with YSZ as electrolyte in the 650-850 °C
temperature range is shown in Figure 1.11. As can be seen, the behavior of the manganites
is lower than the rest, while the iron perovkites show a lower interfacial resistance. The
study of AFeOs* perovskites, determined that LSF compounds were ideal to be used in
this research.

47 Zhou F., Liu Y., Zhao X., Tang W., Yang S., Zhong S., Wei M., Effects of cerium doping on the
performance of LSCF cathodes for intermediate temperature solid oxide fuel cells, Int. J. Hydrog.
Energy. 43 (2018) 18946-18954.

4 Vidal K., Rodriguez-Martinez L.M., Ortega-San-Martin L., Martinez-Amesti A., N6 M.L., Rojo T.,
Laresgoiti A., Arriortua M.l., The effect of doping in the electrochemical performance of
(Ln1xMy)FeOs-s SOFC cathodes, J. Power Sources. 192 (2009) 175-179.

49 Ecija-Verdejo A., Oxidos mixtos tipo perovskita LngsMosFeOss (Ln=La, Sm, Nd, Gd; M=Ba, Sr) para
su aplicacion como catodos en pilas SOFC. Ph.D. thesis work, UPV/EHU, 2012.
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Figura 1.11.- Resistencia superficial de varios catodos tipo perovskita con el electrolito YSZ.

Intercapa: Uno de los principales problemas de los dispositivos SOFC es la
compatibilidad entre las fases que forman las diferentes partes activas de la celda (catodo-
electrolito-anodo). Estudios previos muestran que los materiales tipo perovskita (LSM,
LSF, LSCF) empleados como catodo, reaccionan con el electrolito dando lugar a las fases
La2ZrO7 o SrZrOs, que dan propiedades menos favorables al catodo y un impacto
negativo al rendimiento de la celda>*>?.

Con objeto de solucionar esta problemaética, algunos estudios indican que la utilizacion
de una capa de ceria dopada con cationes trivalentes, pertenecientes al grupo de las tierras
raras como el Y, Sm, Gd o La, inhibe la formacién de dichas fases, evitando la
degradacion de la celda®>*.

La intercapa de CeosSmo 2019 (SDC) entre el electrolito de YSZ y el catodo LSF, actla
como barrera para prevenir la reaccion quimica entre ellos, evitando la formacion de fases
anteriormente  mencionadas®™®®. Teniendo en cuenta estas caracteristicas, se ha
seleccionado el SDC como barrera protectora entre el catodo y el YSZ a lo largo del
presente estudio.

%0 Lopez-Robledo M.J., Laguna-Bercero M.A., Silva J., Orera V.M., Larrea A., Electrochemical
performance of intermediate temperature micro-tubular solid oxide fuel cells using porous ceria barrier
layers, Ceram. Int. 41 (2015) 7651-7660.

1 Yang K., Shen J.,, Yang K., Hung I.M., Fung K., Wang M., Formation of La,Zr.O7 or SrZrOsz on
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layers deposited by reactive magnetron sputtering for solid oxide cells, Surf. Coat. Tech. 357 (2019)
103-113.

58 Morales M., Miguel-Pérez V., Tarancon A., Slodczyk A., Torrell M., Ballesteros B., Ouweltjes J.P.,
Bassat J.M., Montinaro D., Morata A., Multi-scale analysis of the diffusion barrier layer of gadolinia-
doped ceria in a solid oxide fuel cell operated in a stack for 3000 h, J. Power Sources. 344 (2017) 141-
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Figure 1.11.- Surface resistance of perovskite type cathodes with YSZ electrolyte.

Interlayer: One of the main problems for SOFC devices is the compatibility between
the phases that form the different active parts of the cell (cathode-electrolyte-anode).
Previous studies show that perovskite type materials (LSM, LSF, LSCF) used as a
cathode, react with the electrolyte, giving rise to the La>Zr.O7 or SrZrOs phases, which
give less favorable properties to the cathode and a negative impact on cell
performance®®5?,

In order to solve this problem, some studies indicate that the use of a layer of ceria
doped with trivalent cations, belonging to the group of rare earths such as Y, Sm, Gd or
La, inhibits the formation of these phases, preventing the degradation of the cell®*%4,

The Ceo.sSmo 2019 (SDC) interlayer between the YSZ electrolyte and the LSF cathode,
acts as a barrier to prevent the chemical reaction between them, avoiding the formation
of the aforementioned phases®>®. In view of these features, the SDC has been selected as
a protective barrier between the cathode and the YSZ throughout the actual study.
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performance of intermediate temperature micro-tubular solid oxide fuel cells using porous ceria barrier
layers, Ceram. Int. 41 (2015) 7651-7660.
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Anodo: Las funciones mas importantes del anodo son oxidar el combustible y ser
capaz de transportar los electrones creados a lo largo de la reaccidn de oxidacion. Al igual
que con el catodo, los principales requisitos para los materiales &nodo son: (i) elevada
actividad electrocatalitica, (ii) elevada conductividad idnica y electronica, (iii) estabilidad
en atmosferas reductoras, (iv) coeficientes de expansion térmica semejantes al electrolito
y al resto de los componentes de la celda, (V) estructura fisica adecuada para el transporte
de combustible, (vi) estabilidad quimica y mecénica, especialmente en celdas de soporte
anodico, (vii) a ser posible, capacidad de reformar hidrocarburos, y (viii) estabilidad en
presencia de compuestos de azufre®’. EI material anodico mas citado en la literatura es el
cermet Ni-YSZ, que es una mezcla entre un cerdmico y un metal. Habitualmente la
concentracion de Ni es de entre un 40 y un 60% en volumen, para permitir la conexion
entre particulas y garantizar la conductividad eléctrica del material. La red ceramica
permite adecuar el TEC del &nodo al electrolito y evita la aglomeracion de particulas de
niquel. Ademas, permite extender el TPB en todo el volumen del 4nodo. Para facilitar la
Ilegada de los gases a la zona electroquimicamente activa, la porosidad tipica del anodo
es de cerca del 40%. En general, los anodos suelen estar formados por un material
composite formado por una parte metélica y una ceramica con composicion similar al
electrolito. Un ejemplo son las celdas de soporte electrolito de CGO y LSGM, que suelen
presentar Ni-CGO y Ni LSGM como materiales anddicos, respectivamente®®. Teniendo
en cuenta que en este estudio se ha seleccionado el YSZ como electrolito, se ha empleado
el Ni-YSZ como material anddico.

Interconectores: Del mismo modo que un motor de combustion interna se basa en
varios cilindros para proporcionar suficiente potencia, las celdas de combustible se
pueden emplear en combinacion para generar suficiente voltaje y corriente. Esto significa
que las celdas deben estar conectadas entre si, de ahi la necesidad de interconexiones. La
interconexion funciona como el contacto eléctrico con el catodo, lo que garantiza la
separacion del aire y el combustible dentro de la pila de combustible, protegiéndola de la
atmosfera reductora del anodo. Los requerimientos para los materiales que actian como
interconector son: (i) una alta conductividad eléctrica bajo atmdsferas reductoras y
oxidantes, (ii) ser impermeable a los gases, (iii) estabilidad quimica y microestructural a
la temperatura de operacion de la celda, tanto en atmdsferas reductoras como en
oxidantes, (iv) compatibilidad térmica y quimica con los materiales adyacentes, (V) alta
resistencia mecanica, (vi) alta conductividad térmica y (vii) elevada densidad®®.

El material tradicional para su uso como interconector en SOFC, a altas temperaturas
(~1000 °C) es la cromita de lantano (LaCrOz). Para empezar, esta cerdmica tiene una alta
conductividad electronica en las condiciones de funcionamiento de las SOFC y su
conductividad puede ser mejorada considerablemente dopandola con Ca, Mg o Sr. Junto
con esto, el dopaje con metales de transicion, por ejemplo, LaosSro2Cro97V0.0303 0
LaCro.78sMgo.0sAlo.1603, puede ajustar el TEC y bajar la temperatura de sinterizado.

5 Tao S.W., Cowin P.1., Lan R., Novel anode materials for solid oxide fuel cells, Functional materials for
sustainable energy applications, Woodhead publishing series in energy, 14 (2012) 445-477.

%8 Wincewicz K.C., Cooper J.S., Taxonomies of SOFC material and manufacturing alternatives, J. Power
Sources. 140 (2005) 280-296.

% Xu X., Ceramics in solid oxide fuel cells for energy generation, Advances in ceramic matrix composites,
Woodhead publishing series in composites science and engineering, 31 (2018) 763-788.
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Anode: The main functions of the anode are to oxidize the fuel and be able to transport
the electrons created throughout the oxidation reaction. As the cathode, the main
requirements for anode materials are: (i) high electrocatalytic activity, (ii) high ionic and
electronic conductivity, (iii) stability in reducing atmospheres, (iv) similar thermal
expansion coefficients to the electrolyte and the rest of the components, (v) a suitable
physical structure for transporting fuel, (vi) chemical and mechanical stability, especially
in anode supported cells, (vii) if possible, ability to reform hydrocarbons, and (viii)
stability in the presence of sulfur compounds®. The most used anodic material in the
literature is the Ni-YSZ cermet, which is a ceramic and metal mixture. Usually, the Ni
concentration is between 40 and 60% by volume, to allow the connection between
particles and ensure the electrical conductivity of the material. The ceramic network
makes it possible to adapt the TEC of the anode to the electrolyte and prevents the
agglomeration of nickel particles. In addition, it allows extending the TPB over the entire
anode volume. To facilitate the arrival of gases in the electrochemically active zone, the
typical porosity of the anode is about 40%. In general, the anodes are usually formed by
a composite material formed by a metal part and a ceramic with a similar composition to
the electrolyte. For example, CGO and LSGM electrolyte supported cells usually present
Ni-CGO and Ni LSGM as anodic materials, respectively®®. Considering that YSZ has
been selected in this study as electrolyte, Ni-YSZ has been adopted as an anodic material.

Interconnects: In the same way as an internal combustion engine relies on several
cylinders to provide enough power, fuel cells can be used in combination to generate
enough voltage and current. This means that the cells must be connected amongst each
other, hence the need for interconnections. The interconnection works like the electrical
contact with the cathode, which guarantees the separation of air and fuel inside the fuel
cell, protecting it from the reducing atmosphere of the anode. The requirements for the
materials that act as an interconnector are: (i) a high electrical conductivity under reducing
and oxidizing atmospheres, (ii) be gas impermeable, (iii) chemical and microstructural
stability at operating temperature of the cell, in reducing and oxidant atmospheres, (iv)
thermal and chemical compatibility with adjacent materials, (v) high mechanical strength,
(vi) high thermal conductivity and (vii) high density®®.

The traditional material for use as an interconnector in SOFC at high temperatures
(~ 1000 °C) is the lanthanum chromite (LaCrOs). To begin with, this ceramic has a high
electronic conductivity under the operating conditions of the SOFC and its conductivity
can be improved considerably by doping it with Ca, Mg or Sr. Along with this, the doping
with transition metals, for example, Lao.gSro 2Cro.97V0.0303 or LaCro.78Mgo.0sAl0.1603, you
can adjust the TEC and lower the sintering temperature.

5 Tao S.W., Cowin P.1., Lan R., Novel anode materials for solid oxide fuel cells, Functional materials for
sustainable energy applications, Woodhead publishing series in energy, 14 (2012) 445-477.

%8 Wincewicz K.C., Cooper J.S., Taxonomies of SOFC material and manufacturing alternatives, J. Power
Sources. 140 (2005) 280-296.

% Xu X., Ceramics in solid oxide fuel cells for energy generation, Advances in ceramic matrix composites,
Woodhead publishing series in composites science and engineering, 31 (2018) 763-788.
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La reduccion de temperaturas de funcionamiento a 600-800 °C abre la oportunidad de
utilizar materiales metalicos en vez de interconectores de LaCrOs, los cuales presentan
una serie de ventajas respecto a este material: (i) presentan una mayor resistencia
mecénica, (ii) tienen una alta conductividad térmica, (iii) una conductividad electronica
superior, y (iv) métodos de fabricacion simples y de bajo coste. Hay que tener en cuenta
que la mayoria de estas aleaciones contienen Al y Cr y pueden proporcionar resistencia a
la oxidacién formando capas protectoras de Al,O3 y Cr20s3, respectivamente. No obstante,
a largos tiempos de operacion, las aleaciones basadas en cromo forman una capa excesiva
de Cr.03 que empeora la estabilidad de las mismas (por ejemplo, el Ducrolloy,
Cr-5Fe-Y0:s).

Sin embargo, las aleaciones basadas en Fe-Cr (aceros inoxidables ferriticos) siguen
siendo estudiadas, puesto que contindan teniendo un alto contenido en cromo para formar
capas protectoras, son magnéticas y presentan una baja concentracién en carbono. Los
aceros inoxidables estan divididos en cuatro grupos: (i) aceros ferriticos, (ii) aceros
austeniticos, (iii) aceros martensiticos, y (iv) aceros de endurecimiento por precipitacion.
De estos, el grupo mas utilizado son los aceros inoxidables ferriticos, los cuales, al tener
una estructura centrada en el cuerpo, les da un TEC similar a otros materiales SOFC,
ademas de tener un coste menor comparandolo con aceros con mayor contenido en Ni. El
Crofer22 APU desarrollado por la compafiia Thyssen Krupp ha sido el interconector mas
extensamente seleccionado para su uso como interconector de SOFC. La velocidad de
difusion en los 6xidos con estructura espinela suele ser menor que en los 6xidos simples
y la pasivacion de las aleaciones de interconector suele ser una formacion de una doble
capa superficial. Esta capa, esta formada a partir de la oxidacién de los sistemas Fe-Cr-
Mn, que se da en los sustratos del Crofer 22 APU, y esta compuesta por una capa interna
de Cr.0s y una capa externa de estructura espinela, M3Os (M=Mn3"4* y Cr6+)80 A
mostrar un rendimiento bastante bueno en la tasa de oxidacion, la conductividad eléctrica
y la evaporacion de Cr en condiciones de funcionamiento, se ha optado por utilizar el
Crofer 22 APU como interconector para este estudio®’.

6 Fontana S., Amendola R., Chevalier S., Piccardo P., Caboche G., Viviani M., Molins R., Sennour M.,
Metallic interconnects for SOFC: Characterisation of corrosion resistance and conductivity evaluation
at operating temperature of differently coated alloys, J. Power Sources. 171 (2007) 652-662.

61 Jo K.H., Kim J.H., Kim K.M., Lee I., Kim S., Development of a new cost effective Fe—Cr ferritic
stainless steel for SOFC interconnect, Int. J. Hydrog. Energy. 40 (2015) 9523-9529.
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The reduction of operating temperatures to 600-800 °C opens the opportunity to use
metallic materials instead of LaCrOgz interconnectors, which present a series of
advantages with respect to this material: (i) they present a greater mechanical resistance,
(ii) they have a high thermal conductivity, (iii) superior electronic conductivity, and (iv)
simple and low cost manufacturing methods. It must be taken into account that most of
these alloys contain Al and Cr and can provide resistance to oxidation by forming
protective layers of Al,Oz and Cr.0s3, respectively. However, at long operating times, the
chromium-based alloys form an excessive layer of Cr2O3, which worsens the stability (for
example, Ducrolloy, Cr-5Fe-Y203).

However, alloys based on Cr-Fe (ferritic stainless steels) are still studied, since they
still have a high chromium content to form protective layers, they are magnetic and have
a low carbon concentration. The stainless steels are divided into four groups: (i) ferritic
steels, (ii) austenitic steels, (iii) martensitic steels, and (iv) precipitation hardening steels.
Among these, the most commonly used group are ferritic stainless steels, which, having
a body centered structure, gives them a similar TEC to other SOFC materials, moreover
to having a lower cost compared to Ni content steels*’. The Crofer22 APU developed by
the Thyssen Krupp company has been the most extensively selected interconnector for
SOFC interconnector use. The diffusion speed in oxides with spinel structure is usually
lower than in simple oxides and the passivation of interconnector alloys is usually a
double layer formation. This layer is formed from the oxidation of the Fe-Cr-Mn systems,
which occurs in the substrates of the Crofer 22 APU, and is composed of an internal layer
of Cr,03 and an external layer of spinel structure, M3Os4 (M=Mn®"4* and Cr¢*)®°. By
showing a good performance in the oxidation rate, the electrical conductivity and the
evaporation of Cr under operating conditions, Crofer 22 APU was chosen as
interconnector for this study®?.

8 Fontana S., Amendola R., Chevalier S., Piccardo P., Caboche G., Viviani M., Molins R., Sennour M.,
Metallic interconnects for SOFC: Characterisation of corrosion resistance and conductivity evaluation
at operating temperature of differently coated alloys, J. Power Sources. 171 (2007) 652-662.

61 Jo K.H., Kim J.H., Kim K.M., Lee I., Kim S., Development of a new cost effective Fe—Cr ferritic
stainless steel for SOFC interconnect, Int. J. Hydrog. Energy. 40 (2015) 9523-9529.
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Capa protectora: El uso de capas protectoras entre el catodo e interconector, puede
disminuir la cinética de oxidacion y mejorar la adhesion de la capa de 6xido sobre los
sustratos, ademas de prevenir la difusion de cromo. Los materiales empleados como capas
protectoras deben cumplir los siguientes requisitos: (i) alta conductividad eléctrica, (ii)
adecuada compatibilidad quimica y un TEC similar a los materiales adyacentes, (iii) una
baja difusividad de los cationes de cromo, y (iv) estabilidad quimica y estructural en aire
a la temperatura de operacion de celdas SOFC®2, Los materiales empleados como capas
protectoras para interconectores se dividen en cuatro grupos principales: (i) 6xidos de
elementos reactivos (La20sz, CeO2, Nd203 y Y203), (ii) 0xidos con formula general
MAICrYO (M=Co, Mn, Ti, Ni), (iii) perovskitas conductoras, tales como LaxSr1.xC0Os,
La1xSrxCrOs y LaxSr1ixMnQOs, y (iv) espinelas conductoras, (Mn, C0)304, C030s y
(Cu, Mn)30s4, por ejemplo. Entre todos estos materiales, los 0xidos mixtos con estructura
espinela son los mas utilizados dada su sinterabilidad y su conductividad eléctrica
superior, debido a la capa de éxido superficial (Cr20s, (Mn, Cr)30a).

Aunque las espinelas Mn1.5C02-s04 (MC) son las més estudiadas, algunos estudios
sugieren que la adherencia de estas capas sobre aleaciones tipo Crofer22 puede ser un
factor a mejorar para su posterior aplicacion en sistemas SOFC. La presencia de cerio
como elemento reactivo en la capa protectora, aumenta su adherencia al substrato. Por
ejemplo, los estudios realizados sobre la composicion Ceo.osMn1.475C01.47504 mostraron
una capa de oxido bien adherida al interconector. Ademas, debido al bajo coste del niquel,
también se han estudiado las espinelas NiMn2Os y NiFe2Os como capas protectoras,
obteniéndose una adecuada conductividad sobre el substrato. Asimismo, otros grupos de
investigacion han estudiado espinelas Mn-Co dopadas con Fe, Ti y/o Cu, logrando
mejoras en la densificacion del material y una mayor conductividad eléctrica con respecto
a la capa MnCo,04. Trabajos previos, realizados en el grupo de investigacion®,
concluyen que la capa de MnCoz1.9Feo104 (MCF) es més efectiva como barrera para el
cromo que la MnCo204 (MC), debido a que la presencia de hierro en la espinela mejora
la estabilidad de estos 6xidos, mostrando mejores resultados electroquimicos. Es por ello
que se ha optado por el uso de MCF como material adecuado para utilizar como capa
protectora entre el interconector y la celda.

62 Miguel-Pérez V., Martinez-Amesti A., N6 M.L., Larrafiaga A., Arriortua M.l., The effect of doping
(Mn,B)3;04 materials as protective layers in different metallic interconnects for solid oxide fuel cells, J.
Power Sources. 243 (2013) 419-430.
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Protective layer: The use of protective layers between the cathode and interconnector,
can decrease the oxidation kinetics and improve the adhesion of the oxide layer on the
substrates, in addition to preventing the diffusion of chromium. The materials used as
protective layers must meet the following requirements: (i) high electrical conductivity,
(ii) adequate chemical compatibility and TEC similar to adjacent materials, (iii) low
diffusivity of chromium cations, and (iv) chemical and structural stability in air at the
operating temperature of SOFC cells®2. The materials used as protective layers for
interconnectors are divided into four main groups: (i) oxides of reactive elements (La2Os,
CeO2, Nd203 and Y203), (ii) oxides with general formula MAICrYO (M= Co, Mn, Ti,
Ni), (iii) conductive perovskites, such as LaxSr1.xC00s3, La1xSrxCrOs and LaxSr1.xMnQOs,
and (iv) conductive spinels, (Mn, C0)304, Co3z04 and (Cu, Mn)304, for example. Among
all these materials, the mixed oxides with spinel structure are the most used due to their
sinterability and superior electrical conductivity, due to the surface oxide layer (Cr20g,
(Mn, Cr)30a).

Although Mn1.5C02-s04 (MC) spinels are the most studied, some studies suggest that
the adhesion of these layers on Crofer22 type alloys may be a factor to be improved for
their subsequent application in SOFC systems. The presence of cerium as a reactive
element in the protective layer increases its adhesion to the substrate. For example, the
studies carried out on the composition Ceo.0sMn1.475C01.47504 showed an oxide layer well
adhered to the interconnector. In addition, due to the nickel low cost, NiMn2O4 and
NiFe2O4 spinels have also been studied as protective layers, obtaining an adequate
conductivity on the substrate. Likewise, other research groups have studied Mn-Co
spinels doped with Fe, Ti and / or Cu, obtaining improvements in the densification of the
material and a greater electrical conductivity with respect to the MnCo,04 layer. Previous
work, carried out in the research group®, concludes that the layer of MnCo1.9Feo104
(MCF) is more effective as a barrier for chromium than MnCo204 (MC), because the
presence of iron in the spinel improves the stability of these oxides showing better
electrochemical results. Therefore, the use of MCF has been chosen as a suitable material
to be used as protective layer between the interconnector and the cell.

62 Miguel-Pérez V., Martinez-Amesti A., N6 M.L., Larrafiaga A., Arriortua M.l., The effect of doping
(Mn,B)3;04 materials as protective layers in different metallic interconnects for solid oxide fuel cells, J.
Power Sources. 243 (2013) 419-430.
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Capas de contacto: Uno de los retos en la investigacion para pilas SOFC reside en
disminuir las altas pérdidas éhmicas que se producen como consecuencia de los
problemas de contacto entre el catodo y el interconector. Ademas, uno de los principales
problemas para la comercializacion de las pilas, es la velocidad de degradacién para los
stacks, en la que el contacto interconector-catodo juega un papel importante®®. Por esta
razon, se ve necesaria la utilizacién de una capa de contacto entre el interconector y el
catodo para mejorar el contacto entre dichos componentes, sin reducir la capacidad de la
celda y aumentando la conductividad eléctrica interfacial®. La mayoria de compuestos
que se han evaluado como capas de contacto son materiales de tipo perovskita, dada la
posibilidad de excluir metales nobles como la plata o el platino por su coste econémico.
Entre éstas, perovskitas de formula general LaMO3 (M= Co, Cr, Mn, Ni, Fe) han sido de
las primeras en evaluarse, pero su baja conductividad y su pobre sinterabilidad no las
hacen aptas para su uso en SOFC.

La introduccion de elementos alcalinotérreos como pueden ser el Ca, Ba 0 Sr, mejoran
la sinterabilidad y la conductividad de los materiales. Sin embargo, si se introducen estos
elementos en exceso, la celda se deteriora rapidamente a causa de la formacion de fases
como SrCrOs, CaCrOs 0 BaCrOs, consecuencia del Cr liberado por el interconector.
También se han llevado a cabo estudios de perovskitas con bajo contenido en Sr, con
férmula general LagsSro2MO3 (M= Co, Cu, Mn, Fe). Estos compuestos han mostrado
propiedades de sinterizado, conductividad eléctrica y TEC adecuados, ademas de una
menor formacion de fases de Cr. Estos estudios concluyen que: (i) altas cantidades de
cobalto aumentan la conductividad y mejoran la compatibilidad del coeficiente de
expansion térmica de los materiales de contacto, (ii) grandes cantidades de Mn favorecen
la formacion de espinelas de Mn-Cr por reaccion con el Cr liberado por el interconector,
(iii) tienen una menor tendencia a liberar Sr que las perovskitas de Co y (iv) es necesario
introducir pequefias cantidades de cobre para conseguir una alta densificacion de las
perovskitas.

Cuando se han utilizado las fases (La,Sr)Co0Og, (La,Sr)(Co,Fe)O3z y La(Ni,Fe)Oz como
capas de contacto sobre diferentes aleaciones ferriticas (Crofer22APU, E-Brite y 430), se
ha observado una difusion de cationes (Ni,Fe,Co) de la perovskita hacia la fase con
estructura espinela, formada a partir de los metales de transicion presentes en la aleacion,
que proporciona una mayor conductividad eléctrica a la capa de 6xido®. Ademas, algunos
estudios han puesto de manifiesto que las perovskitas como La(Ni,C0)Os.s,
La(Ni,Fe)Os.s y LaSr(Fe,Co)Os muestran una menor reactividad con la espinela
protectora MnCo,04°%%". Para la construccion de las celdas presentadas en esta memoria,
al utilizarse LSF como catodo y un interconector Crofer22 APU, se ha optado por utilizar
la capa de contacto LaNiosFeo.4O3 (LNF) junto con la capa protectora MCF.

8 Xin X,, Liu L., Liu Y., Zhu Q., Novel perovskite-spinel composite conductive ceramics for SOFC
cathode contact layer, Int. J. Hydrog. Energy. 43 (2018) 23036-23040.

64 Zhu J.H., Ghezel-Ayagh H., Cathode-side electrical contact and contact materials for solid oxide fuel
cell stacking: A review, Int. J. Hydrog. Energy. 42 (2017) 24278-24300.

 Lacey R., Pramanick A., Lee J.C., Jung J., Jiang B., Edwards D.D., Naum R., Misture S.T., Evaluation
of Co and perovskite Cr-blocking thin films on SOFC interconnects, Solid State lon. 181 (2010) 1294-
1302.

% Wang F., Yan D., Zhang W., Chi B., Pu J., Jian L., LaCog¢Nio4Os; as cathode contact material for
intermediate temperature solid oxide fuel cells, Int. J. Hydrog. Energy. 38 (2013) 646-651.

7 Moran-Ruiz A., Desarrollo de capas de contacto para su aplicacion en SOFC/Development of contact
coating for SOFC. Ph.D. thesis work, UPV/EHU, 2015.
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Contact layers: One of the challenges in research for SOFCs lies in reducing the high
ohmic losses that occur because of contact problems between the cathode and the
interconnector. In addition, one of the main problems for the commercialization of fuel
cells is the degradation speed for the stacks, in which the interconnector-cathode contact
plays an important role®3. For this reason, it is necessary to use a contact layer between
the interconnector and the cathode to improve the contact between these components,
without reducing the capacity of the cell and increasing the interfacial electrical
conductivity®*. The majority of compounds that have been evaluated as contact layers are
perovskite-type materials, with the possibility of excluding noble metals as silver or
platinum because of their high economic cost. Among these, perovskites of general
formula LaMOz (M= Co, Cr, Mn, Ni, Fe) were among the first to be evaluated, but their
low conductivity and poor sinterability do not make them suitable for use in SOFC

The introduction of alkaline earth elements such as Ca, Ba or Sr, improve the
sinterability and conductivity of the materials. However, if these elements are introduced
in excess, the cell deteriorates rapidly due to the formation of phases such as SrCrQa,
CaCrOs4 or BaCrOg4, consequence of the Cr released by the interconnector. Perovskite
studies with low Sr content have also been carried out, with the general formula
Lao.sSro2MO3 (M= Co, Cu, Mn, Fe). These compounds have shown suitable sintering,
electrical conductivity and TEC properties, as well as less Cr phase formation. These
studies conclude that: (i) high amounts of cobalt increase the conductivity and improve
the compatibility of the thermal expansion coefficients of the contact materials, (ii) large
amounts of Mn favor the formation of Mn-Cr spinels with the Cr released by the
interconnector, (iii) have a lower tendency to release Sr than the Co perovskites and (iv)
is necessary to introduce small amounts of copper to achieve a high densification of the
perovskites.

When the (La, Sr)Co0Os, (La, Sr) (Co, Fe)Oz and La(Ni, Fe)O3 phases have been used
as contact layers on different ferritic alloys (Crofer22 APU, E-Brite and 430), a diffusion
of B-cations of (Ni, Fe, Co) perovskite has been observed towards the phase with spinel
structure, formed from the transition metals present in the alloy, which provides a greater
electrical conductivity to the oxide layer®. In addition, some studies have shown that
perovskites such as La(Ni, Co)Os, La(Ni, Fe)Os-s and LaSr(Fe, Co)Os show a lower
reactivity with the protective spinel MnCo0204%¢%7. For the construction of the cells of the
present memory, when LSF was used as a cathode and a Crofer22 APU as interconnector,
it was decided to use the contact layer LaNio.sFeo.4O3 (LNF) together with the protective
layer MCF.

8 Xin X, Liu L., Liu Y., Zhu Q., Novel perovskite-spinel composite conductive ceramics for SOFC

cathode contact layer, Int. J. Hydrog. Energy. 43 (2018) 23036-23040.

6 Zhu J.H., Ghezel-Ayagh H., Cathode-side electrical contact and contact materials for solid oxide fuel
cell stacking: A review, I. J. Hydrog. Energy. 42 (2017) 24278-24300.

8 Lacey R., Pramanick A., Lee J.C., Jung J., Jiang B., Edwards D.D., Naum R., Misture S.T., Evaluation
of Co and perovskite Cr-blocking thin films on SOFC interconnects, Solid State lon. 181 (2010) 1294-
1302.

% Wang F., Yan D., Zhang W., Chi B., Pu J., Jian L., LaCoo¢Nio4Os-; as cathode contact material for

intermediate temperature solid oxide fuel cells, Int. J. Hydrog. Energy. 38 (2013) 646-651.

Moran-Ruiz A., Desarrollo de capas de contacto para su aplicacién en SOFC/Development of contact

coating for SOFC. Ph.D. thesis work, UPV/EHU, 2015.
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Se han realizado numerosos estudios en los Ultimos afios con objeto de optimizar las
condiciones de sintesis de compuestos, estableciendo los métodos de sintesis adecuados
en funcidn de la propiedad que se desee priorizar. En la Tabla 1.4. se recogen los procesos
de preparacion de compuestos mas prometedores para este tipo de componentes segun los
criterios de coste, cualidades del polvo y aspectos ecoldgicos.

Tabla 1.4.- Comparacion de los métodos de sintesis para la preparacion de compuestos

ceramicos.
Mé{tOdo. de Descripcion Ventajas Inconvenientes
sintesis
Facil de
reproducir
Bajo coste Baja pureza
Molienda No hay residuos Baja
Cerémico Mezcla acuosos ni homogeneidad
convencional | Tratamiento térmico de la gaseosos Estequiometria
mezcla precursora Facil de

Sol-gel

Sintesis por
combustién

Spray
pirolisis

Co-
precipitacion

Formacién del gel a partir
de soluciones de
precursores cationicos y
organicos

Formacion del gel a partir
de nitratos y organicos
(combustible).
Combustion o
calcinacidn/sinterizado

Descomposicion térmica de
solucién acuosa de nitratos
en gotas dentro de una
camara de reaccion caliente

Co-precipitacion de los
cationes correspondientes
como carbonatos,
hidroxidos u oxalatos.
Calcinacion/sinterizacion

transferirse a
otras
composiciones

Polvo finoy
homogéneo
Alta superficie
activa

Polvo finoy
homogéneo
Alta area
especifica
Bajo coste

Polvo finoy
homogéneo

Polvo finoy
homogéneo
Bajo coste

imprecisa

Altas cantidades
de compuestos
organicos

Alto coste

Emision de gases
nitrosos
Tratamientos
térmicos
necesarios

Equipamiento
costoso

Dificil de escalar
a nivel de
reproduccion

Diferente
solubilidad de los
cationes
Problemas de
desechos acuosos
Dificil de
transferirse a otras
composiciones

En esta investigacion se ha optado por utilizar el método de sintesis de combustion,
por su simplicidad y coste econdmico del equipo necesario, ademas de las propiedades
del material obtenido, ideales para su aplicacion en técnicas de sprayado.
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1.6. Synthesis methods

Numerous studies have been carried out in recent years in order to optimize the
conditions for the synthesis of compounds, establishing the appropriate synthesis methods
depending on the property to be prioritized. Table 1.4. shows the processes for the
preparation of the most promising compounds for this type of components according to
the criteria of cost, powder qualities and ecological aspects.

Table 1.4.- Comparison of the synthesis methods for the preparation of ceramic powders.

Synthesis
method

Conventional
ceramic

Sol-gel

Combustion
synthesis

Spray
pyrolysis

Co-
precipitation

Description

Grinding
Mixture
Heat treatment of the
precursor mixture

Formation of the gel
from cationic and
organic precursors

Formation of the gel
from nitrates and
organics (fuel).
Combustion or
calcination/sintering

Thermal
decomposition of
aqueous solution of
nitrates in droplets
inside a hot reaction
chamber

Coprecipitation of the

corresponding cation
such as carbonates,

hydroxides or oxalates

Calcination/sintering

Advantages

Easy reproducibility
Low cost

No aqueous or
gaseous residues
Easy to transfer to
other compositions

Fine and
homogeneous
powder

High active surface

Fine and
homogeneous
powder

High active surface
Low cost equipment

Fine and
homogeneous
powder

Fine and
homogeneous
powder

Low cost

Inconvenient

Low purity
Low
homogeneity
Imprecise
stoichiometry

High quantity of
organic
compounds
High cost

Emission of
nitrous gases
Thermal
treatments
required

High cost
equipment
Difficult to
scale at
reproduction
level

Different
solubility of
cations

Water waste
problems
Difficult to
transfer to other
compositions

In this memory, the combustion synthesis method has been chosen due to the simplicity
and economic cost of the equipment, in addition to the properties of the powders that are
obtained, ideal for their application in spraying techniques.
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1.7. Configuraciones de las SOFC

Una sola celda de combustible estandar suele generar un voltaje de alrededor 0.7 V,
por lo que es necesario conectar varias celdas entre si para crear stacks (apilamientos de
celdas) y obtener SOFC con voltajes a niveles mas practicos. Un stack esta compuesto
por unidades de celdas, interconectores y sellantes, que incluyen materiales metalicos y
ceramicos®®. Al ser todos los componentes sélidos, una celda SOFC se puede configurar
de varias formas (tubular, planar, monolitica o dividida en segmentos), como puede
observarse en la Figura 1.12.

ELECTRODO DE INTERCONEXION

AIRE

SOPORTE POROSO

<
CONBUSTILE

FLUJO DE AIRE \Na2p
ELECTRODO DE
COMBUSTIBLE

ELECTROLITO o

J

T

Disefio Tubular Disefio de Celdas Segmentadas en Serie

INTERCONECTOR

ANODO
ELECTROLITO

A CATODO
ELECTROLITO

Disefo Monolitico Disefno Planar

Figura 1.12.- Disefios de stacks SOFC.

Las dos geometrias mayormente utilizadas son la geometria tubular y la planar. Cada
configuracion tiene diferentes versiones de disefio. Por ejemplo, la geometria tubular
puede ser tubular con final cerrado, un microtubo o un tubo aplanado (Figura 1.13.). En
el caso de la geometria planar, pueden ser discos circulares, platos rectangulares o con
otras formas (Figura 1.14.). En el disefio planar, los electrodos y el electrolito se
configuran como elementos planos y delgados, utilizando interconectores acanalados para
la circulacion de gases. Esta geometria, presenta como ventajas una mayor densidad de
potencia; una resistencia eléctrica menor debida a la trayectoria de movimiento que
atraviesan los electrones; el facil montaje de los modulos y el procesado simple, que
abarata los costes economicos de procesado; y una alta eficiencia. Sin embargo, debido
al TEC cambiante de los componentes a altas temperaturas, el sellado del stack es
dificil®,

8 Molla T.T., Kwok K., Frandsen H.L., Efficient modeling of metallic interconnects for thermo-
mechanical simulation of SOFC stacks: Homogenized behaviors and effect of contact, Int. J. Hydrog.
Energy. 41 (2016) 6433-6444.

% DongS., Jung W., Rashid K., Kashimoto A., Design and numerical analysis of a planar anode-supported
SOFC stack, Renew. Energy. 94 (2016) 637-650.

0 peksen M., A coupled 3D thermofluid—thermomechanical analysis of a planar type production scale
SOFC stack, Int. J. Hydrog. Energy. 36 (2011) 11914-11928.
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1.7. SOFC configurations

A standard single fuel cell usually generates a voltage of around 0.7 V, so it is
necessary to connect several cells together to create stacks and obtain SOFCs with
voltages at more practical levels. A stack is composed of units of cells, interconnectors
and sealants, which include metallic and ceramic materials®. As all the components are
solid, an SOFC cell can be configured in several ways (tubular, planar, monolithic or
divided into segments), as can be seen in Figure 1.12.

Interconnection Electrolyte Cathode Interconnection

Air

electrode AT A
N

2 ~)
f s
F3 .

Fuel Flow

Air Flow

Electrolyte

Oxidant e

Tubular Design Segmented-Cells-in-Series Design

Interconnection

Fuel

Anode
Electrolyte

Cathode

Electrolyte
Monolithic Design Planar Design

Figure 1.12.- SOFC stack designs.

The two most commonly used geometries are tubular and planar geometry. Each
configuration has different design versions. For example, the tubular geometry can be
tubular with closed end, a microtube or a flattened tube (Figure 1.13.). In the case of
planar geometry, they can be circular disks, rectangular plates or with different shapes
(Figure 1.14.). In the planar design, the electrodes and the electrolyte are configured as
flat and thin elements, using grooved interconnectors for the circulation of gases. This
geometry has as advantages a greater power density; a smaller electrical resistance due to
the trajectory of the electrons go through; the easy assembly of the modules and the simple
processing, which lowers the economic costs of processing; and high efficiency.
However, due to the changing TEC of the components at high temperatures, the sealing
of the stack is difficult®® .

8 Molla T.T., Kwok K., Frandsen H.L., Efficient modeling of metallic interconnects for thermo-
mechanical simulation of SOFC stacks: Homogenized behaviors and effect of contact, Int. J. Hydrog.
Energy. 41 (2016) 6433-6444.

% DongS., Jung W., Rashid K., Kashimoto A., Design and numerical analysis of a planar anode-supported
SOFC stack, Renew. Energy. 94 (2016) 637-650.

0 peksen M., A coupled 3D thermofluid—thermomechanical analysis of a planar type production scale
SOFC stack, Int. J. Hydrog. Energy. 36 (2011) 11914-11928.
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Celda tubular con Celda microtubular Celdas tubulares aplanadas
final cerrado

Figura 1.13.- Configuraciones de celdas tubulares.

Figura 1.14.- Configuraciones de celdas planares.

En los disefios planares, la configuracion de la celda puede clasificarse, segun si esta
soportada sobre si misma o sobre un soporte externo a la celda. Los soportes externos
suelen ser los interconectores o substratos porosos (catdédicos o anddicos) quienes dan
estabilidad mecénica, permitiendo la creacion de celdas mas finas. En caso de estar
soportada sobre si misma, la celda puede ser de soporte electrodico (d&nodo o catodo) o
soporte electrolitico™. Para celdas de soporte electrodo, aunque surgen problemas de
limitacion de masa debido a las gruesas capas de electrodo, pueden proporcionar un
rendimiento relativamente alto por el espesor reducido del electrolito. El disefio méas
popular es el de la celda soportada sobre anodo. Sin embargo, las celdas soportadas sobre
electrolito, tienen estructuras medianamente fuertes y son menos susceptibles a fallos
mecanicos. En la Figura 1.15. pueden apreciarse las diferentes celdas planares en funcion
del tipo de soporte.

L Mahmud L.S., Muchtar A., Somalu M.R., Challenges in fabricating planar solid oxide fuel cells: A
review, Renew. Sust. Energ. Rev. 72 (2017) 105-116.
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Closed-one-end Micro-tubular cells Flattened tubular cells
tubular cells

Figure 1.13.- Tubular cell configurations.

Figure 1.14.- Planar cell configurations.

In planar designs, the cell configuration can be classified according to whether it is
supported on itself or on an external support to the cell. The external supports are usually
the interconnectors or porous substrates (cathodic or anodic) that give mechanical
stability, allowing the creation of finer cells. In case of being supported on itself, the cell
can be of electrode supported (anode or cathode) or electrolyte supported’*. For electrode
supported cells, although problems of mass limitation arise due to the thick electrode
layers, it can provide a relatively high efficiency due to the reduced thickness of the
electrolyte. The most popular design is the anode supported cell. However, the electrolyte
supported cells, have strong structures and are less susceptible to mechanical failures. In
Figure 1.15. different planar cells can be seen depending on the type of support.

L Mahmud L.S., Muchtar A., Somalu M.R., Challenges in fabricating planar solid oxide fuel cells: A
review, Renew. Sust. Energ. Rev. 72 (2017) 105-116.
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Figura 1.15.- Diferentes configuraciones de celda.

En las celdas tubulares, en cambio, el apilamiento de las mismas garantiza la
estanqueidad de los conductos por los que circula el gas, no siendo necesario el empleo
de sellantes entre celdas, por lo que es més estable a largos tiempos de operacion. Sin
embargo, como se ha mencionado anteriormente, es dificil disefiar mallas completas de
forma axial y circunferencial porque crea trayectorias de corriente méas largas que
aumentan las pérdidas 6hmicas. En comparacién con las planas, las celdas tubulares
también disminuyen las densidades de potencia’™™.

Para la construccion de las celdas presentadas en esta memoria, se ha optado por la
configuracién planar, por tener un coste econémico menor y un procesado mas simple
que las configuraciones tubulares.

2. Minh N.Q., Cell and stack design, fabrication and performance, High-temperature solid oxide fuel cells
for the 21% century, Fundamentals, design and applications, 8 (2016) 255-282.

8 Huang K., Singhal S.C., Cathode-supported tubular solid oxide fuel cell technology: A critical review,
J. Power Sources. 237 (2013) 84-97.
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Figure 1.15.- Different SOFC cell configurations.

In tubular cells, on the other hand, the stacking of cells guarantees the tightness of the
conduits through which the gas circulates, and the use of sealants between cells is not
necessary, which is why it is more stable at long operating times. However, as mentioned
above, it is difficult to design complete meshes axially and circumferentially because it
creates longer current paths that increase the ohmic losses. In comparison with the flat
ones, the power densities also decrease’>™,

For the construction of the cells of this memory, the flat configuration has been chosen,
for his lower economic cost and a simpler processing than the tubular configurations.

2 Minh N.Q., Cell and stack design, fabrication and performance, High-temperature solid oxide fuel cells
for the 21% century, Fundamentals, design and applications, 8 (2016) 255-282.

3 Huang K., Singhal S.C., Cathode-supported tubular solid oxide fuel cell technology: A critical review,
J. Power Sources. 237 (2013) 84-97.
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1.8. Métodos de fabricacion para SOFC

Las celdas SOFC se fabrican mayoritariamente por métodos de procesado cerdmicos
convencionales, como pueden ser el tape casting, el prensado o la serigrafia (screen
printing); en conjuncion con métodos de recubrimiento como el recubrimiento por spray
o el recubrimiento por inmersién (dip coating), mas comunmente utilizados para la
fabricacion de electrodos.

1.8.1. Métodos convencionales de fabricacion de soportes

El tape casting es el método de procesado ceramico frecuentemente utilizado para la
fabricacion de componentes SOFC. El proceso del tape casting consiste en la dispersion
de un polvo ceramico en un disolvente, utilizando para ello un dispersante, un “binder” y
un plastificante, los cuales se muelen conjuntamente para bajar la viscosidad. Esta mezcla,
llamada “slurry”, es anadida a una tolva que forma una pelicula, tal y como se muestra en
la Figura 1.16. El slurry pasa por debajo de una cuchilla llamada “doctor blade”, que la
aplana, dejandola como una cinta ceramica precocida. El espesor del slurry se puede
controlar ajustando la cuchilla del doctor blade o a través de la viscosidad. A
continuacidn, la cinta se pone a secar, haciendo que el disolvente se evapore. Esta técnica,
se utiliza para hacer soportes homogéneos, por lo que es apta para el procesado de anodos
porosos Yy electrolitos. Su uso permite el cosinterizado de diferentes capas (anodo y
electrolito) a la vez, reduciendo de esta manera el tiempo y el coste econémico del
procesado’™.
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Figura 1.16.- Descripcion esquematica del proceso de tape casting.
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Como se ha mencionado anteriormente, los ingredientes necesarios para preparar un
slurry son: los polvos ceramicos, un disolvente, un dispersante, un binder y un
plastificante. Los polvos son los que mas adelante formaran el cuerpo ceramico y, en
funcién de sus caracteristicas se determinara qué cantidades hay que afiadir de cada
ingrediente”. EIl parametro mas importante a determinar es su area superficial, que suele
estar comprendido entre 5y 10 m?/g para su uso en tape casting.

4 Jabbari M., Bulatova R., Tok A.LY., Bahl C.R.H., Mitsoulis E., Hattel J.H., Ceramic tape casting: A
review of current methods and trends with emphasis on rheological behaviour and flow analysis, Mater.
Sci. Eng. B. 212 (2016) 39-61.

> Nishihora R.K., Rachadel P.L., Quadri M.G.N., Hotza D., Manufacturing porous ceramic materials by
tape casting: A review, J. Eur. Ceram. Soc. 38 (2018) 988-1001.
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1.8. SOFC fabrication methods

The SOFC cells are mainly manufactured by conventional ceramic processing
methods, such as tape casting, pressing or screen printing; in conjunction with coating
methods such as spray coating or dip coating, most commonly used for the manufacture
of electrodes.

1.8.1. Conventional methods for the manufacture of supports

Tape casting is the most frequently used ceramic processing method for the
manufacture of SOFC components. The tape casting process consists in the dispersion of
a ceramic powder in a solvent, using a dispersant, a binder and a plasticizer, which are
ground together to low the viscosity. This mixture, called slurry, is added to a hopper that
forms a film, as shown in Figure 1.16. The slurry passes under a blade called "doctor
blade”, which flattens it, leaving it as a precooked ceramic tape. The thickness of the
slurry can be controlled by adjusting the positionof the doctor blade or through the
viscosity. Then, the tape is dried, causing the evaporation of the solvent. This technique
is used to make homogeneous supports, so it is suitable for the processing of porous
anodes and electrolytes. Its use allows the cosinterization of different layers (anode and
electrolyte) at the same time, reducing the time and the economic cost of processing’.

Binder Additives
Pump ) o «

Homogenizer T
| b]mr\ . Sol\ ent

Drying

Ceramic powder

Reservior

| !
Doctor blade region Peeling belt

Figure 1.16.- Schematic description of tape casting process.

As already mentioned before, the ingredients needed to prepare a slurry are: ceramic
powders, a solvent, a dispersant, a binder and a plasticizer. The powders are the ones that
will later form the ceramic body and depending on their characteristics, it will be
determined what quantities to add of each ingredient’. The most important parameter to
determine is its surface area, which are usually between 5 and 10 m?/g for use in tape
casting.

4 Jabbari M., Bulatova R., Tok A.L.Y., Bahl C.R.H., Mitsoulis E., Hattel J.H., Ceramic tape casting: A
review of current methods and trends with emphasis on rheological behaviour and flow analysis, Mater.
Sci. Eng. B. 212 (2016) 39-61.

> Nishihora R.K., Rachadel P.L., Quadri M.G.N., Hotza D., Manufacturing porous ceramic materials by
tape casting: A review, J. Eur. Ceram. Soc. 38 (2018) 988-1001.
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El disolvente es el liquido en el cual los polvos se dispersan homogéneamente. Los
disolventes se eligen en funcion de los compuestos organicos que se vayan a utilizar, dado
que tiene que ser capaz de disolver el dispersante, el binder y el plastificante a la vez.

Los dispersantes se utilizan para alterar las propiedades de la superficie de los polvos
de manera que puedan quedarse suspendidas en el disolvente. Ademas, el dispersante
cubre las particulas ceramicas de manera que asegura su suspension dentro de la pasta
evitando la aglomeracion. En suspensiones acuosas, el dispersante ajusta el pH
cambiando la carga de la particula y generando repulsion ionica. En los disolventes
organicos, se utilizan aditivos poliméricos, como pueden ser el éster de fosfato, el
polietilen glicol y el &cido esteérico, que se adsorben en las particulas, separandolas
estéricamente entre si.

Los binders o aglomerantes, mantienen las particulas juntas en sistemas cerdmicos una
vez estan en estado verde, proporcionando integridad mecanica. El aglomerante es el que
determina la resistencia mecanica, la flexibilidad, la plasticidad, la durabilidad, la dureza
y la capacidad de impresion de la cinta verde. El material aglomerante debe ser soluble
en el solvente, capaz de alcanzar una viscosidad razonablemente baja en el sistema y
qguemarse sin dejar ningan residuo. Los aglutinantes tipicos utilizados son el polivinil
butiral, el alcohol polivinilico, la metil celulosa, el éster de poliacrilato y el
politetrafluoroetileno. El plastificante se utiliza para mejorar el rendimiento del
aglutinante en los sistemas cerdmicos y se agrega para hacer que las cintas verdes sean
mas pléasticas o flexibles.

El screen printing (serigrafia) es uno de los métodos mas utilizados para la
produccién comercial de componentes SOFC planares, especialmente para el procesado
de electrolitos y catodos. Siendo similar al tape casting, el slurry se prepara con polvos
ceramicos, disolventes y dispersantes/binder, teniendo en este caso una mayor
viscosidad’®"’. El polvo se mezcla en un disolvente con el aglomerante y se pasa a través
de tres rodillos, que tienen como funcion eliminar los aglomerados duros de particulas en
la tinta. Tras esto, un marco de serigrafia con un patrén de malla se coloca sobre el soporte
y la pasta se deposita en el borde de la malla. Posteriormente, se utiliza una escobilla de
goma para arrastrar la pasta y aplicar presion para que el slurry pase a través de la malla,
consiguiendo capas de espesores de entre 10 y 200 um encima de los soportes. Un
esquema del screen printing se presenta en la Figura 1.17.

6 Somalu M.R., Muchtar A., Daud W.R.W., Brandon N.P., Screen-printing inks for the fabrication of
solid oxide fuel cell films: A review, Renew. Sust. Energ. Rev. 75 (2017) 426-439.

7 Carrijo M.M.M., Lorenz H., Rambo C.R., Greil P., Travitzky N., Fabrication of Ti3SiC,-based pastes
for screen printing on paper-derived Al,Os substrates, Ceram. Int. 44 (2018) 8116-8124.
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The solvent is the liquid in which the powders disperse homogeneously. The solvents
are chosen depending on the organic compounds that are going to be used, since it has to
be able to dissolve the dispersant, the binder and the plasticizer at the same time.

The dispersants are used to alter the surface properties of the powders so that they can
remain suspended in the solvent. In addition, the dispersant covers the ceramic particles
in such a way as to ensure their suspension within the paste avoiding agglomerations. In
aqueous suspensions, the dispersant adjusts the pH by changing the charge of the particle
and generating ionic repulsion. In organic solvents, polymeric additives are used, such as
the phosphate ester, polyethylene glycol and stearic acid, which are adsorbed on the
particles separating them sterically.

The binders keep the particles together in the ceramic system once they are in a green
state, providing them mechanical integrity. The binder determines the mechanical
strength, flexibility, plasticity, durability, hardness and printing capacity of the green belt.
The binder material must be soluble in the solvent, capable of reaching a reasonably low
viscosity in the system and burning without leaving any residue. Typical binders used are
polyvinyl butyral, polyvinyl alcohol, methyl cellulose, polyacrylate ester and
polytetrafluoroethylene. The plasticizer is used to improve binder performance in ceramic
systems and is added to make green films more plastic or flexible.

Screen printing is one of the most widely used methods for the commercial
production of planar SOFC components, especially for the processing of electrolytes and
cathodes. Being similar to tape casting, the slurry is prepared with ceramic powders,
solvents and dispersants/binder, having in this case a higher viscosity’®’". The powder is
mixed in a solvent with the binder and passed through three rollers, which have the
function of eliminating the hard agglomerates of particles in the ink. After this, a
serigraphy frame with a mesh pattern is placed on the support and the paste is deposited
on the edge of the mesh. Subsequently, a rubber brush is used to drag the paste and apply
pressure so that the slurry passes through the mesh, obtaining layers of thickness between
10 and 200 pum above the supports. A screen printing scheme is presented in Figure 1.17.

6 Somalu M.R., Muchtar A., Daud W.R.W., Brandon N.P., Screen-printing inks for the fabrication
of solid oxide fuel cell films: A review, Renew. Sust. Energ. Rev. 75 (2017) 426-439.

7 Carrijo M.M.M., Lorenz H., Rambo C.R., Greil P., Travitzky N., Fabrication of Ti3SiC,-based pastes
for screen printing on paper-derived Al,O3 substrates, Ceram. Int. 44 (2018) 8116-8124.
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Figura 1.17.- Esquema del proceso de Screen printing.

Mientras que el componente organico ha de tener caracteristicas similares a las
anteriormente mencionadas, el disolvente tiene que poseer una baja viscosidad, gozar de
poca tendencia a formar burbujas y tener una alta velocidad de evaporacion’®’®, Entre los
disolventes que cumplen estas caracteristicas se encuentran el agua, el etanol, el
isopropanol o el tolueno. Entre los compuestos organicos frecuentemente utilizados se
encuentran el acido oléico, la glicerina o el polivinil butiral como dispersantes; y el
polivinil alcohol, el polietilen glicol o el polivinil butiral como binder. Entre las variables
que se pueden cambiar para el control de los parametros de la capa se encuentran: el
namero de malla, los tiempos de impresion, las temperaturas y tiempos de sinterizacion
y la reologia de las tintas®®2, EI nimero de malla varia en funcion del nimero de cables
y aperturas que componen las mallas (cambiando la distancia lineal entre un cable y el
cable adyacente) en una pulgada lineal.

El gel casting es un método para fabricar cuerpos ceramicos a través de una
polimerizacion in-situ. La polimerizacion de monomeros uniformemente distribuidos
crea polimeros entrelazados que actian como un aglutinante que mantiene unidas las
particulas ceramicas. El polimero que actiia como aglutinante representa el 2-5% del peso
de los s6lidos en seco. La adicion de mas mondmeros puede generar la creacidn de poros
interconectados dentro de la estructura ceramica.

8 Pan J., Tonkay G., Quintero A., Screen printing process design of experiments for fine line printing of
thick film ceramic substrates, J. Electron. Manuf. 9 (1999) 203-213.

™ Phair J.W., Rheological analysis of concentrated zirconia pastes with ethyl cellulose for screen printing
SOFC electrolyte films, J. Am. Ceram. Soc. 91 (2008) 2130-2137.

8 Piao J., Sun K., Zhang N., Xu S., A study of process parameters of LSM and LSM-YSZ composite
cathode films prepared by screen-printing, J. Power Sources. 175 (2008) 288-295.

81 Hansch R., Chowdhury M.R.R., Menzler N.H., Screen printing of sol—gel-derived electrolytes for solid
oxide fuel cell (SOFC) application, Ceram. Int. 35 (2009) 803-811.

8 Zhao L., Huang X., Zhu R., Lu Z., Sun W., Zhang Y., Ge X., Liu Z., Su W., Optimization on technical
parameters for fabrication of SDC film by screen-printing used as electrolyte in IT-SOFC, J. Phys.
Chem. Solids. 69 (2008) 2019-2024.
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Figure 1.17.- Schematic of the screen printing process.

While the organic component has similar characteristics to those mentioned
previously’®®, the solvent must have a low viscosity, have little tendency to form bubbles
and have a high evaporation rate. Among the solvents that meet these characteristics are
water, ethanol, isopropanol or toluene. Among the frequently used organic compounds
are oleic acid, glycerin or polyvinyl butyral as dispersants; and polyvinyl alcohol,
polyethylene glycol or polyvinyl butyral as binder. Between the variables that can be
changed for the control of the parameters of the layer are: the mesh number, the printing
times, temperatures and sintering times and the rheology of the inks®%®, The mesh
number varies according to the number of wires and openings that make up the meshes
(changing the linear distance between a cable and the adjacent cable) in one linear inch.

Gel casting is a method to manufacture ceramic bodies through an in-situ
polymerization. The polymerization of uniformly distributed monomers creates criss-
crossed polymers that act as a binder that holds the ceramic particles together. The
polymer that acts as a binder represents 2-5% of the weight of the dry solids. The addition
of more monomers can generate the creation of interconnected pores within the ceramic
structure.

8 Pan J., Tonkay G., Quintero A., Screen printing process design of experiments for fine line printing of

thick film ceramic substrates, J. Electron. Manuf. 9 (1999) 203-213.

Phair J.W., Rheological analysis of concentrated zirconia pastes with ethyl cellulose for screen printing

SOFC electrolyte films, J. Am. Ceram. Soc. 91 (2008) 2130-2137.

8 Piao J., Sun K., Zhang N., Xu S., A study of process parameters of LSM and LSM-YSZ composite
cathode films prepared by screen-printing, J. Power Sources. 175 (2008) 288-295.

81 Hansch R., Chowdhury M.R.R., Menzler N.H., Screen printing of sol-gel-derived electrolytes for solid
oxide fuel cell (SOFC) application, Ceram. Int. 35 (2009) 803-811.

8 Zhao L., Huang X., Zhu R., Lu Z., Sun W., Zhang Y., Ge X, Liu Z., Su W., Optimization on technical
parameters for fabrication of SDC film by screen-printing used as electrolyte in IT-SOFC, J. Phys.
Chem. Solids. 69 (2008) 2019-2024.
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En la Figura 1.18. se muestra como el monémero y el polvo ceramico se mezclan en
un solvente para preparar la suspension. Esta toma la forma del molde cuando empieza la
reaccion de polimerizacion y aparecen los macro-geles. Finalmente, se aplica una coccion
y una sinterizacion a alta temperatura®,

Polvo ceramico

Figura 1.18.- llustracion esquematica de la preparacion de una microestructura macroporosa
por gel-casting.

Como se ha mencionado con anterioridad, en funcion de la concentracion del
monomero, propiedades como la resistencia a la flexion o la conductividad electronica
pueden controlarse, puesto que estan relacionadas con las particulas dispersas. Con esta
técnica, las propiedades relacionadas con la porosidad pueden ser facilmente controladas,
como pueden ser la forma, la distribucion y el tamafio de los poros, o el grosor y la
densidad de las paredes. Ademas, este método tiene como ventajas su corto tiempo de
duracion, el bajo coste econdémico del equipamiento necesario, los altos rendimientos y
la buena homogeneidad que produce una alta resistencia a la flexion.

El prensado a alta temperatura 0 a temperatura ambiente es una técnica simple, rapida,
de bajo coste y reproducible, que se basa en aplicar presiones isostaticas o axiales durante
unos minutos para comprimir los polvos dandoles la forma deseada. Tras aplicar la
presion, se requiere de un sinterizado para consolidar la union entre los polvos ceramicos.

El prensado axial se puede clasificar en prensado hiumedo y seco. El prensado seco se
ha utilizado extensamente para fabricar substratos para celdas planares, con espesores
inferiores a 0.5 mm. Con esta técnica existe la posibilidad de utilizar el coprensado,
aplicando presion a diferentes capas a la vez, ahorrando costes y tiempos de
produccion®®, El prensado hiimedo involucra el uso de la adicion de un liquido, como
puede ser el agua, a la hora de dar forma a los polvos. En la Figura 1.19. se muestra el
esquema ilustrativo de la prensa axial.

8 Hedayat N., Du Y., llkhani H., Review on fabrication techniques for porous electrodes of solid oxide
fuel cells by sacrificial template methods, Renew. Sust. Energ. Rev. 77 (2017) 1221-1239.

8 LiuQ., Dong X., Yang C., Ma S., Chen F., Self-rising synthesis of Ni-SDC cermets as anodes for solid
oxide fuel cells, J. Power Sources. 195 (2010) 1543-1550.

8 Choi H., Cho G.Y., Cha S., Fabrication and characterization of anode supported YSZ/GDC bilayer
electrolyte SOFC using dry press process, Int. J. Precis, Eng, Manuf-Green Technol. 1 (2014) 95-99.
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In Figure 1.18. it is shown how the monomer and the ceramic powder are mixed in a
solvent to prepare the suspension. This takes the shape of the mold when the
polymerization reaction begins and the macro-gels appear. Finally, a high temperature
cooking and sintering is applied®.
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Figure 1.18.- Schematic illustration of preparing a macro-porous microstructure using gel-
casting.

As mentioned above, depending on the concentration of the monomer, properties such
as flexural strength or electronic conductivity can be controlled, since they are related to
the dispersed particles. With this technique, properties related to porosity can be easily
controlled, such as the shape, distribution and size of pores, or the thickness and density
of the walls. In addition, this method has as advantages its short duration, the low
economic cost of the equipment, the high yields and the good homogeneity that produces
a high resistance to the flexion.

The pressing at high or room temperature is a simple, fast, low cost and reproducible
technique, which is based on applying isostatic or axial pressures for a few minutes to
compress the powders giving them the desired shape. After applying the pressure, a
sintering is required to consolidate the bond between the ceramic powders.

The axial pressing can be classified as wet and dry pressing. The dry pressing has been
extensively used to manufacture substrates for planar cells, with thicknesses less than
0.5 mm. With this technique there is the possibility of using co-pressing, applying
pressure to different layers at the same time, saving costs and production times®8. Wet
pressing involves the use of the addition of a liquid, such as water, when shaping powders.
The illustrative diagram of the axial press is shown in Figure 1.19.

8 Hedayat N., Du Y., llkhani H., Review on fabrication techniques for porous electrodes of solid oxide
fuel cells by sacrificial template methods, Renew. Sust. Energ. Rev. 77 (2017) 1221-1239.

8 LiuQ., Dong X., Yang C., Ma S., Chen F., Self-rising synthesis of Ni-SDC cermets as anodes for solid
oxide fuel cells, J. Power Sources. 195 (2010) 1543-1550.

8 Choi H., Cho G.Y., Cha S., Fabrication and characterization of anode supported YSZ/GDC bilayer
electrolyte SOFC using dry press process, Int. J. Precis, Eng, Manuf-Green Technol. 1 (2014) 95-99.
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Figura 1.19.- llustracion esquematica de la prensa axial.

En el prensado isostatico, las presiones se aplican desde maltiples direcciones, dando
uniformidad y capacidad de forma a la compactacion, pudiendo aplicarse en frio o
calor®®’. También se pueden fabricar soportes con configuracion tubular mediante el
prensado isostatico®. La formacion de poros se puede controlar en funcion del tamafio de
particula de los polvos de partida o de la presion.

1.8.2. Métodos de recubrimiento

El dip-coating (o revestimiento por inmersion) es una técnica en la que se deposita
una capa delgada de manera uniforme utilizando una pasta. Esta pasta, al igual que en el
tape casting y el screen printing, esta formada por polvos ceramicos, un binder como el
butiral de polivinilo, un dispersante como por ejemplo el éster de fosfato, y un disolvente
como el etil metil quetona mezclado con isopropanol. Las ventajas principales del dip-
coating es su sencillez y bajo coste, junto con la capacidad de controlar el espesor y la
suavidad de la capa®®.

8 Chen M., Kim B.H., Xu Q., Ahn B.G., Huang D.P., Fabrication and performance of anode-supported
solid oxide fuel cells via slurry spin coating, J. Membr. Sci. 360 (2010) 461-468.

87 Monash P., Pugazhenthi G., Saravanan P., Various fabrication methods of porous ceramic supports for
membrane applications, Rev. Chem. Eng. 29 (2013) 357-383.

8 Mahata T., Nair S.R., Lenka R.K., Sinha P.K., Fabrication of Ni-YSZ anode supported tubular SOFC

through iso-pressing and co-firing route, Int. J. Hydrog. Energy. 37 (2012) 3874-3882.

Jang I, Kim C., Kim S., Yoon H., Fabrication of thin films on an anode support with surface

modification for high-efficiency intermediate-temperature solid oxide fuel cells via a dip-coating

method, Electrochim. Acta. 217 (2016) 150-155.

89



68|Introduction

Support plate —

Upper punch

xfj, ) Demolding
Ground powder | | i
® )
S Pressed pellet
Pressing die

Lower punch

Support plate [

Figure 1.19.- Axial pressing schematic illustration.

In the isostatic pressing, the pressures are applied from multiple directions, giving
uniformity and capacity of form to the compaction, being able to apply in cold or heat®87,
It is also possible to manufacture supports with a tubular configuration by means of
isostatic pressing®®. The pore formation can be controlled according to the particle size of
the starting powders or the pressure.

1.8.2. Coating methods

Dip-coating is a technique in which a thin layer is deposited evenly using a paste. This
paste, as in tape casting and screen printing, is made up of ceramic powders, a binder such
as polivinyl butyral, a dispersant such as the phosphate ester, and a solvent such as ethyl
methyl ketone mixed with isopropanol. The main advantages of dip-coating is its
simplicity and low cost, together with the ability to control the thickness and smoothness
of the layer®°.

8 Chen M., Kim B.H., Xu Q., Ahn B.G., Huang D.P., Fabrication and performance of anode-supported
solid oxide fuel cells via slurry spin coating, J. Membr. Sci. 360 (2010) 461-468.

87 Monash P., Pugazhenthi G., Saravanan P., Various fabrication methods of porous ceramic supports for
membrane applications, Rev. Chem. Eng. 29 (2013) 357-383.

8 Mahata T., Nair S.R., Lenka R.K., Sinha P.K., Fabrication of Ni-YSZ anode supported tubular SOFC
through iso-pressing and co-firing route, Int. J. Hydrog. Energy. 37 (2012) 3874-3882.

8 Jangl., Kim C., Kim S., Yoon H., Fabrication of thin films on an anode support with surface modification
for high-efficiency intermediate-temperature solid oxide fuel cells via a dip-coating method,
Electrochim. Acta. 217 (2016) 150-155.
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Los espesores mediante esta técnica varian entre 1 y 100 um y se pueden controlar
ajustando la velocidad a la que se retira el soporte, la viscosidad y la concentracion de la
pasta®®®!, Tras secarse la capa puede repetirse el proceso hasta obtener el espesor
adecuado. Para no aplicar la capa en zonas indeseadas, se hace uso de mascaras. En la
Figura 1.20. esta representado un esquema de la técnica.

Formacion de la Evaporacién del
Inmersién capa humeda disolvente

Figura 1.20.- llustracion esquematica de la técnica dip-coating.

La técnica del spin-coating es una técnica en la que se deposita un “slurry” (una pasta)
del mismo tipo que en las anteriores técnicas, en un soporte plano. En el soporte se crea
una fuerza centrifuga con una rotacion que extiende la solucion uniformemente sobre el
soporte, para posteriormente evaporar el disolvente. La velocidad angular (de entre 300
y 3000 rpm) del soporte giratorio da como resultado una velocidad radial que causa la
dispersion de la suspension, dejando una pelicula delgada sobre el soporte®. En la Figura
1.21. se muestra el esquema de esta técnica.

% Torabi A., Etsell T.H., Sarkar P., Dip coating fabrication process for micro-tubular SOFCs, Solid State
lon. 192 (2011) 372-375.

%1 Gamble S., Fabrication-microstructure-performance relationships of reversible solid oxide fuel cell
electrodes-review, Mater. Sci. Technol. 27 (2011) 1485-1497.

%2 Jasinski P., Molin S., Gazda M., Petrovsky V., Anderson H.U., Applications of spin coating of polymer
precursor and slurry suspensions for solid oxide fuel cell fabrication, J. Power Sources. 194 (2009) 10-
15.
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The thicknesses by this technique vary between 1 and 100 um and can be controlled
by adjusting the speed at which the support is removed, the viscosity and the
concentration of the paste®°!, After drying the layer, the process can be repeated until
the appropriate thickness is obtained. To avoid applying the layer in unwanted areas,
masks are used. In Figure 1.20. is represented a scheme of the technique.
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Figure 1.20.- Dip-coating technique schematic illustration.

The spin-coating technique is a technique in which a slurry of the same type as in the
previous techniques is deposited on a flat support. In the support a centrifugal force is
created with a rotation that extends the solution uniformly on the support, to later
evaporate the solvent. The angular velocity (between 300 and 3000 rpm) of the rotating
support results in a radial velocity that causes the dispersion of the suspension, leaving a
thin film on the support®. The scheme of this technique is shown in Figure 1.21.

% Torabi A., Etsell T.H., Sarkar P., Dip coating fabrication process for micro-tubular SOFCs, Solid State
lon. 192 (2011) 372-375.

%1 Gamble S., Fabrication-microstructure-performance relationships of reversible solid oxide fuel cell
electrodes-review, Mater. Sci. Technol. 27 (2011) 1485-1497.

92 Jasinski P., Molin S., Gazda M., Petrovsky V., Anderson H.U., Applications of spin coating of polymer
precursor and slurry suspensions for solid oxide fuel cell fabrication, J. Power Sources. 194 (2009) 10-
15.



Introduccidn |71

Capa fina

o/ Rotacion

Figura 1.21.- Esquema del proceso spin-coating.

Las capas preparadas mediante la técnica de spin-coating son reproducibles y
homogéneas, pudiendo aplicarse en diametros mayores a 30 cm®. El espesor de la capa
depende de la velocidad de rotacién, la viscosidad y la concentracion de la solucion
preparada®. Hay posibilidad de aumentar el espesor aumentando el nimero de ciclos,
afiadiendo cada vez mas solucidn. Se trata de una técnica que requiere un equipamiento
poco costoso econdémicamente y que puede comercializarse a gran escala. La
microestructura de las capas puede, ademas, ser modificada cambiando las composiciones
de la pasta®, utilizandose de esta manera para la produccion tanto de electrodos porosos
como de electrolitos densos®’.

La técnica de spray coating (recubrimiento por spray) es una técnica simple y
economica, con un alto control en la calidad y espesor de las capas depositadas.
Extensamente utilizada en aplicaciones industriales, es una técnica considerada apropiada
para depositar capas delgadas uniformemente sobre soportes de cualquier forma y
tamano. Esta técnica se ha utilizado para hacer capas de electrolito densas, capas anddicas
y catodicas porosas. En la técnica de recubrimiento por spray, la suspension creada
recubre el soporte utilizando una pistola de spray, o en el caso del presente estudio, un
aerografo. El requisito principal es que las suspensiones estén estables con sus particulas
dispersas®.

% Norrman K., Ghanbari-Siahkali A., Larsen N., Studies of spin-coated polymer films, Annual reports on
the progress of chemistry, Section C, Phys. Chem. 101 (2005) 174-201.

% Wang J., LU Z., Chen K., Huang X., Ai N., Hu J., Zhang Y., Su W., Study of slurry spin coating
technique parameters for the fabrication of anode-supported YSZ Films for SOFCs, J. Power Sources.
164 (2007) 17-23.

% Chen M., Kim B.H., Xu Q., Ahn B.G., Preparation and electrochemical properties of Ni—-SDC thin films
for IT-SOFC anode, J. Membr. Sci. 334 (2009) 138-147.

% Xu X., Xia C., Huang S., Peng D., YSZ thin films deposited by spin-coating for IT-SOFCs, Ceram. Int.
31 (2005) 1061-1064.

9% Wang J., LUl Z., Huang X., Chen K., Ai N., Hu J., Su W., YSZ films fabricated by a spin smoothing
technique and its application in solid oxide fuel cell, J. Power Sources. 163 (2007) 957-959.

% LiW., Guan B., Yan J., Zhang N., Zhang X., Liu X., Enhanced surface exchange activity and electrode
performance of (La,-2xSrax)(Nii—xMny)Ou.5 cathode for intermediate temperature solid oxide fuel cells,
J. Power Sources. 318 (2016) 178-183.
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Figure 1.21.- Spin-coating process scheme.

The layers prepared by the spin-coating technique are reproducible and homogeneous
and can be applied in diameters greater than 30 cm®. The thickness of the layer depends
on the speed of rotation, the viscosity and the concentration of the prepared solution®.
There is the possibility of increasing the thickness increasing the number of cycles, adding
more and more solution. It is a technique that requires economically inexpensive
equipment that can be commercialized on a large scale. The microstructure of the layers
can also be modified by changing the compositions of the paste, thus being used for the
production of both porous electrodes® and dense electrolytes®®7,

The spray coating technique is a simple and economical technique, with a high control
in the quality and thickness of the deposited layers. Widely used in industrial applications,
it is considered an appropriate technique to deposit thin layers uniformly on supports of
any shape and size. This technique has been used to make dense electrolyte layers or
porous anodic and cathodic layers. In spray coating technique, the created suspension
covers the support using a spray gun, or in the case of the present study, an airbrush. The
main requirement are stable suspensions with their particles dispersed®.

% Norrman K., Ghanbari-Siahkali A., Larsen N., Studies of spin-coated polymer films, Annual reports on
the progress of chemistry, Section C, Phys. Chem. 101 (2005) 174-201.

% WangJ., L0 Z., Chen K., Huang X., Ai N., Hu J., Zhang Y., Su W., Study of slurry spin coating technique
parameters for the fabrication of anode-supported YSZ Films for SOFCs, J. Power Sources. 164 (2007)
17-23.

% Chen M., Kim B.H., Xu Q., Ahn B.G., Preparation and electrochemical properties of Ni-SDC thin films
for IT-SOFC anode, J. Membr. Sci. 334 (2009) 138-147.

% Xu X., Xia C., Huang S., Peng D., YSZ thin films deposited by spin-coating for IT-SOFCs, Ceram. Int.
31 (2005) 1061-1064.

% Wang J., LU Z., Huang X., Chen K., Ai N., Hu J., Su W., YSZ films fabricated by a spin smoothing
technique and its application in solid oxide fuel cell, J. Power Sources. 163 (2007) 957-959.

% LiW.,, Guan B., Yan J., Zhang N., Zhang X., Liu X., Enhanced surface exchange activity and electrode
performance of (La,-2xSrax)(Nii—xMny)Ou.5 cathode for intermediate temperature solid oxide fuel cells,
J. Power Sources. 318 (2016) 178-183.



Introduccion | 73

La Figura 1.22. muestra la ilustracién esquematica del recubrimiento por spray. Entre
los parametros que se pueden ajustar para controlar la reproducibilidad, estan: la distancia
entre la boquilla y el soporte, la viscosidad de la suspension, la presion de atomizacion,
la velocidad a la que se deposita o la geometria de la boquilla. En el caso de que la boquilla
esté fija, se puede configurar la velocidad del soporte.

Figura 1.22.- llustracion y fotografia del método de recubrimiento por spray.

En el presente trabajo, tras multiples ensayos, se ha optado por utilizar el prensado
como técnica de conformacidén de soportes, por tener previamente la capacidad de
modelar los polvos precursores para su procesado mediante esta técnica. Para el
recubrimiento de los soportes, a la hora de afiadir los demas componentes que configuran
las celdas, se ha optado por la técnica de spray coating, puesto que permite el control del
espesor de las capas de manera sencilla; ademas de permitir la porosidad requerida para
cada componente.
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Figure 1.22. shows the schematic illustration of spray coating. Among the parameters
that can be adjusted to control the reproducibility, are: the distance between the nozzle
and the support, the viscosity of the suspension, the atomization pressure, the speed at
which it is deposited or the geometry of the nozzle. In case the nozzle is fixed, the support
speed can be set.

Figure 1.22.- Spray coating method illustration and photograph.

In the present work, after multiple trials, it has been decided to use the pressing
technique for modelling the supports, having previously the ability to model the precursor
powders for the processing by this technique. For the coating of the supports when adding
the other components that make up the cells, the spray coating technique has been chosen,
since it allows the control of the thickness of the layers in a simple way, as well as
allowing the required porosity for each component.
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1.9. Sistemas SOFC

Los sistemas de pilas de combustible de éxido sélido son muy prometedores para la
produccion econdémica de electricidad y calor en una variedad de aplicaciones
comerciales, de generacion industrial y de sistemas eléctricos. Las SOFC tienen el rango
de potencial suficiente como para integrarse en un amplio nimero de aplicaciones, desde
dispositivos portéatiles de 20 W, hasta plantas de generacion de energia de 700 kW. A
continuacion, se expondran algunos de los sistemas comerciales o en fase de desarrollo
que se pueden encontrar en uso hoy en dia.

La empresa australiana CFCL (Ceramics Fuel Cells Limited) comercializa mddulos de
generacion de electricidad con tecnologia SOFC, denominados Gennex (Figura 1.23a.).
Estos modulos de 1 kW, son capaces de operar todos los dias del afio, pudiéndose utilizar
como generador independiente o para calderas, bombas de calor y sistemas de circulacion
domésticos. Aunque necesitan 13 h de arranque, su eficiencia esta entre un 60 y 85%, sus
emisiones a la atmosfera son de CO (<10 ppm) y agua, Yy tiene un peso de alrededor de
55 kg®°.

La empresa japonesa Osaka Gas Co., tras vender 70.000 unidades de sistemas de pilas
de combustible de membrana polimérica, se animo a desarrollar sistemas con tecnologia
SOFC para uso residencial. Los sistemas Ene-Farm tipo S (Figura 1.23b.), son sistemas
con una potencia de salida de hasta 700 W, de los que se espera un uso de mas de
80.000 h (méas de 10 afios), con un ciclo de mantenimiento cada tres afios y medio. Tiene
una eficiencia de 90% utilizando el ciclo combinado, ademas de reducir drasticamente las
emisiones de CO,*®.

Para resolver problemas de suministro de energia para la fuerza de equipamiento
rapido de los EEUU, Ultra Electronics AMI suministro en 2011 cinco unidades SOFC.
Estas unidades, son sistemas portables de menos de 15 kg, capaces de funcionar en
temperaturas entre -20 y 50 °C, proveen 300 W de potencia funcionando con propano,
butano o gas licuado del petréleo (LPG) como combustible. Ademas, alcanzan tiempos
de funcionamiento mas largos que muchas baterias®:.

Figura 1.23.- Diferentes sistemas con tecnologia SOFC. (a) sistema Gennex y (b) sistema Ene
Farm tipo S.

% http://www.cfcl.com.au/Gennex/
100 Japanese group unveils SOFC Ene-Farm residentia cogen unit, Fuel cells bulletin. 4 (2012) 4.
101 Ultra Electronics AMI wins SOFC order for Rapid Equipping Force, Fuel cells bulletin. 7 (2011) 7.
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1.9. SOFC systems

Solid oxide fuel cell systems are very promising for the economical production of
electricity and heat in a variety of commercial, industrial generation and electrical systems
applications. The SOFCs have a sufficient potential range to be integrated in a wide range
of applications, from 20 W portable devices to 700 kW power generation plants. Next,
some of the commercial or system developments that can be found in use today, will be
exposed.

The Australian company CFCL (Ceramics Fuel Cells Limited) sells electricity
generation modules with SOFC technology, called Gennex (Figure 1.23a.). These 1 kW
modules are capable of operating every day of the year, and can be used as an independent
generator or for boilers, heat pumps and domestic circulation systems. Although they
need 13 h to start, their efficiency is between 60 and 85%, their emissions to the
atmosphere are CO (<10 ppm) and water and has a weight of around 55 kg®°.

The Japanese company Osaka Gas Co., after selling 70,000 units of polymer
membrane fuel cell systems, was encouraged to develop systems with SOFC technology
for residential use. The Ene-Farm type S systems (Figure 1.23b.), are systems with an
output power of up to 700 W and a use of more than 80,000 h (more than 10 years) is
expected, with a cycle of maintenance every three and a half years. It has an efficiency of
90% using the combined cycle, reducing the CO emissions'®.

To solve power supply problems for the rapid equipment force of the US, Ultra
Electronics AMI supplied in 2011 five SOFC units. These units, are portable systems of
less than 15 kg, capable of operating in temperatures between -20 and 50 ° C, providing
300 W of power that work using propane, butane or liquid petroleum gas (LPG) as fuel.
In addition, they reach longer operating times than many batteries!ot,

Figure 1.23.- Different SOFC technology systems. (a) Gennex system and (b) Ene-Farm type
S system.

% http://www.cfcl.com.au/Gennex/
100 Japanese group unveils SOFC Ene-Farm residentia cogen unit, Fuel cells bulletin. 4 (2012) 4.
101 Ultra Electronics AMI wins SOFC order for Rapid Equipping Force, Fuel cells bulletin. 7 (2011) 7.
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En noviembre de 2017, la empresa alemana New Enerday instald el sistema
Powertrailer EN 8000, como generador de energia del sistema de sefiales a nivel para el
paso de trenes. Este sistema portatil, permite suministrar energia a zonas alejadas,
independientes de la red eléctrica. En abril de 2018, esta misma empresa, como prueba
experimental, puso en funcionamiento el equipo Powerbox en el campo base més al norte
del monte Everest, a una altura aproximada de 5300 m (Figura 1.24.). Este equipo,
suministrd energia durante dos meses a una cabina de infrarrojos, permitiendo a los
montafieros calentarse'%4,

Figura 1.24.- Sistema Powerbox suministrando energia en un campo base del Everest.

Estos equipos, se encuentran entre los primeros sistemas completos en uso. Aunque
todavia se encuentran en fase de desarrollo, se espera que en los proximos afios se
empiecen a comercializar, de manera mas generalizada, al publico.

104 https://www.sunfire.de/en/applications/mobile-energy.
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In November 2017, the German company New Enerday installed the Powertrailer EN
8000 system, as a power generator for the passage of trains signal system. This portable
system allows energy to be supplied to remote areas, independent of the electricity
network. In April 2018, this same company, as an experimental test, put the Powerbox
equipment into operation in the north base camp of Mount Everest, at an approximate of

5300 m height (Figure 1.24.). This equipment, supplied power for two months to an
infrared cabin, allowing mountaineers to warm up®.

Figure 1.24.- Powerbox system supplying energy in a Everest base camp.

These devices are among the first complete systems in use. Although they are still in

a development phase, it is expected that in the coming years they will begin to
commercialize to the public more generally.

104 https://www.sunfire.de/en/applications/mobile-energy.
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1.10 Objetivos

El principal objetivo de este trabajo consiste en el desarrollo y el disefio de una pila de
combustible de éxido solido, teniendo en cuenta todos sus componentes y haciendo uso
de materiales previamente sintetizados.

En este aspecto, se plantean retos a los que es necesario dar solucion. Entre otros,
resulta imprescindible el escalado de la sintesis de todos los compuestos que configuran
una celda de combustible. Para ello, es necesaria la caracterizacion de todos los
compuestos a gran escala, para posteriormente, demostrar la reproducibilidad de la
sintesis comparando diferentes lotes entre si. Entre las propiedades a caracterizar, cobran
importancia tanto la composicién, que se ha analizado mediante espectroscopia de
emisién atomica de plasma acoplado por induccion (ICP-AES), la difraccion de rayos-X
(XRD) para determinar la estructura, asi como la morfologia, caracterizada mediante el
microscopio electrénico de barrido (SEM) y un analizador de tamafios de particula por
dispersion laser (LD). Al mismo tiempo, otras propiedades a examinar han sido el
coeficiente de expansion térmica de los compuestos sintetizados y su conductividad
ionica y electronica.

Otro reto a tener en cuenta es el procesado. En primer lugar, la estrategia seguida para
abordar este desafio ha consistido en estudiar los polvos sintetizados utilizando una
configuracion simple, es decir, una configuracion simétrica plana. Este estudio, ha
permitido optimizar métodos de procesado como la molienda de las pastas de deposicion,
ademas de identificar diferentes espesores dptimos para las capas de cada componente.
Ademas, de esta manera se ha podido simular una celda SOFC mas real, permitiendo el
desarrollo de un sistema, formado por un electrolito, una barrera, un catodo y una capa
de contacto.

Una vez optimizada esta estructura simétrica, con objeto de proceder al procesado de
una celda de combustible funcional, se ha procedido a fabricar una celda asimétrica de
soporte anodico, en el que se han depositado los mismos componentes estudiados en las
anteriores secciones. El estudio de la conformacion de estas celdas, ha permitido solventar
la problematica surgida a causa de los coeficientes térmicos de expansion (TEC) de los
componentes, utilizando para ello composites entre los componentes. Una vez optimizada
esta estructura, con objeto de garantizar la funcionalidad de la celda, se han realizado
medidas electroquimicas en ellas. Este trabajo finaliza con la aplicacion de largos tiempos
de operacion sobre las celdas, en base a su respuesta electroquimica y su estabilidad a
largos tiempos de operacion.
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1.10. Objectives

The main objective of this work is the development and design of a solid oxide fuel
cell, taking into account all its components and making use of previously synthesized
materials.

In this aspect, there are challenges that need to be solved. Among other things, it is
essential to scale up the synthesis for all the compounds that compose a fuel cell. To do
this, it is necessary to make a characterization of all the compounds on a large scale, to
subsequently demonstrate the reproducibility of the synthesis by comparing different
batches with each other. Among the properties to be characterized, the composition,
which have been analysed by inductively coupled plasma- atomic emission spectroscopy
(ICP-AES), the X-ray diffraction (XRD) to determine the structure, as well as the
morphology, characterized by the scanning electron microscopy (SEM) and the particle
size analyser by laser dispersion (LD), are important. At the same time, other properties
to examine have been the thermal expansion coefficient of the synthesized compounds
and their ionic and electronic conductivity.

Another challenge to take into account is the processing. First, the strategy followed
to address this challenge has been to study the synthesized powders using a simple
configuration, that is, a planar symmetric configuration. This study has allowed
optimizing processing methods such as the grinding of the deposition pastes, in addition
to identify different optimum thicknesses for the layers of each component. In addition,
in this way it was possible to simulate a more real SOFC cell, allowing the development
of a more complete fuel cell, formed by an electrolyte, a barrier, a cathode and a contact
layer.

Secondly, once this symmetric structure was optimized, in order to proceed with the
processing of a functional fuel cell, a asymmetric cell of anodic support was
manufactured, in which the same components studied in the previous sections have been
deposited. The study of the conformation of these cells, has allowed solving the problems
arising from the thermal expansion coefficient (TEC) of the components, using
composites between the components. Once this structure has been optimized, in order to
guarantee the functionality of the cell, electrochemical measurements have been made on
them. This work ends with the application of long operation times on the cells, based on
their electrochemical response and their stability at long operating times.
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Resumen del capitulo 2

El objetivo inicial planteado ha sido el conformado de una celda de pila de combustible
de oxido sdlido, por lo cual una de las primeras cuestiones ha sido determinar los
materiales de partida y la manera de proceder para conseguirlos. Tras haber revisado las
referencias bibliogréaficas disponibles hasta la fecha, se ha decidido sintetizar los
compuestos a utilizar, dado que este procedimiento permite una mayor flexibilidad a la
hora de modificar las caracteristicas de los materiales de partida. La sintesis de los
materiales aumenta las alternativas de hacer frente a los problemas que han podido surgir
a la hora del procesado de los mismos. Estudios previos han sefialado la importancia de
las demandas en torno a las sintesis de los materiales para celdas de combustible de 6xido
solido. Entre estas demandas, se encuentra que el método de sintesis ha de ser econémico,
rapido y energéticamente eficiente. Una de las técnicas de sintesis que mas se adecUa a
estas caracteristicas es la sintesis por combustion, la cual requiere el uso de un oxidante
(generalmente nitratos de metales) y un combustible organico (como pueden ser urea,
glicina, etc.). La modificacion de variables como pueden ser el indice combustible/nitrato
o latemperatura a la que se produce la combustion, ha permitido controlar las propiedades
de los compuestos finales. Por lo tanto, se ha decidido escoger este método de sintesis y
determinar su escalabilidad, teniendo en cuenta las grandes cantidades de material que se
han necesitado para llevar adelante la investigacion.

Una vez se han establecido los criterios 6ptimos en la sintesis, se ha procedido con la
seleccion de los materiales para la conformacion de las celdas de combustible de 6xido
solido. La configuracién mas simple de una celda de combustible consta de un anodo, un
electrolito y un catodo. De entre los electrolitos, el compuesto que méas extensamente se
ha utilizado es la itria estabilizada con zirconio (YSZ). Junto con este electrolito, la
literatura existente indica que el &nodo que mejor adherencia y compatibilidad demuestra
tener con este electrolito, es el compuesto Ni-YSZ, el cual posee una alta actividad
catalitica, una estabilidad mecanica y quimica apropiada y un coste moderado. Resultados
previos obtenidos por el grupo de investigacion han demostrado que, de entre los
diferentes tipos de catodos, el compuesto Lao.sFeo4SrOs (LSF), es un buen candidato para
su conformacion dentro de la celda, demostrando un coeficiente de expansion térmico
adecuado, junto con una actividad iénica mixta y una alta actividad catalitica para la
reduccion de oxigeno. Posteriormente, se ha establecido la necesidad del uso de diferentes
barreras quimicas entre el LSF e YSZ, para evitar la formacion de fases no deseadas.
Estudios previos realizados han indicado que el uso del material Smo2Ceos01.9 (SDC)
como barrera entre el electrolito y el catodo, ha sido una opcién acertada. Diversas
investigaciones han evidenciado que el uso de una capa de contacto compuesta por
LaNiosFeo403 (LNF), minimiza las pérdidas 6hmicas entre el interconector y el catodo,
por lo que se ha decidido optar por el uso de este compuesto. Finalmente, con el fin de
evitar la transferencia de Cr de interconectores formados por aceros inoxidables ferriticos
para altas temperaturas, como puede ser el Crofer 22 APU, se ha utilizado una capa
protectora como recubrimiento de interconector. Entre las opciones disponibles, se ha
optado por utilizar el compuesto MnCo19Fe0.104 (MCF), con el fin de prevenir la
disminucion del rendimiento y durabilidad de las pilas de combustible de 6xido sélido.
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Summary of the chapter 2

The initial objective of the project has been the formation of a solid oxide fuel cell, so
one of the first questions has been to determine the starting materials to use and the way
to proceed to achieve them. After reviewing the bibliographical references available to
date, it has been decided to synthesize the compounds to be used, since this procedure
allows greater flexibility when modifying the characteristics of the starting materials. The
synthesis of the materials increases the alternatives of dealing with the problems that may
have arisen when processing them. Previous studies have pointed out the importance of
the demands around the synthesis of materials for solid oxide fuel cells. Among these
demands, the synthesis method must be economical, fast and energy efficient. One of the
synthetic techniques that best suits these characteristics is the combustion synthesis,
which requires the use of an oxidant (usually nitrate metals) and an organic fuel (such as
urea, glycine, etc.). The modification of variables such as the fuel/nitrate index or the
temperature at which combustion takes place, have allowed to control the properties of
the final compounds. Therefore, it has been decided to choose this synthesis method and
determine its scalability, taking into account the large amounts of material that have been
needed to carry out the research.

Once the optimum criteria have been established in the synthesis, it has been proceeded
with the selection of the materials for the conformation of the solid oxide fuel cells. The
simplest configuration of a fuel cell consists of an anode, an electrolyte and a cathode.
Among the electrolytes, the most widely used compound is zirconium stabilized yttria
(YSZ). Along with this electrolyte, the existing literature indicates that the anode with the
best adherence and compatibility with this electrolyte is the Ni-YSZ compound, which
has a high catalytic activity, a good mechanical and chemical stability and a moderate
cost. Previous results obtained by the research group, have shown that among the different
types of cathodes, the compound LaosFeosSrOs (LSF), is a good candidate for its
conformation inside the cell, demonstrating a suitable thermal expansion compatibility,
with a mixed ionic activity and a high catalytic activity for the reduction of oxygen.
Subsequently, the need for the use of chemical barriers between the compound LSF and
YSZ has been established, to avoid the formation of unwanted phases. Previous studies
have indicate that the use of the compound Smo 2Ceo.801.9 (SDC) as a barrier between the
electrolyte and the cathode is an appropriate option. Several studies have shown that the
use of a contact layer composed of LaNiosFeo4Os (LNF), would minimize the ohmic
losses between the interconnector and the cathode, so it has been decided to select the use
of this compound. Finally, in order to avoid the transfer of Cr of high temperature ferritic
stainless steel interconnects such as the Crofer 22 APU, a protective layer has been used
as an interconnector coating. Among the available options, it has been decided to use the
compound MnCo19Feo104 (MCF), in order to prevent the decrease in performance and
durability of solid oxide fuel cells.
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Por ultimo, se ha procedido a una caracterizacion de los compuestos sintetizados a
gran escala por el método de combustion, comprobando su reproducibilidad y la
adecuacion de los pardmetros criticos para su empleo mediante diversas técnicas de
conformado. Para ello, la caracterizacion composicional se ha llevado a cabo a través de
ICP-AES vy fluorescencia de rayos X (XRF), la caracterizacion estructural mediante
difraccién de rayos X; y la microestructural mediante microscopia electronica de barrido
y analisis de tamafios de particula. Adicionalmente, también se han realizado medidas de
coeficiente de expansion térmica y de conductividad eléctrica de los compuestos.

Los resultados alcanzados demuestran que la sintesis es apropiada para obtener
grandes cantidades de compuestos de manera facil y adecuada para su posterior procesado
en celdas de pilas de combustible.
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Finally, a characterization of the synthesized compounds on a large scale by the
combustion method has been proceeded, checking their reproducibility and their
suitability and adequacy of the critical parameters for their use for various forming
techniques. For this, the compositional characterization has been carried out through ICP-
AES and X-ray fluorescence (XRF), the structural characterization by X-ray diffraction;
and the microstructural by scanning electron microscopy and particle sizes analysis.
Additionally, measurements of the thermal expansion coefficients and electrical
conductivity of the compounds have also been made.

The results obtained shown synthetic procedures to get large quantities of compounds
easily and adequately for further processing in fuel cell cells.
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Scalable synthetic method for SOFCs compounds
Solid State lonics 313 (2017) 52-57.

2.1. Introduction

New kind of necessities arises from the development of technologies used in synthesis
of SOFC materials. These necessities are originated from the demands for appropriate
industrial production procedure of SOFC materials, and the respective final products.
Therefore, Combustion Synthesis (CS) is an important method for advanced SOFC
component fabrication, because is economical, fast and energy efficient method®.

CS methods can be classified into three categories, on the basis of the physical nature
of reaction mixture itself: (i) flame synthesis or gas phase combustion, (ii) heterogeneous
condensed phase combustion synthesis and (iii) solution combustion synthesis (SCS)2.
Focusing in the SCS route, it consists of using an oxidizer (generally metal nitrates) and
a suitable organic fuel (urea, citric acid, glycine, etc.)®. In this sense, SCS represents an
exothermic method, which can provide enough energy to evaporate volatile impurities as
well as, for the complete calcination of the products, producing, by a single step, pure
nanostructured and homogeneous oxide powders with appropriate microstructural
properties*®.

The major parameters such as fuel mixture and fuel/oxidizer ratio can play a significant
role on phase formation of different compounds®. The choice of organic fuel (usually
glycine, urea, sucrose, citric acid or alanine) is important because different fuels have
different properties such as decomposition temperature, heat of combustion and reducing
valence’. In general, a good fuel should react non violently, producing non toxic gases,
an reacting as a complexant for metal cations®.

1 Kumar A., Cross A., Manukyan K., Bhosale R.R., van den Broeke L.J.P., Miller J.T., Mukasyan A.S.,
Wolf E.E., Combustion synthesis of copper-nickel catalysts for hydrogen production from ethanol,
Chem. Eng. J. 278 (2015) 46-54.

2 Wilberforce T., Alaswad A., Palumbo A., Dassisti M., Olabi A.G., Advances in stationary and portable
fuel cell applications, Int. J. Hydrog. Energ. 41 (2016) 16509-16522.

3 Kumar A., Mukasyan A.S., Wolf E.E., Combustion synthesis of Ni, Fe and Cu multi-component catalysts
for hydrogen production from ethanol reforming, App. Catal. A-Gen. 401 (2011) 20-28.

4 Vidal K., Moran-Ruiz A., Larrafiaga A., Porras-Vazquez J.M., Slater P.R., Arriortua M.I.,
Characterization of LaNigsFeo4O3 perovskite synthesized by glycine-nitrate combustion method, Solid
State lon. 269 (2015) 24-29.

5 Gonzalez-Cortés S.L., Imbert F.E., Fundamentals, properties and applications of solid catalysts prepared
by solution combustion synthesis (SCS), App. Catal. A- Gen. 452 (2013) 117-131.

6 Rasouli S., Moeen S.J., Combustion synthesis of Co-doped zinc oxide nanoparticles using mixture of
citric acid—glycine fuels, J. Alloy. Compd. 509 (2011) 1915-1919.

7 Singh S., Singh D., LaSrFeO4 nanopowders synthesized by different combustion methods: Effect of
fuel/particle size, Ceram. Int. 42 (2016) 15725-15731.

8 Hajarpour S., Gheisari K., Raouf A.H., Characterization of nanocrystalline MgosZno.4Fe204 soft ferrites
synthesized by glycine-nitrate combustion process, J. Magn. Magn. Mater. 329 (2013) 165-169.
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As consequence, glycine was selected as the fuel since it is more cost-effective, has
demonstrate that can be conveniently employed to prepare ceramic powders and its
combustion heat (-3.24 kcal-g™) is greater than that of urea (-2.98 kcal-g™) or citric acid
(-2.76 kcal-gt), being more stronger complexing agent and forming stable gels in nitrate
solution®*!, The advantages of the glycine nitrate combustion process are relatively low
cost, fast heating rates, short reaction times, high composition homogeneity and high
energy efficiency'?.

The commonly used materials for fuel cell devices are porous cermets of metallic
NiO-(Zr0O2)o0.92 (Y203)0.08 (NiO-YSZ) as an anode and dense (Zr02)o0.92 (Y203)o.0s (YSZ)
layers as electrolyte'®!4. According to other authors and to our previous studies,
Lao.sSro.4FeOs (LSF40) has demonstrated to be a practical cathode using Smo2Ceo Q019
(SDC) as barrier between cathode and electrolyte, avoiding poorly conducting secondary
phases which increases contact resistance of the system?®>16,

Earlier studies have concluded that the use of LaNiosFeo403 (LNF60) cathode contact
layers improves electrons transfer through the contact interface from interconnect to
active cathode layer'’. In addition, MnCoigeFeo104 (MCF10) can be used as an
interconnect protective coating to avoid the Cr poisoning to the cathode®.

9 Boobalan K., Varun A., Vijayaraghavan R., Chidambaram K., Mudali U.K., Facile, scalable synthesis
of nanocrystalline calcium zirconate by the solution combustion method, Ceram. Int. 40 (2014) 5781-
5786.

10 da Silva C.A., Ribeiro N.F.P., Souza M.M.V.M., Effect of the fuel type on the synthesis of yttria
stabilized zirconia by combustion method, Ceram. Int. 35 (2009) 3441-3446.

1 Lenka R.K., Mahata T., Sinha P.K., Tyagi A.K., Combustion synthesis of gadolinia-doped ceria using
glycine and urea fuels, J. Alloy Compd. 466 (2008) 326-3209.

2 Tuichai W., Thongbai P., Amornkitbamrung V., Yamwong T., Maensiri S., NagsBiosCusTisO12
nanocrystalline powders prepared by a glycine—nitrate process: Preparation, characterization, and their
dielectric properties, Microelectron. Eng. 126 (2014) 118-123.

13 Monz6n H., Laguna-Bercero M.A., Larrea A., Arias B.1., Varez A., Levenfeld B., Design of industrially
scalable microtubular solid oxide fuel cells based on an extruded support, Int. J. Hydrog. Energy. 39
(2014) 5470-5476.

14 'Wang Z., Huang X., Lv Z., Zhang Y., Wei B., Zhu X., Wang Z., Liu Z., Preparation and performance
of solid oxide fuel cells with YSZ/SDC bilayer electrolyte, Ceram. Int. 41 (2015) 4410-4415.

15 Arregui A., Rodriguez-Martinez L.M., Modena S., Bertoldi M., van Herle J., Sglavo V.M., Stability of
ferritic perovskite cathodes in anode-supported solid oxide fuel cells under different processing and
operation parameters, Electrochim. Acta. 58 (2011) 312-321.

16 Shimura K., Nishino H., Kakinuma K., Brito M.E., Uchida H., Effect of samaria-doped ceria (SDC)
interlayer on the performance of Lao sSro.4C0o.2Fe08035/SDC composite oxygen electrode for reversible
solid oxide fuel cells, Electrochim. Acta. 225 (2017) 114-120.

17" Moran-Ruiz A., Vidal K., Laguna-Bercero M.A., Larrafiaga A., Arriortua M.l., Effects of using
(Lao,gsro,z)o,gsFeo,eMno_3COo,103 (LSFMC), LaNio_eFeo,4O3-5 (LNF) and LaNio_BCOo_4O3—3 (LNC) as
contact materials on solid oxide fuel cells, J. Power Sources. 248 (2014) 1067-1076.

18 Miguel-Pérez V., Martinez-Amesti A., N6 M.L., Larrafiaga A., Arriortua M.l., The effect of doping
(Mn,B)3;04 materials as protective layers in different metallic interconnects for solid oxide fuel cells, J.
Power Sources. 243 (2013) 419-430.
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The present work presents the adaptation of an existing lab-scale cell components
production method to an industrially ready and easily scalable method using glycine-
nitrate combustion synthesis. After the synthesis optimization, up to 12 g of sample have
been obtained in each batch. The synthesized components were: anodes, electrolytes,
interlayers, cathodes, contact layers and interconnect protective coatings. Therefore,
results of a complete characterization study have been reported including compositional
identification of phases, crystal structure, electrical and ionic conductivity, thermal
expansion and morphological structure, showing a good reproducibility in all the cases.

2.2. Experimental

2.2.1. Powder preparation

All the SOFC component powders were prepared by a glycine nitrate process (GNP),
as shown in the supplementary material (Figure 2.S1.). Stoichiometric amounts of the
corresponding metal nitrates, which were chosen because their low price under 2.90 € per
gram, were dissolved in deionized water (see Table 2.1.), to yield 36 g of the final oxide
powders.

Table 2.1.-Summary of used starting materials.

COMPOUND STARTING MATERIALS*

La(NO3)s-6H,0 (>99%), Sr(NO3); (>99%) and
Fe(NO3)2-9H,0 (>98%)
La(NO3)s-6H,0 (>99%), Ni(NO3)2-6H,0 (>98.5%) and
Fe(NO3)2-9H,0 (>98%)
Mn(NO3)2-XxH,0 (>98%), Co(NO3)2-6H,0 (>98%) and

Lao.sSro4FeOs (LSF40)

LaNio.sFeo4Os (LNF60)

MnCozi.sFeo104 (MCF10) Fe(NOs)s-9H;0 (>98%)

Smo.2Ceo.s01.9 (SDC) Sm(NOs3)3-6H20 (>99.9%) and Ce(NOs)3-6H.0 (>99%)
Ni0.30-(Zr02)0.92(Y203)0.08 (NiO- Y (NO3)3:6H20 (>99.9%), ZrO(NO3)2-xH20 (>99%) and
YSZ) Ni(NOz3)2:6H.0 (>98.5%)

(Zr02)0.92(Y203)0.08 (YSZ) Y (NO3)3-6H20 (>99.9%) and ZrO(NOs),-xH20 (>99%)

* All the starting materials used were from Sigma-Aldrich. See Figure 2.S2. (supplementary material)
for more information.

For all compositions glycine was then added into the nitrate aqueous solution (glycine-
nitrate stoichiometric solution) while stirring. The resulting viscous liquid was auto-
ignited by heating up to approximately 455 °C. The obtained powders were calcined
between 600 and 800 °C for 5 h to remove carbon residues. In the case of LSF40, LNF60
and MCF10, the resulting powders were pelletized and calcined in air at 950 °C for 8 h,
which after several test, demonstrated to be the most economical treatment conditions to
obtain pure samples.

2.2.2 Characterization techniques

Compositional analysis was performed for all the prepared samples to confirm that the
expected elemental composition was achieved. The metal contents of Mn, Co, Fe, Sr, Ni
and La, were determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) on a Horiba Yobin Yvon Activa spectrophotometer. Because their difficulty
to dissolve, the analysis of Sm, Ce, Zr and Y contents were carried out with X-ray
fluorescence (XRF) on a Fischercope X-ray XDAL.
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Room-temperature X-ray diffraction (XRD) data were recorded using an integration
time of 10 s/0.026 ° step in the 5<20<70 ° range with a Philips X Pert-PRO X-ray
diffractometer equipped with a secondary beam graphite monochromated and Cu-Ka
radiation.

The morphologies of the powder samples were observed using a scanning electron
microscope (JEOL JSM-7000F). Secondary electron images were taken at 20 kV and
1.1-10 A, using a working distance of 8 mm. Particle size distribution of the powders
was carried out using a Mastersizer particle size analyzer (Malvern Instruments). All the
measurements were done using isopropanol as dispersion medium and using ultrasounds
to break up the agglomerates that are formed.

To measure bulk conductivity and thermal expansion coefficient (TEC), pellets of the
powders were sintered between 1050 and 1350 °C, and then, cutted in 1x3%7 mm bars.
The bulk density of each sample was calculated by measuring the mass and the
dimensions of the bars. The samples had a density of around 75% of the theoretical
(X-ray) density.

DC conductivity measurements were performed in air by the four-point DC method
using a V'SP potentiostat controlled by PC using Lab Windows/CVI field point system.

Electrical contacts were made using Pt wires and Pt paste placed over whole end faces
ensuring a homogeneous current flow. Voltage contacts were made as small as possible
to avoid any disturbance of the contacts on the current flow. Measurements were
performed from 450 °C to 950 °C. The conductivity (c) was determined from a set of
V-I values by taking c = 1/p=L/ A x dl/ dV, where L is the distance between voltage
contacts and A is the sample cross section. Finally, TEC measurements were carried out
from room temperature to 950 °C in air with a heating rate of 5 °C/min by using a
Unitherm Model dilatometer.

2.3. Results and discussion
2.3.1. Elemental composition

In order to be able to study the reproducibility of large-scale synthesis of used
compounds, three different synthesis have been perform for each compound, labeling as
batch the 12 grams of product gained in each synthesis. The nominal composition of the
samples and the results from the ICP-AES analysis are shown in Table 2.2.

Table 2.2.- Summary ICP results for LSF (La, Sr, Fe), LNF (La, Ni, Fe) and MCF
(Mn, Co, Fe).

Sr La Fe Ni Mn Co
LSF40 (Batch 1) 0.41(2) 0.58(2) 1.02(3)
LSF40 (Batch 2) 0.40(1) 0.58(2) 1.01(3)
LSF40 (Batch 3) 0.41(1) 0.58(2) 1.02(3)
LNF60 (Batch 1) 0.98(9) 0.41(6) 0.61(8)

LNF60 (Batch 2) 0.97(9) = 0.41(6)  0.60(8)
LNF60 (Batch 3) 1.02(9) = 0.45(6) @ 0.65(8)

MCF10 (Batch 1) 0.10(1) 0.99(4)  1.86(5)
MCF10 (Batch 2) 0.10(1) 1.02(4) = 1.90(5)

MCF10 (Batch 3) 0.10(1) 0.98(4)  1.93(5)
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Within the experimental errors for all the samples, the experimental compositional

values match the nominal composition.

Because the difficulties to dissolve SDC, NiO-YSZ and YSZ samples, the
compositional measurements of these samples has been performed by XRF technique.
The results are shown in the Table 2.3.

Table 2.3.- Summary XRF results for SDC (Sm, Ce), NiO-YSZ (Ni, Y, Zr) and YSZ (Y, Zr).

Zr Y Ni Sm Ce
SDC (Batch 1) 0.8(2) 0.3(2)
SDC (Batch 2) 0.8(2) 0.3(2)
SDC (Batch 3) 0.8(1) 0.3(2)
NiO-YSZ (Batch 1) = 0.8(3) 0.2(1) 0.3(4)
NiO-YSZ (Batch 2) 0.8(3) 0.2(1) 0.3(4)
NiO-YSZ (Batch 3) = 0.8(3) 0.2(1) 0.3(4)
YSZ (Batch 1) 0.8(9) 0.2(3)
YSZ (Batch 2) 0.8(9) 0.2(3)
YSZ (Batch 3) 0.8(9) 0.2(3)

The results obtained by XRF analysis (Table 2.3.) were close to the nominal values for
all the studied samples. In all the cases, the difference between the relative amounts of
the elements in different batches was not significant. Thus, the synthesis procedure shows
an adequate chemical reproducibility.

2.3.2. Structural study

The purity of the samples was studied by X-ray diffraction. All the materials (LSF40,
LNF60, MCF10, SDC, NiO-YSZ and YSZ) prepared through the glycine nitrate (GN)
combustion route present the desired final phases. For the LNF compound, the appearance
of extra shoulders in the experimental profile indicates a possible phase segregation to
give two perovskite phases with different Ni/Fe ratio. In the NiO-YSZ case, the
diffractogram present peaks relative to the phases of NiO and YSZ (cubic structure),
which evidences that the materials did not react at these temperatures.

The signal identification for all XRD patterns is in good agreement with the Power
Diffraction File database (PDF)*°. All the synthesis are reproducible and pure as can be
observed in Figure 2.1. for different batches. The corresponding Rietvield refinements
result and diffraction patterns are displayed as supplementary material (Figure 2.S3.)

19 |CCD, "Powder Diffraction File-Inorganic and Organic", Pennsylvania, USA, 1995.
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Figure 2.1.- X-ray diffraction patterns measured of (a) LSF40, LNF60, MCF10, (b) SDC,

the starting materials under SOFC operating conditions (800°C).

In order to obtain information about the crystal size of the synthesized powders, the
Scherrer formula has been used (Table 2.4.). The Scherrer equation relates the width of a
powder diffraction peak to the average dimensions of crystallites in a polycrystalline
powder (the used instrumental contribution is of 0.1 and the shape factor of 0.9).

Table 2.4.- Crystallite sizes of the synthesized compounds.

Crystallite

Batch Corp;l)(olund ysize
(hkiD) (nm)

1 6(2)
2 YSZ (1,1,1) 6(2)
3 6(2)
1 15(1)
2 SDC (1,1,1) 15(1)
3 14(1)
1 . 5(1)
: NOYSZ
3 " 5(1)
1 10(1)
2 NiO (2,2,0) 11(1)
3 10(1)

FWHM

1.52
1.53
1.55
0.65
0.64
0.67
1.70
1.70
1.70
1.00
0.87
0.99

Compound
(h,k,1)

LSF40 (1,0,4)

LNF60 (1,0,4)

MCF10 (3,1,1)

Crystallite
size
(nm)

46(2)
45(2)
45(2)
16(1)
17(1)
16(1)
182(5)
186(5)
189(5)

FWHM

0.28
0.28
0.28
0.60
0.59
0.60
0.14
0.14
0.14
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As it can be seen, crystallite sizes are homogeneous between different batches of the
same compound, showing crystal grown reproducibility.

2.3.3. Microstructure

Figure 2.2. represents the SEM images for all the synthesized powders. In the case of
LSF40, LNF60, MCF10 and SDC, well-necked morphologies of the powders synthesized
by the combustion method and sintered at 950 °C are shown (a, b, ¢ and d, respectively),
which are composed of nanosized particles and agglomerations of grains of small number
of micrometers.

The micrographs of the obtained samples of NiO-YSZ and YSZ are shown in
Figure 2.2. (e and f, respectively). Nano-sized particles are obtained, morphologically
homogeneous and uniformly porous. In these cases, because of a large amount of the
outcoming gases as-prepared samples are rather voluminous and very fragile. The
particles are bound together into agglomerates of different shapes and sizes of a few
micrometers.

La)LSF40. "

B)LNFE0 " L c)MCF10

-" B

‘Eatcﬁ 1

e)NiO-YSZ

Batch 3

Batch 1 Batch 1 Batch 1

Figure 2.2.- SEM micrographs of the powder samples of a) LSF40, b) LNF60, ¢c) MCF10, d)
SDC, ) NiO-YSZ and f) YSZ.

In all the cases, the agglomerates formed during the combustion reaction are usually
soft and easy to break due to the higher escaping gases for these samples. In addition,
comparing the same compound between different batches, it can be shown that the
particle sizes and shapes are homogeneous. In addition, they are very microstructurally
suitable starting materials to be used in the manufacture of SOFCs.

Particle size distribution of these materials has been measured for their manufacturing
in SOFCs since this parameter influences the rheological properties for their deposition
by wet colloidal spraying, after a ball milling with isopropanol.
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Figure 2.3.- Particle size distribution curves for LSF40, LNF60 MCF10, SDC, NiO-YSZ and

YSZ powders.

As it is shown in Figure 2.3., the aggregate sizes are homogeneous between different
batches demonstrating that the synthesis is reproducible concerning the final processing

Table 2.5.- Summary results of powders particle size distribution tests.

Compound
LSF40 (Batch 1)
LSF40 (Batch 2)
LSF40 (Batch 3)
LNF60 (Batch 1)
LNF60 (Batch 2)
LNF60 (Batch 3)
MCF10 (Batch 1)
MCF10 (Batch 2)
MCF10 (Batch 3)

d(0.5um)
0.903
0.902
0.960
2.161
2.025
2.063
1.905
1.913
1914

Compound
SDC (Batch 1)
SDC (Batch 2)
SDC (Batch 3)

NiO-YSZ (Batch 1)

NiO-YSZ (Batch 2)

NiO-YSZ (Batch 3)
YSZ (Batch 1)
YSZ (Batch 2)
YSZ (Batch 3)

d(0.5um)
1.506
1.495
1.665
3.293
3.262
3.260
1551
1.371
1.828
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2.3.4. Electrical conductivity

The electronic conductivity of LSF40 and Ni-YSZ, can be described by the thermally
activated small polaron mechanism?>2® which is generally expressed as (Eq 2.1):

o=A/T -exp((—Ea)/kT) (Eq 2.1)

in which E, is the activation energy for small polaron hopping conduction, k is the
Boltzmann constant, T is the absolute temperature and A is a pre-exponential factor
independent of the temperature.

In the case of LSF40, the conductivity increases with increasing temperature up to a
maximum and then decreases due to the lattice oxygen loss, implying a small
semiconductor behavior. The electrical conductivity of MCF10 increases with increasing
temperature. For the Ni-YSZ and LNF60 material, however, the conductivity decreases
continuously with increasing temperature, implying a metallic behavior in the measured
temperature range.

For comparison, electrical conductivities at different temperatures and activation
energies for the oxygen ion transport of the different compounds have been represented
in the table 2.6.

Table 2.6.- Electrical conductivity values at different temperatures and activation energy.

Compound NiO-YSZ LSF40  LNF60 MCF10
(600 °C)(S/cm?) 670 89 93 126
(700 °C)(Slcm) 617 74 87 168
(800 °C)(S/cm?) 573 63 82 184
Ea(eV) 0.03 0.02 0.28

The conductivity values obtained for the compounds are not comparable with the
literature conductivity data??, because these results are obtained on samples prepared
using different chemical routes and/or calcined at different temperatures from ours.

%5 pan X., Wang Z., He B., Wang S., Wu X., Xia C., Effect of Co doping on the electrochemical properties
of SraFe15sM0g 506 electrode for solid oxide fuel cell, Int. J. Hydrog. Energy. 38 (2013) 4108-4115.

% Lubini M., Chinarro E., Moreno B., de Sousa V.C., Alves A K., Bergmann C.P., Electrical properties
of LageSro4CoiyFe,O3 (y = 0.2-1.0) fibers obtained by electrospinning, J. Phys. Chem. C. 120 (2016)
64-69.

22 QOsinkin D.A., Bronin D.l., Beresnev S.M., Bogdanovich N.M., Zhuravlev V.D., Vdovin G.K,,
Demyanenko T.A., Thermal expansion, gas permeability, and conductivity of Ni-YSZ anodes produced
by different techniques, J. Solid State Electr. 18 (2013) 149-156.
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2.3.5. Thermal expansion study

Thermal expansion coefficients are an important parameter for SOFCs. High
temperature fuel cell stacks must meet the critical requirement that all layers have to retain
good electrical contact, although large temperature changes occur at assembly and
operating temperatures. In an ideal case, all materials would have the same thermal
expansion coefficient (TEC), but in real configurations, differences will emerge that can
cause thermo-mechanical stress. A further problem can occur because of the differences
in the TECs of the different materials which result to a different change in thickness of
the various layers and reduction of the system lifetime?3,

Figure 2.4. represents dilatometric curves of samples recorded between 200 to 950 °C
in air that are almost linearly dependent on temperature. The value of the average lineal
thermal expansion coeffients (TEC) of the compounds obtained over the temperature
range of 200-800 °C are shown in Table 2.7.
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Figure 2.4.- Thermal expansion behavior of components prepared by the combustion method.

2 Blum L., An Analysis of Contact Problems in Solid Oxide Fuel Cell Stacks Arising from Differences
in Thermal Expansion Coefficients, Electrochim. Acta. 223 (2017) 100-108.
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Table 2.7.- Average TEC values of the obtained materials.

Component Average TEC (200-800 °C) (1.10°°C™?)
Crofer 22APU 11.82°
MCF10 14.6(1)
LNF60 14.8(3)
LSF40 15.8(3)
sbC 14.4(2)
YSZ 13.1(2)
NiO-YSZ 13.3(2)

The change in the thermal expansion coefficient between the different components is
show in Figure 2.5.
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Figure 2.5.- TEC values obtained over the temperature range of 200-800 °C for all the
components.

As can be observed, the introduction of the corresponding layers between the
electrolyte and cathode, and between the cathode and interconnector, minimizes the
difference between their TEC values giving rise to similar values that are indicative of
thermal compatibility, a factor that prevents failure due to stresses in SOFCs at high
temperatures caused by thermal mismatches.

2.4. Conclusions

Six different fuel cell compounds have been synthesized in big amounts by glycine-
nitrate method with stoichiometric fuel/oxidizer ratio, obtaining high quality materials
whose microstructural properties can be modified.

The achieved compounds have similar microstructures which limits the long time
degradation for those kinds of multilayer systems.

The synthetic times are short, demonstrating to be compositionally and
morphologically reproducible in different batches. Therefore, it can be concluded that the
glycine-nitrate process, with an optimal G/N ratio of 1.0, is an appropriate technique for
preparing big quantities of different compounds for SOFC fabrication.
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2.5. Supplementary material

The results presented in this section are informative scheme figures and preliminary data
presented previously in congresses.

Proceso de combustién glicina - nitrato (G/N = 1) para la preparacién de las muestras,

Se ha homogenizado la

Se han disuelto en agua it e ol Se ha aumentado la Se ha obtenido un
los nitratos (cantidades 4 B temperatura hasta 4552C polvo de grano muy
magnético y se ha
estequiométricas) en sFadido el combustitie con el objetivo de inducir fino y muy
un vaso de la autocombustién voluminoso.

(glicina) en una relacion

explosion violenta).
G/N=1. g )

precipitados.

950°C (8h)
600°C (8h)

Se han efectuado dos tratamientos
térmicos, uno a 600°C y otro a 950°C
en un horno mufla.

Se ha molido el
polvo en un mortero.

Figure 2.51.- Scheme of Glycine-Nitrate combustion process. (XXXV Reunion bienal
RESQ, page 205)

Figure 2.S2.- Scheme of the order in the cell of the synthesized compounds. (XXXV
Reunion bienal RESQ, page 205.)
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Phase Space group a(A)/c(A) V(A3)
NiO-ZrosY02019 | Fm-3m 4.179(2) 72.959(1)
NiO-ZrosY02019 | Fm-3m 5.142(1) 135.95(2)
Zro8Y02019 Fm-3m 5.146(1) 136.27(1)
Smo.2Ceos01.9 Fm-3m 5.432(1) 160.26(4)
Lao.4SrosFeOs R-3c 5.527(1)/13.451(2) 355.83(9)
LaNio.sFe0.40s R-3c 5.513(1)/13.399(5) 352.76(9)
MnCoz1.9Fe0.104 Fd-3m 8.232(1) 557.80(7)

Figure 2.S3.- X-ray diffraction pattern refinements and Rietveld refinement results of the six
analyzed compounds (NiO-YSZ, YSZ, SDC, LSF, LNF, MCF). (XIV Congreso Nacional de
Materiales, page 209)






3.FABRICACION DE CELDAS SIMETRICAS
DE SOPORTE ELECTROLITO POR LA
TECNICA DE SPRAY

La investigacion realizada y mostrada a lo largo de este capitulo ha dado como
resultado la publicacion del articulo cientifico “SOFC cathodic layers using wet
powder spraying technique with self synthesized nanopowders, International
Journal of Hydrogen Energy, 44 (2019) 7555-7563” en una revista indexada por la
Journal Citation Reports y la difusion de resultados en los siguientes congresos:

“Electrochemical and degradation behavior study of different SOFC compounds”,
The Energy & Materials Research Conference- EMR2017, 2017, Lisboa (Portugal).

“Procesado y caracterizacion de celdas de soporte electrolito de Pilas de
Combustible de Oxido Solido (SOFC)”, I Jornada de Jovenes Investigadores de Cerdmica
y Vidrio en el ICMA, 2018, Zaragoza (Espafia).



3. FABRICATION OF ELECTROLYTE
SUPPORTED SYMMETRIC CELLS BY
SPRAYING TECHNIQUE

The studies carried out throughout this chapter have resulted in the “SOFC cathodic
layers using wet powder spraying technique with self synthesized nanopowders,
International Journal of Hydrogen Energy, 44 (2019) 7555-7563” scientific article in
a indexed review by Journal Citation Reports and in the congress contributions presented
below:

“Electrochemical and degradation behavior study of different SOFC compounds”,
The Energy & Materials Research Conference- EMR2017, 2017, Lisbon (Portugal).

“Procesado y caracterizacion de celdas de soporte electrolito de Pilas de
Combustible de Oxido Solido (SOFC)”, I Jornada de Jovenes Investigadores de Ceramica
y Vidrio en el ICMA, 2018, Zaragoza (Spain).
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Resumen del capitulo 3

Como se ha indicado, el objetivo final del trabajo se centra en fabricar una pila de
combustible de 6xido solido. Tras los resultados que se han mostrado en el capitulo
anterior, se ha conseguido el acceso a grandes cantidades de todos los materiales que
componen una celda, consiguiendo la escalabilidad de la sintesis mediante el método de
combustion. Ademas, mediante la caracterizacion de los materiales de partida, se ha
determinado que los materiales son aptos para su posterior procesado en soportes y capas.

El proposito de la investigacion plasmada en el presente capitulo, ha sido el procesado
simple de los polvos sintetizados, empezando por la configuracion mas basica de una
celda de combustible, siendo ésta una configuracion plana, simétrica y de soporte
electrolito. Uno de los principales problemas en el procesado de las pilas de combustible
es el costo y la complejidad de las técnicas. Por ello, como técnica de fabricacion de
soportes electrolitos, se ha optado por la técnica de prensado uniaxial; y para la deposicién
de las capas de la parte catodica, la deposicién por spray de polvos himedos. Estas dos
técnicas se caracterizan por su simplicidad y su bajo coste.

En el presente apartado se ha prestado especial atencion a la estabilidad interfacial de
las capas, evaluando la influencia que puede tener el espesor de las mismas y la molienda
de las pastas en la adherencia y la electroquimica de las capas. Tras haber concluido la
optimizacion de las capas, se ha procedido al analisis de una celda simétrica con todas las
capas (barrera, catodo y capa de contacto), con el fin de asegurar las propiedades
electroquimicas necesarias de la celda completa en funcionamiento.

El andlisis de las variables en el procesado de celdas ha permitido una aproximacion
inicial a la ultima etapa del presente trabajo.
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Summary of the chapter 3

As indicated previously, the main objective of this work is to manufacture a solid oxide
fuel cell. After the results obtained in the previous chapter, access to large quantities of
the materials that conforms the fuel cell have been obtained, achieving the scalability of
the synthesis through the combustion method. Furthermore, by characterizing the starting
materials, it has been determined that the powders are suitable for their additional
processing in supports and layers.

The purpose of this chapter has been the simple processing of the synthesized powders,
starting with the most basic configuration of a fuel cell, being a flat, symmetric and
electrolyte supported configuration. One of the main problems in fuel cell processing is
the cost and complexity of the techniques. Therefore, as a manufacturing technique for
electrolyte supports, the uniaxial pressing technique; and for the cathodic side layer
deposition, wet powder spraying method has been chosen. Both techniques are
characterized by their simplicity and low cost.

In this study, special attention has been paid to the interfacial stability of the layers,
evaluating the influence that the thickness of the layers and ball milling of the pastes can
have in the adhesion and electrochemistry of the layers. After having concluded the
optimization of the layers, we proceeded to the analysis of a symmetric cell with all the
layers (barrier, cathode and contact layer), in order to assume the necessary
electrochemical properties of an entire cell in operation.

The study analysis of these variables in the cell processing has been an approximation
to what has been intended to do in the next chapter, where it has been planned to
manufacture an asymmetric fuel cell with all the components.
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SOFC cathodic layers using wet powder spraying technique
with self synthesized nanopowders

International Journal of Hydrogen Energy 44 (2019) 7555-7563.
3.1. Introduction

The two main configurations of SOFCs are tubular and planar*2. Among the different
configurations, this study is focused in planar SOFCs, which have a much simpler
manufacturing process and lower fabrication cost than those of their tubular
counterparts®4. Regarding planar configuration, two types are preferred: electrode
(mainly at anode) supported cells and electrolyte supported cells®>®. Although electrolyte
supported cells may exhibit higher ohmic losses, they are more robust and have
demonstrated much better stability during the reduction-oxidation processes and
thermal cycles’.

The main drawbacks for the industrial implementation of SOFCs are their
manufacturing cost and high degradation rate®°. The aim is to replace the expensive and
complex processing for the cell manufacturing with cheaper, simpler and industrially
scalable techniques. Within these techniques, spray coating is a cost effective deposition
method for electrode layers, showing good quality and thickness control. In particular,
this method present a highly reproducible process for covering planar surfaces®®.

1 Gil V., Gurauskis J., Campana R., Merino R.I., Larrea A., Orera V.M., Anode-supported microtubular
cells fabricated with gadolinia-doped ceria nanopowders, J. Power Sources. 196 (2011) 1184-1190.

2 Duan N., Yan D., Chi B., Pu J., Jian L., High performance anode-supported tubular solid oxide fuel
cells fabricated by a novel slurry-casting method, Sci Rep. 5 (2015) 8174.

8 Yan D, Liang L., Yang J., Zhang T., Pu J., Chi B., Li J., Performance degradation and analysis of
10-cell anode-supported SOFC stack with external manifold structure, Energy. 125 (2017) 663-670.

4 Myung J., Ko H.J.,, Park H., Hwan M., Hyun S.. Fabrication and characterization of planar-type SOFC
unit cells using the tape-casting/lamination/co-firing method, Int. J. Hydrog. Energy. 37 (2012) 498-
504.

5 shy S.S.,, Hsieh Y.D., Huang C.M., Chan Y.H., Comparison of electrochemical impedance
measurements between pressurized anode-supported and electrolyte-supported planar solid oxide fuel
cells, J. Electrochem. Soc. 162 (2015) F172-F177.

® LinQ., LinJ, LiuT., Xia C., Chen C., Solid oxide fuel cells supported on cathodes with large straight
open pores and catalyst-decorated surfaces, Solid State lon. 323 (2018) 130-135.

" Preininger M., Suboti¢ V., Stoeckl B., Schauperl R., Reichholf D., Megel S., Kusnezoff M., Hochenauer
C., Electrochemical characterization of a CFY -stack with planar electrolyte-supported solid oxide cells
in rSOC operation, Int. J. Hydrog. Energy. 43 (2018) 12398-12412.

8 Scataglini R., Wei M., Mayyas A., Chan S.H., Lipman T., Santarelli M., A Direct manufacturing cost
model for solid-oxide fuel cell stacks, Fuel Cells. 17 (2017) 825-842.

° LeeS., Lee K., Jang Y., Bae J., Fabrication of solid oxide fuel cells (SOFCs) by solvent-controlled co-
tape casting technique, Int. J. Hydrog. Energy. 42 (2017) 1648-1660.

0 Lju P., Luo Z., Kong J., Yang X., Liu Q., Xu H., BagsSrosC0osFeo20s-delta-based dual-gradient
cathodes for solid oxide fuel cells, Ceram. Int. 44 (2018) 4516-9.
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In the development of a planar SOFC stack, each repeating unit is composed of an
anode, electrolyte, cathode and interconnect*'*?2, Among the typical material choices,
yttria stabilized zirconia (YSZ) is the most commonly used electrolyte for SOFCs because
of its low cost, high ionic transference number in oxidizing and reducing atmospheres,
and good chemical and mechanical properties®®. The mechanical properties of the YSZ
allow it to withstand the residual stresses from cell fabrication processes as well as the
stresses from the operational conditions.

Samarium doped ceria (SDC) or gadolinium doped ceria (GDC) can also be used as
electrolytes'*®®, or as a protective barrier between the YSZ electrolyte and commonly
used cathode materials, preventing the formation of poorly conducting secondary phases,
such as LaxZr,O7 or SrZrOs, which are deterious for as cathode performance!®'’. Iron
containing perovskites such as Lao.sSro.4FeOs (LSF) or Lao.sSro.4Coo.2Fe0.8O3 (LSCF) are
good candidates as SOFC cathodes showing high mixed conductivity and good catalytic
activity for the oxygen reduction reaction (ORR)*!°, The use of cathode contact layers
such as LaNiosFeo40s (LNF) and LaNiosC00403 (LNC) have been demonstrated to
improve the electrons transfer through the contact interface from interconnect to the
cathode layer.

In addition, it means that the ORR in the triple phase of the cathode has more electrons
from the interconnector, greatly increasing the performance of the cell?.

11 Zhu J.H., Ghezel-Ayagh H., Cathode-side electrical contact and contact materials for solid oxide fuel
cell stacking: A review, Int. J. Hydrog. Energy. 42 (2017) 24278-24300.

2 Li X., Shi W., Han M., Optimization of interconnect flow channels width in a planar solid oxide fuel
cell, Int. J. Hydrogen Energy. 43 (2018) 21524-21534.

13 Setevich C.F., Mogni L.V., Caneiro A., Prado F.D., Optimum cathode configuration for IT-SOFC using
Laop.4BaosC00s-5 and Ceg9Gdo.101.05, Int. J. Hydrogen Energy. 37 (2012) 14895-14901.

14 Sun H., Rainwater B.H., Xiong X., Chen Y., Wei T., Zhang Q., Yang Z., Li C., Liu M., Interfacial effects
on electrical conductivity in ultrafine-grained Smg2CeosO,-5 electrolytes fabricated by a two-step
sintering process, Int. J. Hydrog. Energy. 42 (2017) 11823-11829.

% Sar J., Dessemond L., Djurado E., Electrochemical properties of graded and homogeneous
Ceo.9Gdo.102-5—LaosSro.4Cog.2FeqsOs-5 composite electrodes for intermediate-temperature solid oxide
fuel cells, Int. J. Hydrog. Energy. 41 (2016) 17037-17043.

16 Martinez-Amesti A., Larrafiaga A., Rodriguez-Martinez L.M., N6 M.L., Pizarro J.L., Laresgoiti A.,
Arriortua M.1., Chemical compatibility between YSZ and SDC sintered at different atmospheres for
SOFC applications, J. Power Sources. 192 (2009) 151-157.

17 De Vero J.C., Develos-Bagarinao K., Ishiyama T., Kishimoto H., Yamaji K., Horita T., Yokokawa H.,
Effect of SrZrOs; formation at LSCF-cathode/GDC-interlayer interfaces on the electrochemical
properties of solid oxide fuel cells, ECS Trans. (USA). 75 (2017) 75-81.

18 Vidal K., Rodriguez-Martinez L.M., Ortega-San-Martin L., Martinez-Amesti A., N6 M.L., Rojo T.,
Laresgoiti A., Arriortua M.l., The effect of doping in the electrochemical performance of
(Ln;xMy)FeOs-s SOFC cathodes, J. Power Sources. 192 (2009) 175-179.

1% Wu X., Tian Y., Zhou X., Kong X., Zhang J., Zuo W., Ye X., High performance yttria-stabilized
zirconia based intermediate temperature solid oxide fuel cells with double nano layer composite
cathode, Int. J. Hydrog. Energy, 42 (2017) 1093-1102.

20 Xin X., Liu L., Liu Y., Zhu Q., Novel perovskite-spinel composite conductive ceramics for SOFC
cathode contact layer, Int. J. Hydrog. Energy. 43 (2018) 23036-23040.
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In this research, the deposition of the cathode side components (SDC as protective
layer, LSF as cathode and LNF as contact layer) by wet powder spraying (WPS)
deposition has been studied with the aim of optimizing the fabrication process using self-
made materials, using a cheap, simple and scalable technique. Furthermore, special
attention has been paid to the influence of the ball milling process and the layer thickness
in determining the morphology and stability of the layers. The cells were characterized
by X-ray diffraction (XRD) Scanning Electron Microscopy (SEM) with Energy
Dispersive X-ray Spectroscopy (EDX). Electrochemical impedance spectroscopy (EIS)
measurements were performed in a button cell test rig (NorECs) and a Zanher Zennium
workstation, in air at 700 and 800 °C.

3.2. Experimental
3.2.1. Synthesis and cell fabrication

All the SOFC component powders were prepared by a glycine nitrate (GN) process.
Stoichiometric amounts of the corresponding metal nitrates were dissolved in deionized
water. For all compositions, glycine was then added into the nitrate aqueous solution
(Glycine-nitrate 1:1) under continuous stirring. The resulting viscous liquid was auto-
ignited by heating up to approximately 455 °C and the obtained powders were calcined
around 600 °C for 5 h to remove carbon residues. In the case of LSF and LNF, the
resulting powders were pelletized and calcined in air at 950 °C for 8 h to obtain pure
single phase samples. The properties (composition, morphologies, TEC and
conductivities) of the primary materials used in the present study could be consulted in
previous?L,

Various configurations of the symmetrical systems were performed and investigated
in this paper, which are described in Table 3.1. During the first experiments, four cells
made out of cathodic and barrier layers, were created with different thicknesses and using
inks ball milled at 270 rpm speed. In the second set of samples, with the aim of studying
the effect of the ball milling speed in the layers, the cathode powders were ball milled at
different speeds maintaining the thicknesses constant. Finally, taking into account
previous results, symmetric systems were fabricated adding LNF contact layers (see
Supplementary material: Figure 3.S1).

2L Wain-Martin A., Moran-Ruiz A., Vidal K., Larrafiaga A., Laguna-Bercero M.A., Arriortua M.I.,
Scalable synthetic method for SOFC compounds, Solid State lon. 313 (2017) 52-57.
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Table 3.1.- Details of the investigated samples.

. . Ball milling
Sample name | Composition Layer thickness speed(rpm) for 24 h
Tl SDC-LSF 1 um SDC and 1 pm LSF 270
T3 SDC-LSF 3 um SDC and 3 um LSF 270
T10 SDC-LSF 10 um SDC and 10 um LSF 270
T30 SDC-LSF 3 um SDC and 30 um LSF 270
EFFECT OF BALL MILLING
T3BM130 SDC-LSF 3 um SDC and 3 um LSF 130
T10BM130 SDC-LSF 10 pm SDC and 10 pum LSF 130
T3BM270 SDC-LSF 3 um SDC and 3 um LSF 270
T10BM270 SDC-LSF 10 um SDC and 10 um LSF 270
COMPLETE SYSTEM
SDC-LSF- 3 um SDC, 3 um LSF and
HICTE LNF 3 um LNF 0
SDC-LSF- 3 um SDC, 10 um LSF and
MCT10 LNF 10 um LNF 270

To prepare the YSZ supports by uniaxial pressing, with 13 mm of diameter and 300
pum of thickness, the synthesized powders were ball milled with zirconia balls in zirconia
cylinders for 24 h using 2-propanol as solvent. After being pressed, the supports were
sintered at 1425 °C for 2h. For the deposition of the layers, the starting powders were
ground through wet ball milling, by adding the appropriate amount of solvent
(2-propanol) and dispersant, for 24 h. The deposition was carried out at room temperature,
using an airbrush (lwata eclipse HP-BCS) operated at an angle of 90 ° with respect to the
supporting plane. The distance between the nozzle and the support was varied between
2 and 10 cm. SDC, LSF and LNF layers were sintered separately at a temperature of 1150,
950 and 950 °C, respectively, for 2 h (see Supplementary material: Figure 3.S2). The
schematic structure of the electrolyte-supported system is shown in Figure 3.1.

Figure 3.1.- Schematic for an electrolyte supported SOFC design.
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3.2.2. Morphological characterization

Room-temperature X-ray diffraction (XRD) data were recorded using an integration
time of 10 s/0.026 ° step in the 5 < 26 < 70 ° range with a Philips X'Pert-PRO X-ray
diffractometer equipped with a secondary beam graphite monochromator and Cu-Ka
radiation. Full-profile Rietveld refinements were performed using the FullProf program
to confirm the structural parameters of the identified phases?.

Cross sections of the samples were analyzed using SEM/EDX system (JEOL JSM-
7000F). Composition analysis was performed using back-scattered electrons (BSE) at
20 kV accelerating voltage and 5x10~° A of current. Moreover, EDX mapping was carried
out using 70 ms/pixel. The data processing was performed using Oxford INCA software.
The characteristic emission lines used for the analysis were L, for La and Ce, K, for Ni
and Fe, and L for Sr.

3.2.3. Electrochemical measurements

Symmetric systems were used to study the electrochemical performance of the
compounds using electrochemical impedance spectroscopy (EIS). The layers, with a
geometrical area of 0.51cm?, were deposited onto both sides of the electrolyte. Impedance
measurements of symmetric systems were performed in air at 700 and 800 °C. Samples
were painted with Au paste to improve current collection and mounted on a button-cell
test rig (model Probostat from NorEcs, Norway) for electrochemical testing.

A Zanher Zennium workstation (ZAHNER-elektrik GmbH & Co. KG, Germany) was
used to obtain the electrochemical measurements. The frequency was varied between
5-10° and 0.01 Hz with an alternating (AC) signal amplitude of 10 mV, at temperatures
of 700 and 800 °C. Data were analyzed with the ZPlot 3.5b software, using the equivalent
circuit depicted in Figure 3.2., where L is an inductance, Rs, R+ and R_ are resistances
and CPEn-CPE_ are constant phase elements.

L R, Ry R,
aan A —
CPE,, CPE,
— —

Figure 3.2.- Equivalent circuit used to analyse impedance data.

22 Rodriguez-Carvajal J., FULLPROF rietveld pattern matching analysis of powder patterns, Grenoble, (2011).
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The capacitance and relaxation frequency of each contribution have been calculated
according to Eq.1 and 2, respectively?,

C=R"Q)Y" 1)
o= CL @

The ASR was calculated from the ASR =R;-S/2 formula, where S is the surface area
of the sample and Rp is the polarization resistance (the sum of the resistance given by the
semicircles at high and low frequencies in the niquist plots). Then, all is divided by 2 to
take into account the symmetrical geometry of the half systems.

3.3. Results and discussion
3.3.1. Initial structural study of the compounds

The purity of the samples was analysed by X-Ray diffraction. All the materials (YSZ,
SDC and LSF) prepared through the GN combustion route show the desired final phases.
The signal identification for all XRD patterns was in good agreement with the Powder
Diffraction File database (PDF). All the samples were pure as can be observed in Figure
3.3. for different batches. For the LNF compound, the appearance of extra shoulders in
the experimental profile indicated a possible phase segregation to give two perovskite
phase with different Ni/Fe ratio, as confirmed by Rietveld fitting analysis.

a) b) |
YSZ ' SDC
bl J by ‘
[ \ Sl | \
Py ) o s s - -
1 1 1 ] 1 1 1 1 1
20 30 10 50 60 0 20 30 40 50 60 0
20 (&) 26 (&)
c) ) d)
. LSF LNF
1 [ J | ‘ i | I H | \ | W ]
| o jatl TV - ) S o
1 1. 1 1 1 1 1 1 1 1 1 1 1 1 J
10 20 30 10 50 60 70 10 20 30 40 50 60 70 80 90 100
20 (&) 20 (&

Figure 3.3.- X- ray diffraction pattern refinements results obtained for a) YSZ, b) SDC, c) LSF and
d) LNF.

23 Rieu M., Sayers R., Laguna-Bercero M.A., Skinner S.J., Lenormand P., Ansart F., Investigation of graded
La;NiO4 delta cathodes to improve SOFC electrochemical performance, J. Electrochem. Soc. 157 (2010)

B477-B480.
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Figure 3.4. shows the micrographs of the electrolytes supports sintered at 1425 °C for
2 h in air. The heating rate from room temperature to 1425 °C was 3 °C/min and an
alumina plate was placed on top to add weight to ensure the production of a flat electrolyte
support without bending and/or cracking. After sintering, the diameter of the electrolytes
was reduced from 13 to 9 mm (30% of contraction). As can be seen in the micrographs,
although there were 1um pores, it is possible that those pores were not connected, giving
the required density to avoid the gas leakage through the electrolyte. No pinhole or cracks
were observed, indicating a good sintering with grains of about 0.5-2.5 pm.

Figure 3.4.- SEM cross-sectional images of a) YSZ electrolyte support, b) higher
magnification image and c) surface view.

3.3.2. Influence on the layer thickness on the microstructure

In order to determine the effect of the cathode thickness on the interface stability, a
series of symmetrical systems were prepared with different cathode thicknesses. Figure
3.5. shows the typical cross-section micrographs of the systems a) T1 b) T3 ¢) T10 and
d) T30. The study indicated that the microstructure of the layers were similar, with similar
grain size, pore size and overall porosity. One can notice that in the case of sample T1
(Figure 3.5a.), the interface was not uniform, probably due to an insufficient amount of
deposited material to cover the entire surface. In the other cases, although the layers were
uniform, in the case of the sample T30 (Figure 3.5d.) the increase of cathode thickness
seemed to detrimentally affect the layer quality, as poor adhesion between the SDC and
LSF layers were observed with the appearance of cracks leading to delaminations.
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As previously reported, the thickness of the layer had an influence on the residual
stress distribution, resulting in a poor adhesion between layers?*. On the other hand, T3
and T10 samples, presented good adhesion and continuous contact between the interfaces.

Figure 3.5.- SEM secondary electron cross-sectional images of YSZ-SDC-LSF with the
thicknesses of samples a) T1, b) T3, ¢) T10 and d) T30.

Taking into account the obtained results, we concluded that the layers with better
microstructure are the ones with 3 and 10 um thickness.

3.3.3. Influence of the ball milling effect

With the aim of studying the influence of the ball milling process on the
microstructure, different ball milling speeds have been used to prepare the inks. In the
Figure 3.6., the micrographs taken from the cross-section of the systems are shown.
Obvious morphological differences between the two different treatments were observed.
As can be seen, the systems deposited with previously ball milled ink at 270 rpm for
24 hours, T3BM270 and T10BM270, presented more homogeneous layers, better contact
and less fissures. In contrast, the results for the T3BM130 and T10BM130 samples show
that, the powders were agglomerated and had bigger particle sizes, with broad size
distribution, which leads to coarsening at high temperatures.

25y S., Zhang W., Wu J., Zhou C., Effect of component thickness and anode composition on the residual stress
of micro-tubular solid oxide fuel cell, Int. J. Electrochem. Sci. 12 (2017) 9121-9130.
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Figure 3.6.- SEM cross-section images of YSZ-SDC-LSF cells with different thicknesses and
ball milling processes. The samples are a) T3BM270, b) T3BM130, ¢) T10BM270 and d)
T10BM130.

The particle sizes results are presented in Table 3.2. As can be seen in the table,
although there was no significant change on the LSF powders rate of microstructural
refinement, in the case of SDC there was significant particle size decrease with increasing
ball milling speed. This decrease in size may be the cause of the enhanced microstructure
of T3BM270 and T10BM270 samples.

Table 3.2.- The particle size milled at different speeds.

Before ball Milling speed Milling speed
Compound ' d(um) milling 130rpm 270rpm
d1o 0.691 0.414 0.109
SDC dso 1.506 1.032 0.572
doo 3.582 2.083 2.824
dio 0.598 0.069 0.069
LSF dso 0.903 0.136 0.137
doo 4.213 0.595 0.607




114 |Electrolyte support

3.3.4. Evaluation of a multi-layered symmetric cell

Taking into account the studies detailed above, SDC, LSF and LNF layers have been
deposited onto the electrolyte support. The thickness of the SDC layer was also reduced
by taking into account the fact that it has to be thin to minimize the additional contribution
to the ohmic resistance of the system, and that an overly thick buffer layer can cause
delamination in the cathode?®?%, To show the characterization of each layer and determine
any segregation of elements, EDX micrographs were examined (Figure 3.7.). The
identified elements were, Ni from LNF in green, Sr from LSF in red and Ce from SDC in
blue. From Figure 3.7., it can be seen that there has been no diffusion between layers and
that the adherence between the layers was good. Thus, by taking into account the
systematic previous studies, it has been possible to avoid the creation of cracks and
delaminations that could be seen in the other systems (see Supplementary material:
Figure 3.S3 and Figure 3.54).

Figure 3.7.- EDX mapping of the cross section of the samples a) MCT3 and b) MCT10 after
being optimized.

Figure 3.8. shows the typical electrochemical impedance spectra measured at 700 and
800 °C for the MCT3 and MCT10 samples. The high frequency intercept of the
impedance arcs with the x axis corresponds to the ohmic resistance (Rs), which is
generally attributed to the electrolyte and the contact resistance?’. In the present case, Rs
were in different ranges due to the electrolyte thickness variability. The Nyquist plots at
both temperatures were composed of two semicircles at high frequency (HF) and low
frequency (LF) range, which corresponds to Ry and R. electrode polarization resistances,
respectively. The total cathode polarization resistance (Rp) is the sum of both (Rn and
Ry). All the results from the simulations are listed in Table 3.3.

% KimY., Kim-Lohsoontorn P., Bae J., Effect of unsintered gadolinium-doped ceria buffer layer on performance
of metal-supported solid oxide fuel cells using unsintered barium strontium cobalt ferrite cathode, J. Power
Sources. 195 (2010) 6420-6427.

% Endler-Schuck C., Weber A., Ivers-Tiffee E., Guntow U., Ernst J., Ruska J., Nanoscale Gd-doped CeO2 buffer
layer for a high performance solid oxide fuel cell, J. Fuel Cell Sci. Technol. 8 (2011) 041001.

27 Ecija A., Vidal K., Larrafiaga A., Martinez-Amesti A., Ortega-San-Martin, L. Arriortua M.I., Structure and
properties of perovskites for SOFC cathodes as a function of the A-site cation size disorder, Solid State lon.
235 (2013) 14-21.
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Table 3.3. Resistances, capacitances and relaxation frequencies obtained by modelling
impedance diagrams of the cells after being optimized.

Contribution no. 1
T (°C) Name R Ry Cu

(Q cm?) (Q cm?) (F cm™®) Fr (kHz)
800 . MCT3 1.31 0.13 1.18x10% 10.1
' MCT10 1.52 0.07 2.41x10"* 9.62
200 | MCT3 2.48 1.88 2.68x107 315
| MCT10 3.10 0.96 9.36x10° 17.7
| Contribution no. 2
T(°C)  Name RL C. FL SSRz
Q ) (F cm?) (kH2) (Q cnr’)
800 | MCT3 0.53 1.93x10° 0.16 0.66
' MCT10 0.43 2.71x10° 0.14 0.50
200 | MCT3 5.65 1.39 x10° 0.02 7.53
| MCT10 431 2.75x10° 0.01 5.26

For MIEC perovskite electrodes, the HF arc is usually associated with charge transfer
processes and the LF arc is usually attributed to oxygen reduction reaction at the cathode
surface (adsorption and/or diffusion)®. This is consistent with the results listed in
table 3.3., and also with previous LSF systems reported in the literature?®-31, As expected,
the total polarization resistances of the systems decrease when increasing the operating
temperature, from 7.53 to 0.66 Q cm? and from 5.26 to 0.66 Q cm?, for MCT3 and
MCT10 samples, respectively. This decrease is a consequence of the higher oxygen
diffusion and surface exchange kinetics of the LSF cathode and LNF contact layer, at
higher temperatures. It is also evident that increasing the thickness of the cathode layers
from 3 to 10 um reduces the polarization resistance associated to both charge transfer and
surface processes. In any case, these systems have adequate polarization resistances,
0.50 and 0.66 Q cm? at 800 °C for MCT10 and MCT3 samples, respectively, as shown in
Figure 3.8 in the impedance spectra of the systems.

28 Adler S., Factors governing oxygen reduction in solid oxide fuel cell cathodes, Chem. Rev. 104 (2004)
4791-4843.

2 Li M., Wang Y., Wang Y., Chen F., Xia C., Bismuth doped lanthanum ferrite perovskites as novel
cathodes for intermediate-temperature solid oxide fuel cells, ACS Appl. Mater. Interfaces. 6 (2014)
11286-11294.

30 Martinez-Amesti A., Larrafiaga A., Rodriguez-Martinez L.M., Aguayo A.T., Pizarro J.L., N6 M.L.,
Laresgoiti A., Arriortua M.1., Reactivity between La(Sr)FeO3 cathode, doped CeO; interlayer and yttria-
stabilized zirconia electrolyte for solid oxide fuel cell applications, J. Power Sources. 185 (2008) 401-
410.

31 Kuengas R., Yu A.S., Levine J., Vohs J.M., Gorte R.J., An investigation of oxygen reduction Kinetics
in LSF electrodes s, J. Electrochem. Soc. 160 (2013) F205-F211.
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Figure 3.8.- Impedance spectra of YSZ-SDC-LSF-LNF systems at 700 and 800 °C.
3.4. Conclusions

Uniform and well-adhered coatings of LSF, SDC and LNF have been deposited by wet
powder spraying onto an YSZ electrolyte support, with self-synthesized materials. The
microstructure of the system has been shown to be unstable at thicknesses greater than
10 pm due to stresses caused by different TECs, while layers below 3 um thickness lacked
homogeneity.

The best results have been obtained with the inks ball milled at 270 rpm, avoiding the
appearance of coarsening in the layers after sintering. In addition, reducing the thickness
of the SDC layer, together with the use of an LNF layer, has produced systems with
satisfactory electrochemistry.

To evaluate the systems, electrochemical impedance spectroscopy was performed, and
a decrease in ASR was achieved with the thicker cathode layer (sample MCT10). The
lowest polarization resistances of 0.5 Q cm? at 800 °C corresponds to a symmetrical
system consisting of a 3 um SDC layer, 10 um LSF layer and 10 um LNF layer, with the
ink used having been milled at a speed of 270 rpm.

Thus the results show that, despite being a very simple and cheap process, the wet
powder spraying technique is an effective method for the deposition of the fuel cell layers,
through suitable control of the layer thickness and ink milling regimes employed.
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3.5. Supplementary material

Schematic figures and cross section micrographs of different cells.

Figure 3.51.- Technical sketch of a fuel cell stack. (12th European SOFC & SOE Forum
2016, page 213).

Compounds were ball
milled for 24h

——
| ————————i
& Zr3, Cylinders
(n) L] 5 |

Resulting powders were
sprayed in to a cell at
100°C suspended in a
isopropanol solution.

£

1000-1350°C (2h)

‘ 3°C/min 3°C/min

EIeCtrOChem'Stry After applying each layer a heat
SEM treatment has been performed in order

Degradation test to cosinterify the layers between them.

Figure 3.52.- Deposition process scheme. (I Jornada de Jovenes Investigadores de Ceramica
y Vidrio, page 219).
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SDC+LSF40+LNF60

Figure 3.S3.- SEM cross-section images of YSZ-SDC-LSF-LNF and Ni-YSZ cells with
3 um thickness layers. (The Energy and Materials Research conference 2017, page 217).
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Figure 3.54.- EDX mapping of the cross section of the first attempts before and after a 200 h
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thermal treatment. (The Energy and Materials Research conference 2017, page 217).



4.FABRICACION DE UNA CELDA DE
COMBUSTIBLE DE OXIDO SOLIDO EN
SOPORTE ANODICO

La investigacion realizada, que se presenta en este capitulo, ha quedado reflejada en el
articulo “SOFC cell fabrication procedure with self made nanopowders,
International journal of hydrogen energy, XX (2019)XX-XX” y en la comunicacién
del congreso:

“Development of a SOFC cell with self-made nanopowders”, 13th European
SOFC & SOE Forum, 2018, Lucerna (Suiza).



4. FABRICATION OF ANODE
SUPPORTED SOLID OXIDE FUEL CELL

The studies carried out throughout this chapter have resulted in the “SOFC cell
fabrication procedure with self made nanopowders, International journal of
hydrogen energy, XX (2019) XX-XX scientific article and the communication in the
following congres:

“Development of a SOFC cell with self-made nanopowders”, 13th European
SOFC & SOE Forum, 2018, Lucerne (Switzerland).
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Resumen del capitulo 4

En el capitulo anterior, se ha estudiado el efecto de la molienda en las pastas y del
espesor de las capas de la celda. En la dltima parte del capitulo, se muestra una
optimizacion de la celda simétrica teniendo en cuenta las variables estudiadas,
obteniéndose resultados satisfactorios.

En este capitulo, se han recogido los resultados presentados en el apartado previo y se
ha avanzado a un sistema complejo, adecuéndolo para su utilizacion en stacks. Para ello,
desde un sistema simétrico de soporte electrolito, se ha desarrollado como configuracion
final, un sistema asimétrico de soporte anddico. También, se ha aumentado el diametro
de las celdas de 1 a 4 cm?, consiguiendo incrementar sustancialmente la superficie activa
de las mismas. A la hora de fabricar los soportes, se ha tenido en cuenta el espesor de los
mismos Y la influencia de la porosidad del electrodo anddico.

Con el fin de reducir los costes del procesado y la energia, se ha optado por emplear
el cosinterizado para el procesado del electrolito y el &nodo. Para la fabricacién de las
capas, se ha seguido utilizando la técnica de sprayado. Al sustituir el soporte, se han
optimizado los coeficientes de expansion térmica de los diferentes componentes,
empleando para ello intercapas de mezclas de los materiales base, reduciendo, de esta
manera, las tensiones generadas por la diferencia en los coeficientes térmicos de
expansion. Con respecto a las medidas electroquimicas del sistema final, se han adecuado
los flujos de gases y el sellado de las celdas, aplicando para ello un cemento de altas
temperatura. De esta manera, la caracterizacién electroquimica, se ha realizado mediante
medidas de espectroscopia de impedancias y curvas de potencial. Con el fin de estudiar
la degradacidn de la celda, se han empleado largos tiempos a alta temperatura aplicando
un potencial.

En paralelo, se han sometido a las celdas a largos periodos de tiempo, 1500h, a
800 °C, (temperatura de funcionamiento de una pila SOFC convencional), para poder
estudiar la posible segregacion de fases. Asimismo, la adherencia y la microestructura de
las capas se han estudiado mediante microscopia electronica de barrido y mapas EDX.
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Summary of the chapter 4

In the previous chapter, the effect of the ball milling on the pastes and the thickness on
the cell layers were studied. In the last part of the chapter, an optimization of the
symmetric cell has been done taking into account the studied variables, obtaining
satisfactory results.

In the current chapter, the knowledge acquired in the previous studies has been used
in order to develop a more complex system has been made, adapting it for real stacks. In
this sense, from a symmetric electrolyte support system, the configuration has been
developed to an asymmetric anodic support system. The diameter of the cells has also
been increased from 1 to 4 cm?, getting to increase the active surface area of the cell. As
a part of manufacturing the supports, the thickness of the layers and the influence of the
porosity of the anodic electrode have been taken into account.

In order to reduce the processing costs and the needed energy, it has been chosen to
use the cosinterization to prepare the electrolyte with the anode. For the creation of layers,
the technique of wet powder spraying has been used. With the change of the support, the
thermal expansion coefficients of the different components have also been adapted. To
solve this, interlayers of the components mixtures have been used, reducing the stresses
generated by the thermal shocks. For the electrochemical measurements of the anode
supported cell, which has taken care to adapt the gas flows and the sealing of the measured
cells, using a high temperature cement for it. In this way, to perform the electrochemical
characterization, impedance spectroscopy and potential curves have been used. With the
aim to study the degradation, the cells have been left measuring for long periods of time.

In parallel, the cells have been placed for a long time (1500h) in a muffle furnace at
800 ° C, which is the operating temperature of a conventional SOFC cell, to study the
phase segregation. The adhesion and morphology of the different layers has been studied
using Scanning Electron Microscopy and EDX maps.
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SOFC cell fabrication procedure with self made
nanopowders

International journal of hydrogen energy, XXX (2019) XXX-YYY

4.1. Introduction

Some of the main limitations of the economic potential of solid oxide fuel cells are
their manufacturing costs and short operation life, which are an obstacle for their
industrial implementation'2. Accordingly, researchers have attempted to reduce their
fabrication cost employing the co-firing method, which saves expensive production steps
and improves the adherence between the different layers®3. Moreover, the expensive and
complex processing steps for anode-supported electrolyte tapes could be replaced by
cheaper, simpler and continuous techniques. Among the deposition methods of composite
layers, spray-coating is a relatively cost-effective process. Originally used for preparing
porous ceramic layers, has high potential to control the quality and thickness of cell
layers. In the simplest way, this method is performed with no handling, presenting a
highly reproducible process as well as it is suitable for planar surfaces and appropriate
for producing dense layers*®.

One of the main problem in the cell performance is the Thermal Expansion Coefficient
(TEC) mismatch between the different layer compounds, that leads to delaminations and
cracks in the layers during the thermal cycling. To overcome this problem, the TEC could
be adjusted by two methods: by doping ions with different ionic radius; or adding other
materials with similar TEC, doing in some cases a mixture between the two materials,
resulting in excellent matching®’.

! Kupecki J., Kluczowski R., Papurello D., Lanzini A., Kawalec M., Krauz M., Santarelli M.,
Characterization of a circular 80 mm anode supported solid oxide fuel cell (AS-SOFC) with anode
support produced using high-pressure injection molding (HPIM), Int. J. Hydrog. Energy. (2018)
doi.org/10.1016/j.ijhydene.2018.02.143

2 Ananyev M.V., Farlenkov A.S., Eremin V.A., Kurumchin E.K., Degradation kinetics of LSM-YSZ
cathode materials for SOFC, Int. J. Hydrog. Energy. 43 (2018) 951-959.

3 Nguyen X.V., Chang C.T., Jung G.B., Chan S.H., Huang W.C.W., Hsiao K.J., Lee W.T.,. Chang S.W,

Kao I.C., Effect of sintering temperature and applied load on anode-supported electrodes for SOFC

application, Energies. 9 (2016) 701.

Carpanese M.P., Barbucci A., Canu G., Viviani M., BaCeossY0.1502925 dense layer by wet powder

spraying as electrolyte for SOFC/SOEC applications, Solid State lon. 269 (2015) 80-85.

> Morales M., Navarro M.E., Capdevila X.G., Roa J.J., Segarra M., Processing of graded anode-supported
micro-tubular SOFCs based on samaria-doped ceria via gel-casting and spray-coating, Ceram. Int. 38
(2012) 3713-3722.

6 Li N., Wei B.,, LU Z., Huang X., Su W., GdBaCo0;0s:5-SmoCeos015 composite cathodes for
intermediate temperature SOFCs, J. Alloy. Compd. 509 (2011) 3651-3655.

7 Patro P.K., Delahaye T., Bouyer E., Development of ProssSro.4FeosC00.03-s—GDC composite cathode
for solid oxide fuel cell (SOFC) application, Solid State lon. 181 (2010) 1378-1386.
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Taking into account the importance of TEC in the deterioration of properties of the
cell during the life-time, the analysis of a long-term test could be interesting. Usually,
degradation affects not only the electrochemical characteristics of the studied materials,
but also the microstructure.

The most common used materials in SOFC’s are nickel- yttria stabilized zirconia (Ni-
YSZ) cermets as anode®®, yttria stabilized zirconia (YSZ) as electrolyte'®! and
(La,Sr)MnOz (LSM), (La,Sr)FeOs (i.e. LSF), or (La,Sr)(Co,Fe)Os (i.e. LSCF) as
cathode!?4, Currently, ceria based materials (Ceo.sGdo201.9 (GDC) and CeosSmo.2019
(SDC)) can be used as reaction barrier layer between the electrolyte and the cathode, with
the objective of preventing the formation of poorly conducting secondary phases, such as
LazZr,07 or SrZrOs phases™*®. The use of cathode contact layers such as LaNiosFeo 403
(LNF) and LaNio.sC00403 (LNC) have demonstrated to provide and maintain stable
electrical conduction paths between the interconnect and the cathode layer, minimizing
the interfacial ohmic resistance and stack power losses?’.

8 Song B., Ruiz-Trejo E., Bertei A., Brandon N.P., Quantification of the degradation of Ni-YSZ anodes
upon redox cycling, J. Power Sources. 374 (2018) 61-68.

® Nagasawa T., Hanamura K., Prediction of overpotential and effective thickness of Ni/YSZ anode for
solid oxide fuel cell by improved species territory adsorption model, J. Power Sources. 353 (2017) 115-
122.

10 Ferndndez-Gonzélez R., Molina T., Savvin S., Moreno R., Makradi A., NGfiez P., Fabrication and
electrical characterization of several YSZ tapes for SOFC applications, Ceram. Int. 40 (2014) 14253-
14259,

1 Yan K., Kishimoto H., Develos-Bagarinao K., Yamaji K., Horita T., Yokokawa H., Chemical
compatibility of doped yttrium chromite and ceria composite materials with YSZ electrolyte, Solid State
lon. 288 (2016) 88-93.

12 Zhu J.H., Ghezel-Ayagh H., Cathode-side electrical contact and contact materials for solid oxide fuel
cell stacking: A review, Int. J. Hydrog. Energy. 42 (2017) 24278-24300.

13 Lopez-Robledo M.J., Laguna-Bercero M.A., Larrea A., Orera V.M., Reversible operation of
microtubular solid oxide cells using LagsSro.4Co0o.2Fe0.803-5-Ce0.9Gdo.102-5 0Xygen electrodes, J. Power
Sources. 378 (2018) 184-189.

14 Vidal K., Larrafiaga A., Moran-Ruiz A., Aguayo A.T., Laguna-Bercero M.A., Yeste M.P., Calvino J.J.,
Arriortua M.1., Effect of synthesis conditions on electrical and catalytical properties of perovskites with
high value of A-site cation size mismatch, Int. J. Hydrog. Energy. 41 (2016) 19810-19818.

15 Martinez-Amesti A., Larrafiaga A., Rodriguez-Martinez L.M., N6 M.L., Pizarro J.L., Laresgoiti A.,
Arriortua M.1., Chemical compatibility between YSZ and SDC sintered at different atmospheres for
SOFC applications, J. Power Sources. 192 (2009) 151-157.

16 Coddet P., Vulliet J., Richard C., Caillard A., Thomann A., Characteristics and properties of a magnetron
sputtered gadolinia-doped ceria barrier layer for solid oxide electrochemical cells, Surf. Coat. Technol.
339 (2018) 57-64.

17 Moréan-Ruiz A., Vidal K., Laguna-Bercero M.A., Larrafiaga A., Arriortua M.l., Effects of using
(Lao,ssro,z)o,gsFeo,eMn0,3C00,103 (LSFMC), LaNio,eFeo,4O375 (LNF) and LaNio,6C00,40375 (LNC) as
contact materials on solid oxide fuel cells, J. Power Sources. 248 (2014) 1067-1076.
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The current work describes the fabrication process with previously self synthesized
components*® (Ni-YSZ, YSZ, SDC, LSF and LNF) which were developed and applied
for the creation of a fuel cell. In some cases, to overcome the TEC mismatch between
layers, composite layers have been added (between the SDC and the LSF; and the LSF
and LNF) doing mixtures. The anode support was carried out via uniaxial pressing and
the deposition of thin layers of electrolyte, barrier, cathode and contact layer was made
by manual spray coating. The microstructure was characterized by Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX). The
electrochemical response of this assembly was studied using current-voltage (I-V),
current-power (I-P) curves and electrochemical impedance spectroscopy (EIS). An
investigation of the degradation phenomena has been done, in order to observe the
presence of element diffusion between the different layers.

4.2. Experimental
4.2.1. Synthesis and performance of the cells

The synthesis procedure for NiO-YSZ, YSZ, SDC, LSF and LNF components has
been described in details elsewhere?®. The simultaneous sinterization of the supporting
anode and electrolyte was carried out producing the anode by uniaxial pressing and
depositing a thin dense YSZ electrolyte layer on top of green anode supports (20 um),
using manual spray coating. The anode was made with NiO/YSZ ratio of
63 wt % /37 wt %, a 18 mm diameter, thickness of 800 um and a porosity of 40 % using
starch as pore former. The anode pellets were pre-sintered in air at 600 °C for 2 h, before
being used as supports for YSZ spraying. This thermal treatment was adequate to provide
a mechanical resistance without causing a significant shrinkage. The NiO-YSZ/YSZ
tapes were co-fired in air at 1425 °C for 2 h. For the deposition of YSZ and the remaining
layers, the starting powders were grinded through wet ball milling, by adding the
appropriate amount of solvent (2-propanol), at 270 rpm for 24 h. The deposition was
carried out at room temperature, through an airbrush (Iwata eclipse HP-BCS) operated at
an angle of 90 ° respect to the supporting plane. The distance between the nozzle and the
support was ranged between 2 and 10 cm.

Three cells were performed and investigated in this paper, which are described in
Table 4.1. The first cell was made out of anode support and YSZ layer. In the second cell,
SDC, SDC-LSF composite, and LSF cathode layers were added. Finally, taking into
account previous results, LSF-LNF composite and LNF contact layer were added to the
previous cell. The deposition of the layers was carried out in the same way as YSZ, with
the different that they were sintered separately at a temperature of 1150 °C for 2 h. The
schematic structure of the anode supported cells is shown in Figure 4.1 (see
Supplementary material: Figure 4.S1).

18 Wain-Martin A., Moran-Ruiz A., Vidal K., Larrafaga A., Laguna-Bercero M.A., Arriortua M.I.,
Scalable synthetic method for SOFC compounds, Solid State lon. 313 (2017) 52-57.
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Table 4.1.- Details of the investigated samples.

Sample name Layer Thickness

Ni-YSZ 800 pm

el d YSZ 20 pm
Ni- YSZ 800 pum

YSZ 20 um

Cell 2 SDC 5pum
SDC-LSF 15 um

LSF 45 um
Ni- YSZ 800 pum

YSz 20 pm

SDC 5um

Cell 3 SDC/LSF 15 um
LSF 45 um

LSF/LNF 15 um

LNF 15 um

LNF

LNF-LSF

SDC-LSF

sDC
i ¥
YSZ e -

Figure 4.1.- Schematic for an anode supported SOFC design.

4.2.2. Morphological characterization

Cross sections of the samples were analyzed using SEM/EDX system. Composition
analysis was performed using back-scattered electrons (BSE) at 20 kV accelerating
voltage and 5x10~° A current. For EDX point analysis live time was set to 100 s. EDX
system calibration was performed measuring the beam current on pure element standards,
allowing quantitative elemental analyses. Moreover, EDX mapping was carried out using
13762.56 s (70 ms/pixel) as live time. The data processing was performed using Oxford
INCA software. The characteristic emission lines used for the analysis were L, for La and
Ce, K, for Ni and Fe, and Lg; for Sr.
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4.2.3. Electrochemical measurements

For the electrochemical test, the samples were painted with Pt paste to improve current
collection and mounted on a button-cell test rig (model Probostat from NorECs, Norway)
attached by a spring loaded mechanism. Omegabond 700 high temperature cement was
introduced to achieve sealing between the two compartments and a thermal treatment at
80 °C for 24 h under air was followed to ensure efficient sealing. The electrochemical
measurements were obtained using a multichannel Potentiostat/Galvanostat VMP3
(Biologic) using 100% of Hz humidified at 3% as reactant gas in the anodic compartment
and air in the cathodic one at 750, 800 and 865 °C. Data were analysed with the ZPlot
3.5b software, using the equivalent circuit explained in the previous chapter.

4.3. Results and discussion

4.3.1. Anode-electrolite cell configuration

Figure 4.2. shows the SEM micrographs of the surface and cross-section morphology
of the anode supported electrolyte cells. It can be seen from the images that the YSZ layer
is well sintered, with closed pores and enough dense electrolyte to avoid fuel leakage.
The contact between them is also correct after the measurement, as can be seen in
Figure 4.2b. These results reveal that spray coating is an effective and simple method to
make a dense electrolyte layer.

Figure 4.2.- Micrographs of (a) the surface and (b) cross section morphology of the electrolyte
layer.

For the electrochemical characterization, in sample cell 1 platinum paste was used as
cathode. The current—voltage and current—power characteristics of the cell (1 cm?
effective area) at various operating temperatures (750, 800 and 865 °C) are given in
Figure 4.3.a. The obtained open circuit voltage (OCV) in cell 1 was 0.912 V at 865 °C,
proving that the YSZ electrolyte layer was dense enough without gas cross over, and that
the performance of the sealing components was excellent. Figure 4.3a. shows that the
maximum measurement power densities of the cell 1 reach 123 mW-cm™2 and 40
mW-cm™2 at 865 and 800 °C, respectively. Figure 4.3b., shows the electrochemical
impedance spectra (EIS) of the cell 1 and the fit results obtained using the Zview software
are collected in the Table 4.2.
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The first intercept on the real axis in the high frequency region represents the ohmic
resistance (Rs), which involves the ohmic resistance associated with of the electrodes,
interfaces and the electrolyte. In the case of cell 1, can be though that the bigger
contributor to the Rs was the YSZ electrolyte. On the other hand, the obtained high total
resistance values, could be due to the contribution of a bad contact between the platinum

and the electrolyte, caused by a low relation between the TECs of the components.

a) 1

0,8

0,6

Voltage (V)

0,4

0,2

Z" (ohm-cm?) ©

Figure 4.3.- a) (I-V) and (I-P) curves and b) electrochemical impedance spectra of the sample

Z (ohm-cm?)

Cell 1 at 750, 800 and 865 °C, using Pt paste as electrode.

Table 4.2.- Polarization resistance of the cell 1 obtained from the fits to EIS.
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Table 4.2. cont.- Polarization resistance of the cell 1 obtained from the fits to EIS.

T RL CL fL Rp Rotal
(°C) (Qcm?) (Fcm) (H2) (Qcm?) (Qcm?)
750 10.0 3.9-10° 410 15.5 15.860
800 3.12 1.1-10* 480 6.66 6.992
865 1.34 7.6-10° 1560 2.96 3.172

4.3.2. Anode-electrolite-cathode cell configuration

Once the tightness of the electrolyte was tested, the function of the cathode in the cell
arrangement was determined. To avoid the differences between the TECs, a LSF/SDC
composite layer was deposited between SDC and LSF layers to improve the contact
between them (see Supplementary material: Figure 4.S2). Shown in Figure 4.4., are the
SEM micrographs and an EDX mapping of the cathode side using 15 um thickness SDC-
LSF composite layer. As can be seen, no cracking or delamination in the LSF layer and a
good adherence with LSF and SDC layers are observed. The electrodes shows the typical
porous microstructure and the layers are continuous. The EDX mapping (shown in Figure
4.4c.) indicated no significant inter diffusion of elements at the interfaces.

SDC-LSF

e

Figure 4.4.- SEM images of the cathode side (a) low magnification image, (b) higher
magnification image and (c) EDX mapping.
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The obtained open circuit voltage (OCV) in cell 2 reach 1.066 V at 865 °C.
Figure 4.5a. shows the typical current-voltage and current—power curves, measured at
750, 800 and 865 °C for the sample cell 2. However, the maximum measurement power
densities of the cell 2 using LSF as cathode can reach 190 mW-cm2 and 130 mW-cm 2
at 865 and 800°C, respectively. Furthermore, the EIS for the sample cell 2, measured at
750, 800 and 865 °C, are presented in Figure 4.5b. and the obtained fit result are collected
in Table 4.3. As might be seen, the use of LSF as cathode improved the OCV, the power
density and the conductivity with respect to the cell 1. The LSF is a mixed ionic and
electronic conductor (MIEC), which extends the triple phase boundary zone to the entire
oxygen electrode, greatly decreasing the polarization resistance!®. This feature, with a
better adhesion between the cathode and the electrolyte, results in better electrochemical
result than with the exclusive use of platinum as electrode
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Figure 4.5.- a) (1-V) and (I-P) curves and b) electrochemical impedance spectra of the sample
Cell 2 at 750, 800 and 865 °C, using Pt paste as electrode.

19 Fan H., Zhang Y., Han M., Infiltration of Lao¢SrosFeOs-delta nanoparticles into YSZ scaffold for solid
oxide fuel cell and solid oxide electrolysis cell, J. Alloys Compounds. 723 (2017) 620-626.
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Table 4.3.- Impedance spectra of cell 3 at 750, 800 and 865 °C.
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T Rs RH CH fH
(°C) (Qcem?) (Qcem?) (Fcm?) (Hz)
750 0.819 0.447 2.9-10* 1237
800 0.550 0.458 5.1-10* 683
865 0.517 0.407 4.3.10°° 90
T RL CL fL Rp RTotal

(°C) (Qcem?) (Fcm?) (Hz) (Qcem?) (Qcem?)
750 2.33 4.1-102 1.68 2.78 3.599
800 1.10 6.2-107? 2.34 1.56 2.104
865 0.34 4.4.101 1.04 0.75 1.270

To evaluate the stability of the cell for a long time, the performance was tested, and
EIS measurements were recorded dependence of time at 800 °C as shown in Figure 4.6.
Markedly, the voltage increased gradually with time, which values increased from
0.74 V to 0.81 for 72 h long term testing at 800 °C. This increase is due the cathode
activation. There is a decrease in the Rp induced by the cathodic current passage, which
as well known, produces enhancement in the performance of cathodes?®?! (Table 4.4.).
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Figure 4.6.- Long-term study of the cell 2. Cell voltage vs operating time. In the inlet are the
EIS measurements at different times.

20 Laguna-Bercero M.A., Ferriz A., Larrea A., Correas L., Orera V.M., Long-term stability studies of
anode-supported microtubular solid oxide fuel cells, Fuel Cells. 13 (2013) 1116-1122.

2L Jiang S., Zhen Y., Zhang S., Interaction between Fe-Cr metallic interconnect and (La, Sr)MnQOs/YSZ
composite cathode of solid oxide fuel cells, J. Electrochem. Soc. 153 (2006) A1511-A1517.
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Table 4.4.- Polarization resistance of the cell 2 obtained from the fits to EIS.

Time
(h)
15
23
40
47
62
72

Time
(h)
15
23
40
47
62
72

Rs
(Qcm?)
0.730
0.684
0.682
0.538
0.601
0.703

Re
(Qcem?)
1.201
1.159
0.970
1.017
1.028
0.929

CL
(Fcm?)
5.9*10?
6.2*102
7.9%10?
7.5*%10?
7.0%107?
8.2*102

4.3.3. Complete cell configuration

Taking into account the studies detailed above, LSF/LNF composite and LNF layers
have been deposited onto the cathode in order to determine the effect of the contact layer
into the cell. In the Figure 4.7., the micrographs and the EDX maps taken from the cross-
section of the cell 3 sample after 40h of operation are shown. As can be seen, the layers
have remained continuous, retaining their adhesion despite having increased in thickness.
In addition, the added layers presented an adequate porosity for their use as contact layer.
The compositional analysis and elemental mapping obtained by EDX/SEM of the sample
cell 3, show a uniform distribution in each layer and no significant inter diffusion of

elements between the different layers.

Ry
(Qcm?)
0.361
0.316
0.417
0.337
0.294
0.354

fL
(Hz)
2.23
2.20
2.07
2.08
2.21
2.08

Chx
(Fcm™?)
6.4*10*
6.3*10*
6.5*10*
8.5*10*
8.0*10*
6.2*10*

Rp
(Qcm?)
1.56
1.475
1.39
1.35
1.32
1.28

Fn
(Hz)
684
801
583
558
679
729

RTotaI
(Qcem?)
2.29
2.15
2.07
2.02
1.92
1.99
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Figure 4.7.- Cross section of the sample cell 3 after being in operation for 40 h and EDX mapping
of the selected zone.

The current-voltage characteristic and the corresponding power densities are expressed
in Figure 4.8a., measured at 750, 800 and 865°C. As can be seen from this figure, the cell
with LSF/LNF composite and LNF layers delivered a better power output than cell 2,
reaching power densities of 175, 222 and 272 mW cm™ at 750, 800 and 865 °C,
respectively. With the addition of LSF/LNF and LNF layers, the cell offered a better
electro-performance than those without these layers, improving the cell instead of
negatively affecting it. Niquist EIS plots of cell 3 are shown in Figure 4.8b. As in the
previous cell, the total polarization resistances of the cell 3, determined from the arc
length of the impedance spectra, decrease with increasing the operating temperatures,
from 0.743 Qcm? measured at 750 °C to 0.589 Qcm? measured at 865 °C, which is lower
than the cell 2 at the same temperatures, as can be seen in Table 4.5.
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Figure 4.8.- a) (I-V) and (I-P) curves and b) electrochemical impedance spectra of the sample
Cell 2 at 750, 800 and 865 °C, using Pt paste as electrode.

Table 4.5. Impedance spectra of cell 3 at 750, 800 and 865 °C.

T Rs Ru Ch fu
(°C) (Qcm?) (Qcm?) (Fcm?) (Hz)
750 0,423 0,449 4.1*%103 87
800 0,348 0,225 3.1*10°% 231
865 0,226 0,211 5.0*10°% 151

T RL CL fL Rp Rrotal
(°C) (Qcm?) (Fcm?) (Hz) (Qcm?) (Qcm?)
750 0.295 1.093 0.493 0.743 1.167
800 0.368 0.838 0.516 0.593 0.941
865 0.377 0.717 0.587 0.589 0.814

The long term stability voltage of the cell 3 tested under current load is shown in
Figure 4.9. for a total period of 40h. In this figure, the initial voltage was 896 mV and this
value decreased to 870 mV after 40 h, a decrease of 0,03 %. Niquist plots obtained by
EIS taken at different period of time, shown an increase of polarization resistance with
increasing the operating time of the cell, as can be seen in the data of the Table 4.6.
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Figure 4.9.- Long-term study of the cell 3. Cell voltage vs operating time. In the inlet are the
EIS measurements at different times.

Table 4.6.- Polarization resistance of the cell 3 obtained from the fits to EIS.

Time Rs Rnu CH fH

(h) (Qcm?) (Qcm?) (Fem?) (H2)

15 | 0.368 0.265 2.0*10° 376

23 | 0.381 0.282 1.4*10° 410

40 | 0.394 0.364 2.0%103 284

Time R CL fL Rp Rotal

(h) (Qcm?) (Fcm?) (H2) (Qcm?) (Qcm?)
15 . 0.487 0.467 0.700 0.752 1.11
23 0.502 0.373 0.851 0.784 1.16

40 | 0.543 0.380 0.772 0.906 1.30
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4.4. Conclusions

Uniform and well-adhered coatings have been deposited by wet powder spraying onto
an Ni-YSZ anode support, with self-synthesized materials. The simultaneous production
of supporting anode and electrolyte have been achieved satisfactorily by sintering the two
compounds together. Manual spray coating has demonstrated to be an adequate technique
in order to create dense or porous layers, depending on the requirements of cell
components.

The incorporation of SDC/LSF layer between the SDC barrier and LSF cathode; and
the LSF/LNF layer between the cathode and LNF layer, has proved to give an adequate
contact, avoiding delamination and cracks of the adjacent layers. To evaluate the cathode
side of the cell, electrochemical impedance spectroscopy and current-voltage (I-V) and
current-power (I-P) curves were performed, observing the improvement with the addition
of the LSF and LNF layers. The long term stability voltage study has shown an increasing
voltage with time in the case of the sample cell 2, and an adequate stability in the sample
cell 3.

With this study, all the variables that affect the synthesized materials are stablished,
being in a situation of moving to an escalation and an industrial manufacturing stage (see
Supplementary material: Figure 4.S3).
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4.5. Supplementary material

Figure 4.S1.- Schematic for the Cell 2 design. (13" European SOFC & SOE Forum 2018,
page 221.)
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Figure 4.52.- SEM images of the cathode side without using interlayers (a) low magnification
image, (b) higher magnification image. (13" European SOFC & SOE Forum 2018, page 221.)
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Figure 4.S3.- Solid oxide fuel cell technology development scheme. (13" European SOFC &
SOE Forum 2018, page 221).
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Las conclusiones principales a las que ha conducido el disefio y desarrollo de los
sistemas de pilas de combustible de 6xido sélido se detallan a continuacion:

1. La sintesis por combustion glicina/nitrato ha demostrado ser escalable vy
reproducible para la sintesis de todas las partes activas de celdas de combustible de 6xido
solido (NiO-YSZ, YSZ, SDC, LSF, LNF y MCF).

2. Las particulas de los materiales obtenidos forman aglomerados féciles de romper
y de tamafio micrométrico. Los tamafios de particula obtenidos en todos los casos son
homogéneos y adecuados para su posterior procesado en las celdas SOFC.

3. El procesado por prensado ha permitido la obtencidn de soportes electroliticos
densos y soportes anddicos porosos. Ademas, se ha logrado de manera satisfactoria, un
cosinterizado entre el electrolito y el soporte anddico. La técnica de recubrimiento por
spray, ha permitido controlar la microestructura en cuanto al espesor y porosidad,
obteniéndose en todos los casos capas homogéneas y bien adheridas entre si.

4. La idoneidad de las capas depende del espesor de las mismas y de la molienda de
las tintas empleadas en la deposicion. En soporte electroliticos, las capas con un espesor
superior a 10 um han mostrado ser inestables, en contraposicién los espesores inferiores
a 3 um generan capas inhomogéneas. La velocidad de molienda adecuada de los
materiales sintetizados para el recubrimiento por spray se ha optimizado a 270 rpm.

5. Las intercapas, con un 50% en peso de cada componente, y desarrolladas a partir
de la técnica de recubrimiento por spray, han aportado a la estructura de los sistemas
completos, la integridad mecéanica y térmica necesarias para su ensamblaje, mejorando
asi la electroquimica de los sistemas.

6. La estructura multicapa del sistema final, compuesta por soporte anddico con
electrolito, barrera, catodo y capa de contacto, integrando intercapas, ha presentado la
mejor respuesta de salida en condiciones de operacion. A su vez, los sistemas completos,
funcionando a largos tiempos han demostrado tener estabilidad electroguimica y
mecanica.

7. Se puede concluir que los prototipos finales fabricados se corresponden a un
sistema prometedor para su empleo en sistemas de tecnologia SOFC con mejores
prestaciones en cuanto a durabilidad y desarrollo tecnologico.
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From the development and subsequent study of the cells, the following conclusions
can be drawn:

1. Glycine nitrate combustion synthesis has been shown scalable and reproducible
for the synthesis of all active parts of solid oxide fuel cells (NiO-YSZ, YSZ, SDC, LSF,
LNF and MCF).

2. The obtained materials particles form easy to break and micrometric sized
agglomerates. The obtained particle sizes are in all the cases homogeneous and suitable
for further processing in the SOFC.

3. The pressing processing method has allowed obtaining dense electrolytic and
porous anodic supports. In addition, a cosinterization between the electrolyte and the
anodic support has been carried out satisfactorily. The use of spray coating technique has
allowed controlling the microstructure in terms of thickness and porosity, obtaining in all
the cases homogeneous and well-adhered layers.

4. The suitability of the layers depends on the thickness of the layers and the grinding
of the used inks in the deposition. In electrolytic support, the layers with a thickness
greater than 10 um have been shown to be unstable, in contrast to layers with thicknesses
below 3 um, which generate inhomogeneous layers. The aproppiate milling speed of the
synthesized materials for spray coating has been optimized to 270 rpm.

5. The interlayers, 50% by weight of each component, and developed from spray
coating technique; have been contributed to the structure of the complete systems, the
mechanical and thermal integrity necessary for their assembly, thus improving the
electrochemistry of the systems.

6. The multilayer structure of the final system, composed of anodic support with
electrolyte, barrier, cathode and contact layer, integrating interlayers, has presented the
best output response under operating conditions. In turn, complete systems, operating at
long times have shown electrochemical and mechanical stability.

7. It can be concluded that the manufactured final prototypes correspond to a
promising system for use in SOFC technology systems with better performance in terms
of durability and technology development.
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7.1. Técnicas de procesado
7.1.1. Spray manual coloidal

La deposicidn del electrolito, la barrera quimica, el catodo y la capa de contacto se han
Ilevado a cabo sobre un substrato plano mediante spray manual coloidal, utilizando como
pistola de pulverizacion un aerdgrafo Iwata eclipse HP-BCS. La deposicion de capas
mediante el sprayado de polvos himedos (Wet Powder Spraying, WPS) es una técnica
versatil que permite el recubrimiento de superficies tubulares y planares. La calidad del
espesor de la capa depositada no solo dependera de la reologia de la suspension, sino
también de la adherencia térmica del componente a recubrir y de la combinacién de los
siguientes factores: la presion del aire del aerografo, la distancia de pulverizacion, la
porosidad del substrato y el angulo de pulverizacion, entre otros.

En la preparacion de suspensiones para su posterior deposicion a través de la técnica
de WPS, se ha utilizado un molino de bolas ML007 de Ceremex (Figura 7.1.) para
efectuar el ball-milling. El ball-milling es un tipo de molienda cominmente utilizada para
la preparacion de pinturas, que funciona segun el método de impacto y desgaste. La
reduccion de tamafio de los polvos se realiza con el impacto de las bolas con la cubierta
y entre si, quedando el polvo entre medias, desgastandose de esta manera. Habitualmente,
las bolas utilizadas son cilindros o esferas, normalmente de zirconia o alimina, pudiendo
utilizar diferentes tamafios en funcion del tamafio final de particula que se necesite. En
este trabajo, para la preparacion de las suspensiones, se han mezclado el polvo cerdmico
a depositar (LNF, LSF, SDC o YSZ) utilizando isopropanol como disolvente.

Figura 7.1.- Imagen del molino de bolas ML0O07.

Para una adecuada homogeneizacion con el molino de bolas, se han utilizado como
medio de dispersion esferas de ZrO, de 5 mm de diametro, sometiéndose el conjunto a
una velocidad de 270 r.p.m. durante 24 h.
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7.1.2. Prensado

El procesado de los soportes efectuados en el transcurso de la investigacion realizada
se ha efectuado a través del método de prensado uniaxial. ElI prensado se realiza
colocando el polvo cerdmico en un molde de la forma deseada y se somete a la compresion
a través de una prensa utilizando una pieza que se ajusta al molde. EI molde y los
punzones deben ser capaces de resistir multiples operaciones sin desgastarse ni
deformarse, ya que la precision dimensional es un aspecto fundamental en la tecnologia
de prensado de polvos; por ello, suelen ser de acero. En esta investigacion, se ha utilizado
el prensado uniaxial, en el que la presion se aplica en una sola direccion por un ariete. La
operacion consta de las siguientes partes:

En un primer lugar, se sella la matriz, la cual puede hacerse por volumen o por peso.
Posteriormente, se realiza la compactaciéon, hasta llegar a la presién adecuada,
permitiendo la salida de gases atrapados entre las particulas a velocidad lenta, para
propiciar, el reapilamiento de las particulas. Finalmente, se realiza la expulsion, mediante
el punzon inferior, de manera que no se provoquen agrietamientos en el compacto. Este
cuerpo compacto, experimentara una recuperacion elastica. El resultado final es un
cuerpo verde y poroso. Cuanto mayor sea la presion aplicada, mayor es la resistencia y la
densidad del cuerpo compactado.

En todo proceso de compactacion pueden distinguirse las siguientes etapas, a medida
que se aumenta la presion:

e Movimiento de los polvos dirigido a un mayor reapilamiento.
e Una deformacion elastica de las particulas.

e Una deformacion plastica de las particulas.

e Una rotura de las particulas.

e Una deformacion elastica y plastica de cuerpo compactado.

7.1.3. Sinterizado

Para que los materiales cerdmicos adquieran una microestructura adecuada y tengan
las propiedades requeridas, han de ser tratados por un proceso de sinterizado. La
sinterizacion es un proceso de transporte de materia, activado por la temperatura, en una
masa de polvos 0 en un compuesto poroso, en el que disminuye la superficie especifica
por el crecimiento de contacto entre particulas, contrayéndose el volumen de porosidad y
cambiando la geometria de los poros. Este contacto entre particulas puede reforzarse
mediante la aplicacion de presion durante el proceso. También se puede definir como el
tratamiento térmico de un polvo a temperatura inferior a la de fusion, con el propésito de
aumentar su resistencia a través de la unién de las particulas. Se distinguen tres etapas
durante el proceso. En una etapa inicial, crecen los cuellos de enlace entre las particulas,
obteniéndose una pérdida significativa del area superficial. Posteriormente, en una etapa
intermedia, los granos aumentan su tamafo disminuyendo el tamafio de los poros casi
totalmente y produciendo una densificacion significativa. Finalmente, los espacios de los
poros se cierran lentamente.
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A nivel microscopico, la sinterizacion ocurre mediante la formacion de cuellos entre
particulas adyacentes, para lo cual son necesarios procesos de transferencia de masa que
sustituyan las superficies de contacto solido/vapor por nuevas superficies de contacto
solido/sélido. La reduccion de la entalpia libre del sistema proporciona la fuerza motriz
del proceso de sinterizacion, la cual se debe a: (i) la disminucién del area especifica
debido a la iniciacién y/o crecimiento de los contactos, (ii) la reduccién del volumen de
poros y de su superficie, y (iii) la eliminacién de los estados de no equilibrio de la red.

Sin embargo, para lograr el proceso dentro de un tiempo razonable, también se debe
considerar la cinética del transporte de materia. Asi, la movilidad de las particulas
aumenta a altas temperaturas debido al incremento de &tomos activos y vacantes
disponibles. Los mecanismos de sinterizado describen la trayectoria del flujo de materia.
Para la mayoria de los polvos inorganicos, el mecanismo dominante es la difusion, la cual
ocurre a través de la superficie, a través de los bordes de grano o a través de la red
cristalina.

Para estos tratamientos de sinterizado de las muestras, se han utilizado los hornos tipo
mufla que estan ubicados en el laboratorio de Mineralogia y Petrologia de la Facultad de
Ciencia y Tecnologia de la UPV/EHU (Figura 7.2.).

Figura 7.2.- Horno de sinterizado Naverterm 1500 utilizado en los tratamientos de sinterizado
de las muestras.

7.2. Técnicas instrumentales
7.2.1. Espectroscopia de emision por plasma acoplado inductivamente

La determinacion cuantitativa de los elementos presentes en los materiales de
partida se ha realizado mediante espectroscopia de emision por plasma acoplado
inductivamente (ICP-AES), empleando un espectrometro Horiba Yobin Yvon
Activa (Figura 7.3.), perteneciente al servicio Central de Andlisis (SGlker) de la
Universidad del Pais Vasco (UPV/EHU). Este equipo dispone de un sistema de
nebulizacion de vidrio y de teflon y esta controlado mediante un ordenador de
control con software Activa Analyst 5.4. Para la realizacion de estas medidas es
necesario que el material sea previamente disuelto.
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La técnica ICP-AES se basa en la deteccion de la emision de energia, en el
intervalo de ultravioleta visible, producida por atomos excitados o iones libres
cuando éstos son excitados, a temperaturas del orden de 10* K.

Las muestras se introducen dentro de un plasma de argén a través de un
nebulizador por el que circula un flujo absorbente de este gas. La fuente de plasma
de argon (o antorcha) es un tubo de cuarzo rodeado de una bobina de induccion,
alimentada por un generador de radiofrecuencias. La ionizacion de argon se
produce, inicialmente, por una chispa y su alta temperatura se mantiene gracias al
calentamiento que producen los electrones que atraviesan la bobina de induccion.
Los electrones se aceleran por el campo magnético para viajar en Orbitas circulares
dentro del tubo de cuarzo. Entonces, la energia se transfiere desde los electrones
al gas por colisiones, calentdndose de esta forma. Las altas temperaturas
alcanzadas producen altas concentraciones de atomos excitados e iones.

Los espectros de emision provienen de las transiciones que se producen entre
los electrones de las capas mas externas de los atomos. Cuando un a&tomo excitado
vuelve a su estado fundamental, la emisién producida tiene una longitud de onda
que es caracteristica de cada elemento, facilitando, de esta manera, su
identificacion. Ademas, la intensidad de esta emision es proporcional a la
concentracion del elemento en la muestra, por lo que es posible determinar la
cantidad presente en la misma.

Una de las grandes ventajas de los equipos de emision es la posibilidad de
analizar docenas de elementos, simultdneamente, debido a que la mayoria de ellos
produce buenos espectros de emision con unas mismas condiciones de excitacion.
El hecho de que la atomizacion se produzca en un medio inerte, también permite
que sea mayor la vida media del analito y evita que se formen Oxidos. En
consecuencia, la atomizacién es mas completa y hay menos problemas de
interferencias quimicas que en la técnica de absorcion.

En esta técnica, es necesaria la realizacion previa de patrones y rectas de
calibrado que contengan los elementos a analizar en un intercalo de
concentraciones acorde con la sensibilidad de los instrumentos®2.

Figura 7.3.- Espectrometro de emision atdmica con plasma acoplado inductivamente (ICP-
AES) Horiba Yobin Yvon Activa.

L Miller J.C., Miller J.N., Statistics for Analitical Chemistry, Ellis Horwood, 22 Ed., London, 1988.
2 Hernandez L., Gonzalez C., Introduccidn al Analisis Instrumental, Editorial Ariel, S.A., Barcelona, 2002.
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7.2.2. Fluorescencia de rayos X

La microfluorescencia de rayos X, se basa en la emision que se produce en una
muestra cuando es irradiada con radiacion X. El método mas habitual utiliza tubos
de rayos X para excitar las muestras, que al absorber el haz primario emiten sus
propios rayos X caracteristicos. Este método es uno de los mas utilizados para la
identificacion cualitativa de elementos con nimeros atdmicos superiores a 8.
También se emplea, a menudo, para el analisis semicuantitativo y cuantitativo. Una
de las ventajas importantes de este método es que no es destructivo como la
mayoria de las técnicas de analisis elemental.

Un espectro de fluorescencia de rayos X (XRF) utiliza como fuente de radiacion
un tubo de rayos X para provocar la emision de rayos X secundarios de una
muestra. La radiacion emitida por la muestra contiene las lineas de rayos X
caracteristicas de los elementos que la componen. La dispersion de estos rayos X
secundarios en un espectro permite identificar los elementos presentes en la
muestra. La intensidad de la linea caracteristica de rayos X esta relacionada con la
concentracion del elemento que las produce en la muestra analizada. Esto permite
hacer el analisis cuantitativo de la mayoria de los elementos.

Para producir la emisién de rayos X de una muestra es preciso excitarla
previamente con radiacion X primaria. En el proceso de excitacion se crean huecos
en las capas mas internas del atomo que pasan a ser ocupados por electrones de
capas superiores. Las transiciones electronicas que se producen para ocupar las
vacantes creadas conllevan la emision de rayos X secundarios.

La fuente de radiacion primaria mas comun en XRF es un tubo de rayos X. Los
componentes principales de estos tubos son un filamento de wolframio y un anodo
0 anticatodo metalico introducidos en un tubo de vidrio a alto vacio. El filamento
se calienta mediante el paso de una corriente eléctrica, lo que produce una nube de
electrones. Estos son acelerados mediante un potencial negativo hacia el anodo.
La rapida deceleracion de estos electrones al interaccionar con los atomos del
anodo libera energia en forma de rayos X, lo que produce un espectro continuo. El
impacto de los electrones puede también ionizar los atomos de anodo expulsando
electrones de las capas mas internas. Los electrones de capas mas externas tienden
a reemplazar las vacantes creadas, emitiendo asi rayos X con longitudes de onda
caracteristicas del material del &nodo. El espectro de rayos X generado consiste en
un continuo y un conjunto de lineas caracteristicas (Ka y Kp). La radiacion sale
del tubo a través de una ventana, que normalmente es de berilio.

Las medidas de fluorescencia de rayos X sobre los materiales de los
componentes se han realizado en un equipo Fischerscope X-ray xdal (Figura 7.4.),
utilizando los polvos de partida generados en la investigacion realizada.
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Figura 7.4.- Espectrometro de fluorescencia de rayos X.

7.2.3. Andlisis granulométrico

El tamafio de las particulas que constituyen un material tiene relacion directa con sus
propiedades, por lo que el conocimiento de éste puede aportar bastante informacion.
Dentro de la variedad de analizadores de distribucion de tamafio de particula, los de
Malvern Sizer estan basados en el fendmeno de la dispersion laser, es decir, se basa en el
principio fisico de que las particulas dispersan la luz en todas las direcciones, con un
patrén de intensidad que depende del tamafio de la particula. Estos sistemas no se
enmarcan en la categoria de sistemas Opticos de proyeccién de imagen, debido al hecho
de que el resultado se logra sin formar una imagen de la particula sobre el detector. Al
hacer pasar un haz laser monocromatico a traves de una muestra en suspension, la luz se
dispersa y se produce una figura de dispersion de simetria radial en el plano focal de la
lente. EI MasterSizerX emplea dos formas de configuracion Optica para proporcionar los
resultados. El primero es un método déptico bien conocido, llamado 6ptica convencional
de Fourier, mientras que el segundo es una configuracion optica llamada 6ptica de Fourier
inversa, la cual permite alcanzar a medir el intervalo de tamafios de 0.1 pm.

El experimento de dispersidn laser consiste en un proceso de dos fases dirigido a medir
la dispersion de bajo angulo caracteristica de las particulas de la muestra. Las medidas se
dividen en dos etapas con objeto de eliminar la dispersion generada por otras fuentes de
luz. La realizacién de una medida previa permite, por lo tanto, restar la dispersién
recogida del conjunto analizado.

Para una configuracion cualquiera, una gran cantidad de particulas esta
simultaneamente presente en el haz del analizador y la medida de luz dispersada en el
detector es la suma de todos los elementos individuales agrupados en el eje central. Asi,
el sistema intrinsecamente mide la dispersidn integral de todas las particulas presentes en
el haz. En un experimento tipico el nimero de las particulas necesarias en el haz para
obtener una medida adecuada de la dispersion es de 100 a 10.000, dependiendo del
tamario.
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El realizar una medida instantanea de la dispersién, por lo tanto, da lugar a una
distribucion de tamafios (Figura 7.5.) basada solamente en una pequefia seccién
transversal del material a analizar. Este procedimiento genera problemas de estadistica
inadecuada y muestreo no representativo del material, que se evita recogiendo la
dispersion promedio obtenida al hacer pasar, de forma continua, el material durante un
tiempo por el eje del analizador.

d(0.1):  1.063 um d(0.5): 1.807 um d(0.9): 4.961 um

Particle Size Distribution

12
10

Volume (%)

N B O

po

1 1 10 100 1000 3000
Particle Size (um)
—LSF950 08-01-2016, viernes, 17 de febrero de 2017 13:33:39

Figura 7.5.- Distribucion de tamafios de particula del Analizador de Tamafio de Particulas.

El material que atraviesa el eje esta cambiando de continto formando una integral de
dispersion instantdnea del mismo. La elaboracion de una gran cantidad de barridos en el
detector permite acumular la dispersion de millones de particulas individuales y, dada la
rapidez de registro, esta informacion se obtiene en tiempos de medida de
aproximadamente unos segundos.

A la hora de interpretar los resultados de la técnica de difraccion laser (Figura 7.6.),
hay que tener en cuenta una serie de conceptos fundamentales.
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A, MASTERSIZER <Ziad»

Result Analysis Report

Sample Name: SOP Name: Measured:
LSF950 08-01-2016 viernes, 17 de febrero de 2017 13:33:39
Sample Source & type: Measured by: Analysed:
Supplier MASTERSIZER2000 viernes, 17 de febrero de 2017 13:33:41
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Ferrita de Sr Hydro 2000uP (A) General purpose Normal
Particle RI: Absorption: Size range: Obscuration:
1410 0 0.308 to 2000.000 um 8.44 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Propan-2-ol 1.390 7.017 % Off
Concentration: Span : Uniformity: Result units:
0.0920 %\Vol 2157 0.696 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
34 m?g 1.762 um 2.584 um
Size (pm)  Volume In % Size (um) | Volume In % i Volume In % Size (pm)| Volume In % Size (pm)| Volume In % Size (pm) | Volume In %
0U20 s u1e2 - 1.002 & 1.09 e 0238 - 350,69 o
0022 i 0139 o 1125 by 7.962 e 56,368 & 3%9.052 i
gg e g;r)g o 1262 s 8934 b 63246 o 447.744 e
’ s e 1416 e 10.024 s 70963 i 502477 o
0032 &S 0224 rae 1589 o 11247 e 79521 e 563677 o
0035 i 0252 b 1783 i 12619 ol 80337 - 632456 o
0040 b 0233 e 2000 o 14159 b 100237 & 709 627 o
s G 0317 T 2944 - 15837 o 117468 — 79 214 e
0,050 o 033% o 2518 b 17.825 b 126191 i 833.367 i
0.056 0399 2825 20.000 141.589 1002.374
0.063 o 0448 on 3470 b 2440 0 138,566 o 1124683 9%
% 000 000 e 320 000 5 0.00 000
0.071 0502 3.507 25179 178230 1261.915
0.080 o 0554 om 3.991 20 28251 o 200.000 a0 1415.692 o
0089 S 0632 on sa77 50 o o 24404 a0 1500.656 i
000 000 s 178 000 5 0.00 000
0.100 0710 5.024 35.566 2517856 1782.502
0412 o 07% o 5637 = 36905 om0 282508 o 2000.000 o0
G 00 e 252 s 139 s 000 o 000
0 429 b 125 000 6 000
0.142 1002 7.0% 50238 3555%

Figura 7.6.- Resultados del Analizador de Tamafio de Particulas, Malvern Master SizerX.

El primero, es que la distribucion de tamafios obtenidos mediante la técnica de
dispersion laser esta basada en el volumen. Esto implica que cuando en la lista de
resultados, por ejemplo, el 11% de la distribucion de tamafios esta entre 6.97-7.75 um,
significa que el volumen total de todas las particulas con didmetros en este intervalo
representa el 11% del volumen total de todas las particulas en la distribucion.

El segundo punto a considerar, es que la distribucion se expresa en términos de
volimenes de esferas equivalentes. Considerando una particula cilindrica de didmetro
20 pum y longitud 60 pum, la esfera de volumen equivalente tendria un diametro de
33 um.

Si se desea correlacionar los resultados de la dispersion laser con valores de una cierta
técnica es posible aplicar una correccion de forma usando un procedimiento para la
modificacion de los resultados.

El tercer punto es que las distribuciones analizadas estan expresadas aplicando un
sistema de clasificacion de tamafio que se optimiza para una mejor resolucion, acoplando
la geometria del detector y la configuracion oOptica. Todos los parametros se derivan de
esta distribuciéon fundamental. Los diametros derivados D[M,N] se calculan a partir de la
distribucion fundamental usando la adicion de las contribuciones de cada intervalo de
tamarios.
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El empleo de distintos tiempos de medida, genera la formacién de agregados por
efectos de tension superficial. Para tamafios de particula inferiores a 1 um, estos efectos
se observan de forma sistematica en todas las medidas siendo la relevancia diferente en
funcion del medio de dispersion, el tamafio de las particulas, etc.

Para preparaciones en las que, tanto el medio como la muestra no se han modificado,
es posible observar la formacion de particulas agregadas e incluso la disgregacion de parte
de las mismas a tiempos largos de medida. Como norma general se consideran validos
resultados con tiempos breves de medida y distribuciones de tamafios de particula nunca
superiores a las distribuciones iniciales obtenidas. Cabe suponer que tamarios de particula
grandes, no observados en tiempos de medida cortos, no son representativos de la muestra
original, sino que corresponden a la cohesion de las particulas en el medio empleado.

Una de las variables mas significativas a la hora de realizar las medidas de tamafio de
particula empleando un analizador Malvern MasterSizerX es el medio de dispersion. En
el caso de esta investigacion, en las tintas utilizadas para depositar las capas encima de
los soportes, el medio liquido utilizado era isopropanol.

Una cuarta variable es el empleo de un sistema de ultrasonidos incorporado al equipo.
El efecto de los ultrasonidos en las muestras se traduce en una disgregacion de los
aglomerados de particulas. No obstante, a largos tiempos de medida se puede provocar la
formacion de agregados de particula de tamafio 4-10 pm.

El proceso de decantacion permite realizar una separacién mecanica de tamafios, por
lo que se deberia observar una gradacion de tamafios para cada preparacion.

Los analisis de tamafio de las particulas de los diferentes materiales a emplear como
componentes de pilas SOFC (NiO-YSZ, YSZ, SDC, LSF, LNF y MCF) se han realizado
en un analizador de tamafio de particulas “Malvern MasterSizerX 2000E” (Figura 7.7.),
ubicado en los Servicios Generales de Investigacion (SGlker), de la UPV/EHU.

Figura 7.7.- Analizador de distribucion de particula “Malvern MasterSizerX”.

El equipo dispone de un software de adquisicion y tratamiento de datos “MasterSizer
2000”. Todas las medidas se han realizado empleando como medio de dispersion
isopropanol, utilizando ultrasonidos para deshacer los aglomerados que se forman en los
materiales.
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7.2.4. Conductividad eléctrica total y Espectroscopia de impedancia compleja

Las medidas de conductividad en bulk (barras rectangulares) se han realizado mediante
el método de cuatro puntos (Figura 7.8.) haciendo uso de la ecuacion de Ohm.

- = ———

Figura 7.8.- Sistema de cuatro puntos utilizado para las medidas de conductividad eléctrica
para los compuestos en bulk.

Por lo tanto, la conductividad (o) se ha determinado a partir de los valores V-I, segun
la siguiente ecuacion 7.1:

1 a
; = IR (7.1)

o =
donde o es la conductividad eléctrica (S-cm™) (inversa de la resistividad, p), d es la
distancia entre las conexiones (cm), A es el area de la seccion transversal (cm?) y R es la
resistencia (Q-cm™).

La conductividad total media consta de dos componentes: la conductividad electronica
debida a un movimiento de electrones entre los portadores de carga y la conductividad
ionica que resulta del movimiento de iones oxigeno. Sin embargo, la conductividad i6nica
observada para los compuestos medidos es de aproximadamente dos 6rdenes de magnitud
inferior a la electrénica®®. Como consecuencia de ello, suele considerarse que los valores
de conductividad gque se obtienen siguiendo este método se atribuyen casi exclusivamente
a la conductividad electronica.

El mecanismo de conduccion, de alguno de los materiales analizados, se produce a
través del modelo conocido como “small polaron hopping”. Este mecanismo se activa
térmicamente, existiendo una dependencia de la movilidad de los portadores de carga y,
por consiguiente, de la conductividad con la temperatura, que viene dada por la ecuacion
7.2 de Arrhenius:

o= Oem(-2) w2

8 lvers-Tiffée E., Weber A., Schichlein H., in Handbook of Fuel cells. vol. 2 (eds. Vielstich W., Gasteiger H.A.,
Lamm A.), John Wiley & Sons, Chichester, 2003.

4 Carter S., Seluck A., Charter R.J., Kajda J., Kilner J.A., Steele B.C.H. Oxygen transport in selected
nonstoichiometric perovskite-structure oxides. Solid State lonics 53-56 (1992) 597-605.

5 Bahteeva J.A., Leonidov I.A., Patrakeev M.V., Mitberg E.B., Kozhevnokov V.L., Poeppelmeier K.R. High-
temperature ion transport in LaixSrxFeOs.s. J. Solid State Electr. 8 (2004) 578-584.
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donde T es la temperatura absoluta, Ea es la energia de activacion, K es la constante de
Boltzmann y C es un factor pre-exponencial relacionado con la movilidad de las cargas.
Para cada composicion, el valor de Ea se ha calculado a partir de la pendiente de la recta
correspondiente (ecuacion 7.3) entre las temperaturas en las que se cumple el modelo de
Arrhenius.

— _ fFa
In(o-T) =InC P (7.3)

Los términos resistencia e impedancia denotan una oposicién al flujo o corriente de
electrones. En circuitos de corriente continua (dc), inicamente es el resistor el que ofrece
este efecto. Sin embargo, en los de corriente alterna (ac), son el condensador e inductor
los que se oponen al paso de electrones. La impedancia se puede expresar mediante un
namero complejo, donde la resistencia es la componente real y la combinacion de
capacitancia e inductancia es la componente imaginaria.

La espectroscopia de impedancia electroquimica (EIS) muestra un papel importante
en el desarrollo y comprension de los factores que afectan a las celdas de combustible. La
mayor ventaja de esta técnica es la capacidad de separar (en campos de frecuencias) las
contribuciones individuales de los factores de transporte 6hmico, cinético y de masa, que
determinan las pérdidas totales de la potencia de la celda de combustible.

Todos los métodos de impedancia aplican una pequefia sefial sinusoidal al sistema en
estudio, y miden la respuesta de éste en terminos de corriente, voltaje, y alguna otra sefial
de interés. La Figura 7.9. muestra una curva V-1 no lineal correspondiente a un sistema
electroquimico tedrico.

Se sobrepone una onda de baja amplitud de una frecuencia, AE sin(mt), sobre un voltaje
DC de polarizacion Eo. Como respuesta, también lo hace una corriente Al sin(ot + @)
sobre la corriente DC lo. Esta corriente esta desplazada con respecto al potencial aplicado.
La impedancia del sistema en estudio, por lo tanto, puede calcularse mediante la ley de
Ohm, representada mediante la siguiente expresién en la ecuacion 7.4;

_ AE(w) _ _ AE(w) _ d(w) _ 7
2(w) = 222 = 7(0) = 2 - 7))@ = Z,(w) +]Z(0)  (74)

il BN
T N

||:I ‘fﬂK\ Al el

Figura 7.9.- Curva V-1 no lineal para un sistema electroquimico hipotético.
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La impedancia, Z, es una cantidad compleja cuya magnitud y desfase dependen de la
frecuencia de la sefial aplicada, ®. Variando esta, se puede medir la impedancia del
sistema en funcion de la frecuencia. Normalmente, en electroquimica, para este tipo de
sistemas, se aplica un intervalo de frecuencias entre 100KHz y 0.1Hz. En la ecuacion
anterior, la impedancia, Z(w), viene expresada en coordenada polares y cartesianas,
respectivamente®.

El espectro de impedancia puede representarse de dos formas; mediante la
representacion de Nyquist (Figura 7.10a), donde se muestra la parte imaginaria negativa,
Z, frente a la parte real, Z', o mediante la representacion de Bode
(Figura 7.10b), donde la impedancia absoluta, |Z|, y el desfase, ¢, se muestran frente a la
frecuencia angular, . Esta ultima representacion puede ser ventajosa cuando la
impedancia depende fuertemente de la frecuencia, como en el caso de un condensador.

b) log Izl $
Rp +Re A
4—‘\< e

/ AN Re

log®w —»
Figura 7.10.- Esquema de la representacion de impedancia mediante (a) Nyquist y (b) Bode.

La resistencia de polarizacion, Rp, corresponde a la resistencia de polarizacion del
electrodo. Esta puede ser lograda a partir de las dos representaciones.

La resistencia 6hmica, Rs, en el caso de las celdas de combustible, corresponde
principalmente a la resistencia del electrolito. Esta puede ser obtenida a partir de la
representacion de Nyquist de la interseccién con el eje real, Z", en la region de altas
frecuencias.

La resistencia superficial especifica, ASR, corresponde a la suma de estas dos
resistencias (Rp ¥ Rs), y se refiere a la resistencia transversal al paso de corriente.

Y la frecuencia de relajacion, o, se define como el mayor valor de frecuencia
alcanzado en la parte imaginaria, obtenido a partir de la representacion de Nyquist.

El espectro de impedancia se analiza frecuentemente representando los datos en un
circuito equivalente constituido por resistencias, capacitancias (C) e inductancias’. En la
Figura 7.11 se muestra un circuito RC simple.

® “The Fuel Cell Review”. Institute of Physics Publishing, United Kingdom, 2005.
" Macdonald, J.R. “Impedance Spectroscopy”. John Wiley & Sons. New York. USA. 1987.
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Rg |

Rp

Figura 7.11.- Esquema de un circuito equivalente simple para un electrodo.

Para poder realizar las medidas eléctricas a alta temperatura se ha requerido de un
sistema de soporte de muestras Probostat. Este sistema se utiliza para mediciones de
propiedades eléctricas, parametros eléctricos, cinética de materiales, interfases solido/gas
y electrodos bajo atmosferas controladas a altas temperaturas. A lo largo de esta tesis se
utilizaron dos configuraciones. En la primera de ellas, para las celdas simétricas, no ha
hecho falta una distribucion de gases por lo que se utiliza la configuracion representada
en la figura 7.12a. En la segunda, que ha sido utilizada para medir celdas de combustible
tipo SOFC, hay que separar la atmdsfera reductora de la oxidante, por lo que se ha
utilizado la configuracion representada en la Figura 7.12b., utilizando el cemento para
altas temperaturas Omegabond 700 (Figura 7.12c.).

a)

el el

Figura 7.12.- a) Configuracion del soporte de mediciones SOFC Probostat; sin flujo de gases,
b) con flujo de gases y c) celda tras aplicarle el sellante.

Estos estudios se han llevado a cabo empleando cuatro equipos:

Se ha utilizado una fuente de corriente continua (DC), controlada por un ordenador PC
mediante el sistema Lab Windows/CVI, perteneciente al Instituto de Ciencia de
Materiales de Aragon (ICMA) de la Universidad de Zaragoza.

Se ha empleado una estacion de trabajo Zhanher Zennium (ZHANER- elektrik GmbH
&Co. KG, Germany) y un sistema de soporte de muestras Probostat (NorEcs, Norway)
(Figura 7.13a.), ubicado en el Instituto de Ciencia de Materiales de Aragon (ICMA) de la
Universidad de Zaragoza. Este dispositivo suministra a la celda tanto intensidad de
corriente como potencial. En este caso, el dispositivo actlla como una carga electronica,
permitiendo registrar la caida de potencial en la celda para cada valor de intensidad
extraida.



174|Técnicas experimentales

Se ha dispuesto un sistema compuesto por los instrumentos Thurlby Thandar
Instruments 1604 Digital Mutimeter, que mide la diferencia de potencial al aplicar una
corriente mediante Thurlby Thandar Instruments PL300. Estos equipos se encuentran en
la “School of Chemistry”, de la Universidad de Birmingham, UK (Figura 7.13b).

Se ha empleado una estacion de Potentiostat/Galvanostat VMP3 (Biologic) y un
sistema de soporte de muestras Probostat (NorEcs, Norway) ubicado en el Centro
Nacional del Hidrégeno (CNH2) en Puertollano (Figura 7.13c).

Figura 7.13.- Montajes para llevar a cabo la caracterizacion electroquimica: a) estacion de
trabajo Zhanher Zennium con un sistema de soporte de muestras Probostat, b) sistema Thurlby
Thandar Instruments 1604 Digital Mutimeter y Thurlby Thandar Instruments PL300 y ¢) una
estacion de Potentiostat/Galvanostat VMP3 (Biologic) con un soporte de muestras Probostat.



Técnicas experimentales | 175

7.2.5. Difraccion de rayos X sobre muestra policristalina

En 1895, el fisico aleman Wilhelm Conrad Rontgen (1845-1923) descubridé una
radiacion (entonces desconocida y de ahi su nombre de rayos X) que tenia la propiedad
de penetrar los cuerpos opacos. Esta radiacion se genera en un tubo de vacio, en el cual
se produce una diferencia de potencial (~ 40 kV) entre un filamento incandescente que
actla como catodo y una placa metalica que actia como anodo. Por el filamento, se hace
circular una gran cantidad de corriente que produce que se caliente, creando una nube de
electrones a su alrededor. La nube de electrones se ve atraida al lado positivo, saliendo
disparados a gran velocidad e impactando contra el lado metalico que actia como anodo.
En el choque se producen los rayos X, caracteristicos del elemento metalico que
constituye el anodo®,

Los rayos X son una radiacion electromagnética con una longitud de onda A del mismo
orden de magnitud que los parametros de celda de los cristales, haciendo que las
sustancias cristalinas sean capaces de difractarlos. Cuando esta radiacién incide sobre la
nube electronica de los &tomos de una red cristalina, éstos se convierten en emisores
puntuales de esa misma radiacion. La radiacion emitida por cada atomo se expande en
forma de onda esférica e interfiere con la creada por los atomos del entorno. Esta
interferencia puede ser destructiva o constructiva. Cuando las direcciones en las
interferencias son constructivas, quedan recogidas en la Ley de Bragg (ecuacion 7.5):

A =2 dnasen 0 (7.5)

donde 6 es el angulo de incidencia de la radiacion y dhkl (A) es la distancia entre dos
planos consecutivos definidos por un vector de componentes hkl®.

La difraccion de rayos X sobre muestra policristalina se ha utilizado para el analisis
cualitativo y cuantitativos de las fases presentadas en la esta memoria. Estos experimentos
han sido tiles tanto para la identificacion de las fases como para la determinacion de su
pureza quimica, ya que todos los sélidos cristalinos tienen un difractograma caracteristico
como si fuese su huella dactilar'®.

Los materiales policristalinos estan formados por un gran numero de cristales
diminutos dispuestos al azar los unos respecto a otros. En una muestra de estas
caracteristicas, al ser irradiada con un haz de rayos X, presentara un determinado nimero
de cristales que satisfagan la ley de Bragg y los difractometros permiten determinar con
precision la direccion en la que se produce la difraccion. La geometria que poseen los
difractometros utilizados en esta investigacion, la cual es la mas habitual, se denomina
Bragg-Brentano. En este tipo de geometria, el goniémetro incorpora dos giros coaxiales,
uno para la muestra y otro para el detector. Estos giros estan acoplados, de tal forma que
si la muestra se desplaza en un &ngulo 6, el detector recorre al mismo tiempo un angulo
20. El difractograma seria la representacion de la intensidad de la radiacion X que llega
al detector con respecto al angulo de giro 26.

8 http://www.xtal.igfr.csic.es/Cristalografia/parte_02.html.
® Klein C., Hurlbut J.C.S., “Manual de Mineralogia”, 4* Ed., Ed. Reverté S.A., Barcelona, 1996.
10 Amorés. J.L. “El Cristal. Morfologia, Estructura y Propiedades Fisicas”. Ed. Atlas, p. 1-33, 201-217, 1990.
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Los difractogramas realizados con el fin de caracterizar las muestras presentadas en
esta memoria se han registrado en un difractémetro Philips X Pert PRO, equipado con
anticatodo de cobre (A=1.5418 A), con una geometria tipo Bragg-Brentano y con un
detector ultrarrdpido PI1Xcel (Figura 7.14a). Ademas, para una mayor resolucion del
difractograma se ha utilizado el difractometro Bruker D8 Advance Vario dotado de un
monocromador primario (Cu-Kq1) y un detector sélido SolX con una ventana de
discriminacion de energias optimizada para la radicacion K1 del cobre (Figura 7.14b).

Todos los difractometros empleados en esta investigacion pertenecen a los Servicios
Generales de Investigacion (SGlker), de la Universidad del Pais Vasco/Euskal Herriko
Unibertsitatea (UPV/EHU) (Figura 7.14.).

(@) (b)

Figura 7.14.- (a) Difractometro Philips X'Pert PRO, (b) difractometro Bruker D8 Advance
Vario.

Para obtener informacion de los difractogramas es preciso hacer un analisis de los
mismos, en el que se deben tener en cuenta la posicion de los maximos de difraccion, su
perfil y su intensidad. Las fases presentadas en esta memoria se han identificado
utilizando el programa X Pert HighScore!! a través de la base de datos Power Diffraction
File (PDF)* y las tablas cristalograficas®®. El ajuste de los diagramas de difraccion se ha
realizado mediante el afinamiento de perfil completo sin/o con modelo estructural,
método Rietveld'* mediante el programa informatico Fullprof.

1 pPANalytical, Almelo B.V., Version 1.0e, The Netherlands, 2003.

2 ICDD, “Powder Diffraction File-Inorganic and Organic”, Pennsylvania, USA, 1995.
13 Hahn Th., “International tables for crystallography, Volume A: Space-group symmetry”, D. Reidel Publishing
Company, Boston, USA, 1983.

14 Rietveld H.M. A profile refinement method for nuclear and magnetic structure. J. Appl. Crystallogr. 2 (1969)

65-71.
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El método de Rietveld fue desarrollado a principio de los afios sesenta, un ajuste
tedrico con el fin de afinar estructuras cristalinas a partir de datos de difraccion de
neutrones con longitud de onda constante!®. Posteriormente, su utilizacion se ha
extendido a la difraccion de rayos X%

El método de Rietveld permite el afinamiento de estructuras cristalinas de moderada
complejidad ajustando, mediante minimos cuadrados, el perfil completo del diagrama de
difraccion a un perfil calculado para un modelo estructural (que depende de los
parametros a afinar). No existe un paso intermedio para extraer los factores de estructura
de las reflexiones individuales a partir de las intensidades medidas para cada posicion 20
del difractograma.

El método de Rietveld se basa en la minimizacion de la funcién residuo 7.6:

siendo:

Wi

Yi

Lk
Fk
W
Tk
Pk

Yib

2

X :ivvi{yi_yi,c} (7.6)

Numero total de posiciones 26;.
Factor de pesada (peso estadistico de cada reflexion).
Numero de cuentas observadas para cada angulo 26;.

NUmero de cuentas calculado para cada &ngulo 26; a partir de la expresion:
Kk
Yi=S-> LR [ W(26,-26,) T, P +y, (7.7)
k=0

Numero de reflexiones que contribuyen a y; en una posicién 26;.
Factor de escala.

Factores de Lorentz, polarizacion y multiplicidad de la reflexion k.
Factor de estructura de la reflexion k.

Funcion de perfil de la reflexién k.

Factor de transmision.

Funcion de orientacion preferente de la muestra.

Intensidad del fondo continuo en la posicion 26;.

15 Rietveld H.M. Line profiles of neutron powder diffraction peaks for structure refinement. Acta Cryst. 22 (1967)

151-152.

% Young R.A. “The Rietveld method”. International Union of Crystallography-Oxford Science Publications:

Oxford, 1995.

17 Rodriguez-Carvajal J. Fullprof program: Rietveld pattern matching analysis of powder patterns, Grenoble,

2011.
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La minimizacién de la ecuacion (7.6) conduce al afinamiento de dos tipos de
parametros, los estructurales y los de perfil, destacando:

e Parametros estructurales:
- Coordenadas reducidas de cada atomo: Xi, Vi, Zi.
- Factores de ocupacion: n;.
- Parametros de agitacion térmica (isotropicos 0 anisotropicos).
e Pardmetros de perfil:
- Factor de escala: S.
- Parametros U, V, W, que determinan la evolucion angular de la anchura a
media altura de la reflexion k, segin la expresion: FWHM? = U tg? 0k + V
tg Ok + W.
- Posicion del cero del detector: 26,.
- Parametros de celda: a, b, ¢, a, B, v.
- Parametro del fondo continuo: mi.
- Parametro de asimetria: P.
- Parametros de orientacion preferente: G1, Go.

La bondad de los afinamientos se expresa mediante los factores de acuerdo Rp, Rwe,
Re, Re, y %2, definidos por las expresiones:

Perfil Rp = 100 X |yi-Yic| / Z lyil
Perfil ponderado Rwe = 100 = [wi |yi-Yic| 2/ = wi |yi| 2] Y2
Bragg Re =100 X |A vii-A.viic| / Z |Avii|
Esperado Re = 100 [ (N-P+C) / = wiyi?]*?
indice de bondad del ajuste x> = (Rwe/Re)?

siendo:
Wi Factor de pesada (peso estadistico de cada reflexion).
Yi Numero de cuentas observadas para cada angulo 26.
Yic Numero de cuentas calculado para cada angulo 26;.
Avii Intensidad integrada para cada angulo 26;.
Aviic Intensidad integrada calculada para cada dngulo 26;.
(N-P+C)  Numero de grados de libertad.

El factor de acuerdo mas representativo es Rwe. El indice de bondad del ajuste, %, que
debiera ser proximo a la unidad, estd sujeto a errores sistematicos, fundamentalmente
derivados de la representacion deficiente de la funcion de perfil. El factor de acuerdo Rs
esta relacionado con el &rea de los méximos de difraccion y refleja la calidad del modelo

estructural.
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Unos valores adecuados de los factores de acuerdo no siempre son condicidn necesaria
para considerar un afinamiento como correcto: este criterio debe acompafarse con el
examen de la diferencia entre el difractograma observado y el calculado, con el fin de
detectar posibles errores sistematicos. La bondad del afinamiento final dependera de
varios factores, entre los que destacan: la calidad del difractograma experimental (y de la
muestra), el tipo de radiacién utilizado (neutrones, rayos X, radiacion sincrotron, etc.), y
la presencia de impurezas y errores sistematicos durante el proceso de afinamiento.

7.2.6. Dilatometria

Los dilatdbmetros se utilizan para medir la expansion o contraccion de los sélidos a
diferentes temperaturas.

La obtencion de la expansion térmica lineal de una muestra, viene dada por la siguiente
expresion:

AL  Lr-L
Lo Lo
donde:
Lo Longitud de la muestra a la temperatura de referencia.
Lt Longitud de la muestra a una temperatura T.
En realidad, el valor de AL/LO viene dado por:
AL AL AL
i i A ) (7.9)

Lo Lo Lo
donde:
ALa/Lo Es el cambio aparente en la longitud de la muestra.
ALS/Lo Es el cambio en la longitud del sistema de medicién (dilatdmetro).

Normalmente, esta correccion se ajusta automaticamente en el software del equipo. El
valor resultante de AL/Lo se expresa habitualmente en partes por millon (-10°) o bien en
pm/m.

La expansion lineal de la muestra se puede expresar en porcentaje de expansion, para
lo cual se utiliza la siguiente ecuacion:

AL
Lo

-100 = Coef% (7.10)

El coeficiente medio de expansion térmica lineal (am = TEC) es el coeficiente
promedio de la expansion térmica lineal en el intervalo de temperatura, desde Tambiente @
T, y viene dado por la expresion:

1 1 AL 1 Lp-L
Ay =——+—=— =2 (7.11)
LoLy AT Ly T-Tg,
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El am se expresa como parte por millén por grado centigrado:

TECq, =1 — m (7.12)

Con objeto de registrar cambios de dimension asociados a procesos de
expansion/contraccion de los materiales en bulk recogidos en esta memoria, se han
llevado a cabo ensayos de dilatometria, utilizando un dilatdmetro Unitherm™ Model
1161 (Figura 7.15., ubicado en Servicios Generales de Investigacion (SGlker) de la
UPV/EHU). Asi, se ha obtenido una idea del efecto de adicidn de los componentes de las
celdas SOFC.

0.0126

0.0096

0.0066

0.0036

Expansion AL/L (m/m)

0.0006

-0.0024
-300.68 -29.30 242.08 513.46 784.84 1056.22

Temperatura (°C)

Figura 7.15.- Dilatémetro Unitherm™ Model 1161.
7.2.7. Microscopia electrénica de barrido

Las diferentes técnicas de microscopia electronica se basan en el analisis de los efectos
que se producen de la interaccion electrones-muestra, en la que se generan diferentes
procesos de absorcion y emision (Figura 7.16a.). Adecuados sistemas de deteccion para
cada uno de los procesos, permiten obtener informacion sobre la muestra irradiada.

El microscopio electrénico funciona con un haz de electrones generados por un cafion
electrénico, acelerados por un alto voltaje y focalizados por medio de lentes magnéticas,
todo ello en alto vacio. Los electrones interaccionan con la muestra y la amplificacion se
produce por un conjunto de lentes magnéticas, que forman una imagen sobre una placa
fotografica o sobre una pantalla sensible al impacto de los electrones que transfiere la
imagen formada a la pantalla de un ordenador. Ademas, estos aparatos suelen combinar
la posibilidad de obtener imagenes de gran resolucion con el analisis quimico de pequefias
areas del material.

Desde el punto de vista de la Microscopia Electronica de Barrido (SEM) interesa
analizar los electrones secundarios y los retrodispersados. El origen de estos electrones
se muestra en la Figura 7.16Db.: los retrodispersados son electrones del haz que han sido
dispersados elasticamente al colisionar con nucleos y los electrones de los &tomos; estos
electrones proporcionan imagenes con informacion composicional.
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Figura 7.16.- (a) Efectos producidos en una muestra cuando ésta es irradiada con un haz de
electrones; (b) Origen de los electrones analizados en un microscopio SEM cuando el haz
incide sobre una muestra.

El nimero de electrones retrodispersados varia con el nUmero atdbmico promedio (<Z>)
de la muestra, de tal manera que cuanto mayor es Z, mayor es la probabilidad de choque
y mayor es la cantidad de electrones retrodispersados. Por lo tanto, las imé&genes con
menor numero atémico promedio aparecerdn mas oscuras que las de mayor (<Z>).
Ademas, estos electrones pueden aportar informacién topografica de la muestra, en
funcion del modo de trabajo del detector y son sensibles a la orientacion cristalina. Los
electrones secundarios son electrones arrancados de las capas mas externas de los &tomos
y proporcionan imagenes de la topografia superficial de la muestra. La cantidad de
electrones secundarios dispersados depende de la energia del haz incidente, de la densidad
y de la topografia de la superficie de la muestra.

Otra emision importante que resulta de la interaccion del haz de electrones con los
atomos de las muestras, son los rayos X, con energia y longitud de onda caracteristicos
de los elementos que constituyen la muestra. Esta radiacion es recogida por un detector
adecuado para obtener el microanalisis del material. El detector utilizado en los
microanalisis mostrados en esta memoria es un espectrometro de dispersion de energia
(EDX), que analiza de forma simultanea las energias de los fotones de rayos X, en todo
el intervalo desde el boro hasta el uranio. Cuando un haz electrénico suficientemente
acelerado, incide en la superficie de un sélido, se produce, entre otros fendmenos, la
ionizacion de los atomos presentes en el mismo; esto es, la pérdida de electrones internos.
Cuando un atomo se encuentra en este estado, otro electron de la capa mas externa salta
a la capa deficitaria, y rellena el hueco producido. Este salto implica la liberacion de
energia, cuyo valor es igual a la diferencia entre las energias que tenia cada electrén en
su orbital correspondiente. Dicha energia se manifiesta de dos formas: mediante emision
de una radiacion electromagnética (rayos X) o por emision de otro electron de un orbital
exterior (electron Auger). La probabilidad de que tenga lugar una u otra emision queda
determinada por el rendimiento de fluorescencia®*®.

18 Robards A.W., Wilson A.J. Procedures in electron microscopy, John Wiley & Sons, Chichester, UK, 1993.
19 Dunlap M., Adaskaveg J.E. Introduction to the scanning electron microscope, Cambridge, p. 3-33, 1997.
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Los anélisis morfologicos, microestructurales y composicionales de las muestras se
han realizado en dos microscopios electronicos de barrido (SEM), un S 3400 N (Figura
7.17a.) y un JEOL JSM-7000F (Figura 7.17b.). La configuracion de estos microscopios
incluye un analizador de energia dispersada de rayos X, Oxford Inca Pentafet X3 (EDX),
provisto de un software de adquisicion de datos INCA Energy 350. Estos equipos estan
instalados en los Servicios Generales de Investigacion (SGlker), de la UPV/EHU.

@‘L

Figura 7.17. Microscopios Electronicos de Barrido (SEM), a) S-3400 N y b) JEOL JSM-
7000F.

El objetivo principal en la preparacion de muestra, para observar su seccién transversal
por SEM, es preparar una pastilla de resina que contenga las partes de interés que se
desean analizar. Esta pastilla debe estar pulida de forma que la parte superior de las
muestras se encuentre libre de resina y no se haya alterado la microestructura durante el
proceso de pulido.

Procedimiento:

A. Colocar las muestras en un molde. Depositar la muestra en un molde y fijar la zona
de interés.

B. Activacién de la resina. Mezcla de la resina epoxi con el catalizador para que se
inicie la polimerizacion.

C. Infiltracion. Se han utilizado dos procesos: (i) afiadir la resina al molde hasta cubrir
la muestra, y (ii) se cubre la muestra con resina, y se hace vacio hasta que la resina esté
en estado de ebullicién; posteriormente se elimina el vacio, facilitando la penetracion de
la resina en los poros. Este proceso permite que la pastilla no presente burbujas.

D. Endurecimiento. Una vez con la resina en el molde se deja en reposo hasta que la
reaccion de polimerizacion finalice (24 h).



Técnicas experimentales | 183

E. Corte y Pulido. El corte por abrasion de las muestras embebidas en resina, se lleva
a cabo mediante un disco de diamante con un equipo Secotom 10 de la marca Struers
(Figura 7.18a). Una vez cortada la probeta, es necesario llevar a cabo el pulido de la
misma con el fin de que la muestra que se quiere observar quede en la superficie de la
probeta. Para ello se llevan a cabo una serie de etapas de pulido con lijas de mayor a
menor tamafio de particula (Figura 7.18b). Si se han llevado a cabo todos los pasos de
forma adecuada, tras esta operacion, la probeta no deberia presentar ninguna
imperfeccion al observarse con un microscopio optico. El proceso de pulido se realiza
utilizando una pulidora automatica TegraPol-31 (Struers) (Figura 7.18c). La pulidora
consiste en una placa giratoria donde se colocan los discos con el material abrasivo.
También dispone de un cabezal automatico para la sujecion de la muestra y que faculta
ejercer una presion controlada sobre los discos con el material abrasivo. Estos equipos
pertenecen al Departamento de Mineralogia y Petrologia de la Facultad de Ciencia y
Tecnologia de la UPV/EHU.

Finalmente, se utiliza un equipo Sputter Coater (Quorum Q150T) que permite recubrir
la muestra con carbono y asi convertirla en conductora de electrones para poder ser
observada en el SEM (Figura 7.18d).

a)

Figura 7.18. (a) Cortadora Secotom 10 de Struers, (b) discos y material abrasivo necesarios
para llevar a cabo el pulido, (c) pulidora TegraPol-31 de Struers y (d) equipo Sputter Coater
(Quorum Q150T).

Este Gltimo equipo pertenece a los Servicios Generales de Investigacion (SGlker), de
la UPV/EHU.
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Eeywards:
S0OFC
Syt rones

Lasge scale
1o (el o

Althaugh sconomically aoympest tive SOFC sys ems seems to be resdy for oommesncia liz tion, a boad inventory of
key starting materials and fabrication procssses are nesdsd © enhance systems and reduce costs. These ne-
o= it o= e raised by the demands for larg e scale SOPC industrial production. Taking into accowunt thes = reasons,
we have symthesized the mean components of a fuel oell, on a large scale, by the glycine nitrate combastion
mesthod .

The synthesived different components of S50FC hawve been the inerconnector protective coating
(MinCary gPeg Oy), contact layer (LaNig Feg o000, cathade (Lag oSy (Pl ], interlayer (Smg ey 00 gl slectmo
lyte (Eriiylg qul ¥ o g gy amd amode [Ny 0(Z00) 5 g0 (20 30 0] mavterial, obtaining reproducible pure samples
and amounts up o 12 g for each baich, being able to incresse easily this amount to lots of undred of grams.

The obtained materials have been characterimsd by inductivel y coupled plasma atomic emdsson s pectmos copy
{ICP-AES) and N-ray fluorscence (XRFL, X-my difmscton (BD), dilstometry, scanning electron. md croscopy

(SEM], particle size distribution and conductivity messmnements.

1. Iniroduciion

Mew kind of necesalties arlses fmm the development of technologles
wsed In synihesls of S0FC matedals These necessiiles are orfglzated
from the demands for appropriate industdal production procedure of
SOFC materak, and the respective fAmal peoducis. Therefore,
Combistion Synthesk (C5) s an important method for advanced SOFC
component fabrication, becaiuse |53 economical and energy efficlent
methed [1].

C5 methods can be clasfed into three categories, on the basis of
the physical matre of macton mixtere [self: (1) lame synthesis or gs
phase combustion, (i) heterogeneows condensed phase combustion
symthesis and (1) solution combustion synthesis (505) [2]. Forusng in
the 5C5 route, it conskts of usng an oxidizer (generally metal nitrates)
amd a sultable organie fuel {urea, clirk acld, glyelne, ae) [54]. In this
senene, S5 represents an exnth ermic method , which can provide enough
energy o evaporate volatlle Impurities as well as, for the complate
calelmation of the prodicts, prodocing, by a single step, pire manos-
triscturad and homogeneous oxlde powders with appropriate micro-
strectural properties [5,6].

The major pammeters such as fsel mixtere and fuel foddizer mtio

= Corresponeding s

can play a significant mle on phase formation of different compounds
[7]. The choke of organde fsel (wually glycine, ures, sucrose, eltrle
acld or alanine) & important because different fuels have different
properties such as decompositlon temperatuee, heat of combustion and
redscing valency [B]. In general, a good Fuel should react non vielently,
producing non toxlc gases, an reacting as a complexant for metal ca-
tons [9]. As comedquence, ghicine was selected a the fusel since it is
mare cod-effective, has demonstrate that can be convenlently em-
ployed to prepare cemmic powders and s combuston  heat
{—324keal g ) s greater than that of wrea | — 298 keal g~ ) or o-
tric acld { — 2.76 keal ¢~ ), belng more stronger complexing agent and
forming stable gels in nitrate solutlon [9-12]. The advaniages of the
glycine nitmie combusion prmoes are eladvely low oost, fast heating
rates, shor eacton tmes, high composton homogenelty and high
energy efficlency [13].

The commonly wsed materfals for fuel cell devices are porous cer-
mets of metallle NO-{EZr05)0 or (Y2050 0 (MIO-YEE] a5 an andde amnd
denge (Zr05)s ox (Y205 a 0 (Y5E) layers a8 electmlyte [14-16]. Ac
conding to other authors and o owr previeus studies, La, Sr, Fell,
(LSF40)  has demonsirated to e a practical cathode wsing
Sy o0eg 0y o (5D as bamier between cathode amd electmlyte,
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avolding poody conducting secondary phases which Increases contact
mesktance of the system [17-20]. Earller studies have concluded that
the we of LaMlaeFenOs (LNF&O) cathide comtact layers improves
alectrons tmnsfer through the contact Interface from Interconmect 1o
active cathode layer [21,22]. Also, Mndn, oFe, 0, (MIF10) can be
e as an lntereonmert protective coating toavold the Cr polsoning to
the cathode [23,24].

The present work presents the adaptatim of an exdsting hb-scale
cell components production methed to an industrially ready and easly
sealable method using glyclne-nitmate combustion synthess. After the
syn thesis optimiation, up 1o 12 g of sample have been obtained lneach
batch, The synthested compments were: anodes, electmlyies, nter-
layers, cathodes, contact layers and interconmect protective coatings.
Therefore, resulis of a complate chamactedzation study have been re-
ported including compositional identification of phases, crystal strue-
tere, alectrical and londe conductivity, themal expansion and mor-
phological striscture, showing a good reproducibility in all the cases

2, Experimental
2 1. Powder preparation

All the SOFC component powders were prepared by aglycine nitmate
prscess (GNP Stokchiometrie amounts of the corresponding metal nl-
trates, which were choden because thelr low price under 2,90 € per
gram, were disalved in delnized water {see Table 1), to veld 36 ¢ of
the fimal oxclde powders.

For all compositdons glycine was then added into the nltrate agu-
enus solutlon while stirring. Inall the cases a glycine ndtrate molar rmto
of 1 was used. The effect of different glycine nitrate mio was previowsly
amalyzed for these kind of compounds in the research group [5]. The
mesulting visoms lguid was aute-lgndted by heating up 1o approxd-
mately 455 " The obialned powders were calcined between &0 and
B0 "Clor 5h to emove carbon resddues. In the case of LSF4D, LNF&O
and MCF10, the resulting powders were pellatized and calcined in alr at
950 “C for & h, which afier several test, demonstrated 1o be the most
economical reatment conditlons to obtain pure samples.

22 Clorateriation echnigies

Compositional analyss was performed for all the prepared samples
i coaifirm that the expected elemental composition was achleved. The
metal contents of M, Co, Fe, Sr, NI and La, were determined by In-
disctively coupled plasma atamie emisson spectrosoopy (ICP-AES) on a
Haoriba Yobin Yvon Activa specirophotomet er. Becaise thelr difficulty
tix disanlve, the analysk of Sm, Ce, Zr and ¥ contents were carrled out
with X-ray Auorscence (XAF) on a Flachemope X-ray XDAL.

Room-temperature Xray diffracton (XRD) data were recordaed
wshing an tegratbon tme of 10s/0026" step in the 5 = 20 = 707
rmange with a Philips XPeri-FRO X-rmay diffractometer equipped with a
seppndary beam graphite monochromated and Co-Ka radiation

The momphologles of the powder samples were observed wsing a
seanndng electmon microsoope (JEOL JEM-TO00F). Secondary electron
images were taken at 20 kV and 1-10 " A, using a working dstance

Tahie 1
Summary of oeed stanting material

Spkid Sroye fonics 3T3 (2017) 52-57

of 8 mm. Particle slze distibut lon of the powders was camrled out using
a Mastersizer particle slze amalyzer (Malvern Istruments). All the
megiremeants were done wsing Bopropanol as dispersion medium and
walig wltrasouwnds to break up the agglomermtes that are formed.

To measre bulk conductvity and thermal expangdon cosfficlkent
(TEC), pellats of the powders were sntered batween 1050 and 1350 "C,
and then, cut in 1 = 3 = 7mm bars The bulk density of each sample
was caleulated by measuring the mass and the dimensions of the bars.
The smamples had a density of armund 75% of the theomteal (X-ray)
density.

D conductivity measurements were performed In alr by the four
polnt DE method wslng a VEP potentiostal controlled by PC uwsing Lab
Windows, VI Aeld point system.

Elecirical contacts were made using Pt wires and Pt paste placed
over whole end faces ensuring 8 homogeneows current fow. Voltage
contacts were made a3 small & possible to avald any disturbance of the
contacts on the cerrent low. Measurements were performed from 450
i 950 L. The comnductivity (o) was determined from a set of V-1 values
by taking o = 1/p = L/A = di/dV, where L k the dBtance betwesen
voltage oomtacts and A & the sample cros section. Flmally, TEC mes-
sirrements were carried out fram room tempemiere 0o 950 "C in alr with
a heatlng rate of 5 "C/min by udng a Unitherm Maodel 1161 dilatometar
system (Anter Corporation PA 15235).

3. Results and discussion
3. 1. Elamenn] compasition

In order to be able to study the mepodecibility of lamgescale
synthesk of wed compownds, three diferent synihess have been per-
form for each comp ound, labeling as batch the 12 g of prodisct galned in
each srnthesis The nominal composition of the samples and the resulis
from the I(P-AES analysls are shown in Table 2

Within the experimental ersors for all the samples, the experimental
compaitional valus match the nominal compos thon

Becawse the difficultes to disolve SDC, NIO-YSE and Y52 samples,
the compositiomal messurements of these samples has been pedormed
by XRF technique. The results are shown in the Table &

The mesults obtalned by XRF analysis (Table 3) were ¢lose to the
nodmdisal valises for all the stsdied samples. In all the cses, the differ
ence batween the relative amownts of the elements in &l Ferent batehes
was nil shgdfcant, Thus, the synhess procedure shows an adequate
chemical reposd e bility.

3.2 Sreeneal soedy

The purity of the samples was studied by X-my diffraction. All the
materials (LSF40, LNFed, MCF10, S5DC, NIO-YSZ and YS5Z) prepared
through the gycine nitrate (GN) combuston mute present the desined
fimal phases. For the LMF&D compound, the appearance of exima
shoulders in the experimental profile indicates a possble phase segre-
gation o glve two perovakite phases with different Ni/Fe ratie. In the
MNIO-YEE case, the difractogram presents peaks relative to the phases of
N0 and YSZ (cubie structure), which evidences that the materdak did

o ovared

Startng material®

Lan oS5 sFedlly (15F40)
LaM ke Fey o0y (LNFS0)
Moy o Feg (D CF O

8m paleaalig (ED0)

My 0 oD b (W 2Ol o (NIO-YET)
0 b (VDb o (WETD

LaMN D& HeD [ ¥ ) SnNDgls (> 9950 and FeNOalyTHLO (> 58%)

LaN Dyl HpD [ > 950 1 NI hGH 0 [ 98.5% ) and Fe{ N0y WHL0 [ 95%)
BN OalrxHD (= SR, Oo{N0ak6Hy O (> F5%) and Fa(NOqlaTH 0 (> 95%)
SN0k 6H 0 (> F9.59%) and Ca{MN0gly6H0 (> Fa)

YN OalriH20 (> 59,9 %), TN OalexHD (> F95) and N{NDalyE&HLD (> $85%)
Wi OglrH 0 (> 59,9 %) and To0{NOg ki 0 | > 650 )

* Al the saning materials oeed were from Sigma-Aldrich
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Table 2

Summary 0P msults for LSF40 (la, S, Fel, LMPSO0 (La, ML, F& and MOF10 (M, Co, Fel
& la Fe i Mo Ca

LERS0 (Ratch 1) 041 (1) Q5802 L02E) - - -

LSR0 (Batch 2} 040 () @Q58(2) 1013} - - -

LERS0 (Batch 3} 041 (1) Q580 L02E) - - -

LNFS0 (Haxh 1) -
LNF&0 (Haich 2} - o7 ()
LNF&0 (Hatch 3} - 1az{a)
MCFIO (Bach 1) — -
MCFI0 Bach 2} — -
MCFI0 Baich 30 - -

0989 0416 0sl(s - -
041 5y O0s0(8E - -
045 8) 0O65(5) - -
oway - 099 @) 18605}
amway - 190 (5}
oway - 098 @) 19345

Table 3
Sumarary XAF resuls for SDC (Sm, Ce), MIOYEZ (NL Y, 20 and VX (Y, Zr)

I ¥ b am ce
SDC (Bach 1) - - - 081 03T
SDC (Baich 2) - - - as(ly 0302
SDC (Baich 3) - - - as(ly 0302
MIO-YEE (Baieh 1) 0= @) oz 03 (4) - -
NIO-VEZ (Basch ) 08 @) oz 03 (4} - -
NIO-YEZ (Raich 3) os 3 oz T - -
YSZ {Baxh 1} 08 @) 0z @ - - -
¥SE (Raich 2} 08 &) oz @ - - -
¥EE (Baxch 3) 0= @) 0z @ - - -
a)
LSFa0 (R-3¢)
: [ . " | ) Barich &
R ! tbm e JLBEIED
= [ 0L g o | Baich 1
g LNFED (R-2c)
& . N # 4 Baich 2
-3 SR S I_"__n_n_.\_,_.__-"'-.." Dz 2
= A | M — Baich 1
MCF10 {Fd- 3m]|
| —————e S S ST . Baich 3
i . 5 n Balch 7
[Z]
S brane BT ‘I"L e B .|:'I:'..1.... A ...1.=I.n.-'.1|
15 20 23 30 33 40 45 350 5 460 63 70
20 ()
)
i‘1 sDC |:Fn'| am)
.......... A M A Bakhp
] I'- .. e N Baich 2
- I | v L ....__.-"-uu—h.__.gﬂ'."l-.
= .
i 5 NO-YSZ(R-3c)
- e H . e Bmich3
£ - Baich 2
§ - A — BB 1
I.""-.._.a_ SOR- E'E]' ~ Hah:h 3
. et ,h\_.-""\_h_,_
-ﬂ-._ﬂﬂ.l-'«"'l'l
" |I||||I|| 'l e T FETEE FUT e PNT Tl fNEed fered FEETe |

I5 20 25 30 35 40 45 50 55 60 &% 70
200" " NiD phase

Fig. 1. X my diffrartem pasems measored of (a) LEF40, LNF&O, MOF10, (b} SDC, Ni0-
YL and YSE

ot react at these temperatures The dgnal ldentification for all XD
patterig & in good agresment with the Power Diffrac tion File database
(PDOF) [25]. Al the symtheses are reproducible and puare as can be

Table 4

Crysmllive sizes of the synhexized aomm pourds.
Bach Compoond  Oystallie  FWHM Enqnmd Crymallie  FWHM

) sl (ram ) ske {nmp

1 WEZ (L1} &) 152 L5F40 46 {2 0z8
2 & () 153 (1,043 45 (3 zs
2 &2} 155 45 (2} 0zs
1 SO0 150k a5 LNF&O 16 (1) L]
2 15 (1 T (1,043 17 (1) osa
3 % (1 &7 18 (1) sl
1 MID-YEL S{1¥ 1.70 BCFID 182 (55 s
2 1,11} S5{1) 170 (311} 184 (5 LB B
3 5(1) 170 159 (5) iR
1 MID(220F 100k 100
2 11 Q) o8y
2 10 Ok 99

observed in Fig. 1 for different batches

The wsed synthetic temperatures Indicate an absence of mactivty or
decomposition of the starting materak under SOFC operating condi-
thoms | SO0 CL

In order to obtain information about the coystal size of the synthe
slzed powders, the Schemer formula has been wed (Table 4) The
Scherrer equation relates the width of a powder diffrac ton peak to the
average dimensions of erystallites in a polyerystalline powdear (the wed
Instrumental contribution is of 0.1 and the shape factor of 0090

Az it can be seen, crystallite skees are homogeneous between dil-
ferent batches of the same compound, showing crystal grown re

producbity.

3.3 Microstrocnme

Flg. 2 represents the SEM images for all the synthestzed powders. In
the case of LSF40, INF&d, MCF10 and SDC, weallnecked morphologles
of the powders synthesized by the combistion method and sntered at
050 °C are shown (4, b, ¢ and d, respectively), which are composed of
nantelzed particles and agelomerations of gralng of small number of
mlerometans.

The micrographs of the obtained samples of MIO-YSZ and Y5Z are
shown in Flg. 2 (e and §, respectively). Mano-sted particles are ob-
talmed, morpholegleally homoegeneous and uniformly porows. In these
cases, becauwse of a large amount of the outcoming gases as-prepared
samples are mther voluminous and very faglle. The particlesare bownd
tegether Into agglomerates of different shapes and szes of a few mi-
cmelers

In all the cases, the agglomerates fommed during the combuston
reaction are waally soft and easy to break due to the higher escaping
gases for these samples [5]. In addition, comparing the same ¢ ompound
betwesn different batches, it can be shown that the pamicle skes and
shapes are homogeneoes. In addition, they are very micrstrichuraly
sultable staming materials to be wsed in the manufaeiere of S0P

Pamticle skze diaribution of these material has been measured for
thelr mamffacturing in S0FGE dnce this parameter infleences the
rheokgical propertes for thelr deposition by wet colloldal spraying,
after a ball miling with lsopropanol

Az it B dhown in Flg. % the agomregate sizes are homogen eows b
tween different batches demonstrating that the synthesis B ore
producible concemning the Anal processing stees. Table 5 summarizes
the detalls.

3.4 Heerleal conductdwiny

The electronde condwctivity of LS5F40 and NI-YSE, can be described
by the thermally activated small polaron mechanism [26,27] which is
generally expressed as (Bq. (10):
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Fig. 2. SEM mirographs of the powder samples of a) LSF40, b) LNF&Q, ¢) MCF10, d) SDC, e) NIO-YSZ and f) YSZ

o= A/T exp(—Ea/kT) 83}

In which E, is the activation energy for small polaron hopping
conduction, k is the Boltzmann constant, T is the absolute temperature
and A Is a pre-exponential factor independent of the temperat ure.

Taking into account the obtained relative density values, the por-
osity of the samples has to be considered In funther analysis of the
electric conductivity. So, for the two-phase systems (electrically con-
ductive and nonconductive (porosity) phases), the comrected electrical
conductivity was calculated using Eqs (2) and (3) [18]:

Geoemcted = Omeasemna(1 + (Pva'1 — (Preg)¥ ) (2)

Frat = 1 = (Boap /Piaee) (3)
where p,, is the experimental geametric density of a pelletised sample
and p,, . the theoretical density from XRD meassurements. Note that
the relative density, (po/Peca), could be slightly underestimated be-
cause the formula weight wsed in the po_ . cakulation ignores oxygen
vacancies.

In the case of LSF40, the conductivity increases with increasing
temperature up to a maximum and then decreases due 1o the lattice
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Fig. 3. Partde size distabagion curves for 15F40, INF6O MCF10, SDC, NIO-YSZ and YSZ powders
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Table?
Average TEC valoss of e obiainsd manerials.

e d {05 pm Compord d {5 O T Avemage TEC (200800 C) (1104 ')

LEFR4D (Batch 1) s SO (Bach 1) 1505 Crader Z2APU 118 [22]

LERD (Batch I) oz SO (Baich 2} 1495 MIFID 146 (1)

LERLD (Ratch 3) sl SDC (Raich 3 1855 LMF&D 148 (0}

LMF&0 (Baich 1) 2161 MIO-YEZ (Batch 1) 3793 LEF40 158 (0}

LNF&D (Baich I} 2025 MIO-YEZ (Batch Zp 3362 ST 44 (T}

LNF&D (Baich 3} 2063 MIO-YEZ (Hatch ) 360 TEE 121 {3}

MCF10 [Baeh 1) 1905 Y& (Haxh 1) 1551 HILYEE 123 (7}

MCF10 [Badh 2) 1913 Y& (Haxch 2} 1371

MCF10 atch 3) 1914 Y& (Faxch 3} 1.=28

17
Table & 16 ff’.
Eearial conduciviny valoes & difierent empeaiones and aEivaton SEgy. g_-. e
& b ¥ B \I\
Crerm povared MIOYEE 140 LNF&D MCFI0 =) /ff -
o - ﬂ""x___h ]

o {800 "0 (Sfem ™ ') &70 = a3 126 B b }

a (7000 (5rom™ ') &17 74 a7 168 1ar / ST

o (800 03 (5 am™ ') 573 a3 EE 184 -

Fa (e} - o3 o2 s ar 7
oxypen losg, Implylng a amall semioconductor belavior [22]. The alec- ZamPU S BSil i = EOE

trical conductvity of MCF10 increases with increasing tempemiure. For
the MI-YEL and LNF&D material, however, the conductivity decreases
contimemesly with increasing temperature, implylng a metallic behavior
i the messured temperaliine mainga.

For comparison, eectdeal conductivites at different temperaiures
and activation energles for the oxygen lon tansport of the diferant
compounds have been represented in the Table &

The conductivity values obtalsed for the compounds ame not oom-
parable with the literaiure condwetivity data {[22,24,258]), because
these results am obtalned on samples prepared using different ¢hamical
mwtes and/or caleined at different temperatumes from ours, which may
Inflisence the size of the powder particles and the resultant grain size in
sintered body [20,30].

(w132

Fig. 5. TEC valoes obfained over the emperatore range of 200-800 T for all ooempo-
nends.

3.5. Thermal expansion snudy

Thermal expansion coefflclents are an imporant parameter for
S0FCa High temperature fuel cell stacks mist mest the crtical re
quirement that all layers have o retain good elecirical contact, al-
though large tempemture changes oocur af assembly and operating
temperatures. In an ldeal case all matedals would have the zsame
thermal expansion coeficient (TEC), but in real configurations, differ-
ences will emerge that can cause thermo-mechanical stress, A further
problem can oorur becawe of the differences in the TEG of the dif-
ferent materak which result to a different change in thickness of the
varows layes and reduction of the system lfetme [31].

Flg. 4 presents dilatometrdc curves of samples reconded between 200
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Fig. 4. Thermal expans on behavior of eom ponens: prepared by the e cembest on method
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and 950°C in alr that are almost lineardy dependent on temperature
The value of the average lineal thermal expanslon ooefficlents (TEC) of
ihe compounds obtained over the temperature mnge of 200-800 C ae
shown in Table 7.

The change in the thermal expandon coeficient between the dif-
ferent oomponents {5 shown in Fig. 5.

Az can be observed, the ntmducton of the cormesponding layers
between the dectrdyte and cathode, and between the cathode and
imterconnector, minimizes the difference between thelr TEC values
giving rise tosimilar valwes that are indicative of thermal compatibility,
a factor which prevents fallure due to stresses in 50FCs at high tem-
permnres caused by thermal mismatehes, Crofer-2 24PU int eroonmeclor
has been included for a better TEC comparsm between the adjacent
compounds of MCF10 and MIO-Y5Z. This material is the one that was
analyzed as interconnect material for this kind of 50FC synthesis by the
mesearch group [21,23].

4. Conclusions

An increase in the synthesdzed amount of compounds has been
performed withowt complications, malntaining a sultable micro-
structure and purity for all stedied matedak.

Six different fuel cell compounds have been synithesized in big
amounts by glyeinenitrate method with stolkehiometric fuel foodd er
o, obtaining high quality materals whose micrstrucium] propertles
can be modified

The achleved compounds have smilar microst nee tures which limits
ihe long tme degradation for these kinds of multilayer systems

The synthatic times are short, demonstrat ing to be compos] tomal Ly
and morphologically reproducible v different batches Therefore, It can
e comcluded that the glyinenitrate process, with an optimal G/MN

mtlo of 1.0, s an appmpriate technique for preparing big quantites of
dlifferent compounds for S0FC fabecation,
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S0FC

Wet powder spray
Cathade

Active layers

Ball milling

In this work, a wet powder spraying method has been investigated as a facile low cost route
to deposit electrode layer on 50FC electmolyte support A partoular focus has besn
examining the interfacial sability of the deposited layers, and detearmining the infuence of
the thickness of the different layers, as well as the ball miling regime used to produce the
elecirade inks.

The developed syatem consist of an yiria stabilized mreonia electrolyte support, a
LagaSrosFedy (LSF) cathode, a Smoglen 045 (SDC) barrier layer betwesn the electrolyte and
the cathode, and LaMNi sFens0h (LNF) a8 a contact layer, for a fuure integration with the
S0FC intercormector. The electmbte supports (300 pm thickness and 9 mm diametsr)
supports were prepared by uniaxial pressing, while the deposidon of thin barrier layers,
cathode and contact layer were carred out by manual spray coating.

@ 2019 Hydrmogen Energy Publications 1LC. Published by Elsewier 1td Al right=s ressrved.

Introducton

The two main confipuredons of S0FCs are mbular and
planar [6—11]. Among the different configurations, this study
i focused in planar S0FCs, which heve a much smnpler

Fuel cells are energy conversion devices that directly conwert
the chemical energy of & fuel into electrical power and hest.
Among the fuel cell types, solid oxide fuel cells [SOFC) have
stirected much sttention due to their advantsges such as
higher electrical convemsion efficiency, long-term stability,
fuel flexibility and environmentsl friendliness [1-5].

manuf acuring process and lower fabrication cost than those
af their tubular counterparts [12-14|. Regarding planar
configuretion, taro types are preferred: electrode (meinly at
anode] supported cells snd electrolyte supported cells
[3,15,18]. Although eledrolyte supported cells may exhibit

# Carresponding author. Universidad del Pak Vasco (UPVWEHL), Facultad de Clenda y Temologia, Departamenta de Mineralogia y Pet-

rologia, Barrio Sarrena 5/M, 48940, leioa, Vizcaya, Spain.
E-mail address: marbel ardormsehu ais (M1 Arrorbs).
hitps:/{dol org' 10, 10064, ifhydene 3009.01 230
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higher ohmic losses, they are more robust and have demaon-
strated much better stability during the reduction-cddation
processes and thermal oycles [17,18].

The main drawbacks for the industrial implementation of
S0F Cs are their manufacturing cost and high degradation rate
[14,29—21]. The aim is to replace the expensive and complex
processing for the cell manufeduring with cheaper, simpler
and industrizlly scslable technigques. Within these tech-
nigques, spray coating is a cost effective deposition method for
electrode layers, showing good quality and thickness contral.
In particular, this method present & highly reproducible pro-
cess for covering planar surfaces [22-25].

In the development of & planar S0FC stack, each repeating
unit is composed of an anode, electrolyte, cathode and inter-
conned [26,27]. Among the typical materal choices, ytiria
stabilized zirconia (Y'5Z) is the most commaonly wed electro-
Iyte for SOFCs because of its low cost, high ionic transference
number in oaxidizing and reducing stmospheres, and good
chemical and mechenical properties [28—30]. The mechanical
properties of the Y5Z allow it to withstand the residusl
stresses from cell fabrication processes as well a5 the stresses
from the opermtional conditons. Samarium doped ceria (S0C)
or gadolinium doped ceria (GDC) can 2o be used as electro-
lytes [31-33] or as a protective barrier between the Y5Z
electrolyte and commanly used cathode materia ks, preventing
the formation of poody conduding secondary phases, such as
LasZry0y or SrZrlys, which are deleterious for as cathode per-
formance [34—3E|. Iron containing perovskites such as
Laq £Sro 4Fe0y (LSF) oF Lag gSro {Con sFeqs0y (LSCF) are good
candidates a5 S0FC cathodes showing high mixed conduc-
tivity and good catelytic activity for the oxygen reduction re-
ection (ORE] [359—42]. Theuse of cathode contact layers such as
LaMiysFeq 40y (LMNF) and LaMi<Doqy0y (LMC) have been
demonstrated to improve the electron transfer through the
cantect interfece from interconnect to the cathode layer. In
pddition, it means that the ORR of the TPB in the cathode re-
ceives mare electrons from the interconnector, inaeasing the
performance of the cell [43-45].

In this research, the deposition of the cathode side com-
panents (S0C as protective layer, LSF as cathode and LNF as
contact layer) by wet powder spraying (WPS) depositon has
been studied with the aim of optimizing the fabrication pro-
cess using self-made materials, using & cheap, simple and
scalable technique. Furthermaore, spedsl attention hes been
paid to the influence of the ball milling process and the layer
thickness in determining the morphology and stability of the
layers. The systemns were cheracterized by X-ray diffrection
(¥R[¥) Scanning Electron Microscopy (SEM) with Energy
Dispersive X-ray Spectroscopy (EDX). Electrochemical
impedance spectroscopy [ELS) messurements were performed
in & button cell test rig (MorECs) and & Zanher Zennium
workstation, in air &t 700 and 800 °C.

Experimental
Synthesis and system fabrication

All the S0FC component powders were prepared by a glycine
nitrate (GN) process. Stoichiometric amounts of the

corresponding metsl nitrates were dissolved in deionized
water. For all compositions, glydne was then added into the
nitrate equecus soluton (Glydne-nitrate 11) under contn-
uous stirring. The resulting viscous liquid was suto-ignited by
heating up to approximately 455 °C and the obtained powders
wrere caleined sround 800 °C for 5 h to remowve carbon residues.
In the case of LSF and LNF, the resulting powders were
pelletized and calcined in gir at 950 °C for & h to obtzin pure
gingle phase samples. The properties (compositon, morphal-
ogies, TEC and conductivities) of the primary materials used in
the present study could be consulted in previous works [45].

Various configurations of the symmetrical systems were
performed and investigs ted in this paper, which are described
in Teble 1. hring the firstexperments, four cells made out of
cathodic snd barrier layers, were crested with different
thicknesses andusing inks ball milled st 270 rpm speed. Inthe
second set of samples, with the aim of studying the effect of
the ball milling speedin the layers, the cathode powders were
bell milled at different speeds meaintaining the thicknesses
constant. Finally, taking into account previous results, sym-
metric systems were fabricated adding LNF contact layers.

To prepare the ¥5Z supports by unisxizl pressing, with
13 mm of dismeter and 300 pm of thickness, the synthesized
powders were ball milled with zirconia balls in zirconia cyl-
inders for 34 h using 2-propanol as solvent. After being
pressed, the supports were sintered at 1425°C for 2 h. Forthe
deposition of the layers, the starnting powders were ground
through wet ball milling, by adding the appropriate amount of
solvent (Z-propanol) and dispersant, for 24 h. The deposition
was camied out st room temperature, using an sirbrush (lwata
eclipse HP-BCS) operated at an angle of 3¢ with respect to the
supporting plane. The distance between the nozzle and the
support was varied between 2 and 10 cm. SDC, L5F and LNF
layers were sintered separately at a temperature of 1150, 950
and 950 °C, respectively, for 2 h. The schematic structure of
the electrolyte-supported system is shown in Fig, 1.

Morphological characterization

Room-temperature X-ray diffraction (XRD) dats were recorded
using an inte gration time of 10s/0.02° stepinthe 5 <24 < 70°
range with a Philips XPert-FRD X-ray dif fractometer equipped
with a secondary besm graphite monochromator and Cu-Ea
radiation. Full-profile Rietweld refinements https/faranar.
sriencedirect com,topics/materials-science/rietweld-
refmement were performed using the FullProf program to
confirm the structural parameters of the identified phases [47].

Cross sedtions of the samples were analyzed using SEM/
EDX system (JEOL JSM-7000F). Composition analysis was per-
formed using back-scattered electrons (BSE) at 20 kV acceler-
gting woltepe and 5 = 107" A of current Maoreover, EDX
mapping was carried out using 70 mapixel The dasta pro-
cessing was performed using Oxford INCA softarare. The
charecteristic emission lines used for the analysis were L for
Le and Ce, K _ for Ni and Fe, and L, far Sr.

Flectrochemical measurements

Symmetric systermns were used to study the electrochernical
performance of the compounds using electrochemical
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Table 1 — Details of the investigated samples,

Sample nams Compasition Layer thickness Eall milling speedirpm) for 24 h
T1 SDC-LSF lpm SDC and 1pm LSF 270
T3 SDC-ISF Apm SDC and 3pm LEF 270
T10 SDC-LSF 10 ym SDC and 10 pm LSF 270
T30 SDC-LSF Jum SDC and 30 ym LSF 270
Effect of Ball Milling

TIEK1 30 SDC-LSF Apm SDC and 3pm LSF 130
T10RM 130 SDC-LSF 10 pm SDC and 10 pm LSF 130
TIEM270 SDC-LSF Jum SDC and 3um LSF 270
TI0RM 70 SDC-LSF 10 pm SDC and 10 pm LSF 270
Complete system

MCT3 SDC-ISF-INF Apm SDC, Ipm LEF and 3 ym INF 270
MECT10 SDC-ISF-INF Jpm SDC, 10 pm LSF and 10 pm LNF 270

impedance spectroscopy (ELS). The layers, with a2 peomnetrical
ares of 0.51 cm”, were deposited anto both sides of the elec-
trolyte. Impedsnce messurements of symmetric systemns
were performed I gir at 700 and 800 °C. Samples were painted
with Au paste to mprove current collecton and mounted on &
button-cell test ng (model Probostat from MorEcs, Morway) for
electrochemical testing.

A Zenher Zennium workstaton (Z4HMNER-elekink GmbH &
Co. KG, Germany) was used to obtein the electrochemical
messurements. The frequency was vared between 5-10% and
0.01 Hz with an alternating (AC) signal emplinde of 10 mV, at
temnperatures of 700 and 800 *C. Data were analyzed with the
ZFlot 3.5b software, using the equivalent cirouit depicted in
Fig. Z, where L 5 an inductance, B, By end B, 8re resistances
and CPEy-CPE, are constent phase elements.

The capadtance and relaxation frequency of esch contri-
bution hawve been calmlated acoording to Egs. (1) and (),
respedively [45].

C=(r"q)"" (1)

(R™"
fo=—_— (2)
The ASE was calulated from the ASE = By-5/2 formuls,
where 5§ i3 the surface ares of the sample and Bp is the po-
larization resistence (the sum of the resistence given by the
semicirdes &t high and low frequencies in the niquist plots).

Then, allis divided by Z to teke into ecoount the symmetrical
peometry of the half systemas.

Results and discussion
Initial structural study of the compounds

The purity of the samples was snalyzed by ¥-ray diffrection.
All the materials (Y52, 5DC and L5F) prepared through the GH
combustion route show the desired fmal phases. The signal
identificetion for a1 X ED patterns was in pood agreement with
the Powder Diffrection File datsbase (FDF). All the semples
were pure &5 can be observed in Fig. 3 for different batches. Far
the LMNF compound, the sppesrance of extra shoulders in the
experimental profile indica ted a possible phase segregation to
give two perovskite phese with different MiFe reto, as
confirmed by Rietveld Aitting analysis.

Fig. 4 shows the micographs of the eledrolytes supports
sintered st 1425 °C for 2 h in sir. The hesting rate from room
temnmpermure to 1435 °C was 3 *C/min and an zlumine plate
was pleced on top to 2dd weight to ensure the producion of &
flat electrolyte support without bending and/or cra ceing. After
sintering, the diameter of the eledrolytes was reduced from
13 1o 9 mm (3% of contrecton). &s can be seen in the mi-
crogrephs, although there were 1 pm pores, it is poasible that
those pores were not conneded, giving the required density to

Fig. 1 — Schematic for an electrolyte supported SOFC design.
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Fig. 2 — Equivalent circuit used to analyze impedance data.

avaoid the gas leskage through the electrolyte. Mo pinhale or
cracks were observed, indicating a good sintering with grans
af sbout 0.5—2.5 prm.

Influence of the layer thickness on the microstructure

In arder to determine the effedt of the cathode thickness on
the interfece stability, & senes of symmetrical systems were
prepared with different cathode thicknesses. Fig. 5 shows the
typical cToss-section micrographs of the systems &) T1b) T3 c)
T10 end d) T30, The study indicated thatthe microstructure of
the layers were similar, with similar grain size, pore size and
averall porosity. One can notice that in the case of sample T1
[Fig. 5a), the interface was not uniform, probsbly due to an
insuffident amount of deposited material to cover the entire
surface. [n the other cases, although the layers were uniform,
in the case of the sample T30 (Fig. 5d) the increase of cathode
thickness seemed to detrimentally affect the layer quality, as
poor edhesion between the SDC and L5F layers were observed
with the appearance of cracks leading to delaminations. As
previously reported, the thickness of the layer had an nflu-
ence on the residusl stress distribution, resulting in & poar
sdhesion between layers [49). On the other hand, T3 and T10
samples, presented good sdhesion sand continuous contact
between the interfaces.

Taking into sccount the obtained results, we concluded
that the layes with better microstructure were the anes with
3 and 10 pm thickness.

With the aim of studying the influence of the ball milling
process on the micostructure, different ball milling speeds
have been used to prepare the inks. In Fig. &, the micrographs
teken from the cross-sedion of the systems are showm.
Obvious maorphalogical differences between the two different
trestments were observed. 4s =n be seen, the systems
deposited with previously ball milled ink at 270 rpm for 24 h,
TIEMZND and TI10BMIFO, presented maore homogeneous
layers, better contect and less fissures. In contrast, the results
for the T3EM130 and T10BM130 samples show that, the pow-
ders were agplomerated and had bigger particle sizes, with
broad size distribution, which leads to coarsening at high
tETnpeTatures.

The particle sizes results are presented in Table 2. As an
be seen in the table, although there was nosignificantchange
an the L5F powders rate of microstructural refinement, in the
cage of SDC there was significant particle size dearease with
inareasing ball milling speed. This decrezse in size may be the
cause of the enhanced migostructure of TIBEMITO and
TI10BMITO samples.

Evaluation of a multlayered symmetric system

Taking into account the studies detsiled above, SDC, LSF and
LMF layers have been deposited onto the electrolyte support
The thickness of the S0C layer was also reduced by teking into
socount the fact that it has to be thin to minimize the addi-
tonal contribution to the ohmic resistanee of the systemn, and
that an overly thick buffer layer can cause delamination in the
cathode [50,51). To show the charactenzation of each layer
and determine any segregation of elements, EDX micrographs
were examined (Fig. 7). The identified elements were, Ni from
LMF in green, Sr from LSF in red and Ce from S0C inblue. From

a) b)
=
I

- “.EI (03] - '
g
. LSF

] I I

Lo 1 & i ’ L i d L

Fn

Fig. 3 — X-ray diffraction pattern refinements results obtained for &) Y5Z, b) 5DC, ¢) LSF and d) LNF.
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Fig. 4 — SEM cross-sectional images of a) YSZ electrolyte support, b) higher magnification image and ¢) surface view.

Fig. 7, it can be seen that there has been no diffusion between
layers and that the adherence between the layers was good.
Thus, by takinginto account the systematic previous studies,
it has been possible to avoid the aeation of cracks and de-
laminations that could be seen in the other systems.

Fig. 8shows the typical electrochemiczl impedance spectra
measured at 700 and 800 °C for the MCT3 and MCT 10 samples.
The high frequency intercept of the impedance arcs with thex
axis corresponds to the ohmic resistance (R,), which is
generally attributed to the electrolyte and the contact resis-
tance [5Z]. In the present case, R, were in differentranges due

to the electrolyte thickness varigbility. The Nyquist plots at
both temperatures were composed of two semicirdes at high
frequency (HF) and low frequency (LF) range, which corre-
sponds to Ry and R, electrode polarization resistances,
respectively. The total cathode polarization resistance R,) is
the sum of both (Ry and R,). All the results from the simula-
tions are listed in Table 3.

For MIEC perovskite electrodes, the HF arc is usually
associated with charge transfer processes and the LF arc &
usuzlly attributed to oxygen reduction reaction atthe cathode
surface (adsorption and/or diffusion) [53]. This is consistent

. v . L )
St =y R 3 1
£ Iy Cage -.5('4’!\.1.("’.??& .

Fig. 5 — SEM secondary electron cross-sectional images of YSZ-SDC-LSF with the thicknesses of samples g) T1, b) T3, ¢) T10

and d) T30.
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Fig. 6 — SEM aoss-section images of YSZ-SDC-LSF systems with different thicknesses and ball milling processes. The
samples are a) T3BM270, b) T3BM130, ¢) T10BM270 and d) T10EM130.

Table 2 — The particle size milled at different speeds.

Compound d (pm) Before ball milling Milling speed 130 rpm Milling speed 270 rpm
SDC duw 0631 0414 0.109

dw 1506 1032 0572

dao 3582 2083 224
LSF dy 0.598 0.069 0.069

ds 0503 0.136 0.137

dy 4213 0595 0.607

Table 3 — Resistances, capaditances and relaxation frequencies cbtained by modelling impedance diagrams of the systems
after being optimized.

T(°C) Name Conftribution no. 1 Contribution no. 2
Ref2am®) Ru{@em?) Cu(Fan™®) Fu(kHz) Ri(@cm”) Ci(Fem™) Fi(kHz) Ry (Qcmd)
200 MCT3 131 013 1.18 x 10~ 101 053 193 x 10 0.16 066
MCT10 1.52 007 241 x 107 962 043 271x 107 014 050
200 MCT3 248 188 268 x 1077 315 565 139 x 107 0.2 753
MCT10 110 036 936 x 107° 1737 43 275x 107 0.01 526

Fig. 7 — EDX mapping of the cross section of the samples a) MCT3 and b) MCT 10 after being optimized.
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Fig. B — Impedance spectra of Y5Z-5DC-LSF-LNF systems at
T00 and 800 “C.

with the results listed in Table %, and alko with previous LSF
systems reported in the literature [54-56]. As expected, the
total polarization resistances of the systems decrease when
increasing the operating tempereture, from 7.53 to 056 0 an”®
and from 5.25 to 066 01 cm?, for MCT3 and MCT10 samples,
respectively. This decrease is & consequence of the higher
oxygen diffusion and surface exchange kinetics of the LSF
cathode and LNF contect layer, at higher temperatures. It is
ako evident that increzsing the thickness of the cathode
layers from 3 to 10 ym reduces the polarization resistance
associated to both charge transfer and surfece processes. In
any case, these systems heve adequate polarizstion re-
sistances, 0.50 and 0.86 0 cm™ &t £00°C for MCTI10 and MCT3
samples, respectively, as shown in Fig. & in the impedance
spectra of the systems.

Concusions

Uniform and well-adhered coatings of LSF, SDC and LNF have
been deposited by wet powder spraying onto an ¥5Z electro-
Iyte support, with self-synthesized materials. The mioo-
structure of the systern has been shown to be umstehle at
thicknesses greater than 10 um due to stresses caused by
different TECs, while layers belowr 3 pm thickness lecked ho-
mogeneity. The best results have been obtained with the inks
ball milled at 270 rpm, evoiding the appearance of coarsening
in the layers after sintering. In addition, redudng the thick-
ness of the SDC layer, together with the use of an LMF layer,
has produced systems with satisfactory electrochemistry. To
evaluate the systems, electrochemical impedance spectros-
copy was performed, and & decrease in ASR was achieved with
the thicker cathode layer (sample MCT10). The lowest polari-
zation resistances of 05 0 cm® at 800 °C comesponds to &
symmetrical system consisting of a 3 pm SDC layer, 10 pm LSF
layer and 10 ym LMF layer, with the ink used having been
milled &t & speed of 270 rpm. Thus the results show that,
despite being & very simple and cheap process, the wet pow-
der spraying technique is an effective method for the depo-
sition of the fuel cell layers, through suitable control of the
layer thickness and ink milling regime s employed.
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S9: Sintesis, Caracterizacion y Propiedades de Materiales Emergentes

MATERIALES PARA SU APLICACION EN CELDAS SOFCs

A_Wain, A. Moran, K. Vidal, A. Larrafiaga, M. Arriortua

Universidad del Pais Vasco/ Euskal Herriko Unibertsitatea (UPV/EHU). Facultad de Ciencia y Tecnologia.
Apdo. 644, E-48080 Bilbao, Spain, aritza.wain@ehu.eus

Palabras Clave: componentes SOFC, méetodos de sintesis, caracterizacion de materiales.

El desarrollo de nueves materiales, al igual que las técnicas de fabricacion de componentes
SOFC (celdas de combustible de oxido solido) avanzados (Figura 1), es clave para conseguir
reducir la temperatura de operacion, y con ello, el coste, de estos sistemas de generacion de
energia [1]. Los métodos de combustion, se proponen como una de Ias vias de sintesis mas
prometedoras para la preparacion de materiales a emplear en esta tecnologia [2].

Unidid rogatidi
Figura 1. Componentes de una celda SOFC planar.

En este contexto, se han preparado diferentes componentes SOFC mediante el método de
combustion con glicina-nitrato. Los materiales obtenidos, se han caracterizado mediante las
técnicas de difraccion de rayos X (DRX) sobre muestra policristalina, microscopia electronica de
barrido (MEB) y dilatometria (TEC), entre otras.
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(MAT2013-42092-R) y el Dpto. de Educacion, Politica Lingiistica y Cultura del Gobierno Vasco (IT-630-
13). Los autores agradecen a SGlker por el apoyo técnico (UPV/EHU). A. Wain agradece al Ministerio de
Ciencia e Innovacion por fa beca concedida (BES-2014-068433).
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Se han sintetizado cinco P (La, 57, FeO,, LaNi, Fe O, Zr, V. 0, 5m .Ce O, . yMnCo, Fe 0, med Ia tecnica de bustion glicina - nitrato (G/N = 1) [1],

para su utilizacion como citodo, electrolito, barrera, capas de contacto y protectoras, en celdas de combustible ce oxido solido de temperatura intermedia (IT-SOFC). Las muestras

ze han izado medi; difraccion de rayos X (DRX) y microzcopia electronica de barrido (MEB), tecnicas que han permmdo analizar laz estructuras y la morfologia de los

dlferemes compuestos. Ls difraccion de rayos X sobre muestrs policristaling ha pumdo identificar tanto el =i cri: de loz P como su grupo espacial.
fio de grano p L  y superficies homogéneas y porosas.
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mmymmh&p&nmsm \ _m.mm
MnCo, ,Fe, .0, (MCFL0] tras efectusr un Smterizado @ $30°C i pare el compuesto LaNi, Fe, 0, (Mmmnﬂumy
durante & horas. La: micrografas MEB ce s superficie ce ls . :

en pahvo, oer poco agjomeradas de unos
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Bnmnﬂnmmﬁ_mu
2 que en sistema clbico. thﬁ_ﬂmu-
sinkesiz de Sm, Ce,,0, , {SDC] (4], 7 ha rechucio s relacion de G/N
m-upﬁnum- enia
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CONCLUSIONES
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CELDAS DE PILAS DE OXIDO SOLIDO. AVANCE EN EL
PROCESADO DE MATERIALES
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M. I. Arriortua(1)
(1) Universidad del Pais Vasco/ Euskal Hermko Unibertsitatea (UPVY/EHU). Facultad de
Ciencia y Tecnologia. Apdo. 644, E-48080 Bilbao, Spain
(2) Instituto de Ciencia de Materiales de Aragon, ICMA, CSIC-Universidad de Zaragoza,
Pedro Cerbuna 12, 50009 Zaragoza, Spain

Tel.: +34-54-601-5954
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Abstract

Este frabajo esta enfocado a |a sintesis y al procesado de los componentes de las pilas de
combustible de owido solido (SOFC). La configuracion empleada consiste en celdas
(anodo/electrolito/catodo) soportadas por el electrolito. Se han sintetizado los compuestos,
NIO-(ZrO2)002(Y202)008, (ZrO2)og2(Y20z3)00s ¥ LapeSrsFeOs: como anodo, electrolito y
catodo, respectivamente. Con objeto de disminuir la reactividad electrolito-catodo, se ha
empleado una barrera CepsSmp204 ¢ enfre ambos componentes. En buen acuerdo con K.
Vidal y col. ' se ha utilizado |a técnica de combustién por glicina-nitrato para la sintesis de
los compuestos. La evaluacion de la pureza, morfologia y conductividad se ha llevado a
cabo mediante difraccion de rayos X (XED) (método Rietveld), microscopia electronica de
bamdo (MEB) y medidas de conductividad en bulk a traves del metodo de cuatro puntos.

Para el procesado del electrolito se ha empleado una prensa hidraulica, obteniéndose
pastillas de 20 mm de diametro y 500pm de espesor. Estas se han sinterizado a 1450 °C
durante 4 h en aire, con objeto de alcanzar las propiedades fisico-quimicas adecuadas. La
deposicion del anodo, catodo y barrera se ha realizado por spray manual coloidal,
empleandose una solucion en base organica. Para analizar el comportamiento
electroquimico de la estructura multicapa, se han realizado medidas de impedancia a 800
°C durante 100 h. La degradacion de los sistemas se ha estudiado a partir de analisis por
energia dispersiva de rayos X (EDX) mediante el analisis de las micrografias de las
secciones transversales.

Agradecimientos: Esta investigacion ha sido financiada por el Dpto. Educacion, Politica Lingiistica
y Cultura del Gobiemo Vasco (IT-630-13) v al Ministerio de Economia y Competitividad
(MAT2013-42092-R). Los autores agradecen a SGlker por el apoyo técnico (UPVWEHU, MEC,
GYIEJ and European Social Fund) v a la ayuda recibida del Fondo Europeo de Desamollo
Regional (FEDER).
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Celdas de combustible de oxido sélido. avance en el
procesado de materiales.
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Introducion
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Objetivos

Se hanm sintetizado lotes de mas de 10g de cuatro compuestos, Lag (Bry ,Fe0, (LSF4D),
8m,,Ce, ;0, ; (S0C), {Zr0,), oY 0, o (YSZ) ¥ NIO~ZIO,), oo(Y,0,1, o INIO-YSZ), mediante
tecnica de combustion glicina - nitrato (G/N = 1) [1], pars zu utilzacion como catodo, barrera,

economicamante competitivos, se requiere la mejora constante de materaes y p de ol L .
S07C). Laz = ze ran de rayos X (DRX), microzcopia
fabricacion. Por e50, &6 Necesaria a produccion dustial 3 gran escda de materiales SOFC,
electronica de bamido (MEB) ¥ de que han -

£lendo 13 sinfesis 02 combustion un M2toco simple y reproducie para obiener Varios tipos de 6uides analss de s estructuras, i merologia ¥ 1

de jos

950°C {8h)

Za han wiecuads con Selimectse Merices o ® 500 °C par fodos ke
sormpuenion y oho & B80T e ol cme e L Sy 00y D weedents
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o =
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Foetveld

ol retodo (2] uiends of programe FullPeel W 2o la tereperwiu, legendy & Un flairo en im0 & L00°C, lemceraioe Yes s
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e dafinidos & coaen 06 106 GRS 0 46 Sacepan & 1o Mrgs de ha resceisn = of case del NIC-YSZ, Je conducthvided samants con s Bepaseisn, on bueh
& P acumrds con o cheetvado pate costarides o Ni = 0 38)
E5 refermacie ol Y32 y SOC, s snotgion o actvackin de e conduchvided de
Soriers do QR0 son mapcres Sus les del bulk, debido & e mayst sesilercis ol
mcvinmels de e Crigeso SUs peserds e Boslere de grave (7]
Procesado
“wanc - 1001400 °C =)
B 1o o @) "'{r‘-': =/ o= mp
En uno de los ateraies de o3 ciscos 52 ha
Se han prenzado koo Se ha efectuddo un iratamiento Ceoz iy, recame marua Tras spicar cadd capa se M3
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de dametr. Gepozitado Una capa de NEYSZ =<
Conclusiones

- Se han sintetizado loes de los compuesios LSF4AD, SOC, YSZ y NIO-YSZ manteniendo & mismo proceso de sintesls y 1a misma raiacion comoustibia‘oxdante (GicinaNitrato=1), con & fin de

obtener fases ©on & Manor gasto energetico
- L3s meddas realiZacas MUSEHTan LNos VAIOres 02 condLCtiviaad en buen 3CcUsSrdo con 106 valores Sncontradas en 3

- L35 purazas, morfoioglas y 1os 1amahos de |3 panticula oe 105 ComPUSSios han MOsiTado sar 3proplados Para sU UsO n 13 INtagracion d2 Caca COMPONeNie en Procssado s UNa cslda SOFC.
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Abstract

Economically competitive SOFC systems appear ready for commercialization, but
widespread market penetration will require a broad inventory of key starting materials and
fabrication processes to enhance systems and reduce costs. These requirements are
onginated from the demands for large scale SOFC industrial production. For these reason,
we have synthesized different parts of a fuel cell, on a large scale, by the glycine-nitrate
combustion method.

It have been synthesized interconnector protective coatings (MnCoyoFep0y), contact
layers (LaNigeFeps0:), cathodes (LageSrpsFe0s), interayers (SmpaCege04.0), electrolytes
(£rO2)p52(Y 203)008 and anode (Nig30-(Zr0z)o s2(Y 203)0.08) materials, obtaining reproducible
pure samples and amounts up to 12 g for each batch, being able to increase easily this
amount to lots of hundred of grams.

The obifained materials have been charactenzed compositionally by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and X-ray fluorescence (XREF),
structurally by X-ray diffraction (XED) and microstructurally by scanning electron
microscopy (SEM).

State of the art & novel processing routes Chapter 05 - Session BO3 - 114122
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Introduction

Solid Oxde Fuel Cells (SOFC) are one of the most promising technoiogies for the
obtzining of clean energy with high efficiency for direct conversion of chemical ener-
gy into power [1]. For the implementation of thas2 systems on the market and make
'] them economically competitive, improving matenals and manufacturing processes is
| constantly required. Therefore, ndustrial-scale production of SOFC materials is
necessary, being combustion synthesis a simple and reproducible methed to obtain
various types of ceramic owdes usad in these systems [2].

fyrtress of mwnral
and charsciertaton

Objectives

We describe the adaptation of an existing lab-scale cell components production meth-
od to0 an industnally ready and easidy scalable method using glycine-nitrate combustion
synthesis. For this, batches up to 12 g of sample have been synthesized, were the
synthesized components were: interconnect protective coatings (MCF10), contact lay-
ers (LNFED), cathodes (LSF4D), nterayers (SDC), electrolytes (YSZ) and anodes (N
YSZ). The constituent phases were identified compositionally by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and X-ray fluorascence (XRF), struc-
twrally by X-ray diffraction (XRD), while the microstructure was characterzed by scan-
ning eleciron microscopy (SEM).
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Electrochemical and degradation behaviour study of different SOFC compounds
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The present work 15 focused on manvfachuring processes of the solid oxide fisel cell (SOFC) components with
previcusly self-synthesized materials by combustion method [1-2]. The cm.ﬁgu‘atmn used consists of planar
electrolyte- m:ppnrl:ed symunetric cells, “with dense yitria-stabilized zirconia (Y5Z) membranes about 20mm
diameter and a thickness near 300pm.

Ni-yttria-stabilized zircomia cermet (Ni-YSZ) [3] and Lag ¢Sty Fels; (LSF40) [4] layers were deposited on the
surfaces of the electrolyte as anode and cathode, respectively. In crder to decrease the intetlayer reactivity and
improve the contact between them, CeggSmy 20y 5 (SDC), LalNig gFeq 405 (LINF60) and MnCoy Feq Oy (MCF10)
were added in different combinations as protection barner [5], contact layer [6] and protective layer [7] material,
respectively.

The deposition of the different compounds has been carnied out by manual colloidal spraying, vsing an crganic
base solution, or by screen printing. Cross section SEM images have been done to study merphologically the
different starting layvers. In order to study the degradation of the samples after 500h of exposure time at a
temperatere of 800 °C. the energy-dispersive X-ray spectroscopy analysis of the cross sectional micrographs has
been evaluated. Electrochennical impedance spectroscopy was used to characterize the electrochemical properties
of the different components and omltilayer stractures.

Keyvwords: SOFC; ¥Y5Z; anode cermet Mi-Y5Z; cathode L5F40; SDC; LNF&0; MCF10
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Las pilas de combustible son sistemas que, mediante wn procese electroquimico, convierten de manera
contmma la energia quimica en electricidad y calor mientras haya suministro de combustible y un agente
oxidante. Este trabajo estd enfocado en el procesado de componentes de pilas de combustible de émido
sohdo (SOFC) sintetizados previamente [1], las cuales se caractenzan por poseer electrolito y electrodos
cerdmicos y por presentar temperaturas de operacion elevadas (600-1000°C)[2]. La configuracion empleada
consiste en celdas planares (anodo/electrolito/catodo) soportadas por el electrolito (Figura 1). Para el
procesade del electrolito se ha empleado una prensa hidraulica, obteniéndose pastillas de 20 mm de
digmetro v 300um de espesor. Estas se han sinterizado a 1450 °C durante 5 h en aire, con objeto de alcanzar
las propiedades fisico-quimicas adecuadas. La deposicion de los componentes se ha realizado por espray
marial coloidal. Para analizar el comportamiento electroquimice de la estrictura multicapa, se han llevado
a cabo medidas de impedancia a 300 °C. La morfologia de los sistemas se ha estudiado a partir de analisis
por energia dispersiva de rayos X (EDX) mediante las micrografias de las secciones fransversales.

Figura 1: Componentes de uma celda SOFC
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Abstract

The fabrication methods for planar SOFCs have been found to be simple and inexpensive.
The selection of a suitable fabncation method for each component of planar SOFCs
usually depends on the cell structures and whether the SOFCs are electrolyte-supported
or electrode-supported [1].

This work describes the manufacture and charactenzation of anode supported planar
SOFCs for high temperature operation using self-made matenals [2]. The developed cells
consist of a Ni-YSZ anode support (800 pm thickness and 18 mm diameter), a 1520 pm
thickness Y5Z electrolyte and a 10 pm LagsSrosFe0s (LSF40) cathode. 5 pm
Smp2Cen 3049 (SDC) as bamer has been added between the electrolyte and the cathode.
The anode supports were prepared by uniaxial pressing and the deposition of thin layers
of electrolyte, bamer, cathode and contact layer were made by manual spray coating. The
cells were charactenzed by Scanning Electron Microscopy (SEM) with Energy Dispersive
X-ray Spectroscopy (EDX).

The cells were also electrochemically charactenzed in a button cell test ng (NorECs). The
polanzation curves and Electrochemical Impedance Spectroscopy (EIS) measurements
were performed by a multichannel Potentiostat/Galvanostat YMP3 (Biologic), using 100%
of Hz humidified at 3% as reactant gas in the anodic compartment and air in the cathodic
one at temperatures between 750 and 900 C.
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ARTICLEINFO ABSTRACT

A zeries of chromite perovskites with the general formula Lng _MpCraNig 05 (ln = La and/or Nd; M = Sr
Chem kel gndesk and/or Cx; x = L235) has been prepared by three @mbustion synthesis routes using a different combas tible
Flearical conda s wiy substance each time: glycine, wea and sucms=. In ander to isolate the =fisct of divalent dopent concentration
ﬂ from the A cation steric effscts, the whale group has 2 fivsd mean A @t radius, < r, = = 122 & and mton
. size disorder, o(ra) = 0.0001 &, but variable doping x. Their crystal structure, microstructure, electrial

properties and expansion @efficents have been nvestigated on the basis of their possible e 25 anode maerials
for intermediste temperatre salid mdde fusl celks (SOPC)L. Cell paramesters, grain sizes, sxpansion cosfficients
and condudivities all are found to be dependent on x and #he combustible substanos used. The most inberesting
relationship is the negative dependence of the conductivity with x under H, atmasphers: conductivity decnsases
with doping which & the oppasite to e expectsd behavior for a ptype doped perovskies and has ot been

Feywards:

reparted before.

1. Introduction

The research to fnd new or to improve the most commonly wed
materals in solid oxide fuel cells (SOFC) B stll a important feld in
matertals sclence [1]. In partcular, one of the most active area is the
study of S0FC andes becawse the operation of commerclal SOPC de-
vices |5 strongly depend ent on the belavor of this electrode, which is in
comtact with the fueel (and all s impurides) [2]. The mmber of ma-
terak studied & possible anodes s hege and, among them, pemvskites
have ako galned attraction due to thelr good catalytic properties, high
lomde and electrical conductivities, and their chemical and thermal
stabilitles at high temperatures

The maln ¢oncern for curment ndckel-yiiriastabilized zirconda cermet
anides |3 that they are unable to work eficlently with hydrocarbon
fueek at intermediate opermaiing temperature range (H00-500 "C) due o
thedr sulfur content and also as a consequence of carbon deposithon [3].
Hence, there i3 sl a demand for the development of allemate anode
matertals with improved tolemance towards carbon depostlon and
sulfur podson ing to impmove the feel Desdbility and eficlency of S0P,

= Corresponding amhors.

(mide-perovskites have been widely studied as posaible cathode
electrodes for a long tme duve to thelr mixed londe and electronde
conduct vity (MIEC), high catalytle actvity and good stability wnder
oxidizing conditlons [1,4]. To be wed a5 anodes, however, perovakites
need to be stable under reducing conditions. Among the odde per
ovskites that have good catalytie properties and appropriate MIEC, only
chromites are reasonably stable in educing atmospheres and this &
why they have been thomughly investigated as SORC-Intenc oomec tons
[5] amd also proposed as posible anodes [6-11]. From the thermo-
dynamic point of view, chromites are expected 0 react with the
common Y52 electmlyte bt in pactice, this only oocus o a great
extent at temperatures above the operation ones (that &, higher than
10007C) [12].

When a material Is evaluated as a S0FC component, [t s ako im-
portant 0 conslder s preparation costs. Pemvskites are wsually pre
pared at high temperatwres so another important Beld of research is
almed at reducing energy consumption of the synthesls [13]. Com-
bustion synthesis routes, which involve low cost materials, short pm-
cessng Ume and prodvce large amount of gases that inhibit panicle skee

== Comrespond ing author at Famukad d2 Clenda ¥ Tem ologls, Uniwersidad del Pab Vaseo,Fuskal Herd ko Und bemtsimaea (UPV/EHL), Sandena 5/, 45940 Leoa, Spain
Emil addremes: laregas{ipocp edn pe (L Ortega San Masin}, larmede vidalgiehnes (K Vidal), maribel arriorma o es (M1 Arrionma).
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growth, are of great nterest in synthesizing nano-size powders with
high specific surface area [14]. In this type of syntheds, the combustion

velocity, the choloe of the combustible substance and lis amount are
very important factors that influence the fAnal properies of the ob-
talmed powder [15]. The affect of the type of combustible substance on
the alectrochemical properies of SOFC materfals has not been in-
vestigated in detall and, consequenily, lis mle b unclear [16].

In thi study, we investigate two effects: (1) the vadation of the
daping level x and (H) the wme of different combustible substances
{ghycime, wrea amnd sverose) during the synilesis by the combustion
methid in the structere and electrical properties of a serles of new
chromite perovskites with the formula Ly MCraeMiaOs (In = La
andsor Nd: M = % andsor Ca; x = 0.25). To avold the interplay of
different A-site vardabls in thelr properties the mean lonlc
radius = ry = (122 4) and the cation stze dsorder o%(r,) (0.0001 A%)
have been kept constant. To meet these requirements up to fowr dif-
ferent A catlons were used in the same oxide Low disorder has been
selected from previous sudies which showed that the higher the dis
order the lower the pedformance of the addes Irespactive thelr Aeld of
application [17-21]. On the other hand, the chemical compositons
have been selected beardng Inmind the maxioum solablity of calelum
and strontum in chromites (x = 0.3 for both of them) and conslderng
that they had to contaln strontlem as 1t presenc e improves the stability
of the perovakite under low oxygen partial pressures [1Z]. X-ray
powder diffmction (XRD), scanndng electron micmsoopy (SEM), alec-
trical messurements and thermal expansion studies have been also
carfed out.

2, Experimental
2 1. Powder preparation

Ly M Crg Gl o0 samples were prepared by combustion synth-
eds using La{NOy)36H20 (> 99%), NA{NOs)x6 HeO (99,99, Sr{NOx):
{90,990, CalNOs)rH0 (99.997%), NIENOs)26H 20 (99.900%) and Cr
{NOs)ks (= 99%) as metal precumos and ghicine, wrea and sucerose (all
from Aldrch, = 999%) a5 combustible substances, The prepared oom-
posi tons, togetber with thelr mean londe radius, = ry > | and A cation
size dissrder, o(ra), are summarked in Table 1. It is to note thar dis
order (quantified s o(r) = < r® > — < ra > ) has boen caleulaed
walng nlmefold coordination rmdll for the A site catlons [22] in order to
be congdstent with previows literature data and because this is the ex-
pected coordination for an orthorbomble perovakite [23] such as the
parent LaCrOy [24].

The metal nitrmtes were dissolved in distilled water. The solutlons
{dismolved metal nltrates) were mixed in a glas beaker, which was
placed on a hal plate ai 100 °C to evapomie exces waler under oon-
stant stirring. Then, the glycine, wrea or sucrose was added to obtain a
molar ratks of 1 with the oxidizer. The resulting viseous Hquid stamed
aubodgnlton just after placing the glass beaker directly ontoa prebeated
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plate {at 350 "C)L. The obtained powders were calcined at 800 °C for 2h
o emove the carbon residues and, after that, these samples were
pressed at 45 MPa o form 13 mm diameter pellets by a mamsal hy-
draulic prese Pallets were caleined in alr for 10 h &t temperatismes up o
1200 “C untl] pure samples were obtalned. This was achleved afier two
or three repetitions, the samples being ground and pelletised again for
each caleination step.

22 Choracterteation ke

The strisctieral analysls was performed wing labomtory X-ray dif-
fraction (XRD). XRD data were collected from 15 to 907 in 20 with an
integration time of 500 5/0.026" step usng a Philips XPeri-FRO X-ray
diffractometer wng copper Ka mdiadon withowt Mi-filer and a PIXcel
solid state detector {active length in 28 3.347°). A fixed divergence and
antlsanenng it glving a constant volume of sample Dlemisation were
wied. The crystal struciure was refined by the Rletveld metlod wing
the GSAS software package [25] and EXPGUT imerface [26].

All metal contents were determined by inductively coupled plasma
atomic embskon spectroscopy (P-AES) on a Hordba Yobin Yvon Activa
spectrophotomater. For this purposs, samples were disolved using a
mdxture of HNOS and HC for two days o obtain a clear and measurmble
sl it o

Prior to bulk conductivity and dilatometry measurements pellets of
the as-synthesked powdens were sintered at 1350°C for 10h and,
subsequently, cut into rectangular bas. The bulk demsity of each
sample was estimated by measuring the mass and the dimensions of the
bars wsing a digital micrometer (Minntoye, Japan). DC comdise tivity
measuraments were pedformed under pure Hy by the fourpolnt DE
methd from SO0 10 400 C wing a VS potentiostat controllad by PC
udng Lab Windows,CVI feld polnt system Elecirical contacts were
made wing Ptwires and Pt paste placed over whiole end faces enguring
a bomogeneous curent fow. Prior o the stan of the memurements,
each oodde was kept at 800 °C for 12 h under fowing H; at a mte of
120 ml/min (oxypen partial pressume nearly 107 atm). Conductvity
data were corrected consldering the experimental density vahses (all
arownd £5% of the theopretical (X-ray) density).

Thermal expansion opefficlents were meaamwed fmm room tem-
perature to 950 °C under air with a heating mate of 5°Cmin™" using a
Unithenn Maodel 1161 dilatometer. Morphologies of the as-arnthesised
powder samples and the sintered pellets were observed using a scan-
ning electron micmscope (JEOL JSM-TO00F). Secondary electron
images were taken at 20kV and 1.1.107 " A

3. Results and discussion
3.1, Svwencal saedy

Ropm temperatiore X-my diffraction paterns of all a-amthesied
oxlde perovakites are shown in Fig. 1. The pattems revesl that all the
samples am singlephase and no Impurities are detected within the
resolution Hmits of the used technique

Results from chemical analyses, presented in Table 2, shivw & godd
agreement between the amalysed chemical compositions of the pre
pared powders and the nominal composithom

Rietveld fits to the powder X-my diffraction data were camied out
ugng the orthorbomblc (Prera) space group, the same observed for the
parent LaCr(k phase at room tempemture [24], considering the nom-
imal composition in the different sites of the orystal streciume. Only
thies ndependent thermal pammeters were wsed in the refinements
{one forihe A-die catlons, another for the B-siie ones and a final one for
all the oxygen atoms). Graphs of the Rietveld fAts to all the oxides

214z
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Glycine | x=0.25 Glycine

Sucrose

Fig. 4. EM micrographs of Lo, - MO oNig 04 perovsiches calcined between 1100 and 1200 °C

Glycine | x =0.15

Urea | x=0.15

Sucrose | x=0.15

Glycine | x =0.20

Glycine | x = 0.25 Glycine

Sucrose | x =0.25 Sucrose

Fig. 5. SEM micwgraphs aken on the surface of S pelles sintered at 1350 "Cin air fr 100

prepared are shown in supplementary Figs. S1-83.

The varation of the unit cell parameters and cell volume with
doping (x) Is shown in Fig. 2. Asit can be observed, there isa systematic
decrease in volume with increasing divalent dopant content. This be-
havior cannot be associated with changes in the A position because the
variables that influence lattice volume, such as the A-site mean lonic
radius < 1, > and the A-site disorder [27], have been kept constant
throughout the serdes Therefore, the observed decrease of the lattice
parameters can be only associated with the reduction of the B.site
(chromium and nickel) mean jonde radil (< ry >) as a consequence of

2243

their oxidation with the increase of the doping level x (the lonic radii in
octahedral coordination of Cr and Ni decrease from nesyy = 0615A
and rpgsyy = 0.69A 10 Ky, = 0.55A, and roys,, = 0.56A, re
spectively) [22].

The structural parameters, atomic distances and R factors obtained
by Rietveld refinement to the X-ray data of all the compounds obtained
using the different combustible substances are displayed in Tables
51-53 of the supplementary information. According to our data, there
are not many structural vardations along the series with doping apart
from the compression of the unit cell, as expected.
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The cryatal structure of the ocldes was also studied after the con-
disctivity measurements that were carrled out under hydrogen atmo-
sphere in onrder to establish the stabiliiy of the samples 1t |5 interesting
to mote that the room tempermtere XD data showed that nome of the
samples degraded and all were sngle phase after the treatment but with
a different crystal structume: data were Atted o a B-3¢ distorted per-
ovakite. This indicates that the oxldes retaln the high tempersatire phase
of the parent LaCrl, which experiments a Prma — R-3c phase tmnsi-
tom above 250 °C [24]. This higher symmeiry strecture & probably a
mesult of the earangement of the atoms that resiled from the ooygen
loss at tempermiures between 400-800"C. Nevertheless, the initial
crystal sirscture 15 fully recovered afier the oxddes are heated again in
alr at 800 “C. Fig. 3 shows thex = (L1 odde prepared wsdng sucmde a5 a
mepresentative example No impurides are observed after this cycle
which further supports that these oddes are thermally stable as ex-
pected for annde perovakites

3.2 Marphological study

Representative SEM micmographs of the powder samples obtained
by the combustion method wng glycine, wrea and sucmse after fnal
calelmatbon {as-synihesdsed powders) are shown in Fig. 4.

These powders ame composed of agglomerates formed by very small
aize particles. The average ske of the gming caleulated by direct SEM
observaiion mnges from 200 {o 250 mm observed for the x = 0L10 adde
prepared wing glycine 0 550-600 mm observed for the x = (L25 phase
prepared wng sucmae It B interesting 1o note that the averags particle
skeslightly increases with x irrespect ive of the synthesis methisd, belng
the x = (L25 oxides the ones that show the biggest grain sizes.

Usually, smaller crystalliie dzes are fomed when the oombstion
temperaiure & not very high and, specially, when a large volume of
gaves B evolved became this further enhances the dissipation of heat
and limits the inter-particle contact, preveniing grain growth. The
comparson of combustible substances in the lierature [15, 28 209],
hvwever, are not definliive regarding to which one resulis n smaller
particles mainly becawse each author wes diferent combustible o
oxidizer ratios, which has a strong influence on the combustion tem-
permture [30], 30 those resulis are not easly comparable. In the present
case, pur resulis indicate that glyeineand wea combustion yield smaller
particles than suerose probably because non-nitrogen containing oom-
bistibles are not as efficient dissipating the combistion temperatne
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than the mitrgen omes.

O the other hand, the increase of grain size with x can be related to
the calelum content in the phases Several studies have shown that the
addition of calelum to LaCrly, allows the formation of a transent Hguld
phase due to the formaton of Calrl, specially above 1150°C, re
sulting in sintered micmstriciures with bigger particle sizes and denger
cerambcs [31,352].

After sintering at 1350 °C in alr for 10 b the trends in particle sz
are malntained, as observed in the SEM images shown in Flg 5 the
higher the x {calcum content) the biggest the parmicle sizes. As ex-
pected, this also resulted in denser materals with x from the lowest 1o
the highest doping, the relaiive densltles increased from 6% to B84,
from 76% to 95% and from 700G to 92% of the theoretical XRD-valwes
for the perovakites synthesised wsing glyeine, wea and swerose, re-
apectively.

Fig. 5 als shows that, after sintering, all osddes present bigger
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particle dzes compared to the assynthedsed powders, which s an ex-
pected result, but the increme is dependent on the synthess methisd,
bedng the samples prepared by the wea combston process the ones
that show the biggest increase (near tenfold for the x = 0L25 oddel
Flg. & summarkes the observed tendencles This difference in the sin-
tering behavior (s probably a result of the differem agplomeration that
mesults from the combston. According to the liemmre [33], this
seems o Indicate that the as-synthesised wea powders presented softer
agelomerates which could be broken during cold-presing to enhance
member of contact points. A more detalled study of the sntering be-
havior {usng different Aring temperatures, for example) would be me-
cesmary, hovwever, to know i this behavor lsmaintained in all cases, but
this is beyond the scope of this work.
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3.5 Heewieal condisegvity study

The total electrical condwctivity, o, measured under He atmosphere
of all the sintered Ly M CrosMiaaOs perovakites s function of
doping level x from 400 1o 800 °C s shown in Fig. 7. A summary of the
data at B0 “Cfor all the studled compounds appears in Fig. &

It can be clearly seen that the conductivity & stromgly de pendent o
bith the preparation route and the doping level. In all cases the oxldes
preparad by the wres combistlon route show higher conductivity valses
than the glycive and suemse oxides. It s interesting 10 note that the
maxdmum conductvity values of the glycine and wrea sampleswithx =
0.1 and .15 are sbove the minimem of 15 cm™* expectad for an oxide
ampde [34] and higher than many of the previowsly reported values of
similar Loy A, Cr, MO compounds ai low oxygen partial pres-
sures [ 35-30]. The sucmae samples, hvwever, show conduc vty values
that are roughly an order of magnitude smaller and below those ex-
pected for anode applications

The most important feature of the electrical behavior of these
samp les i, however, the conductivity dependence on the doping value
. As obaerved, It follows the opposte trend that would be expected for
these oaddes the conductivity decreases as the doplng Increasss and this
oeeeurs imespective of the synthesls proces followed. This is interesting
because, under alr, this type of oddes show a piype comductivity
malnly based on the hoplng process between 0 and O (together
with some NI* - NP* exchange, in this case). The conducting me-
chankm when ¥ increaes (5 well known: as the alkalins-earth (ons are
Introchsced in the A-slte to substiute the rare earth lons the con-
centration of electmonic holes (mainly Cr**, but also some NI** in the
present case) increases to compenate for the smaller axldation state of
the new lons and, &8 a consequence, the same socurs to the p-type
conduct ity [40]. Under low oxygen partial pressures the format lon of
oxygen vacancles overrides this compensation mechan bm and causes a
strong reduction on the amount of boles (twe Cr** lons reduce to Gt
in ordar o compensate for every 0 lon that leaves the lartice) and this
15 why, n this type of cxides, conductivity under reducing conditions &
always smaller than under osddizieg conditdons [35-3739-44].

Fig. 9. 0xpgen patial pressure dependence of the elecirial
condued Wty in several dopad caides. Das mken fom Sie lnera-

e cited 14 mes are godd e o the eyes. Fits ase o be foond inde
o givad | heraire
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Meverthelesz, if the conductivity of these oxddes remalned as ptype the
same trend (increase of electrical condue ivity) should be observed with
Increasieg x (or v) as i has been reported in many of the previous
stisdies of Ay AGCr MOy chimmites [36,37 41,4345]. However,
we observe exactly the opposite bahavior inall our cases irespactive of
the synthess process which indicates that this behavior & an intrinsic
characteristic of the present oxldes.

A thorough search of dmilar chromites in the ltemiure has revealed
that this belavior could alse be ntrnsic o other doped chromites i
suficiently low oxygen presaires are wed [ 35 40-42). Althowgh, toour
surprize, this negative cormelation between doping and conductivity has
mit bean noted by previows authors, data taken from thelr works and
shown together in Flg. 9 indicate that this inversion would oocer inoall
cazes at low oxygen partial presures. As it s observed, this behavior
ako oecurs in doped manganites such as Lag o SeMnls [46] and si-
milar efferts are encountered in Lay  SreCo0s cobaltites (ot ncluded
in Flg. 93 [47]. All previous works colnclde in two observations when
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these puldes are sudied at low pOy: the amount of oxygen vacancles
incregies more rapidly as x inereases and the electric conductivity de
creases o the same way [3547 4E]. The increase of oxygen vacancies is
alsn comrelated with a higher lattice expansion as py, reduces [49].

HNevertheles, we have not found in the literature an explanatbon of
whiy the fommation of vacan: les increases much faster on heavily doped
oxlde perovaites although this is important for the fAmal electrical e
havior. We have to mle out lattce effects coming from A-site mean
jonde mdil or the A-site d Border becaige thiz ovcers slther with them
fixed (present case) and when they are left to change for every x-value
{all other examples). The synihesk method seems not (o be an optlon
efther bacaisme all show the same behavior (present case and in the
literature). There |5 a correlation with the reductlon of the lattice vo-
ligme bast it i3 @iffcult to And camseefert relatonship in this case
conddering that the lattice expansion, bigger for higher x, seems o
override this effect at bow pl: as indicated before [49]. What is
comman inall cases, Including the present, is the reduection of the mean
electronegativity of the A-ste catlons, which is systematically reduced
as calelum or grontem o substinee the more electronegative mare
earths [50]. The lowerng of the average electmmegativity of the A-site
with x might facilitate the creation of oxygen vacancies and, as a resuli,
the reduction of conductivity is bigger In the mmt heavily doped
oxldes, Al sufficlently low aoygen partlal pressure this greater red wetlon
for samples with higher x leads o an inversion of the tendency with
doping conductivity redwces with dopleg instead of lncreasing.

We conslder that this is an interesting and important fnding be
cae most stsdies are focused, including this one, on Anding the
highest cond wetivity of a group of exide perovaidies by increasing the
doping but if the conductivity is not tested at sufficlently low oxygen
partal pressures (present case ls ~107"" amm), the observed resuls
might not be representative of the Anal behavior under SOFC operation
comnditions a5 this study shows.

3.4 Thermal expansion sy

Thermal expanslon measuements on ectangular bars earrled out in
alr atmosphere wpon heating from 200 to 950 Care shown in Fig, 108
¢. The average linear thermal expansion coefcient obtalned from this
fAgure for each sample is shown in Fig, 11,

It can be geon that, athough the themmal expanshon cosficlents
{TEC of all phases are all very similar and also agree with those of
slmillar chromite pemvakites [51], them is a anall increase in TECs with
increaing the dopleg level x in the three familiss of perovakites pre
pared.

This Increase may be atiributed to the formation of oxygen va
cancles and the concomitant meducton of Cr*t and NI*Y lons with
increasing x & both processes will result in lattiee expansion. It &
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interesting to note that the TEC valuss obtalned for the samples with
low amount of dopant are very cloge to those of Y3Z electrobye
(TEC sz asoaseney = LLO=108 x 1072 K %) [52], and those ame
ako the phases with higher conductvity, which is quite impormant iF
these oddes were 10 be wied a5 anodes. The higher expansion of the
most heavily doped phases agrees with all the lierature datx elther
wider alr or under low ply aimosphere it s always observed that lattice
axpansion increases with temperature die 1o the increse of oxygen
vacancles and, as indicated previously, mven that the amount of va-
cancies formed increases with i the same s expected to oocwr with the
thermal expansdon coeficlents

4, Concusions

A seres  of perowskitess with the geneml fommula
Ly M Cry 20y (ln = La amdfor Nd; M = Sr andfor Ca; x <
{.25) has been prepared by the combustion method wing glycine, urea
and sucmse as combustible substances. The effect of doplng x has been
lsnlated from other lattice effects by Asxdng < 1y = 10 uzﬁ.mu‘{m
o 00001 A% AL room temperature, all compounds show orthorhombie
symmetry {506 Prora) and the undt call compresses as x increases, Theme
i also a sysematic increaze in graln growth with doplng, which iz
consiaent with the intmdu cton of neeasdng amounts of alkaline-eanh
catbon, specially Ca, which is believe to form low temperaiure melting
intermediate species that promote dntering.

The electrical conductivity meamred in He shows important de-
pendenees with x and with the synthetic method. Ireespective of x,
conductivity B always higher in the followlng order: wea, glycine and
sucrose, An interesting observation & that, wpon doplng, the eectmnic
comdictivity measured under hydrogen atmosphere decreases contrary
1o common expectations for a piype doping of the oxide perovaites.
ThE effect has not been reported before although there were some
evidences that this could ecowr under reducing conditions at suficlently
low oxygen partlal pressures. Moreover, this behavior is consbient with
all lieratere works that report the increase of oxygen vacancy forma-
ton with i which could be anributed 1o the lower charge density of the
doping cationi As a4 condequence, only samples with lower doping
valuwes have conductivity valees that are resomable for a S0FC anode.
Thermal expancion coefficlents are also cloger to that of the most
commaon SOFC alectmlyie (YEE) for samples with lower x, which in-
dicates that less doped phases are the only ones that easonably meat
the bage neads as anodes.
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The first fluorination of the cuspidine-related phases of Logd Al O-0) 0, (where
Ln = Sm, Eu, Gd) is reported. A low-temperaturs reaction with poly vinylidene
difluoride) lead to the luorine being substituted in place of oxygen and inserted
into the vacant position berween the dialuminate groups X-ray photoelectron
spectroscopy shows the presence of the F ls photoelectron together with an
increase in Al Zp and rare-carth 4d binding energies supporting F incorporation.
Energy-ispersive X-ray spectroscopy analyses are consistent with the formula
Lng{ Al O:F: p0:, confirming that substituton of one oxygen by two fluonde
atoms has been achieved. Ristveld refinements show an expansion in the cell
upon fluorination and confirm that the incorporadon of fluoride in the
Lny(AlyO50) 0y structure results in changes in Al coordinaton from four to five.
Thus the isolated tetrahedral dialominate Al:Os groups are converted to chains
of distorted sguare-based pyramids. These structural results are also discussed
based on Raman spectra.

1. Introduction

Minerals belonging to the cuspidine group have the general
stoichiometry Ma(3i207)4: (M = divalent cation; X' = OH, F,
), with Cal5i;,04)(OFLF ), being the archetype compound.
The cuspidine structure can be described as built up of chains
of ed ge-sharing MO5/M O polyhedra running parallel to the a
axis (in the FP2yc space group); the tetrahedral disilicate
groups (51;0+) interconnect with these ribbons through the
vertices. The structural formula of cuspidine is  better
described as Cagl51,070) (OHF); to direatly show the vacant
posiion  between the disilicats groups. The filling of that
posiion may convert the isolated pyrogroups intoo infinites
chains of distorted trigonal bipyramids (Martin-Sedefio er al,
M.

Other systems also adopt this stroctural tvpe, including the
Lny AliGa), 0y (Ln = rare-carth) type phases which have
attracted attention becawse of their iomic conductivity and
thermal stability (Ghosh, 2015 Zhou er al, 2014; Martin-
Sedeno er all, 2006; Moran-Rwz ef al., 2018). In more recent
years, the preparation and characterization of inorganic
oxyfluorides have attracted significant interest. Thuos, low-
temperaturs fluorination methods can alter chemistry of the
precursor oxide in different ways by charge compensation
effeas (Oemens & Slater, 2013). In particolar, polymer
reagents such as poly(vinylidine fluoride) and polyitetra-
fluoroethylens) have besn proven to be successful low-
temperaturs fluorinating reagents, following the sarly work by
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Slater (2002) which illustrates the use of PYDF to prepare
CaCuhF; and SrpT105F;. Since then, a wide range of
perovskite and related phases have been suocessfully Auorn-
nated using this polymer route (Clemens o ol 2004; Hancock
et al, 2012; Berry er al, 2008; Heap er al, 2007), and the
method has been shown to be equally applicable to the
fluornaton of thin films (Kawahara er al, 2017; Katayama e
al, 2016; Moon er al,, 3015). This earlier research has mainly
focused on the fluorination of transition-metal containing
materials, and so here we investigate the potental use for the
fluomnaton of cade systems that do not contain transition
metals, In particular, given the recent studies on oxdde ion/
proton conductivity in Lag Ga, Ti, 04, o )0, which illusirate
the ability of the cuspidine structure to sccommodate exira
anions (Maron-Sedefio eral, 2005), this would appear to be an
ideal structure o examine the possible incorporation of
fluonide. We have therefore investgated the fluonnation of
Lng{ Al 0000, to give new LogAlL Oy F, (Ln=5m,Eu, Gd)
(0 = x = 1) phases. Here we report the results of thess first
low-temperature fluorination reactions of a range of rare-
earth aluminate cuspidine-related phases. The introduction of
fluorine (2 F~ replacing O ) was achieved through a reaction
with poly(vinylidene fluoride) (PYDF) as the fluorinating
agent. We invesigate the sucoess and effects of fluorination on
the starting strocture by X-ray diffracton (XRD), X-ray
photoslectron spectroscopy (XPS), Al solid-state nuclear
magnetic resonance (NMR), Raman spectroscopy. scanning
electron microscopy (SEM) and energy dispersive M-ray
spectroscopy (EDX). The thermal stability of these samples
after fluorination was evaluated in air through thermogravi-
metric analysis [ TGA).

2. Experimental
2.1. Powder preparation

Starting precursor oxdes of Lng Al CR0)0; (Lo = Sm. En,
(d) were prepared by the glycine nitrate combustion route
using the appropriate quantities of metals and combustible
substance as previcusly reported by Mordn-Ruiz & all (2018).
The mtroduction of fluonine (2 F replacing 077} into the
Log(AlO-000, structure was achieved through a low-
temperature (400FC) reacton with PV DF (Slater, 2002) as the
fluorinating agent. Thus Auworination was achieved by mixing
the rare-earth aluminate phase with PVDF in a 1:1 mol ratio
(precursor omde: CHRCF; monomer unit) and  heating
(8FCh ") the mixture at 400°C for 12 hin air.

Since  poly(tetrafluoroethylens) (PTFE) has also been
shown to be a very good fluorinating reagent, we investgated
the possibility of fluorination of Euy(ALOD)Y0, with PTFE
under the same conditons. This gave similar results w the
resction with PYDF, with an observed expansion in the unit
cell comsistent with Fincorporaton.

2.2, Characterization technigues
X-ray powder diffraction patterns were recorded with a
Philips X Pert-Pro diffractometer  using  graphite-mono-

chromated Cu Ker,, radiation (i, = 15406 A; i, = 1543 A).
The compounds were scanned betwesen 15 and 907 (24) in
(L026° steps, counting 380 s per step. In addition, a Bruker D8
Advance Vino diffractometer, equipped with a primary
monochromator and a solid SolX detector, with energy
discrimination optimized for such radiation (Co Koy, &, =
15406 .sn}. were also used to improve the quality of the XRD
data for structure refinement. The overall measuring time was
~120 h per pattern to have good statistics over the 28 angular
range of 5-100F with a 002 step size. The fitting of the
measured and calculated pattern structure refinement was
carried out using the program Full Prof (Rodrigoez-Carvajal,
2011). Moreover, Atoms6? software (Shape Software, 2005)
was alzo used to illustrate the structure.

X-ray photoelectron spectroscopy (XFPS) measurements
were performed using an XPS spearometer (SPECS). All
XPS spectra were acquired using a monochromatic X-ray
source producing Al Ke radiation (hv = 1486.6 ¢V) and
recorded using a Specs Phoibos 150 analyser. An initial
analysis of the elements present in the sample was carried out
(wide scan: step energy 1eV, dwell ime 0.1 5 pass energy
&0 eV) and individual high-resolution spectra were obtained
(detail scan: step energy (0.1 eV, dwell tme 0.1 =, pass energy
30 eV) with an electron take-off angle of 90°. The binding
energies (BEs) were calibrated using the C 15 peak (BE =
2846 V) as an mternal standard. The spectra were fitted by
CasaX PS 2316 software, modelling the properly weighted
sum of Gaussian and Lorentdan component curves, after
background subtraction according to Shirley.

The Al solid-state NMR spectra were recorded on a
Bruker Avance III, at 94 T under magic angle [MAS) at
14 kHz using a Bruker probe head 4 mm MAS DVT XY/ H.
The Al MAS NMR were recorded at 10427 MHz using a
single-pulse sequence with a 4 ps rf pulse (22} the relaxation
delay was (.55 and a total of 20000 scans were sccumulated.
The *Al chemical shifts were calibrated indirectly with
AN,

For Raman scattering messurements a DILOR XY spec-
trometer with a OCD detector and 2 em™ " of speciral resolu-
ton was used. The 514.5 nm hne of an Ar™-1on laser was used
as the excitation source, and the power output was kept below
M mW after verifying that no changes were induced in the
samples. A 50 % microscope objective lens was used both for
excitation and depersed light collection. Some spectra were
alse collected in a WITEC Alpha 30M+ spectrometer
working with 633 nm excitaon. For each material, at least 34
representative  spectra of different sample zones were
recordoed.

Thermogravimetric  analyses  were  performed  for  all
compositions on a TA Instruments SOT 2960 simuoltaneous
DSC-TGA balance. The temperature was varied from room
temperature up to %0°C at a heating rate of 3°C min~ ! in air.

Composiional analysis was performed using an analy tical
scanning electron microscope (SEM, TEOL JISM-T000 F) with
an electron  microanalysis probe EDX (Oxford Pentafet
energy dispersive X-ray analyzer). Samples were coated with a
ooal graphite layer (10 nm) deposited by evaporation

WCH (2019). &, 128-135
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(Quorum QI1S5UT Sputter Coater) to provide electrical
conductivity. Back-scattered clectrons were measured at a
20kV accelerating voltage and 5 x 107 A current. A
measurement time of 100 s per point was established for data
acquisition. EDX system calibration was performed by
measuring the beam current on Lng(AlLO;2)0; and AlF; as
standards to allow quantitative elemental analyses The data
processing was performed using Oxford Inca software. The
charactenstic emission lines used for the analysis were Ka for
Al and F, and Ma for Sm, Eu and Gd. The morphologies of the
powders were observed using secondary electrons at an
accekerating voltage of 20 kV. a current of 1.1 x 10" A and a
working distance of 9 mm. These samples were metalhized by
gold sputtering for better image definition.

3. Results and discussion

The X-ray powder diffradion patterns recorded from
Lny(Al,O;2)0; (Ln = Sm. Eu, Gd) and their new fluorinated
derivatives are shown in Fig. 1. The XRD patterns show that
all the samples consist of a single phase without impuritics
Moreover, the fluorination induces a shift in peak position to
lower angles corresponding to an inarease in unit<cell sizes as
the total anion content increases.

The volumes recorded from the pure oxides and their
fluorinated derivatives are graphically represented in Fig. 2.
From the data in the graphic it can be seen that the fluor-
mation leads to a significant increase in unit-cell parameters
The volume difference between the startng oxide and
fluorinated oxides becomes more noticeable as the rare carth
size decreases Moreover. the cell parameters change in good
agreement with the vanation of the ionic radi of the rare-
earth cations, with the largest cell volume observed for the Sm
system and the smallest for the Gd system (Moran-Ruiz er al..
2018) [Gd"l‘ (coordination number VII): 1.00 A: Gd™ (VII):
105 A; Eu™ (VII): 1.01 A; Eu™ (VIII): 107 A; Sm™ (VII):
102 A; Sm™ (VIII): 1.08 A].

Representative SEM miaographs of the powder samples
(as prepared and after fluorination at 400°C) are shown in
Fig. 3. As observed. no significant differences can be seen in
the morphology or the average partide size of the different

Intensity 13 u)
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w“——&-.}w—' | GANLOLN0,
e | ML NP W B AL, F, 00,
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Figure 1
X-ray powder diffraction pattems recorded from materials of composi-
tion Lag(ALO,Z)O, (Lo = Sm, Ew, Gd) and therr fluorin sted derivatives.

samples in these images All samples are composed of
agglomerated sub-micrometre particles.

The chemical compositions of the obtamned fluorinated
oxides were analysed using SEM-EDX. The measured values
of the elements were checked on different paints to obtain the
average composition. The atomic percentage concentrations
of detected elements are histed in Table 1. For comparison,
data were also collected for Eug(Al,O,0) O, fluonnated with
half the molar equivalents of PVDF, in order to illustrate that
F content can be controlled by the amount of polymer added.

These results indicate that the substitution of two fluorine
atoms for one oxygen is satisfactorily achieved to obtain new

el
-4
el
1

—— l.n‘(Al:( )y I();
$7( —— l'“l(AlZ()’-xlll\'()z

Volume (A')
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850

LY 1 J
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. Ln (rare carth)
Figure 2
The volume changes between the pure oxides and their fluorinated

dervatives.

Figure 3
Micrographs of Sm ALOF,)O,, Eu AlLOF,)0, and Gd(ALOF,)0O,
phises prepared using a low-temperature fluonnation route.
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Table 1
Chemcal eomposinms (al%) of Hwonnated omdes oblaimed under
varus synthe e condibions.

The use of plasma-cleaning could reduce the fluorine amntent near to
125 at.%.

Table 2

Flussmine comtent kes calewlated from the gravimelric mass kss (550
AP,

Sample Lot Al F
Smaf A ROy Fa ) 40(2) 122 (2) 13.443)
Eusl Ay Fa i 25.0(4) 122 (3) 13141}
G AL, _F. ), 256(2) 126 {3) 15642)
Eus AbOh_oFa 00t 232(1) 120 42) 6.9(1)
Eus Ay Fa 006 2.7(2) 11541} 1272}
Eug Al _ Fao 0.y 230(1) 115 (1) 123(1)
Thearetical LA kOsE: 1 25 125 125

T lo=5m Enisdl I Hoormason reacon g L Y DF |egoivalent i 1 Fix = 05)
meorporason].  § Floonnaton eacon mng pol Wiierafiooroethylme) (FIFEL 4 -
Floorinaton reacison ming & FTFE.

LngAlO0:F; (Ln = Sm. Eu. Gd) compositions. Examination of
the fluorination with higher levels of PVDF led to no forther
increase in cell volume, illustrating the maximum F oontent
had been reached. From these results it can be conduded that
these cuspidine phases permit a maximum of two fluorine
atoms per formuola.

The samples were heated in a thermogravimetric analyzer
in air at 900FC. The thermograms of all oxyfluorides are shown
in Fig. 4. A decrease in mass with incressing temperature
occurs between 550 and ®00FC, which 15 associated wath the
loss of fluorine comtent doe to the reaction with moisture in
the air, leading to loss of HF and replacement by oxygen to
reform the simple oodde system.

For all compositions, a gravimetnc mass loss of ~3% 15
ohszrved. From these results the (OFF), relation is calenlated
(Table 2).

From the TGA data it can be concluded that the mass loss is
not complete doe to the low kinetic decomposition of these
compounds Preliminary studies show that the stabileaton of
the mass requires a long heating tme (~6 h) at 1000FC (see
supporting mformation, Fig. 51). In order to obtan the total

T S, AL, F, W
—5— Eg AL, FL0,
T —— G AL, Fy 0,

T mass

i34 [ I 1 1 1

Figure 4
Themogravimetne amalys of new Log AlOLF 0, (Lo = Sm, Ew, Gd)
phases.

Sample x
g (AL Foy )0, 052
Eug(ALO._F. )0, 093
T [ ALD 7 Fa ) ik
Table 3

Chemical compositions [at% ) of the TG A residues of flwonnated oxides.
Residuz Lot (at.%) Al (at.%) F (at.%)
S | AL Fac ) Z48(3) 126 (3) A6(3)
Eugdady (g Fo )0 269(1) 12741} Lafl)
Gida (A7 Fa ) O 274(3) 115 (3) 28(6)

+ Lo = Sm, Bn Gd

Table 4
KPS analyes results of detected elements for the surface of the obtaned
Lol A 2005 Foag W02 ot oo thiom &

Sample Ln 47t (BE,eV) AlZp (BE V) F ls(BE, V)
Smg [ AR 1317 k|

Smg (AR Fr ) 1331 T4 GESD

Fugl Al 0y )00, 1355 k|

FugAkih_Fa): 1370 745 865

g [ Al (30 1419 731

Gdg(ALO,_F. )0, 14235 43 HES3

T Lo =5m Eo {rd

fluorme content remaimng in cach sample after reatment at
G0°C, the residues were analyzed by EDX. The atomic
percentage concentrations of deteded elements are summar-
ized in Table 3. The obtained data comcide with the caleolated
fluorine content loss,

The success of the fluorination of rare-carth aluminates is
also confirmed by XPS A clear peak is observed i the
analysed areas of the fluorinated oxdes using a wide scan up
to 1380 2V, attributable to an F 1 photoelecron (Fig. 5L

The resultant peak BEs before and after fluorination are
presented in Table 4. In partcular, we observe that fluorine
mneorporation induces an increase of the BEs of Al 2p and Ln
4d due to fluorne having a higher electronegativity than
oo,

This indicates greater electron ransfer o fluorine, causing a
decrease in the electron density at the cation and resulting in
higher binding energy of the electrons from the core level of
the cation {Dae-Mm er al, 3011). These peak-position shifts
are observed in the high-resolution spectra of the Al Zp and
Ln 44 ﬁn:ctra] regions { Fig. 6).

The “Al NMR speara of the fluorinated samples and
Loy Aly05) Oy (Lo = Sm, Eu. Gd) are provided as supporting
informaton (Fig. 52). It seems that the shape of the
LngAlOeF2 )02 spectra changes compared  with  the
Ling( AlyO5) Oy spectra, which could be due to a modification of
the coordination environment of AI™ in the fluorinated
derivatives. However, the obtained Al NMR data are not
oomclusive doe to the paramagnetism of Sm, Eo and Gd rare-
earth metals

W (2019, &, 128135
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and their new fluonnated derivative showing a shift to hgher binding

emergy s flworination.

Full structural refmements of X ED data for SmeAl, Oy F,,
and EugAlOy  Fa, were carmed oot in the space group P2,/c
by using the SmalAlLO)0r and Eus( AL O )0s structures as
starting models, respectively. Refined cell and  positional
parameters, obtained bond distances and angles and the bond
valences are summarized in Tables 51-511. The Rietveld
fittings of the X-ray data are displayved in Fg. 7.

After the convergence of the overall parameters the
oocupation of the bridge oxygen site O(5) was replaced by
F(1) { Kendrick er al, 2008) and an extra fluorine posidon, F(2)
(Martmn-Sedefio o al, 3006), was added in the vacant anion
site between two AlLOh; units in order to account for the
inarease n anion content, and then refined. In both refine-
ments, bond-length constramts were applicd. The quahty
factors of the refinements are given in Table 5. It should be
noted that disinguishing O and F by either X-ray or neutron
diffraction is very difficult because of the nearly identical
scattering factors Therefore, the respedive posibons are
commonly inferred by bond valence sum (BVS) caloulations
from the detzrmined bond distances In this respect, neotron
diffrection data would lead to more accurate OFF positions
and henee bond distances. However, Gd, Sm and Eu all show
very strong newtron absorpion, which makes such studies
impractcal. Therefore we have wed BYS alculations based
on the structures detzrmined from the X-ray diffracton data.

Smy{ALOF 0,

Iniensity (. v

9 18 7 36 4% S 637X Bl G
ZiW")

L LI I B N N B B B NLEL L BLELE N LN
N

Euy(AlL0F.)0,

[ntensity (& u.}

'|rhu-"|l|1|t|||
¥ ] 27 36 45 54 a3 ) &1 W
268"
Figure 7 4
Rietveld mfinement for new Sm(ALOF )0, and Bugl ALOF )y
cuspidine-related matenals
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Table 5

The quality of refinements performed on new fluonnated oxides
Samples Sl For EusAlOq_ (Far
x 37 57

- 128 1.7

R 104 92

R, 109 1oz

Rep 136 128

R L 559

These calculations are in agreement with the assignment of the
F positions proposed, which i= further supported by the
Raman results (sce later). In addition, the BV S values that are
calculated for the F(1) and Fi2) sites, assurmng O 15 present,
show a ariical deficit of valence charge m the oxygen atoms
These results add further weight o the conclusion that F
occupies these sites

The mtroduction of fluonne leads to the conversion of
solated My0x0 groups into mfimte chans of distorted square-
based pyramids along the a s, as observed for Lag(Tio 05105

It i= interesting to compare the present results with those of
51 uspidines of the My(51,05)F; type (Achary ef al, 2007),
where the 50 units are preserved and fluorine occupies the
&) and Of9) sites mstead of filhng the aniomc vacances and
substituting for bridge oxygen ions along the AlCy chains. The
different behavioor can be attributed to the larger size of Al
cations compared with 5i, and its higher ability to accom-
medate coordination numbers greater than four.

In summary, the structures of LngAlOgF0; (Ln = Sm,
Eu} are monochinic (F2,/c) with two sites for fluorine between
the aluminate groups. Thus as ohserved from Fgs. 8 and 9, the
aluminium coordination changes from four to five. Because of
loow  crystallmity,  the GdgAlLO; F:)0,  diffractogram
prodiuces a poor signal, which lmits it Rietveld refinement.
This lower arystallinity is probably related to the fact that Gd
is the smallest rare-sarth metal and also the large volume
change upon fluommabon, which may have redoced the
partcle sizs/oystallinity. Considering Lng( Al O:F; 105 (Ln =
Sm, Eu) ss representative structures of the obtained
Lng(AlyO:F:) Oy (Ln = Sm, Gd) compositions, similar resolts
could be expected for the gadolinium sample.

These structural sssumptions have been further discossed
based on Raman results Raman spectra are shown in
Fig. 10 for samples LngAl,050)0; (bottom  set) and
Lng(AlyOs_Fa 00, (top set) (Ln = Sm, En, Gd). The rela-
trvely low mtensity of all the spectra could be a pnion atirib-
uted to the method of synthesis where a low preparation
temper ature was used and thos low crystalimiy was expected.
The Haman specra of the startng Log(AlOs0) 0y materials
are quite similar, since they are structurally akin, and are in
good agreement with the bbhography { Hasdmor-Bin-Hassan,
2M0). An evaluation of the whole spectra 1= beyond the scope
of this work due to the complexity of the srocture, so only the
high-frequency region will be treated in detail. The as-

preparcd samples show four well defined bands between T00
and 800 an~ " that can be unambiguously ascribed to Al—0O

L.

Eui O F
a0 42’3

F1

L.

Figure &

Mg an example, a polyvhedral view of the By AlORD)0:  and
Eiig AL CwF2) 0k phiges obtamed from the Rietve ld refinement strpetural
data using Adfmshl software.

Eu (AL OG0,

Figure 9

A an example, a smphlied représentation of the new EA.qu_."l.I;ifJgF;]'fJ;
phise structure obtamed from the Rietveld refinement structural data
using Afematd soliwane.
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Figure 10 Raman shift {cm™)

Raman spectra of the prstine Log ALOo)0y and Lag ALOF)0L
sairples. Bollom o top: La = Sm, Ew, Gd.
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stretching modes, since these have shorter bond distances than
Ln—(x In the cospidine structure, the existence of
pyroaluminate units of [AlOs] type suggess that it is
appropriate to separate the expected modes into internal
pyrogroup modes and lattice modes, although the covalent
degres of the Al—O bond is lower than that of $i—Oor P—O
konds in [Si;04] or [P0 groups. Moreover, since these units
are disconnected within the structure, correlation effects can
be dismissed.

Following this approach, and taking into consideration the
crystallographic results, the [Alx05] units can be considered as
consisting of two AlQ; pyramids connected by a bridging
oxygen OF [((5) in Tables 52 and 53] in the form O;—Al—
¥ —Al—0; Within this model, the expeaed modes can be
divided into vibratonal modes of the AlO; pyramids and
those of the Al—0'— Al bridge.

A regular pyramid with C3v symmetry would give two
stretching modes in the region of study, one A, mode and one
E mode, consisting mainly of the vibrabon of the three
oxygens of the pyramid along the Al—O bonds. However,
since Al is located in a 4e site with very low local symmetry
(1), the pyramids most be considered as irmegular, giving
three A modes On the other hand, the Al—O'— Al bridge i=
expected to give two stretching modes: one symmetnc mode
coming mainly from the vibration of Al atoms and one ant-
symmetric mode invol ving Al and O vibrations. The energy of

the former will chviously depend on the cation and 1= found
betwesn 520-500 an ' in the case of [Gey(0Oy] (SaczPuche e

al, 1992 Hanuza er al, 2011) and [Ga, O] (Kaminskii e al,
2014) and 63700 an " for [5120%] (Achary e al, 2017
Lecleach & Gillet, 1990), [F20;] and [5,04] { Kazuo, 2009). In
our case, the Al vibration was expected to be around 600 cm ™!
and could be tentatively ssoibed to the miznse band at
590 em~". Therefors, the only mode from the bridge in the
high frequency region would be the antsymmeric mode.
Although some authors have considered in analogous systems
that the @ & located in an inversion centre, thus yielding a
Faman forbidden or very weak antsymmetric mode (Sace
Puche er al, 1992), the approximation needs the angle of X—
O —X to be dose to 1807 and both X —0 distances to be
alike. These assumptions sesm to be far from our case, where
the X—OF— X angle is around 1407,

Since only four modes are observed in the high-frequency
region of the Log(AlyOs0) 0y sample, the model that best fits
our data is that of two irmegular but similar pyramids, which
would give three stretching modes, connected by an Al—0'—
Al bridge whose antsymmetric mode would supply the
required fourth mode.

The model of the isolated [ AlyD5] units is not valid anymore
for the fluorinated samples, where F is proposed to be located
in the intersttial positons between these units as well as
substituting for the O in the bridge. This, AlCsF: quas-
square pyramids sharing F vertices form infinite chains along
the @ axis (see Fig 10). By applying the point group (v
symmelTy operations to the constituent atoms of the pyramid
(two F and two O atoms in the base and one apical Ogg), five
stretching modes are expectsd in the high frequency region,

considering that all the pyramids are equivalent: thres A, (Al
+ Oy EO), one By (Al + F) and one By (Al + O). This
number of modes is in good agreement with what we observe
in the spectra of the luorinated samples, whers five modes are
found in the 650-820 an~ ' region. The agreement with the
experimental ohservation suggests that correlation effects, if
present, result in almost degenerate modes that reman
unresolved because of the spectral broadening. Regarding the
symmetrical mode of the Al—0'—Al bridge in the pristine
samples, its position shifts from 590 to 570 cm ™ upon fuor-
ination, which would agree with the substitution of the O
bridge by E supporting the assumption from the structural
studies that F is lomted in this site.

Therefore, the Faman measurements are consistent with
the crystallographic model proposed  for  fAuornated
Ln_;[Allﬂfl}Dl CLISFI"id.'iTIﬁ.

4. Conclusions

In summary, new Lng ALOF2 00 (Lo = Sm, Eu, Gd) phases
with a cuspidine-related structure have been synthesized using
a low-temperature fluorination route, a technigque that uses
Lng(AlO5)(y as the oxide precursor and poly(vinylidens
difluoride) as the Auormation agent. The resols illustrate the
versatility of this fluormation route for the synthesis of new
omde—fluoride  systems  The Haman measurements  are
comsistent with the crystallographic model proposed for new
fluorinated Logl Al 0:F2) 0y cospidines: the incorporation of
fluorine mn the Logl Al,Os0 00, structure results n Al coordi-
nation changss from four to five, which allows the conversion
of isolated AlO;0 groups into infinite chains of distorted
square-hased pyramids.
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Optimization of the large scale synthesis of the LSF-20 cathode
material for SOFCs

I. Perez-Fernandez' VA Wain' SA Morin-Ruz’ JE Vi dal] A La_rr:anaga and M I Arriortuat
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(¥ iperez009(Hikazle shu eux

Solid omide fnel cells (3OFCs) have the potential to be one of the cleanest and most effident enerpy rechnologies for
ditect conversion of chemvcal fmels to electneny. Economucally competiie 3OFC systems appear poised for
commercialization, bot widespread market penetration will require continmons mnovatcn of materal: and faboncanon
processes to enhance system lifenme and rednce cost Additonal sequirements anse for the technologes for synthesis
of SOFC matesials. These requirements odginate from the demands for large scale SOFC indnsiial prodnction. In this
sense, solution combmstion syathesis (5C5) 15 a simple and reprodnable method nsed to obtam several types of ceramic
omides for a vanety of applications. A typical 53C3 procednre nrlizes a self-snstained exothernic reaction among well-
mized reactants to achieve the rapid and economical symthesis of partienlate prodnets. Up to 2008, SC5 method has
been adopted to fabreate more than 1000 kinds of oxide powders over more than 85 conatries [1]. The propesties of

the resnltung povders (coystalline stmemre, amorphon: stmemee, erystallite

size, pugty, specific sneface ares and parncle agplomeration) depend heamly
on the adopted processing parameters [2.3].

The objective of this work 1s to obtain, on a large scale, the perovske-
trpe omide Lags500:Fely that shows promsing propemies as cathode for
S0FC applications. In ths smdy, the opumization of the larpe scale
syathesis has been realized by the glycine-nitrate combustion method
(Figure 1). In thiz sensa, first of all, the effect of some parameters sach as
temperamre, glycine /nitrate rano and times and cooling rates msed in the
temperainre treatments, that play a key oole m the final properies of the
obtained matesials, has been analyzed The characterization has been
redlized by ICP (inductvely conpled plasma IMOIMNC BOMNS300 IPECLIOICOpT)
XRD X Ray d;ﬂ:acm:m- SEM (scanning electron ovicroscopy) amd
dilatometry.
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Degradation study of ceramic vs metallic half-cells for SOFCs
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The development of new electsolytes, electrodes and mterconnect matesals for solid omde fuel cells (50FCs) 15
associated with the increase of the long-term stabilicy [1, 2], There &= now considesable effon directed towards the
development of new matenals and stmetizes with better performance for cathode-mnterconnect electacal contact [3].

The cathode contact marenizls omst have adeqnate
condncuwity, approprate thermal ezpansion coefficient,
be chemically compatible with adjacent components and
stable in air [4, 5]. In this work femtosecond laser
machined holes are produced in a composite based on a
Fe-I2Cr mesh dipped ioro LaNinsConeDa, (LNC) k1257 i
ceramic slnzry as a possible gas permeable contact laver . ]{*-%t M .w:b
for SOFCs. The contact composite has been smdied with o
respect to its contact with Crofer2ZAPT channeled 1075
memllic mterconnect and LansSe Felh (LSF) ceramic i
cathode. The electrcal pecformance ::rf the half-cell 0.05 7
{L5F /ablated mesh-TMNC/Crofec2Z2APTT} was examined 0024
at 800 *C in air. The obtained resnlts showed that the
overall area specific remstance (ASR) walnes werze stable o
owver tume (1000 h].ThecalmﬂaIedASR:mera.gevilnems e
0.12/1) chm com? (Fignze 1). Time (h)

Figure 1. ASE measurements of half-cell {I.SF/ablated
mesh—].._“«CC.-"Cmfe:l’_'APT_.'} 1z a funeton of
time.

0,057 "
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For posetest depradation smdies, the zamples are characterized by X-ray diffracton (ARD). MMoreowver, the
auerostmetiee, composttional analysss and phase distribution of samples are examined by scanmng electron microscopy
(SELL) equipped with an energy dispersive X-ray analyzer (EDX) techmugue.
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There 15 an increasing demand for the development of altemate anode materials with
improved tolerance towards carbon deposition and sulfur poisoning to mmprove the fuel
flexibility and efficiency of Solid Omide Fuel Cells (SOFCs) [1]. In this sense, perovskites
have gained attraction as electrode matenals for SOFCs due to their catalytic, ionic and
electrical conductivities, chemical and thermal stabilities at higher temperatures [2.3].

Several studies based on perovskites have shown that changes in phvsical properties are
related to changing doping level x of the A-site. However, these physical properties can vary
even at a constant value of x [4], being very sensitive to changes not only in the dopmg level
(x). but also mn the average size of the A cations (<14>), and n the effects of A cation size
disorder (o°(rs)) quantified as o°(1y) = <14 — <14>"[5-7].

In this study, we investigate the vanation of the doping level x in the structure and electrical
properiies of a semies of Lny M.CryeNip10; (Lo = La yo Nd. M = 5r v/o Ca; x=0.25)
perovskites. This has been achieved by keeping the mean ionic radius <15> (1.22 A) and the
cation size disorder o°(rs) (0.0001 A%) constant throughout the whole series of compositions
prepared.

The samples are prepared using the urea combustion method X-ray powder diffraction
(XRD) shows that all of the compounds have orthorhombic symmetry (space group: Pnma).
The structural, morphological and electrical properties are highly dependent on x; a
systematic decrease in umt cell volume, increase in grain growth and decrease in electrical
conductivity (in reducing atmosphere) 15 observed with increasing doping level.
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Effect of doping level x and fuel on glycine-nitrate combustion synthesis of
(La,Nd)1.4(Sr,Ca)CrpsNig 101 (x<0.25) perovskites as anode materials for SOFCs.
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1. Introduction

The application of mixed lonic-electronic conductors
[MIEC) in SO0FC anodes is considered to be highly beneficial,
as it allows for the electrode reaction to occur on the
whicle surface on the electrode material, improving elec-
trochemical properties. Perovskite based materials have
axygen ion vacancies depending on composition, tempera-
ture, and surrounding crystalline environment that impart
mixed ionic and electronic conductivities to them. Since
perowskites can accommodate almost all the elements in
the periodic table they can offer excellent catalytic proper-
ties [1].

Another impartant field of research aimed at reducing
energy consumption of the perovskite synmthesiz [2). To
synthesize nano-size powders with high specific surface
area, combustion methods are of great importance [3]. The
effect of the combustion fuel on the electrochemical prop-
erties of SOFC materials has been investigated recently, for
bath single fuels and fuel mixtures [4).

On the other hand, several studies based on
perowskites have shown that changes in physical properties
are related to changing doping level (x) of the A-site. How-
ever, these physical properties can vary even at a constant
value of x, being very sensitive to changes not only in the
doping level, but also in the average size of the A cations
[<ry>), and in the effects of A cation size disorder (a%[r.))
quantified as fqu.] = -\:r_.,l:- - -\fr,,L:-1 [5)-

In this study, we investigate two effects: (i) the varia-
tion of the doping level x and [ii) the use of different fuels
(glycine and wrea) during the cembustion synthetic method
in the structure and electrical properties of a series of Lng.
M,CraaNias0: (Ln = La andfor MNd; M = 5r andfor Ca;
%20.25) perovskites. This has been achieved by keeping the
mean ionic radius <ry> (1.22 A) and the cation size disorder
a¥lre) {1.10° A%} constant throughout the whole series of
compasitions prepared. These compounds have been char-
acterized by X-ray powder diffraction (XRD), scanning elec-
tron microscopy (SEM), thermal expansion coefficient (TEC)
and electrical conductivity measurements.

2. Experimental
2.1 Powder preparation

Lny M, Cry oMiy 105 samples were prepared by combus-
tion synthesis using the metal-nitrates as metal precursors
and as combustion fuels: (1) glycine and (2) wrea (all from
Aldrich). The prepared compositions, together with their
mean ionic radius, <rg>, and A cation size disorder, nr[rﬂh.
are summarised in Table 1.

Table 1. Nominal stoichiometries of Ln, M, Crg oNig 104
perovskites whit <re> = 1.22 A and 0'(ra) = 1. 10 A%

X Ly oM. Crg g Mz 1 0
010 Lag gsMdnesSro10CfgsaMio w0y
0.15 L sl 57 2o/ 00 Ml 3503
0.20 L3 050 10080 1P a0y
0325 L&, r5Fn 10 80 ra CracMin 100

The metal nitrates were dissolved in distilled water.
Then, the glycine or urea was added to obtain a
fuel/oxidizer molar ratio of 1. The resulting viscous liquid
started autoignition just after placing the glass beaker di-
rectly onto a preheated plate (at 350°C). The obtained
powders were calcined at 800°C for 2 h to remove the car-
bon residues, and after that, these samples were pressed
into pellets and calcined in air between 1100 and 1200°C
for 10 houwrs at each temperature until pure samples were
obtained.

2.2 Characterization technigues

The structural analysis was performed using X-ray
diffraction technique [XRD). XRD data were collected on a
Bruker D8 Advance diffractometer equipped with a Cu
tube, a Ge [111) incident beam monochromator (A=1.5406
&) and a Sol-X energy dispersive detector. Data were col-
lected at room temperature (r.t.) from 18 to 207 in 28 and a
step size of 002" (time per step=10 s). The crystal structure
was refined by the Rietweld method using the G5AS soft-
ware package [6] and EXPGUI interface [7].
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All metal contents were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) on
a Horiba Yobin Ywon Activa spectrophotometer. For bulk
conductivity and dilatometry measurements, pellets of the
as-synthesised powders were sintered at 1350°C for 10
hours and, subsequently, cut into bars. DC conductivity
measurements were performed under H; by the four-point
DC method from 800 to 400°C uwsing a VSP potenciostat
controlled by PC using Lab Windows/CVI field point system.
The bulk density of each sample was estimated by measur-
ing the mass and the dimensions of the bars. Conductivity
data were corrected considering the experimental density
values (all around 85% of the theoretical (X-ray) density).
Thermal expansion coefficients were measured from room
temperature to 930°C under air with a heating rate of
59C.min" by using a Unitherm Model 1161 dilatometer.

Marphologies of the powder samples and the sintered
pellets were observed using a scanning electron micro-
scope (JEOL JSM-TODOF). Secondary electron images were
taken at 20 kV and 1.1.107" A.

3. Results and Discussion
3.1 Structural study

The X-ray diffraction patterns of all prepared composi-
tions are showmn in Figure 1. The patterns reveal that all the

samples are single-phased and no impurity phases are de-
tected within the resclution limits of the technigue.

| _; [ ros
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Fig. 1.  X-ray diffraction patterns for all samples.

Results from chemical analyses, presented in Table 2,
show a good agreement between the analysed chemical
compasitions of the prepared powders and the nominal
compaositions.

Table 2. Summary of the ICF analyses for the perovekites
Lny  MCr oM 0y nominal com position.

i Fuel Ly M, Cry Nip /0y
.40 Glycine Lag pagay™ i napai 5o 1 C o s Mo o)
’ Urea Latg g Mg gy S0o anee (O s Mg 1y
s | Geine | LasmeNdosw St rCanom Croan N zen
' Urea Latg, ity N d sy 5P verCao iy CFoaoiaiMia seny
020 Glycine Lanazi 5o vorCan oy ClomofaiMio 2o
Urea Lapsni5Fo.o0/C80 100y ChomafaiMio 2oy
035 Glycine Lap yan5n0mzC80 160 Cra g Mg 1y
' Urea L rui ¥ .oma 80 150 S Tasnja Mooy

The analysis of the X-ray Diffraction (XRD) data indi-
cated that all samples crystalised as single phasze in the

grthorhombic space group Pnma. Rietveld fits for the sam-
ples obtained with glycine are represented in Figure 2.
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Fig. 2. Riereeld fits of the XAD data for the samples using ortho-
rhormbic Pnma space group for the compounds obtained

using glycine as fuel.

The wariation of the cell parameters and cell volume
with doping x is shown in Figures 3 and 4. A systematic
decrease in volume is observed with increasing divalent
dopant content.
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[ T ™,
H i -\""'.-.\_\_\__.- | g’ 1-_\:
LS '.-"'-\.__r | "'.E Far .
5 143 Eh . i * ama -,
147 i - IJJI.' R
L 1 : \'
T S s -
I a# O3 LR ok ik 0 3R
= x

Fig. 3. Varigtion of the unit cell parameters and volume per fior-
miula unit with doping for the samples obtained wsing gly-
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Fig- 4. Variation of the unit cell parameters and wolume per
formula unit with doping for the samples obtained using
wrea as fuel.

In the system studied, the A-site mean ionic radius <rg>
has been kept constant. Therefore, the observed decrease
of the lattice parameters can be associated exclusively to a
reduction of the B-site mean ionic radius (<rg>] as the dop-
ing level x increases. The ionic radii of Ni and Cr decrease
when they are oxidized from a higher oxidation state
i) = 0.615 A; rviI[Ni®*) = 0.69 A] to a smaller oxida-
tion state [PVI[Cr*) = 0.55 A; VI[N ) = 0.56 A) [B].
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3.2 Structural study

According to the literature, smaller crystallite sizes of
the initial materials are tormed when using urea because in
this case the combustion is lower and the large valume of
gases envolved enhances dissipation of heat and limits the
inter-particle contact [9,10].

Representative SEM micrographs of the powder sam-
ples obtained by the combustion method using ghycine and
urea as fuel after cakination are shown in Figure 5. These
powders are composed of agglomerates formed by fine
size particles slightly linked. In the case of the sample with
¥ = 0.10 obtained with wrea as fuel, the average size of the
grains determined by direct SEM observation is about 370
nm and for the obtained with glycine about 200 nm. As
have been observed in other works [11] the change of fuel
promotes the increase in the size of particles. For the case
of using urea, when the combustion is more gradual, the
porosity rizes when increasing the amount of released gas
and smaller crystallite sizes are formed, fawouring the sin-
terability of the sample.

In this sense, the average size of the grains increased
from 200 to 550 nm and from 370 to 730 nm when increas-
ing ca™ content, for the samples obtained using glycine
and urea as fuel, respectively. As has been reported [12],
the density of the calcium doped lanthanum chromite

samples increases with increasing acceptor content.

Jemg (XF RN

Fig. 5.  Micrographs of Lng M, Cr, oMig 0 perovskites calcined
between 1100 and 1200°C.

SEM images of the sintered pellets at 1350°C in air for
10 h are shown in Figure 6. The most important feature of
the samples is that there is an evident effect of doping
lewel x as well as the fuel used in the combustion synthesis
in the particle size.

Fig. 6. SEM micrographs taken on the surface of the pellets
sintered at 1350°C in air for 10 he

The awerage size of the grains increases with x from
0.60 {x = 0.10) up to 1.05 pm (x = (.25} and from 0.90 (x =
0.10) up to 3.65 pm (x= 0.25) for the samples prepared
using ghycine and urea, respectively.

On the other hand, the difference in the sintering be-
havior for the samples is due to the relative difference in
their nature of agglomeration. The better sinterability of
the powder obtained using urea as fuel is due to the pres-
ence of softer agglomerates, which could be broken during
cobd-pressing to enhance number of contact peints [13].

3.3 Electrical conductivity study

The total electrical conductivity, G, after porosity cor-
rection [14], of Ln, M,CryeMNis 0 perovskites synthesized
with glycine and sintered at 1350°C for 10h as function of
doping level x in the temperature range from 400 to 300°C
is shown in Figure 7 (a).

wh e L
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Fig- 7. Conductivity dependence in H; upon temperature as a
function of (a) x and (b) used fuel.

The preparation route has an important influence on
the electrical properties of the obtained materials. For the
samples with = = 0.10, the sample obtained with urea
shows slightly higher values of conductivity, as can be ob-
served in the Figure 7[b). This result can be explained by
the morphological analysis previously, indicating that this
material seems better sintered than the obtained using
Elycime.

3.4 Thermal expansion study

Figure 8 shows the thermal expansion curves of some
samples obtained upon heating from 200 to 950°C.
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Fig- B. Thermal expansion behaviour of sintered samples wsing
ghycine and (b) x = 0.10 using glycine and urea.

The average linear thermal expansion coefficient
(TECs) values are 10.0x10° K7, 10.7x10° K*, 11.4x10® K*
and 11.7x10° K*, for samples with x = 0.10, 0.15, 0.20 and
0.25, respectively, using glycine as fuel. The obtained for
the sample with x = 0.10 usin urea is 13.0610° K.

It can be seen that TEC walues increase when increasing
the doping amount of £a®. The abtained TEC values are in
reasonable agreement with the literature data for this type
of perovskites [15]. In particular, as it can be observed, the
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obtained TEC values for the samples with low amounts of
dopant are very close to those for the Y5Z electrolyte
(TEC{8YSZ;300-1000°C) = 10.0-10.8x10°° K'Y} [16].

4. Conclusions

A series of perowskites with the general formula
Ly M, CrgNi; ;03 (Ln=la yfo Nd; M=Sr ywo Ca; xs0.25)
hawve been prepared by the combustion method using gly-
cine and urea as fuels.

The effects of fuel and doping x have been successfully
studied on the series by fiding <r > to 1.22 A and ull_r,..J to
110° A

At room temperature, all compounds show ortho-
rhombic symmetry {5.G: Pnma). Howewver, cell parameters
and unit cell volume, decrease when increasing .

There is also a systematic increase of grain growth with
doping, which is consistent with the introduction of in-
creasing amounts of alkaline-earth cation. This phenome-
non is greater for the sample obtained with urea.

The electrical conductivity measured in H; is lower for
the samples with higher x dus to an increase of the cxygen
vatancy concentration, being higher for the specimen ob-
tained with urea as fuel.

The obtained TEC walues for the samples with low x
and using glycine as fuel are more similar to those of ¥YSZ
electrolyte.

These results confirm that the sample with low doping
lewel and using urea as fuel, shows good behaviour as an-
ode for SOFC. Nevertheless, its electrochemical behaviour
as electrode in a symmetrical or single cell must be studied.
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Introduction:

Solid oxide foel cells (SOFCs) are devices that convert chemical energy from reactants
info heat and electricity with high efficiency. Usnally, these systems operate at high
temperatures (600-1000°C) and are able to mn with differemt fuels [1, 2]. Here we
present the cuirent activities that are being carried out at the Solid Oxide laboratory of
the Hydrogen Wational Centre in Spain, which is focused on the development and
electrochenucal charactenization of SOFC materials and devices.

Eesulizs and Discussion:

The fabrication methods for planar SOFCs have been found to be simple and
inexpensive. In this work we describe the manufacture and characterization of both
electrolyte and anode supported planar SOFCs for high temperature operation using
either commercial or self-made materials.

On cne hand, the electrolyte supported cells consist of Gdy 12Ceg 300 (CGO) electrolyte
of 200pm thickness and thin films (20-50pum thickness) of anode (Ni-CGO) and cathode
Lap sSro4FeOs (LSF). On the other hand, anode supported cells comsist of a Ni-YSZ
anode support of 800 pm thickness and 18 mm diameter, a 1520 pm thickness YSZ
electrolyte and a LSF cathode. Smy1Ceps01p (SDC) as bartier has been added between
the electrolyte and the cathode.

In electrolyte supported cells, the electrolytes were prepared by tape casting and the
deposition of thin layers of anodes and cathodes were made by manual spray coating.
While in the case of anode supported cells, the anodes were made by nmiaxial pressing
and the deposition of thin layers of electrolyte, barner. and cathode were made by
manual spray coating.

Figore 1. a) CGO tapes fabricated by tape casting. b) CGO tape sintered at 1400°C.
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Figore 1 shows CGO tapes fabricated by tape casting which are the electrolytes in
electrolyte supported planar cells. Fig 1a) as prepared tapes. Fig 1b) tapes after the
sinterization process. It is noteworthy that those tapes are flexible and easily processable
wsing low-power laser techniques before the sinterization process. After that, the anode
and the cathode layers were deposited in order to manufacture the cells.

Both types of cells were characterized by Scanming Electron Microscopy (SEM) with
Enerzy Dispersive X-ray Spectroscopy (EDX). The cells were also electrochemically
characterized in a buotten cell test rig (MoECs). The polarization curves and
electrochemical impedance spectroscopy (EIS) measurements were performed by a
multichannel Potentiostat'Galvanostat VMP3 (Biclogic) using 100% of Hy humidified
at 3% as reactant gas in the anodic compartment and air in the cathedic one at
temperatures between 750 and 900 “C.

Figore 2 shows the I-V and I-P curves obtained for the anode supported cells in the
temperature range of 750-8653°C. As it can be seen, the open circuit voltages (OCV) are
high emocugh to ensure an efficient sealing and to prove that the YSZ electrolyte layer
was tight encugh without gas cross over. The power density of the cell reaches values
close to 200mW-cm™ at 865°C:
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Figore 2. I-V and I-P curves for ancde supported cells fabricated at CINHa.
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