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Summary

The main objectives of this thesis have beenctrgrol of the structure and
microstructure of the SOFC components (electroded alectrolyte); and the
electrochemical characterization of the manufactumeaterials. For this purpose,
several techniques have been used: tape castiplicateon with molds or 3D
printing. Among the large number of material’s r&tderization techniques applied
in this work; special interest has been devotethdse related with the rheology for
the slurries characterization and to those relatg#ld Electrochemistry, specifically
on Electrochemical Impedance Spectroscopy (El8thi® electrical characterization.
The rheology of fluids permits to understand thkoaal process and to control the
tape casting technique for obtaining well dispersegpensions, uniform and
homogeneous tapes. The electrochemical charadtenzaermits to explain the
behavior of the prepared SOFC devices at diffeagmbspheres and temperatures.

Mixed oxides of lanthanum, strontium, iron and a@bb(LSCF) with
perovskite structure are very interesting becausey texhibit high oxygen
permeability at elevated temperatures. As far knswn it has never been proposed
the preparation and manufacture of LSCF tapes iy ¢asting technique. Hence, the
manufacture of commercial §.g8504CoFeygOss (LSCF) by agueous colloidal
processing has been carried out. The surface bwhavLSCF as a function of pH
and the effect of a polyelectrolyte (Duramax D300B)he stability are studied using
zeta potential technique. Concentrated suspensiers prepared with a solid content
as high as 35 vol.%. The optimum dispersing coontiwvere determined by means
of rheological measurements for obtaining stabld #mid slurry for tape casting
technique. Different relative densities of the tpsere obtained at different

temperatures. The LSCF tapes, which were flexdnrle,good candidates for using as
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gas separation membrane or cathode for SOFC deyeodithe thermal treatment
carried out.

Yttria (8 mol%) stabilized zirconia (YSZ) has wigdéeen used as electrolyte
in solid oxide fuel cells (SOFC). Tape-casting ieadily available and easy-to-use
option for obtaining thin ceramic films with higklative density. In order to obtain
fluid slips, rheological studies of aqueous susjmrssof three different commercial
YSZ powders dispersed with a polyacrylic acid-badespersant agent have been
performed. Their viscosity was optimized by corlingl the dispersant concentration,
pH and homogenization time using an ultrasound garém electrical study of the
sintered tapes prepared under strict control of theology was done by
electrochemical impedance spectroscopy. Their ottty is compared to that
obtained for non-optimized tapes, showing slightedences after the rheological
study.

An innovative design, alternative to the converdlometal supported fuel
cells (MSC) is proposed. This new design permits aduction of ~65% of the
metallic supporting material, hence a decreas@é@fcbst of any MSC assembled in
this configuration and it offers the opportunity mfoduce at mass-scale in a cost-
effective way. Furthermore, the way of preparing thicrostructured MSC with a
metal layer of 150-200 pum, allows us to preparetgpg of patterning and thickness.
This new design of SOFC comprises a 200 um layea dfoneycomb-metallic
framework with hexagonal cells which supports a&tayf electrolyte and can be used
as current collector. Each hexagonal cavity isherrfunctionalized with a thin 5-10
pum of Ni-YSZ anode, in direct contact with YSZ dletyte. In this way, the
undesired reactivity between the anode and thelrnmg&aconnector is restricted to
the inner walls of the hexagonal cells not affegtine final performance of the MSC.
And finally, a cold sealing through an electricasistance welding process is possible

because it is used interconnect material on oreedigéach SOFCs. Two studies were
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performed during this thesis using this innovatidesign of microstructured
honeycomb:

- Study 1: The support was a fully metal alloy, rentg performances over
300 mW:- cnif under pure hydrogen at 850°C, with an OCV of .1

- Study 2: The support was a mixture of 70 wt% ofahatloy and 30 wt% of
YSZ which allows matching the TEC of both materialhe anode was
optimized (NiO-YSZ ratio and infiltrating 20CGO)l@aling to improve the
power density rendering performances over 160 mWW-amder pure
hydrogen at 700°C, with an OCV of ~1.1 V. The idtrotion of the
electrocatalyst 20CGO by infiltration has provenetdend the TPB length

improving the performance of the multilayered MS€pgared in this work.

3D printing technique as a new tool for contrglithe microstructure of the
materials was studied. Microstructured organic-baselds have been designed for
the deposition of YSZ and crofer slurries. Thermatperiments of these
microstructured samples have been performed ohtpimiomising results for future
work. The design of SOFC 3D prototypes for beinlyf@D printed with ceramic
powders and photopolymers is proposed and someessfotly proofs have been
performed opening new perspectives in the contrél SIOFC material’s

microstructure.
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Resumen

Los principales ojetivos de esta tesis han sidccoaltrol de la estructura y
microestructura de los componentes (electrodos egtrelito) de una pila de
combustible de oxidos sélidos (SOFC en inglésy gdracterizacion electroquimica
de los productos preparados. Por este motivo sei$eaio algunas técnicas: colado
en cinta, replicacion con moldes e impresion 3DirdEtas numerosas técnicas de
caracterizacion de materiales usadas duranterab@gd, se ha hecho especial interés
en aquellas relacionadas con la reologia pararkctegizacion de barbotinas y de
aquellas relacionadas con la electroquimica, esipeente Espectroscopia de
Impedancia Electroquimica (EIS en inglés), paracdsacterizacion eléctrica. La
reologia de fluidos permite entender el procesoidal y controlar la técnica del
colado en cinta para obtener suspensiones biererdag uniformes y cintas
homogéneas. La caracterizacion electroquimica perexiplicar el comportamiento

de los dispositivos SOFC preparados a diferentepdeaturas y atmosferas.

Oxidos mixtos de lantano, estroncio, hierro y ctbgLSCF) con estructura
perovskita son muy interesantes porque exhibermdtepermeabilidad de oxigenos a
elevadas temperaturas. No hemos encontrado nirgianaibliogréfica que proponga
la preparacién y manufacturacion de cintas de LB@Fcolado en cinta. Es por ello
qgue se ha estudiado elgle®r 4Cop Fey g0z 5 (LSCF) en suspension acuosa coloidal.
El comportamiento superficial del LSCF en funcioel pH y el efecto del
polielectrolito (Duramax D3005) en la estabilidadh&n estudiado usando la técnica
del potencial zeta. Se prepararon suspensionesmadas con un contenido en
solidos del 35 vol.%. Las condiciones o6ptimas dgpelisado se determinaron con
medidas reoldgicas para obtener barbotinas estgbilegdas para colado en cinta.

Varias densidades relativas se obtuvieron a difesetemperaturas. Las cintas de
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LSCF, que son flexibles, son buenas candidatasgsarasadas como membrana de
separacion de gases o como catodo para SOFC, depeéndiel tratamiento termal

que se les dé.

El 6xido de itrio estabilizado con circona, conaamtenido 8 mol% (YSZ en
inglés), se ha usado ampliamente como electrait8 @FC. Colado en cinta, es una
opcion rapida y sencilla para obtener delgadas scalea material ceramico con
elevada densidad relativa. Para obtener barboflnatas, estudios reoldgicos de
suspensiones acuosas dispersadas con un acidcritioba de tres muestras
comerciales de YSZ en polvo se llevaron a cabo.viSuosidad se optimizo
controlando la cantidad de dispersante, pH y tiedgdomogenizacion usando una
sonda de ultrasonidos. Un estudio eléctrico declatas sinterizadas preparadas
rigurosamente controlando la reologia se realiamds EIS. Sus conductividades se
compararon con respecto a las cintas no optimizag@astrando pocos cambios
después del estudio reologico.

Se propone un nuevo disefio, alternativo al coneeaatide las pilas soportadas
en metal (MSC en inglés). Este nuevo disefio perhaiteduccion de alrededor del
65% del material de soporte metalico, de este neadkte una reduccion de costes de
cualquier MSC ensamblada con esta configuracidinege la posibilidad de producir
a gran escala de una manera mas economica. Ademaspdo de preparar la
microestructura de la MSC con una capa metélicadl®®200 pum, nos permite
preparar cualquier tipo de disefio y grosor. Esevaulisefio consta de una capa de
200 um de estructura metélica con forma de panabég, con celdas hexagonales,
gque soporta una capa de electrolito y que se pugsalecomo colector de corriente.
Ademas, cada cavidad hexagonal estd funcionalicadauna capa de 5-10 pm de
anodo Ni-YSZ, que esta en contacto directo conledtmlito de YSZ. En este
sentido, la indeseada reactividad entre el anodel ynterconector metalico se

restringe solamente al interior de las paredessiedldas hexagonales sin afectar el
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rendimiento final de la MSC. Y finalmente, un sétlaen frio con soldadura eléctrica

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

Dos estudios se llevaron a cabo durante la tesindaseste disefio innovador de

microestructura de panal de abeja:

Estudio 1: El soporte se basa exclusivamente eraleaaion metalica, con un
rendimiento superior a 300 mW-émon hidrégeno puro a 850°C, y una OCV
de ~1.1V.

Estudio 2: El soporte fue una mezcla de aleacidi@lina (70 wt%) y el resto
YSZ, permitiendo igualar los coeficientes de expandgérmica de ambos
materiales. Se optimizé el &nodo (ratio de NiO-Y&Znfitrando 20CGO)
permitiendo mejorar la produccién de densidad efima superando los 160
mW-cmi? con hidrégeno puro a 700°C, con una OCV de ~1.1S&.ha
comprobado que la introduccion del electrocatabz@DCGO por infiltracion
ha extendido el tamafio de las TPB mejorando elimeadto de la MSC

multicapas preparad en este trabajo.

Se ha utilizado la técnica de impresidon 3D comevauherramienta para

controlar la microestructura de materiales. Se H&efado moldes organicos

microestructurados para la deposicion de barbotitea®’SZ y de crofer. Se han

realizado experimentos térmicos de los mismos @drdo resultados prometedores

para trabajo futuro. Se ha propuesto el disefiord®fpos 3D de SOFC para ser

completamente impresos con polvo ceramico y foiopaios y se han realizado

satisfactoriamente algunas pruebas, abriendo nymrapectivas en el control de la

microestructura de materiales para SOFC.
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Chapter 1.
Introduction

This chapter summarizes the actual energetic Btuand how alternative
devices, such as solid oxide fuel cells (SOFC), icaprove the efficiency of the
electricity production. The basis and some charastics related to this technology
are presented. Furthermore, the theoretical baakgrof solid state ionic conduction

is described. Finally, the aim of this thesis idioad.
1.1. Current situation and challenges

Since the industrial revolution, around 1850, therld’s primary energy
consumption has been increased exponentially ssathe emissions of GQ1,2].
Furthermore, world energy consumption has beemastd that will grow by 56%
between 2010 and 2048]. For that reason, the international community,ceoned
to climatic change, is trying to reduce these gasss&ons which produce the
greenhouse effect writing up Kyoto Protocol and ¢@emnagreements and taking

concrete actions for speeding up a global resptjse

It is necessary an energetic sustainability armmbuld be solved thanks three
“@” parameters related between them and cannot kedsohe by one. It can be said
that energetic sustainability is divided in threeadtaneous battles, which draw a
triangle with the vertexes defined asrom economy,e from energy ance from
ecology. It is important to find the barycentertms hypothetical triangle, if the
solution is far away from any of these vertexess ipossible that the solution is not
correct. It means that the best option is providingenergetic mix: clean, cheap and
safety.
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Nowadays, in many areas of the World the elecyricgg produced by
contaminant fossil resources and is being a vepomant aspect of our life style.
These aspects make that researchers are lookingefor ways to improve the
efficiency of production and storage of this moaluable energy. It is necessary a
displacement of non-renewal source of energy atithgecloser to that hypothetical
barycenter explained before. One option can bel sofide fuel cells (SOFC), which
are an efficient and environmental-friendly teclogyl available for generating power
from hydrogen, natural gas, and other renewablés.f@&ramic SOFC, working at
high temperature, are the most efficient devicedHe electrochemical conversion of
chemical energy of hydrocarbon fuels into eledlyieind have been gaining attention

in recent years because they are clean and efficigenerating powde,5].

Raw Production Form Regional Storage Local Dispensing
materials technologies distribution facilities technologies
'
:a(uva gas Steam Methane Tanlcr truck ) -
Relormmg -
Liquid Q/

— _} \=s hydrogen Fuelling station

'ﬁ

Coal Coal Gasification Rallway tanker car

= )
Gaseous
— -‘%_ Hydrogen
—

lomass Biomass Gasificatio

-

Electrolysis

Gaseous H,
storage

ube trailer -

Railway tube

Pipeline Pipeline

Fuelling station

Fig. 1.1. Scheme of a hydrogen supply chain, which begitis primary energy sources and
terminates with fuelling statiori§].
The idea of a new green energetic system is tothesegenewable energies
from endless sources as wind, sun, water, etc. sdathge the extra-produced

electricity in the form of hydrogen gas or othérhis green and clean fuel would be
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used to feed the SOFC in case those renewableienerguld not provide enough
energy to the electrical systdi7]. In Fig. 1.1 it is schematized different technaodsg

for producing, distributing, storing and dispensinygirogen to end-users.

1.2. History of fuel cells

In 1838, the Swiss scientist Christian Friedich @&diein discovered the
effects of the electrolysis which uses electri¢typroduce hydrogen from watgg].
One year after, the Welsh scientist Sir William BabGrove took this process of
electrolysis, and reversed it, generating eletyriand water from hydrogef®,10].
He discovered that an electric current flew puttiagp platinum electrodes in a
sulfuric acid solution by one of the sides, withdlggen and oxygen respectively in
the other sides, Fig. 1.2.

Fig. 1.2. William Grove's drawing of an experimental gagdxgtfrom an 1842 lettdd0].

Grove called his invention a gas voltaic battdnyt today it is known as a
hydrogen fuel cell. Until 1899, did not appear teeamic fuel cells, and it was when
Walther Hermann Nernst discovered the solid oxidectelytes. Nernst used
zirconium oxide (ZrQ) substituted with different elements, obtaining thest results
with a 15% of %03 [11]. Much later, in 1939, the technology was furtheveloped
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by the inventor Francis Bacon using alkaline fusllscat moderate temperature and
improved catalyst§12]. The technology that these two researchers devised
essential to the operation of an actual fuel ddie first practical fuel cell system was
developed in the early 1960s by General Electnicuiing in orbital space capsules.
And then, in the 1990s fuel cells began appeannghicles and several applications
as powering mobile devices or military systems.nrt990 until now, much effort
has been done in the field of SOFC and hydrogerergéion from green sources
[2,13].

Fuelin
H, Oxidant in
0,, air
HZO Positive ion
Depleted fuel H,0 ‘
and product _ Depleted oxidant
or
ases out — and product
* ‘ gases out
‘Negative ion
/ Electrolyte \
Anode (Oxidation) Cathode (Reducti(?n)
Porous, e conducting Porous, e conducting

Fig. 1.3.Electrochemical principle of a fuel cell.

1.3. Typesof fud cells

A fuel cell is an energy converser device, whicbdpices electricity directly
using the electrochemical mix of a fuel and an awid(normally both are in
gaseousform). There is an oxidation of the fuel, @nmdultaneously, the reduction of

the oxidant. Each cell has two electrodes separaitiidan electrolyte by the negative
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pole (anode), and electrically linked by the pesitpole (cathode) using the external

circuit Fig 1.3.

Fuel cells are generally classified by the opagatemperature and the nature
of the electrolyte used as ionic conductor in tak. dhere are mainly five types of
cells, proton-exchange membrane (PEMFC), phosplamig (PAFC), and alkaline
(AFC) which are characterized by their low tempamatof operation (323-483 K),
with electrical generation efficiencies reachingZ&0Whereas, the temperature of
operation (873-1273 K) is higher for molten carlilen@CFC), and solid oxide
(SOFC) and they have higher efficienj@}. The main characteristics of these fuel

cells are summarized in Table 1.1.

Table1.1. Typical characteristics of fuel cells.

AFC PEMFC PAFC MCFC SOFC
Electrolyte KOH polymer HPO, carbonate ceramic oxide
Fud H, H,/CH;OH H,/CO H,/CO H,/CO
Temp. (K) 323-483 323-353 433-473 903-923 1073-1273
Efficiency 50% 40-50% 40-80% 60-80% 65-85%
Applications - Space - Transport - Transport - SEG, CHP - SEG, CHP
- Military - PEG, CHP - SEG, CHP
Advantages - Fast - Low Temp. - Can use not - High - High
cathode - Fast start-up pure H efficiency efficiency
reaction - Low corrosion - High - Fuel - Fuel
- High yield efficiency flexibility flexibility
(CHP)
Disadvantages - Expensive - High purity - Corrosive - Two gas - Slow start-
reagents fuel electrolyte fluxes up
- Gases - Hydration - Bulky system - High Temp. - High Temp.
without CQ, - Too much Pt
- CO free fuel

PEG: Portable Electric Generator; SEG: Stationdegtiic Generator; CHRcogeneration or Combined
Heat and Power.
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It can be said that hydrogen is the optimum feslduse only produce,8 as
sub-product. The hydrogen is currently obtainedmfrcommon fuels such as
hydrocarbons, alcohols, or coal (Fig. 1.1). Regemiiher kind of hydrogen source is
being investigated as agricultural waste; Zhara).dtave discovered a way to extract
large quantities of hydrogen from any plant, a kil@@ugh that has the potential to
bring a low-cost, eco-friendly fuel source to therls [14]. But hydrogen has some
disadvantages which can be roughly grouped inteettrategories: the costs of
technology development; the difficulties and dasgeelated with the hydrogen
storage; and the possibility that this "non-pofigtitechnology” is not so non-
polluting because, for the moment, natural gas oWee 95% of the worldwide
production of H (Fig. 1.1).

Oxygen is the common oxidant used because itadilseand economically
available from air.

1.4. Solid Oxide Fuel Cells (SOFC)

In this work, we focus in SOFC because they aearclnd reliable; they can
generate power with no smog causing pollution anccooling water requirement.
Also, they have fuel flexibility as they can be pyed by the broadest range of
domestic fuels. Another interesting characteritithat they are very efficient up to

70% electrical efficiencyl5].

Due to the conductivity requirement for the oxa#ramic electrolyte, typical
SOFCs operate in the temperature range of 873118 K. Each part of SOFC has

some specific characteristics that should be takenaccount.
Electrolyte

It is essential that the electrolyte permits tifeudion of oxide ions from the
cathode to anode, where participate in the eldeotnmical oxidation of the fuel.

Additional requirements are needell6]:
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- Conductivity, it should have high ionic conductyv{in order to minimize
the ohmic losses) and a neglegible electronic coidty for avoiding
short-circuits. As reference value, a value highan 0.01 S/cm at 800°C
is optimum for an efficient operation.

- Compatibility, it should be chemically and thermgadbmpatible with the
electrode materials at working and fabrication terafures of the cells for
avoiding undesirable phases in the interphaseretistelectrolyte.

- Stability, it separates the anode (fuel) and thomde (oxidant), so the
material should be stable in both oxidant and redon@tmospheres.

- Sinterability, it should act as a gas separator lznte it should be gas
tight. Relative density of the electrolyte shou&ldbose to 100%.

Doped zirconium oxide is the state-of-the-art etdgte for solid oxide fuel
cells. Without doping it, the material is thermalipstable and has a low ionic
conductivity, but when doped with divalent or tfimat elements (G4, Y3 or S&) it
increases the mechanical and ionic conduction ptiege despite its conductivity
limitations below 750°C. The most used doping oxgler,O; with an 8% molar
content, which is known like YSZ. It has a stal@tizcubic phase with a high ionic
conductivity at high temperatures, and good stghiti the presence of oxidant and
reduction atmospher¢s7].

It has been widely studidd3] the thickness of the electrolyte, and it has been
deduced and confirmed that it is necessary a thentrelyte for obtaining high
conductivity. In Fig. 1.4 it could be observed tHependence between the thickness
of some electrolytes and their conductivities. Aamaple for understanding Fig. 1.4,
it could be taken that the it line on the plot of YSZ, it needs to be over TO®8
get 0.15Q-cnf, while Ca.,GdO,5 (CGO) needs only be over 450°C. Also using

fixed both temperature and conductivity the apprate electrolyte thickness can be
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deduced. As it was expected, higher temperaturasnipeto obtain better

performances and lower resistanfEy.

ok — 1500 pm
Ry =L/o = 0.15 ohm cm?

150 pm

Log (oScm™!)

15 pm

1.5 pm

0.15 pm

18 20

1000/T (K1)

Fig. 1.4. Conductivity plots of various electrolytes with cesponding thicknesses for a resistance of
less than 0.15 ohm- éfi3].

Cathode

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

in order to generate oxide ions. The global readso
Equation (1) 0,+4e ©20%
The requirements for an efficient cathode maternia]2,16]:

- Compatibility, undesirable reactions between thehade and the
electrolyte should not take place during both wagkand manufacturing
processes.

- Conductivity, it should show high electronic contiuty, in oxidant
atmosphere, for reducing ohmic losses. lonic cotntic is desirable
allowing extending the TPB. Normally, the desiredeaa specific
polarization resistance (ASR) should be below Q:tnf, at the lowest

possible temperature.
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- Porosity, it is a critical parameter because awafl the oxidant flow to the
active sites. The low limit of the porosity is red to the mass transport;
meanwhile the top limit depends on the mechanitabilgy of the
materials and the presence of enough conductidrs pat

- Thermal and mechanical stability, it should be rterand mechanically

stable with the rest of cell components at opegaind manufacturing
temperature.
- Catalytic activity, it should have catalytic actwifor enhancing the

reduction of molecular oxygen.

The most used cathode materials are lanthanideyanées with deficiency
on the La site and with La partially substituteddhipvalent cations (LexMxMnO3-
5, M= Sr, Ba, Ni, Mg) because they provide a higéc#ic conductivity. But also
other materials with perovskite structural-type dénabeen studied, such as
Lap 6Sr0.4Cap oFen 8034 (LSCF), due to it can operate at intermediate &yapires
(600-800°C) allowing a cost reduction and avoidntast degradation of the stack
materials. LSCF presents high oxygen conductivitg aimilar Thermal Expansion
Coefficient (TEC) to that of CGO, which make a betinatching during the thermal
cycling[2].

The active zones, where the reduction reactiéestglace, are known as
triple phase boundary (TPB) (Fig. 1.5ab), wherettitee phases are connected: the
gas, the electrolyte and the cathode. Certain figngsnecessary for the gas reaching

the TPB from external cathode surface.

The cathode materials should provide the electammsing by the external
circuit from the anode reaction. And the electrlglows the & diffusion to the
anode side. For pure-electronic materials the é@siiPB’s is restricted to the borders

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

used, the TPB is extended over the entire intefb@t@een the materials (Fig. 1.5e).

LSCF |
o cathode

Gas pores Catalytic electrode
particles

1

Mterface

YSZ TPB'S IO" IO" Electrolyte
electrolyte
b)

YSZ particle

Qz . Tonic pure N
d) Oz 02 material O2

Electronic
pure material

. e l 02V Y. V> | VN
O ——— electrolyte — © electrolyte

Fig. 1.5. (a) SEM image ofTPB obtained after brushing LSCF over an YSZ tapkfaed them at
1000°C during 3 hourgb) Schematic representation of a TPB in a pure @eidr material. Scheme
of the TPB extensiof?]: (c) In a pure electronic conductgd) Composite (electronic+ionicie)
Mixed conductor.

Anode

It is where the electrochemical oxidation of thelftakes place producing
electrons which flow through the external circuatdet the cathode. If the fuel is

hydrogen, the waste product is only water, asritlmaseen in equation (2).
Equation (2) H,+0% & H,0 + 2e’

If CO and hydrocarbon fuels are used, addition@llwater, CQis produced,
as it is seen in the equations (3) and (4).

Equation (3) CO+0% & CO, + 2¢
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Equation (4) CpHzn4, + (3n+1)0% & nCO, + (n+1) H,0 + (6n + 2)e’

It is important to remark that the anode also ftiensscharge to a conducting
contact (Fig. 1.2), which is driven by the diffecenin oxygen chemical potential
between fuel and air compartments of the cell. #ans that the oxygen anions
migrate through the electrolyte to the anode, whieey are consumed by oxidation
of the fuel according to the above reactid2sl8,19]. The requirements of an

efficient anode material afg,16]:

- Conductivity, it should have electronic conducivitin reduction
conditions. It is also important the conductivity mot affected by the
changes in the partial pressure of oxygen duriegptiocess. In the same
way as the cathode the desired ASR is below(.dnf, at the lowest
possible temperature.

- Chemical stability, the anode material should beengically and

morphologically stable in reduction conditionssltould be able to work
with carbon deposits, because some intermediatelupt® could be
carbon. Furthermore, some fuels can have restsilphisr compounds,
and they should be stable under these conditions.

- Porosity, it is an important aspect because it defime the performance
and efficiency of the SOFC. The porosity could Beiraportant as the
material by itself or the preparation method. loypdes the important
TPB’s, explained before, for increasing the surfaeaction area. As it
was commented for cathode material, it exists loared upper limits for
the porosity rate.

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

stable with the rest of cell components at work amdnufacture

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

oxidation.

After taking into account all these charactersstand knowing that anode
material will work in a reduction atmosphere, metehn be used as anode material.
But just a few of them can work efficiently at higgmperatures, some examples are:
nickel [20], cobalt[21], platinum[22] or ruthenium[23] can be used. For practical
purposes, only nickel is used because it has veoy @lectrical properties, and it is

much cheaper than the other mefay.
1.4.1. SOFC configurations

The two most frequent geometries are planar ahdlag including several
variations in the electrodes and electrolytes. Harrhore, it exists the interconnector
which is the separator between anode and cathodeafdjacent fuel cells in a
stack, connecting electrically the anode and thleocke (bipolar) in consecutive cells
and ensuring air and fuel separation within thel c#hck. The most used

interconnector is doped lanthanum chrorfii®.
Planar configuration

In this configuration all of the elements are thilat plates (Fig. 1.6). The
interconnection is built with gas flow channels a®ilves as a bipolar gas separator
contacting the anode and the cathode of contingells In planar configurations the
fuel cells can be electrolyte-supported, electragigported, or metal-supported. In
the planar electrolyte-supported cells, the thisknef the electrolyte, typically YSZ,
higher than 15Qm, makes their ohmic resistance high, and hende seits require

higher operation temperature.

Investigations in ceramic process allowed redudhg thickness of the
electrolyte, typically less than 1%0n, decreasing their ohmic resistance and making

them suitable for operating at lower temperaturé80{800 °C). In electrode-
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supported designs, the anode, tipically Ni/YSZ c#rns selected as the supporting
electrode because it allows co-firing both elemewith high mechanical strength,

and minimal chemical interaction with the electtely

Current Flow

End Plate

Anode

/=== E|ectrolyte
Fuel Cathode

Flow
Interconnect

Plate
Oxidant

Flow Anode

/4— Electrolyte

Fuel Cathode

Flow End Plate

Oxidant
Flow

Fig. 1.6. Typical SOFC planar configuratig3].

Interconnection

Electrolyte

Air X
electrode Fuel flow

Fuel electrode

flow

Fig. 1.7. Typical SOFC tubular configuratiqd3].

Typical cathode materials are Sr-doped lanthanu@nganite (LSM),
composites (LSM + YSZ), Sr-doped lanthanum fer(it&F) [13], or strontium-
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doped lanthanum cobaltite-ferrite (LSCR]. They can be applied to the electrolyte
by screen printing and then sintered.

Tubular configuration

It is performed with tubes of a large diameter§>tim), or small diameter
(<5 mm). The last one is known as microtubular.d&8se of its geometry, it is able to
solve the problems related to cracking, thermotoygglstart-up time and sealing. The
tubes should join together to give higher powersttgrand easily printable surfaces
for depositing the electrode layers. In a typicddular SOFC, the cell tube is porous
doped lanthanum manganite fabricated by extrusiaefing and is closed at one end
(Fig. 1.7).

The cell components, dense YSZ electrolyte, polNi#¥'SZ anode, and
doped lanthanum chromite interconnect, are dembgitehe form of thin layers by
atmospheric plasma spraying. Satisfactory long tezrperiments have been
performed for this configuration, but low power diies were obtained. This
configuration makes tubular SOFC suitable onlydi@ationary power generation and
not good enough for mobile applications. In cortfrgdanar SOFC are able to
produce high power densitig25]. Table 1.2 describes the characteristics of the

planar and tubular configurations.

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

Characteristics Planar Tubular
Power density Higher Lower
Volumetric power density Higher Lower
Areal power density Higher Lower
High temperature sealing Required Not required

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

Nowadays, new efforts are being done for redudosts and increase the
robustness of the SOFC. Alternative metal-suppo8&dC designs have attracted
much interest, due to their low materials-costhititg, robustness, fuel tolerance and
manufacturability benefits. This configuration s the brittle ceramics with
ductile metallic components and thereby achievingdesirable, graceful non-
catastrophic failure mode of the cells and/or stadke simultaneous achievement of
robustness, reliability and cost-effectivenessrefieby the metallic materials as well
as the high electrochemical performance offered next generation electrode
development based on nano-structured materialshas biggest problem to the

development of this configuratid@6].

One of the most important points in the industpigdduction of SOFC is the
economic factor: the material costs, as well as falbrication cost of these devices. It
has been studied that planar supported cells coabout 50-80 € per kg of raw
material. The objective of the next generation OFE is to reduce this price to 10-
20 € per kd13].

LSM + YSZ LSM + YSZ % SSO
vSZ YSZ YSZ Ni+YSZ/LST
FeCr
1000 850 700 550
>

Operating temperature (°C)

Fig. 1.8. Schematic diagrams of the different generationS@FC.
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As it can be seen in Fig. 1.8, the new cell suppbthis third generation of
SOFC is porous ferritic steel, which acts as dectibbust and light framework for

being used in mobile or stationary applications.
1.5. lonic transport mechanism for ceramic materials

For an optimum SOFC operation it is necessaryttteatlectrolyte be an ionic
conductor, which is usually achieved by the defeti@inly anionic vacancies, in the
crystal structure. For any materials above 0° Kwi find any kind of defects
occurring in the structure. The defects can bestflad in three different ways,

depending on the stoichiometry, dimensionality, g1d6,27].
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Fig. 1.9 Scheme of the SchottKg) and Frenke(b) defectq2].

Depending on the kind of defects, they can bedéuiin:

- Point defects, they include vacancies and int@aktefects. They are also

divided in three types:
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» Schottky defects: They consist on a couple of ifeaion and

anion), which move away from the crystal, making tkinds of

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

» Frenkel defects: They are produced when ions inystal move
from normal positions to interstitial positions gFi1.9b). They are
also stoichiometric.

- Linear defects (dislocations). They correspongdmt defects around a

group of misaligned atoms.

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

Examples are stacking faults, grain border, twia, e
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Fig. 1.10 Mechanisms of ionic conductivity in solid oxidéa) by vacanciegb) by interstitial sites
and(c) vacancies-interstitial sit¢g].
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The crystal defects are often responsible for thmepgrties of solids,
particularly, in the electronic and ionic conduation solid. The main mechanisms on

ionic conduction in solid oxides are:

» Conductivity by vacancies (Fig. 1.10a).
» Conductivity by interstitial sites (Fig. 1.10b).
» Conductivity by vacancies-interstitial sites (Flgl10c).

1.6. Solid ion conductorswith fluorite structural types

The metal oxides with fluorite structural-type aitee most used ionic
conductors in SOFC devices. Their structure ocdarsseveral oxides with the
general formula M@ where M is a tetravalent cation, as'Zor C€*. The fluorite
shows a face centered cubic structure of catifmty, (vith the anions occupying all
of the tetrahedral holes. Alternatively, the flderstructure can be described as a
simple cubic structure of oxide ions, with the haffthe cubic sites occupied by

cations M. The fluorite is a good structure for thitusion of iong[2,28].
1.6.1. lonic conductor s based on ZrO;

Yttrium stabilized zirconia (YSZ) is the most wigestudied material for
SOFC electrolyte$29-31]. Pure zirconium oxide shows three different polypins
depending on the temperature. At room temperatif@; has a monoclinic structure,
which changes to a tetragonal one at 1443 K andttheubic, at 2643 K. Regarding
zirconium oxides, the Zf cation is too small to sustain the cubic fluosteucture
and it is only formed at high temperatures or whig® zirconium ion is partially
substituted with aliovalent (usually larger) catidie cubic phase can be stabilized
when divalent or trivalent cations, similar on sizare substituted for zirconium,
creating a large number of oxygen vacancies at r@onperature as it can be seen in
Fig. 1.11:
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Fig. 1.11 The cubic fluorite structure of YSZ.

The highest ionic conductivity in materials based ZrQ, occurs when the
dopant concentration is closer to the minimum nemgsfor stabilizing the cubic
fluorite structurg32]. The oxygen vacancies provide sites allowing thggen ions
to migrate, as mentioned in the section 1.5, amy #ire essential for a high ionic

conductivity.
1.6.2. lonic conductor s based on CeO»

The electrolytes based on cerium oxide are annaltee to the YSZ due to a
higher conductivity at lower temperature, even iaswthought that the anodic
reduction from C& > Ce"* could affect negatively to the mechanical stapéind to
the operation of a SOF{32]. It was confirmed by thermodynamic studies that th
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introduction of a thick layer of ceria could impethe yield of the stack at low
temperatures (600-700°C), where there is not remtuof Ce(IV)[34,35].

Pure ceria has a fluorite cubic structure withdoping, but it is necessary to
dope it with aliovalent cations to create oxygewareies, which increase the ionic
activity. lonic radium of C¥ is big enough for permitting a big dopant substi
but the most used are &hj36] and Gd* [37], being Cg¢Gdy 10195 (10CGO) one
good because it has an ionic conductivity at 50flfabst equals the value of YSZ at
1000°C (0.01S/cm)2], which indicates that 10CGO can be a good canelittat
intermediate-temperature SO&8]. Furthermore, several studies have demonstrated
that the use of a CGO buffer layer between YSZtelgte and a cobalt-based
cathode decreases significatively the degradatimathode/electrolyte interfag89-
42]. Because, at high temperatures, LSCF+YSZ form®sinell resistive phases as
SrZr0;, which can be avoided by introducing a bufferiilatger of CG(43,44].

1.7. Electrode materials

Electrodes based on noble metals (platinum, gmtladium or silver) were
used and tested for optimizing the performanceheft But due to they are pure-
electronic conductors, they give rise to smalllassd TPB’s (Fig. 1.5). Furthermore,
platinum has catalytic activity and could be usedahode, although the price of this
metal is too high. For these reasons, other métemath mixed conductivity
(electronic and ionic) are searched, perovskiteseomet (metal + ceramic) are good

candidates for being used as electrodes in SQEC
1.7.1. Structure and conductivity properties of L SCF as cathode

Mixed oxides of lanthanum, strontium, iron and abblLa,_,SKCo0;-,F8,03 ¢
(LSCF) with perovskite structure (ABDare good candidates for devices such as

solid oxide fuel cell (SOFC). This is due to thdéiilgh mixed electronic-ionic
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conductivity and their electrocatalytic activif45,46] so they can be used as gas

separation membrang47,48] or catalysts for oxidation of hydrocarbof49,50].

Fig. 1.12 shows the crystal structure of a peribgsHhe larger ions (e.g. La
or Sr) occupy the 12 coordinated A-sites and thallemions (e.g. Co or Fe) occupy
the octahedral B-sites. For the solid solution LSQRB;_SKCo_F80s 4, the
electronic and ionic conductivities and catalytitity are enhanced with increasing
x and decreasing y, whereas there is an oppositietey for chemical stabilitypl].

It can be said that both the electrical condugtivand catalytic activity of the

perovskite are enhanced considerably when lanthgAusite) is substituted partially
with strontium in certain extension. The stabilitfyythe perovskite oxide, in general,
increases with the size of A-site catigbg].

Fig. 1.12 ABO; perovskite structurg?].

It has been studied and tested the increasinghef d@cceptor dopant

concentration. Resulting that the electronic comigitg and oxygen deficiency of
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LSCF increase, and the ionic conductivity and oxygermeability enhand®&3-55].
Several author$§s5-57] have studied different stoichiometries changing dbpant
rates and confirming that LSCF exhibits a highexcebnic and ionic conductivity
than that of Sr doped LaMnr@LSM). LSCF can work at lower temperatures than
LSM does as a cathod&8-60]. Such properties have madeykSry 4Cop Fey 803_g
one of the most used cathode material for SOF@dant years.

1.7.2. Structure and conductivity properties of Ni/YSZ cermet asanode

The most common anode material for SOFC, it ispiy@us Ni/YSZ cermet
material. Nickel provides predominant electroniaduactivity for anode; it acts as an
excellent electrocatalyst for electrochemical oka@aof hydrogen. The YSZ powder
permits a good dispersion of Ni particles, provitlgg ionic conductivity and allows
the uniform distribution of the metallic Ni partssd from the NiO during fabrication;
expanding the TPB’S. The price of these cermetsviscompared with the use of
expensive metalf2,13]. Furthermore, the thermal expansion coeffici@&EE) of
the anode can be match with the electrolyte YSAiging different NiO:YSZ ratio
[61]. In order to achieve high efficiency, the composit thickness, microstructure,
and other characteristics of each component oatleele material must be optimized
[62-66].

1.8. Microstructure of the electrodes, a critical parameter

When W. R. Grove wrote one of his articles abbet pprocess of electrolysis
in 1842[10], he observed that the power output was limitedhagysmall effective
electrode area obtained from a single meniscusherplatinum used as electrode.
Nowadays, this is known as triple phase boundaBB(T which is the region where
the electrolyte, gaseous reactants and electredie @lose contact (Fig. 1.5). Then, it
is interesting increase this TPB area. In a siref@detrode, the TPB zone is restricted
just to the electrolyte-electrode-gas interface #uedperformances obtained are poor,

it is important that all TPB zones are connecteth&3 phases: the electrolyte (ionic
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conduction paths), to the current collector (elmutr conduction paths) and the gas.
If it does not happen, some TPB regions will nobvehenough electrochemical
reactivity and the efficiency of SOFC device wik lbeduced. A good option for

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

Many authors have been working on this topic aaticlg that the porosity
can be tailored depending on the specific appboatorecasted for a new device or
need [67-70]. Also Ruiz-Morales et al.[71] reviewed the control of the
microstructure of electrode®.g. type and distribution of the porosity, specific
patterning, control of the layer thicknesgtc. Proposing different methods of

microstructural engineering:

- Electrode/electrolyte impregnations. It consists twe production of

porous structures that can be impregnated withtalde material.

- Organic materials as pore formers. This techniqulerander a material

with controlled porosity that can be directly reldtto the shape of the
organic material. Can be used microspheres, mefb@ss, microfibers,
etc. as template for producing porous structure.

- “Colloidal crystals” as templating materials. Instlprocedure, colloidal

crystals are assembled in order to serve as teespltte voids of which
are infiltrated by material that solidifies thereifihe original colloidal
particles are subsequently removed, leaving behimgw material with
pores that preserve the most valuable propertiitolloidal crystals the
long-ranged periodic structure. Latex and silicerospheres are the two
major types of particles used in this route.

- Rubber-based molds. In this route, the molding agem rubber based

material that can be used, at room temperaturend@ any type of
ceramic-based material. This mold can be easiblgpeoff from the

molded ceramic, at room temperature, without uaimgreleasing agent.
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- Glassy carbon microspheres. It is a novel, cogtetiffe and simple

procedure that allows the material engineering¢ate a 2D/3D matrix of

cross-linked channels through the whole SOFC @detmaterial.
1.9. Aim and motivation of thiswork
1.9.1. Rationale

The thesis is part of a project promoted by “FoNasional de la Recherche
(FNR)” of Luxembourg and executed by CRP Henri Tudb Luxembourg and
University of La Laguna (ULL) from Spain. The projeis called: “Optimal
Microstructure Design of Solid Oxide Fuel Cell - @MEF” and two parallel Theses
will be carried out during the research projecteQ@inesis will be for modeling the
microstructure of materials in SOFC and yield ofF€0devices, and the other one
(this Thesis) will be for controlling the microstiture and manufacturing real SOFC
devices.

1.9.2. Thesis structure and guidelines
The contents of the thesis are organized in 5Stensip

- Chapter 1 is devoted to the introduction and onlthekground on the
topics of this Thesis.

- Chapter 2 presents the experimental techniqueschiaracterizing the
materials and the procedure for obtaining and wstdeding the obtained
values.

- Chapter 3 is dedicated to the preparation and cteiaation of well
dispersed suspensions of ceramic powders for tapgng and further
manufacturing of tapes to be used as ion transpembranes, cathodes or
electrolytes for SOFCs.

- Chapter 4 describes an innovative design, altermdt the conventional
metal supported fuel cells (MSC).



Introduction|25

- Chapter 5 is dedicated to a new tool for contrgllihe microstructure of

the material: 3D printing.

Additionally, a wide summary in English and in 8 is writing up before
chapter 1. Also the conclusions of this work arabglly summarized. Finally, two
appendices are included, one with the publicatminthis Thesis and the other with
those related with it.
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Experimental

This chapter deals with general information coniey to the experimental
procedures followed for manufacturing and charadteg the samples. The
preparation and deposition techniques; structusailrface and electrochemical
characterizations are described. Special attenigorpaid to two experimental
methods: the Electrochemical Impedance Spectrosc@pls), because the
electrochemical characterization is very importémt understanding the thermal
behavior of the prepared devices; and the studihefrheology of fluids because
understanding it permits us to control tape cast@ofnique/procedure and to obtain

well dispersed slurries and homogeneous tapes.
2.1. Structural characterization
2.1.1. X-ray diffraction (XRD)

X-ray diffraction is one of the most importantheaiques in solid state
chemistry for checking the crystal structure. Ratsrly, in our case, for studying
the reactivity between SOFC component material$orbeand after thermal

treatments.

A diffractometer from PANalytical, Philips X’Penyith automatic loader,
spinner and scintillator detector, using Quk, was used on this work. Phase
identification was performed with X’Pert HighScdrtus v.2.0a software using
the JCPDS and ICSD databadd$. The equipment belongs to the general
facilities of University of La Laguna (SIDIX-SEGAI)

Sample preparation for powder XRD testing
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XRD measurements were performed spreading the gooxer a silicium
sample holder. The spinner was used to minimize gbssible preferential

orientations and the amorphous background.
2.1.2. Electronic microscopy

An electron microscope (EM) uses an electron béaniluminate a
specimen and produce a magnified image. It provitgher resolution than
optical microscopes, which uses visible light beamith a maximum
magnification of 1000x and a resolution of 0.3 pAn. electron microscope uses
electrostatic and electromagnetic lenses to cottlelectron beam and focus it
to form an image. These electron optical lensesaaadogous to the glass lenses
of a light optical microscopg].

In order to observe the surface characteristicthefsmall samples it is
used scanning electronic microscopy (SEM). The Stehnique produces
images by bombarding electrons to a rectangulaa afethe studied sample.
When the fine electron beam (2-50 nm of diametetdracts with the surface
sample, it loses energy by a variety of mechanidrhs.lost energy is converted
into alternative forms such as heat, emission oféoergy secondary electrons
and high-energy backscattered electrons, which sgivdormation about the
properties of the specimen surface and topographg.intensities are collected
by a detector providing a magnified image.

On this work it has been used a SEM from Jeol @@mpJISM-6300, and
it belongs to “Servicio General de Apoyo a la irtigecion” (SEGAI) of
University of La Laguna. It permits to work at patial acceleration from 3 to 30
kV with a LaBs filament and 3nm resolution. The SEM microscopedsipped
with an energy-dispersive X-ray spectrometer (EDdhich allows studies on
the chemical analysis and composition (semi-quatité) of different parts or
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regions of the samples. It relies on the analysanadnteraction of some source of

X-ray excitation and the sample.

Pellet and powder sample preparation for SEM-EDing

Sintered pellets and powders have been studidd SEM-EDX technique.
Some samples were broken and the cross-sectionveds@ order to appreciate the

inner microstructure of the electrode and electeoiyaterials.

In the case of studying surface samples (graies}iat was necessary (in
some cases) the thermal etching for revealingdifase. The samples were polished
with different grain size of sandpapers (from tlicko finer) and heated again at

80% of the sintered temperature.

All samples (powder, pellet or tape) were depdsdeer graphite tapes, and
fixed to the sample holder. The samples are insglaand they do not interact
properly with the electron beam, so the image rtgswi is lower. To obtain better
image definition, the samples were covered withim film of silver to avoid electric

charging problems for obtaining good images, oreced with carbon for EDX tests.
2.2. Surface and particle studies
2.2.1. Specific Surface Area. BET area

A GEMINI V (Micromeritics Inc.) surface analyzeras used to analyze
the surface of the materials, obtaining the absmrpisotherm in a short time
using the static volume technigl8}. The experimental values were studied using
the Brunauer—Emmett—Teller (BET) mod], which is a well-known theory that
explains the physical adsorption of gas molecules solid surface. Before the
measurements, all the materials were degasifiedruadry N flux at 80°C for 12

hours.
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2.2.2. Density measurements

For obtaining the absolute material density aniuhel pycnometer
AccuPyc 1330 (Micromeritics Inc.) was applied. Talssolute density is obtained
when the volume measured excludes the pores assvile void spaces between
particles within the bulk samplg8]. The bulk density of the materials was
calculated using the Archimedes method in wateis the quotient of mass and
total volume of a sample. The bulk density is arrage of the density of the
solid and the gas found in the pofgk The calculated density (using the volume

and mass values) was measured using the geometietiabd.

These obtained values were compared to theoredeasity (e.g. 6.36
glcnt for LSCF or 5.97 g/ciifor YSZ) and the relative density was calculated.

2.2.3. Zeta potential measurements

A review about this topic is presented becausez#ta potential values are
very important for the characterization of the cmlal behavior of the ceramic
powders and the manufacture of the aqueous tapss. @btential is a physical
property which is exhibited by any particle in seispion; it is used in colloidal
chemistry for observing the behavior of disperssystems in liquids. Besides, the
zeta-potential characterizes the electrical doldyter on the solid/liquid interface, a
fact very important in flotation and flocculatiomogesses (Fig. 2.1). Knowledge of
the zeta potential can reduce the time neededotupe optimum formulations. It is
also an aid in predicting long-term stability. ligF2.1 one particle in suspension has
positive charge and the dispersant could haveipestr negative, then it is formed
the process of the double charged layer. This lesyenlled as Stern layer. And the
outer one (mix of positive and negative chargesnfitthe liquid medium and the
dispersant) is named the diffuse layer. The medspogential (in volts) is related to
the distance between these two layers.
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Fig. 2.1.Diagram showing the ionic concentration and pogtmlifference as a function of distance
from the charged surface of a particle suspendeddispersion medium
The scientists Derjaguin, Verwey, Landau and Owkbdeveloped a theory
(DVLO theory) which explains the aggregation of @gus dispersions quantitatively
and describes the force between charged surfadesadting through a liquid
medium. It is the base of zeta potential values.LOMheory suggests that the
stability of a particle in solution is dependenbaopts total potential energy function

V1. This theory recognizes that\6 the balance of several competing contributions:
Equation (1) V1=Va+Vr+ Vs

Vs is the potential energy due to the solvent, itallgionly makes a marginal
contribution to the total potential energy over thst few nanometers of separation.
Much more important is the balance betweanavid \k, these are the attractive and

repulsive contributions.

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

the sum of these van der Waals attractivg) (&d electrical double layer repulsive
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(VRr) forces that exist between particles as they amtroeach other due to the

Brownian motion they are undergoing.

This theory proposes that an energy barrier resuftiom the repulsive force
prevents two particles approaching one another aftering together. But if the
particles collide with sufficient energy to overocerthat barrier, the attractive force
will pull them into contact where they adhere sgignand irreversibly together.
Therefore if the particles have a sufficiently higipulsion energy, the dispersion will
resist flocculation and the colloidal system wilt Btable. However if a repulsion
mechanism does not exist then flocculation or ctzdmun will eventually take place.
According to Zhang et al6], high zeta potential values are indicative of ghhi
charge density, which produces a strong repulsiontr@ double layer surface,
resulting in large aqueous suspension stabilityis lknown that a region of low
suspension stability exists between -20 and +20[M8]. The zeta potential values
obtained in this work are studied versus differpHts and different quantities of
deflocculant in order to observe when the valuesimror out of the unstable region

explained before.

The equipment used in this thesis for measuririg petential values of the
diluted aqueous suspensions was a Zetasizer Nan®4ayern Instruments, UK)
based on laser Doppler velocimetry technique. Téasizer Nano series calculates
the zeta potential by determining the Electrophorgtobility and then applying the
Henry equation:

2eZf (KX)

Equation (2) Ug = 3

where Lt is the electrophoretic mobilityg is the dielectric constant, Z is the zeta
potential, f(KA) is Henry’s function and is the viscosity. Henry's function generally
has value of either 1.5 or 1.0. For measuring peteantial in aqueous solutions of

moderate electrolyte concentration, a value ofid fsed and this is referred to as the
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Smoluchowski approximation. When zeta potentialmeasured in a non-polar

solvent, the Huckel approximation is used, whelka\J{s set to 1.0.

The electrophoretic mobility is obtained by penfiamg an electrophoresis
experiment on the sample and measuring the velafithe particles using Laser
Doppler Velocimetry (LDV)[9]. The principle of a typical micro-electrophoresis
system is a cell with electrodes at either end heclva potential is applied. Particles
move towards the electrode of different chargejr thelocities are measured and

expressed in unit field strength while they movig (E.2).
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e | _
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Fig. 2.2.Scheme of a real cell with electrodes for measutiegaser Doppler velocimetry of our
diluted suspensions with Zetasizer Nanof&5

2.2.4. Particle size

Particle size is a critical parameter for contnglithe colloidal behavior of a
solution, in our case aqueous solution. Partide bBas a direct influence on ceramic

suspensions, such as:

- Stability in suspension
- Flowability and handling
- Viscosity

- Packing density and porosity



36| Chapter 2

Measuring particle size and understanding how fiects the aqueous

suspension could be crucial to the success ofriheepsing.

Even the suspension is perfectly mono disperdepéaticles have the same
dimensions); it will be a statistical distributiasf particles with different sizes.
Usually, a distribution is represented in the fosfma frequency distribution curve.
The technique used for measuring the particle isizhis work was laser diffraction
(Mastersizer S, Malvern, UK). Wet dispersion wa®sgn for characterizing the
desired materials; the milled powders were disgkrsewater after disaggregating

them with ultrasounds, obtaining the expecting ltesu

Laser diffraction is used for characterizing miaisrranging from hundreds of
nanometers up to several millimeters in size. Thstnimportant characteristics of

this technique arg0]:

- Wide dynamic range (From submicron to millimeteesiange)

- Rapid measurements (Results generated in les®tieaminute)

- Repeatability (Large numbers of particles are sadplin each
measurement)

- Instant feedback (Monitor and control the partaigpersion process)

- High sample throughput (Hundreds of measurememtdagg

- Calibration is not necessary (Easily verified usistgndard reference
materials)

- Well established technique (Covered by 1ISO1332M200

This analysis is based on Fraunhofer diffractibaoty, which relates the
intensity of light scattered by a particle and plagticle size. It measures the variation

of intensity of light scattered as a laser beansgmshrough a colloidal dispersion.
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Particle size distribution, real measurements detson

In Fig. 2.3 are presented two examples of YSZ margpowders from Pi-
KEM Ltd. (Staffordshire, UK) measured using Maste¥s Fig. 2.3a shows the
measurement of the sample without disaggregateatrirent of ultrasounds, where it
is observable two peaks (different particle sizeasind Fig. 2.3b shows the
measurement with the disaggregation treatment, cantyl one peak. The reported
numerical values are usually expressed in peresntiDv0.1, Dv0.5 and DvO0.9.
Dv0.5, the most interested values for us, corredpti the maximum particle
diameter below of which 50% of the sample voluméstex— also known as the
average particle size by volume. So, in the casegpf2.3a Dv0.5 is ~3.dm and for
figure 2.3b Dv0.5 is ~24m. But we are interested in the values obtainethé
figure 2.3b because it is a single, well definedkpand it provides the real particle

size of our material after the disaggregating trest.
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Fig. 2.3.Particle size distributions of YSZ commercial powaleithout(a) and with(b)
disaggregation treatment.
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2.3. Rheology of ceramic water based slurries

Rheology is the study of the flow and deformatioih matter under the
influence of a mechanical force. It is concernedipalarly with material behavior
which cannot be described by the simple linear nsoadé¢ hydrodynamics and
elasticity. These characteristics are due eithéhegoresence of colloidal particles or

to the influence of surfacg¢$1].

In this work we will focus on the preparation @Sed agqueous ceramic oxides
tapes, through to an aqueous colloidal proceducetha subsequent study of the
sintering properties, electrochemical behavior, €olloidal processing route has
been successfully used to produce green bodies deifict-free and homogeneous
microstructures. In this procedure, it is esserttatontrol the particle size and the
stability of the powders against settling relatedtiie zeta potential values, which
determines the rheological properties of the susipas and, therefore, the properties
of the green bodies and the sintered compact)durtore, the surface behavior of
oxide materials in water depends on the pH angtveder concentration, including

counterions that can be introduced as contamin§ti?jn

Working with dry forming routes often leads to kmggeration due to the poor
powder flow capability, while colloidal processirg/lows production of tapes,
coatings and complex-shaped parts with a decreasabier of defects and pores and
hence, higher qualitjl3]. Techniques for processing ceramic -such as tapeng,
screen printing, slip casting, direct coagulatiorgel casting- require stable slurries
with high solids loadingX 65 wt%), low-intermediate viscosity and fluiditi4]. For
example, the tape casting technique is a suitdbbsecto fabricate large-area, flat,
thin, ceramic tapes. The tape casting process stsnsn depositing slurries over a
substrate. The wet-tape thickness is controllethbygap of blade-substrate, when the
“doctor blades” move relative to the substrgt®]. Uniform tapes can be fabricated

from well-dispersed and homogeneous slurries, wherfuire adequate additives.
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The nature and the amount of these additives (plzst, dispersant, binder,
antifoam, flocculant, etc.) are determined from theological study, which control
and evaluate the thixotropy and flow behavior. Thixotropy and viscosity are
important parameters of the rheology Science. Waesample is subjected to a
constant shear stress, the area inside the cunvdgirheogram (shear stress [Pa]
versus shear rate [1/s]) is calculated for obtgirtime thixotropy, a measured value
expressed in Pa/s. Thixotropy is linked with a fation/destruction of a network
structure among the particles dispersed in theidigund this parameter should be
reduced toward zero or a minimum value, in ordesttain the desired fluid slurries
[12]. Viscosity is critical for the preparation of hogemeous slurry. Well-dispersed
suspensions can be obtained using the suitablealygeamount of dispersants, and
ensuring an efficient homogenization, which cannbygroved by applying ultrasound

with a sonication probe in a discontinuous modavimid excessive heating.

The rheological behaviors of all of the slurriesgared during this work were
studied with two different rheometers: (1) BohliW@ Range, Malvern Instruments,
UK [located at SEGAI-ULL] operated at controlled esin deformation.
Measurements were performed by increasing the stiesss from 0 to 250 Pa in 10
min and returning to 0 Pa in 10 min. It was usedhigh solids content 65 wt%
slurries. (2) Haake RS50, Thermo, Germany [locaaedCV-CSIC of Madrid]
operated at controlled shear rate (CR) conditiMesasurements were performed by
increasing the shear rate from 0 to 1000is 10 min, maintaining at 1000"sfor 2
min and returning to 0 in 10 min. It was used fowlsolids contenk 65 wt%

slurries. Temperature was maintained constant® #ball measurements.

Suspensions were prepared by mechanical mixing wmibpeller; a motor
moves homogeneously the water and dispersant mdanivis added the previous
weight oxide powders. Successive cycles of 1 min@itdtrasonication (400 W) with

an ultrasounds probe (Hielscher UP400S, Germanyg applied, in a cold bath of
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water for avoiding undesired heating of the samplég flow curves were measured

before and after every minute of sonication.

The optimum quantity of dispersant for avoidingtlsey of the ceramic
particles and the correct pH for avoiding undesiredctions of the slurry; were
obtained after the previous zeta potential studesformed to the diluted aliquots of
the ceramic powders. Furthermore, the quantity atewand solids was also achieved
after several trials mixing water and ceramic powdabtaining the optimum

viscosity after several minutes of ultrasounds.

2.4 .Dispersants

A dispersant could be a non-surface active polymera surface-active
substance added to a colloidal suspension to isertee repulsive forces among the
particles to counterbalance the Van der Waalscitteaforces and to avoid clustering
or settling. These elements could be of differeature such as electrostatic (the
charging of the particles surfaces in order to kdélepm apart by electrostatic
repulsion), steric (the barrier formed by adsorbedlecules over the particles

surfaces avoids the particles to come in contactheir combination (electrosteric).

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

important. This is for several reasdt$]:

- The soft agglomerates can trap air which couldtereadesired defects,
ending in unwanted porosities in the tape.

- If the agglomerates are present, the binder willetap the agglomerated
particles ending in a defective packing in the greedy and producing
undesired defects.

- A well deflocculated slip will pack to a higher d#ty than flocculated

slurry.
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- Lumps in the slip cause lack of homogeneity ingreeen tape, introducing
highly localized porosity, which represents a majbreat for the
reproducibility of the final product.

- The addition of dispersants helps to reduce thentgyaof solvent
required for the slurry and hence increase thel solntent.

The most commonly method used for dispersing thransie powders in a
liquid medium is the adsorption of electrosteribstances, which can act both on the
sterical and electrostatically principles. The digants used in this work have been
ionic surfactants (compounds which decrease thexfadial tension liquid-solid or
liquid-liquid), both soluble in water. They are: Ipelectrolyte Duramax D3005
(Rohm and Haas Co., PA, USA) which is an ammoniafh &f a polyacrylic acid
(PAA) with a molecular weight of ~2500 Da, the coergial product is supplied as
a 35 wt% of PAA in water; and Triton QS15 (Dow Cheah Midland, MI, USA)
which is a polyether sulfate. In the case of PAA #ide chains of the molecule will
lose their protons and acquire a negative chargemhllly, the PAA is added as a salt
whose counterion, in our case ammoniumsNHnd it is totally eliminable by burn
out in order to not contaminate the ceramic. Thehagism of stabilization of

ceramic powders explained above is illustratedign E4.

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

Three more elements are added to the tape casimgasitions: plasticizers
and binders to enable the green tape to be eadigtgd out from the flat surface of
substrate (we use Mylar film; DuPont Teijin FilmBeeside, UK) and it permits,
without breakage and before firing, improve the hagtcal strength of the green
ceramic bodies; and antifoaming for avoiding themfation of undesired porous or

bubbles in the green tape.

The plasticizer or binder increases the plasti@ty its name suggests. The
increased plasticity of the green slurry resultshim improved flexibility of the tape.
That is the reason that the rheology is studiedreeddding the plasticizer, because it
increases the viscosity as we want, so the addatiehis compound helps to maintain
the high viscosity obtained disaggregating withradobunds the slurry, as it was
previous explained. In this work three differeagpicizers or binders have been
used: an acrylic aqueous emulsion Duramax B100@rRand Haas Co., PA, USA);
dibutyl phthalate (Scharlau, Barcelona, Spain) &utvar B98 polyvinyl butyral
(Sigma-Aldrich, St. Louis, MO, USA).

The antifoaming agent utilized in this work is thentraspum K 1012 (KS115
in the past) from Zschimmer & Schwarz, Lahnsteiner@any. It is alkyl

polyalkylene glycol ether, one of the most usedimoic surfactant on the industry.
2.6. Materials deposition techniques [17]
- Tape casting

Tape casting is a technique which permits obtdiataand extensive surface
of prepared slurry obtain after properly mixing theramic materials with the
corresponding quantities of water or organic sdilseRurthermore, it is necessary to

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

in this work.

Once the slip or slurry is optimized, it is depasier the substrate and the
blade-substrate gap defines the wet thicknesseofaihes being cagt8], Fig 2.5. It is

important to start with well-dispersed and homogesesiurry.

Levelling system
and thickness control

\ Slurry deposit

Flat  Substrate
surface support Tape

Fig. 2.5.Scheme of a typical tape-casting procedure showiggposition of a slurry with a double
doctor-blade over a flat surface of subtrate. Aldeuloctor blade is used for controlling the coarse
and fine wet thicknes of the tape.

- Screen printing

In this case the slurry is pressed throw a sgslgnaolymer (net) with the
desired electrode pattern onto the electrolyte. dftimization of the electrode
particle size, viscosity and fluidity slurry or gning temperature is necessary for

obtaining the best performance of the SOFC device
- Spin-coating and dip-coating

In the spin-coating process the substrate (norntalyelectrolyte) is fixed
over a rotatory platform. Once the speed is turmed200-4000 rpm), one or more

drops of a desired solution or slurry is deposite@r the substrate, while it is
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rotating. This process leads to a homogeneous|dier of the green ceramic, which

require after of heating for the desired materials.

The dip-coating it could be said that is a modificn of the spin-coating,
where the substrate is introduced into a solutidgih wWhe desired material and the

substrate is up and down as the thickness of le# Ila good enough.

In both cases, proper viscosity of the solutionmgportant for obtaining a

homogeneous and stable layer.
2.7.Electrical characterization [17,19-23]

The electrochemical characterization of pure anddionic conductors is an
important aspect for understanding the differemicpsses and contributions to the
conductivity and their performance as a compondn& duel cell. In this sense,
electrochemical impedance spectroscopy (EIS) tecienand fuel cell tests have been
employed for the electrochemical characterizati®oth experiments permit to study
the electrodes and the electrolyte. EIS determinesarea specific resistance (ASR)
and overall conductivity; meanwhile fuel cell testfow studying the open circuit

voltage, power density and voltage-current curves.
2.7.1. Determining the total conductivity

The total conductivity is a characteristic magnéuaf every material which
can be determined knowing the electrical resistavizen a current pass through it. In
the case of a material with known geometry (cylicalr squared, etc.), the electrical
resistance can be calculated with Ohm law, applgipgtential difference (V) to the
sample, and measuring the current which pass thrigp.

Equation (3) R= %

being the conductivity:
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. L
Equation (4) 0=tz

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

However, for ionic conductors this d.c. methodrezrbe used for measuring
the total conductivity. Applying a constant d.ctgmial, G ions and vacantdj;,
move to the positive and negative electrodes, mtsedy. This movement produces
the polarization of the material, due to the acdatimn of opposite charges in the
electrodes of same charge, which adds a polanizagsistance to the electrolyte
resistance, so the resistance obtained with d@.dwntacts method is much larger
than the real one. So for measuring the condugtofitionic materials a.c. methods

are required.
2.7.2.Electrochemical impedance spectroscopy

It is the most used method for measuring the ebattconductivity of ionic
conductors[24,25] This technique is based on the application ofadarnating
electrical field with varying frequency and smathglitude on the sample§0mV).
The current through the electrolyte should be lsapall, for avoiding problems such
as electrode polarization and irreversible damagth® material by the excessive

current flow. The potential applied on the sampléme dependent:

Equation (5) E(t) = Eje'®t

being Bk the applied amplitude voltage aadhe frequency of variable angle.
The measured current through the sample is afsdi@in of the frequency:

Equation (6) I(t) = Iyet@t+6)

being the phase angl that is the difference between the applied pakand the
current. This value is equal to zero in the case timly resistive and no capacitive

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

Equation (7) Z(w) = % = |Z|e-iD
The impedance expressed in vectorized form, caseparated in real and

imaginary component in the complex plane of theadgnces, as:
Equation (8) Z(®) = |Z|cosO —i|Z|senO = Z' —iZ"

When it is represented the imaginary part of ingpe@Z” ( «) versus the real
partZ’ («) in the complex plane of impedances, it is knowmiNgguist diagram. The
simplest Nyquist diagram is from monocrystallindasges and homogeneous
polycrystalline materials with only one mechanismconduction. In this case, the
representation is a semicircle where the radiyy iRRequal to the resistance of the
material and the center in the real axis, afterfittieg (Ry/2, 0). The values located
on the right of the diagram correspond to the lofneguency, so that Rb is the ohmic

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

1000 1500

(@) N (b)
750 -
1000 -

() c Bulk Grain
g 0 g boundary  Electrode
N N 500} l » processes

20| ' \ l

\
00 ' 260 ' 460 ‘ 6(1)0 ' 8(;0 7000 00 560 10‘00 15‘00 20‘00
Z'(ka) Z'(ko)

Fig. 2.6. (a)Nyquist diagram with only one contributiafin) Nyquist diagram with different
contributions to the impedance in polycrystallinatemials with § >> fg>>f, [17].
In the case of many polycrystalline materials, ¢hés more than one
contribution because the conductive specimens dhowve inside the grains and
between the interphase. It is expected that thle tagistance was different than the
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one observed for the grain boundary, as well as pdéce for the capacity. The result
is two arcs in the impedance spectrum, one arcised to the bulk and other to the
grain boundary. They usually appear, at very lagfiencies, the processes of charge
transfer between the interphase electrode/elettr@lyig. 2.6b). The case shown in
Fig. 2.6b is ideal, because the corresponding é&eges are very different. The
resistance of each contribution can be easily nbthjust using the intersection of the

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

0.1 uF 0.1 mF 1mF 10
—_ 15.9 Hz 0.16 Hz

1KQ 0.5KQ 1KQ 09— 55 70 15 20 25
Z'(ka)
Fig. 2.7.Equivalent circuit with three RC elements in sefleft). Impedance spectrum simulated with
the values (R and C) of the equivalent circuit shdright). The frequency values are shown in the
plot for each proceq447].
The capacity of these processes can be also obtasieg the frequencies of

the maximum impedance spectrum in this equation:

: 1
Equation (9) frnax = Py

2.7.3.Fitting with equivalent circuits

For only one process it is possible to study ty&esn using an equivalent
circuit with a resistance and a capacitance inlighrdhe impedance of a RC circuit

is obtained from this formula:

1

Equation (10) Z = 1—
E'I‘]&)RC
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where R is the resistance, C the capacitanceuwattte angular frequency. The real

and imaginary component can be written as follows:

1
Equation (11) Z' = R
(

(%)2+ @RC)?

RC
Equation (12 7" =

guation (12) (%)2+ (oRCY?
From these two equations, squaring them and adtemg, it reaches to this

formula:
. I R 2 1\2 __ R?
Equation (13) z' - E) + (Z")° = "

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

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

In the case of polycrystalline materials whereseslifferent processes, it can
be used a combination of elements (RC) for studgagh one separated. Bauerle
[26] proposed a model based on circuits (RC) in sefieis. is the way to obtain the
capacity and resistance values of each procesdting fthe experimental data with

the equivalent circuit (RC).

In Fig. 2.7, it is shown a simulated impedancecspen produced with the
software Zview[27], it has been used three RC circuits in parallegh vaimilar
relaxation frequencies, and the de-convolutionhef different processes. Each RC
circuit is related to a process, which takes plaicdifferent characteristic capacities
(Table 2.1). That means, bulk processes take mamend picoFarads (pF), while
grain boundary processes are around nanoFarads IfnF)jable 2.1, there is a
summary of the capacity values and the processat®deto then|28]. Hence low

capacity implies bulk properties, intermediate cayds associated to the interfacial
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contributions and finally, high capacities are #dmmt to the electrochemical

interactions between the electrodes and electrolyte

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

Process Capacity (F-cn™)
Bulk 10
Secondary phase 10™
Grain boundary 10° - 10
Interphase 10°- 10’

material/electrode
Electrochemical reactions 10*

Sometimes, adjusting the experimental values tivatent models with ideal
RC elements is difficult. This happens becauseethes different processes which do
not have their center in the real axis of the caxglain, but they frequently appear
moved down of the real axis, like a consequendhefelaxation frequency without
unique value. The displacement from the centehefarc respect to the real axg,

is related with the width of the relaxation timestdbution.

K.S. Cole et al[29] studied this issue and they modified the classbye
model [30] and introduced by the first time the concept of thistribution of
relaxation time. Using this Cole-Cole model, itdefined the Constant Phase Element
(CPE=Q), where the impedance is described usingakeformula:

1
Zo= Q)"

Equation (14)

where n is between the intervatrxl, and it is related with the angfe In the case

of n=1, we obtain the same impedance value as idea capacitance.
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It can be find a relation between the real capaci, C, and the pseudo-
capacitance, Q, compared with the relaxation freqies[31].

Equation (15) w; = (R,C)™' = (R;Q) /mi
and finally,
Equation (16) C; = Q, /mi(R) -/

Where the capacitance values can be obtained hhrelative permittivity of the
material €;) as:

CL

805

Equation (17) & =

2.7.4. Experimental setups for electrical characterization using EIS

Two types of electrochemical experiments were ufedperforming the
experiments during this work: a) symmetrical cellere both cell side are in the
same atmosphere (air or 5%8b%Ar) and b) the fuel cell setup, where the ll

asymmetric and each side is in a different atmagphe
Symmetrical cells

The measurements in air, were realized using dpeflets of the desired
material and, brushing platinum paste (Metalorjdagham, UK) on both sides of
the material, firing it at 900°C during one hour;ensure good electrical contact with
the electrochemical cell. The cell used (Fig. Z8hsists of an alumina tube as the
main body of the cell. The sample pellet is loeadizn one end of the tube over a
wider alumina pellet and pressed with the platinelectrodes. The whole cell is
pressed with two springs linked to a metallic walenicron (Ni-Cr alloy) which
resists high temperatures. For avoiding the undésiontact between the Nicron wire
and the electrodes, a small piece of alumina i®dutced between them, acting as

isolating material. On the other end of the aluminbe, that is, opposite to the
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sample, the electrical connections are localizédctemdes and the thermocouple
connections. These wires were passed through tiwiee2-bored tubes for the
electrical connections of the sample with the ingrexd analyzer and for the
temperature measurement. The thermocouple is hdate millimeters far away of
the sample and is K-type which is fabricated withoenel (alloy of 90% Ni and 10%
Cr) — alumel (alloy of 95% Ni, 2% Mn, 2% Al and 18%), with an operating range
from -200°C to 1350°C. The working and referenaxtebde were short circuited
over the sample for removing the ohmic contributessociated to the platinum
wires, which connect the impedance analyzer with #ample, allowing us to

measure resistance values as small a<0.05

Alumina pellet Sample
K-type Platinum
Thermocouple wires
Nicron Alumina
wires tubes with 2
\ holes
Springs

Fig. 2.8.Scheme of the different parts of the measuring tapee cell (left) and picture of a real cell
(right) [17].
The above cell was used for impedance measuremenssatic air. For
impedance measurements on different atmosphenmikarscell was used. The cell

was incorporated inside of quartz tube, where ipassible to control the desired
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atmosphere: € Ar, 5%H-Ar or H,. A one-end closed tube of quartz and a gas
connection (input and output) for adding the desaemosphere were used as shown
in Fig. 2.9.

Tube of quartz Sample

~

Sample
wires

Thermocouple

Springs

— Input gas

\' Electrical

' connections

—>  Output gas

Fig. 2.9.Scheme of the different parts of the measuring dapee cell for controlling reaction
atmosphere (left) and picture of a real cell (fjdh¥].

Fuel Cell Setup

The scheme of the cell for obtaining the currerdtage characteristics, power
and current density; and polarization and seriestance of the studied fuel cells is
shown in Fig. 2.10. Two different atmospheres watikzed for the fuel cell tests:

wet pure hydrogen for the anode and oxygen foc#tleode.
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Fuel cell

setup :{_,‘ : .4 ‘
/

Cathode
BEZ ST

e OXygen output
— nﬁug UIBAXQ)

—_—

Electrolyte

Cement

. Anode
Au \‘ <
mesh

Sectional view of the “two-points”
Thermopar/T method

Fig. 2.10.Scheme of the different parts of the fuel cell petaft) and sectional view of the “two-
points” method (right)17].

Za

Fuel intput
jndjno any

The cell schematized in Fig. 2.10 was rebuilt migrthis work. Fig. 2.11
shows 3 steps of this cell fabrication. Fig. 2.El@mws the components used for
fabricating the SOFC cell test: alumina tubes, as®rsupporting structure, the
electrodes of noble metals and a thermocouple K:typ Fig. 2.11b it can be
observed further details of the platform which sue the alumina tube. This
cylinder tube has four holes: two for the fuel tnlend outlet, one for the
thermocouple, close to the sample, and anothefanthe gold working electrode.
The working electrode enters in contact with thedenthanks to a thin alumina tube
which throws inside the biggest alumina hole. Finah Fig. 2.11c, the whole setup
is shown after using it. In the inset of Fig. 2.XQaher details of the setup for fuel

cell tests are illustrated.
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a) T Alumina tubes for electrodes

O e v

— 4
—— /
~——

Cell support Thermocouple

Fig. 2.11. (a)Starter components for fabricating the fuel cetlg;(b) details of the cell support with
its fuel connectiongc) the setup for testing SOFC.
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Chapter 3.

Surface control of materials
for SOFC applications, tape
casting manufacturing and

electrical characterization

The characterization and preparation of homogesmeaapensions of ceramic
commercial powders (LSCF and YSZ) for tape caséind further manufacturing is

described in this chapter.
3.1. Introduction

There is a wide range of wet forming routes suchtage casting, screen
printing, slip casting, direct coagulation or gakting, and all of them require stable
slurries with high solids loading, low-intermediatiscosity [1] and fluidity. Tape
casting process has an important advantage, whithat it is the best pathway to
produce large-area, flat, thin, ceramic tapes. Coniy during the tape casting
process the slip or slurry is deposit over a sabstand the gap between the blades of
the “doctor-blade” defines the wet thickness of thges being ca$®]. The key of
the tape casting technique is the preparation df éispersed and homogeneous
slurry. Rheology science permits to control andata the viscosity, thixotropy and
flow behavior. Viscosity is critical for the prepdéion of a homogeneous, fluid
suspension. Well-dispersed suspensions can benefitaising the suitable type and
amount of dispersants, and ensuring an efficienhdgenization, which can be
achieved by applying ultrasound with a sonicatioobp in a discontinuous mode to

avoid excessive heating. On the other hand, thxetifwipy allows us to know the time
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dependent behavior (related with the fluidity). Wha sample is subjected to a
constant shear stress, the area inside the curnvibe irheogram (shear stress versus
shear rate) is calculated for obtaining a measuadue, expressed in Pa/s. This value
is linked with a formation/destruction of a netwaskucture among the particles
dispersed in the liquid and this parameter shoelddoluced toward zero, in order to
obtain the desired fluid slurri¢3].

YSZ and LSCF materials are very interesting fongaised as electrolyte or
cathode materials respectively in SOFC deviceslo@al processing route has been
successfully used to produce green bodies with ctiffee and homogeneous
microstructures. Among them the aqueous colloidalcgssing are more nature
friendly compared with the non-aqueous colloidadgedures for the fabrication of
tapes. In this kind of colloidal procedure, it ssential to control the particle size and
the stability of the powders against settling, \hidetermines the rheological
properties of the suspensions and, therefore,rtygepties of the green bodies and the
sintered compacts. Furthermore, the surface behafimxide materials in water
depends on the pH and the concentration, includingnterions that can be
introduced as contaminatid®]. Working with dry forming routes often leads to
agglomeration due to the poor powder flow capahilhile colloidal processing
allows production of tapes, coatings and compleapsd parts with a decreased
number of flaws and pores and hence, higher ré&ibalpd].

This chapter deals with the preparation and charnaetion of dispersed
suspensions of ceramic commercial powders (LT BNnd YSZ[6]) for tape casting
and further manufacturing of the prepared tapesbeoused as ion transport
membranes, cathodes or electrolytes for SOFCs.ifffheence of some parameters,
such as pH or deflocculant content, on the rheolddiehavior was studied for both
materials. In the case of supplied LSCF materfsd, ginterability of the tapes was
investigated in the temperature range 800°C-1400PRe reactivity and the
microstructural evolution of the LSCF tapes wemsoatudied. Three different YSZ
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commercial powders were used to prepare the tag@sh were electrochemically
characterized.

3.2. Experimental procedure

As starting materials, commercial powders ob 43 4CoyFe 03, LSCF
(Fuelcellmaterials, Ohio, OH, USA) and YSZ powdeith different characteristics
have been studied. These YSZ materials were suppbg Pi-KEM Ltd.
(Staffordshire, UK) and Tosoh (Tokyo, Japan), arltllve referred by the following
acronyms: Pi-KEM, TZ8YS, and TZ8Y.

As a preliminary step, particle size and surfaceaaof mortar-milled
commercial powders were measured. The particleditzlee powders was measured
in water by laser diffraction using Mastersizer @0Malvern Instruments, UK)
equipment. N adsorption—desorption isotherms were collecteth wiMicromeritics
Gemini V (USA) gas adsorption analyzer at 77 Kelaftegassing the samples at 150
°C (12 hours) in a Micromeritics Flow prep 060 systwith nitrogen flux gas. The
BET surface areas were calculated from the adsorfitianch of the isotherm by the
BJH method.

The colloidal stability of the suspensions was \d&tifrom the zeta potential
as a function of pH using a Zetasizer NanoZS imsémnt (Malvern Instruments, UK),
based on the laser Doppler velocimetry techniqueodcentration of 0.1 '] using
KCI 102 M as inert electrolyte was used and an averaghreE measurements is
presented. Each aliquot was homogenized in a cldl &f water with an ultrasound
probe for 1 minute and mechanical stirring for 30nutes. pH values were
determined with a pH-meter (716 DMS Titrino, MetmahSwitzerland) and were
adjusted with HCI and KOH solutions (1M). In the case of LSCF powder, the
stability of the suspensions in an ionic medium3{MKCI solution) was evaluated

by keeping them at different pH’s for a week.
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To improve the dispersion state, a polyacrylic dmded (PAA)
polyelectrolyte (Duramax D3005, Rohm and Haas ®#&, USA) with molecular
weight of 2400 D was used as dispersing agentsidi®lity of suspensions dispersed
with PAA was studied through zeta potential. Theguts were prepared by
dispersing 0.5 g of the solid phase in 500 mL of?1d KCI solution and re-
dissolving 10 mL of this solution into 90 mL of M KCI solution.

Each concentrated suspension was prepared in wael, ultrasonically
treated in order to achieve the maximum homogeneédgrease viscosity and amount
of agglomerates. Suspensions were prepared by meahaixing by helices, before
the application of successive cycles of 1 minuteltvhsonication (400 W), in a cold
bath of water with an ultrasounds probe (Hielscu®400S, Germany). The flow
curves were measured before and after every misfusenication. The rheological
behavior of all prepared slurries was studied wittheometer (Bohlin CVO Range,
Malvern Instruments, UK) operated at controlledashgeformation. Measurements
of LSCF were performed by increasing the shearsstfeom 0 to 250 Pa in 10
minutes and returning to 0 Pa in 10 minutes. TZ&¥i8 PIKEM were measured by
increasing the shear stress from 0 to 50 Pa in ib@tes and returning to 0 Pa in 10
minutes. The rheological behavior of TZ8Y slurry swatudied with a different
rheometer (Haake RS50, Thermo, Germany) operatedratolled shear rate (CR)
conditions. Measurements were performed by inangathe shear rate from 0 to
1000 §* in 10 min, maintaining at 1000’sfor 2 min and returning to 0 in 10 min.
Temperature was maintained constant at 25°C.

The final solids contents were 22 vol.% (60 wt.%) the TZ8Y sample; 45
vol.% (83 wt.%) for TZ8YS and PIKEM; and for LSCé#9lids loadings of 35 vol.%
(77 wt.%) with the optimized Duramax D3005 contactording to the zeta potential
study. An acrylic aqueous emulsion Duramax B100&h(R and Haas Co., PA, USA)
was employed as a binder and the product KS115{@scer & Schwarz, Lahnstein,

Germany) as an antifoaming agent. The concentratiateflocculant was obtained
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from the zeta potential study, and the concentnatibbinder and defoamer was 20
wt% and 0.15 wt%, respectively, for all suspensi@spensions with the binder and
defoamer were cast on a Mylar film to obtain a tegpdromemade automatic film

applicator and a doctor blade were used. The gapeka the blade and the support
was adjusted to height = 400 um and the castirggwais 20 mm/s. The obtained
tapes cast as described above were left for 2 daysom temperature in order to

assure that they were fully dry.

The microstructure of the sintered specimens waservied by scanning
electron microscopy (SEM) (Jeol LTD, mod. JSM-6300kio, Japan) combined
with energy dispersive spectroscopy (EDS). All sEspwere covered with a thin
layer of sputtered silver to avoid electrostatiargfing problems. All YSZ sintered
samples were polished to a mirror-like finish usitiya-fine abrasives and thermally
etched at 1150°C for 2 hours. Average grain sizgobshed and etched pellets (YSZ)
and LSCF was estimated from the SEM micrographs)guthe linear intercept
method from at least 50 lines drawn at random anektdifferent micrographs with
the help of image-analysis softwdrg.

The calculated density, after sintering during diisaat different temperatures
(800-1400°C), was measured using the geometriciiladeand the relative density
(RD) was obtained considering a theoretical densfi$y.36 g- crif for LSCF[8].

X-ray diffraction patterns (XRD) of LSCF were reded using a PANalytical
X'Pert diffractometer, equipped with a primary mchmmator and the X'Celerator
detector. The scans were collected in theaghge of 20—70° with 0.016° step for 2 h.
Phase identification was performed with X'Pert Higlore Plus v.2.0a software using
the JCPDS and ICS[9].

Thin electrolyte pellets were prepared by cuttingutar pieces from the
green YSZ tapes (diameter 13mm) and sintering tlani500°C for 2 hours.
Platinum paste was hand brushed on each side pktret (Pt|YSZ|Pt) and then fired
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at 900°C for 1 h to ensure good electrical conteith the electrochemical cell.
Impedance spectra were recorded using a 1260 RwolaffRA (AMETEK,
Hampshire, UK) in airflow in the 0.1 Hz to 1 MHzfjuency range with an ac signal
of 50 mV. The spectra were acquired on heatingcuding from 250 °C to 950 °C
with a heating/cooling rate of 5°C rffinData were analyzed by non-linear least

squares fitting using equivalent circuits with ZwWig2.8 softwarg10].

The bulk density, after sintering for 2 hours abQ%C, was calculated using
the Archimedes method in water, and the relativasilg (RD) was obtained
considering a theoretical density of 5.97 g>dior yttria (8 mol%) stabilized zirconia
[11,12]

3.3. Results and discussion

The average patrticle size of the commercial posv@8rYSZ materials and
LSCF): PIKEM, TZ8YS, TZ8Y and LSCF determined bye tldynamical light
scattering method was: 2.4, 1.3, 0.5 andpir respectively (Table 3.1). The SEM
images observed in Fig. 3.1 show the morphologhefas-received powders. All the
studied powders consist of non-spherical partielgb different length. LSCF sizes
ranging from 1 to 2um, in good agreement with the particle size measufée
LSCF image shows also the presence of some lagggoraerates with diameter up
to 3-4um. PIKEM shows a size of ~im. The TZ8YS material presents a size
ranging from 0.5 to um. Finally, TZ8Y has less than Qun. All YSZ SEM images
are in good agreement with the particle size bec®iSEM displays the biggest size,

meanwhile TZ8Y the smallest.
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Fig. 3.1.SEM images of as-received powders of LSCF, PIKEEBY and TZ8YS.

Table 3.1.Summary of particle sizes and surface areas ofmaterials

Starting powders Average particle size (um) Surfacarea (nf/g)
8YSZ (Pi-KEM) 24 6.7
TZ8YS (Tosoh) 1.3 4.7

TZ8Y (Tosoh) 0.5 12.7
LSCF (Fuelcellmaterials 1.0 55
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The surface areas for PIKEM, TZ8YS, TZ8Y and LSCGiwgders were 6.7,

4.7, 12.7 and 5.5 Ty respectively (Table 3.1). Due to the differemegween the

particle sizes and surface areas for the preparatidheir corresponding slurries it
should be controlled: the amount of deflocculand &dne pH for obtaining stable
slurry and the diverse ultrasound periods for achge a good dispersion and low
viscosity. That is the reason why a surface charaetion before casting the
agueous slurries is always needed for understanti@gcolloidal behavior of the
ceramic particles.

An average of three measurements of zeta potdntiaach kind of powder
versus pH for a fresh suspension prepared 1hIKCI solution were plotted in Fig.
3.2.
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Fig. 3.2.Zeta potential against pH of the different comriengowders.

The isoelectric point (IEP) of LSCF occurs at piduand 6, with a maximum
absolute zeta potential value of 43 mV at pH= 1&. pH values between 6.3 and 12
there is a rapid decrease of the zeta potentiabl&isuspensions can be prepared at
pH < 3 or at pH > 8, where values are out of thstalrle region (between -20 and
+20 mV) as it was explained in chapter 2.

The isoelectric points of the commercial YSZ osidecur in the range of

pH= 2 - 4, significantly lower than expected for Z $owders with 8 mol% yttria,
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which usually give isoelectric points at ptb [13-15] However, the values obtained
herein are in close agreement with the data oldaime Hirata et al.[16] and
Benavente et a[17] for Tosoh powders with 3 mol% yttria. This behavi® due to
probably some additives or to the fabrication pssagg that modify in some way the
surface behavior. The supplier certified analysfstltese commercial samples
indicating:<0.10 wt% of AbOg3, traces of F€; and SiQ.
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Fig. 3.3.Evolution of pH vs time for LSCF suspensions digsd species prepared at different starting
pHs. The final pH is indicated in the right column.

The free evolution of pH vs time for suspensionsL&CF prepared at
different starting pH values is shown in Fig. 3T8e pH of three fresh suspensions of
LSCF (10" g-1") in 10°M KCI solution was adjusted to values of 2, 5 arfdhly
addition of small amounts of HCI or KOH. The pHtbé fourth suspension was not
adjusted by any chemical and was left at its natpkh (i.e. 8.5). By measuring
periodically the pH of each suspension during oeeknit was observed that the as-
prepared suspensions were not stable against sntieegpH tended to move toward
the IEP and only at very low pH the suspension meethstable. It occurs because

near the IEP, the suspensions turn to be unstabldikely to flocculate. The largest
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variations occurred for the suspension prepar@iHat10.0 that reached a final pH of
7.4 after one week exposure. Even this value whieaed at the very beginning of
the experiment. This behavior is expected becauds¢h® acid-base reactions
occurring at the surface, where a small changeontentration of acid or base leads
to a sharp pH variation. This suggests that basitral suspensions are more stable

than the acid ones, in good agreement with theprential curve shown in Fig. 3.2.
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Fig. 3.4.Concentration of LSCF suspension 1 wt% in KCI MRithout pH readjustment.

To confirm the stability against pH, five suspemsi of LSCF with a
concentration of 1 wt% in 13 KCI solutions were prepared. The pH was only
adjusted with HCI and KOH at the beginning of tihedyg. After one hour without
variation of the pH, the suspensions were centeiflugnd the supernatant liquid was
analyzed by ICP, Inductively Coupled Plasma-Optialdission Spectrometry (ICP-
OES, IrisAdvantage, Thermo Jarrel-Ash, USA). Theorrof the ICP-OES
measurements was below 1% of measured value. Thé#sef the chemical analysis
are shown in Fig. 3.4 as a function of the final. p¥cording to these curves the
maximum stability is achieved between pH valuemnd &0, whereas solubilization

occurs at acidic pH, as observed in the previopgements.
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The stability of the ceramic powders with poly@tetyte was studied as a
function of zeta potential versus the amount ofdispersant added (Duramax D3005
which is a polyacrilyc acid, PAA). The pH and zptaential were measured for just-
prepared and 24 hours later aliquots. Three meaants of zeta potential data were

performed and an average value is presented irBfg.
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Fig. 3.5.Evolution of zeta potential against percentageeffocculant Duramax D3005, measured as-
prepared and 1 day later.

In the case of LSCF it has been observed thatddiien of only 0.3 wt% of
polyacrylic based deflocculant (PAA) in the aqueaisspension is enough to
stabilize it (Fig. 3.5). The fact that zeta potehtis lower than -20 mV for all
suspensions to which PAA was added, means that ifffoves substantially their

stability, even 24 hours after the preparation.|&eh2 shows the values of zeta
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potential and pH of the prepared aliquots and exgding PAA, the pH barely
change (the variation is less than one unit of @it} it occurs at neutral-basic range

in good agreement with all the exposed before thggithe stability with the pH.

Table 3.2.Values of zeta potential and percentage of PAAgsueed just-prepared
and 24 hours later for LSCF aliquots.
Aliquots just-prepared Aliquots after 24 hours
Z potential %PAA | pH Average Z potential %PAA pH Average
average average
-6.6 0 8.3 -4.5 0 7.6
-32.5 0.3 7.85 -27.9 0.3 7.1
-29.8 0.5 7.6 -27.1 0.5 7.0
-33.5 0.8 7.4 -29.4 0.8 6.9
-39.6 1.1 7.3 -32.1 1.1 6.9
-41.2 1.4 7.3 -34.5 1.4 6.8

Regarding the behavior of the three YSZ suspessiaith 10°M KCI
solution versus the added amount of PAA, stabibratvas observed away of the
unstable region (between -20 and +20 mV). PIKEM gens, with the biggest
particle size, require longer time for stabilizatioThe 24 hours sample shows a
lowering of about 10 mV in the Zeta potential, camrgul with the values of the just-
prepared sample. It should be mentioned that bastrgrepared and 24 h later
samples are stable even without additives. As farttee TZ8YS samples are
concerned, the deflocculant-free aliquots were dotm be rather unstable because
their Z-potential decreased from -0.5 mV to -26.§ m 24 hours, maybe due to
sedimentation after 24h. Nevertheless, stability tbé suspensions improved
substantially after PAA was added. And finally foZ8Y, it can be observed
instability without deflocculant and huge increasfezeta potential value adding
Duramax D3005. The effect of stabilization of th&2 powders results from the
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adsorption of dispersant on the surface of the magteand the reason of instability
without additives. The addition of 0.5 wt% of DuraxnD3005 is enough to stabilize
the YSZ aqueous suspension, so this quantity wed ts preparing the slips and
their rheological characterization. The pH of th82¢slurries was measured before
and after applying the ultrasound, and was around &8Il cases. Considering the
effect of pH control on stability of the slurrieBig. 3.2), basic conditions seem to
help stabilize the aqueous slurry.

A study of the homogenization conditions was earrout by measuring the
flow curves of 35 vol.% solids suspensions of LS@kh different times of
ultrasounds (Fig. 3.6). Considering the effect bff gontrol and PAA addition for
obtaining stable slurries the suspensions wereapeepwith 0.8 wt% PAA and a pH
of 8.6 without any extra additive. It has been obsé that with 2 minutes of
ultrasounds the thixotropy shows the lowest vaB@5 Pa/s (Fig. 3.6) and low-
medium viscosity; it means that the fluid behadod homogeneity are the optimum,
as we want to reduce the thixotropy value.
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Fig. 3.6.Rheological behavior of the four slurries prepaaedifferent sonication minutes.

Considering the effect of pH and PAA addition oe #tability of the YSZ
suspensions, three slurries containing YSZ powdeater and 0.5 wt% of dispersant
agent were prepared. The flow curves were detedniae every suspension after
each minute of ultrasonic treatment. The pH ofdleries was measured before and
after applying the sonication and was around 9llicases. Taking into account the
effect of pH control on stability of the slurriebserved in Fig. 3.2, basic conditions
seem to stabilize the aqueous slurry. The optimanication time was derived from
the rheograms obtained for each slip after applyiregultrasounds treatment (Fig.
3.6). Usually low viscosity values are desiredtge-casting slips in order to assure
their good flowability and homogeneity. In the cadfeTZ8YS slurry, the lowest

viscosity value was observed after three minutealtwsonic treatment, while one
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extra minute resulted in a strong increase of tiseosity (Fig. 3.6). As far as the
viscosity curves of PIKEM slurries are concernée, lbwest viscosity is obtained for
the sonication time of 6 minutes; one extra mirnftéhe ultrasonic treatment gives
rise to a substantial, undesired increase of theogity (Fig. 3.6). The last aqueous
slurry studied is the one containing the TZ8Y pomvdedecrease of the viscosity was
observed after applying the ultrasonic treatmenbfe minute, two minutes increase
the viscosity. So, it can be said that the homagian with ultrasounds permits to
disaggregate the YSZ particles and promote the ddiorption of PAA onto
individual YSZ particle surfaces, thus allowing tleeluction of viscosity, increasing
the stabilization and homogenizing the dispersibhe extent of the ultrasonic
treatment also depends on the particle size ofnilial powders, bigger the particle

size is the longer it takes to obtaining a googelision with low viscosity.

Tape casting slurries of all the studied powdergrewprepared using
suspensions sonicated during the correspondingtand adding 20 wt% of binder,
and 0.15 wt% of antifoaming agent. The fresh tagi®ained are flexible as can be

observed in Fig. 3.7.

The tapes of LSCF were sintered at different testpees ranging from
800°C to 1400°C for 4h. The density of all calcinieghes was measured by
geometrical method and the relative density (RD}¥ walculated considering the
theoretical densityf8]. The evolution of the relative density of LSCF tapeith
temperature is plotted in Fig. 3.8. Between 8008¢€ BH200°C the tapes present a low
densification (less than 85% RD), meanwhile at igemperatures the densification
is higher (more than 95% RD). It means that, afpenatures lower than 1200°C, the
tape is rather porous, but maintains a high intggwhereas at higher temperatures

the high sintered density is achieved.
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Fig. 3.7.General view of the green tapes obtained fronptlepared slurriega) YSZ and(b) LSCF.

100 - P °
)
e, W
> e
=
n 80 -
c
[
g 70 -
2
W 60 - °
i
50 - o
@
°
40 L . . - . : ‘
800 900 1000 1100 1200 1300 1400

Temperature (°C)

Fig. 3.8.Relative density values of LSCF tapes at diffeteniperatures.
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Fig. 3.9 shows the XRD patterns of LSCF tapesesiut at different
temperatures for 4h. All the samples match with thembohedral perovskite
Lag 6Sh 4Cop oFey 80s. In addition, at high temperatures, see inset fsdfhto 70° @ it
is observable a splitting of the peaks that candsggned to LaFe{®r SpLaFe0g g4
It is important to state that LSCF phase is predaut the other two phases are also

observed.
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Fig. 3.9.XRD patterns of LSCF tapes for 4h ranging from%®D@® 1400°C.

SEM images of LSCF tapes sintered at 800°C, 11@06%C1300°C are shown
in Fig. 3.10. One can observe that as it is expettte grain size of LSCF patrticles
grows. At 1300°C the microstructure does not presgargranular or intragranular
porosity, the small grains observed at this tentpegaare associated to the secondary

phases observed before in the XRD patterns. Tha gize measured for the sample
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at 1300°C was 6.@m, a grain growth in the sintered sample whereagp#rticle size

was ~1um, this observation was also described by othdroasf18,19]

Fig. 3.10.SEM images of LSCF tapes sintered at: 800°C, 1160 1300°C.

The tapes of YSZ prepared without and with ultrésotreatment were
sintered at a temperature of 1500°C for 2 h, whéslulted in quite different relative
densities calculated using the bulk density (presiip obtained using the Archimedes
method) and the theoretical dendityl,12] The tapes fabricated without ultrasonic
treatment, using PIKEM powders can be sinterecekative density of 96.4% + 0.1
%. Meanwhile for the TZ8YS tapes achieve 94.4 +%.telative density and for the
TZ8Y tapes was around 86.3 + 0.1 %. The last orewved high enough dense for an
electrolyte material. Using ultrasounds, the reiatiensity of the PIKEM and TZ8YS
samples decreased to 93.5 + 0.1 and 91.3 £ 0.1spectvely; on the other hand the
ultrasounds slightly improve the one of TZ8Y, réisigl in 88.3 £ 0.1 %.
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It should be noted that the YSZ tapes prepareld RilKEM powder are good
candidates for being used as electrolytes becasiselative density is > 95% which
is high enough for electrolyte materials, avoidiing diffusion of gases between
electrodes. Meanwhile the ultrasounds reduce thlaive density of the TZ8YS
which might has a detrimental effect on the SOF@opmance. TZ8Y tapes are not
good candidates for electrolyte tapes since theyat dense enough.

Fig. 3.11.SEM images of sintered tapes at 1500°C for 2 hours

Fig. 3.11 shows the microstructure of the YSZ sade tapes. The
microstructure observed is typical for ceramicdesid at high temperatu[&8]. All
the materials give rise to dense ceramic pelleiterevlarge pores were not observed,
but after measuring the relative density it is aonéd that TZ8Y tapes are not good
enough (lower than 90%), as it can be noticed fAamhenius plots of the total
conductivity against inverse temperature (Fig. B.The grain sizes measured were
6.2 um for PIKEM, 3.1um for TZ8Y and 3.8um for TZ8YS. It is observed a grain
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growth in the sintered tapes, whereas the partide of the starting powders was
between 0.5-2.4im, this observation was also described in the dujoéiphy{18,19]

Table 3.3.Conductivity values (S/cm) of the three commer®i&Z without and with
US control at different temperatures and theirnatiton energies (Ea).
950°C 800°C 650°C | Ea(ev)| Ylrasounds
treatment
PiKEM 8.2:10° 4.9-10° 1.6-10° 0.92 No
TZ8YS 2.2-10 1.6-10°7 5.4-10° 0.92 No
TZ8Y 3.2.10° 1.6-10° 5.0-10° 0.98 No
PiKEM 1.1-10" 5.1-10F 1.2-10 0.98 Yes
TZ8YS 7.4-10° 5.4-10° 0.9-10 0.89 Yes
TZ8Y 4.1-10° 3.3-10° 1.2:10 0.94 Yes

Fig. 3.12a shows the temperature dependence oftdahductivity of the
different Pt]YSZ|Pt pellets with and without ulwasds control. The activation
energies of the YSZ pellets are quite similar gseeted and range between 0.89 and
0.98 eV (Table 3.3), which is in good agreemenhuilite previously reported values
[18-20]. In the case of the PIKEM sample, the conductiisthardly affected by the
ultrasonic treatment (Table 3.3).

Probably the ultrasound waves do not have enoughitggn(400W) for
breaking the strong agglomerates, which predomiyadcur in the YSZ powder
provided by PIKEM (average grain size u#h). On the other hand, it can be seen
from Table 3.3 and Fig. 3.12a that sonication ef TZ8Y and TZ8YS slurries results

in slight improvement of conductivity of the corpesiding ceramic tapes. Fig. 3.12b
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shows the Arrhenius representation of bulk conditgtiThe behavior was similar to
that of the total conductivity; the activation egyeranging from 1.04 to 1.06 eV for
samples without ultrasound treatment and rangiogfi.04 to 1.09 eV for samples
with ultrasound treatment. These values are closk ¢V, which are in agreement
with the literature[18-20]. The application of the ultrasounds to the slgrrikat
contain finest-grained powders (TZ8Y) facilitategsarption of the deflocculant on
the surface of the YSZ particles and allows mofieieht homogenization and better
microstructural control. Both of these factors magult in better sinterability of the
ultrasound-treated samples and as a consequenugher total conductivity. The
problem is that improvement of sinterability is goiod enough for using the material
as ceramic electrolyte in SOFC.

It should be mentioned that the tape casting tgcienhas been used before
for preparing thin YSZ electrolytes. Han et §1] produced YSZ tapes using
different preparation methods for measuring EISh& samples between 1000°C-
550°C and the conductivities are similar to thesooletained in this work, i.e. ~ 0.1
S/cm at 950°C and ~ 0.04 S/cm at 800°C. Timakal.¢22] used aqueous slurries in
order to prepare pellets of different commercialZY&ectrolytes and measured their
ac-conductivity between 600°C-275°C. They perforraesintering study by heating
the samples at 1450°C for 2 or 4 h obtaining 0.8 at 600°C for 8YSZ from
Tosoh.

3.4. Conclusions

Several YSZ and LSCF tapes were fabricated byroptig the rheological
properties, using aqueous slurries. The surfacavhehstudies of the commercial
powders have allowed the determination of the esgat point of these materials, at
a pH around 6 in the case of LSCF and at pHs ima&hge of 2-4 for the YSZ oxides.
LSCF suspension should not be prepared at acididygHo the partial dissolution of

the compound. In all cases, the basic suspensiensnare stable than acid ones.



Surface control of materials for SOFC applications, tape casting manufacturing and
electrical characterization | 81

Addition of a polyacrylic based deflocculant leadsstable agueous suspension. The
ultrasounds study permits to control the thixotramd viscosity; obtaining fluid
suspensions for manufacturing the desired tapesteAiperatures ranging from
1200°C to 1400°C the relative density is high, nibean 98%. At lower temperatures
increase the porosity. As it was expected, at beghperature the LSCF reacts and
gives rise to secondary phases that reduce the ¢onductivity.

According to all the results previously exposedis methodology for
characterizing and preparing aqueous slurries naie powders is interesting for
future works. The study of LSCF and YSZ aqueoustbdapes permits to propose
these LSCF tapes as ion transport membrane ordmatimaterial for future devices
depending on the sintering temperatures; and PiK&dds as electrolyte material for
future SOFC instead of TZ8YS or TZ8Y using this oetology due to the low

relative density obtained after sintering the tapes
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Chapter 4.

A novel microstructured
metal-supported SOFC

This chapter describes an innovative design, redtere to the conventional
metal supported fuel cells (MSC). This new desi§isOFC comprises a layer of a
honeycomb-metallic framework with hexagonal cellicli supports a layer of
electrolyte. Each hexagonal cell is further funcéitized with a thin 5-10 um of Ni-
YSZ anode. This new design allows a reduction d&%6f the metallic supporting
material. Two different compositions for the honayb-metallic frameworks were
studied:

- Study 1. The support was a metal alloy of Crofer®ARU, rendering
performances over 300 mW-émnder pure hydrogen at 850°C, with an OCV
of ~1.1 V[1].

- Study 2: The support was a mixture of 70 wt% off@r and 30 wt% of YSZ
which allows matching the thermal expansion cosdfits (TEC) of both
materials, avoiding the formation of cracks durihg sintering process of the
whole structure. Furthermore, the anode ratio (Mi&%) was optimized and
the catalytic properties of the anode material iasher improved by
infiltrating 20CGO rendering performances over I8WV-cm? under pure
hydrogen at 700°C, with an OCV of ~1.12].
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4.1. Introduction

It exists an increase of interest in mobile agtians but the supported
configurations with brittle ceramics or cermets dander the improving of these
portable application$3-5]. Metal supported fuel cells (MSC) have benefiterov
traditional all-ceramic SOFCs due to: cheaper nate(it is expensive to use anode
supported cells in commercial applications), sistatt-up times, and the possibility
of improved sealing and stacking scherf&3]. These MSCs can be considered as
potential electrical power supply for mobile apptions due to the higher mechanical
stability, electrical conductivity and better thednand redox behavior of the used

alloys, which are required for this tajék11].

The main disadvantages of the MSC are relatedeictrede material$6].
Cathodes are typically sintered under air, and dmsosphere can oxidize the metal
support. As for the anode material, the common BiEYcermet is prone to Ni and
Fe/Cr interdiffusion between the anode and metgera when heated at high
temperatures(1300-1400°C), which leads to low power densitigsd asevere
degradation of the cdll2-15].

A multi-layered sample comprising a metal-suppgytiayer of ferritic FeCr
stainless steels (crofer) with honeycomb patterninbich acts as support of an
electrolyte layer of YSZ, was fabricated and testethis chapter. It is used ferritic
FeCr stainless steels because they have well-ntht€B€ with YSZ electrolytes
(YSZ~10-11 10 K* vs. FeCr-alloy~12-14 10K™) [6,16]; low costs and adequate

oxidation resistance at high temperatir217].

The idea suggested by Irvine and Confi8] that the MSC are the third
SOFC generation gave us the opportunity to propasevel microstructured MSC as
the 3.5 generation of SOFC (Fig.4.1).
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LSM +YSZ F%(H SSZICGO Cathode
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£ e
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Fig. 4.1.Schematic diagrams of the different generationrS@FC adding the 3.5 generation suggested
by us.

LSM +YSZ

YSZ

This novel design may have several important athgges over the traditional

state-of-the-art configuration:

(1) It allows the production of robust MSC with180-200 pum layer of

microstructured metal; in fact, in this way anyeyqf patterning can be produced.
(2) It offers the possibility to fabricate at massle in a cost-effective way.

(3) It saves up to ~ 65% of the supporting makewhich will eventually lead
to a decrease of the cost of any MSC assembldusrconfiguration. This opens up
the possibility of the fabrication of SOFC deviagsgh an elevated ratio of kW per
cm® and/or kW per kg19].

(4) The anode is situated just inside each hexagravity, in direct contact
with YSZ. Hence any type of reactivity between amahd interconnect will be
restricted to the inner walls of these hexagondls nd hence the performance

should not be affected by undesired formation obedary phasgd2,14,15,20]

(5) The use of interconnect material on one sideach SOFCs offers the

possibility of cold sealing through an electricagistance welding process.

(6) The use of a metal honeycomb microstructutewal the use of such
structure as a current collector and hence no npiati is used in the anode

compartment as current collector.
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(b)
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Fig. 4.2. (a)Schematic representation of the assembled metpbstgal fuel cell(b) 2-point setup for
fuel cell tests (WE: working electrode, CE: courdksctrode and REreference electrodes).
In this configuration, the hexagonal holes in ¢hefer microstructure will be
filled with a thin (5-1@um) active layer of Ni-YSZ anode, Fig.4.2a. And setup
used for measuring the SOFC test is schematizeBign 4.2b and presented in
chapter 2: Fig. 2.10 and Fig. 2.11.

4.2. Experimental procedure
4.2.1 Materials

Yttria (8 mol%) stabilized zirconia (YSZ) was slipd by Pi-KEM Ltd.
(Staffordshire, UK), NiO (99,99%, Sigma-Aldrich,.Stouis, MO, USA) and the
metal alloy Crofer ® 22APU were provided by IKERLANe(NQ)s-6H,O and
Gd(NGy)3- 6HO both 99,99% metal basis from Sigma-Aldrich,Ll$is, MO, USA.
Other chemical used were methyl-ethyl-ketone (Sigdamich, St. Louis, MO,
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USA); ethanol (Scharlau, Barcelona, Spain); Tri@rPow Chemical, Midland, M,
USA); dibutyl phthalate (Scharlau, Barcelona, Spand Butvar B98 polyvinyl
butyral (Sigma-Aldrich, St. Louis, MO, USA).

(<)

PDMS negative,mold
”~

'y

.

Fig. 4.3.(a) Master with honeycomb patterning fabricated witthatoactive resinb) Shows a
magnification of the patterningc) Shows the honeycomb-patterned master, and a mold
fabricated from this master by soft lithographyngsPDMS and a multi-layered SOFC

sample in the green state —being top part {§And the bottom pae) crofer
microstructured.

A master and the corresponding poly(dimethylsil@an(PDMS)
microstructured mold was prepared using standardromiand nanofabrication

processes[21,22] and the honeycomb microstructures from this mastere

transferred to PDMS stamps by soft lithography, Eigab.
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4.2.2 Electrolyte, anode and interconnect slurries

A modified procedurd23] for tape-casting was used for the preparation of
three organic-based slurries for each componetiteohoneycomb-MSC. The slurries

were obtained by mixing the following materials:

- 10 g of starting powders (i.e. 10 g. of YSZ in arese, 10 g. of crofer in
another case and finally, 6 g. of NiO + 4 g. of Y8Zthe case of not
optimized anode experiment — Study 1- and differeix ratios of NiO-YSZ
for the case of the optimized anode experimentysRijl

- 10 g of a mixture of methyl-ethyl-ketone and ethlgB:2, w/w) solvents.

- 0.5 g of Triton-Q (dispersant).

- 2 g of dibutyl phthalate (plasticizer).

1 g of Butvar B98 polyvinyl butyral (binder).

In all cases, the components were ball-milled for & 200 rpm in a zirconia

vessel with zirconia balls.

In the case of the optimized anode experimentjxdune 70 wt% of crofer
and 30 wt% of YSZ was used for obtaining the mittadured, metallic support. The
YSZ content helps to reduce the formation of sncadicks in the border of the

sample, by matching TEC of both elements, i.e.tedgte and the metal frame.
4.2.3 Fabrication of green and sintered multilayeré samples

The prepared slurries were hand casted over a PDiBer with the
honeycomb patterningnd dried for 24 hours after each deposition. Hinsee layers
of metal alloy were deposited and then another fayers of electrolyte. After 48

hours the multilayered sample of 78.5%amharea, Fig. 4.3c, is easily peeled off from
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the PDMS mold and then several smaller samples megared by cutting circular
pieces from the green tape.

These samples were sintered, under reducing comsli{Ar-5%H) using a
two-step heating schedule: from room temperatur@0@’C at 5°C/min, 10 minute
dwell, and then from 900°C to 1250°C 1°C/min andlfy a 240 minute dwell. After
sintering, the anode slurry was deposited by §lline hexagonal holes in the metallic
framework. After drying at room temperature, thenpke was exposed to the same
heat treatment as previously described. The ovérakness of both layers can be
decreased just reducing the numbers of depositeps previously commented. The
final diameter of the sintered sample was rangietyvben 14.2-14.5 mm in the case
of not optimized anode experiment and ranging betwid.7-20.0 mm in the case of
optimized anode experiment.

4.2.4 Electrochemical studies and measurements foptimizing the anode

Two experiments were performed before testingntie¢al-supported cell in
the Study 2:

1) Different compositions of the system NiO-YSanging from 60-40 to 90-
10 were tested with the aim to find the lowest a@ecific resistance (ASR).

2) The optimized anode composition found in thevigus step was further
optimized by infiltrating solutions of 20CGO andding the lowest ASR values. A
micropipette (Eppendorf Research 10-30Q Sigma-Aldrich, St.Louis, MO, USA)
was used for accurate control of the volume addtidfollowing the infiltration
procedure described by Blennow et[2#,25]

For these two types of experiments, symmetricalpdes were fabricated and
the impedance spectra were recorded using a 12&rtr8a FRA (AMETEK,
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Hampshire, UK) in 5%Hlin the 0.1 Hz to 1MHz frequency range with anigoal of

50 mV. Data were analyzed by non-linear least sspiditting using equivalent
circuits with ZView v2.8 softward26]. Samples were electroded with gold paste
(Metalor, Birmingham, UK) and fired at 900°C durimge hour to ensure good
electrical contact.

For preparing the symmetrical cells, the electmlyas obtained using a YSZ
slurry, a homemade automatic film applicator andbator blade. The gap between
the blade and the support was adjusted to h = 40Gupd the casting rate was 20
mm/s. The slurry was cast on a Mylar film to obtainhomogeneous tape. The
obtained tape cast was left for 1 day at room teatpee in order to assure that it was
fully dry.

The different compositions of NiO-YSZ were premhreut following the
same aforementioned experimental procedure butchemging the YSZ content in
the slurries for different NiO-YSZ compositions.

In order to replicate the manufacturing procedofréghe MSC, YSZ and the
fixation of anode material, the calcination wasriear out in two steps in air,
following the two-step heating schedule: RT to @@t 5°C/min, 10 minute dwell,
and then 900°C to 1250°C 1°C/min and finally a 2didute dwell. The anode
material was added after cosintering the layerhef metal supported electrolyte.

After obtaining the lowest ASR value for the anadaterial, the infiltration
of different quantities of 20CGO prepared aftersdiging the precursors in ethanol
was performed. The infiltration steps, with subsegucalcination, were done in
several cycles, taking into account the maximunuma of 20CGO per cycle: 44..

The solution infiltration was performed under vacudor 90 minutes. Then the
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sample was heated at 70°C for 1 hour and finallyas fired at 350°C in air for 4

hours.
4.2.5 Reactivity measurements

Several mixtures of the YSZ powder and metal dbagemetal and NiO were
prepared and exposed to the same experimentaltmoredas the multilayer samples,

in order to verify reactivity issues by X-ray ddfition (XRD).

XRD patterns were recorded using a PANalytical eftPdiffractometer,
equipped with a primary monochromator and the XéCabr detector. The scans
were collected in the@2range of 20—70° with 0.016° step for 2 h and I2thée case
of single metallic alloys and samples with mixtufemetallic alloys and ceramic
powders. Phase identification was performed witliPeft HighScore Plus v.2.0a
software using the JCPDS and ICEJ].

4.2.6 Microstructural characterization

The microstructure of the samples was observel aviteica M205 C optical
microscope integrated with Leica Microsystems Ldéd#aC420 C digital camera and
Leica Application Suite software (Leica, Wetzlarer@any); and using a scanning
electron microscopy (SEM) (Jeol LTD, mod. JSM-6300kio, Japan) combined
with energy dispersive spectroscopy (EDS). In thgecof SEM samples, they were
covered with a thin film of silver to avoid chargiproblems and to obtain better
image definition.

4.2.7 SOFC test measurements

The cathode was deposited using a platinum padetalor, Birmingham,
UK). In the case of Study 1, the geometrical cantaea was 0.580 chand this
value was corrected with the electrochemical activede area without the metallic
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framework (i.e. taking into account the total amdathe hexagon cells). The final
value of the active area used was 0.239. dmthe case of Study 2 the geometrical
contact area was 0.66 &and the corrected active area used was 0.22 leshould
be mentioned that the geometrical active area aseference was the very small
cathode circle showed in Fig. 4.2, for testing sgs, and hence a more realistic
value of this ratio is about 1:3. The sample wasdito the electrochemical jig using
a high temperature ceramic adhesive Ceramabond™(Af&f#nco Products, Inc.
Valley Cottage, NY, USA).

Impedance spectra and current-voltage curves (#&fe recorded on Zahner
elektrick IM6 ex FRA (ZAHNER-Elektrik GmbH & Co.KGKronach, Germany) in
pure, humidified hydrogen for the anode and pungger for the cathode in the 100
mHz to 300 kHz frequency range with an ac signd@®fmV. The spectra and curves
were obtained on heating from 700 °C to 850 °CaDwtre analyzed with Thales
3.07 software.

4.3. Results and discussion

It is well known that honeycomb framework provideschanical strength to
any supported structure due to an adequate distibwf the load[21,28,29]
Furthermore some extra toughness is introducedgetevhole sample if a metal can be
used for the honeycomb backbone instead of a éonitthterial such as ceramics.
However, the selected materials can be prone tainaldegree of reactivity and this
must be verified by XRD studies.

Fig. 4.4a shows the XRD patterns of the YSZ an#teliand Fig. 4.4b Crofer
metal alloy as received. Crofer metal alloy is airdess steel (GpdFer 74 with
secondary phases of chromium; if this steel isétetd 850°C in air for 4 hours, Fig.

4.4c, it leads to the formation of phases of chtomioxide and iron oxide, as



reported in literature, for that reason all thesaatering processes were performed

under reduction atmosphere (i.e. 5%H-ig. 4.4d shows the XRD pattern obtained
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after mixing the interconnect material with the Y&&d testing it under the sintering

condition fixed for the co-firing process (i.e. hiag up to 1250°C for 5h under

5%H,). Since no reaction had been observed we conclidgdhe above conditions

were suitable for co-sintering of YSZ and crofer.

Intensity (a.u.)

* *YSZ
« Stainless steel: Cry sFe; 74
*
*
FeNi )
Crofer+YSZ+Ni \ \[ FeNi
5%Hp 5h+5h 1250°C Cr\ L - J \[ ) L * (e)
J =30 AN J A
L
Crofer+YSZ
S%H, Sh1250°C || L JL B (d)
Crofi Cr,0
air4:8:;oc l/chOZ A ers zFezvssfd 13 Fe; 43,0, l (c)
Crofer Cr .
as received N i & (b)
YSZ as received — Ni Ni
v | | |« G
1 T T Ll
20 30 40 50 60 70
20°

Fig. 4.4.XRD patterns of(a) YSZ and nickel(b) Crofer as received and crof@) after 850°C/4h in
air. (d) Crofer + YSZ, at 1250°C for 5h under 5%k€) Crofer + YSZ + Ni, at 1250°C, for 5h under

5%H, atmosphere.
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Finally the mixture of metal alloy, YSZ and Ni wefired at 1250°C for 5h
under reducing 5%#4 The XRD pattern obtained, Fig. 4.4e, shows then&tion of
secondary phases of FeNi as reported and the redusnt NiO to metallic Ni, the
presence of secondary phases of Fe-Ni was obséveeih previous work of MSC
[14,15,30]

As mentioned above, our design avoids the formatb these secondary
phases between the interconnector and the eleirgiyen that in our case the anode

is directly in contact with the electrolyte.

Hence, the sintering conditions to avoid undesime@ctions between
components of the MSC are: under reducing conditi@u-5%H,) using a two-step
heating schedule: from room temperature to 900°%€®@tmin, 10 minute dwell, and
then from 900°C to 1250°C 1°C/min and finally a 2diute dwell. It was performed
twice: firstly for cosintering the layer of crofand YSZ and secondly for fixing the
anode to the electrolyte after filling the hexaddmales in the metallic framework.

Two different honeycomb-metallic frameworks wenedstd:

 Study 1: The hexagonal framework was made with gushetal alloy
crofer as support.

» Study 2: The hexagonal framework was made witha ohi70 wt% of
crofer and 30 wt% of YSZ as support for approachitsy thermal

expansion coefficients.

Sudy 1: Metal alloy crofer as support

Several honeycomb-MSC were prepared from the grse, cutting
multilayered samples of 17.7 mm of diameter, comtg YSZ supported over a

honeycomb arrangement of interconnect materiakildiged in perfect hexagonal
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cells, Fig. 4.5abc. After sintering under reducaunditions the microspheres of the
interconnect material are fused together rendeaingiform and continuous surface
that is being fixed to the YSZ at the same timeg, Bi5de. The co-firing process led
to a perfect contact between electrolyte and cragecan be seen from Fig. 4.6ab.
The SEM images also show a good distribution ofroparticles of the anode Ni-

YSZ inside of each hexagonal cell, Fig. 4.6cd. Tdusive layer exhibits a regular

distribution in its 5-10um of thickness, Fig. 4.68pwing the good quality of the co-
sintered YSZ (thickness ~2%0n) under reduced conditions at 1250°C.
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Fig. 4.5 Optical images of the multi-layered sample ingheen state after peeling off the PDMS
mold. (a,b) shows both layers of YSZ and the interconnect ristéc) it shows a magnification of the
details of the part containing the crofer made efatlic microspheres structured in hexagonal cells.
(d,e) a typical sample obtained after sintering in réglgiconditions up to 1250°C, the microspheres of
crofer have been fused together producing a veig metallic structure, strengthen the whole SOFC
sample.
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‘

(a) honeycoml; crofer,
~' r,“ -

Fig. 4.6.(a,b) SEM image of the cross-section of the honeycomtalfieestructure —top part-
supporting a 250 um of YSZ-bottom part. In eachalgexal cell a ~5-1m of anode material layer
was deposited. (c) SEM image of the top-view ofdtaer sintered as a honeycomb patterning and
showing the anode morphology of tfth Ni-YSZ cermet in the inner part of each hexaga®il (e)
Cross-section of inner part of each hexagonal skbwing the dense YSZ electrolyte in contact with
the 5-10um active layer of the Ni-YSZ anod@) Cross-section of cathode side, showing the dense

YSZ electrolyte in contact with a 30n active layer of the Pt.
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Several fuel cell tests were performed in ordevedfy the functionality of
the proposed configuration. The overall thicknelsthe sample tested was 450 pum,
and of that value, 200 um correspond to the supygpmicrostructured crofer layer.
The geometrical area was initially estimated toOH&8 cnf (cathode material), and
later corrected with the real free active aredeanode, which belongs to the sum of
the hexagonal prism internal area, Fig. 4.6¢c. GQhedfuel cell was sealed to the test
jig (setup), the quality of sealing was verifiedahgh the Open Circuit Voltage
(OCV) values. At 850°C under humidified pure Hs fuel, the value of OCV
obtained was 1.078 V, which is very similar to theoretical value of 1.106 }81]
pointing out to a very good sealing quality. Tegtithe performance of the
honeycomb-MSC led to performances ranging betwesmw-cn? at 700°C and
300 mW-cnf at 850°C, Fig. 4.7, which are very promising valtier this type of

configuration.
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As far as possible commercial applications areceored 100 chmfor each
single cell should render about 30W and taking iatwount the ratio (active
cell):(total Area) of 1:3, it should lead to 10Wthre best situation. Here probably one
should consider also the difference of weight vather MSCs to produce the same
performance, in our case it should lead to a 65%s3 weight.

Study 2:With a mix 70 wt% of crofer and 30 wt% of YSZ as support, for approaching
its thermal expansion coefficients

For this part of the work the slurry of the intemoector is a mix of metal and
ceramic oxide (70-30 wt% crofer-YSZ). The final mieter of the studied samples
was 26 mm. It can be seen in Fig. 4.8 the samdgroation perfectly distributed in

hexagonal cells. Fig.4.8ab shows the sample asamépbefore sintering. In Fig.
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4.8c the sample was sintered following the two-stegating under reducing
atmosphere, this sample is less shiny than thdronmeFig. 4.5 due to the presence of
YSZ in the mix. Fig. 4.8d permits to see the mitnasture after infiltrating the anode
material and calcinating it. Finally, Fig. 4.8etli® YSZ electrolyte after the thermal

treatment, ready for measuring it.

As it was explained in the introduction, this e#iis the continuation of our
previous Study 1[1] were it was demonstrated that the metallic honeyrco
microstructure provides good results for prepa@nyISC and it does not interact

with the anode part forming undesired secondarggha
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Fig. 4.8.Optical images of the multi-layered samig:in the green state after peeling off the PDMS
mold. (b) Cross-section which shows both layers of YSZ &edrterconnect materigk) Details of
the crofer-YSZ mix structured in hexagonal celleasintering, before adding the anoft.A sample
obtained after sintering in reducing conditionst@d250°C after adding the anode) YSZ
electrolyte for measuring the MSC after the thertredtments.

Fig. 4.9 plots the average values of at least twemas specific resistance
(ASR) versus different amounts of NiO-YSZ. It caa theduced that the optimum

guantity of NiO-YSZ (wt%) is the 80-20 ratio becaushas the lowest ASR value, in
the case of 90-10 ratio it increases. The behasfidhe ASR values with different
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amounts of NiO-YSZ has been reported by some asitf@2-35] and is the
consequence of the variation of porosity producgdthe reduction of NiO into
metallic Nickel. With low quantity of NiO the cermshows a predominant ionic
conducting behavior. Increasing the amount of N2 tonductivity is higher
because the conduction mechanism changes to ampirgatoelectronic conduction
through the metallic phase. An excess of NiO indbemet led to the disruption of
the triple phase boundary (TPB) due to the creatibmore electronic paths and
hence isolating several ionic paths (Fig. 1.5).sThehavior can be observed in Fig.
4.9 and a minimum on the ASR value is found for83e20 NiO-YSZ ratio. For this
reason, the infiltration of 20CGO will be appliest this content 80-20.

1.6

850 °C

- - Ly
Y o kN
t 1 1

Log ASR {Q-cm?)

i
o
;

0.8 1 1 1
60-40 70-30 80-20 80-10

NIO-Y3Z content (wi%)

Fig. 4.9.Log ASR values vs 4 different NiO-YSZ content iright.

The infiltration of 20CGO solution was very sucsfe$ reducing the

polarization resistance, as it can be seen in&if), where it is shown that different
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guantities of the electrocatalyst decrease th@iriSR value until a minimum value
at 180puL. The average values of at least two ASR agaiiferdnt amounts of
20CGO are shown in Fig.4.10. This effect after ititeoduction of electrocatalysts
into the electrodes for SOFC tests has been alswrided by other authors
[24,25,36] who obtained interesting results in the finalfpenance of the system.
The maximum amount of 20CGO solution per impregmatinat it can wet the
surface of our electrode (0.28 Ymvas only 4QuL. Due to that several steps in order
to study the evolution of ASR with the volume oéalocatalyst until 22QiL in 6
steps. Once the anode cermet is optimized anduhetity of 20CGO infiltrated in
the electrode is fixed, it is time to fabricate aedt the optimized microstructured

MSC as it was explained above.
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No addition NlO'YSZ 80'20
20CGO 850 OC
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0.6 o o

0.8 4 1step | 2steps | 3steps |4 steps | i 6steps
0 20CGO | 20CGO | 20CGO | 20CGO | | 20CGO

0 20 40 60 80 100 120 140 160 180 200 220 240
20CGO content (pL)

Fig. 4.10.Log ASR values vs different volumes of infiltratBdCGO as electrocatalyst.
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c)

Ni-YSZ anode
+20CGO

Fig. 4.11. (a)SEM image of the cross-section of the honeycomtaliieeceramic structure, supporting
the YSZ layer(b) In each hexagonal cell a ~54i of anode material layer was deposited and
20CGO was infiltrated(c) Ni-YSZ cermet +20CGO in the inner part of eackdgmnal cell(d)
Cross-section showing the dense YSZ electrolytmirtact with the ~1Qim platinum layer(e) Cross-
section of inner part of each hexagonal cell, shgwhe dense YSZ electrolyte in contact with the 5-
10pum active layer of the Ni-YSZ anode.

The co-firing process permit to obtain a perfeattaot and a good adherence
between the sintered electrolyte and crofer-YSZ musite as can be observed at Fig.
4.11a. The SEM images also show the distributio@EGO microparticles in the
cermet anode inside of each hexagonal cell, Fig.bt. The platinum has a thickness
of ~1Qum (Fig. 4.11d) and the anode exhibits a regulatridigion of 5-10um of
thickness (Fig. 4.11e) showing the good adhesiowd®n the layers (YSZ and

anode) under reduced conditions at 1250°C.
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Fuel cell tests were performed in order to confilme optimization of the
proposed study. The overall thickness of the sangsted was ~600 pum, where 150
pum correspond to the supporting microstructuredfecroeramic layer. The
geometrical area was initially estimated to be @68 (platinum-cathode material).
As it was previously commented in Studyl], the real free active area in the anode
is the sum of the hexagonal internal surfaces efcithode area, for this reason the
area was corrected taking into account this pdtig. (4.11b). Once the fuel cell was
stuck to the test setup, the quality of sealing wasfied using the Open Circuit
Voltage (OCV) values. At 700°C under humidified @i as fuel, the value of OCV
obtained was 1.08 V, which is close to the thecattralue of 1.129 \f31] indicative
of a good sealing. Fuel cell studies of the optedizhoneycomb-MSC led to a
performance higher than 160 mW-2mt 700°C, which is a very promising value for
this type of configuration compared with the vabldained in our previous work at
the same temperature (~50 mW:=mfor a non-infiltrated sample, Fig. 4.12a.
Furthermore, the performance values can be mudiehitpat the electrolyte used in
this study was thicker than the one tested in Studffig. 4.12bc). This confirmed
that the infiltration of 20CGO has permitted thecrease of TPB’'s and as
consequence improving the polarization resistamak iacreasing the yield of the

electrochemical reaction.
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Fig. 4.12.(a) Voltage and power density versus current densi08°C of the optimized anode and
not optimized anodgl] (b) the corresponding impedance spectra, after sulisiyadbe ohmic
contribution, of the single honeycomb-MSC operatingler wet pure hydrogen and dry oxygen as the
oxidant at 700°C of the optimized anode and ndtopéd anodgl], (c) detail of the impedance
spectra of the optimized anode at 700°C.
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4.4. Conclusions

An alternative design for the traditional metalpgarted cell has been
proposed. In this design, a 200 um layer of crefas structured with honeycomb
arrangement allowing two advantages: first, it &t as a typical current collector
and hence no extra platinum need to be used, asddond place, each hexagonal
cell allows the integration of the anode materiadide of the thickness of the

interconnect, hence anode and interconnect matgah the same layer.

This design has been possible due to the useegbhibtolithography, which
allows the cost-effective fabrication of molds wiimy type of microstructured

pattering, any range of thickness, with high degrfeeproducibility.

This configuration helps to increase the mecharst@ngth of the whole
MSC, while reducing the fabrication costs due tavdo anode/metallic material
consumption (~65%) and it yields performance of Gf8W-cn¥, at 850°C under

humidified hydrogen.

The polarization values have been improved in mir@n 1 order of
magnitude, after optimizing the NiO-YSZ anode cosipon and the subsequent

infiltration of the electrocatalyst 20CGO.

Optimizing the anode material, yields performarafe~160mW-crif, at
700°C under humidified pure hydrogen; which is ayvpromising value after
optimizing the anode, compared with the value @ilgt@iin our previous work at the
same temperature (~50 mW-€mvith 60-40 NiO-YSZ ratio).

Hence, it has been demonstrated that the propbosedycomb metal
framework allows a wide range of improvements amapens new fields for mobile

applications or others.
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Chapter 5.
3D printing

This chapter is dedicated to a new tool for cdhtigp the microstructure of

the materials: the 3D printing technique. It hasrbased for:

- Designing microstructured organic-based moldstierdeposition of YSZ
and crofer slurries. Thermal treatment of theseresitcuctured samples
has been performed obtaining promising results.

- Designing SOFC 3D prototypes for being fully 3Dnpeid with ceramic
powders and photopolymers.

5.1. Introduction

Three-dimensional (3D) printing is based in theea fabrication of 3D
structures, layer-by-layer, from a computer-aidedigh file without using any part-
specific tooling[1] and in significantly less time than by conventiofabrication
methods[2]. The 3D printing industry started in the late 19§With some initial
experiments in the 1970s), but the use of theserestpe machines were limited to
professionals. In 1990, at The University of Tekaéustin (USA), it took place the
first symposium related to the disciplines and didgiplines of Solid Freeform
Fabrication (SFF)3]. Nowadays it exists an expansion of new 3D teabgiek
because the printing patents of Fused Depositioddlileg (FDM), where objects are
built up layer by layer with extruded melted plashave expired. Furthermore, novel
3D printing technologies also have benefit from dpen-source movement and from

the free sharing of digital files via Interr{éi.
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There are different 3D printing technologies regay the procedure and
materials used for the object engineering. Soméhes$e printing technologies are
summarized in Table 5.1,3,5]:

Table5.1. Summary of 3D printing technologies and their adages.

Technique Process details Advantages
Strand of thermoplast Easy to use and can be used
Fused deposition polymers or polymer/ceramic y

with a large variety of

modeling (FDM) composites extruded through a materials

tip and deposited layer-by-layer

Extrusior-based laye-by-layer
Powder and inkjet head deposition. It employs ink-jet  Solid and porous constructs
3D printing printing technology for can be fabricated
processing powder materials

Layel-by-layer fabrication by
exposure to photopolymer  Simple and complex designs
Stereolithography (SLA)  liquid. Polymer solidifying at  can be manufactured. More
the focal point, and un-exposed resolution
polymer remains liquid

It does not require suppc
structures due to the fact that
the part being constructed is

surrounded by unsintered

A laser is used for sintering
powdered material (typically
metal), focusing the laser

Selesiivelesr Sirsiing automatically at points in spac

(SLS) defi e powder at all times, it
efined by a 3D model, bindin . ;
the material together to creat: per?;'\t/?otS; cmst}rlsjgittl:l)g of
the desired solid structure P ymp
geometries
Layers of adhesive-coated
L aminated object paper, plastic, or metal Low cost due to readil
. i ; y
manufacturing (L OM) laminates are successively 5 iapie raw material

glued together and cut to shape
with a knife or laser cutter.
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Three different techniques have been used intt@sis for controlling the

microstructure of the SOFC components:

- Fused deposition modelling (FDM) for fabricatinglds with the desired
structure. The use of replication with molds hasrbsuccessfully used in chapter 4
[6,7] and other authors tested it in their wo8sl0] ;

- 3D plotting/direct ink writing and stereolithogtay (SLA) to confirm that
the design is correct and for fabricating protosy/péfuture SOFC devices. SLA has
been used before with ceramic powders by sevethbesiobtaining good results: H.
Liao et al.[11-13], M.L. Griffith et al. [14-16] or T. Chartier et al[17,18] have
studied the rheology of the well dispersed photgmelr resins with AlOz;, SiO, or
ZrOy; other author$19-21] have studied the curing time of the photopolynweith
ceramic powders; even the study of the resinsdpe ttasting and curing thgi22];
and finally the use of a homemade setup for matwfag a microstructured YSZ
electrolyte following a EIS testinf23]. Ink-jet printing has been also studied with
ceramic powders: piezoelectrics have been prodoged. Lejeune, T. Chartier et al.
[24-27]; the dispersion of silver nanoparticles with ce@fmased inks and further
fabrication of multilayered components was devetbpéoo [28,29]; the
functionalization of ceramics coating$30,31]; SOFC micropatterns were

demonstratefl32] and the rheology of ceramic aqueous inks wasstistied[33].
The principles and materials used with these tegles are explained below.
5.1.1. Fused deposition modeling (FDM)

FDM is the most common 3D printing technique:réates complex objects
from molten plastic extruded through a nozzle. Aspit filament is wound on a coil
and unrolled for adding the material to the extsasnozzle, while the nozzle or the
object (or both) are moved along three axes (thezlacat XY and the fabrication

platform at Z) by a computer-controlled mechanisand the material solidify
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immediately after extrusion. The nozzle contairssstere heaters that keep the plastic
at a temperature just above its melting point st ithflows easily through the nozzle

and forms the layer.

Filament is led Filament spool
to the extruder

The extruder uses torque
and a pinch system to feed
and retract the filament
precise amounts.

A heater block melts the
filament to a useable

temperature.
The heated filament is forced

out the heated nozzle at a
smaller diameter

The extruded material is laid down
on the model where it is needed.

The print head and/or bed is moved
to the correct X/Y/Z position for placing
the material

Fig. 5.1. Scheme of a FDM printg&4].

The layer thickness and vertical dimensional aacyiis determined by the
extruder die diameter, which ranges from 1.75 tor. In the XY plane, a maximum
resolution of ~100m is availabld3]. The scheme of a FDM printer is shown in Fig.
5.1. The most common thermoplastics used in FDMpaiglactic Acid (PLA) and
acrylonitrile butadiene styrene (ABS).

PLA: Polylactic Acid is thermoplastic aliphatic polyastbiodegradable and
environment-friendly plastic derived from corn startapioca roots or sugarcane. Its
melting temperature is within the range 180-230If&ticks well on the printing bed

at room temperature (not requiring a heated beg)ically the platform is covered
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with blue painter's tape for avoiding a permanearatfon of the object over the
platform. This thermoplastic does not require smesafety precautions or forced

ventilation because the fumes are not dangerous.

Objects printed in PLA are robust but relativelytte, and cannot be used
when resistance to high temperature is needed. Hb& filament is rather
inexpensive, ranging from 30 to 40 € for 1 kg. Adpl variant of PLA is the soft or
flexible PLA, which should be extruded at lower pmrature and very low speed,

and can be used to print flexible joints, belt®4j etc.

ABS:. Acrylonitrile butadiene styrene (chemical formula(CgHg)x:
(C4He)y: (GsH3N),) is a common thermoplastic polymer. Its meltingyperature is
around 230°C. ABS is a therpolymer (copolymer csinsy of three distinct
monomers) made by polymerizing styrene and acriyltmiin the presence of
polybutadiene. The result is a long chain of potgldiene criss-crossed with shorter
chains of poly(styrene-co-acrylonitrile). The rarigroups from neighboring chains,
being polar, attract each other and bind the cheigsther, making ABS stronger
than pure polystyrene. This material permits inseedhe temperature but the

mechanical properties vary.

ABS is considered a low-hazard material but soneeaartions must be taken
when working with it. Heating up ABS during manuiaing can produce tiny
particles into the environmef@5] and these particles can be acrylonitrile or stgren
which are “reasonably anticipated to be human nagen” or butadiene which is a
“known carcinogen”[36]. It is necessary high ventilation in the workingea for

mitigating the risks associated with the use of ABS

The ABS filament is not expensive, ranging fromt@@0 € for 1 kg.
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5.1.2. Powder bed and inkjet head 3D printing

Using drop-on-demand jetting technology, whichvesy similar to inkjet
printing process, the printer deposits a bindeo@apowder bed, one layer at time;
this process is repeated until every layer has Ipeated. As the binder solidifies, a
solid geometry is creatd87].

The method is schematized in Fig. 5.2 and it wagsfollows: the multi-
channel inkjet head deposits a binder onto thelager of a bed of powder (build
chamber), it can moves in the XY direction. Thetipbes of the powder become
bonded in the areas where the binder is depoddade the layer is completed the
fabrication piston moves down (Z direction) by théckness of a layer (~1Q@n).
The powder delivery system permits to refill thevper bed by placing the powder
and spreading and compressing it with a roller akersurface of the build chamber.
The process is repeated until the entire objecbmpleted within the build chamber.
After completing the object, the platform from theild chamber is elevated and the
extra powder is eliminated with a vacuum systeroycked and stored in the powder
delivery system for future printings.

Multi-channel

mlzjet head
Powder delivery il &
system ¥ !ﬁ
Roller Xy* Binder
¢ = supply
i ™

e s

e

e s
—

Object being
printed

Build chamber

Fabrication piston

Fig. 5.2. Powder bed and inkjet head 3D printer.
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5.1.3. Stereolithography (SLA)

Stereolithography is an additive manufacturing pes¢ which uses a vat of
photosensible liquid called photopolymer or resing a light source to polymerize
the photosensible material.

The resin is a mix of monomers, photo-initiatansl §ght absorbents. And the
light source is an UV laser or a common projectsmg DLP (Digital Light
Processor) technology. The UV laser beam tracasss-section of the part pattern
on the surface of the liquid resin for printing ledayer. The exposition to the UV
laser light cures and solidifies the pattern tracedhe resin and joins it to the layer
below, from down to up. After the layer is tracatlacured, the stage, Fig. 5.3, is
elevated by a distance equal to the thicknesssiigle layer, this technique permits
to fabricate layers from 2sm to 200um. Hence, the resolution of the printed object
is higher than using the other two aforemention&d @inting methods. Then, a
resin-filled blade sweeps across the cross sedfighe part, re-coating it with fresh
material. On this new liquid surface, the subsetjlasr pattern is traced, joining the
previous layer. A complete 3D part is formed bysthrocess. After being built, the
3D structures are immersed in an isopropyl alcghi®h) solution in order to clean
the excess of resin and typically are subsequenitlgd in an UV ovef38,39]. Fig.
5.3 shows the scheme of an SLA 3D printer usind.B projector.
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Fig. 5.3. 3D printer scheme of SLA techniq@].

5.1.4. Computer Assisted Design (CAD) software

The design of the 3D models for printing was eafrout using the free cloud
based software called TINKERCAD developed by Ausigenc. California, USA.
This software allows creating from simple to complmodels without using
programming code, just using basic forms: sphewmdinders, pyramids, etc.
Furthermore, the software automatically convert thedel to a 3D-printable file
known as STL file (STereo Lithography) ready toseat to any type of 3D printers.
Fig. 5.4 shows a screen capture of the TINKERCADgmm used during the
modelling process.
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Fig. 5.4. Tinkercad is a simple, online 3D design and 3Dtprg tool.

5.2. Experimental procedure
5.2.1. Design process

The first step was to create the 3D digital modethe desired structure, in
our case a 3D mold to be used to control the straodf a slurry-based inorganic
material, i.e YSZ. The design was conceived ascapi@ces mold. One of them was
the microstructured supporting mold with a honeyboanrangement of hexagonal
cells, and the second piece is just a ring for @wgi the spill of the slurry during the
drying process of the material to be molded. Anngxa of the design concept is
shown in Fig. 5.5. Also it was designed some pymes$ for being fully printed with

SLA technique and ceramic powder.
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Fig. 5.5. The desired microstructured mold can be obtairsuigubasic forms.
5.2.2. Printing process

Fused deposition modeling

This technique permits to control the speed ofod#éjn (speed while
extruding and while travelling); the layer heigktie temperature of the extrusion
nozzle and building platform (room temperatureRP&A and any temperature around
100°C for ABS). Hence, four parameters can be nethadter the design of the
model: final size, speed of nozzle, layer heigltt samperature of deposition.
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Powder bed and inkjet head 3D printing and SLA

The procedure for using these printing methodsaallohanging the final size
of the 3D model contained in the STL file (Fig. 5.6nd, in the case of SLA, the

resolution of each layer can be controlled to sepegific values: from 25 to 200 um.

30t - lcopy. of_modelo_solc square channel- 131 Prolet 360 GOPXI066)]

Fig. 5.6. Printing view using powder bed and inkjet head@idting, showing 3 views of the
objects: YX, ZX and general.

5.2.3. Preparation of inorganic-based durries

The slurries were prepared as described in chaptéfixing the following
materials: 10 g of starting powders (YSZ or crafd) g of a mixture of methyl-
ethyl-ketone and ethanol (3:2, w/w) solvents; 0.6f griton-Q (dispersant); 2 g of
dibutyl phthalate (plasticizer) and 1 g of Butve@&polyvinyl butyral (binder). In all

cases, the components were ball-milled for 2 hO& m in a zirconia vessel with
zirconia balls.

Yttria (8 mol%) stabilized zirconia (YSZ) was suigol by Pi-KEM Ltd.
(Staffordshire, UK), NiO (99,99%, Sigma-Aldrich,.Stouis, MO, USA) and the
metal alloy Crofer ® 22APU were supplied by IKERLAMWethyl-ethyl-ketone
(Sigma-Aldrich, St. Louis, MO, USA). Ethanol (Sclear, Barcelona, Spain). Triton-
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Q (Dow Chemical, Midland, MI, USA). dibutyl phthata (Scharlau, Barcelona,
Spain). Butvar B98 polyvinyl butyral (Sigma-AldricBt. Louis, MO, USA).

5.3. Results and discussion
5.3.1. Printing molds with FDM technique

As it was explained before, four parameters cambnaged from the printer:
final size, layer height, speed and temperaturdegiosition. These parameters were

optimized for obtaining the desired molds.

It is important to remark that the maximum re$iolu available with this
technique is ~1Q@m. The layer height used in this work was 0.1mnOgt0) which
is the minimum, default layer height provided by thoftware used for printing
(MakerWare from MakerBot, Industries, NY, USA).

This technique needs a heated building platfornerwivorking with ABS,
with a typical temperature fixed at 110°C. The esion nozzle temperature was

optimized to 235°C after several tests.

The speed of the extrusion nozzle cannot be two sk too fast because the
3D structure will be printed incorrectly. Two spedahm/s) can be managed: speed
while travelling, it means the extrusion nozzleespen XY axes during the building;
and speed while extruding, it means the speed efpthstic filament through the
nozzle. The default speeds provided by the softwemes 150 mm/s for speed while
travelling and 90 mm/s while extruding. Severaltdewere performed and the

optimum speed was 75 mm/s and 45 mm/s, respectively

In chapter 4, we described the procedure for natufing a multilayer
SOFC with honeycomb patterning. This type of areangnt is known to provide
high mechanical strength to the whole structi#@ and hence some tests were
performed to reproduce such microstructure. Theludsn of FDM technique

allowed reproducing hexagonal cells with enoughcigien. The good results
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controlling the patterning microstructure with hgaaal cells can be observed in Fig.
5.7.

crofer

Fig. 5.7. (a) The molds printed with FDM techniqu@) depositing the slurry during 4 days in the
molds. Examples of the microstructure obtainedr dftening mold + dry slurries ofc) (e) crofer and
(d) (f) YSz.

The procedure used for the replication of aforetmeed multilayered SOFC
was:

- Design of the molds with the desired microstructunsing the
TINKERCAD software (Fig. 5.4 and Fig. 5.5).
- Printing the molds (Fig. 5.7a)
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- Fill the molds with the prepared slurry (croferYd6Z) with one layer of
green material per day, repeating the depositiatgss for 4 days and
drying the whole structure for another 2 days (Bigb).

- Thermal treatment (Fig. 5.7cdef), firing all theganic materials (plastic
mold + dry slurry) at 1350°C during 2 hours und&s Bydrogen, in the
case of crofer (Fig. 5.7ce) and at 1400°C durinfgp@rs, in the case of
YSZ (Fig. 5.7df).

5.3.2. Printing prototypes with powder bed and inkjet head technique

This technology opens new challenges in the miarotire control of
materials because if the powder material has adequerticle size and a suitable
binder, it is possible to print a 3D design in d@pge of ceramic material. The idea
was to design a squared honeycomb microstructu@BCSbackbone, providing
robustness and reducing costs, that can be latieatsd with suitable cathode and
anode materials. The proposed design is similahéoscheme shown in Fig. 5.8,
where it would be printed the electrolyte with Y&#d after that, the anode and the

cathode would be deposited in the correspondinggsid

Electrolyte Electrolyte

Cathode

Anode

Electrolyte Electrolyte

Fig. 5.8. Scheme of the microstructure proposed for futuoégpypes.

Fig. 5.9 shows the two prototypes (A and B) desigand printed using this

technigue and CaS@s supporting material.
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Prototype B

Fig. 5.9. Pictures of the prototypes printed with powder bad inkjet head technique.
5.3.3. Printing prototypes with stereolithography (SLA)

This technique was used for printing prototypeshef SOFC cells and for

studying the physical distribution of the microstire, because this technique has
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more resolution (25-2@Q0n) and it uses transparent materials, permittinghtserve

the inner microstructure of the object as it carsden in Fig.5.10.

Prototype B

1 mm

500 pm Prototype A
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MELLES Prototype B

I'mm
Prototype B

Fig. 5.10. Pictures of the prototypes printed with SLA techus.

5.4. Conclusions

3D digital models of microstructured molds weresigaed with a free
software tool. These models were successful usethé 3D fabrication of plastic
molds that allow the deposition of slurries of Y&&d crofer. The microstructured
patterning was perfectly reproduced after the epwading thermal treatments.
Furthermore, SOFC prototypes have been designetuin@D printed with ceramic
powders and photopolymers. The obtained 3D strestaonfirm that the design is
correct and hence these prototypes can be prinitbd¥%Z powder to produce real
SOFC devices.
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Conclusions

It has been successfully studied the rheology fiémrdint ceramic powders, the
electrochemistry of the different manufactured eyst and controlled the

microstructure of some SOFC materials.

. The surface behavior study of LSCF commercial powtes permitted to
determine that the isoelectric point of the mateoiecurs at pH around 6.
When suspensions were prepared to extreme pH vahestend to stabilize
by moving toward more neutral values. In genenaspgnsions could not be
prepared at acidic pH values because there isnafisaqt dissolution of the
cations that could change not only the surface wehabut also the
composition and final properties of the materidheTacidic suspensions are
less stable than basic ones, well the largest 8ityuis obtained at pH 2; this
is in opposition to the maximum zeta potential eatneasured at this pH and
the relatively good stability of pH with time. Hedo control the solubility
and the stability it is necessary to avoid pH \aores.

. Addition of a polyacrylic based deflocculant allowstable aqueous
suspensions, 0.3 wt% is enough for stabilize th€€ESuspension. The
ultrasounds study permitted to control the thixpyoand obtain fluid
suspensions for manufacturing LSCF tapes. The teahpe study allows
knowing that the relative density is high, morent20% at temperatures
ranging from 1300°C to 1400°C, at lower temperatihe tapes are porous
(less than 85% RD). As it was expected, at highptmature the LSCF reacts
and form secondary phases that can reduce thedonuctivity.

. Several YSZ tapes were fabricated by optimizing rteological properties,

using aqueous slurries, which are environmentaignély, avoiding the use



134| Conclusions

of organic solvents. A range of different YSZ powaleith different surface
areas and particle sizes have been used in ordemfom that the proposed,
experimental method can be adjusted for obtaininglas results. To carry
out this, suitable selection of the slurry addisivas well as, optimization of
sonication time permits to reduce the agglomerasiate. Thus leading to a
good dispersion of the YSZ particles in water fog tape-casting process and
improving the homogeneity of the microstructure.

. The relative density was also an important poinktmto account, with high
relative density, higher sinterization, which hetpamprove the conductivity
and avoid the interdifussion of gases between rel@es. It is observed that
the ultrasounds affect the relative density, imprgut in the case of TZ8Y
but reducing it in the other two materials. Thenpas that only PIKEM
material achieves a relative density close to ttemal density with and
without ultrasound treatment and could be usedextrelyte in SOFC.

. The electrical characterization of the pellets watid without US dispersion
control shows a small improvement in the condutgtivelues and activation
energies of the different YSZ pellets. For PiKEMpds, one starts from a
bigger particle size, there is negligible differeacin the conductivity in
samples treated with and without ultrasound.

. An alternative design for the traditional metal goged cell has been
proposed. In this design, a 200 um layer of crof@s structured with
honeycomb arrangement. This design has been pesiikl to the use of the
photolithography, which allows the cost-effectiabfication of molds with
any type of microstructured pattering, any rangetrotkness, with high
degree of reproducibility. This configuration helpsincrease the mechanical
strength of the whole MSC, while reducing the feation costs due to lower
anode/metallic material consumption (~65%) andi@dg performance of
~300mW:- crif, at 850°C under humidified hydrogen.
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. An improvement, higher than 1 order of magnitudes been achieved in the
polarization values, boosting the power densitigrabptimizing the Nickel-
YSZ anode composition with the subsequent infilrabf the electrocatalyst
20CGO. Furthermore it has been demonstrated theatptbposed, in our
previous work, honeycomb framework permits a wigiege of improvements
and it opens new fields for mobile applications amothers. In this work,
performance of ~160mW- ¢Mmat 700°C under humidified pure hydrogen was
obtained; which is a very promising value afterimpting the anode,
compared with the value obtained in our previousrkwat the same
temperature (~50 mW-cmwith 60-40 NiO-YSZ ratio and non-infiltrated
with 20CGO).

. It has been successfully designed microstructureldswith an easy free tool
for fabricating them with thermoplastics for depiog slurries of YSZ and
crofer. It has been performed thermal treatmenthése samples obtaining
promising results. Furthermore, SOFC prototypesehbgen designed for
being fully printed with ceramic powders and phatigmers. The obtained
objects confirm that the design is correct andlaves printing the prototypes
with YSZ powder.

According to all the results previously exposed, propose the methodology
of chapter 3 for characterizing and preparing stald homogenous aqueous slurries
of any ceramic powder. The experimental proceddirehapter 4 has permitted to
develop a new MSC, cheaper than the actual antr@t®emically tested rendering
optimum performances. Finally, chapter 5 introducésre work with 3D printers for
controlling the microstructure of materials; openimew opportunities in the SOFC
and energetic fields.
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Conclusiones

Se ha estudiado satisfactoriamente la reologiafdeedtes polvos ceramicos,

la electroquimica de diferentes sistemas preparaglose ha controlado la

microestructura de diversos materiales para SOFC.

El estudio superficial del polvo comercial de LSiFpermitido determinar el

punto isoeléctrico del material y éste ocurre agiiddedor de 6. Cuando las
suspensiones son preparadas a valores extremodddésfas tienden a
estabilizar moviéndose a valores de pH mas neutiws. general, las

suspensiones no se preparan a pH acidos porquenhdigoluciéon importante

de los cationes que puede cambiar el comportamigmtia superficie pero

también la composicion y propiedades finales ddknsd. Las suspensiones
acidas son menos estables que las basicas, pueaylar solubilidad se

obtiene a pH 2; esto esta en contra con el valopalencial zeta maximo

medido a este pH y la relativa buena estabiliddghecon el tiempo. Es por

ello que para controlar la solubilidad y estabiidas necesario evitar
variaciones de pH.

La adicion del defloculante poliacrilico permitetadslizar las suspensiones
acuosas, con solo un 0.3 wt% es suficiente paebiésar la suspension de
LSCF. El estudio con ultrasonidos permite contrddatixotropia y obtener

suspensiones fluidas para la fabricacion de coeasSCF. El estudio térmico

permite conocer que la densidad relativa es alés, del 99% a temperaturas
entre 1300°C y 1400°C, y a temperaturas mas bagasithtas son porosas
(menos del 85% de densidad relativa). Como erasperar, a elevadas
temperaturas el LSCF reacciona y forma fases sadasdjue pueden reducir

la conductividad iénica.
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Algunas cintas de YSZ se fabricaron optimizandoplapiedades reoldgicas,
usando barbotinas acuosas, que son medioambientalmmejores por evitar
el uso de disolventes organicos. Un rango de difegepolvos de YSZ con
diferentes superficies especificas y tamafios décpkr se han usado para
confirmar que el procedimiento experimental propugsiede ser ajustado
para obtener resultados similares. Para llevar e @sto, una seleccion
apropiada de aditivos se llevo a cabo, y tambiénpimizo el tiempo de
sonicado para reducir el estado de aglomeracida.|lRgar a tener una buena
dispersion de las particulas de YSZ en agua papaoceksado de colado en
cinta y mejorar la homogeneidad de la microestractu

La densidad relativa también fue un punto que ge & cuenta, con elevada
densidad relativa, mayor sinterizacion, la cual dayua mejorar la
conductividad y a evitar la interdifusion de losgs entre los electrodos. Se
observd que los ultrasonidos afectan la densidiadive, mejorandola en el
caso del TZ8Y pero reduciéndola en los otros doemades. Hay que tener
en cuenta que solo el material PIKEM tiene la dtatsirelativa cerca de la
densidad tedrica con y sin ultrasonidos y puedesada como electrolito.

La caracterizacion eléctrica de las muestras csin gontrol de ultrasonidos
muestra una pequefia mejora en los valores de dividad y energias de
activacion de las diferentes muestras de YSZ. Rar@intas de PIKEM, la
cual es la de mayor tamafio de particula, no hayatitias significantes en la
conductividad en muestras tratadas con y sin oltidss.

Un disefio alternativo al tradicional de las MSCsido propuesto. En €l una
capa de 200 um de crofer que ha sido estructuraao panal de abeja. Este
disefio ha sido posible gracias a la fotolitogradize permite fabricar moldes
de una manera econOmica cualquier tipo de microgtstia, cualquier rango
de grosor, con capacidad de reproduccion. Estaigeoation ayuda a

incrementar la solidez mecéanica de toda la MSChnirae que reduce los
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costes de fabricacion debido menor consumo de i@atanodo/metal
(alrededor de un 65% menos) y se obtienen rendiosete ~300mW-ci a
850°C hidrégeno puro hiumedo.

. Una mejora de mas de un orden de magnitud ha sidmida en los valores
de polarizacion, incrementando la densidad eneaétiespués de optimizar
la composicion de Ni-YSZ en el anodo y con la trdiion del
electrocatalizador 20CGO. Ademas se ha demostium,la estructura de
panal de abeja propuesta en nuestro anterior ¢rgdgsnite un amplio rango
de mejoras y abre nuevos campos en aplicacioneges@ntre otras. En este
trabajo, se han obtenido rendimientos de ~160mW¥;cen 700°C con
hidrogeno puro humedo, los cuales son valores muygtedores después de
optimizar el &nodo, comparado con el valor obteridmuestro trabajo previo
a la misma temperatura (~50 mW-toon proporcién60-40 NiO-YSZ ratio y
sin infiltrar 20CGO).

. Se han disefiado satisfactoriamente moldes micuo#stados con una una
herramienta sencilla y gratuita para fabricarlosr dermoplasticos para
depositar barbotinas de YSZ y crofer. Se han llevadcabo tratamientos
térmicos obteniendo resultados satisfactorios. Adgnse han disefiado
prototipos SOFC para ser completamente imprimidospolvos ceramicos y
fotopolimeros. Los objetos obtenidos confirman qléisefio es correcto y
permite pensar en imprimir dichos prototipos conZY$ testearlos

electroquimicamente.

De acuerdo a todo lo expuesto previamente, praposda metodologia del
capitulo 3 para caracterizar y prepara barbotinaesas estables y homogéneas para
cualquier polvo ceramico. El procedimiento expentaédel capitulo 4 ha permitido
desarrollar una nueva MSC, mas barata que la acjuade ha probado

electroquimicamente dando rendimientos Optimos.alfiante, el capitulo 5
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introduce trabajo futuro con impresoras 3D paratroter la microestructura de

materiales, abriendo nuevas oportunidades en lnpasde energético y de SOFC.
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Title: Tape casting fabrication and electrical characterization of
several YSZ materials for SOFC applications
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Authors: R. Fernandez-Gonzalez, E. Hernandez, S. Savvin, P.
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Power density (mW cm‘z)

20 o0zo

(Lwov) Z ’
S0 oo s00 o

opoue pezrundo

1207

opoue
pozwndo 1o

ZHw 068

(zwory) Aysuap Juaung

90

o zo

opour poziundo

0000L

opoue pozwindo

D0 002

8" 0000z +
apoue.

spoue
poziwindo 10N

N

€ 2an31yg

/

zo

o

90

80

oL

43

v

09902 +
opouE ZSA-IN

(A) renuajod 1130913

—
©

(>

$ 9an31

7 31n31y

(1) 3us3u02 09202
ovZ 0zZ 00Z 08L 094 OFL 0ZL 00L 08 09 Oy 0Z O

0920z | mooun.vﬁ 09002 | 09002 o000z oV
sdajs 9 sdajs ¢ i sde)s¢ | sdejs g i dajs | L g'o-
T o ® , L oo

, L vo-

i i Fzo

09002 "

sdays g oo

Fzo

Fvo

r 9o

Q0 058 09902
02-08 ZSA-OIN woneezon (@) | w0
oL
I 9Ing1q
(%3M) Ju23U0d ZSA-OIN
01-06 0z2-08 0£-0 0¥-09
. . . ; 90
F 80
Fod
Fe
FYE
0o 068

9’y

(zwo-v) ¥sy bo1

(zwo-U) usy Bo



Appendix B

List of publications related to this thesis:

Authors: B. Moreno, R. Fernandez-Gonzalez, J.R. Jurado, A.
Makradi, P. NUfez, E. Chinarro

Title: Fabrication and characterization of ceria-based buffer layers
for solid oxide fuel cells

Reference: International Journal of Hydrogen  Energy,
2014;39:5433-9

Authors: Q. Shao, R. Fernandez-Gonzalez, A. Mikdam, L. Bouhala,
A. Younes, P. Nufiez, S. Belouettar, A. Makradi

Title: Influence of heat transfer and fluid flow on crack growth in
multilayred porous/dense materials using XFEM: Application to
Solid Oxide Fuel Cell like material design.

Reference: International Journal of Solids and Structures,
2014;51:3557-69

Authors: ].] Veldzquez, R. Fernandez-Gonzalez, J. Marrero-Jerez;
V.D. Rodriguez, A. Lukowiak, A. Chiappini, A. Chiasera, M. Ferrari,
P. Nufiez

Title: Structural and luminescence study of Ce®* and Tb** doped
CasSc,Sis012 garnets obtained by freeze-drying synthesis method
Reference: Optical Materials, 2015 (DOI:
10.1016/j.0ptmat.2015.03.057)

Authors: Q. Shao, R. Fernandez-Gonzalez, J.C. Ruiz-Morales, L.
Bouhala, A. Younes, P. Nufiez, S. Belouettar, A. Makradi

Title: An advanced numerical model for energy conversion and
crack growth predictions in Solid Oxide Fuel Cell units

Reference: Journal of Power Sources, 2015 (submitted manuscript
with reference POWER-S-15-01202)
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