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Abstract

The energy industry is currently on the verge of transitioning into a sustainable paradigm
powered by renewable energies. Among the alternatives to fossil fuel-driven technologies,
the use of solid oxide cell (SOC) systems is a promising candidate. SOCs are the most
efficient technologies for electrical power generation and hydrogen production, making
them an interesting solution for reversible energy systems. Nonetheless, the expansion of
SOC technologies into real life applications is often hindered by the presence of thermally
activated processes, restricting the operation to the high temperature regime. Consequently,
thermally-driven degradation is regularly experienced in these devices. There is a clear
interest then in the discovery of new materials that i) present enhanced electrochemical
activity at lower temperatures and ii) keep their performance over time. The use of thin film
electrodes based on engineered nanostructures has been demonstrated to improve the
performance at much lower operational temperatures. This thesis is then focused on the
development of thin film-based highly functional materials for SOC electrode application.
The research carried out has been divided in three main parts: i) development of
Lao755r025CrosMnosOs (LSCrMn) and CeosSmo202 (SDC) nanocomposites for application in
fuel and symmetric electrodes; ii) characterization of the functional properties of the
LaosSrooMnxCoyFe1xyOs (LSMCF) library for application as oxygen electrodes; iii)
implementation of thin film electrode materials under different cell architectures.

The first part of the thesis deals with the development of thin film-based nanocomposite
electrodes. First, Ni-CeosGdoiO2 (NiCGO) cermet nanocomposites were studied as
promising fuel electrodes. Additionally, all-ceramic LSCrMn-SDC heterostructures were
also investigated. Specifically, a dense LSCrMn-SDC nanocomposite was found to present
remarkable electrochemical activity under both reducing and oxidizing conditions, with no
significant degradation observed. Further studies were carried out for the optimization of
the heterostructures microstructure, leading to enhanced performance for hydrogen
oxidation.

The second part of this thesis investigated the LSMCF library for application as oxygen
electrodes. The complete library was fabricated in a single process by means of
combinatorial deposition. LSMCF was then studied by high-throughput methodologies for
full characterization of the structural and electrocatalytic properties. The results showed
high oxygen kinetics for the Fe- and Co-rich regions and remarkable low activation energy
for the intermixed co-doped compositions studied. Studies on degradation performance
showed distinctive behaviour with remarkable stability of the co-doped LSMCF and
LaosSro2MnOs (LSM) with respect to single LaosSro2CoOs (LSC) and LaosSro2FeOs (LSF).
Analyses beyond the subsurface revealed the presence of highly off-stoichiometric regions
and apparent overall increase of defect size and defect density.



In the final part of the thesis, the integration of thin film electrode materials in full SOC
devices have been studied. Specifically, the use of LaosSroaCrOs (LSCr) thin films as
symmetric electrodes has been analysed by operating a cell under redox cycling conditions.
The use of thin film LSC and SDC in reversible SOC systems was studied under fuel cell
and electrolysis operation modes. Finally, the integration of all-ceramic thin film materials
in micro-SOCs was explored, with successful fabrication of proof-of-concept devices
supported in silicon.

This manuscript offers a thorough study for the development of thin film-based functional
materials aimed to overcome the limitations affecting SOC electrodes. The use of
nanoengineering processes and combinatorial methods for material research are presented
as promising routes for the discovery of electrode materials with enhanced performance.
The successful integration of these type of materials in different device architectures is
proposed as validation of the versatility in application of the thin film materials
investigated.



Resumen

La industria energética estd actualmente al borde de una transicién hacia un paradigma
sostenible potenciado por las energias renovables. Entre las alternativas a los combustibles
fosiles, el uso de sistemas basados en celdas de 6xido sdlido (SOC) es un candidato
prometedor. Las SOC son las tecnologias mas eficientes de generacion eléctrica y
producciéon de hidrégeno, cosa que las hace una solucion interesante para sistemas de
energia reversibles. No obstante, su aplicacion en soluciones reales se encuentra
normalmente limitada por la presencia de procesos activados térmicamente, lo cual
restringe su operacion al rango de altas temperaturas. Por consiguiente estos dispositivos
sufren regularmente de degradaciéon inducida por procesos térmicos. Esto hace que haya un
claro interés por descubrir nuevos materiales que i) presenten actividad electroquimica
mejorada a bajas temperaturas y ii) mantengan su rendimiento en el tiempo. Se ha
demostrado que el uso de electrodos de capa fina basados en nanoestructuras mejora el
rendimiento a temperaturas mucho mas bajas. Esta tesis se ha enfocado en el desarrollo de
materiales altamente funcionales basados en capa fina como electrodos SOC. La
investigacion llevada a cabo se ha dividido en tres partes principales: i) desarrollo de
nanocompuestos de Lao7s5r025CrosMnosOs (LSCrMn) y CeosSmo202(SDC) para su aplicacion
en electrodos de combustible y simétricos; ii) la caracterizacion de las propiedades
funcionales de la libreria LaosSro2MnxCoyFei1-«yOs (LSMCF) para aplicacion como electrodos
de oxigeno; iii) la implementaciéon de materiales de electrodo de capa fina en diferentes
arquitecturas de celda.

La primera parte de la tesis cubre el desarrollo de electrodos nanocompuestos basados en
capa fina. En primer lugar, nanocompuestos cermet de Ni-CeosGdo1O2 (NiCGO) se han
estudiado como electrodos de combustible. Se ha encontrado un nanocompuesto denso de
LSCrMn-SDC que presenta alta actividad electroquimica bajo condiciones tanto reductoras
como oxidantes, sin apreciacion de degradacion significativa. Mas estudios se han realizado
para la optimizacién de la microestructura, consiguiendo mejorar el rendimiento frente a la
oxidacion de hidrogeno.

La segunda parte de la tesis investiga la libreria de LSMCF para su aplicacion en electrodos
de oxigeno. E1 LSMCF se ha estudiado por medio de metodologias de alto rendimiento para
la caracterizacion completa de las propiedades estructurales y electrocataliticas. Los
resultados muestran alta cinética de transporte de oxigeno para las regiones ricas en Fe/Co,
asi como baja energia de activacion para los compuestos co-dopados. Estudios del
rendimiento frente a la degradacion han mostrado un comportamiento con alta estabilidad
para el LSMCF co-dopado y el LaosSro2MnQOs (LSM) en comparacion con el LaosSro2CoOs
(LSC) y el LaosSro2FeOs (LSF).
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En la parte final de la tesis se ha estudiado la integracion de materiales de capa fina para
electrodos en dispositivos SOC completos. El uso de capas finas de LaosSroaCrOs (LSCr)
como electrodos simétricos se ha analizado por medio de la operacién bajo condiciones de
ciclado redox. El uso de capas finas de LSC y SDC en sistemas reversibles SOC se ha
estudiado bajo operacion en modos de celda de combustible y de electrdlisis. Finalmente, la
integracion de materiales de capa fina en micro-SOCs se ha estudiado, consiguiendo fabricar
dispositivos a nivel de prueba de concepto sobre sustratos de silicio.

Este manuscrito ofrece un estudio exhaustivo del desarrollo de materiales funcionales
basados en capa fina destinados a superar las limitaciones que afectan a los electrodos de
las SOC. El uso de procesos de nanoingenieria y metodologias combinatoriales para la
investigacion en materiales se presentan como aproximaciones prometedoras para el
descubrimiento de materiales de electrodo de alto rendimiento. La integracion exitosa de
este tipo de materiales en distintas arquitecturas se propone como validacién de la
versatilidad en los ambitos de aplicacion de los materiales de capa fina investigados.
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Resum

La industria energetica esta actualment a la vora d’una transicid cap un paradigma
sostenible potenciat per les energies renovables. Entre les alternatives als combustibles
fossils, I'tis de sistemes basats en cel-les d’oxid solid (SOC) és un candidat prometedor. Les
SOC soén les tecnologies més eficients de generacio electrica i produccié d’hidrogen, cosa
que les fa una solucid interessant per sistemes d’energia reversibles. No obstant, la seva
aplicacié en solucions reals es troba normalment limitada per la presencia de processos
activats termicament, la qual cosa restringeix la seva operaci6 al rang d’altes temperatures.
Per conseqiient, aquests dispositius pateixen regularment de degradacié induida per
processos termics. Aixo fa que hi hagi un clar interes per descobrir nois materials que i)
presentin activitat electroquimica millorada a baixes temperatures i ii) mantinguin el seu
rendiment en el temps. Sha demostrat que 1I'is d’electrodes de capa fina basats en
nanoestructures millora el rendiment a temperatures molt més baixes. Aquesta tesi s’ha
focalitzat en el desenvolupament te materials altament funcionals basats en capa fina com a
electrodes SOC. La investigacié portada a terme s’ha dividit en tres parts principals: i)
desenvolupament de nanocomposits de Lao5Sr0.25CrosMnosOs (LSCrMn) i CeosSmo202 (SDC)
per a la seva aplicaci6 en electrodes de combustible i simetrics; ii) la caracteritzacio de les
propietats funcionals de la llibreria LaosSro2MnxCoyFeixyOs (LSMCF) per aplicacié com
electrodes d’oxigen; iii) la implementacié de materials d’electrode de capa fina en diferents
arquitectures de cel-la.

La primera part de la tesi cobreix el desenvolupament d’electrodes nanocomposits basats
en capa fina. En primer lloc, nanocomposits cermet de Ni-CeosGdoiO2 (NiCGO) s’han
estudiat com electrodes de combustible. S’ha trobat un nanocomposit dens de LSCrMn-SDC
que presenta alta activitat electroquimica baix condicions tant reductores com oxidants,
sense apreciacié de degradacio significativa. Més estudis s’han realitzat per la optimitzacio
de la microestructura, aconseguint millorar el rendiment front I’oxidacié d’hidrogen.

La segona part de la tesi investiga la llibreria de LSMCEF per la seva aplicacio en electrodes
d’oxigen. L'LSMCF s’ha estudiat per mitjans de metodologies d’alt rendiment per la
caracteritzacio completa de les propietats estructurals i electrocatalitiques. Els resultats
mostren alta cinetica de transport d’oxigen per les regions riques en Fe/Co, aixi com baixa
energia d’activacio pels compostos co-dopats. Estudis del rendiment front la degradaci6 han
mostrat un comportament d’alta estabilitat per 'LSMCF co-dopat i I'LaosSro-MnOs (LSM),
en comparacié amb 1"LaosSro2CoOs (LSC) i 1'LaosSro2FeOs (LSF).

A la part final de la tesi s’ha estudiat la integracié de materials en capa fina per electrodes
en dispositius SOC complets. L'tis de capes fines de LaosSro1CrOs (LSCr) com electrodes
simetric s’ha analitzat per mitja de I'operacio6 baix condicions de ciclat redox. L'tis de capes
fines d’'LSC i SDC en sistemes reversibles SOC s’ha estudiat baix operacié en modes de
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cel-les de combustible i electrolisi. Finalment, la integracié de materials en capa fina en
micro-SOCs s’ha estudiat, aconseguint fabricar dispositius a nivell de prova de concepte
sobre substrats de silici.

Aquest manuscrit ofereix un estudi exhaustiu del desenvolupament de materials funcionals
basats en capa fina destinats a superar les limitacions que afecten als electrodes de les SOC.
L'ts de processos de nanoenginyeria i metodologies combinatorials per la recerca en
materials es presenten com aproximacions prometedores per al descobriment de materials
d’electrode d’alt rendiment. La integraci6 exitosa d’aquest tipus de materials en diferents
arquitectures es proposa com a validacio de la versatilitat en els ambits d’aplicacié dels

materials en capa fina investigats.
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1.1 Motivation”

Solid oxide electrolysis and fuel cells are the most efficient technology for hydrogen
generation and clean electricity production from hydrogen, respectively. This makes them
one of the most promising technologies for facing the upcoming challenges for industry
decarbonization. Solid oxide cells (SOCs) are characterized by high efficiency, power
density and applicability —-from portable devices to large-scale stacks— and have therefore
sparked the interest of the research and of the technology communities during the last
decades.

The presence of thermally activated processes —particularly critical for the oxygen
electrode— represents one of the bottlenecks of the technology for operation at more
convenient low-to-intermediate temperatures. An additional limitation commonly
observed is the degradation of the materials electrochemical performance due to formation
of secondary phases at the interfaces. These effects result in blockage of electrochemically
active sites for the surface reactions and ion transport through the device. Among the
possible solutions to overcome these limitations, employing electrodes based on engineered
nanostructures have demonstrated an improvement of the performance at much lower
operation temperatures®*. Interestingly, the use of nanostructured materials have also been
proven to counter degradation effects related to segregation of dopant species®. Materials
with increased entropy (co-doped systems) have also been reported to present resilient
behavior for facing degradation®. The origin of electrochemical enhancement and long-term
stability often found in such nanostructured electrodes is still under debate. This thesis is
therefore aimed at investigating these phenomena, focusing on the study of nanostructured
and co-doped electrode materials, and their application in thin film solid oxide cells
(TE-SOCs).

This chapter introduces the main concepts and ideas covered throughout the development
of the work presented in this thesis. In section 1.2 a general overview of SOCs is given. This
includes the basic principles of the electrochemical phenomena involved in their
functionality, a review of the classical materials utilized for the fabrication of each cell
component and a brief presentation of the different types of SOCs existing and main

*This introduction is adapted from Sirvent, J. de D.; Buzi, F.; Baiutti, F.; Tarancén, A. Advances in
Nanoengineered Air Electrodes: Towards High-Performance Solid Oxide Cells. In Nanoengineered
Materials for Solid Oxide Cells; Develos-Bagarinao, K., Ed.; IOP Publishing, 2023; pp 1-1-1-35.
https://doi.org/10.1088/978-0-7503-4064-9ch1, with the permission of IOP Publishing! and from
Sirvent, J. de D.; Carmona, A.; Rapenne, L.; Chiabrera, F.; Morata, A.; Burriel, M.; Baiutti, F.; Tarancdn,
A. Nanostructured Lao75Sr025CrosMnosOs—CeosSmo202 Heterointerfaces as All-Ceramic Functional
Layers for Solid Oxide Fuel Cell Applications. ACS Appl. Mater. Interfaces 2022, 14 (37), 42178-42187.
https://doi.org/10.1021/acsami.2c14044,, under Creative Commons Attribution 4.0 International
Public License2.




architectures employed. Focus is particularly given to the materials and systems most
relevant to the studies discussed throughout the thesis. Section 1.3.2 focuses in introducing
the field of TF-SOCs. This section provides a brief review on promising functional materials
fabricated by thin film methods and their functional properties. Additionally, the
advantages and feasibility of integrating ceramic materials in micro solid oxide cells
(uSOCs) is discussed. Section 1.4 is focused on the discussion of advanced tools for materials
search. The use of high-throughput experimental methods is discussed, highlighting
successful cases found in the literature and commenting the advantages of implementing
these methodologies. The identification of material performance descriptors and their
combination with the use of machine learning-based analysis methods is briefly introduced.
Finally, specific details on the scope of this thesis are described in Section 1.5.



1.2 Solid Oxide Cells

1.2.1 Working principles

SOCs are devices which are able to either produce electricity (fuel mode - SOFC) or store
chemical energy (electrolysis mode - SOEC) coming from the result of an electrochemical
reaction. The most well-known SOC device is the one operated in fuel cell mode with
hydrogen as the fuel. In this case, the hydrogen oxidation reaction (HOR) takes place in the
anode:

H, + 05 = H,0 + Vj, + 2¢’ (1-1)

while the oxygen reduction reaction (ORR) takes place in the cathode:

1
502 +V, 5 05+ 2k (1-2)

The resulting product of the electrochemical reaction is water, as it can be observed in the
simplified balanced reaction:

1
502 +H2 l—_r HzO (1'3)

The electrochemical potential of the fuel cell is given by the Nernst equation:

RT
Eoq = E° — —Fln< pHZf/2> (1-4)
n Pn,Po,

This equation relates the cell potential under equilibrium conditions (Eeq) with the
electrochemical reaction potential in standard conditions (E°), the universal gas constant (R),
the number of electrons involved per unit of mole of fuel, the Faraday constant (F), the
temperature (T) and the fraction of partial pressures of the product and reactants of the
reaction. The amount of hydrogen consumed during the operation of the cell can be
calculated directly —assuming a single chemical reaction— through the measurement of the
current, according to equation (1-5).

|2l

X =—
consumed /produced nF

(1-5)

In general terms, the efficiency of SOCs is determined by the energy losses that are present
in the device”®: (i) ohmic resistance coming from ionic conduction, (ii) mass transport at the
electrode (bulk or surface ambipolar diffusion) and in the gas phase (concentration
polarization) (iii) activation polarization related to electrode reactions. Figure 1-1 shows a
schematic of the voltage vs current density plot of a prototypical SOFC showing all three
contributions to the energy loss. It should be noted that the cell potential Eeq normally
coincides with the experimental Open Circuit Voltage (OCV) of the device, although it



might not be the case in the case of large activation. As the operation temperature decreases,
the electrode overpotentials play a more significant role in the performance of the cell due
to their high thermal activation.® Therefore, decreasing the activation energy and
polarization resistance of the electrodes is of foremost importance for lowering the
operation temperatures of the whole SOCs.

Ideal voltage

____—activation polarization

mass transport losses

ohmic losses

Current density
Figure 1-1. Schematic representation of the voltage vs current density (j-V) plot of a SOFC.

One of the most important factors involved in the performance of SOCs is related to the
surface reaction. In conventional systems —i.e. in which porous electrodes allowing for gas
diffusion are employed- the reaction takes place favorably in specific electrochemically
active sites. This active region is commonly referred to as triple phase boundary (TPB), as is
the junction between the electrolyte, the electrode (either for the hydrogen!®!" or the oxygen
electrode?) and the gas phases. In the case of oxygen electrodes, the TPB reaction occurs via
dissociation of the molecular oxygen at the electrode-electrolyte interface, the insertion of
the oxide ion into the electrolyte layer and the transport of the electronic charge through the
air electrode. The exact mechanism of the electrochemical reaction depends on the material
employed and its microstructure, thus more than one process might play a role (e.g.
additional transport of adsorbed oxygen through the electrode surface into the TPB)*.

The reaction area can be extended beyond the TPB by employing mixed ionic-electronic
conducting (MIEC) electrode materials. These materials allow to move from a TPB-based
into a double phase boundary (DPB) geometry, in which the electrochemical reaction occurs
at the whole surface of the air electrode. This mechanism extends the reaction active region,
as the oxygen transport can be carried out across the electrode bulk or surface. This makes
MIEC electrodes highly interesting for dense electrode applications, as in the cases studied



in this thesis. A scheme of the general transport mechanism taking place for both TPB and
DPB-based oxygen electrodes is presented in Figure 1-2.

The parameters that describe the kinetics of the electrochemical performance of MIEC
oxygen electrode materials are the oxygen surface exchange coefficient (k*) and the oxygen
diffusion coefficient (D*). An approximately linear correlation between these two
parameters has been experimentally demonstrated for perovskite-based MIECs employed
as air electrodes'+"7, highlighting the strong influence of the ionic transport properties (in
particular, oxygen vacancy availability and mobility) on the surface electrochemical activity.
However, additional factors including surface chemical composition or the presence of
secondary phase aggregates, may lead to a strong variability in the surface exchange
coefficient.

—— o ———— -

Figure 1-2. TPB and DPB oxygen incorporation mechanisms in both porous and dense (mixed
ionic-electronic conductor) oxygen electrodes. Reproduced from Ref.! with permission of IOP
Publishing.

1.2.2 State of the art materials for solid oxide cells

As a general basis, all the components of a SOC are made of ceramic oxides with different
functional properties depending on their role in the cell (i.e. hydrogen and oxygen
electrodes, electrolyte or interconnectors). In some cases, metallic components can be
included and utilized as interconnectors or as catalysts (cf. later in the text). There is a large
variety of ceramic materials that can be employed in SOC systems —some of the most
commonly known will be discussed in this chapter—, but in the majority of cases they can be
differentiated by their crystallographic structure, normally perovskites and fluorites. Figure
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1-3 shows the basic structure of perovskite (in its cubic form) and fluorite materials.
Perovskites structures are characterized by the general formula ABXs, where A and B are
cations and X is the anion. In the simplest case of a cubic structure with application in SOCs
A is typically a large size cation from the family of the lanthanides (trivalent) or the alkali
earth (divalent) metals with 12-fold cuboctahedral coordination, B is a transition metal
cation (tri/tetravalent) with 6-fold octahedral coordination and X is the oxygen anion O2.
Fluorite materials crystallize in a cubic geometry with the formula AX:, which for the case
of application in SOCs the A position is filled with a tetravalent lanthanide or transition
metal cation (e.g. Zr, Ce) and X corresponds to the oxide ion. In SOCs, perovskite materials
have been employed in all the components, oxygen and hydrogen electrodes's, electrolytes!
and even interconnectors®. Regarding fluorites, they are typically employed as electrolytes?!
and hydrogen electrodes???, although they can also be utilized as functional layers?*2¢ and
as constituent phases in composites for oxygen electrodes”?. A more detailed description
of the materials employed for the different SOC components is given in the next paragraphs,
with particular interest in the materials investigated throughout this thesis, i.e. electrode

materials.

Perovskite Fluorite

ABX,

Figure 1-3. Crystallographic structure of cubic perovskite (ABXs) and fluorite (AX2) materials. The
structures have been obtained using the VESTA software utilizing CIFs of reference materials:
perovskite SrTiOs* and fluorite CeO:%.

Historically, oxide-based oxygen electrodes in SOCs consisted in a porous ceramic layer of
an electronic conductor. The porosity of the material facilitates the transport of oxygen gas
through the electrode surface to the interface with the electrolyte, in which the
electrochemical reaction takes place. Typically employed oxygen electrodes were based on
manganite perovskites such as Lai-Sr-MnQOs (LSM)?, which limited the oxygen reduction
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reaction at the TPB. More recently, the introduction of composites was carried out for
improving the performance, fabricating two-phase systems that combine materials with
good oxygen affinity (e.g. LSM) and fast ionic conductivity such as yttria-stabilized zirconia
(YSZ) or gadolium doped-ceria (GDC)¥22%, Finally, the use of MIECs for expanding the
electrochemically active area to the whole electrode surface became the most employed
solution. Among them, lanthanum cobalt- and iron-based oxides (e.g. LaixSrxCoiyFeyOs -
LSCF-) were rapidly considered the most promising oxygen electrode materials,
representing the current technological state-of-the-art.3* Despite this, perovskite-based
MIECs still present limitations caused by secondary reactions with the electrolyte (e.g.
generation of strontium zirconates)® and by structural instabilities (i.e. surface Sr
segregation),’ which might result in the formation of insulating phases at the electrode-
electrolyte o electrode-gas interface (cf. section 1.2.3).

Regarding the hydrogen electrode, state of the art materials are mainly based on porous
metallic phases” and metal-electrolyte composites (cermets)!®!%. Nevertheless, such
structures present several limitations in terms of structural stability at high temperatures
and sulphur poisoning®. Moreover, their implementation in some cell systems (planar
configurations, thin-film based devices, cf. later in the text) is hindered by the poor in-plane
percolation of porous layers and by fabrication incompatibilities of the metallic phases with
typical thin film deposition techniques. As a result, there is an increasing effort in
developing novel all-oxide materials that may reach the high performance of metallic-based
hydrogen electrodes while retaining long-term stability. State-of-the-art full ceramic fuel
electrodes are based on ceria doped with Gd (as in GDC-CGO) or Sm (SDC)?24, Despite
doped-ceria presents an excellent catalytic activity upon the HOR as well as a certain degree
of mixed ionic electronic conductivity in reducing conditions, it is characterized by limited
electronic conductivity*! causing current percolation losses. This limitation makes the
implementation of ceria-based, metal-free anodes deeply challenging. Potential alternatives
consist in the use of novel anode formulations, such as double perovskites Sr2MMoQOg*>,
Sr2:LaxCoMoOs** and SrFeo2C004Mo004Os-s perovskite#. This is also the case of the perovskite
family of chromites, and in particular Sr-doped lanthanum chromite manganites (Lai-
xS1:Cr1iyMnyOs — LSCrMn)#-%0, which presents high mixed ionic electronic conductivity and
excellent thermal stability in reducing conditions®. While (La,Sr)CrOs is a predominant hole
conductor even in reducing atmospheres, a decrease of the B-site oxygen coordination and
formation of oxygen vacancies is achieved by doping with multivalence transition elements
(e.g Mn)#*552, Mn-doped (La,Sr)CrOs has therefore extensively been used in the past as an
anode material due to the combination of high electronic and oxygen vacancy conductivity.
Particularly, equimolar Cr:Mn ratio has been shown to exhibit the best trade-off between
phase stability and electrochemical activity*>%>. Nonetheless, the electrochemical
performance of LSCrMn-based systems as standalone anode materials is far behind ceria
and cermet based anodes, so new chromite formulations and doping strategies have been
explored>>-0,
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To date, the most commonly employed electrolyte materials for SOCs are the ones based on
zirconia. In particular, YSZ is the most established electrolyte. The addition of Y205 to ZrO:
stabilizes the cubic structure of the material (only present at high temperatures for pure
zirconia) and increases its oxygen conductivity®'. In particular, 3% doped YSZ presents
particularly good mechanical stability®>. An additional electrolyte materials based on
zirconia is scandia stabilized zirconia (SSZ) which is reported to present higher ion
conductivity and mechanical stability, despite it suffers from phase transition resulting in
aging of the performance and also presents higher cost®®. Other materials have been
proposed as promising electrolytes, although none of them has been able to surpass the
overall suitability of YSZ. This is the case of doped-ceria materials, which are characterized
by higher ionic conduction and therefore have been proposed as promising electrolyte
materials for lower temperature SOCs®. Nevertheless, doped-ceria presents electronic
conductivity in reducing conditions, leading to a reduction of the cell potential. Other
alternative electrolyte materials with high ionic conductivity are LaosSro2GaosMgo2Os and
LaosSro2GaosMgo2-xNixOs%, and the Bimevox®” series of materials.

Other components of interest in SOCs are interconnectors. Given the conditions in which
SOCs operate, there are not many materials that are suitable for their use as interconnectors.
Although metallic interconnects are desirable from a structural and robustness point of
view, these are normally discarded or limited to lower temperatures due to the differences
in the thermal expansion coefficient with respect to the ceramic components. With respect
to ceramics, there are few oxides that present high electrical conductivity under both
reducing and oxidizing conditions. These restrictions are the reason why interconnects are
typically made of the perovskite chromite LaCrOs (LCO)%. Sealing materials suppose
another field of investigation that is key for the successful operation and integration of SOC
systems®. Several materials can be employed for sealing SOCs, such as compression
sealants, metallic gaskets, glasses, ceramic sealants and glass-ceramic combinations®.
Nevertheless, compression sealants often show a certain amount of gas leakages while
metallic gaskets —often made of gold- are expensive and hence are normally limited to lab-
scale prototyping. From the point of view of thermomechanical stability, glass and hybrid
sealants seem to be the most promising approaches for accommodating the mechanical
stresses and structural mismatch of SOCs”. In summary, Figure 1-4 shows a collection of
the most commonly employed materials in conventional SOFCs —i.e. the main materials
discussed in this section—, reproduced from Wincewicz et al.®.
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SOFC Hardware Material

Alternatives
Elecirolytes Anodes Cathodes Interconnects Seals
| | | |
Zirconia Nicke | Materials Metals
Materials Ni-O/YSZ Lantha!'lum *base materials glass_ or glas_s-l
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Figure 1-4. Summary of the main materials employed for the different components of SOCs.
Reproduced from Wincewicz, K.; Cooper, |. Taxonomies of SOFC Material and Manufacturing
Alternatives. Journal of Power Sources 2005, 140 (2), 280-296.
https://doi.org/10.1016/j.jpowsour.2004.08.032, with permission from Elseviers:.

1.2.3 Mechanisms of degradation in solid oxide cells

Despite the high efficiency of SOCs, there are some limitations that hinder their widespread
application. The high temperatures employed for their operation typically result in the
evolution of the materials present in their components through different degradation
mechanisms. As briefly commented in the previous section, typical phenomena involved in
the degradation of SOCs are the appearance of secondary phases in the electrolyte-electrode
interface”!, migration of chromium from the interconnects towards the electrodes’, sulfur
poisoning® and the segregation of dopant elements towards the electrode surface in the
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form of secondary phases”. Some of these degradation phenomena are better understood
while some others remain a difficult challenge to be solved. For instance, incompatibilities
in the electrolyte-electrode interface leading to the formation of strontium zirconate
insulating species has been partially solved with the use of diffusion barrier layers based on
doped-ceria??2071,

In this thesis, particular focus has been given to degradation phenomena related to dopant
segregation processes in MIEC materials, in particular Sr-doped lanthanum perovskite
oxides. Segregation of Sr species in the surface of oxygen electrodes is a phenomenon
commonly observed in SOCs. Materials with particularly high electrochemical activity for
ORR like LSC and LSCF are reported to be more prone to suffer from these processes’7.
Nonetheless, the appearance of segregated Sr-rich particles in the electrode surface has also
been observed in other materials such as manganites”””® and chromites”®. This type of
degradation has been also observed under different operation conditions. It has been
observed under regular thermal treatment®, and also under cathodic/anodic DC biases,
depending on the dopant employed®. Additional studies have reported the reinsertion of
Sr into the perovskite lattice showing performance recovery after carrying out thermal
treatments at temperatures beyond the operation temperature> . Recent studies have also
pointed to the formation of SrSOs species in the surface as specific phase involved in the
detriment of the electrochemical performance®>*. Several strategies have been proposed for
blocking Sr migration towards the surface, like inducing lattice strain®$, increasing the
entropy of the oxygen electrode materials®® or the use of heterostructures®.

1.3 Types of solid oxide cell devices
1.3.1 Cell geometry and operation modes

SOCs can be fabricated following different designs and geometries. These are classified in
(i) tubular, (ii) segmented-cell-in-series, (iii) monolithic and (iv) planar configurations,
although tubular and planar are the most commonly employed ones®*”. The tubular
geometry cell consists in a porous support tube in which the different cell layers are
sequentially deposited on top of it. The flat cell design allows for more variability in the
scale of the final device, ranging from the implementation in large stacks to miniaturization
in the form of pSOCs (cf. later in the chapter). Additionally, the planar design results in
compatibility with a vast amount of fabrication processes, e.g. slurry based methods?,
printing techniques® and vacuum-assisted deposition processes”!. Figure 1-5 shows the
schematic representation of a planar SOFC built up for a two cell stack configuration,
reproduced from Ref*.
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Fuel Flow

Figure 1-5. Concept design of a planar SOFC assembled in a cross-flow stack configuration.
Reproduced from Wu, X.; Jiang, ].; Zhao, W.; Li, X.; Li, ]. Two-Dimensional Temperature
Distribution Estimation for a Cross-Flow Planar Solid Oxide Fuel Cell Stack. International Journal
of Hydrogen Energy 2020, 45 (3), 2257-2278. https://doi.org/10.1016/j.ijhydene.2019.11.091, with
permission from Elsevier®.

SOCs offer more complex functionalities then operating them in single fuel or electrolysis
modes, being able to operate under different work conditions depending on the materials
selected. Examples of these applications are schematized in Figure 1-6. One of them —panel
(a)- consists in employing SOCs as reversible cells (RSOCs), in which the fuel and
electrolysis modes are alternated in view of the energy needs. The implementation of RSOCs
is particularly interesting for modulating the energy demand. This is done by storing the
excess of electrical energy in the form of chemical energy (i.e. hydrogen formation by
electrolysis) and then supply the demand of electrical energy by consuming such hydrogen
(fuel cell mode). As RSOCs operate in both electrolysis and fuel cell modes, it is of uttermost
importance that the materials employed present high electrochemical activity in both modes
and withstand the possible degradation mechanisms favored in each configuration®*.
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Figure 1-6. Schematic of the operation modes and geometries of the SOC devices studied in this
thesis: reversible SOC (a) and symmetric SOFC (b).

Figure 1-7 shows an example of a SOC operated under both electrolysis and fuel cell
modes”. In particular, SOFC operation with 100 % of H: is represented, while reversible
SOFC/SOEC characterization is shown for a 50 % Hz/ H20 mixture. The second case depicted
in Figure 1-b is the case of symmetric SOCs (SSOCs). These type of devices present several
advantages that make them appealing for application in electrochemical systems'®®. The
use of the same material for both electrodes can result in decreasing the cost associated to
material fabrication and production, due to reduced processing steps. Additionally, the
thermomechanical stresses are expected to be alleviated due to the use of a single electrode
material. Because of their use as interconnectors, perovskite chromites have gained interest
for their use as promising symmetrical electrodes®7%.
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Figure 1-7. Example of a SOC operated under electrolysis and fuel cell conditions. Reproduced from
Laurencin, |.; Hubert, M.; Sanchez, D. F.; Pylypko, S.; Morales, M.; Morata, A.; Morel, B.;
Montinaro, D.; Lefebvre-Joud, F.; Siebert, E. Degradation Mechanism of LaosSro4Coo2FeosOs-5
/Gdo.1Ce0.902-5 Composite Electrode Operated under Solid Oxide Electrolysis and Fuel Cell
Conditions. Electrochimica Acta 2017, 241, 459-476.
https://doi.org/10.1016/].electacta.2017.05.011 with the permission from Elsevier®.

1.3.2 Thin film solid oxide cells

Among the variety of SOC technologies and architectures, the ones based on thin film
materials suppose a promising field of research. The use of thin film layers in the
components of SOCs present several advantages and interesting features with respect to
conventionally fabricated materials. For instance, reducing the thickness of the electrolyte
layer decreases the ohmic losses generated through the oxide ion conduction, maximizing
the power extracted from the cell. This would also facilitate lowering the operational
temperature of SOCs, hence reducing costs by allowing the use of a wider and more cost
competitive range of materials for interconnects and sealing components. Additionally,
fabrication of thin-film based materials allows for the achievement of unique materials with
enhanced electrochemical activity and functional properties (cf. next sections).

1.3.2.1 Thin film functional electrode materials

In the last years, advances in vacuum assisted physical and chemical deposition methods
for the deposition of thin film oxides opened the possibility to the fabrication of functional
layers for electrode applications”!%, e.g. in the development of novel micro solid oxide
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systems!®-1%, The implementation of thin-film based electrodes allows to fabricate
nanostructured SOC materials and devices with enhanced electrochemical properties not
reachable at the bulk level. Examples of the advantages of these nanostructured electrodes
include enhanced oxygen conduction at phase contact!®+!%, faster electrochemical activity
for the surface reaction'®, or improved stability>'?”. These are interesting features that
nanoengineered materials offer for the improvement in performance with respect the
oxygen reaction in SOCs, in particular thin films materials. Ultimately, research on the use
of nanostructured solid oxide air electrodes may lead in the upcoming years to the next
generation of nanostructured enhanced solid oxide cells.

Nanostructuring oxygen electrode materials through thin-film approaches like strain'®® and
grain boundary'%1%1% engineering, and the fabrication of complex structures including
ultrathin coatings'”''%, multilayers'''? and vertically aligned nanostructures'® (VANs) are
some of the proposed strategies to enhance the solid-gas reaction kinetics and the cell
stability (see Figure 1-8). In particular, the development of new self-assembled thin-film
nanocomposites is a promising strategy for engineering the electrode-electrolyte interface,
arguably a key area during SOC operation, as commented in the previous sections. Here,
high electrochemical activity, in-plane electronic percolation and stability against cationic
diffusion should be ensured. VANs offer a fully dense structure, favourable out-of-plane
geometry for mass transport and the possibility of taking advantage of interface nanoionics
effects for tuning the local chemistry!“-''e. In VANSs, the intimate alternation of the single
phase materials at the nanoscale allows to fully exploit strategies of electrode fabrication
based on maximization of the TPB density3!'3. Perovskite-fluorite based VAN have already
been explored as novel functional layers in SOFCs. Early studies carried out by Yoon et al.”
introduced the use of VANs based on LSC and CGO at the electrolyte-electrode interface.
The application of such heterostructure increased the TPB density, leading to reduced
polarization resistance. GDC/YSZ VANs were later proposed by Su et al. for boosting the
ionic conductivity of electrolytes in SOFCs, resulting in a significant increase of the power
output'’. Develos-Bagarinao et al. have also recently reported high electrochemical
performance on a system with a LSCF-GDC VAN functional layer''s. Dense thin films also
enhance the cell stability by providing a barrier against cation migration. A LSM-SDC VAN
cathode for SOFC application has been proven by our group to suppress dopant segregation
on the film’s surface.> Morales et al. have shown that, by implementing a thin-film ceria
layer at the electrolyte/electrode interface, continuous SOFC operation over 4500 h can be
achieved with low degradation and high power > 1W.cm2at 750 °C.1%

Regarding the hydrogen electrode, advanced structures relying on the utilization of
heterointerfaces and nanocomposites have also been proposed recently — after the seminal
works by Chueh and Jung on ceria-based electrodes??411° — including Lao2SrosTiOs-s-
Gdo1Ceo90195+ composites'?, and a NiCGO cermet with extremely low content of Ni'?!,
achieving remarkable HOR activity. Furthermore, LSCrMn/ceria-based composites have
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been proposed as SOFC anodes in the past'?*!?3, combining the electrical properties and
stability of LSCrMn with the superior electrochemical properties of doped-ceria with
respect to HOR. Such promising results demonstrate the potential of using LSCrMn-SDC
advanced materials and heterointerfaces —i.e. one of the goals of this thesis, see Chapter 3—
for functional layer application in SOCs technologies.
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Figure 1-8. Schematic of different thin film nanostructured materials for SOC application.

1.3.2.2 Ceramics for micro solid oxide cells

Miniaturized SOCs, or puSOCs, represent a promising technology for the transition to a
sustainable, wireless grid of energy devices. These microreactors could potentially power
the information and communication technology sector and their spread as Internet of
Things nodes, as well as act as microenergy storers. The reduced scale of uSOCs suppose a
feasible approach to overcome some of the limitations of classical SOCs. In particular,
reducing the thickness of the device to the nanometer scale would lower the ohmic
resistance of the electrolyte. This widens the operational temperature range in which the
device can be applied towards a lower limit (< 500-600 °C)*°1%2, Moreover, integration into
a microdevice limits the use of conventional SOCs such as cermets, as they are not easily
integrated with thin film fabrication techniques. The microstructure of the materials
employed are then normally restricted to planar geometries, given the combination with
semiconductor processing techniques such as wet/dry etching and photolithography
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processes for patterning the device. In general terms, uSOCs can be fabricated following
different designs and structures (keeping the planar geometry) and onto several
substrates!®. In particular, it can be either fabricated on top of a porous electrode substrate!?*
or as a free-standing membrane released from a silicon substrate!©>1%125, The latter is the
most commonly employed architecture when referring to uSOCs. More recent studies
propose the use of metallic substrates as support for pSOCs'?. This approach would
facilitate device electrical integration facilitating the percolation of current from the ceramic
layers to the connections.

Figure 1-9 shows a schematic of the architecture of silicon-based uSOCs employed in this
thesis. The main difference between this architecture and the observed in other works lays
on the use of a zirconia layer fabricated by Atomic Layer Deposition (ALD) before the
deposition of the electrolyte layer. This approach was applied based in previous experience
from the group'?”, and has proven to be a promising strategy for preventing pinhole
formation in the electrolyte, one of the most common detrimental effects observed in these
types of devices'?. This is due to the high degree of conformality reached during the ALD
deposition, in contrast to the more directional growth observed in techniques like pulsed
laser deposition (PLD). It is worth mentioning that there is not a lot of information in the
literature on sealant optimization for application in uSOFCs. Some examples of sealants
reported in the literature are silver O-rings (Garbayo et al.l!), ceramic glue (Evans et al.'?)
and gold gaskets (Li et al.'”®), while many works do not mention the sealant employed in
their systems!®13!. This is quite relevant since the successful integration of all the layers
involved in these types of devices will be in the end determined by the thermomechanical
compatibility of all the materials involved (i.e. ceramic, semimetallic and metallic).

Oxygen electrode

w -
W @ v "d - -
o— Cathode
Electrolyte
ALD layer
SisN,
Si0,
Si
Anode

Fuel electrode

Figure 1-9. Cross-section schematic view of the uSOFC design employed in this thesis.
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1.4 Advanced tools for materials search

There is growing interest in the use of advanced methodologies for the discovery of new
materials and formulations in a widespan of research fields. Investigations dealing with
drug discovery and drug combination are already making use of combinatorial
methodologies and computational analyses!®2!33, Focusing on material science, the use of
combinatorial methods for the simultaneous growth of composition graded materials is an
emerging field reaching disciplines like photovoltaics'®, electrochemistry’*>!%* and many
more'¥. In particular for the case of oxides with application in solid state energy systems,
previous studies from the group opened lines of investigation dealing with binary systems
of LSMC and LSMx deposited by combinatorial PLD'3-140, Recent works developed by Papac
et al. have reported the fabrication of the Ba(Co,Fe,Zr,Y)Os- library of electrode materials
for protonic ceramic fuel cells. In one of their works'¥! they present a promising
electrochemical station for the automatized characterization of the electrochemical
properties of the system by impedance spectroscopy. They have also developed an analysis
procedure based on Distribution of Relaxation Times (DRT) processing in combination with
Bayesian methods that allows the automatic extraction of impedance relevant features along
the library studied!#2'43. Related lines of research focus on the study of specific descriptors
of the functional properties of electrochemically active materials. These descriptors consist
in parametric features generally obtained by structural and chemical characterization, as
well as modelling processes, and they establish a correlation with the chosen performance
parameter. Examples of these methodologies can be found in literature related to
heterogeneous catalysis, where relationships between binding energies and catalyst activity
are often described'#. In the particular case of SOC oxide materials, some studies have found
a correlation between the position of the oxygen p-band center (the descriptor) with
obtained values for surface oxygen exchange coefficients or oxygen evolution reaction
activities!45146,

Ultimately, the use of combinatorial methods and high-throughput processes represents a
promising approach for accelerated research and material discovery. Beyond these
methodologies, the implementation of machine learning (ML) analyses for the extraction of
performance descriptors and prediction of optimal material compositions is expected to be
the real game-changer in materials science'¥” and in particular energy solutions#$#. In
particular, ML methodologies are already being pursued for the prediction of SOFC
performance evolution on operation'®. Beyond this, it can be expected that the development
of ML analyses procedures would make use of the large datasets generated by high
throughput experimental techniques. The coupling of large experimental datasets with ML
models will result in one of the key directions that research will follow in the next years. In
the case of this thesis, part of the work developed has focused in the implementation of
high-throughput techniques for the characterization of a perovskite material library
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resulting from the combination of three well-known oxygen electrodes, i.e. LSC, LSF and
LSM. The goal behind this work is not exclusively focused on the direct extraction of optimal
electrochemical features within the system studied, but also serve as an experimental
database for the prediction and analysis of non-evident experimental features. This could
end up facilitating the comprehension of the mechanisms behind the electrochemical
performance of these materials. Even so, this could allow to translate the same reasoning
and identification of similar descriptors in other materials. Figure 1-10 shows a schematic
on the main concept behind the development of high-throughput methodologies for
materials search, in comparison to conventional materials science. Combining the use of
high-throughput methodologies with ML models would accelerate the search of new
materials beyond the limits of traditional research.

Conventional material search

N — " — @ — | @0

Sample preparation Material Functional Data analysis Conclusion
(individual) characterization characterization

New formulation

High-throughput matenal search

e i —_
B -, B =
~ @ ...... @ e . | -—"
Sample preparation Materials Functional Data analysis Extraction of | Material library
(mutticomponent) characterization characterization {batch processing) descriptors | database
A {automatized) (automatized) (ML models) |

New material library

Figure 1-10. Schematic of the workflow followed for materials search based on high-throughput
methods and compared to conventional methodologies.
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1.5 Scope of this thesis

The work presented in this doctoral thesis aims to investigate the use of thin film based
functional electrodes in SOCs and their integration in full device architectures. Thin film
electrode materials have been studied under different approaches. Doped-ceria based thin
film cermets presenting low levels of Ni have been studied for their application as hydrogen
electrodes. Nanostructured all-oxide electrodes based on LSCrMn and SDC have been
studied as promising materials for both hydrogen and symmetric electrode applications.
Combinatorial studies and high throughput characterization of the LSMCF perovskite
family have been pursued in order to gain knowledge on the electrochemical properties of
oxygen electrodes as well as their behavior on thermal degradation within a self-sustained
dataset. For this, development of high-throughput methodologies as well as automatic data
processing routines were explored. Integration of thin film materials in functional devices
have been tested in symmetric and reversible configurations on single crystal supported
cells. The symmetric thin film cells have been studied with focus on their performance
evolution facing redox cycling processes. Reversible cells were studied under both fuel and
electrolysis modes. Integration with silicon technologies in the form of uSOFCs have been
achieved as proof-of-concept cells. Experimental limitations on the characterization and
operation of these devices are also discussed.

This thesis is organized as follows:

— Chapter 2 describes all the experimental description and methodologies employed
on the work behind this thesis. The chapter includes details on single and
combinatorial thin film fabrication carried out by PLD. The characterization
techniques utilized in this thesis are also described, with particular emphasis given
to the surface characterization techniques utilized and the high throughput
approaches developed. Experimental details of the integration and operation of the
materials studied in functional devices are also reported.

— Chapter 3 describes the development of nanostructured functional layers for their
application in symmetric and hydrogen electrodes in SOCs. Research on LSCrMn,
SDC and NiCGO based electrode materials is reported in this chapter. Several
nanostructuring approaches as well as variation in the microstructures are discussed
as strategies for achieving high performance electrode materials.

— Chapter 4 focuses on the combinatorial study of the perovskite family of
LaosSro2MnxCoyFei«yOs oxygen electrodes. The work includes the development of
high-throughput techniques for the complete characterization of the material library.
These techniques involve compositional and structural analyses, as well as
functional characterization of the mass oxygen transport properties and the
electrochemical performance. Additionally, a series of selected material library
compositions have been studied in terms of their stability facing thermal
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degradation. Microstructural characterization, surface chemical analyses,
reconstruction of cation depth profiles and material defect characterization
techniques have been utilized for analyzing film degradation in terms of migration

of strontium and formation of secondary species.

Chapter 5 presents different approaches for the integration of thin film-based oxygen
and hydrogen electrodes in functional SOC devices. The chapter explores the use of
all-ceramic thin film electrodes in single crystal electrolyte supported devices both
in symmetric and reversible architectures, as well as the integration with silicon
technologies in order to fabricate uSOFCs. The work presented unveils the
promising properties of chromite-based symmetric electrodes for cell activity
recovery after performing redox cycling processes. Additionally, thin film reversible
SOCs operated in both fuel and electrolysis modes are presented. The
electrochemical characterization of fully assembled uSOFCs and a detailed
discussion on the experimental limitations for their operation is also discussed.
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2.1 Introduction

The goal of this chapter is to describe the experimental methodologies employed in the
development of the work presented in this thesis. In Section 2.2 Pulsed Laser Deposition
(PLD) is introduced as the main fabrication technique employed in this work. Section 2.3
describes the main characterization techniques utilized for studying the microstructural,
crystallographic and chemical nature of the thin films under analysis. Surface analysis
methods are described in Section 2.4. Section 2.5 is focused on describing the functional
characterization techniques employed for studying the electrochemical activity of the
materials under study and the performance of the devices tested during the thesis. Finally,
Section 2.6 shows the collection of experimental techniques employed for the
characterization of combinatorial libraries of materials following high throughput
methodologies.

2.2 Fabrication and processing

2.2.1 Deposition of thin films by physical methods

The thin films studied in the present thesis have been deposited by PLD. PLD is a type of
physical vapor deposition (PVD) technique in which the material to be deposited is ejected
from a target material through high energy laser ablation. The interaction of the laser with
the target results in plasma generation formed by the atoms ejected from the target material
and the background gas. The plasma is generally referred as the PLD plume and is projected
onto the sample substrate. The material atoms and molecules reaching the substrate
rearrange to give form to the thin film deposited. The final microstructure and chemical
nature of film depend on the conditions of the deposition. Some of the most critical
parameters determining the result of a PLD deposition are listed in the following: substrate
temperature, background gas species (e.g. Oz or Ar) and partial pressure, laser fluency,
pulse frequency, time of deposition, target-to-substrate distance and target material.
Complex oxides might result in the deposition of secondary phases if the conditions are not
properly controlled. Figure 2-1a shows a schematic of a PLD equipment with the most
characteristic elements that are found in these systems.
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Figure 2-1. Schematic representation of PLD reproduced with permission from IOP Publishing' (a)
and photograph of the large area PLD equipment utilised.

In this thesis a large area pulsed laser deposition equipment (LA-PLD) model 5000 from
PVD Products (see Figure 2-1b) located at IREC has been used for the fabrication of thin
films deposited on top of single crystal substrates, either in chip or in wafer form. A brief
description of the targets employed for the depositions made during the development of
this thesis are described in the following;:

e For the work presented in Chapter 3, home-made targets were obtained by mixing
commercial powders of Lao7sSro025CrosMnosOs (LSCrMn) and CeosSmo20O2 (SDC) (1:1
wt. % - Kceracell) via ball milling in ethanol solution. The dried powder mix was
uniaxially pressed (7 MPa, 30 s) to form a pellet (diameter = 1 inch). Sintering was
carried out at 1300 °C for 4 hours (heating and cooling ramps = 5 °C/min). These
targets were employed for the fabrication of LSCrMn and LSCrMn-SDC films
studied. Additionally, commercial targets of SDC, CeosGdo20: (CGO) and
NiO:CeosGdo1O2 (NiCGO)-3.5 vol% of NiO-have been employed for the deposition
of the ceria-based electrodes studied.

e For the work presented in Chapter 4, commercial targets of LaosSro2CoOs (LSC),
LaosSro2FeOs (LSF), LaosSrooMnOs (LSM) and CGO have been employed for the
deposition of the thin films.

e For the work presented in Chapter 5, commercial targets of LaosSro2CoOs (LSC82),
Lao6Sro4Co0s (LSC64), LaosSro1CrOs (LSCr), CGO, SDC and (ZrO2)097(Y20s)0.03 (3YSZ)
have been employed for the deposition of the materials employed in the solid oxide
cell (SOC) and micro solid oxide fuel cell (USOFC) devices fabricated.

During the development of this thesis, the conditions set for PLD deposition have been
varied depending on the motivation of each research line. Nevertheless, some generalized
conditions were defined. Given that all of the materials studied in this work have been
oxides, oxygen was employed as the background gas for every deposition made. The partial
pressure was set to 5 mTorr for depositing dense thin films, while higher partial pressures
in the 150-200 mTorr range were employed for the deposition of porous materials. Similarly,
dense electrodes were always deposited in the 700-800 °C temperature range, while lower
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temperatures were set for materials with higher porosity. All porous materials and single
dense films were ablated at a frequency of 10 Hz, while the dense nanocomposites studied
were deposited at 2 Hz and with no rotation of the substrate. The laser fluency employed
was always in the range of 0.5-1 J-cm2.

2.2.2 Combinatorial deposition of material libraries

Thin film material libraries have been fabricated by combinatorial PLD. This deposition
technique has been previously utilized in the group for the study of the binary system
LaosSro2MnxCo1xOs?2 (LSMC) and for investigating LSM cathodes with variation in the
nominal stoichiometry of the Mn site34. In the present work, further advances in the
technique have been achieved, with the goal to extend its application to the study of more
complex geometries based in ternary material libraries. The main principle behind the
technique consists in the alternated deposition of ultrathin layers of two (or more) materials
for a number of cycles. The multilayered structure undergoes cationic intermixing in-situ
due to the high processing temperature, resulting in the formation of a single phase film.
The composition of the layer deposited presents a gradient derived from the partial overlap
in-plane between the plume positions and can be tuned depending on the relative position,
shape of the plumes and amount of single material deposited for each cycle. In this thesis,
combinatorial PLD has been employed for the fabrication of a LaosSro2MnxCoyFeixyOs
(LSMCEF) perovskite film obtained by sequential ablation of targets of LSC, LSF and LSM,
as depicted in Figure 2-2.
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Figure 2-2. Schematic representation of the deposition process of a combinatorial thin film of
LSMCEF.

The total number of pulses applied to each target in a single cycle were adjusted to deposit
an approximate layer of 1 nm of thickness in the maximum position of the PLD plume, for
each parent material. The radial separation between the maximum of each plume on the
wafer substrate was 120°. The final thickness of the film was controlled by adjusting the
number of cycles of the deposition. For that, the plume of each parent compound had to be
studied preliminarily. Figure 2-3a-c shows the deposition of each plume of LSM, LSF and
LSC, respectively.

a

Figure 2-3. Deposition of ceramic perovskites on Si (100) wafers: LSM, LSF, and LSC, respectively
(a-c).
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For the development of the work presented in Chapter 4, combinatorial LSMCF films were
deposited into different substrates. The wafers employed had the following characteristics:
3” yttria-stabilzied zirconia (YSZ) with composition (ZrO2)o92(Y20s)00s (8YSZ) (100), 10 cm
diameter Si (100) and 3” Si (100) single crystal substrates. In the case of the depositions on
YSZ, a large area buffer interlayer of CGO was deposited, in order to avoid undesired
reactions at the interface. The large area CGO layer deposition differed to single plume
depositions in two particular aspects. First, in order to maximize the thickness homogeneity
the substrate was rotated at 10 rpm and secondly, the position of the laser spot on the target
was rastered. This procedure maximized the coverage of the plume along the wafer. Figure
2-4a shows an example of this large area CGO layers deposited on Si. Once the parameters
were optimized and set the successful deposition of LSMCF combinatorial films like the one
shown in Figure 2-4b was achieved.

a

Figure 2-4. Deposition of a large area CGO film (a) and LSMCF combinatorial layer (b) on Si (100)
substrates.

Some of the characterization techniques and analyses planned for the LSMCF combinatorial
system required of some post post-processing of the films. This is the case of the films
deposited on top of YSZ single crystal substrates. In order to be able to electrically contact
individual areas of the film (see Section 2.6.5) and avoid influence of surrounding areas with
different stoichiometry, the film was scribed with a custom made diamond cutter coupled
to an automated robocasting equipment (see Figure 2-5a). Additionally, for the studies on
the evolution on degradation of LSMCF combinatorial films presented in Chapter 4, it was
required to analyze the films on a chip level. To do so, a DISCO DAD322 automatic dicing
saw machine was employed to cut the wafer in 10x10 mm? samples, as it can be observed in
Figure 2-5b.
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Figure 2-5. Photographs of post-processed combinatorial wafers deposited on YSZ single crystal
substrates after different methods: automated scribing procedure (a) and wafer cut in individual
chips with a dicing saw.

2.2.3 Si-based devices: micro- and nanofabrication

Part of the work carried out in this thesis has focused on the fabrication of SOC devices
integrated with silicon technologies. Fabrication of the functional microdevice has been
carried out at the IMB-CNM clean room facilities. Figure 2-6 shows a schematic of the
different microfabrication processes involved in the fabrication of the uSOFCs studied in
this thesis. The substrate selected was a 10 cm Si (100) single crystal wafer. First, a 100 nm
SiO: layer followed by a 300 nm SisNs layer was fabricated by Plasma Laser Chemical Vapor
Deposition (PLCVD) on both sides of the wafer.

i) Initial Si wafer iV) Electrolyte dep. PLD Vii) Si etching (KOH)

PLCVD Si3N, Photolithography Si02/S3N4 etching (RIE)
) e YV vitl)
A— gy |
ZrO, ALD (annealed) Si02/S3N4 etching (RIE) Electrode dep. PLD
iy — Y &
N |

s M vysz sio, [si:N, [ zo, M isc W cco/soc [l Photoresist
Figure 2-6. Schematic of the processes involved in the fabrication of the puSOFC.
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In order to prevent pinhole formation during the fabrication of the ceramic layers, a 20 nm
layer of ZrO2 was deposited next by Atomic Layer Deposition (ALD). Next, the electrolyte
layer of 3YSZ was deposited by PLD (see Figure 2-7a-b). Once the electrolyte was deposited,
a photoresist was patterned by photolithography (Karl Siiss MA6) in the back side with the
membranes design (i.e. squared patterns with a side length of 200 to 800 pm). In the regions
with the remaining exposed area, the SisN4/SiO2 bilayer was etched by reactive ion etching
(RIE). Subsequently, Si was anisotropically removed by KOH wet etching with a 40%
solution at 80 °C. An additional RIE step allowed to release the ceramic layers of the
membrane from the substrate. Prior to the deposition of the electrode layers, the wafer was
cut into individual chip samples. For that, a micro-resist was applied on top of the wafer, in
order to add mechanical stability to the membranes. The micro-resist was spin coated on the
wafer, and then cured in a hot plate at 175 °C for 30 min. The wafer was then cut with the
DISCO dicing saw machine previously mentioned. Finally, the wafer was placed in a
solution with acetone in order to remove the photoresist and free the chips from the blue
tape employed to cut the wafer. Figure 2-7c-d show the state of the wafer after the cut and
the placement of the chips in the organic solution, respectively. Finally, the chips were
rinsed in isopropanol and water solutions sequentially in order to remove any remaining
organic residue.

SO S

Figure 2-7. Different steps of the fabricati’on of uSOFCs: Pictures of the wafer placed in the PLD
sample holder (backside shown) before the deposition of the 3YSZ electrolyte (a), top-side after the
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deposition (b), right after cutting the wafer into individual chips (c) and chip membranes being
separated immersed in acetone solution (d).

The structural state of the membranes after the whole microfabrication and cut processes
were checked by optical microscopy, as shown in Figure 2-8. As it can be observed,
completely released membranes were successfully fabricated with the procedure employed.
It should be noted that the optimization of the microfabrication process had been
investigated previously in the group>” and that minor adjustments related to the etching
exposure time were needed for the proper release of the ceramic membranes studied in this
thesis.

Figure 2-8. Optical micrographs of individual membranes fabricate from the top (left) and bottom
(right) of the silicon chip.

2.3 Morphological and structural characterization techniques

2.3.1 Scanning Electron Microscopy

Electron microscopies, and in particular scanning electron microscopy (SEM) have become
an indispensable tool to be employed in materials science. The technique is based on the
interaction of the electron beam with the sample, and the detection of the not transmitted
electrons (i.e. secondary or backscattered electrons). This allows to obtain an image of the
surface of the area analyzed. Depending on the experimental parameters selected and the
detectors employed the image can vary from a topographical view showing the surface
morphology to a more planar projection-like visualization of the surface, offering different
information on the sample. Commonly, SEM equipments are provided with an Energy-
dispersive X-Ray spectroscopy detector (EDSEDX). This detector analyzes the X-ray
emitted from the interaction of the electron beam with the sample, offering compositional
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information on the specimen under study. In this thesis, a Carl ZEISS Auriga scanning
electron microscope located at IREC and equipped with an EDX detector has been employed
for analyzing the thin films surface morphologies. The EDX detector has been utilized for
obtaining semi-quantitative information on the relative composition of samples regions.
SEM characterization has also been utilized for evaluating the differences in the
microstructure with changes in the parameters set for PLD deposition. Additionally, SEM
has been employed for analyzing the structure of the uSOFCs fabricated in this thesis and
their post-mortem analysis after the operation tests.

2.3.2 Transmission Electron Microscopy”

Transmission Electron Microscopy (TEM), similarly to the aforementioned SEM, is a type of
characterization technique based on the interaction of an electron beam with the sample. In
this case, the signal collected consists in the electrons that have been transmitted through
the sample. In this thesis, TEM and high resolution TEM (HRTEM) images were recorded
for the study of LSCrMn-SDC based heterostructures. The equipment employed was a JEOL
JEM 2010 LaB6 microscope operating at 200 kV with a 0.19 nm point-to-point resolution.
EDX mapping was performed by STEM with a JEOL 2100F FEG microscope operating at
200 kV with a 0.2 nm resolution in the scanning mode and equipped with a JEOL SDD
Centurio detector with a large solid angle of up to 0.98 sr. Local structural properties were
investigated by automated crystal phase and orientation mapping (ACOM) with a
precession system (ASTAR) implemented in the JEOL 2100F FEG microscope. Crystal phase
and orientation maps were obtained by the precession of the primary electron beam around
the microscope’s optical axis at an angle of 1.2° while collecting the electron diffraction
patterns at a rate of 100 frames/s. In this technique, the incident electron beam was a few
nanometers in size and was processed to reduce the dynamical effects and to enhance the
indexing quality. The electron beam was simultaneously scanned over the area of interest
to record an electron diffraction pattern at each location. The experimental electron
diffraction patterns were compared with the complete set of theoretical diffraction patterns,
which were computed for every expected crystalline phase and for a large number of
orientations. The best match between the experimental and theoretical electron diffraction
patterns permitted the identification of both the crystalline phase and orientation with high
precision.

2.3.3 X-Ray Diffraction

X-ray diffraction (XRD) is a characterization technique that allows to obtain information on
the crystallographic structure of the materials studied. The basic principles of XRD are based
on the scattering effect of X-ray radiation when it interacts with the atomic layers of the

" The TEM characterization was carried out with the collaboration of Dr. Ménica Burriel and Ing.
Laetitia Rapenne at Univ. Grenoble Alpes, CNRS, Grenoble INP, LMGP.
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sample. The positive interferences between the waves scattered give rise to the diffraction
reflection peaks charactgeristic of crystalline materials. In this thesis, crystallographic
information was retrieved by a Bruker D8 Advanced diffractometer equipped with Cu Ka
radiation source. The measurements were carried out in the 6-20 configuration, as it is
represented in Figure 2-9. In this configuration, only the diffraction signal coming from the
atomic planes parallel to the surface are collected. The reflections observed follow Bragg’s
law —see equation (2-1)-, which relates the angle of the diffracted X-rays with the distance
between the atomic planes responsible of the diffraction.

VI

Incident Diffracted
Xrays X rays

Detector

thin film

substrate

Figure 2-9. Schematic of the configuration 6-20 employed for XRD characterization.
2dsinf =2 (2-1)

In this thesis, XRD characterization measurements have been carried out in order to obtain
information of the crystalline nature of the thin film materials studied. The main objective
has been to detect the presence of perovskite and fluorite phases, and the presence or
absence of secondary phase. Additional information on the evolution of the crystallinity of
the films on thermal annealing and degradation has also been explored. It should be noted
that for the study of combinatorial libraries of materials discussed in Chapter 4, the
experimental description of the XRD measurements and analysis performed is described
later in the text, in Section 2.6.2 of the present chapter.

2.3.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a characterization technique that allows to visualize the
surface microstructure of thin films and related micro/nanostructures. The working
principle behind the technique is based on the interaction between a tip employed to probe
the surface and the material atoms. This interaction result in the appearance of either
attractive or repulsive forces tip-sample, depending on the specifics of the operation and the
working distance. Some of the forces that can be present are quantum mechanical
interactions, coulombic forces and polarization induced (Van der Waals) forces.
Characterization by AFM is particularly useful when analyzing non-conductive samples as
itis not based on electronic conduction, as opposed to electronic microscopies. Additionally,
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it is of interest for quantifying materials properties such as surface roughness and grain size.
In this thesis, topographical microstructural characterization was performed in tapping
mode using an XE 100 model atomic force microscope provided by Park System Corp. and
located at IREC facilities. AFM has been employed for comparing the surface microstructure
of LSCrMn-SDC heterostructures and ceria-based thin films (see Chapter 3) as well as for
studying the evolution on thermal degradation of the surface of LSMCF based oxygen
electrodes (see Chapter 4).

2.3.5 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a non-destructive characterization technique employed
for the analysis of the optical response of the material under study. The technique allows to
extract the optical properties of the material (i.e. the refraction index and the extinction
coefficient, and related parameters), as well as obtain information on features that may
influence the optical response, such as the thickness of the material, the porosity, or the
roughness. The basic principles of ellipsometry are depicted in Figure 2-10a. In ellipsometry
measurements, an incident light source reaches the sample at a given angle and linearly
polarized. As a result of the interaction with the sample under study, the light reflected is
ellipitically polarized. The reflected light then passes through a modulator and an analyzer,
recovering the linear polarization, which then passes to the detector. Ellipsometry analyzes
the changes in the polarization of the light by measuring the phase shift (A) and the ratio
of amplitude change (W) of the incident optical wave. In particular, the complex reflectance
ratio (p) can defined from the elliptical components rp and rs can be calculated from the
measured values of A and W through equation (2-2).

p= o _ tan(¥) et (2-2)
rS
From these measurements, a mathematical model can be applied in order to fit the optical
properties of the material. In the case of a semi-infinite model, the following relation
between the dielectric constant and the complex reflectance can be employed:

& =&, sin? ¢ [1 + tan? (uf] (2-3)
In order to fit the measurement retrieved by ellipsometry, a series of Lorentzian oscillators
were employed, as it is known to be a proper model to fit perovskite semiconductors®°. The
dielectric constant of the material is modeled with equation (2-4).

_ fiw?,
=gt ) 0 (2-4)

— w2+ iy;
= Wo,j w* +iyjw

Where ¢ is the high frequency dielectric constant, fis the amplitude of the oscillator, wo is
the resonance frequency, v is the broadening of the oscillator and w is the angular frequency.
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Figure 2-10b shows an example of the acquisition spectra obtained by ellipsometry, and the
fit result. Figure 2-10c shows an example of the modeled spectra of the imaginary
component of the dielectric constant, with the contribution of each of the oscillators fitted.

In this thesis, spectroscopic ellipsometry has been utilized for measuring the thickness of
the thin films fabricated by PLD and for studying the optical absorption coefficient of
perovskite materials. The equipment employed was an ellipsometer UVISEL from Horiba
scientific and the experimental parameters set were photon energy range of 0.6 to 5.0 eV
with a step of 0.05 eV. The angle of incident light beam was 70°. The ellipsometry data were
modeled and fitted using DeltaPsi2 software from Horiba scientific. Ellipsometry has also
been utilized for the calibration of the thickness of combinatorial libraries of perovskite
materials and for the study of their optical properties, as it is further explained in Section
2.6.3.
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Figure 2-10. Schematic illustration of the fundamental principles of ellipsometry (a). Raw data
obtained by ellipsometry and fit result (b). Imaginary value of the dielectric constant obtained as a
function of energy with the contribution of each oscillator employed in the fit (c).
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2.4 Advanced characterization techniques

The study of thin film materials often requires the use of more sophisticated analysis
techniques aimed at the characterization of specific features. This is even more critical when
the goal is to study the properties and evolution of a thin film material (or materials) derived
from carrying out a particular process (e.g. post-fabrication treatments, electrochemical
operation or induced degradation). These processes might induce changes on a local level
in the form of structural evolution, changes in surface composition, cationic restructuring,
defect formation, among other phenomena. In this thesis, several advanced characterization
techniques have been employed in order to characterize the structural and compositional
changes induced by thermal degradation on LSMCEF thin film at the surface, subsurface and
bulk levels (see Chapter 4), as illustrated in Figure 2-11.

LEISsurf XPS -

PAS

Depth

LEISproﬁle

Y Thin film

Figure 2-11. Schematic illustration of the advanced characterization techniques employed in
this thesis and their analysis length scale.

2.4.1 Low Energy Ion Scattering’

Low Energy Ion Scattering (LEIS) is an analytical characterization technique based on the
interaction of a noble gas (typically He*, Ne* and Ar*) with the material subject of the
analysis!!. In LEIS, the collision of the beam ions with the surface of the sample results in
backscattering of the incident atoms (see Figure 2-12). Contrary to other beam techniques
like Time of Flight (ToF)-Secondary Ion Mass Spectrometry (SIMS) that need to sputter the

" LEIS analysis was performed at Imperial College London, Department of Materials, Surface
Analysis Facility, with the support of Dr. Sarah Fearn and Dr. Zijie Sha.
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sample (see Section 2.6.6), the low energy utilized in LEIS (normally in the 0.5-10 keV energy
range) allows to operate in the so called “static” regime, avoiding sputtering of the sample.

Depth

Ref. 't with permission of Elsevier.

In this regime, the backscattered ions are the result of (almost exclusively) elastic collisions
with the atoms in the sample surface. In these types of collisions, the incident ion with
energy Eo interacts with the atoms at the surface with an angle a and is scattered with an
angle 0 and energy E:t. The relation between Ef and Eo is the so called kinematic factor (K)
and is given by the expression in equation (2-5), where mu is the mass of the incident ion
and m: the mass of the target atom. The detection and analysis of the scattered ions with
energy Et can then be employed for the quantification of the atomic composition of the
surface down to the outermost level (i.e. to monolayer resolution).

(2-5)

For multicomponent materials with more than one type of element the masses are retrieved
following the same process, resulting in the formation of an energy spectra. The atomic
surface concentration (Ni) of a particular atom is then given by equation (2-6):

I
Sy=—>t-&-R-m;N; (2-6)

For which Si is the yield of ions backscattered from the surface, I, is the primary ion beam
current, ¢ the elementary charge, ¢ is the acquisition time, ¢ is an instrumental factor

(covering detector solid angle, efficiency and analyzer transmission), R is a factor related to
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surface roughness and shielding by neighbor atoms and n: the elemental sensitivity factor.
Although quantification of absolute atomic concentration values is in principle possible, in
reality quantification is difficult to obtain due to uncertainties in the elemental sensitivity,
and is generally achieved by calibration against reference samples. Additionally, LEIS can
be coupled with a sputtering beam, in order to reconstruct elemental depth profiles. these
cases, the appearance of preferential sputtering of lighter elements might result in alteration
of the nominal stoichiometry of the material under study. The work from Niania et al. offers
an interesting analysis on this effect, particularly relevant in the first stages of the ablation
(resulting in subsurface off-stoichiometry), when the sputtering processes has not reached
equilibrium'?. In order to account for this phenomenon, employment of correction factors
are needed for obtaining quantitative analyses.

In this thesis, a Qtac100 LEIS instrument IONTOF GmbH, Munster, Germany) operated
with normal incidence was employed for analyzing the surface and subsurface of LSMCF
combinatorial films under study in Chapter 4. Two beams of He* (3 keV) and Ne* (5 keV)
were employed as primary beam sources. A beam of 1keV Ar* incident at 45° was applied
to sputter the film surface and carry out depth analyses on the samples.. The LEIS depth
profile was obtained by alternating analyses with the Ne*primary beam and sputtering with
the Ar* for 10 s. The scanning area was 1000 x 1000 pum?while the sputtering area was 1300
x 1300 um?. Each cation signal was calculated by integrating the corresponding peak in the
LEIS spectra. The Mn, Fe and Co signals were integrated altogether and referred to as the
B-cation signal due to the overlap between the peaks. For the calculation of the thickness
sputtered, the Ar+ion dose was translated to depth units by considering that approximately
10° ions/cm? result in the sputtering of a monolayer. The Sr/Sr+La profiles obtained were
then integrated over two regions of interest, the surface and the subsurface of the film, to
study the rearrangement of Sr from the pristine state to after thermal annealing.

2.4.2 X-Ray Photoelectron Spectroscopy*

X-Ray Photoelectron Spectroscopy (XPS) is an analytical technique that provides
semi/quantitative information on the composition and chemical state of the materials
analyzed. Despite retrieving quantitative information on the sample is possible, depending
on the system under study it may not be a simple process. Factors related to the information
depth of the analysis, background subtraction, complexity of the material composition in
terms of peak overlap, presence of layered structures at the surface level may are some
examples that may increase the uncertainty of the analysis. The technique is based on
irradiating X-Ray energy to the material of analysis, resulting in the emission of a
photoelectron from a core level. The energy of the incident X-ray and the measurement of
the kinetic energy (KE) of the photoelectron emitted allow the quantification of the binding

* XPS measurements were carried out at Imperial College London, Department of Materials,
Advanced Photoelectron Spectroscopy Laboratory Facility.
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energy (BE) of the ejected photoelectron, as shown in equation (2-7), where ®spec is the

spectrometer work function, a constant value.
hv = BE + KE + ®gpc (2-7)

In this thesis, XPS was performed with the goal to analyze the changes in the surface
chemical environment of LSMCF perovskites after thermal degradation. The equipment
employed consisted in a high-throughput X-ray photoelectron spectrometer (K-Alphat,
Thermo Fisher Scientific, US) with a monochromated Al K« radiation source (hv = 1486.6
eV) operating at 2 x 10~ mbar base pressure. The X-ray source used a 6 mA emission current
and 12 kV anode bias, giving a X-ray spot size of up to 400 um?. Survey and core-level
spectra were obtained with pass energies of 200 and 20 eV, respectively. The average
penetration depth considered for these conditions is 10 nm. XPS spectra for C 1s, O 1s, Mn
3d, Co 3d, Fe 3d, La 3d and Sr 3d were measured to properly evaluate the surface chemical
environment. All the spectra obtained were fitted with the Avantage software. The binding
energies observed were corrected by considering the C 1s peak position at a reference value
of 284.8 eV characteristic of surface hydrocarbons. The obtained spectra were processed by
subtraction of a Shirley-type background, while the peaks were fitted using a
Gaussian-Lorentzian line shape. The Sr 3d spectra was fitted by differentiating three
different Sr species: Sr present in the lattice of the perovskite film (Srlax), Sr present in the
surface forming carbonates and other compounds of similar binding energy (Srmix) and Sr
present in the form of sulfates (Srsutaes). This was done by attributing a peak (and their
corresponding doublets) at each one of the selected species. The BE range was restricted for
each one of the 3ds» contributions, specifically 131.70-132.30 eV for Srlat, 132.70-133.30 eV
for Srmix and 133.70-134.30 eV for Srsutates. The distance of between the 3ds2and 3ds2 peak
doublets was set to a difference in BE of +1.80 (+0.1) eV with respect to 3ds.

2.4.3 Tip Enhanced Raman Spectroscopy

Tip Enhanced Raman Spectroscopy (TERS) is a characterization tool that combines the
possibilities offered by scanning probe microscopy technologies with the analysis and
information retrieved with Raman Spectroscopy'® —see section 2.6.4 for more details on
Raman analysis in this thesis—. One aspect that makes TERS a particularly interesting
technique is that allows to couple the Raman signal with the area scanned. In TERS, the
metallic tip (generally made of gold or silver) is employed to amplify the incident light in
the area surrounding the tip apex, as a result of plasmon generation. This effect results in an
enhancement of the Raman sensitivity factor by several orders of magnitude and makes
possible to observe vibrational modes that may not be generally detected with regular
Raman analysis. In this thesis, the use of TERS has been explored as a possible technique to
directly visualize the chemical nature of segregated species in thermally degraded LSMCF
perovskites (see Appendix 1). The measurements were performed on a Xplora Nano from
HORIBA, using a 638 nm laser (38.6 mW of power at laser exit and 31.9 mW at sample) and
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Au-coated OMNI TERS tips. Maps were acquired with a 10 nm px! resolution to build
500x500 nm? maps, plotted using a 1.8 px weight average. Acquisition times of 10 s per
spectra and a 1200 g.mm™ grating were employed.

2.4.4 Positron Annihilation Spectroscopy®

Positron Annihilation Spectroscopy (PAS) is an experimental technique that is gaining
interest in materials science. The technique allows to characterize the presence of lattice
defects in solid materials'®. Interestingly, defects of the order of =0.1-10 nm can be
characterized (e.g. from ionic vacancy defects to free open volume defects in the material)
with analysis length ranging from the nanometer scale up to millimeters. Additionally, it
presents the advantage of being a non-destructive technique, contrary to other techniques
like ToF-SIMS or TEM. The fundamental principles of the technique are based on the
interaction of an incident beam of positrons into the sample and their annihilation result of
the interaction with the material electrons, as depicted in Figure 2-13. Positrons implanted
in the material thermalize (i.e. slow down) at a given penetration depth in scale of
picoseconds!®?. In the general case of metals, the positrons diffuse through the crystal lattice
through the interstitial region between the atoms, as a result of the Coulomb repulsion from
the positive atom cores. The presence of vacancy-like defects in the lattice derives in a
lowering of the repulsion forces sensed by positrons (i.e. due to the absence of the positive
ion core), acting as potential wells and leading to a localized positron state. This
phenomenon is generally referred as positron trapping. As a result of the positive charge
of positrons, trapping is favoured in negatively charged vacancies and can also be detected
in neutral vacancies. Trapping in positively-charged defects cannot be detected within the
lifetime of positrons. As vacancy defects present lower electron density, the positrons take
longer to annihilate, reaching lifetime values of hundreds of picoseconds. The annihilation
process provokes the release of gamma radiation in conditions of energy and momentum
conservation. This results in the emission of two photons of approximately 511 keV emitted
in opposite directions.

5 PAS analyses were conducted at the Mono-energetic Positron Source beamline at HZDR,
Germany™. The experiments and data analysis were performed with collaboration of Dr. Maciej
Oskar Liedke.
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Figure 2-13. Schematic of the working principle of PAS analysis.

The annihilation process is characterized by a specific lifetime constant (t). As it has been
mentioned, the differences in the electronic density present in crystal defects lead to longer
lifetimes than in the defect-free state. Therefore, the positron lifetime is generally
proportional to the defect size, i.e. the larger the open volume, the lower the probability
positron-electron interaction and the longer it takes for positrons to be annihilated with
electrons!>!8, It is worth mentioning that by employing variable energy (VE) positron beams
the penetration depth of the incident positrons can be easily tuned, allowing to extend the
analysis into depth profile information.

In this thesis, variable energy positron annihilation lifetime spectroscopy (VEPALS) and
Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS) have
been utilized for characterizing the defect nature of perovskite thin films and their evolution
upon thermal degradation. Several works have employed PALS for the characterization of
cationic defects present in perovskites such as LSM and SrTiOs*!°-??, hence validating the
viability of the experiments.

2.4.4.1 Doppler Broadening Variable Energy Positron Annihilation
Spectroscopy

DB-VEPAS are measurements in which positrons are accelerated and monoenergetically
implanted into the sample, allowing to obtain a depth profile analysis (in this case, in the
0.05 - 35 keV energy range). A mean positron implantation depth can be estimated by using
a simple expression depending on the material density!® (see equation (2-8), where E; is the
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implantation energy in keV, p is given in g/cm?® and the resulting <z> is given in nm). This
value cannot be treated as an absolute measure as it does not account for positron diffusion,
despite it is a reasonable approximation of the material depth. The best estimation is given
for materials with large defect concentration, hence low positron diffusion length.

36
<z>= 7E§-62 (2-8)

Annihilation of positrons in vacancy-like defects emits usually two anti-collinear 511 keV
gamma photons, which are measured with two high-purity Ge detectors (energy resolution
of 1.09 + 0.01 keV at 511 keV). Since thermalized positrons have very small momentum
compared to electrons, a broadening of the 511 keV line is present in the annihilation spectra,
mostly due to the momentum of the annihilated electrons. This broadening is characterized
by two distinct parameters (S and W) defined as a fraction of the annihilation line in the
central (511 + 0.93 keV) and outer regions (508.33 + 0.35 keV and 513.67 + 0.35 keV),
respectively. Figure 2-14 shows a schematic visualization of the broadening of the
annihilation spectra and the corresponding calculation of the S and W parameters. The S-
parameter corresponds to a fraction of positrons annihilating with low momentum valence
electrons and is related to vacancy type defects and their concentration. The W-parameter
approximates overlap of positron wavefunction with high momentum core electrons —i.e.
electrons most responsible of the broadening—2°. Plotting calculated S as a function of
positron implantation energy provides depth dependent information on the defect content,
whereas S-W plots are normally employed to examine atomic surrounding of the defect site
and its size (type)?. This is due to the nature of the electrons involved in the calculation of
S and W parameters. Since positron trapping leads to a higher probability of annihilation
with low momentum, valence electrons and S is directly related to these electrons, an
increase in the S parameter is a direct reflection of increase of vacancy-like defects. On the
other hand, as W is related to core shell electrons, its signal is related to the chemical nature
of the atoms surrounding the vacancy defect. In this thesis, DB-VEPAS analyses have been
conducted at the apparatus for in-situ defect analysis (AIDA)? of the slow positron beamline
(SPONSOR)? located at HZDR.

61



iC

C

]
)
]
]
]
]
]
]
)
]
]
]
]
]
|
]
1
]
]
]
'
]
)
1
]
]
]
]
)
]
'
)

L 1 L
511 keV
Figure 2-14. Schematic representation of the definition of the parameters S and W from the
annihilation spectra.

2.4.4.2 Variable Energy Positron Annihilation Lifetime Spectroscopy

In VEPALS analyses, the lifetime of the positrons interacting with the sample is measured.
The lifetime experiment is performed by detecting the photons emitted as a result of
annihilation with two scintillator detectors in combination with a photomultiplier tubes.
Each of the detectors is optimized for one of the two photos involved in the analysis, i.e. a
photon serving as start signal and another as the stop signal®®. The resolution function
required for analyzing the resulting lifetime spectrum uses two Gaussian functions with
distinct intensities depending on the positron implantation energy, and appropriate relative
shifts. Typical lifetime spectrum N(t) is described by equation (2-9), where i and [ are the
positron lifetime and intensity of the corresponding component, respectively.

t

1 _t
N(t) =z;lie T (2-9)

In this thesis, VEPALS measurements were conducted on *80-100 nm LSMCF samples using
a digital lifetime CrBrs scintillator detector [51 mm diameter (2”) and 25.4 mm length (1”)]
coupled to a Hamamatsu R13089-100 PMT with a p-metal shield and housed inside a solid
Au casing. A homemade software employing a SPDevices ADQ14DC-2X with 14 bit vertical
resolution and 2GS/s horizontal resolution* and with a time resolution function down to
about 0.240 ns was employed. All spectra contained at least 107 counts. All the spectra were
deconvoluted using a non-linear least-squares fitting method using the fitting software
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package PALSfit® into 3 discrete lifetime components, which directly evidence localized
annihilation of two different defect types (11 and 12). The third component 1 is residual and
reflects small (Is << 1%) spectra distortions related to the beamline. The corresponding
relative intensities reflect to a large extent the concentration of each defect type as long as
the size of compared defects is in the similar range.

2.5 Functional characterization

2.5.1 In-plane conductivity measurements

The conductivity of the materials studied in Chapter 3 was investigated in order to evaluate
their performance as electrode materials for SOCs. DC conductivity measurements under
both reducing and oxidizing atmospheres were performed in a four-probe heating station
(Linkam instruments THMS600) using the Van der Pauw configuration?, as depicted in
Figure 2-15. In the configuration set, the current is applied between the contacts A and B
(Ias), while the voltage is measured with the C and D probes (Vcp). The resistance Rocan be
calculated then as the ratio Vep/Ias. Additionally, Rv can be defined as the resistance value
calculated from the ratio Vcs/Iap, i.e. the resistance calculated changing the polarity and the
contacts side. The sheet resistance (Rs) can be then obtained by the Van der Pauw method
with the following expression:

TRy TRy

e Rs + e R =1 (2-10)

The solution for this expression is not trivial, but it can be simplified by introducing the
average of Roand Ry, and introduce a correction factor f that depends on the Rv/Ro ratio
(details on the calculation of the correction can be checked in Ref.?). Finally, multiplying Rs
by the thin film thickness (d) results in the calculation of the resistivity (p) as stated in
equation (2-11).

nd (Ry+R,) R,

f(Z) (2-11)

P=%C= 2™ 2 Ry

For the samples measured in this thesis, silver paste (Sigma-Aldrich) was brushed locally
for improving the electrical contact between the film and the probes. The DC measurements
were carried out with a Keithley 2400 sourcemeter, applying current values in the 0.1-10
uA range. The reducing atmosphere set was 5% H: in Ar with a flow of 100 mL/min. The
oxidizing atmosphere set was synthetic air at 100 mL/min. The temperature range was
restricted up to 350 °C to avoid any parasitic current from the substrate.
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Figure 2-15. Schematic of the contacts made on the contacts made for the in-plane conductivity
measurements carried out in the Van der Pauw configuration.

2.5.2 Electrochemical Impedance Spectroscopy
2.5.2.1 Electrochemical characterization of thin film electrodes

For the characterization of the electrochemical properties of the thin films studied in this
thesis, Electrochemical Impedance Spectroscopy (EIS) was employed. EIS is a
characterization technique employed in a large variety of electrochemical systems, such as
SOCs%, solid state batteries* or biosensors®. EIS consists in the excitation of the sample or
device under study with an AC voltage (see equation (2-12)) in a given frequency range,
resulting in the perturbation of the equilibrium state of the system.

V(t) = Vye'®t (2-12)

Where Vo is the voltage amplitude, w is the angular frequency and t is the time. The system
response to the AC voltage will give rise to a sinusoidal current, characterized by the same
frequency but shifted in phase, as seen in equation (2-13):

I(t) = Ipe' @™o (2-13)

The impedance of the system can be calculated then similarly to the case of an ohmic
resistance, i.e. by the ratio between the excitation voltage and the current:
V, et »
Z(t) = 1, STt = |Z|e~® (2-14)

The screening along the frequency scale typically goes from high frequencies (of the order
of 1 MHz) to low frequencies (up to 10-100 mHz). The analysis of the response in these
regions allows to obtain information on the electrochemical processes that are involved in
the system, i.e. the phenomena that are limiting the current of the electrochemical system.
Each electrochemical phenomena is characterized by a particular characteristic frequency or
relaxation time, related to the time involved in reaching the equilibrium state after the
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application of the perturbation signal. Hence, screening the system in frequency allows to
differentiate electrochemical processes that take place in different time scales allowing to
distinguish the charge transport phenomena present in the electrochemical cell. One
important aspect to keep into account when characterizing by EIS is to not excite the cell
with a voltage signal that goes beyond the linearity of the system studied. For this reason,
as many electrochemical systems present a nonlinear response on the voltage applied, the
AC amplitude is typically kept to values in the order of 50-100 mV, for which the linearity
is maintained. By measuring the impedance of the system studied, one can plot the real and
imaginary components of the impedance in a x-y representation, forming the so called
Nyquist plots. For more details of the fundamental principles of EIS and their application
in electrochemical system the reader can refer to dedicated books® and paper reviews*.
Most of the EIS spectra measured for the work discussed in this thesis has been analyzed by
equivalent circuit modeling. This analysis allows to simulate the impedance response of
electrical circuits and fit the parameters so the simulated impedance is adjusted to the
experimental data obtained. Figure 2-16 shows the equivalent circuits employed for fitting
the EIS results obtained in this thesis. The circuit in Figure 2-16a consists in a simple circuit
with two ZARC elements (i.e. a resistor R in parallel to a constant phase element (CPE)). The
CPE element is normally included in equivalent circuit modelling to replace a capacitor.
This is done in order to account for the non-homogeneities present in real electrochemical
systems, which differ from ideal capacitive behavior. It is characterized by presenting a
capacitive parameter Q and the dispersion parameter 7. The impedance of a ZARC element
is then given by equation (2-15). It should be noted that when the parameter n = 1, the CPE

behaves as an ideal capacitor.

1

Zcpg = QG (2-15)

The circuit in Figure 2-16a is generally employed when two arc-shape contributions, one
located in the high frequency (HF) range and the second in the low frequency (LF) part, are
found in the Nyquist representation. The circuit presented in Figure 2-16b is a Jamnik-
Maier-like circuit®*?* that allows to model the impedance response of materials that are
colimited by both ionic diffusion transport through the electrode (Rion) and the surface
reaction (Rsurt, CPEsuri), €.g. as it is the case when modelling LSM impedance®~¢. The circuit
also includes chemical capacitance elements (Cchem), which is related to the chemical energy
stored through changes in the material stoichiometry. Interfacial elements (R;, Ce) are also
included in the circuit in order to account for the charge-transport process in the electrolyte-
electrode interface, as well as for the blockage of electrons into the electrolyte. Finally, the
circuit showed in Figure 2-16c shows a simplified version of the circuit in Figure 2-16b for
the case in which the ionic contribution is not limiting and the chemical capacitance
surpasses the surface constant phase element, i.e. Rion = 0 and CPEsurt << Cchem. The capacitive
elements were then replaced by general constant phase elements. Please refer to Ref.?” for a
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more detailed explanation on the simplification process. Although the similarities of the
circuits in Figure 2-16a and c are evident in terms of system applicability (i.e. two arc-like
contributions in the HF and LF regions), when discussing constant phase elements and
related capacitances for the MIEC materials studied in Chapter 3, the circuit in Figure 2-16c
is more representative of the system modelled and hence, is formally more correct. All of
the circuits also include a series resistor element (Rseries) representative of the ohmic
resistance of the electrolyte substrate, and an inductance element (L) in order to model the
possible inductive behavior coming from the wiring of the setup. In this thesis, EIS
measurements have been carried out in order to study the electrochemical performance of
SOC thin film electrodes under both reducing and oxidizing conditions, as well as for SOC
full cell characterization. In the case of full cell measurements, the general circuit shown in
Figure 2-16a was employed, in order to fit the resistance components of the impedance
recorded corresponding to each electrode, as well as the electrolyte. Two configurations
were employed when studying the thin films by EIS, symmetric and asymmetric
configurations. In the first, the material under study was deposited in both sides of YSZ
single crystal substrates, while in the latter a low impedance counter electrode was applied
in the back side of the substrates. The symmetric configuration was employed to study the
materials discussed in Chapter 3, mainly characterized under hydrogen atmosphere, for
which the use of a low impedance counter electrode was not optimized. The asymmetric
configuration was employed for fitting the spectra studied in Chapter 4, which was
recorded in oxidizing atmosphere (i.e. for the study of oxygen electrode materials). In this
case, alow impedance counter electrode made of porous Ag allowed for the study of a single
film of the materials under study. This prevented the need to fabricate symmetrical samples,
simplifying the fabrication process, and facilitated the study of the combinatorial films
studied.
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Figure 2-16. Equivalent circuits employed for fitting the impedance spectra measured in the thesis:
circuit with two ZARC elements (a), generalized Jamnik-Maier circuit (b) and simplified version
derived from circuit b for cases not limited by ionic transport (c).

The analysis of EIS spectra is not constricted to modelling through equivalent circuit
methods. Another type of analysis that is gaining popularity, in particular for analyzing
SOFC impedances, is the Distribution of Relaxation Times (DRT)*. This analysis is based on
the use of a mathematical approach that transforms the impedance spectra from the
frequency domain to the time domain, based on the relaxation time parameter (1), defined
in equation (2-16).

r = (RQ)" (2-16)

This transformation results in treating the impedance data as a series of ZARC elements,
each with its corresponding time constant ti. The data is then represented as the value of the
transformation function G(t) as a function of 1, ideally presenting a peak for each
representative transport phenomenon. G(t) is a normalized function that satisfies the
condition in equation (2-17):

w

f G(t)dlnt =1 (2-17)

—00

In this thesis, DRT data has been employed for studying the LSCrMn-SDC based dense
electrodes discussed in Chapter 3, in order to gain knowledge on the different mechanisms
governing their electrochemical performance under reducing and oxidizing atmospheres.
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The EIS characterization of the thin films studied in this thesis was performed with a
Novocontrol impedance spectrometer, in the frequency range of 1 MHz - 0.1 Hz, open
circuit potential, an AC amplitude of 50 mV for a total of 150 points. For the characterization
of reversible electrodes discussed in Chapter 3, the measurements were performed in
symmetric configuration with the films deposited on both sides of the CGO/YSZ substrates.
For the characterization of the parent material-based oxygen electrodes discussed in
Chapter 4, the configuration employed was asymmetric, with silver paste (Sigma-Aldrich)
brushed in the backside of the substrates acting as the counter electrode. In all the cases,
porous gold paste (Fuel Cell Materials) was brushed on top of the films to minimize any
possible current percolation losses. The atmosphere set for the characterization in reducing
conditions was 100 mL/min pure Hz passing through a bubbler, while the measurements in
an oxidizing atmosphere were performed using 100 mL/min synthetic air. The
measurements were carried out in a ProboStat station (NorECs) placed in a vertical furnace,
as it can be observed in Figure 2-17.

Figure 2-17. ProboStat placed in a vertical furnace for the electrochemical characterization of thin
film electrodes.
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2.5.2.2 Electrochemical characterization of thin film electrodes during
thermal ageing in oxidizing conditions

The evolution of the electrochemical performance of the thin film electrodes studied in the
present thesis was evaluated by tracking the changes in the impedance during thermal
aging. The experiments have been carried out in the 700-800 °C range in similar conditions
than for regular electrochemical characterization, i.e. AC amplitude of 50 mV, open circuit
voltage in atmosphere of synthetic air flowing at 100 mL/min. The impedance spectra was
measured with a time step of 30 min in between measurements. The potentiostats employed
have been either a PARSTAT 2273 or a Novocontrol impedance. The cells were mounted in
asymmetric configuration with the functional film deposited on one side of the CGO/YSZ
substrate. Silver paste (Sigma-Aldrich) was brushed on the opposite side to act as a low-
impedance electrode.

2.5.3 Electrochemical characterization in full device architectures
2.5.3.1 Conceptualization of the measurement setup

Full devices were measured in ProboStat stations with customized holders and setups in
order to optimize and explore the limitations when characterizing the performance of thin
film SOCs and puSOCs. Different 3D printed alumina and YSZ holders were designed and
printed (see Figure 2-18) in order to accommodate the dimension of the samples to be tested,
either fabricated on YSZ or Si (100) single crystal substrates. Different geometrical designs
were tested with the aim to improve aspects regarding sealing of the samples and placement
of the current collectors. The holders were fabricated with a CERAMAKER 3D printed from
3DCERAM. Details on the equipment can be found in the work of Pesce et al.*.
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Figure 2-18. 3D designs of sample holders for device characterization (a). Picture of a holder right
after the printing process (b). Photograph of different holders after a curing treatment and ready to
be used.

A schematic of the setup employed for the characterization of thin film SOCs and puSOFCs
is shown in Figure 2-19a. The 3D printed holder allowed for the accommodation of the
squared samples (either the YSZ single crystal supported cells or the ceramic membranes
supported on silicon) into the alumina tubes. Before mounting the sample, a metallic grid
(gold or platinum) was placed on the holder in order to facilitate the collection of current to
the electrical wires located in the inner tube (a platinum wire was passed through the holder
holes in order to contact the grid). Platinum paste was brushed on the surface of the holder
in order to improve the electrical connection. Then the sample was placed into the holder
and the top current collector was placed, along with some gold paste (Fuel Cell Materials),
again for improving current percolation. Once the cell was assembled, a ceramic paste was
applied to seal the cell. Two formulations from Aremco were employed and tested,
references 552 (alumina based) and 885 (zirconia based).
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Figure 2-19. Schematic of the experimental setup employed for the electrochemical characterization
of SOCs (a). Photographs of a uSOFC placed in the ProboStat setup before (b) and after applying
the ceramic paste for sealing the cell (c).

Actual setup photographs of the sample cells mounted in the ProboStat station are shown
in Figure 2-19b. The application of the ceramic paste was made along the joint between the
sample and the holder (see Figure 2-19¢), and left to dry before placing the cell into the
furnace. For curing the sealant the sample was heated up in synthetic air atmosphere to 90
°C at a slope of 1 °C/min, dwelled for 2 h, then heated up to 260 °C at the same rate and
dwelled for another 2 h. Aremco 885 ceramic paste required an additional dwell of 2 h at
370 °C, according to the specifics of the product. The sample was then ramped up at the
same rate of 1 °C/min to the chosen minimum temperature of operation for the
electrochemical characterization.
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2.5.3.2 Electrical characterization

The SOCs and uSOFCs measured in this thesis were characterized with a PARSTAT 2273
potentiostat. Voltage-current curves, galvanostatic operation and EIS measurements were
performed under different conditions of atmosphere (i.e. in SOFC and SOEC modes) and
temperature. For measurements in electrolysis mode (SOEC), a mixed atmosphere of 50 %
H-O:H2was set, while for fuel cell SOFC characterization the mixture was set to 3 % H20:Ho.
The oxygen chamber was flown with synthetic air in all cases. Gas flows were adjusted to
maximize the OCV of the cells. Additionally, OCV measurements were employed to
evaluate the presence of gas leakages in the cell. Galvanostatic measurements were
performed for characterizing the performance of the cells in the range of 0.3-3 mA. EIS was
measured in the frequency range of 1 MHZ — 100 mHz, 50 mV of amplitude, open circuit
potential, 0.6 V of DC bias (SOFC), 1.2 V of bias (SOEC) and for a total of 150 points.

2.6 Characterization tools for studying material libraries

Part of the work developed in this thesis has been devoted to the study of combinatorial
libraries of materials by employing high-throughput methods. In the next sections a
description on the equipment and experimental setups utilized is given.

2.6.1 High throughput X-Ray Fluorescence™

X-ray fluorescence (XRF) is an analytical technique that allows to retrieve compositional
information on the sample measured. The working principle is based on the emission of
fluorescence X-rays from the test material as a result of the interaction with a high energy
primary X-Ray source. More specifically, the incident X-Rays provoke the ejection of an
electron from the inner orbital shell of the material atoms. This results in the formation of
an electron hole in the electron structure of the atom, a highly unstable state. This hole is
then filled with an electron from the outer orbital levels of the atom. The lowering of the
outer electron to a lower energy level results in the emission of the fluorescence X-Rays. The
analysis of the energy released allows for the identification of the atoms present in the
material, hence retrieving its composition.

In this thesis, XY-resolved XRF elemental characterization was carried out using primary
beam energy of 12 keV and an incident angle of 10° between the source beam and the sample
surface. The beam size was a square with sides of 0.3 mm, but due to the incident angle, the
projected area onto the sample surface increased to 1.25 mm in the vertical direction. The
fluorescence signal was collected with a 4-element silicon drift detector placed at a distance

" High throughput XRF measurements were performed at SOLEIL Synchrotron, DIFFABS beamline.
Data analysis was performed by Dr. Giulio Cordaro at Université Paris-Saclay, CentraleSupélec,
CNRS, Laboratoire SPMS.
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of 50 cm. The acquisition was performed within a square mesh coordinate system with sides
of 110 mm and lateral steps of 1 mm in horizontal and vertical directions. Each XRF
spectrum was collected with an integration time of 0.2 s, and the entire map acquisition took
approximately 40 minutes. A total of 12100 XRF patterns were obtained, with almost 5000
focused on the sample. To enhance the signal/noise ratio of the XRF data, binning with 3
mm intervals was applied, resulting in about 500 patterns to study. A Matlab code was
developed to analyze each XRF spectrum and calculate the elemental ratio between Mn, Fe,
and Co. Figure 2-20 shows pictures of the setup employed for the measurement.

Figure 2-20. Measurement stage at DiffAbs beamline at SOLEIL synchrotron for XRF mapping of
combinatorial wafers.

2.6.2 High throughput X-Ray Diffraction"

In-plane (XY) resolved structural characterization was performed using a Panalytical X pert
MRD X-ray diffractometer in the w-20 Bragg-Brentano configuration. The instrument was
equipped with a copper X-ray tube in line focus mode and a PIXcel3D detector in scanning
line mode, with an active length of 2.511°20. The incident beam was modulated through
1/8° divergence, 4 mm vertical, and 0.02 rad Soller slits, leading to a spot size of
approximately 2 mm? Data acquisition was carried out within a square mesh coordinate
system with sides of 90 mm and lateral steps of 5 mm in horizontal and vertical directions,
resulting in a total of 289 diffractograms. Each XRD pattern was collected with a 1.1° tilt
angle (wo) to reduce the intensity of the YSZ (200) and (400) reflections over the 20-80° 20
range with 0.02° step and 140 s/step. The acquisition of each diffractogram took
approximately 30 minutes, resulting in a total measurement time of about 142 hours.

" High throughput XRD measurements were performed and analyzed at Université Paris-
Saclay, CentraleSupélec, CNRS, Laboratoire SPMS with the collaboration of Dr. Guilhem Dezanneau
and Dr. Giulio Cordaro.
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A custom Matlab code was developed to analyze the large number of diffractograms
efficiently and obtain a sample map with the lattice parameters of LSMCF. The code
identifies the presence of LSMCF and CGO peaks in each XRD pattern. All the identified
peaks are fitted using a function composed of two pseudo-Voigt profiles, simulating the Ka
(1.5405929 A) and K (1.5444274 A) Cu lines. The angular position in °20 is calculated for
each peak and used in a minimization routine to determine the sample displacement and
the lattice parameter of the LSMCF deposition.

2.6.3 High throughput Spectroscopic Ellipsometry

The optical properties of the combinatorial films have been measured by spectroscopic
ellipsometry, following the same principles explained in Section 2.3.5 of this chapter, with
slight variations on the setup. A multiwavelength light source of the equipment was utilized
instead of the monochromator source, as it allowed for the fast acquisition of ellipsometric
spectra in the 1.5-5 eV energy range. An automatized XY stage was then employed for
mapping the sample wafers. Figure 2-21a shows the setup with the wafer placed in the
center of XY stage. For the mapping, cartesian grids presenting up to 300 points of
measurement were defined (see Figure 2-21b). A batch processing functionality from the
DeltaPsi2 analysis software from Horiba was employed to model and fit the maps obtained.

Figure 2-21. Picture of the setup with a combinatorial wafer placed to be measured by high
throughput ellipsometry (a). Cartesian grid designed for mapping the sample.

2.6.4 Raman Spectroscopy

Raman Spectroscopy is a characterization technique based on the interaction of light with
the sample, giving rise to Raman scattering. This is a type of inelastic scattering in which the
incident light excites vibrational modes of the atomic bonds of the sample. The resulting
interaction (reflected light) allows to retrieve information on the chemical nature present in
the material, making it possible to obtain compositional and structural details. In this thesis,
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Raman spectroscopy has been employed for characterizing the vibrational modes present
in LSMCF combinatorial films, and their evolution with the changes in composition. Raman
spectroscopy mappings were measured on a Xplora Nano equipment from HORIBA, as
depicted in Figure 2-22a-b. The measurements were carried out with a x100 objective,
grating of 1800 (450 — 850nm range), using a 638 nm laser LSMCF with a power filter of 25
%, slit of 200 um and hole of 500 um. The acquisition parameters were set to an acquisition
time of 2-5 s with 15-30 accumulations. LSMCF combinatorial films deposited on Si (100)
wafers were measured with a spacing of 7 mm between points. In order to adapt the
equipment so the wafer could be measured systematically with the spacing selected, a
holder was designed and 3D printed (see Figure 2-22c). For the analysis and evaluation of
the spectra obtained, the Raman shift at the maximum of the peak present in the 550 — 700
cm! range was evaluated.

Figure 2-22. Experimental setup for the Raman Spectroscopy map. Optical photographs at different
positions of the wafer (a-b) and 3D printing design of a custom made wafer holder.

2.6.5 Electrochemical test station

The electrochemical performance of the combinatorial LSMCF electrodes investigated in
this thesis has been evaluated by customizing a commercial electrochemical test station with
automated mapping capabilities. A large-size high temperature probe station (MicroXact
CPS-HT) was employed to carry out the measurements. The station incorporates a hot stage
made of metallic silver, capable of reaching temperatures up to 800 °C and up to 5-probe
arms to contact the stage. The chamber was sealed during the measurements and synthetic
air was passed through at a flow of 500 mL/min. For measuring the LSMCF samples two
probes were utilized, i.e. a gold plated tip for contacting the top film, and a platinum wire
contacting the back side of the wafer, as it is shown in the schematic of Figure 2-23. A low
impedance silver paste electrode (Sigma-Aldrich) was brushed on the back of the
combinatorial wafer, while a top layer of gold paste (Fuel Cell Materials) was applied to
improve the electrical contact with the film. Then, the combinatorial sample was scribed
prior to the experiment with an automatized diamond cutter in a 3x3 mm? square size
pattern in order to measure specific LSMCF representative compositions.
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Figure 2-23. Schematic of the setup utilized for mapping the electrochemical performance of the
combinatorial film (a).

The experimental setup incorporated a stainless steel metallic ring, clamp and alumina felt
insulators to improve the homogeneity of the thermal distribution along the sample (see
Figure 2-24a). Additionally, the effectiveness of the setup on the thermal distribution was
checked with a FLIR E6-XT infrared thermal camera, with the chamber open and a set point
temperature of 200 °C (Figure 2-24b). It can be observed that the metallic ring facilitates the
thermal contact with the stage, while the temperature at the central part of the wafer is
lower. The measurement performed allowed to map the LSMCF wafer at several
temperatures in the 675-750 °C range. The time dedicated for the mapping at each
temperature was critical in order to avoid possible drifts in the performance measured as a
consequence of film degradation. With that aim, the conditions for the experiment and the
selection of the points to be measured was carefully selected. EIS measurements were
performed with a Novocontrol impedance spectrometer in the 1 MHz - 0.5 Hz frequency
range, open circuit potential and 50 mV of amplitude. A total of 50 frequency points was
measured per impedance spectra. In order to avoid drift effects in the impedance measured
the sample was held for 15 min after reaching the temperature set. Additionally, several
impedance spectra was measured at each point selected in order to confirm the absence of
the thermal drift due to the contact with the gold probe.

The impedance spectra was fit with a modified Jamnik-Maier equivalent circuit (see Figure
2-16b) model in order to obtain a high quality fit for all the compositions measured. Two
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main parameters extracted from the fitting were employed for the subsequent analysis, the
series resistance, and the polarization resistance.

, W -l OFLIR 5

Figure 2-24. Picture of the setup employed for the electrochemical impedance mapping
measurement (a). Thermal image obtained with a temperature set at 200 °C (b).

The series resistance was employed to obtain the temperature distribution along the wafer,
through the Arrhenius-like behaviour of the ionic resistance of the YSZ substrate (see
equation (2-18)). Where o is the conductivity, kv is the Boltzmann constant, Ea is the
activation energy and oo is the pre-exponential factor.

gy -La
a(T) = T kpT (2-18)

With this aim, EIS measurements were performed to a reference YSZ chip sample with Ag-
paste electrodes in a ProboStat setup (see Figure 2-17). The values of the series resistance
obtained through the measurements were linearly fitted to equation (2-19) in order to obtain
the dependence of the ionic resistance of the substrate with temperature. Please note that
equation (2-18) derives in equation (2-19) by taking the natural logarithm and changing from
conductivity magnitude to area specific resistance (ASR) —done to obtain a more direct
expression to employ with the values obtained from the impedance—-. The resulting linear
equation was then employed during analysis of the EIS mapping experiments in order to
calculate the real temperature at the wafer.
T 1 E,

1 =1 -
"asrR T VASR, kT

(2-19)

Once the calculated temperature distribution was mapped along the wafer at each
temperature set, a linear fit was obtained (Trea vs Tset) in order to correct for artefacts coming
from parasitic resistances in the setup. An example of this analysis is shown in Figure 2-25,
which shows the calculated Tral values for six points of the analysis at different set
temperatures. It can be observed that the linear fits fall quite closely to the majority of the
corresponding data points, with a couple of exceptions. The linear fits were then employed
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for quantifying the real temperature at each position of the wafer, preventing the presence
of local points outside the observed trend that may lead to induced errors in the analysis.

760
A
740 - 70
7207 A
o 2530
$ 7001 Rt
8 Pt
= 6801 A
i ,f:;/,/’/
6604 .- .7,
.,"/ ///{// v
6404 "
'i-/l T T T T T T T T T T T T T
670 680 690 700 710 720 730 740 750
Tset(oC)

Figure 2-25. Plot showing the Trea vs Tsetrelation obtained for the analysis for an example collection
of six points. The dashed lines correspond to linear fits of the scattered data.

The plots presented in Figure 2-26 show the calculated distribution of temperatures for all
of the experiments performed. The maps show a temperature distribution similar to the
thermal image obtained prior to the experiment, with the presence of points with higher
temperature along the edges and colder spots in the central regions.

With this analysis, an Arrhenius fitting was calculated for the LSMCF combinatorial film.
The pre-exponential factor and activation energy were extracted from the fitting, which
allowed to calculate the equivalent ASR at a given temperature (see equation (2-19)) . This
analysis allowed to make a proper comparison of the ASR in the combinatorial wafer
irrespectively of the differences in thermal distribution present in the setup. Reference
samples of LSM, LSC and LSF were measured as described in Section 2.5.2.1 in order to give
reference values of the electrochemical performance of each parent material and make a
thorough comparison with the measurements done on the LSMCF combinatorial wafer.
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Figure 2-26. Distribution of the real temperature calculated and utilized in the Arrhenius analysis
for each temperature set in the range 750-675 °C.

2.6.6 High Throughput Isotope Exchange Depth Profiling coupled with
Secondary Ion Mass Spectrometry**

The oxygen mass transport properties of the LSMCF combinatorial wafer was explored by
Isotope Exchange Depth Profiling (IEDP) coupled with ToF-SIMS#*4. This analytical
technique allows to measure the oxygen kinetic parameters (i.e. the oxygen surface
exchange coefficient (k*) and the oxygen diffusion coefficient (D*)) of the material studied
after carrying out an exchange treatment with isotopic oxygen (**O). This is done by
sputtering the exchange sample and analyzing the composition in depth with ToF-SIMS.
The amount of 'O detected in the film is employed then to determine the material activity

with respect to oxygen incorporation.

# High throughput IEDP-SIMS was performed at Imperial College London, Department of Materials,
Surface Analysis Facility, with the collaboration of Dr. Sarah Fearn and Dr. Andrea Cavallaro.
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Depending on the kinetic properties of the material, as well as the conditions for the
exchange, different oxygen profiles are measured. In general, most exchange treatments are
designed so that the diffusion fronts of O do not penetrate the whole active material and
that different fronts do not compete between each other (e.g. from lateral diffusion), in order
to be able to extract the mass transport parameters. For bulk materials this is generally under
control thanks to the dimension of the sample, contrary to the case of thin films. If these
conditions are ensured, and with the absence of additional features influencing the kinetics,
equation (2-20) can be employed for fitting the k* and D* of the material. This expression
consists in the Crank’s solution to plane diffusion on a semi-infinite media®.

_ 21y4) & _Zz E)
) (exp(hz + h*D*t) erfc<2m+ A )

VA

2V D*t

£(120) = g + (cg — cng) * Cerfie (2-20)

Where {(**O) is the fraction of *O vs total oxygen measured, z is the penetration depth value,
cvg is the natural isotope background (0.2 %), cgis the concentration of the enriched *O gas
employed in the treatment, t is the exchange time and parameter h is the D*/k* ratio.
Nonetheless, there are phenomena that may result in deviation of the *O fraction from an
ideal transport model. Materials presenting open cavities, segregated impurities or an
enhanced (or blocked) transport activity through grain boundaries are examples of these
phenomena. In those conditions, calculating the mass transport properties through equation
(2-20) might be an insufficient approach and a more complete calculation would be
needed®. Additionally, if the oxygen transport activity of the material analysed is high, a
planar or semi-planar profile might be obtained, characteristic of an exchange not limited
by oxygen diffusion and only by the surface exchange coefficient. In these cases, the
exchange coefficient can be estimated by solving the corresponding differential equation for
constant flux transport, resulting in the expression in equation (2-21), where L is the layer
thickness. The diffusivity cannot not be estimated in this regime.
L
k*=—-=In(1-

t Cg — Cpg

C— ¢y

) (2-21)

In this thesis, IEDP-SIMS was employed for studying the oxygen kinetics of LSMCF
combinatorial libraries. A combinatorial LSMCF film grown directly on a 3” diameter Si
(100) substrate was selected for the analysis. The sample was enclosed in a quartz tube and
pumped down to 107 mbar. A first annealing at 400 °C in 200 mbar of pure oxygen (99.999
%) with 80z in the normal isotopic abundance was performed. After the first annealing, the
tube was pumped down and re-filled with a ~90 % 'Oz enriched gas (200 mbar). The sample
was quenched to room temperature once the exchange was completed. The conditions
selected for the isotope exchange were 400 °C and 30 min. The ¥O diffusion profile signal
was recorded using a TOF-SIMS 5 instrument (IONTOF GmbH, Munster, Germany). The
map was carried out by scanning the sample with a spacing of 3 mm in between the points
measured. Figure 2-27 shows a picture of the sample after measuring two pieces of the
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wafer. The numbers and arrows on the figure indicate the direction in which the
measurements were done. A total of 480 points were measured by the end of the experiment.

Figure 2-27. Photograph of a LSMCF wafer after IEDP-SIMS measurements. Numbers indicate the
column and direction of the scan performed in the central piece.

In order to properly evaluate the profiles obtained, the depth axis had to be translated from
sputter time units (i.e. the parameter measured during the analysis) to actual depth units.
To do so, the thickness of the sample was previously measured by ellipsometry (see Figure
2-28a). Then, the appearance of the silicon signal (the Si- ion, specifically) was utilized as a
reference for when the film was completely sputtered. Figure 2-28b shows the profile of
several of the points measured, while Figure 2-28c shows the map of the sputtering time
obtained for the whole wafer. Finally, the sputtering rate was calculated by dividing the
time obtained with the values of the thickness measured initially. In order to calculate the
sputtering rate for every point measured, an approximation was made by selecting the
thickness values measured that was closest in terms of XY coordinates. Two approaches
were employed for analysing the profile obtained. For the regions in which the ¥O fraction
showed saturation (i.e., a planar or close to planar profile), the film was considered to be
only limited by the oxygen surface exchange coefficient (k*). In this case, a lower limit value
of the oxygen diffusivity (D*min << D*:ea) was extracted given the relation in equation (2-22).
For the calculus of D*min the relation was set as equal, leading to an underestimate value of
D*.

*

—>»1L (2-22)
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On the other hand, for the profiles that showed a decay in the ®O fraction approaching the

natural O background concentration of 0.2 % in the film-substrate interface, the semi-

infinite solution of oxygen diffusion was employed to obtain both D* and k* (see equation

(2-20)). A reference value of 0.8 % of ®O fraction in the film-substrate interface was set to

differentiate between the two models.
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Figure 2-28. Analysis carried out for the processing of the IEDP-SIMS profiles obtained. Thickness
measurement of the combinatorial film (a). Selection of SIMS profiles corresponding to the Si
signal (b). Sputter time characteristic of the appearance of the Si signal in the SIMS profile for all
the points measured (c). Sputtering rate calculated from the film thickness and the sputter time of

the Si signal (d).
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3.1 Motivation”

This chapter is dedicated to the study of thin film based heterostructures and
nanocomposites as potential candidates to be applied as symmetric and fuel electrodes for
high-temperature applications. As discussed in Chapter 1, hydrogen electrodes in solid
oxide cells (SOCs) generally consist in porous metals? and ceramic-metal composites
(cermets)*>. Oxide materials suppose a promising alternative to overcome the limitations of
the state-of-the-art electrodes, mainly in terms of structural stability, sulphur posining® and
poor current collection of porous phases. The most widely known all-ceramic materials
employed as hydrogen electrodes in SOCs are based in lanthanum chromites and doped-
ceria. More specifically, the use of Lao7Sro2sCrosMnosOs (LSCrMn) has been extensively
studied in the literature’'°, mainly due to its mixed ionic-electronic conduction behavior
and its stability in reducing conditions'. In the case of ceria, it presents excellent catalytic
activity for the hydrogen oxidation reaction (HOR), as reported in a large number of
publications'>'>. Nonetheless, doped-ceria materials are characterized by limited electronic
conductivity'®'’, which may lead to additional overpotential losses. In order to overcome
these limitations, this chapter investigates the suitability of applying these materials
through nanostructuring approaches, resulting in electrochemically active functional layers
and electrodes for hydrogen oxidation. Several strategies have been explored with this
purpose: i) making use of a novel cermet with low metal content, ii) fabricating dual-phase
thin film nanostructures and iii) optimizing the microstructure of the nanostructures
through changes in pulsed laser deposition (PLD) fabrication conditions.

Section 3.2 introduces a porous CeosSmo20:2 (SDC) layer deposited by PLD and previously
optimized by our group. This material is taken as the all-ceramic hydrogen electrode of
reference in this chapter. Even though the material presents high electrochemical activity
for hydrogen oxidation, it shows important limitations for the application aimed in this
thesis. The porous microstructure makes it incompatible for device integration beyond 1-
cell architectures. Additionally, the SDC material shows poor electronic conductivity,
intensified by the presence of a porous microstructure, which also limits its implementation
in real device systems. For this reason, novel materials aimed at overcoming these
limitations are explored in this chapter.

The use of novel formulations of Ni-CeosGdo1O2 (NiCGO) nanocomposites with low Ni
content and the optimization of electrode microstructure are discussed in Section 3.3. A

" Part of the work presented on this chapter is adapted from Sirvent, J. de D.; Carmona, A.; Rapenne,
L., Chiabrera, F., Morata, A.; Burriel, M., Baiutti, F., Tarancon, A. Nanostructured
Lao.7551025Cro5sMnosOs—CeosSmo202 Heterointerfaces as All-Ceramic Functional Layers for Solid Oxide
Fuel Cell Applications. ACS Appl. Mater. Interfaces 2022, 14 (37), 42178-42187.
https://doi.org/10.1021/acsami.2c14044, under Creative Commons Attribution 4.0 International
Public License'.
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recent publication reported the promising activity of NiCGO electrodes with surprisingly
low content of Ni'8. The work carried out in this section explores the possibilities that this
formulation offers on the HOR when implementing changes in the film microstructure.
Different dense-to-porous microstructured thin films were fabricated and studied by means
of impedance spectroscopy. In Section 3.4.1 of this chapter, the fundamental electrochemical
properties of thin-film heterostructures having potential application as hydrogen and
symmetric electrode functional layers are investigated, namely: an intermixed LSCrMn-
SDC nanocomposite, and a bilayer with a thin layer of SDC deposited on top of the LSCrMn
film. Electrochemical impedance spectroscopy (EIS) and conductivity measurements are
employed in order to analyse the enhancement derived from heterostructuring under both
oxidizing and reducing conditions. The nanocomposite performance evolution on thermal
degradation after a period of 400 h is also studied. Section 3.4.2 is focused on the
optimization of the microstructure of the LSCrMn-SDC heterostructures explored in Section
3.4.1 for enhancing the activity as hydrogen electrodes. Pursuing this goal, different
fabrication conditions are explored by i) reducing the temperature and ii) increasing the
oxygen partial pressure during the PLD deposition. The resulting films were studied by
means of structural characterization techniques and impedance spectroscopy. The evolution
of the microstructure observed after the electrochemical analysis is also discussed. Given
the large amount of samples studied in this chapter, Figure 3-1 shows a schematic of the
main features of the thin films studied in terms of microstructure and composition, and
classified by section.
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Nanostructured thin film electrodes
Section 3.3
Dense

NiCGO

Ma— LI

Tailored microstructure

Section 3.4

Dense (section 3.4.1)

LSCrMn-SDC

Tailored microstructure (section 3.4.2)

Sample notation

P: pressure of deposition

T: temperature of deposition
NC: nanocomposite

BL: bilayer

POR: porous

Figure 3-1. Schematic of the nanostructured thin film materials studied in the chapter specified for
each section.
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3.2 Ceria-based state-of-the-art all-ceramic hydrogen electrode

As previously mentioned, porous SDC was considered as the state-of-the-art all-ceramic
hydrogen electrode in this work. This material was fabricated by PLD on yttria-stabilized
zirconia (YSZ) substrates following an approach based on previous experience in the
group?. The parameters for the deposition were set with the aim of obtaining highly porous
layers, as described in Chapter 2 (section 2.2.1). In particular, the oxygen partial pressure in
the PLD chamber was fixed to 200 mTorr, and the deposition temperature was set to 100 °C.
Applying these conditions to the deposition allows to fabricate layers with increased
roughness and exposed area, as generally results in the generation of a larger number of
nucleation sites?. In this section, a general description of the structural, microstructural and
electrochemical properties of the state-of-the-art porous SDC electrode is given.

Figure 3-2a shows a micrograph obtained by scanning electron microscopy (SEM) of the
porous SDC layer obtained under the conditions described. The microstructure presents a
homogeneous distribution of globular grains with slight spatial separation in between them.
In order to improve the crystallinity of the layer and to increase its porosity, the sample was
thermally treated at 800 °C for 1 h in a furnace under ambient air. The final microstructure
obtained with the post-deposition thermal treatment can be visualized in Figure 3-2b. One
can observe that the microstructure evolves into a more open structure, resulting in an
increase of the solid/gas interface area of the material. Figure 3-2c shows a cross section of
the film after the thermal treatment. Note that a platinum layer is placed on top of the layer
in order to perform electrochemical characterization. Despite the evolved microstructure
observed in the top-view micrograph, the layer maintains ordered vertical growth and
homogenous distribution along the film. Additionally, Figure 3-2d shows the X-Ray
Diffraction (XRD) patterns obtained for the porous SDC layers both before and after the
annealing performed. In both cases, the diffraction signal observed indicates the presence
of crystallographic phases. In particular, the SDC grows with orientation on the (111), (200),
(220) and (311) crystallographic planes. The thermal annealing seems to improve the
crystallinity of the film as the diffraction peaks observed are slightly better defined than in
the pristine layer. Figure 3-2e shows the Arrhenius-like evolution of the area specific
resistance (ASR) measured under pure hydrogen atmosphere. A measurement performed
in a dense SDC film (cf. later in section 3.4.1) is also presented for comparison purposes.
Porous SDC shows an ASR in the range of =0.2-1.0 Q.cm? in the 600-750 °C temperature
range, while the dense layer presents an ASR two orders of magnitude larger (i.e. > 10
Q.cm?) in the same temperature range.
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Figure 3-2. SEM micrographs of porous SDC: as deposited (a) and after the thermal treatment (b).

Cross section of the thermally treated porous SDC layer (c). XRD patterns obtained for the porous

SDC layers pristine and after thermal annealing (d). Reference diffraction patterns are represented

on the bottom for SDC (Fm-3m #225, in green)?'. The most representative peaks are labelled. YSZ

(h00) peaks are labelled directly on the top diffraction pattern as a common reference. Evolution of
the ASR with temperature for dense and porous SDC (e).

93



3.3 NiCGO thin films for hydrogen electrode application in thin film SOCs

3.3.1 Microstructural characterization of the NiCGO thin film hydrogen
electrodes

In order to study the possibilities for maximizing the electrochemical performance and
reducing the temperature of operation of fuel electrodes in thin film form, a change in
formulation has been explored. For that, the electrochemical properties of novel NiCGO
nanocomposite (2 vol% of Ni) layers were fabricated, following the results obtained by
Park'® et al. for the development of an efficient low metal-containing cermet. The films were
grown under different conditions (presenting variable microstructure), as described in
Table 3-1.

Table 3-1. Description of the NiCGO samples studied in this work.

Sample Oz pressure (mTorr) Temperature (°C) Thermal treatment
NiCGOsmt-700c 5 700 -
NiCGO1s0mt-700C 150 700 -
NiCGO200mt-500C 200 500 700 °C 1h
NiCGO200mt-100C 200 100 700 °C 1h

Figure 3-3a shows a top-view micrograph measured by Atomic Force Microscopy (AFM) of
a NiCGO thin film deposited at 700 °C and 5 mTorr of oxygen partial pressure (NiCGOsmt-
7oc). The outcome was the fabrication of a dense electrode, as it can be clearly seen in the
smooth topography represented in the micrograph. Similarly, Figure 3-3b depicts a SEM
micrograph of a NiCGO thin film deposited at 150 mTorr (NiCGO1somr700c) with the aim to
increase the porosity of the thin film, leading to a higher surface area and thus improving
the electrochemical activity of the electrode. The micrograph clearly shows the growth of a
rougher surface with crystallite sizes of 10-20 nm. The micrograph in Figure 3-3c
corresponds to the NiCGOzoomr-s00c sample, fabricated at a higher oxygen partial pressure of
200 mTorr, a lower temperature of 500 °C and annealed at 700 °C for 1 h. The film presents
similar microstructure than for the case deposited at 700 °C, with larger crystallites in the
range of 25-40 nm in length and seemingly more exposed area due to increased roughness,
resulting in a mesoporous surface. Additionally, Figure 3-3d shows the microstructure of
NiCGOzoomrs00c, a layer deposited at 100 °C and thermally annealed at 700 °C for 1 h. The
microstructure presents open columnar growth with high porosity, as in the case of the
porous SDC discussed in the previous section. This is obtained due to the PLD conditions
applied and the similarities in composition between the two films.
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Figure 3-3. Microstructural characterization of as deposited NiCGO- based thm films. AFM
micrograph of dense NiCGOswrroc (a). SEM micrographs for the rest of the NiCGO thin films
fabricated: NiCGOsont-700c(b), NiCGOz00mr-sooc (annealed) (c) and NiCGOzomr-100c (annealed) (d).

Information on the crystallographic nature of the NiCGO films was retrieved by XRD, as
shown in Figure 3-4. NiCGOsmr70c shows epitaxial growth of the CGO phase over the YSZ
substrate, due to the unique presence of the (h00) reflections in the XRD pattern, as expected
from the similarities with the dense SDC deposition previously described. Minor presence
of NiO (111) orientation might be present, as suggested by the peak shoulder located at
37.3°. In the case of NiCGO1somt700c, (h00) CGO orientation is also found to be the one giving
the most intense XRD signal. With regard to the annealed NiCGOzoomt-500c film, only the (200)
diffraction peak is observed for the CGO phase. This is expected due to the similarities
observed in the microstructure with NiCGOusomr-700c. Additionally, a minor (220) peak likely
corresponding to the presence of NiO phase is detected. The minor unidentified peak
present at 36° could be originated by cross-contamination from the thermal annealing
treatment. NiCGOzoomt-100c shows several diffraction peaks corresponding to orientations of
the CGO phase on the (111), (200), (220) and (311) crystallographic planes. This reproduces
the same crystalline growth observed for porous SDC in Figure 3-2d. The minor peaks in
the 20-30° range (labelled with a star) are ascribed to artefact signals occasionally coming
from the sample holder setup.
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Figure 3-4. XRD patterns measured for all the NiCGO thin films studied. Reference diffraction
patterns are represented on the bottom for doped-ceria (Fm-3m #225, in green)’!, NiO (Fm-3m
#225, in orange)’” and Ni (Fm-3m #225, in light blue)?>. The most representative peaks are labelled.
The star (*) indicates artefact diffraction signals measured from the setup. YSZ (h00) peaks are
labelled directly on the top diffraction pattern as a common reference.

3.3.2 Electrochemical performance of the NiCGO thin film hydrogen

electrodes

Figure 3-5 shows the results of the electrochemical performance obtained for the NiCGO-
based anodes and their comparison with reference SDC anodes discussed earlier in the
chapter. Hence, Figure 3-5a depicts representative Nyquist plots measured at 700 °C for all
the samples studied. All the impedance spectra obtained present a main contribution of the
polarization resistance dominated by the low-frequency arc, characteristic of the hydrogen
oxidation reaction dominant for these materials. Slight asymmetries in the arcs are
attributed to local and minor differences in the films of the symmetric cell measured.

The ASR evolution during the first hours of the NiCGO electrodes is presented in Figure
3-5b. One can conclude that NiCGOsmt700c improves its performance during the first stages
of the characterization, most likely due to further reduction of the NiO present in the
electrode, while the NiCGOisomr7mc increases the polarization resistance, despite being
initially lower than for the fully dense NiCGOsmr7oc electrode. This could be attributed to
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changes in the electrode microstructure, inducing a reduction in the surface area and
instability of the active phase. Additionally, NiCGOzomr-s00c and NiCGOzoomt-100c showed
stable ASR over the first hours of the experiment, suggesting a full reduction of Ni and the
absence of microstructure evolution.

Figure 3-5c shows the Arrhenius plot of all the NiCGO electrodes studied, with addition of
both dense and porous SDC as reference electrodes for comparison. The performance of all
the NiCGO electrodes outperforms the one of dense SDC. In the case of fully dense
NiCGOsmt7oc the improvement is of one order of magnitude, despite the overall
performance is still behind the activity achieved by the porous SDC counterpart.
Interestingly, the NiCGOzmrioc layer shows similar ASR values than NiCGOsmr7ooc.
Although higher activity would be expected for NiCGOz00mt-100c due to the elevated porosity
observed, one possible reason for the partially limited performance could be attributed to
loss of current percolation along the porous layer. Additional causes might be related to
decrease of the active area. The porous layers are mechanically less stable than denser films,
so the microstructure of the layer might have suffered partial damage resulting in the loss
of the total active material. In the case of NiCGOusomr700c the ASR observed is the highest
among the NiCGO films. It should be noted that the initial ASR was similar to that of
NiCGOzoomr-100c and progressively increased (Figure 3-5b), resulting in the values observed
in the Arrhenius. This behavior could be attributed to microstructural evolution of the
surface. Further characterization would be needed for proper confirmation of this
hypothesis. Notably, NiCGOzoomr-s00c shows the best performance of the films studied in this
section. The ASR at 700 °C is 0.95 ().cm?, only a 3-fold factor above the ASR reported for
porous SDC. The low values in ASR of NiCGOzmrs0c could be attributed both to the
increase in the activity resulting of the Ni content in the layer, and the retaining of the
mesoporous structure observed in Figure 3-3c. The overall differences in the activity of the
tilms studied with respect to porous SDC could be expected by the difference in the exposed
area in each case, being the highest for the reference porous SDC layer. Nonetheless, an
additional cause on the differences of the ASR values between the films might fall in the
dopant employed. Although Gd and Sm are generally considered to give raise to similar
ionic conductivity values in doped ceria, some differences have been reported in the
literature?*. In addition to that, the change in doping from 20 % Sm to 10 % Gd in the NiCGO
samples might result in lower ionic conductivity of the ceria phase, as 20 % doping tends to
be closer to the maximum ionic conductivities reported?. Finally, the thickness of the layers
should also be considered as a feasible cause for the differences observed in the performance
of the films. On a general basis, porous electrodes fabricated with higher thickness present
a larger number of reactions sites, hence resulting in improved performance. All these
possibilities should be further studied for reaching a definitive conclusion on the differences
in the electrochemical properties of the films analysed in this chapter.
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Figure 3-5. Nyquist plots obtained of the NiCGO samples at 700 °C under humidified hydrogen
atmosphere (a). ASR evolution with time measured in the beginning of the experiment, at 700 °C
(b). Evolution of the ASR with temperature for NiCGO based thin films fabricated under different
conditions (c).
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3.4 Functional layers based on LSCrMn-SDC heterostructures

3.4.1 Development of dense LSCrMn-SDC functional layers for hydrogen
and symmetric electrodes

3.4.1.1 Microstructural characterization of the thin film heterostructures

Thin film dense LSCrMn-SDC heterostructures were deposited by PLD following the
processes described in Chapter 2, with the goal to fabricate a dual-phase LSCrMn-SDC
nanocomposite (LSCrMn-SDCnc) and a bilayer corresponding to a thin layer of SDC
deposited on top LSCrMn (LSCrMn-SDCs). Figure 3-6 shows the XRD patterns for the
dense thin film LSCrMn-SDC electrodes analysed as suitable hydrogen and symmetric
electrodes. In addition to the two heterostructures, single dense LSCrMn and SDC phases
are represented for comparison purposes. In the case of LSCrMn, the phases presents in all
cases a polycrystalline rhombohedral structure with orientation in the (012), (110) and (104)
planes. This is coherent with what has been reported in other studies based on LSCrMn?6%,
and has been confirmed by the Transmission Electron Microscopy (TEM) characterization
carried out (see later in the text). The SDC phase presents cubic crystallographic structure
with preferential orientation along the (100) plane of the YSZ single crystal substrate. The
two LSCrMn-SDC heterostructured films present additional reflections corresponding to
the (111) and (220) orientations of the SDC phase. It should be noted though that the (220)
SDC reflection is present close to the (024) LSCrMn diffraction peak, so there might be
presence of both orientations in the crystallographic structure of the films. Distortions on
the peak shape and shifts in the peak positions are ascribed to the existing overlap and the
relative intensity of the LSCrMn and SDC phases, as well as to cation interdiffusion in the
nanocomposite film (cf. TEM characterization later in the text). From this analysis, it was
concluded that phase differentiation between the perovskite LSCrMn phase and the fluorite
SDC phase was obtained for all the structures under consideration.

99



(400)ys,

P AN

SbC

| (200)ys;

J\/ \W“W
s Attt st

| \
. \ |
J\W \K‘JLJ‘ .

-
S LSCrMn-SDCg,
@© A
~ | \ A
2> 4 \ / \ /A\ / \‘\\
7] — \Wf‘w/ - \ww”w/ \ \m—/\\-m
c LSCrMn-SDCy¢
0}
]
- w
PN & LSCrMn
- s3 a 58 N
S <= 8 & a2 £z
e = ag
S
e A1l T T
T T T T . T T T T
20 30 40 50 60 70 80

26(°)

Figure 3-6. X-ray diffraction for all the anode materials under study. Reference diffraction patterns
are represented on the bottom for LSCrMn (R-3c #167, in black)”” and SDC (Fm-3m #225, in
green)’!, respectively. The most representative peaks are labelled. The star (*) indicates a peak

shoulder due to the presence of the (200) orientation of the CGO butffer layer. YSZ (h00) peaks are
labelled directly on the SDC diffraction pattern as a common reference.

The microstructure of the two nanostructured films was analysed by atomic force
microscopy, as shown in Figure 3-7. The top-view micrographs for LSCrMn-SDCsL and
LSCrMn-SDCnc are presented in Figure 3-7a and b, respectively. Both nanostructures
present a dense microstructure with variations in roughness and grain size. The
nanocomposite layer shows higher values of roughness (Rms= 5.5 nm) and grain size (= 30
nm) with respect to the bilayer, which presents a smoother surface and smaller grain
dimension (Rms=2.4 nm and = 20 nm grain size). This is probably due to the disorder present
in the nanocomposite deposition, with the perovskite and fluorite phases growing

simultaneously.
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Figure 3-7. Top-view AFM micrographs of the heterostructures studied: LSCrMn-SDCst (2.4 nm
Rus) (a) and LSCrMn-SDCnc (5.5 nm Rus) (b).

The cross-section of the two heterostructures were characterized by means of high-
resolution transmission electron microscopy (HRTEM), as it can be observed in Figure 3-8.
The cross-sectional micrographs shown in Figure 3-8 confirm the dense microstructure of
the films. The low magnification micrograph in panel (a) shows that the LSCrMn in the
bilayer structure present columnar growth, while panel (d) shows that the nanocomposite
is grown following a more disordered geometry. Figure 3-8b and 3e present the selected
area electron diffraction (SAED) patterns obtained. In the case of LSCrMn-SDCsL the major
phase in the film corresponds to the rhombohedral R-3c(H) structure of LSCrMn, while for
LSCrMn-SDCnc the most important phase is the cubic structure of the SDC. HRTEM
micrographs are reported in Figure 3-8c (LSCrMn-SDCsL — with the inset representing the
related Fourier transform (FT)) and 3f (SDC rich region of the LSCrMn-SDCnc film — inset
showing FT). In the case of the bilayer, the heterostructure presents clear differentiation in
terms of phase and morphology. The LSCrMn perovskite phase presents columnar growth
(column width = 30 nm), while the SDC layer on top shows full coverage with conformal,
crystalline growth. This ordered growth differs from what it is observed for the
nanocomposite. In this case, TEM imaging could not be employed to resolve phase
alternation nor preferential growth direction in the film.

101



[001] SDC

Figure 3-8. Cross-sectional characterization of the heterostructures studied: low magnifcation
TEM, SAED patterns and HRTEM micrographs for LSCrMn-SDCsL (a-c) and LSCrMn-SDCnc
(d-f). Insets in (c) and (f) show the related FT diffraction pattern.

Complementary energy-dispersive X-ray spectroscopy (EDX) mappings have been carried
out to shed light on chemical composition of the heterostructures. Figure 3-9a shows the
collection of the EDX measurements done with the analysis of Sr (red), La (light blue), Ce
(blue), Zr (green) and Y (yellow) signals, in the case of LSCrMn-SDCst. The Sr, La and Ce
signals confirm phase differentiation, with the two first contained in the LSCrMn region,
and the latter on top of it. The rest of the elements of interest (i.e. Mn, Cr, Sm and Gd) were
excluded in the analysis due to overlapping between the peaks in the spectra. Hence,
conclusions on phase differentiation and cation intermixing are based on the EDX signals
reported. With regard to LSCrMn-SDCnc, the same EDX signals are reported in Figure 3-9b.
The nanocomposite film presents concentrated Sr signal in localized regions, which are
attributed to the perovskite phase (cf. phase discussion later in the text). Nevertheless, Sr is
still present in the rest of the film and Ce and La are present with no proper preference along

102



the film. This analysis suggests the occurrence of strong cation intermixing during the
sample fabrication, although some of the mixed signal might also be originated from grain

overlapping in the cross-sectional observation.

250 nm

Figure 3-9. EDX elemental distribution maps calculated using the Sr-K, La-L, Ce-L, Zr-L and Y-K
and signals for LSCrMn-SDCs (a) and LSCrMn-SDCnc (b).

In order to gain further knowledge on the inherent spatial phase identification of the films
at the nanometer scale, automated crystal phase and orientation mapping (ACOM) with a
precession system (ASTAR) was performed. Figure 3-10 shows an example of phase
identification done to the LSCrMn-SDCnc film. The overlap between the experimental and
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theoretical electron diffraction patterns obtained for different regions of the film (points A-
D) allows to assign the corresponding crystallographic structure. The larger the overlap
between patterns, the more accurate the phase identification is.
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Figure 3-10. LSCrMn-SDCnc phase identification by ASTAR. Superposition of the electron
diffraction patterns of selected regions (A to D) with the calculated matching phases for: YSZ
Fm3m 225 (A), CGO Fm3m 225 (B), SDC Fm3m 225 (C), LSCrMn R-3c(H) 167 (D).

The complete identification of the crystallographic phases of the two heterostructures
studied can be found in Figure 3-11. Particularly, the ASTAR analyses on LSCrMn-SDCsL
and LSCrMn-SDCnc have been translated into the phase maps represented in Figure 3-11a
and ¢, respectively. The map reveals the presence of areas with different crystallographic
structure for both heterostructures, i.e. rhombohedral (assigned to LSCrMn - red), cube-on-
cube Fm3m fluorite (CGO bulffer layer - dark blue) and randomly oriented fluorite (SDC -
light blue). For the specific case of LSCrMn-SDCst, both LSCrMn and the SDC top layer
present polycrystalline growth (see Figure 3-11b), which is in line with the observations
made by XRD. With regard to LSCrMn-SDCxg, it has been confirmed that the film presented
a major part of cubic fluorite phase, as suspected form the SAED pattern. Nonetheless,
perovskite-rich regions with “boat-shape”-like domains can be found in isolated islands.
Additionally, preferential growth following the SDC orientation is observed (see Figure
3-11d). More in detail, for the first tens of nanometers the SDC-rich phase shows preferential
orientation with epitaxial growth along the [100] axis, following the CGO buffer layer and
the YSZ electrolyte.

This behavior is ascribed to the preferential growth of the SDC phase over the CGO/YSZ
substrate, allowing for better lattice match, causing the perovskite-rich phases to grow in
localized regions, spatially separated. It should be noted that according to this analysis,
these differences on phase distribution not only affect the crystallographic order of the films,
but also the fraction present of each phase. Specifically, the fluorite phase (although highly
intermixed) seems to be predominant over the perovskite. An explanation to this effect is
that part of the LSCrMn is dissolved into the SDC-rich phase during film deposition, as
suggested by the high presence of intermixed cations observed in the EDX results of Figure
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3-9. This is in agreement with observations made in other perovskite-fluorite
nanocomposites, in which high levels of intermixing in between the phases was visualized
by dedicated atom probe tomography measurements?®.
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Figure 3-11. ASTAR phase and index analysis maps (top row) and corresponding orientation maps
for each direction (bottom rows) of (a-b) LSCrMn-SDCs and (c-d) LSCrMn-SDCnc films. Phase
maps: YSZ in green, CGO in dark blue, LSCrMn in red and SDC in light blue.

3.4.1.2 Measurement of the sheet conductivity under reducing and
oxidizing conditions

Figure 3-12 shows the in-plane conductivity measured under both reducing and oxidizing
atmospheres for the two heterostructures under study, and its dependence with
temperature. In the case of the conductivity values obtained under 5 % H: atmosphere
presented in Figure 3-12a, it can be seen that both materials are characterized by linear
behavior of In(oT) vs 1/T, indicative of a mechanism of charge transport governed by small

polaron hopping!'!%.

Particularly for LSCrMn-SDCnc, two linear regimes can be
differentiated, most likely because the two phases present in the film (i.e. the separate
LSCrMn-rich regions and the SDC-rich matrix discussed in the previous section). In the case
of the lower temperature regime, the activation energy (E.) was found to be 0.28 eV, the
same as for LSCrMn-SDCst, and hence attributed to the LSCrMn phase. With regard to the
higher temperature region, the Ea. increases to 0.44 eV due to the additional SDC
contribution to the overall charge transport. Notably, the heterostructuring strategies

defined in this work lead to an enhancement of more than three orders of magnitude in
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terms of sheet conductivity with respect to state-of-the-art doped ceria electrodes (o = 7.5x10-
4S.cm at 500 °C)16%. Among the two samples studied, the bilayer was found to be the most
conductive, most likely due to the continuity of the single LSCrMn layer, which facilitates
the electronic transport along the layer. Actual values obtained for the conductivity of the
layers were 0 = 2.2 S.cm vs 0 = 0.3 S.cm for the bilayer and the nanocomposite at 350 °C,
respectively.

The sheet conductivity of the two heterostructures was also evaluated in oxidizing
conditions, in particular under synthetic air. This was motivated by the possibility of
application of the functional layers developed in devices with symmetric cell configuration,
with particular interest in the nanocomposite (cf. EIS characterization in the discussion
below). The values obtained are represented in Figure 3-12b. It can be seen that the
nanocomposite presents relatively low sheet conductivity when compared to the bilayer in
the low temperature range (0= 1.7 S.cm™ vs 0 = 0.08 S.cm! for LSCrMn-SDCsr and LSCrMn-
SDCncat 350 °C, respectively). This is probably due to the presence of the low conductivity
of the SDC matrix (more critical in oxidizing conditions than in reducing atmosphere'®'?),
which prevents the formation of a percolating electronic pathway. In relation with the
thermal activation, the nanocomposite shows a similar trend than for the measurements
under hydrogen atmosphere, observing two linear regimes with different values of
activation energy. Notably, the high temperature regime presents a larger Ea under synthetic
air, reaching a value of 0.72 eV. This value is coherent with conductivity measurements
performed on doped-ceria®. Extrapolating the conductivity of LSCrMn-SDCnc at typical
SOC temperature conditions like 700 °C results in a value of o = 5.2 S.cm™. This value is
much higher than what is found to conventional ceria-based thin films?! (cf. Figure 3-12)
and is comparable to the observations made in electronic conductors employed in SOC
technologies such as LSM*? (despite the uncertainty given by the extrapolation).
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Figure 3-12. Arrhenius representation of the sheet conductivity measured for the different
heterostructures as a function of temperature under 5% H: in Ar (a) and synthetic air atmosphere

(b).

3.4.1.3 Electrochemical performance of the heterostructures

The electrochemical properties of the thin films studied in this work have been evaluated
by means of impedance spectroscopy. Figure 3-13a shows the Nyquist plot obtained by EIS
at 750 °C for the different materials under wet hydrogen atmosphere. The solid line
represents the fit result obtained from modelling the corresponding equivalent circuits
described in Chapter 2 (see Figure 2-16), in this case the simplified version of the Jamnik-
Maier circuit with no limiting contribution from ionic diffusion®. All four samples present
a clear major arc located in the low frequency region and a secondary minor arc located in
the high frequency range, close to the intersection with the real impedance axis (see Figure
3-13a inset). The main arc is ascribed to the surface oxidation reaction, whereas the high
frequency contribution could come from minor mass transport limitations (at the
film/electrolyte interface or in the bulk material). This is consistent with studies done by Raj
on oxygen diffusion and surface exchange studies on the LSCrMn system® and by
Primdahl®, Jung? and Nakamura®* et al. on doped-ceria materials. True capacitances
calculated from the high and low frequency arcs are collected in Table 3-2. In the case of the
high frequency process, capacitances in the order of 104-10° F/cm? are found, which are
representative of diffusion processes® or of the double capacitance at the
electrolyte/electrode interface®”. The high frequency contribution can therefore be related to
oxygen diffusion along the material or across the interface electrolyte/electrode®?. For the
case of the low frequency arc, this is instead associated to the surface reactions, in agreement
with previous works found in the literature'21835%3 This interpretation is also supported
by the Distribution of Relaxation Times (DRT) analysis presented in Figure 3-13b, which
shows two main contributions for the impedance: a minor contribution at lower
characteristic times (102-10- s), and a major peak in the higher region (1-10" s).
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Figure 3-13. Electrochemical characterization of the materials under study in reducing conditions
(LSCrMn in black; SDC in green; LSCrMn-SDCncin red; and LSCrMn-SDCsin blue). Nyquist
plots obtained at 750 °C (dots), fit result (solid line) and inset with the high frequency region
zoomed in (a). DRT analysis of the EIS measurements performed in wet hydrogen atmosphere at
750 °C (b). Arrhenius plot of the ASR (c).

108



Regarding the capacitance associated to the low frequency arc, it is generally attributed to
the sum of the surface process and of the chemical capacitance (Cchem) of the films. The latter
is expected to be the predominant in systems involving mixed conductors®, giving rise to
values in the order of = 10° F/cm®. These values are in agreement with what has also been
reported in other studies involving perovskite and ceria-based mixed conductors* . As
expected, the LSCrMn single layer shows the highest area specific resistance (ASR = 41
Q.cm? at 750 °C — which takes into account the full polarization arc) among the materials
tested*#, while single phase SDC presents a lower polarization (= 18.2 Q.cm?). Slightly
lower ASR values at the reference T =750 °C characterize LSCrMn-SDCnc (= 14.7 Q.cm?) and
LSCrMn-SDCs (= 12.6 Q.cm?). By analysing the temperature dependence of ASR (Figure
3-13c), one can observe that the two functional heterostructures show the best performance
in the full temperature range studied.

The observed enhancement in the HOR kinetics with respect to single phase LSCrMn and
SDC suggests a synergistic effect of the two materials in the nanostructures. Most
interestingly, such an improvement occurs irrespective of the type of heterostructure
chosen, i.e. bilayer or nanocomposite. This is coherent with the microstructural analysis
performed in Figure 3-10: In both cases and as inferred from the specific activity of the single
phases (cf. Figure 3-13) SDC provides reactive sites for fast HOR, whereas the LSCrMn offers
an electronic pathway. Thus, similar catalytic performances are expected owing to the
exposed SDC-gas interface and an overall decrease in ASR thanks to the enhanced electronic
conductivity with respect to single phase SDC.

Table 3-2. Capacitance values for the high and low frequency arcs shown in the Nyquist plots in
Figure 3-13a.

C (F/cm?) Cehem (F/cm?®) n
Material High Low High Low
Frequency Frequency Frequency Frequency
LSCrMn 2.22 x 10+ 1190.79 0.81 0.91
LSCrMn-SDCnc 7.98 x 105 1281.59 0.68 0.91
LSCrMn-SDCs 1.83 x 10+ 1917.25 0.82 0.96
SDC 3.19 x 10+ 999.88 0.89 0.94

Figure 3-14 shows the analysis of the electrochemical properties of the material systems
under oxidizing conditions by out-of-plane EIS (Nyquist plot and DRT analysis at 750 °C,
and Arrhenius plot of the ASR in panels (a-c), respectively). This allows to further clarify
the role of the constituting materials in the heterostructures and to evaluate their
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compatibility to be potentially employed in fully symmetric SOC devices. In air at high
temperatures, one expects none of the components to be active if taken singularly, as
LSCrMn presents a predominant electronic conduction with negligible ionic conductivity*
while SDC is a pure ionic conductor (cf. Figure 3-14c)34,
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Figure 3-14. Electrochemical characterization of the materials under study in oxidizing conditions
(LSCrMn in black; SDC in green; LSCrMn-SDCncin red; and LSCrMn-SDCsin blue). Nyquist
plots obtained at 750 °C (dots), fit result (solid line) and inset with the high frequency region
zoomed in (a). DRT analysis of the EIS measurements performed in synthetic air at 750 °C (b).
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Arrhenius plot of the ASR with the inclusion of values for LSM and LSM-SDC obtained from the
literature® (c).

Interestingly, however, the nanocomposite exhibits a remarkable performance also in air
with comparable ASR (27.8 ().cm?) whereas much higher values are measured for all the
other systems considered (162.1 Q.cm?, 264.7 Q.cm?, 330.5 Q.cm? for single phase SDC,
LSrCrMn and the bilayer, respectively, in oxidizing conditions) at 750 °C. A closer
observation of the impedance spectra in Figure 3-14a highlights an evident depression of
the arcs for LSCrMn and for LSCrMn-SDCst. This is arguably caused by the appearance of
a Warburg-type impedance element in the higher frequency range, indicating that the
polarization is co-limited by diffusion and surface reactions and is well in line with the
expected poor oxygen diffusivity of LSCrMn under oxidizing conditions (complete Jamnik-
Maier equivalent circuit, see Figure 2-16b)046,

In the cases of the bilayer configuration and of single phase SDC (the latter presenting an
almost perfect impedance semicircle with fitting parameter n =0.84+4), the top ceria layer
behaves as a pure ionic conductor®#? blocking the surface exchange kinetics. This analysis
is supported by the DRT results collected in Figure 3-14b, which show the appearance of an
additional high frequency contribution (oxygen diffusion) for LSCrMn and LSCrMn-SDCs.
films. The DRT plot also shows a shift for the SDC peak towards the lower characteristic
times region, with a central peak position of =4x10? s. This translates into an equivalent
capacitance of =10° F/cm? which is in the order of what is observed for double layer
capacitances for ionic conductors such as YSZ#%, confirming its behavior as an ionic
conductor. Most importantly, the nanocomposite is characterized by faster oxygen
reduction kinetics. Here the SDC compensates for the lack of oxygen vacancies and ionic
conductivity of the LSCrMn under cathodic conditions (i.e., SDC provides a fast mass
transport pathway for out-of-plane oxygen migration), while electronic conductivity (for
the oxygen reduction reaction and for current collection) is provided by the perovskite
phase. Please note that a simple ZARC element was employed for evaluating the ASR in the
case of LSCrMn-SDCnc (n =0.86), confirming that surface exchange is limiting. Interestingly,
such a clear example of nanoengineered material —in which electronic and ionic conduction
pathways are provided separately by the two phases— is achieved here despite the large
disorder and cationic intermixing highlighted in Figure 3-9. The temperature dependence
of the total ASR presented in Figure 3-14c reports, as a comparison, reference values for a
traditional single phase mixed ionic electronic conductor (LaixSrxMnOs — LSM). LSCrMn-
SDCnc surpasses the performance of single phase LSM, validating the thin film
nanocomposite approach for the fabrication of systems with ad-hoc tailored performances.

Surface exchange coefficient (kq) values are collected in Figure 3-15 to give details on the
surface related electrochemistry. Despite the presence of minor differences on the activity
of LSCrMn, LSCrMn-SDCs. and LSM -given that their activity is co-limited by oxygen
diffusion —, the tendencies observed are similar to the comparison made based on values of
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polarization ASR. Nonetheless, further clarification on the effect of thickness on the mass-
transport properties of the materials studied is of need. As it has been discussed, the two
materials with a continuous LSCrMn layer (i.e. single LSCrMn and LSCrMn-SDCs) also
present a diffusion-limited process, hence their performance would be influenced by the
thickness of the electrode. Nonetheless, the small thickness difference between the LSCrMn-
based structures (< 10 %) allows to make a comparative analysis between the architectures
without expecting a different effect on the performance due to the film thickness. Moreover,
as it can be clearly observed from the diffusivity (Dq) and kq values extracted and reported
in Table 3-3 —for the measurements at 750 °C— and in Figure 3-15 for the evolution of kqwith
temperature, both LSCrMn and LSCrMn-SDCs. present the highest surface resistance
contribution among the rest of the other two materials tested, hence the diffusion
contribution does not hinder the conclusions extracted by the analysis.
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Figure 3-15. Oxygen surface exchange coefficient evolution with temperature of the materials under
study.

With regard to the SDC layer, it has been discussed that the measurements in both
conditions —reducing and oxidizing— are limited by the reaction on the surface, with no
significant mass-transport contribution in the bulk. This is clearly observed when
comparing the diffusivity values reported in Table 3-3, which shows a variation of six orders
of magnitude between LSCrMn-based materials and SDC. Moreover, if we take the oxygen
diffusivity of SDC (taken from the calculations reported in Vives et al. Ceram. Int. 2019 at
700 °C5) and consider a thickness of 150 nm (i.e. a value comparable to the thickness of the
LSCrMn-based materials analysed), a simple calculation would lead to a resistance of =3
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mQ.cm? at 700 °C, which would be even lower when extrapolated to the 750 °C that we have
considered as reference values. Hence, based on this analysis a direct comparison between
a thinner SDC and thicker LSCrMn layers is suitable for drawing conclusions on the
electrochemical activity on the surface reaction.

Table 3-3. Mass-transport parameters calculated from the EIS analysis obtained at 750 °C under
synthetic air. The SDC oxygen diffusivity value has been taken from Vives et al.”! for comparison
with the values extracted in this study.

Material Dq (cm?/s) kq (cm/s)
LSCrMn 4.95E-13 1.72E-08
LSCrMn-
SDCor 3.26E-13 1.38E-08
LSCrMn-
SDCxc - 9.67E-08
SDC 1.27E-07* 1.67E-08

*Extracted from Vives et al Ceram. Int. 2019 at 700 °C

3.4.1.4 Evolution of the electrochemical performance of the LSCrMn-SDC
nanocomposite on thermal degradation

With the aim of assessing the suitability of LSCrMn-SDCncas a promising functional layer
to be used in symmetric systems, its evolution upon thermal degradation was evaluated.
The degradation analysis was carried out in a new sample with a low impedance counter
electrode made of Ag paste (see further experimental details in section 2.5.2.2 of Chapter 2).
The electrochemical performance (i.e. in terms of ASR values) was analysed for a period of
400 h with the temperature set to 780 °C, under synthetic air atmosphere and in Open Circuit
Votlage (OCV) conditions (see Figure 3-16a). The performance of the film shows an initial
improvement towards lower values of ASR, going from an initial value of 9.32 Q).cm? to 7.14
Q.cm? after = 200 hours. After this period, the degradation rate observed was as low as #1.57
%/100 hours. Proper visualization of the evolution of the electrochemical activity during this
test can be found in Figure 3-16b-c. These plots show a selection of the EIS spectra obtained
during the first 7 h of the experiment (i.e. when the most accentuated decrease of ASR
occurs), and for the rest of the measurement. Note that only the low frequency arc was
employed for the analysis of the ASR of the LSCrMn-SDCnc film, so the degradation
observed in the high frequency arc (this contribution is ascribed to the Ag low impedance
counter electrode) and the series resistance did not compromise the evaluation of the
nanocomposite performance.
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Figure 3-16. Degradation over time of the performance of LSCrMn-SDCnc measured at 780 °C
under synthetic air atmosphere: low frequency ASR contribution (red), series contribution (black)

and high frequency contribution (green) (a). Nyquist plots recorded during the first few hours of
measurement (b) and selected plots of the overall period of the degradation experiment (c).

Interestingly, similar behavior has been observed in works dealing with other fluorite-
perovskite composite systems?552%, In these studies, the stabilization effect on the ASR was
attributed to suppression of Sr segregation to the surface. This result unveils the promising
properties and the potential of the LSCrMn-SDC nanocomposite to be applied as a stable
functional layer in combination with porous electrodes. This could potentially prevent the
formation of blocking secondary phases —typically found in degraded electrodes— while
keeping the high electrochemical activity of well-established porous materials, similar to the
system reported in Ref. LSCrMn-SDCnc presents better performance in air than
prototypical LSM (cf. Figure 3-14b, Figure 3-15 and refs.?%6) and outperforms the stability
of state-of-the-art LaoeSro4CoOs->*. Additionally, both LSCrMn-SDCnc and LSCrMn-SDCht
present comparable electrochemical performance than dense SDC in reducing atmosphere.
When compared to traditional dense composites, the thin film nanocomposite provides
intimate contact in between the constituent phases with no presence of tortuosity. This is
reflected in good sheet conductivity (cf. Figure 3-12) and electrochemical activity of the
material (cf. Figure 3-13 and Figure 3-14). The findings point LSCrMn-SDCnc as a promising
candidate to be utilised as functional layers in symmetric solid oxide cell devices>8.

3.4.2 Optimization of LSCrMn-SDC thin film microstructure for anode
application

Given the potential observed for the dense LSCrMn-SDC heterostructures as functional
layer for electrode application, some approaches for enhancing the overall performance
through microstructure optimization were explored. A new set of LSCrMn-SDC thin films
with increased surface area were studied for application as hydrogen electrodes.
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3.4.2.1 Structural characterization of microstructure-variant LSCrMn-SDC
thin films

With the objective of enhancing the functional properties of the LSCrMn-SDC
heterostructures studies, different deposition parameters were tested for optimizing the
films microstructure. As in the case of the deposition of porous SDC, higher oxygen partial
pressure and lower temperatures were employed in order to increase the roughness and
porosity of the functional films. Hence, oxygen pressure was set to 150 mTorr, and different
temperatures in the range of 100 °C — 600 °C were fabricated, as summarized in Table 3-4.

Table 3-4. Summary of the conditions employed in the fabrication of the LSCrMn-SDC films
studied in this section.

Oz pressure

Sample (mTorr) Temperature (°C)  Thermal treatment
LSCrMn-SDCnc-s00c 150 600 -
LSCrMn-SDCnc-400c 150 400 800 °C 1h
LSCrMn-SDCnec-200c 150 200 800 °C 1h
LSCrMn-SDCnc-100c 150 100 800 °C 1h

LSCrMn-SDCror* 200 100 700 °C 1h

* These conditions are for the porous SDC layer, the dense LSCrMn has been
deposited with the same conditions as in Section 3.4.1.

Figure 3-17 shows SEM micrographs of the different films as deposited. For the films
deposited at 600 °C and 400 °C (panels (a) and (b), respectively), the microstructure
observed presents the characteristics of a 2D layer with additional growth along the z-
direction. This could resemble a Stranski-Krastanov mode of thin film growth® with island
formation, although it could also be a sign of premature columnar growth. In particular,
LSCrMn-SDCnc-sooc exhibits a dense microstructure with additional growth in the form of
longitudinal interconnected paths with triangular-like facets, while in the case of LSCrMn-
SDCncooc the islands present are scattered in the form of aggregates in the range of 100-250
nm in diameter, along with a continuous distribution of smaller nucleation sites. No
porosity is apparent in LSCrMn-SDCnc-00c. LSCrMn-SDCnc-200c (see Figure 3-17¢) shows a
disconnected microstructure characterized by the presence of grains spatially separated by
narrow gaps of few tens of nanometers in size, with some additional aggregates on the
surface. A similar microstructure is found for LSCrMn-SDCncinc (see Figure 3-17d),
although in this case the gap between the grains was in the order of 10 nm, smaller than for
LSCrMn-SDCnc-200c.
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Figure 3-17. SEM micrographs of LSCrMn-SDCnc thin films deposited at 150 mTorr and at
different temperatures: LSCrMn-SDCnc-sooc (a), LSCrMn-SDCncooc (b), LSCrMn-SDCnc-200c (c)
and LSCrMn-SDCnc-1oc (d).

Figure 3-18 shows the obtained XRD patterns for the LSCrMn-SDCnc materials studied in
this section. All the materials have been measured as deposited with the exception of
LSCrMn-SDCnc-100c, which has been measured after the electrochemical analysis. All the
films present diffraction peaks corresponding to the (200) crystallographic plane of the ceria
phase, with a shoulder given by the (110) and (104) reflection of the perovskite phase.
LSCrMn-SDCncsooc and LSCrMn-SDCnc20c present an additional diffraction peak on the
(111) orientation. No secondary phases were observed.
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Figure 3-18. XRD diffractograms of the different LSCrMn-SDCnc thin films fabricated. The star (*)
refers to diffraction peaks corresponding to gold. Reference diffraction patterns are represented on
the bottom for LSCrMn (R-3c #167, in black)”” and SDC (Fm-3m #225, in green)’!, respectively.

The most representative peaks are labelled. YSZ (h00) peaks are labelled directly on the top
diffraction pattern as a common reference.

Additionally, a thin film heterostructure made of dense LSCrMn and porous SDC was
fabricated (LSCrMn-SDCror). The dense LSCrMn layer was deposited with the same
conditions as in Section 3.4.1, while the porous SDC layer was deposited on top of LSCrMn
following the conditions previously described, with the only difference of the thermal
treatment, which was performed at 700 °C (see Table 3-4). This was done to prevent the
evolution of the LSCrMn layer surface through dopant segregation or other degradation
phenomena (e.g. grain growth or microstructure deformation). Figure 3-19a and b show
SEM micrographs of the layer before and after thermal annealing, respectively. The
microstructure observed was similar to the obtained for single phase porous SDC (see
Figure 3-2), only the thermal treatment results in a less pronounced increase of the porosity
of the material. This is most likely due to the slightly milder temperature employed for the
treatment. Figure 3-19c shows the XRD diffraction patterns measured for LSCrMn-SDCror
before and after the thermal treatment. As in the case of single porous SDC, the multilayer
shows XRD reflections on the (111), (200), (220) and (311) crystallographic plane
orientations. Additionally, several peaks corresponding to crystallographic orientations
from the LSCrMn layer can be observed. It should be indicated though that LSCrMn and
SDC present high XRD peak overlap corresponding to specific crystallographic planes, so

117



the peak identification might not be univocal. With regard to the thermal treatment, the
annealed layer presents narrower XRD peaks, pointing to the presence of higher

crystallinity in the film.
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Figure 3-19. SEM micrographs of the LSCrMn-SDCror thin film functional electrode before (a)
and after a thermal treatment at 700 °C for 1 h (b). XRD patterns obtained for LSCrMn-SDCpor
before and after thermal annealing (c). The asterisk (*) indicates artefact diffraction signals
measured from the setup. Reference diffraction patterns are represented on the bottom for LSCrMn
(R-3c #167, in black)’” and SDC (Fm-3m #225, in green)*!, respectively. The most representative

peaks are labelled. YSZ (h00) peaks are labelled directly on the top diffraction pattern as a common
reference.

3.4.2.2 Electrochemical performance of microstructure-variant LSCrMn-
SDC heterostructures on hydrogen oxidation

The electrochemical properties of the microstructure-variant LSCrMn-SDC materials were
studied by impedance spectroscopy under humidified hydrogen atmosphere. Figure 3-20a
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shows Nyquist plots obtained for each sample at 750 °C. All the films are mainly dominated
by a single arc in the low frequency region characteristic of the hydrogen reaction, as
discussed previously'?®3. LSCrMn-SDCnc4oc and LSCrMn-SDCncaoc present a slight
asymmetry on the arc, most likely caused by minor differences in the thin films of the
symmetric cell. An additional minor contribution at high frequencies is present, result of
charge-transport processes in the electrolyte-electrode interface. The lowest polarization
resistance observed was for the LSCrMn-SDCror heterostructure. The spectra was fitted
with an equivalent circuit made of 2 ZARC elements (see Chapter 2). The evolution of the
ASR of all the LSCrMn-SDC-based samples analysed so far is reported in Figure 3-20b,
including the reference data of the two dense heterostructures discussed in the previous
section. Regarding LSCrMn-SDC nanocomposites, a variety of both detrimental and
enhancement effects on ASR with respect to dense LSCrMn-SDCnc was observed. The
nanocomposite grown at 600 °C, LSCrMn-SDCnc-enc, showed slightly larger values of ASR
and comparable Ea with respect to the dense material, although the overall difference was
not substantially large. Decreasing the deposition temperature to 400 °C and 200 °C lead to
the reduction of the ASR below the reference value, approximately by a 2-fold factor, and
decreased the Ea down to 1.10 eV for the sample deposited at 400 °C. Overall, the ASR of the
LSCrMn-SDCnc samples oscillated in the range of = 7-20 Q.cm? at 750 °C and the activation
energy varied in the 1.10-1.37 eV range. Regarding LSCrMn-SDCror, the electrochemical
performance improves substantially —one order of magnitude- with respect to the dense
heterostructures, and a 5-fold decrease with respect to the best performing LSCrMn-SDCnc.
The measured ASR at 750 °C was 1.5 Q).cm? and the Ea calculated was 1.44 eV. Despite being
the best performance among the LSCrMn-SDC based heterostructures studied in this work,
porous SDC presents the lowest ASR on HOR. This is in line with the case of LSCrMn-SDC
based materials fabricated with conventional methods, for which the ASR is lower than the
obtained in this work. Porous electrodes fabricated by slurry-coating methods have been
reported to present = 0.2-0.3 Q.cm? at 900 °C for the case of LSCrMn®% and = 0.3 Q).cm? at
800 °C for a screen printed LSCrMn-SDC composite®'. This is out of the values obtained for
the thin films studied, even with extrapolation to the same operational temperature. This is
most likely related to differences in the thickness of the layers. While the porous SDC layer
described in this chapter has an approximate thickness of = 1 um (with lower values
expected for LSCrMn-SDC layers given the conditions of deposition chosen), conventional
electrodes normally present larger thickness in the order of tens of um. This generally leads
to lower ASR given the presence of a larger number of reaction sites.
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Figure 3-20. Electrochemical characterization of the microstructure-tailored LSCrMn-SDC samples

measured under hydrogen atmosphere (LSCrMn-SDCncin red, LSCrMn-SDCst in blue, LSCrMn-
SDCnc-eooc in green, LSCrMn-SDCnc-oc in purple, LSCrMn-SDCnc-200c in brown, LSCrMn-
SDCnc-woc in light grey, LSCrMn-SDCnc-sooc in black and porous SDC in dark green). Nyquist

plots measured at 750 °C (a). ASR evolution with temperature (b).

Nonetheless, it should be noted that none of the nanocomposites obtained presented an
open volume level of porosity comparable to the case of conventional electrode materials.
Figure 3-21Figure 3-21 shows SEM micrographs of the LSCrMn-SDCnc samples after
carrying out the electrochemical measurements. It can be observed that for LSCrMn-SDCnc-
sooc the roughness seems to decrease —the overall microstructure seems less differentiated
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than in the as-deposited case—, while for LSCrMn-SDCnc-100c the microstructure densifies
through apparent grain coarsening (Figure 3-21a and d, respectively). The evolution of the
LSCrMn-SDCnc-100c microstructure is surprising taking into account the thermal treatment
performed post-deposition. One possible explanation for this could be that the film did not
equilibrate its microstructure within the period of 1 h that the thermal treatment lasted,
leading to further evolution during the analysis. The gap observed between the grains of
the film prior to the electrochemical characterization seems small enough so the layer can
suffer from densification triggered by thermal treatment. Additionally, lattice expansion®
due to the reducing atmosphere employed during the analysis might have driven the
microstructure evolution. The instability of the microstructure is coherent with the
worsened ASR of the films with respect to the original dense nanocomposite. In the case of
LSCrMn-SDCncu00c, the microstructure seems to open and become rougher after the
electrochemical characterization at high temperature, while keeping the aggregates
observed in the film as deposited. LSCrMn-SDCnc20c shows the smallest microstructure
evolution after the electrochemical characterization. The film seems to maintain the overall
roughness and some local regions appear to present even larger spatial separation between
grains.

- 3 ¢

Figure 3-21. SEM micrographs of different LSCrMn-SDCnc films after electrochemical
characterization: LSCrMn-SDCnc-sooc (a), LSCrMn-SDCnc4ooc (b), LSCrMn-SDCnc-200c (c) and
LSCrMn-SDCnc-100c (d).
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The observed change in the microstructure offers an explanation on the differences in
electrochemical performance described between the films. With regard to the
electrochemical activity of LSCrMn-SDCeror, the difference with single porous SDC can
probably be attributed to the presence of the dense LSCrMn layer. Other effects might be
due to local differences in the layer thickness with respect to single porous SDC.
Additionally, the slight less open porous structure of the SDC phase in the LSCrMn-SDCror
sample, with the corresponding decrease of the active area. For single porous SDC, the
intimate contact between the porous electrode and the electrolyte results in a large extension
of Triple Phase Boundary (TPB) sites, hence increasing the surface redox activity. On the
other hand, the most likely scenario in the case of LSCrMn-SDCror is that the LSCrMn layer
gives raise to additional interfacial resistances and that the ionic conductivity is not large
enough so the active sites are less than the density of TPB sites of the single porous SDC
layer. This limitation could be solved by substituting the LSCrMn layer with the LSCrMn-
SDCnc dense nanocomposite studied in the previous section. The presence of the SDC phase
in the dense layer would extend the TPB to all the area in contact with the porous material
on top. There is an increasing number of studies that report the use of dense layers in
combination with highly active porous electrodes on top. This is the case of oxygen electrode
heterostructures like perovskite-fluorite nanocomposites of LaosSrosCoo2FeosOs-
CeosGdo102-+% and LSM-SDC?, or the use of hybrid layers of La2NiOs with gradual change
from dense to porous microstructure®. Nonetheless, the use of these combination of dense
interlayers and porous electrodes have been less explored for application in hydrogen
electrodes. Given the results presented in this work there is potential for further
investigation on the use of LSCrMn-SDC based nanocomposites as hydrogen functional
layers in SOCs.
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3.5 Conclusions

This chapter presented promising approaches for the development of functional hydrogen
and symmetric electrodes for SOCs based on different LSCrMn and ceria-based
nanomaterials. The work developed aimed to research on the use of novel electrode
materials and nanostructures beyond previously developed all-oxide ceria electrodes. First,
a series of novel NiCGO cermet thin films with extremely low content of Ni have been
studied as potential candidates for hydrogen electrode applications. The microstructure of
the films was varied tuning deposition parameters for the fabrication of films with increased
level of porosity. The best performing NiCGO electrode was deposited at 500 °C and oxygen
pressure of 200 mTorr. The film presented a microstructure characterized by crystallites in
the range of 25-40 nm in size and mesoporous-like surface microstructure. The performance
of the rest of the NiCGO films were likely determined by the reduced surface area exposed,
with the exception of the open-volume NiCGO film. In this case, mechanical instability and
sample asymmetry were pointed out as likely causes for the worsened performance.
Overall, the performance of the NiCGO materials showed promising electrochemical
activity despite it did not surpass the performance of the porous SDC layer. Nonetheless,
the mechanical stability of the optimized hydrogen electrodes are expected to overcome the
properties of porous SDC given the microstructure observed. Ultimately, further research
on the integration of functional layers along with optimized NiCGO materials are expected
to offer optimal performance in the development of highly efficient SOC hydrogen
electrode.

The second strategy implemented for overcoming the limitations of SDC consisted in
fabricating novel nanostructured materials. In particular, the electrochemical performance
of LSCrMn-SDC dense heterostructures in either a nanocomposite or a bilayer was
evaluated under both reducing and oxidizing atmospheres. The results obtained unveiled a
substantial improvement of the performance for both heterostructures, in terms of
electrochemical activity and in-plane conductivity (with respect to the single-phase
reference materials under anodic conditions) and hence, their potential for catalyzing the
hydrogen oxidation reaction in SOCs. Unexpectedly, the LSCrMn-SDC nanocomposite
showed high electrochemical activity also under cathodic conditions, along with high
stability when tested for over 400 hours. The outstanding properties found for the
nanocomposite were attributed to the synergistic effect of the SDC and the LSCrMn phases
along the film. The presence of the perovskite phase grown in separate islands along the
fluorite matrix was confirmed by HRTEM-ASTAR analysis. Additionally, EDX analysis on
the cross section revealed the presence of high cationic intermixing throughout the film,
which could be in the origin of high stability of the nanocomposite (according to previous
studied of the group). Given the dense nature of the films, the overall electrochemical
performance was not comparable to that of single porous SDC. Nonetheless, the remarkable
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properties observed makes them promising for application as functional layers in
combination with porous electrodes and leave the window open for future material
optimization.

Further studies were made for optimizing the microstructure of the LSCrMn-SDC
heterostructured layers, in order to enhance the overall electrochemical performance for
hydrogen oxidation. PLD parameters were adjusted to lower deposition temperatures while
increasing chamber pressures, in order to increase the surface area and overall porosity of
the films. The nanocomposites films obtained under these conditions resulted in layers
showing different levels of roughness and porosity in their microstructure. The
electrochemical activity measured for these films resulted, in some cases, in an improvement
of the ASR with respect the dense film. These findings are attributed to the increase of the
open-volume porosity in the best performing nanocomposite, and to densification and
instability of the microstructure in the worsened heterostructures. A bilayer consisting on a
dense LSCrMn film with a porous SDC layer on top was found to be the best performing
material (one order of magnitude) among the heterostructures fabricated. Nonetheless, the
performance obtained did not reach the activity of a reference porous SDC layer, probably
due to the reduction in the active sites as a consequence of the presence of the LSCrMn film
and also the slightly reduced surface area of the porous SDC top layer with respect to the
reference. With the goal of overcoming these limitations, strategies on the implementation
of dense nanocomposite interlayers in combination with porous electrodes have been briefly
discussed. The results obtained point to the optimization of a mesoporous microstructure
and leave room for further enhancing the activity of the thin film hydrogen electrodes
following the principles and strategies explored in the chapter.
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4.1 Motivation

This chapter is dedicated to the systematic investigation of the LaosSro2MnxCoyFeixyOs
(LSMCEF) perovskite family and their properties for application as oxygen electrodes in solid
oxide cells (SOCs). The three single materials, namely LaxSrixMnQOs (LSM), LaxSrix«CoOs
(LSC) and LaxSr1xFeOs (LSF) are well-known cathode materials and have been extensively
discussed in the community’?® (cf. Chapter 1 for an extensive description on oxygen
electrode materials). This is also the case for binary systems like LaSrixMnyCoiyOs*>
(LSMC) and LaxSr1«CoyFe1yOs¢7 (LSCF), with the latter being one of the best performing and
most established cathode materials employed. All of these materials present different
characteristics that makes them suitable for application in solid oxide energy systems. LSM
is an electronic conductor that presents high thermodynamical stability in SOC operating
conditions® and a decent thermal expansion match with the generally employed yttria-
stabilized zirconia (YSZ) electrolyte®. Nevertheless, the electrochemical activity of LSM is
characterized by high thermal activation and is typically limited to operating temperatures
above 800 °C. In contrast, Co-containing materials like LSC and LSCF are characterized by
mixed ionic electronic conduction and superior electrochemical activity but are more prone
to suffer from degradation phenomena due to higher chemical instability through dopant
segregation phenomena. In particular, the presence of Sr segregated phases into the
electrode surface has been associated to performance degradation in a large number of
studies over the years and for a variety of electrode compositions!®!. It is therefore of
interest to explore the material space represented by the LSMCF, B-site co-doped system,
pursuing the ideal tradeoff between thermo-chemo-mechanical stability and
electrochemical activity. Such a goal requires putting in place advanced strategies of
combinatorial material synthesis and high-throughput characterization, which have been
developed in the frame of the present thesis and presented in this chapter. The work
described here has been carried out according to two main strategies. The first consisted in
carrying out a thorough characterization of the compositional, structural and functional
properties of the complete LSMCF library by making use of high-throughput
methodologies. These approaches allow to carry out the full characterization of the material
library under the same conditions, reducing the experimental uncertainty associated to
sample variability. Secondly, a discrete set of LSMCF compounds were selected for the
study of the changes affecting the structural and electrochemical properties driven by
thermal degradation. Particular focus was given to study of the phenomenon of dopant
segregation. Advanced characterization techniques for analyzing the chemistry of surface,
subsurface and deeper regions of the degraded films were employed. The experimental
work developed is intended to generate relevant information on the chemical, structural
and functional properties for the full LSMCF library. The ultimate goal behind this work
would be to predict correlation features between these properties in the form of
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performance descriptors based on predictive analyzes methodologies —out of the scope of
this thesis—.

In Section 4.2 of this chapter, details on the optimization of the fabrication process by
combinatorial pulsed laser deposition (PLD) are described. Particularly, thickness
characterization of the parent materials and the resulting combinatorial film is described,
along with a discussion on the composition distribution of the LSMCEF film. In Section 4.3,
high-throughput methodologies are employed for fully characterize the LSMCF perovskite
library. In particular, Section 4.3.1 presents the methodologies employed for the structural,
compositional and optical characterization of LSMCEF. For this purpose high-throughput X-
Ray Fluorescence (XRF), X-Ray Diffraction (XRD), Raman Spectroscopy and Spectroscopic
Ellipsometry techniques were employed. In Section 4.3.2 the oxygen mass transport kinetics
of the LSMCF material library is studied by means of Isotopic Exchange Depth Profiling
(IEDP) coupled with Secondary Ion Mass Spectrometry (SIMS). Additionally, the
electrochemical activity on the oxygen reduction reaction in terms of polarization resistance
and thermal activation has been studied by Electrochemical Impedance Spectroscopy (EIS).

Section 4.4 focuses on the study of the evolution of LSMCF-based materials when exposed
to thermal degradation. Section 4.4.1 shows the evolution over time of the electrochemical
performance of single perovskites, along with representative LSMCF co-doped materials. A
study on the evolution of a selection of LSMCF compounds on prolonged thermal annealing
with focus on the structural and chemical changes induced by dopant segregation is
presented in section 4.4.2. The evolution of the surface microstructure has been analyzed by
Atomic Force Microscopy (AFM), while the surface and subsurface regions are studied by
Low Energy Ion Scattering (LEIS) depth profiles, showing the rearrangement along the off-
plane axis of the A-site cations. The chemical nature of the surface species has been
characterized by X-Ray Photoelectron Spectroscopy (XPS). Section 4.4.3 introduces
additional characterization focused on the identification of the B-site cation distribution and
the presence of the major defects involved in the thermal ageing. The analysis has been
performed by deeper LEIS profiling and Positron Annihilation Spectroscopy (PAS). Finally,
in Section 4.5, guidelines for the proper selection of the composition of interest of a LSMCF
compound are discussed, based on the more relevant results obtained through the chapter.
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4.2 Optimization of the deposition procedure

Thin film libraries of LSMCF have been prepared by combinatorial pulsed laser deposition
on Si (100) and 8 % mol YSZ (100) wafer substrates. An interlayer of CeosGdo202(CGO) was
also fabricated by large area PLD for the cases in which secondary reactions in the electrode-
electrolyte interface were to be avoided (i.e. for functional characterization at high
temperatures). During this process, each parent material (LSC, LSF and LSM) was
sequentially ablated into the substrate and spatially separated by rotating 120 °. The number
of laser pulses per cycle of deposition was adjusted to deposit a layer of approximately 1
nm of thickness. This low thickness allowed for the rearrangement of the B-cation into a
single perovskite phase, in which the distribution of Mn, Co and Fe content follows the
geometry of the deposition®. A detailed description on the combinatorial deposition
methodology can be found in Chapter 2. Figure 4-1 shows the characterization of the
thickness distribution of deposited plumes for each of the parent materials as well as for the
resulting combinatorial film deposited. The thickness map was obtained by Spectroscopic
Ellipsometry. In particular, Figure 4-1a-c shows the deposition of the LSC, LSM and LSF
films, respectively. It can be observed that all of the plumes are characterized by similar
geometries, with LSC presenting a more circular pattern with respect to LSM and LSF, for
which the plumes seem to be slightly more elongated in the vertical axis (i.e. the direction
of laser incidence). Additionally, the LSF plume seemed to present the narrowest region
around the peak maximum. This could be attributed to several experimental factors. Local
differences in the setup might lead to differences in the spot geometry and hence, in the
plume shape. The deposition kinetics is also expected to vary for different materials, even
for the same experimental conditions®, e.g. in case of differences in the optical absorption.
For the combinatorial deposition, the growth rates of each parent material were extracted
from the maxima obtained in the plume characterization. With that, the number of laser
pulses per cycle were adjusted and the combinatorial deposition was carried out. Figure
4-1d shows the thickness map of the fabricated LSMCF film. From it, it is clear that the
nature of the geometries observed for the single materials is maintained. The Co- and Mn-
rich regions present wider distribution in thickness while the Fe-rich region presents a
narrower maximum. The LSMCF combinatorial film analyzed in Figure 4-1d showed
thickness values in the 30-50 nm range, approximately. Although differences in thickness
have been proven to show changes on the electrochemical performance of solid oxide fuel
cell (SOFC) cathodes's, it is expected that this may not play a substantial role in this system.
This hypothesis is based on two reasons. First, the absolute range of thicknesses present in
the LSMCF is much lower than typically employed thin film electrodes (i.e. thickness << 100
nm), hence the contribution of ion diffusion through the film thickness on the polarization
resistance is expected to be minimized. In second place, a large extension of the
combinatorial LSMCEF film is expected to present electrochemical performances dominated
by the surface activity, as it is the case of the LSC and LSF parent materials*'”. With regard
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to the Mn-rich region, generally known to be co-limited by both bulk ionic transport and
surface activity, the large extension of the sample in the lateral dimension is expected to
keep the spatial change in the B-cation composition as the main cause of electrochemical
activity evolution along the sample. Overall, the thickness distribution obtained during the
characterization of the plumes and the LSMCF combinatorial film is in good agreement with
the results published by Saranya and Chiabrera et al. on the LSMC and LSMy systems®! —
i.e. preceding works from the group based on combinatorial approaches—, guaranteeing the
reproducibility of the method.
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Figure 4-1.Characterization of the deposition geometry and thickness distribution of the parent
materials and LSMCF combinatorial films studied in this chapter: thickness maps of LSC, LSM,
LSF and LSMCEF films deposited on 10 cm Si (100) wafers, respectively (a-d).

The deposited LSMCF combinatorial thin films were characterized by energy dispersive X-
ray spectroscopy (EDX), in order to confirm the relative distribution of the Mn, Co and Fe
cations along the wafer. The obtained maps for the normalized contents of Fe, Co and Mn
are shown in Figure 4-2a-c, respectively. From each map it can be appreciated that the
relative content of each B-cation along the XY coordinates of the wafer substrate follows the
same trend as from the thickness measurements performed. These results confirmed the
successful deposition of combinatorial LSMCF thin films as intended, obtaining the ternary
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LSMCEF perovskite family widespread on large area substrates. It should be noted that
compositions close to the singe constituents (i.e. B-content = 1 for one cation) are present
near the edges of the sample. In particular, in the cases in which the LSMCF film was
deposited on 3-inch substrates (dashed lines in Figure 4-2), the relative B-cation content was
limited to a maximum up to 0.8. Because of this limitation and in order to offer a complete
discussion on the LSMCF library, LSM, LSC and LSF thin films deposited on 10x10 mm?
substrates were also studied in this work.
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Figure 4-2. EDX maps showing the relative presence of Fe, Co and Mn cations in the deposited
LSMCEF thin films, respectively (a-c). The dashed circle is a reference to the 3-inch substrates
employed for the fabrication of the samples to be characterized by electrochemical methods.
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4.3 Development of high throughput characterization methods

4.3.1 Structural, compositional and optical characterization
4.3.1.1 Distribution of the B-cation by high throughput X-Ray Fluorescence’

In order to properly evaluate the properties studied for the LSMCF system, a through
characterization of the cation spatial distribution along the wafer was needed. Despite the
initial characterization made by EDX allowed to visualize the relative distribution of the B-
cations up to an extent, a more sensitive tool is required for characterization of the complete
LSMCEF library. With that aim, XRF measurements were performed in a synchrotron facility.
An example of the results of the XRF pattern fitting routine is reported in Figure 4-3 for
different XY sample coordinates: the center of the sample (0;0), the deposition centers of Mn
(30;0), Fe (-30;-18), and Co (-12;36). A good agreement between experimental points (black
hollow circles) and the total fitting profile (black line) is observed for all the coordinates.
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Figure 4-3. Examples of XRF spectra and fitting curves for different XY sample coordinates: the

center of the sample (0;0), the deposition centers of Mn (30;0), Fe (-30;-18), and Co (-12;36). The

experimental data are reported as black circles, while the curves represent the total fitting (black),
the functions of Mn (red), Fe (green), Co (blue), and Gd (orange).

" High throughput XRF measurements were performed at SOLEIL Synchrotron, DIFFABS beamline.
Data analysis was performed by Dr. Giulio Cordaro at Université Paris-Saclay, CentraleSupélec,
CNRS, Laboratoire SPMS.
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The resulting B-cation distribution is presented in Figure 4-4, which shows the normalized
intensity of Co, Mn and Fe in panels (a-c), respectively. The distribution of these elements
are representative of the contribution of LSM, LSF and LSC during the deposition to the
final composition obtained at each position. The results obtained correspond to the LSMCF
film deposited on the 3-inch YSZ substrate, so the outermost region of the combinatorial
film was not analyzed (cf. Figure 4-2). The visualization of the overall distribution of all
three cations along the wafer coordinates is reported in panel (d). It is clearly observed that
the B-cations are distributed as intended from the deposition conditions and in line with the
observations made in Figure 4-1 and Figure 4-2. The Co signal is highest in the top part of
the wafer (y=40 mm, x=0 mm). With regard to the Mn and Fe signals, these are located in
the bottom part of the wafer, in the right (y=-10 mm, x=30 mm) and left (y=-20 mm, x=-30
mm) regions, respectively, with the Mn maximum signal being slightly displaced upwards
with respect to Fe. This is in agreement with the thickness distribution observed in Figure
4-1d. Note that none of the single elements intensity signals reaches value of 1. This is caused
by the reduced diameter of the sample measured, which keeps the purest compositions out
of the analysis, i.e. certain degree of B-site intermixing is always present. The obtained
information on the distribution of Mn, Co and Fe cations allowed the correlation of each
sample position with a specific LSMCF composition. Therefore, it has been possible to
represent the results of the oxygen mass transport properties of LSMCF discussed in Section
43.2.1. as ternary diagrams, hence facilitating the interpretation of the composition-
dependent results.
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Figure 4-4. Normalized B-ratios obtained by XRF of Co (a), Mn (b) and Fe (c) signals. B-ratio map
showing the three contributions altogether (d).
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4.3.1.2 Characterization of the crystallographic structure by X-Ray
Diffraction®

The crystallographic structure of the combinatorial LSMCF thin film on top of a
CGO-buffer/YSZ single crystal wafer was characterized by XRD in an automatized lab-scale
diffractometer to obtain a representative analysis of the crystallographic structure as in a
prototypical cell architecture. Figure 4-5a shows several diffraction patterns obtained in
different regions of the LSMCF wafer. In general terms it can be observed that the perovskite
film grows following the direction of the (100) and (110) crystallographic planes, except in
the case of the Co-rich region, which only shows the (100) orientation. The CGO layer
presents the (200) orientation, resulting from strongly oriented growth on top of the YSZ
substrate, as both phases present good cube-on-cube crystallographic match. It should be
noted that the (220) orientation of the ceria phase is located close to the (200) reflection of
the perovskite, so an additional CGO orientation might be present. Nonetheless this is
unlikely due to the proper accommodation of the (100) orientation on the YSZ substrate. In
parallel, the (110) orientation of the perovskite phase falls close to the (200) orientation of
the CGO. Again, this is due to close crystallographic match, in this case with the half
diagonal of the CGO cubic structure. This can be visualized in Figure 4-5a either as the
presence of two diffraction peaks, or a shoulder peak corresponding to the LSMCF phase
being partially shadowed by the more intense CGO peak.

The LSMCF peaks present in the 20-80° 20 angular range are indexed as (100), (110), (200),
(220), and (300) reflections of the Pm-3m cubic cell (space group n° 221). However, the (300)
peak (=72.5° 20) partially overlaps with the YSZ (400). Therefore, the precise identification
of the position results very complex. The presence of the peaks along the (110) direction is
localized only in the bottom part of the sample, with the highest intensity in the LSF-rich
region (Figure 4-5b). In this area, the identification and fitting of both the (110) and (220)
reflections were performed. The (110) peaks are reduced in intensity in the LSM area and
completely disappear in the region close to the center of the LSC deposition. The reduced
number of LSMCF peaks does not allow the simultaneous calculation of the lattice
parameter and the sample displacement. Therefore, the sample displacement is determined
using the variation of the CGO(200) and (400) peak positions, fixing the lattice parameter
equal to 5.426 A®. The LSMCF lattice parameter was obtained subsequently using the
sample displacement correction. The introduction of this correction does not significantly
change the distribution of the results, but it was necessary due to the evident sample
curvature due to tensile stress applied by the highly oriented depositions on the single
crystal substrate.

" High throughput XRD measurements were performed and analyzed at Université Paris-
Saclay, CentraleSupélec, CNRS, Laboratoire SPMS with the collaboration of Dr. Guilhem Dezanneau
and Dr. Giulio Cordaro. Data analysis was performed by Dr. Giulio Cordaro.
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Figure 4-5b shows the variation of the pseudo-cubic lattice parameter of the perovskite
phase, with values in the range of 3.85-3.96 A. The region with the smallest lattice
parameter, a = 3.85 A, corresponds to the Co-rich region, as expected from the lower ionic
radii of Co when compared to the other two cations, and in line with what has been reported
in the literature for LSC thin films?, and specifically for LSC with 20 % Sr doping?'. The
evolution of the cell parameter in this region is coherent with the shape observed for the
XRF Co signal in Figure 4-4. There is a progressive increase of the lattice parameter with the
addition of Mn, reaching a relative maximum at a = 3.93 A, as expected for LSM?>%. Finally,
the largest lattice parameter present in the LSMCF film corresponds to the Fe-rich region,
reaching a value of a = 3.96 A, in agreement with values found in other LSF thin film
studies?*?. Interestingly, the lattice parameter slightly decrease between the Mn-rich and
Fe-rich regions. This can be attributed to the partial incorporation of Co. As depicted in
Figure 4-4a, even for the bottom part of the sample an amount down to approximately 20 %
of Co can be expected, therefore the lowering in the lattice parameter.
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Figure 4-5. Characterization of the crystallographic structure measured by XRD for the LSMCF
combinatorial film deposited on a CGO/YSZ wafer. Examples of diffraction patterns obtained at
different coordinates (a). Reference diffraction patterns are represented on the bottom for the
structure of a cubic perovskite (Pm-3m #221, in black)?°, SDC (Fm-3m #225, in green)”” and YSZ
(Fm-3m #225, in purple)’®. Map of the pseudo-cubic lattice parameter obtained from the XRD
analysis ().

4.3.1.3 Structural characterization by Raman Spectroscopy

The combinatorial LSMCF thin film was analyzed by means of Raman Spectroscopy, with
the goal to gain additional insight on the structural properties caused by the distribution of
the different B-cations along the LSMCF film, complementary to the XRF and XRD
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measurements discussed. The characterization was performed in a LSMCF thin film
deposited directly on a silicon substrate, in contrast to the XRF and XRD measurements
performed on CGO/YSZ substrates. This was chosen in order to avoid additional Raman
peaks coming from the substrate that might hinder the identification of the LSMCF active
peaks. Figure 4-6a shows the Raman spectra obtained for reference LSF, LSC and LSM
parent materials, while in Figure 4-6b representative Raman spectra measured on each
cation richest region are plotted. Without taking into account the silicon substrate
contribution to the Raman signal (indicated with a star in the plot), it can be clearly observed
that the main contribution present in the spectra is located in the 600-700 cm™ range. This
region of interest can be further appreciated in the zoomed inset of both panels. The feature
of the peak (or peaks) varies considerably depending on the composition of the B-site.
Starting with the reference films, in the case of the LSM spectrum the peak is centered
approximately at 620 cm. LSF presents the same contribution, in addition to the appearance
of a shoulder shifted towards higher wavenumbers, around 660 cm™. Interestingly, LSC
shows one main peak at 660 cm™. With regard to the LSMCEF film, the spectra represented
in Figure 4-6b for the Fe-, Mn- and Co-rich regions resemble the reference materials within
the combinatorial film. The Mn-rich portion shows similar shape than for LSM, with a peak
at 630 cm’, slightly stiffer than for the single phase. This can be attributed to the small
presence of Fe and Co cations, which are expected to deviate the vibrational modes towards
higher Raman shifts, in line with the observations made for LSF and LSC. Consequently, by
increasing the Fe content in the LSMCF film the peak shifts towards a central position
located at 650 cm™. Additionally, moving to the Co-rich region results in a further increase
of the Raman shift peak position centered at = 665 cm, while showing a small shoulder
located at = 620 cm.
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Figure 4-6. Raman Spectroscopy characterization of combinatorial LSMCF thin films. Raman
spectra obtained for three parent material reference samples (a), as well as for Co, Fe and Mn-rich
regions in the LSMCF film (a). Peaks corresponding to the silicon substrate are marked with an star

(*).
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Figure 4-7 shows the evolution of the different Raman features selected to interpret the
spectra obtained along the LSMCEF film. Figure 4-7a depicts the evolution of the Raman shift
value at the maximum intensity of the signal measured in the 550-700 cm™ range, i.e. the
region of interest. Interestingly, the shape of the map recalls the one obtained for the
evolution of the lattice parameter in Figure 4-5b. Both present clear differentiated areas for
the Co-rich and Fe-rich regions, and a rather large region on the right side with data values
close to the characteristic of the Mn-rich zone. Although presenting a similar shape, the
evolution of both features (i.e. the lattice parameter and the Raman shift) do not present the
same evolution progression on the B-cation. While the lattice parameter increases its value
when moving from the Co-rich to the Fe-rich regions (with intermediate values found in the
Mn-rich case), the Raman shift finds its maximum in the Co-rich area and its minimum in
the Mn-rich region. Hence, the evolution of the structural properties observed by Raman
cannot be directly correlated to the evolution in the lattice parameter, i.e. the evolution of
the Raman peak in this region is not due to a simple mass effect (cf. later discussion). In
parallel, Figure 4-7b shows the result of treating the Raman signal as the convolution of
three peaks centered at 664, 649 and 620 cm™, respectively. Each map shows the normalized
intensity for each of the peaks defined, resembling the importance of each contribution
along the film. This analysis is complementary to the map shown in Figure 4-7a, as it allows
to also appreciate the presence of minor vibrational modes in regions presenting more than
one contribution. For instance, the presence of the 620 cm™ mode can be observed along the
major part of the film, including the part dominated by the 665 cm™ Raman shift (Co-rich
region), as in the spectra presented in Figure 4-6b.

In the work by Minh et al.” they attribute the changes in the vibrational mode of LSM with
the addition of Fe or Co (among other substituent cations). In particular, they observe
changes in peak shift for the vibrational mode located at frequencies above 630 cm,
corresponding to the Ag high frequency mode. They do not attribute these changes to the
differences in the mass of the B cation, but rather to the ionic radius. The Ag mode is
characteristic of the vibration through the metal-oxygen bond broken asymmetry®’, ie. Mn-
O-M. In this case, different radius of the substituent metals lead to stiffer or weaker chemical
bonds, which translates to the shift in the frequency observed.
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Figure 4-7. Mapping of the Raman shift position at the peak maxima in the 550-700 cm™ range (a).
Mapping of the relative intensity of each characteristic peak resulting from fitting the region of
interest with three different peaks centered at 664, 649 and 620 cm™, respectively (b).

4.3.1.4 Analysis of the optical properties by spectroscopic ellipsometry

The optical properties of the combinatorial LSMCF thin film were obtained by means of
spectroscopic ellipsometry, following the process described in Chapter 2. Figure 4-8a shows
a collection of several spectra obtained for different regions of the wafer, namely Co-, Fe-
and Mn-rich region, as well as a measurement from a fully intermixed central position. With
regard to the Co-rich region, this is characterized by presenting the highest optical
absorption activity in the low energy regime (approximately below 3 eV), while Mn- and
Fe-rich perovskites present higher larger absorption beyond this point. In the case of the
Mn-rich region, despite the relative low absorption in the 2-3 eV range, it appears to get
close to a relative peak maximum close to 1.5 eV energies. This is in agreement with
observations made in studies related to the optical properties of LSM and their evolution
with Sr-doping?®'. The Fe-rich spectra also shows a partial increase of the optical absorption

145



coefficient around 1.5 eV (although less evident than for the Mn-rich region), also related to
Sr-doping, and an additional optical feature at = 3 eV, related to the electronic transition O
2p-Fe eg??.
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Figure 4-8. Characterization of the optical properties of the LSMCF combinatorial thin film. Optical
absorption coefficient spectra obtained in different regions of the film: Co, Fe and Mn-rich regions,
and an example of a fully intermixed position in the center of the wafer (a). XY maps of the optical

absorption coefficient at 1.6, 2.7 and 4.5 eV, respectively (b-d). Vertical dashed lines at these
energies are placed in the spectra in (a) to facilitate the comparison with the maps.

Figure 4-8b-c show the map of the optical absorption coefficient calculated at 1.6, 2.7 and 4.5
eV for the whole LSMCF film, respectively. The trends observed are coherent with the
observations made in Figure 4-8a. For Figure 4-8b, it can be seen that the regions showing
the highest absorption are the Co- and Mn-rich areas of the film. In the case of Figure 4-8c,
the Co-rich area is dominant in absorption and the Mn- and Fe-rich counterparts show
similar values. Finally, in Figure 4-8d, the Mn- and Fe- rich regions are the most absorbing,
with the Co-rich area being the lowest, as expected.
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4.3.2 Functional characterization

4.3.2.1 Analysis of the mass transport properties by Isotopic Exchange
Depth Profiling-Secondary Ion Mass Spectrometry*

The oxygen mass transport properties were measured IEDP-SIMS. The sample analyzed
consisted in a LSMCF combinatorial film deposited on a Si (100) wafer substrate. The
conditions of the isotopic exchange set were 400 °C for a period of 30 min (see further
experimental details in Chapter 2). Figure 4-9 shows a set of examples of the *O fraction
(f(**O)) profiles obtained for different LSMCF compounds. One can clearly differentiate two
oxygen regimes. For regions with high content in manganese, the profile presents an
exponential-like decay in the 'O fraction in the z-direction. This behavior is characteristic
of poor mixed ionic electronic conductors. In the particular case of perovskite systems, it is
often observed in chromite®?>* and manganite®*** materials. On the other hand, in the case
of Fe- and Co-rich regions the profile presents a flat shape, as a result of the fast exchange
occurring in these materials. This behavior is characteristic of transport mechanisms
dominated by the surface exchange and with no limitation on the oxygen diffusion through
the film. The isotopic fraction shows the same value throughout the film, until reaching the
interface with the substrate. In this mechanism, only the differences in the oxygen exchange
happening in the surface can be analyzed (i.e. the surface exchange coefficient) and this will
be determined by the value of the isotopic oxygen fraction at the end of the annealing. Due
to the nature of the LSMCF thin films —i.e. progressive evolution of the B-cation-,
intermediate cases between these two mass transport models are to be expected in punctual
cases. For these examples, the profiles were treated as in the second model, as they cannot
be considered to be representative of a regular exponential decay-like profile. In this cases,
the value of {(**0O) was averaged through the film thickness in order to obtain a calculation
on the surface exchange coefficient (k*). This approximation allowed to progressively study
the oxygen exchange properties of the LSMCF system, and although it should not be
considered as an exact calculation, it offers a reasonable estimation on the coefficient values
in this boundary region. The exchanged profiles presenting the decay in the *O fraction
were fitted by using Crank’s solution?® to Fick’s second law of diffusion in the case of semi-
infinite mediums (please refer to Chapter 2 for further explanation on the modelling
process). This analysis allowed to extract the oxygen surface exchange coefficient and
oxygen diffusivity (D*) parameters for this set of LSMCF compounds. In parallel, k* values
for the region of the LSMCEF thin film showing planar profiles were directly calculated by
solving the differential equation assuming oxygen transport at constant flux (see equation
(2-21) in Chapter 2).

*High throughput IEDP-SIMS was performed at Imperial College London, Department of Materials,
Surface Analysis Facility, with the collaboration of Dr. Sarah Fearn and Dr. Andrea Cavallaro.
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Figure 4-9. %0 fraction depth profiles obtained by IEDP-SIMS for local positions of the LSMCF
thin film.

The results of the analysis carried out on the isotopic exchange profiles obtained along the
whole LSMCF thin film are reported in Figure 4-10. In particular, the calculated oxygen
diffusivity coefficient is shown in Figure 4-10a. The figure shows the evolution of k* along
the ternary LSMCF system, differentiating between both the k* values calculated through
Crank’s solution (solid symbols) and k* directly calculated assuming an only surface
exchange-limited model (i.e. incorporation of 0O at constant flux in the surface),
represented with open symbols. The analyzed k* varies from values in the order of 10-2cm/s
for the Mn-rich compounds to 2x 10 cm/s for both the Co- and Fe-rich regions. Similarly,
in Figure 4-10b the D* values calculated applying the semi-infinite medium solution are
represented with solid symbols, while for the rest of the compounds, the D*min coefficient
was calculated (open symbol). D*min corresponds to the diffusivity value beyond which the
relation D*/k* >> L can start to be satisfied (i.e. the condition for oxygen transport limited by
surface incorporation, exclusively) and has been calculated by taking D*min/k* = L. D*/k*
corresponds to the critical length (i.e. the length determining the relative importance of ionic
diffusion relative to surface exchange®*) while L is the thin film thickness. The oxygen
diffusivity calculated for the LSMCF library presents values in the range of 107 to 104
cm?/s, although the real values for the k-limited model are expected to be considerably
larger (cf. later discussion in the text).

Figure 4-10c shows the relation between the logarithm values of both k* and D¥, calculated
for the regions modeled with the semi-infinite medium solution. The plot presents a clear
linear relation between the two parameters. This correlation is well-known in the

community®# and has been extensively investigated for a wide range of mixed ionic
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electronic conductor materials, including LSMC?. In this work, it is clear that the linearity is
kept for a large variety of compositions (165 points corresponding to analyzed profiles are
represented, with each point presenting an RGB color representative of the relative Mn,Co,
Fe composition, as shown in the figure). Assuming that linearity is kept for the rest of the
compositions for which the D* could not be experimentally obtained, one could consider
extrapolating the real values of D* for this region from the obtained values of k*.
Considering that k* in the Co,Fe rich region oscillates in the 107°-10° cm/s range,
approximate values between 5x10'5-10"® cm?/s would be expected.
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Figure 4-10. Oxygen mass transport parameter mappings obtained by IEDP-SIMS. Oxygen
surface exchange coefficient k* (a) and oxygen diffusivity coefficient D* (b) obtained by the models
indicated. The dashed line indicates the approximate boundary between the two models. Plot of the

relationship between the logarithm of the experimental values of the oxygen surface exchange

coefficient and the oxygen diffusivity (semi-infinite model) obtained for the LSMCF system (c).

Then, taking the linear expression obtained from the fitting in Figure 4-10c, a value of the
oxygen diffusivity can then be estimated (D*aic) for the k-limited region. The resulting D*
map is presented in Figure 4-11a. It can be seen that as previously estimated, the diffusivity
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in this region is larger than the initially estimated by D*min, reaching values up to 10-* cm?/s.
The LSMCEF library then is fully characterized to present D* values in the range of 103-10-17
cm?/s for the whole system. Additionally, Figure 4-11b shows the ternary diagram of the
k*/D* ratio calculated for the whole system with the k* and D* values obtained from the
anaysis. The k*/D* ratio is directly related to the broadening of the active zone in MIECs*>*,
Being the inverse of the critical length, this broadening is interpreted as the extension of the
area that is active to the oxygen reduction reaction (ORR). In this sense, a decrease in the
ratio translates into larger activation of the electrode area, i.e. the ionic transport through
the electrode towards the electrolyte becomes less limiting. Interestingly, for the points
calculated with the semi-infinite model, a progressive decrease in the k*/D* ratio can be
observed when moving from the Mn-rich region, towards higher contents of Fe and Co. This
trend is progressively respected when introducing the values calculated with the k-limiting
model (then, using the D*«ic value), reaching values down to 104 cm-!. Similarly, Figure 4-11c
shows the map obtained for the k*-D* product. The value of this product provides a clear
metric of the behavior of a material as an oxygen electrode in SOCs*#. The k*-D* product
varies from a lower limit of 10?® cm?3/s? for the Mn rich region and progressively increases
to a maximum limit of 4x102? cm3/s? for higher amount of Co and Fe. Comparing the
observed k*/D* ratio and k*-D* product with bulk LSC and LSM-based materials in the same
temperature®*#, one can observe that LSM presents k*/D* ratios in the order of =10 cm™
and k*-D* values of =10 cm?-s?, while the Mn-rich region reported in this work presents
values of 10° cm?and 10%, respectively, an indication of enhanced performance. Comparing
with LSC, values in the range of =105-10° cm™ and =10?° cm?/s? for the k*/D* ratio and k*-D*
product respectively have been reported for the same nominal composition (i.e. 20 % Sr
doping)®. This is within the range of values observed in this work, supporting the
approximation made by considering D*ic diffusivity value.
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Figure 4-11. Oxygen diffusivity coefficient mapping with the addition of the D*ui coefficient
calculated (a), k*/D* ratio (b) and k*-D* product (c) maps calculated from the analysis performed.
The dashed lines indicate the approximate boundary between the two models.

The fact that, in general terms, the observed activity is higher than conventional bulk
counterparts, suggests the presence of enhancing contributions to the oxygen mass
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transport activity. Although this work has focused on the analysis of the whole library
studied by assuming one averaged path for the oxygen transport, specific features such as
transport through grain boundaries might have an important role on the improved
performance of the system. In fact, fast(er) diffusion through grain boundaries and the
increase of active catalytic sites through grain boundary engineering are phenomena that
are being reported in recent years. Examples of these phenomena in relation to the LSMCF
perovskite library can be found in the independent works reported by Saranya*, Chiabrera'®
and Navickas? et al., for the case of LSM thin films. Saranya et al.’ also reported grain-
boundary fast ionic transport in co-doped LSMC thin films. Most interestingly, Thoreton et
al.# recently published a work in which they observe an additional grain boundary
contribution in oxygen diffusion profiles for LSCF. Hence, the presence of an additional
transport path through grain boundary engineering is likely to be present in the LSMCF
electrodes studied in this chapter.

4.3.2.2 Electrochemical characterization by impedance spectroscopy
mapping

The electrochemical activity of the LSMCF ternary system has been analyzed by means of
EIS mapping. The LSMCF thin film has been measured in a high-temperature chamber with
a hot stage in an asymmetric configuration —i.e. employing a half-cell like configuration in
which the counter electrode is a low impedance silver porous electrode-. Figure 4-12a shows
the Nyquist plot of four representative compositions of the system measured (i.e. four points
out of the total amount of points measured), at a set temperature of 725 °C. The relative
composition was measured by EDX. It should be taken into account that certain degree of
temperature inhomogeneity is to be expected along the Si wafer. Calculations of the real
temperature at each point measured have been carried out according to the procedure
described in Chapter 2, so this issue does not have an impact in the discussion given for the
rest of the section. All of the impedance spectra were fitted with the generalized modified
Jamnik-Maier equivalent circuit (the equivalent circuit can be found in Chapter 2, Figure
2-16b), in order to obtain a proper fit of the area specific resistance (ASR), irrespective of the
different contributions present for each composition. It can be observed that the polarization
resistance is larger with the higher amount of Mn, and lower for the Co,Fe-rich regions. This
is expected as Mn-rich perovskites are known to present poor ionic conductivity and
sluggish oxygen exchange at the surface, even in thin film form#. Nonetheless, the ASR
value observed in this case is not as high as in the case of single LSM'*#, probably due to
the presence Co and Fe, even at relatively low amounts (Co+Fe = 0.3). Regarding the rest of
the compounds studied, the region with the highest content of Co presents the lowest ASR,
although does not substantially change than in the case of the Fe-rich compound. The
overall variation in ASR observed for these compounds was in the range of 6-21 Q2.cm? The
combinatorial film was then measured at different temperatures so the Arrhenius
electrochemical activity was analyzed. The ASR evolution with temperature of the same

152



exemplary compositions along with the activation energy calculated is reported in Figure
4-12b. Reference values obtained for single LSM, LSC and LSF parent materials measured
in a ProboStat setup in the frame of the present thesis are also included in the plot. This is
done in order to offer a coherent discussion on the performance of the combinatorial LSMCF

thin film materials characterized in this work in comparison to well-known materials
characterized in an already established experimental setup. The overall ASR observed in the
intermixed LSMCEF is considerably lower than in the case of single LSM and also than LSF,
with a reduced difference. Variation on the values of activation energies extracted for the
materials studied could also be observed, with a general decrease when shifting from Mn-

rich to Co,Fe-rich compounds.
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Figure 4-12. Electrochemical characterization of exemplary compounds of the combinatorial
LSMCEF thin film: Nyquist plots measured at a set temperature of 750 °C (a) and Arrhenius-like

153



plot showing ASR evolution with temperature with inclusion of reference values of LSM, LSC and
LSF parent materials (b).

The collection of the total amount of compounds analyzed by EIS mapping is summarized
in Figure 4-13. Values of the calculated activation energies (Ea) and pre-exponential factors
(ASRo) are represented in Figure 4-13a-b, respectively. Additionally, the error of the Ea
calculated is plotted in Figure 4-13c, in order to facilitate the interpretation of the features
extracted from the analysis and the reliability of the measurements carried out.
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Figure 4-13. Electrochemical characterization resulting of EIS mapping: Ea (a), pre-exponential
factor ASRo (b), Absolute error in the E. fit (c) and ASR calculated at 700 °C (d). Plot of the
logarithm of the pre-exponential factor vs the activation energy measured. The distribution in color
depicts the relative composition of Mn, Co and Fe following the RGB triangle depicted (e).
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With the Ea and ASRo values extracted, an equivalent ASR was calculated at a temperature
of 700 °C (see Figure 4-13d). Unlike for direct measurements, the extraction of the ASR from
E. and ASRo allows removing uncertainties coming from temperature inhomogeneity.
Reference values from single phase LSM, LSC and LSF have been included in the analysis
for comparison, as indicated above. Interestingly, low Ea has been extracted for most of the
intermixed LSMCF compounds. Specifically, except some points closer to the Mn and Co-
rich regions which present Ea values in a 1.6 — 2.0 eV, many of the points representative of
higher intermixed compositions show lower E., approximately in the 1.1-1.50 eV range.
These are considerably lower than the values reported for the parent materials (i.e. 1.60 eV,
1.72 eV and 2.35 eV for LSC, LSF and LSM, respectively, see Figure 4-12b and Figure 4-13a).
Additionally, most of the Ea error values are confined in values below 0.15 eV, with few
points presenting larger values of 0.2 — 0.3 eV, an indicative of the robustness of the method.
With regard to the pre-exponential factor calculated from the ASR Arrhenius analysis, it
follows a similar trend than the E., although complementary —i.e. the Ea decreasing trend is
translated into an ASRo increasing trend (cf. discussion later in the text) —. Hence, most of
the intermixed compounds present high values of ASRo in the order of 10110 Q.cm?,
while lower values of 104012 ().cm? can be found closer to the Mn- and Co- rich edges. The
equivalent ASR calculated for 700 °C shown in Figure 4-13d offers a straightforward
comparison on the relative performance of materials compiled in this study. The lowest ASR
values down to = 2 QQ.cm? are concentrated in the Fe-rich region, with relative B-cation
compositions in the following ranges: 12-27 % of Mn, 12-25 % of Co and 50-75 % of Fe.
Increasing the content in Co and Mn progressively results in larger values of ASR, with the
higher values observed in the Mn-rich compounds.

Figure 4-13e shows the plot of the logarithmic value of the pre-exponential factor of the
Arrhenius analysis represented as a function of the activation energy, for the LSMCF
electrode materials measured. Each point has been coloured according to the RGB system
to show the relative B-cation composition, as seen in the inset of the plot. It can be clearly
observed that these two factors follow a linear correlation that covers all the points of the
LSMCF perovskite family, including the parent materials. Interestingly, the relation
between the two electrochemical parameters results in a compensation effect: as the
activation energy value decreases, the pre-exponential factor increases, as previously
observed in Figure 4-13a-b. Additionally, the high degree of linearity obtained for these
measurements validates the methodology employed in this work. While low E. values are
generally advantageous for the performance of SOFCs (i.e. the lower the E., the more one
can decrease the operational temperature while keeping high electrochemical activity), low
values of ASRo are also desirable as it also promotes lowering of the ASR. Hence, such
behaviour seems to hinder further optimization of the system. As being related to
Arrhenius-like thermally activated electrochemistry, the linear relation between ASRo and
Ea has been discussed previously in the literature, where is generally referred as the Meyer-
Neldel rule* or compensation law. Particularly in the field of SOFCs, in the work published
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by Berenov et al.* they authors report the appearance of these relations for oxygen diffusion
in different perovskite systems. It is of particular interest that, contrary to the observations
made in the work described in this chapter, the systems reported in Ref.*> deal with several
systems (e.g. ferrites, cobaltites, chromites, manganites and titanates) in which the A-site
doping is varied. The result is the characterization of several linear relations, each one for
the particular B-cation studied in each case. On the contrary, the findings covered in this
section present a common linear relation in a system with fixed A-site and irrespectively of
the three B-cations studied. It should be noted though that the relation discussed in Ref.*’
deals with the Ea of oxygen diffusion, while in here the E. of the total polarization resistance
is considered. Additionally, they report a linear trend between the different B-cations
through the common value of diffusion coefficient at iso-kinetic temperatures (Dw) and the
Meyer-Neldel energy (Emne), so deeper mechanistic relations between the different systems
might be present.

4.4 Study of the evolution of LSMCEF thin films facing thermal degradation

4.4.1 Electrochemical performance during thermal degradation

The findings obtained in the previous sections unveiled the promising properties of LSMCF
B-site co-doped cathodes for limiting Sr segregation related phenomena driven by thermal
degradation. In order to relate these effects with the evolution of the electrochemical
properties, degradation experiments were performed while keeping track of the ASR for a
period of approximate 100 h at 700 °C. The test was carried out for the parent materials LSC
and LSF, and for two intermixed LSMCF with composition LaosSro2Mno.42Coos1Feo2703 and
LaosSro2Mno1Coo.17Feo730s, as shown in Figure 4-14. The two LSMCF compounds were
selected in order to investigate the performance on degradation of different co-doped
systems. In particular, LaosSro2Mnos2Coos1Fe027Os was selected in the basis of studying a
highly disordered compound (ie. closer to B-site equimolarity), whereas
LaosSro2MnoiCooi7Fen730s was chosen based on the high activity observed in the mass-
transport properties characterized by IEDP-SIMS for the Fe-rich region (see Figure 4-10). For
information on LSM degradation the data values reported in Ref.>® were taken into account.
Given that the electrochemical performance of thin films is generally found to be affected
by microstructural features and differences in the nominal stoichiometry'¢$, the comparison
with LSM degradation is focused exclusively on the performance on degradation —i.e. the
evolution of ASR over time with respect to the initial performance-. For this, the
ASR(t)/ASRw ratio (ASRwbeing the initial ASR value at t = 0 h) was plotted, as reported in
Figure 4-14. The dashed line indicates the reference value in which the ASR/ASRw has a
value of 1, ie. all the values above the reference are an indicative of performance
degradation. LSC —one of the best performing materials in terms of ASR (as discussed in
Section 4.3.2.2)- shows progressive worsening over time. Particularly, it can be clearly seen
that LSC presents the fastest degradation rate among the materials analyzed, keeping a
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linear trend on ASR evolution, resulting in an increase of one order of magnitude by the end
of the measurement. A similar case is visualized for LSF, which shows clear performance
degradation over time. Nonetheless, unlike the degradation behavior observed for LSC, the
ASR/ASRuw ratio for LSF reaches a stabilized plateau after the first 20 h of measurement,
resulting in an approximately 2.5-fold worsening factor on the ASR. The overall degradation
is lower for LSM than for the LSF or LSC counterparts, with a final ASR = 1.6 times larger
than at the start of the test. Note in addition that LSM presents much larger initial resistance
values. With regard to the LaosSro2Mno.1Coo17Feo730s sample, it shows smaller degradation
rate with respect to the parent materials analyzed, even showing ASR/ASRw values below 1
in the initial stages of the measurement, indicating enhanced electrochemical activity. The
final ASR/ASRw ratio measured was = 1.2. Most interestingly, in the case of
LaosSro2Mnos2Coos1Feo27Os the ASR/ASRw ratio is maintained below 1 for the whole time of
the analysis, with a final value of = 0.95, reflecting a 5 % of performance enhancement.
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Figure 4-14. Degradation experiments measuring the evolution of the electrochemical performance
evolution with time on thermal annealing for 100 h. *Values on the degradation of LSM have been
adapted from Baiutti et al.”’

4.4.2 Structural and chemical evolution of the thin film surface and
subsurface

Given the observation made in the previous subsection on the evolution of the
electrochemical performance on thermal degradation, a systematic study on the structural
and chemical evolution of LSMCF combinatorial thin films was performed. This was
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evaluated by comparing the cationic distribution of an as-deposited sample (grown on a
CGO/YSZ substrate) with one that was thermally treated at 800 °C for a period of 100 h. The
same thermal process was carried out to reference samples of the three parent materials. A
selection of compositions were then characterized in order to analyze the evolution of the
surface, subsurface and bulk in terms of segregation of dopant species, cation
rearrangement and evolution of defects.

4.4.2.1 Evolution of surface microstructure and appearance of segregated
phases

The surface of the perovskite LSMCF-based films under study was investigated by AFM.
Figure 4-15 shows the top-view micrographs obtained for the reference parent materials
before and after the annealing, as well as individual line scans, in order to facilitate the
comprehension on the differences observed in the microstructure.
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Figure 4-15. Surface microstructural characterization of the parent materials by AFM.
Micrographs of the surface of LSC, LSF and LSM, as deposited and annealed (800 °C — 100 h),
along with exemplary line scans (indicated in the topography micrographs with a white dashed

line), respectively (a-c).

The evolution of LSC can be observed in Figure 4-15a. The as-deposited film presents a
homogeneous surface with low roughness (Rms= 0.72 nm) and grains of around 60 nm in
size. In the case of the annealed LSC, the roughness increases substantially, up to 6.57 nm,
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and the appearance of shard-shaped segregated particles of the order of 130-200 nm of
lateral size and up to 40 nm of height (better seen in the line scan) is observed. The LSF film
follows a similar behavior (Figure 4-15b), with the presence of a smooth surface with Rms=
0.14 nm with less defined grains than in the case of LSC. Annealing of LSF results in the
formation of a rough layer (Rms=9.38 nm) with large shard-like segregated phases on the
surface, with lateral size in the range of 150-250 nm, and height of up to 70 nm, as depicted
in the line scan. Most interesting is the case of LSM —panel (c)-, which presents a smooth
surface in the pristine state (Rms= 0.37 nm) with particularly small grains. In the case of the
annealed sample the roughness is increased but maintained at a low value (Rms= 0.95 nm),
grain growth is observed to values of 60-70 nm and no significant segregation of particles is
appreciated. This suggests a clear difference in the behavior on thermal degradation of LSM
in contrast to LSC and LSF, in which LSM do not present significant segregation when faced
to prolonged exposure to high temperature conditions.

With regard to the LSMCF combinatorial thin films analyzed, Figure 4-16 shows the
collection of AFM micrographs obtained for the as deposited and thermally annealed
samples, along with the relative B-cation distribution measured by EDX, and the roughness
Rms values. The films are characterized by the presence of a small amount of segregated
phases already observed in the as deposited state, with no apparent dependence on the
relative composition of the B-cation. The roughness values vary in the range of 0.6-3.67 nm,
with most of the samples showing values close-to or below 1 nm. Some small nucleates are
also visible in some of the micrographs. The difference in the as deposited state with regards
to the parent materials may be explained by the nature of the deposition process, as
combinatorial PLD deposition is expected to result in a slightly more disordered growth.
Particularly, the cycled repetition of few laser pulses during target ablation in the
combinatorial deposition with respect to the continuum ablation of the parent material films
might facilitate the thin film growth favored by a 2D+island nucleation type of growthst.
Additionally, the cycling process of combinatorial PLD derives in longer deposition times
(e.g. 1-2 hours) than for conventional depositions (e.g. 10-20 minutes). This can result in
favoured growth of nucleation sites occurring during the deposition, as well as facilitating
the appearance of segregated species due to the long exposition to the high temperature.
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Figure 4-16. AFM micrographs of the combinatorial LSMCF films as deposited and after thermal
annealing at 800 °C for 100 h. The relative composition of the B-cation and the Rus roughness
value are indicated in each micrograph.

Regarding the thermally annealed LSMCF materials, a higher presence of segregated phases
can be clearly observed all of the films, with particle growth of the previously observed
nucleates. Grain growth of the base perovskite film is also observed in the cases with Fe
content at 45 % and 27 %, while for the rest of the films the segregated particles do not make
possible to differentiate the microstructure of the perovskite phase. The roughness values
calculated vary in the 2.01-5.02 nm range, following progressive increase with respect to the
as deposited samples with equivalent composition. Interestingly, despite the evident
increase in roughness and the visible increase of segregated phases, none of the LSMCF
films show the drastic increase in roughness and growth of segregated particles as the
observed for single LSC and LSF in Figure 4-15. This indicates that the LSMCF combinatorial
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films present higher stability for facing segregation mechanisms induced by thermal

annealing.

4.4.2.2 A-site cation structural and chemical evolution at the surface and
sub-surface level

The surface and subsurface chemistry of the films was analyzed by Low Energy Ion
Scattering. Figure 4-17 presents the LEIS spectra obtained for the LSC, LSF and LSM parent
materials —panels (a-c)—, as well as for an individual LSMCF compound —panel (d)- with a
Ne* primary beam at 5 keV, both before and after the thermal treatment. The spectra was
measured after a first ablation with Ar* sputtering beam, in order to remove the first atomic
layer, mostly characterized by the presence of hydrocarbons. The peaks present in the region
1200-1400 eV correspond to the signals of Mn, Fe and Co. These peaks show a certain degree
of overlapping, as only two peaks can be properly distinguished in Figure 4-17d. The Sr and
La peaks can be found at 2100 and 2800 eV, respectively. The B/La+Sr and Sr/La+Sr ratios
indicated in each panel have been calculated in each case by the ratio between the
corresponding peak areas. Note that for the co-doped LSMCF film the overall B-cation
contribution has been calculated due to the overlap present between the Mn,Co and Fe
peaks. It can be observed that for LSC and LSF single chip samples, B/La+Sr is considerably
lower after the thermal treatment (from 0.33 to 0.07 for LSC and from 0.64 to 0.29 for LSF),
while the Sr/La+Sr signal is higher (increase from 0.34 to 0.47 for LSC and from 0.30 to 0.42
for LSF). In the case of LSM, both the B/La+Sr and Sr/La+Sr ratios decrease after thermal
annealing, even though the Mn-peak stays practically unchanged. The decrease in the ratios
can be explained then by the drastic lowering of the Sr peak area and the respective increase
in the La peak contribution. This suggests that the LSM outermost surface is favoured to
present La-O termination upon thermal annealing. Finally, for the case of the LSMCF sample
there is a decrease in both the B/La+Sr (0.64 to 0.24) and Sr/La+Sr (0.29 to 0.25) ratios after
performing the annealing treatment, although for the Sr contribution the decrease is not
substantially large.

Although this analysis corresponds only to the outermost atomic layer of the films, and a
screening in depth is needed for deeper understanding (cf. later in the text), some initial
considerations can be here introduced. Both LSC and LSF present a significant decrease of
the B-cation presence in the top surface, which is translated to an increase of the Sr content.
This is coherent with the visual observations made by AFM microscopy in Figure 4-15a-b
and is an indicative of the Sr segregation phenomena experienced by these materials. With
regard to LSM, the major difference in the spectra is found in the decrease of the Sr peak
after thermal annealing and a minor increase in the La signal, resulting in a Sr/La+Sr ratio
of 0.08. These changes go in the opposite direction than for LSC and LSF, which is coherent
with the absence of segregated species observed in the AFM micrographs. Equilibration
towards a La-enriched surface stoichiometry is suggested by this behavior. In the case of the
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LSMCEF film (in particular, the example with stoichiometry of LaosSro2Mnos2Coo23Fe04s0s),
the main change is observed in the decrease of the B/La+Sr ratio after thermal annealing,
with minor decrease of the Sr/La+Sr signal. This suggests the formation of an preferential
A-site surface termination, with seemingly preference of La over Sr in comparison to the as
deposited state for the Mn-containing materials.
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Figure 4-17. LEIS spectra obtained with a Ne+ primary ion for the perovskites studied before and
after thermal annealing: parent materials LSC (a), LSF (b), LSM (c) and a example of a LSMCF
film (d).

Depth profiles were measured by alternating the Ne* LEIS spectra with Ar* sputtering.
B/La+Sr and Sr/La+Sr profiles were obtained by calculating the ratios between the area of
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the peaks of interest (i.e. the area of the peaks shown above). Figure 4-18 shows the collection
of profiles measured for the reference single constituent samples of LSC, LSF and LSM. The
differences between the three materials are evident, even in the as deposited case. While all
the films present Sr-enrichment close to the surface after the deposition, the thermal
treatment performed on the parent materials results in a dramatic increase of the Sr/La+Sr
ratio for both LSC and LSF, reaching values over 0.4 at the top surface, i.e. over double the
nominal stoichiometry. It is such an increase in the relative content of Sr that the nominal
0.2 content is not recovered for the 10 nm region analyzed (i.e. the considered surface and
subsurface active regions), despite the progressive decay observed. Further characterization
on deeper regions are discussed in the next section. The severe enrichment experienced for
these two materials aligns perfectly with the observed microstructure in Figure 4-15, taking
into account the size of the segregated particles, which is in the order of tens of nm. This
results in the relative loss of active surface of the perovskite material due to the appearance
of the segregated phases. The measured ratio results then from an averaged contribution of
both the film and the segregated particles. Following the observations made previously,
LSM does not show further Sr-enrichment in the surface region after the thermal treatment.
In fact, the Sr/La+Sr profile shows an almost planar shape with Sr dropping at the outermost
surface, which can be attributed to a thermodynamical equilibrium state which facilitates
the recovering of La-O-terminated layers to the surface™.
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Figure 4-18. LEIS depth profiles of the LSC, LSF and LSM films obtained for the surface and
subsurface region showing the Sr/La+Sr ratio. The dark line corresponds to the film as deposited
and the red after the thermal annealing at 800 °C for 100 h.
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The overall profiles analyzed for the combinatorial samples are shown in Figure 4-19. It can
be observed that, although there are differences in the cation distribution along the several
compositions analyzed, the profiles obtained show similar shapes and features. All of the as
deposited films present Sr-enrichment on the outermost surface, in the same way as
observed for the parent materials discussed. Hence, it is clear that the fabrication process
resulted in the deposition of LSMCEF-based films already presenting Sr-enrichment in the
outermost surface, irrespectively of the B-cation content. This systematic behavior of Sr-
enrichment is broken after performing the thermal annealing. In general terms, all of the
Sr/LatSr annealed profiles present lower values with respect to the as deposited

counterpart.
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Figure 4-19. LEIS depth profiles of the LSMCF films obtained for the surface and subsurface region
showing the Sr/La+Sr ratio. The dark line corresponds to the film as deposited and the red after the
thermal annealing at 800 °C for 100 h.
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This is more evident in the top surface level (i.e. the first 1 nm of the profile), for which the
Fe-rich samples present slightly lower Sr-enrichment (e.g. Fe 44-45 % films), while for the
rest the Sr signal appears to equilibrate close to the nominal stoichiometric value and even
decrease for the outermost atomic layers, as observed for LSM in Figure 4-18. Additionally,
in the case of the subsurface (i.e. region right below the surface within the first 10 nm) a
decrease of the Sr/La+Sr signal in some of the films analyzed can be appreciated (e.g. the
films with Fe content of 20 %, 27 %, 12 % and 39 %).

In order to obtain a more general analysis on the Sr rearrangement in the surface and
subsurface areas, the Sr/La+Sr LEIS profiles were integrated over the first 2 nm (surface) and
the 2 to 10 nm regions (subsurface) and normalized over the depth. This calculation results
in the weighted value of the Sr/La+Sr stoichiometry over these two regions, and is reported
in Figure 4-20. Figure 4-20a reports the value of Sr/La+Sr for the surface and subsurface
regions in the as deposited case. It can be seen that the surface region exhibits Sr/La+Sr
values close to the nominal stoichiometry of 0.2 in all cases, included the parent materials,
as previously commented on the profile discussion above. The subsurface however presents
Sr content below the nominal stoichiometric value. A possible cause to this phenomenon
might be derived from the migration of Sr into the surface, which might have led to a Sr-
deficient subsurface. Additionally slight deviations from the nominal stoichiometry might
be related to experimental uncertainties for full quantification (e.g. for LEIS analysis, the
analysis of material standards and calibration processes is highly desired). For this reason,
the Sr/La+Sr values obtained for the as deposited samples in the subsurface (=0.16) will be
employed as a reference value to evaluate the relative Sr enrichment. Following this
reference, all the as deposited samples present a Sr-enriched surface. Figure 4-20b shows the
surface and subsurface Sr/La+Sr signal after the annealing performed. Interestingly, for the
co-doped LSMCEF films, both the surface and subsurface regions present Sr content close or
lower than the nominal stoichiometric values, contrary to the observed phenomenon in the
as deposited samples. If we compare then with the Sr content analyzed for the aged parent
materials, while a similar behavior is observed for LSM —with the Sr/La+Sr ratio below 0.2—
a dramatic increase of the Sr content is observed for pure LSC and LSF. This is better shown
in Figure 4-20c, which shows the enrichment factor (calculated from the ratio between the
Sr/LatSr signal after the annealing over the as deposited values measured for the surface
and subsurface, respectively). The resulting value can be interpreted as the factor
determining the migration of Sr cations driven by thermal evolution under the conditions
applied. This factor allows to get a clear view on the effect of the annealing treatment on the
films. It can be clearly seen how the overall surface Sr/La+Sr content decreases (surface
enrichment factor < 1) for LSM and all the LSMCF films analyzed. This is also the case of the
subsurface region, though for some films the Sr/La+Sr content was kept (enrichment factor
in the subsurface < 1). The overall Sr/La+Sr ratio decrease in the LSMCF thin films after
performing the thermal treatment might be unexpected considering the segregation
phenomena observed in Figure 4-16. Nonetheless, this seems to be a recurrent topic
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emerging on the literature, as there are studies which either show complete Sr-enrichment>
caused by the segregated phases or report the presence of Sr depleted layers prior to the
outermost surface®-*. Regarding LSC and LSF, both present enrichment factors > 2 for both
the surface and subsurface, reaching a value of 2.70 in the subsurface. This is in total
agreement with the microstructure evolution discussed previously, confirming the
involvement of Sr in the appearance of the segregated phases.
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Figure 4-20. LEIS analysis extracted from LSMCEF depth profiles measured. The integrated
Sr/La+Sr is calculated and normalized in two regions of interest: surface (2 nm depth) and
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subsurface (2-10 nm of depth). As deposited (a), annealed (b) and the enrichment factor calculated
(c) are shown for each region.

In order to gain clarity on the nature of the surface chemistry involved in the evolution
observed after thermal annealing, the films were analyzed by XPS. XPS spectra for C 1s, O
1s, Mn 3d, Co 3d, Fe 3d, La 3d and Sr 3d were measured in order to fully characterize the
chemical environment. Figure 4-21a shows an example of a XPS survey spectrum measured
for the LaosSro2Mno32Coo23Fe0450s thin film. The main peak contributions involved in the
analysis have been highlighted, for easier comprehension. Particular focus was given to the
Sr 3d signal, with the goal to identify the chemical composition of the dopant segregated
species and further understand cation rearrangement in the LSMCF films. Figure 4-21b-e
shows the Sr 3d XPS spectra obtained for the LSC, LSF and LSM parent materials studied,
as well as for one example of the intermixed LSMCF compounds, both as deposited and
after the thermal treatment. Three different Sr-related species have been considered for the
analysis of these spectra. The signal attributed to the Sr-O bond in the perovskite lattice,
labeled as Srit, can be found in the lower binding energy range, with the 3ds»2 peak centered
in the 131.7-132.3 eV range. Sr bonds corresponding to species such as SrO, Sr(OH). and
SrCOs (referred from now on as Srmix) present the 3dsp peak positioned in the 132.7-13.3 eV
range. Finally, sulfate species in the form of SrSOs, if present, can be located at even stiffer
bounds placed in the 133.7-134.2 eV range (Srsur). The 3ds2 doublet peak has been fitted
considering a shift of 1.8 (+ 0.1) eV in the higher energy direction. It should be pointed out
that peak identification and XPS analysis of the Sr 3d signal in thermally degraded
perovskites is not straight-forward. Although there is a general consensus in differentiating
between the Iattice/bulk component, corresponding to the Sr-O bond in the perovskite
structure (e.g. the works from Cai*, Celikbilek or Tripkovic®® et al.), and the surface (i.e. a
generalized contribution for the possible strontium segregated species present, such as SrO,
Sr(OH)z, SrCOs, or SrSOs), some works go further in identifying the surface species. This is
the case of the exemplary studies from Kim* and Siebenhofer® et al. These two works differ
in the identification of the Sr species for the 3ds» peak contribution located at = 134 eV. While
in the first case this is attributed to be the contribution of strontium carbonate precipitates,
in the latter this is identified to be originated from strontium sulfate. Peak identification
made in this chapter has been performed by attributing this peak to the presence of SrSO4
after confirming the appearance of sulfur XPS signal in the survey measured prior to the
experiment (see Figure 4-21a), and in agreement with the works by Vasquez®¢? on the study
of Sr compounds (including SrCOs and SrSOs) by XPS. In these works, Sr 3ds2 peak was
found to be centered at 132.9 and 134.05 eV for SrCOs and SrSOs, respectively, in line with
the values observed in this work. All the fitted contributions have been differentiated in the
spectra showed in Figure 4-21. A detailed list of the binding energies fitted for the Sr
contributions and La can be found in Table 4-1 and Table 4-2 for the as deposited and
thermally treated samples, respectively. The XPS spectra in Figure 4-21 offer further details
in the chemical nature of the Sr species involved in the evolution of the materials under

167



study. Both as deposited LSC and LSF present all three Sr-peak contributions with relatively
comparable intensities, being Sriat the major of them. In the case of the thermally annealed
acquired spectra though, the peak associated to SrSOs becomes the main peak observed by
a large extent, while the other two peaks are practically indistinguishable. This is coherent
with the topography observed for the two aged samples, characterized by the growth of
large segregated particles. The sharp edges observed in the particles have been attributed to
the presence of SrSOs in other studies®®. In the case of LSM, the as deposited XPS spectra
shows the presence of all three Sr contributions, with the most intense peaks being Sri and
the intermediate Srmix peak. After the thermal annealing the LSM film increases the relative
peak of Srax with respect to the rest, in line with observations made of the topographical
surface area in Figure 4-15. In the case of the LaosSro2Mno3s2Coo23FeossOs sample, the as
deposited spectra presents the highest relative presence of Srut, in contrast to the parent
materials. Nonetheless, the spectra after the annealing shows the decrease of the perovskite
signal, and the respective increase of the other surface-related signals.
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Figure 4-21. XPS survey spectrum obtained for the annealed Lao.sSro2Mno32Coo.3Fe04s0s showing
the main representative peaks of the system: La 3d, Co 2p, Fe 2p, Mn 2p, O 1s, C 1s, S 2p and Sr
3d. peaks (a).XPS spectra obtained for the parent materials LSC, LSF and LSM, and an intermixed
LaosSro2Mnos2Coo2sFeossOs sample, respectively (b-e). Each plot shows both the measurement as
deposited and after the thermal annealing at 800 °C for 100 h.

In this sense, the intermixed LSMCF sample seem to present an intermediate behavior
between the observations made for LSC or LSF and LSM. The initial state of the thin film
shows a large contribution of Sriax and considerably low peak areas for the other two
contributions. Thermal annealing results then in a decrease of the Srix signal with the
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corresponding increase of both Srmix and Srsur peaks. Nonetheless, the increase in the
segregated particles-related XPS signals do not reach the drastic increase experienced by
LSC and LSF.

Table 4-1. Main values calculated from the XPS fitting of the as deposited LSMCF films: peak
binding energy of the different Sr contributions and La, and normalized atomic percentage

calculated.
Peak BE (eV) - 3d;,, Normalized Atomic %

Composition St Sr_.. Sr_ La Sty Sr_.. Sr La

La, Sry,Co0;, 131.72 1333 133.7 83382 11.76 1.56 406 82.62

La, Sr,,FeO, 131.82 13326  133.7 833.65 20.51 6.36 484 68.28

La, ;Sr,,MnO, 13235 13316  133.7 83421 1931 1091 225 6753
La, ;S1,,Mn, ,,Coy 55Fe 160, 131.88 1327 13381 8342 16.58 8.00 202 7340
La, ¢Sty ,Mn, ,,Co, ;. Fe, 1,0, 132.05 133.08 13375 83413 9.87 7.97 291 7925
La, ¢Sty ,Mn, 5,Co, ,;Fe, 150, 13191 1327 133.7 83399 8.80 8.25 422 7874
Lay ¢Sty ,Mn, ,4Co, 5. Fey ,,0, 131.8 13293 133.73 83411 7.01 7.93 7.62 7744
La, ¢Sty ,Mn, ,Co, . Fe 1,05 13246  133.05 1342 83446 1284 654 191 7871
La, 4S1,,Mn, 5,Coy 55F e 5005 13217 1327 13372 834.39 12.16 7.32 474 7578
La, ;S1,,Mn, 5, Coy 4,Fe, ,,04 13198 1327 13371 83421 19.13 417 456 7214
La, ¢Sty ,Mn, ,,Co, ., Fe, 5,0, 13191 1327 1337 8341 1884 3.41 483 7292
Lay ¢Sry,Mn, »,Co, ,, Fe 5,0, 13206  132.8 134 83417 9.69 5.12 547 79.72
La, 4S1,,Mn, 5Coy 56Fe 1605 13242 13282 13407 834.36 14.56 3.46 355 7842
Lay ¢Sty ,Mn, 5,Co, 5, Fe ;,0, 13207 13324 1339 83421 14.55 5.26 3.10 77.09
La, 4S1,,Mn; 55C0y 5,F€ 4005 13202 1327 13393 83401 9.69 5.60 519 7952
La, 4S1,,Mn, 5Coy 5oFe 1,05 13241 13305  133.7 834.37 2653 6.24 117  66.06
Lay ¢Sty ,Mn, ,,Co, , Fe .0, 13225 13278 13391 834.32 20.60 5.72 248 7120
Lay Sty ,Mn, 3,Coy 5oFeq 4,04 13229 13273 13389 83417 2385  4.84 326 68.05
La, 4S1,,Mn, 5,Coy 55 ,s05 13212 13287 13374 83359 2538 1.74 256 70.32
La, ¢Sty ,Mn, ;,Co, . Fe, ,, O, 13223  133.17 134.18 834.36 1054 572 1.81 8193
Lay Sty ,Mn, ;,Coy joFe 3,0, 13213 1327 1339 83428 1922 514 228 7336
La 4Sry,Mn, 5,Co,,,Fe,,,0; 13227 1328 13397 833.67 14.17 8.21 156 76.06
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Table 4-2. Main values calculated from the XPS fitting of the thermally treated LSMCF films: peak
binding energy of the different Sr contributions and La, and normalized atomic percentage

calculated.
Peak BE (eV) - 3d;, Normalized Atomic %

Composition Sty ST i St La STy ST i ST La

La, Sr,,C00;, 13229 1333 13443 83431 236 422 3212 61.30

Lay ¢Sr),FeO; 131.8 132.7 13393 833.68 3.69 1.03 3491 60.38

La, ;St,,MnO, 13237 1333 13371 83396 1497  1.19 253 8131
La, ;S1,,Mn, ,,Coy 55Fe; 100, 131.86 133.14 133.74 8341 1427  6.63 281 7628
La, ;S1,,Mn, ,5Coy 5,Fe 1,0, 132,02 133.13  133.83 834.13 9.07 3.82 511 82.00
La, ¢Sty ,Mn, 5,Co, ,;Fe) 150, 13197 133.06 13381 83419 8.67 423 394 83.15
La, 4S1,,Mn, 15Coy 55,04 131.73 13271 13374 83388 1143 6.40 3.16 79.01
La, 4S1,,Mn, 4, Coy ,5Fe 1505 13216 1331 13375 83428 12.79 3.62 436 79.23
La, ¢Sty ,Mn, ;,Co, ,5Fe 5005 13212 1327 13371 83437 1437 653 653 7256
La, ;51 ,Mn, 5, Coy ,,Fe, ,,0, 131.85 1327  133.75 83419 1278  4.02 644 76.76
Lay ¢Sry,Mn, »,Co, ., Fey 5,0, 131.88  133.03 133.75 83422 9.85 6.50 447 79.19
Lay ¢Sty ,Mn, ,,Co, ,, Fe 1,0, 131.89  133.09 133.89 83422 7.93 5.58 536 81.13
La, 4S1,,Mn 5Coy 56Fe 1005 13222  133.12 13375 83428 12.13 3.03 623 7861
Lay ¢Sry,Mn 30Co, 5, Fey 5,0, 13198 133.19 1337 834.31 10.68 421 524 7988
Lay ¢Sty ,Mn ,,Co, 5, Fey 1005 131.87 13291  133.7 83403 9.01 5.05 512  80.82
La, 4S1,,Mn 5Coy 5oFe 1,05 13221 1327 133.7 834.38 22.06 5.94 218  69.82
La, 4S1,,Mn; 45Coy 56Fe 5,05 13217 1327 133.7 83438 13.75 7.73 408 74.44
Lay ¢Sty ,Mn, 5, Co, o Fey ,, 05 132,12 13318 13379 83428 1996  3.05 540 7159
La, 451,,Mn 5,Coy 55Fe ,s0; 13214 1332 133.7 83427 20.82 3.35 837 67.47
La, ¢Sty ,Mn, ;,Co, ,,Fe,, O, 131.82 13294 1337 83388 11.62  6.04 1.94 80.40
La, ;Sr,,Mn ,,Coy 1oFe 500, 13218 1327  133.78 83429 13.61 7.43 450 74.45
La, ;51,,Mn, 5,Coy 1, Fe, ,,0; 13216  133.1 133.7 83407 1357  5.02 599 75.42

In order to extend the analysis to the full set of materials characterized, Sr/La+Sr and
Stsurt/Stiare ratios and their evolution after thermal annealing (i.e. the enrichment factor) have
been evaluated. In this analysis, Srsurt corresponds to the sum of the peak area contributions
of Srmix and Srsut, so the overall segregation effect is discussed. The results for the as
deposited, annealed and the enrichment ratios are summarized in panels (a-c) of Figure 4-22,
respectively. In line with the observations made with LEIS, the overall Sr/La+Sr decreases
after thermal treatment on all the combinatorial films and LSM (enrichment factor < 1), while
it increases in the case of LSC and LSF. Interestingly, the Srsurt/Sriat ratio reveals an overall
increase of the Sr content in the form of surface species with respect to the presence in the
perovskite lattice. Notably, the Srsut/Sria enrichment factor is kept at relatively low values
(1-3 range) for most of the LSMCF films, with a couple of examples presenting values below
1 —sign that the surface species are slightly decreased in those—, comparable to single LSM.
Hence, Sr enrichment on thermal annealing is much lower in the LSMCF materials than the
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observed for LSC and LSF, which present enrichment factors up to 30. This means that the

LSMCEF co-doped samples present one order of magnitude less Sr segregation than for single
LSC/LSF under the conditions tested. It should be pointed out that the LSMCF films studied
in this section present variable composition on the perovskite B-cation. Specifically, the
samples analyzed cover the ranges of [17-68] % of Mn, [17-57] % of Co and [12-47] % of Fe.
Thus, within this broad range of compositions there does not seem to be significant

differences on the resilience to Sr segregation phenomena. A direct comparison with the

poor performance observed for LSC and LSF parent materials suggest that an addition of

Mn within the range studied is key to enhance the stability of LSCF-based oxygen

electrodes.
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Figure 4-22. Characterization by XPS of the surface chemistry of LSMCF films: Sr/La+Sr and
Stsurfl Stiae ratios measured before and after thermal degradation, and the enrichmet factor
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Further details on the evolution of the strontium segregated species are given in Figure 4-23,
in which the Sriat, Srmix and Srsur contributions with respect to the overall strontium signal
(Srtotar) are represented. In particular, the pristine state —panel (a)- shows clear dominance of
the Sriat peak for all the composition range, with most of the cases showing values over 60%
of relative content. The Srmix and Srsur signals are characterized by higher presence of the
first and lower presence of the sulfate peak, with most of the cases below the 20 % range.
Figure 4-23b shows the normalized intensities of the peaks after the thermal treatment. The
differences already introduced for the parent materials in the discussion of Figure 4-21 are
clearly observed here, with presence of the Srsut contribution for LSC and LSF and Sriat for
LSM. The LSMCF co-doped materials do not present an obvious change in the Sriat/Sriotal
ratio, although some decrease is observed. With regard to the Srmixand Srsuf analysis, a
decrease of the Srmix relative content is observed in most of the cases, while increase of the
Srsurt overall content is also visualized. From this analysis the enrichment factor (annealed/as
deposited) for each peak was calculated, as represented in Figure 4-23c.
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Figure 4-23. Characterization by XPS of the strontium species present in LSMCF films: lattice
(Stuan), oxide-carbonates-hydroxides (Srmix) and sulfates (Srsuy) contributions vs the overall
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strontium signal (Srwwi). Ratios as deposited (a), after thermal annealing (b) and the enrichment
factor calculated (c).

The analysis of the enrichment factor allows to make a general valuation of the behavior of
the overall set of compositions on thermal degradation and for facing segregation
phenomena. This indicates a drastic increase in the Srsu/Srt ratio for both LSC and LSE
(factor > 3.7). While LSC also shows increase of the Srmix/Srtotal ratio (enrichment >1), this is
not the case for LSF. For the rest of the compounds analyzed, i.e. LSM and LSMCF co-doped
materials, a much milder increase of the Srsu/Sriwt ratio is generally observed (with only
two Fe-rich cases reaching enrichment >2). A generalized decrease of the Srmix/Srtota ratio is
also observed for the Mn-containing compounds. Notably, LSM and most of the rather
stable LSMCF compositions show a Sriat/Srtotal enrichment factor 21. This is a clear indicative
of the stability of these materials, i.e. the perovskite phase remains present in the surface
after the prolonged exposure to the thermal degradation treatment.

4.4.2.3 Effect of the surface evolution with degradation of the
electrochemical performance

The characterization performed on the surface evolution of the LSMCF thin films allowed
to analyze different types of responses upon Sr segregation. In this sense, the
electrochemical performance characterized during thermal degradation in section 4.4.1 can
be explained taking into account the structural and chemical analyzes carried out for the
LSMCF-based thin films after long thermal annealing. The evolution observed for both LSC
and LSF microstructures, i.e. strong Sr enrichment analyzed by LEIS and XPS, is coherent
with the fast degradation on the electrochemical performance. The smaller electrochemical
degradation rate for LSF with respect to the similar surface evolution characterized could
be attributed to the milder temperature conditions for the electrochemical degradation test.
Thus, LSF seems to withstand degradation better than LSC at 700 °C, and then show
comparable degradation at higher temperatures. This can also be attributed to the different
behavior observed between LSC and LSF with regard to formation of strontium carbonate-
related species. As indicated in the XPS analysis, LSF seems to be less prone to this kind of
Sr segregation and more sensitive to sulfate formation only, while LSC is sensitive to both.
The degradation behavior of the electrochemical performance of LSM is also coherent with
the surface evolution observed, for which the sulfate contribution has been found to increase
its presence -although the total amount of Sr decreases upon thermal annealing. With regard
to the LSMCF films analyzed, the observed evolution in surface microstructure and
composition is coherent with the small electrochemical degradation observed for the
analyzed Fe-rich compound LaosSro2Mno1Coo17Feo730s. Note that the strongest enrichment
of Sr surface (and sulfate) species was indeed observed for the Fe-richest compounds
studied by XPS, in line with the degradation measured. The absence of degradation for the
Mn-rich LaosSro2Mno.2Coos1Feo27Os film can be attributed to the enrichment factors observed
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in the LSMCF highly intermixed regions for the Sr/La+Sr, the surface and the sulfate
components in LEIS and XPS, suggesting the presence of a more equilibrated surface with
stable electrochemical performance.

4.4.3 Evolution of the distribution and nature of B-site cations and vacancy-
defects beyond the surface and subsurface

The findings obtained on the surface and subsurface segregation chemistry evolution of the
LSMCEF thin films raised the question on the compensation mechanisms triggered by the Sr
kinetics observed upon thermal evolution. In order to offer a more complete picture on the
cationic rearrangement of the perovskite, and to shed light in the compensation mechanisms
that might play a role in the stability observed, further analysis based on LEIS depth
profiling and Positron Annihilation Spectroscopy (PAS) are discussed in this section.

4.4.3.1 Compensation of the B-site cations upon thermal annealing

While previous LEIS discussion presented in this chapter has been exclusively focused on
the A-site evolution through the evaluation of the Sr/La+Sr ratio, analyzing the evolution of
the B-site cations might offer valuable information on the overall thermal ageing process.
Figure 4-24 shows the B/La+tSr ratio for the LSC, LSF and LSM single perovskites as
deposited and after carrying out the thermal treatment, respectively. It can be clearly seen
that the B-cation content largely differs depending on the composition. Both LSC and LSF
present B-site deficiency with respect to the nominal stoichiometry (i.e. B/La+Sr ratio of 1),
with LSC approaching values of 0.4-0.5 and LSF values close to 0.6 when going towards the
subsurface and bulk (i.e. depths below 5 nm). Taking these values as reference, both
materials show a local B-site accumulation in the immediate subsurface (=2-4 nm range of
depth), reaching values up to =0.7 for LSC and =0.9 for LSE. The observed relative B-cation
enrichment in the subsurface is in line with the conclusions made in several studies dealing
with Sr-segregation phenomena in LSC-related films>->>¢%. In the case of LSM, the film
shows the B/La+Sr ratio closest to the nominal value of 1, with local deficiency in the surface
and immediate subsurface, which progressively increases until reaching values close to 0.9.
The observed deficiency in the top 2 nm is in good agreement with the Sr-enrichment
observed in section 4.4.2.2. Overall, the differences observed in the B/La+Sr ratio among the
three pristine parent materials can be attributed to different target ablation and plasma
dynamics during the PLD deposition of the films. The proper transfer of the target
stoichiometry into the thin film deposited has been known to be a critical factor in PLD. The
presence of cation off-stoichiometries might rise from preferential ablation® and
background gas interaction effects®®, which could explain the differences observed for the
different materials. Additionally, the presence of surface particles and preferential
sputtering effects during the LEIS profiling are likely to result in an underestimation of the
B-cation with respect to the regular perovskite stoichiometry.
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For this reason, the B/La+Sr analysis performed in this section will be treated as a semi-
quantitative discussion with a major focus on the relative evolution of the signal after
thermal annealing and for the different samples under study. In the case of the annealed
samples, a drastic decrease in the B/La+Sr ratio can be observed for both LSC and LSF. This
decrease in the B-cation presence is attributed to the relative loss of signal caused by the
large segregation of strontium related species discussed in the previous section. Regarding
the annealed LSM, the B/La+Sr signal shows a similar shape than in the as deposited
measurement with a slightly more pronounced decay in the top surface. This is most likely
due to the rearrangement of the La-O-termination layers mentioned, similarly to the decay
observed in the Sr/La+Sr ratio in Figure 4-18.
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Figure 4-24. LEIS depth profiles of the LSC, LSF and LSM films obtained for the surface and

subsurface region showing the B/La+Sr ratio. The dark line corresponds to the film as deposited and
the red after the thermal annealing at 800 °C for 100 h.

Additionally, Figure 4-25 shows the collection of B/La+Sr ratios measured by LEIS profiling
both as deposited and after performing the thermal annealing. In general terms, the pristine
samples all present similar distribution than the observed for the parent materials in Figure
4-24. Most of the films present a B-site enriched region in the 2-4 nm range with respect to
the rest of the film, similar to the cases of LSC and LSF. This is less evident for the two films
with the highest amount of Mn (i.e. Mn 68 % and Mn 48 %), for which the overall B/La+Sr
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ratio is higher than for the other films, presenting less differentiation over the subsurface
even though the maximum signal is also found in the 1-2 nm depth region.
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Figure 4-25. LEIS depth profiles of the LSMCF films obtained for the surface and subsurface region
showing the B/La+Sr ratio. The dark line corresponds to the film as deposited and the red after the
thermal annealing at 800 °C for 100 h.

In the case of the thermally annealed films, the B/Lat+Sr ratio seems to present similar
features than in the as deposited case for the first few nm. Interestingly, there seems to be a
local drop when reaching subsurface depth values close to the 10 nm range (e.g. more
evident for the cases with Mn at 68 %, 52%, 42 %, 36 % and 31 %). These variations of the
B/La+Sr ratio are in contrast to the observations made for the parent materials, which do not
present such drops towards the subsurface level. Interestingly, although the B/La+Sr
profiles of the LSMCF have resembled more the ones of LSC and LSF in the pristine state,
the structural stability facing thermal degradation observed have suggested that the
addition of Mn plays a role. Nonetheless, the resulting cation distribution on the surface and
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subsurface do not resemble either the one observed for LSM. As an additional remark on
the B/La+Sr ratio, Table 4-3 shows the values calculated from EDX analyses of the as
deposited samples. This was done in order to gain clarity on the B-site deficiency of the films
on the bulk level, and its translation into LEIS profiles. It can be seen that most of the films
present B-site deficiency, with values ranging in the 0.81-1.02 range, slightly larger than the
values measured by LEIS profiling. This difference results in a reasonable variation given
the different characterization techniques employed. Nonetheless, the relative variation in
the B/La+Sr ratio among the LSMCF combinatorial films studied present similar evaluation
than for the LEIS profiles, showing seemingly higher ratios for Mn-rich compositions and a
decrease for the films with low content of Mn.

Table 4-3. B/La+Sr ratio calculated by EDX for the as deposited combinatorial LSMCF samples

studied by LEIS.
LSMCF sam}')lie B/La+Sr
(B-site composition)
Mno24CoossFeo.1o 0.91
Mnos52Coo2sFeo20 0.81
Mnos1Coo42Fe0.27 0.84
Mno22Coo.44Feo34 0.83
Mno39Coos1Feos 0.84
Mno.6sCoo20Feo.12 1.02
Mno.4sC0o26Feo.26 0.92
Mnos6Coo20Feo.44 0.92
Mnos2C0023Feoss 1.02
Mno.22Coo.19Fe039 0.86

4.4.3.2 Evolution of vacancy-related defects and their correlation with
cation

The deeper regions of the films beyond the surface and subsurface were investigated by
means of positron annihilation lifetime spectroscopy (PALS) and deeper LEIS depth
profiling. Figure 4-26 show the depth profiles obtained by PALS for the collection of
combinatorial LSMCF thin films analyzed. In particular, the evolution in depth of two
identified defect annihilation lifetimes (ti) is represented for each compound, before and
after performing the thermal treatment. Lifetime values of reference cation defects are
indicated in the dashed horizontal lines, specifically for B-site (Vg = 0.196 ns) and A-site
vacancies (V4 = 0.282 ns)®. The reference values have been selected in analogy with
previous reports on LaMnQOs. The lifetime values for A- and B-site defects in other
perovskites such SrTiOs or BiFeOs do not differ substantially. It should be noted that in
general terms the lifetime scales with the size of the defect (larger open volumes lead to
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longer annihilation times for positrons), hence some minor variability is expected. For that,
a general V4, and Vg notation is employed for characterizing the defect nature, as it is not
possible to identify the chemical nature of the defect further than its position in the lattice
(e.g. impossibility to distinguish between Sr and La-related defects, or between Mn,Co and
Fe, as well as considering the additional presence of clusters of defects). Regarding the
profiles measured, it is evident that the thermal treatment performed provokes a significant
alteration on the defect landscape. The as deposited films present in most of the cases values
of 11 below the reference for Vs. This could be attributed to several reasons such as the
presence of substitutions, differences towards lower lattice parameter (which could be
expected, according to the variation observed in Figure 4-5), relaxation of defects or the
presence of dislocation associated with monovacancies”. After the thermal treatment T
increases getting closer to the Vg reference value, even above it. The larger values of tican
be attributed to association of the metal vacancy with oxygen vacancies (V), leading to the
formation of defect complexes, as proposed for STO%. Moreover, the increase in the value
of 11 seems to be more concentrated in the subsurface region, up to approximately 20 nm of
depth. It should be noted that the Mn-rich composition presents lifetime values above the
reference both before and after the thermal treatment. With respect to 1, all of the films
analyzed present values above the reference for V, , both in the pristine and the annealed
state. This is representative of vacancy agglomerations, or clusters, likely consisting in a
mixture of Sr, La, Mn, Co, Fe, Co and oxygen vacancy complexes.
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Figure 4-26. PALS profiles of the combinatorial LSMCEF thin films with the two time constants, T1
(in grey as deposited and black after thermal annealing) and 72 (in red as deposited and dark red
after thermal annealing).

Moreover, Figure 4-27 shows the depth profiles showing the relative intensity of each of the
two defect contributions identified. It can be observed that the V3 vacacnies are the majority
defect, in comparison to V, -associated vacancies. Nonetheless, the thermal treatment
provokes the generalized reduction of the relative intensity of Vz with respect to the pristine
state, and the higher presence of the V;, complexes. This behavior is attributed to the
migration of Sr towards the surface, as confirmed by AFM and XPS in the previous section.
This is particularly acute for regions beyond the subsurface, i.e. for depths below 15 nm and
extended through the film (= 80 nm). Most interestingly, these relative changes in the
intensity of the annealed defects, despite being clearly more present than in the pristine state
(in the case of V; complexes), do not show a smooth signal through the film (e.g. in the form
of a plateau or a progressive decay). Contrary to that, changes in the defect intensity beyond
the subsurface are shown present oscillations, suggesting an inhomogeneous or even
layered redistribution in the film after the annealing.
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Figure 4-27. PALS profiles of the combinatorial LSMCF thin films with the relative intensity of the
two time constants, I1 (in grey as deposited and black after thermal annealing) and I» (in red as
deposited and dark red after thermal annealing).

Doppler-Broadening-Variable Energy Positron Annihilation Spectroscopy (DB-VEPAS) was
employed in order to gain more insight in the defect density present in the combinatorial
LSMCEF thin films and caused by the defect evolution just discussed. Broadening occurs

during positron annihilation due to the differences in momentum of the positron and the

electrons. In general terms, the intensity of the S-parameter is directly related to the presence
of vacancy defects, while the W-parameter is determined by the chemical nature
surrounding the defect (see Chapter 2 for further details in the technique). S-W plots are
then employed to examine atomic surrounding of the defect site and the defect size®. This
is the case of Figure 4-28, which shows the S-W plot for the collection of pristine and
annealed films measured, at a given penetration depth of 27 nm, approximately. Co, Fe and
Mn reference metallic samples were also included in the DB-VEPALS analysis. Co and Fe
reference samples are considered as defect free, however Mn can present some residual
defects or even oxides. The depth selected for the analysis is right in the region where the
maximum change in the defect type intensity has been observed, hence is valid for
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evaluating the evolution of the films. The defect density of the pristine samples is quite
similar since most of the data points agglomerate in a localized position. Nonetheless, a
larger data spread is visible for the annealed samples with an overall increase of defect
density with respect to the pristine samples. This confirms the evolution of the defect
structure of the films after the annealing with respect to the pristine state, indicating a higher
presence of defects as a result of the thermal treatment. Additionally, the S-W plot indicates
larger decoration (i.e. atomic proximity) of the defect site by Mn in the case of pristine
samples. This is reflexed by the line between the data points belonging to the films and the
Mn reference. After annealing however, larger Fe and Co decoration is found. Taking into
account that the thermal treatment leads to an increase of the V, -associated vacancies —as
seen by VEPALS results—, this suggests that these defects are more present in positions
surrounded by Fe and Co. This is in agreement to the observations made that Co,Fe-rich
materials (and in particular LSC/LSF parent materials) lead to higher degradation than in
the case of Mn-containing materials.
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Figure 4-28. S-W plot indicating relative changes of defect decoration for depth (~27 nm)
corresponding to Ey=2.65 keV.

With the aim to shed light on the defect evolution observed and the compensation
mechanisms triggered by Sr segregation, deeper LEIS analysis (= 40 nm) was performed for
a selection of compounds, reaching the region beyond the surface and subsurface discussed
previously. The obtained profiles along with the PALS measurements collected for the same
materials after the thermal treatment are shown in Figure 4-29. The LEIS profiles
represented in panels (a,c) show the presence of oscillations in the cation detection,
visualized as stiff valley-like drops of the B/La+Sr and Sr/La+Sr ratios. The decrease in both
signals indicates the presence of La-enrichment in these regions. Most interestingly, the
variations in the cation signals can be associated into the variations observed in the depth
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profiles obtained by PALS. In particular, the intensity plots in panel (b,d) follow a similar
trend as the variation in the cation signal observed in the LEIS profiles of panels (a,c). In this
sense, the regions in which the B/La+Sr ratio presents a major decrease in the LEIS profiles
can be correlated to the variation of I in the PALS profiles, suggesting higher presence of
Vg vacancies —i.e. a variation of the B/La+Sr can be associated with a variation in the Vg
intensity—. Similarly, the drop in this region of the relative presence of V, can be correlated
not only to the increase of Vz vacancies but also to the increase of the La content. This is
also suggested by the decrease in the Sr-signal in the LEIS profile. Similarly, the regions in
which the perovskite recovers the B/La+Sr and Sr/La+Sr stoichiometry can be related to the
lowering of the I intensity.
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Figure 4-29. Characterization of the cations and defects present in the bulk level for a selection of
combinatorial films after thermal degradation. LEIS depth profiles measured for 40 nm of depth (a-
b), PALS profiles showing the evolution of the defect relative intensities (c) and characteristic times

(d).

There are different possibilities that may lead to this scenario. One likely scenario could be
relating the oscillations in the cation ratios (i.e. decrease of B and Sr, and increase of La) to
local formation of the A2BO. perovskite structure. Thermal decomposition of single
perovskites into Ruddlesden-Popper (RP) structure has been observed in the past for LSM
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at high temperature (>900 °C)® and suggested for LSCF®. In the latter work, Oh et al.
observed similar cation rearrangement in the subsurface of the LSCF material, right below
the presence of Sr precipitates. It is unclear if the local changes in the cation arrangement
observed in this work -likely inducing changes in the crystallographic structure- are
responsible for the stabilization effect observed in the appearance of segregated strontium
species. Independent works by Sase et al.”? and Crumlin et al.” observed enhancement of
the electrochemical performance of LSC films decorated with top layers of LSCau (i.e.
LaSrCoOs RP structure), while more recently Lee et al. observed minimization of Sr particle
segregation for the same types of heterostructures”. Despite these examples, formation of
the RP structure cannot be confirmed only by LEIS analysis. Additionally, the possibility of
keeping the single perovskite structure while presenting highly off-stoichiometric localized
regions should also be considered.

In order to gain clarity on the differences between the annealed LSMCEF films and the single
parent materials along the whole film, deeper LEIS profiles of LSC, LSM and LSF after the
thermal treatment were measured, as shown in Figure 4-30Figure 4-30. Contrary to the
observations made in Figure 4-18 (limited to the top 10 nm), which showed drastic levels of
Sr-enrichment for LSF and LSC far above the stoichiometric value, the deeper profiles in
Figure 4-30 show that the nominal stoichiometry level is eventually recovered. Both LSC
and LSF materials reach the reference Sr content (i.e. the value observed for LSM) at depths
in the 20-25 nm range, going even below this value in deeper regions. The Sr-deficiency in
the bulk is then attributed to the migration of Sr cations towards the surface during the
thermal treatment process. Complementary, both materials show a gradual increase of the
B/La+Sr ratio, sign of recovery of the as deposited perovskite stoichiometry (see Figure 4-24).
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Figure 4-30. LEIS profiles obtained for the annealed parent materials with depths up to 70 nm.

It is relevant that none of the parent materials show the oscillating features observed for the
annealed LSMCEF thin films. From the studies performed in this work it can be confirmed
that Min addition to LSCF rich perovskites results in higher resistance to dopant segregation.
Additionally, local changes in the chemical nature of the films resulting in severe off-
stoichiometric regions for depths beyond the subsurface have been observed. It has been
discussed that this kind of behavior has been observed in other perovskite electrodes based
on LSCF® and it could be attributed to the appearance of RP-like phases presenting the
structure A2BOs. Nonetheless, confirmation of this phenomenon would require of direct
visualization of the crystallographic structure by HRTEM and obtaining localized
compositional information by EDX. The resulting disorder is suspected to play a role in
hindering the continuous migration of Sr towards the surface of LSMCF co-doped materials.
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4.5 Guidelines for the selection of a thin film LSMCF compound

The LaosSro-MnxCoyFe1xyOs perovskite family has been proven to present a series of a large
variety of structural and functional properties that makes the system suitable for application
as SOC electrodes. Regarding the structural properties, all of the representative compounds
studied present good compatibility between the B-cations present, showing polycrystalline
growth of the perovskite phase. Hence, the selection of a proper LSMCF compound (or
compounds) will be determined by the functional properties related to i) the oxygen
transport kinetics, ii) the electrochemical activity for the oxygen reduction reaction and iii)
the performance evolution upon thermal degradation.

Regarding the oxygen mass transport properties, the results obtained by IEDP-SIMS at 400
°C reveal high kinetic activity along the region Co- and Fe-rich regions, and for values of
Mn content below 0.2. For the regions closer to either Co or Fe, values of the k*D* product
as high as 4 x 10° cm?/s? can be found, indicative of high oxygen electrochemical activity
and the maximum found for the LSMCF system. The lower and upper bounds for the
relative B-cation content in order to maximize the oxygen kinetics would be as follows: [0-
0.2] of Mn, [0-0.2] or [0.7 — 0.8] of Co and [0-0.2] or [0.7 — 0.8] of Fe.

The electrochemical activity measurement by EIS for the LSMCF library resulted in the
characterization of activation energies with promising values in the range of 1.1-1.5 eV. This
behavior was observed for a large variety of compounds, concentrated in the region
delimitated by [0.12 — 0.7] of Mn, [0 — 0.5] of Co and [0.12 — 0.75] of Fe. Additionally, the
lowest values for the ASR were mostly found in the concentrated area above 0.5 of Fe
content and below 0.25 of both Co and Mn content. According to these two conditions,
LSMCF compounds with Fe over 0.5 and Co,Mn contents below 0.25 present the most
promising performance.

The studies performed on the evolution of the LSMCF thin films facing thermal degradation
unveiled the favorable properties of the intermixed LSMCF thin films with respect to single
LSC and LSF. Studies performed on the evolution of the electrochemical activity over time
showed an increase of 20 % on the ASR after 100 h of experiment for a
LaosSro2Mno1Coo17Feo730s and a decrease of 5 % on the final ASR for a LSMCF with
composition LaosSro2Mnos2CoosiFeo27Os.  Structural and chemical characterization of
degraded LSMCF materials showed a generalized resistance to segregation and surface
microstructure evolution is observed for all of the LSMCF thin films. In terms of the
enrichment calculated by XPS for Sr surface species, all of the films present lower values
than LSC and LSF, which show drastic enrichment of SrSO. related species. On the
perspective of Sr-segregation and evolution of the electrochemical performance an
intermixed composition of [0.25 — 0.7] of Mn, [0.25 — 0.6] of Co and [0.12 — 0.4] of Fe is
recommended.
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Balancing all the conclusions derived from this study, the region with [0.1 — 0.2] of Mn, [0.1
—0.35] of Co and [0.5 — 0.8] of Fe is selected as the most promising region in the system. In
particular, a hypothetical LaosSro2Mno15CoossFeosOs compound and further degradation
experiments in the Fe-rich (> 50 %) region would be interesting subjects of study.
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4.6 Conclusions

This chapter has presented an extensive research study on the structural and functional
properties of the LaosSro2MnxCoyFei«yOs library of oxygen electrode materials for SOC
application. A set of samples deposited by combinatorial PLD was studied in terms of
composition distribution, structural and optical properties, electrochemical activity and
oxygen transport kinetics, and behavior on thermal degradation. First, high throughput
methodologies were employed for characterizing the films deposited. A complete analysis
of the distribution of Mn, Co and Fe along the samples was achieved by high throughput
XREF. Similarly, automatized measurements by XRD and spectroscopic ellipsometry in lab-
scale facilities allowed to obtain full maps of the evolution of the lattice parameter and the
optical properties along the LSMCF film. Regarding the study of the functional properties
of the perovskite library, high-throughput IEDP-SIMS allowed to characterize the oxygen
mass transport kinetic parameters, i.e. surface exchange and diffusivity coefficients, for
several hundreds of compositions. The results obtained unveiled the promising properties
of the thin film cathode library, particularly for increased Fe- and Co- rich regions, with
values surpassing the activity of similar-composition conventional electrodes. The evolution
of the electrochemical performance and its dependence on temperature was analyzed by
EIS mapping in an automatized high temperature chamber. The experiments performed
allowed for the mapping of the activation energy, pre-exponential factor and area specific
resistance of a set of LSMCF compounds. A particularly promising low activation energy
was observed in several of the intermixed compounds studied.

The second goal of the work discussed in this chapter was focused on the performance and
evolution of the LSMCF thin films facing thermal degradation. For that, different
characterization techniques and analyses were performed on a selection of pristine and
annealed LSMCF thin films. Particular focus was given to the systematic study of the dopant
segregation phenomena for this family of perovskites. For that, LEIS surface and depth
profiling analyses were employed in order to account for the rearrangement of the LSMCF
cations along the surface and subsurface regions. XPS spectroscopy was also utilized for the
chemical characterization of the surface species involved in the surface evolution. The
appearance of segregated phases was visualized by AFM. Thin film bulk reconstruction was
performed by deeper LEIS profiling and characterization of the defects present through the
film was achieved by positron annihilation spectroscopy. The results unveiled the
promising performance of the highly intermixed LSMCF cathode materials with respect to
the parent materials LSC, LSF and LSM. In particular, the LSMCF compounds showed
apparent stabilization on segregation with reduced degradation evolution. This effect
reflected a drastic difference when compared to single LSC and LSF materials, which
showed a dramatic increase on the presence of strontium segregated species in the surface.
Specifically, sulfate species were found to be the ones increasing the most their relative
presence after thermal degradation. Local changes in the perovskite structure with presence
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of off-stoichiometric regions were observed for the co-doped films. A brief discussion on the
matter and its possible relation with the stabilization effect observed is offered. These
findings were cross checked by tracking the evolution of the electrochemical performance
by impedance spectroscopy of the parent materials reference electrodes and two examples
of intermixed LSMCF compound. The slowest degradation rate was found for the
intermixed LSMCF with high Fe-content while the more intermixed LSMCF sample even
showed enhancement over the degradation experiment. This confirmed the promising
properties of co-doped perovskites towards degradation phenomena in SOCs. In the final
section of the chapter the overall effects of the functional properties characterized have been
balanced in order to choose a region of interest on the LSMCF library as electrode
compounds with promising performance for application in SOCs.
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5. Integration of thin film electrode materials in highly
functional solid oxide cells
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5.1 Motivation

This chapter describes the advances carried out during this thesis towards the
implementation of thin film electrode materials in solid oxide cell (SOC) and micro-solid
oxide fuel cell (uUSOFC) systems. Established state-of-the-art thin film materials have been
employed for the fabrication and assembly of full devices in different configurations. Thin
tilm SOCs (TF-SOCs) were produced in an electrolyte supported architecture by employing
YSZ single crystal substrates. These devices were utilized as model devices and allowed for
the study of different types of TF-SOCs. First, the use of symmetric SOCs (S§5OCs) based on
thin film materials is explored. SSOCs are devices that employ the same material as both the
oxygen and hydrogen electrode'?. This configuration presents several advantages in terms
of reduction of manufacturing cost and thermomechanical stresses due to the use of a single
electrode material, as well as mitigating potential device failure mechanisms due to redox-
cycling mechanisms. Redox-cycling processes are normally investigated in hydrogen
electrodes as they induce undesired mechanical stresses due to reoxidation of the metallic
phase in cermet electrodes (typically Ni in Ni/YSZ composites). The second type of device
configuration studied in this chapter was the use of thin film reversible SOCs (RSOCs)3*.
This device configuration is based on the alternate operation in electrolysis (SOEC) or fuel
cell (SOFC) mode depending on the energy needs. In this sense, the RSOC is able to either
supply electrical power or to store chemical energy (through production of hydrogen). A
more detailed description on SSOCs and RSOCs can be found in Chapter 1.

In Section 5.2, the use of symmetric SOFCs based on the application of LaosSro1CrOs (LSCr)
thin films as both anode and cathode materials is explored. Lanthanum chromites have been
proposed over time as suitable electrode candidates for symmetric applications?>~7. This has
been majorly explained by their high stability under reducing conditions. Nonetheless, their
electrochemical performance is not considerably high and its application window has
normally been conditioned to the high temperature range and the use of bulk materials.
Interestingly, recent studies have reported the presence of grain boundary enhancement
effects on the oxygen mass transport properties of LSCr thin films?, leading to higher
electrochemical activity than the typically observed in bulk systems. Symmetric LSCr
electrodes were then chosen as the model material in this section in order to prove the
concept on the operation of a thin film SSOC. Measurements of the cell electrochemical
properties and their performance on redox cycling —i.e. oxidant to reducing atmosphere
exchange- are presented and discussed, with focus on possible performance recovery effects
observed after the cycling process.

Section 5.3 presents the results obtained for thin film RSOCs fabricated with LaosSro2CoOs
(LSC82) as the oxygen electrode and porous CeosSmo.O: (SDC) as the hydrogen electrode.
The use of Co-containing materials as the oxygen electrode is normally a preferred option
found in the literature related to thin film devices, due to its high electrochemical activity at

199



lower temperatures’. Regarding the use of SDC, it is one of the few all-oxide-based materials
presenting high electrochemical activity for hydrogen conversion'®!'. More details on the
properties of these materials can be found in Chapter 1, in the dedicated section to the
review of state-of-the-art SOC materials. The electrochemical properties and structural
characterization can also be found in Chapter 3 for SDC and Chapter 4 for LSC82. The
fabricated cells were also supported on yttria-stabilized zirconia (YSZ) single crystal
substrates and employed as model thin film-based devices. Two different current collectors
were applied to the porous SDC electrode, consisting in either a layer of sputtered gold or
platinum. The variable current collecting layer was exclusively studied in the porous
electrode since more drastic differences were expected due to the open microstructure. The
resulting cells were characterized both in SOFC and SOEC modes in order to study the
suitability of employing the devices as RSOCs. Electrochemical operation over time was also
performed for the first cell, in order to study its resistance against degradation.

Section 5.4 deals with the studies made for the implementation of thin film materials in a
free-standing puSOFC membrane supported in silicon. These devices have promising
interest for the development of portable power systems for application in the consumer and
industrial electronics sectors'>'4. The characterization of two cells is presented, one based
on the application of LSC82 and porous SDC as the electrodes —following the selection of
materials utilized in section 5.3—. The second microcell presented LaosSro4CoOs (LSC64) as
the oxygen electrode and an additional Lao7sSr025CrosMnosOs (LSCrMn) layer between the
electrolyte and the porous SDC. The second architecture was selected with the expectation
to show enhanced cell performance as a result of the higher Sr doping'® in the cathode
material and improved electrical percolation in the anode side. Post-mortem analyses were
also carried out in order to shed light on the causes behind the performance observed and
the device limitations present. A discussion on the limitations experienced for the operation
of the TF-50Cs with special focus in the uSOFCs is given. A perspective on the future work
beyond the systems described is included in the end of the chapter. Given the variety of
devices studied in this chapter and in order to ease its reading, Figure 5-1 shows a schematic
of the different devices and architectures studied and specified by chapter section.
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Figure 5-1. Schematic of the different devices studied in the chapter specified for each section.
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5.2 Symmetric solid oxide fuel cells

This section deals with the investigation made for the use of LSCr thin films as symmetric
electrodes to be employed in SOFCs. With that aim, a symmetric cell was fabricated in a
single crystal electrolyte supported architecture and tested under different operational
conditions.

5.2.1 Thin film characterization and cell configuration

LSCr thin film electrodes were deposited by pulsed laser deposition (PLD) on top of YSZ
electrolyte substrates, following the procedure described in Chapter 2 for the fabrication of
dense thin films. Figure 5-2a shows the X-Ray Diffraction (XRD) measurement obtained for
the film. From the pattern it can be concluded that LSCr presents highly polycrystalline
structure. In particular, XRD reflections on the (100), (110), (111) and (211) crystallographic
orientations — considering a pseudo-cubic structure — can be observed. Despite LSCr-based
materials has been reported to present orthorhombic'® and rhombohedral'” structures, the
pseudo-cubic notation has been employed for simplicity reasons. This is due to the difficulty
of properly identifying these phases when the total amount of material is low (e.g. in the
case of thin films) and the structure allows lower levels of symmetry (i.e. cubic symmetry).
The inset shows the topography of the LSCr thin film obtained by Atomic Force Microscopy
(AFM). The microstructure observed is characterized by irregular grain morphology —
probably due to the polycrystalline structure— and low roughness (Rms= 0.3 nm). Figure 5-2b
shows the evolution of the area specific resistance (ASR) with temperature, measured both
under synthetic air and wet hydrogen atmospheres. It can be seen that LSCr presents lower
values of ASR (= 55 Q).cm? at 750 °C) in hydrogen atmosphere than in air (= 90 ).cm? at 750
°C). This is also the case for the activation energy, which shows lower values under
hydrogen (Ea=1.19 eV) with respect to the measurements in air (Ea =2.22 eV). This behavior
is similar to the observed in the chromite materials studied in Chapter 3, showing
comparable performance to the single phases studied and slightly worse than the optimized
nanocomposite. These results validate then the suitability of the LSCr thin film to be
employed as a model symmetric electrode in the device studied in this chapter.
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Figure 5-2. Characterization of the LSCr thin film studied as symmetric electrode in SOFCs: XRD
diffraction pattern with reference patterns of a cubic perovskite (Pm-3m #221, in black)'®, SDC
(Fm-3m #225, in green)”” and YSZ (Fm-3m #225, in purple)”, top-view AFM micrograph of the
film (inset) (a). Evolution of the ASR with temperature of the LSCr thin film both under air and H>
atmospheres.

The final device architecture is described in Table 5-1. In summary, both films were
deposited at each side of the YSZ substrate, with the corresponding CeosGdo20O2 (CGO)
buffer layers deposited to avoid undesired electrolyte-electrode secondary reactions. Gold
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paste was applied on top of the films as current collectors (CC) in order to facilitate current
percolation between the device and the electrical connections.

Table 5-1. Components of the symmetric SOFC measured.

Hydrogen Oxygen
cC Electrode Electrolyte Electrode cC
AUpaste La0.95r0.1Cr03 CGObuff /YSZ/CGObuff LaO.QSI'O.lCI'OS AUpaste

The symmetric thin film SOC was measured under fuel cell mode, with wet hydrogen in the
fuel chamber (= 3 % H20) and synthetic air in the oxygen chamber. The cell was measured
under two different gas configurations, by exchanging the hydrogen and oxygen chamber
in the inner and outer chambers of the ProboStat station, as schematized in Figure 5-3. The
two chamber conditions were defined as follows: configuration A corresponded to the
hydrogen chamber being the inner chamber of the station, while configuration B was set the
opposite. The chambers were purged with Ar before performing the exchange.

a) 0, b) H, H,O
LSCr LSCr

r CGObuff/YSZ/CGOuy 7 [ CGObUM/YSZ/CGOuws 7

| I

| LSCr o LSCr !

: H, H,O 1 O, |
|| [

I a | 4

Figure 5-3. Schematic of the two atmosphere conditions employed for the cycling experiment:
configuration A with H2/H:O in the inner chamber and O: in the outer chamber (a) and
configuration B with the opposite distribution of gases (b).

5.2.2 Electrochemical characterization

The symmetric SOFC was then subjected to a cycling operation process for a period of over
70 h. At each step of the experiment the cell was operated in galvanostatic conditions. I-V,
electrochemical impedance spectroscopy (EIS) and open circuit voltage (OCV)
measurements were performed between steps in order to study the electrochemical
evolution of the symmetric cell. A summary of the overall characterization conditions is
collected in Table 5-2.

Table 5-2. Description of the setup conditions employed in the cycling of the symmetric LSCr
SOFC.

Cycle Inner chamber Outer chamber Configuration =~ Temperature (°)
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1 Wet Hz Synthetic air A 650
1 Synthetic air Wet Ho B 650
2 Wet H Synthetic air A 650
2 Synthetic air Wet Hz B 650
3 Wet Hz Synthetic air A 650
3 Synthetic air Wet H B 650
4 Wet H> Synthetic air A 700
4 Synthetic air Wet Hz B 700
5 Wet Hz Synthetic air A 700
5 Synthetic air Wet H2 B 700
6 Wet Hz Synthetic air A 750
6 Synthetic air Wet Hz B 750
7 Wet Hz Synthetic air A 750
7 Synthetic air Wet H B 750
8 Wet Hz Synthetic air A 750

The overall electrochemical operation performed in the symmetric SOFC is represented in
Figure 5-4. In particular, measurements of the OCV analyzed at the start of each
galvanostatic step are collected in panel (a). It can be seen that the OCV recorded oscillated
in the 0.8-1.0 V range for most of the cases, and that a general trend towards lower OCV
values was observed for configuration B (points in red color). This can be attributed to the
presence of gas leaking between the chambers. This was generally controlled by adjusting
the flow at each chamber, which allowed to control the OCV value within a certain range.
Nevertheless, exchanging the chamber gases required the readjustment of the gas flows,
with the consequent differences in the OCV measurements performed. Panel (b) shows the
current density applied at each step of the experiment (absolute values have been
considered for simplicity of representation). In general, values between 0.4 mA/cm? and 4
mA/cm? could be applied for the experimental conditions set. It can be observed that in the
end of the first stage of the test (T = 650 °C), the current density had to be adjusted to lower
values in order to operate the cell within a reasonable voltage value. This was also the case
at the beginning of the operation at 700 °C. This could be attributed to two reasons: i) partial
degradation of the cell and ii) differences (in particular, lowering) of OCV values due to gas
leaks. Degradation could affect the LSCr thin films, most likely in the form of dopant
segregated species and microstructure and surface evolution, as observed in other chormite-
perovskites?2, Additionally, loss of current percolation caused by current collector
temperature evolution (dewetting)®?* is to be expected at these temperatures. Nonetheless,
the differences in the OCV at the beginning of the operation step seems to be the most likely
reason, as the decrease in the current density applied coincide with the observation of lower
values of OCV (£ 0.8 V).
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Figure 5-4. Electrochemical characterization of the reversible LSCr-based SOFC under constant
current and at different temperatures: OCV recorded right before each operation step (a), current
density fixed through the cell (b) and voltage measurement during operation (c). Values colored in
black correspond to configuration A, while red was assigned to measurements performed in
configuration B. The inset in panel (c) shows a zoomed-in over the first 10 h of measurement.

Finally, Figure 5-4c shows the evolution over time of the cell voltage at each operating step.
It should be pointed out that the measurements were paused if the voltage dropped below
0.4V, in order to preserve the integrity of the cell. In such cases, the measurement was either
restarted after checking the OCV, the applied current was readjusted to lower values or the
step was skipped to the next configuration. During the initial stages of the cycling test, it
can be seen that the performance drops progressively within 1-2 hours (see inset for a zoom
in the first 10 h of analysis), as highlighted by the decrease of the voltage value. Interestingly,
the voltage seems to stabilize during the third cycle with configuration B (10-20 h range),
and then subsequently for the rest of the cycles performed for similar periods of time (> 10
h). Additionally to the stabilization of the voltage observed during these stages of the
experiment, a generalized recovery on the performance is observed after each cycling
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process —i.e. operation under the two different chamber configurations. By comparing the
measurements performed for the same configuration, either A or B, between cycles in which
the same current density was applied, one can clearly observe that for the latter
measurement the voltage was recovered to higher values. This was observed throughout
the whole experiment. For instance, measurement steps 1B, 2A and 2B at 650 °C were
recorded by applying = 0.78 mA/cm? with similar initial OCV values and showed recovery
of the voltage after each of the measurements. This was also observed clearly in steps 4B
and 5B measured at 700 °C with the same current density, as with the previous example. In
this case, the voltage measured in the beginning of step 5B was larger than the observed in
the end of 4B, sign of performance recovery. Finally, measurements performed at 750 °C, in
particular 7A and 8A, show similar values of voltage after the voltage drop observed in step
7B. This suggests promising stability of the symmetric cell performance upon redox cycling.
For proper evaluation of this effect through the cycling experiment, j-V and EIS spectra were
recorded before and after each galvanostatic operation step.

Figure 5-5 shows the collection of j-V —panel (a)- and j-P —panel (b)— measurements recorded
throughout the redox cycling operation. Despite the measurements performed at 650 °C and
700 °C show high variability of the OCV values (as commented previously), performance
recovery can be observed similarly than for the cases previously discussed under
galvanostatic operation —e.g. comparing 1A: (end of step 1A) and 2Ao (start of step 2A). Most
interestingly, the measurements performed at 750 °C show much more stable OCV, only
oscillating within the 0.9-1 V range, which allows to perform a more reliable analysis of the
phenomena. In this stage, cell performance degradation is observed when comparing the
measurements before and after the galvanostatic steps, while performance recovery is
observed at the subsequent cycle, i.e. after operation under reverse atmosphere. In this
sense, it can be seen that the performance in cycle 6 is worse than at cycle 7 and 8. In fact,
the maximum power density peak (= 3.25 mW/cm?) is reached for step 7Ao, with steps 7Bo
and 8Ao almost as high in power (= 3.1 mW/cm?). These measurements confirm the recovery
on the electrochemical performance, i.e. power generation, as a result of the redox cycling
process.
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Figure 5-5. Electrochemical characterization of the symmetric LSCr cell under the two
configurations set: j-V at different temperatures (a-c) and corresponding j-P curves (d-f).

Figure 5-6 shows the Nyquist plots obtained by impedance spectroscopy analysis under
OCV conditions at the different temperatures set for the redox cycling experiment. In order
to facilitate the interpretation the presence of noisy points in the lower frequency regime
has been removed from some of the spectra. In general terms, it can be observed that

improvement in terms of ASR can be visualized when moving between cycles with the same
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configuration, similar to the enhancement observed in the previous analyses. Particularly,
in the case of the measurements performed at 650 °C —panel (a)-, a general trend towards
higher ASR is observed, with partial recovery of lower ASR values in between redox cycles.
For the measurements obtained at 700 °C —panel (b), redox cycles 4 and 5- an initial ASR
decreasing trend is observed , with step 4Bo presenting the lowest polarization resistance (=
200 Q.cm?). Then the ASR increases in steps 4B, 5A0 and 5A:. Interestingly, the ASR
decreases again for steps 5Boand 5B:.
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Figure 5-6. Nyquist plots obtained for configurations A and B before and after each operation step
and at different temperatures: 650 °C (a), 700 °C (b) and 750 °C (c). Note that the presence of noisy
points in the lower frequency range was removed in some of the plots of configuration A to ease
interpretation of the spectra. The insets show a zoomed-in region in the high frequency range for
each spectra.
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Despite partial enhancement is suggested by the changes in ASR described, it should be
pointed out that the differences in the ASR might also be partially attributed to changes in
the gas atmosphere ‘sensed’ by the electrodes, due to the presence of leakages. Hence, the
EIS spectra presented in Figure 5-6¢ is expected to offer a better representation of the
evolution observed on redox cycling, due to the more stable OCV registered in this sequence
of measurements. The spectra show an overall decreasing trend of the ASR with partial
increase before and after each galvanostatic step and subsequent lowering at each of the
steps and cycles performed. Interestingly, the lowest ASR observed in this sequence was
registered for step 8Ao, that is the final step of the cycling experiment.

5.2.3 Microstructural characterization after operation

Microstructural characterization of the symmetric SOFC cell was performed after the redox
cycling experiment by Scanning Electron Microscopy (SEM) microscopy, as depicted in
Figure 5-7Figure 5-7, for both the film exposed to the inner —panels (a-d)- and outer chamber
—panels (e-f)-. At first sight, it can be observed that the gold current collector presents severe
dewetting after the high temperature exposure during the electrochemical characterization.
While some areas remain interconnected, as in the case in Figure 5-7a, some others present
agglomeration of gold particles (Figure 5-7b). This might cause loss of active surface area
due to poor current percolation, leading to possible increase of the series and polarization
resistances as well as to drop of the OCV values. Additionally, it can be observed that the
surface of the film evolves considerably after the electrochemical characterization
performed. Portions of the electrode area keep a dense-like microstructure (central region
in Figure 5-7c), while others show increased roughness and even some open mesoporous
regions (Figure 5-7d). This evolution of the microstructure towards more surface-exposed
area might be responsible of the lowering observed in the ASR values in the final stages of
the redox cycling experiment. The electrode facing the inner chamber of the station show
similar microstructure evolution, with agglomerated gold particles and increased
roughness, as in Figure 5-7e. Most interestingly, the film microstructure presents faceted
nanoparticles dispersed on the surface. Taking into account that the outer chamber was
exposed to synthetic air by the end of the experiment, the presence of dopant segregated
species like strontium sulfates and carbonates might be responsible of the surface
evolution??2, In particular, segregation of SrSO4 species typically show faceted particles?®
like the ones observed in Figure 5-7f. Additional Cr-rich secondary phases might also be
present, due to the facile evaporation of Cr, forming oxides like Cr20s?. Moreover, Cr
interaction with Sr species could also result in the formation of SrCrOs¥ in the surface.
Nonetheless, further chemical and structural characterization analyses (e.g. X-Ray
Photoelectron Spectroscopy, Energy-dispersive X-ray Spectroscopy, XRD) would be
needed.
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Figure 5-7. SEM characterization performed after the measurement: film exposed to the inner
chamber (a-d) and film exposed to the outer chamber (e-f).

5.3 Single crystal supported thin film solid oxide cells

With the aim of studying the feasibility of employing thin film electrode materials in fully
functional SOCs, different cells have been fabricated and characterized. The electrode
materials selected for the device were porous SDC in the case of the hydrogen electrode and
LSC82 in the case of the oxygen electrode. Details on the properties of these materials can
be found in the Motivation section and in Chapters 3 and 4, respectively. The selected
electrodes consist in state-of-the-art materials with well-known electrochemical
performance. The goal defined was to integrate both films into an electrolyte supported cell
and to characterize them under SOFC and SOEC modes. These analyses would then be
extended to the integration in silicon technologies (cf. Section 5.4). Table 5-3 summarizes the
components of the two TF-SOCs characterized in this section. It can be observed that the
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two cells are almost identical in composition, with the exception of the current collector
employed in the hydrogen electrode side. In this case, either a sputtered layer of gold or
platinum were utilized. This was done in order to explore the effect on the current collector
employed in the hydrogen electrode side (CCry), as SDC is intrinsically a poor electronic
conductor and hence, the performance of the device might be severely affected by the
collection of current from this electrode. Gold paste was applied in the oxygen electrode
(CCo) in order to guarantee proper current collection and electrical contact. The resulting
devices were characterized both under fuel and electrolysis cell conditions in order to study
their suitability as reversible SOCs.

Table 5-3. Component description of the TF-SOCs fabricated and analyzed.

Hydrogen Oxygen

Sample CCry Flectrode Electrolyte Flectrode CCox
Cell #1 AUSput Porous SDC YSZ/CGObuff LSC82 AUpaste
Cell #2 Ptsput Porous SDC YSZ/CGObuff LSC82 ALIpaste

5.3.1 Characterization in fuel cell mode

SOFC measurements were performed for both cell #1 and cell #2. The fuel atmosphere set
was a mixture of 97% of Hz and 3% of steam water, while synthetic air was set as the cathode
atmosphere. Figure 5-8 summarizes the electrochemical characterization performed on the
cells studied. In particular, Figure 5-8a the current-voltage and current-power curves
measured at 500, 600, and 700 °C for cell #1. The three measurements performed present
OCV voltages in the 1.0-1.1 V range, an indicative of a good gas-tight sealing between the
anodic and cathodic chambers. A peak power density of = 15 mW/cm? was reached at 700
°C. Figure 5-8b shows the EIS spectra obtained for cell #1 at different temperatures and with
DC excitation both under OCV and with 0.6 V of bias. It can be clearly seen that the total
polarization is limited by two different contributions, differentiated by two arcs in the
Nyquist. These two contributions are comparable at higher temperatures and become more
easily differentiated when decreasing the temperature, with one of the arcs being the main
contribution to the ASR. A general lowering on the polarization resistance is observed for
the measurements under bias. The activity increase is more evident the lower the
temperature, with a total polarization of = 110 ).cm?under bias with respect to = 200 {).cm?
in OCV conditions, at 500 °C. In the case measured at 700 °C, the ASR values measured
under bias and in OCV were = 10.6 Q.cm?and = 12 Q).cm?, respectively. In the case of the Pt-
sputtered cell (cell #2, see Figure 5-8c), it also presented high values of OCV (>1.05 V in all
cases), suggesting a stable sealing. The maximum output power density generated for this
was over 30 mW/cm? at 700 °C, resulting in improved performance with respect to cell #1 —
i.e. the one with gold sputtering as current collector—. Interestingly, this was confirmed by
the EIS measurements presented in Figure 5-8d. A similar behavior than for cell #1 can be
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observed, with comparable resistance contributions at higher temperatures and one more
predominant arc at 500 °C. The lowest values of ASR were 4.1 Q.cm? and 6.4 Q.cm?,
measured under 0.6 V of bias and under OCV, at 700 °C. This is roughly a 2-2.5-fold factor
with respect to the ASR values obtained for cell #1, which coincides with the 2-fold factor
observed for the power density measured. It should be pointed out that the main
contribution in the Nyquist spectra experiencing the differences in the current collector layer
employed is the lower frequency arc. This suggests that both of the TF-SOFCs are limited
by the electrochemical activity of the anode. Most interestingly, the impedance spectra
allows to analyse the potential drop caused by the electrolyte resistance (i.e. the series
contribution in the Nyquist). In the case of cell #2, the series ASR at 700 °C has a value of
~4.4 Q).cm?, which for a work voltage of 0.6 V would translate into a potential drop of =0.21
V (considering a current density of = 48.4 mA/cm?). In the case of operation at 500 °C,
considering a series ASR of #70.6 ().cm? and current density of =4.68 mA/cm? at 0.6 V, the
potential drop increase up to 0.33 V in the electrolyte. These values highlight the necessity

of minimizing the electrolyte contribution for realistic operation beyond the model single
crystal-based devices shown in this section.
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Figure 5-8. Electrochemical characterization of the TF-SOCs in fuel mode: j-V/P and Nyquist plots
measured in OCV and under 0.6 V of bias for cell #1 (a-b) and cell #2 (c-d).

Given the motivation of studying the use of thin film SOC materials in microelectronics
reversible applications (e.g. powering IoT nodes), it would be interesting to discuss the
window of operation that these cells could present. In this sense, assuming ideal behavior
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for reactants and products of the electrochemical reaction, hydrogen consumption rates can
be estimated taking into account the hydrogen semireaction and the current measured (see
equations (1-1) and (1-5) in Chapter 1). For instance, a hypothetical device that requires an
energy consumption of 8.33 uWh (i.e. 10 mW for a period of 3 s every hour) could only be
powered by the cells studied under certain conditions. Cell #1 could only power it when
operated at 700 °C, as the total peak power would barely reach the 10 mW. In the case of cell
#2, it could power the device both at 600 °C and 700 °C. Assuming operation at 700 °C for
cell #2 with a total power of 10 mW, the supplied current density is # 17 mA/cm?, which
translates into a hydrogen consumption of #75 uL/min. Then, considering a hypothetical
device volume of 1 cm?, this consumption rate would translate in a continuous operation
time of = 13 min, or taking into account the actual operation of 3 s every hour, a total
operation time of = 260 h.

5.3.2 Characterization in electrolysis mode

The two reversible SOCs fabricated were characterized in electrolysis mode under the same
range of temperatures with a mixed atmosphere of 50% H20O:H: in the hydrogen chamber
and synthetic air in the oxygen chamber. Figure 5-9 shows the overall electrochemical
characterization performed on both cells. In the case of cell #1, the j-V curves (Figure 5-9a)
showed progressive improvement on the performance when increasing the temperature.
Differences in the OCV were also observed, presenting higher OCV values the higher the
temperature, in the range of 0.72-0.94 V for this particular cell. This behavior goes in the
opposite direction of what is expected from the theoretical point of view —lower OCVs for
higher temperatures, taking into account Nernst equation (equation (1-4) in Chapter 1)-and
is ascribed to the presence of small leakages in the cell. Current densities of the order of tens
of mA/cm? were obtained for the production of Hz. Additionally, slight deviations in the
linearity of the curves is observed. Figure 5-9b shows the impedance spectra measured at
each temperature under OCV conditions and under a DC bias of 1.2 V. Two clear
contributions can be differentiated in the Nyquist plots irrespectively of the set temperature
nor the DC bias applied, similar to the observations made in SOFC mode. At 700 °C the total
ASR measured was = 14 Q.cm? and = 17 Q.cm? with 1.2 V of bias and under OCV,
respectively. Figure 5-9¢ shows the j-V curve obtained for cell #2, with differences in OCV
also observed. In this case, the values obtained ranged from 0.84-1.02 V, showing a
decreasing trend in OCV as the temperature increased. The current density measured varied
in the order of up to 60 mA/cm? at 700 °C. Figure 5-9d shows the EIS spectra measured at
500-600 °C. Two main arc contributions can be distinguished in the Nyquist, similar to the
observations made for cell #1 but with lower values of ASR. It should be pointed out that
the cells present slightly worse performance —in terms of ASR and density current- in
electrolysis mode than the observed in fuel cell mode. This is coherent with what has been
observed in reversible cells employing mixed ionic electronic conducting (MIEC) electrodes
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like LaosSrosCoo2FeosOs (LSCF)?, where the materials performance in fuel cell mode is
generally higher than in electrolysis operation.
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Figure 5-9. Electrochemical characterization in SOEC mode: j-V/P and Nyquist plots measured in
OCV and under 1.62V of bias for cell #1 (a-b) and cell #2 (c-d).

The current density obtained for each of the cells under an operation voltage of 1.3 V (typical
operational point for SOEC devices) is represented in Figure 5-10. It can be clearly seen that
maximum current density is achieved for cell #2 with almost a 3-fold factor with respect to
cell #1. This highlights the importance of achieving proper current collection when
employing porous ceria electrodes. Similar to the analysis made for SOFC operation, it
would be interesting to calculate an estimation on the hydrogen production rates that could
be achieved with these cells. In the case of cell #2, if we assume a final hypothetical hydrogen
storage volume of 1 cm® for a portable device and an operation voltage of 1.3 V, the
measured current density values would yield a maximum hydrogen evolution rate of
approximately 145 puL/min at 700 °C, resulting in = 7 minutes to reach a full capacity of
hydrogen. Similarly, for the characterization performed at 600 °C the hydrogen production

would be = 62 uL/min (16 minutes for full capacity), while at 500 °C a flow of = 8.6 uL/min
would result in 76 minutes for full hydrogen storage.
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Figure 5-10. Current density obtained at 1.3 V of operation for the two TF-SOECs fabricated.

Figure 5-11 shows the results obtained for the electrochemical characterization of cell #1
when operated for a time period of = 65 hours. Particularly, Figure 5-11a shows the evolution
of the cell voltage while the cell is operated in galvanostatic mode. Three main steps can be
distinguished: step #1 under operation of 10.9 mA/cm? step #2 under operation of 3.1
mA/cm? and step #3, under operation at 3.9 mA/cm?. It can be clearly seen that the cell shows
fast degradation in step #1, while for the rest the degradation is not so evident. In the case
of step #2, progressive increase in voltage for the first 10 hours of the step can be observed,
while continuous decrease is visualized right after. In the case of step #3, the cell keeps the
voltage values for a certain period of = 10 h, while right after the voltage decreases until
reaching a plateau close to 0.95 V. Figure 5-11b shows the j-V curves obtained at different
stages of the degradation test. The j-V measurement performed right before starting the
galvanostatic operation showed an OCV of = 1.0 V and current densities up to 30 mA/cm?
at 1.6 V, similar to the observations made in Figure 5-9a. For the j-V measurement carried
out between step #1 and #2 (= 5.8 h of analysis), the performance of the cell decreases,
showing values of 0.5V of OCV and current below 10 mA/cm?. Recovery of the cell in terms
of OCV was seen for the j-V measured between steps #2 and #3 (= 24.7 h), with a value of
0.72 V. This improvement was not followed by an increase on the current density generated
through hydrogen evolution, suggesting worsened electrochemical behavior. By the end of
the experiment (= 64 h), the cell shows the lowest OCV registered, i.e. 0.27 V, although the
current density generated seems to have been partially recovered, measuring up to 15
mA/cm?. These differences could be attributed mostly to the large variability in the OCV
values measured along the experiments (i.e. in the 0.27-1.0 V range).
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Figure 5-11. Degradation measurement in SOEC mode for cell #1: Measurement of the voltage

during SOEC degradation in galvanostatic conditions (a), j-V curves obtained measured at
different times during the test (b), impedance spectroscopy arcs obtained before and after the

degradation test (c).
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Figure 5-11c additionally shows the Nyquist plots obtained by impedance spectroscopy
before and after the degradation analysis. It should be pointed out that the Nyquist plots
corresponding to the stage before the degradation test coincide with the spectra reported in
Figure 5-9b and are repeatedly represented for comparison purposes with the results
obtained after the degradation test. It can be seen that the ASR increases substantially after
the experiment performed. Specifically, the ASR measured under 1.2 V of DC bias is = 60
Q.cm? while under OCV conditions the ASR shows a much higher value of = 170 Q.cm?.
Such large difference in the ASR values before and after the degradation test, and also for
the measurements under OCV and under bias can be explained by the behavior observed
in the j-V curve. The shape of the j-V curve by the end of the measurement points to unstable
electrochemical behavior due to the low OCV registered —i.e. gas leakage in the cell
chambers— and high cell resistance. This is observed through the large variation in voltage
needed in order to increase the current density. There are works that have shown faster
degradation of reversible SOCs in electrolysis mode than in fuel cell operation*?**, which
might explain the rapid change in the j-V curves and the large increase in the ASR. Some of
the mechanisms suggested for the rapid degradation in electrolysis mode are faster SrZrOs
formation at the electrolyte/electrode interface and accelerated Sr segregation phenomena
due to depletion of oxygen vacancies as reported in Ref.3’ In this work, the authors present
simulated data on the evolution of the concentration of incorporated oxygen in LSCF,
showing an increase on the oxygen content under electrolysis conditions. They relate the
increase in the oxygen content as a possible driving force for the precipitation of SrO
towards the surface. In addition to that, they propose a mechanism in which SrO interacts
with steam forming Sr(OH): in gas form, which then can be transferred to the electrolyte
interface through the gas carrier, leading to the formation of the strontium zirconate species.
Nonetheless, SrZrOs formation is unlikely to happen in the device under study in this
chapter, given the dense nature of the oxygen electrode. A systematic study on the
degradation of dense thin film SOECs would be of potential interest in order to shed light

on the different degradation mechanisms that these materials can experience.

5.4 Integration of thin film solid oxide fuel cells in silicon supported devices:
micro solid oxide fuel cells

USOFCs have been fabricated in order to study them as suitable power devices in systems
in combination with microelectronics technologies. As it has been discussed in the previous
section, the need of reducing the electrolyte contribution to the overall ASR is critical for
reducing overpotential losses. Reducing the electrolyte thickness and integrate the cell in a
microdevice is a promising strategy for achieving this goal. Additionally, integrating the
ceramic cells with silicon technologies makes the final device more feasible to realistic
scenarios of application in this sector.
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5.4.1 Cell architecture and device setup

The uSOFCs were fabricated by combining the deposition of thin film oxide layers by PLD
with microfabrication processing techniques employed for the release of the ceramic
membranes, as described in Chapter 2. Two different microcells were successfully fabricated
and electrochemically characterized as part of the work presented in this thesis. Details on
the cells fabricated and characterized can be found in Table 5-4. uSOFC #1 was fabricated
by employing LSC82 as the oxygen electrode and porous SDC as the hydrogen electrode,
similar to the material architecture employed in the TF-SOFCs characterized in section 5.3.
Additionally, uSOFC #2 was fabricated with LSC64 as the oxygen electrode, while the
hydrogen electrode was fabricated by depositing a heterostructure of a dense film of
LSCrMn and a porous SDC layer, like the one studied in Chapter 3. Both cells presented a
dense thin film YSZ electrolyte layer fabricated according to the procedure described in
Chapter 2 for the deposition of large area thin films and based in previous experience from
the group®-4.

Table 5-4. Description of the components of the uSOFCs characterized.

Hydrogen Oxygen

Sample CC Flectrode Electrolyte Electrode CC
HSOFC #1 Ptsput Porous SDC YSZ/CGObuff LSC82 Ptsput
uSOFC #2 Ptsput LSCrMn + porous SDC  YSZ/CGOhut LSC64 Ptsput
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Figure 5-12 shows SEM cross-section microstructures for both uSOFC #1 —panel (a)- and #2
—panel (b)-, with the different layers present indicated in each case. The micrographs were
obtained after the electrochemical characterization was performed.

LSCrMn

SDC

Figure 5-12. SEM cross-section micrographs showing all the functional layers of uSOFC #1 (a) and
#2 (b).

Columnar growth of a dense YSZ electrolyte with = 200 nm in thickness can be observed in
both cases. The oxygen electrode (either LSC82 or LSC64) was about = 100 nm thick while
the LSCrMn hydrogen electrode layer in uSOFC #2 was = 150 nm thick. The porous SDC
layer was = 800 nm thick in pSOFC #1 and = 1.3 um in pSOFC #2. Platinum layers were
deposited by a sputtering process as current collectors on top of the electrode materials for
both microcells. It can be seen that the layers fully cover the dense LSC-based electrodes as
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well as the porous SDC layer in uSOFC #1, whereas for uSOFC #2 the platinum does not
cover the film homogeneously (cf. later discussion in section 5.4.3).

5.4.2 Electrochemical characterization

Figure 5-13 shows the results obtained for the electrochemical characterization of puSOFCs
#1 —panels (a-b)- and #2 —panels (c-d)- under wet hydrogen gas (3 % H20 in Hz) in the fuel
chamber and synthetic air in the oxygen chamber. In the case of uSOFC #1, Figure 5-13a
shows the j-V and j-P plots obtained at 640 °C. The OCV was 0.75 V, a relatively low value
most likely indicative of the presence of gas leakages in the system. The current densities
measured were up to 30 mA/cm? considering the dimensions of the membrane (400x400
um?). The resulting power density extracted was = 14 mW/cm? at the maximum value
measured. This value is lower than in other works reported by the group®?*, although
comparable performance could be expected with respect to Ref.®® taking into account the
temperature factor (much lower in the case presented here) and the differences in the
oxygen electrode employed —i.e. LSC64 in contrast to the LSC82 electrode employed in this
work. In any case, the performance is also lower when compared to literature values like
the studies from Evans® or Baek® et al, which show higher power densities at temperatures
below 500 °C. Figure 5-13b shows the evolution of the OCV with time measured right after
the j-V curve characterization. It can be seen that the values recorded were quite unstable.
The oscillations and step-like variations observed in the voltage values correspond to
changes in the gas flow of the fuel and oxidizing chambers, carried out with the aim of
adjusting the OCV towards higher values. The instability of the electrochemical activity of
the cell did not allow to perform further characterization on this uSOFC. Regarding uSOFC
#2, the current and power densities obtained (see Figure 5-13c) were much lower than the
values expected —i.e. values up to 0.3 mA/cm? and 0.16 mW/cm?, respectively—. These values
are at least two orders of magnitude less with respect to the results obtained for uSOC #1
and even lower than from the literature values discussed before®-%. Such low performance
was unexpected since uSOFC #2 employs LSC64 instead of LSC82 as the oxygen electrode,
which is expected to show better performance due to the increased amount of dopant in the
phase?. The limited electrochemical activity observed for the microcell was then attributed
to poor current percolation. A possible reason might be the degradation of the platinum
used for collecting the current in the electrodes. This is further discussed in the next session,
focused in the post-mortem characterization carried out on the cells. It can also be observed
that, despite the low performance observed in terms of current and power densities, the
OCV value recorded for pSOFC #2 was =~ 1V, indicating higher stability in terms of gas
leakages. This is further observed in Figure 5-13d, which shows the evolution of the OCV
recorded for a period of 50 min. In the plot, a much more stable OCV signal close to 1V is
observed, with some spikes towards higher values. The OCV the progressively decreased
to=0.95V by the end of the measurement. Due to the low performance observed for uSOFC
#2 no further electrochemical characterization was performed on this cell.
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Figure 5-13. Electrochemical characterization of the uSOFCs characterized: j-V/P plots and
measurement of the OCV evolution with time after the measurement for uSOFC #1 (a-b) and
uSOFC #2 (c-d), respectively.

5.4.3 Post-mortem structural characterization

In order to make a proper evaluation on the behavior observed during the electrochemical
analysis of uSOFC #1 and #2, post-mortem observations and structural characterization
were performed on the devices. Figure 5-14 collects part of the analysis performed on
uSOFC #1. In particular, Figure 5-14a-b show photographs of the setup before the
measurement and right after the cell was set back to room temperature, respectively. The
top side of the chip (oxygen electrode side) can be visualized from the central hole of the
ceramic spring holder piece. Evolution of the surface morphology of the chip is confirmed
by visual observation when compared to the as deposited cell, characterized by a
homogeneous and reflective surface. This evolution is more evident in Figure 5-14c-d, which
show optical micrographs of the top side of the sample before and after operation. From
these micrographs itis clear that the surface morphology of the sample evolves considerably
after the electrochemical characterization performed at high temperature. The conductivity
of the chip surface after the measurement was checked with a multimeter, observing a large
increase in the resistance of the current collector.
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Figure 5-14. Post-mortem characterization of uSOFC #1. Pictures of the setup before (inset) and
after the electrochemical characterization (a-b). Optical micrograph of the oxygen electrode side of
the chip (c-d). SEM micrographs at different magnifications of the oxygen electrode side (e-f).

Additional information can be found in Figure 5-14e-f, which show two SEM micrographs
obtained at different magnifications of this region of the sample. In panel (e) partial
delamination of the platinum layer can be visualized, probably generated by the mechanical
stresses induced during sample removal. Zoomed-in regions of the platinum layer are
represented in Figure 5-14f-g. Evolution of the platinum can be observed, with clear signs
of dewetting, resulting in loss of layer homogeneity. Moreover, a micrograph of the central
region of panel (e) —i.e. the delaminated surface- is shown in panel (h). In here, signs of
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dewetting can also be observed in the platinum layer, shown by the appearance bubble-like
features and spherical open spaces. The morphology evolution of the surface is then
attributed to the degradation of the platinum layer employed for collecting the current
through the dewetting process. Most interestingly, the ceramic membrane —i.e. the
functional uSOFC component— was seemingly intact after the experiment, proving that the
mechanical stability of the membrane was not a limiting factor in the performance and
lifetime of this sample.

Figure 5-15Figure 5-15a-f shows several SEM micrographs obtained at different
magnifications and in different regions of the backside (hydrogen electrode side) of the
USOEFC. From the micrographs it can be clearly observed that the platinum layer evolves
after the experiment performed. While the membrane side —central square-like region in
panel (a)- seems to preserve the interconnection along the platinum layer despite the
microstructure evolution, the platinum in the walls seem to show higher degree of
dewetting resulting the observation of more open space areas —panels (c-f)—. This is probably
caused by the deposition of a thinner layer of metal during the sputtering process, due to
the vertical geometry of the wall. Some cracks are also observed in the membrane region,
possibly causing current percolation losses. Nevertheless, these cracks might have also
appeared during the mechanical extraction of the cell from the ProboStat station, so the
correlation with the low performance is not straightforward. Moreover, some regions seem
to lack the presence of the platinum layer —panel (c)-, with isolated porous SDC areas
exposed. Most interestingly, the notch between the membrane and the silicon chip backbone
was analyzed —panels (d-f)—. It can be seen that the notch does not show full coverage of
neither SDC nor platinum. Although some presence of platinum interconnections can be
observed in localized positions, the overall spatial separation observed might cause the loss
of a significant contribution of electrical current resulting from the hydrogen oxidation
reaction, hence deriving in the low performance observed. These observations highlight the
need of employing specialized current collectors that withstand the experimental conditions
set for the operation of uSOFCs.
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Figure 5-15. Post-mortem characterization of uSOFC #1: SEM micrographs at different
magnifications of the hydrogen electrode side of the free-standing membrane (a-f).

Regarding uSOFC #2, Figure 5-16 shows the post-mortem characterization performed on
the cell. Panel (a) shows the uSOFC setup before and after the characterization of the cell.
The ceramic paste was applied until obtaining a smooth layer that may lead to a sealing free
from imperfections during the curing process. No major cracks or fractures of the sealant
were observed after coverage of the silicon-supported uSOFC sample. Platinum paste was
brushed in the surroundings of the membrane in order to facilitate lateral current
percolation. This was done to minimize the detrimental effects caused by dewetting
processes like the ones observed in uSOFC #1. It can be clearly seen that the membrane
withstood the thermomechanical stresses —panels (b-c)—- derived from the operation at high
temperature and the exposure in fuel cell atmospheres —i.e. the presence of hydrogen and
oxygen in both the anode and cathode chambers, respectively—. Furthermore, there seems
to be some evolution in the surface layer morphology, probably caused by dewetting of the
platinum current collector, similar to the case with uSOFC #1. This is further analyzed in
Figure 5-16d-f, in which cross-section SEM micrographs corresponding to different regions
of the uSOFC tested are depicted. In Figure 5-16d a region of the membrane cross-section
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close to the notch with the silicon wall is observed. The micrograph shows the presence of
the different layers, as described in Table 5-4, and their morphology in this area —please note
that a high magnification micrograph taken in this region was employed to describe the cell
architecture in Figure 5-12. It is of particular interest the discontinuity observed in LSCrMn
-highlighted with the dotted rectangle. The absence of this layer in the junction with the
silicon wall might cause the loss of current percolation, which was one of the limitations
that were expected to be solved with the addition of LSCrMn. Interestingly, a seemingly
continuous platinum layer on top of the LSC64 is observed, though the visible roughness in
panel (f) may indicate the appearance of the dewetting process previously discussed. In the
side containing the porous SDC electrode, the platinum initially deposited on top of it
presents a spherical microstructure, observed as a scattered distribution of Pt particles along
the surface, as shown in Figure 5-16e and in the dotted area in Figure 5-16f.
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Figure 5-16. Post-mortem structural characterization of uSOFC #2. Picture of the cell setup after
the measurement (a). Optical micrographs of the oxygen electrode side of the chip (b-c). SEM cross-
section micrographs with focus on the hydrogen electrode side (d-f).
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This resulted in the complete loss of percolation in the electrode (i.e. absence of any
interconnection between the platinum particles), which might raise from the fact that the
deposition of the platinum layer might not had been thick enough in the first place due to
experimental limitations, or that the platinum layer suffered from dewetting. Given the
differences observed with respect to uSOFC #1, which showed enough coverage of platinum
in the hydrogen electrode site, a combination of both effects is more likely. It should be
noted that the porosity of the SDC implies that the platinum deposited on top presents
higher roughness and surface energy, potentially being easier to degrade than the planar
counterpart on the cathode side. The need of reaching a critical thickness of platinum that
results in proper current percolation has been proven to be a determining factor in the
performance of the uSOFCs fabricated in this thesis. This is likely to be the main reason
responsible of the poor performance observed for uSOFC #2.

5.5 Remarks on the experimental limitations for the operation of thin film-
based solid oxide cells

The findings described in this chapter are the result of dedicated efforts for exploring
different thin film based SOCs. Several architectures were employed —i.e. electrolyte
supported cells (symmetric and asymmetric) and free-standing pSOFC membranes—. For
this reason several experimental setups needed to be tested in order to properly characterize
the cells under operation conditions. This resulted in performing a set of trials that allowed
to identify some of the most important limitations for operating TF-SOCs and specifically,
USOFCs. With regard to single crystal electrolyte-supported devices, the major limiting
factor observed has been the instability of the OCV, likely caused by the presence of partial
leakages, as commented in sections 5.2 and 5.3. Despite this limitation, in general terms the
TF-SOCs studied in this thesis have presented far less difficulties for their electrochemical
characterization than for the case of uSOFCs.

Figure 5-17 depicts an overview of uSOFC assemblies other than uSOFCs #1 and #2
discussed in the previous section, that resulted in unsuccessful electrochemical
characterization tests. An example of the application of the sealant and the setup for the
electrochemical characterization of a uSOFC is presented in Figure 5-17a. The setup
included the incorporation of gold paste and a platinum grid in order to facilitate the
collection of current, as well as some alumina felt to alleviate possible mechanical stresses
affecting the stability of the silicon substrate. Despite this, the appearance of imperfections
and cracks in both the ceramic sealant and on the silicon substrate was observed
(highlighted by dotted circles in the picture and optical micrographs). Other tests involved
changing the ceramic sealant formulation to a different one based on zirconia (see specifics
in Chapter 2) characterized by less viscosity and a curing process carried out at higher
temperatures than for the previous alumina based formulation. Examples of the application
of this sealant are found in Figure 5-17b-c (in addition to the case of uSOFC #2). Although
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this sealant seemed to ease the application of a smoother layer, the appearance of cracks in
the sealant —panel (b)- and in the silicon substrate was observed after placing the cell at the
temperature of operation, even leading to membrane breaking —panel (c)-.

before
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5

Figure 5-17. Examples of different unsuccessful trials for characterizing uSOFCs under operation
conditions.
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Possible causes for the formation of these cracks might be in the application of an
inhomogeneous layer of sealant, although this does not seem to be the case for the latter
examples exposed. Most likely, the cracks might appear due to the mismatch in the
coefficient of thermal expansion between the ceramic layers and the silicon chip¥-%.
Additionally, sudden changes in temperature due to the appearance of hot spots due to
partial combustion coming from leakages in the system might favor the appearance of these
cracks, as observed in Figure 5-17c. In order to minimize these effects, a variation of the
design of the alumina sample holder was performed, as described in Chapter 2. The new
design on the holder was expected to ease the application of the sealant, as well as to
facilitate setting up the electrical contacts for to the cell. No practical difference was
observed when trying to set up new uSOFC samples with the new design though.

In summary, during the process of the work presented in this chapter several approaches
were followed in order to set up and characterize the electrochemical performance of
HUSOFCs. Major limitations were met when trying to translate conventional methodologies
established in the functional ceramics field into single crystal and more specifically silicon-
based technologies. The limitations discussed could be reduced to a single issue, i.e.
integration of both metallic and ceramic components in a single device with application at
relatively high temperatures. This lead to the observation of two main experimental
inconveniences when trying to measure the devices under operation conditions:

— Differences in the thermal expansion coefficient between the silicon substrate and
the ceramic sealant lead to the formation of cracks in the ceramic and metallic phases
ultimately provoking sample fracture.

— Microstructure evolution of the metallic phases (sputtered platinum) employed as
current collectors as a consequence of the exposure to high temperatures
(dewetting) resulted in the loss of current percolation in the device.

These phenomena translated into the electrochemical characterization measurements in the
form of OCV instabilities and poor current collection, critically hindering the performance
of the uSOFCs.
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5.6 Conclusions

This chapter has focused on the study of thin film based SOC systems and their
characterization in full device under different cell architectures. In the first part of the
chapter, the characterization of a symmetric cell based on thin film LSCr electrodes and its
evolution upon redox cycling is reported. The cell was tested in the 650-750 °C range with
several cycles performed at each temperature, for which the atmosphere gases set in the
chambers were reversed. The results showed promising self-healing behavior, observing
performance recovery after carrying out the exchange. This was less evident in the first part
of the analysis due to OCV instability, but it was clearly observed in the last cycles
performed at 750 °C. Microstructure characterization after the analysis showed evolution of
the surface and current collector degradation.

The second part of the chapter presents the electrochemical characterization of prototypical
reversible thin film SOCs, operated both under SOFC and SOEC modes. Two cells were
fabricated, with porous SDC as the hydrogen electrode and dense LSC82 as the oxygen
electrode. Additionally, gold (cell #1) and platinum (cell #2) sputtered layers were applied
to the hydrogen electrode in order to analyze the differences in cell performance stemming
from the current collector employed in the porous layer. The results obtained showed higher
performance for the TF-SOC presenting the platinum layer. Specifically, up to = 3- and 2-
fold enhancement factors were observed for the current density measured in SOFC and
SOEC modes, respectively. Degradation measurements carried out in SOEC mode for cell
#1 during = 60 hours showed cell degradation manifested as decrease in the OCV values,
increase of the slope in the j-V curve and increase of the ASR measured under both OCV
and 1.2 V DC bias. Likely events for the degradation observed are the appearance of cell
leakages due to sample and sealing cracking, loss of current collection due to dewetting of
the metallic phases and electrode material degradation. Further microstructural and
chemical characterization would be needed to confirm these causes.

The third section of this chapter has focused on the integration of all-ceramic thin film
electrodes in uSOFCs based on fabrication of free-standing membranes supported in silicon.
HUSOFCs were successfully fabricated and their performance was characterized following
similar approaches than for the previous TF-SOCs. Two cells were analyzed with slight
variation in the electrodes employed. uSOFC #1 employed the same materials and current
collectors than those employed in the electrolyte supported cell #2. uSOFC #2 was fabricated
with LSC64 and a dense LSCrMn layer deposited between the electrolyte and porous SDC.
The power density obtained was lower than the initial expectations, with a maximum of =14
mW/cm? for uSOFC #1 and ~0.17 mW/cm? for uSOFC #2. Post-mortem characterization
analyses carried out in the uSOFCs after operation showed current percolation loss due to
platinum dewetting. This was the most likely cause of the low performance observed,
particularly severe for the case of uSOFC #2. Additional limitations in the form of layer
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discontinuities between the membrane and the silicon wall notch were observed for the
LSCrMn and platinum layers. This might have presented an additional contribution to the
loss of current extracted from the electrochemical reaction. A detailed discussion on the
challenges and limitations experienced when operated thin film-based SOCs with especial
focus on uSOFCs is given in the end of the chapter.
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5.7 Future work

The work developed in this chapter has presented promising concepts for SOC devices
integrating thin film electrode materials in different cell architectures and systems. Relevant
properties for performance recovery were found in symmetric cells after exchanging the
chamber atmosphere. Reversible thin film-based electrolyte-supported SOCs were
characterized in SOFC/SOEC modes and proof-of-concept uSOFCs supported in silicon
were tested. Despite the promising features and properties experienced in this work, several
limitations hindered the measurements carried out and the performance of the cells, as
commented in section 5.5 and throughout the chapter. In addition to that, there is also room
for device improvement and optimization based on the materials studied in this thesis.

In first place, reliable electrochemical setups for the characterization of fully assembled cells
based on single crystal electrolyte- and silicon-supported architectures need to be further
explored. This includes the optimization of the current collector and interconnects in order
to prevent current loses and to guarantee the full characterization of the electrochemical
activity of the materials employed. Another critical aspect to optimize would be the sealing
procedure. Integration of single crystals (either YSZ or Si-based) with established ceramic
setups based on alumina holders has proven to be difficult to reach, especially under the
experimental conditions employed. For that reason, dedicated efforts to setup optimization
with particular focus on cell assembly and sealing compatibility is a must for characterizing
thin film SOCs. Some possibilities could involve the use of custom made sample holders
that reduce the number of junctions to be sealed and alleviate the effect of mechanical
stresses during sealant curing. Changing the sealant nature to glass-like formulation with
higher curing temperatures (closer to the operational temperature) and higher robustness
against gas leakage would be also advantageous.

Regarding materials optimization for the cell applications discussed in this chapter, several
of the materials studied throughout this thesis have shown promising electrochemical
properties. In particular, the LSCrMn-SDC dense nanocomposite reported in Chapter 3
showed enhanced electrochemical activity for symmetric applications —i.e. under both air
and hydrogen atmospheres—. Because of this and its stability against degradation it would
be an interesting choice for studying its behavior on redox cycling processing. With respect
to the asymmetric full cell measurements performed, the NiCGO hydrogen electrode films
investigated in Chapter 3 showed improved electrochemical activity while keeping a dense
microstructure, which would be of potential interest for the devices studied. Additionally,
part of the oxygen electrodes investigated in Chapter 4 showed high electrochemical activity
and promising thermal stability. Combination of these materials could potentially result in
highly performing thin film SOCs with large stability over time.
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6. Conclusions

This thesis has been devoted to the investigation of novel electrode materials based on thin
film approaches and their suitability to be implemented in solid oxide cells (SOCs). Three
main research areas have been explored with this purpose: i) the development of
nanostructured materials with application as fuel and symmetric electrodes, ii) the use of
combinatorial methods for studying the functional properties of a materials library for
oxygen electrode application and iii) integration of thin film electrodes in different model
device architectures. A more detailed description of the main findings obtained throughout
this thesis is given below.

e Fabrication of nanostructured doped-ceria and lanthanum chromite-manganite-
based thin film materials for application as fuel and symmetric electrodes in
SOCs (Chapter 3):

o Low metal-containing Ni-Ceo9sGdo102 (NiCGO) cermet nanocomposites with
tailored microstructures were studied as a potential electrode material for
hydrogen oxidation. The microstructure of the films was varied tuning
pulsed laser deposition (PLD) parameters for the fabrication of films with
increased level of porosity. The best performing NiCGO electrode was
deposited at 500 °C and 200 mTorr of oxygen partial pressure. The film
presented a microstructure characterized by crystallites in the range of 25-40
nm in size and mesoporous-like surface microstructure. The increase in the
surface area along with microstructure stability were attributed to be the
main reasons behind the enhanced performance. The rest of the films studied
presented either dense or highly porous microstructure, resulting in less
surface area and mechanical instability, respectively, hindering the overall
electrochemical activity.

o Dense LSCrMn-SDC heterostructures in the form of a bilayer and an
intermixed nanocomposite were investigated as all-ceramic fuel electrode
materials. The results obtained showed improvement of the performance for
both heterostructures, in terms of electrochemical activity and in-plane
conductivity with respect to the individual materials. Remarkable
performance was also obtained for the LSCrMn-SDC intermixed
nanocomposite also under oxidizing conditions and for a testing period of
over 400 hours, unveiling its suitability to be employed in symmetric
electrode applications. This was attributed to a synergistic effect caused by
the presence of both SDC and LSCrMn along the film and exposed to the
surface. The two distinguished phases were confirmed by HRTEM-ASTAR
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analysis while elemental characterization by EDX showed highly cationic
intermixing throughout the film.

Further studies of the LSCrMn-SDC heterostructures were carried out in
order to optimize the layer microstructure. PLD parameters were tuned with
the aim of maximizing the surface exposed area of the deposited
heterostructures, resulting in different films with variable roughness and
porosity. The obtained heterostructured materials showed varied
electrochemical performance either comparable or higher than the dense film
counterparts, depending on the case. The observed higher performance was
attributed to the increase of the open-volume porosity of the films, while the
rest of cases were confirmed to present evolution of the surface
microstructure after the electrochemical characterization. The best
performing material consisted in a dense LSCrMn thin film with a top layer
of porous SDC.

Full characterization of the LSMCF perovskite library for oxygen electrode
application by means of high throughput methodologies and study of the
behavior on thermal degradation (Chapter 4):

o The LSMCF perovskite library was successfully fabricated by means of

combinatorial PLD. High throughput methodologies were employed for the
characterization of the library elemental distribution, the crystallographic
and structural properties, the oxygen mass-transport kinetics and the
electrochemical activity under oxidizing conditions. The results obtained
confirmed the elemental distribution and perovskite phase of the material
library. Additionally, the functional characterization performed unveiled the
promising properties in terms of oxygen kinetics of the thin film LSMCF
library, particularly for increased Fe- and Co- rich regions. The experiments
performed also allowed to extract the activation energy, pre-exponential
factor and area specific resistance (ASR) of a large set of LSMCF compounds.
A particularly promising low activation energy was observed in several of
the intermixed compounds studied.

The evolution of the electrochemical performance on thermal degradation
was investigated for the parent materials and two representative LSMCF
compounds for a period of 100 h. While the single materials showed the
largest degradation rates —i.e. highest for LSC and less pronounced for LSF
and LSM, respectively—, the slowest degradation rates were found for the co-
doped LSMCF with high Fe-content while the more intermixed LSMCF
sample even showed enhancement over the degradation experiment.



o A series of LSMCF compounds were selected for performing a systematic
degradation analysis representative of the LSMCEF library. Pristine and
annealed LSMCF samples were characterized and compared to the parent
materials with focus on dopant segregation and evolution of the surface and
subsurface regions. The results unveiled the promising performance of the
highly co-doped LSMCF cathode materials with respect to the parent
materials. Particularly, LSMCF compounds showed apparent stabilization
on segregation with low evolution after performing the thermal treatment.
The observations made were evident when compared to single LSC and LSF,
which showed drastic evolution of the surface, with appearance of large
segregated particles. This was confirmed by LEIS and XPS, showing a drastic
increase of strontium segregated species in the surface, while for LSMCF
compounds the increase was more alleviated. Specifically, sulfate species
were found to be the ones increasing the most their relative presence after
thermal degradation. These results suggest that Mn-addition facilitates the
prevention of segregation phenomena in LSMCF-based perovskites.

o Additional analyses carried out by LEIS profiling and PAS in the region
deeper from the subsurface revealed the presence of local highly off-
stoichiometric regions with increase of overall defect size and density.

¢ Integration of thin film electrode materials in full SOC devices under different
cell architecture and operation conditions (Chapter 5):

o Fabrication of symmetric SOCs (SSOCs) based on dense LSCr thin films and
electrochemical characterization on fuel cell operating conditions under
redox cycling processes. The cell was operated in the 650-750 °C temperature
range and the gas chambers were reversed for a total of 7 cycles for a period
over 70 h. The results showed self-healing behavior suggested by the
recovery of the electrochemical performance after operation under reversed
atmosphere. Microstructural characterization carried out after cell operation
showed evolution of the surface morphology and partial degradation of the
current collector layers.

o Two prototypical reversible SOCs with dense LSC82 and porous SDC thin
tilms as oxygen and hydrogen electrodes, respectively, were operated under
fuel cell and electrolysis modes in the 500-700 °C range. Approximate 3- and
2-fold enhancement factors were observed for the current density measured
in SOFC and SOEC modes between the two cells studied. This difference is
attributed to the difference in the current collector layer employed in the
porous electrode, confirming the sensitivity of this type of material to the
collection of current. The degradation measurements performed showed
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increased ASR and lowered OCV, suggesting the presence of cell leakages,
electrode degradation and most likely loss of current percolation.
Fabrication of all-ceramic thin film puSOCs was successfully achieved
following a free-standing membrane architecture supported in silicon. Two
cells were fabricated and characterized: one containing LSC82 and porous
SDC as the oxygen and hydrogen electrodes, and a second one containing
LSC64 as the oxygen electrode and a thin film layer of LSCrMn in
combination with porous SDC as the hydrogen electrode material. The
operation of the uSOCs in fuel cell mode showed poor performance with a
maximum power density of ~14 mW/cm? for the best performing cell and
~0.17 mW/cm? for the worst performing. This was mostly attributed to poor
current collection due to dewetting processes undergoing in the metallic
layers, confirmed in the post-mortem characterization of the devices.
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Direct observation of Sr segregated species in oxygen
electrodes by Tip-Enhanced Raman Spectroscopy
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A.1 Motivation

Part of the work developed in this thesis has focused on the study of the performance of
perovskite-based electrode materials facing thermally-driven degradation. In Chapter 4,
strontium segregation has been studied in a series of LaosSro2Mn«CoyFe1-xyOs (LSMCF) thin
tilms by means of Atomic Force Microscopy (AFM), Low Energy Ion Scattering (LEIS) and
X-Ray Photoelectron Spectroscopy (XPS). As discussed in the chapter, these techniques
allowed to identify Sr-rich segregated particles present in the surface of the thin films.
Additionally, the relative presence of SrSOs species in contrast to SrCOs, Sr(OH)2 and SrO-
like compounds was analyzed. Nonetheless, correlating the chemical species identified by
XPS with the presence of the segregated particles in the microstructure is not a trivial task
and therefore was not explored during the core work of the thesis. Among the extensive
literature dealing with dopant segregation as a degradation phenomenon in solid oxide cell
(SOC) electrodes, there are not many cases that properly identify the chemical species
involved. In most cases the analysis is restricted to Sr (or the corresponding dopant)
elemental detection on ceramic pellets!. More interestingly, Tripkovic et al.? showed the
presence of Sr- and S-enriched particles by Scanning Electron Microscopy-Energy-
dispersive X-ray Spectroscopy (SEM/EDX) analyses in a pellet of LaosSrosFeOs, suggesting
the formation of SrSOs particles. Additionally, Siebenhofer et al. identified the presence of
Sr- and S-enriched particles in LaosSro4CoOs thin films?, following a similar analysis based
on EDX and confirming it by XPS characterization. Hence, direct confirmation of the actual
chemical species involved in electrode degradation and surface evolution remains a
challenge. This appendix introduces the use of Tip-Enhanced Raman Spectroscopy (TERS)
as a promising characterization technique for the analysis of strontium segregation in
oxygen electrodes for SOCs.

TERS is a relatively new surface-sensitivity technique that overcomes the spatial resolution
limitations of conventional Raman (~500 — 1000 nm) reaching even single molecule
detection*”. While it is widely used to study organic materials, its application to complex
oxides is not yet widespread. Essentially, TERS combines the spectroscopic power of Raman
Spectroscopy with the spatial resolution of Scanning Probe Microscopy. This is achieved by
carefully focusing the laser at the apex of a tip coated with a thin metal able to generate
surface plasmon resonances and lightning-rod effect to enhance the Raman signal.® In this
work, preliminary TERS analysis is employed for the differentiation of the chemical nature
of Sr-enriched particles present in the surface of a LaosSro2Mno.«2Co0.19Fe0390s thin film.
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A.2 Characterization of strontium species in Lao.s5r02Mno.«2Coo.19Fe0.3903 by
Tip-Enhanced Raman Spectroscopy

Figure 0-1 shows the Raman spectra obtained during the characterization procedure.
Specifically, Figure 0-1a shows two Raman spectra measured both with and without the tip
contacting the sample surface. While both spectra show similar shape, the spectra obtained
with the tip in contact presents an overall increase in the signal intensity, confirming TERS
enhancement on the acquired Raman signal. A main peak in the 600-700 cm™ region is
observed. This peak is characteristic of the M-O-M’ bonds of the perovskite phase, as
described in Chapter 4 (section 4.3.1.3). It should be noted that additional contributions from
the electrolyte substrate are also active in this region, so some peak overlap is expected®°.
The sharp peak located at 520 cm™ and the smaller peak at ~300 cm are attributed to partial
Si signal coming from the tip contribution to Raman emission. This peak is partially
overlapped by a broad peak smaller in intensity, which can be attributed to the CeosGdo20:
buffer layer placed between the perovskite and the substrate''. Once TERS amplification
was confirmed, a map was measured throughout the surface of the LSMCF thin film.

Figure 0-1b shows the average Raman spectrum obtained throughout the topography scan
performed —i.e. result of the contribution of the spectra obtained at each position of the 500
x 500 nm? area scanned-. While the main peaks are equivalent to those observed in panel
(a), additional features can be observed in the proximity of the 1000-1400 cm region. This
is more evident in the zoomed in present in the inset figure. Here, peaks centered at 1000
cm, 1065 cm, 1150 cm, 1270 cm* and 1370 cm can be observed. Regarding the peaks at
~1000 cm? and 1150 cm?, these can be attributed to the vi and vs vibration modes of SrSOs,
respectively'?13. The peak located at ~1065 cm can be ascribed to the presence of the vi
vibration mode of SrCO:s species, according to literature'4'>. The rest of the peaks are more
difficult to identify. The broad peak area located in the 1250-1300 cm™ range is high likely
related to the presence of carbon-containing species'®. The peak located at 1370 cm™ can be
explained by the presence of Sr(NOs)2 species through the vs vibration mode!”. Note that the
v1 vibration mode of Sr(NOs): is located at =1055 cm so an overlap with SrCOs could also
be present in this region. For the analysis of the relative presence of SrSOs and SrCOs species
along the film surface the areas of the peaks centered at 1000 cm™ and 1065 cm were
considered, as indicated by the color highlight in the inset figure.
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Figure 0-1. Raman spectra obtained initially showing the presence of TERS enhancement (a).
Average spectra obtained after analyzing the surface of the film (b) with a zoom (inset) in the §00-
1400 cm™ region. Sulfate and carbonate associated peaks are highlighted in green and red colors,
respectively.

Figure 0-2 shows the overall TERS mapping results obtained for the
LaosSro2Mno42Coo19Fe0390s  sample. Specifically, panel (a) shows the topographical
micrograph obtained during the TERS scan, while Figure 0-2b shows the topography
measured right after the finishing the map analysis. While some drift can be observed in the
first micrograph, particularly in the upper region, most of the film features are recognizable
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in both micrographs. In this sense, the presence of scattered particles of up to approximately
50 nm in size can be distinguished, as it has been discussed in Chapter 4. Panel (c) shows
the spatial distribution of the peak contributions located at 1000 cm* and =1065 cm?
associated to the presence of SrSOsand SrCO:s, as discussed. One can see that both signals
are present in most of the film surface, with some regions presenting higher signal (brighter
color) and some others showing absence of it (dark regions). For a better visualization of the
correspondence between topography and the Raman features, Figure 0-2d shows the 3D-
view of the topography in panel (b), with the spatial distribution of the Raman features
identified in panel (c) projected on top of it.

Figure 0-2. AFM micrograph of the film surface during (a) and after (b) the TERS map. Sulfate
(green) and carbonate (red) Raman signal present in the film surface (c).

Despite the overall presence of both signals along the surface, one can see certain degree of
differentiation around the particles, which seem to present either the carbonate or the sulfate
signal. It should be also noted that the upper half of the film seems to present lower Raman
signal of these phases. This could be attributed to the presence of some other features (e.g.
carbon or strontium nitrate species, as previously commented). Certain shift and lowering
in the signal might also come from the drift observed in this region. Another effect that
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should be taken into account when analyzing these results is the variation of the TERS signal
with topography. Zhang et al. evaluated the change in the TERS signal in different positions
of a SrTiOs nanoisland, revealing higher intensity around the edge of the particle'.
Although some other effects might be playing a role, this could explain the relative increase
in the Raman signal observed in the vicinity of most of the particles visualized. Granted that
further analysis would be needed to further clarify on the distribution of sulfate and
carbonate species along the aged LSMCF film, direct visualization of the presence of such
species has been achieved.

A.3 Conclusions and future work

This appendix has presented TERS as a promising characterization technique for studying
segregation phenomena in aged SOC electrodes. The concept has been proven in a thin film
sample of LaosSro2Mnos2Coo19Fe03903, complementing the work discussed in Chapter 4. The
analysis performed allowed to identify the presence of carbonate and sulfate phases along
the film topography. This represents preliminary data of direct visualization of SrSOs and
SrCO:s phases in the surface of the LSMCEF film. This also serves as further validation of the
differentiation made during the XPS analysis in Chapter 4 between these two contributions.
Both phases are generally present along the surface of the film, with a seemingly more
visible differentiation in the positions where the bigger segregated particles are present. Full
understanding on the correspondence between the Raman signal acquired and the film
position is still to be achieved. Hence, further studies would be needed to make a full
analysis on the viability of the technique for the study of dopant segregation driven by
thermal ageing in electrode materials.

There are several approaches that would be worth exploring for achieving a deeper
understanding of segregation phenomena by TERS. First, comparison with the signal
present in pristine samples would be fairly interesting for analyzing the relative enrichment
of the segregated phases and evaluating the detection capabilities of TERS comparing it
with the results obtained by LEIS and XPS. Additional measurements on LSC, LSF and LSM
might also shed light on the differences observed among these materials for facing
segregation of strontium carbonates and sulfates. This could facilitate confirmation on the
partial sensitivity observed by XPS on the formation of sulfate species (both for LSC and
LSF) with respect to carbonate formation (critical for LSC). Beyond the experimental
conditions set in this work, studying the nature of dopant segregated species under different
conditions of temperature, atmosphere (e.g. hydrogen, humidified air or with variable pO2),
or applied current would be interesting topics for research. All considered, TERS suppose a
promising a tool for the characterization of surface degradation phenomena occurring in
SOC electrodes at the nanoscale level.

249



References

(1) Niania, M.; Podor, R.; Britton, T. B.; Li, C.; Cooper, S. J.; Svetkov, N.; Skinner, S.; Kilner,
J. In Situ Study of Strontium Segregation in LaosSrosCoo2FeosOs» in Ambient
Atmospheres Using High-Temperature Environmental Scanning Electron Microscopy.
J. Mater. Chem. A 2018, 6 (29), 14120-14135. https://doi.org/10.1039/C8TA01341A.

(2) Tripkovi¢, B.; Wang, J.; Kiingas, R.; Mogensen, M. B.; Yildiz, B.; Hendriksen, P. V.
Thermally Controlled Activation and Passivation of Surface Chemistry and Oxygen-
Exchange Kinetics on a Perovskite Oxide. Chem. Mater. 2022, 34 (4), 1722-1736.
https://doi.org/10.1021/acs.chemmater.1c03901.

(3) Siebenhofer, M.; Haselmann, U.; Nenning, A.; Friedbacher, G.; Ewald Bumberger, A;
Waurster, S.; Artner, W.; Hutter, H.; Zhang, Z.; Fleig, J.; Kubicek, M. Surface Chemistry
and Degradation Processes of Dense LaosSro4CoOs- Thin Film Electrodes. J. Electrochem.
Soc. 2023, 170 (1), 014501. https://doi.org/10.1149/1945-7111/acada8.

(4) Schmid, T.; Opilik, L.; Blum, C.; Zenobi, R. Nanoscale Chemical Imaging Using Tip-
Enhanced Raman Spectroscopy: A Critical Review. Angew. Chem. Int. Ed. 2013, 52 (23),
5940-5954. https://doi.org/10.1002/anie.201203849.

(5) Verma, P. Tip-Enhanced Raman Spectroscopy: Technique and Recent Advances. Chem.
Rev. 2017, 117 (9), 6447-6466. https://doi.org/10.1021/acs.chemrev.6b00821.

(6) Langer, J.; Jimenez De Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R. A.; Auguié, B,;
Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.; Boisen, A.; Brolo, A. G.; Choo, J.; Cialla-May,
D.; Deckert, V.; Fabris, L.; Faulds, K.; Garcia De Abajo, F. J.; Goodacre, R.; Graham, D.;
Haes, A. J.; Haynes, C. L.; Huck, C,; Itoh, T.; Kall, M.; Kneipp, J.; Kotov, N. A.; Kuang,
H.; LeRu, E. C,; Lee, H. K;; Lj, ].-F,; Ling, X. Y.; Maier, S. A.; Mayerhofer, T.; Moskovits,
M.; Murakoshi, K.; Nam, ]J.-M.; Nie, S.; Ozaki, Y.; Pastoriza-Santos, 1.; Perez-Juste, J.;
Popp, J.; Pucci, A.; Reich, S.; Ren, B.; Schatz, G. C.; Shegai, T.; Schliicker, S.; Tay, L.-L.;
Thomas, K. G,; Tian, Z.-Q.; Van Duyne, R. P.; Vo-Dinh, T.; Wang, Y.; Willets, K. A.; Xu,
C.; Xu, H.; Xu, Y.; Yamamoto, Y. S.; Zhao, B.; Liz-Marzan, L. M. Present and Future of
Surface-Enhanced Raman Scattering. ACS Nano 2020, 14 (1), 28-117.
https://doi.org/10.1021/acsnano.9b04224.

(7) Cao, Y.; Sun, M. Tip-Enhanced Raman Spectroscopy. Rev. Phys. 2022, 8, 100067.
https://doi.org/10.1016/j.revip.2022.100067.

(8) Huang, T.-X.; Huang, S.-C.; Li, M.-H.; Zeng, Z.-C.; Wang, X.; Ren, B. Tip-Enhanced
Raman Spectroscopy: Tip-Related Issues. Anal. Bioanal. Chem. 2015, 407 (27), 8177-8195.
https://doi.org/10.1007/s00216-015-8968-8.

(9) Pomfret, M. B.; Stoltz, C.; Varughese, B.; Walker, R. A. Structural and Compositional
Characterization of Yttria-Stabilized Zirconia: Evidence of Surface-Stabilized, Low-
Valence  Metal  Species.  Anal. Chem. 2005, 77 (6), 1791-1795.
https://doi.org/10.1021/ac048600u.

(10)Zhu, W.; Nakashima, S.; Marin, E.; Gu, H.; Pezzotti, G. Microscopic Mapping of Dopant
Content and Its Link to the Structural and Thermal Stability of Yttria-Stabilized Zirconia
Polycrystals. |. Mater. Sci. 2020, 55 (2), 524-534. https://doi.org/10.1007/s10853-019-
04080-9.

250



(11)Schmitt, R.; Nenning, A.; Kraynis, O.; Korobko, R.; Frenkel, A. I.; Lubomirsky, I.; Haile,
S. M.; Rupp, J. L. M. A Review of Defect Structure and Chemistry in Ceria and Its Solid
Solutions. Chem. Soc. Rev. 2020, 49 (2), 554-592. https://doi.org/10.1039/COCS00588A.

(12)Chen, Y.-H.; Huang, E.; Yu, S.-C. High-Pressure Raman Study on the BaSOs-SrSOs
Series. Solid State Commun. 2009, 149 (45-46), 2050-2052.
https://doi.org/10.1016/j.ssc.2009.08.023.

(13)Bohme, N.; Hauke, K.; Neuroth, M.; Geisler, T. In Situ Hyperspectral Raman Imaging of
Ternesite Formation and Decomposition at High Temperatures. Minerals 2020, 10 (3),
287. https://doi.org/10.3390/min10030287.

(14)Eror, N. G.; Loehr, T. M.; Balachandran, U. Carbonate Adsorption on Perovskite
Surfaces. II. Raman Spectroscopic Evidence for Non-Adsorption on Cubic SrTiO3.
Ferroelectrics 1982, 40 (1), 71-73. https://doi.org/10.1080/00150198208210599.

(15)Kaabar, W.; Bott, S.; Devonshire, R. Raman Spectroscopic Study of Mixed Carbonate
Materials. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2011, 78 (1), 136-141.
https://doi.org/10.1016/j.saa.2010.09.011.

(16)Pardanaud, C.; Cartry, G.; Lajaunie, L.; Arenal, R.; Buijnsters, J. G. Investigating the
Possible Origin of Raman Bands in Defective Sp2/Sp3 Carbons below 900 Cm-1: Phonon
Density of States or Double Resonance Mechanism at Play? C — J. Carbon Res. 2019, 5
(4), 79. https://doi.org/10.3390/c5040079.

(17)Brooker, M. H.; Irish, D. E.; Boyd, G. E. Ionic Interactions in Crystals: Infrared and
Raman Spectra of Powdered Ca(NO3)2, Sr(NO3)2, Ba(NO3)2, and Pb(NO3)2. J. Chem.
Phys. 1970, 53 (3), 1083-1087. https://doi.org/10.1063/1.1674101.

(18)Zhang, ].; Youssef, A. H.; Dorfler, A.; Kolhatkar, G.; Merlen, A.; Ruediger, A. Sample
Induced Intensity Variations of Localized Surface Plasmon Resonance in Tip-Enhanced
Raman Spectroscopy. Opt. Express 2020, 28 (18), 25998.
https://doi.org/10.1364/OE.403345.

251



252



Scientific contributions

Publications

Peer-reviewed scientific journals

Sirvent, J. de D.; Carmona, A.; Rapenne, L.; Chiabrera, F.; Morata, A.; Burriel, M,;
Baiutti, F.; Tarancon, A. Nanostructured Laoz5Sro25CrosMnosOs—CeosSmo202
Heterointerfaces as All-Ceramic Functional Layers for Solid Oxide Fuel Cell
Applications. ACS Appl. Mater. Interfaces 2022, 14 (37), 42178-42187.
https://doi.org/10.1021/acsami.2c14044

Chapters in books

Sirvent, J. de D.; Buzi, F.; Baiutti, F.; Tarancon, A. Advances in Nanoengineered Air
Electrodes: Towards High-Performance Solid Oxide Cells. In Nanoengineered
Materials for Solid Oxide Cells; Develos-Bagarinao, K., Ed.; IOP Publishing, 2023; pp
1-1-1-35. https://doi.org/10.1088/978-0-7503-4064-9ch1

253



Contributions in meetings and conferences

Conferences

[. Sirvent, G. Cordaro, D. Thiaudiere, M. Nuifiez, A. Morata, G. Dezanneau, F. Baiutti,
A. Tarancon, High-throughput methodologies for the study of cathodes in solid
oxide cells: the LaosSro2CoxMnyFeixyOs perovskite family, European Materials
Research Society (E-MRS) Fall meeting 2022, Warsaw (Poland), Oral presentation.

[. Sirvent, A. Carmona, L. Rapenne, F. Chiabrera, A. Morata, M. Burriel, F. Baiutti,
A. Tarancén, All-ceramic functional layers based on nanostructured LSCrMn-SDC
heterointerfaces for electrode application in solid oxide cells, European Materials
Research Society (E-MRS) Fall meeting 2022, Warsaw (Poland), Oral presentation.

[. Sirvent, M. Burriel, L. Rapenne, A. Morata, F. Baiutti, A. Tarancon, Development
of nanostructured ceramic thin films for micro solid oxide cell applications,
European Materials Research Society (E-MRS) Spring meeting 2021, Virtual
Conference, Poster presentation.

[. Sirvent, F. Baiutti, . Monterroso, A. Hornés, A. Tarancén, Development of
nanostructured ceramic thin films for micro solid oxide cell applications, Electronic
Materials and Applicaitons (EMA) 2021, Virtual Conference, Oral presentation.

Meetings

254

|. Sirvent, G. Cordaro, D. Thiaudiére, M. Nunez, A. Morata, G. Dezanneau, F. Baiutti,
A. Tarancén, High-throughput methodologies for the study of cathodes in solid
oxide cells: the LaosSro2CoxMnyFeiyOs perovskite family, The Power of Interfaces
Workshop 2022, Mallorca (Spain), Oral presentation.

[. Sirvent, A. Hornés, G. Dezanneau, P. Gemeiner, M. Burriel, L. Rapenne, L
Monterroso, A. Morata, F. Baiutti, A. Tarancon, Development of nanostructured
ceramic thin films for micro solid oxide cell applications, The Power of Interfaces
Workshop 2021, Virtual Meeting, Oral presentation.

[. Sirvent, A. Carmona, F. Baiutti, A. Tarancén, Development of nanostructured
ceramic thin films as hydrogen electrode for micro solid oxide cell applications, The
Power of Interfaces Workshop 2020, London (UK), Poster presentation.



	Títol de la tesi: Advanced Thin Film Electrode Materials
for Application in Solid Oxide Cells
	Nom autor/a: Juan de Dios Sirvent Verdú


